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Abstract: Hydrological extremes associated with climate change are becoming an increasing concern
all over the world. Frequent flooding, one of the extremes, needs to be analyzed while considering
climate change to mitigate flood risk. This study forecast streamflow and evaluate risk of flooding
in the Neuse River, North Carolina considering future climatic scenarios, and comparing them
with an existing Federal Emergency Management Agency study. The cumulative distribution
function transformation method was adopted for bias correction to reduce the uncertainty present
in the Coupled Model Intercomparison Project Phase 6 (CMIP6) streamflow data. To calculate
100-year and 500-year flood discharges, the Generalized Extreme Value (L-Moment) was utilized on
bias-corrected multimodel ensemble data with different climate projections. Out of all projections,
shared socio-economic pathways (SSP5-8.5) exhibited the maximum design streamflow, which was
routed through a hydraulic model, the Hydrological Engineering Center’s River Analysis System
(HEC-RAS), to generate flood inundation and risk maps. The result indicates an increase in flood
inundation extent compared to the existing study, depicting a higher flood hazard and risk in
the future. This study highlights the importance of forecasting future flood risk and utilizing the
projected climate data to obtain essential information to determine effective strategic plans for future
floodplain management.
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1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC) report, climate change has
triggered extreme hydrologic events that are having adverse effect on the hydrological cycle and human
livelihoods all over the world [1]. In addition, climate change plays a vital role in the ecosystem shift,
leading to an increase in global warming [2,3]. Moreover, greenhouse gas emissions (GHG), induced by
anthropogenic factors, are escalating the rate of global warming. If the rate of GHG emissions continues
to increase at the same rate as today, others predict global warming to increase from 1.5 to 2 °C by
2052 [1]. The rising trend in global warming maximizes the evaporation rate of surface water and soil
moisture that will affect the amount of precipitation all around the globe [4]. This type of alteration in
the hydrologic cycle will affect the runoff and availability of both the surface and subsurface water,
which eventually impacts river streamflow [5]. Furthermore, the regional precipitation trend will
be affected by the patterns of ocean currents and wind, which will ultimately result in a change in
streamflow. Subsequently, high flows and low flows i.e., floods and droughts, are likely to occur more
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frequently across the globe with increased intensity [6-8]. These increases in both high and low flow
extremes have already occurred in some parts of the world and are making societal infrastructure
more sensitive to climate change [3]. Moreover, extreme events are more frequent these days and are
anticipated to continue at the same frequency or even faster in the future.

Flooding is one of the most frequently occurring natural hazards in the world, along with droughts
and heatwaves [7,8]. Due to the changing intensity and frequency of extreme rainfall, different
parts of the world are facing deadly flood events causing a significant loss of life and property [9].
Some studies [7,10] analyze the potential impact of climate change and flood risk on a global scale,
where they discuss the change in flood frequency and its impact on population centers in different parts
of the world. In the United States, various studies [11-13] evaluated the change in regional streamflow
due to the changes in climate. Arnell et al. [14] showed that the alterations in annual precipitation
distribution in North Carolina (NC) with the warming climate might increase extreme flooding events
and water quality problems in the future. Moreover, global warming is a threatening issue for a coastal
state like NC. As per the IPCC [1], rising sea levels due to global climate change pose a high risk for
coastal communities and low-lying areas, as there will be a higher possibility of consequences such as
high tides, storms, and flooding. Johnson et al. [12] predicted, under different future climate change
scenarios, that the Neuse River Basin (NRB) in NC will experience an increase in streamflow due to the
increase in rainfall intensity. In recent years, NRB has endured deadly flood hazards due to heavy
rainfalls resulted in from hurricanes Matthew in 2016 and Florence in 2018. Hall [15] estimated annual
losses of USD 54 billion across the United States due to the extreme flooding events induced by the
hurricane and tropical storms [15]. The National Flood Insurance Program was established in the
United States in 1968 and managed by the Federal Emergency Management Agency (FEMA) to provide
quick response to reduce the impact of flooding. Flood mapping is one of many programs organized
by FEMA in various areas that are more vulnerable to flooding in the USA. FEMA utilizes software
such as the HEC-RAS, to perform one-dimensional (1D) hydraulic modeling for the generation of flood
inundation maps, which can also be used for flood risk analysis and insurance programs [16].

HEC-RAS, a hydraulic analysis program, was developed by the US Army Corps of Engineers in 1995
to work in a network that would support multi-user and multi-tasking environments. HEC-RAS helps
to simulate water surface profiles for steady and unsteady flow, water quality analysis, and sediment
transport computation, utilizing a graphical User Interface for interaction with the system [17,18].
Additionally, using the RAS Mapper, HEC-RAS can generate inundation maps and analyze flood
patterns. The outcome of HEC-RAS simulation can be used for floodplain mapping, management, and
insurance studies. Many researchers have applied the HEC-RAS 1D steady analysis for the simulation
of a floodplain flows [19-23]. Some researchers extended the study to the hazard, vulnerability, and risk
assessment of floodplains using geographic information systems, concluding that this is an important
step for flood risk management [24-28]. Tingsanchali and Karim [25] deduced that the impact of
future flooding could be identified using a risk assessment to mitigate human losses and attenuate
economic as well as environmental losses. Thus, flood hazards, vulnerability, and risk assessments
provide a framework for the management of flood risk. Furthermore, Noren et al. [29] suggested that
a risk assessment is a vital step in effective flood risk management for a sustainable livelihood and
agricultural system management. The risk zone maps can be used as source information to prepare
emergency response plans, flood management and prevention programs, and infrastructure design.
The current study provides risk analysis and mapping to improve early responses to future floods.

The Coupled Model Intercomparison Project (CMIP) was started in 1995 under the World Climate
Research Program to evaluate the change in the climate from past to future in the multimodel context
alongside the change in radioactive forcing and natural, unforced variability [30,31]. The CMIP helps
researchers and policymakers to access the impact of climate change on hydro-climatological variables
such as precipitation, temperature, and streamflow using different climate projections [31]. In the sixth
phase of CMIP, CMIP6, climate projections were driven by scenarios based on shared socio-economic
pathways (SSP). The SSPs are updated and revised versions of representative concentration pathways
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(RCPs) [32], which include anthropogenic drivers such as future emissions and land use, along with
socio-economic development [33,34]. Hence, in ScenarioMIP, the primary activity of CMIP6, updated
scenarios share a matrix of SSP and RCPs as an SSPy.y, in which x represents the specific SSP and y
represents the forcing pathways from RCP. In CMIP6 climate models, based on the observation data,
and historical Atmosphere—Ocean Coupled General Circulation Model (AOGCM) data obtained from
different global climate models (GCMs) used future climate projections for different scenarios [32].
GCMs provide the resources to understand potential changes in regional and global climates [35-37].
Since the ensemble climate projection data improve the uncertainty and model biases, the literature
recommends that there are at least two or more GCMs and multi-members of the GCMs for a
multimodel ensemble to investigate the impact of future extremes [38—-42]. Different GCMs were
utilized by numerous studies [6,7,43] to discuss the various climate change simulations, considering
the extreme daily precipitation and temperature. However, there are limited studies [8,11,44] related
to the future projection of streamflow. For different recurrence intervals, the future streamflow was
estimated in the current study utilizing CMIP6 streamflow projections from multiple GCMs.

GCMs of different climate projections encompass different systematic error and uncertainty factors
called biases, which need to be corrected to rectify the over- or underestimated results [43,45,46].
Different studies have suggested different bias correction techniques to maintain consistency in future
projection and reduce the error in GCMs outputs that would help to analyze the impact of climate
change [47-53]. A cumulative distribution function- transformation (CDF-t) bias correction technique
was developed by Michelangeli as the extension of quantile-matching that directly deals with and
provide CDFs [50,51]. The theory of CDF-t assumes that the translation of CDF of GCMs variables is
only possible where the transformation function exists [52]. It was utilized by many researchers to
effectively reduce the bias for the given large-scale future hydroclimatic data [50-53]. Furthermore,
Yuan and Wood [54] concluded that bias correction of streamflow was more efficient and reliable
for ensemble forecasts. In the current study, bias-corrected multimodel GCMs is employed for the
evaluation of peak discharge events.

Among the different probability distributions in the past studies [44,55-58], Generalized Extreme
Value (GEV) was considered as a more efficient and better fit for the streamflow distribution. GEV is
also used as a statistical best fit distribution to predict future extremes, especially hydroclimatic
extremes by several researchers [55,59]. GEV is a parametric distribution, which utilizes shape, location,
and scale parameters to find the cumulative probability for the given event [60]. Previous studies by
Hosking and Wallis [60,61] suggested L-moment as one of the methods that was widely used for the
estimation of the three parameters used in this distribution. GEV is commonly used in the streamflow
distribution of the humid subtropical regions [59,62-64]. Additionally, in the current study, GEV was
employed for the estimation of design flows at different recurrence intervals. The study methodology
further uses the peak annual streamflow obtained from GEV to predict future streamflow. This study
also utilized the quantified flows in the hydraulic model simulation. The hydraulic simulation is used
to forecast the extent of the floodplains in the future climate, which is further used for the future flood
risk assessment.

The objective of the current study is to forecast the future design discharge and floodplain
inundation extent to access the future flood risk imposed upon the Neuse River in NC. The novelty of
the study is forecasting the extent of the floodplain and assessment of the risk of the flooding in future
climate using the streamflow projection data, that are made available under CMIP6. This study also
compared the future and existing FEMA flooding scenarios with the calculated future design discharge
to understand the increased severity of flooding in future years. Two design discharges, a 100-year
return period and a 500-year return period were used in the 1D hydraulic modeling simulation using
HEC-RAS to produce flood inundation maps. Moreover, this study evaluates the difference in the
extent of historic flooding with the projected future flooding under the changing climate. The hazard
assessment and vulnerability assessment were employed to analyze the anticipated flood risk and help
shed light on the severity of risk within the study area. Finally, the risk zone mapping was performed
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using the projected design discharges. The result obtained from this research might be beneficial for
responding to the following questions:

(a) What would be the impact of climate change on future streamflow, and how will it affect the
flood frequency?

(b) Under the projected design discharge, what would be the future change in flood extent
and patterns?

(c) By what times would the future flood risk increase under the climate change scenarios compared
to existing FEMA scenario?

This study forecasted the future floodplain inundation area. It assessed the future flood risk
to determine the extent of flood-affected urban and agricultural areas due to increasing streamflow.
The outcome of this study will enable policymakers to employ better water resources management
measures and lower the risk under the future climate.

2. Study Area and Data Used

2.1. Study Area

The study area was selected in a reach of Neuse River that originates from the confluence Eno
and Flat River at Durham County, NC. The Neuse River flows toward the southeast United States
in between the piedmont and Pamlico Sound [65,66]. The study reach is 32 km long, and extends
from a latitude and longitude of 35.23° N, 77.77° W at the river’s upstream with an elevation of
10.73 m to latitude and longitude of 35.25° N, 77.58° W at the river’s downstream with an elevation of
4.15 m. The United States geological survey (USGS) gauge station at Neuse River, Kinston (Station ID
02089500) is located 1.2 km upstream from the downstream end of the study reach at the elevation of
3.3 m above NGVD29. The agricultural land, residential area, and wetlands dominate the study reach.
The city of Kinston is the principal city within the study area, as shown in Figure 1a,b. This city has
experienced numerous flooding events in the past due to extreme rainfall. The study area is a humid
subtropical climate with the highest temperature in July and maximum rainfall in September with
the average annual precipitation of 1235.96 mm [67]. In the past, this region suffered many extreme
flood events due to higher category hurricanes such as hurricane Hazel, Fran, Floyd, and Matthews.
Recently, in 2018 hurricane Florence made a devastating impact in the city of Kinston due to storm
surge with a record-breaking gage height for that area along with landfall in a different area of NC [68].
The selected reach, Neuse River, along with the city of Kinston, is located in Lenoir County, NC, as
shown in Figure 1b. This study used the existing information of the study area from a FEMA flood
insurance study (FIS) report [69], hereafter referred to as FFR within this article. Figure 1c shows the
digital elevation map (DEM) with the elevation information of the study reach along with the FFR
assigned cross-sections.
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Figure 1. Study area: (a) States boundaries outlining counties of North Carolina (NC) including
Kinston City, (b) Lenoir county showing the Kinston City at downstream of the study reach, (c) existing
information of the study area from a FEMA flood insurance study (FIS) report (FFR) cross-sections and
their labels along with their elevation.

2.2. Dataset

Using single GCM can have more uncertainties in the results [49], so this study utilizes scenarios
of CMIP6 consisting of two or more GCMs. Specifically, this study uses four scenarios among
twelve available scenarios. Eight scenarios were eliminated due to having only one GCM, and
daily streamflow data from selected scenarios are used to evaluate the peak streamflow of the study
reach. In CMIP6-AOGCMs, three GCMs for the historic year were available with several climatic
projections which were obtained from the model institute named Centre National de Recherches
Meteorologiques/Centre Europeen de Recherche et Formation Avancees en Calcul Scientifique
(CNRM-CERFACS). A long modeling period from 1950 to 2014 is taken as a historic period. For future
streamflow datasets, four different scenariosi.e., SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, each having
two different GCMs from 2036 to 2100 are utilized to access the impact of a hydroclimatic variable in
future. These four different future scenarios include climate-changing anthropogenic factors, along
with the socio-economic developments [34]. Table 1 presents the scenarios used in this research along
with the number of ensemble members. The historical observation data are extracted from the USGS
gauge station 02089500, from 1950 to 2014. Also, the gridded streamflow data from CMIP6 has centroid
near this USGS gauge station.
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Table 1. Global climate models’ (GCMs’) historical and future scenarios used in the study along with
their number of ensemble members and modeling institute [70].

Model Name
Scenarios Modeling Institute
CNRM-CM6 CNRM-ESM2 CNRM-CM6-HR
Historical v (24) vV (5) V() CNRM-CFRFACS
SSP5-8.5 vV (5) vV (6) CNRM-CFRFACS
SSP3-7.0 v (5) v (6) CNRM-CFRFACS
SSP2-4.5 vV (5) V (6) CNRM-CFRFACS
SSP1-2.6 Vv (5) vV (6) CNRM-CFRFACS

The USGS national map viewer provides the DEM (https://viewernationalmap.gov/basic/). For a
model with higher accuracy, the literature suggests finer resolution DEM [23,71]. However, due to the
limitation of available data, this study used 10-m resolution DEM. Figure 1 shows the DEM of the study
reach showing the elevation along with the FFR assigned cross-sections. The land use and land cover
data were obtained from the website of Multi-Resolution Land Characteristics Consortium (MRLC) [72]
provided the land use and land cover data, which provides the Manning’s roughness coefficient of
different land use. In this study, the most recent National Land Cover Dataset (NLCD) 2016 data
were used. The location of the river cross-sections was selected in and between the cross-section
assigned by FER to aid in the calibration of the hydraulic model. Since the detail of structures like
dams, the levee location elevations were not readily available, they were not considered in this study.
Furthermore, Manning’s values were adopted from FER for the selected reach length of the Neuse River.
FEMA developed a hydraulic analysis flood along with the prediction of different year recurrence
flows. Since FEMA performs the flood frequency analysis based on a 100-year and 500-year return
period, this study followed the same course, i.e., 100-year (0.1% chance) and 500-year (0.2% chance) of
annual occurrence of flooding events. Table 2 shows the extreme streamflow discharges obtained from
FFR near Kinston City, NC for the Neuse River.

Table 2. Summary of discharge (m3/s) at USGS gage site 02089500, downstream of study reach given

by FFR [69].
Floodi Drainage 10% Annual 2% Annual 1% Annual 0.2% Annual
S(:::,lrlczg Location Area Chance Chance Chance Chance
(Sq. Km) (m3/s) (m3/s) (m3/s) (m3/s)
Approximately 1.2 km
Neuse River  upstream of the confluence of 6972.25 639.96 982.59 1146.83 1574.42
Adkin branch
3. Methods

The methods section is divided into two sub-sections. First, it explains the statistical analysis
to predict future design discharge. Secondly, it depicts a detailed guideline of hydraulic analysis to
generate the flood inundation maps and further assessment of potential hazard, vulnerability, and risk.
Figure 2 presents the steps involved in this study as the flowchart, which are further discussed below
in a sequential manner.
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Figure 2. Schematic diagram showing the sequential steps followed to analyze flood frequency, predict
the future streamflow, flow routing, floodplain mapping, and risk assessment.

3.1. Statistical Analysis

The following two sub-subsections discuss the statistical analysis involves bias correction of
CMIP6 streamflow data and quantification of the future design flows.

3.1.1. Bias Correction

The streamflow data obtained from CMIP6 consist of significant systematic biases, that requires
bias correction before further application. Moreover, before bias correction, an ensemble of GCMs
was performed for each of the scenarios, so that it would increase the robustness in predicting future
change [38,40,73]. In this study, the CDF-t method was chosen for the bias correction of multimodel
ensemble CMIP6 streamflow data [50-53]. The CDF-t method develops the relationship between
modeled and observed CDF outputs, considering the transformation function “T”, where daily
observed data were utilized [51]. The descriptive figure to describe the CDF-t methods is as shown in
Figure 3, where the modeled future (Fgf) and historical climate data (Fg;,) along with historical observed
historical data (Fg,) have been used to obtain future bias-corrected data (Fg). Figure 3 shows the Fy as
the green dotted line. The bias-corrected value of Fgj, should fall within the range of Fg,. All three
arrows, a, b, and ¢ showed the sequential steps of bias correction. Since it is impossible to plot the

“"_ 1
C

future change beyond the maximum Fg,, arrow “b” moves right toward arrow to intersect the

green dot line, which finally generates the bias-corrected data.
The following develops the series of the equation used for the bias correction starting with:

T(Fgp(x)) = Fou(x) 1

Let us consider, u = Fg,(x), that gives us x = FE}[(L{), where u € [0,1].
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Then, Equation (1) is transformed to

T(u) = Fo(Fg, (1)) b

where T represents the functional relationship between the modeled and observed CDF results
concerning the historical period.
Validating the Equation (2), the final CDF-t equation is:

Fop(x) = Fop(Fgh(Fer(x)))- 3)

Here, the functional relation is established between observed and modeled streamflow for
historical data to be utilized for future periods. Furthermore, the utilization of modeled projection and
estimating the CDF of future climate projection is performed, and hence, the bias-corrected data is
used for the prediction of future flow.

1

—Fgf ! /
0.9 |~ = Fsh ) i

—--=-Fgh ! R
0.8 Fsf ’

0.7}

0.6}

=
;Jl

Quantile

0 10 20 30 40 50 60 70 80 90 100

Discharge (m"/scc)
Figure 3. Illustrative figure showing bias correction using CDF-t methods.
3.1.2. Quantification of the Future Design Flow

After the bias correction of streamflow data, the next step is to calculate future design flow.
Annual peak streamflow is extracted from each multimodel ensemble scenario (SSP5-8.5, 3-7.0, 2-4.5,
1-2.6) for future time series of 2036 to 2100. Annual peak flow is also calculated for the observed
historical time series of 1950 to 2014, from the same USGS gauge station as an earlier step. Then GEV
probability distribution is utilized to analyze the annual maximum flow for different recurrence
intervals. The equation that was used by the GEV distribution for the annual maxima is given below.
o

. e =[x 5T i 0
GEV(x: u,0,x) = expl—exp - (FE)if k=0

(4)

In this equation, y, o, and «x are GEV parameters respectively representing the location, scale, and
shape of the data. Additionally, for shape parameter x > 0, u — 0/k <x < 00; x =0, —c0 < x < 00; k¥ <0,
—oo < x < u — o/« [58]. Using L-moments, location, scale, and shape parameters are calculated to fit
the GEV distribution. Thus, the obtained peak flows for different year return periods are utilized
for the estimation of future peak flow. Peak flow for 100 and 500-years is calculated for both climate
modeled and observed data with GEV for hydraulic analysis. After the GEV analysis, the delta change
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method (DCM) is used where the delta change factor (DCF) helps to estimate a different design flood
events for evaluation of future peak flows [44]. The main idea of using DCM is to match the currently
observed gage streamflow data and FFR streamflow data. For individual scenarios (SSP5-8.5, 3-7.0,
2-4.5,1-2.6), DCF is calculated and a scenario with higher DCF is chosen for further study. The selected
scenario with higher DCF will exhibit an increase in future design flow in its maxima. Thus, GEV
generated streamflow for 100-years and 500-year return period are multiplied by the DCF to predict
future design streamflow.

3.2. Hydraulic Modeling and Risk Assessment Classification

The hydraulic modeling is performed using the 1D steady model on of HEC-RAS (version 5.0.7).
The HEC-RAS model included a total of 95 cross-sections, including 30 existing from FFR to address
the critical points along the reach. Manning’s roughness coefficient is assigned as suggested by the
FFR. The analysis uses the FFR 100-year discharge to calibrate the model with the help of the known
water surface elevation levels (WSEL). The model performance is measured using different statistical
measures such as Nash-Sutcliffe Efficiency (NSE), Root Mean Square Error (RMSE), Coefficient of
Determination (R?), and Percent-Bias (PBIAS) [74]. After the calibration, the model is routed for the
future peak flow obtained for the “quantification of future design flow” step. Hazard and vulnerability
assessments are accounted for as the vital steps in accessing the flood risk [27]. For the hazard
assessment, different flood characteristics such as water velocity, water depth, and flood extent can
be considered as the indicators for hazard classification. This study used water depth for the hazard
assessment and attempted to classify the water depth and distinguished the hazard of that area based
on the threat posed by flooding on human life. For both extreme events, 100-year, and 500-year, four
hazard categories are generated [25,28]. Hazard class is divided into a low hazard (H;), moderate
hazard (H;), high hazard (H3), and severe hazard (Hy) class based on the critical flood depth range
from 0.8 m to 3.5 m. These hazard classes along with their description are presented in Table 3. In this
study, 0.8 m is considered as the level above the ground floor level and 3.5 m is considered as the
roof of a single-story building for residential. The human threat is set at the ease of wading at any
flooding event.

Table 3. Flood hazard classification and its description considering water depth as an indicator of the

degree of hazard.
Hazards Class Flood Depth (m) Flood Hazard Description of Hazard
Low Hazard <08 H, Poses less of a hazard to people, and on-foot

evacuation can be done.
On-foot evacuation will be difficult and adult
Moderate Hazard 0.8-1 H, evacuation will be difficult.
The infant will be at a serious threat.
Hazard inside house and evacuation only possible

High Hazard 1-3.5 Hj from the 100f.
All the structures will be underwater, evacuation from
Severe Hazard >3.5 Hy the roof will also be a threat as people may be drowned

there too.

The Floodplain area in the Neuse River is comprised of different land-use units, which are assigned
by NLCD 2016, MRLC. Based on hazard threats on the landforms, risk analysis can be done by utilizing
the vulnerability. Hence, as a part of vulnerability assessment, the landforms from NLCD 2016 are
reclassified into residential, forest, agriculture, wetlands, and water bodies. The residential area is
assigned a value of one (1) and water a value of five (5) representing the flood risk which is lower in
residential areas than in areas near the water bodies. Other classified areas such as forest, agricultural
land, and wetland were assigned with values of 2, 3, and 4 values, respectively. Table 4 and Figure 4
shows the land use reclassification along with the assigned value. Previous studies showed that
the vulnerabilities were assigned based on the projected flooding and socioeconomic conditions [24].
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This study uses vulnerabilities based on flood hazard impact and topography for both existing and
future scenarios. Furthermore, the future scenarios are comprised of socioeconomic pathways and
emission scenarios, that would better depict the threat of expanding floodplains due to climate change.
After that, a risk assessment is done by utilizing classified flood hazards due to flooding, which
evaluates the threat posed to different landforms based on floodplain depth. Therefore, the magnitude
of flood risk is reckoned as a multiplying of the flood hazard and vulnerability, which is inferred
physically by assigning values on the equal interval score- a scale from 0 to 20. Scores less than zero
are defined as risk free zones, Low Risk Zones are between 0 and 5, Moderate Risk Zones are between
5 and 10, High Risk Zones is between 10 and 15 and Severe Risk Zones are greater than 15 [26]. Then,
the risk-map for both the 100 and 500-year design flood for future scenarios is developed. The map
portrays the risk that could happen in the future in that area. Moreover, the risk map for the existing
FEMA study is also developed to compare the present risk in the study area to the risk projected in
the future.

Table 4. Reclassification of the land use data obtained from NLCD (2016) for the study area near
Kinston with their assigned value for vulnerability assessment.

Land Classification (NLCD 2016) Reclassification of Land Use Score
Developed High Intensity
Developed Low Intensity .
Developed Medium Intensity Urbanized Area !
Developed Open Space

Deciduous Forest
Evergreen Forest
Mixed Forest
Barren Land
Grassland/Herbaceous
Shrub/Scrub

Forest 2

Cultivated Crops

i d
Pasture/Hay Agricultural Lan 3

Emergent Herbaceous Wetlands

Woody Wetlands Wetlands 4

Open Water River 5

l:» ‘;.‘

Legend

- Forest l:l Agricultural Land - Wetlands
|:| Urban Land - Water Bodies

Figure 4. Reclassified NLCD map for the vulnerability assessment.
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4. Results

The results are discussed in four ensuing sections. The first section discusses the bias correction
results of GCMs obtained from CMIP6. This section also presents future flows that were calculated
using bias-corrected data. The second section highlights the simulation results of calibrated hydraulic
models that predict the extent of floodplain for different climate scenarios. The third section shows the
evaluation of floodplain using classified hazard data. The final section presents the outcomes of risk
analysis utilizing reclassified hazard and vulnerability data.

4.1. Flood Frequency Analysis and Performance of Hydraulic Modeling

This study uses daily streamflow data obtained from the climate model projection and USGS gage
station, shown in subplots (a) and (b) of Figure 5. The data shows that the range of streamflow is
increasing in the Neuse River. A total of 74 streamflow projections from 3 different GCMs of different
historical and future climate data were used for the analysis of annual peak flow. The historical data
helped to bias-correct future projections for each scenario from the multi-model ensemble GCMs.
Figure 5b shows the annual peak flows extracted from the bias-corrected daily streamflow data for each
future scenario (i.e., SSP5-8.5, 3-7.0, 2-4.5, 1-2.6). Since the study area is under the risk of catastrophic
flooding, the maximum flows are analyzed in this study. Figure 5a,b shows the range of intense flows
for future scenarios and historical data. The data in the different scenarios illustrate that the range of
flow is greater for SSP3-7.0 and SSP5-8.5, since the projected GHG emissions are at a higher level for
these scenarios in comparison to other scenarios.

For the different scenarios representing the different emission pathways, GEV-Max (L-Moments)
was utilized to evaluate the design peak flows of different recurrence intervals for different future
scenarios (2-year, 5-year, 10-year, 50-year, 100-year, 500-year). Considering the 100-year return period
flood, the historic and future scenarios, i.e., SSP1-2.6, SSP2-4.5, SSP5-8.5 were utilized for the calculation
of peak discharge, where the discharge was found to be 939.58 m3/s, 1814.93 m3/s, 1780.34 m3/s,
1917.87 m3/s, and 1921.65 m3/s, respectively. Across all four future scenarios, SSP5-8.5 generated the
maximum flows as the result of higher emission scenarios producing higher radioactive forcing (i.e.,
8.5 W m~2) by 2100. For the same scenarios, the 500-year design flow was 1283.11 m?/s, 4062.07 m3/s,
3367.09 m3/s, 3698.73 m¥/s, and 3455.40 m?/s, respectively. The DCF was calculated by utilizing the
different return period discharge from GEV and FFR for the Neuse River. All future return flows
were divided by respective discharges according to recurrence intervals from FFR to get DCF values.
Figure 5¢ shows the distribution of DCF for individual scenarios. From Figure 5¢, it was inferred that
the scenario SSP1-2.6 represents the lowest DCF, i.e., less than one, with the lowest median among
all the scenarios. Moreover, scenarios SSP1-2.6, SSP2-4.5, and SSP3-7.0 have DCF values lower than
the high emissions scenario SSP5-8.5. The increased value of DCF with increased emission scenarios
implies that higher GHG emission, land-use change, and other integrated characteristics are likely to
increase the extremes of future streamflow. The Scenario SSP5-8.5 has a higher DCF of 2.045 and 2.69
for 100-year and 500-year design floods. Later in this study, among all four scenarios, SSP5-8.5 based
100-year and 500-year design discharge are used to develop floodplain inundation maps. DCF value
implies future design flows for 100-year and 500-year return periods at 2345.52 m>/s and 4239.88 m%/s,
respectively. When comparing both the 100-year future and existing flow, the future flow is more than
two times the existing flow. Similarly, in the case of a 500-year flow, future flow is nearly three times
the existing flow. The 100-year future flow even exceeds the existing 500-year flow, demonstrating the
higher flood risk in the future.
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The 1D hydraulic model was developed and calibrated using the FFR 100-year design flood.
The comparison of observed and simulated WSEL was performed for the calibration using different
statistical parameters. Furthermore, the WSEL for all 30 existing cross-sections from the FFR was
used in the process. The Manning’s “n” used were 0.05-0.06 and 0.12—0.19 for channel and floodplain
respectively as suggested by FFR. Figure 5d shows the simulated and observed WSEL for the selected
cross-sections. Statistical measures such as NSE, RMSE, R2, and PBIAS were used to calculate the
robustness of the model by comparing the WSEL from the newly developed HEC-RAS model and
FFR. The values of NSE, RMSE, R?, and PBIAS were 0.82, 0.40, 0.98, and —2.64, respectively, and
based upon the observed and simulated data. The NSE value closer to 1 suggested that the observed
and simulated WSEL were closely fitted. Additionally, the RMSE value of 0.40 shows minimal error
regarding observed and simulated WSEL have a close fit. The obtained R? value signifies that the
observed and simulated WSEL are closely matched with minimal dispersion. The negative value of
PBIAS illustrates the overestimation of biases. All the calculated statistical parameters were within an
acceptable range and illustrated the robustness of the calibrated hydraulic model, where the predicted
WSEL can be utilized to develop a floodplain inundation map.

4.2. Flood Inundation Mapping

The calibrated hydraulic model was used to generate a flood inundation map. The model
used DCF implied SSP5-8.5 based future design discharge for 100-year and 500-year return period.
The estimated design flows are routed in the HEC-RAS model, and the floodplain inundation areas
are mapped using RAS Mapper and ArcGIS. Figure 6 shows the comparison between the floodplain
inundation extent generated using the existing FEMA flows and projected future flows. Both, 100-year
and 500-year floodplains for future flows are much larger than existing FEMA studies. The floodplain
inundation extent generated from the 100-year flood event based on future scenarios was 1.73 times
higher than the FFR 100-year floodplain inundation extent. The 500-year floodplain inundation extent
was 1.68 times higher than the existing 500-year floodplain extent given by FEMA. The increased
floodplain inundation area due to future streamflow that might put Kinston City in a more vulnerable
situation. As a coastal state, NC has plenty of low-lying areas used for agricultural purposes [23].
Those areas might be affected due to the future changing streamflow. Additionally, the selected future
scenarios, SSP5-8.5, can be used in further studies to address the significant change in streamflow
linked with climate change and socio-economic change [34]. It can make a significant difference in the
field of future flood studies and emergency flood management efforts.
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Figure 6. Comparison of flood extent map of Neuse River using the ArcMap (Version 10.7.1) between
FEMA and future scenarios for (a) 100-year and (b) 500-year return period flood events, respectively.
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Many flood characteristics were obtained as an output when performing the modeling in HEC-RAS.
When generating the floodplain inundation maps for different existing and future scenarios in the
Neuse River top width, channel velocity, and flood extent were exported and presented in Figure 7.
Figure 7 compares all the variables (top width, channel velocity, and flood extent) for the FEMA and
design discharges for the existing 30 cross-sections, acquired from the FIS report, along the reach are
shown in Figure 7. The projected future 100-year maximum channel velocity, computed as 1.17 m/s, is
higher than the maximum channel velocity. The flood extent area for the future scenario was more
than double the area for most of the cross-section in a 100-year flood and more than three times the
area for the 500-year projected floodplain when compared to FEMA events. Figure 7a shows the
significant changes in the top width for the channel with cross-sections B, C, D, E, F, and H for 100-year
flood events. For the 500-year flood, as shown in Figure 7b, cross-sections D, E, and N showed a
significant change in top width, which implies that the flood extent is higher in that area. Previous
studies [24,26,44] projected 100-year flood events; however, due to this significant change in these
flood characteristics in this study, this study was extended up to 500-year flood events. Including the
500-year flood events demonstrates the risk of future flooding, and can improve hydraulic structure
designs to mitigate flood risk while considering climate change.
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4.3. Flood Hazard Assessment

To assess the flood hazard, water depth was used as the quantifiable variable to study the potential
threat caused due to existing FEMA and future flooding scenarios for both 100-year and 500-year
design floods. All four hazard types were classified for both existing FEMA and future flood scenarios.
Figure 8 presents the extent of areas covered by each hazard classification for each scenario. For the
100-year design flood, the future scenario has a higher flood hazard in comparison with the existing
FEMA flooding (see Figure 8a,b). Moreover, for this flooding event, the future scenario has a larger,
severe hazard floodplain and smaller moderate hazard floodplain. For both FEMA and projected
scenarios, the 100-year design flood event has a severe hazard classification with 43.04% (19,219.03 km?)
and 39.72% (30,766.75 km?), respectively. Since the peak flow was maximum for SSP5-8.5, there could
be an increase in the floodplain inundation area with possible hazard classification as low or severe.
Figure 8c,d shows the result from the analysis of a 500-year flood hazard assessment. It can be observed
that the FEMA flood event has a lesser flood hazard extent than the future scenario (57,976.54 km?
compared with 97,496.02 km?). Comparing the existing flood scenario with the projected scenario for
100-year and 500-year flooding events shows the extent of hazard area increased by 1.68 to 1.73 times the
existing condition, respectively. The extent of 100-year and 500-year flooding increases from existing to
future scenarios, demonstrating there will be potential damage in the future. Thus, these hazard areas
combine with a vulnerability factor to identify the degree of risk posed within the study area.
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Figure 8. A Comparison of extent of flood hazard utilizing different flooding scenarios, i.e., FEMA and
Future, respectively, for (a,b) 100 and (c¢,d) 500-year return period flood events. Source: Esri, HERE,
Garmin, Intermap, increment P Crop., GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster
NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong), swisstopo © OpenStreetMaps
contributors, and the GIS User Community.



Forecasting 2020, 2 338

4.4. Risk Zone Assessment and Mapping

From the intersection of hazard and vulnerability map of FEMA and future climatic scenario
SSP5-8.5, risk zone maps are extracted for 100-year and 500-year flooding events. Table 5 summarizes
the area covered by each risk zone. The Risk Zone map is comprised of an area under the threat of
possible damage [10]. For the FEMA 100-year and 500-year risk maps, a greater extent of the floodplain
is covered by a severe risk zone with the area coverage of 18,644.73 km? and 23,330.17 km?. For the
100-year FEMA flood, a moderate risk zone has a lower area coverage among all four risk zone with
an area of 6113.23 km?. Meanwhile in the 500-year flooding event, the flood coverage with high risk
zone has a lower area coverage with a total area of 6044.54 km?. In the future scenario, the 500-year
flood moderate risk zone covers an area of 38,869.48 km? or 39.75% of the total risk area. For both
the future 100-year and 500-year flooding zone, the high risk zone area covered 5211.76 km? and
8038.58 km?, respectively, of the floodplain area. Moreover, Table 5 shows the 100-year and 500-year
FEMA flood potential risk area to be 44,659.37 km? and 57,979.73 km?, respectively. Similarly, Table 5
shows the future scenario revealed a moderate risk zone for the 100-year and 500-year return periods
at 77,462.86 km? and 97,498.36 km?, respectively. Additionally, it can be inferred that in contrast with
the FEMA flood event, the future scenarios have a significant difference in the moderate risk zone.
Furthermore, on the evaluation of 100-year and 500-year flood events, the flood risk extent of future
scenarios was 1.73 and 1.68 times the existing scenarios, respectively, that shows the increasing flood
risk in the future.

Table 5. Flood risk extent based on the zonal risk classification for 100-year and 500-year return period
flood event for existing and future scenarios, respectively.

Existing Scenario (FEMA) (km?)  Future Scenario (SSP5-8.5) (km?)

Risk Zone
100-Year 500-Year 100-Year 500-Year
Low Risk Zone 10,468.76 18,101.99 23,773.57 21,904.91
Moderate Risk Zone 6113.23 10,503.02 22,104.30 38,869.48
High Risk Zone 9432.64 6044.54 5211.76 8038.58
Severe Risk Zone 18,644.73 23,330.17 26,373.23 28,685.39
Total 44,659.37 57,979.73 77,462.86 97,498.36

Figure 9 shows the extent of the risk zone mapped in the study area. In this study, risk zone
mapping is an important factor in distinguishing the potential threat for each land use. Figure 9a
shows that FEMA 100-year has a minimal threat in urbanized areas and road networks, with a larger
area in the risk-free zone. The water bodies, wetlands, and forests were completely in the severe
to high risk zone, which will minimize the threat to human life. Some agricultural lands are also
observed to be within the low to moderate risk zone, resulting in the potential for lower crop yield
during flooding events. Due to the lower elevation in the upstream side of the study area, the risk is
exhibited, in contrast to the downstream part. For the 100-year future scenario (Figure 9b), the extent
of all risk zone is much larger compared to the FEMA 100-year flood. For this scenario, the risk zone
increased in the urbanized area and agricultural lands. Similarly, the wetlands were in a severe risk
zone, whereas agricultural lands were in a low to high risk zone. More urbanized areas are located in
the low risk zone, which includes residential, industrial, and road networks, which was previously
in the no risk zone for the FEMA 100-year flood event. Hence, the increase in low risk extent was
higher for future scenarios, which suggests an increase in a potential threat to human settlement in the
future. Due to this, there can be an increase in future streamflow that may lead to enlarged flood risk
areas. It is necessary to analyze the risk for future and existing 100-year flood events since the events
have a higher frequency in history and are likely to happen frequently in the future as well. Moreover,
analyzing the future risk would indicate the relative change in socio-economic impact in the study
area with the change in the flood hazard area.
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i.e., FEMA and Future, respectively, for (a,b) 100-year and (c,d) 500-year return period flood events.
Source: Esri, HERE, Garmin, Intermap, increment P Crop., GEBCO, USGS, FAO, NPS, NRCAN,
GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, MET]I, Esri China (Hong Kong), swisstopo ©
OpenStreetMaps contributors, and the GIS User Community.

The risk maps of the 500-year FEMA exhibit all classification of risk zones over the study area.
The severe risk zone is larger, extending from waterbodies to the forest and some agricultural lands.
The high risk zone covers some parts of the forest, agriculture, and water bodies (Figure 9¢c). The extent
of the low risk zone is greater in an agricultural area near to upstream in the study area and lesser in
urban areas, including road networks downstream. As the elevation of the city increases, the risk for
the FEMA 500-year flood event decreases in the urbanized area. However, low-lying plain land used
for farming purposes is under high risk. The 500-year future scenario results show that most of the
urbanized area and agricultural lands are under the low to high risk zone (Figure 9d). Figure 9d also
reveals the risk of flood zone with much of that land subjected to a higher risk zone. Future climate
scenarios increase the risk that potential floods may have on the urbanized areas of this floodplain.
Local water managers can make new development policies to mitigate this risk.

5. Discussion

Flooding can cause colossal damage to human life, settlement, and key infrastructures, resulting
in many environmental and socio-economic consequences. The highly urbanized areas located along
the floodplain can be at higher risk, even they are highly regulated [26]. Moreover, since ancient times,
human populations around the globe have predominately lived near water bodies such as seashores or
riverbanks to increase the ease of their living. Around 40% of the world population is currently residing
within the 100 km periphery of the coastal areas, which is vulnerable to the different water-related
disasters such as sea-level rises and storm surges. The consequences related to these disasters would
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be more severe due to the highly concentrated population and low elevation in the coastal regions.
Furthermore, due to the changes in future streamflow, flood-related hazards are likely to increase
for coastal cities like Kinston. Likewise, the change in streamflow is inevitable in the future due to
the sea level rises and increased global warming. Accordingly, flood protection planning ensuring
minimal loss should be introduced in the future to mitigate flood risk effectively. This study utilized
the streamflow projections of CMIP6 to analyze the increase in floodplain inundation due to climate
change. Furthermore, different emission scenarios provided by CMIP6 were employed to evaluate the
future streamflow, including different forcing level and SSP’s. Hence, evaluating the future flow helps
us analyze the impact of both climatic and societal change [34], allowing the acknowledgment of a
broad range of future streamflow.

For the flood frequency analysis, it is important to use appropriate probability distribution that
would be further used to evaluate design floods. For sub-tropical humid climatic conditions, many
previous studies suggested the use of GEV as a probability distribution that will likely fit for the
prediction of future streamflow [61-63]. Thus, the GEV-Max(L-Moments) was employed for the
evaluation of peak flows with different year return period for both existing and future scenarios
based on the fact that the climatic condition of a study reach was relevant to that of past research.
Within the four different future scenarios, most of them had a DCF value greater than one while
considering different return period flood events. These values suggest the future design flow is likely to
be higher than the existing flows. The estimated DCF from the multimodel ensemble of four different
individual future scenarios is greater than 1, based on the evaluation of the 100-year recurrence interval.
The higher DCF generating scenario (SSP5-8.5) was used for this study for the convenience of analysis.
For all four scenarios, the design 100-year flow would be nearly double the existing design 100-year
flow. The result of the SSP5-8.5 scenario, with the higher DCF among all four scenarios, points to a
higher design flow in the future than the existing condition. Moreover, as the DCF increases, the design
flow also increases. The SSP5-8.5 scenario is likely to have a higher chance of flooding among all other
scenarios, due to a higher predicted design flow. Hence, in further study, future scenarios for both the
100-year and 500-year return period flows were analyzed. DCM was used for the estimation of future
flows of different scenarios. Then, the design streamflow from selected future scenarios was routed
through the HEC-RAS 1D model for the generation of the floodplain inundation maps to compare it
with the existing ones.

Since the DCF is higher for the future scenario SSP5-8.5, the increase in the future design flow is
also at its maximum level. So, the maximum design flow from SSP5-8.5 scenario was then employed
in the HEC-RAS model for the generation of inundation maps of the study area, Neuse River, NC.
The projected future flows were compared with the existing FEMA flows to analyze the impact of
climate change in future streamflow. The future 100-year flow was found to be higher than the existing
500-year flow calculated by FEMA. These results suggest an increase in flood extent in the city of
Kinston and a higher possibility of a loss of public infrastructures and damage to human settlement.
Previous studies suggested an increase in streamflow of the NRB, as the intensity of precipitation was
projected to increases due to climatic scenarios [7,13]. For instance, in the last two decades, NC has
faced more than three severe hurricanes, resulting in destructive flooding that submerged a portion of
the City of Kinston. Previous studies have inferred that the impact of climate change and the change
in land use can differ the result of risk analysis, due to change in the extent of floodplain [25,28].
This study uses future flows incorporating climate, land use, and socio-economic changes. Most of
the population of Kinston is residing on the bank of the Neuse River, which makes the area more
vulnerable to flood hazards. The agricultural land near the riverbank is running through the existing
floodplain. Future flooding risks not only affecting the settlement of Kinston city but is also predicted
to produce a large impact on local agricultural land, while causing loss of human life and economic
harm. Thus, this study performed a zonal risk analysis based on flood hazard and land use, which
has shown the severity of risk in land use. It can help local agencies to make a significant effort on
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the preparedness of those areas depending on the level of risk. Also, the assessment of flood hazards,
vulnerability, and risk would lead to greater mitigation of the risk of future flooding.

The current study managed to evaluate the flood hazard area as well as risk zoning so that the risk
map can be prepared to depict all four risk zoning areas. Mapping can be a key factor in mitigating
flood risk. Policymakers, engineers, and water resource managers can use the risk maps for the
planning and constructing facilities that mitigate the risk of future flooding. The risk analysis showed
the vulnerability of the community residing in the bank of the Neuse River and the fertile land on the
bank of the river. Thus, appropriate research is direly needed for the analysis of future flooding in
this area. In this study, different historical and future scenarios hydroclimatic data were employed to
predict the future streamflow, which incorporate climatic variability in the future. The future design
streamflow was used for the assessment of risk, which can be considered during the planning and
building the hydraulic structures so that it can minimize the flood risk incorporated with climate
change and socio-economic pathways.

6. Conclusions

This study facilitates the use of different GCMs associated with historical and future scenarios of
CMIP6 to estimate the increasing flood risk caused by the changes to streamflow in the future climate.
It also shows floodplain changes due to existing and future climatic scenarios. The floodplain area
generated using the future climatic scenarios, SSP5-8.5, resulted in nearly two times the floodplain area
that is created by existing scenarios for 100-year flood events. This shows the likelihood of an increase
in flooding threats under future climate conditions. As manifested by the current change in climate,
it is anticipated to increase extreme hydrological events in the future. This will subsequently increase
the risk associated with these extremes. The study purposed an approach using different climatic
models and observation data that can minimize the adverse impact of change in streamflow in the
future. The following points summarize the main conclusion of this study:

1.  Bias correction of different scenarios obtained from the multimodel ensemble with the historical
data was performed using the CDF-t method. The CDF-t method increases the robustness in
evaluating future change in streamflow.

2. For the estimation of the design flow, GEV-Max (L-Moments) was utilized, where SSP5-8.5 was
found to have a maximum flow for the 100-year return period.

3. The DCF for most future scenarios were found to be higher than 1, suggesting the increase in
future streamflow in comparison with the existing (FEMA) flow.

4. For the 100-year return period flood event, future scenario SSP5-8.5 predicted the maximum
increase in the peak flow in Neuse River.

5. HEC-RAS 1D steady modeling was used to simulate the floodplain mapping extent of Neuse
River, NC. The result showed a higher extent of flooding for the future 100-year scenario than for
the existing FEMA 500-year peak flows.

6.  Reclassification and mapping of hazard, vulnerability, and risk were completed utilizing the
SSP5-8.5 scenario for the assessment of risk.

7. The extent of different flood risk zone of future flows for 100 and 500-year flood events highlights
the increase in potential risk and their severity in the future.

Overall, this research highlights the use of historical and future CMIP6 climate data to forecast the
future streamflow for the different return periods. The calculated streamflow is then utilized to develop
the future floodplains inundation maps. Using the information from the floodplain maps, a flood risk
assessment in terms of a potential threat that can be posed in the study area is performed. As evidenced
by the results, the higher GHG emission scenarios are associated with intense future flooding events.
These events can pose an adverse effect on the socio-economic factors of the community. On average,
flood management structures last for several decades. The structures that are designed using the
historic climatic information may not endure future storm events. However, the design of these
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structures can be optimized by using the forecasted streamflow and by increasing sustainability for
the future climatic conditions. The forecasting and risk assessment of such catastrophic events helps
policymakers to prepare flood risk mitigation plans and a skeleton for making key decisions in the field
of water resource management. As an alternative approach, alteration of land use can be suggested to
elevate the management of flood risks sustainably.
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