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Abstract. Flood hazard mapping in the United States (US) is
deeply tied to the National Flood Insurance Program (NFIP).
Consequently, publicly available flood maps provide essen-
tial information for insurance purposes, but they do not nec-
essarily provide relevant information for non-insurance as-
pects of flood risk management (FRM) such as public educa-
tion and emergency planning. Recent calls for flood hazard
maps that support a wider variety of FRM tasks highlight the
need to deepen our understanding about the factors that make
flood maps useful and understandable for local end users. In
this study, social scientists and engineers explore opportuni-
ties for improving the utility and relevance of flood hazard
maps through the co-production of maps responsive to end
users’ FRM needs. Specifically, two-dimensional flood mod-
eling produced a set of baseline hazard maps for stakeholders
of the Tijuana River valley, US, and Los Laureles Canyon in
Tijuana, Mexico. Focus groups with natural resource man-
agers, city planners, emergency managers, academia, non-
profit, and community leaders refined the baseline hazard
maps by triggering additional modeling scenarios and map
revisions. Several important end user preferences emerged,
such as (1) legends that frame flood intensity both qualita-
tively and quantitatively, and (2) flood scenario descriptions
that report flood magnitude in terms of rainfall, streamflow,
and its relation to an historic event. Regarding desired haz-
ard map content, end users’ requests revealed general consis-
tency with mapping needs reported in European studies and

guidelines published in Australia. However, requested map
content that is not commonly produced included (1) standing
water depths following the flood, (2) the erosive potential
of flowing water, and (3) pluvial flood hazards, or flooding
caused directly by rainfall. We conclude that the relevance
and utility of commonly produced flood hazard maps can be
most improved by illustrating pluvial flood hazards and by
using concrete reference points to describe flooding scenar-
ios rather than exceedance probabilities or frequencies.

1 Introduction

Management of flooding is a major societal challenge that is
only expected to worsen due to several trends including pop-
ulation growth and urbanization (Sundermann et al., 2014),
sea level rise (Hallegatte et al., 2013), intensification of pre-
cipitation extremes (Lenderink and Van Meijgaard, 2008;
Coumou and Rahmstorf, 2012), and the compounding effects
of sea level rise and terrestrial flooding (Moftakhari et al.,
2017). Insured losses from natural disasters have increased
globally (Munich Re, 2005), and while the causes of grow-
ing losses are complex and debatable, the increasing expo-
sure and value of capital at risk has undoubtedly played a
major role (Bouwer, 2011). Exposure to flooding is particu-
larly acute in the United States (US), where a combination of
subsidized flood insurance and homeowner tax incentive has
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actually encouraged risky development in floodplains and
coastal zones (Bagstad et al., 2007). Losses from floods and
hurricanes in the (US) have tripled over the past 50 years
(Gall et al., 2011), and the National Flood Insurance Pro-
gram (NFIP) is operating at a deficit of about USD 1 billion
annually with a debt of over USD 20 billion owed to the US
treasury before considering insured losses from the 2017 hur-
ricane season (Pasterick, 1998; Brown, 2016). In fact, prop-
erties insured by the NFIP represent the second largest lia-
bility of the US federal government after the Social Security
program (Gall et al., 2011).

The American Society of Civil Engineers (ASCE) has
called for a national strategy to address the escalation of
flood losses and threats to public safety, but it reports that
the US public and policy makers have been unwilling to take
action despite major hurricanes such as Katrina and Sandy
(Traver, 2014). The ASCE directive aligns with a global
paradigm shift in management philosophy away from flood
control and towards flood risk management. Flood risk man-
agement (FRM) refers to a portfolio of approaches for reduc-
ing risk that is not limited to controlling flood waters with en-
gineered structures but also includes effective land use plan-
ning, emergency response, and personal preparedness. Im-
portantly, FRM accepts that absolute protection is not possi-
ble. Comprehensive FRM reduces the reliance on engineered
flood defenses, which is of paramount importance in the US
due to the marginal condition of levees and lack of federal
resources available for maintenance and necessary upgrades
(Traver, 2014). Studies have shown that robust FRM does in-
deed lead to significant reductions in fatalities and monetary
losses (Kreibich et al., 2017, 2005); however Traver (2014)
and Merz et al. (2007) both report that effectively implement-
ing FRM relies on stakeholders who understand their expo-
sure and also have access to tools that are useful for manag-
ing personal, household, and community risks.

Flood hazard maps are the most commonly used tool for
flood risk communication and management. In the European
Union (EU), member countries are under a mandate to de-
velop national flood hazard maps, flood risk maps, and FRM
plans based upon the mapped information (Council of Euro-
pean Union, 2007). General guidelines for meeting end user
needs have been developed based on participatory processes
(Meyer et al., 2012; Hagemeier-Klose and Wagner, 2009;
Martini and Loat, 2007), which reflect the varying needs of
different end users for different types of information, as well
as the need for context-sensitive information. For example,
Meyer et al. (2012) present distinctions between the mapping
needs for strategic planning personnel, emergency manage-
ment personnel and the public, and show that geographical
factors (e.g., mountains, polders) influence the need for ve-
locity data.

In the US, flood mapping is tied to the NFIP and the
resulting flood insurance rate maps (FIRMs) delineate the
spatial extent of inundation with a 1 and 0.2 % annual ex-
ceedance probability (AEP). As a vehicle designed to ad-
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minister an insurance program, the FIRM provides essential
information for insurance purposes. Properties with feder-
ally backed mortgages located within the 1% AEP flood-
plain are required to purchase flood insurance, while the
flood elevations associated with the FIRM are used for in-
surance underwriting. However, the binary “in or out” flood-
plain designation by the FIRMSs’ thin grey lines have been
criticized for presenting flood risk as definitive and therefore
discouraging important flood hazard discourse (Soden et al.,
2017). Burby (2001) also suggests that the effectiveness of
the NFIP is limited because FIRMs lack information neces-
sary to integrate flood hazard considerations into local plan-
ning. The Federal Emergency Management Agency (FEMA)
has recently expanded its mapping efforts through the Risk
Mapping Assessment and Planning program (FEMA, 2014),
which produces “non-regulatory” flood hazard data such as
depth, velocity, and exceedance probability grids in addition
to the standard FIRM (FEMA, 2016). However, the avail-
ability of non-regulatory flood hazard data is limited, and
the system is not configured to align mapping products with
context-sensitive needs for decision-making. In fact, there is
a need for US-centric studies and guidelines for producing
maps that are useful for a variety of FRM tasks, i.e., mak-
ing flood hazard data useable for local end users across vast
hydrologic and social conditions. Flood mapping technol-
ogy has evolved rapidly over the past decade with modern
two-dimensional (2-D) hydraulic flood modeling software,
computing systems, and increasingly available high-quality
data to produce point-wise flood hazard information includ-
ing flood depths, velocities, flood forces, and shear stresses
(Sanders, 2017). Hence, a key issue is making this advanced
and complex modeling output useable in FRM.

Producing useable scientific information for non-expert
end users is quite challenging, however, as demonstrated by
the climate science community (Dilling and Lemos, 2011).
Useable scientific information (or flood hazard maps in this
study) must bridge the gap between what the producers of
scientific knowledge deem useful and what is actually help-
ful in practice. If scientists produce information absent of end
user input, then the produced knowledge is not always appli-
cable to solving problems. Conversely, if end users set the
agenda, end users may require information that is not possi-
ble to produce or weak scientifically. The co-production of
scientific knowledge attempts to avoid these issues through
an iterative process involving domain experts and end users.
Studies of co-production suggest information must be “end
to end” useful — applicable to the needs of many users,
adaptable for disaster planning as well as mitigation, and
able to incorporate local knowledge of threats and hazards
(Agrawala et al., 2001; Feldman and Ingram, 2009). Dilling
and Lemos (2011) reported that nearly every example of the
successful use of climate knowledge resulted from iteration
between the producers and users of scientific information,
while the process of iteration itself can also uncover new uses
that have not been previously identified. Herein, we recog-
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Figure 1. (a) Tijuana River valley and relevant features. The valley is bounded by the city of Imperial Beach to the north, the city of San
Diego to the east, and the city of Tijuana to the south. (b) Tijuana River watershed and broader geographical context. Notice the international
aspect of the watershed; about one-third of the watershed area is within the US, and the rest is within Mexico. (¢) Los Laureles community
and Los Laureles main channel. The culvert is also shown, which conveys storm-water discharges from the channelized section of the Los

Laureles stream network.

nize the lessons learned from the climate science community
by engaging in the co-production of flood hazard maps.

Within the study of engaged scholarship there is a broad
spectrum of knowledge “co-production”, depending on the
degree of iterativity and duration of scholarly engagement.
In this paper, we report a single iteration of a broader co-
production effort known as Flood Resilient Infrastructure and
Sustainable Environments, which aims to promote resilience
to flooding in southern California through continued, mean-
ingful efforts of engagement. The goal of the present study
is to both deepen understanding about the factors that make
flood hazard maps useable at the local scale and to expand
the applications of flood hazard mapping via lessons learned
from the co-production of flood hazard maps. In order to
meet this objective, an interdisciplinary team of engineers
and social scientists developed a set of baseline flood haz-
ard maps for the stakeholders of the Tijuana River valley in
California, US, and Los Laureles in Baja California, Mex-
ico (MX). Following baseline hazard mapping by engineers
at the two sites, focus groups were held with a diverse group
of end users comprised of 52 local professionals and commu-
nity members. The focus groups were designed to understand
(1) how to improve the clarity and utility of the baseline haz-
ard maps and (2) how to re-configure the hydraulic models
to produce relevant data and useful maps for the communi-
ties. In addition to many map revisions, several original flood
hazard maps were produced as a direct result of this iteration
of knowledge co-production.
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The paper continues with a description of the two study
sites involved in the co-production of flood hazard maps
(Sect. 2). In Sect. 3, we present the baseline (pre-focus group)
flood hazard maps produced for each site. Detailed descrip-
tions of the methods used to produce each hazard map are
included in the Appendices. Section 4 outlines the implemen-
tation and design of our end user focus groups. We present
the results of the end user focus groups in Sect. 5.1-5.2, and
the new hazard maps that resulted from the focus groups in
Sect. 5.3. This paper concludes with a discussion of these
sections in the context of previous studies and current flood
mapping practice in Europe, Australia, and the US.

2 Study site descriptions

The Tijuana River valley (TRV) and Los Laureles (LL) com-
munities were selected for the co-production exercise due to
their ongoing FRM challenges. The TRV is adjacent to the
US-MX border and forms the southwestern most corner of
the contiguous US (Fig. 1a and b). The Tijuana River water-
shed encompasses 4530 km?2 (1750 mi?) and is characterized
by four major water-supply reservoirs which control about
75 % of storm-water flow. Due to its location at the mouth
of the Tijuana River, the TRV is prone to flooding from Ti-
juana River discharges, storm tides, ocean swell, and inter-
mittent flows from LL and Smuggler’s Gulch (Fig. 1a, Ap-
pendix Al). The concrete-lined Tijuana River channel was
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Figure 2. (a) Federal Emergency Management Agency flood insurance rate map for the Tijuana River valley. The orange area represents
the flooding extent associated with the 0.2 % annual exceedance probability (AEP) flood, while the blue area represents the flooding extent
of the 1 % AEP flood. The red hashed area delineates the regulatory floodway, where development must not increase the designated base
flood elevation by more than 0.3 m (1 ft). (b) IMPLAN flood hazard map for the Los Laureles subbasin. The red and blue zones represent
inundation extent for different exceedance probability flooding events. However, details regarding mapping methodology and precise hazard

zone explanations were not available.

designed to convey spillway discharges from upstream reser-
voirs safely through downtown Tijuana. Sediment accumu-
lation has reduced the capacity of the Tijuana River channel
near the US-MX border and requires dredging to maintain
its design conveyance. The TRV has rural housing, an eques-
trian (business) presence, and government facilities, but land
use in the TRV is primarily preserved for natural habitats
or agricultural uses (TRNERR, 2010). Land use in the TRV
contrasts the Mexican side of the border, where population
density is high due to the presence of colonias and formal
settlements.

LL is a canyon community of Tijuana located south of the
US-MX border in the LL catchment (Fig. 1¢). The catchment
is relatively small compared to the Tijuana River watershed,
and flooding is caused by locally intense precipitation. Flows
from LL enter the TRV from the south after passing through
a small culvert at the watershed outlet. The culvert is fed
by a network of concrete lined storm-water channels, which
is continually expanding to prevent stream bed erosion and
protect adjacent housing developments. The network of con-
crete lined channels and expanding urban development has
increased the discharges that must be conveyed by the cul-
vert. In both study sites, flooding is a known and recurring
issue. Engineers from the LL focus groups reported ponding
behind the culvert during rainstorms, and a culvert block-
age led to severe flooding and subsequent evacuations in LL
and southern Imperial Beach. In the TRV, flooding occurs
when the upstream reservoirs reach capacity and are forced
to open their spillways. Spillway discharges have occurred
seven times from 1940 to the present (IBWC, 2006). Indeed,
hazard maps which only delineate at risk areas have limited
use for locals; stakeholders already know the TRV and LL are
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flood-prone. Hazard maps that depict more than the tradi-
tional 100-year flood extent are, however, scarce.

3 Baseline flood hazard maps

Baseline flood hazard maps were produced to demonstrate to
end users the range of flood hazard data that can be produced
with modern methods and to stimulate discussion about haz-
ard map improvement and desired content. At this point, it
is helpful to define “flood hazard” as the physical and prob-
abilistic characteristics of floods. The baseline flood hazard
maps therefore depict the intensity of spatially varying prop-
erties of floods, such as the depth of flooding for a specified
probability. We explicitly define flood hazard to distinguish
between maps of hazard and vulnerability. Merz et al. (2007)
define vulnerability as the combination of loss susceptibility
and damage potential. Thus, flood vulnerability maps show
what could be affected by floods and by how much what is
affected could be damaged. We restrict our analysis to flood
hazard maps because producing vulnerability maps generally
requires data that are unavailable in the absence of extensive
surveys. In this study, end users analyzed maps depicting six
different flood hazards: depth, force, exceedance probabili-
ties, dominant causes, durations, and extents. The proceed-
ing section presents the hazard maps analyzed by the end
users most applicable to other sites — i.e., we do not present
all of the baseline hazard maps herein. The hazard maps we
produced were analyzed together with the publicly available
hazard maps.

Figure 2 shows the publicly available hazard maps, which
will serve as the baseline flood exfent hazard maps in this
study. The FEMA FIRM is shown in Fig. 2a, while Tijuana’s
Instituto Municipal de Planeacién (IMPLAN) Flood Hazard
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A. Luke et al.: Going beyond the flood insurance rate map

(a) Flood depths with 1 % annual chance of occurrence:
ana River valley (2015, post-dredging)
A = T AR

1101

s gy -
(b) Flood depths with 1 % annual chance of occurrence:

Il HLos Laureles (2015, culvert unobstructed)
i Aot — B SEFOSN\VA G |
— ~_|Flood depth
31 cm—ankle {
=3 Ankle—knee
B Knee—waist |
B Waist—head
B Above head N

Figure 3. (a) 1 % annual exceedance probability (AEP) flood depths in the Tijuana River valley. Mapped flood depths result from either
storm tides, canyon flows, or Tijuana River discharges (Appendix Al). The elevation data reflect 2015 topography, after dredging of the
Tijuana River channel near the US-MX border. (b) 1 % AEP flood depths in Los Laureles. Mapped flood depths are caused by streamflows
from local precipitation, assuming that the culvert was unobstructed during the duration of the flood. The depth ranges are 0.11-0.45 m for
ankle to knee, 0.45-1.0 m for knee to waist, 1.0-1.69 m for waist to head, and greater than 1.69 m for above head depths.

map for LL is shown in Fig. 2b. Both hazard maps depict the
inundation extent associated with different AEPs, while the
FEMA FIRM also depicts a regulatory floodway. Develop-
ment in the regulatory floodway is prohibited unless the pro-
posed structure will not increase the base flood elevation by
more than 0.3 m (1 ft). Notice also that the flood hazard is de-
scribed by its associated annual probability, which is consis-
tent with official FEMA mapping legends and terminology.
The IMPLAN Flood Hazard map is similar; areas at risk of
flooding are shown, but flooding extent is the only charac-
teristic depicted. Flooding extent is also the most commonly
mapped hazard in Europe, but many European countries also
provide maps of flood depth (de Moel et al., 2009; Nones,
2017).

Figure 3a shows the analyzed flood depth map for the TRV,
while the depth map for Los Laureles is shown in Fig. 3b.
Both maps characterize depths using a body scale and depict
depths associated with 1 % AEP events. The body scale is
based on the average person height reported by Fryar et al.
(2012), with the body part thresholds defined using the 7.5-
heads rule from the field of artistic anatomy (Richer, 1986).
We use a body scale to contour flood depths with the inten-
tion of producing flood hazard data that are more relatable
to end users. The clear advantage of providing maps depict-
ing the depth of flooding is that potentially unsafe areas dur-
ing extreme events within the floodplain are easily identi-
fied. Figure 3 also demonstrates our (pre-focus group) ap-
proach for communicating the mapped hazard. Specifically,
we elected to describe flood hazards by their annual proba-
bilities and contour intensity of the hazard with a qualitative
scale. Data shown on the map other than the flood hazard
were limited to allow end users to focus requests and re-
visions on the hazard data itself. All of the baseline hazard
maps were presented and described in a similar manner.

www.nat-hazards-earth-syst-sci.net/18/1097/2018/

Figure 4 shows the analyzed flood hazard maps which in-
corporate flow velocity information, where the flow velocity,
v, multiplied by flood depth, £, is contoured using a scale re-
flecting the strength or “force” of the flood waters. We use vh
as a proxy for the force of the flood waters because thresh-
olds for toppling people and moving cars have been reported
in terms of vh, or discharge per unit width (Xia et al., 2014,
2011). A vh criterion was also found suitable for predicting
structural damage to homes (Kreibich et al., 2009; Gallegos
et al., 2012), so vk can be used to describe a range of haz-
ardous conditions. Although the “force” map is more pre-
cisely described as a flood discharge per unit width map, we
use the word force for simpler communication. By relating
the intensity of vh to the vulnerability of people, cars, and
homes, the map could be used for strategic land use planning
or emergency response. We note that Australian flood studies
produce information describing the severity of v and 4, and
recommend that hazard zones are defined by vh thresholds
(AEMI, 2013).

The baseline hazard maps were associated with the 1%
AEP event for consistency with the usual presentation of
flood hazard information, although each hazard map pre-
sented thus far could be produced for an event more or less
likely than 1 % AEP. Hazard maps can also display multiple
AEP events on a single map. This is accomplished by con-
touring the AEP of a particular hazard threshold, rather than
contouring the intensity of a flood hazard with a specified
AEP.

Figure 5 presents the analyzed maps which contour AEP
rather than intensity of depth or force. The AEP of ankle-
depth flooding in the TRV is shown in Fig. 5a, while Fig. 5b
displays the AEP of flood forces strong enough to topple
children in LL. AEP maps of either & or vk thresholds are
attainable by simulating multiple floods and combining the
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Figure 4. (a) Flood force with 1 % annual exceedance probability (AEP) in the Tijuana River valley. (b) Flood force with 1 % AEP in Los

Laureles. We use vk as a proxy for the flood force, since contours are specifically different thresholds of vk: children toppled at 0.4 m?2s~!

3

adults toppled at 0.65 m?s~! (Xia et al., 2014), cars sliding at 0.8 m?s~! (Xia et al., 2011), and structural damage beginning at 1.5 m?s~!

(Kreibich et al., 2009).

(a) Annual probability of ankle-depth flooding or greater |
leuana River valle (2015 ost-dredging)

i (b) Annual probablllty of flood forces that can topple children
Los Laureles (2015, culvert unobstmcted)

> 90 %

I 20-50 % N
> 50 %

Figure 5. (a) Annual exceedance probability (AEP) of ankle-depth flooding in the Tijuana River valley. Contours represent the annual
probability that either storm tides, canyon flows, or Tijuana River discharges can cause flooding that exceeds ankle depth. (b) AEP of flood
forces that can topple children in Los Laureles. Here, contours represent the annual probability that streamflow will be intense enough to
topple children. The ankle-depth threshold was defined as 0.11 m, and the children toppled threshold was defined as 0.4 m?s~

results on a single map. The maps shown in Fig. 5 can be
produced using a wide variety of hazard thresholds not lim-
ited to ankle-depth flooding or children toppled. Here, map-
ping exceedance probabilities of a specific hazard threshold
quantifies and communicates the likelihood of a particularly
negative consequence of flooding. However, the AEP map is
difficult to produce (Appendix A3) and presents highly tech-
nical information. Thus, it may present challenges in com-
municating with end users.

The maps presented in Figs. 2-5 can be produced for a
wide variety of locations and are not limited to site-specific
hydrologic conditions. We do not present the site-specific
baseline hazard maps produced for the end users in this pa-
per; however, the site-specific hazard maps illustrating domi-
nant drivers and duration of inundation can be viewed online
following the links in the “Data availability” section. The
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hazard maps presented in Figs. 2-5 exemplify the range of
flood hazard data presented to the end users and our orig-
inal approach for communicating the mapped hazard. We
note that Figs. 2-5 are not identical to the maps analyzed
by the end users since they were adapted for presentation
format herein. Specifically, legend placement and font size
are slightly different in Figs. 2-5 from the maps analyzed
by the end users, while Figs. 2-5 also do not include street
and landmark labels that were included in the baseline maps.
However, the legend content and text, map titles, hazard data,
base maps, and color schemes are identical between maps an-
alyzed by end users and Figs. 2-5. The cartographic design
of the baseline hazard maps generally followed recommen-
dations for designing flood risk maps provided by Fuchs et al.
(2009).

www.nat-hazards-earth-syst-sci.net/18/1097/2018/
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4 Stakeholder focus groups

Four focus groups were held at each study site, which were
distinguished by job function related to FRM. The TRV fo-
cus groups included 22 total participants, with 6 representing
public works professionals and city planners, 8 representing
emergency managers, 5 representing natural resource man-
agers, and 3 categorized as non-governmental organizations
or community. The LL focus groups included 33 participants
total, with 9 individuals representing an academic affiliation,
6 representing government, 11 representing emergency man-
agers, and 7 representing non-governmental organizations or
other community members. Participants of each focus group
were recruited through personal communication and referral
sampling. It was not possible to strengthen reliability of the
focus groups by replicating cohorts because a limited num-
ber of individuals are involved with FRM at the study sites.
Thus, by limiting our focus groups to individuals who play
a role in local FRM, we strengthened the study cohort by
including the most relevant participants based on job func-
tion. Representation was not identical at the two sites be-
cause (1) governmental and organizational structures vary
between the two countries and (2) participants were chosen
based upon their importance to decisions related to FRM in
the respective sites.

The TRV and LL focus groups were each 2.5h in length,
during which a facilitator elicited information regarding the
focus group’s perception of the baseline flood hazard maps.
A large-format hardcopy of each map was distributed to all
participants along with a glossary that described baseline
map terms. After individually examining the map, the facil-
itator would ask the engineer who produced the map to ex-
plain the hazard map and establish a common understand-
ing. Participants were able to ask the engineer questions,
while the facilitator would ask questions to test understand-
ing. Data were generated throughout the focus groups by the
facilitator adhering to a script with questions specific to each
baseline hazard map. For example, the facilitator would ask
participants about their opinions of the indicators used in the
map legends, the utility of the mapped hazard data, and infor-
mation they would like to see depicted but was not included.
This process repeated for each of the baseline hazard maps.

Following the presentation and discussion of the baseline
hazard maps, survey data were collected. The surveys were
designed to elicit information that would be useful for re-
configuring the hydraulic models and producing flood hazard
data relevant to the focus group participants. Results from
the final “exit” survey addressed several important aspects
of producing relevant flood hazard data: end user job func-
tion, planning time frames of interest, flood return periods
of interest, flood drivers of interest, relevant FRM strategies,
and environmental conditions of interest. Each question in
the survey was followed by a range of options, and the focus
group participants were prompted to select a single option in
response to each question.

www.nat-hazards-earth-syst-sci.net/18/1097/2018/

1103

Data were collected throughout the focus groups by
recording conversations and reinforced by note-taking. Fur-
thermore, transcripts were prepared of all conversations
based on audio recordings. Transcripts were translated into
English then analyzed using open coding to identify gen-
eral themes and concepts followed by axial coding (cate-
gorization) and identification of patterns and relationships
among the concepts (Saldafia, 2015; Feldman, 1995). Ex-
cerpts from the transcripts were categorized independently
using codes including “requested map revisions” and “re-
quested map scenarios” to identify end-user-expressed (1)
requests for improvements to baseline maps and (2) desired
flood hazard map content. Requested map revisions included
requests and inquiries related to the map legend, units, and
contextual information. Information that was useful for re-
configuring the hydraulic models (new scenarios) and pro-
ducing new hazard maps were categorized as requested map
scenarios. Flood mapping scenarios that were specifically
mentioned or requested by participants were verified by in-
dependent analysis. Data obtained from the exit surveys were
also categorized as requested map scenarios.

5 Results
5.1 Requested map revisions

Table 1 summarizes the requested map revisions of the
end users from both sites. The requested revisions gen-
erally fell into three categories: requests for the hydro-
logic/meteorologic conditions of the mapped hazard, further
clarification of the map legends, or requests for additional
geospatial data to be shown on the map. The requests pre-
sented in Table 1 were specifically mentioned by participants
and confirmed by discussions recorded in the transcripts.

There were several important requested map revisions that
were common to the end users of both sites. First, end
users were particularly interested in the amount of rainfall
or streamflow that caused the flood hazard on the map. The
amount and duration of precipitation leading to the mapped
hazard was often requested for both sites, while TRV end
users requested the flow rate of the Tijuana River associated
with the hazard maps. This illustrates the desire to relate the
mapped hazard to information that is available in real time or
other publicly available information. LL end users also asked
how the mapped scenario related to previous flooding events
and noted that the precise frequency of the storm is not nec-
essary for many users. Notice that the baseline hazard maps
were described by the probability of the mapped hazard only
(Figs. 3-5), and not by the conditions leading to the mapped
flood hazard such as the amount of rainfall.

Second, participants of both sites were interested in the
quantitative or scientific units of the hazard legends. In gen-
eral, the participants found the qualitative legends helpful
and informative, but clarification was needed to explain the
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Table 1. Summary of the end users’ requested map revisions. These specific requests were identified through transcript content analysis.

Tijuana River valley end users

Los Laureles end users

Requested hydrologic/

meteorologic information ~ — volumetric flow rate

— amount and duration of precipitation

— amount and duration of precipitation
— flooding mechanism (cause)
— conditions related to previous flood

Legend requests/ — quantify legend thresholds — quantitative information
comments — scientific units — scientific units
— erosion scale — relate flooding to erosion
— children toppled threshold not appropriate  — relate velocity to infrastructure damage
— non-technical language
Additional geospatial — access roads — access roads

— river channel

— levees and dikes

— landmarks

— park trails

— sediments and vegetation

data requests

— channels

— population/demographics

— sediment basins

— topography

— aerial photo with year

— locations of dwellings and shelters

basis for the qualitative thresholds. For example, the “chil-
dren toppled” hazard criteria (Fig. 4) was received with
mixed reactions. Several participants were confused by the
distinction between hazardous conditions for children ver-
sus adults, which required additional explanation, and others
viewed this criterion as alarmist. A participant representing
public works professionals said, “I think [children toppled]
is an alarming metric. I don’t know if it would be useful for
my city work... maybe a different way of identifying inten-
sity would be more useful”. Another participant representing
natural resource managers noted, “I would be interested in
knowing the velocity or what the force impacts are. For what
Ido, I can’t write in an EIS [environmental impact statement]
that a child would be toppled in this area, so that wouldn’t
work for me”. End users representing natural resource man-
agers were generally more interested in relating the velocity
information to the erosive potential of the flowing water, and
several participants recommended an erosion scale based on
velocity and land cover data. On the other hand, end users
representing emergency managers did find the metrics in the
force map (Fig. 4) useful.

Emergency managers noted that the flood intensity de-
scriptors of the force map would help them decide where to
allocate resources during a flood based on the depicted sever-
ity, while the “cars sliding” metric would help determine
which roads would be inaccessible during an extreme event.
Emergency managers also said the force map would help
them prepare for hazardous debris flow during a flood: “Let
me tell you why this [force map] is really important ... what
I’'m really concerned about down in the Valley is ... anything
that’s a hazard in the river that’s actually moving. If I see a
barn, and I know that its structural home damage in this area,
I’ll be a little more on alert because ... hey those barns and
stuff, they’re gone. And so now I know there’s more things
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in the river that not only can create a hazard to me but that
can also adjust the flow of the river as well”. Indeed, partici-
pating emergency responders were primarily interested in the
relative severity of the flood hazard within the floodplain.

Lastly, end users requested a wide variety of additional
geospatial data to provide additional context, i.e., infor-
mation beyond the illustrated flood hazard. The common
geospatial data requests between the two sites included de-
pictions of access roads, the river channels, and important
flood control infrastructure. Of course, the relevant geospa-
tial data will depend on the end user and site-specific charac-
teristics, but many end users requested the locations of access
roads and river channels.

5.2 Requested map scenarios

Transcripts were examined to extract information that was
useful for re-configuring the hydraulic models for new
scenarios. This information includes environmental condi-
tions of interest, relevant magnitudes and types of flooding
events, and requested flood hazard data (model output). Re-
configuring and re-running the models involves changes to
model inputs such as a topographic data and boundary con-
ditions. Table 2 shows the data we collected from the tran-
scripts that were relevant for producing the new flood hazard
maps.

In addition to the focus group transcripts, data from the
exit surveys were used to configure relevant flood model-
ing scenarios. Figure 6 shows the results of the exit survey
as a percentage of the participants’ responses. We note that
these results are not statistically significant nor representa-
tive of all end users of flood hazard data, but they were use-
ful for complementing the qualitative information obtained
from the transcripts. Comparison between the exit survey re-
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Table 2. Summary of information used to re-run the hydraulic models and produce new hazard maps (requested map scenarios). These

specific requests were identified through transcript content analysis.

Tijuana River valley end users

Los Laureles end users

Relevant flood magnitudes - historic floods
and drivers

— storm-water runoff

— more frequent than 100 years/1 % AEP

— historic floods
— more frequent than 100 years/1 % AEP
— pluvial flooding

— nuisance flooding/non-extreme events
— wave overtopping (Imperial Beach)

Environmental conditions® - blockages/obstructions

— blockages/obstructions

of interest — worst-case flooding/infrastructure fails — worst-case scenario
— different channel capacities — future channelization
— different channel locations — future land use
— early season/late season
— sea level rise
Requested flood hazard — output related to erosion potential — output that predicts erosion potential

data/model output
— duration of flooding event
— velocity of flood waters
— real-time data

— output that depicts standing water

— output based on forecasted rain
— duration of flooding
— maximum velocity of flood

— suite of maps related to different rainfall depths

* “Environmental conditions” are defined as the physical conditions of study area or the state of climate related variables during the simulated flood.

sults (Fig. 6) and the modeling requests documented in the
transcripts (Table 2) reveal several important end user prefer-
ences and are considered highly relevant to the specific end
users in this study.

Regarding the magnitude of the mapped flooding event,
end users were interested in events more frequent, or smaller
in magnitude, than the 100-year (or 1 % AEP) flood. TRV
and LL end users specifically asked to see hazards associated
with more frequent events (Table 2), and when asked “What
return period is most useful to be mapped?”, more than half
of end users from both the TRV and LL focus groups selected
return periods of 20 years or less. The 100-year flood was
still considered relevant; however end users generally con-
sidered the hazards of frequent floods more useful for day-to-
day decision making. One participant noted, “We often focus
a lot on the 1% [flood] because of FEMA and things like
that, but in terms of what people are experiencing right now,
they’re noodling around with like 5- or 10-year events which
is what’s causing them problems ... hitting those frequencies
that people are more likely to see, that would be a valuable
communication tool”.

Another important finding that was particularly evident
from the LL focus groups was interest in the hazards of
pluvial flooding, or flooding caused by storm-water runoff.
Indeed, twice as many LL end users selected “pooled rain-
fall” compared to “excessive streamflow” as the most useful
flood driver to be mapped. This interest was documented in
the transcripts for both sites, i.e., TRV end users noted that
storm-water runoff can cause flooding in neighborhoods just
north of the Tijuana River valley. One of the TRV end users
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described how nuisance flooding associated with storm wa-
ter is noticeably absent from publicly available maps: “We
have areas in the city that experience nuisance flooding, and
even though it doesn’t show up on the FIRM maps as an
area of special flood hazard, ... you almost have to find
out from property owners in there, knock on their doors,
[and ask] do you ever get floods here? [owners respond]
‘Oh yeah all the time™’. LL end users were also concerned
with flooding caused by storm-water runoff, but they were
more interested in flood hazards caused by extreme rainfall
events along steep, canyon terraces that are not adjacent to
the storm-water channels. Mapping the hazards associated
with direct rainfall is considerably different from traditional
floodplain mapping, whereby the floodplain is delineated by
routing discharges that exceed channel capacities and spread
across the floodplain (e.g., Appendix A2—-A2.4). Hence, it ap-
pears that participating end users astutely discerned a limita-
tion of this traditional flood modeling approach.

When asked “What conditions do you most want to see?”,
responses were relatively uniform among the choices of-
fered. The exit survey revealed a slight preference for cur-
rent conditions in the TRV and obstructions in river chan-
nels for LL end users. The transcripts further support inter-
est in scenarios involving blockages. At both sites, end users
were concerned about trash and debris obstructing flow be-
neath bridges and through the culvert in LL (Fig. 1). Accord-
ingly, end users requested to see the impact of obstructions
in river channels (Table 2), and also “worst-case” flooding
scenarios involving some kind of infrastructure failure. We
also note that maps showing the possible impacts of climate
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(b) Los Laureles end users
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Figure 6. Results of the exit survey designed to provide insight on relevant flood frequencies, drivers, and environmental conditions. Column
(a) includes TRV responses (22 participants), and column (b) includes LL responses (33 participants). The most distinct responses include
the reported utility of maps illustrating more frequent events (TRV) and pooled rainfall (LL). The lack of a clear preference for relevant
environmental conditions is worth noting. Here, “environmental conditions” are defined as the physical conditions of study area or the state
of climate related variables during the simulated flood. Maps depicting possible impacts of climate change (e.g., sea level rise and changes
in rainfall patterns) were not the most desired conditions for end users of either site.

change on flood characteristics were not especially relevant
to the participating end users. Indeed, LL participants se-
lected “changes in rainfall patterns” least frequently when
asked “What conditions do you most want to see?”, while
sea level rise scenarios were slightly less preferred relative to
current conditions in the TRV. Again, these results should not
be viewed as representative of all end users of flood hazard
data, but it is important to note that these end users did not
view climate change impacts on flood hazards as more rele-
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vant than scenarios involving infrastructure failures or chan-
nel blockages.

By far, the most requested flood hazard data, or hydraulic
model output, described the erosive potential of flowing wa-
ter. Both TRV and LL participants requested model output
that can describe erosion potential or susceptibility (Table 2),
and after presenting the flood force map (Fig. 4), end users
asked for the velocity of the flood waters to be related to ero-
sion (Table 1). It is also worth noting that before being shown
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Figure 7. (a) Pre-focus group Los Laureles flood depth map based on traditional coupling of hydrologic and hydraulic models. (b) Post-
focus group Los Laureles flood depth map based on routing storm-water runoff using the hydraulic model grid. Comparison between (a) and
(b) shows that traditional hydrologic-hydraulic model coupling can misrepresent flood hazards in catchments where storm-water runoff is
severe. We also present (b) following the stakeholder requests. Notice that (a) is described by the AEP of the flood depths, whereas (b) is
described by the amount of rainfall that caused the mapped hazard. The post-focus group map also includes a qualitative/quantitative legend,

the location of the main channel, and the watershed boundary.

the flood force map, end users at both sites requested infor-
mation describing the velocity of the floodwaters. Aside from
maps depicting velocities or erosion potential, end users also
requested inundation maps based on real-time information or
rain forecasts. One of the participants suggested a collection
of maps related to different rainfall depths as a substitute for
real-time mapping. Lastly, community members of the TRV
requested hazard maps depicting areas susceptible to stand-
ing water. Areas susceptible to standing water are a concern
among community members due to increased likelihood of
mosquito activity and pollutant exposure. The following sec-
tion describes both the new hazard maps and improved pre-
sentation of the hazard data that was supported by the end
user focus groups.

5.3 Co-produced flood hazard maps

In this section, we present the flood hazard maps that were
produced after re-configuring the hydraulic models based on
the results of the focus groups. The maps presented herein,
Figs. 7-9, do not include all of the maps we produced post-
focus group, but rather the hazard maps that both support
and expand upon previous studies offering guidance for im-
proving flood hazard maps. All hazard maps produced in this
study in response to end user feedback can be viewed on-
line by following the links in the “Data availability” section.
Herein, we also present the mapped hazard data according
to the end users’ requested revisions to exemplify effective
means of communicating the mapped hazard according to
these end users.

First, we focus on end user interest in “pooled rainfall” or
storm-water runoff. Figure 7 shows the pre and post-focus
group flood depth maps for LL. The pre-focus group flood
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depth map (Fig. 7a) was produced by injecting flow hydro-
graphs from a hydrologic model into the channel network
of the hydraulic model, so the mapped flooded area corre-
sponds to so-called fluvial flooding, or streamflows that ex-
ceed the capacity of the channel network (Appendix A2.4).
In the post-focus group flood map, on the other hand, runoff
(precipitation minus infiltration) was computed for every nu-
merical grid of the hydraulic model and routed as overland
flow. Hence, the mapped flooded area corresponds to so-
called pluvial flooding, or the combined effects of storm-
water runoff and excess streamflow. Comparison between
Fig. 7a and b reveals that the flood hazard can be significantly
underestimated if only fluvial flooding is considered, show-
ing the importance of pluvial flooding (direct storm-water
runoff) in this system.

The baseline hazard maps based on fluvial flooding did not
align with stakeholders’ experience. The post-focus group
hazard maps that account for pluvial flooding clearly show
accumulation of floodwater along roadways and locations
adjacent to the main channel. Notice that the pluvial hazard
map illustrates ankle- to waist-deep flooding adjacent to the
main channel, whereas no flooding is predicted adjacent to
the main channel in the baseline map (Fig. 7). Hence, this site
calls for hydrologic modeling approaches that resolve over-
land flow caused by rainfall. Pluvial flood hazard studies are
still fairly uncommon (Apel et al., 2016), yet there are several
examples in the literature and methodological advancements
are growing (Nuswantoro et al., 2016; Blanc et al., 2012;
Guerreiro et al., 2017; Simdes et al., 2015). Maps produced
by such methods have significant potential to support FRM.
For example, from an emergency management perspective,
pluvial flood maps can highlight streets and low-lying areas
in the floodplain that are likely to become hazardous during
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Figure 8. Erosion potential map of the 1983 Tijuana River flood produced for the TRV stakeholders. The contoured flood hazard variable
is the maximum depth-averaged shear stress predicted by the hydraulic model during the simulated flood event. Legend thresholds were
estimated from Fischenich (2001). The map also includes the locations of levees and fills, Tijuana River crossings, and the Tijuana River

channel.

a severe rain storm, and from a planning and design perspec-
tive, pluvial maps can identify areas in the floodplain with
relatively poor drainage.

Notice also that the pluvial hazard map presents the data
differently from the baseline map. The pre-focus group map
describes the mapped hazard by the exceedance probability
of the flood depths, whereas the post-focus group map de-
scribes the mapped hazard as the flood depths resulting from
the corresponding rainfall depth and duration. In the latter
case, the exceedance probability is included but not empha-
sized. This may seem like a minor difference, but end users
suggested that a description based on rainfall depth is much
more useful. Rainfall depths are commonly forecast and re-
ported publicly, so the rainfall totals are generally more rele-
vant to end users than frequency of occurrence or probability
of exceedance. End users’ requests for the amount of rainfall
and streamflow associated with the hazard map point to the
need to link mapped flooding scenarios to familiar reference
points.

Linking flooding scenarios to familiar reference points is
difficult, however. Most flooding scenarios are defined by
probabilities which are intangible to many end users, while
the significance of rainfall totals or volumetric flow rates can
be unknown to users not familiar with typical site condi-
tions. A reference point requested by end users which has
the potential to be accessible to a wide audience was the
magnitude of the mapped flooding event relative to historic
measurements. Notice that the pluvial flood map (Fig. 7b)
also describes the rainfall event as “twice the largest ob-
served”, which means the 1% AEP 24h rainfall depth is
roughly twice the largest recorded at the nearest rainfall gage.
Describing the flooding scenario as “twice the largest ob-
served” adds important context concerning the magnitude of
the mapped event by giving the impression of a rare scenario
yet within the realm of physical plausibility.
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In addition to the flood hazards caused by storm-water
runoff, LL and TRV stakeholders were also concerned about
the erosive potential of flowing water (Tables 1 and 2). Ero-
sion potential was particularly relevant for the TRV and LL,
since highly erosive soils lead to continual dredging of flood
control channels and maintenance of engineered sediment
basins. Accordingly, we produced maps that illustrate the
erosive potential of various floods. Figure 8 shows an ex-
ample of an erosion potential map we produced for the TRV
stakeholders. The erosion potential map contours the maxi-
mum depth-averaged shear stress predicted by the hydraulic
model during the course of the simulated flood. We contour
shear stress to illustrate erosion potential because shear stress
is commonly used to model soil erosion and design stream
stabilization or restoration projects (Knapen et al., 2007; Fis-
chenich, 2001). The qualitative scale in Fig. 8 that describes
materials susceptible to erosion during the simulated flood
is based on the permissible shear stresses of different stream
restoration materials reported by Fischenich (2001). Notice
that the units of the erosion thresholds are also included in
the hazard map legend. Although it is unlikely that even tech-
nical end users can interpret the magnitude of different shear
stress values off hand (i.e., Fig. 8), the units provide the basis
for the qualitative scale and improve credibility. The shear
stress values by themselves are fairly abstract, so the quan-
titative and qualitative scales compliment each other quite
nicely.

Natural resource managers, less often targeted as end users
of flood hazard data, were an audience that sought maps of
erosion potential in this study. Most flood hazard maps are
tailored for public communication, strategic planning, emer-
gency response, or insurance purposes (Meyer et al., 2012).
Yet for many locations, managing land use and controlling
erosion is essential to FRM, while erosion caused by flood
waters can be the most damaging aspect of a major flood
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Figure 9. Flood hazard map illustrating pooled water that did not freely drain following a peak Tijuana River flow of 2300 m3 s~1, which
has an estimated 1 % AEP or 100-year frequency. The flood depths shown on the map are the hydraulic model solution after the hydrograph
receded to baseflow conditions. The areas that do not freely drain are likely to experience increased mosquito activity and exposure to

pollutants following a major flooding event.

(Luke et al., 2015). Maps contouring shear stress and illus-
trating erosion potential can be very useful for developing
local land use strategies and suppressing erosion. For exam-
ple, natural resource managers could restrict sensitive land
uses in areas of the floodplain that are likely to experience
relatively erosive flows. By overlaying the predicted shear
stresses with land use/land cover data, the erosion potential
map could also be used to highlight areas in need of armoring
or erosion-resistant vegetation.

Notice also that the example erosion potential map dis-
plays the shear stresses associated with a hindcast of the
1983 Tijuana River flood, i.e., a historic flood. Stakehold-
ers of both sites were interested in hazard maps of historic
flooding (Table 2), which we also find particularly valuable
due to their relevance to end users and ease of communica-
tion. Maps of historic floods are relevant precisely because
they actually occurred; the map does not need to communi-
cate an abstract exceedance probability or frequency. In the
case of historic flood maps, the year of the flood or possibly
the name of the storm can be used to describe the flooding
scenario. The 1983 Tijuana River flood was associated with
a particularly strong El Nifio year, which several stakehold-
ers recall. The 1983 flood also represents a relatively frequent
flood (about 20-year return period) which was deemed use-
ful to be shown on a map by end users of both sites (Fig. 6,
Table 2).

Lastly, we present one additional flood hazard map pro-
duced in response to community members’ concerns about
stagnant water in the TRV. Standing water creates breed-
ing sites for mosquitos and a corresponding proliferation of
mosquito-borne diseases such as West Nile virus, so it is
an important public health consideration after a major flood
(Kouadio et al., 2012). Figure 9 shows the depth of flood wa-
ters remaining in the TRV immediately following recession
of a flood with a peak flow rate of 2300 m? s~!, assuming no
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evaporation or infiltration. Therefore, the map should be in-
terpreted as the standing water depth immediately following
the flood.

The standing water map is unique relative to other haz-
ard maps because it illustrates conditions immediately af-
ter rather than during the event and therefore represents a
mechanism of supporting of recovery efforts — a key com-
ponent of the disaster management cycle (Khan et al., 2008).
The standing water map could help authorities with mosquito
abatement, deployment of pumps, and strategic positioning
of emergency shelters. Additionally, a standing water map
can support floodplain planning by enabling enhanced as-
sessments of public health risks for proposed floodplain de-
velopment projects.

6 Discussion and recommendations

We acknowledge that the requested map scenarios and re-
visions of the TRV and LL end users do not represent all
end users of flood hazard data. However, for the sake of im-
proving the practice of flood hazard mapping, let us compare
the end users’ requests herein to previous studies and flood
mapping guidelines in Europe, Australia, and the US. The
majority of end user preferences from this study align with
recommendations for improving flood hazard maps from Eu-
ropean studies by Meyer et al. (2012) and Hagemeier-Klose
and Wagner (2009). Concerning the presentation or commu-
nication of the mapped content, Hagemeier-Klose and Wag-
ner (2009) recommended that flood hazard maps should be
linked to real-time information such as river stage, while Bell
and Tobin (2007) questioned the effectiveness of communi-
cating floods based solely on probabilities. Both studies point
to the need to link the mapped flooding scenario to concrete
reference points other than frequency or exceedance proba-
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bility. The need for tangible reference points was supported
in this study by end users’ requests for the rainfall totals,
streamflow, and relative magnitude of the mapped scenario.
In flood mapping practice, however, communication of the
mapped hazard is still very much tied to probabilities.

The Handbook on Good Practices for Flood Mapping
in Europe (Martini and Loat, 2007) states the title of the
map should include the hazard parameter and probability,
while the FEMA FIRM describes hazard zones by AEPs only
(i.e., Fig. 2). Yet there is increasing evidence that these de-
scriptions are ineffective. Relatively little guidance is pro-
vided regarding the map legends as well, which is another
important aspect of communicating the mapped hazard. Leg-
ends are either completely described by numerical values
(i.e., depth of flooding in meters or feet) or a qualitative flood
severity zone described by terms such as “low” to “severe”
(FEMA, 2014). We recommend that future mapping guid-
ance documents provide advice for different ways to commu-
nicate the mapped hazard scenario and more complete leg-
end descriptors. Alternatives supported by this study include
(1) providing qualitative and quantitative scales, and (2) de-
scribing flooding scenarios by the flood magnitude (in cor-
responding scientific units), the magnitude relative to an his-
toric event, and finally the probability of the flood. The mag-
nitude and probability of the flood provides relevant infor-
mation for technical end users, while the magnitude related
to an historic event is a tangible reference point for layper-
sons. It is our opinion that least emphasis should be given
to the probability when describing mapped flooding scenar-
ios. Not only are concrete references preferred for describ-
ing flood risk (Bell and Tobin, 2007), but flood probabilities
and corresponding frequencies are highly uncertain (e.g., Ap-
pendix Al.1-A1.3; Di Baldassarre et al., 2010; Kjeldsen
et al., 2014; Merwade et al., 2008; Merz and Bldschl, 2008;
Stedinger and Griffis, 2008). Indeed, all hazard variables il-
lustrated in flood maps are inherently uncertain; however, it
is remarkable that perhaps the most uncertain and complex
characteristic of floods is also the primary descriptor.

Uncertainties associated with flood mapping products are
rarely quantified let alone communicated, and in this study,
we did not address the important issue of communicating
uncertainty in flood maps to end users. In one of the few
studies that has explicitly addressed communicating uncer-
tainty in the FEMA FIRMs’ floodplain boundaries, Soden
et al. (2017) showed that providing end users with con-
trasting information (i.e., the 1 % AEP flood extent versus
an observed flooding extent) led to important flood hazard
discourse and curiosity regarding flood mapping methodol-
ogy. While it may seem counterintuitive to purposefully ex-
pose the limitations of floodplain delineation, such innova-
tive communication strategies force end users to confront the
deterministic standards that our institutions require for reg-
ulatory purposes. Explicit confrontation with the limits of
science promotes contemplation and is certainly worth fur-
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ther investigation in the context of flood hazard mapping and
communication.

Regarding desirable content of flood hazard maps, stake-
holder preferences from this study also align with previous
work. Meyer et al. (2012) concluded that maps presenting
flood hazards at different probabilities is required, velocity
information should be provided when available, and the loca-
tion of flood defenses and access routes should be integrated
within the hazard map. All of these recommended contents
were requested by the TRV and LL end users. Hagemeier-
Klose and Wagner (2009) also noted the importance of map-
ping more frequent events than the 1% AEP flood, which
was strongly supported by the results of the survey (Fig. 6).
Thus, this study demonstrates consistency between the de-
sired map content of end users studied in the US, Mexico,
and Europe. Flood mapping guidelines in Europe (Martini
and Loat, 2007) and Australia (AEMI, 2013) generally rec-
ommend producing this desired content. Guidelines either
recommend or require the production of hazard maps associ-
ated with different probabilities and even infrastructure fail-
ure scenarios. Mapped data include flooding extent, depths,
velocities, and the depth—velocity product, while some stud-
ies even provide shear stresses (Martini and Loat, 2007). Spe-
cific guidance is also provided for producing maps that sup-
port the FRM activities of distinct European and Australian
end user groups.

Meanwhile, in the US, flood mapping guidelines are fairly
extensive and standardized for producing the FEMA FIRM
only (FEMA, 2016). There is a lack of guidance and di-
rection available for producing flood hazard maps that sup-
port non-insurance aspects of FRM, such as those specifi-
cally requested by end users in this study. The required “non-
regulatory” data products of recent FEMA Risk Mapping As-
sessment and Planning studies (FEMA, 2014) have signif-
icant potential to support an expanded portfolio of action-
able flood hazard maps in the US. For example, the required
velocity grids in Risk MAP studies can be post-processed
to produce erosion potential maps, while the required “flood
severity grid” contains the depth—velocity data necessary for
products designed to support emergency response. We rec-
ommend that future FEMA guidelines provide specific di-
rectives for producing non-regulatory flood hazard maps tai-
lored to specific FRM objectives including land-use plan-
ning, emergency management, and public awareness. The
content of flood hazard maps should also be expanded to in-
clude pluvial flood hazards when appropriate.

Neither European, Australian, nor US flood mapping
guidelines explicitly require or recommend maps character-
izing pluvial flood hazard, which were of keen interest to
both LL and TRV end users. However, many EU member
states have included pluvial flood hazard assessments in re-
sponse to the Floods Directive (Nixon et al., 2015). The Aus-
tralian technical guidelines for engineers allude to direct rain-
fall models that can be used to produce pluvial hazard maps
(McCowan, 2016), but because these techniques are rela-
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tively new, guidance documents do not require the produc-
tion of maps depicting the pluvial hazard or intense storm-
water runoff. Since techniques for estimating pluvial hazards
continue to advance, formal guidelines and requirements for
mapping the pluvial hazard zone should be developed, espe-
cially in the US. As demonstrated by end user requests in this
study — and the largely pluvial nature of the flooding disaster
caused by Hurricane Harvey in the US — pluvial flooding can
dominate in urban areas and needs to be considered in future
mapping efforts.

7 Conclusions and future directions

Two-dimensional (2-D) flood hazard models developed for
the Tijuana River valley (TRV) and Los Laureles (LL) on
both sides of the US-Mexico border supported the co-
development of flood hazard maps responsive to end user
management needs. Two-dimensional modeling by engineers
produced a set of baseline maps that were further refined
through end user focus groups that triggered additional mod-
eling scenarios and map revisions.

This study revealed general consistency between the map-
ping needs of studied end users in the US and Mexico with
those reported in European studies and guidelines published
in Australia. For example, mapping requests included scenar-
ios with different probabilities and even infrastructure fail-
ure scenarios, and end users also requested maps of hazard
variables beyond traditional flood extent, such as velocities
and standing water. This study also revealed several impor-
tant flood hazard mapping requests relevant to other sites:

— Flood intensity scales (e.g., depth, force or shear stress)
that frame the mapped information both quantitatively
and qualitatively. The quantitative scale meets end user
needs for a technical reference point, while the quali-
tative scale meets end user needs to easily interpret the
mapped information.

— Flood scenario descriptions that report both the mag-
nitude of the flood in terms of rainfall or streamflow
amounts and also the flood magnitude relative to an
historic event. Use of concrete scenario descriptions in-
creases the utility and relevance of mapped information
across different end users of flood hazard maps.

— Flood hazard maps that depict the erosion potential of
flood waters. Erosion potential maps support end user
needs for managing sediment.

— Flood hazard maps that depict standing water following
the flood. Standing water maps support recovery plan-
ning and public health concerns.

— Flood hazard maps that depict storm-water runoff or
pluvial flood hazards. Baseline flood hazard maps de-
picted fluvial flooding hazards only, and after end user
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focus groups revealed a deficiency in usefulness, the
need for a pluvial flood hazard modeling approach
was recognized and implemented. Characterizing plu-
vial flood hazards is extremely important for urbanized
sites with poor drainage.

Of course, the stakeholder preferences herein must be viewed
cautiously, since focus group participants do not represent
all end users of flood hazard data. The primary limitation
of this study is the limited number of focus group partici-
pants (55 total) and narrow geographic scope. Co-production
efforts via focus groups acknowledge that community-level
knowledge (and mapping preference) varies from locality to
locality, underscoring how flood hazard knowledge should
not be a “one-directional” process but an iterative learning
approach that breaks down information gaps between ex-
perts and lay users in specific places — thus improving risk
communication at the local level. They also produce action-
able mapping information useful for reducing flood risks
(Spiekermann et al., 2015; de Moel et al., 2009). Indeed,
restricted sample size and geographic scope is a common
caveat of flood communication and mapping preference stud-
ies (e.g., Hagemeier-Klose and Wagner, 2009; Meyer et al.,
2012).

In future studies, sample size limitations may be overcome
by taking advantage of online information systems to present
flood hazard data, such as those demonstrated in the “Data
availability” section of this paper. Online formats offer the
opportunity for causal experiments — do different hazard vari-
ables make a user more (or less) likely to seek vulnerability
reduction measures? How do different presentations of un-
certainty in mapped data influence end users’ desire to seek
further information? These questions could be answered with
so-called “A/B” testing, where subjects are presented dif-
ferent web pages and their interactions on the web site are
recorded. Our current knowledge of flood mapping prefer-
ences and hazard perceptions is based upon empirical stud-
ies with relatively small samples (Kellens et al., 2013). What
can “big data” tell us about how end users respond to, and
interact with, flood hazard data?

While online information systems offer avenues for new
research, they also provide a medium for presenting an ex-
panded portfolio of hazard maps. Relative to the EU and Aus-
tralia, flood mapping practice in the US has the greatest op-
portunity for expansion. Funding for flood mapping in the US
remains limited (Traver, 2014); however, it is relatively inex-
pensive to produce additional mapping products from models
that are already used to produce flood insurance rate maps.
Furthermore, the availability of free 2-D hydraulic model-
ing software (HEC-RAS 5.0) and increasing abundance of
metric resolution topographic data provide practitioners with
the means to produce flood hazard data that were previously
cost-prohibitive (Sanders, 2017). While flood mapping meth-
ods and data continue to improve, additional criteria must
also be addressed to provide decision-makers and citizens
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with actionable information. To be actionable, map informa-
tion must help decision-makers (1) understand vulnerability
of properties from flooding and (2) select actions that miti-
gate or reduce this vulnerability (Demeritt and Nobert, 2014;
McNutt, 2016; Feldman et al., 2008). By fully utilizing flood
modeling technologies and developing innovative commu-
nication strategies, flood hazard maps can more effectively
support first responders, natural resource managers, and lo-
cal residents with the information necessary to manage and
respond to flood hazards.
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Data availability. The University of California’s guidelines for
maintaining the privacy and confidentiality of human subjects
state that data obtained from human subjects should only be
accessible on a “need to know” and “minimum necessary” basis.
Thus, the transcripts of focus groups conducted in this study
are not publicly available. If an interested researcher wishes
to review transcripts, please contact the corresponding author
with (1) data requests and (2) reasoning for requesting the data.
All of the hazard maps (and several not presented herein) are
available to view on an interactive system found here: Flood-
RISE (2017). Tijuana River valley Flood Hazards. University of
California, Irvine (https://bit.ly/floodrise_TRV) FloodRISE (2017).
Los Laureles Flood Hazards. University of California, Irvine
(https://bit.ly/floodrise_GC). Data that were used to create the
hazard maps includes elevation, streamflow, ocean water level,
and precipitation data. The elevation data are held by the County
of San Diego and could be made available via requests to the
corresponding author. The streamflow, water level, and precipi-
tation data are available here: International Boundary and Water
Commission (1960-2006). Flow of the Colorado River and other
Western Boundary Streams and Related Data. Department of
State, USA (https://ibwc.gov/Water_Data/water_bulletins.html).
National Oceanic and Atmospheric Administration (1924—
2008). Observed Water Levels at 9410230, La Jolla,
CA. Department of Commerce, USA (https://www.
tidesandcurrents.noaa.gov/waterlevels.html?id=9410230). De-
partment of Public Works, Flood Control Section (2003).
San Diego County Hydrology Manual. County of San Diego
(http://www.sandiegocounty.gov/content/dam/sdc/dpw/FLOOD _

CONTROL/floodcontroldocuments/hydro-hydrologymanual.pdf).
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Appendix A: Flood hazard mapping methodology

The flood hazard maps presented in this study resulted from
three distinct tasks: flood frequency analysis (FFA), hydro-
logic and hydraulic modeling, and post-processing of model
output. Generally speaking, FFA estimates the recurrence in-
terval of rare flooding events, while hydrologic and hydraulic
modeling predicts the hazards associated with simulated
floods (depths, velocities, extents, etc.). In this study, post-
processing methods are used to combine the results of multi-
ple simulations onto a single map. The following sections
outline our FFA, hydraulic modeling, and post-processing
methods so that the interested modeler can produce the haz-
ard maps presented herein.

Al Flood frequency analysis

FFA is complicated in the coastal zone due to the multiple
causes or “drivers” of flooding. In this study, we mapped
flooding caused by extreme ocean levels, streamflow from
the Tijuana (TJ) River, and precipitation over Los Laureles
and Smuggler’s Gulch watersheds (Fig. 1). The presence of
multiple flood drivers often warrants a multivariate approach
for FFA (Salvadori and De Michele, 2013). Under this ap-
proach, multivariate extreme value analysis (EVA) is used
to estimate the probability of scenarios where multiple ex-
tremes occur simultaneously. However, we did not conduct
multivariate EVA in this study because of the low correlation
between flood drivers and the lack of emergent flood hazards
caused by the joint occurrence of extremes.

Table A1 presents the Pearson’s correlation coefficient ma-
trix between the flood drivers considered herein. The rela-
tively low correlation is somewhat surprising but understand-
able. Extended periods of above average rainfall in the upper
TJ River watershed cause large streamflow events, whereas
relatively short-lived coastal storm systems can elevate ocean
water levels and lead to intense precipitation. The low corre-
lation between flood drivers demonstrates that the simultane-
ous occurrence of extreme events would be especially rare.
Perhaps more importantly, hydraulic model sensitivity anal-
ysis revealed that predicted flood depths, extents, and veloci-
ties are insensitive to the joint occurrence of extremes in this
system. For example, flood depths predicted by the hydraulic
model are not sensitive to the downstream ocean level during
large TJ River floods. The lack of “sufficient” correlation be-
tween drivers and the hydraulic model’s insensitivity to the
joint occurrence of extremes allows us to consider the flood
drivers independently and use univariate EVA for frequency
analysis.

Al.1 Tijuana River flood frequency analysis
FFA of TJ River flows was based on a Pearson type III (PIII)

distribution fitted to the historic record of log-transformed
annual maximum discharges. This approach is consistent
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Table A1. Pearson’s correlation coefficient matrix between the three
drivers of flooding considered in this study. The numeric values in
the table describe the correlation between the variables in the row
and column headings. Correlation coefficients were determined us-
ing de-trended tide gage data at La Jolla (NOAA station 9410230),
precipitation measurements from the San Diego International Air-
port (NOAA network ID GHCND:USW00023188), and TJ River
streamflow measurements at the US—-MX border recorded by the
International Boundary and Water Commission.

Ocean TJstream Precipitation
level flow (24 h sum)

(daily (daily

mean) mean)
Ocean level (daily mean) 1 0.12 0.21
TJ Streamflow (daily mean) 0.12 1 0.17
Precipitation (24 h sum) 0.21 0.17 1

with the recommended FFA methodology in the US (Hydrol-
ogy Subcommittee, 1982). The data record originated from
TJ River flow measurements at the US-MX border reported
by the International Boundary and Water Commission. To
infer the parameters of the PIII distribution, we used the
Bayesian parameter estimation technique described by Luke
et al. (2017), where an informative prior was used to incor-
porate regional information about the skewness of the PIII
distribution. For the TJ River, parameter estimation was com-
plicated by signs of nonstationarity in the historic record, or
time variant statistical properties of the annual maximum dis-
charge data.

Figure Ala shows the full data record at the US-MX bor-
der. At the time of this study, data were not available af-
ter 2006. The black line in Fig. Ala denotes the year when
the TJ River channelization was completed, which appeared
to alter the mean and standard deviation of the flood peaks.
Indeed, the pre-channelization distribution is different from
the post-channelization distribution at the 0.05 significance
level according to the two-sample Kolmogorov—Smirnov test
(Massey Jr., 1951). Due to the apparent change in the distri-
bution of flood peaks following channelization, we did not
use data prior to 1979 for estimation of the PIII parameters.
The choice to omit data prior to channelization creates a rel-
atively small sample size for parameter estimation and leads
to large variance in the estimated return periods (Fig. Alb).
Assuming stationarity following the channelization, the re-
turn periods in Fig. Alb are simply the inverse of the annual
exceedance probabilities associated with the return levels on
the y axis. If the pre-channelization flood peaks are included
in the frequency analysis, we risk bias in the parameter esti-
mates and resulting return periods.

Notice also that the empirical frequency curve shown in
Fig. Alb appears to change shape near the 5-year return pe-
riod level. We attribute this to the considerable influence of
upstream reservoirs on large TJ River flows. Spillway dis-
charges occurred during four of the annual maximum events
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Figure Al. (a) Annual maximum discharge record of the TJ River. Only flood peaks post-channelization were used for PIII parameter
inference. (b) Flood frequency estimates derived from the PIII distribution fitted to the log-transformed discharge data from 1979 to 2006.

Notice the large variance in flood frequency estimates.

from 1979 to 2006 but did not affect the majority of the
relatively small, runoff-driven annual maximum events. The
various flood generating mechanisms and the change in the
shape of the empirical frequency curve both indicate that the
distribution of flood peaks is not the same for small and large
annual maximum events. This causes a poor fit of the PIII
distribution to the data in the modern period of record and
creates even more variance in the frequency estimates. It is
unlikely that the variance can be significantly reduced with-
out expanding the sample size through watershed modeling
and simulation of peak flows, which was outside the scope of
this study. It is very important to note that exceedance prob-
abilities and corresponding frequency estimates based on the
historic TJ River discharges alone are unavoidably uncertain.

Al.2 Extreme ocean level frequency analysis

Extreme ocean levels near the TRV also showed signs of non-
stationarity in the historic data record. Figure A2a shows the
annual maximum compared to the annual mean ocean lev-
els recorded at the La Jolla tide gage in CA, US. There is
a statistically significant trend in both the annual maximum
and mean data at the 0.05 significance level, according to the
Mann—-Kendall trend test for monotonic trends (Mann, 1945;
Kendall, 1976). The persistent trend in ocean levels is not
surprising; however it does complicate EVA. In this study,
we explicitly modeled the change in extreme ocean levels
using a nonstationary, generalized extreme value (GEV) dis-
tribution:

X ~GEV (u,0,8), (A1)

where the random variable X is the annual maximum ocean
level, and o and & denote the scale and shape parameter of
the GEV distribution, respectively. The time-variant location
parameter, [, is formulated as a function of changes in mean
sea level,
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e = AMSL, + o, (A2)

where AMSL, is the change in annual mean sea level rela-
tive to the mean during the 1983-2001 tidal epoch, and wu,, is
a constant offset between the location of the GEV distribu-
tion and mean sea level. This model was proposed by Obey-
sekera and Park (2012) to provide a method for synthesizing
extreme value statistics with sea level rise scenarios. We es-
timated the parameters of the GEV model using Bayesian
parameter inference, again with an informative prior on the
shape parameter, £. The prior on & was specified as a nor-
mal distribution centered at the La Jolla gage estimate of &
reported by Zervas (2013). Following parameter estimation,
exceedance probabilities of extreme ocean levels are esti-
mated as a function of change in mean sea level.

Figure A2b shows extreme water levels versus exceedance
probabilities obtained from the fitted GEV model in the
year 2015. Notice that along the x axis, we no longer use
return periods to describe the frequency of extreme ocean
levels. The common definition of a return period relies on the
assumption that exceedance probabilities are time-invariant,
which is very unlikely due to anticipated changes in future
mean sea level. For our hazard mapping purposes, we used
the nonstationary model to estimate the exceedance proba-
bilities of extreme ocean levels associated with present-day
mean (2015) sea level. The fitted model could also be used to
estimate exceedance probabilities associated with future sea
levels by using sea level rise projections to define AMSL,,.

Al1.3 Precipitation frequency analysis

Precipitation frequency estimates over the Los Laureles and
Smuggler’s Gulch catchments were obtained from isopluvial
maps reported by Sholders (2003). The isopluvial maps pro-
vide 6 and 24 h rainfall depths associated with different re-
turn periods. Rainfall depth and frequency estimates were
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Figure A2. (a) Annual maximum ocean levels compared to annual mean ocean levels recorded at the La Jolla tide gage in CA, USA. The
black line shows the fitted nonstationary GEV distribution during the year 2015. (b) Exceedance probabilities of extreme ocean levels derived
from the 2015 GEV distribution. We do not show return periods on the x axis because exceedance probabilities are expected to change as

mean sea level increases.

taken from the isopluvial lines nearest to Smuggler’s Gulch
and Los Laureles catchments. To summarize and conclude
the results of our frequency analysis, Table A2 includes the
magnitude (return level) and exceedance probabilities for the
three drivers of flooding considered herein. The values in Ta-
ble A2 were used as model forcing for the hydrologic and
hydraulic modeling.

A2 Hydrologic and hydraulic modeling

In this study, hydrologic modeling was conducted to trans-
form the precipitation totals over the Los Laureles and Smug-
gler’s Gulch catchments (hereafter “the catchments”) into
flood hydrographs for input to the hydraulic models. Two
hydraulic models were developed in this study: one cover-
ing the spatial extent of the Los Laureles Catchment, and the
other including the Tijuana River valley.

A2.1 Hydrologic modeling

The hydrologic models for the catchments were developed
using (1) the Soil Conservation Service (SCS) curve num-
ber method to characterize precipitation losses from inter-
ception and infiltration (Ponce and Hawkins, 1996), (2) the
SCS unit hydrograph method to transform excess precipita-
tion into a hydrograph (NRCS, 1985), and (3) a 24 h nested
storm hyetograph (based on the totals in Table A2) to de-
fine the rainfall distribution within the 24 h simulation (Sh-
olders, 2003). The channel flow within the catchments was
routed between sub-basins using the kinematic wave model
described by USACE (2000). Watershed areas, channel ge-
ometries, and basin slopes were estimated from a digital ele-
vation model (DEM) with a 0.76 m (2.5 ft) horizontal resolu-
tion and a 7.6 cm vertical root mean square error, which orig-
inated from a 2014 lidar survey conducted by the County of
San Diego. Curve numbers were defined based on land use
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Table A2. Most likely estimates of exceedance probabilities asso-
ciated with extreme ocean levels, TJ streamflow, and precipitation.
These values were used as boundary conditions for the hydrologic
and hydraulic modeling.

Annual Ocean TJ stream Precipitation
exceedance level flow (24 h sum, mm)
probability  (m, NAVD88)  (m3s~1)

(2015)

0.01 242 2333 101.6
0.02 2.40 1420 88.9
0.05 2.38 688 81.3
0.10 2.36 369 63.5
0.20 2.34 178 50.8

data from the University of Arizona Remote Sensing Cen-
ter and literature values from USACE (2000). Unfortunately,
flow measurements within or at the catchment outlets were
not available at the time of the study, so hydrologic model
calibration was not possible.

A2.2 Los Laureles hydraulic model

Flows in Los Laureles were routed using BreZo (Sanders
et al., 2010; Kim et al., 2014), which solves the shallow-
water equations using a 2-D finite-volume scheme optimized
for applications involving natural topography. BreZo oper-
ates on an unstructured grid of triangular or quadrilateral
cells, which allows for variable mesh resolution and geome-
tries throughout the modeling domain. The Los Laureles
modeling domain covers the entire area of the Los Laureles
watershed (Fig. 1), with an average cell area of 13.4 m”. The
Los Laureles mesh was generated using Gmsh (Geuzaine
and Remacle, 2009) to create a structured, quadrilateral grid
along channels and a mixed mesh of triangular and quadri-
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lateral cells in the floodplain. The structured, quadrilateral
portion of the mesh was aligned with trapezoidal channels
and small gutters along streets within Los Laureles. We used
GPS measurements of channel bank and bottom elevations
to define the elevation of mesh nodes aligned with channels.
Mesh node elevations within the floodplain were based on
the DEM from the 2014 lidar survey. Resistance was charac-
terized using spatially varying Manning’s n values, where a
value of 0.015sm(~1/3 was used for concrete surfaces, and
0.035sm1/3 was used for natural areas of the floodplain.
Again, no flow or stage measurements existed within Los
Laureles at the time of the study, so the hydraulic model is
un-calibrated.

A2.3 Tijuana River valley hydraulic model

Tijuana River valley (TRV) flows were also routed using
BreZo (Sanders et al., 2010; Kim et al., 2014). The TRV
mesh was generated using Triangle (Shewchuk, 1996), re-
sulting in a triangular mesh of variable resolution through-
out the modeling domain. The mesh domain is bounded by
the Pacific Ocean to the west, Imperial Beach to the north,
and the elevated terrain near the US—-MX border to the south
(Fig. 1). Mesh edges were aligned with the TJ River chan-
nel banks and small levee systems found within the TRV.
The resolution of the mesh is highly variable; cells overlap-
ping small channels in the estuary were assigned an area of
36 m?, whereas relatively homogeneous regions in the flood-
plain were assigned a cell area of 100 m?. Mesh node ele-
vations within the floodplain were also based on the DEM
from the 2014 lidar survey. Flow resistance was character-
ized using spatially varying Manning’s n values, where the
Manning’s n value was determined based on land use data.
Values ranged from 0.011 s m‘~!/3 for the TJ River channel
to 0.1 sm~1/3 for densely vegetated, riparian areas.

The TRV hydraulic model was validated using obser-
vations of water surface elevations in the estuary and the
TJ River at the US-MX border. Observations of estuary wa-
ter levels and TJ River stage were obtained from the Na-
tional Estuarine Research Reserve System and the Interna-
tional Boundary and Water Commission, respectively. In the
TJ River channel, comparison of modeled stage to observed
stage yielded a root mean square error of 0.25 m for TJ river
flow rates of 0-1040 m? s~!. The error in modeled water sur-
face elevations is most likely due differences in the sediment
level in the TJ channel between the observed and modeled
events. To validate the downstream region of the TRV model,
we simulated a 2-week tidal cycle at the ocean boundary
and compared modeled water surface elevations to those ob-
served during the same 2-week period. Over the 2-week pe-
riod, the root mean square error between observed and mod-
eled water surface elevations was 0.07 m. The error in mod-
eled water surface elevations in the estuary is within the error
of the topographic data. Thus, the TRV hydraulic model ac-
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curately reproduces water surface elevations for both riverine
and tidal forcing.

A2.4 Hydraulic model forcing

Developing hydraulic modeling scenarios appropriate for
hazard mapping requires careful consideration. For the TRV
hydraulic model, the presence of multiple flood drivers com-
plicates the development of scenarios that represent the ex-
ceedance probabilities in Table A2. This is not an issue for
the Los Laureles hydraulic model, since only one driver of
flooding was considered in Los Laureles. From a hazard
mapping perspective, the challenge in Los Laureles is cou-
pling the hydrologic model with the hydraulic model. Our
approaches for addressing both of these issues are outlined
in this section.

In this study, the Los Laureles hydraulic model was cou-
pled with the hydrologic model differently before and after
end user focus groups. Prior to the end user focus groups, the
hydrographs generated by the hydrologic model described in
Sect. A2 were input to the Los Laureles hydraulic model as
point sources of discharge at the sub-watershed outlets within
the hydrologic modeling domain. Under this approach, all ef-
fective runoff reaches the storm-water channels without ex-
plicit flow routing in the out-of-bank areas. As discussed in
Sect. 5.3, this is not ideal for hazard mapping because only
areas susceptible to channel overtopping appear on the haz-
ard map. After end user focus groups, we added the effective
precipitation directly to the 2-D modeling grid. Since the 2-
D modeling grid covers the entire Los Laureles catchment
area, there was no need to add fluvial discharges to the mod-
eling domain using boundary conditions or point sources. We
used the SCS curve number method to estimate the effec-
tive precipitation from the rainfall hyetographs, where each
2-D model cell was assigned a curve number based on land
use. The effective rainfall hyetographs were added to the 2-D
grid as a spatially distributed source of discharge. Flow was
routed for partially wet cells using kinematic wave theory
with the friction slope approximated using Manning’s equa-
tion, whereas flow was routed using the 2-D shallow-water
equations for fully wetted cells. Explicit routing of overland
flow results in the hazard maps similar to those shown in
Fig. 7, which we consider more useful based upon the results
of our end user focus groups.

To address the issue of multiple flood drivers in the TRV,
we simulated the extreme conditions of each driver sepa-
rately with the TRV hydraulic model. It is important to note
that if multiple extremes are modeled simultaneously, for ex-
ample a scenario where an abnormal ocean level coincides
with an extreme TJ River flood, the resulting flood hazard
would not be associated with the exceedance probabilities of
the individual events. Thus, during the TJ River flood simula-
tions, the downstream (ocean) boundary conditions were de-
fined as mean-tidal cycles, and the flows from the catchments
were set to zero. To define the TJ River flow hydrographs,
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we scaled the hydrograph associated with the 1980 flood to
the peak discharges in Table A2. These scaled hydrographs
served as boundary conditions at the upstream boundary of
the modeling domain. The resulting TJ river flood hazards
predicted by the hydraulic model are associated with the
exceedance probabilities defined in Table A2. The extreme
ocean level simulations were developed using the same rea-
soning. An average 12 h tidal cycle was scaled to the extreme
ocean levels in Table A2 to define the ocean boundary of
the model. During the extreme ocean level simulations, flows
from the catchments and the TJ River were set to zero. Lastly,
for the extreme precipitation scenarios, the hydrographs pre-
dicted by the hydrologic model associated with the rainfall
events in Table A2 were input as point sources to the hy-
draulic model at the catchment outlets (Fig. 1). During these
simulations, the ocean boundary conditions were defined as
mean-tidal cycles, while the flows from the TJ River were set
to zero. This approach results in an ensemble of hydraulic
model output that is a function of (1) exceedance probability
and (2) flood drivers. We combined the results of these sim-
ulations into hazard maps using probability rules and post-
processing techniques.

A3 Post-processing methods

For each hydraulic model simulation, we saved the cell-
centered maximum flood depths, unit discharges, depth-
averaged shear stresses, and durations of depth greater than
0.11 m. These “hazard variables”, denoted collectively as H,
were processed following simulation to produce the various
hazard maps. To create a continuous raster surface from the
discrete H values of the hydraulic model cell centers, we
used an inverse distance weighted interpolation scheme. The
continuous raster surfaces are the mapped hazard data shown
in this study. The Los Laureles hazard maps of H required
no further post-processing, since only one driver was consid-
ered. However, for the TRV hazard maps, we contoured the
maximum value between the three different drivers of flood-
ing,

H; :max({HiA, HE, Hic}), (A3)
where H; is the mapped hazard value at raster surface lo-
cation i, and the superscripts A, B, and C denote H values
resulting from extreme ocean level, TJ river flow, and ex-
treme precipitation simulations, respectively. HiA, Hl.B, and
Hl.C are associated with the same exceedance probabilities
when combined in this manner. The TRV hazard maps there-
fore depict flood hazards with specific exceedance probabil-
ities resulting from either driver of flooding considered, de-
pending on location within the TRV.
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Figure A3. Illustration of methodology for mapping the exceedance
probability of a hazard threshold from multiple flood drivers.
(a) Raster of PiA values for generic flood driver, A. (b) Raster of
PiB values for generic flood driver, B. (¢) Raster of PZ.C values for
generic flood driver, C. (d) Exceedance probability raster of IP; val-
ues resulting from flood driver A, B, or C.

The maps contouring the exceedance probabilities of spe-
cific flood hazard thresholds required additional processing.
First, raster surfaces of exceedance probability P; were cre-
ated for each flood driver considered. Given a set of hydraulic
model output corresponding to n exceedance probabilities,
p1, P2, --- DPn, the exceedance probability at raster loca-
tion i is given by the largest value of p for which the haz-
ard level H; exceeds a prescribed threshold. To account for
the three drivers of flooding in TRV, three probability rasters
surfaces were computed: PiA, Pl.B and Pl.C, which denote the
probability of exceeding the hazard threshold from extreme
ocean levels, TJ river floods, and extreme precipitation, re-
spectively. Next, based on the assumption of independence
between drivers, the mapped probability is given by

P; =P+ PP+ PC - P} PP - P PC—PP.PC

—pA.pE.pC, (A4)
where PP; is the exceedance probability of the hazard thresh-
old at location i resulting from all drivers of flooding consid-
ered. In Los Laureles, P; = Pl.c since only flooding caused
by extreme precipitation was simulated. Notice that Eq. (A4)
results from probability addition rules of three independent
events, and could be expanded or contracted depending on
the number of flood drivers considered. Figure A3 illustrates
this mapping methodology.
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