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Abstract

:

Theoretical researches have established that the energy dynamics of a mature tropical cyclone may be idealized to be very similar to a theoretical Carnot heat engine. Assuming the dissipative heating of the atmospheric boundary layer and the net production of mechanical energy in the cyclone dominate the energy budget of the storm, the potential maximum wind speed of the cyclone can be approximated as a function of the air–sea temperature difference (Ts − T0) and specific enthalpy    (   k 0 *  − k  )    difference:      |   V  m a x    |   2  ≈    C k     C D       T s  −  T 0     T 0     (   k 0 *  − k  )   . Although this theory gives a straighforward estimate of maximum tropical cyclone intensity, studies found that few real storms achieve this theoretical maximum estimated using climatological atmospheric conditions and sea surface temperatures. The discrepancies were attributed to a lack of knowledge of the values of the drag coefficient (CD) and surface exchange coefficient for enthalpy (Ck), and on insufficient upper ocean thermal measurements under hurricanes. Recent observational and numerical studies have unearthed another possible factor for these discrepancies by showing that the energy flux into surface gravity waves under extreme wind conditions can be an order of magnitude greater than formerly believed, and thus may play an important role in the energy budget of tropical cyclones. In this study, numerical experiments are performed to investigate the effect of surface gravity waves under a range of idealized tropical cyclone winds. The wave fields are simulated using the WAVEWATCH III model. Our results demonstrate that by considering the energy flux to surface gravity waves, the potential maximum wind speed can be reduced by up to 12% and this ratio varies with the storm size, intensity, and translation speed.
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1. Introduction


Tropical cyclones, also popularly known as hurricanes or typhoons, are among the most spectacular and deadly geophysical phenomena. Both of the most lethal and the most expensive natural disasters in U.S. history were tropical cyclones [1]. The basic source of energy for tropical cyclones is heat transfer from the ocean, as first recognized by Riehl [2] and Kleischmidt [3]. The mature tropical cyclone may be idealized as a steady, axisymmetric flow whose energy cycle is very similar to that of an ideal Carnot engine [4]. Thus, like the Carnot cycle, the energy cycle of a mature tropical cyclone is one of isothermal expansion, adiabatic expansion, isothermal compression, and adiabatic compression. Hence, the upper limit of the intensity of a tropical cyclone is dictated by the balance between energy generation by surface fluxes and dissipation, and can be estimated using the temperature difference (Ts − T0) and specific enthalpy difference (   k 0 *  − k  ) between the ocean surface and troposphere [5]. Although this theory gives a straighforward estimate of tropical cyclone intensity, studies found that few real storms achieve this theoretical maximum estimated using climatological atmospheric conditions and sea surface temperatures [6]. The author attributes the discrepancies to the lack of knowledge of the values of the drag coefficient and surface exchange coefficient for enthalpy, and on insufficient upper ocean thermal measurements under hurricanes.



Direct measurements of the fluxes that produce the surface exchange coefficient, such as the drag coefficient, have been made at wind speeds as large as 25 m/s, but technical problems have so far prevented reliable estimates at higher speeds [1]. As a result, momentum transfer under extreme wind conditions has been extrapolated from these field measurements in a variety of modeling applications, including hurricane risk assessment and prediction of storm motion, intensity, waves, and storm surges. However, studies found that the intensity of simulated hurricanes is very sensitive to the details of the spray formulation, as well as to the surface gravity wave induced drag [7].



The energy flux into the surface gravity waves was formerly perceived to be negligible; however, observations and numerical studies have revealed that the energy flux into ocean surface gravity waves is an order of magnitude greater than formerly believed [8,9], especially under hurricane conditions [10,11]. In the study, we investigate the importance of the surface gravity waves on hurricane intensity using the Carnot engine theory through estimations of the percentage of energy flux into surface gravity waves relative to the net production of mechanical energy under a range of tropical cyclone categories and sizes.



The outline of this paper is as follows: modifications to the energy cycle of a mature tropical cyclone based on the ideal Carnot engine theory to include the effect of surface gravity waves are formulated in Section 2, model description and a brief outline of the experimental design are introduced in Section 3, the results are presented in Section 4, and a summary of this study and discussions are presented in Section 5.




2. The Surface Wave Factor in the Energy Cycle of a Mature Tropical Cyclone


In the ideal Carnot engine theory, both the heat input and the dissipation of kinetic energy (KE) in this cycle occur largely through air–sea transfer [4]. By including the dissipative heating in the thermodynamic energy cyclone of the storm, Bister and Emanuel [5] were able to provide a more accurate estimation of maximum wind speed for tropical cyclones. In their theory, the flux of enthalpy from the sea is quantified using bulk formulae of the form:


   F k  =  C k   ρ  a i r    | V |   (   k 0 *  − k  )   



(1)




and the vertically integrated dissipative heating of the atmospheric boundary layer can be modeled as:


   D  a i r   =  C D   ρ  a i r      | V |   3   



(2)




where V is the near-surface wind speed, ρair is the air density, k is the specific enthalpy of air near the surface,    k 0 *    is the enthalpy of the air in contact with the ocean, assumed to be saturated with water vapor at ocean temperature, and CD and Ck are the transfer coefficients of momentum and enthalpy.



Assuming the kinetic energy used to generate ocean currents and surface gravity waves is negligible, the work (mechanical energy) generated by transferring thermal energy from the hot source can be modeled as:


  P = 2 π    T s  −  T 0     T s      ∫  a b   [   F k  +  D  a i r    ]  r d r  



(3)




where Ts is the sea surface temperature, T0 is the temperature at the tropopause, and the integral is taken over the first leg of the cyclone.



The net energy dissipation is:


   D  n e t   = 2 π   ∫  a b   D  a i r   r d r  



(4)







Letting P = Dnet lead to:


  2 π    T s  −  T 0     T s      ∫  a b   [   F k  + D  ]  r d r = 2 π   ∫  a b   C D   ρ  a i r      | V |   3  r d r  



(5)







If we assume that the integrals in Equation (5) are dominated by the values of their integrands near the radius of maximum wind, the potential maximum wind speed can be expressed as:


     |   V  m a x    |   2  ≈    C k     C D       T s  −  T 0     T 0     (   k 0 *  − k  )   



(6)







Although the kinetic energy used to generate ocean currents remains negligible, recent studies based on the integration of the full surface gravity wave spectrum, however, have shown that the energy flux into ocean surface gravity waves (Dwave) is an order of magnitude greater than what people formerly believed [8,9,10]. If we assume the energy that is taken out of the atmosphere to generate ocean surface gravity waves is a portion R of the dissipative heating of the atmospheric boundary layer Dair, so that    D  w a v e   = R  D  a i r    , then total work generated and net energy dissipation become:


   P w  = 2 π    T s  −  T 0     T s      ∫  a b   [   F k  +  (  1 + R  )   D  a i r    ]  r d r  



(7)




and


   D  n e t  w  = 2 π   ∫  a b   (  1 + R  )   D  a i r   r d r  



(8)




where the superscript w indicates the term has included the effect of surface gravity wave.



Letting Pw equals to    D  n e t  w   , and follow the procedures to obtain Equation (6), we get:


     |   V  m a x  w   |   2  ≈    C k     C D       T s  −  T 0     (  1 + R  )   T 0     (   k 0 *  − k  )   



(9)







This is the new estimate of potential maximum wind speed with the effect of surface gravity waves. Its ratio to the traditional estimation without considering the surface wave effect is:


       |   V  m a x  w   |   2       |   V  m a x    |   2    =  1  1 + R    



(10)







Since we know that the wind stress  τ  can be estimated as   τ =  C D   ρ  a i r      | V |   2  =  ρ  a i r    u * 2    (in which    u *    is the friction velocity), substitute this into Equation (2) for Dair, and assume that both Dair and Dwave are dominated by the values of their integrands near the radius of maximum wind (RMW), the ratio of Dwave and Dair can be expressed as:


  R =    D  w a v e      D  a i r      |  R M W   =    D  w a v e      ρ  a i r    u * 2   |   V  m a x    |     



(11)




where Dwave can be calculated through the integration of the source function in all frequencies and directions following Fan and Hwang [11]. Equation (11) will be used to estimate R in the experiments described in Section 3.




3. Wave Model and Experimental Design


3.1. The Wave Model


The wind-wave model, WAVEWATCH III® (WWIII) version 4.18, developed and used operationally at the National Centers for Environmental Prediction (NCEP) [12] is used for this study. WWIII computes the evolution in space and time of the wave spectrum, which for the present study is discretized using 45 directions and 38 intrinsic (relative) frequencies extending from 0.02855 to 0.97 Hz, with a logarithmic increment of f(n + 1) = 1.1f(n), where f(n) is the nth frequency. The wave model is built on a latitude-longitude grid with a horizontal resolution of 1/12° degree.



Ocean wave modeling is a very useful and convenient way to obtain the spatial and temporal distribution of directional wave spectra without the limitations associated with measurements, although the model output may differ from observations because of uncertainties in wind input, model physics, and numeric. During the past 4 decades, considerable improvements have been made in predicting ocean wave directional spectra. Third-generation wave models such as WWIII have been used to study surface wave responses during tropical cyclones and the modeled wave parameters (significant wave height, mean/dominant wave length, mean/dominant wave direction) are shown to compare well with observations [13,14,15,16,17,18].



In this study, the energy flux into surface gravity waves Dwave is calculated through the integration of the model input source function in all frequencies and directions and    u *    is produced by the ST4 source package in WWIII. Thus, we can estimate R from Equation (11) for all experiments detailed in Section 3.2 below.




3.2. Experimental Design


Idealized stationary and moving tropical cyclone (TC) experiments are conducted to study the variation of the surface gravity wave effect on the potential maximum wind speed caused by the changes in the TC parameters (Table 1): stationary TC experiments set A varies the radius of maximum wind speed (RMW) from 50 km to 90 km with a fixed maximum wind speed (MWS) of 45 ms−1; in stationary TC experiments set B the MWS varies from 35 ms−1 to 55 ms−1 with a fixed RMW of 30, 70, and 90 km respectively; the effect of different TC translation speed (TSP) is investigated in experiments set C by moving the axisymmetric TC with a constant TSP of 5 ms−1 and 10 ms−1. The Holland analytical model [19] is used to prescribe the axisymmetric wind field (Figure 1) in the TC experiments with given input parameters of the MWS and RMW in Table 1 and the central and ambient pressure set to 1012 hPa and 968 hPa, respectively, for all experiments.



The WWIII model domain is set to be 10° in latitude and 10° in longitude for the stationary TC experiments, and 18° in longitude and 30° in latitude for the moving TC experiments. In all experiments, the grid increment is 1/12° in both directions and the time increment is 100 s. The water depth is set to 4000 m for the whole domain so that the surface gravity waves have no interaction with the seafloor. All results are presented after a spin-up time of 54 h, when a quasi-steady state is achieved [10]. In the case of a moving TC a quasi-steady state is achieved relative to the TC center.





4. Results


Because both the wind field and the wave field are axisymmetric (Figure 1) in all stationary TC experiments [10], the results in experiments set A and B are analyzed along one of the radii.



4.1. Variation of      V  m a x  w     V  m a x       with Radius of Maximum Wind


The variation of the ratio    V  m a x  w    to    V  m a x     with different radii of maximum wind is explored in experiment A. As shown in Figure 2a, the effect of surface gravity waves on the reduction of the potential maximum wind speed linearly increases with the radius of maximum wind speed. This is because, under a TC wind field, the effective fetch (the distance over which the spectral components in the vicinity of the spectral peak have been exposed to the wind as they propagate) increases as the RMW increases [10]. Hence, the total energy in the waves field (often represented by the significant wave height) and, therefore, the total energy flux into the wave field Dwave also increase with the increase of RMW. Since    u *    barely changes with RMW given the same maximum wind speed Vmax, R increases with RMW according to Equation (11). Thus, the ratio of    V  m a x  w    to    V  m a x     decreases with the increase of R according to Equation (10) and follows a linear regression of:


     V  m a x  w     V  m a x     = − 2 ×   10   − 4   R M W + 0.9167  



(12)








4.2. Variation of      V  m a x  w     V  m a x       with Maximum Wind Speed


The variation of the ratio    V  m a x  w    to    V  m a x     with different maximum wind speeds is explored in experiment B. Unlike in experiment A, this ratio increases with MWS indicating the effect of surface gravity waves reduces as the storm becomes stronger (Figure 2b). For MWS up to 50 m/s, a linear relationship is found between      V  m a x  w     V  m a x       and the MWS:


     V  m a x  w     V  m a x     = 7 ×   10   − 4   MWS + 0.8693  



(13)







This is consistent with Fan and Hwang [11] who investigated the kinetic energy flux budget under TCs with intensity up to category 3 on the Saffir-Simpson scale. They found that as the MWS increases, the rate of increase in the total energy flux into the wave field Dwave and    u * 2    are comparable with each other, thus the variation of R depends purely on the variation of Vmax according to Equation (11) and decreases with the increase of MWS, and hence lead to the increase of ratio    V  m a x  w    to    V  m a x     with the increase of MWS according to Equation (10).



However, the result at MWS = 55 m/s appears to be an outlier. Its different behavior was caused by the capping of roughness length z0 in the wave model based on extensive global and regional evaluations of model results. A maximum value of 1.002 is set for z0 in WWIII because it provides the best results at global scale when using ECMWF winds [12]. While    u * 2    steadily increases with the MWS at low to medium storm intensity, its magnitude ceases to increase shortly after the MWS exceeds 50 m/s (Figure 3b) due to the capping of z0. Since the wave energy spectrum computed by the wave models is from a balance between input and dissipation, the choice of friction velocity cap will influence the well-tuned wave growth behavior in the model [11], and the estimated energy flux budget will apparently respond to the change of behavior in    u * 2   . Furthermore, in the Holland TC wind model, the wind profile significantly varies with the MWS if the pressure difference and RMW is kept constant: as the MWS increases, the wind speed increases/decreases more rapidly inside/outside of the RMW (Figure 3a). The strong wind forcing becomes more localized near the RMW and thus reduces the effective fetch for wave growth. As a result of the capped    u * 2    and reduced fetch, Dwave decreased around the eyewall for the TC with MWS = 55 m/s and became even lower than the value for TC with a MWS of 50 m/s (Figure 3c). The combined effect of EFw reduction and capping of    u * 2    has resulted in a strong decrease in R and, thus, a sudden increase in      V  m a x  w     V  m a x      .



The error bars in Figure 2b shows the range of      V  m a x  w     V  m a x       between RMW of 30 km and 90 km. It suggests the effects of surface gravity waves on the storm potential intensity have the same behavior for different storm sizes with a reduction/increase of the ratio for smaller/larger storm sizes.




4.3. Moving Storm


The variation of the ratio      V  m a x  w     V  m a x       under axisymmetric moving TCs is investigated in Experiment C with the storm moving northward at a constant speed of 5 and 10 m/s.



Due to the resonance effect caused by the movement of the TC, the surface waves are higher and longer in the front-right quadrant of the storm track and lower and shorter in the rear-left quadrant. Since the wave field becomes asymmetric under moving TCs, we expect the effect of surface gravity waves on TC potential intensity to be different at different locations around the eyewall. Thus, the model results are analyzed around the eyewall at every 5 degrees anticlockwise from the east (i.e., 90° is to the north of the storm center) in Figure 4. The potential intensity of the storm is reduced the most in the front quadrant with the ratio      V  m a x  w     V  m a x       becoming as low as 0.875 in the faster moving storm. In the left quadrant of the storm, however, this ratio is higher than that in the stationary TC (dashed black line in Figure 4), and the faster the storm moves, the higher the ratio is. This is because when the translation speed of the storm increases, the wave height and length differences between the front-right and rear-left quadrants increase too. When the translation speed of the storm approaches or exceeds the group velocity of the dominant waves (between 8 and 10 m/s), the waves in the front-right quadrant of the TC become ‘‘trapped’’ within the TC and thus produce the ultimate resonance effect. Although the analysis is presented here at every 5 degrees around the eyewall, most TCs in the real word have their maximum wind located in the right front quadrant of the storm, thus, we would expect a reduction in potential intensity (potential maximum wind speed) of 10 to 12% because of the effect of surface gravity waves on moving storms.





5. Summary and Discussions


In this study, numerical experiments are performed to investigate the effect of surface gravity waves on the reduction of potential intensity under a range of idealized tropical cyclone winds. The wave fields are simulated using the WAVEWATCH III (WWIII) model. Our results have demonstrated that by considering the energy flux to surface gravity waves, the theoretical potential maximum wind speed can be reduced by up to 12%, and this ratio varies with the storm size, intensity, and translation speed.



There are many limitations to this study. First, since the wave energy spectrum computed by the wave models is from a balance between input and dissipation, the estimated total energy flux into the wave field Dwave and the friction velocity    u *    both depend on the source and dissipation functions chosen for the model simulations. There are several source functions implemented in WWIII. The most used ones for wave simulations under tropical cyclone (TC) forcing are ST3 [20,21,22], ST4 [23], and ST6 [24,25,26]. Liu et al. [27] evaluated the performance of these source function packages through intensive comparisons with satellite altimeter measurements, scanning radar altimeter measurements, and buoy observations during hurricane Ivan in 2004. The ST4 (used for the analysis in this study) and ST6 packages show similar skills in wave simulations and have both implement mechanisms to reduce drag coefficient, and thus    u *    at high winds following field and laboratory observations [28,29,30,31,32]. ST4 is adapted from Janssen [21] and Bidlot et al. [20,33] with a reduction of    u *    (hence, drag coefficient CD) implemented by reducing the wind input for high frequencies and high winds and allowing a balance with a saturation-based dissipation. ST6 is developed based on Donelan et al. [34] with constraints on the wind input from air-flow separation, wave steepness, and wave breaking. Fan and Hwang [11] found that while the energy budget shows the same behavior between model results using the two source packages, the friction velocity calculated by the ST6 package is much lower than that calculated by the ST4 package at high winds. Thus, we would expect a larger R (Equation (11)) and hence a stronger reduction in potential maximum wind speed if ST6 is used for the analysis.



Second, the current study is limited to deep water only so that the waves will have no interaction with the bottom, which greatly simplified our budget calculation, but our findings may not apply to shallow and intermediate water depths when bottom friction become an important player in dissipation.



Finally, all calculations are performed using the stand-alone WWIII model. To clarify the physical processes, the condition is simplified such that the wind is not allowed to vary based on the sea state and no ocean currents are considered. However, evolving wind and current fields in realistic weather may result in significant differences in the energy fluxes between the atmosphere and the surface gravity wave field and, hence, affect the estimation on the relative importance of surface waves on the potential intensity estimation.
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Figure 1. (left) Wind field in experiment A with RMW = 70 km. The arrows indicate wind speed vector, the color scales indicate wind speed magnitude (ms −1), and the contours are given at every 5 ms −1. (right) Wave field under the stationary TC: the arrows indicate dominant wave direction, the color scales indicate significant wave height (m), and the contours are given at every 2 m. The dashed white line in both figures give the location of RMW. 
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Figure 2. The ratio of    V  m a x  w    to    V  m a x     (a) at different radius of maximum wind (red square) in experiment A, and (b) at different maximum wind speed and radius of maximum wind speed in experiment B with the red squares representing the ratios for TCs with a radius of maximum wind of 70 km. The upper and lower limits of the error bar in (b) indicate the ratio values for TCs with a radius of maximum wind of 90 and 30 km, respectively. In both figures, the black lines give the linear regression of the ratios. 
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Figure 3. (a) Wind profile, (b) friction velocity squared    u * 2   , and (c) total energy flux into the wave field Dwave vs. normalized distance from the center in Experiment B with RMW = 70 km. 
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Figure 4. The ratio of    V  m a x  w    to    V  m a x     at every 5 degrees around the eyewall anti-clockwise from the east. The blue and red lines represent results from experiment C with TC translation speed of 5 and 10 m/s. The dashed black line gives results from experiment A with RMW = 70 km. 
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Table 1. Experimental designs of the TC experiments. Here, TSP, MWS, and RMW denote translation speed, maximum wind speed, and radius of maximum winds of the TC, respectively.
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	Experiment
	TSP (ms−1)
	MWS (ms−1)
	RMW (km)





	A
	0
	45
	30, 40, 50, 60, 70, 80, 90



	B
	0
	35, 40, 45, 50, 55
	30



	
	0
	35, 40, 45, 50, 55
	70



	
	0
	35, 40, 45, 50, 55
	90



	C
	5, 10
	45
	70
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
0.9 \‘\.\'\'\'\i\;\

0.85

20 40 60 80 100
Radius of Maximum Wind (km)

0.9

0.85

IS

30 40 50 60

Maximum Wind Speed (m/s)





nav.xhtml


  atmosphere-13-00279


  
    		
      atmosphere-13-00279
    


  




  





media/file2.png
30

opNieET

o o
& &

[T
o

10

apnyeT

Longitude

Longitude





media/file5.jpg
2

®v

05 ] 15
Distance flom Center/ RMW.

05 1 15
Distance from Center / RMW.

©o,

100

0

o

»

o

05 ] 15
Distance from Center  RMW.





media/file3.jpg
o

85
20 4 6 80
Radius of Maximum Wind (km)

100

085,

20

40 50 60
Maximum Wind Speed (mis)





media/file1.jpg





media/file7.jpg
0.95

—TSP =5m/s
—TSP = 10m/s
- - - Stationary

0'850 50 100 150 200 250 300 350

Angle Anti-clockwise From East (°)






media/file0.png





media/file8.png
0.95

0.85

— TSP =5m/s
— TSP =10m/s
- - -Stationary

50

100 150 200 250 300

Angle Anti—clockwise From East (°)

350





media/file6.png
(a) Wind Speed

2

(b) u

10

0.5 1 1.5
Distance from Center / RMW

A

Los

0.5 1 1.5
Distance from Center / RMW

wave

(c) D

100

80

60

40

20

< N
A N
v &

%

% @

£t &

> o

05 1 1.5
Distance from Center / RMW

——MWS =35 m/s

—4A—MWS =40 m/s

—=— MWS =45 m/s

—— MWS = 50 m/s

——MWS =55 m/s






