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ABSTRACT: Improving estimates of tropical cyclone forecast uncertainty remains an important goal of the Hurricane
Forecast Improvement Project (HFIP). Intensity forecast uncertainty near landfall is especially complicated because inten-
sity forecasts depend on track forecasts. Ensembles can be difficult to interpret near land due to differences in both spatial
and temporal resolution and differences in landfall timing (if at all) and location. TheMonte Carlo Wind Speed Probability
(WSP) model is a statistical ensemble based on the error characteristics of forecasts by the National Hurricane Center
(NHC) and the spread of several track forecast models. The landfall distribution product (LDP) introduced in this paper
was developed to use the statistical ensemble of forecasts from the WSP model to estimate both the track and intensity
forecast uncertainty associated with potential landfalls. The LDP includes probabilistic intensity estimates as well as esti-
mates of the most likely and reasonable strongest intensity at landfall. These products could communicate concise intensity
uncertainty information to users at risk for tropical cyclone impacts. Demonstration on a retrospective dataset from 2010
to 2018 and evaluation of the LDP on the 2020–21 Atlantic hurricane seasons shows that the probability of landfall and the
landfall intensity probabilities generated by the WSP model are reliable and potentially useful for preparedness decision-
making. A case study of Hurricane Ida (2021) highlights how the LDP can be implemented to communicate landfall uncer-
tainty to a broad range of users.

SIGNIFICANCE STATEMENT: With the new landfall distribution product (LDP), the National Hurricane Center
can provide both track and intensity forecast uncertainty surrounding the landfall of hurricanes. The issuance of a rea-
sonable worst case scenario for the strongest winds that could impact a region could amplify messaging to encourage
people to take appropriate action prior to a landfall.
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1. Introduction

Improving estimates of tropical cyclone forecast uncertainty
remains an important goal of the Hurricane Forecast Improve-
ment Project (HFIP; Gall et al. 2013). The National Hurricane
Center (NHC) provides track forecast uncertainty in the form
of a “cone of uncertainty”; however, no such uncertainty infor-
mation is provided for intensity forecasts. Providing estimates
of both track and intensity forecast uncertainty is essential to
communicate the risks associated with tropical cyclones (Marks
et al. 2019). Although the NHC currently provides wind speed
probabilities for 34-, 50-, and 64-kt winds (1 kt’ 0.51 m s21), a
product highlighting the possible range of intensities or the
strongest reasonable intensity is not available.

The Monte Carlo Wind Speed Probability (WSP) model,
which is able to capture some aspects of forecast uncertainty
for specified wind speed thresholds, uses the NHC forecast

and climatological error distribution to estimate the probabil-
ity that sustained 34-, 50-, and 64-kt winds will occur at a given
location (DeMaria et al. 2013). Additional tools to estimate
intensity forecast uncertainty have been developed such as
the Goerss predicted consensus error (GPCE; Goerss 2007;
Goerss and Sampson 2014) and the Prediction of Intensity
Model Error (PRIME) model (Bhatia and Nolan 2015). How-
ever, these uncertainty estimates were developed as fore-
caster guidance and are not provided to the public because
they do not directly estimate the uncertainty of the NHC offi-
cial forecast. The intensity bias and uncertainty scheme
(IBUS), which provides a climatological uncertainty estimate
based on NHC’s intensity change error distribution, has been
shown to provide intensity forecast uncertainty similar to the
“cone of uncertainty” (Trabing et al. 2022). However, since
the IBUS is a climatological intensity uncertainty estimate, it
is not able to incorporate track uncertainty into the intensity
uncertainty which is essential near landfall.

The NHC had forecast products in the past that provided
intensity uncertainty to the public. A table was provided with
the probability that a tropical cyclone would be within each of
the Saffir–Simpson hurricane wind speed scale (Schott et al.
2012) categories at verifying forecast time periods (Stewart
2012). The NHC also provided a plot, based on a similar
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framework, that showed as a function of time the forecast
maximum intensity and the intensities (higher and lower) that
could be expected to occur 10% and 20% of the time. Be-
cause the intensity category probabilities were valid only at
fixed verifying forecast times ranging from 12 to 120 h with
24-h resolution after 48 h, timing uncertainty owing to tropical
cyclone landfalls was poorly resolved leading to low-biased
probabilities relative to the actual prelandfall intensity. This
shortcoming for essential landfall forecasts led to the prod-
ucts’ discontinuation after the 2013 Atlantic hurricane season.

Limitations of previous products suggest that future prod-
ucts need to account for uncertainty near tropical cyclone
landfalls. Forecasting tropical cyclone intensity near landfall
is challenging because small differences in the landfall timing
or location can lead to large intensity forecast errors. For ex-
ample, the NHC had above average skill in forecasting the in-
tensity for Hurricane Ida through 72 h; however, the 96-h
forecasts were considered unskillful relative to climatology
and persistence because Hurricane Ida meandered near the
coast of Louisiana before moving inland and weakening
(Beven et al. 2022). Since tropical cyclone intensity near land
is often track dependent, an intensity product should focus ex-
plicitly on regions where landfall may occur in order to high-
light track dependent intensity solutions.

In this study, we will explore the use of landfall probabilities to
estimate both track and intensity uncertainty on daily time scales.
The probability of a tropical cyclone landfall is already available
to the public as a climatological value through various sources.
Brettschneider (2008) developed probability of landfall forecasts
using climatological data as a function of current tropical cyclone
position. In addition, landfall probabilities are frequently pro-
vided with seasonal tropical cyclone forecasts to communicate a
population’s risk of tropical cyclone impacts prior to the start of
the hurricane season (Klotzbach et al. 2022). A probability of
landfall framework could be a simple way to communicate tropi-
cal cyclone risk on both short and long time scales.

Here we will document, evaluate, and discuss a new tool to
communicate forecast uncertainty to the public. The new land-
fall distribution product (LDP) converts the NHC’s determinis-
tic track and intensity forecasts to probabilistic estimates of
track, intensity, and timing uncertainty around potential land-
falls within specified regions. The LDP will allow us to answer
questions such as “What is the probability that Hurricane X will
make landfall in Mississippi?” and “If Hurricane X makes land-
fall in Mississippi, what is the probability it will be a major
hurricane?” Section 2 will detail the data and methods. The
testing of the new tool on retrospective forecasts will be shown
in section 3. An evaluation of the LDP during the 2020–21
Atlantic hurricane seasons will be shown in section 4 with a
case evaluation on Hurricane Ida (2021) in section 5. Section 6
will summarize the LDP and offer conclusions.

2. Development of the landfall product

a. Data

The new landfall product is created using the Monte Carlo
WSP model (DeMaria et al. 2009, 2013). The WSP model

creates a statistical ensemble with 1000 members centered on
the NHC forecast. The spread of the ensemble is based on a cli-
matology of track and intensity errors, where the track spread is
additionally a function of the track spread of commonly used
forecast models. Each of the statistical realizations in the WSP
model are a reasonable forecast that includes an intensity decay
correction when the forecasted tropical cyclone moves over
land. TheWSPmodel is employed here because the model is al-
ready operationally used by NHC to communicate the probabil-
ity that sustained winds at specific locations will reach 34, 50,
and 64 kt. Using the same model ensures consistency between
the new landfall product and existing NHC products.

A set of retrospective forecasts from the WSP model is
used to develop the landfall distribution product because the
version of the WSP model can vary and the spread of the fore-
casts changes from year to year based on the NHC’s 5-yr error
distribution. The retrospective forecasts used here are from
the 2020 version of the model and include 450 forecast cycles
from tropical cyclones that made landfall from 2010 to 2018.
The NHC best track dataset (HURDAT2) is used to verify
the new product, which includes verifying landfall locations,
times, and intensities from 1851 to 2021 (Landsea and Franklin
2013). Within the best track and the retrospective sample,
there are 84 verifiable landfalls within the Atlantic basin that
do not include landfalls on small islands which are not part of
the LDP. The LDP was run internally at the NHC during the
2020–21 Atlantic hurricane seasons, which had 39 verifying
landfalls within the regions defined in the LDP.

Landfalls by definition require a tropical cyclone center to
cross a coastline. Landfalls are objectively defined using the
distance to land field from the Statistical Hurricane Intensity
Prediction Scheme (SHIPS; DeMaria and Kaplan 1994, 1999;
DeMaria et al. 2005). The distance to land field includes major
landmasses but does not include small islands that will have
little impact on tropical cyclone intensity. Islands including
Bermuda, the Bahamas, the Florida Keys, or the lesser Antilles
are not included in the distance to land field and will not be in-
cluded in this version of the LDP. Small islands are not included
in the LDP because the probability of landfall will be low due
to its relationship with the coastline size. In addition, landfall is
less important for small islands where the maximum winds can
impact the island while the center remains offshore.

The LDP will provide probabilistic forecasts for specific
regions within the Atlantic and east Pacific. The regions that
are included in the LDP are shown in Fig. 1 for reference. The
regions employed in the product include U.S. and Mexico state
boundaries along the Atlantic and east Pacific coastlines, as well
as countries in Central America. Larger islands, such as Cuba,
Hispaniola, Puerto Rico, and Jamaica are included in the LDP.
Regions with large coastlines such as Texas, Louisiana, Cuba,
and Florida were split into two or three equidistant smaller re-
gions to reduce false alarms (Fig. 1). The inclusion of a finer res-
olution version of this product is the focus of future work.

b. Methods

The first step in creating the LDP is to identify all the land-
falls within the statistical ensemble. A landfall is defined as
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when the center of the tropical cyclone moves over land and
is objectively calculated for each statistical realization in the
ensemble. To do this, the track forecasts are interpolated
from hourly to 10-min resolution and the distance to land is
calculated along the track of each ensemble member. The
landfalls are objectively defined by identifying any time where
the distance to land parameter was both decreasing and changed
sign. Once the landfalls are objectively found, the landfall inten-
sity is defined as the maximum intensity within the 1 h prior to
landfall to reduce any potential weakening in the model that has
already begun due to the ongoing landfall. Statistical realizations
that made landfall below 15 kt are considered dissipated and not
included in the landfall probabilities.

Once all the landfalls are objectively identified within every
statistical realization in the WSP model, the landfalls are then
classified by region. The North Atlantic and east Pacific re-
gions are shown in Fig. 1. To improve hazard communication
when landfalls occur near boundaries and the heterogeneity
in region size, an individual landfall is allowed to be classified
into more than one region. The region of landfall includes all
regions within the radius of maximum wind (RMW) at the
landfall location. The RMW is statistically estimated by the
WSP based on climatological values because the NHC does
not provide forecasts for the RMW. Allowing landfalls in
multiple regions within the RMW substantially improves the
landfall probabilities along the northeastern U.S. coastline
where the probability of landfall would otherwise be too sen-
sitive to coastline size due to the small sizes of the regions. To
prevent the probabilities from exceeding 100%, a statistical
realization is only allowed to make landfall in a specific region

one time over the 5-day forecast. If a statistical realization
does make landfall in a region twice, for instance because of a
loop in the track, the earliest landfall is used to calculate the
intensity probabilities.

After all the landfalls have been classified into regions (Fig. 1),
the intensity probabilities are calculated for every region where a
landfall has occurred. Because the intensity probabilities are con-
ditioned based on landfall occurring, we set a 5% lower bound
on the probability of landfall over 5 days. Intensity probabilities
are not calculated within regions where there is a,5% probabil-
ity of landfall to ensure a large enough sample to calculate the
conditional intensity probabilities and to not communicate a
landfall intensity when the likelihood of landfall is too low. To
concisely communicate the landfall intensities to the public,
intensities at landfall are categorized by the Saffir–Simpson hur-
ricane wind speed scale (Schott et al. 2012). Deterministic
estimates of the most likely landfall intensity, the strongest rea-
sonable landfall intensity, the most likely landfall time, and the
earliest reasonable landfall time are also calculated for each re-
gion. The most likely landfall times and landfall intensity are de-
fined as the median of the distributions to limit distribution
biases. The strongest reasonable landfall intensity is defined as
the intensity with a 10% probability of exceedance and the earli-
est reasonable landfall time is estimated as the time in which
90% of all landfalls occur after. The definition for the strongest
reasonable landfall intensity provides an intensity that could pos-
sibly be reached and is consistent with the products used for
communicating storm surge risk (Morrow et al. 2015).

After calculating the conditional intensity probabilities and
the intensity forecast estimates for each region, a check is

FIG. 1. The regions in the North Atlantic and east Pacific basins that are included in the LDP. Small islands are not
included in the landfall product.
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added to the LDP to ensure that the most likely intensity at
landfall matches NHC’s forecast. The WSP model skews the
intensity distributions for higher intensity forecasts based
on NHC’s error forecast characteristics, because there are in-
trinsic limits on how strong a tropical cyclone can become
(DeMaria et al. 2013). As a result, the most likely intensity
will tend to be biased too low relative to the NHC official
forecast for strong hurricanes because of the skewed distribu-
tion. To impose consistency with the NHC official forecast
(OFCL), the deviation from the most likely intensity and the
intensity from the most recent OFCL forecast is calculated.
The OFCL offset is calculated from a 12-h linearly interpo-
lated OFCL forecast and applied based on the most likely
time of landfall for each region. If landfall occurs between the
interpolated forecast hours, the intensity is held constant
from the previous 12-h forecast point through the landfall
time. The OFCL offset is added to each of the statistical real-
izations to center the entire distribution of intensities around
NHC’s forecast that leads to a slight high bias in forecast in-
tensities relative to the WSP model for major hurricanes. The
errors for the most likely landfall intensity for each region
will therefore exactly match NHC’s intensity forecast error
distribution.

3. Analysis on retrospectives

An evaluation of 40 tropical cyclones from 2010 to 2018 in
the North Atlantic is conducted using the retrospectives of the
2020 version of the WSP model. The probability of landfall
within a given region is verified using HURDAT2 (Landsea
and Franklin 2013). The region of landfall is derived from the
best track dataset following the same methodology used to
identify the region(s) of landfall in the LDP. Since forecasts
can have multiple landfalls, we set a 624-h buffer window be-
tween the forecast and verifying landfall times for categorizing
false alarms. The intensity probabilities are verified against the
observed landfall intensities found in the best track dataset in

validating regions. Note that because the retrospectives were
not run on every tropical cyclone, we only verify times when
the model was run, which could lead to a reduced number of
missed forecast cases.

First, we will examine how well the LDP is able to estimate
the probability of landfall, which is a measure of the track
forecasting skill. Figure 2 shows a reliability diagram, receiver
operating characteristic (ROC) curve, and the histogram of
landfall probabilities for the retrospective sample as a func-
tion of time period. The landfall probabilities are valid for
landfalls that occur within the set time windows. This means
that a region could have landfall probabilities of 90% within
120 h if the TC is expected to make landfall in 24 h. The reli-
ability diagram in Fig. 2a shows how frequently landfalls occur
in the sample relative to the forecast frequency of landfall.
The reliability curve shows that overall, the landfall probabili-
ties are fairly well calibrated. The probability that landfall will
occur within 24 h shows a 10%–15% low bias for low proba-
bility landfall events and overall tends to be underconfident.
There is a 5%–10% overforecast bias for 48–120-h forecasts
for moderate probability landfall events. It should be noted
that there is very little distinction between the 72-, 96-, and
120-h forecast probabilities because of the small sample size
of retrospective forecasts with verifying landfalls beyond 72 h
(Fig. 2c).

To show the potential utility of the landfall probabilities,
the ROC curve is examined (Fig. 2b). ROC curves show how
the probability of detection and false alarm ratio change
when different probability thresholds are chosen for action in
all forecasts. The probability of detection is defined as the frac-
tion of cases where landfall is correctly forecast and the false
alarm ratio is the fraction of cases where landfall is forecast
but do not verify. The equations to calculate the contingency
table can be found in DeMaria et al. (2021). The ROC curve
shows that at all times the curves are above the one-to-one
dotted line which indicates that the probabilities have utility in
discriminating between landfall and nonlandfall events. The

FIG. 2. (a) Reliability diagram of the forecast landfall probabilities vs observed probability of landfall using 0.1 bins. (b) ROC diagram
of the probability of landfall with a 0.15 threshold interval. (c) Histogram of the sample size within the retrospective sample using 0.1 bins.
Colored lines denote the probabilities within daily intervals through 5 days.
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lowest probability of detection and false alarm ratio occur
with a high threshold of 0.95. There are few probabilities that
reach a 0.95 threshold which leads to a low probability of de-
tection; however, a large proportion of these forecasts verify
leading to a low false alarm ratio (Fig. 2a). As expected, the
area under the curve (AUC), which is a measure of the utility,
is lead time dependent. The utility of the LDP is greatest for
24-h forecasts with decreasing AUC for 48- and 72-h forecasts.
Because of the low sample size of landfalls beyond 72 h in the
retrospectives, the 96- and 120-h landfall probability discrimi-
nation is nearly identical with minor differences for low dis-
crimination thresholds.

Next, we examine how well the conditional intensity probabili-
ties in the retrospectives perform. Figure 3 shows the reliability,
ROC curve, and histogram for the conditional probabilities that
the tropical cyclone will be a tropical storm, hurricane, or major
hurricane if landfall occurs. Only three category ranges are shown
because of a low sample size for each of the Saffir–Simpson wind
scale categories and to correspond with the convention used by
the NHC. Because the intensity probabilities are conditional, a
corresponding landfall in HURDAT2 is required to be included.
The reliability diagram (Fig. 3a) shows that the probability
that a tropical cyclone will be a hurricane is the most reliable
but with a slight overforecast bias. The reliability for tropical
storms shows a 15%–20% underforecast in the moderate
probabilities, while the major hurricane reliability has a large
overforecast in the same range. The sample size is partially to
blame for the major hurricane probability bias because there
are very few nonzero major hurricane probabilities in the ret-
rospective sample (Fig. 3c). The applied offset to match
NHC’s forecasted intensity also contributes to the high bias in
major hurricane probabilities; however, there is still a high
bias at low probability values if this offset is removed for the
retrospective sample (not shown).

An examination of the ROC curve shows that the LDP has
utility in discriminating between the intensities at landfall

(Fig. 3b). The conditional probabilities are particularly useful
when predicting a tropical storm or hurricane. The probability
of detection for major hurricanes changes very little for
thresholds below 0.8 because of a lack of an adequate sample
size in those ranges. The probability of detection for major
hurricanes also maximizes near 80% as there are major hurri-
cane landfalls that occurred when the conditional intensity
forecast had a ,2% probability. The lower probability of de-
tection for major hurricanes is because some of the storms
within the retrospective sample underwent rapid intensifica-
tion (RI), which is defined as a 30 kt or greater increase in the
maximum winds within 24 h (Kaplan et al. 2010), prior to
landfall. A low bias in forecasted intensity during RI is persis-
tent in NHC’s climatological forecast error distributions
(Trabing and Bell 2020). RI and rapid weakening (RW),
which is defined as a 30 kt or greater decrease in the maxi-
mum winds within 24 h (Wood and Ritchie 2015), remains a
difficult forecast challenge (Cangialosi et al. 2020).

Although there are limitations in the sample size within the
retrospective sample, the LDP is able to reliably provide
probabilities that landfall will occur within regions in the
Atlantic basin. The intensity category probabilities condi-
tioned on landfall show promise; however, additional testing
with a larger sample size is required for major hurricanes. To
better understand the benefits and limitations of the landfall
product, we will next examine a verification of the forecasts
during the 2020 and 2021 Atlantic hurricane seasons.

4. Evaluation of the landfall product for the 2020–21
Atlantic seasons

The LDP was run internally at the NHC during the 2020
and 2021 Atlantic and east Pacific hurricane seasons. Here we
will conduct a verification of the probability of landfall, the
conditional intensity probabilities, and the deterministic in-
tensity estimates on the combined 2-yr dataset in the Atlantic

FIG. 3. (a) Reliability diagram of the forecast vs observed conditional probability that the tropical cyclone would be a tropical storm,
hurricane, or major hurricane using 0.2 bins. (b) ROC diagram of the intensity probabilities with a 0.15 threshold interval. (c) Histogram
of the sample size within the retrospective sample using 0.1 bins. Colored lines denote the conditional probabilities of a tropical storm
(green), hurricane (orange), and major hurricane (maroon) through 5 days.
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basin only. A verification is not conducted for the east Pacific
because of a small number of landfalling tropical cyclone fore-
casts. The 2020 and 2021 Atlantic hurricane seasons had a large
number of landfalling tropical cyclones with several major hur-
ricane landfalls that provide a robust analysis of the LDP.

First, we will examine the performance of the landfall prob-
abilities from the LDP during the 2020–21 Atlantic seasons.
Figure 4 shows the reliability diagram, ROC curve, and sam-
ple size histogram. The reliability diagram (Fig. 4a) shows
that the probability of landfall is a slight improvement over
the results from the retrospective analysis at most forecast
hours (Fig. 2a). The probability of landfall forecast shows a
reduced overforecast bias as a function of the time until land-
fall and a reduced bias for moderate probability events. The
probability of landfall within 24 h shows a jump from an over-
confident to underconfident forecast which is partially due to
the lower sample size of probabilities in the 30%–40% range
(Fig. 4c). Overall, the probability of landfall forecasts are reli-
able and well calibrated owing to the skill of NHC forecasters.

The ROC curve in Fig. 4b shows the usefulness of the land-
fall probabilities in discriminating between a landfall and non-
landfall event during the 2020–21 Atlantic seasons. The ROC
curves are similar to the retrospective analysis for all forecast
lengths which indicates that the utility of the LDP is not sensi-
tive to the sample of cases (Fig. 2b). Regardless of the value
used to discriminate action, landfall probabilities within all
times are able to capture more landfall events than false
alarms with a positive AUC. Beyond 72 h there is little differ-
ence in the ROC curves suggesting that the most utility in the
landfall probabilities is coming from forecasts within 72 h. The
ROC curve shows that a ;30%–40% cutoff probability would
maximize the probability of detection and minimize the false
alarm ratio for forecasting landfall regions using the LDP.

The conditional intensity probabilities in Fig. 5 show consis-
tent reliability and ROC curves for tropical storms and hurri-
canes between the 2020–21 seasons and the retrospective
sample (Fig. 3). The tropical storm and hurricane conditional
probabilities are overall reliable and make up the largest

FIG. 4. As in Fig. 2, but for Atlantic tropical cyclones from 2020 to 2021.

FIG. 5. As in Fig. 3, but for Atlantic tropical cyclones from 2020 to 2021.
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component of nonzero sample size probabilities (Fig. 5c). The
major hurricane probabilities have the lowest sample size of
nonzero forecasts and shows a mixed signal in its reliability
with an underforecast of low probabilities and overforecast of
high probabilities. The ROC curve shows that despite the
reliability biases of the major hurricane probabilities, the in-
tensity probabilities provide useful forecasts given that the
probability of detection is larger than the false alarm ratio for
nearly all of the thresholds.

To better understand the major hurricane probabilities, we
can examine how the conditional major hurricane probabili-
ties evolve as a function of time until landfall. Figure 6 shows
how the probability that the tropical cyclone would be a major
hurricane evolves for verifying landfalls during 2020–21. False
alarms are also shown in Fig. 6 which includes forecasts for
tropical cyclones that made landfall below major hurricane
strength. For verifying major hurricane landfalls, the intensity
probabilities remain low at lead times beyond 84 h but steadily
increase at shorter lead times. The opposite is true for most
false alarm forecasts where the probability of a major hurri-
cane tends to decrease until the time of landfall. Within 84 h
there are larger mean probabilities of a major hurricane land-
fall that are statistically significant at the 95% confidence inter-
val from the false alarm distribution. There are a couple of
notable exceptions in the false alarm cases which are consid-
ered outliers from the rest of the false alarm distribution.
The largest false alarms came from Hurricane Delta (2020)
which had two landfalls just under major hurricane strength
as a category-2 hurricane. NHC intensity forecast errors for
Hurricane Delta were fairly large with an unexpected RI in the
Caribbean followed quickly by RW (Cangialosi and Berg 2021).
A second intensification followed by weakening occurred in the
Gulf of Mexico leading to additional major hurricane false
alarms by the LDP. RI and RW forecasts remain a difficult
forecast challenge.

In addition to providing new estimates of the probability of
landfall, the LDP also provides a most likely intensity at landfall,
strongest reasonable estimate of the landfall intensity, earliest
reasonable landfall time, and most likely landfall time. Figure 7
shows a joint histogram of the forecast versus observed for
each deterministic quantity. The red line on each plot shows
the reliability between the forecast and observed quantity.
The most likely landfall time is close to the one-to-one line
through 60 h with a slight bias toward landfall occurring
later than expected after 60 h (Fig. 7a). The earliest reason-
able landfall time in Fig. 7b shows a consistent early bias
which is expected given its definition as the 10th percentile
of landfall times. The uncertainty associated with the earli-
est reasonable landfall time is roughly 6 h for 12-h forecasts
and increases to ;12-h of uncertainty by 36 h. By day 4,
there is ;24 h of uncertainty associated with the landfall
time provided by the LDP. The earliest reasonable landfall
time appears to overestimate the landfall timing uncertainty
beyond 72 h compounding with NHC’s forecast bias for the
most likely landfall time. No landfalls occurred prior to the
earliest reasonable beyond 72 h, which would be expected
as the 10th percentile.

The most likely landfall intensity shown in Fig. 7c has much
larger biases compared to the landfall timing forecast, which
is to be expected as intensity forecasts are generally more un-
certain than track forecasts. The most likely landfall intensity
shows a negative (weak intensity) bias for tropical cyclone
landfalls of storms weaker than 100 kt and a slight high
(strong intensity) bias, mostly coming from Hurricane Delta,
for tropical cyclones stronger than 100 kt. The most likely
landfall intensity provided by the LDP is bias corrected to
match NHC’s official forecast, so this bias is expected given
the challenging landfall forecasts in 2020–21. Figure 8 shows
the distribution of all 2020–21 Atlantic landfall intensities
and the 24-h over-ocean intensity change prior to landfall

FIG. 6. Box-and-whisker plot of the probabilities that the tropical cyclone will be a major hur-
ricane if landfall occurs as a function of lead time for the 2020–21 Atlantic cases. Red boxes (ver-
ifying) are the probabilities for verifying major hurricane landfalls, and blue boxes (false alarms)
are for landfalls where the intensity was below major hurricane strength. The red and blue num-
bers indicate the sample size of verifying and false alarm cases, respectively.
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from HURDAT2. Intensity errors are well correlated with
the intensity change prior to landfall, of which there were a large
number of intensification events through landfall in the 2020–21
seasons (Fig. 8b). From 2020 to 2021 the average intensity trend
for tropical cyclones making landfall was an increase of 12 kt in
24 h.

The reasonable maximum landfall intensity, which we de-
fined as the 90th percentile of the landfall intensity distribu-
tion, shows a positive (strong intensity) forecast bias for most
tropical cyclone intensities (Fig. 7d). A high intensity bias is
expected for a perfect intensity forecast given that it will al-
ways be larger than the most likely landfall intensity. During
the 2020–21 Atlantic hurricane seasons, the reasonable maxi-
mum landfall intensity was closer to the one-to-one line than
the most likely landfall intensity for most intensity ranges.
The reduced expected bias from the reasonable maximum
landfall intensity is due to the large number of intensification
events just prior to landfall that are difficult to accurately pre-
dict (Fig. 8b). The reasonable maximum landfall intensity ac-
counts for the potential for additional intensification to occur
before landfall, and the distribution of intensity change over

recent years justifies its use for the communication of landfall in-
tensity uncertainty. The reasonable maximum landfall intensity
could be used to provide landfall intensity uncertainty in a more
concise way to the public than conditional landfall intensity
probabilities which will be illustrated in the following section.

Here we have shown that the landfall distribution product
is capable of providing reliable and useful landfall probabili-
ties and conditional intensity probabilities at landfall. The
LDP is also able to provide estimates to gauge the uncertainty
in the landfall timing and intensity. Emergency managers con-
sider the earliest onset times for hazardous winds instead of
the most likely time of maximum winds at landfall presented
here. However, the intensity uncertainty information could be
valuable to emergency managers and decision-makers at risk
of a tropical cyclone landfall.

5. Case example for Hurricane Ida (2021)

We will now show a case study of how the LDP performed
for Hurricane Ida (2021). The first intensity forecast of Tropi-
cal Depression Nine (later Hurricane Ida) by NHC was unique

FIG. 7. Histograms of the forecasted vs observed (a) most likely landfall time, (b) earliest reasonable landfall time,
(c) most likely landfall intensity, and (d) reasonable maximum landfall intensity for the verifiable landfalls in the
Atlantic basin from 2020 to 2021. The red line shows the mean observed value calculated in 6-hourly bins for the landfall
times and 10-kt bins for the landfall intensities. The black dotted line is the one-to-one line for an unbiased forecast.
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because it was one of the highest intensity change forecasts
ever made by NHC for a tropical depression. Figure 9 shows
an example graphic with select probabilistic and deterministic
output for the first forecast of what became Hurricane Ida.
The graphic shows the communication potential for the proba-
bility of landfall with conditional probabilities for the expected
intensity at landfall. A strongest reasonable landfall intensity
is provided which can be used to communicate an upper
bound for the intensity forecast with a 10% chance of exceed-
ance. On 26 August at 1200 UTC, Ida was a 30-kt tropical de-
pression and forecasted to become a 95-kt hurricane in 72 h.
From the NHC’s forecast, the LDP estimated that the strongest

reasonable landfall intensity for Louisiana would be a cate-
gory-4 hurricane with maximum sustained wind speeds reach-
ing 120 kt. The verifying landfall intensity of Hurricane Ida
was a category-4 hurricane with 130 kt. At this time, NHC
does not provide any estimates of intensity forecast uncer-
tainty, but the strongest reasonable landfall intensity could fill
that role in a public product.

The evolution of the probability of landfall and conditional
intensity probabilities for Hurricane Ida is shown in Fig. 10.
The genesis of Hurricane Ida occurred in the Caribbean just
over 72 h prior to landfall in eastern Louisiana. The probabil-
ity that landfall would occur along the eastern Louisiana

FIG. 8. The distribution of all landfalls in the Atlantic in 2020–21 from the NHC best track dataset. The distribution
of (a) landfall intensities and (b) 24-h intensity change prior to landfall. The 24-h intensity change is calculated relative
to the synoptic hour prior to landfall.

FIG. 9. An example graphic for the first forecast of Hurricane Ida (2021) at 1200 UTC 26 Aug. (left) The 5-day cone of uncertainty with
hatched regions colored by the probability of landfall occurring in 5 days. (right) Table showing the probabilities of landfall, the condi-
tional intensity probabilities if landfall occurs in each region, and the strongest reasonable landfall intensity for each region.
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coastline began at ;50% just over 72 h out and steadily in-
creased as the time until landfall decreased. Just 36 h prior
to landfall, the probability of landfall in eastern Louisiana
eclipsed 85% suggesting the strong likelihood that landfall
would occur there. The conditional intensity probabilities
showed that the likelihood that Ida would be making land-
fall as a tropical storm, a tropical depression, or weaker was
less than 10% and there was a high confidence that it would
be a hurricane at landfall for every forecast. The probability
that Ida would be a major hurricane generally followed a
similar evolution as the total probability of landfall. The
probability of a major hurricane began ;50% at 272 h and
climbed to above 80% 48 h prior to landfall. The already
high probabilities of a major hurricane making landfall in

Louisiana reached the maximum of 98% within 12 h of
landfall.

The evolution of the most likely and reasonable maximum
landfall intensity for Hurricane Ida is shown in Fig. 11. The fore-
casts for the most likely maximum wind speeds at landfall show
a persistent low bias matching the NHC forecasted intensity at
landfall. Although NHC explicitly forecasted RI of Hurricane
Ida, the intensification rate was still underestimated owing to the
challenges of forecasting RI in the limited time prior to landfall.
Despite the initial low bias in forecasted intensity 72 h prior to
landfall, the most likely intensity gradually approached the true
intensity and was consistent with time. The reasonable maxi-
mum intensity at landfall in eastern Louisiana was initially lower
than the true landfall intensity. Approximately 48 h prior to

FIG. 10. The evolution of the intensity and landfall probabilities with time leading up until the
landfall of Hurricane Ida in eastern Louisiana on 29 Aug. The black line with squares shows the
probability that landfall will occur in 5 days. The colored lines show the conditional probabilities
if landfall does occur in eastern Louisiana.

FIG. 11. The evolution of the most likely and reasonable maximum intensity estimates as a
function of lead time until the landfall of Hurricane Ida in eastern Louisiana on 29 Aug. The
black dashed line shows the verifying landfall intensity. The alternating gray and white shading
corresponds to the Saffir–Simpson Hurricane wind speed scale.
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landfall, the strongest reasonable intensity became larger than
the true landfall intensity. The difference between the most
likely and reasonable maximum decreases as the landfall time
approaches corresponding to NHC’s forecast error characteris-
tics. A higher amount of uncertainty was suggested between the
forecasts 18 and 12 h prior to landfall where the forecasted land-
fall intensity jumped by 15 kt.

The performance of the LDP during Hurricane Ida shows
how NHC’s forecasts are generally consistent with time. The
continuity between forecasts is a critical component to the
product, which can improve the users’ trust in the forecasts.
The LDP showed that 72 h prior to landfall of Hurricane Ida
there was a 50% chance that Ida would make landfall in east-
ern Louisiana and a 50% chance that Ida would be a major
hurricane if it did make landfall. The probabilities continued
to increase with time as the landfall got closer, which allows
for the public to continually be updated with the wind risks
associated with the approaching hurricane. When provided in
real time, the LDP could be a valuable tool to provide landfall
intensity probabilities to decision makers with a consistent
and continuous measure of uncertainty.

6. Summary and conclusions

A new landfall distribution product (LDP) has been devel-
oped and tested for use at the National Hurricane Center to
provide probabilistic estimates of maximum winds during
tropical cyclone landfalls. The new product uses the Monte
Carlo Wind Speed Probability model which allows for consis-
tent messaging with other NHC products and uses skill from
the NHC forecasters. The product was tested during the
2020–21 Atlantic hurricane seasons and has the ability to
provide reliable and useful probabilities of landfall through
five days. The LDP also shows the ability to discriminate be-
tween the landfall potential for tropical storms, hurricanes,
and major hurricanes through 5 days with the best results for
landfalls within 72 h.

The LDP provides estimates of most likely landfall inten-
sity, the reasonable maximum landfall intensity, the most
likely landfall time, and the earliest reasonable landfall time.
The reasonable maximum landfall intensity is the maximum
intensity that could reasonably be reached given the forecast
and is defined as the intensity with a 10% probability of ex-
ceedance. This definition of a reasonable maximum is consis-
tent with probabilistic storm surge forecasts. Similarly the
earliest reasonable landfall time is estimated as the time after
which 90% of the landfalls occur. The time of landfall product
is well calibrated, particularly for landfall forecasts within
72 h with a small tendency for an early bias beyond 72 h. The
deterministic landfall intensity estimates tended to be biased
too low compared to the observations, with the largest biases
occurring for forecasts beyond 72 h. The underforecast inten-
sity bias at landfall is directly attributed to NHC forecast
errors and the difficult challenge of forecasting RI up to land-
fall, which has occurred frequently in recent years.

There are still several limitations of the landfall distribution
product presented here that should be discussed. First, the
probabilistic intensity forecasts do not inherently capture

track-dependent intensity forecasts, although the LDP does
account for decay due to potential land interactions. For ex-
ample, if a cross-track bias would lead to a vastly improved
thermodynamic environment or the movement of the tropical
cyclone over a warm ocean eddy, the potential for intensifica-
tion in that forecast solution is not present. In addition, the
LDP uses statistically derived RMWs for each statistical realiza-
tion in theWSPmodel to categorize landfall regions and not ex-
plicit forecasts for the RMW. Although NHC does not forecast
RMW, a RMW forecast and error distribution could be derived
from the maximum intensity and wind radii (Chavas and Knaff
2022). Future work will help to address these limitations.

Another area of potential bias is that the WSP does not
capture any trends in intensity between the final over-ocean
official forecast time and landfall. For example, when landfall
is forecast to occur at hour 94, which is 2 h prior to the 96-h
forecast and 22 h after the 72-h forecast, there are still 22 h of
potential intensity change that is not captured. A fixed inten-
sity approach prior to landfall was used to avoid creating arti-
ficial peaks in the intensity forecast prior to landfall that do
not directly represent NHC’s official forecast. A solution to
this issue would be for NHC to explicitly forecast a landfall in-
tensity that could be directly included in the WSP model.

While the methods here have described how the landfall
distribution product can be used as a communication tool for
NHC, the same framework could be applied to the global en-
sembles. A probability of landfall could easily be calculated
from a set of global ensembles; however, numerical techni-
ques to improve the intensity evolution and intensity spread
of the coarse resolution global models is still needed. A prob-
ability of landfall framework could potentially be more useful
at extended forecast ranges to concisely communicate chang-
ing risks from tropical cyclone winds. The expansion of the
methods used here to multimodel global ensemble data to use
as a forecast tool is ongoing.
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