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Abstract
[bookmark: OLE_LINK28][bookmark: OLE_LINK29]With the near-ground pressure data observed by thousands of meteorological stations in southeast coast of China of four typhoons, the surface pressure field was reproduced by using the Holland model. The 3-D pressure field was modelled considering the correlation among field parameters. The temperature and moisture effects on the variation of pressure along with altitudes were studied. An axisymmetric linear typhoon field model was developed by using the scale analysis technique and turbulence gradient theory. A simplified method for estimating the eddy viscosity at low-level boundary layer was proposed and the validation for simulating the low-level wind speed was conducted.
Introduction 
[bookmark: OLE_LINK11][bookmark: OLE_LINK21]	Typhoon-related natural hazards pose serious threats to the safety and reliability of wind-sensitive structures, such as long-span bridges and high-rise buildings. However, the field observation technique in China is still on the developing stage in which measurement data are insufficient. Some evidence[1-2] suggests that the structure of typhoon in the Northwest Pacific Ocean (NPO) and hurricane in the Northwest Atlantic Ocean (NAO) are different, which means the research results in the NAO cannot be applied to the NPO directly. It is essential to develop a suitable typhoon model in the southeast coast of China.
The most common option for typhoon field modelling on engineering application is the slab model [3-4]. It considers the boundary layer height as a constant and estimates the surface wind speed with an empirical-based reduction factor. A wide range of studies have been carried out to determine the values of V10/VG, sea-land transition and gust factors [4]. The accuracy of slab model, especially for the simulation of typhoon boundary layer is not well-behaved. Height-resolving model is another method which solve the Navier-Stokes equation directly based on several simplified algorithms [5-6]. Some literatures [7] have shown the inherent superiorities of height-resolving model.
In this study, the typhoon engineering field was modelled considering the correlation of field parameters which were applicable for southeast coast of China. With the observed near-ground pressure data of four typhoons, the surface pressure field was reproduced by using the Holland model [8]. And the 3-D pressure field was constructed considering the temperature and moisture effects on the variation of pressure at different altitudes. An axisymmetric linear model was developed based on Navier-Stokes equation and a simplified method for estimating the eddy viscosity at low-level boundary was proposed. The features of typhoon field was discussed and the validation with observation data was performed.
3-D Pressure Field
Pressure Distribution Model
The distribution of pressure field directly determine the intensity and structure of typhoon. Holland [8] analysed several field observation data and concluded the radial distribution of surface pressure in a typhoon with the form 

[bookmark: OLE_LINK14]		(1)
[bookmark: _GoBack]in which p(r) is the atmosphere pressure at the radius of r from the typhoon center(hPa), pc is the central pressure(hPa), ∆p is the pressure drop between the central pressure and the peripheral pressure which can be valued as standard atmospheric pressure, 1013.25hPa. Rmax indicates the radius of maximum wind speeds (km). And B is the radial pressure distribution parameter, as so-called Holland parameter. However, the radial pressure distribution profiles at upper air are not exactly same as the surface one due to the variation of vertical pressure which cannot be neglected in typhoon boundary layer. Combining the gas state equation with hydrostatic balance equation, the pressure of moist air at the altitude of z can be described as

[bookmark: OLE_LINK15][bookmark: OLE_LINK16]		(2)
where p0 is the sea level pressure (hPa), g is the gravitational acceleration, Rd is the specific gas constant of dry air, θv is the virtual potential temperature (k), which is defined as

[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK17]		(3)
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where RH is the relative humidity (90%), q is the specific humidity, R is the specific gas constant of moist air(J/k∙kg), cp is the specific heat at constant pressure, T is the thermodynamic temperature(k).


Figure 1. The radial distribution of pressure at different altitude
Correlation among Field Parameters
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]	Field parameters, such as ∆p, Rmax, B, are key input values for the modelling of wind field [4]. Although there are sufficient field observation data available in the NAO region with which some research work related to the typhoon hazard assessment in southeast coast of China have been conducted[9], some evidence[1-2] suggests that the structures of typhoon in the NPO and hurricane in the NAO are different, which means suitable statistical models for field parameters in the NPO should be reproduced. Owing to lack of flight-level or dropsonde data, Zhao et al [1] proposed the statistical model for Rmax with the help of WRF-ARW (Advanced Weather Research and Forecasting) mode on the simulation of Typhoon Saomai0608.

		(6)

		(7)
where Rmax is in km and σ is the standard derivation. 
	Zhao et al [1] developed a new technique for evaluation the radial pressure profile of typhoon field near ground surface, which reproduced the pressure field of typhoon Morakot (0908) by thousands of meteorological stations on the mainland China. Using the same approach, but with the updated database of another three more typhoon, as shown in Figure 2, and statistical model of Rmax in Eq. (6), the model of B was reconstructed as

		(8)

		(9)
	Only by the input value of ∆p, the three dimensional pressure distribution of typhoon can be produced with help of the Eqs. (1)~(9) after considering the correlation among field parameters.

    
Figure 2. Four typhoon tracks and the distribution of near-ground meteorological station with valid pressure data

Typhoon Engineering Field
Dynamics of mature typhoons
The momentum equation of mature typhoon boundary layer can be express as

[bookmark: OLE_LINK34]		(10)
where V=(u, v, w) is the wind speed vector and ρa is the air density, 1.225kg/m3. f=2Ωsinψ is the Coriolis coefficient, in which Ω (radian/s) is the revolving speed of earth and ψ is the latitude of selected point. k is the unit vector in vertical direction. g is the gravitational acceleration vector. Fd represents the frictional force in the boundary layer.
[bookmark: OLE_LINK61][bookmark: OLE_LINK62]According to the turbulence gradient theory or K theory[10], the frictional force can be expressed as the product of K (eddy viscosity, m2/s) and gradient of wind speed. Adopting the scale analysis technique to omit the minor terms, Eq. (10) can be simplified as three equations in cylindrical coordinate (r, θ , w):

		(11)
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		(13)
Gradient layer in free atmosphere
In free atmosphere layer, frictional forces are set to zero. And it assumed that horizontal gradient winds move at the translation velocity of typhoon c, which means 

[bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK69]		(14)
[bookmark: OLE_LINK70]where the subscripts h and g stand for horizontal and gradient wind speed. Considering the fact that vg >>ug, wg in free atmosphere, the tangential velocity vg of axisymmetric typhoon is solve directly from Eq. (11):

[bookmark: OLE_LINK75][bookmark: OLE_LINK76]		(15)


where ,, θ0 is the translation angle.
Axisymmetric linear model in Boundary layer


	Using the decomposition method, wind speeds in typhoon boundary layer are expressed as the addition of gradient wind speeds and the decay wind speeds caused by frictional effects:  ,. The radial pressure gradients at different heights are regarded as essentially unchanged which can also be understood from the Figure 1. On the basis of Eqs. (11)~(12), the axisymmetric linear dynamic equations for a stationary typhoon are expressed as

		(16)

		(17)


in which  and are the absolute angular velocity and the vertical component of absolute vorticity in gradient layer, respectively. Given that ud and vd remain finite as the height increases, above two equations can be solved analytically [5]:

		(18)

		(19)


where , , and the parameters D1 and D2 can be determined by slip boundary condition:

		(20)
where Cd is the drag coefficient which refers to the assumption of logarithmic law near the ground surface:

		(21)
where k is the Karman constant, h is the mean height of roughness elements which is expressed as the function of equivalent roughness length z0, h = 11.4z00.86. z10 is set at a height of 10m above h and the base of computation domain z' = 0 is place at h+z10. d = 0.75h is the zero-plane displacement.
Substituting Eqs.(18)~(19) into the boundary condition, Eq. (20), D1 and D2 can be solved by the following formulas:

		(22)

		(23)

It is clear that the values of D1 and D2 are on a circle with center at (-vg/2, vg/2) and radius equal to :

		(24)

		(25)
where α is the undetermined parameter which can be obtained by solving Eq.(22) or Eq.(23) by dichotomy method in the domain (π/4, 3π/4).
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Figure 3. The flow chart for wind field solving and field structure (∆p0=80hPa)


 
Figure 4. The vertical profile at the radius of 30km (∆p0=80hPa)
Numerical typhoon field
	As shown in the Figure 3, firstly, the 3-D air pressure field will be reproduced by using the near-ground pressure data. Then the gradient height will be determined by iterative loop. In the picture of V-vg, the vertical profile of wind speed can be divided into three regions. The bottom one is the boundary layer decay region. The middle one is the supergradient region where the decay wind speeds composited by Eqs. (18)~(19) are greater than zero. It is a meteorological phenomenon which is caused by low-level jet. The middle-upper one is the gradient decay region where the wind speed calculated by Eq. (15) decrease gradually as the result of the decline of central pressure difference ∆p. One point need to be emphasized is that the gradient height in the Figure 3 is determined from the perspective of engineering application which usually defined it as a height at which the wind speed stops increasing or even decreases.
	Figure 4 describes the vertical profile at the radius of 30km and the comparison with mean boundary layer (MBL) [12-14] which was derived from dropwindsonde data. Since the MBL is obtained by grouping the wind speeds data with a certain bin sizes, it can reflect the variation pattern of wind speed to some extent, but it is not the real vertical profile. The vertical profile calculated from the 3-D pressure field fits well with the observation MBL at the height of over 100 meters. However, simulation results below the height of 100 meters seems do not meet the law of logarithm.
Eddy viscosity for low-level boundary layer
[bookmark: OLE_LINK3]	The above researches are all based on the value of eddy viscosity, K = 100m2/s, is a constant as defined by Meng et al [6]. However, some literatures show that there is a wind range of values for K. For example, Kepert et al [6] set K=5 m2/s and Montgomery et al [11] used a value of K=50 m2/s. The value of K has a great influence on gradient depth and determined the simulating accuracy of low-level wind speeds which directly impact the civil engineering structures.
	Considering the mixing length hypothesis in the neutral boundary layer, the mixing length, l, can be assumed as the linear function of height, z:

		(26)
And the eddy viscosity can also be expressed as the linear function of height:

		(27)


    
Figure 5. The variation of K below 100m at different heights and radii
If the Eq. (27) is substituted into Eqs. (11)~(12) straightforwardly, all of above analytical derivations should be rebuilt and the computation is heavy due to the complex iterative loop process. By means of iterative loop only below 100 meters, a simplified pattern for calculating K can be achieved. As shown in Figure 5, apart from the small values of K near the typhoon center, the variation of K at different heights and radii can be simplified expressed as a linear function of height. Combing the effects of ground roughness length as shown in Figure 6, the value of K can be calculated by a simplified linear equation:

		(28)


Figure 6. The variation of fitted slope with different roughness length
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Figure 7. Comparison with the low-level observations at different heights
In order to validate the accuracy of modified algorithm for eddy viscosity near ground, the observation data gained from a meteorological observation tower (121.5743°E, 28.4445°N, z0=0.001) are compared with the simulation results. As plotted in the Figure 7, five-height observation data are compared. It exhibits that the simulation results are consistent with the typhoon observations, especially during the period of before landfall. And the vertical profile can be reproduced by the present model and simplified method for estimating the eddy viscosity.
Conclusions
An engineering typhoon field model considering the correlation of field parameters which was applicable for southeast coast of China was developed and validated. The vertical profile of typhoon field can be divided into three regions, namely, the boundary layer decay region caused by the frictional force, the supergradient region and gradient decay region caused by the decrease of central pressure difference. The eddy viscosity has a great influence on the wind speed at low-level boundary layer. It is significant to estimate the variation of eddy viscosity with a suitable method which determines the vertical profile and the amount of calculations during the numerical simulation.
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