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Abstract:



More than three decades of observations of tropical cyclone wind and wave fields have resulted in a detailed understanding of wave-growth dynamics, although details of the physics are still lacking. These observations are presented in a consistent manner, which provides the basis to be able to characterize the full wave spectrum in a parametric form throughout tropical cyclones. The data clearly shows that an extended fetch model can be used to represent the maximum significant wave height in such storms. The shape stabilizing influence of nonlinear interactions means that the spectral shape is remarkably similar to fetch-limited cases. As such, the tropical cyclone spectrum can also be described by using well-known parametric models. A detailed process is described to parameterize the wave spectrum at any point in a tropical cyclone.
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1. Introduction


Tropical cyclones, hurricanes, or typhoons represent the major meteorological forcing events in many tropical and sub-tropical regions. The intense winds generated by the spatially compact and well-formed vortex structures of such systems generate large and potentially destructive ocean surface waves. As the wind field varies rapidly in space and time (in both magnitude and direction) in such systems, it would initially seem that understanding the resulting wave fields would be a daunting task. It is true that such systems do represent a challenging test of our understanding of the physical processes that are active. The fact that the tropical cyclone wind field vortex can be parameterized in a relatively simple form has, however, led to a range of studies that have attempted to describe the wave field in a similarly parametric form.



Over a period of more than 20 years, a range of studies have investigated the tropical cyclone wave field using in situ buoy data, numerical model studies, and satellite and aircraft-based remote sensing systems. The number and scope of these studies means that they have not only investigated the spatial distributions of waves in tropical cyclones, but how these distributions change as the parameters describing the tropical cyclone wind field change. In addition, our understanding of the central role that nonlinear interactions play in determining the shape of the ocean wave spectrum has advanced significantly over this period. As a result, it is possible to form a consistent description of, not only the spatial distribution of integral parameters such as significant wave height and the peak wave period in tropical cyclones, but also the full directional spectrum.



This review paper aims to bring together this broad range of studies and develop a consistent parametric description of the wave field in tropical cyclones, as well as outline the physical processes responsible for the observed spectral evolution. It will also indicate the gaps in our understanding of the wave fields generated by these intense meteorological systems.



The arrangement of the paper is as follows. The structure of the tropical cyclone wind field is described in Section 2, followed by a review of the many studies aimed at determining the spatial distribution of tropical cyclone waves in Section 3. The structure of the one-dimensional spectrum is discussed in Section 4, followed by the directional distribution of wave energy in Section 5. The physical processes responsible for the observed structure of tropical cyclone wave spectra is discussed in Section 6, together with how these have been implemented in modern spectral wave models. Finally, discussion and conclusions are presented in Section 7.




2. Tropical Cyclone Wind Field


Although the spatial distribution of individual tropical cyclones varies, numerous studies [1,2,3,4,5,6,7,8,9] have represented the mature tropical cyclone wind field as a translating vortex. Although there are differences between these forms, a commonly used model is that of Holland [1].


[image: ]
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where [image: ] is the gradient wind speed (outside the atmospheric boundary layer) defined at a radius [image: ] from the centre of the storm. The Coriolis parameter is represented by [image: ], [image: ] is the air density, [image: ] is the central pressure, and [image: ] is the ambient atmospheric pressure far from the storm. The parameters [image: ] and [image: ] can be related in terms of the radius to maximum winds, [image: ] as
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The dimensionless parameter, [image: ] defines the shape of the wind field vortex. Rather than the wind direction rotating around the centre of the vortex in a circular manner, it typically spirals in towards the centre of the storm. Following Shea and Gray [10], it can be assumed that the inflow angle is approximately 25°. Observations [1,11] indicate that the wind field structure is asymmetric, with stronger winds to the right (Northern hemisphere) of the storm propagation direction (note that for the remainder of the paper, it is assumed that Northern Hemisphere storms are considered). Although the degree of asymmetry varies between storms, to first order, this can be represented by adding the vector speed of forward movement ([image: ]) to the vortex wind speed (i.e., increases the winds on the right of the storm and decreases them on the left).



Although the Holland wind field model (1) has been extensively used in many wind and wave studies, it has the limitation that it is, by definition, a vortex not embedded in any background flow. As a result, at large values of [image: ], the model tends to underestimate observed winds. Thompson and Cardone [12] found that the performance of the Holland model at large [image: ] could be improved by the addition of a second outer vortex of the same form as in model (1). The aim here is not to create a second tropical cyclone eye or eye wall. Rather, there is a primary vortex with radius [image: ] and parameters [image: ] and [image: ] which largely defines the vortex and then a second larger vortex with radius [image: ] and parameters [image: ] and [image: ]. Typically, [image: ] and the central pressure is [image: ]. The second vortex acts to slow the rate of decay of the wind speed at large values of [image: ]. McConochie et al. [13] demonstrated an improvement in outer scale wind fields using this double Holland vortex approach. Of course, the disadvantage of this approach is the requirement to determine additional wind field parameters, which is often problematic.



Figure 1 shows examples of the wind fields created using both a single and double Holland vortex. The parameters used are: [image: ], [image: ], [image: ], [image: ] and [image: ] and [image: ], [image: ], [image: ], [image: ], [image: ] and [image: ]. As can be seen in the Figure, the addition of the second vortex has the desired impact of broadening the vortex (enhancing large radius winds), whilst maintaining a realistic tropical cyclone vortex.


Figure 1. Tropical cyclone wind fields. (a) Left panel—calculated with a single Holland vortex (1) and parameters, [image: ], [image: ], [image: ], [image: ] and [image: ] (b) Right panel—calculated with a double Holland vortex and parameters, [image: ], [image: ], [image: ], [image: ], [image: ] and [image: ].
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In order to calculate wind fields at a standard reference height of 10 m, [image: ], the gradient wind speed, [image: ] needs to be corrected assuming a boundary layer profile and a surface roughness [1]. The structure of the atmospheric boundary layer is an area of very significant research and sophisticated approaches are generally beyond the application of most tropical cyclone wave modelling. Rather, the wind speed is generally corrected using a constant factor in the range [image: ]0.7 to 0.8 (i.e., [image: ]) [14].



Further, some care needs to be exercised in the interpretation of the averaging period for the wind speed produced by such a model. The wave modelling community is typically not precise in the definition of the wind speed, [image: ] which is used in wave prediction. However, as such wind speeds usually come from buoy or satellite data, it is typically a 10 min mean. Holland [1] also specifies a 10 min mean in the development of the model (1). However, it is not uncommon in the tropical cyclone community, particularly in the United States, to use a maximum sustained wind (1 min mean), [image: ], where the subscript refers to the reference height (10 m) and the superscript, the averaging period (1 min).



The respective values of wind velocity can be related by the specification of a gust factor [15,16].


[image: ]
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A range of values have been proposed for [image: ], with a good summary provided by Liu et al. [17]. Powell et al. [15] and Powell and Houston [15] recommended [image: ], which has been used in wave modelling applications by Tolman et al. [18] and Ardhuin et al. [19]. Harper [20] identifies a similar value, [image: ].




3. Spatial Distribution of Significant Wave Height


The earliest attempts to parameterize the tropical cyclone wave field assumed it would essentially mirror the wind field [21,22,23,24]. However, increasingly, data from in situ measurements [25,26,27,28,29,30,31], remote sensing [32,33,34,35,36,37,38,39,40], and numerical modelling [17,41,42,43,44] demonstrated a more complex spatial distribution of waves.



A key advance in our understanding of wind-wave generation in tropical cyclones and the resulting spatial distribution of wave energy was made by King and Shemdin [33]. Based on aircraft-based SAR measurements, they proposed the concept of an “extended” or “trapped” fetch within tropical cyclones. An examination of Figure 1 shows that to the right of the storm centre, the wind direction approximately aligns with the direction of propagation of the storm. As a result, in this region, it could be expected that the waves would propagate forward with the storm and hence remain within the intense wind regions of the storm for an extended period. Thus, they would be subjected to an “extended” fetch, also sometimes known as a “cumulative” fetch. Such waves are sometimes referred to as “fetch-trapped” waves. If the speed of propagation of the waves (group velocity, [image: ]) is approximately equal to the velocity of the forward movement of the storm ([image: ]), the waves would remained “locked” to the tropical cyclone and an infinite or “trapped” fetch [45] would result (i.e., for the condition [image: ]).



The concept of an extended fetch has other implications, namely that if an extended fetch exists to the right of the storm, the opposite must occur on the left of the storm. Here, the wind direction and the direction of propagation of the storm are opposed and the waves would remain in the strong wind regions for only a short period of time. This means that it could be expected that the degree of asymmetry of the wave field would be greater than the wind field. In addition, as waves propagate once generated, it could also be expected that the spatial extent of the wave field would be greater than the wind field. These two conclusions explain why the spatial distribution of waves within a tropical cyclone does not mirror the wind field, as originally assumed [21,22,23,24]. Figure 2 shows a diagram of the concept of such an extended fetch within a tropical cyclone wind field.


Figure 2. Schematic diagram showing the generation of waves within a translating northern hemisphere tropical cyclone. The tropical cyclone shown is translating ‘‘up the page’’, as shown by the arrow at the centre of the storm. The wave field is characterized by (i) swell ahead of the storm, radiating out from the intense wind region to the right of the storm centre, and (ii) significant asymmetry caused by the higher winds and extended translating fetch to the right of the storm centre.
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3.1. Energy-Peak Frequency Relationship


A “fetch”, however, is traditionally defined as the distance from shore over which a uniform uni-directional wind blows [46]. As such, the applicability of such a concept in a spatially and temporally variable tropical cyclone wind field is not obvious. Young [30,31] presented data from approximately 26 tropical cyclones measured on the North-West coast of Australia. Following the approaches commonly used in fetch-limited studies (e.g., [46,47]), they presented the data in non-dimensional form, [image: ] and [image: ], where [image: ] and [image: ] is the total energy of the waves, [image: ] is the frequency spectrum of the waves, [image: ] is the significant wave height, [image: ] is the spectral peak frequency, and [image: ] is gravitational acceleration. Figure 3 shows non-dimensional energy, [image: ] as a function of non-dimensional frequency, [image: ]. Also shown is the relationship develop by Donelan et al. [47] for fetch-limited growth


[image: ]



(4)






Figure 3. Values of the non-dimensional energy, [image: ] as a function of non-dimensional peak frequency, [image: ]. The buoy data of Young [30,31] are shown by the solid dots and the aircraft based Hurricane Hunter data [48,49,50,51] by the open squares. The vertical line makes the commonly adopted division between swell (left of line) and wind-sea (right of line).
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Data from Young [30,31] are shown by the solid dots and that from the Hurricane Hunter missions [48,49,50,51] by the open squares. Relationship (4), as proposed by Donelan et al. [47] for fetch-limited uni-directional winds is shown by the line through the data. The vertical line drawn at [image: ] = 0.13 is the commonly adopted demarcation between swell and wind-sea.



The agreement between the fetch-limited relationship (4) and the tropical cyclone data is remarkable, considering the totally different wind fields involved (unidirectional vs tropical cyclone vortex). In a recent set of papers [48,49,50,51], the Scanning Radar Altimeter data of the Hurricane Hunter missions [39,52,53,54] was reanalyzed. Although this data covers only four missions, it gives a unique spatial view of the directional wave spectrum in typical northern hemisphere tropical cyclones. This data is also plotted in Figure 3 and is in excellent agreement with both the data of Young [30,31] and relationship (4). Recent analysis of Gulf of Mexico in situ data [55] confirm this same scaling within North American hurricanes.



In addition to the relationship between non-dimensional energy and non-dimensional frequency being almost identical in tropical cyclone and fetch-limited conditions, the data of Young [30,31] and Hu and Chen [55] also show that the detailed shape of the one-dimensional frequency spectrum is also the same. This is discussed in detail in Section 6, where it is also proposed that the reason for this remarkable degree of similarity is because nonlinear interactions control the shape of the spectrum in both cases. This dominant role played by nonlinear processes means that JONSWAP-type scaling can be used to describe the wave field in tropical cyclones.




3.2. Defining the Equivalent “Fetch” in a Tropical Cyclone


Although relationship (4) is a useful relationship, it does not, by itself, allow the determination of either [image: ] or [image: ] for a given tropical cyclone, just the relationship between these two quantities. Noting the applicability of fetch-limited scaling, the requirement is to define the equivalent fetch for typical tropical cyclones. Using a series of numerical model runs, Young [43] showed that the equivalent fetch is a function of the velocity of the forward movement of the storm, [image: ] and the maximum wind velocity in the storm, [image: ]. He parameterized the equivalent fetch, [image: ] by the relationship


[image: ]



(5)




where [image: ], [image: ], [image: ], [image: ], [image: ] and [image: ]. The term [image: ] is a scaling factor that Young [43] set to one. The term [image: ] is a normalization factor, which can be related to the radius to maximum winds, [image: ] by the non-linear relationship


[image: ]



(6)




In relationships (5) and (6) all of the terms are in standard S.I. units (i.e., [image: ], [image: ]-[[image: ]]; [image: ]-[[image: ]]). Figure 4a shows contours of [image: ] as a function of [image: ] and [image: ] calculated from relationship (5).


Figure 4. The tropical cyclone effective fetch. Contours are of [image: ]. The results shown are for (a) top—Young [30], (b) middle—Young and Burchell [38] and (c) bottom—Young and Vinoth [56].
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For a given value of [image: ], Figure 4a shows that as [image: ] increases, [image: ] increases until it reaches a maximum. For larger values of [image: ], [image: ] then decreases. The maximum value of [image: ] defines the value of [image: ] for which the waves will stay in the maximum wind region for the longest period for the given [image: ]. If the storm moves more slowly (i.e., [image: ] decreases), then the group velocity of the waves will be such that they outrun the storm (i.e., move faster than [image: ]) and the equivalent fetch decreases. Conversely, if the storm moves more rapidly (i.e., [image: ] increases), then the group velocity of the waves will be such that they are left behind by the storm (i.e., move slower than [image: ]) and again the equivalent fetch decreases. As the intensity of the storm increases, (i.e., [image: ] increases), one would expect the tropical cyclone to generate larger waves, which would have a lower peak frequency, [image: ]. That is, the group velocity of the largest waves will increase. As a result, the “ridge” in Figure 4a slopes upwards to the right. That is, as the storm intensifies, it must propagate more quickly to reach the optimal speed to generate the largest waves. Although (5) is an empirical relationship, it captures the inter-related role that [image: ] and [image: ] play in defining the equivalent fetch, [image: ]. The empirical nature of relationship (5) means that it is applicable only over the parameter space for which it was developed [[image: ], [image: ]].



As noted above, the “equivalent fetch” concept is introduced to allow JONSWAP scaling to be applied in such situations. A true fetch, as defined for fetch-limited growth, does not exist in the complex vortex of a tropical cyclone. Rather, the concept captures the fact that the translating vortex of the tropical cyclone means that waves can move forward with the storm and thus remain in the intense wind regions for an extended period of time. This, in effect, is similar to winds blowing over a longer fetch in more simplified wind field conditions.



With the equivalent fetch defined, Young [43] used the JONSWAP relationship [46] to determine the maximum significant wave height within the storm, [image: ].




[image: ]
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With the maximum significant wave height defined, Young [43] presented a series of non-dimensional ([image: ]) diagrams for a range of values of [image: ], [image: ]. These diagrams were generated from the numerical model runs used in the study. Figure 5 shows both the wind field and the resulting wave field, both non-dimensionalized in terms of their respective maximum values. The four cases shown all have a maximum wind speed of [image: ] but with an increasing velocity of forward movement: (a) [image: ], (b) [image: ], (c) [image: ], (d) [image: ]. As noted above, the wave field does not follow the same distribution as the winds. As the velocity of forward movement increases, the contours of significant wave height tend to be swept back behind the storm centre. This occurs because the tropical cyclone propagates faster than the group velocity of the waves it generates. As a result, these waves cannot keep pace with the storm. In Figure 5a,b, the spatial extent of the wave field is clearly larger than the wind field (i.e., [image: ] decays more slowly than [image: ]. This is because the waves can propagate ahead of the slowly moving storm and fill the full domain. At higher values of [image: ], (Figure 5c,d), the waves are largely locally generated as they cannot outrun the storm and the decay rate of [image: ] is very similar to [image: ].


Figure 5. Tropical cyclone wind fields (left) and wave fields (right). The wind is calculated from the Holland vortex [1] and the waves from the results of Young [43]. The contours show normalized wind speed [image: ] (left) and normalized wave height [image: ] (right). Each of the panels (aߝd) are for a different combination of [image: ] and [image: ], as marked.
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The Young [43] parametric model has been successfully adopted in many engineering studies. This success is largely due to the fact that the model captures the important physics of tropical cyclone wind-wave generation. That is, the dominance of the nonlinear terms as represented by the JONSWAP scaling and the extended fetch, which is a function of [image: ] and [image: ]. The Young [43] parametric model does, however, have two significant limitations. The first of these is that the numerical model used to generate the data utilized a 2nd generation spectral model, typical of its time [42]. The second is that the wind field used to force the model was a single vortex Holland [1] form model (1). As noted above, this means that the wind field and the resulting wave field probably decay more rapidly than for typical tropical cyclones embedded in a background flow. As a result, the Young [43] parametric model is probably only applicable relatively close to the centre of the storm (i.e., less than 4[image: ] from the centre).



In an attempt to address these limitations, satellite altimeter data was used to modify the fetch relationship (5). Young and Burchell [38] considered GEOSAT data from approximately 100 tropical cyclones and concluded there was a systematic bias in the equivalent fetch, [image: ] determined by Equation (5) and proposed [image: ] take the form


[image: ]



(8)




In a subsequent study, Young and Vinoth [56] used the satellite altimeter database of Zieger et al. [57] to identify more than 400 satellite transects across tropical cyclones. As a result of this extended data, they modified the coefficients in relationship (5) to: [image: ], [image: ], [image: ], [image: ], [image: ] and [image: ], with the scale factor [image: ]. Figure 4b,c show the modified equivalent fetch relationships proposed by Young and Burchell [38] and Young and Vinoth [56], respectively. These relations maintain the “ridge” structure in the diagrams, which defines the extended fetch resonance condition but moved the position of this condition to larger values of [image: ]. Although these subsequent studies modified the fetch relationship that determines [image: ], the spatial distributions of [image: ] were left unchanged from that predicted by the 2nd generation spectral model [42].




3.3. Wind Field Curvature


Alves et al. [58] undertook a preliminary analysis to address the limitation posed by the use of a 2nd generation spectral wave model to generate the data used to develop the Young [43] parametric model. They undertook an analysis using the 3rd Generation WAVEWATCH III model [59] and a moving tropical cyclone grid. They proposed that the radius to maximum winds, [image: ], be included as an additional parameter in defining the functional form of the equivalent fetch, along with [image: ] and [image: ] in the generalized JONSWAP form based on [46]. This contrasts with the approach proposed by Young [43] where [image: ] was included as a scaling parameter through relationship (6). The argument for such an inclusion is that the wind field curvature will affect the effective fetch. That is, if [image: ] is small, then the wind field curvature is large and this will result in a smaller equivalent fetch (waves propagate in straight lines). The approach of using an enhanced spectral wave model and investigating more fully the role of wind field curvature certainly represents an advance in such parametric approaches. The encouraging results reported by [58] indicates such developments need further research.



More recently, Hwang [48] and Hwang and Walsh [49] have proposed quite a different approach to defining the tropical cyclone wave field. As noted earlier, their data comes from a small number of North American tropical cyclones. As shown in Figure 3, this data is consistent with fetch-limited results. Rather than adopting one of the fetch-limited results, such as Equation (4), Hwang and Wang [60] found a best-fit result for their data of




[image: ]
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Noting this scaling, they proposed a “circular racetrack” model for the determination of the fetch for any location. Essentially, they noted that the circular path traced out by the wind increases with [image: ], and hence the effective fetch should also increase with [image: ]. Based on their data, the relationship appeared to vary depending on the relative location of interest. They divided the wave field into three sectors: left (0° to 135°), back (135° to 225°) and right (225° to 360°). These angles are measured anti-clockwise from the direction of propagation of the storm (0°). Relationships for the effective fetch, [image: ] for each sector were defined as


[image: ]



(10)




Note that [image: ] and [image: ] have units of [[image: ]] in Equation (10).



Substituting Equation (10) into Equation (9), a relationship for [image: ] at any location in the wave field can be derived as


[image: ]



(11)




where [image: ] has units of [[image: ]] and [image: ] has units of [[image: ]]. Figure 6 show contours of normalized wave height ([image: ]) for the same cases, as shown in Figure 5. The piecewise angular discontinuities are obvious and the distributions are clearly quite different to those of the extended fetch model of Figure 5. It is, however, clear that these relations do result in shorter fetches in the rear sector as compared to the other sectors. This is consistent with the notion of an extended fetch. That is, waves generated to the right of the storm can move forward with the storm and that energy from this region will appear in both the left and right sectors. It should also be noted that relationships (10) cannot be directly compared to relationship (5). In the case of the relationships (10), the fetch is related to [image: ] at any location, whereas relationship (5) relates to [image: ], [image: ] at any location then being determined from the spatial distribution diagrams, as in Figure 5.


Figure 6. Tropical cyclone wave fields, calculated from the model of Hwang [48] and Hwang and Walsh [49]. Contours are of [image: ]. Each of the panels (a) to (d) is for a different combination of [image: ] and [image: ], as marked.
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Although the Hwang [48] and Hwang and Walsh [49] data represents a valuable dataset, it comes from only a very limited number of tropical cyclones with a very limited parameter range. As such, the relationships (10) may not be generally applicable. As the relationships ignore the well-established concepts of an extended fetch, it may be argued that they fail to capture the important generation physics to be applicable across a wide parameter range.





4. One-Dimensional Spectrum


In situ (wave buoy) measurements of one-dimensional spectra within tropical cyclones (e.g., [26,28,29,52,61,62,63,64,65,66,67]) consistently indicate that one-dimensional wave spectra measured relatively close to the storm centre (i.e., within [image: ] of the centre) are unimodal. Noting this, and the fetch-limited type scaling indicated by Equation (4), Young [30,31] proposed the generalized JONSWAP form


[image: ]



(12)




where [image: ] is the frequency spectrum (units [[image: ]]), [image: ] is a scale parameter, [image: ] is the spectral peak frequency, [image: ] is a spectral peak enhancement factor, and [image: ] is a spectral width parameter. The parameter [image: ] represents the slope of the high frequency face of the spectrum. For a value of [image: ], Equation (12) reverts to the standard JONSWAP form [46], and for [image: ] to the form proposed by Toba [68] and Donelan et al. [47].



Young [30,31] fitted Equation (12) to their measured tropical cyclone one-dimensional spectra and determined the spectral parameters ([image: ], [image: ], [image: ], [image: ]) as a function of the inverse wave age [image: ], where [image: ], is the phase speed of waves at the spectral peak frequency. The data for each of these parameters is shown in Figure 7. They found no clear trends for [image: ] or [image: ] as a function of [image: ] (Figure 7a,b) as found for fetch-limited data [47]. The mean values in each case, [image: ] and [image: ] were, however, consistent with the fetch-limited data of Donelan et al. [47]. Noting the scatter, Young [31] recommended adopting the integer value [image: ]. The Donelan et al. [47] relationships for [image: ] (Figure 7c) and [image: ] (Figure 7d) are in good agreement with the tropical cyclone data.


[image: ]
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Figure 7. Spectral parameters for the one-dimensional form (12) as determined by Young [31]. (a) top left—spectral decay, [image: ], with [image: ] shown, (b) top right—spectral width, [image: ], (c) bottom left—scale parameter, [image: ], with relationship (13), (d) bottom right—peak enhancement, [image: ], with relationship (14).
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Equations (13), (14) and (4), together with the mean values for [image: ] and [image: ] completely define the one-dimensional spectrum within about [image: ] of the centre of the storm. Beyond this, the one-dimensional spectra tend to become bi-modal, with a distinct separate swell peak.




5. Directional Distribution of Waves


The original aircraft remote sensing data of King and Shemdin [33] indicated that the waves tended to radiate out from the intense wind regions to the right of the storm centre (Figure 2). This result has subsequently been verified by aircraft-based scanning radar altimeter data [48,49,50,51,52]. As noted in the above discussion of the extended fetch, this situation would likely not occur for very fast moving storms, where the group velocity of waves generated in this strong wind region would not be able to “outrun” the storm. Note that for [image: ], a typical value for tropical cyclone waves, the group velocity is [image: ], and hence the velocity of forward movement would need to exceed this value, for waves radiating out from the centre of the storm to not dominate the forward quadrants of the storm. As [image: ] is quite a high value, for most tropical cyclones, areas ahead of storm are dominated by these radiating waves.



Young [31] put together a composite directional data set from each of the tropical cyclones in his in situ database to develop an understanding of this distribution. Figure 8 shows the mean direction of propagation of waves from this dataset. The similarity between this distribution and the conceptual diagram in Figure 2 is quite remarkable.


Figure 8. A composite of all of the data considered by Young [31] showing the mean values of the dominant wave direction in squares of size 1R × 1R. Areas with no vectors shown correspond to squares where there were insufficient measurements to form a reliable estimate of dominant wave direction. The tropical cyclone centre is shown by the open circle at co-ordinates (0, 0). The system is shown for the Northern Hemisphere (i.e., anti-clockwise circulation).
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Examples of both the directional spectrum and the directionally integrated one-dimensional form for each of the quadrants in Figure 8 are shown in Figure 9. This figure shows examples of the directional spreading function, Equation (15) for each quadrant of a tropical cyclone [31]. For each quadrant, the panel to the left shows the contoured directional spectrum. The vertical dashed line shows the dominant wave direction and the vertical solid line the local wind direction. One-dimensional frequency spectra are shown to the right. The panels to the extreme right show the corresponding position of the measurement in the quadrant under consideration (small solid dot). The dominant wave direction is shown by the dashed arrow and the local wind direction by the solid arrow. The open circle below the cross shows the estimated position of the centre of the tropical cyclone at the time when the dominant waves at the measurement location were generated. The large solid circle to the right of this point shows the approximate region in which these dominant waves were generated. These generation locations were estimated by ray tracing backwards in time from the measured location with the wave direction to a point where the wind direction would have aligned with the measured wave direction. The system is shown for the Northern Hemisphere (i.e., anti-clockwise circulation).


Figure 9. Examples of the directional spreading function, Equation (15) for each quadrant of a tropical cyclone [31] ((a) Forward left quadrant, (b) Forward right quadrant, (c) Rear right quadrant, (d) Rear left quadrant). The panels to the left shows the directional spreading function and the central panels the corresponding one-dimensional spectrum. The panels on the right show the measurement location (solid dot), the tropical cyclone position (cross), the wave direction (dashed arrow), the local wind direction (solid arrow), and the likely position where the measured waves were generated (large solid dot).
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This diagram shows that, although the one-dimensional spectra are uni-modal, and are very similar to fetch-limited forms, the directional spectra are typically directionally skewed. The high frequency waves align with the local wind direction but the waves at the spectral peak are clearly generated elsewhere (the high wind region to the right of the storm centre). The scanning radar altimeter data presented by Hwang et al. [51] provide an ideal approach to the analysis of the spatial distribution of these directional relationships, and their data again confirm the fact that the forward quadrants of tropical cyclones are dominated by waves radiating out from the intense wind regions to the right of the storm centre. These directional measurements provide a very compelling corroboration of the concept of an “extended fetch” within tropical cyclones. That is, although the high frequency waves may be locally generated, the dominant waves are the result of a complex interplay between the translating storm and the propagation speed of the waves.



Noting that one-dimensional tropical cyclone spectra conformed to fetch-limited relationships, Young [31] investigated whether the directional spectrum could also be parameterized in a similar manner to fetch-limited data. He adopted the model of Longuet-Higgins et al. [69]


[image: ]



(15)




where [image: ] is the directional frequency spectrum, [image: ] is the direction at frequency, [image: ] and [image: ] is the mean wave direction at that same frequency. The normalization factor, [image: ], ensures the total energy of the one-dimensional and the directional spectra are the same. The exponent, [image: ], determines the spectral width at frequency, [image: ], with large values of [image: ] indicating narrow spreading.



As is clear in Figure 9, the directional distribution is narrowest at the spectra peak, and increases in width both above and below the peak. Young [31] parameterized the data as


[image: ]



(16)







The determination of directional spreading from buoy data with a limited number of degrees of freedom (i.e., pitch, roll, heave sensors) is, however, not precise [70], and Young [31] noted that the spectral form could be equally well modelled by the forms proposed by Donelan et al. [47] or Babanin and Soloviev [71].




6. Physical Processes Active in Tropical Cyclone Wave Generation


The consensus position on wind wave generation [44] is that wind wave evolution is the result of three main processes: wind input, nonlinear interaction, and dissipation. The observations outlined previously confirm this balance. Importantly, the relationships developed above are not merely parametric fits to observed data, they capture the physics active in tropical cyclones.



The extended fetch model, recognizes that in a wind field which can be represented by a translating vortex, the relative speed of translation of the storm compared to the speed of propagation of the waves generated, will be critical. If the speed of propagation of the waves is approximately equal to the velocity of forward movement of the storm, a near-resonant condition can develop and large waves result. As pointed out by Young [43], the nonlinear processes always cause a gradual migration of the spectra peak to lower frequencies (i.e., faster speed of wave propagation). Therefore, the waves will never become fully “locked” to the speed of propagation of the storm. Rather, they will always tend to downshift in frequency and outrun the storm, except for very fast moving storm systems.



Importantly, the extended fetch models, which rely on the JONSWAP scaling Equation (7), only attempt to predict [image: ], rather than values of [image: ] throughout the wave field. In the intense wind regions of the tropical cyclone, where [image: ] occurs, there is little swell and the spectrum can be truly described as wind sea [43,55]. Thus, Equation (7), with the equivalent fetch described by Equation (5), yields reasonable results [56]. For the spatial distribution of [image: ] it appears that non-dimensional distributions obtained from numerical models need to be used, as shown in the examples of Figure 5.



The fact that the one-dimensional spectra are very similar to fetch-limited forms is believed to be a result of the shape-stabilizing influence of the nonlinear terms [72]. These nonlinear terms tend to continually force spectra back to a unimodal form with a high frequency face, which decays at approximately [image: ][73]. The tropical cyclone data presented above represents a compelling case for the dominant role played by nonlinear interactions. In many of the figures shown above, data exists for [image: ], that is, for waves propagating faster than the local wind. In such cases, these waves cannot be receiving input from the wind. Despite this, the spectra are almost identical to actively wind generated fetch-limited spectra. The low frequency portions of the tropical cyclone spectra must be under active modification by the nonlinear terms. It is believed the nonlinear terms are continually shaping the spectra to a JONSWAP-type form, even though significant portions of the spectrum are not receiving direct wind input. This is clearly seen in Figure 9. Because of this dominant role, the parametric forms represented by Equations (4), (13), (14), and (16) are equally applicable in tropical cyclones and fetch-limited growth.



Although the one-dimensional spectra conform to a uni-modal, JONSWAP-like form, the directional spectra are often directionally skewed, as shown in Figure 9 [31,51]. In these directionally skewed spectra, the components of swell and locally generated wind sea are clearly separated in directional space. The fact that tropical cyclone directional spectra are commonly directionally skewed and bi-modal, whilst the one-dimensional spectra are uni-modal accounts for apparently contradicting reports. In the literature, such tropical cyclone spectra are described as being both dominated by swell (directional spectra) and uni-modal (on-dimensional spectra) [24,27,30,31,33,39,51,54,55].




7. Discussion and Conclusions


More than three decades of measurements and modelling of tropical cyclone wind wave generation have resulted in a consistent and remarkably comprehensive understanding of the wave field in tropical cyclones. The description above outlines these relationships and the main physical processes responsible for the parametric description of the wave field. This understanding can be summarized as follows.



The tropical cyclone wind field is generally well represented by a vortex model of the form (1) or a double-vortex variant of this form. This enables the determination of the wind speed, [image: ], at any point in the wind field. An extended fetch exists within tropical cyclones, in which the relative values of the velocity of forward movement, [image: ] and the maximum wind speed in the storm, [image: ] define an equivalent fetch, [image: ]. This equivalent fetch can be defined by Equations (5) and (6), and is shown diagrammatically in Figure 4. With this equivalent fetch defined, Equation (7) specifies the maximum significant wave height, [image: ] in the tropical cyclone. Values of [image: ] at any location in the tropical cyclone can be determined using non-dimensional distributions obtained from numerical modelling. Examples are given in Figure 5 and more detailed results can be obtained on request from the author.



With [image: ] defined, the peak frequency, [image: ] can be determined at this same location from Equation (4). The one-dimensional spectrum associated with this combination of [image: ] and [image: ] can be defined by Equation (12), with the parameters of the spectrum given by Equations (13) and (14), together with mean values for the spectral parameters [image: ] and [image: ]. Finally, the directional spectrum can be defined by Equations (15) and (16).



This set of relationships work successfully in this apparently complex situation due to the basic physics of wind-wave generation, which is captured in the concept of the extended fetch, together with the shape stabilizing effects of the nonlinear interactions.



It is difficult to accurately determine the error bounds on estimates of the significant wave height field estimated from these parametric approaches. In addition to the errors introduced by the limited number of parameters defining the empirical equivalent fetch function (5), characterizing actual tropical cyclone wind fields by a simple vortex model (1) is a gross simplification. Comparisons with data from satellite altimeter measurements [56] shows that, in the mean, the parametric relationships presented above are consistent with measured data. However, for individual tropical cyclones, the RMS errors in [image: ] can be up to 40% and there is significant scatter. Further refinement of such parametric models using more sophisticated numerical models to define the parameter space (see below) may reduce such errors.



Despite this relatively comprehensive picture of the tropical cyclone wave field, there are a number of areas where further research is needed. Modern day 3rd Generation Spectral Wave models require better parameterizations of the nonlinear source term. As noted above, this term is critical in the accurate prediction of waves in tropical cyclones. Although the parametric relations developed above are valuable for ideal cases (i.e., constant track direction, constant wind field intensity), more complex cases involving a complex track or weakening/strengthening systems require such full spectral models.



The development of the extended fetch model described above has relied heavily on relatively old 2nd generation spectral models. This could be much enhanced by application of modern 3rd generation models to “re-tune” the extended fetch relations, define the spatial distributions of significant wave height, and the mean directions of propagation of the waves. However, as shown by Liu et al. [17], 3rd generation wave models use a Discrete Interaction Approximation to the nonlinear source terms, which tends to produce spectra which are excessively broad. Hence, tropical cyclone wind fields may represent a demanding test for even these models. The results of Liu et al. [17] indicate that such models have difficulty modelling the correct asymmetry in typical tropical cyclones. Although one would expect such models to represent an enhancement, tuning against buoy and satellite data may still be required.
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