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Abstract
Economists have long acknowledged the problem of social cost and externalities. Without clear compensation for potential damage from extra risk exposure,
self-protective actions taken by some agents may force other agents to increase
their own protective actions through risk spillovers, a scenario often referred to
as arms race. Levee building along the Mississippi River appears to be a case in
point. To reduce flood risks, jurisdictions build levees to divert water flow which
push extra water to downstream neighbors, causing downstream to build higher
levees. This paper studies the spillover effects of levee building in response to
rising flood risks using the Great Mississippi Flood of 2011 as a natural experiment. Using newly digitized data on levee locations and elevations, I show that
a 1% increase in the upstream levee elevation increased the downstream levee
elevation by 0.7%. A back-of-the-envelope calculation suggests the external costs
due to upstream levee building are at least $0.2 billion, reducing the net benefits of heightened levees by 48%. A spatially explicit “levee tax” is proposed to
address the externalities from upstream levee building. My results highlight the
importance of regional cooperation to manage large-scale natural disasters while
mitigating inter-jurisdictional spillovers.
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spillovers, decentralization, spatially explicit tax
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Introduction
Economists have long acknowledged the problem of social cost (Coase, 1960) and

the role of property rights in addressing externalities (Demsetz, 1967). However,
when property rights are not well defined or Coasean bargaining is too costly, the
level of externality can be higher than socially desired. One such example is measures taken to protect against natural catastrophes such as floods, hurricanes, or
wildfires. These measures have been widely recognized to increase the risk of damage by incentivizing agents to increase economic activities in catastrophe-prone areas
(Shafran, 2008; Pinter et al., 2016). Without clear compensation for potential damage
from extra risk exposure, self-protective actions taken by some agents may force other
agents to increase their own protective actions through risk spillovers, a scenario often referred to as arms race.1
Levee building along the Mississippi River appears to be a case in point. A levee
is a man-made structure (usually an earthen embankment) that is commonly constructed along the Mississippi river to divert water flow and reduce risk from temporary flooding. Despite the purpose of flood protection, growing concerns have been
raised that levees heightened in some areas in response to catastrophic flooding increased flood risks downstream, inducing spatial externalities.2 Nevertheless, jurisdictions along the Mississippi River keep raising levee heights to avoid increased
flooding, creating the so-called “levee war” (Hersher, 2018; Maher, 2019).
This paper provides both theoretical and empirical evidence of the relationship
between levee building and flood risks, with a particular focus on spatial spillovers
from upstream levee construction. Specifically, I seek to address the following three
questions. First, how does a jurisdiction respond to exogenous flooding shocks that
change one’s perceived flood risks with levee building? Second, how large are the
spatial externalities when levees are heightened in response to rising flood risks?
Third, what possible policy instruments can be designed and implemented to address
the spatial externalities induced by levee building?
I build a stylized model to derive a jurisdiction’s privately optimal levee building
in response to flood risks3 and establish two model predictions. First, I show that
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Some other cases of arms race include investment in high-frequency communication between

brokerages and trading floors (Budish et al., 2015), intercollegiate athletic department expenditure
decisions (Hoffer et al., 2015), and purchasing increasingly large vehicles for road safety (White, 2004).
2
See an animation of how overbuilt levees along the upper Mississippi River push floods onto others
https://projects.propublica.org/graphics/rockisland.
3
The focus on private optimum instead of social optimum stems from the fact of highly decentral-
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the optimal levee height increases with the perceived probability of flooding. Second,
the privately optimal levee height is higher in the case when there are spatial externalities from neighbors’ levee building, as opposed to the case when there is no such
influence. To empirically test for the case of levee building in response to flood risks, I
take advantage of the Great Mississippi Flood of 2011 as a plausibly exogenous shock.
The flood event creates two sources of exogenous variation: spatial variation in flood
coverage and temporal variation pre- and post-flood. I leverage this exogenous variation by comparing levee elevations between flooded and unflooded counties before
and after the flood event in a difference-in-differences (DID) framework. Combining
county variation in levee building and the exogenous water flow in the Mississippi
that identifies the upstream and downstream relationship, I estimate the spillover
effects of levee building.
I assemble several data sources to construct a unique dataset that records all
the levees constructed along the Mississippi River and its tributaries, covering eight
states in both the upper and lower Mississippi River Basins (i.e., Arkansas, Iowa, Illinois, Kentucky, Louisiana, Mississippi, Missouri, and Tennessee). To fully recover the
historic levee elevations before and after the Great Mississippi Flood of 2011, I combine the newly digitized levee data from the U.S. Army Corps of Engineers (USACE)’s
National Levee Database with the U.S. Geological Survey (USGS) topographic maps
and National Elevation Dataset. Taking advantage of the geo-referenced levee data,
I identify whether a jurisdiction faces any levees from an immediate upstream, crossriver, and/or upstream-cross-river neighbor and the corresponding levee elevations
from neighboring jurisdictions. To proxy for the values protected by levee construction, I obtain the county-level data on farm acreage, farmland value, and total agricultural sales from the U.S. Department of Agriculture (USDA)’s Census of Agriculture
and median housing value from the American Community Survey covering both preand post-flood periods. Flood count data at the county level and levee-specific flood
zone designations are collected from the Federal Emergency Management Agency
(FEMA) to further control for flood risks that could also affect levee construction.
My results show that, consistent with my model predictions, the Great Mississippi
Flood of 2011 increased levee building in flooded counties by over 2 ft. Notably, I find
that a 1% increase in levee elevation upstream increased levee elevation downstream
by 0.7%. This finding implies that a jurisdiction’s levee building for self-protection
can induce extra flood risks and external costs to its downstream neighbors. A backized planning on levee building in the Mississippi. Section 2.3 discusses the detailed institutional
background. The comparison between private optimum and social optimum is shown in Appendix E.
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of-the-envelope calculation indicates that spillovers from upstream levee building can
amount to at least $0.2 billion external costs for downstream jurisdictions. I further
show that considering the external costs of spillovers, the net benefits of heightened
levees (defined as the expected benefits minus the costs) can be reduced by 48%. This
suggests that current levee building under highly decentralized planning is likely
not cost effective. My results therefore highlight the importance of regional cooperation to manage the damage from large-scale natural disasters while mitigating
inter-jurisdictional spillovers. Taking advantage of recent advances in remote sensing data that can monitor and measure levee building over time, I therefore propose
a spatially explicit “levee tax” to address the negative externalities from upstream
levee building.
This paper connects multiple strands of literature and extends them in several
ways. First, inter-jurisdictional spillovers in relation to decentralized planning have
been increasingly examined in the setting of environmental regulations on water and
air pollution. Prior studies generally find that decentralized planning leads to the
degradation of water quality downstream (Sigman, 2005; Cai et al., 2015; Lipscomb
and Mobarak, 2017) and air quality downwind (Yang et al., 2017). Such externalities
have raised the question of whether a centralized policy can outperform decentralized
planning in the presence of inter-jurisdictional spillovers (Banzhaf and Chupp, 2012;
Fell and Kaffine, 2014) and the plausibility of spatially-explicit taxation in addressing
externalities (Kuwayama and Brozovic, 2013; Brown et al., 2020). This paper adds to
this line of literature by providing new evidence that decentralized management of
natural disasters can create inter-jurisdictional spillovers and such externalities are
likely not internalized without regulation from upper-level authorities. In particular,
the spatially explicit “levee tax” proposed in this paper offers one possible solution
to correct this market failure in a relatively inexpensive way by using the remote
sensing data that can monitor and measure levee building over time.
Second, self-protective actions that may induce external risks and costs to other
agents have been studied in different contexts. For example, Lakdawalla and Zanjani
(2005) focus on terrorism insurance subsidies, arguing that public investments in
self-protection against terror can increase the risks faced by other agents. Anderson
and Auffhammer (2014) show that raising vehicle weight by 1,000 pounds to keep
occupants safer generated a 40%–55% increase in fatality risk for other passengers.
Private property owners’ coastal erosion protection lowered the value of neighboring
land by 8% due to altered shoreline wave dynamics (Dundas and Lewis, 2020). This
paper focuses on another self-protective behavior, levee building in the Mississippi,
3

that causes external flood risks and costs to downstream neighbors. Moreover, this
paper takes a further step and contributes to the literature by estimating how agents
respond to such spatial spillovers and quantifying the external costs of arms race.
Third, this paper contributes to the broader literature on spatial spillovers in natural resource management (Cunningham et al., 2016; Costello et al., 2017) and technology adoption (Rode and Weber, 2016; Burlig and Stevens, 2019; Missirian, 2020).
The hydrology literature has extensively investigated levee building associated with
flooding both theoretically (Yen, 1995; Pitlick, 1997) and empirically (Heine and Pinter, 2012; Remo et al., 2018). This paper is the first to quantify spatial externalities from levee construction and provides economically meaningful evidence on the
external costs of levee building that are often overlooked during the decentralized
decision-making process. Incorporating spatial externalities from levee building advances our understanding of the economic aspect of flood-levee system planning and
policies (Vousdoukas et al., 2020), especially in face of rising flood occurrences due to
climate change.
Fourth, the relationships between natural disasters, risk perceptions, and risk
management behaviors have been increasingly documented. For instance, Lawrence
et al. (2014) find that previous flood experience contributes to a heightened perception
of flood risks and increased preparedness of households in face of future flood events.
However, risk management behaviors are highly variable and may not always be
rational. McCoy and Zhao (2018) show that homeowners are more likely to invest in
a damaged building located in flood risk areas after a hurricane event. While most
studies aim to capture flood risk perception by estimating housing prices (e.g., Gibson
and Mullins, 2020; Hennighausen and Suter, 2020), this study advances this line of
literature by examining how municipal agents respond to catastrophic flood events
through building up levees along the rivers as an adaptation to increased flood risks.
Last but not the least, this paper speaks to the vast literature on a variety of longterm socioeconomic impacts of natural disasters, floods and hurricanes in particular,
on a larger spatial scale. Prior studies generally find that floods and hurricanes have
negative impacts on economic growth (Belasen and Polachek, 2009; Strobl, 2011) and
property values (Kousky, 2010; Bin and Landry, 2013; Beltrán et al., 2019), with
a regional focus on coastal areas. One exception is Hornbeck and Naidu (2014) that
examine the impact of the Great Mississippi Flood of 1927 on black out-migration and
subsequent agricultural development in the lower Mississippi River basin. This paper
adds to this strand of literature by studying a more recent catastrophic flood event in
non-coastal areas (i.e., the upper and lower Mississippi River Basins) and particularly
4

estimating the extra social cost of flooding resulting from overbuilt levees.
The remainder of the paper proceeds as follows. Section 2 describes the background and study area, and Section 3 presents the theoretical model. I then illustrate
my empirical strategy in Section 4 and the details behind data construction in Section 5. Section 6 presents my findings with discussion and Section 7 summarizes the
results and concludes the paper.

2

Background and Study Area

2.1

Flooding history in the Mississippi

Floods have been part of the earliest recorded history of the Mississippi that can
date back to the mid-1500s. Since the 20th century, a growing number of significant flood events have occurred in the Mississippi, with catastrophic flooding in 1927,
1936, 1973, 1993, 2011, and 2019.4 Most of these flood events resulted from regional
rainfall and snowmelt that caused raises on rivers, inundating surrounding land for
days or even weeks and inducing substantial socioeconomic consequences. For example, the Great Flood of 1927 in the lower Mississippi devastated over 67,340 km2 of
landmass, took more than 200 lives, and cost over $10 billion in damage to landowners and municipalities (Barry, 1998). The flood in 1993 inundated the upper Mississippi and Missouri basins, with 38 deaths attributed directly to the flood. Estimates
of damages ranged from $12 to $20 billion and over 6.6 million acres of land were
flooded, with agriculture accounting for over half of these damages (Galloway, 1995).
The Great Mississippi Flood occurring in April and May 2011 is among the largest
and most damaging recorded along the U.S. waterway in the past century, comparable
in extent to the major floods of 1927 and 1993. Heavy springtime snowmelt combined
with two major storm rainfalls across the eastern half of the Mississippi watershed resulted in one of the most powerful floods in the river’s known history (USACE, 2011).
The flood affected more than 1.2 million acres of agricultural land and cost over $2
billion across the entire river system. Areas along the Mississippi River and its tributaries that experienced flooding span Iowa, Illinois, Missouri, Kentucky, Tennessee,
Arkansas, Mississippi, and Louisiana (see Figure 1 for flooded counties during the
flood in 2011).
4

See more details on the dates, deaths, impacts, flood inundations, and costs of Mississippi River

floods since the 20th century here: https://www.weather.gov/media/jan/JAN/Hydro/Flood_
History_MS.pdf.
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2.2

Flood control policies and regulation

Due to the collective nature of flood control, the earliest flood-control efforts were
fairly local, where farmers constructed levees along the rivers to protect farmland
from frequent flooding. Such cases in the U.S. can date back to the early 18th century
when the very first levee was built in New Orleans between 1718–1727 as the first Europeans settled the region (Cowdrey, 1977). The increased floods in the 19th century
and the successive collapse of local levee systems led to regional efforts in combating
floods, especially in the lower Mississippi Basin (Humphreys, 1914). For instance, a
major Mississippi River flood in 1874 inspired the creation of the Mississippi River
Commission (MRC) in 1879, with the goal of developing and implementing plans to
prevent destructive floods. In 1882, MRC adopted a policy of coordinated local efforts
in setting standards and specifications for levee construction and allocating federal
funds to local levee districts that are financially constrained.
Figure 1: Levees and Flooded Areas during the Great Mississippi Flood of
2011

Note: The map to the left shows the Mississippi River and is tributaries (blue lines) and the flooded
counties in 2011 (shaded yellow areas). The map to the right shows the levees in the study area (red
dots).
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Despite extensive local and regional efforts, the federal government got involved
when those efforts became incapable of providing enough flood control. At the federal level, there are multiple laws known as the Flood Control Act (FCA) in the U.S.
The history of federal flood control regulations can originate from the Swamp Land
Acts of 1849 and 1850, the first significant federal flood control laws that encouraged the reclamation of flood-prone swampland for agricultural uses. Severe floods
on the Mississippi, Ohio, and other rivers in the Northeast between 1907 and 1913
led to the FCA of 1917, the first act aimed exclusively at controlling floods. The Great
Mississippi Flood of 1927 changed MRC’s mission and the consequent FCA of 1928
created the Mississippi River and Tributaries Project (MR&T), assigning to MRC the
responsibility for developing and implementing the project (Camillo, 2012). A series
of floods during 1935-1936 across the nation were critical in passing the FCA of 1936
by the U.S. Congress, authorizing flood-control projects such as levees and floodwalls
through USACE and other federal agencies (Arnold, 1988).5 The most recent act was
passed in 1965, which granted USACE more authority to design and construct any
water resource development projects for flood control. Since then, USACE has become
the primary federal agency that regulates flood-related projects for flood control.
Although USACE plays an essential role in conducting federal flood control measures, inter-agency relations are part of larger efforts in flood damage reduction
across the nation nowadays.6 For instance, USACE actively cooperates with FEMA in
the federal levee certification program within the National Flood Insurance Program.
Specifically, FEMA identifies flood hazards and assesses flood risks in levee-affected
areas. FEMA also determines and establishes appropriate flood risk zone designations in areas landward of levees and reflects those zones on Flood Insurance Rate
Maps (FEMA, 2016).

2.3

Levee building in the Mississippi

Since levees are relatively cheap and easy to construct while providing great protection up to their design standards, the implementation of levee projects has become
a common practice among floodplain communities (Tobin, 1995). Draining about 40%
of the continental landmass in the U.S., the Mississippi River and its tributaries are
protected by thousands of miles of earthen levees. In the 1920s, private and public
5

Arnold (1988) provides more details on the origins of federal flood control activities and the evolu-

tion of the 1936 FCA.
6
National Research Council (2000) provides more details on USACE and U.S. flood damage reduction planning, policies, and programs as well as the history of levee certification.
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levees along the Mississippi River were extensively engineered to protect farmland
and cities along the rivers against flooding from the Arkansas, Ohio, Missouri, and
Mississippi rivers, all the way south to the Gulf of Mexico (see Figure 1 for the spatial
distribution of levees and Mississippi River tributaries in the study area).
Levee construction has become the primary flood-control strategy when the Congress
appointed USACE as the lead responsibility for protecting land along the Mississippi
River. Formed in 1802, USACE has been playing an irreplaceable role in helping
reduce flood damage in the U.S. In addition to constructing and maintaining thousands of miles of levees, USACE provides local levee or drainage districts with levee
certification criteria. USACE also actively works with FEMA on federal flood insurance policies based on multiple factors that include uncertainties in the frequency of
floods, changes in land use, climate change, and the structural and geo-technical performance of levee systems (National Research Council, 2000). In particular, USACE
sets standards on levee heights to prevent a flood of a given recurrence probability.7
In detail, levee heights are determined by the National Economic Development criterion based on prescribed benefit calculation procedures rather than by a levee’s ability
to withstand a flood of a given magnitude (USACE, 1999).
Despite the federal involvement, the centralization of the flood-control policy was
nevertheless impeded by political reasons, with the Jeffersonian ideology in the 19th
century advocating that flood control was a local, or at best, a state function, even
though rivers in the Mississippi span many states (Klein and Zellmer, 2007; Tarlock,
2012). Today, there is still no unified levee system in the U.S. and nearly 85% of levees recorded in the USACE Levee Safety Program8 are locally owned and maintained
(FEMA, 2016). Furthermore, there is no national policy related to the safety of levees, with responsibility for levee safety often assigned in an uncoordinated manner,
distributed across all levels of government, and housed in different agencies (FEMA,
2016). Federal, state, and local agencies generally have varying policies and criteria
concerning many aspects of levee design, construction, operation, and maintenance.
Currently, four types of levees exist with differing degrees of federal involvement:
(1) Levees built, operated, and maintained by the federal government; (2) Levees
built by the federal government and then turned over for operation and maintenance
7

For example, a flood with a probability of 0.01 of being equaled or exceeded in any given year is

commonly called the “100-year flood”.
8
Created by the USACE in 2006, the mission of the Levee Safety Program is to assess the integrity
and viability of levees in the U.S. and provide technical support and recommendations to make sure
that levee systems do not present unacceptable risks to the public, property, and environment.
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by a local sponsor; (3) Levees constructed by a non-federal entity and are enrolled in
the USACE’s Rehabilitation and Inspection Program (RIP); and (4) Levees that were
neither built by the federal government nor are part of federal operations or maintenance programs. Although the majority of levees are locally constructed, USACE
supplements local efforts in the repair of these levees damaged by flood through the
Rehabilitation and Inspection Program. To be eligible for rehabilitation assistance,9
projects must be inspected, evaluated, and enrolled in the program prior to the onset of the flood. Violation of USACE’s regulation on levee building (e.g., authorized
levee height) may lead to USACE withholding federal funds for maintaining these
levees.10 Other than RIP through which USACE exerts regulatory authority, USACE
has limited jurisdiction over locally constructed and maintained levees, although USACE regularly provides recommendations on levee construction and maintenance for
local levee sponsors.
Specifically for the levees that are locally owned, the cost of constructing and maintaining these structures generally exceeds the capability of a single property owner
to undertake the funding alone. Levee or drainage districts at the local level are
therefore formed by a group of interested property owners to control river levels for
agricultural and sanitary purposes. The General Assembly in each state along the
Mississippi River has passed laws such as “levee law” or “drainage law” that allow
property owners in any county or city within the state to form a levee or drainage district. These districts are authorized to tax beneficiaries behind levees for constructing
and maintaining these levees to protect their land (Harrison, 1951).
As a political subdivision with the status of a corporation, county levee or drainage
districts are typically governed by a multiple-member Board that is comprised of
landowners within the district or qualified designees. In cases when a multicounty
levee district is established, the Board shall be elected by the county judges or executives of the counties involved, with appointments apportioned among the counties in
ratio to the portion of the levee to be constructed within each county. The Board members serve a multiple-year term and the length of the term varies across states.11 The
9

Rehabilitation assistance for a non-federal project is cost shared between the non-federal entity

and USACE, where the non-federal entity must provide 20% of the cost.
10
One recent example is that in 2015, USACE announced that it would withhold future federal
funds for maintaining the overbuilt levees in the Sny Island Levee and Drainage District in Illinois
due to higher-than-designed levee elevations and modified slopes of the levees. See the announcement
letter here: https://www.documentcloud.org/documents/4465957-Army-Decert.html.
11
For the Board that governs the levee or drainage district, for example, Illinois has three members
for a term of three years, Kentucky has five members for a term of four years, and Missouri has five
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Board annually provides either the county court or Collector’s Office with assessment
information on the land directly benefiting from the levee. The county court or Collector’s Office accordingly creates and sends out bill based on the assessed amounts
(often referred to as levee taxes) and distributes the collections back to the district.
Levee bills are handled similarly to real estate bills that collect property taxes from
property owners.

2.4

Levee building and flooding

While the purpose of levee building is to protect farmland and properties from
flooding, levees have been found to increase flood heights and flow rates for a given
discharge (Yen, 1995; Pitlick, 1997) and potentially speed up downstream propagation
of a flood wave (Jacobson et al., 2015). Heine and Pinter (2012) used stream gauge
records that span pre-levee and post-levee periods to assess the impact of levees on
flood levels in Illinois and Iowa. They found that for above bankfull (flood) conditions,
stages at sites within leveed reaches were statistically distinguishable before and after levee construction, with the median station-averaged stage increase being nearly
half a meter. Similarly, Remo et al. (2018) assessed the long-term discharge along
the Mississippi River between St. Louis, Missouri and Vicksburg, Mississippi and
revealed that levees significantly increased peak flood discharges by up to 25%.
The consequences from levee-induced flood can be substantial, however. Remo et
al. (2012) quantified the balance between the benefits of levees for flood protection
and their potential to increase flood risk in the Middle Mississippi River. They found
that although agricultural levees along the river protect against small- to mediumsize floods (up to the 100-year flood level), they cause more damage than they prevent
during large floods such as the 500-year flood. Combining hydraulic and economic
modeling, Pinter et al. (2016) documented that levee-related surcharge plus the residual risk of levee overtopping can lead to negative benefits, adding long-term flood risk.
Although counterintuitive, structures at the margin of a leveed floodplain can incur
negative benefits due to greater flood levels resulting from levees purportedly built to
protect them.
The concern of increased flood heights and flow rates induced by levee building has
brought scholars to investigate the extent to which levees in the Mississippi have been
heightened. Flor et al. (2011) measured the changes in levee-crest elevations along
328 kilometers of Mississippi River levees between St. Louis, Missouri and Cairo,
members for a term of five years.
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Illinois during 1998–2007. Combining the high-resolution digital elevation model and
GPS-based levee-crest surveys, they find that about 11–18% of surveyed levees were
distinguishably heightened, with increases of as much as 1.49 meters. The USACE
surveyed roughly 200 miles of levees along the Mississippi in 2016 and found that
40% of these levees were higher than authorized by federal law (Maher, 2019). In
particular, levees were found to be too high in Iowa, Missouri, and Illinois. While
raising levee heights in response to more frequent flooding has been increasingly
debated, no study to date has examined how jurisdictions react to each other’s levee
building due to flooding shocks nor the spillover effects of the heightened levees.

3

A Model of Levee Building
In this section, I illustrate a theoretical model to produce testable hypotheses that

inform my subsequent empirical analyses. I start with a single-agent model, in which
spatial externality from levee building is not considered, and derive the optimal levee
height for the agent. I then extend the model to allow for spatial externality from one
agent to another and compare the equilibria in two cases. The two-agent model with
spatial externality can be generalized to cases with multiple agents when estimating
the cascading effect (see Appendix A).

3.1

Single-agent model without spatial externality

Consider a county k in time period t choosing to build a levee with a certain height
Lkt to protect the county’s value such as property or agricultural value. The perceived
flood probability occurs with Φkt ∈ [0, 1] and Vkt is the value lost in each period if there
is a flood. Let Lk be the maximum levee height a county can build due to exogenous
technical constraints that is assumed to be constant in the model. ( LLktk )a ∈ [0, 1] can
then be interpreted as the proportion of value saved by levee building if there is a
flood, which is assumed to be concave with 0 < a < 1. Levee building induces some
cost ALbkt that is assumed to be convex, where b > 1 and A > 0 is the cost per level of
levee building. The county chooses Lkt to minimize the sum of the expected value lost
due to flooding and the cost of levee building, Ckt :

a
Lkt
Ckt =
Φ V
− Φkt Vkt
+ ALbkt
| kt{z kt}
| {z }
L
|
{z k } cost of levee
value lost to f looding
value saved by levee
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(1)

Take the derivative with respect to levee height and re-arrange:
L∗kt


=

aΦkt Vkt
bALak

1
 b−a

(2)

Equation (2) defines the optimal levee height L∗kt in a single-agent case, in which
the marginal cost of levee building is equal to the marginal increase in the value saved
by levee building. Equation (2) also predicts a relationship of interest: the optimal
levee height is increasing in the perceived probability of flooding as

∂L∗kt
∂Φkt

> 0. Take the

log of both sides of equation (2):
log(L∗kt )



 
1
a
=
+ log(Φkt ) + log(Vkt )
log
b−a
bALak

(3)

Equation (3) serves as a reduced-form equation for empirically estimating the impact of flooding on levee building.

3.2

Two-agent model with spatial externality

Now consider two adjacent counties k and k − 1 along the Mississippi River such
that county k is the upstream county and county k − 1 is the downstream county (see
Figure 2 for a geographical illustration).12 Levee building in the upstream county
may increase the occurrence of flooding in the downstream county. As a result, the
perceived probability of flooding occurrence in county k − 1 changes from Φk−1,t to
Φk−1,t (1 + γLkt ), where γ > 0. This functional form assumes no spatial externality if
there is no levee building (Lkt = 0) in the upstream county, a reasonable assumption
in this study. Each county chooses its own levee building L.,t to minimize the sum of
the expected value lost due to flooding and the cost of levee building, C.,t :

a
Lkt
Ckt = Φkt Vkt − Φkt Vkt
+ ALbkt
Lk

a
Lk−1,t
Ck−1,t = Φk−1,t (1 + γLkt )Vk−1,t − Φk−1,t (1 + γLkt )Vk−1,t
+ ALbk−1,t
Lk−1

(4)
(5)

Take the first-order condition and re-arrange in terms of levee height for each
county:
L∗∗
kt
12


=

aΦkt Vkt
bALak

1
 b−a

(6)

The model setup is analogous if the two counties are cross-river neighbors. In this case, both

counties’ levee building can induce spatial externality and thus increase each other’s occurrence of
flooding. Model predictions remain the same (see Appendix B for detailed derivations).
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L∗∗
k−1,t



aΦk−1,t (1 + γLkt )Vk−1,t
=
bALak−1

1
 b−a

(7)

Equation (6) defines the privately optimal levee height in the upstream county k,
L∗∗
kt .

Substituting L∗∗
kt from equation (6) into equation (7), I get the privately optimal

levee height in the downstream county k − 1, L∗∗
k−1,t :
L∗∗
k−1,t =



aΦk−1,t Vk−1,t
bALak−1

1 
 b−a

1
 b−a
1
 aΦ V  b−a
kt kt
1+γ
bALak
|
{z
}

(8)

spatial externality

Equation (8) shows that compared to the single-agent case, the privately optimal
levee height in the downstream county is higher if there is spatial externality from
the upstream county’s levee building. Take the log of both sides of equation (8):
 




1
 aΦ V  b−a
a
1
kt kt
∗∗
log(Lk−1,t ) =
log
+ log(Φk−1,t ) + log 1 + γ
+ log(Vk−1,t )
b−a
bALak−1
bALak
(9)
Equation (9) serves as a reduced-form equation for empirically estimating the impact of flooding on levee building when there is spatial externality from upstream
levees.
Figure 2: Illustration of Upstream, Cross-River, and Upstream-Cross-River
Neighbors

Notes: For county A, county B is considered its immediate upstream neighbor, county C is considered
its cross-river neighbor, and county D is considered its upstream-cross-river neighbor.
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4

Empirical Strategy
Predictions from the theoretical model show that (1) the optimal levee height in-

creases with the perceived probability of flooding; and (2) the optimal levee height is
higher if there is spatial externality from neighboring counties’ levee building. The
coefficients estimated from the econometric model should capture these two relationships.
I employ a DID framework to test for the predictions of the model to data. Taking
the Great Mississippi Flood of 2011 as a plausibly exogenous shock that changed
perceptions of flood risk and using levee elevation data before and after flooding, I
estimate the following model specification to test for prediction (1):
log(Likt ) = β1 F loodedk + β2 P ostt + β3 F loodedk × P ostt + log(x0ikt )δ + θk + ikt

(10)

where log(Likt ) is the logged elevation of levee i belonging to county k in time period
t, F loodedk = 1 if county k was flooded in 2011, P ostt = 1 if levee elevation was measured after 2011, log(x0ikt ) are the logged county-level control variables to proxy for
the values lost if flooding occurs as well as levee characteristics to control for levee
construction, θk are county fixed effects, and ikt is an idiosyncratic error term. Standard errors are clustered at the county level to allow for arbitrary error dependence
over time between levees in the same county. To more formally allow for the possibility of spatial autocorrelation, I alternatively use the robust standard errors following
Conley (1999) and specify the distance cutoff at 50 km. The coefficient of interest β3
captures the impact of flooding on levee elevation.
The DID approach relies on the identifying assumption that there are no timevarying unobserved factors that are different between counties that were flooded and
unflooded in 2011. This assumption seems reasonable in this study for at least three
reasons. First, as described in Section 2.1, fairly exogenous factors (i.e., two major
storm rainfalls) resulted in the occurrence of flood in 2011 that inundated part of the
Mississippi River and its tributaries, making flooded areas as good as random. Second, I show that historic flood events in the study area demonstrated similar trends
in terms of flood frequency between flooded and unflooded counties in 2011 (to be discussed in more detail in Section 5.3). The above two reasons provide strong evidence
of the exogeneity of the flood event in 2011. Third, Figure C1 plots the kernel densities of the change in levee elevation between the two pre-flood periods for flooded and
unflooded levees, suggesting that flooded levees were trending similarly to unflooded
ones in terms of elevation. The difference in mean change in levee elevations between
14

flooded and unflooded levees is found to be statistically insignificant, satisfying the
pre-trend assumption.
To test for prediction (2), I compare the elevation differences between flooded and
unflooded levees with varying levee locations, before and after the flooding shock in
2011. I estimate the following model specification to capture the impact of neighboring levee elevations on one’s own levee elevation:
log(Likt ) = β1 F loodedk + β2 P ostt + β3 F loodedk × P ostt
+ β4 log(Lk−1,t ) + β5 log(L−k,t ) + β6 log(L−k−1,t ) + log(x0ikt )δ + θk + ikt

(11)

where log(Lk−1,t ), log(L−k,t ), and log(L−k−1,t ) are respectively the logged average elevations of levee(s) in county k’s immediate upstream, cross-river, and upstream-crossriver county.13 The other variables remain as described in equation (10). β4 , β5 , and β6
are the coefficients of additional interest that respectively capture the impact of immediate upstream, cross-river, and up-cross-river levee elevation on one’s own levee
elevation.

5

Data
I use detailed data on individual levees and county-level agricultural measures,

housing values, and flood counts to estimate the impact of flooding on levee building in
the Mississippi, focusing on spillover effects of upstream, cross-river, and upstreamcross-river neighbors’ levee building. In detail, I use data from 1,249 levees along
the Mississippi River and its tributaries that belong to 207 counties in eight states
covering both the upper Mississippi River Basin (i.e., Iowa, Illinois, and Missouri) and
lower Mississippi River Basin (i.e., Arkansas, Kentucky, Louisiana, Mississippi, and
Tennessee) before and after the Great Mississippi Flood of 2011.

5.1

Levee locations and elevations

I acquire the geo-referenced levee data from the USACE’s National Levee Database.
For each recorded levee, the dataset includes the information on levee name, length of
13

One concern of adding all three neighboring variables to the model is the potential high correlation

between them and the key variable of interest ”Flooded×Post”. If that is the case, my estimation of
β3 will likely not be precisely estimated. Table D1 shows the correlation matrix. The correlations
between neighboring logged levee elevations and ”Flooded×Post” are smaller than 0.1, suggesting
very low correlation. In addition, the correlations between each of the three neighboring logged levee
elevations are also relatively low.
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embankment, number of segments, geo-referenced location, year constructed, sponsors, USACE division and district, FEMA region, and additional notes on levee construction.
I measure levee elevation (above sea level) instead of levee height in this study
for two main reasons. First, although the National Levee Database contains the data
on average levee height, this information is largely missing in the database. For
those levee heights that are recorded, they are mostly the heights when levees were
constructed without information on current levee heights. To obtain the changes in
levee height pre- and post-flood, levee elevation can be used assuming that changes
in levee elevation are approximately the changes in levee height over time.14 Second,
levee elevations, the sum of levee height and riverbed elevation, indeed determine
whether (and how much) extra water can be pushed from one area to another if there
is a flood.
The levee elevation data are derived from two main sources: the USGS topographic maps that provide levee elevations for the pre-flood period (1982–2010)15 and
the digital elevation models (DEMs) from the USGS 3D Elevation Program (3DEP)
that provide levee elevations for the post-flood period (2012–2018). In detail, the
historic topographic maps are provided in quadrangle units at different scale levels
(e.g., 1:24,000, 1:62,500) based on certain years when imageries were taken. These
maps are available from TopoView, an interface created by the National Geologic
Map Database project in support of monitoring some natural and cultural features
that have changed over time. Overlaying the geo-referenced levee file with these
topographic maps, I extract levee elevations from these maps for the particular preflood year when the maps were created. Figure C2 illustrates a topographic map that
shows the levees with elevations, using the Granite City Quadrangle Illinois-Missouri
7.5-minute Series at the scale of 1:24,000 (the finest scale that is available) in 1998
as an example.
USGS DEMs are arrays of regularly spaced elevation values referenced horizontally either to a Universal Transverse Mercator projection or to a geographic coordi14

One concern of using levee elevation changes to proxy for levee height changes is the potential

decrease in riverbed elevation due to soil erosion as a result of flooding. If this is the case, the results
should be interpreted as the lower-bound estimates for the impact of flooding on levee building in
my study. However, the decrease in riverbed elevation because of flooding shall unlikely confound
identification.
15
One concern of using the elevation data back in the 1980s for the pre-flood period is the occurrence
of the Great Flood of 1993 in the upper Mississippi that could potentially bias my estimation. If there
is a positive impact of flooding on levee building, my result will likely be overestimated.
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nate system. The grid cells are spaced at regular intervals along south to north profiles that are ordered from west to east. USGS acquires bare-earth elevation source
data through the 3DEP and resamples the data to several National Map DEM products for the U.S. and its territories. The DEM products include 2, 1, 1/3, and 1/9
arc-second layers, which are logically seamless terrain surfaces in their respective
areas of coverage and are the highest quality elevation data held by USGS. Again, I
overlay the geo-referenced levee file with 1/3 arc-second (about 10 meters) layers that
cover the most of my study area and extract the levee elevations from these layers for
the particular post-flood year when the DEMs were acquired.
In my main analysis, I focus on the levees that were constructed before 1982,16
which is the latest year when the elevation for some levees in my study area could
be measured using the USGS topographic maps for the pre-flood period. This process
ensures that all the levees in my data cover both the periods before and after the
flooding shock in 2011 to form a two-period balanced panel (i.e., one pre-flood and one
post-flood). Table D2 lists the years when levee elevations were measured pre- and
post-flood in this study. Note that although levee elevations could be measured for
two pre-flood and two post-flood periods, the two pre-flood periods are only used to
verify the pre-trend assumption in Figure C1 but not used for empirical analyses due
to the unavailability of elevation data that would lose about 33% of levees in my data
sample.

5.2

Agriculture data

I draw the agriculture data from the USDA’s Census of Agriculture to control for
jurisdictions’ levee building. Censuses were taken only once every five years, with
data collection taking place in the fall during the Census year. Data on a complete
count of U.S. farms and ranches and the people who operate them were initially collected. After collection, the Census underwent a multi-stage quality control process,
and the final dataset is available at the county level to keep the information provided
by individual respondents private.
I use the Census data from 1982–2007 and 2012–2017, respectively for the preand post-flood period, to create a balanced panel of 207 counties along the Mississippi
River and its tributaries that have any levees. The main variables of interest in
this study from the Census of Agriculture include farm acreage, farmland value (i.e.,
16

According to the National Levee Database, the majority of recorded levees were constructed during
the 1920s, 1950s, and 1970s. Less than 10% of them were constructed after the 1980s.
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estimated market value of land and buildings per acre), and total agricultural sales
(i.e., market value of agricultural products sold), all of which are used to proxy for the
values protected by levee building. Mean values are used across Census years (i.e.,
the pre-flood measures are the mean of Census years of 1982, 1987, 1992, 1997, 2002,
and 2007; the post-flood measures are the mean of Census years of 2012 and 2017).

5.3

Housing value data

To further account for jurisdictions’ levee building that protects non-agricultural
values, I obtain the 5-year data on county-level median housing value from the American Community Survey. The median housing value was measured among the universe of owner-occupied housing units in each county over the course of 5 years. The
5-year data cover all areas, have the largest sample size, and are most reliable when
compared to 1-year and 3-year estimates also provided by the American Community
Survey. I use the 2006–2010 and 2012–2016, respectively for the pre- and post-flood
period, to create a balanced panel of 207 counties along the Mississippi River and its
tributaries that have any levees.

5.4

Flood count data

One may argue that areas flooded in 2011 may be more prone to other floods absent the Great Mississippi Flood of 2011. If this is the case, the assumption of the
exogenous shock that changed perceptions of flood risk may be violated and my identification using the DID approach could thus be contaminated and lead to biased
causal estimation. To address this concern and control for the possible influence of
other floods on levee building, I draw the data from the list of major disaster declarations (incident type: flood) posted by FEMA to create a consistent series of flood
counts at the county level. For each flood, FEMA provides information on the geographic location (county) as well as the month and year of occurrence. I aggregate the
yearly flood counts to the pre-flood period (1982–2010) and post-flood period (2012–
2018) at the county level in this study. Controlling for additional flood events in the
model also mitigates the concern that pre-flood levee elevations were not measured
in the same year for all levees.
To further provide evidence that can support the assumption of exogenous flooding shock in 2011, I use the flood count data compiled by Boustan et al. (2020).17
17

I appreciate that the authors shared this wonderful dataset when they published the article. See
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Figure C3 plots the average and the total number of flood counts at the county level
in each decade during the period 1960–2010 (the pre-flood period in this study) for
counties that were flooded or unflooded during the Great Mississippi Flood of 2011.
First, the figure shows strong evidence of similar pre-trend in terms of flood counts between flooded and unflooded counties in 2011. This suggests that should other floods
also influence levee building, the effects are likely to be similar between flooded and
unflooded counties. Second, a two-sample t-test with equal variances shows that the
difference in mean flood counts between flooded and unflooded counties is statistically
insignificant in all decades except for the decade of 1990.

5.5

Floodplain maps

Floodplain maps that show areas with different flood risks are obtained from
FEMA’s National Flood Hazard Layer Viewer. By overlaying levees with these floodplain maps, I identify whether each levee is located in a 100-year floodplain (an area
inundated by 1% annual chance flooding) or 500-year floodplain (an area inundated by
0.2% annual chance flooding). According to FEMA’s flood zone designations, 100-year
and 500-year floodplains are considered high-risk and low-risk areas, respectively.

5.6

Summary statistics

Table 1 presents the summary statistics for levee and county characteristics. All
the statistics are the average over the two periods (i.e., one pre-flood and one postflood). One immediate observation from the table is the substantial heterogeneity in
terms of both levee and county characteristics across units. For example, the average
levee elevation across the study area is about 427 ft, with the lowest levee elevation of
less than two feet and the highest levee elevation of more than 1,100 ft. At the state
level, Iowa has the highest average levee elevation of 810 ft and Louisiana has the
lowest average levee elevation of 37 ft. Such a variation also reflects the geographical
difference in terms of elevation across states. In general, states in the upper Mississippi River Basin have higher elevations while those in the lower Mississippi River
Basin have lower elevations.18
more details on data collection and process in Boustan et al. (2020).
18
For example, in the upper Mississippi River Basin, the mean elevation of Iowa, Missouri, and
Illinois is respectively 1,100 ft, 800 ft, and 600 ft. While in the lower Mississippi River Basin, the
mean elevation of Arkansas, Mississippi, and Louisiana is respectively 650 ft, 300 ft, and 100 ft.
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Table 1: Summary Statistics for Levees and Counties
Variable

Mean

S.D.

Min.

Max.

Obs.

[1]

[2]

[3]

[4]

[5]

levee elevation (ft)

427.3

259.7

1.560

1,193

2,498

levee length (km)

10.74

17.14

0.015

144.6

2,498

number of segments

2.269

4.289

1

89

2,498

100-year floodplain (yes=1)

0.715

0.452

0

1

2,498

flooded in 2011 (yes=1)

0.542

0.498

0

1

2,498

farm acreage (1,000 acres)

233.8

114.6

0.111

616.9

2,472

farmland value ($1,000 per acre)

2.934

1.852

0.866

15.49

2,476

total agricultural sales ($ million)

91.85

77.30

0.520

464.5

2,472

median housing value ($ million)

0.109

0.036

0.044

0.209

2,498

total flood counts

0.815

1.041

0

6

2,498

Panel A: Levee characteristics

Panel B: County characteristics

Notes: Farmland value, total agricultural sales, and median housing value are converted to 2020 $.

Figure 3 shows Epanechnikov kernel density plots of flooded and unflooded levees, with the left graph comparing the pre-flood logged levee elevation and the right
graph comparing the change in levee elevation pre- and post-flood. On average, unflooded levees saw a reduction of 0.12 ft (most likely due to erosion and degradation,
see a similar finding from Flor et al., 2011) but flooded levees saw an increase of 0.72
ft. Two-sample t-test with equal variances further shows that the difference in mean
change in levee elevations between flooded and unflooded levees is statistically significant. While Figure 3 seems to tell a compelling story that the 2011 flood increased the
levee elevation, it does not control for other factors such as local economic activities
and levee regulations that may affect levee building over time. To capture these possible confounding factors, my empirical strategy employs a DID approach to control
for both levee and county characteristics with county and state-by-year fixed-effects.
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Figure 3: Kernel Density Plots of Flooded and Unflooded Levees

Notes: This figure plots Epanechnikov kernel densities of flooded and unflooded levees, with the left
graph comparing the pre-flood logged levee elevation and the right graph comparing the change in
levee elevation pre- and post-flood. For the change in levee elevations, the mean (S.D.) of the unflooded
distribution is -0.12 (2.44), and the mean (S.D.) of the flooded distribution is 0.72 (1.20). A two-sample
t-test with equal variances shows that the difference in mean change in levee elevation between flooded
and unflooded levees is statistically significant.

6

Results and Discussion

6.1

What predicts levee building?

I first show the relationships between county characteristics and levee building in
Table 2. Time-invariant levee characteristics are not included due to levee fixed effects used in the model. Column [1] shows the univariate relationship between each
county characteristic and levee building while column [2] shows the results including
all predictors in the one single regression. Consistent with my theoretical framework,
I find a positive correlation between levee building and the county’s value to be protected from flooding (e.g., farmland value, total agricultural sales). The total number
of flood counts at the county level during the study period seems to be positively correlated with levee building. However, this effect becomes statistically insignificant
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when other county characteristics are accounted for. This result may suggest that
local flood events, whose scale and economic damage are much smaller compared to
the Great Mississippi Flood of 2011, will likely not change perceptions of flood risk
and are weakly related to levee building at best in my case.
Table 2: What Predicts Levee Building?
Variable

Logged levee elevation

Logged Farm acreage
Logged farmland value
Logged total agricultural sales
Logged median housing value
Flood counts

[1]

[2]

0.035

0.023

(0.026)

(0.017)

0.004**

0.019**

(0.002)

(0.008)

0.012**

0.031***

(0.005)

(0.011)

0.682

0.535

(0.518)

(0.501)

0.003**

-0.001

(0.001)

(0.001)

Covariates regressed separately

X

Levee fixed effects

X

X

Notes: In both columns, the dependent variable is the logged levee elevation (ft). In column [1],
each row is a separate regression with the variable in that raw as the only control variable in the
regression. In column [2], all covariates listed are included in one single regression. In all cases,
the specification is a levee fixed-effects regression (equivalent to a first-difference regression in a
two-period model). As a result, any time-invariant levee characteristics are not included. Standard errors, clustered at the county level, are shown in parentheses. *** p<0.01; ** p<0.05

6.2

Impact of flooding on levee elevation

I then estimate the impact of flooding on levee elevation using five model specifications, each with a different set of controls. Model I is the most parsimonious
specification, including only the interaction term of interest (Flooded × Post), a postflood dummy, and a “flooded” dummy. Model II adds three time-invariant levee controls (i.e., levee length, the number of segments, whether the levee is in a 100-year
floodplain with the 500-year floodplain being the baseline) and Model III adds five
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time-varying county controls (i.e., farm acreage, farmland value, total agricultural
sales, median housing value, and flood counts). Models IV and V include both levee
and county controls. To control for time-invariant and time-varying unobservables,
I include county fixed effects and state-by-year fixed effects, respectively, in all the
model specifications.
The results in Table 3 are consistent with my model prediction. As expected, levees that experienced flooding in 2011 were built higher post-flood than those who did
not. These effects are statistically significant and economically meaningful. Across
specifications, I find positive point estimates of “Flooded × Post”, ranging from 0.7%
to 1.1% additional levee elevation as a result of flooding. With the average pre-flood
elevation of flooded levees being 292 ft, a 0.7%(1.1%) increase in levee elevation indicates approximately a 2.1(3.3) ft increase in levee building. This estimate largely
lines up with prior findings in hydrological studies (Flor et al., 2011).
Table 3: Impact of Flooding on Levee Elevation
Variable
Flooded × Post
Mean of dependent variable
Number of counties
Number of observations

Logged levee elevation
Model I

Model II

Model III

Model IV

Model V

0.007***

0.007***

0.011***

0.011***

0.011***

(0.002)

(0.002)

(0.003)

(0.003)

(0.003)

5.520

5.520

5.549

5.549

5.549

207

207

206

206

206

2,498

2,498

2,468

2,468

2,468

X

X

X

X

X

Levee controls

X

County controls
County fixed effects

X

X

X

X

X

State-by-year fixed effects

X

X

X

X

X

county

county

county

county

spatial

Standard error clusters

Notes: This table shows the results from estimating equation (10). The dependent variable is the logged
levee elevation (ft). Flooded × Post is equal to 1 if the levee was flooded in 2011 and the levee elevation was measured after 2011. Levee controls include levee length, the number of levee segments, and
whether the levee is located in a 100-year floodplain (500-year floodplain as baseline). County controls include logged farm acreage, logged farmland value, logged total agricultural sales, logged median
housing value, and flood counts. Standard errors, clustered at the county level, are shown in parentheses for Models I–IV. For Model V, standard errors are adjusted to allow for spatial autocorrelation as
modeled in Conley (1999), with a distance cutoff at 50 km. *** p<0.01
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6.3

Spillover effects and external costs

I next estimate the spillover effects from upstream, cross-river, and upstreamcross-river levees, using the metrics I illustrate in Figure 2 to identify neighboring
counties in this study. Again, five model specifications with a different set of controls in each specification are used. In addition to the interaction term of interest
(Flooded × Post) that captures the impact of flooding on levee elevation, I add the
logged average elevation of levee(s) in each county’s immediate upstream, cross-river,
and upstream-cross-river counties to the models. Table 4 shows that, in addition to
the positive impact of flooding on levee elevation, a 1% increase in the immediate upstream levee elevation increased the downstream levee elevation by 0.7%, suggesting
substantial spillovers. However, there is no evidence of spillover effects from crossriver or upstream-cross-river neighbors as the coefficients are statistically insignificant across model specifications.
To further infer the magnitude of spillover effects, I conduct a back-of-the-envelope
calculation of the external costs resulting from upstream levee building. In the engineering literature, the costs of a floodproofing structure such as a levee are typically
evaluated in terms of primary and secondary costs. Specifically, primary costs include
the costs of the basic floodproofing elements and secondary costs include the costs of
auxiliary materials required to assure that the primary floodproofing elements function properly. Based on a combination of the floodproofing literature, manufacturer’s
quotes, and information collected from the owners and builders, FEMA reports that
the average unit cost for a 3-feet-height, 5-feet-height, and 10-feet-height levee is respectively $13 per foot length, $30 per foot length, and $85 per foot length in 1985
dollars. Adjusted for inflation, these numbers become $32 per foot length, $73 per
foot length, and $207 per foot length in 2020 dollars, which result in $10.6–20.7 per
square foot as the unit cost.
Given a total of 13,414 km (or 44 million ft) levee length in the study area, about
0.3 ft of extra levee building due to spillover effects,19 and an average of $15.6 per
square foot as the unit cost, the external costs can amount to at least $0.2 billion as
a result of upstream levee building. This is likely a conservative or lower-bound estimate since the marginal cost of levee building is non-linear and increases with levee
19

In the study area, the average levee elevations in the upstream and downstream counties before

the 2011 flood are 444.9 ft and 427.1 ft, respectively. Based on the coefficient estimated in the models
shown in Table 4 (i.e., a 1% increase in the immediate upstream levee elevation increased the downstream levee elevation by 0.7%), a 0.4 ft increase in the upstream county’s levee elevation post-flood
resulted in a 0.3 ft increase in the downstream county’s levee elevation.
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height, as shown in the numbers given by FEMA. The average unit cost ($/foot length)
used above does not take into account the base height of the levees undocumented in
the levee data, which can lead to a higher unit cost for additional levee height.
Table 4: Impact of Flooding on Levee Elevation with Spillover Effects
Variable
Flooded × Post
log(upstream levee elevation)
log(cross-river levee elevation)
log(upstream-cross-river levee elevation)
Mean of dependent variable
Number of counties
Number of observations

Logged levee elevation
Model I

Model II

Model III

Model IV

Model V

0.005***

0.005***

0.008**

0.008**

0.008**

(0.003)

(0.003)

(0.004)

(0.004)

(0.004)

0.733***

0.733***

0.727***

0.727***

0.727***

(0.180)

(0.180)

(0.206)

(0.206)

(0.215)

-0.149

-0.149

0.014

0.014

0.014

(0.346)

(0.346)

(0.264)

(0.264)

(0.280)

-0.187

-0.187

0.190

0.190

0.190

(0.374)

(0.374)

(0.347)

(0.347)

(0.361)

5.520

5.520

5.549

5.549

5.549

207

207

206

206

206

2,498

2,498

2,468

2,468

2,468

X

X

X

X

X

Levee controls

X

County controls
County fixed effects

X

X

X

X

X

State-by-year fixed effects

X

X

X

X

X

county

county

county

county

spatial

Standard error clusters

Notes: This table shows the results from estimating equation (11). The dependent variable is the
logged levee elevation (ft). Flooded × Post is equal to 1 if the levee was flooded in 2011 and the
levee elevation was measured after 2011. log(upstream levee elevation), log(cross-river levee elevation), and log(upstream-cross-river levee elevation) are respectively the logged average elevations of
levee(s) in the county’s immediate upstream, cross-river, and upstream-cross-river county. Levee controls include levee length, the number of levee segments, and whether the levee is located in a 100year floodplain (500-year floodplain as baseline). County controls include logged farm acreage, logged
farmland value, logged total agricultural sales, logged median housing value, and flood counts. Standard errors, clustered at the county level, are shown in parentheses for Models I–IV. For Model V,
standard errors are adjusted to allow for spatial autocorrelation as modeled in Conley (1999), with a
distance cutoff at 50 km. *** p<0.01; ** p<0.05

6.4

Cost-benefit analysis

To better understand the magnitude of the external costs due to upstream levee
building, I conduct a cost-benefit analysis of levee heightening induced by the Great
Mississippi Flood of 2011. To do so, I calculate the benefits change before and after the
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flood and compare it to the costs of levee heightening with and without considering
the external costs of spillovers. The benefit estimates, or the expected flood damage
reduction by levees, are the sum of the total farmland value, total agricultural sales,
and total housing value at the county level, weighted by the proportion of areas designated as the 100-year floodplain in each county and the probability of flooding (i.e.,
1% chance of being flooded). This process is based primarily on the fact that most
values that can be protected by levees are inside the 100-year floodplain. Both the
actual costs of levee heightening and external costs of spillovers are calculated for
each levee first and then aggregated to the county level.
Table 5 summarizes the cost-benefit analysis. On average, benefits that can be
gained by heightened levees are about $3.8 millions, with around $1.8 millions direct
costs because of construction and $1.0 million external costs imposed on downstream.
For the entire study area, net benefits of heightened levees with and without considering spillovers can amount to $224 millions and $425 millions, respectively. Taking
the external costs of spillovers into account, net benefits of heightened levees can be
reduced by about 48%. This result implies that current levee building under highly
decentralized planning in the Mississippi is likely not cost effective.
Table 5: Cost-benefit Analysis of Levee Building
Variable

County-level estimates

Total

Mean

S.D.

Min.

Max.

Benefits of heightened levees ($ million)

3.821

2.858

-0.936

13.72

790.8

Costs of heightened levees ($ million)

1.809

2.967

0

23.10

374.6

External costs of spillovers ($ million)

0.995

2.445

0

26.64 206.1

Net benefits without spillovers ($ million)

2.055

3.769

-17.55

11.76 425.4

Net benefits with spillovers ($ million)

1.084

5.024

-26.02

11.16 224.3

–

–

–

% ∆ in net benefits

–

48%

Notes: Net benefits without spillovers = Benefits of heightened levees – Costs of heightened levees; Net
benefit with spillovers = Benefits of heightened levees – Costs of heightened levees – External costs of
spillovers; % ∆ in net benefits = External costs of spillovers / Net benefits without spillovers.

Figure 4 further plots the distribution of county-level net benefits of heightened
levees due to the Great Mississippi Flood of 2011, where light blue bars denote those
without considering the external costs of spillovers and orange bars denote those with
spillovers. There are two take-aways from this figure. First, not all levee heightening
generated net benefits even without considering spillovers. In fact, about 17% of the
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counties in the study area experienced net losses after levee heightening due to the
low benefits accruing to heightened levees. This suggests that levee heightening may
not be an optimal solution to manage increased flooding for some jurisdictions in the
Mississippi. Second, some levee heightening can change from having net benefits to
having net losses if we take the external costs of spillovers into account, making levee
heightening in some areas not economically justified. This implies that without considering external costs due to inter-jurisdictional spillovers, decentralized planning
on levee building must be inefficiently high, 20 causing deadweight loss.
Figure 4: Net benefits Comparison with and without Spillovers

Note: This figure plots the distribution of county-level net benefits of heightened levees due to the
Great Mississippi Flood in 2011, where light blue bars denote those without spillovers and orange
bars denote those with spillovers. Two take-aways from this figure: (1) Not all levee heightening
generated net benefits even without considering spillovers; (2) Taking spillovers into account, some
levee heightening can change from having net benefits to having net losses.
20

Theoretical predictions show that jurisdictions tend to build lower levees if they internalize the

negative externalities so as to achieve the social optimum as opposed to their private optimum (see
proof in Appendix E).
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Figure 5: Spatial Distribution of External Costs of Spillovers and Net
Benefits with and without Spillovers

Note: The three maps in the figure respectively show the spatial distribution of (a) external costs of
spillovers (b) net benefits of heightened levees without external costs of spillovers (c) net benefits of
heightened levees with external costs of spillovers. Red color indicates higher values and blue color
indicates lower values. Counties in white are those not in the analysis either because they are not
adjacent to any rivers or there are no levees in the county.

Figure 5 shows the spatial distribution of the external costs of spillovers and the
net benefits of heightened levees with and without such spillovers, where red color
indicates higher values and blue color indicates lower values. As expected, counties
with the highest external costs of spillovers are mostly along the Mississippi River
since this is the area where levees are extensively constructed. We also observe that
counties with the largest net benefits are mostly in the upper Mississippi River Basin,
while counties with the largest net losses are mostly in the lower Mississippi River
Basin. One possible reason for this spatial disparity in net benefit changes comes
from the wide range of benefits that can be gained from heightened levees across
the entire Mississippi River Basin. For areas with highly productive farmland such
as Iowa and Illinois, levee heightening will likely generate net benefits. However,
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for areas such as Louisiana where values that can protected by levees are relatively
low (due partially to frequent natural disasters such as hurricanes and floods), levee
heightening may not be economically justified.
Given the geo-referenced levee locations as well as recent advances in remote sensing data that can be used to monitor and measure levee building over time, policymakers can therefore design a spatially explicit “levee tax” based on the external costs of
spillovers that upstream jurisdictions impose on downstream neighbors. Unlike the
challenge of taxing the non-point source pollution from the agricultural sector to address externalities, the implementation of such a “levee tax” has several advantages.
First, who to tax and how much to tax are rather clear given the flow of externalities
(i.e., from upstream to downstream) and the extent of externalities (i.e., how much
levees are heightened). Second, the enforcement cost of such a regulation is relatively
low since field inspection is no longer needed for measuring changes in levee building
thanks to the increasingly available and accurate remote sensing data.

6.5

The role of decentralization

To further investigate what drives the spillover effects from levee building, I split
my data sample into the upper and lower Mississippi River Basins. Table 6 shows
the spillover effects in the two regions, in addition to the impact of flooding on levee
elevation, using the preferred model specification in which both levee and county
controls are included. I find that a 1% increase in the upstream levee elevation increased the downstream levee elevation by 0.6% for levees in the upper Mississippi
River Basin, suggesting substantial spillovers. However, such spillover effects from
upstream levee building become statistically insignificant for levees in the lower Mississippi River Basin. In both cases, I do not find any spillover effects from cross-river
or upstream-cross-river neighbors.
One possible reason for this regional difference is that levee regulation is fairly
decentralized in the upper Mississippi River Basin as opposed to the lower Mississippi
River Basin. In specific, the MR&T project in the lower Mississippi valley largely
unified the levee system in the area while there is no such level of coordination in the
upper Mississippi. In contrast, jurisdictions alongside the upper Mississippi River
such as Illinois and Missouri keep building levees and raising heights (Hersher, 2018;
Maher, 2019), causing a “levee battle” between jurisdictions.
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Table 6: Impact of Flooding on Levee Elevation with Spillover Effects for
Lower and Upper Mississippi River Basins
Variable

Logged levee elevation
Lower Mississippi

Upper Mississippi

0.022***

0.003***

(0.006)

(0.001)

0.002

0.565***

(0.060)

(0.190)

-0.040

-0.002

(0.291)

(0.249)

-0.040

-0.301

(0.291)

(0.379)

3.935

6.285

Number of counties

92

114

Number of observations

770

1,698

Levee controls

X

X

County controls

X

X

County fixed effects

X

X

State-by-year fixed effects

X

X

Flooded × Post
log(upstream levee elevation)
log(cross-river levee elevation)
log(upstream-cross-river levee elevation)
Mean of dependent variable

Notes: This table shows the results from estimating equation (11) separately using the data sample
in the lower and upper Mississippi River Basin. The dependent variable is the logged levee elevation
(ft). Flooded × Post is equal to 1 if the levee was flooded in 2011 and the levee elevation was measured
after 2011. log(upstream levee elevation), log(cross-river levee elevation), and log(upstream-crossriver levee elevation) are respectively the logged average elevations of levee(s) in the county’s immediate upstream, cross-river, and upstream-cross-river county. Levee controls include levee length, the
number of levee segments, and whether the levee is located in a 100-year floodplain (500-year floodplain as baseline). County controls include logged farm acreage, logged farmland value, logged total
agricultural sales, logged median housing value, and flood counts. Standard errors, clustered at the
county level, are shown in parentheses. *** p<0.01

6.6

Robustness checks and falsification tests

First of all, to ensure that the positive impact of flooding on levee elevation is not
spurious, I conduct a randomization inference exercise as a placebo test. Randomization inference is designed to assess whether observed outcomes in a given sample are
likely to be observed by chance even if treatment had no effect. This tool has been
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increasingly used in the literature both inside and outside the realm of randomized
control trials (see Cohen and Dupas, 2010; Cattaneo et al., 2017; Burlig and Stevens,
2019 for examples).
In detail, I randomly re-assign the 114 flooded counties to treatment 1,000 times,
imposing a null hypothesis of no effect of flooding on levee elevation. For each iteration, I estimate every model specification in Table 3 and store the estimated βˆ3 . The
results of this test are obtained following Heß (2017) and displayed in Figure C4. The
yellow histograms show the estimated coefficients from these 1,000 random draws,
with the dashed vertical red lines denoting the impact of flooding on levee elevation
using the actual assignment vector. The randomization inference test also provides
exact p-values (i.e., the fraction of permutated coefficients that are larger than the
actual coefficient), which are valid for small samples. Across model specifications, I
find that the impact of flooding on levee elevation is statistically significant at the 5%
level or lower, suggesting that my results are not an artifact of random chance.
Second, to further test if the impact of flooding on levee elevation is robust, Panel
A and B in Table D3 respectively shows the results from estimating the impact of
flooding on levee elevation using the data in the upper and lower Mississippi River
Basin only, where the upper Mississippi River Basin includes Iowa, Illinois, Missouri
and the lower Mississippi River Basin includes Arkansas, Kentucky, Louisiana, Mississippi, and Tennessee. The results from the upper Mississippi River Basin show a
consistent estimate of 0.3% across model specifications. With the average pre-flood
elevation of flooded levees being 453 ft in the upper Mississippi River Basin, a 0.3%
increase in levee elevation indicates approximately a 1.36 ft in levee building. For
the lower Mississippi River Basin, I find a 2% increase in levee elevation (approximately 1.90 ft increase in levee building) given the 95 ft average pre-flood elevation
of flooded levees in the lower Mississippi River Basin. Despite the differences in
landscape, levee regulation, and flood control policies between the upper and lower
Mississippi, the positive impact of flooding on levee elevation seems to be consistent.
Third, as discussed in Section 5.1, one concern of using the levee elevation data
back in the 1980s for the pre-flood period is the occurrence of the Great Flood of 1993
in the upper Mississippi that could potentially bias my estimation. To address this
concern, I re-run equation (10) using the data sample that excludes any levees whose
pre-flood elevations were measured prior to 1993. Table D4 shows that across model
specifications, I find positive point estimates of “Flooded × Post” ranging from 0.4%
to 0.8% additional levee elevation as a result of flooding. With the average pre-flood
elevation of flooded levees being 252 ft (after dropping the levees whose pre-flood ele31

vations were measured prior to 1993), a 0.8% increase in levee elevation indicates approximately a 2–ft increase in levee building. This number is slightly lower than the
one I obtain from using the full sample (i.e., 2.1–3.2 ft). Such a finding may indicate
that if the Great Flood of 1993 increased levee elevation in the upper Mississippi, my
estimates using the full sample may be overestimated. However, the impact of flooding on levee elevation remains statistically significant and economically meaningful.
Fourth, the impact of flooding found in this study is also robust to different clustering of standard errors. To control for both spatial and serial correlation, for example,
the standard errors are clustered at the county by year level. As shown in Table
D5, the impact of flooding on levee elevation remains statistically significant, and is
virtually the same as the main results in Table 3.
One may suspect that the positive spatial spillovers from upstream levee building
in this study may purely come from spatial autocorrelation. If this is the case, the
causal inference then becomes unclear. To address this concern, I take advantage of
water flow from upstream to downstream, but not the other way round, to conduct a
falsification test. Specifically, I estimate the following model specification that aims
to capture the impact of downstream neighboring levee elevations on one’s own levee
elevation:
log(Likt ) = β1 F loodedk + β2 P ostt + β3 F loodedk × P ostt
+ β4 log(Lk+1,t ) + β5 log(L−k,t ) + β6 log(L−k+1,t ) + log(x0ikt )δ + θk + ikt

(12)

where log(Lk+1,t ), log(L−k,t ), and log(L−k+1,t ) are respectively the logged average elevations of levee(s) in county k’s immediate downstream, cross-river, and downstreamcross-river county. The other variables remain as described in equation (10). β4 , β5 ,
and β6 are the coefficients of additional interest that respectively capture the impact
of immediate downstream, cross-river, and downstream-cross-river levee elevation on
one’s own levee elevation.
Table 7 reports the falsification test results. While there is a consistent positive
impact of flooding on levee elevation with a point estimate of 0.7%, I find no evidence
of spillover effects from downstream or downstream-cross-river neighbors as their
coefficients are statistically insignificant across model specifications. This result confirms that the spillover effects from upstream levee building are not spurious or due
to the fact of spatial autocorrelation.
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Table 7: Falsification Tests on Spillover Effects
Variable
Flooded × Post
log(downstream levee elevation)
log(cross-river levee elevation)
log(downstream-cross-river levee elevation)
Mean of dependent variable
Number of counties
Number of observations

Logged levee elevation
Model I

Model II

Model III

Model IV

Model V

0.007***

0.007***

0.007**

0.007**

0.007**

(0.002)

(0.002)

(0.003)

(0.003)

(0.003)

0.264

0.264

0.427

0.427

0.427

(0.318)

(0.318)

(0.278)

(0.278)

(0.290)

0.020

0.020

0.402

0.402

0.402

(0.384)

(0.384)

(0.329)

(0.329)

(0.344)

-0.414

-0.414

-0.079

-0.079

-0.079

(0.258)

(0.258)

(0.334)

(0.334)

(0.361)

5.520

5.520

5.549

5.549

5.549

207

207

206

206

206

2,498

2,498

2,468

2,468

2,468

X

X

Levee controls

X

County controls

X

X

X

County fixed effects

X

X

X

X

X

State-by-year fixed effects

X

X

X

X

X

county

county

county

county

spatial

Standard error clusters

Notes: This table shows the results from estimating equation (12). The dependent variable is the logged
levee elevation (ft). Flooded × Post is equal to 1 if the levee was flooded in 2011 and the levee elevation was measured after 2011. log(downstream levee elevation), log(cross-river levee elevation), and
log(downstream-cross-river levee elevation) are respectively the logged average elevations of levee(s) in
the county’s immediate downstream, cross-river, and downstream-cross-river county. Levee controls include levee length, the number of levee segments, and whether the levee is located in a 100-year floodplain (500-year floodplain as baseline). County controls include logged farm acreage, logged farmland
value, logged total agricultural sales, logged median housing value, and flood counts. Standard errors,
clustered at the county level, are shown in parentheses for Models I–IV. For Model V, standard errors
are adjusted to allow for spatial autocorrelation as modeled in Conley (1999), with a distance cutoff at
50 km. *** p<0.01; ** p<0.05

6.7

Policy implications

According to the National Committee on Levee Safety, about 100,000 miles of levees stretch across the U.S., most of which are built of earth and covered with grass
to protect the estimated 14 million people who live behind them. However, there
is currently no single government agency that regulates or monitors all of them, or
even sets safety rules. Of all those levees, only about 15% are part of the USACE
Levee Safety Program with the vast majority of the nation’s levees falling under local
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or state control. As most levees along the Mississippi River are locally constructed
and maintained through county flood control districts or levee districts that are not
subject to USACE’s levee regulation, the results from this study can provide some
significant policy implications.
The positive and substantial spillover effects from upstream levee building imply that as a self-protective behavior, a jurisdiction’s levee building can induce extra flood risks and external costs to its downstream neighbors. From an economic
standpoint, unregulated or uncoordinated levee building must be inefficiently high.
While a higher levee is safer for its jurisdiction, the extra height inevitably creates
higher flood risks for downstream jurisdictions. The safety benefits of heightened
levees are internal, but the safety costs of these levees are external. Without considering the spillover effects from levee building, levees that are aimed for flood control
are likely not cost effective. Government programs that offer financial assistance
for flood-control projects such as levees may need to take into account the potential
external costs when evaluating the cost-effectiveness of those projects, despite the
purpose of self-protection. This is especially important for future program evaluation
given that existing levees need continuous maintenance and that new levees may be
constructed in response to more frequent ans severe floods in the Mississippi.
In addition, given the decentralized planning in levee construction (especially
in the upper Mississippi River Basin), my results also imply that regional cooperation on levee building is desired for managing flood damage while mitigating interjurisdictional spillovers. This may require active regulatory involvement by upperlevel authorities (e.g., USACE local districts) or the creation of a forum at the regional
level (e.g., upper Mississippi River Basin) for negotiation, especially if compensation
in terms of inter-jurisdiction financial transfers is practically and politically feasible.
In fact, one of the most important recommendations from the Interagency Floodplain
Management Review Committee after the Great Flood of 1993 is that the upper Mississippi River Basin should be treated as a single, integrated system to coordinate
flood damage reduction (IFMRC, 1994).
While this paper provides new evidence of the inter-jurisdictional spillovers due
to decentralized management of natural disasters, one question comes up naturally
is what possible policy instruments can be designed and implemented so as to address negative externalities from upstream levee building. When it comes to interjurisdictional spillovers, the central debate in the literature is whether a centralized
policy can outperform decentralized planning (Banzhaf and Chupp, 2012; Fell and
Kaffine, 2014). While decentralization will likely fail to internalize externalities, cen34

tral governments often face many hurdles such as high costs of enforcement and lack
of accurate monitoring that make the implementation of tailored policies practically
impossible. The spatially explicit “levee tax” proposed in this paper offers one possible
solution to correct the market failure in a relatively inexpensive way by largely reducing the enforcement and monitoring costs, thanks to the recent advances in remote
sensing data that can monitor and measure levee building over time.

7

Concluding Remarks
While self-protective actions have been widely acknowledged to induce external

risks and costs to other agents (Lakdawalla and Zanjani, 2005; Shafran, 2008; Anderson and Auffhammer, 2014), the existing literature remains scarce on whether
these actions can force other agents to increase their own protection through risk
spillovers. Levee building along the Mississippi River provides a case in point to study
such spillover effects of self-protective measures for flood control. Given the growing
evidence of heightened levees in the aftermath of catastrophic flooding together with
more frequent flooding in the Mississippi in the past decades, jurisdictions alongside
the Mississippi River have expressed their great concerns about the so-called “levee
war”. Nevertheless, the federal government bears little responsibility for resolving
this issue. Such a situation naturally poses the question of whether a centralized
policy should be preferred over decentralized planning in dealing with large-scale
natural disasters when inter-jurisdictional spillovers are present.
This paper provides both theoretical and empirical evidence of levee building in
response to rising flood risks along the Mississippi River, with a particular focus on
spillover effects. Using the Great Mississippi Flood of 2011 as a plausibly exogenous
shock and applying a DID approach to newly digitized data on levee locations and
elevations, I establish three main results. First, consistent with my model predictions,
I find levee building in the flooded counties increased by over 2 ft after the 2011 flood.
This result is robust across model specifications and is not spurious. Second, spillover
effects from upstream levee building are evident and substantial. My results show
that a 1% increase in the upstream levee elevation increased the downstream levee
elevation by 0.7%. However, such spillover effects become statistically insignificant
in areas where levee construction is largely coordinated among jurisdictions and that
I find no evidence of spillover effects from cross-river or downstream neighbors’ levee
building. Third, a back-of-the-envelope calculation shows that the external costs due
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to upstream levee building can amount to at least $0.2 billion. A cost-benefit analysis
further shows that considering the spillovers from upstream levee building, the net
benefits of heightened levees can be reduced by 48%, suggesting that current levee
building under decentralized planning is likely not cost effective.
Given the positive and substantial spillover effects from upstream levee building,
the results from my study highlight the importance of inter-jurisdictional cooperation
and call for a more centralized regulation in levee construction for flood control to
reduce negative externalities from heightened levees. Future flood-control projects,
or management of large-scale natural disasters in general, that require an evaluation
of cost-effectiveness need to take into account the potential external costs so that the
implementation of those projects can be economically justified.
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Appendix A. Multiple-agent model with spatial externality
Now consider N (N ≥ 2) counties such that county j is the downstream county of
the other N − 1 counties. Levee building in all the upstream counties k(k 6= j) may
increase the occurrence of flooding in the downstream county. As a result, the probaQ
bility of flooding occurrence in county j changes from Φjt to Φjt N
k6=j (1 + γk Lkt ). This
assumes that if one of the upstream counties does not have levee building, its contribution to the downstream county’s flooding occurrence becomes zero. Each county
chooses its own levee building L.,t to minimize the sum of the expected value lost due
to flooding and the cost of levee building, C.,t :

Ckt = Φkt Vkt − Φkt Vkt

Cjt = Φjt

N
Y

(1 + γk Lkt )Vjt − Φjt

N
Y

Lkt
Lk

a

+ ALbkt


(1 + γk Lkt )Vjt

k6=j

k6=j

(A.1)
Ljt
Lj

a

+ ALbjt

(A.2)

Take the derivative with respect to levee height for each county and re-arrange:
L∗∗
kt

L∗∗
jt


=


=

aΦjt

aΦkt Vkt
bALak

QN

k6=j (1

1
 b−a

+ γk Lkt )Vjt
bALaj

(A.3)
1
 b−a

(A.4)

Equation (A.3) defines the privately optimal levee height in the upstream county k.
Substituting L∗∗
kt from equation (A.3) into equation (A.4), we get the privately optimal
levee height in the downstream county j:
L∗∗
jt


=

aΦjt Vjt
bALaj

1  N
 b−a
Yh

k6=j

1
 b−a
1 i
 aΦ V  b−a
kt kt
1 + γk
bALak
|
{z
}

(A.5)

spatial externality

Equation (A.5) shows that compared to the single-agent case, the privately optimal
levee height in the downstream county is higher if there is spatial externality from
any of the upstream counties’ levee building.
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Appendix B. Two-agent model with spatial externality (Cross-river Case)
Now consider two counties k and −k such that these two counties are cross-river
neighbors. Levee building on either side of the river may increase the occurrence of
flooding on the other side. As a result, the probability of flooding occurrence in each
county becomes Φkt (1 + γL−k,t ) and Φ−k,t (1 + γLkt ), respectively for county k and −k.
Each county chooses its own levee building L.,t to minimize the sum of the expected
value lost due to flooding and the cost of levee building, C.,t :

a
Lkt
Ckt = Φkt (1 + γL−k,t )Vkt − Φkt (1 + γL−k,t )Vkt
+ ALbkt
Lk

a
L−k,t
C−k,t = Φ−k,t (1 + γLkt )V−k,t − Φ−k,t (1 + γLkt )V−k,t
+ ALb−k,t
L−k

(B.1)

(B.2)

Take the derivative with respect to levee height for each county and re-arrange:
L∗∗
kt


=

aΦkt Vkt
bALak

1 
 b−a

γL∗−k,t

1+

1
 b−a

(B.3)

| {z }

spatial externality

L∗∗
−k,t


=

aΦ−k,t V−k,t
bALa−k

1 
 b−a

1+

γL∗kt

1
 b−a

(B.4)

|{z}

spatial externality

Equations (B.3) and (B.4) respectively define the privately optimal levee heights in
the two counties. We can observe that compared to the single-agent case, the optimal
levee height in each county is higher if there is spatial externality from the cross-river
county’s levee building.
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Appendix C. Figures
Figure C1: Kernel Density Plot of the Change in Levee Elevations Pre-flood

Notes: This figure plots Epanechnikov kernel densities of the change in levee elevations between the
two pre-flood periods for levees that were flooded and unflooded in 2011. Only levees that have both
pre-flood measurements are used (N=837, with N=522 for flooded levees and N=315 for unflooded
levees), which consist about 67% of the entire data sample. See Table D2 for more details on the list
of years when levee elevations were measured for the two pre-flood periods. For the change in levee
elevations between the two pre-flood periods, the mean (S.D.) of the unflooded distribution is 0.114
(0.027), and the mean (S.D.) of the flooded distribution is 0.088 (0.018). A two-sample t-test with equal
variances shows that the difference in mean change in levee elevation between flooded and unflooded
levees is statistically insignificant.
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Figure C2: Example of Topographic Maps and Levee Elevation Measurement

Notes: This topographic map shows the levees with elevations, using the Granite City Quadrangle
Illinois-Missouri 7.5-minute Series at the scale of 1:24,000 (the finest scale that is available) in 1998
as an example. For the particular levee highlighted in the map, it shows that the elevation was 415 ft
in 1998.
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Figure C3: Flood Counts during 1960–2000s

Notes: This figure plots the average and total number of flood counts at county level in each decade
during the period 1960–2010s for counties that were flooded or unflooded during the Great Mississippi
Flood of 2011. Similar pre-trending in terms of flood counts between flooded and unflooded counties
in 2011 can be observed. A two-sample t-test with equal variances shows that the difference in mean
flood counts between flooded and unflooded counties is statistically insignificant in all decades except
for the decade of 1990.
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Figure C4: Randomization Inference Test

Note: This figure displays the results of a randomization inference test for the four model specifications
used to estimate the impact of flooding on levee elevation in Table 3. For each model specification, I
randomly re-assign flooding to exactly 114 counties 1,000 times, re-estimate each model specification,
and save the coefficient of interest βˆ3 . These permutated coefficients are in yellow histograms. The
dashed vertical red lines are the actual estimated coefficients in Table 3. The p-value is the fraction of
permutated coefficients that are larger than the actual coefficient. I can reject the null of no impact of
flooding on levee elevation with a p<0.05 for all the four model specifications.
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Appendix D. Tables
Table D1: Correlation Matrix
Floodedj ×Postt

log(Lj−1,t )

log(L−j,t )

log(L−j−1,t )

Floodedj ×Postt

1.000

–

–

–

log(Lj−1,t )

-0.046

1.000

–

–

log(L−j,t )

0.076

0.336

1.000

–

log(L−j−1,t )

0.060

0.304

0.627

1.000

Correlation

Notes: This table shows the correlation between the DID variable ”Flooded×Post” and
neighboring logged levee elevations. The correlations between neighboring logged levee
elevations and ”Flooded×Post” are smaller than 0.1, suggesting very low correlation. In
addition, the correlations between each of the three neighboring logged levee elevation are
also relatively low.
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Table D2: List of Years When Levee Elevations Were Measured
Pre-flood Period 2

Pre-flood Period 1

Post-flood Period 1

Post-flood Period 2

Year

Percent

Year

Percent

Year

Percent

Year

Percent

1982

2.96

1982

5.04

2012

73.02

2014

4.16

1983

10.73

1983

5.60

2013

11.37

2015

78.06

1984

7.05

1984

2.48

2014

10.81

2016

2.16

1985

18.99

1985

10.89

2015

4.80

2017

15.37

1986

10.89

1986

9.29

–

–

2018

0.24

1987

0.40

1987

0.16

–

–

–

–

1988

0.08

1989

4.72

–

–

–

–

1989

2.56

1990

7.21

–

–

–

–

1990

2.08

1991

2.48

–

–

–

–

1991

2.56

1992

0.80

–

–

–

–

1992

2.64

1993

5.68

–

–

–

–

1993

3.52

1994

5.28

–

–

–

–

1994

1.52

1995

0.88

–

–

–

–

1995

0.08

1996

5.52

–

–

–

–

1996

0.40

1997

0.32

–

–

–

–

1997

0.48

1998

12.25

–

–

–

–

1998

0.16

1999

0.80

–

–

–

–

N/A

32.99

2000

1.68

–

–

–

–

–

–

2002

0.16

–

–

–

–

–

–

2003

1.92

–

–

–

–

–

–

2009

1.92

–

–

–

–

–

–

2010

16.65

–

–

–

–

Total

100

Total

100

Total

100

Total

100

Notes: This table lists the years when levee elevations were measured using the USGS topographic maps
for the two pre-flood periods (i.e., pre-flood periods 1 and 2) and the DEMs for the two post-flood periods
(i.e., post-flood periods 1 and 2). N/A denotes that measurements are not available. For the levees with
elevations not available in the pre-flood period 2, the majority of them have elevations measured prior to
1986 in the pre-flood period 1.
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Table D3: Impact of Flooding on Levee Elevation by Region
Variable

Logged levee elevation
Model I

Model II

Model III

Model IV

Model V

Panel A: Upper Mississippi River Basin
Flooded × Post
Mean of dependent variable
Number of counties
Number of observations

0.003***

0.003***

0.003***

0.003***

0.003***

(0.001)

(0.001)

(0.001)

(0.001)

(0.001)

6.285

6.285

6.285

6.285

6.285

115

115

114

114

114

1,700

1,700

1,698

1,698

1,698

Panel B: Lower Mississippi River Basin
Flooded × Post

0.020***

0.027***

0.027***

0.027***

0.027***

(0.007)

(0.007)

(0.004)

(0.004)

(0.004)

3.892

3.892

3.935

3.935

3.935

Number of counties

92

92

92

92

92

Number of observations

798

798

770

770

770

Mean of dependent variable

Notes: Panel A and B in this table show the results from estimating equation (10), respectively for the
sample in the upper and lower Mississippi River Basin. The dependent variable is the logged levee elevation (ft). Flooded × Post is equal to 1 if the levee was flooded in 2011 and the levee elevation was
measured after 2011. Levee controls include levee length, the number of levee segments, and whether
the levee is located in a 100-year floodplain (500-year floodplain as baseline). County controls include
logged farm acreage, logged farmland value, logged total agricultural sales, logged median housing
value, and flood counts. Standard errors, clustered at the county level, are shown in parentheses for
Models I–IV. For Model V, standard errors are adjusted to allow for spatial autocorrelation as modeled
in Conley (1999), with a distance cutoff at 50 km. *** p<0.01
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Table D4: Impact of Flooding on Levee Elevation After 1993
Variable
Flooded × Post
Mean of dependent variable
Number of counties
Number of observations

Logged levee elevation
Model I

Model II

Model III

Model IV

Model V

0.004***

0.004***

0.008**

0.008**

0.008**

(0.001)

(0.001)

(0.003)

(0.003)

(0.003)

5.285

5.285

5.337

5.337

5.337

133

133

132

132

132

1,270

1,270

1,242

1,242

1,242

X

X

X

X

X

Levee controls

X

County controls
County fixed effects

X

X

X

X

X

State-by-year fixed effects

X

X

X

X

X

county

county

county

county

spatial

Standard error clusters

Notes: This table shows the results from estimating equation (10) using the data sample that excludes
any levees whose elevations were measured prior to 1993. The dependent variable is the logged levee
elevation (ft). Flooded × Post is equal to 1 if the levee was flooded in 2011 and the levee elevation was
measured after 2011. Levee controls include levee length, the number of levee segments, and whether
the levee is located in a 100-year floodplain (500-year floodplain as baseline). County controls include
logged farm acreage, logged farmland value, logged total agricultural sales, logged median housing
value, and flood counts. Standard errors, clustered at the county level, are shown in parentheses for
Models I–IV. For Model V, standard errors are adjusted to allow for spatial autocorrelation as modeled
in Conley (1999), with a distance cutoff at 50 km. *** p<0.01; ** p<0.05
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Table D5: Robustness Checks on Impact of Flooding on Levee Elevation
Variable
Flooded × Post
Mean of dependent variable
Number of counties
Number of observations

Logged levee elevation
Model I

Model II

Model III

Model IV

0.007***

0.007***

0.011***

0.011***

(0.002)

(0.002)

(0.002)

(0.002)

5.520

5.520

5.549

5.549

207

207

206

206

2,498

2,498

2,468

2,468

Levee controls

X

County controls

X
X

X

County fixed effects

X

X

X

X

State-by-year fixed effects

X

X

X

X

Notes: This table shows the results from estimating equation (10). The dependent variable is the
logged levee elevation (ft). Flooded × Post is equal to 1 if the levee was flooded in 2011 and the levee
elevation was measured after 2011. Levee controls include levee length, the number of levee segments, and whether the levee is located in a 100-year floodplain (500-year floodplain as baseline).
County controls include logged farm acreage, logged farmland value, logged total agricultural sales,
logged median housing value, and flood counts. Standard errors, clustered at the county by year
level, are shown in parentheses for all models. *** p<0.01
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Appendix E. Two-agent model with spatial externality in a socially optimal case
Now consider two counties k and k − 1 such that county k is the upstream county
and county k − 1 is the downstream county. Levee building in the upstream county
may increase the occurrence of flooding in the downstream county. As a result, the
probability of flooding occurrence in county k − 1 becomes Φk−1,t (1 + γLkt ). Instead
of each county choosing its own levee building to minimize the sum of the expected
value lost due to flooding and the cost of levee building on its own, the social planner
chooses L.,t in each county to minimize the sum of the total expected value lost due to
flooding and the total cost of levee building of the two, Ct :
a

Lkt
+ Φk−1,t (1 + γLkt )Vk−1,t
Ct = Φkt Vkt − Φkt Vkt
Lk
a

Lk−1,t
−Φk−1,t (1 + γLkt )Vk−1,t
+ ALbkt + ALbk−1,t
Lk−1

(E.1)

A socially optimal interior solution satisfies the following two first-order constraints:
∂Ct
a−1
a
a
= 0 =⇒ (aΦkt Vkt Lkt
)/Lak = bALb−1
kt + (γΦk−1,t Vk−1,t (1 − Lk−1,t ))/Lk−1
∂Lkt
∂Ct
b−1
a
= 0 =⇒ (aΦk−1,t (1 + γLkt )Vk−1,t La−1
k−1,t )/Lk−1 = bALk−1,t
∂Lk−1,t

(E.2)
(E.3)

Equations (E.2) and (E.3) respectively define the optimal levee heights in county k
1

1
a(Φk−1,t +γL∗∗
kt )Vk−1,t b−a
)
< L∗k−1,t , where L∗∗
kt
bALa
k−1
and L∗kt and L∗k−1,t are privately optimal

aΦkt Vkt b−a
∗
and L∗∗
and k − 1, L∗∗
k−1,t = (
kt < Lkt = ( bALa )
k

and L∗∗
k−1,t are socially optimal levee heights

levee heights as shown in Section 3.2. We can see that compared to the privately
optimal case, both counties’ optimal levee heights are lower in the socially optimal
case.
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