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Abstract

This paper seeks to identify high risk areas that are prone to flooding, caused
by sea level rise because of high impacts of global climate change resulting
from global warming and human settlements in low-lying coastal elevation
areas in Louisiana, and model and understand the ramifications of predicted
sea-level rise. To accomplish these objectives, the study made use of accessible
public datasets to assess the potential risk faced by residents of coastal low-
lands of Southern Louisiana in the United States. Elevation data was obtained
from the Louisiana Statewide Light Detection and Ranging (LiDAR) with res-
olution of 16.4 feet (5 m) distributed by Atlas. The data was downloaded from
Atlas website and imported into Environmental Systems Research Institute’s
(ESRI’s) ArcMap software to create a single mosaic elevation image map of
the study area. After mosaicking the elevation data in ArcMap, Spatial Ana-
lyst extension software was used to classify areas with low and high elevation.
Also, data was derived from United States Geological Survey (USGS) Digital
Elevation Model (DEM) and absolute sea level rise data covering the period
1880 to 2015 was acquired from United States Environmental Protection
Agency (EPA) website. In addition, population data from U.S. Census Bureau
was obtained and coupled with elevation data for assessing the risks of the
population residing in low lying areas. Models of population trend and cu-
mulative sea level rise were developed using statistical methods and software
were applied to reveal the national trends and local deviations from the
trends. The trends of population changes with respect to sea level rise and
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time in years were modeled for the low land coastal parishes of Louisiana.
The expected years for the populations in the study area to be at risk due to
rising sea level were estimated by models. The geographic information sys-
tems (GIS) results indicate that areas of low elevation were mostly located
along the coastal Parishes in the study area. Further results of the study re-
vealed that, if the sea level continued to rise at the present rate, a population
of approximately 1.8 million people in Louisiana’s coastal lands would be at
risk of suffering from flooding associated with the sea level having risen to
about 740 inches by 2040. The population in high risk flood zone was mod-
eled by the following equation: y = 6.6667x — 12,864, with R squared equal to
0.9964. The rate of sea level rise was found to increase as years progressed.
The slopes of models for data for time periods, 1880-2015 (entire data) and
1970-2015 were found to be, 4.2653 and 6.6667, respectively. The increase re-
flects impacts of climate change and land management on rate of sea level
rise, respectively. A model for the variation of years with respect to cumula-
tive sea level was developed for use in predicting the year when the cumula-
tive sea level would equal the elevation above sea level of study area parishes.
The model is given by the following equation: y = 0.1219x + 1944.1 with R
square equal to 0.9995.

Keywords

Coastal Flooding, Climate Change, Sea Level Rise, Elevation, Global
Warming, GIS, Population, Regression Analysis, Louisiana

1. Introduction

In the last few decades there had been calls by various governments, environ-
mentalist, journalist and non-governmental organizations for the world to re-
duce greenhouse gases because of their contribution to global warming and the
accompanying risks to the population [1] [2]. The 1992 United Nations Confe-
rence on Environment and Development (UNCED) in Brazil also known as the
Rio Conference and Earth Summit highlighted the severity of the environment
and the need to promote sustainable development in order to reduce greenhouse
gases [3]. The goal of the UNECD was to seek common action to protect the
planet from environmental degradation that threatens to change the global cli-
mate. It also aimed to increase national and international efforts to promote
sustainable and environmentally sound development in all countries [3] [4]. The
conference culminated in the signing of the 1992 Earth Summit. Following the
signing of the 1992 Earth Summit, Kyoto protocol emerged from the UN
Framework Convention on Climate Change (UNFCCC) with the legally binding
agreement under which the industrialized countries were asked to reduce their
collective emissions of greenhouse gases by 5.2% [5] [6]. The recent Paris
Agreement, signed in 2015 by 175 parties, also aimed to limit global warming to

below 2°C compared to pre-industrial levels. It focuses on reducing greenhouse
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gas emissions, and to provide financial assistance to developing countries af-

fected by a changing climate [7] [8].

2. Emissions, Climate Change, and Sea Level Rise Projections

Human activities play an important role in emissions release in the atmosphere,
causing global temperatures to rise, warm the oceans and deplete the biodiversi-
ty [9] [10] [11]. According to U.S. Environmental Protection Agency (EPA) data
in 2019, global CO, emissions from fossil fuels have been increasing at an
alarming rate since 1900 [12]. For example, Olivier et al 2015 and 2016 reports
on trends in global CO, emissions among the Organization for Economic
Co-operation and Development (OECD) countries in Europe and Asia, show
higher emissions in thousands of tons per annum in 2013 [13] [14]. In the de-
veloping countries deforestation caused by slash-and-burn agriculture and fuel
wood burning are important sources of carbon dioxide emissions, whereas cattle
rajsing, and rice cultivation are important sources of methane. According to
(Borroto, 1997), other stressors such as ammonia-based fertilizers and solvents,
refrigerants and forming agents contribute to nitric oxide and chlorofluorocar-
bon. These and other sources are thought to be enhancing greenhouse effect
leading to global warming [15]. In the United States, U.S. EPA reported that CO,
emissions from the burning of fossil fuel for energy, transportation and electric-
ity production constituted 77 percent of all U.S. man-made greenhouse-gas
emissions in 2018 [16].

The positive correlation between global climate change and sea level rise has
been well-documented and gained attention by many scientists [17]-[30]. Rising
global temperatures from climate change are leading causes of sea level rise.
There are numerous projections around the globe on sea level rise. The National
Research Council [31], projected average Sea Level Rise along California coast
south and north of Cape Mendocino in year 2030 will be 6 inches and 2 inches,
respectively. Similar projection in the year 2050 shows sea level rise in south of
Cape Mendocino will increase to 12 inches and 6 inches in the south and north
respectively. The National Oceanic and Atmospheric Administration (NOAA)
scientist, Linsey [26], projected that by the end of the century, global mean sea
level (GMSL)would rise at least one foot (0.3 meters) above 2000 levels by 2100
[26]. In Europe, Vousdoukas et al. [32] study along European coasts, projected
that by the end of this century, extreme sea levels (ESLs) along Europe's coas-
tlines will increase by 57 cm (equivalent to 1.87 feet) for Representative Concen-
tration Pathways (RCP) 4.5 and 81 cm (equivalent to 2.66 feet) for RCP8.5. Ac-
cordingly, their projection for North Sea region is slated to face the highest in-
crease in ESLs, amounting to almost 1 m (equivalent to 3.28 feet) under RCP8.5
by 2100. The most recent and comprehensive projections for future sea-level rise
are presented in the 2019 United Nation’s Intergovernmental Panel on Climate
Change (IPCC) report on the Ocean and Cryosphere in a Changing Climate
(SROCC) [33]. According to the report, Global Mean Sea Level (GMSL) will rise
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between 1.41 feet (0.43 m) (0.29 - 0.59 m, likely range; RCP2.6) and 2.76 feet
(0.84 m) (0.61 - 1.10 m, likely range; RCP8.5) by 2100 [33]. Beyond 2100, ac-
cording to the report sea level will continue to rise for centuries due to continu-
ing deep ocean heat uptake and mass loss of the Greenland Ice Sheet (GIS) and
Antarctic Ice Sheet (AIS). IPCC’s earlier report in 2007 projected an estimate of
60 cm (2 ft) through 2099, but their 2014 report estimated about 90 cm (3 ft)
[34]. It is important to note that both projections by Vousdoukas et a/. [32] and
IPCC, [33] incorporated into their analysis the global carbon emissions Repre-
sentative Concentration Pathways (RCP) with RCPs of 2.6 means (low emis-
sions), 4.5 (moderate emissions), and 8.5 (high emissions). In North Atlantic
Ocean, Slangen et al [35] estimated mass-changes in land-ice from mod-
el-based projections of temperature and precipitation. The models and as-
sumptions employed by this study suggested that global mean sea-level rise
would be about 0.54 + 0.19 m and 0.71 + 0.28 m respectively for both warmer
and moderate climate change with regional changes of up to 30% higher in
coastal regions along the North Atlantic ocean; and up 20% higher in the sub-

tropical and equatorial regions [35].

3. Models Used in Assessing Risks of Population Living in
Low-Lying Coastal Areas

In event of sea level rise resulting from climate change, many coastal populations
located in low elevation areas would be at risk. These phenomena could lead to
flooding, displacement of the population and destruction of coastal ecosystems
and eliminate wetlands, and biodiversity [36] [37]. Climate Central [38] esti-
mates that in the event of climate change, inundated cities in low elevation
coastal areas could cost trillions of dollars in economic losses and damages each
year if rigorous adaptation plans are not implemented. Several studies have uti-
lized quantitative models and approaches to investigate and assess risks of pop-
ulation residing in coastal lowlands that are vulnerable to risks resulting from
climate change. Majority of these studies are centered on risks involving eco-
nomic and human-based methods to assess the risks and economic impacts on
the population including the one residing in these low elevation areas [39] [40]
[41]. However, quantifications of risks of climate change and human settlements
in low elevation coastal zones in Louisiana combining population, elevation and
absolute sea level rise data have not been extensive. Therefore, the objective of
this paper is to identify high risk areas that are prone to high impact of climate
change and human settlements in low-lying coastal elevation areas in Southern
Louisiana and to model and understand the ramifications of predicted sea-level

rise.

4. Methodology
4.1. The Study Area

Flooding is one of the major problems facing Louisiana. For the past 10 years
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there has been a major issue of coastal flooding due to low coastal elevation. This
problem has been enhanced by climate change. The recent floods in August
2016, destroyed parts of surrounding coastal areas in southern Louisiana. For a
period exceeding 10 years, these parishes have suffered several natural disasters
related to flooding such as storms, tropical cyclones, and hurricanes [42] [43].
The disasters have been accompanied by loss of human life and millions of dol-
lars’ worth of properties [43]. In 2005 for instance, many lives, enterprises and
homes worth billions of dollars were lost because of the impact of Hurricane
Katrina floods [44] [45]. A chronology of Louisiana’s tropical hurricanes and
storms and corresponding impacts (1997-2005) is presented in Table 1. Most of
the parishes listed as low elevation have elevations lower than 30 feet above sea
level. Population change vis-a-vis the elevation above the sea was studied. The
elevations above the sea level for all the low land parishes were lower than 40
feet. The map of the study area with all its parishes is presented in Figure 1.
Figure 2 represents an interactive map of land projected to be below tideline in
2050 using Coastal DEM. The parishes located at base of Louisiana, bordering
the ocean and their immediate neighbors are low elevation parishes. The coastal
parishes are Cameron, Vermilion, Iberia, St. Mary, Terrebonne, Lafourche, Jef-
ferson, Plaquemine, St. Benard, Orleans, and Orleans. Table 2 illustrates the pa-

rishes and their corresponding populations.
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Table 1. Louisiana tropical hurricanes and storms and their impacts (1997-2005) [46] [47] [48] [49] [50].

Year Name Impact
. X 17-foot storm surge in Florida, 8-foot storm tide in Louisiana,
Hurricane Andrew, Cat. 4 across Florida, i 8 . . i
1992 X . 23 deaths nationwide, $26.5 billion in damages nationwide;
Cat. 3 upon landfall in Louisiana o . . X
$1 billion in Louisiana and $25.5 billion in Florida
Hurricane Danny, Cat. 1, Landfall in Louisiana,
1997 K Y K 4 deaths nationwide, $100 million in total damages nationally
Tropical Storm over Florida
1998 Tropical Storm Hermine, Landfall in Louisiana No information
Excessive rain—up to 30 inches in places, 23 tornadoes across the Southeast,
2001 Tropical Storm Allison, Landfall in Louisiana x v K u? R P R R v
41 deaths nationwide. $5 billion in damages nationwide
3- to 4-foot storm tides, Heavy rains; 3 - 6 inches across Louisiana,
2002 Tropical Storm Bertha, Landfall in Louisiana vy .
No monetary damage figures available
2002 Tropical Storm Hanna, Landfall in Louisiana 5 - 10 inches of rain across southeast states, $20 million in damages nationwide
3- to 4-foot storm tides, Heavy rains; 3 - 6 inches across Louisiana,
2002 Tropical Storm Bertha, Landfall in Louisiana vy .
No monetary damage figures available
2002 Tropical Storm Hanna, Landfall in Louisiana 5 - 10 inches of rain across southeast states, $20 million in damages nationwide
2003 Tropical Storm Bill, Land-fall in Louisiana 4 deaths, $50 million in damages nationwide
2004 Hurricane Ivan, Cat. 4, Tropical storm across 10- to 15-foot storm surge, 10 - 15 inches of rain, 25 deaths in the United States,
East Coast that looped back to Louisiana $14.2 billion in damages nation
2004 Tropical Storm Matthew Heavy rains, 6-foot storm surge, No information on damages available
4- to 6-foot storm surge, 33 tornadoes across the east as system moved north,
2005 Hurricane Cindy, Cat. 1, Landfall in Louisiana Heavy rains across all eastern states, 1 death, $320 million
in damages nationwide
10- to 20-foot storm surge in Louisiana; storm surge penetrated 6 miles inland
. . . in some locations of Louisiana, 28-foot storm tide reported in Mississippi,
Hurricane Katrina, Cat. 5, Cat. 1 across Florida, R o . . o
2005 . . 11 - 14 inches of rain in Dade County, Florida; 8 - 10 inches across Louisiana,
Cat. 3 in Louisiana i .
33 reported tornadoes, 1,336 known deaths nationwide,
$40 - 120 billion in damages nation-wide
. . 4- to 7-foot storm surge (gauge); 8- to 12-foot storm surge (visual evidence);
Hurricane Rita, Cat. 5, . .
2005 . . 4- to 5-foot storm surge in Florida Keys, 90 tornadoes,
Cat. 3 before landfall in Louisiana o i .
7 deaths $10 billion in damages nationwide
2005 Tropical Storm Tammy, Landfall in Florida 2- to 4-foot storm surge, 3 - 5 inches of rain, $25 million in damages nation-wide

Table 2. Human population data for Louisiana coastal parishes for the period 1970-2020. Human population data for Louisiana
coastal parishes for the period 1970-2020 [52] [53].

% Change % Change % Change
Parish 1970 1980 1990 2000 2010 2020

(1990-2000) (2000-2010) (2010-2020)

Orleans 115,387 139,241 496,938 484,674 351,222 391,006 —2.4679135 —27.534384 11.3273087
St. Bernard 51,186 64,097 66,631 67,229 37,764 46,721 0.89748015 —43.827812 23.7183561
La Fourche 68,941 82,483 85,860 60,255 62,054 98,115 —29.821803 2.98564434 58.1122893
Plaquemines 25,225 26,049 25,575 26,757 25,106 23,410 4.62170088 -6.1703479 —6.7553573
Terrebonne 76,049 94,393 96,982 72,392 77,923 111,021 —25.355221 7.640347 42.475264
Jefferson 338,229 454,592 448,306 438,731 417,828 434,051 —2.1358179 —4.7644228 3.88269814
Iberia 57,397 63,752 68,297 73,266 73,240 70,941 7.27557579 —0.0354871 —3.1389951

St. Mary 60,752 64,253 58,086 53,500 54,650 49,774 —7.8951899 2.14953271 —8.9222324
Vermilion 43,071 48,458 50,055 53,807 57,999 59,830 7.49575467 7.79080789 3.15695098
Cameron 8194 9336 9260 9991 6839 6968 7.89416847 —31.548394 1.88624068

Total 844,431 1,046,654 1,405,990 1,340,602 1,164,625 1,291,837 —4.6506732 -13.126715 10.923001
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Table 3. Summary of data sources.

4.2. Data Acquisition

Elevation data was obtained from the Louisiana Statewide Lidar distributed by
Atlas with resolution of 16.4 feet (5 m) and downloaded from their website [54].
Maps and GIS imagery were used to locate and determine the corresponding
elevations above sea level for coastal low land parishes of Louisiana. Kosovich’s
data [55] derived from USGS Digital Elevation Data was used for this study.
Population data from U.S. Census was also used for this study is shown in Table
2. The absolute sea level rise data covering the period 1880 to 2015 was also ob-
tained from U.S. Environmental Protection Agency (EPA) website [56]. Sum-

mary of data sources for this paper is presented in Table 3.

4.3. Data Analysis

To process the Lidar DEM, each tile in the study area Parishes below South of
Latitude 31°N were downloaded and imported into ESRI ArcMap software to
create a single mosaic elevation image of the study area (Figure 1). After mo-
saicking the elevation data in ArcMap, Spatial Analyst extension software was
used to classify areas with low and high elevation. Population trends and trends
with respect to sea level rise were modeled for the study area composed of the
low land coastal parishes. The years when parishes would be at risk of flooding
were estimated by models. Before analysis of the results, mathematical formula-
tion was presented. The total human population for low land parishes (Came-
ron, Vermilion, Iberia, St. Mary, Terrebonne, Lafourche, Jefferson, Plaquemine,
St. Benard, Orleans and Orleans) was modeled with respect to years to predict
the parishes’ population by the year 2040 by regression, using Microsoft Excel
statistical analysis tool kit.

The data used to compute the total human population for these parishes was
derived from the human population data for Louisiana coastal parishes for the
period 1970-2020 (Table 2). The data is presented in Table 4.

Third order polynomial curve fitting was used to model the 1970-2020 data,
followed by extrapolation to 2040, with the help of the Microsoft Excel statistical
tool kit. The model is illustrated in Figure 3. It represents about 83% of the pop-

ulation data variation (R squared = 0.83).

Dimension Dataset Name
Elevation LiDAR DEM
. Map of LA
Elevation

Low-Lying Areas

Population LA Population
Sea Global Absolute
Level sea level rise data
Rise 1880-2015

Unit Resolution Source(s)
Meters 5m (16.4 feet) Atlas: https://maps.ga.lsu.edu/lidar2000/
Kosovic (2008) and USGS:
Feet

https://pubs.usgs.gov/sim/3049/downloads/SIM3049.pdf

U.S. Census Bureau 2010
https://www.census.gov/prod/cen2010/cph-2-20.pdf
World Population Review2019
http://worldpopulationreview.com/us-counties/la/

U.S. EPA’s Climate Change Indicators

Inch:
nehes https://www.epa.gov/sites/production/files/2016-08/sea-level_fig-1.csv
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Figure 3. Total human population in Louisiana’s coastal parishes 1970-2040.

Table 4. Total population for southeastern Louisiana low land coastal parishes, 1970-2020.

Year Population
1970 844,431

1980 1,046,654
1990 1,405,990
2000 1,340,602
2010 1,164,625
2020 1,291,837

The population in these parishes rose from about 800,000 in 1970 to a number
between 1.4 and 1.2 million in 1990. It then dropped to almost 1.2 million by
2010. After 2010 it began to rise. According to the model, the coastal low land
parishes will be harboring a human population of about 1.8 million by 2040.

The absolute sea level rise data is available for the period 1880 to 2015 [56].
The annual cumulative sea level rise above the datum level of 1980 was com-
puted from the absolute sea level change data and presented as illustrated in Ta-
ble 5.

The models for rise in sea level and time, t in years were modeled based on the
following logic and formulations. In the following formulation, extra water re-
fers to quantity of water more than quantity required to maintain global sea level
constant.

When glaciers and snow in mountains etc. melt because of global warming,
water formed contributes to increase in the global water cycle. Water in liquid
phase flows to regions of lower elevation. The molten ice contributes to increase
in global sea level as illustrated in the following word equation.

Extra water flowing into global sea o< Mass of molten snow
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Table 5. The annual cumulative sea level rise above the datum level from Global Average
Absolute Sea Level Change, 1880-2015 [56].

Cumulative Cumulative Cumulative Cumulative
R Year . Year . Year . Year

sea level/in sea level/in sea level/in sea level/in
0 1880 53.45275586 1914 169.9999999 1948 347.8425194 1982

1.173228345 1881 56.09448814 1915 173.8425195 1949  354.2874012 1983

1.637795274 1882 58.63779522 1916 177.7519683 1950  360.688976 1984

2.303149604 1883 60.99606293 1917 182.0314959 1951  366.685039 1985

3.767716532 1884 73.28740151 1918 186.2047242 1952 3727047241 1986

5.161417318 1885 75.64173222 1919 190.5433069 1953  378.7440941 1987

6.417322829 1886 78.05905505 1920 194.7598423 1954  384.9724406 1988

7.452755899 1887 80.56299206 1921 199.0039368 1955 391.3818894 1989

8.570866134 1888 83.035433 1922 203.0433069 1956  397.8740154 1990

9.751968495 1889 85.54724402 1923 207.606299 1957  404.4685036 1991

11.00787401 1890 87.77559047 1924 212.2125982 1958  411.0905508 1992

12.19685038 1891 90.10236213 1925 216.8267715 1959 417.3818894 1993

13.51181101 1892 92.6889763 1926 231.590551 1960  423.6927625 1994

14.99606298 1893 95.20078732 1927 236.598425 1961  430.1847071 1995

16.14960629 1894 97.53543298 1928 241.4015746 1962  436.8352397 1996

17.76771652 1895 99.91732275 1929 246.1417321 1963  443.5752737 1997

19.07086613 1896 102.4527558 1930 250.5748029 1964 450.4403041 1998

20.56299211 1897 114.9803149 1931 255.4488187 1965 457.2839363 1999

22.38188974 1898 117.7204723 1932 260.106299 1966 464.1897284 2000

24.48425195 1899 120.6259842 1933 264.8149604 1967 471.2477312 2001

26.33070864 1900 123.3228345 1934 269.5629919 1968 478.5377396 2002

28.13385824 1901 126.2401574 1935  274.5905509 1969  485.9993531 2003

30.10629919 1902 128.9999999 1936 279.5433068 1970  493.4732166 2004

32.38188973 1903 131.9842519 1937 284.6968501 1971 501.0793839 2005

34.24803146 1904 135.070866 1938 290.2086612 1972 508.7313949 2006

35.83858264 1905 138.3779526 1939 295.4803147 1973 516.3899859 2007

37.6692913 1906 141.4330707 1940 301.2204722 1974 524.2527581 2008

39.45275587 1907 144.9566928 1941 306.8937005 1975  532.245842 2009

41.12204721 1908 148.4803148 1942 312.5314958 1976  540.3116984 2010

42.9724409 1909 152.0039369 1943 318.0944879 1977 548.2885767 2011

44.8188976 1910 155.2716534 1944 323.9133855 1978  556.685954 2012

46.97637791 1911 158.6496062 1945 329.5393698 1979  565.1704963 2013

49.01181098 1912 162.3188975 1946 335.3937005 1980 573.7688199 2014

51.11417318 1913 166.070866 1947 341.7362202 1981 582.7121276 2015
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Extra water flowing into global sea = K* Mass of molten snow

Hence, increase in global sea volume * average density of sea water = K'* Mass
of molten ice

= (Global sea area + change in global area of sea) * rise in sea level = K* Mass
of molten snow

The quantity of molten ice is a function of temperature, 7 and duration time,

Since the change in sea level is proportional to the quantity of molten ice,
which is proportional to duration time, t, it follows that the rise in sea level is a
function of time, #[57].

In modelling the variation between the cumulative level, 7 and time, regres-
sion was used.

Rise in sea level, H o f(1)

For cubic model,

H=4

n+l

AT A, A (1)

n—1

where, His the cumulative sea level in units of length, nis the polynomial index,
3 and tis time in years.

For quadratic model,

H=A t"+At"" +A4,  +t""+ A4, (2)

n+l

where, His the cumulative sea level in units of length, nis the polynomial index,
2 and tis time in years.

For linear model,

H=A4t+A4,, 3)

where, H is the cumulative sea level in units of length, n is 1 and ¢ is time in
years.

Sea level data from EPA’s Global Average Absolute Sea Level Change,
1880-2015 [56] was fitted to the proposed models by regression, using statistical
software (SPSS, Microsoft Excel data analysis toolkit). The equation and R
squared, were determined. The strength of model developed was based on the
magnitude of the coefficients of correlations between variables (R square). The
linear model developed is presented in Figure 4.

However, from the scatter diagram the rate of sea level rise with respect to
years was observed to increase as years progressed. Hence, to determine the an-
ticipated sea level rise based on the current rate of increase, Microsoft Excel sta-
tistical tool kit was used to predict sea level rise with respect to time (years), us-
ing the sea level rise data of 1970-2015. This data was extracted from the
1880-2015 data. Regression analysis curve fitting was used. The regression line
was extrapolated to the year 2020 using Microsoft Excel statistical tool kit. Ac-
cording to the linear model illustrated in Figure 4, the cumulative sea level rise
from1880 to 2020 is 600 inches. The model represents 86% of the data’s variation
(R squared = 0.9964).
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Cumulative sea level/in versus year (linear model)

2001860 18é0 1900 1920 1940 1960 1980 2000 2020 2040

Figure 4. Sea level rise versus year with respect to 1880 (1880-2020).

5. Results and Discussion

The model illustrated in Figure 5 was extrapolated to 2040 by forwarding the year
variable by 20 using Microsoft Excel. The prediction of sea level rise is illustrated
in the following graph (Figure 6). Results of classified LIDAR DEM are shown in
Figure 6 and Figure 8. From Figure 2, Figure 7, and Figure 8, most of the study
area in the southern section of the state lies below sea level. With the area expe-
riencing some growth in population from 1,164,625 million (Table 2), between
2010 and 2020 respectively, the vulnerability of coastal ecosystems to sea level rise
could increase. This could have extreme impacts on both the natural and built up
environments particularly around big cities holding vital infrastructure crucial in
economic development and productive capacity of petroleum and natural resource
assets of South of Louisiana. While the situation is further compounded by the re-
gion’s propensity to natural disasters and the fragile coastal ecosystem close to
enormous network of large-scale energy infrastructure made up of oil and gas
fields, refineries, and pipeline. The presence of petrochemical complexes, thriving
natural resource base, transportation corridors, burgeoning urban centers and
neighborhoods often at the receiving end of recurrent climate hazards over time
accentuates the inherent risks, due to environmental, physical, and socio-economic
and policy factors located within the larger regional ecosystem.

The model illustrated in Figure 6 suggests that when the population will be
1.8 million, the cumulative (absolute) sea level will be 740 inches by 2040.

To appreciate the risk of sea level rise to residents of the Louisiana low land
parishes, Microsoft Excel statistical tool kit was used to model population versus
sea level rise by curve fitting. In this modeling exercise, the total population data
(1970-2040) and sea level data (1880-2015) were used. Absolute (cumulative) sea
level used in modeling. The model is illustrated in Figure 9.

According to the model the total population in these parishes rose from about
800,000 when the sea level was less than 300 inches to almost 1.4 million despite
the sea level rising from less than 300 inches to about 450 inches. It then began
to drop as the sea level rose. Between 500 inches and 600 inches sea levels, the
total population in coastal parishes began to rise again while the sea level con-
tinued to rise. Hence, as the sea level rises, the population in these lands. The
number of people at risk is on the rise. The correlation coefficient between the
absolute sea level rise and population growth in the low land parishes is 89%
(Figure 9).
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Figure 5. Sea level rise versus year with respect to 1880 (1970-2020).
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Figure 6. Sea level rise versus year with respect to 1880 (1970-2040).
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Figure 7. Classified elevation map of the study area.

Next the expected number of years it would take for the sea level to rise and

equal the elevations of coastal parishes above the sea level were determined. First

a model was developed for (time) years versus time sea level rise (inches) using
all the data downloaded from Global Average Absolute Sea Level Change,

1880-2015 (2019). This was carried out by regression analysis using Microsoft

Excel statistical tool kit. The model is illustrated in Figure 10.
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Figure 9. Variation between total population in low land parishes and cumulative sea
level rise.
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Figure 10. Years versus cumulative sea level (quadratic model).

Although the quadratic model illustrated in Figure 10 looks very suitable for

modeling the year with respect to sea level rise, the model starts to yield drops in
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years for increasing sea level rises after its maximum value. To determine the
magnitude of sea level corresponding to the maximum value of years for the
model, the model is differentiated with respect to the cumulative sea level and

the derivative equated to zero as follows

d(Year) d (~0.0003x” +0.3751x +1890.1)
: - ~0.0006x +0.3751
d (Cumulative sea level) dx

—-0.0006x +0.3751=0

The year corresponding to the stationary point of the model is determined by
substituting the sea level, x=625.167 inches into the model in Figure 10 as

follows.
Year,y = —0.0003(625.167)2 +0.3751(625.167)+1890.1=2017.16
.. the year, y =2016.47

Hence, beyond 2017, the model cannot be used to predict sea level rise. in
mid-2016 the model yields the maximum year. As the sea continues to rise
beyond 625.167, the model yields decreasing years. This model was therefore re-
placed by a linear model (Figure 11), which was developed by plotting years
with respect to the corresponding sea level.

The model (Figure 11) was used to predict years that the sea level would rise
to the elevations above sea level of the coastal low land parishes of Southeastern
Louisiana. To determine the year that sea level would equal the elevation above
sea level for a parish the magnitude of the elevation above sea level is substituted
for x (the independent variable) in the model of year versus the elevation above
sea level (Figure 11), presented as follows.

¥ =0.224x+1900

The elevations given by the key based on the topographic map showing Loui-
siana State risks from rising sea level were used as the independent variables
[55]. The data was derived from USGS Digital Elevation Data. The parishes at
risk of sea level rise were classified as having the levels, 0 - 5 ft, 5 - 10 ft, 10 - 15
ft, 15 - 20 ft, 20 - 25 ft, 25 - 30 ft and 30 - 50 ft respectively [55]. The highest ele-
vations above sea level for the classifications are, 5 ft, 10 ft, 15 ft, 20 ft and 25 ft,

Year versus cumulatice sea level (1880-2015), linear model
2040

2020 y =0.224x + 1900.
R?=0.956

2000
1980
1960
1940
1920
1900 4
1880
1860

0 100 200 300 400 500 600 700

Cumulative (absolute) sea level/inches

Years

Figure 11. Years versus cumulative sea level (linear model).
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30 ft, and 50 ft, respectively. The corresponding absolute elevations above sea
level were computed by adding, 524.25 in, the absolute sea level with respect to
the datum elevation of 1880 to 5 ft, 10 ft, 15 ft, 20 ft and 25 ft, respectively.
Hence, the absolute elevations above sea level for the classifications are given as,
584.25 in, 644.25 in, 704.25 in, 764.25 in, 824.25 in and 884.25 in and 1124.25 ft,
respectively. The following table (Table 6) illustrates the year when the sea level
is expected to have risen and equaled the given elevations above sea level for
each of the parishes within the study area.

A plot of sea level rise versus years data suggests that the rate of sea level rise
increased as years progress. Hence, the actual sea levels could be greater than the
figures presented in table (Table 5). Models representing increased rates of sea
level rise with respect to time/years were developed from the data collected be-
tween 2006 and 2015 through linear regression using Microsoft Excel tool kit. It
is illustrated in Figure 12.

The following equation represents the model.

y=0.1219x+1944.1

To stress the importance and urgency of mitigation for the risk, Baton Rouge,
with an elevation above sea level of 56ft (1196.25 inches above 1880 datum) has
also been included in Table 7. This model was used to predict the year that the
sea level will rise to equal the elevations above sea level for the parishes being
studied.

Table 6. Absolute elevation of coastal low land Louisiana parishes and years that the sea
level will equal to the elevations, based on 1880-2015 data modeling.

Absolute elevation above sea level/inches Year
584.25 2031.23
644.25 2044.676
704.25 2058.122
764.25 2071.568
824.25 2085.014
884.25 2098.46
1124.25 2152.244

Table 7. Ilustration of elevation of parishes above sea level and the year expected for the
sea level to rise the magnitude, based on the model illustrated in Figure 10.

Absolute elevation above sea level in inches to Predicted year Elevation above
parishes elevations above sea level in inches for the sea to rise sea level in feet
584.25 2015.32 5
644.25 2022.634 10
704.25 2029.948 15
764.25 2037.262 20
824.25 2044.576 25
884.25 2051.89 30
1124.25 2081.146 50
1196.25 2089.923 56
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Figure 12. Variation of years with respect to cumulative sea level (based on 2005-2015
data).

The years and corresponding elevations above the sea level are illustrated in
Table 7.

The results presented in Table 7 reveal a high sea level rise rate, suggesting
that the sea level could equal elevations above the sea level for some parishes
sooner than expected. However, the rate of sea level rise is a function of many
external factors such as storms, hurricanes, among others, whose pattern is dy-

namic. Hence, it could decrease to the 1970-2015 rate or even, lower.

6. Conclusions

An examination of the population of individual parishes indicates that there was
drop in population in some of the coastal low land parishes while there was in-
crease in others (Table 2). This could have been a result of people moving from
parishes which they believed were high risk to safer parishes, following floods or
hurricanes. An analysis of sea level rise suggests that these safe areas risk expe-
riencing floods and other impacts associated with the rise. The rate of sea level
rise is gradually increasing as shown from the analysis of the data. While the ex-
pected population in Louisiana’s coastal lands will be about 1.8 million, the
model presented in Figure 5 suggests that the sea level would have risen to 740
inches, an increase of over 440 inches, just between 1970 and 2040. This predic-
tion is based on the general rate of sea level rise between 1970 and 2015, which is
higher than the rate based on the entire data. The linear model based on the en-
tire data (1880-2015) predicted an absolute sea level of 600 in by 2040. This
would have been the expected absolute sea level by 2040, in the absence of hu-
mans’ contribution to accelerated global climate change and interference with

surface water flow.
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The rise in sea level may lead to increased risk of total flooding of coastal pa-
rishes since these areas will gradually be equal to or lower than the sea level, re-
sulting inability of water to be drained in the event increased surface water flows
from storms etc. Water flows from high to low elevations. Any area whose eleva-
tion is equal or lower than the sea level is a potential reservoir of water during
floods. Once the sea rises above these elevations, sea water can also flood them.
As the human population rises in the coastal parish’s investments, in the forms
of enterprises, schools, and homes etc., in these areas also increase. Flooding of
the area could result in loss of human life, investments, and ecosystems, etc. The
government should invest heavily in pressure walls (levees) to prevent water
from flooding the coastal lowlands to prevent or minimize loss of life, invest-
ments, heritage, ecosystems, and injury etc.
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