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Intfroduction

The impacts of climate change on the frequency and severity of physical hazards are
putting many communities at risk. As the threat of climate change grows, so too does
the need for accessible information, tools, and expertise to support climate-resilient
decision making across multiple scales, from communities to countries. Woodwell
Climate Research Center believes there is a need to localize and customize climate risk
assessments. This information is critical for local government leaders as they make
planning decisions, but it is not available to all communities. Woodwell believes that this
science should be freely and widely available. To address this gap, Woodwell works with
communities across the world, including Holyoke, MA, to provide community climate

risk assessments, free of charge.
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Results summary

As aresult of climate change, flood risk is projected to increase for Holyoke. The
probability of the historical 100-year rainfall event, a useful indicator of flood risk,

is expected to more than double by mid-century and be nearly five times as likely by
the end of the century. Streamflow for the Connecticut River is also projected to rise
throughout this century with an increase of 9% by 2050 and an additional 5% by 2080.
Both increases in streamflow and heavier rainfall will translate into greater flood depths
and extent for Holyoke. Here we present our findings on extreme precipitation and
flooding to help Holyoke in its plans to create a more resilient future for all residents.

Extreme rainfall

The Fifth National Climate Assessment shows that the U.S. Northeast region has

already seen a 60% increase in annual precipitation, the largest in the U.S., occurring
from the heaviest 1% of events.! Future warming is expected to continue this trend of
intensification, meaning more frequent and severe rainfall events. Here we use localized
future precipitation data from downscaled global climate models to calculate the change
in probability of extreme rainfall events. A detailed explanation of the precipitation data

Woodwell Climate Research Center



https://doi.org/10.7930/NCA5.2023.CH2
https://doi.org/10.7930/NCA5.2023.CH2

CLIMATE RISK ASSESSMENT: HOLYOKE, MASSACHUSETTS

processing can be found in the methodology section of this document. In Table 1, we
show the changes in the return period of the present-day (2000-2020) 100-year rainfall
event for mid-century (2040-2060) and late-century (2070-2090). By mid-century, the
present-day 100-year event will occur with a return period of 1-in-40. By late-century, the
present-day 100-year event will become a 1-in-21 year event.

According to the National Atlas 14 published by the National Oceanic and Atmospheric
Administration (NOAA), the 100-year rainfall amount, based on present-day rainfall
records, for Holyoke is 8.1 inches (206 mm).2 For reference, the present-day annual
average rainfall for Holyoke is 42.9 inches (1090 mm).? By mid-century, the 100-year
amount will increase to 10 inches (254 mm) and by late-century this will further rise to
11.8 inches (300 mm; Table 1).

Present 2040-2060 2070-2090
Return Period (yr) 1-in-100 1-in-40 1-in-21
100-Year 8.1in (206 mm) 10 in (254 mm) 11.8 in (300 mm)

2 NOAA calculates extreme
rainfall frequencies with
all available station data.

3 Period of record is 11/1902
through 12/2006. More
information can be found
here: https://wrcc.dri.edu/
cgi-bin/cliMAIN.pl?
ma3702

4 Flood Insurance Study
Hampden County,
Massachusetts Volume 1
of 5. Federal Emergency
Management Agency.
June 7, 2023. Flood

Insurance Study Number
25013CV001C.

Table 1: Mid and Late-21st Century Change in Historical 100-Year Return Period and Rainfall.
The mean future return period in years and rainfall amounts in inches and millimeters for Holyoke
of the present-day, 2040-2060, and 2070-2090 100-year rainfall events.

Flooding

For a detailed explanation of the flood model input data and flood modeling procedures,
please refer to the methodology section of this document.

Flood extent comparison

Before estimating future flood risk, we compare the present-day flood risk results
against the Federal Emergency Management Agency (FEMA) flood maps as a validation
exercise. FEMA maps are not ground truth data, but it is useful to compare various
model results given the lack of appropriate reference data. Figure 1 shows the differences
and similarities between FEMA’s estimate and Woodwell’s estimate of the 100-year

flood extent for the Holyoke, MA region. Areas where only FEMA predicts flood risk are
shown in green, areas where only Woodwell predicts flood risk are shown in red, and
areas where both predict flood risk are shown in purple. Several patterns emerge when
comparing the extents visually. The risk along the Connecticut River estimated by FEMA
is greater than Woodwell estimates in some locations, in particular the northern section
of Holyoke. This is likely a result of the digital elevation model (DEM) Woodwell uses
which differs from FEMA models. The FEMA report was revised in 2023; however, the
Connecticut River flooding source in Hampden County was last fully analyzed in 2006,
so any changes in the last two decades are not reflected.? Finally, FEMA shows no flood
risk from pluvial (rainfall-induced) flooding, while Woodwell demonstrates extensive
pluvial areas are vulnerable to flooding such as along Beech St. by the Roberts Field
Sports Complex and along Main St. near Springdale Park. This is because FEMA does not
account for pluvial flooding.
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Figure 1: Woodwell vs FEMA 100-Year Flood. The flood extent comparison between Woodwell's
flood model results and the current FEMA flood maps for Holyoke, MA. Areas where only FEMA
predicts flood risk are shown in green, areas where only Woodwell predicts flood risk are shown
in red, and areas where both predict flood risk are shown in purple. The Woodwell data shows the
maximum extent based on both the 100-year pluvial/riverine floods.

Present and Future Flood Risk

The primary flood risk in Holyoke, MA is pluvial flooding. In Figure 3, we show the extent
of the 100-year flood from both streamflow and rainfall for Holyoke. Pluvial flooding risk
is primarily apparent at the Roberts Field Sports Complex and the intersection of Beech
St. and Franklin St. just to the north where the depth values are 10-13 ft (3-4 m). Flooding
at Springdale Park is also substantial with values at roughly 11.5 ft (3.5 m). It is also worth
mentioning that the Edward Nelson White School has some flooding (0.7 ft; 0.2 m) near the
southeast corner of the building. The field area just north of the playground across from
the school has about 1 ft (0.3 m) of flooding. It is possible flooding in the aforementioned
locations would be less if existing stormwater components were included in the modeling
effort. We mask wetland areas to focus the analysis on locations where human life and
property are at risk.

Woodwell Climate Research Center



CLIMATE RISK ASSESSMENT: HOLYOKE, MASSACHUSETTS

5The USACE summary
reports are available
for each levee from the

National Levee Database.

https://levees.sec.usace.
army.mil

The National Levee Database (NLD) was used to include the many levees that surround
the city of Holyoke into the DEM shown in Figure 2. We used levees on both sides of the
Connecticut River to make the model as accurate as possible.

Holyoke, MA Levee Locations

CT Riv RB - Holyoke, MA

Holyoke near South Hadley 5

CT Riv RB - Springdale Village

Chicopee Riv RB & CT Riv LB - Chicopee, MA

Figure 2: Levee locations around Holyoke. The various levees around Holyoke are shown in red.
The names used are provided by the National Levee Database (NLD).

The levees protecting Holyoke are a vital flood defense and none of them are overtopped
in our flood simulation. The United States Army Corp of Engineers (USACE) conducted
evaluations on these levees in 2012 and 2013 found that the levees are unlikely to breach
if water levels reached the top of the levee; however, Chicopee Riv RB & CT Riv LB -
Chicopee, MA, along with CT Riv RB - Springdale Village levees, have only experienced
less than 50% of their load capacity during flood events. The levee CT Riv RB - Holyoke,
MA has not exceeded 75% of its load capacity. This leads the USACE to note that a breach
is possible on these levees.® Lastly, Holyoke near South Hadley 5 does not have any
accompanying report so we cannot make determinations about its risk. Water does pool
on the landward side of some levees, but this is a result of pluvial flooding, not riverine.
Overall, the levees surrounding Holyoke perform extremely well in flood simulations.
There is potential that stormwater system upgrades can be made to better allow flow from
behind the levee into the Connecticut River.
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¢ Palmer and Siddique
2019: Estimating Future
Changes in 100-year
Floods on the Connecticut
and Merrimack
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Department of
Transportation. https://
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documents/2019/12/10/
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Figure 3: Present-Day 100-Year Flood. The flood extent, quantified as having a depth of at least
0.5 ft (015 m), for Holyoke, MA. The maximum extent from the 100-year pluvial/riverine flood is
shown.

Future flood risk is primarily driven by increased rainfall and not from increased
streamflow along the Connecticut River. The largest changes in extent, highlighted in
Figure 4, are in South Holyoke where I-391 enters the city, and various areas in western
Holyoke namely at the far southern extent of the city limits. This change in pluvial flood
risk is due to projected increases in rainfall between 1.9 inches to 3.7 inches (48-94 mm)
from the present-day period, as shown in Table 1. The riverine flood extent is impacted
by an increase of streamflow (9.03% increase by 2050 and an additional 5.03% by 2080)5;
however, all the levees around Holyoke withstand this increase with none of the levees
being overtopped. Areas not protected by levees show slight increase in extent (less than
50 ft; 15.2 m beyond present extent). We also present several flood risk metrics in Table 2.
Presently, 12% of the structures in Holyoke are vulnerable to the 100-year rainfall or
streamflow event. That number increases to just over 13% by mid-century and then to
just over 14% by late-century. The average flood depth in Holyoke has a minor increase of
0.12 ft (0.04 meters) through the 21st century, while the area flooded increases by about
240 acres by late-century, representing roughly a 2% increase in area flooded.

Woodwell Climate Research Center



CLIMATE RISK ASSESSMENT: HOLYOKE, MASSACHUSETTS

Present and Future 100-year Flood

Wetlands
Present
A ] "'J-;'
o dd [ 2050
[ ~""% Jg8

i Ak 2080

—
r ]

Figure 4: Present-Day and Future 100-Year Flood Holyoke, MA. The flood extent, quantified
as having a depth of at least 0.5 ft (015 m), for Holyoke, MA. The maximum extent for the 100-year
pluvial/riverine flood is shown. Areas with increased future extent are boxed.

Area Flooded 1,092 acres (8.5%) 1,229 acres (9.6%) 1,334 acres (10.4%)
Average Depth 2.7 ft (0.82 m) 2.76 ft (0.84 m) 2.82 ft (0.86 m)
Structures Flooded 1,404 (12.0%) 1,548 (13.2%) 1,677 (14.3%)

Woodwell Climate Research Center

Table 2: Flood Risk Metrics for Mid and Late-21st Century in Holyoke MA. The acres of land
area (excluding wetlands; and percent of total non-wetland area) flooded and the number of
buildings (and percent of total structures) flooded for Holyoke of the present-day, 2040-2060, and
2070-2090 100-year rainfall and streamflow events.
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Conclusion

Holyoke is currently at risk from flooding, primarily from rainfall, and this exposure will
only increase under climate change. The results presented in this study were compared
to FEMA’s flood maps, revealing significant discrepancies primarily due to the exclusion
of pluvial flooding in FEMA’s analysis. Our findings show an expected increase in the
frequency and intensity of heavy rainfall with the probability of the present-day 100-year
rainfall event to be more than twice as likely by the mid-21st century and about five times
as likely by the end of the century. This report provides insight into the vulnerability of
the city of Holyoke, where an increasing number of buildings and areas will be exposed to
flood waters by the end of the century. Lastly, the 100-year streamflow of the Connecticut
River is expected to increase 9.03% by 2050 and an additional 5.03% by 2080, but are not
projected to overtop Holyoke’s levee system.

Woodwell Climate Research Center
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Methodology

To simulate flood risk we use the LISFLOOD-FP v8.1 flood model (LISFLOOD-FP
developers, 2022; Shaw et al., 2021). LISFLOOD-FP is a two-dimensional raster hydraulic
model that solves all terms of the shallow water equations. LISFLOOD-FP has been
extensively used from the river reach scale to continental simulations and we refer the
reader to Shaw et al. (2021) for a detailed explanation of LISFLOOD-FP.

All flood model results show flooding above 15 cm (~0.5 ft) as this is an average curb
height and any flooding above this threshold would likely result in flood damages. All
areas that are wetland and permanent water cover are as determined by MassDEP Dataset
(https://www.mass.gov/info-details/massgis-data-massdep-wetlands-2005).

Three time periods were used for this study: 2000-2020 (also referred to as present-day),
2040-2060, and 2070-2090. These time periods can also be interpreted as warming levels
in the context of climate policy. The 2000-2020, 2040-2060, and 2070-2090 periods
correspond to 1, 2 and 3 degrees Celsius of warming respectively. For each time period, a
pluvial (rainfall) and riverine (streamflow) flooding run were performed. We combine
the two runs by taking the maximum depth for each pixel across the two model runs
unless otherwise noted.

Any maps involving structures used the MassGIS Data: Building Structures (https:/www.
mass.gov/info-details/massgis-data-building-structures-2-d).

The following are the coupled LISFLOOD-FP and SWMM inputs:

(1) Rainfall

A | Historical rainfall
The 24-hour 1-in-100 year rainfall event was used from NOAA Atlas 14 (NA14)
point precipitation frequency estimates for Holyoke, MA (Perica et al., 2015).
The temporal distribution, also from NOAA Atlas 14, of the 24-hour rainfall is
taken from the combined cases of the four quartiles and uses the 90% cumulative
probability.

B | Future rainfall
CMIP6 climate model data were bilinearly interpolated to a 1-km grid and then
bias-adjusted using phase 3 of the Inter-Sectoral Impact Model Intercomparison
Project (ISIMIP) version 2.5 methodology (ISIMIP3BASD v2.5) (Lange, 2019;
Lange, 2021). High-resolution, 1-km Daymet reanalysis data (Thornton et al.,
2022) were selected as the observation dataset for bias adjustment. We utilize a
nonstationary (NS) approach to estimate future-projected extreme rainfall. In
the NS approach, precipitation estimates are calculated for the entire time period
(i.e., 1971-2100) using a temporal parameter to represent changes in extreme
precipitation through time. NOAA recommends using a NS approach since it
considers the whole time series in addition to any trends in the data, offering a
more robust analysis and more stable estimate of future extreme precipitation in a
changing climate. The NS approach is better suited for engineering applications as
future relative changes are more realistic compared to a quasistationary approach.
We use a regional fitting method to estimate the parameters of the Generalized
Extreme Value (GEV) distribution. For each target pixel, a 40-mile radius is used
to capture the annual maxima of the surrounding pixels. Each pixel’s annual
maxima is given a weight using a triweight kernel function based on distance
(e.g., pixels = 40 miles have zero weight). The log-likelihood function of the GEV

Woodwell Climate Research Center
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distribution is then minimized with the Nelder-Mead algorithm using the annual
maxima and pixel weights to estimate the GEV parameters. The beta distribution
of penalized coefficients ranging between -0.5 and 0.5 is used to constrict the shape
parameter as specified by NOAA.

To estimate future daily precipitation frequency estimates (PFEs), the biases
(ratio) between the baseline period and the NA14 daily PFEs are calculated and
then multiplied by the future climate model daily PFEs. We assume the daily
temporal distribution of rainfall does not change in the future so we continue the
use of the historical temporal distribution.

(2) Digital Elevation Model
The MassGIS Data: Latest and Best Quality Lidar Terrain Data Index was used to
download the DEM files for Holyoke, MA. This index allowed for files from the 2015
Massachusetts QL1 and QL2 datasets to be obtained. The resolution of the raw data
was 1m. The final DEM resolution was set to 5m to allow for faster model run times.

(3 Friction coefficients

Friction coefficients, or Manning N values, were determined based on the land cover
type of the area. The 2019 land cover was used for this from the National Land
Cover Database (NLCD). Based on each classification of land cover, an associated
friction coefficient is provided. See table here: https://rashms.com/wp-content/

uploads/2021/01/Mannings-n-values-NLCD-NRCS.pdf

@) Infiltration

To calculate soil infiltration rates, the USDA Soil Survey Geographic Database
(SSURGO) for Massachusetts was used to obtain the soil hydrologic groups. These
hydrologic groups have defined infiltration rates depending on the type of soil.
Infiltration values per hydrologic group were used from Musgrave (1955). These rates

in combination with the 2023 NLCD impervious surface percentages were used to
compute more accurate infiltration rates. The impervious surfaces take into account
built-up areas where rainfall will not be able to infiltrate. We do not incorporate the

impact of stormwater systems to convey runoff from streetscapes.

(5) Streamflow

We use the FEMA Flood Insurance Study for Hampshire County, MA Volume 1 of 5
to obtain the 100-year streamflow values for the northern boundary of the domain.”
For the Connecticut River USGS gauge at I-391 (No. 01172010), a streamflow value of
195,760 ft¥s is put into the model.

For future streamflow model runs, we use Palmer and Siddique (2019) to estimate
streamflow. This study indicates a 9.03% increase in streamflow by 2050 and an
additional increase of 5.03% by 2080. A streamflow value of 213,437 ft%/s and 224,173 ft¥/s
was used for 2050 and 2080, respectively.

Woodwell Climate Research Center
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Cover: Canal view. / photo by Ray Tan

Above: View from Mount Tom onto the city. / photo by Ray Tan

WOODWELL CLIMATE RESEARCH CENTER conducts science for solutions at the nexus of climate,
people and nature. We partner with leaders and communities for just, meaningful impact to address
the climate crisis. Our scientists helped to launch the United Nations Framework Convention on
Climate Change in 1992, and in 2007, Woodwell scientists shared the Nobel Prize awarded to the
Intergovernmental Panel on Climate Change. For 40 years, Woodwell has combined hands-on experience
and policy impact to identify and support societal-scale solutions that can be put into immediate action.
This includes working with communities on the frontlines of the climate crisis.
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