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Key drivers of vulnerability to
rainfall flooding in New Orleans
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The Water Institute, Baton Rouge, LA, United States, ?llIHR—Hydroscience and Engineering, University
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Introduction: Future urban stormwater flood risk is determined by the
confluence of both climate-driven changes in precipitation patterns and the
effectiveness of flood mitigation systems, such as urban drainage and pump
systems. This is especially true in coastal cities protected by levee systems
like New Orleans, where even present-day rainfall would be enough to cause
serious flooding in the absence of extensive stormwater drainage and pumping.
However, while the uncertainties associated with climate change have been
well studied, uncertainties in infrastructure performance and operation have
received less attention.

Methods: We investigated how these interrelated sets of uncertainties drive flood
risk in New Orleans using a Robust Decision Making (RDM) approach. RDM is a
framework for Decision Making Under Deep Uncertainty (DMDU) that leverages
simulation models to facilitate exploration across many possible futures and the
identification of decision-relevant scenarios. For our work, we leveraged a detailed
Storm Water Management Model (SWMM) representation of the New Orleans
urban stormwater management system to examine flood depths across the city
when faced with different levels of future precipitation, sea-level rise, drainage pipe
obstruction, and pumping system failure. We also estimated direct flood damage for
each neighborhood in the city for this scenario ensemble. These damage estimates
were then subjected to vulnerability analysis using scenario discovery—a technique
designed to determine which combinations of uncertainties are most stressful to
the system in terms of an outcome of interest (excess flood damage).

Results: Our results suggest that key drivers of vulnerability depend on
geographic scale. Specifically, we find that possible climate-driven precipitation
increases are the most important determinant of vulnerability at the citywide
level. However, for some individual neighborhoods, infrastructure operation
challenges under present day conditions are a more significant driver of
vulnerability than possible climate-driven precipitation increases.

KEYWORDS

robust decision making, decision making under deep uncertainty, stormwater
management, SWMM, spatial decision making, New Orleans

1 Introduction

Devising resilient urban drainage policies requires understanding stormwater system
performance both now and in the future. Uncertain changes in precipitation patterns
driven by climate change make accurate estimates of future performance challenging.
However, many cities are challenged by uncertainty in whether maintenance and upkeep
has successfully preserved the capacity of stormwater infrastructure, even under present
day conditions. Determining how these uncertainties affect system performance is a vital
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task in guiding future investments aimed at reducing stormwater
flooding. The effect of uncertain factors such as land use change and
climate change on urban flooding frequency and damage as well as
the uncertainty inherent to complex models of urban drainage

systems have been extensively studied (Jung et al., 2011; Miller and
Hutchins, 2017; Fischbach et al., 2020; Liu et al., 2020; Xu et al.,
2020). However, few studies have investigated the effect of

uncertainty in infrastructure operation and characteristics, such as
the service lifetime of infrastructure (Sharma et al., 2021). This is
particularly important because citywide factors (e.g., climate
change) can interact with more geographically specific
infrastructure problems causing the relative effects of different
factors to vary on a spatial level.

These interlocking challenges pose a threat to the future
livability of many cities including New Orleans. As a coastal city,
New Orleans has been well studied in the domain of coastal and
storm surge flooding (Interagency Performance Evaluation Task
Force (IPET), 2006; Fischbach, 2010; Johnson et al., 2015; Wong
and Keller, 2017), but its frequent rainfall flooding has received less
attention in the academic literature. In addition to the challenges
presented by the city’s climate, the physical and political history of
the city has left its stormwater system without unified municipal
control. Parts of the system are managed by the New Orleans
Sewerage and Water Board (SWBNO), while others are managed by
New Orleans’ Department of Public Works (DPW). A widely
implemented Level of Service for a stormwater management system
is the capacity to effectively clear the “10-year” rainfall event (ABS
Group, 2018); however, prior studies found no evidence of any such
Level of Service throughout the city (ABS Group, 2018). In
particular, some parts of the city are unable to effectively clear the
2-year, 24-h rainfall event even before accounting for the effects of
climate change (Ardurra, 2019).

To assess the contributions of climate and infrastructure
uncertainties to the city of New Orleans’ flood risk, we adopted a
Robust Decision Making (RDM) analysis framework (Lempert
etal., 2006, 2013; Lempert, 2019). RDM is a model-based approach
to scenario analysis which draws on many simulations of potential
scenarios to determine how uncertain variables connect to
scenarios in which the system is under high stress. Unlike other
model-based approaches, RDM does not try to make a single most-
likely prediction about what the future will hold but instead seeks
to explore a broad range of plausible future conditions to help to
answer questions about which uncertainties matter most to system
performance. Drawing on a model adopted by the firm Ardurra and
built in the Environmental Protection Agency’s (EPA) Stormwater
Management Model (SWMM) software to support SWBNO
planning and analysis (Meselhe et al., 2017; Ardurra, 2019), we ran
several hundred rainfall simulations under a variety of different
infrastructure and climate conditions to calculate flood depths
across the city. These depths were translated into expected annual
damage to structures which were then analyzed. The questions
addressed in our analysis are: (1) How are flood depths and damage
driven by both climate and infrastructure factors in the city of New
Orleans? (2) What are the key drivers of system stress at the
neighborhood and city level and how do they differ?

In what follows we provide a brief history of New Orleans’
stormwater system and an overview of RDM before discussing the
specific methods used in this study.
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2 Background
2.1 Case study context

The components of New Orleans’ internal drainage system can
be divided into three categories: (1) the primary system of intercepting
canals, culverts, and pumping stations, (2) the secondary systems of
pipes less than 36inches in diameter that collect local runoff and
convey it downstream, and (3) the tertiary drainage system consisting
of small block-by-block collections of catch basins and conveyance
pipes. The SWBNO is responsible for operating and maintaining the
primary system, while New Orleans DPW is responsible for the
secondary and tertiary systems (CDM Smith, 2010; Black & Veach,
2016; Meselhe et al., 2017; ABS Group, 2018).

The DPW system is comprised of approximately 1,287 miles of
drainage lines between 8 and 36 inches in diameter and approximately
117,770 manholes, catch basins, and inlets. Over half of the pipe
system is less than 18inches in diameter (COM Smith, 2010). The
SWBNO system consists of more than 90 miles of open drainage
channels and 90 miles of closed conduit drainage lines greater than
36inches in diameter. It also consists of 24 major and 12 minor
pumping stations comprised of 120 pumps with a combined capacity
of more than 50,000 cubic feet per second.

Many of SWBNO’s pumps utilize self-generated antiquated
25-cycle power delivered on a closed SWBNO owner-operated grid
whereas the remainder of its system utilizes modern 60-cycle power
from the municipal grid. Some 25-cycle pumps are fitted with
frequency changing equipment to also utilize 60-cycle power (Bureau
of Governmental Research, 2017). The system is split geographically
onto the Mississippi River’s east and west banks. Approximately 90%
of the service area is on the east bank and is further divided into three
major polders divided by the Industrial and Intracoastal canals,
respectively. A depiction of the east bank drainage system is shown in
Figure 1 (SWBNO system) and Figure 2 (DPW system).

2.2 Stormwater system modeling in New
Orleans: previous efforts and research gaps

Severe rainfall events have inundated large areas of the city in the
last several decades (Ardurra, 2019). These floods can be attributed to
both tropical and non-tropical precipitation events including: 8 May
1995; 10-14 September 1998; 5-7 June 2001; 24-26 September 2002;
29 August 2005; 11 September 2008; 12 December 2009; 22 July 2017;
5-8 August 2017; and 10 July 2019. To address these rainfall flooding
challenges, SWBNO has invested in modern technology to
characterize, assess, and create digital modeling capabilities for
its system.

Building on this analysis and data collection effort, SWBNO and
its consultants have pieced together multiple disparate numeric
modeling tools over the past decade and created a single integrated
stormwater management model built on the EPA SWMM platform.
This integrated set of models was calibrated to the events of 8 May
1995; 22 July 2017, and 5-8 August 2017; and is additionally capable
of simulating the 2-, 5-, 10-, 25-, 50-, and 100-year annual exceedance
probability (AEP) rainfall events (Meselhe et al., 2017; Ardurra, 2019).
The modeling effort was built upon concurrent and prior efforts to
create a Geographic Information System (GIS) model of the entire
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FIGURE 1
Sewerage and Water Board of New Orleans Drainage Infrastructure (Source: Boogaard et al.,, 2023).
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FIGURE 2
New Orleans Department of Public Works Drainage Infrastructure (adapted from ABS Group, 2018).

conveyance network in the city, a gauging system of intake and While these prior modeling efforts provide a detailed foundation for
discharge levels at pump stations, as well as a field-sampling campaign ~ understanding rainfall flooding in New Orleans, several uncertain
which took in-situ measurements of approximately 11% of the city’s  factors can affect the performance of the city’s stormwater management
conveyance and intake systems (Meselhe et al., 2017; Ardurra, 2019).  now and in the future. Climate change can lead to an increase in the
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intensity, duration, and frequency of extreme rainfall events in New
Orleans (Liu et al., 2012; USGCRP, 2017; Kunkel, 2020) which can
aggravate current rainfall flooding challenges in the city. For example,
while the current estimated intensity of the 10-year, 24-h rainfall event is
8.3 inches of rain over 24h (Perica et al., 2013), climate change could
increase this to 9 or 10 inches in 2045 or 2075, respectively (Kunkel,
2020). Previous modeling efforts have used historical rainfall data which
has been found to no longer be adequate for planning stormwater
management in other cities given a changing climate (Torres, 2018). In
addition to uncertain future rainfall patterns, sea-level rise is a potentially
relevant uncertain factor as the pump system relies on lifting and
conveying stormwater to the north of the city into Lake Pontchartrain,
an estuary connected to the Gulf of Mexico.

Additionally, all prior modeling efforts assume that the combined
SWBNO and DWP systems operate with 100% efficiency, meaning
that there are no pump failures due to power loss, mechanical issue,
or operator error, as well as no system impairments such as blocked
pipes or catch basins (Ardurra, 2019). In contrast to these assumptions,
however, pump outages are a regular occurrence during heavy rainfall
events. For example, on 10 June 2022, three pumps lost power, causing
flooding in the Gentilly neighborhood. In addition, based on a field
verification and inspection of 1% of the city’s collection and
conveyance system (ABS Group, 2018), it was estimated that the
system suffered from a 14-27% capacity reduction across different
infrastructure types (Table 1).

2.3 Deep uncertainty and robust decision
making

All of the previously discussed uncertainties are best described as
deep uncertainties (Lempert et al., 2003). While some uncertainties
can be characterized with a probability distribution based on historical
other
be represented with a single knowable probability distribution because

observations or sources, deep uncertainties cannot
they may be determined by highly complex or poorly understood
mechanisms. These mechanisms may pertain to far future events for
which there is no historical record to draw on or may be contingent
on decisions which have yet to be made.

Methods that support DMDU, such as RDM, minimize attempts
to apply probability to deep uncertainties (Lempert et al., 2013).
Instead, RDM uses plausible bounds on uncertainties to develop large
sets of scenarios which are then run through a model to gain insight
about which uncertainties matter most. In particular, one pillar of
RDM is vulnerability analysis “in which Scenario Discovery (SD)
algorithms and techniques help identify the uncertain conditions that
cause the strategies to perform unacceptably. Often in collaboration
with stakeholders and decisionmakers, these conditions are refined to
describe decision-relevant scenarios” (Groves et al., 2019). More
specifically, we investigate scenarios to determine which uncertain
factors can lead to failure to achieve the goals of SWBNO and the City

of New Orleans with respect to managing and reducing flood risk.

3 Methods

We begin with a review of the RDM framework and break down
the elements that make up our experimental design. We then provide
a brief review of the analytic methods used.
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3.1 Robust decision making analysis

We use an RDM framework to identify key drivers of
vulnerability. A common approach to problem framing in RDM is
the creation of an XLRM matrix which defines the problem relevant
uncertainties (X), policy levers (L), relationships (R), and outcome
metrics (M) (see Table 2). The RDM framework samples over the
list of uncertainties and policy levers and runs them through the
relevant set of relationships in order to arrive at estimates of the
outcome metrics of interest. This process is repeated many times to
develop a sample of cases which are then subjected to a vulnerability
analysis to determine which uncertain states lead to chosen policies
succeeding or failing. Vulnerability analysis is most typically used
as a means for probing different strategies in support of a decision.
Here we opt to use the method in a more exploratory manner to
provide insight into the features of flooding across the city under
current management conditions.

3.1.1 Uncertainties

Uncertainties represent the input variables to a model that are
unknown and uncontrolled by relevant decision makers. As discussed
above, we considered rainfall intensity and sea-level rise as climate
uncertainty factors, and pipe obstruction and pump failure as
infrastructure operation uncertainty factors.

3.1.1.1 Climate uncertainties

Precipitation values are based on NOAA Atlas 14 data for the New
Orleans region (Perica et al., 2013). We included both 1- and 24-h
precipitation totals for six recurrence intervals (2-year, 5-year, 10-year,
25-year, 50-year, and 100-year). These values can be found in Table 3.

TABLE 1 Capacity impairment by infrastructure type in New Orleans (ABS
Group, 2018).

System component Capacity
impairment

Catch basins 16%

Pipes and conduits < 36 inches in diameter 27%

Box culverts and closed channels >36inches in 22%

diameter

Open canals 14%

TABLE 2 Study XLRM matrix, containing a list of relevant uncertainties
(X), policy levers (L), relationships (R) and outcome metrics (M) used in
the study.

Uncertainties (X) Policy levers (L)

o Uncertain future rainfall « Future without action
« Recent historical events
« Climate-adjusted design storms
o Sea-level rise (outfall canals)
« Infrastructure operations

« Pump station availability

« Pipe conveyance capacity

Relationships (R) Outcome Metrics (M)

« 1D SWMM model from SWBNO « Peak flood depths by event/
location

o Direct damage from flooding
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The Atlas 14 data was developed in 2013 and serves as our estimate of
present conditions. To account for the effect of climate change,
we scaled up the values for each AEP using delta-change factors—a
percentage adjustment for each AEP adopted from Kunkel (2020).

We selected delta-change factor projections from two future time
periods: 2045 and 2075. For the 2075 values, we used the value from
two different climate projections: Representative Concentration
Pathways (RCP) 4.5 and 8.5. These correspond to intermediate and
worst-case climate projections. For 2045, delta-change factors for
RCP 4.5 and 8.5 did not meaningfully differ, so the RCP 4.5 values
were used. The selected delta-change factors and resulting
precipitation amounts can be found in Table 4. These three sets of
delta-change factors plus the present conditions result in a total of four
rainfall levels considered.

Sea level rise scenario projections were drawn from Louisiana’s
2023 Coastal Master Plan (Pahl et al., 2023) with four values being
selected: 0 meters corresponding to present conditions; 0.27 m
corresponding to 2045 conditions; and 0.78 and 1.03 meters
corresponding to 2075 low and high sea-level rise scenarios,
respectively. Low and high sea-level rise scenarios for 2045 did not
meaningfully differ, so only the low scenario value was used.

The rainfall intensity and sea-level rise uncertainties were
combined into an overall climate uncertainty with six levels: (a)
present conditions; (b) 2045 sea-level rise and 4.5 RCP rainfall; (c)
2075 low sea-level rise and RCP 4.5 rainfall; (d) 2075 low sea-level rise
and RCP 8.5 rainfall; (e) 2075 high sea-level rise and RCP 4.5 rainfall;
and (f) 2075 high sea-level rise and RCP 8.5 rainfall. The factorial
combination of 2075 RCP 4.5 and 8.5 rainfall data with 2075 low and
high sea-level rise scenario data was done to reflect uncertainty about
how rainfall patterns and sea-level rise might covary.

TABLE 3 NOAA Atlas 14 point precipitation frequency estimates for 1-
and 24-h durations (Perica et al., 2013).

AEP (%) 50 20

TABLE 4 Rainfall amounts with delta-change factors in parentheses for 2045,

10.3389/fclim.2024.1303951

3.1.1.2 Infrastructure operation uncertainty

We included two uncertain factors that represent infrastructure
operation uncertainty in New Orleans: pipe obstruction and pump
failures. Pipe obstruction (representing debris potentially clogging pipes)
was operationalized in the SWMM model by scaling up the Manning’s
roughness coeflicient for the concrete pipes in the SWMM model from
the default value of 0.013. Five levels were selected for this variable: 0%,
25%, 50,% 75%, and 100% increase over default. These values correspond
to a 0%, 20%, 33%, 43%, and 50% reduction in flow through every pipe
in the system. Pump failures were operationalized as complete or partial
shutdown of particular combinations of pump stations in the model.
Specifically, we considered a condition in which every pump station was
operating at 100% capacity, one in which every pump station was
operating at 50% capacity, and one in which all pumps were completely
offline. We also included two additional conditions: one in which
Drainage Pump Station (DPS) 1 and DPS 2 were at 50% capacity while
all other pumps were fully operational; and one in which DPS 1 and DPS
2 were completely offline while all other pumps were fully operational.
The choice to single out DPS 1 and DPS 2 stems from these pump
stations’ central role in the system and a preliminary analysis indicating
that they were the primary pump stations creating interactive effects with
other pump stations (e.g., DPS 1 and DPS 3 being down has a different
effect than just DPS 1 being down).

3.1.2 Policy levers

Policy levers represent the input variables to a modeled
relationship that are under the direct control of the decision
maker. For this study we considered only a single policy, a future
without action, indicating no changes in the overall design of
stormwater management system in New Orleans. Future research
will consider system improvements and other stormwater
investments using this same modeling and uncertainty
framework. The decision to explore the effect of uncertainties
within a single future without action scenario such as this rather
than across multiple competing solutions is a somewhat
unconventional use for RDM, but the toolkit provides useful
techniques for discovering relationships between uncertainties

Return and outcomes in this context relevant to our research
) 2 5 10 25 50 100 )

period (yrs) questions.

Duration L X

(hrs) Precipitation depth (in) 3.1.3 Relatlonshlps

. 3 585 334 109 073 s1 The primary relationships of interest in our study are
encapsulated in the previously described Ardurra SWMM model

i 545 694 8.34 105 124 145 (Ardurra, 2019) which we used to simulate the function of the

2075 RCP 4.5, and 2075 RCP 8.5 for 1- and 24-h durations (Kunkel, 2020).

AEP (%)
Return period (yrs) 2 5 10 25 50 100

Climate period Duration (hrs) Delta-change factor

1 2.48 (1.07) 3.08 (1.08) 3.61 (1.08) 4.50 (1.10) 5.20 (1.10) 6.02 (1.11)
20 24 5.89 (1.08) 7.50 (1.08) 9.01 (1.08) 11.45 (1.09) 13.64 (1.10) 16.10 (1.11)

1 2.55 (1.10) 3.16 (1.11) 3.71 (1.11) 4.58 (1.12) 5.34 (1.13) 6.18 (1.14)
2075, 4.5

24 6.00 (1.10) 7.63 (1.10) 9.26 (1.11) 11.76 (1.12) 14.01 (1.13) 16.53 (1.14)

1 2.78 (1.20) 3.45(1.21) 4.07 (1.22) 5.03 (1.23) 5.87 (1.24) 6.83 (1.26)
20758 24 6.54 (1.20) 8.40 (1.21) 10.17 (1.22) 12.92 (1.23) 15.38 (1.24) 18.27 (1.26)
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New Orleans’s urban drainage system under our selected
uncertainties. The model is a dynamic rainfall-runoff model
capable of routing runoff through a system of pipes, channels,
storage nodes, and pumps. The model utilizes one-dimensional
links and nodes to describe New Orleans’ drainage system and
consists of more than 12,000 subcatchments, 21,000 junctions,
and 54,000 conduits. Model files are text-based, allowing for easy
modification of input variables. The large number of input
variable combinations required running simulations in a high-
performance computing environment. As a result, the final model
is a composite of several discrete basin-wide models to better
facilitate high-performance computing.

3.1.4 Outcome metrics

Outcome metrics represent the outputs of a modeled
relationship that decision makers care about and provide the
basis of classifying scenarios as stressing to the system during
vulnerability analysis. Our vulnerability analysis focuses on the
flood damage outcome metric, but in order to calculate this
metric we also extracted flood depths directly from the SWMM
model as an intermediate outcome metric.

3.1.4.1 Flood depths

To determine flood depths, we extracted the maximum value of
the hydraulic grade line elevation for each of the nodes in the model.
We then subtracted the corresponding ground surface elevation for
every node to determine depth. Negative values were then set to zero.

3.1.4.2 Damage calculation

Direct structure damage was calculated using the standard
HAZUS methodology for direct building flood damage (Federal
Emergency Management Agency, 2020). This approach compares the
flood depth relative to a buildings first floor elevation to a specific
damage function based on the class of building to determine the
damage to the building and its contents as a percentage of its
replacement value. Structure first floor elevations, replacement values,
and building classifications were taken from the structure inventory
used in the coastal risk assessment for Louisiana’s 2023 Coastal Master
Plan (Fischbach et al., 2021).

First floor elevations were compared to depths at the nearest
SWMM nodes. Short duration, freshwater damage functions from the
US Army Corps of Engineers (USACE) New Orleans District were
used for the damage calculation (for structure classes for which a
USACE New Orleans District damage function did not exist, the
default HAZUS damage function was used).

Because depths are being drawn from a simplified one-dimensional
SWMM model and the very prevalent shallow depths are generally
unable to reach above the street curb to damage buildings, flood
damage was only calculated at nodes where a depth of at least 12 inches
was observed. Expected annual damage (EAD) values were calculated
by combining the damage within a scenario for the six AEP design
storms. The recurrence interval for each storm was translated to an
AEP (e.g., the 2-year precipitation value corresponds to a 50% AEP),
these AEPs were then used to approximate the probability density
function for flood depths which was integrated to yield an estimate of
EAD (Fischbach et al., 2017, 2019). EAD values were then summarized

at the neighborhood level for each scenario in the experimental design.
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3.2 Experimental design

The four uncertainties discussed above were assembled into a full
factorial experimental design comprising 150 total conditions (six
climate uncertainty by five pipe obstruction by five pump state). This
experimental design was applied both to individual historic storms for
the purpose of validation and the six AEP design storms. Maximum
flood depths were collected from each node in the SWMM model
both for the historical storms and both 1- and 24-h versions of the
storms. In this paper we report on flood depths for the 10 July 2019,
event as it was the storm used to validate the model and the 10-year,
24-h design storm because it is the target Level of Service used for the
overall model.

3.3 Vulnerability analysis methods

Vulnerability analysis was conducted using two classification
algorithms (1) the Patient Rule Induction Method (PRIM) to “identify
the ranges of uncertain factors most likely to cause system failure”
(Friedman and Fisher, 1999); and (2) Classification and Regression
Trees (CART) to extract combinations of uncertain factors that result
in stressing scenarios. We also used logistic regression and feature
importance analysis to provide a numerical ranking of the uncertain
factors based on their ability to predict which scenarios were stressing.
The dependent variable was EAD for 24-h design storms with the
threshold for what constitutes a stressing scenario set at an EAD
greater than 2% of total structure value for the area being analyzed.
We conducted the vulnerability analysis both at the city level as well
as for specific neighborhoods chosen based on their location
throughout the city and known flood challenges. The full details of the
analysis can be found in the Supplementary Material, while the code
for the analysis can be accessed through GitHub: https://github.com/
waterinstitute/new_orleans_stormwater.

4 Results

We first present a summary of the flood depth and damage results
at the city level and their relationship to the geography of the city and
the uncertainties described above. We then provide the primary
results of the vulnerability analysis.

4.1 Flood depths

Analysis of peak flood depths from the SWMM model for the 10
July 2019 event and the 10-year, 24-h design storm under present
conditions reveal distinct patterns of flooding across the city
(Figure 3). The 10 July 2019 event features relatively little flooding in
the Lakeview, New Orleans East, and Algiers areas with at least 6
inches of flooding throughout the Broadmoor, Mid-City, Central
Business District (CBD), and Gentilly regions. Throughout these
flooded parts of the city are pockets of deeper flooding (up to 3 ft peak
depth) extending from the Broadmoor neighborhood to the Desire
Area. This tract of flooding roughly corresponds to the locations of
DPS 1, DPS 2, DPS 3, and DPS 4.
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Map of New Orleans showing the maximum flood depth at each SWMM node for the storm that occurred on 10 July 2019 (left) and the 10-year, 24-h

design storm event (right).
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The 10-year, 24-h design storm differs from the historical storm
in that it features uniform precipitation across the city, rather than
concentrating it in a smaller area as a realistic storm might. This
difference is reflected in both the greater extent of low-level flooding
(now including the Lakeview, New Orleans East, and Algiers
regions) and the relative scarcity of pockets of more extreme
flooding. Notably, the largest pocket of more extreme flooding for
the design storm is in the vicinity of the Broadmoor neighborhood
which also saw extensive flooding during the 10 July 2019 historical
event. This likely reflects the position of the neighborhood as low
ground where water pools before being pumped toward Lake
Pontchartrain by DPS 1.

Under future rainfall conditions, the pattern of peak flood depths
changes significantly for both events with greater changes being seen
under 2075 8.5 flood rainfall conditions compared to 2045 4.5
conditions (Figure 4). For both events, the 2045 rainfall amounts
correspond to relatively uniform increases in flood depth throughout
the city of fewer than 6 inches. While this may seem like a minor
increase, it may be enough to put flood waters above the first-floor
elevation of many structures, resulting in significantly more flood
damage. The 2075 increased rainfall amounts lead to a similar increase
across the city but with pockets of larger increases. For both events,
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these pockets seem to be concentrated in areas that were already
experiencing more extensive flooding at present rainfall levels (e.g.,
Broadmoor). This suggests that while flood risk will grow across the
city, some areas already burdened with higher flood risk will see an
even greater increase in the future.

Similarly, changing either pipe obstruction or decreasing
pump capacity can cause substantial changes in flood depths for
the 10-year, 24-h event (Figure 5). Increasing the amount of pipe
obstruction leads to relatively minor increases (fewer than 6
inches) of flooding throughout most of the city with greater pipe
obstruction leading to more areas affected. Notably, however,
increasing the pipe obstruction does not affect every part of the
city—some areas are unaffected, reflecting parts of the city that
are less dependent on the pipe system for drainage. This includes
parts of Lakeview, Gentilly, and the part of the city around
Broadmoor and Central City. The latter two neighborhoods see
a decrease in flooding under high pipe obstruction because water
from other neighborhoods does not flow to them to be pumped
out of the city. In contrast, the effect of the pumps being off
appears to be more localized but also more extreme. In particular,
it can lead to increases in maximum flood depths of more than 3
ft particularly in the areas around Broadmoor, Mid-City, and the
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Change in maximum flood depths for the 10 July 2019, and 10-year, 24-h design storm events under projected 2045 and 2075 rainfall conditions.

Desire area. Notably, these increases in depth are more extreme
in their local areas under present climate conditions than what
would be anticipated under a fully operational system under
projected 2075 rainfall conditions.

4.2 Flood damage

Flood damage is a function of both the depth of flooding and
the value of the assets exposed and the distribution of damage
reflects this for the 10 July 2019 event and 10-year, 24-h design
storm (Figure 6). For example, the CBD has comparable levels of
flooding to other nearby neighborhoods like Tulane, Central City,
and the French Quarter, but has substantially more flood damage
(more than $200 million for both storms) driven by the high
value of the many commercial buildings in the area. However,
flood depths are still very relevant: the Lakeview, New Orleans
East, and Algiers regions all saw minimal flood damage for the
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10 July 2019 event because they had minimal flooding. These
same areas all see more damage under design storm conditions
during which they also experience more flooding.

As in the case of flood depths, future rainfall conditions
substantially change the distribution of damage for both events
(Figure 7). Under 2045 rainfall conditions, both storms saw
depths across the affected areas of the city increase by
approximately 6 inches (Figure 4), and this is reflected in the
damage values with most neighborhoods’ modeled damage
increasing by a relatively small percentage. For the 10 July 2019
event, the few neighborhoods that see large percentage increases
still have relatively modest damage (e.g., Venetian Isles and the
Lower Ninth Ward). Similarly, the only neighborhoods
experiencing large percentage changes in damage for the design
storm have low absolute damage relative to the more heavily
affected neighborhoods in the city. The 2075 rainfall values lead
to much more substantial percentage increases in damage across
the city for both storms. For the 10 July 2019 historical storm,
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FIGURE 5

Change in maximum flood depths for the 10-year, 24-h design storm events when pipe obstruction levels are increased and/or all pumps are inactive.

flood depths increased the most in places already experiencing
substantial flooding. This is reflected in the damage values, with
neighborhoods like Broadmoor, Mid-City, Tulane, and the
Seventh Ward all experiencing damage greater than $100 million
but not ranking among the neighborhoods with the greatest
increase in percentage damage. These later were, as in the 2045
case, largely neighborhoods with relatively modest absolute
damage values.

Finally, increasing the level of pipe obstruction or reducing
pump capacity alters flood depths across the city, and these
effects are carried through to flood damage for the 10-year, 24-h
design storm (Figure 8). Increasing pipe obstruction caused most
parts of the city to see minor increases in flooding with a few
areas seeing reduced flooding because of the gravity fed nature
of the system. This pattern is reflected in the damage with areas
from the center of the city to the northwestern edge all
experiencing less damage under higher obstruction conditions
while the rest of the city saw modest increases (Figure 5). Because
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pipe obstruction distributed flooding across the city, areas seeing
the greatest increase in damage were relatively expensive parts of
the city with high property values where any increase in flooding
translates to a large increase in damage (e.g., CBD). By contrast,
turning the pumps off tends to have the greatest effect on both
flood depths and flood damage in the neighborhoods that are
most directly served by the pumps, particularly those served by
DPS 1 (e.g., Broadmoor, Central City, and Milan), those served
by DPS 3 (e.g., the Sixth and Seventh wards), those served by DPS
4 (e.g., Milneburg and Gentilly) and those served by DPS 6 (e.g.,
Lakeview and Lakewood).

4.3 Vulnerability analysis
Based on a preliminary review of the depths and damage results,

we selected three neighborhoods for specific vulnerability analysis:
Broadmoor, the Sixth Ward, and Milneburg (Figure 9). These
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Asset damage by neighborhood for the storm that occurred on 10 July 2019 (left) and the 10-year, 24-h design storm event (right).

neighborhoods were selected to provide geographic variation and
because they are neighborhoods currently under consideration for
additional stormwater and green infrastructure investments.

The variables identified through the PRIM and CART analyses to
describe stressing scenarios vary across neighborhoods and the city
level (Table 5). At the citywide level, the most important variable in
the analysis was whether DPS 1 and 2 were on, reflecting the
importance of these pumps both to the system and the fact that they
serve neighborhoods with high asset values (e.g., CBD). These pumps
are followed closely by rainfall factors, with future rainfall conditions
causing widespread damage throughout the city. At the neighborhood
level, however, different patterns emerge. In Broadmoor, the most
important factor is the operation of DPS 1; however, the second most
important factor is pipe obstruction with greater levels of obstruction
causing lower total damage. For the Sixth Ward, the most important
feature is whether DPS 3 is active with other uncertainties having
minimal impact. Finally, in Milneburg the most important factor was
future climate with both 2075 rainfall conditions leading to extensive
damage regardless of other factors. DPS 4 and pipe conveyance were
secondary in importance.

The logistic regression reveals a similar pattern at both the
neighborhood and city level, though at the city level the most extreme
rainfall intensity overtook pump operations as the most important
factor with high levels of citywide pipe obstruction ranking as more
important than the non-DPS 1 and 2 pump operations. The
neighborhood level analysis was similar to the PRIM results described
above with the same combination of uncertain factors being the most
important identifiers of stressing scenarios (or lack thereof in the case
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of Broadmoor and pipe obstruction). For the full details of the analysis
results see Supplementary material.

5 Discussion and conclusion

Overall, our study results are suggestive of a few important
findings. First, at the level of the entire city, one of the most important
uncertainties is the potential for increases in rainfall due to climate
change. However, notably this variable was “manipulated” at the city
level in our analysis. We used design storms for this analysis which
have a uniform rainfall across the city, unlike a more realistic storm
which would produce greater rainfall intensity over some parts of the
city than others (for example, compare the 10 July 2019, event to the
10-year design storm in Figure 3). By contrast, the operations of DPS
1 and 2, which mostly have local effects, showed up as quite important
at the city level as well, reflecting the high-risk neighborhoods served
by these pumps.

At the local level every neighborhood analyzed showed a
different pattern of results. Two had pump operation (though for
different pumps) as the most important while the third had rainfall
as the most important (Milneburg). Of the two neighborhoods
where pumping was most important, one was largely unaftected by
other factors (Sixth Ward) while the other (Broadmoor) actually
benefited from pipe obstruction. These findings suggest that not
only is system stress not spatially uniform, but the factors that drive
it and even the direction of relationships can vary from one
neighborhood to another.
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conditions.

This last point suggests an important feature of the stormwater
management system in New Orleans—there is competition between
neighborhoods for access to stormwater clearance capacity. Due to
its position near DPS 1, stormwater that falls directly in Broadmoor
can be quickly pumped away. However, many other neighborhoods
drain into Broadmoor, which can potentially overwhelm DPS 1’s
capacity, but this water cannot reach Broadmoor when pipe
obstruction is high. The high obstruction condition thus harms the
neighborhoods around Broadmoor whose water cannot easily reach
DPS 1 but is beneficial to Broadmoor because DPS 1’s capacity can
be solely devoted to rain falling on Broadmoor. An examination of
flood depths suggests this pattern may hold for other neighborhoods
in the city.

In general, sea-level rise was not a particularly important driver
of flooding in the model, though this may have been because we ran
the model with non-tropical rainfall and using the “closed”
configuration of the drainage system.

Our work has several important limitations. First, the damage
value outputs from our model rely on simplifying assumptions from
HAZUS that may make them difficult to compare to retrospective
damage estimates from actual storms. The HAZUS database lacks
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New Orleans-specific depth-damage curves for some building
categories, for example, and the damage estimates presented use the
replacement value of structures rather than depreciated structure
values. However, the modeled damage values remain comparable to
one another and examining how damage varies across
neighborhoods, years, and scenarios still produces relevant insights.
The scenarios we considered were also somewhat unrealistic.
Notably, we relied on uniform rainfall across the study domain in
our simulation, pipe obstruction was considered at a very coarse
level, and pump failure was operationalized as all pumps in a station
failing. In reality, individual pumps within a pump station might
fail while others remain online. Additionally, as mentioned above
our work is reliant on an existing SWMM model that may not fully
capture current system operations (e.g., an earlier version of the
model erroneously included an active connection between DPS 2
and 3). Finally, the thresholds used in our vulnerability analysis
were largely exploratory and a different set of thresholds might have
revealed somewhat different relationships between uncertainties
and stressing scenarios.

However, despite these limitations, our work features
important methodological advances and theoretical insights. On
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Percentage change in damage at the neighborhood level for the 10 July 2019, and 10-year, 24-h design storm events when pipe obstruction levels are
increased and all pumps are shut off.

the methodological side, while the RDM framework is typically
used to explore vulnerability and robustness across a range of
different policies to support decision making, here we use it as a
problem framing tool to help decision makers better understand
the stressors to the system under a future without action. This is
a more exploratory analysis with a goal of building an
understanding of the challenges facing the city rather than
building evidentiary support for a proposed solution. This is not
a unique need for the city of New Orleans, and we hope that other
researchers may take inspiration from this use of the RDM
framework. Our work also demonstrates the utility of modeling
with a high spatial resolution, particularly in the context of flood
damage. Though many of the uncertainties considered in our
analysis are varied uniformly across the model domain, the effect
of those variations is not uniform. Models with a coarse spatial
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resolution that produce single flood depth and damage estimates
for wide geographic areas can elide these important differences.
By disaggregating flood damage from the city level to the
neighborhood level, we discovered several suggestive patterns
about the importance of spatial variability in the drivers of flood
risk. In addition to providing valuable local information, these
patterns suggest the theoretical importance of analysis scale for
future DMDU research on flood risk. Finally, this work helps
illuminate some important next steps for the city of New Orleans,
such as improving flood drainage in neighborhoods where
current infrastructure cannot meet future flood depth projections
even at maximum capacity, improving the reliability of critical
pump stations and better determining how systems like green
infrastructure could help to reduce the competition between
neighborhoods for pump capacity.
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Neighborhoods selected for additional vulnerability analysis with associated pump stations.

TABLE 5 Vulnerability analysis results for each neighborhood and city wide.

Neighborhood PRIM restrictions PRIM statistics CART statistics Stressing scenarios
o DPS 1&2<100% Capacity Coverage: 100% Coverage: 100%
OR
Broadmoor « Pipe Flow Reduction < 33% 135/150
OR Density: 98% Density: 98%
« Rainfall >2075 8.5
o DPS 3=0% Capacity Coverage: 90% Coverage: 90%
AND
Sixth Ward « Rainfall > Present Level 21/135
AND Density: 95% Density: 95%
« Pipe Flow Reduction >20%
« DPS 4<100% Capacity Coverage: 100% Coverage: 100%
OR
Milneburg « Rainfall > Present Level 138/150
OR Density: 98% Density: 92%
« Pipe Flow Reduction >33%
o DPS 1&2<100% Capacity Coverage: 81% Coverage: 95%
Citywide AND 110/135
Density: 89% Density: 95%
« Rainfall > Present Level

PRIM restrictions describe the conditions discovered by PRIM that define stressing scenarios. CART coverage and density provided for comparison.
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