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Abstract A new method to construct a horizontal resolution-dependent wind speed adjustment factor
for evaluating tropical cyclones (TCs) in global climate models (GCMs) is presented. In contrast to the
previous studies that used idealized axisymmetric wind fields, this study analyzes 48 hr of 10-s surface wind
fields from 1-km TC simulations. The adjustment factor is derived from filtering the simulated TC wind
fields onto various horizontal grid spacings typical of those used in GCMs. The new adjustment factor leads
to TCs with greater intensity than the existing adjustment factors for horizontal grid spacings smaller than
30 km. This difference is attributed to more realistic wind fields in the TC simulations that contain highly
asymmetric, localized patches of higher wind speeds instead of axisymmetric wind fields. Applying the new
adjustment factor to select GCM simulations suggests the common interpretation of low-intensity bias in
GCMs-simulated TCs might be slightly exaggerated.

Plain Language Summary It has long been recognized that the intensity of tropical cyclones
(maximum sustained surface wind speed) in global climate model simulations needs adjustments as the
horizontal grid spacing of the climate models is not yet fine enough, resulting in the representative errors in
the simulated tropical cyclone structures. This study presents a new method to construct a horizontal
resolution-dependent tropical cyclone intensity adjustment factor that can be used when evaluating tropical
cyclones in climate model simulations. Our new method uses tropical cyclone simulations performed with
1-km horizontal grid spacing, in which tropical cyclone structures are realistically captured. Applying the
new adjustment factor increases the interpreted intensity of simulated tropical cyclones, which suggests that
the common interpretation of low-intensity bias in climate model-simulated tropical cyclones in comparison
to the observations might be slightly exaggerated.

1. Introduction

How tropical cyclone (TC) activity—such as frequency, intensity distribution, and tracks—will change in a
warming climate has been the subject of numerous studies in the past (e.g., Bindoff et al., 2013; Knutson
et al., 2010; Knutson et al., 2019; Walsh et al., 2016). Global climate models (GCMs) have been an indispen-
sable tool in this endeavor, especially after continued improvements in computational power and numerical
methods have made it more attainable to perform long-term GCM simulations of TCs with horizontal grid
spacing of half degree or less (e.g., Camargo & Wing, 2016). When making future projections of TC activity,
many previous studies were based on GCM simulations of future climates under various greenhouse gas
emission scenarios (e.g., Camargo, 2013; Knutson & Tuleya, 2004; Wehner et al., 2015). Projected changes
of TC activity in the future climate simulations were defined as model-estimated changes from the current
climate simulations. Many studies concluded that the fraction of TCs becoming major storms (i.e., reaching
Category 3 or higher on the Saffir-Simpson scale) will increase but overall TC frequency will decrease in a
warming climate (e.g., Bindoff et al., 2013; Knutson et al., 2010; Walsh et al., 2016). However, the
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estimated changes in TC activity differed considerably among the studies. For example, the projected change
of TC frequency in a comprehensive assessment by Knutson et al. (2019; see their Figure 1) ranged from
—28% to +22% with the median value of —14%, indicating a large uncertainty. Some recent studies projected
a substantial increase in TC frequency (e.g., Bhatia et al., 2018; Emanuel, 2013; Vecchi et al., 2019).

GCM-based future TC projection studies typically use TC detection and tracking algorithms to identify expli-
citly simulated TC structures, such as positive temperature anomalies in the upper troposphere and closed
low-level circulations of sufficient strength with local minimum in sea-level pressure (i.e., warm-cored
cyclones). It has been a common practice to adjust the parameters in the TC trackers by their horizontal reso-
lution (e.g., Camargo & Zebiak, 2002) in order to account for the fact that TCs in lower-resolution GCM
simulations tend to be weaker than those in their higher-resolution counterparts.

Although high-resolution GCM simulations have been shown to perform better in simulating TC intensity
than their coarse-resolution counterparts (e.g., Roberts et al., 2018; Shaevitz et al., 2014; Wehner et al., 2015),
the horizontal grid spacing that is considered high-resolution for contemporary GCMs (i.e., 25 km) is still
greater than the typical widths of TC eyewalls—where the strongest winds are found—which likely leads
to considerably lower wind speeds. However, this does not mean that GCM-simulated TCs are fundamen-
tally different from observed TCs. There is overwhelming evidence showing that GCM-simulated TCs qua-
litatively resemble and share many similarities to observed TCs, even in low-resolution models (e.g.,
Bengtsson et al., 1982; Chavas et al., 2017; Manganello et al., 2012; Moon et al., 2020; Murakami et al., 2015;
Yamada et al., 2017). Nonetheless, as these models are not yet able to fully resolve fine-scale structures asso-
ciated with high wind speeds within TC eyewalls, there are inevitably errors in the simulated TC structures.
Therefore, when evaluating GCM-simulated TC intensity, one needs to take into consideration these errors
in GCM-simulated TC structures.

One way of addressing the representativeness errors is to apply a horizontal resolution-dependent wind
speed adjustment when comparing GCM-simulated TCs to the observations, as well as for model intercom-
parisons among GCMs with different horizontal resolutions. However, TC intensity in GCM simulations is
typically defined as the maximum surface wind speed at a grid point near the storm center without any
resolution-dependent adjustment. This definition could influence the interpretation of the performance of
these simulations. Not applying a resolution-dependent wind speed adjustment when evaluating
GCM-simulated TC activity in the current climate against observations could also potentially affect the relia-
bility of future TC projections, as modeling efforts are typically directed toward improving the performance
of GCM simulations against the available observations.

Walsh et al. (2007; WO07) and Davis (2018; D18) have previously proposed horizontal resolution-dependent
wind speed scaling adjustments that can be used when evaluating GCM simulations of TCs by constructing
surface wind fields using the North Atlantic best-track data set. W07 and D18 constructed TC horizontal
wind fields using different wind profile models, but both studies assumed axisymmetric TC horizontal wind
fields and applied filtering to construct the resolution-dependent wind speed adjustment factors. While TCs
can be approximated in the lowest order as axisymmetric vortices, TC intensity is measured by the maximum
surface wind speed that is typically associated with highly asymmetric structures near the eyewall (e.g.,
Kepert, 2010).

The use of more realistic TC horizontal wind fields that contain asymmetries is needed to improve
resolution-dependent wind speed adjustment factors, which will facilitate a more faithful evaluation of
GCMs-simulated TCs. In this study, we present a new method to construct a wind speed adjustment factor
by analyzing two realistic high-resolution hurricane simulations and then test the new adjustment factor
in several GCM simulations of TCs with different horizontal resolutions. We argue that using more realistic
representations of TC surface wind fields is critical in constructing a resolution-dependent wind speed
adjustment factor. Sections 2 and 3 describe the data and methodology. Results are presented in section 4,
and section 5 provides a summary of the study.

2. Data

We use two hurricane simulations by Nolan et al. (2013) and Nolan and Mattocks (2014). Each simulation
is a downscaling experiment of a hurricane that formed in a global simulation of the European Centre for
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Figure 1. Panel (a) shows the H1 and H2 tracks, with blue and red dots marking the periods during which the 10-s model outputs is available. Panels (b) and (c)
show the time series of the maximum surface wind speed of the H1 and H2 during which the 10-s outputs are available. Panel (d) is Figure 2 from Walsh

et al. (2007) showing how the TC wind speed detecting threshold varies with horizontal resolution. Blue line in panel (e) shows the new resolution-dependent
wind speed adjustment factor derived in this study, with red circles showing one standard deviation from the blue line. Black line and squares in panel (e) are
calculated from the Walsh et al. (2007) and Davis (2018) results, respectively. Panel (f) shows the composite of horizontal (in the x and y directions) cross sections
of normalized wind speed centered at the maximum wind speed in the H1 and H2 storms. Wind speed is normalized by the maximum wind speed in each cross
section. The adjustment factors plotted as the blue line in panel (e) are 1.13, 1.20, 1.26, 1.31, 1.37, 1.56, and 1.70 at Ax = 5, 11, 21, 31, 51, 111, and 151 km,

respectively.

Medium-Range Weather Forecasts (ECMWEF) forecasting system with a 40-km horizontal resolution
forced by the observed sea surface temperature (SST) between January 2005 and February 2006
(Masutani et al., 2009; Reale et al., 2007). This global simulation was produced without any data
assimilation, so the hurricanes that formed in the free-running ECMWF simulation do not correspond
to observed storms. Both hurricanes intensified from weak tropical waves in the North Atlantic when
the global simulation was forced by high SST during August 2005, which was a very active North
Atlantic hurricane season (Beven et al., 2008). Hereafter, the hurricane simulation of Nolan
et al. (2013) is referred to as H1, while that of Nolan and Mattocks (2014) is referred to as H2. A major
difference between H1 and H2 is that H2 experiences more land interactions than H1. The H1 and H2
simulations were performed with the Weather Research and Forecasting model version 3 (Skamarock
et al., 2008) with 1-km horizontal grid spacing (Ax) in the vortex-following domain of 480 km by
480 km. One-kilometer horizontal resolution has been shown to realistically simulate many small-scale
features of TC wind fields (e.g., Davis et al., 2008; Fierro et al., 2009; Moon & Nolan, 2015a, 2015b;
Nolan, Stern, & Zhang, 2009; Nolan, Zhang, & Stern, 2009). Many aspects of the H1 and H2
simulations have been compared to observations of real hurricanes and found to be realistic by Nolan
et al. (2013), Nolan and Mattocks (2014), and Nolan et al. (2014). We analyze 24 hr of 10-s surface
wind fields in each hurricane simulation (i.e., a total of 48 hr, >17,000 snapshots) in order to construct
a resolution-dependent wind speed adjustment factor. It is important to emphasize that 10-s model
outputs can fully resolve the 1-min maximum sustained wind speed, which is the definition of TC
intensity in many TC basins (e.g., Nolan et al., 2014). Figure 1a shows the center of the H1 and H2
storms, with blue and red dots marking the periods during which the 10-s model outputs are available.
Figures 1b and 1c show the time series of the maximum surface wind speed of the H1 and H2 storms
during which the 10-s outputs are available and saved for the analysis.
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3. Methodology

We follow the methodology of Walsh et al. (2007: W07) and Davis (2018) to construct a resolution-dependent
wind speed adjustment factor. W07 derived a resolution-dependent wind speed threshold for detecting TCs
that is applicable to GCM simulations and reanalysis products. W07 first constructed idealized axisymmetric
surface wind fields on two-dimensional cartesian grids of 1-km grid spacing using the Holland (1980) wind
profile for TCs with 34-knot intensity in the 1988-2003 North Atlantic best-track data set. Then, each wind
field was averaged onto coarser horizontal grids. The maximum wind speed of the coarser-resolution wind
fields was defined as the TC intensity at each horizontal resolution. After processing all of the 34-kt storm
wind fields, the mean of all maximum wind speeds was calculated for each horizontal resolution. These
results are shown as black line in Figure 1d. No adjustment is needed for Ax smaller than 10 km for W07,
while for Ax = 30 and 125 km, the adjustment factors are approximately 1.04 and 1.21, respectively. It is
important to note that the W07 adjustment was intended for detecting TCs that reach 34 knots, and it is
not clear if these results would be applicable for adjusting the intensity of stronger TCs.

An alternative adjustment was proposed by Davis (2018; D18; squares in Figure 1e), who constructed radial
profiles of axisymmetric surface wind fields for 1988-2014 North Atlantic TCs using the wind profile model
by Chavas et al. (2015) and Chavas and Lin (2016). D18 averaged the wind profiles over a radial width
(d = 8Ax*/7r; equation 1 of D18) determined by horizontal grid spacing (Ax) and the radial distance from
the storm center (r). Therefore, more horizontal grid cells fit into an annulus of width d for greater radius
values (see equation 1 and section 2.3 of D18 for additional details). For a given Ax, D18 averaged the wind
profiles over all radial intervals for r = 0-300 nautical miles by increasing the inner edges of the averaging
intervals at 1 nautical mile increments. Then, the greatest wind speed value in all averaged wind profiles
is assigned as the maximum wind speed at that particular Ax. The goal of D18 was to examine how the
North Atlantic TCs intensity distributions change with different Ax. Figure 1 of D18 shows how the lifetime
maximum intensity of 150 kt for Hurricane Katrina (2005) would be reduced to 149, 144, 115, and 72 kt when
averaged onto Ax = 14 km (x0.125°), 28 km (x0.25°), 56 km (~0.5°), and 111 km (x1°), respectively. The
corresponding wind speed adjustment factors are about 1.01 at Ax = 14 km; 1.04 at Ax = 28 km; 1.30 at
Ax = 56 km; and 2.08 at Ax = 111 km. These wind speed adjustment factors are similar to those of W07
for Ax < 30 km but are greater than the W07 values for Ax > 50 km.

Our proposed resolution-dependent wind speed adjustment factor is defined as the ratio of the original max-
imum wind speed to that diagnosed from the coarse-resolution wind field. Each hurricane surface wind field
snapshot on the original 1-km grid is averaged onto coarser resolution grids, and the maximum surface wind
speed of the coarser-resolution wind field is recorded as the TC intensity at that horizontal resolution. An
example is shown for an individual H1 snapshot in Figures 2a to 2d where the surface wind speed on the
1-km grid is averaged onto Ax = 5-, 11-, and 31-km grids. The maximum wind speed decreases from
63.1 ms™ " at Ax = 1 km to 49.0 ms™" at Ax = 31 km. Processing all 10-s wind field snapshots produces time
series of the maximum wind speed for various horizontal resolutions. Then, these 10-s time series are aver-
aged over time to produce time series of the 1-min averaged maximum wind speed for each horizontal reso-
lution as in the observed TC records, and the mean of these 1-min time series is used to compute the
resolution-dependent wind speed adjustment factors at various Ax values. It is assumed that the maximum
wind speed at the original 1-km grid does not need adjustments.

4. Results

Blue line in Figure 1e shows the resolution-dependent wind speed adjustment factor derived from analyzing
the H1 and H2 data sets. For reference, the W07 and D18 results are shown as the black line and squares. Our
formulation exhibits a rapid increase in the adjustment factor for Ax < 10 km, followed by a more gradual
increase for Ax > 30 km. The most noticeable differences between our adjustment factor and those from
‘W07 and D18 are found at Ax < 10 km. While our results show a sharp increase in the adjustment factor with
increasing Ax, the adjustment factors from W07 and D18 remain mostly unchanged. It is interesting to note
that while our resolution-dependent wind speed adjustment factor is greater than W07 for Ax > 30 km, the
slopes of both curves are quite similar.

What could be the reason for the differences between our results and those of W07 and D18 for Ax < 30 km? It
may be closely related to the horizontal structures in the surface wind field associated with the wind speed

MOON ET AL.

4 0f9



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL087528

(a) Ax=1km sfc. wind speed max=63.1 [m/s] (b) Ax=5km sfc. wind speed max=56.8 [m/s] (c) Ax=11km sfc. wind speed max=52.9 [m/s] (d) Ax=31km sfc. wind speed max=49.0 [m/s]
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Figure 2. Panel (a) shows a surface wind speed field from the H1 storm on the 1-km horizontal grid spacing. Panels (b)-(d) show the surface wind speed field of
panel (a) averaged onto 5-, 11-, and 31-km grid spacing. Panel (e) shows the azimuthally averaged surface wind speed field in panel (a), but its magnitude is
increased to have the same maximum wind speed of panel (a). Panels (f)-(h) show the surface wind field of panel (e) averaged onto 5-, 11-, and 31-km grid spacing.

maxima. W07 and D18 used the axisymmetric wind fields so the maximum wind speed has an axisymmetric
structure. On the other hand, the maximum wind speed in our study and in observations is typically
associated with highly asymmetric, localized small patches of higher wind speeds (e.g., Kepert, 2010;
Uhlhorn et al., 2014; Zhang et al., 2013), which are more susceptible to smoothing due to averaging,
resulting in lower wind speed values. To illustrate this point, Figure 2e shows the azimuthally averaged
wind field of Figure 2a, with the azimuthal mean profile multiplied by a constant to match the maximum
wind speed of 63.1 ms™" in Figure 2a. Then, Figure 2e is averaged onto the same coarse-resolution grids as
in Figures 2b to 2d, and the maximum wind speed is calculated. In Figures 2e to 2h, the maximum wind
speed decreases from 63.1 ms™' at Ax = 1 km to 59.7 ms™" at Ax = 31 km, which is a substantially smaller
decrease than those noted in Figures 2a to 2d. Figures 2e to 2h translate to the wind speed adjustment
factor of 1.06 at Ax = 31 km, which is in close agreement with the W07 and D18 results in Figure 1le.

Figure 1e also shows that our wind speed adjustment factor increases more slowly for Ax > 10 km than for
Ax < 10 km, a feature that is absent in the W07 results. This again appears to be related to the horizontal
structures surrounding the maximum wind speed. Figure 1f shows the composite horizontal cross sections
of normalized H1 and H2 wind speed snapshots centered at the location of the maximum wind speed.
Wind speed is normalized by the maximum wind speed in each cross section. Figure 1f indicates that there
are sharp horizontal gradients in wind speed within 5 km of the maximum wind speed, but the gradients
become less steep further away. This helps explain why our adjustment factor in Figure 1e increases more
slowly for Ax > 10 km. As Ax increases beyond 10 km, averages are performed over regions in which the
wind speed does not decrease as quickly as in the 5-km neighborhoods, resulting in a smaller decrease of
the maximum wind speed with increasing Ax. This in turn leads to a smaller increase of the corresponding
wind speed adjustment factor.

How different would GCM-simulated TC intensity distributions be if our new resolution-dependent wind
speed adjustment is used? Figure 3 shows the TC intensity distributions from three GCM [(a) 0.25° NCAR
CAMS5 (1996-1997); (b) 0.5° GFDL HiRAM (1984-1985); and (c) 1° GFDL AM4 developmental version
(2008-2012)] simulations of North Atlantic and eastern and western North Pacific TCs. TCs in these simula-
tions have been examined by Kim et al. (2018), Wing et al. (2019), Moon et al. (2020), and Camargo
et al. (2020), and more details of the simulations can be found therein. For reference, the observed TC inten-
sity distributions for the same regions and periods are shown as black lines, which use the National
Hurricane Center best-track data for the North Atlantic and eastern North Pacific TCs and the Joint
Typhoon Warning Center best-track data for the western North Pacific TCs. TC intensity distributions
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Figure 3. TC intensity distributions in (a) 0.25° CAMS5, (b) 0.5° HiRAM, and (c) 1° AM4d global climate model simulations in the North Atlantic and North
Pacific TC basins during (a) 1996-1997, (b) 1984-1985, and (c) 2008-2012, respectively. The original simulated TC intensity is plotted in red, while green,
orange, and blue lines show the TC intensity distributions that are adjusted with the results of Walsh et al. (2007; W07), Davis (2018; D18), and present study
(M20). Black lines show the observed intensity distributions for the same period and regions.

obtained from tracking the model TCs without any resolution-dependent adjustments are plotted in red
lines, while green, orange, and blue lines show the intensity distributions when they are adjusted with the
values of W07, D18, and using our new proposed adjustment (M20). Red lines in Figure 3 indicate that
GCM simulations are not able to reproduce the high wind speed tails (>95 knots, i.e., Category 3 storms)
of the observed intensity distributions, especially for the low-resolution simulations.

Applying the W07 adjustment (green) moves the intensity curves closer to the observed distributions, but
there is still a substantial low-intensity bias. The D18 adjustment (orange) curve is very similar to the W07
curve for the 0.25° simulation (Figure 3a). In contrast, the D18-adjusted intensity distributions for the 0.5°
(Figure 3b) and 1° (Figure 3c) simulations are much closer to the observed distributions than either the ori-
ginal or W07-adjusted distributions. Furthermore, there is a greater frequency of TCs in the high wind speed
tails in the D18 curves in Figures 3b and 3c. When the TC intensity is corrected using our new adjustment
factor (blue), the TC intensity distributions are closer to the observed distributions than the other two adjust-
ments for the 0.25° and 0.5° simulations (Figures 3a and 3b). While the occurrence of strong TCs increases, a
slight low-intensity bias remains at the high wind speed tail. While all adjusted TC intensity distributions for
the 1° simulation lead to a higher frequency of stronger TCs, the D18 adjustment produces the intensity dis-
tribution closest to the observed curve. Figure 3b shows that the D18 and our adjusted distributions are very
similar, with similar values of the adjustment factors for Ax = 0.5° (see Figure 1e).

It is evident from Figure 3 that depending on whether TC intensity is adjusted or not and which adjustment
formulation is used, the model TC intensity distributions can be characterized in substantially different
ways, which could also result in different projections for future TC intensity changes from the same GCM
simulations. However, as discussed earlier, typically no resolution-dependent adjustments have been
applied in previous studies, which raises the possibility that widely discussed interpretation of
low-intensity bias in GCM-simulated TCs might be smaller than previously thought.

5. Summary

This study presents a new method to construct a horizontal resolution-dependent wind speed adjustment
factor that can be used for evaluating intensity of TCs in GCM simulations. The new wind speed adjustment
factor shows a faster increase with increasing horizontal grid spacing than previous studies for Ax < 30 km.
This difference is likely due to the use of more realistic surface wind fields than those used in the previous
studies. The wind fields analyzed in this study contain numerous highly asymmetric, localized wind struc-
tures that are absent in smoothly varying axisymmetric wind fields.

This study is based on the analysis of 48 hr of 10-s surface wind fields of two TC simulations only. Therefore,
it would be helpful to include additional simulations in a follow-up study to construct a more comprehensive
wind speed adjustment factor that could potentially incorporate other relevant parameters, such as storm
structures, size or motion, or environmental vertical wind shear. The differences between our formulation
and those of W07 and D18 for Ax < 30 km can be attributed to the horizontal structures surrounding the
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maximum wind speed in the analyzed wind fields. Given the large sample size used (>17,000 snapshots), the
rapid increase in the wind speed adjustment factor with increasing Ax in our formulation is likely to be a
very robust feature.

It is clear that a resolution-dependent wind speed adjustment factor is needed when examining GCM TC
simulations against the observations and among models of different horizontal resolution (Figure 3).
Applying our new resolution-dependent adjustment factor to several GCM simulations indicates that the
common interpretation of low-intensity bias in GCM-simulated TCs may be slightly overstated. Not using
a resolution-dependent adjustment could influence the interpretation of how well GCMs simulate the
observed TC activity, and this can affect the directions of future model development efforts. In addition, pro-
jected future changes of TC activity, which are often estimated as the differences from the present-day simu-
lations, can be affected by whether a resolution-dependent adjustment is applied or not.

We are currently evaluating TC activity in additional GCM simulations with different horizontal resolutions
using the newly constructed resolution-dependent adjustment factor. Sensitivity of TC intensity in current
and future climate simulations to horizontal resolution-dependent wind speed adjustment will be examined
in detail in the future. It is important to mention that there are other methods to construct a
resolution-dependent adjustment factor, which typically use long-term GCM simulations to formulate statis-
tical resolution-dependent adjustment factors (e.g., Sugi et al., 2017; Zhao & Held, 2010). It will be of interest
to evaluate how the adjustment factor of this study compares to those that are constructed differently. In addi-
tion, Chavas et al. (2017) and Murata et al. (2020) have recently suggested that minimum central sea-level
pressure could be used as an alternative metric for TC intensity in GCM simulations. Constructing a
resolution-dependent adjustment factor for central sea-level pressure could be considered as a future study.

Data Availability Statement
The data underlying the figures from this work are available at https://osf.io/n4uj9/.
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