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ABSTRACT: Storm surge caused by tropical cyclones can cause overland flooding and lead to loss of life while damaging
homes, businesses, and critical infrastructure. In 2018, Hurricane Michael made landfall near Mexico Beach, Florida, on
10 October with peak wind speeds near 71.9 m s21 (161 mph) and storm surge over 4.5 m NAVD88. During Hurricane
Michael, water levels and waves were predicted near–real time using a deterministic, depth-averaged, high-resolution
ADCIRC1SWAN model of the northern Gulf of Mexico. The model was forced with an asymmetrical parametric vortex
model [generalized asymmetric Holland model (GAHM)] based on Michael’s National Hurricane Center (NHC) forecast track
and strength. The authors report errors between simulated and observed water level time series, peak water level, and timing of
peak for NHC advisories. Forecasts of water levels were within 0.5 m of observations, and the timing of peak water levels was
within 1 h as early as 48 h before Michael’s eventual landfall. We also examined the effect of adding far-field meteorology in our
TC vortex model for use in real-time forecasts. In general, we found that including far-field meteorology by blending the TC vor-
tex with a basin-scale NWP product improved water level forecasts. However, we note that divergence between the NHC fore-
cast track and the forecast track of the meteorological model supplying the far-field winds represents a potential limitation to
operationalizing a blended wind field surge product. The approaches and data reported herein provide a transparent assessment
of water level forecasts during Hurricane Michael and highlight potential future improvements for more accurate predictions.

KEYWORDS: Forecast pdfs/skill; Hindcasts; Operational forecasting; Model errors; Model evaluation/performance;
Ocean models

1. Introduction

Storm surge is the abnormal rise of water level from high
winds and reduced atmospheric pressure during meteorologi-
cal events such as tropical cyclones and typhoons. Storm surge
and high waves can lead to loss of life while damaging homes,
businesses, and critical infrastructure (Anarde et al. 2018;
Rappaport 2000; Reed et al. 2010; Resio and Westerink
2008). Since the 2005 Atlantic hurricane season, substantial
progress has been made in developing more accurate numeri-
cal models to predict storm surge, wind waves, and overland
coastal flooding. Such progress has included advancing mesh
generation techniques, enhancing the accuracy of topography/
bathymetry in storm surge models, and wind-wave coupling,
among other advancements (Bilskie et al. 2020; Bilskie et al.
2016a; Bunya et al. 2010; Dietrich et al. 2011a; Morey et al.
2006; Mori et al. 2014; Weisberg and Zheng 2006). These
advancements have made their way into improved storm
surge forecasts and permitted the dissemination of forecast

results to coastal emergency managers (and other stakeholder
groups) during an impending tropical cyclone (TC). The avail-
ability of accurate forecasts aids planning and preparation for
flooding to mitigate property destruction and loss of life.
Therefore, providing accurate and timely storm surge fore-
casts along with proper communication of model limitations
and potential errors allows stakeholders to make informed
decisions (DeLorme et al. 2020; Hamill et al. 2012; Morrow
et al. 2015; Munroe et al. 2018; Ramos et al. 2010; Wolshon
et al. 2005).

Computing accurate water levels in real-time is a challenge.
First, simulations must be performed with results generated
and processed quicker than actual time (or else the forecast is
no longer valid). Second, the water level response is reliant on
accurate TC forecasts (i.e., the storm’s track and wind field
structure) and regional geometric configurations (i.e., shore-
line, bathymetry, and topography) (Bilskie et al. 2016a; Mori
et al. 2014; Rappaport et al. 2009; Resio and Westerink 2008).
Wind speed magnitude and the location over which the wind
is blowing is arguably the most important component in the
generation of storm surge. Water levels can become magnified
in shallow water since the wind stress term in the governing
equations is divided by water depth and increases with decreas-
ing depth (Pugh 1996). In most cases, geometric configurations
(e.g., shoreline, bathymetry, topography) are well known, and
the challenge resides in accurately forecasting the TC’s track,
landfall location, and intensity (Torn and Snyder 2012).
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Probabilistic storm surge prediction methods have been
developed to alleviate uncertainties associated with TC fore-
casts and uncertainty propagation into water level predictions
(Cloke and Pappenberger 2009; Dale et al. 2014; Davis et al.
2010; Flowerdew et al. 2010; Plumlee et al. 2021), such as the
National Hurricane Center’s (NHC) P-Surge (NHC 2019).
Probabilistic methods are practical but require a large number
of simulations (tens to thousands), which necessarily leads to
compromises in model fidelity (e.g., choices of resolution and
physics). Additionally, probabilistic guidance products require
careful messaging and end-user training because they are
intrinsically nonphysical (Cloke and Pappenberger 2009; Dale
et al. 2014; Dietrich et al. 2018; Kerr et al. 2013; Resio et al.
2017).

An alternative approach to probabilistic guidance is deter-
ministic, scenario-based forecasting wherein a small number
of high-fidelity simulations are conducted in real-time for a
given storm event (e.g., Rey and Mulligan 2021). Because
these simulations are high-fidelity, they provide emergency
managers with more detailed (e.g., fine-scale) surge guidance.
Significant challenges in employing high-fidelity deterministic
simulations are increased run times due to additional physics
invoked in the computations and higher-resolution model
grids (or unstructured meshes), increasing the degrees of free-
dom (Kerr et al. 2013). Broader availability of high-perfor-
mance computers (HPC) and improvements in hardware and
software have made it realistic to employ high-fidelity storm
surge forecast models in real time (Morales-Hernández et al.
2020; Tanaka et al. 2011). Furthermore, recent efforts have
been placed on developing improved mesh discretization
practices for surge forecasting models (Bilskie et al. 2020),
subgrid correction schemes (Kennedy et al. 2019), dynamic
load balancing (Roberts et al. 2021), and flood prediction
downscaling (Rucker et al. 2021).

It can be argued that the use of deterministic storm surge
guidance becomes more relevant for emergency response and
planning as TC forecasts improve. Therefore, it is important
to examine how errors in TC forecasts propagate into storm
surge forecasts, specifically the magnitudes and arrival of
peak water levels. In this study, we focus on the evolution of
Hurricane Michael (2018) forecast advisories issued by the
NHC and the resulting predicted water levels using a real-
time scenario-based modeling framework. Comparisons were
made between simulated and observed water levels for NHC
forecast advisories as well as for a hindcast simulation using
the post-storm NHC operational best track. We also examine
the effect of including far-field meteorology in our tropical
cyclone–only wind model for use in real-time forecasts. We
discuss the forecast water level and their errors with respect
to time before landfall.

2. Hurricane Michael meteorological forecasts

Hurricane Michael was the third-most intense Atlantic-
basin hurricane (with a central pressure of 919 hPa) to make
landfall along the contiguous U.S. coast on record, and the
most intense in terms of maximum sustained (1-min) wind
speed since Hurricane Andrew (1992). Michael made landfall

near Mexico Beach, Florida, at 1700 UTC 10 October 2018
with peak winds near 259 km h21 (161 mph). Michael gener-
ated storm surges of 4.7 m and 2.6 m near Mexico Beach and
Port St. Joe, respectively. The NHC began issuing forecasts
for eventual Hurricane Michael at 2100 UTC 6 October 2018,
68 h before eventual landfall (Fig. 1 and Table 1). Early fore-
cast advisories showed Michael’s landfall east of Mexico
Beach and closer to Apalachicola with landfall location errors
ranging from 42 to 81 km (advisories 5–8). The landfall track
error for these early forecasts (68–50 h prior to landfall) was
well within the 5-yr (2012–16) mean official forecast error of
363–47 km at forecast periods of 120–12 h, respectively (Fig. 2a)
(Cangialosi 2018). Landfall error fell to within 20 km by advisory
10 (38 h prior to landfall). The 5-yr mean official forecast error is
99 km at for 36-h forecast period (Cangialosi 2018).

Advisories consistently underestimated Michael’s strength
(Figs. 3a and 2b) with the NHC even increasing Michael’s
strength to category 5 based on a detailed post-storm analysis
(Beven et al. 2019). Initial forecasts placed the maximum sus-
tained wind speed 43.7 m s21 at landfall, the last advisories
before landfall (15 and 16) predicted 64.3 m s21, and the oper-
ational best track estimated 69.5 m s21. Michael underwent
multiple cycles of rapid intensification in the four days prior
to landfall, with wind speeds increasing 20.6 m s21 and central
pressures deepening 42 hPa in the 24-h period preceding land-
fall. Rapid intensification, defined by the NHC as an increase
in maximum sustained wind speeds of 15.4 m s21 in 24 h, is
difficult to predict (Gall et al. 2013; Kaplan et al. 2010). Com-
plicating the forecast, the rapid intensification associated with
Hurricane Michael occurred in a moderate- to high-shear
environment exceeding 10.3 m s21 (Hazelton et al. 2020) as
well as a sector of the Gulf of Mexico where no rapid intensifi-
cation had been observed historically (Rappaport et al. 2010;
Rhome et al. 2006).

Intensity errors nearly tripled the 5-yr average error
(2012–16) (Fig. 2b). A sharp contrast to the narrow track pre-
diction errors, this juxtaposition mirrors TC forecast improve-
ment over the last several decades, whereby intensity forecast
accuracy has lagged behind track accuracy (DeMaria et al.
2014). The operational best track shows the storm intensifying
through landfall, an unusual trait for a major TC, but one that is
mirrored by nearly all advisories and has been theorized to occur
more frequently in a future climate regime (Emanuel 2017).

3. Data and methods

a. Water level data

The 14 stations are a collection of NOAA tide gauges and
storm tide sensors deployed by the USGS before the storm
(shown in Fig. 5) (Byrne 2019). The NOAA tide gauges are
located in always-wet areas near the open coast; however, the
rapidly deployed USGS storm tide sensors were deployed on
normally dry land. Since they are on normally dry land, water
level data are only collected when the adjacent area becomes
inundated, which may occur for a short time (i.e., less than 24 h).
The rapidly deployed USGS sensors collected data via a Hobo
U20 pressure transducer with sampling interval of 30 s. The raw
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water level data were smoothed using a low-pass filter (see the
metadata for additional details on processing done by USGS to
obtain a filtered water surface elevation; https://stn.wim.usgs.gov/
STNServices/Files/105420/Item).

b. Storm surge and wave models

Numerical simulations were carried out using a two-dimen-
sional, depth-averaged, tightly coupled ADCIRC1SWAN
model of the northern Gulf of Mexico (Fig. 1c) (Bilskie et al.
2016a; Bunya et al. 2010; Dietrich et al. 2011a; Luettich and
Westerink 2004). ADCIRC solves the depth-integrated momen-
tum and the generalized wave continuity equations for depth-
averaged currents and water levels (Dawson et al. 2006; Kinnmark

1986; Kolar et al. 1994; Luettich and Westerink 2004; Westerink
et al. 2008). ADCIRC utilizes an unstructured finite element
mesh, which permits local mesh refinements in regions of interest
or large solution gradients. The model simulations performed
here use a 1-s time step, include nonlinear advection terms, wet-
ting and drying is activated with a minimum depth of 0.1 m, and
a Smagorinsky-type turbulence closure (value of 0.20). Spatially
varying roughness parameters that include Manning’s n bottom
friction, wind reduction, and canopy coverage are derived from
the 2010 Coastal Change Analysis Program (CCAP) land use
land cover data (Bilskie et al. 2015; Bilskie et al. 2016b; Dietrich
et al. 2011b; National Oceanic and Atmospheric Administration
2010).

FIG. 1. (a) NHC forecast tracks for advisories 5–16 and operational best track for Hurricane Michael. Advisories are
shown by NHC forecast advisory number and time from eventual landfall. NDBC wave buoys are labeled as W1
(42003), W2 (42039), W3 (42012), and W4 (42040). (b) Zoom in of forecast and operational best tracks within the
study domain outlined by the black inset box of (a). Locations of observations are shown from 1 to 14. Refer to Fig. 5
and Table 1 for details on the observation stations. (c) Bathymetry and topography as represented by the real-time
ACDIRC1SWAN northern Gulf of Mexico mesh (m, NAVD88) for the dashed box of (b). The operational best
track of Hurricane Michael is shown in black as well as the 10-m bathymetric contour.
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SWAN, governed by the wave action balance equation,
represents the wave field as a phase-averaged spectrum.
Wave frequencies were discretized into 40 bins of relative fre-
quencies on a logarithmic scale from 0.031 to 1.42 Hz and
directions into 36 bins of 108. Source terms within SWAN
include wind-induced wave growth (Cavaleri and Rizzoli 1981;
Komen et al. 1984), energy loss to white-capping (Rogers
et al. 2003), depth-induced breaking (index of 0.73) (Battjes
and Janssen 1978), and bottom friction (Dietrich et al. 2011a;
Madsen et al. 1988). Nonlinear triad interactions are not included.
SWAN is tightly coupled to ADCIRC by using the same unstruc-
tured mesh as ADCIRC, they share the same computing infra-
structure, and are run sequentially in time (pass information
every 600 s}also the SWAN time step) (Dietrich et al. 2011a;
Zijlema 2010). Although SWAN is employed in this study, the
focus is not on the real-time prediction of waves. This is difficult
to assess as there were only a few wave observations during
Michael and no wave observations in the nearshore region Even
so, we include a wave model within the forecasting framework.
The contribution of waves have been found to increase water
levels by 15% or greater in coastal regions (Bertin et al. 2015;
Funakoshi et al. 2008).

The northern Gulf of Mexico real time (NGOM-RT) unstruc-
tured finite element mesh was specifically developed for real-
time coastal flood forecasting (Bilskie et al. 2020). The mesh
spans the western North Atlantic Ocean up to the 608W merid-
ian and includes high resolution (20–100 m) along the shoreline
and into the coastal floodplain (i.e., normally dry land) of Missis-
sippi, Alabama, and the Florida Panhandle. ADCIRC1SWAN
simulations using the NGOM-RT model setup have been exten-
sively validated with model results comparing well to observa-
tions for Hurricanes Ivan, Dennis, Katrina, and Isaac. A
comparison with peak water levels yields an R2 of 0.96 and best-
fit slope of 0.97 (Fig. S3in Bilskie et al. 2020, 2016a,b).

c. Parametric tropical cyclone representation

Tropical cyclone surface wind and pressure fields exhibit
large gradients near the center of the storm, with winds going
from near zero in the eye of the storm to their maximum
within as little as 10 km. Global NWP models lack the resolu-
tion to capture these gradients, and so parametric models of
storm wind and pressure fields are often employed. Since
meteorological forcing far from the storm center can have a
sizeable influence on water levels, far-field input can be sup-
plied from another meteorological model (Asher et al. 2019;
Morey et al. 2006). The generalized asymmetric Holland
model (GAHM) developed by Gao (2018) was used in this
study to transform NHC tropical cyclone best track and fore-
casts into a parametric wind field. GAHM takes advantage of
recent improvements that include quadrant-varying storm
asymmetry and removing the assumption of cyclostrophic bal-
ance when r 5 Rmax (Hu et al. 2012; Xie et al. 2006) while
reintroducing two scaling parameters, in the original Holland
formulation that satisfy V 5 Vmax and dV/dr 5 0 at r 5 Rmax.
Details regarding GAHM can be found in Dietrich et al.
(2018) and Gao (2018). The GAHM algorithm has been
implemented within ADCIRC so the wind and pressure fields
are internally computed for each computational point within
the unstructured mesh (Dietrich et al. 2018). Figure 4a pre-
sents an example of the GAHM-generated wind field for
Hurricane Michael at 0000 UTC 10 October based on NHC
advisory 7.

d. Basin-scale meteorology

The GAHM wind model only accounts for the tropical
cyclone and does not include the effects of far-field winds. To
include winds away from the tropical cyclone, we used the
North American Mesoscale Forecast System (NAM) with a
grid spacing of 12 km. While the 12-km grid spacing is

TABLE 1. Details for NHC advisories 5–17, and the hindcast (H}also advisory 18) and estimated landfall wind speed (m s21),
forward speed (m s21) at landfall, landfall error (km), and landfall timing error (h). The latitude and longitude coordinates are at the
forecasted mainland landfall. Positive landfall error indicates a forecast of early arrival and negative error indicates a late arrival.
Timing errors were based on the NHC forecast tracks and a linear interpolation of forward speed and timing along the track.

NHC
advisory Issued H (h)

Landfall
latitude (8)

Landfall
longitude (8)

Values are at forecasted landfall

Wind
speed (m s21)

Forward
speed (m s21)

Landfall
error (km)

Timing
error (h)

5 2100 UTC 7 Oct 2018 268 285.5 30.0 43.7 5.7 54.4 4
6 0300 UTC 8 Oct 2018 262 285.1 29.7 43.7 5.1 81.7 4
7 0900 UTC 8 Oct 2018 256 284.7 29.8 48.9 5.1 42.0 4
8 1500 UTC 8 Oct 2018 250 285.3 29.7 54.0 5.7 47.6 1
9 2100 UTC 8 Oct 2018 244 285.2 29.7 51.4 6.2 231.6 1
10 0300 UTC 9 Oct 2018 238 285.8 30.2 54.0 6.2 19.9 21
11 0900 UTC 9 Oct 2018 232 285.4 29.9 54.0 5.7 3.3 1
12 1500 UTC 9 Oct 2018 226 285.5 30.0 56.6 5.7 22.8 2
13 2100 UTC 9 Oct 2018 220 285.6 30.0 56.6 5.7 27.2 3
14 0300 UTC 10 Oct 2018 214 285.6 30.1 59.2 5.7 13.1 2
15 0900 UTC 10 Oct 2018 28 285.4 29.9 64.3 6.2 24.9 2
16 1500 UTC 10 Oct 2018 22 285.6 30.0 64.3 5.1 23.4 1
Landfall 1700 UTC 10 Oct 2018 } } } } } }

17 2100 UTC 10 Oct 2018 4 285.5 30.0 64.3 6.2 0.0
H 0300 UTC 11 Oct 2018 10 285.5 30.0 64.3 6.2 0.0
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appropriate for far-field winds, violent winds within the TC
eyewall occur on scales less than 12 km (e.g., Wu et al. 2019),
and the GAHM wind model must be superimposed for
regions nearest the TC. While the NAM is not typically con-
sulted for operational TC forecasting guidance, its combina-
tion of high spatial resolution and swift completion time make
it a desirable source for far-field meteorology. Historically,
compared to its global counterpart, the Global Forecast Sys-
tem (GFS), NAM’s horizontal grid spacing is finer and its
84-h forecast is available ∼75 min faster. While recent upgrades
to the GFS have improved its spatial resolution (now 13 km) to
compete with the 12-km NAM, the NAM’s faster completion
time remains advantageous in a real-time forecasting setting.
The fine spatial resolution is also important for accurately
depicting the land–sea mask, which can strongly influence mod-
eled wind speeds near the coast via changes in the landscape’s
surface roughness.

The role of far-field (i.e., background) wind and pressure
on a hindcast of Hurricane Michael water levels to improve
forecast results was examined. Surface pressure and 10-m
zonal and meridional wind speed were extracted from the
NAM analysis fields (i.e., the 0-h forecast) for each 6-hourly

initialization coinciding with the hydrodynamic simulations
and interpolated to a 12-km structured grid for use in the
ADCIRC1SWAN simulations (see Fig. 4b for the NAM
forecast at 0000 UTC 10 October).

During run time, ADCIRC seams the GAHM and NAM
products. GAHM is used for the tropical cyclone vortex, and
NAM is blended in over several TC radii for a smooth transi-
tion between the TC vortex and far-field wind and pressure.
Herein, this meteorological product is referred to as the
“blended” or “GAHM1NAM” winds. The values of dvortex
and dbackground were set to 3 and 12, respectively (Fig. 4c),
meaning that GAHM winds were blended with NAM winds
in the region lying between 3 and 12 times the radius of maxi-
mum winds from the storm center. Other values were tested,
but there were little to no differences in the simulated water
levels. Please reference the appendix for details regarding the
wind blending approach.

e. Model forcing and simulations

All ADCIRC1SWAN simulations were initiated (cold
start) at 1800 UTC 22 September and forced by astronomic
tides and 6-hourly wind and pressure from NAM for 14 days
until 1800 UTC 6 October. The 14-day period is to ramp the
model forcing and response up to a dynamic steady state
using a hyperbolic tangent ramp function. Astronomic tides
were supplied as body forcing, as well as along the open ocean
boundary located along the 608W meridian and obtained
through the Oregon State TPXO7.2 tidal atlas (Egbert and
Erofeeva 2002; Egbert et al. 1994). Hurricane Michael surge
forecasts (advisory 5–18) were hot-started on 1800 UTC 6
October with the available NHC best track information until
2100 UTC 7 October (advisory 5) where the forecast simula-
tions began (68 h prior to eventual landfall). A new model
simulation was conducted for each forecast advisory, released
by the NHC every 6 h, using the available operational best
track information and 5-day NHC advisory forecast for the
forecast time period (the operational best track information is
used since this was the data product available during real-
time). Simulations were originally conducted in real-time
using the ADCIRC Surge Guidance System (ASGS) (Blanton
et al. 2012; Fleming et al. 2007). The ASGS was run in real-time,

FIG. 2. (a) Landfall error (km) and (b) intensity error (m s21) for
advisory 5–18. Negative intensity indicates an underprediction.
Time before landfall is shown every 12 h and their related advisory.
The shaded gray regions correspond to the 2012–16 mean NHC
forecast errors (Cangialosi 2018). Although the NHC forecast
errors are calculated as a function of forecast period (i.e., hours
into future the forecast is targeting) rather than observed lead time
(i.e., hours before observed landfall), we equate the two time scales
for interpretability (e.g., assume that the advisory issued ∼24 h
prior to landfall also forecast landfall in ∼24 h).

FIG. 3. NHC forecast maximum wind speed (m s21) for each
advisory and operational best track hindcast. The circles indicate
the start of each NHC advisory forecast, and the dashed line indi-
cates landfall.
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providing forecast guidance to coastal emergency managers
during Hurricane Michael with model results available via
the Coastal Emergency Risks Assessment online visualization
platform (https://cera.coastalrisk.live/). For comparison pur-
poses, the operational best track (10 h after landfall) simula-
tion was used as our real-time hindcast (best available
hindcast immediately post-landfall), which was the best
track up to advisory 18.

4. Results

To summarize this section, section 4a communicates the
results of 14 GAHM-only storm surge forecasts based on
NHC advisories 5–18. The last of these advisories, advisory
18, also serves as the operational best track and is used
to force the GAHM-only hindcast which is presented in
section 4b. Last, a blended hindcast whereby the GAHM-
only hindcast winds are superimposed upon background
winds from the contemporaneous NAM analyses, is shown in
section 4c. Though the GAHM-only hindcast and blended hind-
cast are plotted in graphics referenced in section 4a, they are
discussed independently in sections 4b and 4c, respectively.

a. Forecasts simulations

1) TIME SERIES WATER LEVELS

Simulated water level errors were computed from observa-
tions at 14 gauge stations (Fig. 5) for each advisory. Errors

were computed using root-mean-square error (RMSE) (m) of
the time series data, peak water level difference (m), and
peak water level timing error (h).

Average water level RMSE was below 1 m for the dura-
tion of the forecast advisories (solid line in Fig. 6). The
RMSE was near 1 m for advisories 5–8 before reducing to
0.5 m for advisory 9 (42 h before landfall). The average
RMSE was relatively constant at 0.5 m from advisory 9
through landfall (other than a slight increase for advisory
13) where the RMSE reduced to 0.37 m. NHC advisory 9
was substantially altered from the previous landfall location
guidance for advisories 5–8. Advisories 5–8 had a landfall
to the east of Mexico Beach with landfall errors of 54.4,
81.8, and 42.0 km, respectively (Table 1; Fig. 7). For NHC
advisory 9, landfall shifted to the west with a track error of
231.6 km (negative value indicated a landfall error to the
west). The forecast advisories continued to improve and
landfall forecasts honed in around Mexico Beach. The
changes in forecast track inherently improved the wind
speed forecast between advisories 8 and 9 (Fig. 7), even
though there was little change in forecasted wind speed at
landfall (2.6 m s21; Table 1).

Figure 8 presents gauge-specific RMSE as it evolves with
each updated forecast advisory. Figure 8a shows RSME and
Fig. 8b includes RMSE normalized by the peak water level
observed at each gauge station. Water level errors generally
improved for all stations after advisory 8 (48 h before land-
fall). The observation gauge at Mexico Beach (gauge ID 4:
FLBAY03283) resulted in the largest RMSE among all
gauges with values ranging from 1.25 m to greater than
2.5 m. However, the water level forecast at Mexico Beach
did generally well considering the observed peak stillwater
elevation was 4.4 m NAVD88. This is, to some degree,
expected since this gauge observed the highest surge, and
peak surge is sensitive to storm inputs. When peak water
level errors are normalized to the observed peak surge,
errors at Mexico Beach are comparable to other locations,
as shown in Fig. 8b.

The normalized RMSE for gauges 1–3 ranged from 20% to
30% for the duration of the storm. The normalized results for
gauge 4 started high (.50%) for the initial set of advisories
and reduced after advisory 8 with normalized errors 24 h prior
to landfall declining to 30%–40%. The water level forecasts

FIG. 4. The wind magnitude (m s21) at 0000 UTC 10 Oct 2018 generated by (a) GAHM, (b) NAM, (c) the blended product of
GAHM1NAM, and (d) wind speed difference between GAHM1NAM and GAHM only (positive values indicate the addition of winds
from NAM within the blended wind field). For (d), differences of 0 m s21 are shown as transparent, and the background imagery is
shown.

FIG. 5. Observation station locations. Station points are colored
by the observed maximum water level (m, NAVD88). Refer to
Table 2 for details regarding each station.
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for gauges 5–14, located east of Michael’s landfall, did well
within 48 h of landfall. Several locations result in normalized
RMSE as low as 10%–20% and relative errors as high as
30%–40% (not including advisory 14).

2) TIMING AND MAGNITUDE OF PEAK WATER LEVEL

A critical component of storm surge forecasting is an accu-
rate prediction of peak water level and its timing. Figure 9
shows box plots of peak water level error and the error in
the timing of peak water level for each forecast advisory.
For each advisory, the box plot shows the peak water level
(Fig. 9a) and timing of peak errors (Fig. 9b) measured for
each observation gauge in Fig. 5 (n 5 14). Errors in peak
water level are large for advisories 5, 6, and 8 with median
errors (horizontal line in each box) near 1 m. The median
error reduces for advisory 9 to less than 0.5 m and remains
relatively low through landfall. The spread of peak water
level errors via the interquartile (IQ) range (bounds of each
box) reduces from 1.28 m for advisory 11 to an IQ range
of 0.28 with a median error of 20.32 m for advisory 12
(∼36-h pre-landfall). The IQ range remains compact and
the median error approaches zero from advisory 12 to 15,
and reduced slightly for advisory 16. The error is slightly
less for advisory 17 than the hindcast simulation. This is
caused by differing wind speeds around Pensacola between
advisory 17 and advisory 18 (hindcast) during the peak
wind.

The error of peak water level timing is shown in Fig. 9b for
each forecast advisory. Negative values indicate the forecast
peak arrived after the observed peak. Positive values specify a
forecast peak water level arriving earlier than the observed
peak. The initial advisories of 5–7 yield timing errors greater
less than 22 h, with median errors of 23.3, 22.1, and 23.0 h,
respectively. The timing error is reduced starting at advisory
8 (48-h pre-landfall) with a median of 20.84 h and an IQ
range of 0.92 h and stays within 61–2 h until advisory 13

(24-h pre-landfall). After advisory 13, the median timing
error continues to improve through landfall. The median
peak timing error for advisory 16 (∼6 h before landfall) was
0 h with an IQ range of 20.3 h. Overall, the timing of the
peak surge was well captured as early as advisory 8, which
was 48 h before landfall. In addition, advisories 5–7 depicted
a reasonable forecast of peak water level timing given
the uncertainty in Michael’s forecast track and intensity
(Fig. 2).

b. GAHM hindcast

An immediate post-storm operational hindcast was per-
formed using the NHC best track information up to advisory
18 (10-h post-landfall). The storm track and strength informa-
tion were input into GAHM which forced the ADCIRC1
SWAN hindcast simulation. Advisory 18 had minimal
track and intensity error (Figs. 2 and 3a), and at the
time of Hurricane Michael (post-landfall), was the best and
most immediately available product. The simulated maxi-
mum water level and significant wave height for Hurricane
Michael is shown in Fig. 12.

Hindcast time series water levels were compared to obser-
vations at the 14 observations station (Fig. 10). Peak water
levels were minimal (,2 m NAVD88) west of the storm track
(NOAA8729210, FLBAY26247, and NOAA8729108). The
largest water level of 4.4 m NAVD88 was observed near
Mexico Beach, the nearest gauge to Michael’s landfall location
(FLBAY03282). Peak water levels of 2.6 m NAVD88 were
observed near Apalachicola (FLFRA03276 and NOAA8728690).
They remained high along the eastern edge of the storm track
into Florida’s Big Bend region (see Fig. 5) with peak water lev-
els around 2.6 m NAVD88 (FLWAK03362, FLTAY17235,
FLTAY03362, and FLTAY03359). Florida’s Big Bend region
has a larger tide range than the Florida Panhandle (see
NOAA8729210 versus FLWAK03364), and surges are amplified

TABLE 2. Observation station locations (see ID column) and data source URL. Refer to Fig. 5 for map of locations. NOAA water
level data were obtained at https://tidesandcurrents.noaa.gov/ and USGS storm tide sensor data were obtained using the USGS Flood
Event Viewer at https://stn.wim.usgs.gov/fev/#MichaelOct2018.

ID Station site No. Longitude (8) Latitude (8)

Observed peak
water level

(m, NAVD88)

1 NOAA8729210 285.8783 30.2133 1.47
2 FLBAY26247 285.7437 30.1307 1.57
3 NOAA8729108 285.6671 30.1512 1.86
4 FLBAY03283 285.4246 29.9490 4.38
5 FLFRA03276 284.9830 29.7232 2.51
6 NOAA8728690 284.9800 29.7250 2.61
7 FLFRA26257 284.7376 29.7242 2.36
8 FLFRA26263 284.3736 29.8939 2.64
9 FLWAK03369 284.3836 29.9774 2.44
10 CTMF1 284.5025 29.9883 2.41
11 FLWAK03364 284.2091 30.1518 2.76
12 FLTAY17325 283.9795 30.1165 2.74
13 FLTAY03362 283.9002 30.0665 2.67
14 FLTAY03359 283.6702 29.9302 2.52
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due to Kelvin waves and funneling effects into the region
(Bilskie et al. 2016a; Lin et al. 2014).

The simulated wind waves were also compared to
available observations for significant wave height, mean
wave direction, and peak wave period at four NDBC
buoys (Fig. 11). All simulated wave values show good agreement
across all stations. Unfortunately, station NDBC42039 (W2)
failed during 10 October. The average RMSE across all 14
stations is reduced from 0.44 to 0.37 m by including wave
radiation stresses generated by the SWAN model.

Next, we examine how blending the GAHM vortex winds
(driven by the post-storm NHC best track information) with a

large-scale wind field, such as NAM, may increase the accu-
racy of the simulated storm surge.

c. Blended hindcast

After performing the standard hindcast, the ADCIRC1
SWAN simulation was repeated using the GAHM-generated
wind field blended (using the NHC operational best track)
to the NAM hindcast (see section 3d). The simulated time
series water levels are shown in Fig. 10, time series of waves
in Fig. 11, and maximum water levels and significant wave
heights are shown in Fig. 12b. The simulated peak water levels
are similar (within 0.1 m) between the GAHM-only and

FIG. 7. Time series of wind speeds (m s21) based on observations (gray circles), GAHM advisory 8 (black line),
GAHM advisory 9 (blue line), GAHM hindcast (green line), and blended GAHM1NAM hindcast (orange line)
for 8–12 Oct 2018 for (a) NOAA8729210 and (b) NOAA8728690. Simulated wind speeds produced by GAHM for
(c) advisory 8 and (d) advisory 9 for 1600 UTC 10 Oct. The forecasts track is shown as the solid black line.

FIG. 6. Average root-mean-square error (RMSE; m) across all 14 gauge stations from advisory
5–17 and the hindcast (H, advisory 18) for the GAHM-driven simulation (blank line) and
blended simulation (dashed blue line). Landfall is indicated by the vertical dashed black line.
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blended hindcast simulations, particularly near landfall (Fig. 12c).
Water levels are 0.20 m higher west of landfall and reach as
high as 0.4 m to the east, near Florida’s Big Bend (near station 9
and 10). Overall, the blended winds cause an increase (i.e., pre-
storm set up) in peak water levels across the entire study region.
The increase in the peak water level is caused by far-field (i.e.,
away from the tropical cyclone) winds rather than just winds
associated with the tropical cyclone. Figures 4d–f shows the wind
magnitude representation of Hurricane Michael at 0000 UTC
10 October 2018 as it approaches the Florida Panhandle. The
blended product includes the far-field winds, which results in a
more accurate representation of the basin-scale meteorological
conditions than the tropical cyclone vortex alone. For instance,
Fig. 7 includes the observed, GAHM-only, and blended hindcast
wind speeds at two NOAA stations (both are west of landfall).
The peak winds are nearly identical. However, pre- and post-
peak winds are virtually zero for the GAHM simulation, and the
blended winds agree more closely with observations at these sites.

The simulated time series using the blended hindcast winds
(Fig. 10) show an overall improvement in the pre-peak water lev-
els and peak water levels. Specifically, the pre-peak water levels
improve for stations 1–4 and 6 (NOAA8729210, FLBAY26247,
NOAA8729108, FLBAY03283, and NOAA87288690). The peak
storm surge is improved at stations 7, 8, and 10 (FLFRA26257,
FLFRA26263, and CTMF1). Similar to the pre-storm tides, the
recession limb of the main storm surge hydrograph is also
improved on many of the stations, namely, stations 8 and 10
(FLFRA26263 and CTMF1). The average RMSE across all
14 stations is reduced from 0.37 to 0.29 m by using the blended
winds. The largest reduction in RMSE occurs at station 6
(NOAA8728690), where the RMSE decreases by 0.20 m, and is
followed by a 0.19 m reduction in RMSE at stations 7 and
8 (FLFRA26257 and FLFRA26263). We do note that the RMSE
and increased at station 9 (FLWAK03369) as well as the peak
storm surge is overpredicted when using the blended winds.

There is little difference in the simulated significant wave
height and peak wave period between the GAHM-only and
blended wind fields at the four buoy locations (Fig. 11). How-
ever, there is a large difference between the two model

simulations in mean wave direction, particularly at
NDBC42003 (W1) and NDBC42040 (W4). Unfortunately, it
is difficult to definitively state that the GAHM-only or
blended wind fields produced a more favorable result do to
the lack of data on 10 October for NDBC42003 (W1) and
noise in the observed wave directions for NDBC42040 (W4).
Furthermore, there is little difference (less than 0.75 m) in the
simulated peak significant wave height between the GAHM-
only and blended wind fields (Fig. 12f). In general, the
GAHM-only run results in lower peak wave heights offshore.
There is a slight increase in wave heights resulting from the
blended wind simulation within the Big Bend region near
Apalachee Bay.

5. Discussion

a. Barriers to operationalization

A limitation of surge guidance is the description of the far-
field winds, which can cause a water level setup prior to the
arrival of tropical storm strength winds, especially in regions
with wide and shallow continental shelves (Asher et al.
2019). To this end, we explored the performance gains that
could have been achieved during Hurricane Michael if our
scenario-based framework was expanded to include far-field
winds. The GAHM vortex model using the earliest (post-
landfall) available best track information was blended with
the NAM analysis for the same time period. The results
show that including far-field winds improve the overall
water level forecast and does not increase run time.

As a natural extension of this hindcasting effort, we prelim-
inarily implemented the blended winds in mock forecasting
scenarios to identify barriers to operationalization. To achieve
this, wind and pressure fields were created using GAHM for
NHC advisories 6, 8, 10, 12, and 14 (as described in sections 4a
and 4d). However, the GAHM-only forecasts fields were then
blended with the NAM wind and pressure forecast fields read-
ily available at the release of the respective NHC advisories.
The resulting time series of water levels for three select gauges
are shown in Fig. 13. Most notably, water level predictions are

FIG. 8. (a) Root-mean-square error (RMSE) (m) and (b) RMSE normalized by the observed peak water level at each
gauge across all 14 gauges (x axis) and advisories 5–17 and the hindcast (H, advisory 18).
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more accurate in representing the pre- and post-peak values.
Additionally, the magnitude and peak surge timing is better
represented by the blended winds, specifically for stations east
of landfall and away from the high winds of the tropical
cyclone (NOAA8728690 and CTMF1). While these stations
show a reduction in error, further investigation is warranted
using a broader set of observations. For example, differences
in the GAHM-only and blended-forced simulated water levels

may be a result of capturing diverging forecast tracks between
the NAM and NHC forecast.

Although the mock forecast and hindcast simulations indi-
cate a need to include non-tropical far-field winds when fore-
casting hurricane storm surge, there are some limitations in
using this approach. One major potential limitation is a diver-
gence in the NHC forecast track and the selected meteorolog-
ical model forecasts. For example, there was a relatively large

FIG. 9. (a) Peak water level error (m) and (b) peak water level timing error (h) of the forecast
simulations of NHC advisory 5–17 and the hindcast (H, advisory 18) as compared to observed
water levels (hourly) from 10 to 12 Oct 2018. Outliers are shown as the “1” symbol and are val-
ues outside 1.5 times the interquartile range. The landfall error (km) and timing until landfall (h)
for each advisory are shown (also in Table 1).
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FIG. 10. Water level time series (m, NAVD88) for observed (gray circles) and ADCIRC1SWAN hindcast results from
9 to 12 Oct 2018. The green line is ADCIRC1SWAN results from GAHM and the black dashed line are from the
blendedGAHM/NAM simulation. Both results are from the operational best track simulation (i.e., hindcast). Station loca-
tions are shown in Fig. 5 and Table 2. Root-mean-square error (RMSE) is shown in the top right for the GAHM and
GAHM1NAM (blended) simulation.
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difference (140 km) between the NHC advisory 6 forecast
track and NAM’s representation of Hurricane Michael (cycle
2018100800; Fig. 14). While this might be expected given that
the NAM was selected for logistical considerations rather
than its reliability as a TC guidance tool, this same limitation
could be circumstantially true for any NWP model. Because
the NHC consults numerous global (e.g., GFS) and vortex-

following (e.g., Hurricane-WRF) numerical weather models
before issuing an advisory, the deterministic output from any
single model is always likely to deviate from the NHC’s advi-
sory, which typically reflects the spread among the ensemble
members. For instance, the NHC’s forecast discussion issued
contemporaneously with advisory 6 stated that “… the official
forecast track leans more toward the HCCA/IVCN and

FIG. 11. Significant wave height (m), mean wave direction (8), and peak wave period (s) for observed (gray circles)
and ADCIRC1SWAN hindcast results from 9 to 12 Oct 2018. The green line is ADCIRC1SWAN results from
GAHM and the black dashed line are from the blended GAHM1NAM simulation. Both results are from the opera-
tional best track simulation (i.e., hindcast). Buoy locations are shown in Fig. 1a.
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UKMET model solutions.” In this case, only a small subset of
the weather models available for far-field winds would have
mirrored the official forecast track used to derive the GAHM
wind field.

The primary hazard associated with this disagreement
occurs when the meteorological model’s predicted track
diverges . 3Rmax (see section 3d) from the official NHC fore-
cast. At this threshold, the near-field winds associated with
meteorological model’s depiction of the storm encroach upon
the zone where far-field winds are blended into the NHC-
based GAHM wind field. In cases of severe divergence, the
“blended” winds effectively contain two cyclones: one for
the NHC-based GAHM forecast and one for the meteoro-
logical model that was intended to supply the far-field
winds only.

b. Future improvements

Based on the preliminary discussion in section 5a, future
work should explore methods for leveraging the far-field wind
data from a weather model even when its own TC path devi-
ates from the NHC advisory. Such efforts might attempt to

mask winds above a certain threshold or supplement using a
climatological wind vector.

Future work should also quantify meteorological forecast
errors for a wide range of historic hurricanes and how they
propagate into the surge forecasts while considering various
modeling approaches. Future research ought to focus on
methods to improve scenario-based storm surge predictions
provided known uncertainties in the meteorological forecasts.
For instance, NHC forecast discussions often contain lan-
guage characterizing the average error of the track forecast at
certain lead times (e.g., “It should be noted that the average
NHC track errors are 175 miles and 200 miles at days 4 and 5,
respectively.”). The development of similar metrics for storm
surge forecasts (e.g., “The average water level forecast error
at Day 2 is 1 m.”) could benefit end-users. Such statements
would require a standardized approach among the forecasting
and modeling community.

Hurricane evacuation measures typically require lead times
of 48–96 h while flood gate closures and marine safe harbor
access require lead times of 36–72 h (Boukhanovsky and
Ivanov 2012; Czajkowski 2011; Morrow et al. 2015; Munroe
et al. 2018; Regnier 2008; Wolshon et al. 2005). Early watches

FIG. 12. (a)–(f) Maximum ADCIRC1SWAN simulated water levels (m, NAVD88) and significant wave height (m)
resulting from the operational best track simulation NAM and GAHM1NAM (blended) simulation (e.g., hindcast
simulation). In (c) and (f), the peak water level and peak significant wave height difference between the blended and
GAHM simulations are shown. The black line is the storm track. Refer to Fig. 1 and Table 2 for gauge station
information.
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and warnings are issued and plans to protect critical infra-
structure are implemented when hazardous conditions are
expected within 24–48 h (https://www.weather.gov/safety/
hurricane-ww) (Golding 2009). Having a better understand-
ing of the evolution of the accuracy (and related uncertain-
ties) of storm surge forecasts enables stakeholders to make
more informed and timelier decisions (Ramos et al. 2010).

Scenario-based storm surge guidance provides a means to
examine credible realization of the regional surge response,
and when augmented with expert opinion, allows forecasters
and emergency managers to consider the sensitivity of local-
ized peak surges to potential shifts in TC forecast track and
intensity. Additionally, TC track predictions have already, or
may be near, their limit of predictability. Therefore, efforts
should be made to enhance surge forecasts in ways beyond
improved TC track forecasts while developing a better under-
standing how forecast track uncertainty contributes to surge
forecast error. Nonetheless, there is much improvement that can
be made in intensity forecasts such as increased observations,
better understanding and simulation of the atmospheric–ocean–
wave interactions, adaptive mesh refinement, and downscaling

results to finer resolutions (Landsea and Cangialosi 2018;
Rogers et al. 2006; Rucker et al. 2021; Thomas et al. 2021; Wada
et al. 2010; Zambon et al. 2014).

6. Conclusions

Herein, we provided an examination and assessment of
ADCIRC1SWAN hurricane storm surge forecasts that were
performed in real time during Hurricane Michael (2018) and
investigated one particular method for improvement (i.e.,
blending cyclone with far-field meteorology). Numerical simu-
lations were forced by a parametric wind field derived solely
from information provided by the NHC for each forecast advi-
sory. The small NHC forecast track errors during the evolution
of Hurricane Michael were notably less than the reported 5-yr
average hurricane season track errors. The largest radial land-
fall error during Michael was 82 km at 62 h prior to landfall.
Wind intensity forecasts generally underpredicted observed
operational best track values, with the at-landfall error consis-
tently more than double the previous 5-yr average intensity
errors.

FIG. 13. Water level time series (m, NAVD88) for observed (gray circles) and ADCIRC1SWAN results from 1800 UTC 9–12 Oct 2018.
The green line is ADCIRC1SWAN results from GAHM and the black dashed line are from the blended GAHM1NAM forecast simula-
tion (using the NAM forecast most readily available at the time of the NHC issuance). Station locations are shown in Fig. 1 and Table 2.
Root-mean-square error (RMSE) is shown in the top right for the GAHM and GAHM1NAM (blended) simulation. RMSE for all
simulations was computed from the NHC forecast advisory until 12 Oct. Each row represents a difference NHC advisory (6, 8, 10,
12, and 14).
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The effects of the evolution of Hurricane Michael NHC fore-
casts on real-time storm surge forecasts were investigated. Model
simulations indicate that water level predictions and coastal
flooding were in good agreement with observed data 48 h prior
to landfall. Additionally, comparison of forecast water levels to
observations indicate that RMS errors fell below 0.5 m with 42 h
until landfall. Similarly, differences in peak water level and peak
water level timing were less than 0.5 m and 2 at 42 h prior to
landfall, respectively. The reduction in water level errors is
attributed to the improvement in the storm’s forecast intensity
error and stable track forecast error beginning with NHC adviso-
ries 9 and 10. These results indicate that real-time, deterministic,
simulated water level forecasts closely match observations.
Therefore, we provide evidence that scenario-based surge guid-
ance may provide reasonable results for pre-storm emergency
response. This is especially true when considering the effect of
far-field winds and its impact on total water levels and the timing
of peak surge.

Deterministic-based forecasts are limited by the forecast
track and intensity. We found that small changes in Michael’s
forecast track can alter the region of maximum storm surge
(and its timing), which can vary from forecast to forecast. This
is especially true with forecasts beyond 48 h prior to landfall. As
Michael’s forecast track error was unprecedently small, such
errors will be exacerbated for storms that have larger error in
the forecast track, which may have serious consequences on the
flood forecast (e.g., misplaced and/or delayed storm surge warn-
ings). With more uncertain forecast tracks, probabilistic guid-
ance may be more beneficial than deterministic. This is an area

of future work. In particular, to examine the advantages and
disadvantages for probabilistic and deterministic surge forecasts
for various storm tracks across different regions.

Although specific to Hurricane Michael, this study contrib-
utes to the ongoing research of providing accurate and reli-
able guidance of hurricane storm surge flooding with lead
times of hours to days. Such efforts are critical to flood hazard
and risk management, especially in low-lying coastal regions
that are frequently impacted by TCs.
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APPENDIX

Generalized Asymmetrical Holland Model

During run time, ADCIRC seams the GAHM and NAM
products. GAHM is used for the tropical cyclone vortex,
and NAM is blended in over several TC radii for a smooth
transition between the TC vortex and far-field wind and
pressure. First, the spherical distance from the storm center
to each mesh node, rnode, is computed. A blending factor
fblend, ranging from zero to one, is assigned to each mesh
node based on its distance to the storm center. A blending
factor of one indicates that the node is entirely within the
radial extent of the vortex, whereas a blending factor of 0
means the mesh node is outside the vortex where its effects
are insignificant. Two user-defined input parameters are
necessary for this process, dvortex and dbackground, which are
coefficients used to define the transition between the vortex
and background meteorology. When multiplied by the
radius of maximum winds (Rmax) for the current time step,
Dvortex [Eq. (A1)] and Dbackground [Eq. (A2)] represent the
radial distance to the pure edge of the vortex and the radial
extent to where the vortex is not significant, respectively:

Dvortex 5 Rmaxdvortex, (A1)

Dbackground 5 Rmaxdbackground: (A2)

FIG. 14. NHC forecast track (OFCL) for advisory 6 (62 h before
landfall, issued on 0300 UTC 8 Oct 2018), the NAM forecast
track (cycle 2018100800), the GFS (AVNI) forecast track (cycle
2018100800), and the operational best track for Hurricane Michael.
The NAM forecast is for 84 h (3.5 days), which is why it stops short
of landfall.
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For mesh nodes within these radial distances (i.e., blended
region), values between zero and one are determined based
on the node’s radial position within the blended region to
obtain fblend (Fig. A1). The blending factor [Eq. (A3)] is
then used to blend the vortex and background winds (Ublend)
using Eq. (A4):

fblend 5
Dbackground 2 rnode
Dbackground 2 Dvortex

, (A3)

Ublend 5 fblendUvortex 1 1 2 fblend( )Ubackground, (A4)

where Uvortex is the wind speed vector from the vortex wind
model, and Ubackground is the wind speed vector from the
background (i.e., NAM) winds. This calculation is per-
formed in the x and y directions.
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