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Abstract

Idealized hurricanes are studied at four different sea surface temperatures (ssts) of 26°, 27°, 28°, and 29°C in six nested domains

down to 62 m grid size. For the maximum and the distribution of wind speed, domain D6 (62 m) is similar to domain D5 (185

m) showing convergence near 200 m. For sst of 26°, domain 5 does not have small-scale turbulence structures like the other three

cases, which is an extension of the previous work of [2009] who only obtained resolved gusts at 62 m. The distribution function

of speed changes between the 27° and 28° cases, the latter one having a second peak, related to a structural change. Finally,

it is suggested that the damage potential is not simply determined by the maximum wind speed because of the distribution

change so a new damage indicator that represents potential damage is proposed.
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Key Points: 14 

 The hurricane structure changes as sea surface temperature increases: the distribution 15 

function of wind speed changes from single peak to bimodal. 16 

 The scale of turbulent eddies increases as sea surface temperature increases. For 17 

hurricane intensity, a horizontal grid size near 200 m is sufficient for a converged 18 

solution. 19 

 A new damage indicator is proposed for hurricane disaster risks. 20 
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Abstract 22 

Idealized hurricanes are studied at four different sea surface temperatures (ssts) of 26°, 27°, 28°, 23 

and 29°C in six nested domains down to 62 m grid size. For the maximum and the distribution of 24 

wind speed, domain D6 (62 m) is similar to domain D5 (185 m) showing convergence near 200 25 

m. For sst of 26°, domain 5 does not have small-scale turbulence structures like the other three 26 

cases, which is an extension of the previous work of Rotunno et al. [2009] who only obtained 27 

resolved gusts at 62 m. The distribution function of speed changes between the 27° and 28° 28 

cases, the latter one having a second peak, related to a structural change. Finally, it is suggested 29 

that the damage potential is not simply determined by the maximum wind speed because of the 30 

distribution change so a new damage indicator that represents potential damage is proposed.  31 

Plain Language Summary 32 

The warm sea surface greater than 26°C contributes to the formation and development of 33 

hurricanes. In addition, the hurricane strength and structure are very sensitive differences in sea 34 

surface temperature that will lead to different degrees of disaster impact on coastal areas. Here 35 

we focus on how wind speeds are distributed in high-resolution simulations with grids down to 36 

62 m at sea-surface temperatures of 26-29°C that resolve the damaging gusts. Standard 37 

maximum wind measures (such as hurricane category) are found to be inadequate in some cases 38 

because they do not account for area. Integrated functions of wind speed from these simulations 39 

are then proposed as improved measures of potential damage. 40 

1 Introduction 41 

High resolution simulation is necessary for detailed hurricane research, because some turbulence 42 

structures do not become resolved until a hundred meters or ten meters resolution is used. These 43 

turbulence structures will be the source of damage to offshore structures, such as wind farms and 44 

oil rigs, and coastal buildings [Worsnop et al., 2017a; Worsnop et al., 2017b; Bryan et al., 2017; 45 

Stern and Bryan, 2018]. Rotunno et al. [2009] showed that the maximum wind speed in their 46 

tropical cyclone simulation showed a strong relation with the resolved three-dimensional 47 

turbulence structure scale. However, the critical resolution is still not clear for turbulence and 48 

nonturbulence structures of hurricanes. Rotunno et al. [2009] found that a transition to randomly 49 

distributed, small-scale turbulent eddies occurs when the grid size decreases from 185 to 62 m at 50 

a sea surface temperature (sst) of 26.3°. In this study, we further investigate the influence of sst 51 

on hurricane intensity and turbulence structure through high resolution simulations of hurricanes 52 

at various ssts in no-shear conditions. 53 

2 Simulation settings 54 

The numerical simulations conducted here were carried out with the WRF model (Weather 55 

Research and Forecasting Model) [Skamarock et al., 2008]. WRF adopts nonhydrostatic 56 

dynamics, and thus it can capture small-scale turbulence structures when using the WRF-LES 57 

mode. Six nested domains were used at grid sizes from 15 km to 62 m (Table 1) as in Rotunno et 58 

al. [2009]. The model thermodynamic state is maintained by inclusion of a relaxation term in the 59 

thermodynamic equation with a time constant of 12 h. Atmospheric radiation is one of the effects 60 

that is simply represented in the relaxation term, so no other radiative scheme was used. The 61 

cloud physics scheme is the WRF Single-Moment 6-Class scheme [WSM6, Hong and Lim, 62 

2006] and the PBL mixing is handled by the YSU scheme [Hong et al., 2006] in the outer three 63 

domains. The Revised MM5 Monin-Obukhov surface layer scheme [Jimenez et al., 2012] was 64 
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adopted, and cumulus parameterization is not considered even in the outermost 15 km domain 65 

because the hurricane is contained within the nests. Another important point is that the air-sea 66 

exchange of heat and momentum are represented by using Donelan Cd plus constant z0q method 67 

for Ck [Donelan et al., 2004]. For domains D1-D3, the PBL is represented by the YSU scheme 68 

that relates the amount of vertical mixing to the stability of the PBL and surface buoyancy flux, 69 

and horizontal mixing is related to the local horizontal wind deformation. This separation of 70 

vertical and horizontal turbulence process is typical in mesoscale models. While for domains D4-71 

D6, effects of horizontal and vertical turbulence processes are unified and parameterized using a 72 

grid-spacing-dependent eddy viscosity based on a three-dimensional turbulence-kinetic-energy 73 

equation appropriate for LES [Deardorff, 1980]. 74 

The initial velocity field represents an incipient TC-like axisymmetric vortex with a maximum 75 

lowest-level wind of 15 m/s, radius of maximum wind of 82.5 km, and radius of zero wind of 76 

412.5 km [Rotunno and Emanuel, 1987]. The Coriolis parameter is spatially uniform with its 77 

value at 20° latitude ( -5 15 10 s ). 78 

Four simulation cases were run with sea surface temperatures of 26°, 27°, 28°, 29℃, 79 

respectively. The common details of these simulations are shown in Table 1. Note that domains 80 

D4, D5, and D6 were started at later times after day 4 and their length was shorter, but long 81 

enough to reach a steady resolved state. Furthermore, in order to capture the significant 82 

characteristics of the hurricane, such as surface radial inflow, lower-level and upper-level 83 

outflow, specific vertical levels were adopted as shown in Figure S1. 84 

Additional high-frequency surface diagnostics were output that included time averages and other 85 

statistics, e.g. at 1-minute frequency for domain D6. 86 

 87 

Table 1. The basic WRF simulation settings 88 

The simulated period 2007_09_01_00:00:00~2007_09_07_00:00:00 (UTC) 

Algorithm WRF WRF-LES 

Domain D1 D2 D3 D4 D5 D6 

Horizontal grid distance (m) 15000 5000 1666.67 555.56 185.18 61.72 

Horizontal grid number 405 405 301 301 598 598 598 598 598 598 967 967 

Vertical layer number 87 

Time step (s) 60 20 6.67 2.22 0.74 0.25 

Start time(dd_hh) 01_00 01_00 01_00 05_00 06_00 06_18 

End time(dd_hh) 07_00 07_00 07_00 07_00 07_00 06_22 

3 Results 89 

The basic wind characteristics of simulated idealized hurricanes show in Table S1. 90 

3.1 Wind speed and sea surface pressure 91 

As we can see from Figure 1, both the maximum of instantaneous wind speed, time-averaged 92 

wind speed and the minimum sea surface pressure of domain D3 reach a steady state after 96 h 93 

simulation. The large-eddy simulation for domain D4 starts from 96 h. Similar to Rotunno et al. 94 

[2009], each parent domain is also run without nesting, thus, each simulation is independent. 95 

Importantly, Figure 1 shows that the hurricane peak strength generally increases as the grid size 96 

decreases, but a significant feature is that for both the maximum of instantaneous wind speed, 97 

time-averaged wind speed, and the minimum sea surface pressure, domain D6 (62 m) converges 98 

to domain D5 (185 m), which means that for hurricane intensity, a horizontal grid size near 200 99 

m is sufficient. Note also that the peak for sst-27° is sometimes higher than that for sst-28°. 100 
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 101 

 102 

 103 

Figure 1. The maximum of instantaneous (upper), time-averaged (middle) wind speed and the 104 

minimum of sea surface pressure (bottom), subfigures represent 26°, 27°, 28°, and 29℃ from left 105 

to right, respectively. Time average is 1 and 10 minutes for domains D6 and D5. 106 

3.2 Turbulence field 107 

Figure 2 shows the wind field of each domain of each case at the lowest model level. For sst-26° 108 

case, the features are consistent with Rotunno et al. [2009] of sst-26.3°, that transition to 109 

randomly distributed, small-scale turbulent eddies occurs between 185 and 62 m, while for other 110 

three cases, this transition occurs between 556 and 185 m, which means that the turbulent eddies 111 

are resolved at larger grid sizes as the sst increases. This may because with sst increases, the 112 

radial inflow depth increases (Figure S2) which means the scale of dominant vortices increases, 113 

thus, the vortex scale becomes resolvable between 556 and 185 m. 114 

Furthermore, from the perspective of the wind velocity wavenumber spectrum, we can confirm 115 

the turbulence structure shows different characteristics for different cases similar to the 116 

turbulence field. Figure S3 shows the wavenumber spectrum of wind velocity at the height of 10 117 

m. It is clear that for sst-26° case, only domain D6 has a -5/3 slope subregion, as we note that a -118 

5/3 slope represents a three-dimensional turbulence structure; while for the other three cases, 119 

both domains D6 and D5 have the -5/3 slope subregion; so the features of the wavenumber 120 

spectrum agree well with the turbulence fields seen earlier. This illustrates that sst-26° has 121 

different wind characteristics from the three stronger cases, specifically that sst can influence the 122 

hurricane intensity and scale of the turbulence structures. This aspect of the study has extended 123 

the result of Rotunno et al. [2009]. 124 

 125 
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 129 

Figure 2. Wind field of each domain of each case at the lowest level. Subfigures represent 26°, 130 

27°, 28°, and 29℃ from left to right, and domains D6, D5, D4, and D3 from upper to bottom, 131 

respectively. Here, need to note that the 26°case (the left color bar) has a different unit with the 132 

other three cases (the right color bar). 133 

3.3 Wind speed distribution 134 

For both the maximum of instantaneous wind speed, time-averaged wind speed and minimum 135 

sea surface pressure, it is easily seen that the wind speed and pressure of case sst-27° and case 136 

sst-28° has “crossover” features as shown in Figure S4 for all the domains. The reason for this is 137 

the motivation of this section because hurricanes are often characterized by maximum wind 138 

speed, and it will become clear that this may be misleading in some cases. 139 

Figure 3a shows the frequency distribution of wind speed for each domain of each case. 140 

Compared with the 26° and 27° cases, the 28° and 29° cases have an obvious second peak value 141 

in the distribution for domains D4, D5, and D6. In Figure 3a, it can again be seen that the largest 142 

wind speed of sst-27° is larger than sst-28°, while sst-28° has a larger wind speed area > 60 m/s, 143 

namely the second peak, meaning that from case sst-27° to case sst-28°, the wind speed 144 

distribution changes to bimodal. This can be seen in Figure 3b, which shows the radial 145 

distribution of wind speed. It is found that the physical interpretation of the second peak is that 146 

the hurricane has a wide eyewall region (a flatter peak near the radius of maximum speed), 147 

specifically, the wide peak region of Figure 3b corresponds to the second peak value of Figure 148 

3a. For cases sst-26° and sst-27°, none of the domains have a wide eyewall region. On the 149 

contrary, for cases sst-28° and sst-29°, domains D4, D5 and D6 have wide eyewall regions which 150 

appear to need grid sizes < 1 km to exist since domain D3 (1.66km) showed no such feature. In 151 

addition, Figure 3c shows the predominant magnitude of wind speed (peak of the distribution) of 152 
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each case for domain D6 (domains D4 and D5 have similar features). It is clearly seen that for 153 

cases sst-28° and sst-29°, this predominant magnitude is located in the eyewall region, while it is 154 

not for cases sst-26° and sst-27°. The two stronger cases with large eyewall radii and a more 155 

uniform strong wind in the azimuthal direction resemble annular hurricane structures that have 156 

been documented as sometimes occurring after an eyewall replacement cycle [Knaff et al., 2003; 157 

Wang, 2008]. It should be noted again that the maximum wind may be misleading as a damage 158 

indicator given how much the relative areas of strong wind vary with sst. 159 

    160 

     161 

    162 
Figure 3. The histogram distribution of wind speed (a), the radial distribution of wind speed (b), 163 

and time-averaged wind field of domain D6 (c) of each case. Subfigures represent 26°, 27°, 28°, 164 

and 29℃ from left to right, and for (c) between the black lines means that the predominant 165 

magnitude of wind speed, 25-30 m/s, 35-40 m/s, 60-65 m/s and 70-75 m/s for 26°, 27°, 28°, and 166 

29℃, respectively. 167 

4 A new potential damage indicator 168 

Finally, since maximum wind alone may be insufficient for the damage potential, we will 169 

consider some ways to area-integrate the effect of the hurricane. The integrated kinetic energy 170 

[Powell and Reinhold, 2007] is defined, 21 2
V

IKE U dV  , where the wind speeds are taken 171 

from each grid cell of each domain and integrated nominally 1 m in the vertical (centered at the 172 

10 m level). Because the value becomes too sensitive to domain area when weak winds are 173 

included, a wind speed of 10 m/s was selected for the low end 10IKE  following Powell and 174 

Reinhold [2007]. Detailed 10IKE  results are shown in Table S2 as an indicator of destructive 175 

potential [Powell and Reinhold, 2007]. This illustrates the difference between ssts for each 176 

domain, and it is easily concluded in general that the destructive potential increases with sst 177 

increases. Also wind destructive potential thresholds are defined that include light (25 to < 41 178 

m/s, 25 40IKE  ), moderate (41 to < 55 m/s, 41 54IKE  ), and severe (>=55 m/s, 55IKE ), from which 179 

Powell and Reinhold [2007] define a damage-weighted sum as a damage indicator,  180 

25 40 41 54 556 30IKE IKE IKE   . It is clear that for the wind destructive potential sst-28° is also 181 

larger than sst-27° for each domain in Figure 5a despite the lower maximum wind described in 182 

the previous section.  183 
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Figure 3 in the Powell and Reinhold [2007] reproduced here in Figure 4 shows that the damage 185 

percentage (claim to insured value) is very nonlinear and almost exponential with wind speed < 186 

60 m/s. We will therefore define three potential damage functions as 10log 10 10 4D WS   187 

(formula-1) as lower bound, 10log 10 20 1D WS   (formula-2) as upper bound and 188 

10log 10 15 2D WS   (formula-3) as a median value, where D  means potential damage (%), and 189 

10WS  means the maximum sustained wind at an elevation of 10 m. These lines are also shown in 190 

Figure 4. Here 100% damage occurs at 60 m/s for all three methods, but 1% occurs at 40 m/s, 20 191 

m/s and 30 m/s, respectively. It is meaningful to calculate the area integral of D similarly to the 192 

way IKE  is derived from area-integrating kinetic energy. Figure 5a shows the relationship 193 

between the integrated damage (unit, 10
10

 % m
2
) (also shown in Table S3) and total wind 194 

damage-weighted IKE  (unit, TJ). Here note that the area integral of D, which compares with the 195 

IKE , is hereafter named areaD . A value of D =10
10

 % m
2
 is equivalent to 100% damage in a 10 196 

km square or 1 % damage in a 100 km square and is therefore a representation of relative cost. It 197 

directly shows that the damage of sst-28° is larger than sst-27°. The larger the areaD , the larger 198 

the total wind damage-weighted IKE , which shows a strong linear relationship. This indicates 199 

that areaD  is a good alternative index to represent the potential damage. Note that for different 200 

formulas of areaD , the small speed part has a different weight, so the value of areaD  is sensitive to 201 

the formula because smaller velocities occupy larger areas. These three formulas may be suitable 202 

to different regions where offshore or coastal structures have different wind resistance levels 203 

according to age and building codes. Also, in Figure 5a, the areaD  of domain D3 of each case is 204 

always smaller than other domains, while the areaD  of domains D4, D5 and D6 are almost 205 

converged showing the importance of resolution < 1 km. 206 

However, the area integral may not be the best measure because it underestimates the relative 207 

area affected by the strongest winds in a moving hurricane, so we will modify D  to be integrated 208 

by radius taking the maximum D  within that radius, named radiusD  (unit, 10
3
 % m or % km). This 209 

can be thought of as the integral along a coast as the hurricane crosses it and a value of 1000 % 210 

km corresponds to 100% damage on a 10 km coast. Figure S5 shows the radial distribution of D , 211 

which gives an intuitive picture of the damage potential at different distances from eye region. 212 

And for Figure 5b, the total wind damage-weighted IKE  and radiusD  (also shown in Table S4) 213 

shows a nonlinear relationship, which is different from the linear relationship of the total wind 214 

damage-weighted IKE  and areaD . 215 

Furthermore, the comparison of areaD  and radiusD  for total area of each case is shown in Figure 5c. 216 

It is clear that areaD  and radiusD  have a positive correlation. areaD  is the area integral, which is 217 

more sensitive to outer weak winds, and radiusD  is the radial integral emphasizing the eye where 218 

the damage may be 100%, and the contribution of outer weak wind becomes relatively smaller. 219 

Therefore, the change of areaD  is greater than radiusD  between different formulas for D that have 220 

different weak-wind tails. For example, for areaD  the factor between the formulas changes by 221 

two, but for radiusD  it only changes by around 10-20% for the sst-29° case. From this perspective, 222 

radiusD  is more dominated by the inner hurricane region, and we conclude that radiusD  is a much 223 

better index to weight the relative damage between storms. And in Figure 5b, formula-3 seems 224 

better than other two formulas where 1% damage corresponds wind speeds around category-1 225 
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hurricane strength (~33 m/s) which seems to be more justifiable, but as mentioned the other two 226 

formulas may be more suited to less (formula-1) or more (formula-2) vulnerable structures. 227 

  228 

Figure 4. Wind damage as a function of 10WS . The scatter points represent the Hurricanes 229 

Andrew, Hugo and Opal, as shown in Figure 3 of Powell and Reinhold [2007]. And the three 230 

solid color lines represent the three new damage indicator formulas that defined in the present 231 

study. 232 
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Figure 5. Comparison of Damage areaD  (a, 10
10

 % m
2
) and  radiusD  (b, 10

3
 % m or % km) to total 236 

wind damage-weighted IKE , which is the sum: 25 40 41 54 556 30IKE IKE IKE   . The subfigures of 237 

(a) and (b) represent wind damage calculated by formula-1,2, and 3 from left to right, 238 

respectively, and the legend in (a) and (b) shows that normal number represents the sst, and the 239 

subscript number represents the domain. (c) is the comparison of the total area areaD  and radiusD  240 

for each case, and the legend in (c) shows that normal number represents the sst, and the 241 

subscript number represents the different damage indicator formulas. 242 

5 Conclusions 243 

In this study, we concluded that idealized hurricanes show different characteristics at different 244 

sea surface temperatures in six nested domains down to 62 m grid size. Four cases were 245 

conducted, with sea surface temperatures of 26°, 27°, 28°, 29°C, respectively. Some interesting 246 

phenomena were obtained. First, for both the maximum of instantaneous wind speed, time-247 

averaged wind speed and the minimum sea surface pressure, domain D6 (62m) converges to the 248 

same intensity as domain D5 (185m) showing the adequacy of 185 m grid sizes. Second, for sea 249 

surface temperature of 26°, domain D5 does not have small-scale turbulence structures, but the 250 

other three cases all have, this is also an extension of the previous work of Rotunno et al. [2009]. 251 

Another important result is that the distribution function of speed changes between sst-27° and 252 

sst-28° case, and has different shapes between the sst-26°, sst-27° cases and the sst-28°, sst-29° 253 

cases, the latter ones having a second peak, which means that some fundamental aspect of the 254 

hurricane structure changes as sea surface temperature increases. Even though sst-27° had some 255 

higher peak wind speeds than sst-28°, the latter had broader areas of strong wind leading us to 256 

consider damage potential differences between storms that are not simply determined by the 257 

traditional maximum wind measure. Finally, three new damage indicator formulas of potential 258 

damage D  and two types areaD  and radiusD  were introduced, all are useful damage indicators, 259 

while, radiusD  and formula-3 seems to be the most easily justified. 260 
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