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A physically-based intensity model was
developed and compared to the state-of-the-art
forecast model of DeMaria (2009) which was
originally developed based on the logistic growth
equation (LGE) commonly used to model
population growth. Due to its good performance,
DeMaria’s model is utilized by the National
Hurricane Center (NHC) as one of the major
forecast models for the tropical cyclone intensity
prediction (Xu and Wang 2015) since it can
capture the major physical and dynamical
processes of the hurricane intensification (Xu et
al. 2016). To determine the most important
component of the risk analysis framework,
namely the hurricane intensity, the v-momentum
equation is written in the cylindrical coordinate
system  r , , z  as:

1. Introduction
Mitigation of losses due to tropical cyclones has
become an increasing urgent and challenging
issue in light of changing climate and continued
escalation of coastal population density. This
study proposed an improved methodology to
effectively assess the climate change impacts on
hurricane boundary-layer wind and rain fields.
First, a physically-based intensity model was
developed and compared to the state-of-the-art
forecast model of DeMaria (2009). A newlyderived empirical formula of maximum potential
intensity was also introduced in this study. Then,
the gradient wind model was extended to
integrate contributions of sea surface temperature
(SST), tropopause temperature ( T0 ) and
temperature at the top of boundary layer (TTBL).
This gradient wind model is used in conjunction
with a height-resolving model recently developed
by Snaiki and Wu (2017; 2018) to rapidly
generate the boundary-layer wind and rain fields.
The RCP 8.5 scenario was used for the risk
assessment simulation, where a total of 10,000
years of tropical cyclone events have been
generated. The comparison of the current and
future climate scenario was conducted indicating
a significant change of hurricane wind and rain
under changing climate.
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where (u, v, w) = wind velocity components. Then,
Eq. (1) is solved at vmax where the gradients are
by definition equal to zero. Since the Coriolis
force is negligible compared to the centrifugal
force, it will be disregarded. The friction force is
represented through the bulk aerodynamic
representation in which the sea surface exchange
coefficients for momentum is denoted as CD . The
latter is determined based on the theoretical
formula of the maximum potential intensity Vmpi
which has been derived by Emanuel (1986, 2003)
as:

2. Proposed Risk Analysis Framework
There are several major components contributing
to the risk assessment of tropical cyclones under
changing climate, namely tracking model,
intensity model and wind field model.
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The tracking model (i.e., tropical cyclone
translational velocity and heading angle) was
revisited based on extensive statistical analysis
with the HURDAT 6-hourly best track
observations for each 5°x5° grids, where several
plausible models were proposed and compared to
select the most appropriate regression model for
the hurricane risk simulation.
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where CK = sea surface exchange coefficients for
enthalpy; Ts = sea surface temperature; T0 =
outflow temperature; and k 0* , k are the enthalpies
of the ocean surface and the atmosphere near the
surface, respectively. Hence, the drag coefficient
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Miller (1958) was the first one to introduce
the concept of the maximum potential intensity
(MPI) that is required for the widely-used
intensity models. Emanuel (1988) and Holland
(1997) proposed theoretical formulas to
characterize MPI. On the other hand, empirical
formulas have also been developed for Vmpi over
the North Atlantic as a function of the SST.
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Accordingly, the hurricane intensity is given by:
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where rm = radius of maximum winds. Setting
C T  T   k *  k  
 , Eq. (3)
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has been widely used (e.g., DeMaria and Kaplan
1994; Zeng et al. 2007; Xu et al. 2016) with
different values of the fitting constants  A, B, C
estimated using the least squares. Several
examples with different constant values are
illustrated in Fig. 1. As pointed out by DeMaria
and Kaplan (1994), the abovementioned
exponential function does not allow for a reduced
slope that is clear above SST=28°C. This
flattening phenomenon has been attributed to
variations in the tropopause temperature
(DeMaria and Kaplan 1994). Hence, a new
empirical formula is proposed here to consider
the flattening process:
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The obtained equation highlights important
physical principles governing the tropical
cyclone intensity. It is noted that the evolvement
of the tropical cyclone intensity is controlled by
two key mechanisms: the inward advection of the
angular momentum (first term) and a decay
mechanism through the frictional forces (second
term) that limits the intensity to an upper limit.
These were also the arguments upon which
DeMaria (2009) founded his statistical model by
using the logistic growth equation (LGE) since it
contains similarly a growth term and a decay one.
It is interesting to note that the proposed
physically-based model is similar to the LGE
model
of
DeMaria
(2009)
 vmax
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where the constants A , B , C  , and D are
determined using the least squares based on the
HURDAT database. The obtained results with the
proposed
formula
( A  34.5770 m s ;
C   0.7102 ;
D  5.0868 ; and
B  80.4092 m s ;

exponent
while the

T0  28 C ) are illustrated in Fig. 1.

empirically determined value n in DeMaria’s
model is 2.6. The second term of DeMaria’s
model explicitly contains the vmax , which is
implicitly considered in the proposed model with
the sea surface exchange coefficients for enthalpy
CK that can be linearly related to vmax (e.g.,
Donelan et al. 2004; Bell et al. 2012). The growth
rate parameter  in DeMaria (2009) was
empirically related to environmental factors such
as the environmental wind shear that can
substantially contributes to the tropical cyclone
size. This approach has been justified by the
observation in this study that the   is inversely
proportional to the hurricane size r . Therefore,
the empirical relationship proposed by DeMaria
(2009) for the growth rate will be utilized here.

Fig. 1. Vmpi as a function of SST based on all tropical
cyclones in the North Atlantic basin
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The wind field model is another important
component in the risk analysis framework. In this
study, a height-resolving analytical model is
utilized to rapidly simulate the wind field inside
the hurricane boundary layer. The heightdependent analytical wind model was obtained
based on the decomposition method where the
wind speed is decomposed into a gradient and
frictional wind components. While the frictional
wind were obtained using the boundary layer
model of Snaiki and Wu (2017a, b), the gradient
wind model was enhanced in this study to
integrate the effects of changing climate on the
wind field.

Furthermore, the moist entropy deficit can be
obtained based on Emanuel’s theory in which the
tropical cyclone can be regarded as a Carnot heat
engine:

The pioneering work of Emanuel (1986)
suggests that the moist entropy sm and the
angular momentum M are related through the
following relationship:

surface temperature. Hence the parameter  can
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where R = ideal gas constant; pc = hurricane
central pressure; p0 = environmental pressure;
and  effi = thermodynamic efficiency of the Carnot
cycle expressed as  effi 
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3. Simulation Results
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According to Eq. (12),  need to be determined
based on the iteration process.

3.1. Hurricane Intensity and Frequency

. On the
2 

In this study the RCP 8.5 scenario was used for
the risk assessment simulation, where a total of
10,000 years of tropical cyclone events have been
generated. The comparison of the current and
future climate scenario was conducted and the
results are illustrated in Fig. 2.
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other hand, the angular momentum is given by
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In order to determine the gradient wind speed, the
horizontal width of the moist entropy  need to
be specified. To this end, the derivative of the
gradient wind with respect to radial coordinate at
the radius of maximum winds rm is set to zero,
leading to the following expression:

where senv = moist entropy in the ambient air;  sm
= moist entropy deficit; and  = horizontal width
of the moist entropy. Combining Eqs. (6) and (7)
leads to (Wang et al. 2015):
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where Ts is the sea

result, the gradient wind is given as:

where r = radius from the storm center;
 T  TTBL  T0 ; TTBL = temperature at the top of the
boundary layer; and T0 = outflow temperature.
Furthermore, the radial variation of the moist
entropy proposed by Wang et al. (2015) is
employed in this study leading to the following
expression:
sm (r )  sm exp r

Ts  T0
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Similarly, the joint annual exceedance probability
of wind speed and rain rate (Snaiki and Wu 2018)
was determined for the same selected point. The
results are illustrated in Fig. 4 which underline
high values of the wind speeds and rain rates.

Fig. 2. Hurricane Intensity and Frequency

Seven locations along the US east coast, where a
substantial increase in the sea surface temperature
was noticed, were selected. As shown in the
figure, an increase in the hurricane intensity was
highlighted. This observation is expected since
the SST will increase substantially based on RCP
8.5 scenario. On the other hand, a decrease in the
hurricane frequency was noticed which can be
attributed to the increase in the environmental
wind shear following the RCP 8.5 simulation.

Fig. 4. Joint annual exceedance probability of wind speed
and rain rate

Typically the hazard level is assessed based on
the annual exceedance probability, then analyzed
in terms of the mean recurrence interval (MRI) or
the return period. Hence, the MRI was further
evaluated. The MRI distribution of the wind
speed at the selected point (33.27°N, -79.17°W)
was constructed and is depicted in a logarithmic
scale in Fig. 5.

3.2. Simulation of Hurricane Boundary Layer
Wind and Rain
The hurricane size represented by Rmax is an
important factor in the risk analysis framework.
Since it significantly affects the likelihood of a
given site of experiencing strong winds (Vickery
et al. 2009). Therefore, the joint annual
exceedance probability of wind speed and
hurricane size (in terms of Rmax ) was determined
in this study. An example is illustrated in Fig. 3
for the point located at (33.27°N, -79.17°W).

Fig. 5. MRI distribution of wind speed

Based on the obtained results, the difference
between the simulated design wind speed based
on the climate scenario RCP 8.5 and its
corresponding one from ASCE 7 were compared.
The increases in the design wind speed due to
changing climate was noted for various MRIs.
More specifically, an expected increase of 10.10
% for MRI=10, 14.92 % for MRI=25, 12.50 %

Fig. 3. Joint annual exceedance probability of wind speed
and hurricane size
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Holland, G.J., 1997. The maximum potential intensity of
tropical cyclones. Journal of the atmospheric sciences,
54(21), pp.2519-2541.

for MRI=50 and 11.00% for MRI=100 is
obtained.
4. Concluding Remarks

Miller, B.I., 1958. On the maximum intensity of hurricanes.
Journal of Meteorology, 15(2), pp.184-195.

An improved methodology for risk assessment of
tropical cyclones under climate change was
proposed in this study. First, a physically-based
intensity model was developed which agrees with
the general form of the state-of-the-art forecast
model of DeMaria (2009). A newly-derived
empirical formula of maximum potential
intensity was also proposed to consider the
flattening phenomenon of the maximum potential
intensity in terms of SST. In addition, the gradient
wind model was enhanced to integrate the
contributions of several environmental factors.
Based on the RCP 8.5 climate change scenario, a
total of 10,000 years of tropical cyclone events
have been generated. The simulations results
indicate a significant increase in the wind speed
and rain rate with a decrease in the tropical
cyclone frequency.

Snaiki, R. and Wu, T., 2017a. A linear height-resolving wind
field model for tropical cyclone boundary layer. Journal of
Wind Engineering and Industrial Aerodynamics, 171,
pp.248-260.
Snaiki, R. and Wu, T., 2017b. Modeling tropical cyclone
boundary layer: Height-resolving pressure and wind fields.
Journal of Wind Engineering and Industrial Aerodynamics,
170, pp.18-27.
Snaiki, R. and Wu, T., 2018. An analytical framework for
rapid estimate of rain rate during tropical cyclones. Journal
of Wind Engineering and Industrial Aerodynamics, 174,
pp.50-60.
Taflanidis, A.A., Jia, G., Kennedy, A.B. and Smith, J.M.,
2013. Implementation/optimization of moving least squares
response surfaces for approximation of hurricane/storm
surge and wave responses. Natural hazards, 66(2), pp.955983.
Vecchi, G.A. and Soden, B.J., 2007. Increased tropical
Atlantic wind shear in model projections of global warming.
Geophysical Research Letters, 34(8).

5. Acknowledgements
The support for this project provided by the NSF
Grant CMMI #15-37431 is gratefully
acknowledged.

Vickery, P.J., Masters, F.J., Powell, M.D. and Wadhera, D.,
2009. Hurricane hazard modeling: The past, present, and
future. Journal of Wind Engineering and Industrial
Aerodynamics, 97(7), pp.392-405.

6. References

Wang, S., Toumi, R., Czaja, A. and Kan, A.V., 2015. An
analytic model of tropical cyclone wind profiles. Quarterly
Journal of the Royal Meteorological Society, 141(693),
pp.3018-3029.

Bell, M.M., Montgomery, M.T. and Emanuel, K.A., 2012.
Air–sea enthalpy and momentum exchange at major
hurricane wind speeds observed during CBLAST. Journal of
the Atmospheric Sciences, 69(11), pp.3197-3222.

Xu, J. and Wang, Y., 2015. A statistical analysis on the
dependence of tropical cyclone intensification rate on the
storm intensity and size in the North Atlantic. Weather and
Forecasting, 30(3), pp.692-701.

DeMaria, M. and Kaplan, J., 1994. Sea surface temperature
and the maximum intensity of Atlantic tropical cyclones.
Journal of Climate, 7(9), pp.1324-1334.

Xu, J., Wang, Y. and Tan, Z.M., 2016. The Relationship
between Sea Surface Temperature and Maximum
Intensification Rate of Tropical Cyclones in the North
Atlantic. Journal of the Atmospheric Sciences, 73(12),
pp.4979-4988.

DeMaria, M., 2009. A simplified dynamical system for
tropical cyclone intensity prediction. Monthly Weather
Review, 137(1), pp.68-82.
Donelan, M.A., Haus, B.K., Reul, N., Plant, W.J., Stiassnie,
M., Graber, H.C., Brown, O.B. and Saltzman, E.S., 2004. On
the limiting aerodynamic roughness of the ocean in very
strong winds. Geophysical Research Letters, 31(18).

Zeng, Z., Wang, Y. and Wu, C.C., 2007. Environmental
dynamical control of tropical cyclone intensity—An
observational study. Monthly Weather Review, 135(1),
pp.38-59.

Emanuel, K.A., 1986. An air-sea interaction theory for
tropical cyclones. Part I: Steady-state maintenance. Journal
of the Atmospheric Sciences, 43(6), pp.585-605.
Emanuel, K.A., 1988. The maximum intensity of hurricanes.
Journal of the Atmospheric Sciences, 45(7), pp.1143-1155.
Emanuel, K., 2003. Tropical cyclones. Annual Review of
Earth and Planetary Sciences, 31.

5

