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The northeastern US has been experiencing catastrophic flooding in recent years.
Flooding in the region is occurring more frequently and with higher intensity,
causing substantial economic losses. The flooding may be caused by changes in
climatic and hydrological drivers such as extreme precipitation, rapid snowmelt,
and saturated soil moisture conditions, along with impacts from human-driven
interventions like changes in land cover and urban imperviousness. This study
analyzes the abovementioned variables to indicate flood risk and understand
whether they contribute to flooding in the Northeastern US region. This study
utilized various remote sensing satellite products for analyzing variables to fulfil
the study’s objectives, wherever possible, such as Terra Moderate Resolution
Imaging Spectroradiometer (MODIS) maximum snow cover extent, Soil Moisture
Active Passive (SMAP) soil moisture, Integrated Multi-satellitE Retrievals for the
Global Precipitation Measurement (GPM) mission (IMERG) precipitation, North
American Land Change Monitoring System (NALCMS) land cover, and National
Land Cover Database (NLCD) urban imperviousness. The region experienced
wetter antecedent soil moisture conditions (>0.5 m3/m3) during spring due to
rapid snowmelt (seasonal decline of ~97%) in all the periods considered in the
study. Moreover, the summer precipitation fed excess water (~50–60 mm more
rainfall than the decadal average) into wetter ground conditions, overwhelming
the region’s overall hydrology andwater balance and causing significant flooding.
In addition, ~1,838 sq. km. of croplands and ~1,363 sq. km. of forests transitioned
into built-up areas in a decade, increasing impervious surface and further
exacerbating flooding risk in the region.
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1 Introduction

Floods, considered one of the hydroclimatic extremes, have been causing
unprecedented damage to the Earth in recent decades (Hirabayashi et al., 2013; Trigg
et al., 2016; Aryal et al., 2023a; 2025). As the climate has warmed, these occurrences have
become more frequent and intense, causing severe socio-economic damage on a global scale
(Hirabayashi et al., 2013; Lehmann et al., 2015; Trigg et al., 2016; Alfieri et al., 2017;
Papalexiou and Montanari, 2019; Clarke et al., 2022; Calvin et al., 2023; Do et al., 2024;
Goffin et al., 2024). The Northeastern United States (US) has been experiencing
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catastrophic flooding in recent years (Hodgkins et al., 2003; Hayhoe
et al., 2008; Villarini et al., 2009; Vogel et al., 2011; Hirsch and
Ryberg, 2012; Armstrong et al., 2014; Mallakpour and Villarini,
2015; Suro et al., 2015; Villarini and Slater, 2017; Mayo and Lin,
2022; Pal et al., 2023). Flash flooding in the region occurs more
frequently and with higher intensity, causing substantial economic
losses. The flooding has impacted various communities and critical
infrastructures in the region (Hirsch and Ryberg, 2012; Armstrong
et al., 2014; Suro et al., 2015; Mayo and Lin, 2022). The flooding may
be due to changes in dominant climatic and hydrological drivers
such as intense precipitation, higher temperature, rapid snowmelt,
saturated soil moisture conditions, and increased surface runoff
(DeWalle et al., 2000; Kirshen et al., 2008; Hirsch and Ryberg, 2012;
Armstrong et al., 2014; Mallakpour and Villarini, 2015; Villarini,
2016; Villarini and Slater, 2017; Mayo and Lin, 2022; Pal et al., 2023).
Because of its proximity to the ocean, the region and its coastal cities
are susceptible to coastal and river flooding (Kirshen et al., 2008;
Mayo and Lin, 2022). The major cities with millions of people
residing in them greatly suffer from the impacts of intense flooding.
The damage caused by the frequent flooding is unprecedented, with
significant socio-economic implications for the US economy
(Hayhoe et al., 2008; Kirshen et al., 2008; Huntington et al.,
2009; Armstrong et al., 2014; Suro et al., 2015; Agel et al., 2017;
Mayo and Lin, 2022). Melillo et al. (2014), Demaria et al. (2016),
Siddique and Palmer (2021), and Pal et al. (2023) have highlighted
that the Northeast US region is projected to experience increased
temperatures, heavy and extreme precipitation, droughts, floods,
and rising sea levels during the 21st Century due to climate change
and global warming impacts. Moreover, the region is continuously
seeing a rise in population growth and urbanization, with many
critical infrastructures built on river floodplains of some of the large
rivers of the region, causing further challenges in combating future
flood risks (Parr et al., 2015; Siddique and Palmer, 2021).

In recent years, the northeastern US region has experienced
flooding, causing billions of US dollars in damage. For instance, in
September 2021, the Northeastern US received extreme
precipitation or tropical cyclones from Hurricane Ida, causing
devastating river and flash flooding (Beven et al., 2022). The
widespread flooding impacted roads, bridges, and public
transportation and inundated several urban areas. Moreover,
many rivers in the region overtopped riverbanks, inundating
agricultural lands and damaging crops. At least 55 people lost
their lives in the states of Connecticut, Maryland, New Jersey,
New York, and Pennsylvania (Beven et al., 2022). The flooding
from Hurricane Ida caused about $23 billion in economic losses and
damages in the Northeastern US (Beven et al., 2022). Ida was the
third storm that hit the region within several weeks of being
impacted by extreme precipitation from tropical cyclones such as
Tropical Storm Fred and Hurricane Henri in August (Ida’s flooding
rains shift to Pennsylvania, New England as tornadoes threaten mid-
Atlantic » Yale Climate Connections, n.d.). These extreme systems
caused heavy rainfall in the region, leading to highly saturated soil
conditions and ultimately causing catastrophic flooding. According
to Yale Climate Connections (2021), New York City received about
230 mm of record rainfall in the second half of August, considered
the city’s second-largest rainfall on record.

Similarly, in the middle of July 2023, heavy rainfall occurred in
the Northeastern region, causing significant flooding in several

states, including Connecticut, Massachusetts, New York, and
Vermont (2023 Northeast US Floods - Center for Disaster
Philanthropy, 2024; Intense Storms in the Northeast Cause
Catastrophic Flooding|NESDIS, 2024). For instance, Vermont
State received about nine inches of rainfall within a few days in
mid-July, about 2 months’ worth of total rainfall the state receives in
normal conditions (2023 Northeast US Floods - Center for Disaster
Philanthropy, 2024; Intense Storms in the Northeast Cause
Catastrophic Flooding|NESDIS, 2024). The flooding caused
significant damage to critical infrastructures such as roads,
bridges, dams, and buildings in Vermont (2023 Northeast US
Floods - Center for Disaster Philanthropy, 2024; Intense Storms
in the Northeast Cause Catastrophic Flooding|NESDIS, 2024). The
downtown area of the capital city of Vermont, Montpelier, was
inundated by the river flooding (2023 Northeast US Floods - Center
for Disaster Philanthropy, 2024). Similarly, Hudson Valley received
about eight inches of rain in 1 day, causing significant disruptions in
the transportation sector. The flooding caused by this highly intense
rainfall event was considered a “1,000-year return period event”
(2023 Northeast US Floods - Center for Disaster Philanthropy,
2024). Furthermore, Bucks County in Pennsylvania state received
about seven inches of rain in 1 hour, causing flash flooding that took
the lives of seven people, including children (2023 Northeast US
Floods - Center for Disaster Philanthropy, 2024; Intense Storms in
the Northeast Cause Catastrophic Flooding|NESDIS, 2024).
Therefore, most areas or states in the Northeastern US region are
more susceptible to river and flash flooding and are more prone to
damage from flooding that occurs frequently and in higher
magnitudes.

Very few studies have investigated climate and hydrological
changes in the Northeastern US region, and even fewer researchers
have looked at the various hydrological variables and anthropogenic
agents that cause or drive flooding. Pal et al. (2023) applied a
hydrological modeling approach to assess projected changes in
precipitation, streamflow, and inland flooding in the mid-21st
century over the Northeastern US due to climate change impacts.
Pal et al. (2023) projected that the region will experience extreme
flow conditions and higher water depth during future flooding by
5%–20% and >100%, respectively, with the extent of flooding
projected to increase by about 20%. Similarly, Huntington et al.
(2009) also looked at the future climate and hydrological changes
and possible trends in precipitation, temperature,
evapotranspiration, streamflow, productivity, and their
implications for forest and aquatic ecosystems. (Anderson et al.,
2010). focused on investigating the summer hydroclimatic
conditions of the Northeastern US in the twenty-first Century
due to the influence of anthropogenic changes. They also
examined precipitation, soil moisture, evaporation, and specific
and relative humidity projection trends over the summer using
regional climate models (RCMs) by forcing various greenhouse gas
emissions scenarios. Furthermore, Hayhoe et al. (2007), (2008) also
delved into assessing the regional climate change projections and
investigating past and future changes in climate and hydrological
indicators in the Northeastern US, having similar conclusions as
(Huntington et al., 2009; Anderson et al., 2010; Pal et al., 2023).
Moreover, Jessup and Colucci (2012) organized flash-flood-
producing precipitation events in the Northeastern US. They
examined about 187 warm-season flash flooding events to
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understand better the various precipitation systems that
caused flooding.

Few studies focused on analyzing trends and assessing flood
impacts on small areas or watersheds within the Northeastern US
region. Burns et al. (2007) studied climate trends and how these
trends affect water resource availability in the Catskill Mountain
range in New York. Similarly, Hodgkins et al. (2003) studied the
changes in the annual timing of river flows in New England, US, over
the 20th Century. They assessed the changes in peak timing for high
river flow conditions in the New England region using long-term
data to determine whether climate-related changes impact the
region. Moreover, Eisenbies et al. (2007) investigated the effects
on peak discharges and flood yields from various forest operations in
the Appalachian region using a modeling approach. They also
simulated peak discharge using different scenarios analysis by
considering changes in land use in the Appalachian region.
(Jessup and DeGaetano, 2008). compared the properties of flash
flooding and non-flooding events driven by precipitation using
statistical approaches in some New York and Pennsylvania areas.
They found that antecedent soil moisture and wind direction
significantly differ when comparing flash-flooded and non-
flooded areas.

Most studies or research papers have investigated future climate
trends and hydrological changes primarily due to climate change
impacts using different modeling approaches. However, these
studies often focus on smaller watersheds or localized areas
within the region, while very few have examined region-wide
antecedent climatic and hydrological conditions preceding flood
events. Moreover, not enough studies have looked at the influence of
anthropogenic activities, such as land cover changes and the increase
in urban imperviousness, to drive flooding in the region, parallel to
climatic and hydrological variables. Furthermore, very few studies
have utilized remote sensing datasets for the abovementioned
variables to determine whether they potentially drive significant
flooding in the Northeastern US region. It was realized from the
literature review on the given research topic that this study will help
shed light on how remotely sensed satellite data can be used and
applied in the region to study flooding and how they can assist in
determining the leading causes behind the flooding that has been
occurring in the Northeastern region frequently in recent years.
Thorough knowledge of these underlying mechanisms is crucial for
effective risk management and adaptation.

Therefore, this study analyzed dominant climatic and
hydrological variables, such as maximum snow extent, surface
soil moisture, and precipitation, and changes in anthropogenic
activities, such as changes in land cover and changes in urban
imperviousness, to indicate whether they could be potential
indicators for possible flood risk and whether they contribute to
flooding in the Northeastern US region. This study utilized various
remote sensing satellite products for analyzing variables to fulfil the
study’s objectives, wherever possible, such as Integrated Multi-
satellitE Retrievals for the Global Precipitation Measurement
(GPM) mission (IMERG), Soil Moisture Active Passive (SMAP),
Moderate Resolution Imaging Spectroradiometer (MODIS), North
American Land Change Monitoring System (NALCMS), and
National Land Cover Database (NLCD). This study will mainly
focus its analysis and deductions on the summer flooding in
2021 and 2023. As mentioned earlier, utilizing and analyzing

different satellite datasets to gain insight into potential drivers for
frequent and intense flood occurrences in the region will be a novel
undertaking of this research study. This study focuses on the spatial
and temporal variability of potential climatic, hydrological, and
anthropogenic drivers that could indicate flood risk. This study
will highlight dominant drivers that could cause flash floods in the
northeastern region and help make better-informed decisions for
flood risk management by concerned stakeholders.

In summary, the novelty of this study lies in leveraging publicly
available Earth observation satellite datasets to assess past and
present climatic and hydrological conditions, while also
examining anthropogenic impacts through a comprehensive
change detection analysis of land cover classes and degrees of
urban imperviousness that contribute to catastrophic flooding in
the Northeastern United States. Notably, there is a distinct lack of
studies, as highlighted previously, employing finer resolution
remotely sensed products at the regional scale to investigate
flooding dynamics within the region. As previously stated, most
of the researchers are focused on conducting research on a small
scale, often overlooking how variability in these different variables
impacts the regional hydrology and their subsequent effects on
increased exposure to flood hazards in the region.

The following were the research questions considered for
this study:

a. How do climatic and hydrological drivers, combined with
anthropogenic changes, observed through satellite Earth
observation datasets, influence the occurrence and severity
of catastrophic flooding in the Northeastern United States?

b. What are the spatial and temporal variability in precipitation,
soil moisture, and snow cover extent that precede major
flooding events in the Northeastern United States?

c. How do changes in land cover and urban imperviousness
contribute to the magnitude and spatial distribution of
flooding in the Northeastern United States?

2 Methods

2.1 Study area

Northeastern US is one of the most developed and populated
areas in the world, located on the Atlantic coast of North America.
Canada surrounds it in the north, the Southern US in the south, the
Midwestern US in the west, and the Atlantic Ocean in the east. The
region considered in this study includes eleven states, namely,
Connecticut, Maine, Massachusetts, New Hampshire, Rhode
Island, Vermont, New Jersey, New York, Pennsylvania, Delaware,
andMaryland.Washington, D.C., is also included in the study area, as
shown in Figure 1. Some of the largest metropolitan cities of the USA
are located in this region, such as Boston, New York City,
Philadelphia, and Washington, D.C. About two-thirds of the
region’s population resides in these big metropolitan cities alone,
making this region a central economic hub. This region is one of the
most developed areas in the USA, with a higher Human Development
Index (HDI) and Gross Domestic Product (GDP). This region also
has a high population density, thus making it equally vulnerable and
prone to major natural disasters such as flooding.
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The Northeastern US region has a varied elevation that ranges
from 0 m above mean sea level in the coastal area to about 1914 m
above mean sea level in the Appalachian Mountain region that
extends from north to south, as observed in Figure 2a. Due to the
elevation differences, the region experiences colder temperatures
towards the north and when going inland in the west from the
coastal areas (Horton et al., 2012; Pal et al., 2023). Similarly, the
precipitation pattern follows the temperature trend, decreasing
trends towards northern and inland areas away from the coast
(Horton et al., 2012). Coastal areas primarily receive higher annual
mean precipitation ranging from 115 to 130 cm; however, there are
some inland areas where more than 150 cm of rainfall can occur due
to the local orographic climate system (Horton et al., 2012; Pal et al.,
2023). Generally, the Northeastern US region experiences warmer
and wetter summers with humidity present, and it gets cold and
snowy during winter. The Northeastern US region is mainly covered
with forests, croplands, and urban built-up areas, as depicted in
Figure 2b. Urbanized areas and croplands mainly cover the coastal
areas and river valleys, whereas the Appalachian Mountain areas are

predominantly covered by forests and shrublands, as observed
in Figure 2b.

2.2 Data

Five different remote sensing products and their related datasets
were used to assess the potential drivers of flooding in the
Northeastern US, such as Terra MODIS Maximum Snow Cover
Extent, SMAP Surface Soil Moisture, GPM IMERG Final Run
Precipitation, NALCMS Land Cover, and NLCD Imperviousness
(see Table 1). Different time frames were considered to analyze
different variables, as listed in Table 1; however, the focus of this
study was to generate results from 2020 to 2023, as this period
encapsulates some of the recent flooding events that have occurred
in the study area.

The remote sensing products and relevant datasets used in this
study have been validated against in situ measurements to ensure
their accuracy and reliability. GPM IMERG precipitation data were

FIGURE 1
Study Area showing the Northeastern US region comprising eleven states and Washington, D.C., as highlighted in red. The figure also shows the
location of the study area in North America.
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cross-calibrated and validated with local rain gauge records and
other satellite products to ensure maximum temporal and spatial
accuracy (Huffman et al., 2015; Aryal et al., 2023b; Tran et al., 2023).
The IMERG data showed strong correlation coefficients ranging
from 0.85 to 0.95 when compared against in-situ measurements,
highlighting confidence in the satellite dataset (Huffman et al.,
2015). SMAP surface soil moisture data were validated using in-
situ measurements from the International Soil Moisture Network
(ISMN) (Fang et al., 2022). Furthermore, MODIS snow cover data
were validated against ground truth measurements and historical
satellite imagery using Landsat (Hall et al., 2019). Land cover and

urban imperviousness data were also validated using high-resolution
satellite imagery, achieving an overall classification accuracy above
90% (National Land Cover Database NLCD, 2019).

2.3 Terra MODIS maximum snow extent

TerraMODIS satellite product estimates the maximum extent of
snow cover in 8-day intervals (Hall and Riggs, 2021). The maximum
snow cover extent data is generated based on the cloud-free days
over the 8 days, where snow cover in any given location is observed

FIGURE 2
(a) Digital Elevation map (DEM) showcasing elevation ranging from mean sea level (0 m) to 1,914 m, and (b) 2020 Land cover map of the
Northeastern US region clearly highlighting that different types of forests, croplands, and urban and built-up areas predominantly cover the study area.

TABLE 1 Description of various remote sensing products and datasets used in this study.

S.No. Remote sensing product Variable Period considered Spatial resolution Temporal resolution

1 Terra MODIS V6.1 (MOD10A2.061) Maximum Snow Extent 2020–2023 500 m 8-Day

2 SMAP Surface Soil Moisture 2020–2023 1 km Daily

3 GPM IMERG Final V7 Precipitation 2010–2023 10 km Daily

4 NALCMS Land Cover 2010 and 2020 30 m —

5 NLCD Urban Imperviousness 2001–2021 30 m —
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(Hall et al., 2019; Riggs et al., 2019). If the snow is detected in any
particular pixel during those 8 days, that cell will be detected as a
snow-covered pixel (Hall et al., 2019; Riggs et al., 2019). The cloud
cover flag will be reported if any pixel has consistent obstruction
from the clouds for all 8 days (Riggs et al., 2019). Usually, the snow
cover is detected using the Normalized Difference Snow Index
(NDSI). NDSI is determined using different spectral reflectance
bands from the Terra MODIS satellite. Snow-covered areas typically
have higher reflectance in visible bands and lower reflectance in the
shortwave infrared bands; this property and the difference in the
values from these two bands are used to calculate NDSI (Hall et al.,
2019; Riggs et al., 2019) In this study, 8-day maximum snow extent
data was aggregated into monthly mean to analyze monthly snow
cover extent over the study area. This dataset was analyzed for the
period from January 2020 to November 2023.

2.4 SMAP surface soil moisture

The SMAP surface soil moisture product is a 1-km downscaled
product derived from the coarser 9-km resolution soil moisture
estimates (Lakshmi and Fang, 2023). It provides daily surface soil
moisture estimates on a global scale, sensed using the SMAP L-band
radiometer (Lakshmi and Fang, 2023). MODIS Land Surface
Temperature (LST) and the coarser 9-km product in the
downscaling algorithm are considered to obtain daily finer-
resolution soil moisture estimates. (Fang et al., 2022). The
algorithm uses thermal inertia theory to create an inverse
relationship between the difference in LST estimates from
morning and afternoon overpasses and the corresponding SMAP
soil moisture estimates sensed at similar periods (Fang et al., 2022).
These downscaled data are validated against a denser network of in-
situ soil moisture measurements (Fang et al., 2022). The daily soil
moisture estimates are determined for the morning (6 a.m.) and
evening (6 p.m.) periods as the SMAP L-band radiometer ascends
and descends along the orbit of the planet, hence having two bands
of soil moisture estimates each day (Fang et al., 2022). An average
between these two bands (morning and evening estimates) is
performed to get daily average soil moisture estimates. Then, this
study aggregated daily soil moisture estimates from January 2020 to
September 2023 into a monthly means for further analysis.

2.5 GPM IMERG final precipitation

GPM IMERG Final Run version 7 is the latest upgraded satellite-
derived gridded product that globally provides half-hourly, daily,
and monthly precipitation data (Huffman et al., 2023b). The gridded
precipitation data is generated at 10-km spatial resolution. GPM
IMERG precipitation data is compiled and processed from the
constellation of satellite products such as Tropical Rainfall
Measuring Mission (TRMM) and GPM records, and TRMM-
based Multi-satellite Precipitation Analysis (TMPA) (Huffman
et al., 2020; 2023a). Few changes were made to the algorithm
that generates the latest version of precipitation data (Huffman
et al., 2020). The final run version of precipitation estimates uses
various inter-calibration and interpolation methods in their
algorithm from satellite microwave precipitation estimates,

microwave-calibrated infrared (IR) satellites, and precipitation
gauge measurements to improve the accuracy of the estimates
(Hou et al., 2014; Huffman et al., 2020; 2023a; Aryal et al.,
2023b; Tran et al., 2023). This study aggregated daily
precipitation data from June 2000 to November 2023 into
monthly data for further analysis.

2.6 NALCMS land cover

NALCMS land cover product is generated by the Commission
for Environmental Cooperation (CEC) using satellite imageries
from Landsat 7 to 8 satellites (Land Cover, 2010 (Landsat, 30m),
n.d.; North American Land Cover, 2020 (Landsat, 30m), n.d.). This
product was launched in collaboration with multiple agencies from
Canada, the USA, and Mexico. The land cover products are thus of
30-m spatial resolution, the same as the resolution of Landsat
satellites. This study used land cover data from 2010 to 2020 for
the change detection analysis. The NALCMS land cover data
contains nineteen classes based on the standard Land Cover
Classification System (LCCS) developed by the United Nations
Food and Agriculture Organization (FAO). However, for this
study, some of the nineteen classes were merged to get the final
eleven land cover classes for further analysis, as depicted in
Figure 2b. The land cover classes include natural and artificial
features such as forests, shrublands, grasslands, wetlands, water
bodies, barren lands, croplands, and urban/built-up areas.

2.7 NLCD imperviousness

NLCD products are developed by the US Geological Survey
(USGS) in partnership with various other federal agencies of the
USA, and they have been releasing the products for over the past
two decades (National Land Cover Database NLCD, 2019; Yang
et al., 2018; Dewitz, 2021). They use Landsat imagery and other
ancillary datasets to produce these products. Urban Imperviousness
is one such NLCD product that the USGS produced at 30-m spatial
resolution from 2001 to 2021. The data estimates the percentage of
urban impervious surfaces in the US in a particular year. This study
used urban imperviousness data from each decade since 2000, such
as 2001, 2011, and 2021, to conduct change detection analysis. The
imperviousness data covers most infrastructures like roads, wind
towers, building locations, and energy-producing sites that would
have a significant presence of impervious surfaces.

2.8 Methodology

A conceptual framework diagram provided in Figure 3
highlights different Earth observation data inputs along with
their source of satellite products, and processing data using
different analytical methods such as anomalies based on decadal
average, spatial and temporal (time series) variability analysis, and
change detection analysis to obtain desired outcome indicators to
investigate the possible drivers causing flooding in the study area.
The primary purpose of this study was to examine climatic and
hydrological variables and variables associated with anthropogenic
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activities to analyze antecedent conditions, temporal and spatial
variability, and changes that could help indicate flood risk in the
Northeastern US region. This study mostly used data from January
2020 to November 2023 to analyze the summer floods of 2021 and
2023 as case studies. The monthly and seasonal changes were
examined for snow cover extent, soil moisture, and precipitation
data. The method applied to produce monthly spatial plots was by
taking a monthly mean average from either 8-day or daily data for
each pixel covering the entire study area over the period considered
for this study. Similarly, as precipitation significantly drives floods in
the region, this study also calculated the monthly precipitation
anomalies to investigate heavy and extreme precipitation that
could cause significant flooding. At first, the decadal average
precipitation values were calculated using the monthly aggregated
precipitation data from January 2010 to November 2023, and then
the decadal average values were subtracted from the monthly data
for 2020–2023 to determine the monthly precipitation
anomaly values.

Further, to analyze the changes caused by anthropogenic
activities, a change detection analysis was carried out in the
Geographic Information System (ArcGIS) Pro. A change
detection analysis is a method that is used to compare multiple
rasters from different periods, especially for the same region of
interest, to determine the type, magnitude, and trend of change for a
given variable of interest. In this study, change detection analysis was
done for the land cover using 2010 and 2020 raster data and for

urban imperviousness using 2001, 2011, and 2021 raster data. This
study calculated the change in area for different classes using the
same data from different periods. This analysis helped us
understand the magnitude and types of changes observed in the
region due to land cover changes mainly due to human-induced
activities.

Additionally, all analytical procedures, including anomaly
detection, trend analysis, and change detection algorithms, were
benchmarked against established methodologies in the literature to
ensure robustness and reproducibility.

3 Results

3.1 Changes in maximum snow cover extent

The northeastern US region experiences a rapid decline in
maximum snow cover extent during the starting months of the
spring season. Figure 4 shows the rapid change in the region’s snow
cover extent when temperatures rise, and the climate becomes
warmer during spring. It is also evident from Figure 4 that
within 1 month (from March to April), there is a sharp and
noticeable decline in the extent of snow cover in the region. This
declining trend is observed in all the years considered in this study,
which provides an overview of the snowmelt process in the region.
During the summer months, starting from May until September,

FIGURE 3
Conceptual framework diagramhighlighting different Earth observation data inputs alongwith their source of satellite products, and processing data
using different analytical methods such as anomalies based on decadal average, spatial and temporal (time series) variability analysis, and change
detection analysis to obtain desired outcome indicators to investigate the possible drivers causing flooding in the study area.
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FIGURE 4
Spatial plots showing the maximum snow cover extent for each month from January 2020 to November 2023. The darker blue represents snow
cover, and the lighter blue represents no snow. TheNortheastern US receivesmuch snow duringwinter, especially fromDecember toMarch, as indicated
in the figure, and then in April, most of the snowpack accumulatedmelts or thaws due towarmer climate as the spring season approaches, causing a rapid
decrease in snow cover extent. The rapid decline of snow cover in April 2021 is more prominently observed in the figure.
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almost all the snowpack that was accumulated in the region
disappears (see Figure 4). It can be deduced from the spatial
plots (Figure 4) that there is an increase in spring snowmelt and
the region’s rivers would see the rise in the streamflow and some
areas peak flow in the rivers would be observed in the region. The
amount of water that snowmelt processes contribute to the overall
regional water balance is significant and based on the declining trend
of snow cover observed in the region, it indeed plays an essential
factor in the antecedent conditions to drive major flooding during
summer months in the region.

Table 2 shows the rapid decline in the snow cover area during
the spring season. The total snow cover area decreased from around
713,283 square kilometers (sq. km.) in February 2021 to 24,162 sq.
km. in May 2021. The snow cover declined by almost 39% in March
2021, 90% in April, and 46% in May 2021. The most significant
monthly decline in snow cover was observed in April 2021. Thus, in
3 months during the spring of 2021, the extent of snow cover
declined by almost 97%. The total snow cover area decreased from
around 447,988 sq. km. in February 2023 to 15,868 sq. km. in May
2023. The snow cover declined by almost 71% in April and 89% in
May 2023. The most significant monthly decline in snow cover was
observed in May 2023. Thus, in 3 months during the spring of 2023,
the extent of snow cover declined by almost 97%, similar to what was
observed in 2021. The total snow cover area also varies every year in
the region. The snow cover declined noticeably in February 2023
(447,988 sq. km.) compared to February 2021 (713,283 sq. km.).

3.2 Changes in soil moisture condition

Due to the rapid decline of snow cover observed during the
spring season (refer to Figure 4) and the snowpack melting in large
quantity, the soil moisture values in the region seem to be at a higher
level, as seen in Figure 5. The snowmelt during initial spring months
has contributed to an ample amount of water and moisture in the
soil, which ultimately leads to higher-than-normal soil moisture
conditions in the region. Most northern areas, comprising New
England states, have higher soil moisture values during spring
ranging above 0.5 m3/m3, as observed in Figure 5, compared to
the southern region, as most of the snow falls in the northern areas,

so when the snow is rapidly melting, the snow water is making the
soil in those areas to be saturated, and therefore, higher soil moisture
values are observed. Soil moisture values increase rapidly from April
to May for the entire period in the region, as seen in Figure 5, further
explaining the saturated soil conditions. The soil moisture values in
the spring months (March-May) usually remain higher than in the
summer months (June-September), especially in New England areas
in the north. Coincidentally, the northern areas of the study area are
where the flooding occurs more frequently and in larger magnitudes
with severe conditions. So, the higher soil moisture values observed
in these areas will play a role in the flood dynamics and drive the
severity and magnitude of flooding.

In the summer, the soil moisture values increased in the
northern areas, where most rainfall occurred, leading to further
soil saturation. It can be observed from Figure 5 that the soil
moisture is generally higher in the range of 0.6 m3/m3 and above
in most of the northern areas in the region. It can also be observed
from Figure 5 that the soil moisture was generally higher in 2021 and
2023 than in 2020 and 2022 during the summer period. One crucial
deduction from the analysis is that the ground in the region was
already saturated with the snowmelt processes even before the
region received summer precipitation. The antecedent conditions
of the region prior to the flooding season are further supported by
the soil moisture observations and trends, as seen in Figure 5.
Similarly, Figure 6 shows spatially averaged monthly soil
moisture time series over the Northeastern US region, where the
sharp rise in the soil moisture values during the spring season is
clearly observed. It can be deduced that soil moisture drives the
region’s flooding.

3.3 Changes in precipitation

The northeastern US receives most of the yearly precipitation
during the summer due to tropical cyclones and the formation of
low-pressure frontal and/or convective systems (Marquardt Collow
et al., 2016). The time series plot in Figure 7 shows the spatially
averaged monthly total precipitation and precipitation anomalies
from January 2020 to November 2023 for the study region, where
some notable total precipitation peaks are observed during

TABLE 2 Total snow cover area, monthly and seasonal percentage decline in snow cover.

S. No. Date Snow cover area
(sq.km.)

Monthly percentage decline in snow
cover

Seasonal percentage decline in
snow cover

1 February
2021

713,283

2 March 2021 432,260 −39.4%

3 April 2021 44,609 −89.7%

4 May 2021 24,162 −45.8% −96.6%

5 February
2023

447,988

6 March 2023 485,506 8.4%

7 April 2023 141,137 −70.9%

8 May 2023 15,868 −88.8% −96.5%
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FIGURE 5
Spatial plots showing the surface soil moisture values for each month from January 2020 to September 2023. The blue color shows higher soil
moisture, and the red color shows lower soil moisture. Most northern areas, comprising New England states, have higher soil moisture values during
spring, above 0.5 m3/m3, compared to the southern region. As most of the snow falls in the northern areas, when the snow is rapidly melting, the snow
water makes the soil in those areas saturated, and therefore, higher soil moisture values are observed.
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FIGURE 6
Time series plot showing the spatially averagedmonthly surface soil moisture values from January 2020 to September 2023 for the Northeastern US
region. The average surface soil moisture value usually rises during spring months (March-May) from the lowest values observed during winter months
(January-February) in the region.

FIGURE 7
Time series plot showing the spatially averaged monthly total precipitation and precipitation anomaly values from January 2020 to November
2023 for the Northeastern US region. Some notable total precipitation peaks are observed during December 2020 (~200mm), July 2021 (~175mm), and
July 2023 (~170 mm). Precipitation anomalies during intense precipitation events also have higher positive values (~50–60 mm). So, the region received
about 50–60 mm more rainfall than the decadal average precipitation during December 2020 July 2021, and July 2023.
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FIGURE 8
Spatial plots show the total accumulated precipitation for each month from January 2020 to November 2023. The darker blue color indicates a
higher precipitation amount. During the summer period, typically from June to September, the region receives much more rainfall than in other seasons
ormonths. July and August are themonths that receive themost monsoon precipitation in the region. Most areas in the Northeastern US received rainfall
between 150 and more than 300 mm in 2021 and 2023 from July to September.
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FIGURE 9
Spatial plots show the precipitation anomaly for each month from January 2020 to November 2023. The blue color indicates positive anomalies,
whereas the red color indicates negative anomalies. It clearly depicts that July and September of 2021 and 2023 received more than 100 mm above the
decadal average precipitation in the region. The blue color observed across the region, especially in coastal and northern areas, depicts positive
anomalies in precipitation. This indicates that the rainfall that occurred in the region during 2021 and 2023 was abnormal because it received more
rainfall than anticipated.
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December 2020 (~200 mm), July 2021 (~175 mm), and July 2023
(~170 mm). Precipitation anomalies during intense precipitation
events also have higher positive values (~50–60 mm). So, the region
received about 50–60 mm more rainfall than the decadal average
precipitation during December 2020 July 2021, and July 2023, as
seen in Figure 7. Figure 8 also depicts similar observations; during
the summer period, typically from June to September, the region
receives much more rainfall than in other seasons or months. July
and August are the months that receive the most monsoon
precipitation in the region. Most areas in the Northeastern US
received rainfall between 150 and more than 300 mm in
2021 and 2023 from July to September, as seen in Figure 8. The
rainfall distribution and magnitude are spatially varied across the
region; however, the coastal areas and the northern areas around
New England states generally received more rainfall. The
accumulated rainfall in July 2021 and 2023 showed more than
300 mm each month across the abovementioned areas, which is
an excessive amount of water (see Figure 8). New York, Connecticut,
and New Jersey also received a higher amount of rainfall (more than
300 mm) during September of 2023, leading to significant flooding
in these regions during that period. According to Figure 8, compared
to the summer periods of 2020 and 2022, the monsoon was more
active and severe during the 2021 and 2023 seasons, causing more
damage from the flooding.

Figure 9 shows the precipitation anomaly plots from 2020 to
2023. It clearly depicts that July and September of 2021 and
2023 received more than 100 mm above the decadal average
precipitation in the region. The decadal average precipitation for
July and September was 118 mm and 123 mm, respectively, showing
the region received more than 40 mm of additional rainfall during
July and September of 2021 and 2023 than the decadal average for
these months alone. The blue color observed across the region,
especially in coastal and northern areas, depicts positive anomalies
in precipitation. This indicates that the rainfall that occurred in the
region during 2021 and 2023 was abnormal because it received more
rainfall than anticipated. It can also be deduced that during the
spring months of 2021 and 2023, the region mostly received less
rainfall than the average (negative precipitation anomalies), as
indicated by the red colors in the maps as shown in Figure 9.
Moreover, the region during the spring months in 2022 received
more than average rainfall as shown by positive anomalies values
of precipitation (Figure 9). However, during summer months,
when it was supposed to receive more rainfall, the region received
lower than average rainfall, which prevented the region from
flooding severely in 2022. The observations and deductions
obtained while comparing the precipitation anomalies of
2021 and 2023 with 2022 during the spring and summer
months help draw a meaningful conclusion that precipitation
is a vital factor driving the major flooding in the Northeastern US
region. Another interesting observation was the anomalous event
in the winter period, especially in December 2020, where the
monthly total precipitation was around 200 mm, which was
almost 60 mm more rainfall than the decadal average for the
region. It can be deduced that such high winter precipitation in
2020 caused elevated soil moisture levels in the region and might
have further exacerbated the flooding event in summer 2021. The
frequency and severity of such extreme precipitation are
increasing in the region, further exacerbating flood risk.

3.4 Changes in land cover

Figure 10 shows the total change in area for different land cover
classes in the Northeastern US from 2010 to 2020. Examining the
change in land cover in the region is imperative to build a
connection with rising flooding. The change in land cover
significantly affects the hydrological processes of a given
watershed or region. In the case of the Northeastern USA region,
between 2010 and 2020, a total of 1838 sq. km. area of croplands was
changed into built-up areas, closely followed by 1,742 sq. km. area of
broadleaf forests was converted into croplands, and about 1,363 sq.
km. of these forests into urban and built-up areas (see Figure 10).
Further, about 1,061 sq. km. area of mixed forests also were cut
down for setting up urban areas, as shown in Figure 10. The forest
resources seem to be affected mainly by the human-induced
activities as evident from the area of deforestation done in the
region, which is also clearly depicted in Figure 10. The trends
observed over the last decade (2010–2020) alone (Figure 10)
suggest that the region is moving towards urbanization and rapid
expansion as more natural resources are being destroyed to build
more urban settlements and infrastructures in the last decade alone.

3.5 Changes in urban imperviousness

Figure 11 also shows how the region’s urban impervious areas
have changed over the last two decades. The analysis investigated
changes and trends in open space and low, medium, and high-
density developed areas. As per Figure 11, the maximum change in
the area occurred when about 1700 sq. km. of open spaces were
converted intomedium intensity developed areas from 2001 to 2021,
accounting for about 50%–79% of the total land surface area being
impervious. The total change in open space converted into medium
intensity developed areas was about 950 sq. km. from 2001 to 2011,
and around 750 sq. km. from 2011 to 2021.

Similarly, another notable change in the area occurred when
about 1,450 sq. km. of open spaces, which accounts for less than 20%
of impervious surface, also got converted into low-density developed
areas, which accounts for about 50%–79% of the total land surface
area being impervious, as depicted in Figure 11. The total change in
open space converted into low intensity developed areas was about
1,000 sq. km. in the period from 2001 to 2011, and around 500 sq.
km. in the period from 2011 to 2021. Further, about 500 sq. km. of
land got converted from open spaces to high-density developed
areas, which accounts for about 80%–100% of the total land surface
area being impervious, as observed in Figure 11. These trends also
support the rapid urbanization and expansion that the region has
experienced in the last two decades. The changes from such human-
induced activities bolster the evidence that they can potentially
drive flooding.

4 Discussion

Based on the analysis and deductions from the study’s results,
the climatic and hydrological variables investigated are essential in
driving major floodings in the Northeastern US region. Moreover,
the changes occurring due to human-induced (anthropogenic)
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activities, such as changes in land cover types and urban
imperviousness, drive flooding in addition to the climate and
hydrological variables. The results above indicate anomalies in
each variable relative to the short-term baseline before the main
flooding period. These anomalies, particularly those associated with
rapid spring snowmelt (see Figure 4) and wetter soil moisture
conditions due to higher soil moisture values (see Figure 5), may
serve as important antecedent signals that can influence flash
flooding in the region. Further, the changes and trends observed
in the summer precipitation (see Figure 8) and anomalies (see
Figure 9) values, where the region received higher than average
precipitation, could add to the prior antecedent conditions due to
snow and soil moisture data, providing further evidence that the
extreme summer precipitation is causing frequent and more severe
flooding in the Northeastern US region. The noticeable changes in
human-induced land cover types such as urban/built-up and
croplands, from natural forest resources (see Figure 10) and the
rise in the impervious surfaces (see Figure 11) in the region due to
the rapid urbanization and population growth over the last
two decades also played an essential role in causing flooding and
help indicate flood risk in the region. Therefore, the remotely sensed

datasets analyzed in this study have been very useful in studying
major driving factors that have the potential to cause major flooding
in the Northeastern USA.

The USA, like any other country on Earth, is reeling under
heatwaves and extreme temperatures due to the effects of climate
change in recent years (Siddique and Palmer, 2021; Mayo and Lin,
2022; Torre Zaffaroni et al., 2023). The climate in the region is
getting warmer due to the consistent rise in air and land surface
temperatures, especially during spring and summer, which
ultimately leads to the rapid decline in snowpack accumulated
over the winter months (Thiebault and Young, 2020; Burakowski
et al., 2022). This rapid decline in snow cover extent and increased
snowmelt runoff causes spring floods where the rivers in the region
experience peak runoff from the snowmelt runoff (Armstrong et al.,
2012; Melillo et al., 2014; Thiebault and Young, 2020; Burakowski
et al., 2022). In addition, when the snow starts to thaw due to rising
temperatures, it covers the soil with water. Since the soil acts as a
sponge to hold excess water, which is essential during flooding, if the
soil is already saturated with snowmelt water from spring, it does not
hold the extra capacity to hold more water that will be received
during the summer monsoon period, that ultimately leads to major

FIGURE 10
Change in total area of land cover classes from 2010 to 2020 in the Northeastern USA. Between 2010 and 2020, a total of 1838 sq. km. of croplands
were changed into built-up areas, closely followed by 1742 sq. km. of broadleaf forests being converted into croplands, and about 1,363 sq. km. of these
forests into urban and built-up areas.
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flooding events (Jessup and DeGaetano, 2008; Berghuijs et al., 2016;
Thiebault and Young, 2020). Few studies have indicated that once
the soil saturation exceeds 70%–80% of its capacity, the infiltration
rate drops sharply, so the excess rainfall directly becomes surface
runoff (Brocca et al., 2013). Therefore, in temperate humid regions
such as the Northeastern US, the antecedent surface soil moisture
value above 0.3–0.35 m3/m3 is the threshold estimate beyond which
storm runoff coefficients increase significantly due to enough soil
saturation conditions on the ground to cause rapid runoff
generation (Crow et al., 2017; Case et al., 2021). Moreover, the
surface soil moisture values exceeding 0.5 m3/m3 (Figure 5) in many
areas, as per the analysis carried out in this study, which is more than
the soil moisture threshold estimates found in the literature review.
These findings prove that the higher soil moisture observed in
months preceding the flood events in our study area likely
generated excess runoff, amplifying flood severity. These similar
trends and characteristics have been captured from this study, which
leads to the deduction that if such antecedent conditions are
observed in the Northeastern region in the future, prior to the
primary flooding season, then the Northeastern US region can
expect to have a higher magnitude and severe flooding
conditions during summer.

In the Northeastern US, severe thunderstorms occur during the
summer, which feed extreme precipitation in the land (Armstrong
et al., 2014; Suro et al., 2015). During these extreme events, the
rainfall is higher, causing excess runoff to feed into the nearby
streams and rivers, increasing river discharge and water level that
ultimately causes flash flooding (Lins and Slack, 1999; Burns et al.,
2007; Suro et al., 2015). Another essential point to note from the

analysis of the results from this study is to determine and assess the
ground’s antecedent conditions before these extreme rainfall events
start. It is essential to know how wet or saturated the soil was before
the start of the summer precipitation to make predictions and
deductions about the nature of flooding that can be expected in
the region. Knowing and understanding the ground conditions
because of different climatic and hydrological variables during
the spring season helps to make accurate and correct predictions
of the flood dynamics in the summer period. This can be applied to
the Northeastern US region based on the deductions made by
examining the analysis results.

Land cover changes, notably deforestation, rapid urban
expansion, and industrialization, which focus on increasing
agricultural productivity to support growing populations, have
profound consequences that can significantly intensify the flood
risk (Aslam et al., 2023; Aslam et al., 2024). The extent of impervious
surface in a region directly impacts the hydrology of a region under
consideration (Li et al., 2020; Woltemade et al., 2020). Smooth,
impervious surfaces reduce the roughness of the land surface thereby
limiting infiltration and increasing surface runoff (Anderson et al.,
2010; Li et al., 2020; Woltemade et al., 2020). Changing the land
cover types from forests to agriculture or urban areas substantially
increases impervious surfaces, increasing the runoff coefficient and
decreasing infiltration rate. As a result, excess rainfall/water cannot
percolate into the soil, leading to greater surface runoff, flash
flooding, and inundation. Runoff coefficients typically increase
from 0.10 to 0.25 in forested areas to 0.70–0.95 in highly
urbanized areas (Chow, 1959). Similarly, infiltration rates can
decline from 50 to 75 mm/h in forested areas to less than

FIGURE 11
Change in total area of urban imperviousness between 2001 and 2021 (decadal change) in the Northeastern USA. The maximum change in the area
occurred when about 1700 sq. km. of open spaces were converted into medium intensity developed areas from 2001 to 2021, accounting for about
50%–79% of the total land surface area being impervious. The total change in open space converted into medium intensity developed areas was about
950 sq. km. from 2001 to 2011, and around 750 sq. km. from 2011 to 2021.
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10 mm/h on impervious surfaces (Chow, 1959), reducing
groundwater recharge. This rise in runoff coefficient and decline
in groundwater recharge led to increased peak discharges and
shortened lag times during storm events, exacerbating flash
flooding in urban areas undergoing rapid land cover change over
several decades. The cities and suburban areas in the Northeastern
US also face similar challenges (Hayhoe et al., 2007; Anderson et al.,
2010; Berghuijs et al., 2016; Li et al., 2020; Woltemade et al., 2020). If
more houses and roads are being built instead of having more
natural areas to retain the excess water during heavy storms, then
this ultimately increases the chance of the area’s flash flooding as the
land surface loses its infiltration capacity to percolate excess water on
the ground (Woltemade et al., 2020). Therefore, it is safe to assume
that land cover changes and increased urban imperviousness play a
crucial role in causing flooding and contributing to potential flood
risk for any region where rapid urbanization and expansion are
occurring due to human-induced interventions, as seen in the
Northeastern US region over the last two to 3 decades.

Furthermore, numerous studies that used IPCC AR6 projections
in their analysis have concluded that there will be an increase in both
mean and extreme precipitation in Northeastern USA in the future
with higher chances of intense weather events occurrences and
closely followed by an increase in the magnitude and severity of
river and pluvial flooding (Agel and Barlow, 2020; Akinsanola et al.,
2020; Martel et al., 2022; Sengupta et al., 2022; Calvin et al., 2023).
Sengupta et al. (2022) concluded that precipitation is projected to
increase over the northeastern United States by 0.8–1.0 mm/day
against the historical mean of 3.0–3.3 mm/day. They also deduced
that the projected increase in precipitation is consistent with the
projected rise in cyclonic circulation systems with amplified
moisture coming into the East Coast from the Atlantic. They also
predicted a rise in spring precipitation trend with an increase of
0.6–0.8 mm/day relative to a historical average of 3.3–3.6 mm/day.
(Akinsanola et al., 2020). also made similar deductions about the
projected changes in seasonal precipitation extremes in the
Northeastern region. These deductions by the climate scientists
are alarming and further solidify the findings of this study.

One of the major limitations of this study lies in the inherent
uncertainties associated with remotely sensed datasets. Satellite
observations are subject to inaccuracies mainly due to retrieval
algorithms that process raw data, the relatively coarser spatial
and temporal resolutions, and sensor-related uncertainties. In
addition, atmospheric disturbances such as cloud cover, haze,
and dust can further affect the quality of the datasets. Although
complex calibration and validation procedures are applied before
these remotely sensed datasets are released to the public for various
applications, such limitations remain relevant when interpreting the
findings. Nevertheless, the datasets employed in this study have
undergone some methodological validation in reducing their
uncertainties and have been widely used in prior research, which
supports their suitability for hydrological and climatic analyses in
the Northeastern United States.

Regarding the research questions highlighted at the beginning,
the key findings of this study are as follows:

• Climatic and hydrological drivers: The analysis demonstrates
that extreme precipitation events, combined with higher
antecedent soil moisture resulting from rapid snow cover

decline (rapid snowmelt), strongly influenced catastrophic
flooding in the Northeastern United States. Major summer
flooding events were typically preceded by rapid spring
snowmelt and rising soil moisture conditions, which were
compounded by extreme summer precipitation. In addition,
land cover changes and increasing urban imperviousness
amplified localized flooding severity, underscoring the role
of anthropogenic changes in exacerbating flood impacts. This
study used decadal anomaly analysis, spatial and temporal
variability assessment, and change detection techniques
applied to satellite Earth observation datasets to obtain
desired outcome indicators and investigate the possible
drivers causing flooding in the study area.

• Pre-flood variability: Spatial and temporal variability in snow
cover extent, surface soil moisture, and precipitation
preceding major floods highlight the crucial role of
antecedent conditions in setting the stage for flood
extremes. For instance, the region experienced wetter
antecedent soil moisture conditions (>0.5 m3/m3) during
spring due to rapid snowmelt (seasonal decline of ~97%) in
all the periods considered in the study. Moreover, the summer
precipitation fed excess water (~50–60 mmmore rainfall than
the decadal average) into wetter ground conditions,
overwhelming the region’s overall hydrology and water
balance and causing significant flooding.

• Land cover and urbanization: Changes in land cover and an
increase in urban impervious surfaces substantially
contributed to increased flood risk in the Northeastern
United States. Between 2010 and 2020, approximately
1,838 km2 of croplands and 1,363 km2 of forests
transitioned into built-up areas, reducing natural infiltration
capacity and amplifying surface runoff during extreme
weather events. Similarly, from 2001 to 2021, nearly
1,700 km2 of open spaces were converted into medium-
intensity developed areas and 1,450 km2 into low-intensity
developed areas, expanding impervious surfaces across the
region. These land use transitions and increased urban
imperviousness have altered the region’s hydrologic cycle
and heightened the magnitude and severity of flooding,
underscoring the significant contribution of anthropogenic
changes to regional flood vulnerability.

5 Future work

While this study was designed to assess the broader spatial and
temporal dynamics of climatic and hydrological variables along with
anthropogenic impacts from land cover and urban imperviousness,
a detailed typological analysis of flooding events at localized scales
falls beyond the scope of this study. Nonetheless, such an approach
would undoubtedly enhance the depth of understanding of flood
risks in the region. Therefore, this study’s findings can serve as a
guiding framework for future analyses, in which specific flood events
that occur over small, highly urbanized areas may be investigated in
greater detail. Building on the present study’s findings, the future
work will integrate typological frameworks that explicitly link
antecedent hydrological conditions (e.g., snowmelt, soil moisture)
and climatic drivers to distinct flood types and their associated
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impacts at local scales. In addition, correlation analyses of different
climatic variables investigated here could provide future insight into
their spatial and temporal interrelationships and collective influence
on flooding in the region.

6 Conclusion

This study analyzed dominant climatic and hydrological
variables, such as maximum snow extent, surface soil moisture,
and precipitation, and changes in anthropogenic activities, such as
changes in land cover and change in urban imperviousness, to
indicate whether they could be potential indicators for possible flood
risk and whether they contribute to flooding in the Northeastern US
region. This study utilized various remote sensing satellite products
to analyze variables and fulfil the study’s objectives. This study
mainly focused its analysis and deductions on the flooding events of
2021 and 2023 that occurred over the summer. The Northeastern US
region experienced wetter antecedent soil moisture conditions
during spring due to rapid snowmelt in all the periods
considered in the study. Moreover, the summer precipitation fed
excess water into already wetter ground conditions, overwhelming
the region’s overall hydrology and water balance and ultimately
causing significant flooding. During the summer months of
2021 and 2023, the region received higher-than-average
precipitation that mainly caused flooding. Furthermore, the
noticeable changes in human-induced land cover types such as
urban/built-up and croplands from natural forest resources and
the rise in the impervious surfaces in the region due to the rapid
urbanization and population growth over the last two decades also
played an essential role in causing flooding and help indicate flood
risk in the region.

In addition to providing deeper scientific insights, key findings
of this study carry important implications and lessons learned for
flood risk management and regional planning in the Northeastern
United States. The established notion of how antecedent soil
moisture, snow cover, and precipitation anomalies, combined
with the impacts of land cover change and urban
imperviousness, drive flooding could open many research
avenues for integrated monitoring systems that couple satellite-
based Earth observations with ground truth hydrological estimates.
Such integrated monitoring systems could enhance early warning
systems, devise robust flood preparedness strategies, and improve
climate-resilient infrastructures in flood-prone areas. Furthermore,
the outcomes of this study could help policymakers and municipal
authorities prioritize resources in the region’s most vulnerable flood-
prone areas and allocate resources to design robust nature-based
solutions to mitigate flood impacts.
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