
Journal of Forestry, 2021, 393–406
doi:10.1093/jofore/fvab018

Research Article - forest threats
Received September 16, 2020; Accepted February 23, 2021

Advance Access publication April 30, 2021

393Published by Oxford University Press on behalf of the Society of American Foresters 2021. 
This work is written by (a) US Government employee(s) and is in the public domain in the US.

Research Article - forest threats

Potential Hurricane Wind Risk to US Rural and 
Urban Forests
Jason Cole, David J. Nowak,*,  and Eric J. Greenfield

Jason Cole (jason.cole2@usda.gov), David J.  Nowak (david.nowak@usda.gov), and Eric J.  Greenfield 
(eric.j.greenfield@usda.gov), USDA Forest Service, 5 Moon Library, SUNY-ESF, Syracuse, NY 13210.

*Corresponding author: Email: david.nowak@usda.gov

Abstract 

Hurricanes cause billions of dollars in damage annually in the United States and are projected 
to increase in intensity in the coming years. By exploring historical patterns of hurricanes and 
exposure of these hurricane-force winds across the landscape, areas of potentially high threat to 
future hurricane winds can be revealed. Combining potential threats from hurricane winds with 
forest data reveal the areas with the greatest potential threats to this important resource. Not sur-
prisingly, most of the threats to forests occur in the Southeast, but the greatest threats to urban 
forests overall occur along the Northeast coast and in metropolitan centers in the Southeast. 
Overall, 4.6% of the nation’s rural forest basal area is within zones of the highest risk from hurri-
cane winds. Information on regional and local scale variations in hurricane risk can be used to aid 
policies and local forest management to improve forest health and sustainability.

Study Implications: By understanding the broad and small scale variations in potential exposure 
to hurricanes, forest managers can be better prepared to potentially minimize forest damage and 
help prepare for potential use or clean-up of damaged forest areas. Although the general patterns 
of potential risk to forests from hurricanes are not surprising, variations among counties and states 
can be used to help direct state and national policies, and local scale variations in risk can be 
integrated within forest management plans to improve long-term forest health and sustainability. 
Maps and data on potential future hurricane risks are available online.

Keywords:  basal area, forest risk, tropical cyclones, urban forests

Forests in the United States provide over $300 billion 
in annual value from timber sales and manufacturing, 
with southern states providing 45% of this value 
(Alvarez 2020). However, numerous forces threaten to 
alter the structure, health, and productivity of forests 
nationwide (e.g., wildfires, insects and diseases, urban 
development). Hurricanes (also known as tropical cyc-
lones or typhoons) are one major forest threat. For ex-
ample, the estimated wind damage from Hurricanes 
Katrina and Rita to forest resources was between $2 

and $3 billion, with more than 5.5 million acres of 
timberland affected in the states of Texas, Louisiana, 
Mississippi, and Alabama (Stanturf 2008). In the 
coming years, hurricane intensities globally and in the 
United States will likely increase, leading to an increase 
in the destructive potential per storm for storms of a 
similar size (Hayhoe et al. 2018).

The global proportion of hurricanes that reach in-
tense (Saffir-Simpson Category 4 and 5; NOAA 2020b) 
levels will likely increase due to anthropogenic warming 

D
ow

nloaded from
 https://academ

ic.oup.com
/jof/article/119/4/393/6260883 by Julie Blankenburg user on 25 August 2021



394 Journal of Forestry, 2021, Vol. 119, No. 4

over the 21st century. However, most modeling studies 
project a decrease (or little change) in the global fre-
quency of hurricanes (Knutson et al. 2020, Geophysical 
Fluid Dynamics Laboratory 2020). The IPCC (2013) 
projects a likely increase of maximum wind speed and 
rain rates in future hurricanes. Given this potential 
increase in storm intensities, the potential damage to 
forest and human populations will likely increase.

Windstorms are among the most important hazards 
for forest management (Birot and Gollier 2001) with 
windspeed likely to be the most important determinant 
of timber losses (Beach et al. 2010). Damage to trees 
and forests from hurricanes is often in the form of de-
foliation, broken stems and branches, and uprooted or 
toppled trees. Various factors influence damage to for-
ests from hurricanes. These factors include tree size, 
species, topography, stand characteristics, wind speed, 
and precipitation (Xi et  al. 2008, NOAA 2020b). In 
general, damage increases with increased wind speed, 
on exposed slopes and ridges, and with increased stand 
openings. Greater damage can also occur in valley bot-
toms prone to saturation. Larger trees are also sub-
jected to greater wind forces (e.g., Foster 1988, Foster 
and Boose 1992, Everham and Brokaw 1996). The 
dominant risk factors to a forest stand include stand 
characteristics (e.g., stands with larger basal area can 
have greater loss due to storms) and exposure to high 
winds. Exposure to high winds from hurricanes is 
based on storm frequency and strength and local topo-
graphic effects on wind speeds. In addition, risks from 
hurricane-caused tree damage in urban areas increases 
due to the high concentration of people and materials.

Although there is research related to hurricane 
winds and damage, there is a research gap related to 
the geographic distribution of historical wind energy 
from hurricanes and its relationship with forest distri-
bution. The potential for hurricane-force winds and 
forest exposure to these winds varies across the land-
scape. By understanding stand characteristics, local 
topography, and historical hurricane patterns, poten-
tial future risk to hurricanes can be elucidated. This 
spatial distribution of risk to forests from hurricanes 
can aid regional and local forest managers in limiting 
future damage and/or salvaging post-hurricane damage 
in areas of greatest risk. Although sources of uncer-
tainty are often ignored in forest planning (Eyvindson 
and Kangas 2018), forest management can play an im-
portant role in influencing risk associated with severe 
weather events (Beach et  al. 2010). The goal of this 
article is to assess forest areas with the greatest risk 
to hurricane winds based on current stand basal area 

and historical patterns of hurricane abundance, inten-
sity and wind speed exposure, and discuss how forest 
managers can use this information to potentially re-
duce risk from hurricanes.

Methods
To assess hurricane risk, a probabilistic risk map of 
potential hurricane wind energy based on the histor-
ical patterns of hurricane tracks and wind speeds be-
tween the years 1851 and 2015 was developed. These 
data were combined with topographic data to deter-
mine potential wind exposure based on accumulated 
cyclone energy. These data were then combined with 
forest basal area and urban tree cover to help assess 
potential risks nationally. As it is difficult to predict 
where future hurricanes will hit, past patterns of hur-
ricane paths and intensity are used to help assess areas 
with greatest risk to future hurricane damage. As hur-
ricanes are not likely to change general locations in 
the near future, past hurricane patterns provide a rea-
sonable means to assess likely future hurricane risk.

Modeling Historical Hurricanes
Historical storm data for 562 hurricanes between the 
years 1851 and 2015 were obtained from the Atlantic 
and Northeast and North Central Pacific hurricane 
(HURDAT2) databases (NOAA 2018). To be selected 
for analysis, a hurricane track had to: (1) make land-
fall in the conterminous United States, (2) have the 
minimum wind speed of a subtropical storm (>17 m/s) 
and (3)  have multiple track points (>1). An updated 
HURRECON model (Boose et al. 1994, 2001, 2004) 
incorporating HURDAT2 six-hour interval location 
and maximum sustained wind speed was used to in-
terpolate five-minute time steps between intervals for 
each hurricane. HURRECON is a simple meteoro-
logical model designed to estimate surface wind speed 
and direction from a hurricane’s track, size, and in-
tensity over a specified surface type (land or water). 
The HURRECON model was updated in Python using 
ArcPy functions in ArcGIS for spatial components, be-
cause at the time we ran the simulations, we were un-
able to run the original model on the current operating 
system and software. The HURRECON model has 
since been updated in both R (HurreconR) and Python 
(HurreconPython) and can be found on GitHub.

Model outputs spatially estimated: (1) maximum 
sustained one-minute average wind velocity (m/s), (2) 
gust velocity (m/s), (3) wind direction (degree), and 
(4) Saffir-Simpson hurricane scale at 10 meters above 
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the Earth’s surface within a 600 km radius at 4 km 
resolution (Figure 1). The radius of maximum wind 
and wind profile exponent was estimated using equa-
tions from Willoughby and Rahn (2004). Wind veloci-
ties and direction parameters were from Boose et al. 
(1994, 2001, 2004).

Site Exposure to Winds
Digital elevation data (30 m) (USGS 2017) were 
used to calculate exposure to wind coming from 
the 16 cardinal, ordinal, and interordinal directions 
(e.g., N, NNE, NE, etc.) for the entire conterminous 

United States using methods described in Mikita and 
Klimanek (2010). The ESRI Spatial Analyst Hillside 
Tool was used to calculate exposure for each 30 m cell 
based on azimuth angle from the 16 wind directions 
and an altitude angle set to a wind inflection angle of 
6° (Supp. Figure 1). Output values of 0 were classified 
as protected for each 16 wind directions. If the output 
was >0 then the cell was classified as exposed for the 
wind direction. Protected cells were given a value of 0, 
and exposed cells were given a value of 1. Each 4-km 
hurricane wind direction raster was reclassified to 
values of 1–16 based on wind direction and resampled 

Figure 1.  Example of hurricane data (Sandy 2012): (a) 1-minute sustained wind velocity (m/s), (b) gust velocity (m/s), (c) 
wind direction (degree), (d) Saffir-Simpson hurricane scale. Red points are HURDAT2 track at 6-hour intervals.
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to 30 m. The reclassified 30-m wind direction rasters 
were used to determine the raster exposure values (0 
or 1) for each pixel using the ESRI Spatial Analyst Pick 
Tool (Figure 2).

Cumulative Hurricane Risk
To express the energy in a hurricane, an accumulated 
cyclone energy (ACE) measure can be used (NOAA 
2020a). The kinetic energy in a storm is proportional 
to the square of the wind velocity, and wind destruction 

from a hurricane is better related to maximum wind 
speed squared than maximum wind speed itself (Gray 
1988). ACE expresses the destructive potential of 
storms and can used as a measure of potential storm-
related damage (Murakami et  al. 2014). Damage to 
forests is known to increase with increased wind speed 
(Table 1). By adding this energy through time, an accu-
mulated energy can be calculated. To calculate the ACE 
at each location, the estimated maximum sustained 
one-minute wind velocity raster for each hurricane 

Figure 2.  Example of topographic exposure (Sandy 2012).
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was resampled from 4-km to 30-m resolution. For 
each 30-m grid cell, the accumulated cyclonic energy 
for maximum sustained winds speed and site exposure 
was calculated as:

ACEmax =
562∑
k=1

v2max × Exp

where ACEmax is sum of the accumulated cyclonic 
energy for all hurricanes, vmax is the maximum one-
minute sustained wind speed (m/s) for each hurricane 
(Powell and Reinhold 2007), and Exp is the site ex-
posure (0–1) based on wind direction during the max-
imum sustained wind speed (Figure 1).

The ACEmax pixel data (Figure 3; Supp. Figure 2) 
were multiplied by forest basal area (trees greater 
than 1-inch diameter) pixel data (Supp. Figures 3–4; 

Wilson et al. 2013) to estimate potential risks to rural 
forests. Average percent tree cover in urban areas was 
multiplied by average county ACEmax values to es-
timate average risks to urban forests on a per area 
basis. Percent urban tree cover was calculated based 
on 2011 NLCD tree cover data (MRLC 2020). As 
NLCD tree cover is known to underestimate actual 
tree cover, photo-interpretation (PI) was conducted to 
help determine actual state urban tree cover values 
(Nowak and Greenfield 2018). County urban tree 
cover values were based on county NLCD estimates 
adjusted using the ratio of the state PI/NLCD urban 
tree cover values.

Cumulative urban forest risk was based on percent 
of the county area occupied by urban tree cover (Supp. 
Figure 5) multiplied by cumulative ACEmax values. 

Table 1.  Description of hurricane categories, maximum sustained wind speed and potential tree damage 
(NOAA 2020b, c)

Category
Wind Speed

(m/s) Tree Damage

Tropical depression <18 Leaves, branches, and trees can be in motion
Tropical storm 18–32 Twigs break off, trees can be broken or uprooted
1 � (Very dangerous winds will produce 

some damage)
33–42 Large branches of trees will snap and shallow rooted 

trees can be toppled
2 � (Extremely dangerous winds will cause 

extensive damage)
43–49 Many shallowly rooted trees will be snapped or uprooted

3 � (Devastating damage will occur) 50–57 Many trees will be snapped or uprooted
4 � (Catastrophic damage will occur) 58–70 Most trees will be snapped or uprooted
5 � (Catastrophic damage will occur) 70+ Nearly all trees will be snapped or uprooted 

Figure 3.  Maximum accumulated cyclonic energy (ACEmax) values per pixel (divided by 1000) with inset of pixel level data 
as illustration of local variation in the Baltimore, Maryland, area.
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Urban land was based on 2010 US Census delimitations 
of urban land (U.S. Census Bureau 2017a, b). The defin-
ition of urban is primarily based on population density 
using the U.S. Census Bureau’s (2017b) definition: all 
territory, population, and housing units located within 
urbanized areas or urban clusters. This definition also 
includes areas commonly thought of as suburban.

Rural forest pixel data were summed and aver-
aged for each county. The cumulative risk values 
for each county were standardized on a 0–1 scale 
by dividing each county by the maximum value of 
all county scores. ACEmax scores were also categor-
ized into very low (<10), low (10–29.99), medium 
(30–49.99), high (50–69.99), and very high (70+) 
to assess how much basal area by state is at risk 
within each these categories. These indices provide 
information on storm risk to forests based on histor-
ical patterns of hurricanes, exposure to winds, and 
amount of urban tree cover or forest basal area. This 
information can aid in developing landscape plans 
to promote landscape resilience and minimize risks 
to forests.

Results
Hurricane Accumulated Energy
As expected, the greatest accumulated cyclone energy is 
found along the Southeast coast, with greatest average 
ACEmax values occurring in counties in Louisiana, 
North Carolina, Florida, and Mississippi (Table 2). 
Distance from the coast tends to decrease the ACEmax 
values (Figure 3). At the larger scale, states with highest 
mean ACEmax values are Florida, Louisiana, and South 
Carolina. States with greatest cumulative ACEmax values 
are Florida, Texas, and Louisiana (Table 3). Although 
having a relatively low average ACEmax value, Texas 
had a large cumulative value due to the large coastal 
and state area.

Hurricane Risks to Forests
Risk to forest basal area was highest in the Southeast 
coastal area due to relatively high basal area and 
high ACEmax values, but specific locations of high risk 
varied. Counties with the greatest risk to forests based 
on basal area tend to be in North Carolina, with some 

Table 2. Top 10 counties with the highest mean and cumulative index values for maximum accumulated 
cyclone energy (ACEmax), ACEmax × forest basal area (BA), and ACEmax × percent urban tree cover (UTC).

Mean Index Value

County ACEmax County BA County UTC

Terrebonne*, LA 1.00 Camden, NC 1.00 McIntosh, GA 1.00
New Hanover, NC 0.97 Gulf, FL 0.99 Long, GA 0.96
Carteret, NC 0.97 Tyrrell, NC 0.97 Wakulla, FL 0.96
St. Bernard*, LA 0.97 Dare, NC 0.94 Bryan, GA 0.92
Monroe, FL 0.96 Georgetown, SC 0.78 Camden, GA 0.91
Plaquemines*, LA 0.95 Gates, NC 0.78 Liberty, GA 0.90
Harrison, MS 0.94 Bertie, NC 0.78 Chatham, GA 0.90
Dare, NC 0.93 Hyde, NC 0.75 New Hanover, NC 0.90
Miami-Dade, FL 0.93 McIntosh, GA 0.75 Brunswick, NC 0.89
Lafourche*, LA 0.93 Liberty, FL 0.74 Glynn, GA 0.88

  Cumulative Index Value    

County ACE County BA County UTC

Monroe, FL 1.00 Collier, FL 1.00 Harris, TX 1.00
Plaquemines*, LA 0.68 Aroostook, ME 0.79 Hillsborough, FL 0.83
Miami-Dade, FL 0.63 Baldwin, AL 0.71 Suffolk, NY 0.73
Palm Beach, FL 0.60 Berkeley, SC 0.70 Duval, FL 0.66
Collier, FL 0.59 Penobscot, ME 0.60 Wake, NC 0.66
St. Bernard*, LA 0.58 Liberty, FL 0.59 Orange, FL 0.58
Terrebonne*, LA 0.58 Piscataquis, ME 0.59 Palm Beach, FL 0.56
Baldwin, AL 0.46 Horry, SC 0.55 Middlesex, MA 0.52
Polk, FL 0.45 Georgetown, SC 0.55 Miami-Dade, FL 0.50
Dare, NC 0.41 Washington, ME 0.54 Broward, FL 0.49

*Parish
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high-risk counties also in Florida, South Carolina, and 
Georgia (Table 2, Figure 4). It is interesting to note that 
although the southern part of Florida has the greatest 
ACEmax values, it is the northwestern Gulf coast of 
Florida that has the greatest risk of potential damage 
to forests due to relatively high forest cover and basal 
area (Figure 4). States with the highest average poten-
tial risks to forests are South Carolina, Florida, and 
Georgia. States with greatest cumulative risks to for-
ests are Florida, Georgia, and North Carolina (Table 
3, Figure 4). States with the greatest forest area and 
ACEmax values tend to have the greatest overall risk. At 
the county scale, large counties can also have increased 
overall risk due to their size. Large-forested counties 
in northern Maine have high cumulative risk to forest 
damage (Table 2, Figure 4), although these counties 
have relatively low ACEmax values (Figure 3).

Overall, 67.1% of the nation’s basal area is at very 
low risk to hurricane winds, whereas 4.6% of the basal 
area is at high to very high risk (Table 4). Nine states 
along the Southeast coast have some forest land categor-
ized with high risk to hurricane exposure, with five of 
these states having at least 20% of the state basal area at 

high risk to hurricane exposure: Florida (100% of basal 
area), South Carolina (35.9%), North Carolina (28.8%), 
Georgia (23.5%), and Louisiana (20.7%) (Table 4).

Although risk increases in relation to proximity to 
the southeastern US coast, the patterns of potential 
risk to rural and urban forests also vary in relation to 
the distribution of trees and urban land in the land-
scape. Southeastern coastal states (Texas to Virginia) 
have 52% of their basal area in the medium to very 
high risk categories (ACEmax > 30) and 40% in the 
low risk category (ACEmax: 10–29.9). Northeastern 
coastal states (Maryland to Maine) have 6% of their 
basal area in medium to very high risk categories 
and 73% in the low risk category. The remainder of 
the conterminous United States only has 6% of its 
basal area in the low risk category. Potential forest 
damage from hurricane winds is greatest in Florida, 
Georgia, and North Carolina, whereas average poten-
tial damage per hectare of forest is greatest in South 
Carolina, Florida, and Georgia. Although 100% of 
Florida’s basal area is in zones at high risk to hurri-
cane winds, South Carolina (with only 36% of basal 
area at high risk) has higher average risk due to higher 

Table 3. Top 10 states with the highest mean and cumulative index values for ACEmax (ACE), ACEmax × forest 
basal area (BA), and ACEmax × percent urban tree cover (UTC).

Mean Index Value

State ACE State BA Row Labels UTC

Florida 1.00 South Carolina 1.00 Florida 1.00
Louisiana 0.70 Florida 0.79 Louisiana 0.88
South Carolina 0.66 Georgia 0.79 Mississippi 0.77
North Carolina 0.61 North Carolina 0.76 South Carolina 0.75
Georgia 0.58 Alabama 0.72 North Carolina 0.75
Rhode Island 0.54 Mississippi 0.69 Georgia 0.74
Delaware 0.53 Connecticut 0.68 Rhode Island 0.66
Alabama 0.47 Massachusetts 0.62 Massachusetts 0.63
Mississippi 0.47 Rhode Island 0.59 Alabama 0.60
Maryland 0.43 New Hampshire 0.58 Virginia 0.59

Cumulative Index Value

State ACE State BA Row Labels UTC

Florida 1.00 Florida 1.00 Florida 1.00
Texas 0.88 Georgia 0.90 Georgia 0.48
Louisiana 0.55 North Carolina 0.79 North Carolina 0.47
Georgia 0.52 Alabama 0.73 Texas 0.35
North Carolina 0.50 Mississippi 0.64 South Carolina 0.24
Alabama 0.38 South Carolina 0.62 Massachusetts 0.22
Mississippi 0.34 Texas 0.58 Louisiana 0.22
South Carolina 0.32 Louisiana 0.52 Virginia 0.21
Virginia 0.23 Virginia 0.44 New York 0.21
New York 0.15 Maine 0.30 New Jersey 0.18
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average basal area. Counties with large forested areas 
can have higher overall risks (e.g., northern Maine) 
due to their large overall basal area.

Hurricane Risks to Urban Forests
Risks to urban forests relate to the amount of urban 
tree cover and the average hurricane risk. The pat-
tern of average urban forest risk is similar to the 
average risk to forest basal area. Urban forests 

along the Southeast coast from Louisiana to Virginia 
have the highest average hurricane risk (Figure 5). 
Counties with the highest average urban forest risk 
are in Georgia, Florida, and North Carolina; the 
highest cumulative risk is found in the Houston area 
but also in various counties in Florida, New York, 
North Carolina, and Massachusetts (Table 2). Areas 
with high cumulative urban forest risk tend to be 
in Florida, along the Baltimore-to-Boston corridor, 

Figure 4.  Index of mean (top) and cumulative (bottom) ACEmax × forest basal area by county.
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Table 4.  Percent of total basal area in each state within ACEmax classes (very low to very high risk) in the 
conterminous United States. States in bold have some forest land with high to very high risk classes.

ACEmax Classa.

State VL L M H VH %BAb

Alabama 0.0 52.7 38.1 9.2 0.0 2.6
Arizona 100.0 0.0 0.0 0.0 0.0 1.5
Arkansas 49.0 51.0 0.0 0.0 0.0 2.5
California 100.0 0.0 0.0 0.0 0.0 6.5
Colorado 100.0 0.0 0.0 0.0 0.0 3.6
Connecticut 0.0 86.2 13.8 0.0 0.0 0.4
Delaware 0.0 20.1 79.9 0.0 0.0 0.1
District of Columbia 0.0 100.0 0.0 0.0 0.0 0.0
Florida 0.0 0.0 0.0 72.2 27.8 1.6
Georgia 2.2 33.1 41.2 23.0 0.5 2.8
Idaho 100.0 0.0 0.0 0.0 0.0 3.5
Illinois 100.0 0.0 0.0 0.0 0.0 0.8
Indiana 100.0 0.0 0.0 0.0 0.0 0.9
Iowa 100.0 0.0 0.0 0.0 0.0 0.4
Kansas 100.0 0.0 0.0 0.0 0.0 0.2
Kentucky 100.0 0.0 0.0 0.0 0.0 2.1
Louisiana 0.0 43.8 35.5 19.1 1.6 1.5
Maine 0.0 100.0 0.0 0.0 0.0 3.4
Maryland 7.2 46.3 46.4 0.0 0.0 0.5
Massachusetts 0.0 83.2 16.8 0.0 0.0 0.7
Michigan 100.0 0.0 0.0 0.0 0.0 3.8
Minnesota 100.0 0.0 0.0 0.0 0.0 2.7
Mississippi 0.0 51.0 37.4 8.9 2.7 2.2
Missouri 99.8 0.2 0.0 0.0 0.0 2.3
Montana 100.0 0.0 0.0 0.0 0.0 3.7
Nebraska 100.0 0.0 0.0 0.0 0.0 0.1
Nevada 100.0 0.0 0.0 0.0 0.0 1.2
New Hampshire 40.2 59.8 0.0 0.0 0.0 1.2
New Jersey 0.0 49.2 50.8 0.0 0.0 0.4
New Mexico 100.0 0.0 0.0 0.0 0.0 2.2
New York 34.7 64.8 0.5 0.0 0.0 3.8
North Carolina 19.5 23.3 28.4 22.5 6.3 2.8
North Dakota 100.0 0.0 0.0 0.0 0.0 0.1
Ohio 100.0 0.0 0.0 0.0 0.0 1.2
Oklahoma 86.0 14.0 0.0 0.0 0.0 0.9
Oregon 100.0 0.0 0.0 0.0 0.0 7.2
Pennsylvania 41.7 58.3 0.0 0.0 0.0 3.1
Rhode Island 0.0 0.0 100.0 0.0 0.0 0.1
South Carolina 0.0 20.1 44.0 32.3 3.7 1.6
South Dakota 100.0 0.0 0.0 0.0 0.0 0.2
Tennessee 36.4 63.6 0.0 0.0 0.0 2.2
Texas 19.2 57.7 21.5 1.5 0.0 3.0
Utah 100.0 0.0 0.0 0.0 0.0 2.3
Vermont 72.2 27.8 0.0 0.0 0.0 1.0
Virginia 21.4 53.3 22.6 2.7 0.0 2.7
Washington 100.0 0.0 0.0 0.0 0.0 6.1
West Virginia 89.5 10.5 0.0 0.0 0.0 2.5
Wisconsin 100.0 0.0 0.0 0.0 0.0 2.7
Wyoming 100.0 0.0 0.0 0.0 0.0 1.3
United States 67.1 21.3 7.0 3.8 0.8 100.0

aACEmax categories of very low (VL: ACEmax score (Figure 3) <10), low (L; 10–29.99), medium (M; 30–49.99), high (H; 
50–69.99), and very high (VH; 70+).
bPercent of total basal area in the conterminous United States within the state.
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and in various metropolitan areas in the Southeast 
(Figure 5).

Florida has the highest mean cumulative risk to 
urban forests due to the relatively large exposure to 
hurricanes, high urban tree cover, and large amount of 
urban land. When considering the total risk to urban 
forests by county, the geographic risk shifts more to 
the Northeast coast and larger metropolitan areas 
in the Southeast (e.g., Houston, Miami). Although 
the Northeast has lower ACEmax values than in the 
Southeast, its relative urban forest risk increases 

due to its relatively high proportion of urban land 
and urban tree cover. A  relatively high proportion 
of counties are covered by urban tree cover in the 
Washington-to-Boston corridor. Overall, Florida has 
the greatest risk to rural and urban forests due to it 
large rural and urban forest area, coastline, and ex-
posure to hurricanes. In Florida, the greatest risk to 
forests is in the northwestern part of the state, whereas 
the greatest risk to urban forests is in the southern 
and central parts of the state, where urban forests 
and high wind exposure converge. Proximity to the 

Figure 5.  Index of (top) mean ACEmax × percent urban tree cover and (bottom) cumulative ACEmax × percent of county 
occupied by urban tree cover.
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coast is a key factor in hurricane risk, but the forest 
risk will also vary based on local topography, which 
can alter wind speeds, and local forest distribution.

Discussion
Water and wind damage from hurricanes is particularly 
important in urban centers with relatively high concen-
trations of materials and people, whereas wind effects 
are likely most important in generating forest damage 
from hurricanes (i.e., defoliation, broken stems and 
branches, and uprooted or toppled trees). Windspeed is 
likely to be the most important determinant of timber 
losses and numerous factors influence a stand’s resist-
ance to wind loading. Although some factors typically 
cannot be modified by forest management (e.g., climate, 
topography, soil conditions), numerous forest manage-
ment activities can influence factors that affect a stand’s 
resistance to wind loading. These factors relate to tree 
species, stand configuration, and silvicultural treat-
ments. Species vary in vulnerability to storm damage 
based on such factors as crown configuration, rooting 
depth and width, wood strength, size, and height-to-
diameter (H/D) ratio. In addition, coniferous species 
and trees planted outside their natural range may in-
crease susceptibility to damage (Beach et al. 2010).

Stand configuration and silvicultural factors include 
planting and stand density, stand age, the presence of 
gaps and edges, selection of planting site, thinning and 
clearcutting adjacent stands, forest health, and dis-
tribution of canopy positions. Low-density stocking, 
thinning, or pruning may increase the risk of damage 
in the short term, but it is expected to reduce damages 
in the long run as trees grow stronger and more re-
sistant to damage (Beach et al. 2010).

Although the uncertainty of hurricane impact 
complicates management, managers can incorporate 
likelihood of hurricane damage into management deci-
sions related to site and species selection and silvicul-
tural treatments to decrease potential stand damage. 
In addition, planning for damage recovery can aid in 
maximizing potential returns from salvage operations 
(Beach et al. 2010).

In addition to aiding forest management, informa-
tion on potential hurricane risks to forests will be crit-
ical to projecting future ecosystem services and values 
derived from forests (e.g., Ochoa and Urbina-Cardona 
2017). These data can also potentially aid studies of 
how past hurricane exposure has affected the local 
biodiversity and ecology of forest stands. Spatial vari-
ations in historical hurricane exposure could be used 

to help evaluate spatial variation in forest structure 
and associated ecological functions, as well as evaluate 
species composition and resistance to high winds in 
high-risk areas. Adding hurricane risk data to other 
forest threat data (e.g., insects and diseases, fire) could 
help assess total threats to forest health and/or poten-
tial interactions among threats.

Urban forests have similar patterns of average risk 
as rural forests except for Louisiana and Mississippi, 
which also have relatively high risk to urban forests 
(Table 3, Figures 4, 5). Although hurricanes in urban 
forests can damage trees, and tree damage (e.g., top-
pled trees, falling branches, flying tree debris) can in-
jure people and damage property, it is important to 
consider that trees in urban areas reduce wind speeds 
(e.g., Giometto et  al. 2017) and thus could poten-
tially protect people and property in urban areas. In 
addition, forests in coastal cities could help protect 
cities from storm winds, storm surge, and wave action 
(Spalding et al. 2014). The relatively high concentra-
tions of people and materials in urban areas necessitate 
the need for proper management of urban forests to 
sustain healthy and stable urban forests. Urban forest 
management that creates strong and healthy forests 
can create multiple benefits for urban residents and po-
tentially reduce storm damage from hurricanes.

Hurricane predictions often focus on predicting 
the likely movement and paths of forming hurricanes. 
Predictions of future hurricanes tend to focus on po-
tential number of hurricanes and potential changes in 
hurricane strength, with rainfall rates and hurricane in-
tensities projected to increase in the future (Geophysical 
Fluid Dynamics Laboratory 2020). The exhibited pat-
terns of hurricane locations in this study match past 
historical hurricane assessments (e.g., Beach et  al. 
2010, Griggs 2017), but past assessments tend to assess 
number of hurricanes or peak wind speeds. Where fu-
ture hurricanes will hit within the United States is un-
known, but past patterns can elucidate likely areas of 
future hurricanes. Historical accumulated cyclone en-
ergy combined with topographic exposure can reveal 
potential future hurricane wind exposure and damage.

Although the geographic patterns of risk are not 
surprising, understanding the regional and local 
variations in risk are important for setting national, 
state, regional, and local priorities. The regional risk 
patterns by county can be used for developing more 
broad-scale forestry policies related to hurricane risks. 
The local scale variation relative to wind exposure 
and local stand conditions are important to consider 
in developing local scale forest management plans to 
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minimize hurricane damage or prepare for potential 
response to hurricane damage. To this end, the 30-m 
hurricane wind exposure risk (Figure 3) and ACEmax 
× basal area (Figure 4) data are available at Cole et al. 
(2020) to aid in assessing risk to local forest stands. 
National maps and data at the county scale are also 
available at this website.

This local variation related to historical risk from 
hurricanes as well as exposure to winds (i.e., variations 
due to topography) are important considerations in 
forest management to help minimize forest loss and 
sustain forest health. Future hurricane risk might not 
be the same as past hurricane exposure, but the histor-
ical patterns likely yield good indications of future risk. 
Although the number of hurricanes is not projected to 
increase in the future, storm intensities are projected 
to become stronger and foresters need to prepare for 
this potential future forest damage. Potential hurricane 
risk is just one of many forest risks that need to be 
considered in developing plans to sustain forest health. 
Other risks include wildfires, insects and diseases, cli-
mate change, invasive species, and urban development 
(e.g., Nowak and Greenfield 2018). By understanding 
the geographic patterns and exposure to these various 
risks, forest managers can be better prepared to deal 
with the numerous local risks that potentially threaten 
forest health and sustainability.

Conclusion
Hurricanes are one of numerous risks that can affect 
forest health, structure, and economic value. The ex-
posure to hurricane risk has a geographic pattern based 
on hurricane paths and exposure to winds. Not sur-
prisingly, the greatest forest risk for hurricanes tends 
to be in the southeastern United States. Understanding 
the broad and small-scale variations in risk and ex-
posure, along with local forest data, can aid forest 
management to potentially minimize forest damage 
or help prepare for potential use or clean-up of forest 
damaged areas.

Supplementary Materials
Supplementary data are available at Journal of Forestry online.
Supplemental Figure 1. An example of topographic exposure 
classification for a given wind direction, where ϴ is the wind 
inflection angle (6°).
Supplemental Figure 2.  Maximum accumulated cyclonic 
energy (ACEmax) values per pixel (divided by 1000)  for (a) 

Northeastern U.S., (b) Southern Atlantic coast and (c) Gulf 
coast states.
Supplemental Figure 3. Mean basal area (m2/ha) (US Forest 
Service 2018).
Supplemental Figure 4.  Mean basal area (m2/ha) for (a) 
Northeastern United States, (b) Southern Atlantic coast, and 
(c) Gulf coast states.
Supplemental Figure 5. Percent of county area occupied by 
urban tree cover.
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