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Abstract In recent years, global weather forecast models and global climate models have begun to depict
intense tropical cyclones, even up to category 5 on the Saffir-Simpson scale. In light of the limitation of
horizontal resolution in suchmodels, the author performs calculations, using the extended Best Track data for
Atlantic tropical cyclones, to estimate the ability of models with differing grid spacing to represent Atlantic
tropical cyclone intensity statistically. Results indicate that, under optimistic assumptions, models with
horizontal grid spacing of one fourth degree or coarser should not produce a realistic number of category 4
and 5 storms unless there are errors in spatial attributes of the wind field. Furthermore, the case of Irma (2017)
is used to demonstrate the importance of a realistic depiction of angular momentum and to motivate the
use of angular momentum in model evaluation.

1. Introduction

Global weather prediction models are now capable of resolving many aspects of tropical cyclones, and glo-
bal climate models are now showing some ability to explicitly model intense tropical cyclones (Murakami
et al., 2012; Shaevitz et al., 2014; Wehner et al., 2015). The question we ask is, “What intensity should such
models produce given limitations of horizontal resolution?” Here intensity is defined as the maximum
1 min sustained wind at 10 m elevation. Intense tropical cyclones (category 4 or greater on the Saffir-
Simpson scale) often have a relatively small inner core. If the radius of maximum wind (RMW) is near to,
or smaller than, the grid spacing of the model, one would not expect models to capture storm intensity even
in a statistical sense.

Numerous studies have shown that the damage produced by a tropical cyclone, including storm surge, wave
damage, and inland flooding, depends both on the radial extent of strong winds and the maximum wind
value (Done et al., 2015; Irish et al., 2008; Powell & Reinhold, 2007; Zhai & Jiang, 2014). Hence, it is important
to define realistic expectations for the numerical representation of the intensity of tropical cyclones without
sacrificing relevant attributes of the outer tropical cyclone wind field.

The physical process that limits intensity in numerical models is perhaps best viewed in terms of angular
momentum, M ¼ rv þ 1

2 f r
2 . As shown by Bryan and Rotunno (2009), strong horizontal mixing limits the

inward penetration of angular momentum surfaces, thus limiting the tangential wind speed. Coarser horizon-
tal resolution has qualitatively the same effect as larger horizontal mixing. Models that faithfully represent
outer winds, but not the inward penetration of M surfaces, will underestimate the maximum wind,
more-so for hurricanes with a tight inner core. A tight inner core characterizes many major hurricanes near
their lifetime maximum intensity.

The present paper uses a simple filtering of observed wind profiles computed from Best Track attributes of
Atlantic tropical cyclone wind fields to estimate the maximum wind that a given numerical model grid
spacing could produce if its outer wind field agrees with observations. This paper does not consider the dif-
ficulty of representing physical processes within intense storms or the difficulty of deterministic prediction. In
addition to computing Atlantic basin climatological intensity distributions based on different resolution and
filtering assumptions, this study uses observations and forecasts of hurricane Irma in 2017 as a specific exam-
ple where evaluation of the maximum wind can lead to erroneous conclusions about forecast quality.

2. Data and Methods
2.1. Wind Data and Averaging

In order to provide some quantitative expectations for the intensity distribution of Atlantic storms produced
in models, we employ an algorithm that completes the inner core wind profile for observed storms, and then
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computes the maximum intensity of observed storms subject to averaging of their wind profiles over a
prescribed length scale that is related hypothetically to a model grid spacing. The result of spatial averaging
provides nothing more than an estimate of the wind averaged over a radial extent d, given by

v rð Þ ¼
∫
rþd=2

r�d=2
rv rð Þdr
rd

; (1)

The larger the averaging interval d, the smaller will be the maximum of v rð Þ. This value, vm , is always
less than the reported maximum wind vm. In what follows, we describe how the radial profile of wind
is computed and how the averaging interval d is related to the grid spacing of a model. Given revised
estimates of maximum wind after averaging, we construct modified statistical distributions of lifetime
maximum intensity.

We use the extended Best Track (EBT) data for the Atlantic basin (Demuth et al., 2006) as the basis for the cal-
culations herein. These data cover the period 1988–2014 in this study. In addition to the maximum wind
speed and minimum sea level pressure, the data include the RMW (Rm) and the maximum radial extent of
64, 50, and 34-knot winds within each of four storm quadrants (wind radii). There are well-documented
uncertainties in the estimates of wind radii (Landsea & Franklin, 2013). Nevertheless, we assume the wind
radii represent reality, although we also explore the importance of uncertainties in these values. We construct
a single wind profile for a storm based on wind radii in the quadrant where the 34-knot wind radius is the
greatest of any quadrant. Because the wind radii represent the greatest extent of winds of a given strength,
and because we choose the quadrant with the greatest radial extent of threshold wind values, we argue that
the wind profile thus constructed will provide an upper bound on vm.

2.2. Computation of rm

Of some concern is the fact that the reported RMW, Rm, is not as carefully assessed as the wind radii and is
deemed a relatively unreliable estimate. In some instances, Rm is missing or it is larger than one or more of
the wind radii. To avoid problems with the reported Rm, we seek an objectively computed rm given the inner-
most wind radius.

The computation of rm requires a wind model for the inner core, of which there are many (Holland et al.,
2010). We adopt the solutions presented by Chavas, Lin, and Emanuel (2015) and Chavas and Lin (2016)
and focus on the inner region (Emanuel & Rotunno, 2011) as a means to extend the wind radius observations
inward toward the hurricane center. This wind profile is obtained from

M rð Þ ¼ 2Mm

1þ r2m
r2

(2)

where the subscript “m” refers to the radial location of the maximum wind and we have assumed that the
ratio of enthalpy and momentum exchange coefficients is unity. The advantages of (2) over other wind
models are that it derives from a solution of the steady state equations for a tropical cyclone, has a relatively
simple form, and is phrased in terms of angular momentum, which is a key variable for understanding the
effects of limited resolution.

Because the maximum wind speed, vm, is relatively well known, rm can be computed from (2) if M is

known at some radius, ra. In this case, ra is the innermost nonzero wind radius. For hurricanes, Ma ¼ v64
r64 þ 1

2 f r
2
64; where f is expressed in hr�1. More generally:

rm ¼
vm �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2m � v2a � r2af

2

4

� �r

va
ra
� f

2

; (3)

where ra and va represent the innermost wind radius and wind threshold present.

We define a radial profile of 10 m wind that combines vm, rm, and the wind radii present. From r = 0 out
to the innermost wind radius, (2) provides the wind profile. Beyond the innermost wind radius, a power

law is fit to the outer wind radii such that v ¼ v0
r0
r

� �α
, where α ¼ lnv1v0

ln
r0
r1

and subscripts 0 and 1 refer to
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either the 64- and 50-knot wind radii, respectively, or to the 50- and
34-knot wind radii, respectively. Beyond the 34-knot wind radius,
which exists for all storms in the data set, α is set to 0.5.

2.3. Defining the Filter Scale

In order to estimate a lower bound of the effects of finite numerical
model resolution on the climatology of tropical cyclone intensity, we
relate the averaging interval d to the resolved horizontal scales in a
hypothetical model in Cartesian coordinates. Regional and global mod-
els have varied approaches for filtering the atmospheric spectrum. Here
we consider how the cylindrical coordinate of tropical cyclone observa-
tions maps onto a Cartesian grid. To simplify matters, we consider the
area A bounded by a ring of width d, the averaging interval, within a
storm quadrant: A = πrd/2. We then equate the area A with the area over
which the flow may be assumed roughly constant in a model, that is,
over scales smaller than the filter scale of the model. The latter is not
the area of grid cell within a model. Rather, it is a multiple of the grid cell
area that is defined by the filter properties of the model and is generally
a combination of grid spacing and numerical and physical dissipation.

For a filter scale F, representing the minimum wavelength in one dimension that contains significant
energy, we may assume that the model fields capture essentially no variability over a length of F/2. In most
grid point models, the filter scale is at least six grid lengths (Skamarock, 2004), and sometimes, it is far
greater. Here we make the assumption that the filter completely removes 2-Δx variability while leaving
4Δx variations undamped. While such a filter in grid-point models is not realizable in practice, this provides
a lower bound on the filter scale. Under these assumptions, we define an area of 4Δx2 that physically repre-
sents the area over which no variation occurs. Equating this area with A yields d = 8Δx2/πr. Thus, the aver-
aging interval is an inverse function of distance from the storm center. Physically, this means that more grid
cells can fit into a ring of a given width at a larger radius. We define vm as the maximum wind obtained
from all averaging intervals d(r) in the range from r = 0 to 300 n mi. To cover this range of radii, we slide

the inner edge of the averaging interval outward in 1 n mi increments
for each successive average.

An example of a reconstructed wind profile and filtered profiles for sev-
eral hypothetical grid spacing values appear in Figure 1 for Hurricane
Katrina at its lifetime maximum intensity. The filtered maximum winds
for grid spacing values of 0.125, 0.25, 0.5, and 1° are 149, 144, 115, and
72 knots, respectively. This result indicates that Katrina could be
simulated, in principle, on a one fourth-degree grid, but not on a one
half-degree grid.

3. Results
3.1. Climatological Aspects

The computed rm is compared to the reported Rm for all storms in the
EBT at their lifetime maximum intensity (Figure 2). While there is broad
agreement, there is also considerable scatter. For major hurricanes
(categories 3–5), the two agree better, but with the computed rm slightly
smaller than the reported Rm. We also examined whether there was
better agreement from 2000 onward, after scatterometer measure-
ments became routinely available. However, no obvious difference
was discernible (not shown).

Applying the filtering described in section 2 to all storms in the EBT
results in histograms of lifetime maximum intensity for grid spacing
values of 0.125, 0.25, 0.5, and 1 degree of latitude (7.5, 15, 30, and

Figure 1. Reconstructed wind profile for Hurricane Katrina (black) and
filtered profiles at different hypothetical grid spacing (colors). Winds are in
knots, radius in nautical miles (n mi). For filtered profiles, the innermost
point represents the center of the innermost averaging interval.

Figure 2. Computed versus Best Track radius of maximum wind (RMW) at
the lifetime maximum intensity for all storms in the sample (where the
RMW is less than 80 n mi). See text for method of computation.

Geophysical Research Letters 10.1002/2017GL076966

DAVIS 2084



60 n mi) (Figure 3). Roughly speaking, only for 0.125° is there a reason-
able proportion of category 4 and 5 hurricanes remaining in the sample.
Also apparent in Figure 3 is that the number of tropical storms plus
hurricanes decreases markedly between 0.5 and 1° grid spacing. In the
present calculation, a reduction of the “tropical storm” threshold to
25 knots is needed before 95% of observed tropical storms plus hurri-
canes are retained with a 1° grid spacing.

With realistic filtering, the kinetic energy at 4Δx falls considerably
below what is expected based on power law scaling obtained from
observations. The effect of complex dissipation schemes is difficult
to capture in the simple framework herein. However, to a first approx-
imation, results for a filter scale of eight grid lengths, compared to four
grid lengths, should behave similarly to a doubling of the grid spacing.
Thus, results for Δx = 15 n mi may approach results for Δx = 30 n mi
when realistic dissipation is taken into account. This implies that major
hurricanes in a model with a one fourth-degree grid should occur rela-
tively infrequently compared with their occurrence in the atmosphere,
if the outer wind profiles are consistent with observations.

Because the theory used in this study is based on axisymmetry, we also devised a method for computing an
azimuthal mean wind profile from the EBT data (see supporting information). Filtering this profile following
the above methodology results in a similar dependence of intensity on grid spacing, provided that the Saffir-
Simpson intensity thresholds are adjusted to account for the effect of azimuthal averaging.

In the entire database considered here, the largest RMW at lifetime maximum intensity for any major hurri-
cane (category 3 or higher) is 32 nautical miles. Hence, a grid spacing close to one eighth degree (7.5 n mi)
is probably necessary for a statistical depiction of intense Atlantic hurricanes that preserves a realistic outer
wind structure. Even with such resolution, the physical depiction of tropical cyclone dynamics, including the
representation of deep convection within the eye wall, is not resolved.

3.2. Forecasts of Hurricane Irma

A useful example, not in the EBT data used for the present study, is Irma from 2017, a category 5 Atlantic hur-
ricane. Irma was extensively reconnoitered, with a large number eye-wall penetrations and resulting esti-
mates of the RMW (Figure 4). In this case, the RMW values computed from (3) generally agree well with
the daily median of aircraft estimates of RMW and are slightly smaller than the operational estimates of
the RMW. The overestimate of the computed rm late in the evolution follows a complex interaction of the

Figure 3. Counts of tropical cyclones in different Saffir-Simpson scale cate-
gories for a range of hypothetical grid spacing values.

Figure 4. Estimates of the radius of maximum wind (RMW) for hurricane Irma (2017); green: RMW from operational
estimates; red: RMW computed from wind model given the maximum wind and radius of hurricane force winds at each
time; blue dots: RMW from vortex data messages; yellow: daily median of RMW based on vortex data messages.
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storm with Cuba, which almost certainly violates the assumption of
nearly steady state behavior. However, the present study is mainly con-
cerned with lifetime maximum intensity, at which time the maximum
wind is at least temporarily not changing. Irma’s lifetime maximum
intensity of 160 knots is maintained for over 24 hr (Figure 5), and during
this time, the computed rm agrees with the aircraft data particularly well.

We examine forecasts of hurricane Irma from the operational Global
Forecast System (GFS) from the National Centers for Environmental
Prediction. The GFS has a grid spacing of roughly 13 km (7 n mi).
Examining all forecasts begun on 1 September or later, as a function
of valid time reveals that the GFS significantly underestimates the
intensity of Irma around the time of its lifetime maximum intensity,
and it produces more realistic forecasts of maximum wind late in
the storm evolution as it approached Florida on 10 September
(Figure 5). The intensity forecasts for each valid time were rather
tightly clustered. While not indicated directly in Figure 5, there was
no trend of improved intensity with decreasing lead time for the per-
iod 6–7 September when Irma attained its greatest maximum wind.
The fact that intensity was highly underestimated, and the underesti-
mate was insensitive to forecast length, suggests that the error may

represent a fundamental limitation of the model in this case. Recall that the RMW for Irma was generally
10–15 n mi near its maximum intensity. The RMW for the GFS forecasts was consistently 25–40 n mi.
Hence, it is clear that the GFS should not be expected to capture the peak intensity of Irma with a realistic
wind structure.

What is less clear is whether the GFS forecasts may be considered reasonable given resolution limitations. To
address this issue, we use the windmodel from (2) to estimate themaximumwind that would have been pro-
duced if the GFS was able to contract the inner core of Irma to its observed RMW. For this purpose, we use the
“observed” RMW computed from (3) and the angular momentum of the GFS at its own RMW:

v0mG ¼ MmG

2rm

r2m
r2mG

þ 1

� �
� 1
2
f rm; (4)

where subscript “G” refers to the GFS. For each forecast at each valid time, the modified maximum wind is
computed. Near the lifetime maximum intensity, the values are not far from the observed intensity
(Figure 5). This result suggests that the GFS wind profile at this time was largely consistent with observations
and that the underestimate of intensity could be explained to first order simply by limitations of horizontal
resolution and dissipation.

A note of caution extends to GFS forecasts after September 9. While the maximum wind values were close to
the Best Track values, and to the reconstructed maximum wind values, this agreement was fortuitous. The
predicted storm structure departed significantly from observations in forecasts of more than 2 days lead time.
The predicted radius of hurricane force winds on 10 September was nearly twice the observed estimate and
the minimum pressure was as low as 878 hPa, compared to the lowest observed pressure on 10 September
of 931 hPa.

4. Conclusions

An assumed upper bound on the ability of models with relatively coarse grid spacing to represent hurricane
intensity has been computed using observations of Atlantic tropical cyclones from 1988 to 2014. The present
results suggest that models with grid spacing of one fourth degree or coarser should seriously underestimate
the number of category 4 or 5 storms if they maintain outer wind radii consistent with observations.
Conversely, a realistic number of predicted intense hurricanes would indicate errors in the outer wind struc-
ture, perhaps that wind fields are too broad. Results consistent with the findings herein have been realized in
practice (Manganello et al., 2012) and are broadly consistent with the findings from the U.S. Climate
Variability Hurricane Working Group (Walsh et al., 2015).

Figure 5. Maximum wind for Irma; black: Best Track; orange: National
Centers for Environmental Prediction Global Forecast System (GFS) fore-
casts obtained from a-deck files; blue: recomputed maximum wind from
wind model given the computed radius of maximum wind (RMW) and
angular momentum at the RMW of the GFS; yellow: RMW in the GFS.
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We showed an example from hurricane Irma in which forecasts from the operational GFS produced maxi-
mumwinds far below the observed values near the time of Irma’s peak intensity. However, it was shown that
the winds produced by the GFS were consistent with observations once the limited resolution was taken into
account. Moreover, better forecasts of maximum wind later in the evolution of Irma occurred at the expense
of serious errors in outer wind structure.

The above is further evidence that assessing hurricane representations in models using the maximum
sustained wind is not optimal. Alternative metrics have been suggested such as surface pressure deficit or
integrated kinetic energy (Powell & Reinhold, 2007). The surface pressure deficit varies like the square of
the maximum wind and therefore may not be ideal. The integrated kinetic energy (in two or three dimen-
sions) may be useful but is a somewhat ad hoc metric. We suggest that the radially integrated difference
in angular momentum between the simulated and observed storm may be more indicative of important
errors in the storm wind field than other metrics. Such a metric is physically based and emphasizes the outer
winds in a way that would allow meaningful comparisons of models with widely differing horizontal resolu-
tion. We acknowledge that meaningful verification is not accomplished with a single metric. A useful goal
would be to establish a small number of relatively independent metrics that relate to the hazards posed
by hurricanes and would be applicable to weather and climate simulations alike.
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