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Abstract

Heavy precipitation often leads to flooding, causing various adverse consequences,
including dam breaks, farmland inundation, property damage, and loss of life, making it a
prevalent natural disaster worldwide. With the benefits of timely monitoring and comprehensive
coverage, remote sensing has become an essential tool for assessing flood impact. As natural
disasters rise worldwide, concerns have grown about the potential link between sea-level rise and
flood frequency and whether particular regions are more susceptible to these risks. This research
delves into the relationship between sea-level rise and flood frequency, aiming to pinpoint the
most vulnerable areas. Additionally, our study explores how floods affect vegetation in the
Washington, D.C. region. By leveraging published reports, Excel, remote sensing, and ArcGIS
tools. The research thoroughly analyzes flood-prone areas to ascertain the significance of this
relationship. The findings of this study may assist in evaluating flood events and provide insight

for future research.



1. Introduction

The motivation for the study arises from a significant event in August 2021. During this time,
Old Town Alexandria, a historic district situated along the Potomac River, endured severe
flooding due to heavy rainfall. As water levels rose, streets, sidewalks, and buildings were
engulfed, causing extensive damage to infrastructure, businesses, and residences. This incident
emphasized the urgent need to address flood risks and vulnerabilities in the area while
emphasizing the importance of implementing effective floodplain management strategies.
Therefore, this study aims to explore the link between climate change and flood patterns in the

specified watershed area while assessing their impact on local vegetation.

1.1 The reasons of a flood event

Floods, natural disasters when water overflows and covers typically dry lands, can devastate
rivers, lakes, offshore areas, and communities, resulting in loss of life and property damage
worth billions of dollars (Wu et al., 2022). Heavy rains can trigger floods, dam collapses,
excessive sedimentation, and massive meltwater flow from collapsing glacial lakes (Guan et al.,
2015). These events can cause significant damage to homes, bridges, roads, and infrastructure, as
well as destroy crops and claim lives. Although periodic flooding benefits floodplain soils by
maintaining nutrient balance, frequent or more extensive floods can harm water quality. They
displace aquatic organisms, increase soil erosion, and degrade overall water quality (Haasnoot et

al., 2020).

Flood formation involves various factors, as depicted in Figure 1: The primary factor is increased
water sources like rainfall, snow melting, storm surge, and tsunamis. The second factor involves

the disruption of environmental elements, such as unstable river basins, damaged dams,



insufficient vegetation, limited watershed capacity, and inadequate surface management. When
the primary factor exceeds the capacity of the environment to handle it, a flood event can occur.

However, other contributing factors can also lead to an environmental breakdown that results in

flooding.

Precipitation
Melting snow,
Sea-level rise
Seawater intrusion

(Storm and
Tsunami)

Broken Dams,
topography,
vegetation,
watershed
capacity, surface

material

Flood

Figure 1: The main causes of flood formation, on the top level of the circle shows the water

sources, and the second shows the environmental reasons.

The major factor : water source

Heavy rains: One of the most straightforward explanations for floods is heavy rains. Typically,
systems and infrastructure are in place to manage rainwater by directing it to reservoirs and
basins, which typically work well. However, during intense rainfall, these systems may become
overwhelmed, causing water to accumulate and resulting in floods due to their limited capacity

(Lopez et al., 2017).



Storm surges, tsunamis, melting ice, and snow: Floods can be triggered by various factors
beyond rainfall. Storm surges from storms and hurricanes, and tsunamis resulting from
underwater earthquakes can also lead to flooding (Mikhailova, 2021). Heavy snowfall and
melting ice also contribute to floods, requiring adequate drainage to prevent overflow (Sundaram

et al., 2022).

The second factor: environment

Overflowing rivers: Flooding does not always require heavy rainfall. For example, areas along a
river can experience harsh overflow due to heavy rainfall in upstream areas, even if the

immediate area does not experience heavy rainfall (Merz et al., 2021).

Broken Dams: The rise in water levels caused by heavy rainfall can lead to the failure of aging
dams and release torrents of water on unprepared households. The catastrophic floods caused by
Hurricane Katrina in 2005, which resulted from the failure of levees, serve as a stark reminder of

this phenomenon (Mensah & Ahadzie, 2020).

Urban Drainage Basins: In urban areas, concrete-based drainage basins are commonly used due
to impermeable surfaces. When these basins become overwhelmed with water, it hinders water

from seeping into the ground, flooding nearby low-lying areas (Liu et al., 2019).

Channels with Steep Sides: When rivers or lakes have steep sides, fast runoff can lead to

flooding, especially in narrow channels (Singh & Patil, 2021).

Lack of vegetation: Vegetation is vital in slowing runoff and minimizing flooding risks. Without
sufficient vegetation, natural barriers that can slow or halt water flow are lacking (Dahri &

Abida, 2020).



Urban planning: Impervious surfaces like roads, parking lots, rooftops, and concrete can impede

infiltration and increase surface runoff, affecting water flow toward nearby rivers (Lee et al.,

2012).

Recognizing the connection between flooding events and coastal change holds great importance,
as underscored by the Intergovernmental Panel on Climate Change (IPCC, 2014). In one of their
special reports on extremes, the [PCC (2014) affirms that" climate change has become
increasingly evident in its impact on various water-related factors contributing to floods,
including rainfall and snowmelt." (cited in Lionello et al., 2021, p. 2633). Moreover,
comprehending the causes by which climate change contributes to flooding, including heavier
precipitation, more frequent hurricanes, rising sea levels, and other factors, is crucial (Haasnoot

et al., 2020).

1.2 Inland flooding and coastal flood

Inland flooding can occur due to various factors, such as rapid rainfall exceeding the watershed
or valley drainage capacity, melting snow, mudslides, and uncontrolled water release from dams
or river banks. Additionally, structural collapses from natural flow or non-hydrological events
like earthquakes, technological failures, or sabotage can trigger flooding (Hunt, 2005). Thus, it is

crucial to carefully assess the risk of potential inland flooding to evaluate overall flood risk.

Coastal flooding happens when seawater or surface runoff submerges low-lying land (Ramsay
and Bell, 2008). Strong winds and high tides lead to flooding of coastal plains and damage to
fortifications. The extent of damage depends on the types of structures in place. Hard structures

like dikes, seawalls, breakwaters, groynes, or jetties may survive or be destroyed, while more
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flexible structures like dunes or marshes can be relocated and restored (Pin-Chun Huang, 2022).
However, even natural defenses cannot withstand very severe storms that cause rapid changes to

coastlines.

Simultaneous or sequential occurrences of both inland and coastal flooding can result in severe
consequences. In the event of a coastal storm surge, if high rainfall and rising inland river levels

follow, coastal flooding can be doubly severe (Ray et al., 2011).

1.3 Temperature, sea-level and flooding record

Rising air temperature

According to the National Oceanic and Atmospheric Administration (NOAA), the global
temperature has been rising by an average of 0.14 degrees Fahrenheit per decade since 1880. In
the contiguous 48 states of the United States (as depicted in Figure 2), temperatures have
increased at an average rate of 1.35 degrees Fahrenheit per decade since 1895. Notably, the year
with the highest recorded temperatures was 2021, reaching an average of 72.59 degrees

Fahrenheit.

Temperature acts as a vital gauge for assessing how global climate change impacts ecosystems
and human life. The Intergovernmental Panel on Climate Change (IPCC, 2014) has affirmed
that this temperature increase primarily stems from human activities, including the burning of
fossil fuels, deforestation, and industrial processes. These activities release greenhouse gases and
trap heat in the atmosphere, and rise in temperature has resulted in a wide array of consequences,

such as the melting of glaciers, the escalation of sea levels, the occurrence of more frequent and
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severe heat waves, alterations in precipitation patterns, and more extreme weather events (IPCC,

2014).

Contiguous U.S. Average Temperature
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Figure 2: Average temperature record in the contiguous 48 states from 1895 to 2023. (Source:

https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/)

Rising sea level

According to NOAA, sea level rise is a pressing concern. Figure 3 displays seasonal sea level
estimates from Church and White (2011) covering 1880 to 2020, along with data from the
University of Hawaii Sea Level Center from 1970 to 2020, and they consistently match. Since
the 1880s, sea levels have risen by approximately 20.3 to 22.9 cm, with an increasing rate since
1950 and a faster pace since 2000. By 2020, sea levels reached a new record high of 9.1 cm
above 1993 levels, indicating a continuous acceleration in sea level rise. The global sea level rise
rate has increased from about 0.175 cm per year in the 20th century to approximately 0.33 cm

per year from 1993 to 2020 (Tebaldi et al., 2021). This emphasizes reducing greenhouse gas
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emissions and addressing climate impacts to prevent further intensifying sea-level rise

consequences.

GLOBAL SEA LEVEL
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Figure 3: The trend line shows the comparison between seasonal sea level estimates (Church and
White (2011)) between 1880 to 2020 (light blue line) and the University of Hawaii Sea Level

Center between 1970 to 2020 (dark blue line).

Source:

https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level#:

~text=Global%20average%20sea%20level%20has, 3.8%20inches) %20above%201993%20level

S.

Increased rainfall events

General statements about global rainfall patterns are challenging as they vary significantly across
different regions. Some areas, such as tropical regions, are experiencing more frequent and

intense rainfall, whereas others are encountering more prolonged and frequent droughts, such as
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Sub-Saharan Africa. Rainfall patterns are primarily determined by the local climate and their
impact on atmospheric circulation patterns, which human activities and land use can influence
(Ohba et al., 2019). In the last hundred years, the frequency and intensity of heavy rainfall events
have seen a noticeable rise. According to the NOAA, the percentage of land area in the 48 states
that have experienced single-day precipitation events exceeding historical levels has increased
from 1910 to 2020. Figure 4 shows that most extreme single-day precipitation events have
occurred since 1996. However, the changes in rainfall patterns are complex and regionally
variable, and thorough analysis and monitoring are necessary to comprehend their causes and

effects.

25

20

15

10

Percent of land area

0
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Year

Figure 4 : Extreme one-day precipitation Events in the Contiguous 48 States, 1910-2020, each
bar indicated individual years and the line is a nine-year weighted average. (Source:

https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/)
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Increased flooding

The National Oceanic and Atmospheric Administration (NOAA) has recently reported an
increase in weather and climate disasters, particularly flooding. Analysis of data from NOAA's
Figure 5 reveals significant changes in the size (Figure 5a) and frequency (Figure 5b) of flooding
events in streams and rivers across the United States throughout five decades, from 1965 to 2015
(Slater et al., 2016). Notably, regions in the Northeast and Northwest have witnessed a rise in
flood sizes, while other areas have experienced a decrease. Moreover, the Northwest, Midwest,
and Northeast also observed a considerable surge in flood frequency. Conversely, certain regions
displayed only a slight reduction. Overall, the United States is experiencing a growing concern
about increased flooding, which is attributed to climate change and other factors (National

Climate Assessment, 2018).

(a)

& R
L Wi v oo
7o r:r v
v
e . VA
A Y o 1
A 24
' \ Iy
% AL g VA
W Y
i & o
\7 N,
7
A ’
v v : A
Significant Insignificant Insignificant Significant
decrease decrease increase increase

15



(b)

o
A - X A A
o &Y v Ay v e
A v ¥ o v =
v y { = A A N A B
¥ RN A 2%
7 Y . ey 7 v N
v v / : A =
- 5 A a A ~
. A a A aND A
Y v v = & Fa A
W v v v v 7 (=) Y i & fal
s 4 @ o A R my
7 A ¥
— Y57 S N7y
W S v A
== 7
v 5 & v hv W -
v w v £ A
&
A
A —
o A ! v
oy @RS A
W™
- v v A
' .
& v
v v A A
Significant Insignificant Insignificant Significant
decrease decrease increase increase

Figure 5: (a) River flood magnitude change in the United States from 1965 to 2015. (b) River
flood frequency changed in the United States from 1965 to 2015 (NOAA). (Source:

https://www.epa.gov/climate-indicators/climate-change-indicators-river-flooding)

1.4 Temperature increases drive other environmental changes

The global warming rate has significantly increased, and this warming trend leads to more
frequent and intense weather events (IPCC, 2018). One of the impacts of climate change is its
effect on heat waves. The rise in temperature increases the chances of experiencing scorching
days and nights. Climate warming affects land evaporation, which can worsen drought
conditions and elevate the risk of wildfires (Xiaoxinet al., 2017). Additionally, a warmer climate
may also give rise to heavier precipitation events like blizzards and storms due to increased

moisture capacity in the air (Sweet et al., 2014). The moist and warmer atmosphere and warmer
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oceans indicate that solid hurricanes will be intense (Walsh et al., 1998). They can produce more
rainfall, impact new areas, and be more significant and long-lived. There is evidence from the

North Atlantic that tends to support such claims (Vitousek et al., 2017).

Extreme weather events could become more frequent or intense due to climate change caused by
activity, according to the IPCC in 2014. It has been observed that the years with the recorded
temperatures have also experienced catastrophic consequences, as reported by NOAA in 2023.
Elevating temperatures significantly influence the onset of extreme weather events, with a
particular impact on heavy rainfall, thereby amplifying the likelihood of flooding incidents (Karl
et al., 2008). Each 1-degree Celsius rise in temperature results in a 7% expansion in the air's
moisture-holding capacity, leading to heightened evaporation from both land and oceans (Held et
al., 2006). This ultimately affects precipitation frequency and volume resulting in a likelihood of
rainfall events and an overall increase in flood frequency and intensity (Intergovernmental Panel

on Climate Change, 2014).

This combination of climate changes is widely believed to be responsible for rising sea levels
contributing to flooding and erosion risks for lying and coastal areas. As the generation continues
into this era of climate change, it is evident that flooding incidents are already rising due to the
increasing sea levels (Vitousek et al., 2017). The expected continuation of the rise in mean sea
level will result in a sustained high coastal water level, causing coastal erosion and flooding in
many locations. The public often focuses on the magnitude and rate of mean sea level increase.
However, freak waves and storm surges and their timing concerning the astronomical tide
fundamentally influence coastal flooding and erosion. Studies have shown that these cumulative
impacts, such as storm surges and significant mean sea level rise, pose severe concerns as they

can significantly contribute to flooding hazards and catastrophic events (Little et al., 2015).
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Therefore, it is critical to examine how sea level rise affects high-frequency flood levels and

high-vulnerability areas and the impacts of flood events.

The research unequivocally proves that rising air temperature is the driving force behind heavier
precipitation and rising sea levels, significantly increasing the frequency of floods. A meticulous
analysis is conducted in the District of Columbia to delve into the precise impact of temperature

on flood occurrence.

2. Literature Review

2.1 The relation between sea-level rise and flood frequency

The rise in sea level has a direct impact on flood probability and intensity. When estimating
future flood risk, the focus is often on the average, best, or large quantile, but uncertainty in sea
level forecasts is not always taken into account. However, factoring in the uncertainty of
sea-level rise increases the probability of flooding (Ruckert et al., 2017). In the short term, there
is only a small increase or no change in the expected conditions of Bothnian Bay and the Gulf of
Finland due to stronger land uplift. However, the long-term scenario of rising mean sea levels is
predicted to clearly increase flooding risks by 2100. Low-lying coastal areas in Germany are
already facing recurrent flooding events caused by storms. The combination of accelerated
sea-level changes and hard coastline defenses would increase the squeeze on the seaward side,
damaging the coastal ecosystem. Unfortunately, there is currently no solution for this

phenomenon (Sterr, 2008).

Research shows a direct link between sea-level rise and the frequency of massive floods in

coastal areas. For instance, Areas with high rainfall are directly impacted by sea-level rise
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(Vitousek et al., 2017). As a result, low-lying equatorial and tropical islands will become
uninhabitable and submerged by 2050 due to extreme sea and flood frequency. Similarly,
sea-level rise increases flooding frequency in coastal regions, directly affecting coastal
geomorphology (Al’ala & Syamsidik, 2019). Global climate change altered weather patterns in
coastal regions of California, increasing the likelihood of flooding owing to increased rainfall
(Dettinger, 2011). Additionally, global sea levels have risen significantly owing to climate

change, exacerbating the frequency of flooding on the California coast.

Several research articles have noted different processes by which sea-level rise will influence the
increasing rate of flood frequency. Rising sea levels, intensified storms, and tides will increase
the risk of flooding in urban areas. The increased exposure to greenhouse gasses leads to greater
uncertainties when predicting scenarios for the year 2100 in the San Francisco Bay Area (Yang et

al., 2019).

The frequency and intensity of floods have a direct correlation with the availability of water in
specific regions and seasons. Regions and seasons with higher moisture availability experience a
larger increase in flood events and extreme rainfall. However, in dryer regions, the increase in
extreme rainfall may be offset by reduced moisture availability. On the other hand,
water-abundant regions with more moisture convergence experience intensified impacts of
extreme rainfall. Hence, it is important to take into account both atmospheric conditions and

water availability when predicting and preventing floods (Tabari, 2020).

For example, tropical regions are more vulnerable to sea-level rise and coastal flooding due to
their high rainfall and seasonal water variability (Vitousek et al., 2017). The rising sea level

further exacerbates the water level during high rainfall, increasing the frequency of massive
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flood formation. Further, climate change is altering the weather patterns in the coastal regions of
California, leading to more incoming warm air and orographic rainfall (Dettinger, 2011). The
increased precipitation, combined with sea-level rise, is increasing the frequency of flooding in

these regions.

2.2 Areas in danger

The areas along the coastlines are at a greater risk of more floods owing to rising sea levels.
Especially, areas with high water variability in tropical regions encounter increased vulnerability,
while low-lying islands in equatorial and tropical regions are at even more heightened risk
(Vitousek et al., 2017). Shortly, coastal areas will experience more massive flood events,
potentially rendering them uninhabitable (Dettinger et al., 2011). Moreover, there is a
circumstance that low-lying islands may be submerged by 2050 due to increased sea levels and

flood frequency (Al'ala et al., 2019).

These findings demonstrate that the recent increase in massive floods is primarily due to rising
sea levels, and prompt mitigation measures are required to protect the world, human society, and

biodiversity from the severe consequences of sea-level rise.

2.3 Flood impact on Vegetation

Depending on the severity and the type of flood, it can have both negative and positive effects on

vegetation. Here are some potential effects flooding can have on vegetation:

Waterlogging: Waterlogging occurs when floods overwater the soil, reducing soil porosity and
causing stress to plants. Waterlogging can cause oxygen deprivation and reduced nutrient uptake

availability for plants, leading to reduced root growth and root morphology (Naeem et al. 2021).
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Soil Erosion: Flooding can cause nutrient loss and soil erosion, which can lead to the reduction
of soil fertility and environmental degradation (Yang et al., 2021) These are the factors that cause

a decrease in vegetation.

Sediment deposition: Flooding events increase sediment deposition and organic carbon storage,
rich in organic matter. The soil quality becomes more fertilized, which benefits the plants and

increases vegetation (Wu et al., 2022).

The impacts of flooding on vegetation rely on elements like how long and severe the floods are,
the types of plants in the area, and their capability to adapt to changing situations. Vegetation can
be helpful during floods by absorbing extra water, preventing soil erosion, and enhancing soil
quality. However, flooding can also harm vegetation through waterlogging and soil erosion,
reducing root growth and less vegetation overall. Studying how flooding affects vegetation helps

us better understand its impact on ecosystems and find ways to reduce its negative consequences.

2.4 Study Area

This study focuses on the Washington DC area, which has many impermeable surfaces, Figure 6.
That means the ground surface of the area has more difficulty handling large amounts of
rainwater falling in a short period. In addition, the location of the District of Columbus is at the
confluence of two tidal rivers. Hence, the downtown area and the surrounding suburbs

experience three significant types of flooding: interior flood, river flood, and coastal flood.

Internal flood: Also known as flash floods, these floods are mainly caused by heavy rains that
tend to take place over a very short period, that is, generally up to six hours or even less, and

these floods can take place anywhere (Kirezci et al., 2020). The ground cannot absorb the heavy
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rain and floods the drainage system. When the river elevation is average, waterlogging may
occur due to factors such as topography, development, local weather, and the capacity of the

stormwater system.

River Flooding: This mainly takes place when a stream or a river manages to overflow its natural
banks as well as tends to inundate dry land (Dahri and Abida (2020). In the Washington area, it
refers to overbank flooding on the Potomac River and Anacostia River, when it cannot contain
the water collected in its river basin. Heavy rainfall or snowmelt upstream would cause the water
level in the lower Potomac River to rise within a few hours or days, which may also cause the

backwater of the Anacostia River to overflow.

Coastal Flooding: This type of flooding occurs when the winds that emerge from the coastal
storm manage to push a storm surge from the ocean and to the land (Hague et al., 2020). In the
Washington area, it refers to the inundation caused by the connection of the Potomac and
Anacostia rivers with the Chesapeake Bay and the Atlantic Ocean. Coastal floods include floods
caused by high tides, but also include coastal storms, such as hurricanes, that push storm surges,

and waves on the Potomac River and Anacostia River into Washington, DC.
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Figure 6 : The distribution of impervious surfaces in the Washington DC area in 2020, as

observed by satellite imagery. Map by Metcalfe, J. 2016 (Metcalfe, J,2016). Retrieved from

https://www.bloomberg.com/news/articles/2016-03-30/the-growth-of-impervious-surfaces-in-wa

shington-d-c-as-seen-by-satellite

3. Methodology

3.1 Research Design

Qualitative, analytical, and predictive research strategy designs achieve the objectives. Excel,
ArcGIS, and Google Earth Engine were used to approach this study due to the research
question's exploratory and qualitative nature in focus. This study uses frequency analyses to

predict design floods for sites along the Potomac and Anotacia Rivers. The analysis requires the
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observed annual peak flow data in the history to calculate statistics and then construct the

frequency distributions.

3.2 Research Approach and Strategy

The research methodology used in this study involves a systematic approach. It starts with
general assumptions, such as the positive correlation between temperature increase and flood
frequency, and then proceeds to collect data from government sources. The study analyzes the
data using frequency distribution and presents the results in graphical and tabular formats. The
study adopts an inductive research approach, focusing on specific observations and data to draw

broader conclusions relevant to the research design.

3.3 Data Preparation

The data on temperature, sea level, precipitation, and stream level in the district of Columbia was
collected for the research. The research collected various data types, including temperature, sea
level, precipitation, and stream-level data. Reliable sources, such as NOAA for temperature,
sea-level, and precipitation data and USGS for stream-level data, provided these. Once the study
verified the data, they converted it into a format suitable for analysis in Excel, such as CSV or
XLSX. The research utilized a web application, Streamlit, to compare sea-level data with land
cover images. They leveraged open-source mapping libraries like leaf map, gee map, pydeck,
and kepler.gl to generate an appropriate map for this study. These libraries were applied to
generate an appropriate map for this study. Additionally, Google Earth Engine created maps that

aided the study in analyzing flood comparison images.

3.4 Data Analysis
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Temperature, rainfall and precipitation analysis

The data analysis mainly uses Excel to analyze temperature, rainfall, and precipitation data,
creating graphs and examining trends and patterns over time. The study explored seasonal
variations and long-term changes to understand climate behavior better. Potential correlations
between variables, such as the impact of temperature changes on precipitation and sea level,

were investigated.

Image land cover analysis

The study utilizes Streamlit to explore potential connections between historical land cover and
sea level. Initially, historical land cover images undergo preparation using image processing
techniques for comparison. For accurate flood event monitoring, Google Earth Engine involves
diverse satellite images like MODIS, Sentinel-1, and 2. These images were corrected for surface
reflectance and collected before and after each flood event. However, remote sensing faces
limitations, especially in monitoring flood events. Clouds can obstruct the view of satellite
sensors, making it challenging to obtain clear and accurate flood images. Additionally, some
satellite rotation periods may not align with flood occurrences, hindering real-time monitoring.
Radar is also affected by clouds but to a lesser extent. It operates at longer wavelengths,
penetrating clouds to monitor flood-prone areas effectively. However, heavy rainfall during
floods can still impact radar measurements, affecting detection accuracy. Nonetheless, radar
remains valuable for flood monitoring, complementing optical remote sensing for disaster
management and response. Thus, the monitored flood events occurred on specific dates: July §,
2019; March 15, 2010; and October 26, 2021. It was crucial to select satellites that launched

before the event to monitor each flood event and avoid cloud-covering conditions effectively. For
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example, Sentinel-2 was used to detect the flood event on July 8, 2019, while MODIS was used

to monitor the flood event on March 15, 2010.

Moreover, the recent flood event on October 26, 2021, was detected using Sentinel-1 SAR,
which has global coverage every 12 days. Next, the study uses these tools to create interactive
maps displaying historical land cover images, allowing users to quickly explore the data and
draw insights. By combining these powerful tools, one can better understand how land cover

changes may impact sea-level rise and vegetation patterns over time.

Vegetation Observation

The analysis of vegetation changes during flooding events entailed calculating the Normalized
Difference Vegetation Index (NDVI) for each image before and after the event using the Google
Engine. However, the study had to use different satellites due to variations in their orbits. In
addition, a maximum likelihood supervised classification method was applied to determine land
cover based on five distinct classes: open water permanent, open water flood, flooded vegetation,
urban, and vegetation. The analysis applied False-color images to inform the training period
based on 30 regions of interest (ROIs) for each land class, and that allowed for a comprehensive

and accurate analysis of vegetation changes before and after flooding events.

Flood Frequency

The flood frequency distributions were calculated using Long-Pearson Type III Distribution
equations for statistical analysis. This distribution is widely used by Federal Agencies across the
United States to predict design floods. The U.S. Water Advisory Committee on Water Data

(1982) recommends this method for flood frequency analysis at river sites. The Log-Pearson
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Type III distribution uses historical record data to calculate discharge values for potential future
floods, as well as the recurrence intervals for both the Potomac River and Anacostia River. These
distribution graphs play an essential role in designing river structures and nearby buildings to

protect them against flood events.

The flood frequency curve uses historical data to estimate the return period of flood events and
frequency. It plots flow on the y-axis and return period on the x-axis, using a logarithmic scale.
Various factors, such as topography, basin characteristics, altitude, channel slope, and
meteorological conditions, shape the relationship between the Maximum Mean Daily Discharge

and Instantaneous Peak Flow, contributing to each flood event (Fuller et al., 1914).

Typically, flood frequency analysis involves using instantaneous peak flow data, but the graphs
can also generate using maximum values of average daily flow data. The statistical analysis uses
the Log-Pearson Type III distribution, providing accurate and reliable results for predicting flood
frequency and designing structures to withstand future flooding events. This distribution has
three parameters: location, scale, and shape, which make it flexible and adaptable to different
data sets. Statisticians Carl J. Long and Ralph A. Pearson developed it in the early 20th century,

and since then, it has become a widely used tool in hydrology.

The distribution is calculated using the general equation:

logx =log x + Kolog

X

The equation above uses x to represent the flood discharge value for a given probability, K is a

frequency factor which is a skewness coefficient which is found in Table 1 , o is the standard

E(log x)
— . To calculate the

deviation. To calculate the mean by using the equation: log x =
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%(log @—avg(log @))°
variance and the standard deviation by using these: — & o log Q =/variance

; where n is the number of entries.

n3(log x—log %)’
(n-1)(n-2)(, )’

To calculate the skewness coefficient by using the following equation: Cs =
log x

The value means the estimate incorporates data values, but only from the observing station.
When the observations increase, the skewness estimate error would decrease. Another equation
which Interagency Advisory Committee on Water Data suggest to estimate the coefficient of

skewness for the instantaneous peak flow data by the following equation:

. o vc,) .
CW = WCS + (1 -W) Cm , where W is a weighting factor W = Yo * Cn isa
regional skewness which would be found in Figure 7. The value of the V(C m) 15 0.302 for the

United States (IACWD, 1982). V(C S) is using the equation to figuring it out:

A—Blog. (n/10)
vie) =10

where

if |cs|s 0.9 A=-0.33+0.08 |CS

2

If |cs|> 0.9 A=O.52+O.3|CS| :
If |CS|SI.5 B=O.94-0.26|CS| :

If|CS|>1.5 B=0.55
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Upon calculating all the values, the distribution graph can depict the anticipated discharges to

expect at the site in the future based on historical records.

Figure 7: Generalized skew coefficients of logarithms of annual maximum streamflow from

interagency Advisory Committee on Water Data, 1982.

Return Period

The return period indicates how often a flood might happen in the future. It is better to talk about
return periods than just saying the chance of a flood. Return periods can tell how often a flood of
a specific size might happen. For example, a flood with a 100-year return period might happen
once every 100 years, but there could still be another big flood in a few years. For example, A

flood with a 10-year return period has a 10% chance of happening in any given year.
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4. Results

4.1 Rising air temperatures in Washington, DC

The National Oceanic and Atmospheric Administration (NOAA) has been diligently collecting
average temperature data in the contiguous District of Columbia from 1871 to 2022. Over the
course of 151 years, a notable trend line indicates an increase in temperature by approximately
0.02 degrees Celsius per year (Figure 8). It is essential to consider that local temperatures can be
influenced by natural climate variability and urbanization. However, the sustained warming trend
observed not only in Washington, DC but also across numerous locations worldwide can
primarily be attributed to climate change. This phenomenon is primarily caused by
human-induced greenhouse gas emissions, as highlighted by the Intergovernmental Panel on
Climate Change (IPCC, 2014), which further expects this trend to persist and intensify in the

coming years.

Washington DC air temperature (annually)

18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

Degree Celsius

1943
1949

1871
1877
1883
1889
1895
1901
1907
1913
1919
1925
1931
1937
1955
1961
1967
1973
1979
1985
1991
1997
2003
2009
2015
2021

-
4]
0
=

30



Figure 8: The air temperature in the District of Columbia from 1871 to 2022.

4.2 Rising sea-level in Washington, DC

Sea level rise in Washington, DC, primarily occurs due to the combined effects of melting ice
sheets and glaciers and the expansion of seawater amidst global temperature rise. These factors
impact the neighboring Chesapeake Bay, contributing to its sea level increase. According to
National Oceanic and Atmospheric Administration (NOAA), sea levels have risen by about 3.44
millimeters per year from 1924 to 2021 (Figure 9). Over the last decay, the sea level has risen by

around 1.13 feet (or 34 centimeters).

Relative Sea Level Trend
8594900 Washington, District of Columbia

8594900 Washington, District of Columbia 3.44 +/- 0.27 mm/yr
0.60
— Linear Relative Sea Level Trend @
045_—UpperSS%Confiden:elnterval ______________________________:U-E_
: — Lower 95% Confidence Interval o
Monthly mean sea level with the
0.30 - average seasonal cycleremoved| - — - — — - — = — — — — — — — - —-—==%l-—-—--- - === -
015{- —— ——— — —[- — - ‘ ————————— ‘ ————— ‘ -——- - \» - - .
. I __
b 0.00 b P ' ] | l |] | |H '1 | - e — el
v | | I ] H l[lll- Lt !f- |
b5 bkt il ' *
-0.15 (|- — Il | R e e
L
030 -4f~--—-f--+-H--l-F+--""-""-- - - - - - - - - - - - - = - = - — = —
045 — — — — — - - - — — — — — — o — e — — — —  —  — — — — — — ——— — o —— — - = ]
-0.60 1 - - - - . : - -
1920 1930 1940 1950 1960 1970 1980 1950 2000 2010 2020

Figure 9: The National Oceanic and Atmospheric Administration (NOAA) provides information
on sea level trends in Washington DC. (Source:

https://tidesandcurrents.noaa.gov/sltrends/sltrends station.shtml?stnid=8594900)

Land Cover changes from 1988 to 2020 in Washington, DC
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Changes in the District of Columbia from 1988 to 2020 are apparent in the Landsat time Lapse
maps made by Streamlit. The natural areas, forests, and agricultural lands are being lost to urban
development, as shown in Figure 10. However, sea level rise is not significantly impacting this
area because of the district plan. The plan aims to protect the Potomac River shoreline by
armoring it from Georgetown to the Lincoln Memorial and constructing a dike to shield
low-lying areas between the Lincoln Memorial and the White House from flooding events.
While flooding still occurs, the government has built a high levee to minimize economic loss, as
Washington DC is the capital of the United States; this could be why the Landsat Time Lapse

model does not show the impact of rising sea levels, despite flooding events.

. "Lapdsat Tm)n"ﬂapsn
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Figure 10: Land changes in Washington DC, from 1988 to 2020. The green color indicated the
vegetation, dark blue represents water, white and gray represents road and building. Retrieved

from https://geo.streamlit.app/Timelapse?page=Create%20Timelapse

4.3 Rising Rainfall in Washington, DC

NOAA data demonstrates a rise in annual precipitation at both Reagan National Airport and
Dulles Airport stations in the Washington D.C. area over the past few decades, and experts
predict that this trend will continue in the future (Figure 11(a)). From 1943 to 2023, Reagan
National Airport experienced an average annual precipitation of 40.4 inches (Figure 11(b). In
contrast, Dulles Airport recorded 41.7 inches from 1965 to 2023, with a notable increase in
rainfall during recent years. This increase can be attributed to multiple factors, including higher
temperatures leading to increased moisture content in the atmosphere due to greater evaporation
and shifts in atmospheric circulation patterns. Furthermore, research suggests that climate change
is contributing to more frequent occurrences of intense rainfall events which may result in
flooding, infrastructure damage, and other significant impacts. Therefore, several factors
contribute to increased rainfall in Washington, D.C. Warmer temperatures result in higher
atmospheric moisture content through increased evaporation. Additionally, changes in
atmospheric circulation patterns play a role. This research also highlights the impact of climate
change on extreme rainfall events, posing risks of flooding and infrastructure damage. It is

crucial to acknowledge how these changes affect the weather patterns in the region.
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Figure 11: History precipitation trend at both Reagan National and Dulles airport station from

1943 to 2023. (Data source:

https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/city/time-series/USW0001374

3/pcp/12/1/1895-2023)

4.4 Raising Flood Frequency

Instantaneous Peak Flow vs. Maximum Mean Daily Discharge

The Potomac River Little Falls Pump Station, located near the Washington DC metropolitan
area, has been the subject of extensive hydrological studies, including measurements of
instantaneous peak flow and maximum mean daily discharge. Calculating these measurements,
shown in Figures 12 (a) & (b), using historical discharge data from 1931 to 2021 to generate the
return period, which expresses the values in cubic feet per second (cfs) and provides critical
information for flood control and water resource management. Figure 12 (a) reveals that the
instantaneous peak flow for a 2-year return period is approximately 114000 cfs. In contrast, the
values for the 10-year, 50-year, 100-year, and 200-year return period floods are much higher, at
228100 cfs, 360000 cfs, 427000 cfs, and 500000 cfs, respectively. Figure 12 (b) shows that the
maximum mean daily discharge values for these same return periods are lower, ranging from
about 216000 cfs to 494000 cfs. These data are essential for understanding the behavior and

developing effective strategies to mitigate the impact of severe floods.

Like the Potomac River, the Anacostia River, situated near Washington, DC, has undergone

hydrological investigations to identify its instantaneous peak flow and maximum mean daily
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discharge. The unit for the flow is in cubic feet per second (cfs) (Figure 12(b)). According to the
data, the instantaneous discharge for a 2-year return period is approximately 3900 cfs. In
contrast, the discharge values for 10-year, 50-year, 100-year, and 200-year return period floods
are 8000 cfs, 12700 cfs, 14800 cfs, and 17000 cfs, respectively. The average discharge values for
these equivalent return periods are comparatively lower, varying from around 3300 cfs to 6500
cfs. These figures hold significant importance in comprehending the behavior of the Anacostia
River and in devising strategies to minimize the effects of floods. The Anacostia River exhibits
notably lower discharge values than the Potomac River, suggesting it might be less susceptible to
flooding. Nevertheless, the data obtained from these hydrological measurements are essential for

efficiently managing water resources in the region.
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Flood Frequency Analysis for Anacostia River Near Pump Station using Log-
Pearson Type Ill Analysis

(WY 1933-2021)
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Figure 12 (a) and (b): The flood frequency analysis calculated by Log-Pearson type I1I analysis

on both Potomac River (a) and Anacostia River (b).

The River Gage Height

The Potomac and Anacostia Rivers near Washington, DC, have been investigated to determine
their flood event levels. Figure 13 shows the gage height of the stream flow, which helps as a
basis for deciding the flood event level mentioned in Table 1. Over time, the gage height of the
Potomac River has dropped, while the Anacostia River has stayed unchanged. This flood-level
disparity can be attributed to the higher water-holding ability of the Potomac River than the
Anacostia River. Therefore, the National Weather Service has established distinct standards for

flood levels, representing a gage height above 16 ft as a major flood for the Potomac River.
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According to Table 1, the Anacostia River has a slightly elevated standard. An analysis of data
transiting the past 91 years shows 51 flood events in the Potomac River and 39 in the Anacostia
River, with ten major flood events occurring in the Potomac River but none in the Anacostia
River, as indicated in Table 2. This information plays a vital role in comprehending flood risks in
the region and devising effective methods to mitigate the influence of floods on emergency

planning, flood insurance rates, and infrastructure investments.

The Rivers Near Washington DC, Gage Height from 1931 to 2021
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Figure 13: The Gage Height and Stream Peak flow in both Potomac River and Anacostia River.

Data retrieved from NOAA.

Flood level = Gage Height Gage Height

Major 16 ft (7891 14 £t (212000 cfs)
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cfs)

13 ft (6651
Moderate cfs) 12 £t (163000 cfs)
Flood 8 ft (5411 cfs) 10 ft (114000 cfs)
Action 7 ft (4336 cfs) 5 ft (21000 cfs)

Table 1: The National Weather Service provided the standard table to determine the flood level.

Data retrieved from NOAA.

Major 0 10
Moderate 1 20
Minor 38 21
Action 19 40
Grand Total 58 91

Table 2: The counts of each flood level in both Anacostia River and Potomac River from 1930s

to 2021 (yearly stream peak). Data retrieved from NOAA.

Flood Frequency and Its Season

The US Geological Survey (USGS) collects flood frequency data from water stations across the
country, but since there is no daily gage height data available for the Northwest Branch

Anacostia River at Riverdale MD station, data from the downstream Anacostia River Aquatic
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Gardens at Washington, DC daily gauge heights station was used. However, this data is only
available from 2004 to 2017, as shown in Figure 14, which indicates that there was only one
gage height record reaching action level on February 24th, 2016, with a gage height of 6.3 feet.
Since the timeline is not short and able to provide flood frequency information, the focus is

shifted to the Potomac River during this time.

Flood events were more frequent between 2008-2011 and 2016-2019, but the trend line indicates
a decreasing trend for both moderate and flood levels from 2007 to 2020 (Figure 15 (a)).
However, when the gage height reaches above 5 feet in the Potomac River, the action level
shows an increasing trend in flood frequency from 2007 to 2021, as shown in Figure 15 (b).
Even though the frequency of flood events decreased, the gage height remained at the action

level after 2016, indicating an increase in water in the river.

When looking at the water amount specifically, Figure 16 (a) shows a histogram of the number
of action water level occurrences for each month from 2007 to 2021 in the Potomac River. The
pie chart in Figure 16 (b) shows a 19% chance of the water level remaining at the action level in
May but only a 1% chance in July. Factors like precipitation patterns and snowmelt could
influence the seasonality of the flood events observed in the Potomac River. For example, higher
rainfall in May might lead to more frequent occurrences of gage heights reaching the action
level. On the other hand, July might have lower rainfall or less snowmelt, resulting in a lower
probability of water levels reaching the action level during that time. Other factors, such as
upstream reservoir releases or local hydrological conditions, may also affect the observed

seasonality.
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USGS 81651758 ANACOSTIA RIVER AQUATIC GARDENS AT HASHINGTON, DC
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Figure 14: The Daily Gage height in Anacostia River Aquatic Gardens at Washington, DC from

2004 to 2017. Sources:

rred module=sw&period=&begin date=2004-10-01&end date=2017-09-30
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Figure 15: (a) the flood frequency graph focuses on the gage heights which reach to flood and

moderate level (b) the flood frequency graph focuses on the total gage heights which are above 5

(feet) in Potomac River.
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Figure 16: (a) The number of occurrences in each month for the gage heights from 2007 to 2021.

(b) the percentage of the action flood occurrence in each month.

4.5 Air temperature and flood frequency

The study compares two figures to understand better the direct relationship between air
temperature and flood frequency. Figure 17 (a) shows an apparent increase in air temperature
from 2007 to 2019. The expectation would be that increasing air temperatures would lead to
more rainfall and earlier snow melting, which could increase the likelihood of flooding.
However, Figure 17 (b) shows a slightly negative relationship between air temperature and the
occurrence of action water days, where increasing occurrences show a slight decrease in air

temperature over the years.
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(b)

Occurrence of action water day vs. Air Temperature
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Figure 17 : (a) air temperature at Potomac River from 2007 to 2019. (b) Occurrence of flood and

action water events verse of air temperature from less occurrence to frequently.

4.6 Monitoring the specific flood events and its vegetation

River Flooding

According to the National Weather Service, on 12 March 2020, light rain fell later in the
morning, followed by heavier rain the next day. The most intense rain and sporadic
thunderstorms occurred on 14 March, and showers continued until 15 March 2010 (National
Weather). In order to detect the Normalized Difference Vegetation Index (NDVI) in this case, the
MODIS satellite was initially selected. However, as shown in the left-side image of Figure 18
(a), the resulting NDVI was not as clear as the previous use of Sentinel-2. This expected

difference in clarity is attributed to the significant difference in resolutions between the two
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satellites. Resolution refers to the level of detail captured by a satellite sensor. A higher
resolution means the sensor can capture finer details, whereas a lower resolution captures more
generalized information but fewer details. In this case, the MODIS satellite has a resolution of
approximately 250 meters, meaning it captures data in more significant and less detailed chunks
compared to the Sentinel-2 satellite, which has a higher resolution of 15 meters. Because of this
significant difference in resolution, the MODIS satellite is less capable of capturing finer and
more detailed features on the ground, resulting in a less precise or more generalized NDVI image
than the higher-resolution Sentinel-2 satellite. Therefore, a year-round NDVI plot was generated
using Google Engine, as shown in Figure 18 (b). A significant dip in NDVI occurred
immediately following January, likely due to the cold winter causing the leaves to fall. The
NDVI value then increased again after the spring season. Focusing on the mid-March to April
period, the NDVI increased sharply. While it may be partially accurate to assert that the NDVI
increased after the flood event, the flood area was limited to Georgetown Park and Washington

Harbor rather than the entire Washington area.

(a)

46



—

* || Chevy Chase-
\ Bethesda

aileys
ssroads

Hillcrest
Heights

Temple Hills

0xon Hill

nia 3elle Haven' NATIONAL
tboard shortcuts < Map data ©2023 Google 2 km L1 Terms of Use

(b)

NDVI Time Series

0.50
0.45
0.40
0.35
0.30
0.25

0.20

NDV/{

0.00
-0.05 \//

-0.10

January February March 2010 April 2010  May 2010  June 2010  July 2010

2010 2010

August
2010

September
2010

October
2010

November
2010

December 20
2010

47



Figure 18: (a) the NDVI image in the Washington DC area, which was generated by MODIS. (b)

the NDVI time Series for 2010 the whole year around.

Interior Flood Example on 2019 July 8

On July 8th, 2019, severe storms generated flooding in metro D.C. along the Potomac
River. Nevertheless, it is challenging to accurately detect flooded areas on the day of the flood
due to limitations imposed by the orbit of the satellites and their imaging capabilities. Remote
sensing satellites use predefined orbits around the Earth, and their coverage of a specific spot is
scheduled based on these orbital paths. This implies that the satellite might not pass over a
particular area at the exact time of a flood event, making it challenging to catch real-time images
during the peak of flooding. A post-flood image seems similar to a pre-flood image, which might
be because the floodwaters have already receded (Figure 19). Figure 20 presents the NDVI
(Normalized Difference Vegetation Index) before and after July 8th, with green representing
vegetation areas and yellow representing urban areas. The NDVI was lower before the flood and
higher after the flood, particularly around the Potomac River and downtown Washington, as
shown in Figure 21. However, when looking closer at the left-side image of Figure 20, the
Potomac River appears as a yellow area instead of the expected white color. To verify this
discrepancy, USGS Earth Explorer was used, which revealed numerous clouds on the date

chosen by Sentinel-2 prior to the flood event.
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Figure 19: The radar image shows the land cover before (left), and after (right) the flood event

occurred on July 8, 2019, by Sentinel-2.
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Figure 20: The image shows the NDVI before (left), and after (right) the flood event occurred on

July 8, 2019, by Sentinel-2.
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Figure 21: the NDVI image in the Washington DC area, which was generated by MODIS for the

entire year of 2019, the red bar is showing the date of July 8.

Coastal flooding Example 2021 on Oct 26 at old town Alexandria

On October 26th, 2021, a storm impacted the area, directing to a widespread flood that impacted
the coastal areas of Maryland, Virginia, Delaware, and New Jersey. The strong winds of the
storm drove water into the Chesapeake Bay and Delaware Bay, causing significant flooding in
these regions. A remote sensing radar captured compelling evidence, shown in Figure 23,
revealing a notable difference in river conditions before and after the flood. The image displayed
a significant increase in water volume at the bottom of the Potomac River following the heavy

rainfall, indicating a concerning upward flow toward the urban vicinity.

The high salinity of the inundating water during coastal flood events theoretically leads to a

decline in vegetation. This was supported by the NDVI analysis (Figure 22), which showed a
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decrease in vegetation after the flood event (Figure 24). However, the drop in NDVI might also
indicate plant senescence. In this natural process, plants age, and green foliage decreases,
especially during the fall when not influenced by flood events. Understanding these ecological

dynamics becomes critical in comprehending the potential long-term impact of the flood on the

region's natural landscape.
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Figure 22: The image shows the NDVI before (left), and after (right) the flood event occurred on

October 26, 2021, by Sentinel-2.
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Figure 23: The radar image shows the land cover before (left), and after (right) the flood event

occurred on 2021 Oct 26 by Sentinel-2 SAR.
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Figure 24: The upper left chart is the rainfall event right before the flooding event, and the upper
right chart is the streamflow right before the flooding day. The bottom chart is the flood

detection/intensity.
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Land Classification with vulnerable area

To compare the state of the area before and after the October 24th, 2021 flooding event in the
District of Columbia, land classification images were utilized ( Figure 25). The land cover
change was classified into different categories, with blue-colored areas representing permanent
open-water areas, purple-colored areas indicating flooded vegetation during the event, and
yellow and green-colored areas representing urban and vegetation areas. By classifying the land
cover change, it became clear that the purple area is particularly vulnerable to flood events. This
classification provides an efficient and rapid method of flood monitoring that could be beneficial
for local administrations. However, it is important to note that obtaining remote sensing images
during flooding can be challenging due to cloud cover. In such cases, other methodologies such
as Synthetic Aperture Radar (SAR) could be employed, which is not affected by cloud cover and

enables flood monitoring.
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Figure 25: Land cover based on five classes (open water permanent (blue), open waterflood
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(light blue), flooded vegetation (purple), urban (yellow), and vegetation (green).) in Washington

DC after 2021 OCT 26.
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5. Discussion

The hypothesis is addressed that an increase in air temperature, sea level, and rainfall would
result in more frequent floods, affecting vulnerable areas and vegetation. However, the data
revealed a different scenario regarding higher temperatures and flood occurrences in the Potomac
River. The relationship between air temperature and flooding is intricate and relies on regional
climate patterns. Changes in land use or the construction of new infrastructure may also impact

flood frequency.

The Potomac and Anacostia Rivers, located near Washington, DC, are susceptible to recurring
floods. These floods can result in significant damage and loss of life. Hydrological
measurements play a crucial role in determining flood insurance rates, facilitating emergency
planning, and guiding infrastructure investments aimed at diminishing future flood risks. The rise
in sea levels is predicted to intensify the occurrence of flooding events due to augmented ocean
water levels. Consequently, low-lying coastal regions, particularly island areas, will face
heightened vulnerability to extensive flooding resulting from sea-level rise. Active mitigation
measures must be undertaken to safeguard the coastlines. The unplanned increases in
urbanization and inadequate infrastructure make cities more vulnerable to urban floods. Remote
sensing can help monitor the flooding area and determine how serious the flood would affect the
area. This could help make more suitable strategies for urban disaster reduction, reduce the

number of deaths related to disasters, and mitigate disaster damage to infrastructure.

The probabilities of various return period floods were examined for the Potomac and Anacostia
Rivers. In the case of the Potomac River, the chances of experiencing a 100-year return period

flood in any given year were calculated to be 1%. In contrast, for a 200-year return period flood,
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the likelihood was found to be 0.5%. Correspondingly, for the Anacostia River, the annual
probability of a 100-year return period flood was also defined to be 1%, and for a 200-year return
period flood, the probability stood at 0.5%. Notably, the occurrence of a hundred-year flood stays
constant at 1% in any given year, unaffected by past events. These probabilities provide vital
senses for flood management and planning, helping assess risks and design appropriate flood

control and water resource management strategies for the region.

The impact of hydraulic infrastructure in DC may have influenced flood frequency, with updated
installations like improved drainage systems potentially mitigating flood risks. Coastal
metropolises such as DC encounter distinctive challenges owing to their proximity to the ocean
and vulnerability to sea-level rise. These challenges encompass a high population density,
infrastructures in low-lying regions susceptible to flooding, unplanned urban development,
coastal erosion, and substantial economic repercussions from floods. Coastal cities in the
Northeast share similar flood frequency challenges and need comprehensive planning, resilient
infrastructure investments, and collaboration to address these issues. Advanced technologies like
remote sensing and real-time flood monitoring can aid in disaster preparedness and response,

reducing the impact of floods on communities and infrastructure.
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6. Conclusion

This research discusses the impact of climate change on flood frequency and intensity in
Washington, DC, and its vegetation. The study carefully identifies areas at the highest risk and
offers valuable insights into the relationship between sea-level rise and flood frequency.
Additionally, it explores the diverse impacts of flooding on vegetation, ranging from positive to
negative, while highlighting the key factors that influence these effects. The flood return curve
(Figure 7) is a helpful tool for determining the probabilities of floods of different magnitudes.
Based on historical records, this study can help predict the probability of future floods or water
level events. The study reveals that high temperatures, directly and indirectly, impact water
levels in the rivers, subsequently influencing flood intensity. Both the Potomac River and the
Anacostia River have encountered temperature increases, further contributing to the complexity

of their flood dynamics.

The flood frequency analysis is based on daily discharge and only includes 13 years of data on
flood frequency and river activity. The study period may need longer, explaining the observed
slight decrease in flood frequency. Many other factors can also influence flood frequency, such
as storm activity, sedimentation, and water evaporation rates. Future studies should focus on the
synergistic effects of both river systems on the DC area. Furthermore, the overall amount of
water in the river has increased over the years. The data indicates that more action water days are
associated with lower temperatures. This suggests that factors beyond just temperature are likely
at play in determining flood frequency and also provides valuable insights into flood
probabilities in the Potomac and Anacostia River areas. However, more research is needed to

understand the complex factors influencing flooding in these regions fully.
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Appendix

The frequency factors K table for log-Pearson Type III Distributions (Haan, 1977, Table 7.7)

| Recurrence Interval In Years

jroto1 | 2 | 5 | 10 25 | 50 | 100 | 200
SKEW | Percent Chance (>=) = 1-F
COEFFICIENT

‘99 sn‘zn 10‘4‘2‘1 0.5

Cs

| 3 | 0667 |-0.396 | 0.420 | 1.180 | 2.278 |3.152 | 4.051 | 4.970
| 29 | -0.690 [-0.390 | 0.440 | 1.195 | 2.277 |3.134 4.013 | 4.904
| 2.8 | -0.714 |-0.384 | 0460 | 1.210 | 2.275 |3.114 | 3973 | 4.847
| 27 | -0.740 [-0.376 | 0479 | 1.224 | 2272 |3.093 | 3.932 | 4.783
| 26 | -0.769 |-0.368 | 0.499 | 1.238 | 2267 3.071 3.889 |4.718
| 25 | -0.799 |-0.360 | 0.518 | 1.250 | 2.262 |3.048 | 3.845 | 4.652
| 24 | -0.832 |-0.351 | 0.537 | 1.262 | 2256 |3.023 | 3.800 | 4.584
| 23 | -0.867 |-0.341 | 0.555 | 1.274 | 2.248 |2.997 3.753 | 4.515
| 22 | -0.905 |-0.330 | 0.574 | 1.284 | 2.240 |2.970 | 3.705 | 4.444
| 2.1 | 0946 |-0.319 | 0.592 | 1.294 | 2.230 |2.942 | 3.656 | 4.372
| 2 | -0.990 |-0.307 | 0.609 | 1302 | 2219 |2912  3.605 | 4.298
| 1.9 | -1.037 |-0.294 | 0.627 | 1310 | 2207 2.881 3.553 | 4.223
| 1.8 | -1.087 |-0.282 | 0.643 | 1318 | 2.193 |2.848 3.499 | 4.147
| 1.7 | -1.14D |-D.268 | 0.660 | 1.324 | 2.179 |2.815  3.444 | 4.069
| 1.6 | -1197 |-0.254 | 0.675 | 1.329 | 2.163 |2.780 | 3.388 | 3.990
| 1.5 | -1.256 |-0.240 | 0.690 | 1.333 | 2.146 |2.743 | 3.330 | 3.910
| 14 | -L318 |-0.225 | 0.705 | 1.337 | 2.128 |2.706 3.271 | 3.828
| 13 | -1.383 |-0.210 | 0.719 | 1339 | 2.108 |2.666 3.211 | 3.745
| 1.2 | -1.449 [-0.195 | 0.732 | 1.340 | 2.087 |2.626 | 3.149 | 3.661
| 1.1 | -1.518 |-0.180 | 0.745 | 1.341 | 2.066 |2.585  3.087 | 3.575
| 1 | -1.588 [-0.164 | 0.758 | 1.340 | 2.043 | 2.542 | 3.022 | 3.489
| 0.9 | -1.660 |-0.148 | 0.769 | 1.339 | 2.018 | 2.498 | 2.957 | 3.401
| 0.8 | -L733 [-0.132 | 0780 | 1336 | 1.993 |2.453  2.891 | 3.312
| 0.7 | -1.806 |-0.116 | 0.790 | 1333 | 1.967 |2.407 2.824 |3.223
| 0.6 | -1.880 |-0.099 | 0.800 | 1.328 | 1.939 |2.359 | 2.755 |3.132
| 0.5 | -1.955 |-0.083 | 0.808 | 1.323 | 1.910 |2.311 2.686 | 3.041
| 0.4 | 22029 |-0.066 | 0.816 | 1.317 | 1.880 |2.261 | 2.615 | 2.949
| 0.3 | 2104 |-0.050 | 0.824 | 1309 | 1.849 |2211  2.544 | 2.856
| 0.2 | 2,178 |-0.033 | 0.830 | 1.301 | 1.818 |2.159  2.472 | 2.763
| 0.1 | -2.252 |-0.017 | 0.836 | 1.292 | 1.785 |2.107 | 2.400 | 2.67
| 0 | -2.326 | 0.000 | 0.842 | 1282 | 1751 |2.054 | 2.326 | 2.576




Recurrence Interval In Years

|
‘nowo1 | 2 0 5 | 10 | 25 | 50 | 100 | 200

SKEW | Percent Chance (>=) = 1-F

COEFFICIENT

99 50 | 20 | 10 4 2 1 | 05
o |7l |m ||

| 0 | -2.326 | 0.000 | 0.842 | 1.282 | 1.751 | 2.054 | 2.326 | 2.576
| 0.1 24 0017 | 0846 | 127 | 1.716 |2.000 | 2.252 | 2.482
| 02 | -2.472 [ 0033 | 0.850 | 1.258 | 1.680 | 1.945 |2.178 | 2.388
| 0.3 | -2.544 [ 0050 | 0.853 | 1.245 | 1.643 | 1.890 | 2.104 | 2.294
| 04 2615 | 0.066 | 0.855 | 1231 | 1.606 | 1.834 |2.029 | 2.201
| 05 | -2.686 | 0.083 | 0.856 | 1.216 | 1.567 | 1.777 | 1.955 | 2.108
| -0.6 | -2.755 | 0.099 | 0.857 | 1.200 | 1.528 | 1.720 | 1.880 | 2.016
| 0.7 | -2.824 |0.116 | 0.857 | 1.183 | 1.488 | 1.663 | 1.806 | 1.926
| -0.8 <2891 |0.132 | 0856 | 1.166 | 1.448 | 1.606 | 1.733 | 1.837
| 09 | -2.957 | 0.148 | 0.854 | 1.147 | 1.407 | 1.549 | 1.660 | 1.749
| -1 3022 [ 0.164 | 0.852 | 1128 | 1.366 | 1.492 | 1.588 | 1.664
| 1.1 | -3.087 [0.180 | 0.848 | 1.107 | 1.324 | 1.435 | 1.518 | 1.581
| -1.2 | -3.149 [ 0.195 | 0.844 | 1.086 | 1.282 | 1.379 | 1.449 | 1.501
| -1.3 | -3211 [ 0210 | 0838 | 1.064 | 1.240 | 1.324 | 1.383 | 1.424
| -1.4 23271 |0225 | 0832 | 1041 | 1.198 | 1.270 | 1.318 | 1351
| ‘1.5 333 0240 | 0825 | 1.0I8 | 1157 | 1.217 | 1.256 | 1.282
| -1.6 | -3.880 | 0254 | 0817 | 0.994 | 1.116 | 1.166 | 1.197 | 1216
| 1.7 | -3.444 [ 0268 | 0.808 | 0970 | 1.075 | 1.116 | 1.140 | 1.155
| -1.8 | -3.499 | 0282 | 0799 | 0945 | 1.035 | 1.069 | 1.087 | 1.097
| 19 | -3.553 [ 0294 | 0.788 | 0.920 | 0.996 | 1.023 | 1.037 | 1.044
| 2 | -3.605 | 0307 | 0.777 | 0.895 | 0.959 |0.980 | 0.990 | 0.995
| 2.1 | -3.656 | 0319 | 0.765 | 0.869 | 0.923 | 0.939 | 0.946 | 0.949
| 22 3705 | 0330 | 0.752 | 0.844 | 0.888 | 0.900 | 0.905 | 0.907
| 23 23753 | 0341 | 0.739 | 0819 | 0.855 | 0.864 | 0.867 | 0.869
| 2.4 | -3.800 | 0351 | 0725 | 0.795 | 0.823 | 0.830 | 0.832 | 0.833
| 25 | -3.845 [ 0360 | 0711 |0.711 | 0.793 |0.798 | 0.799 | 0.800
| 2.6 | -3.899 | 0368 | 0.696 | 0.747 | 0764 | 0.768 | 0.769 | 0.769
| 27 3932 | 0376 | 0.681 |0.724 | 0.738 |0.740 | 0.740 | 0.741
| -2.8 | -3.973 | 0384 | 0.666 | 0.702 | 0712 |0.714 |0.714 |0.714
| 29 4013 [ 0390 | 0.651 |0.681 | 0.683 |0.689 | 0.690 | 0.690
| -3 | -4.051 [ 0396 | 0.636 | 0.660 | 0.666 |0.666 |0.667 | 0.667
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