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1. INTRODUCTION

Hurricane track forecasts improve steadily over
the last several decades primarily due to the in-
creasing use of satellite observations in opera-
tional centers to improve large-scale environmen-
tal flow over ocean. However, intensity fore-
casts show very little improvement over the last
decade because small-scale inner-core circulation
can not be properly resolved by satellite observa-
tions. To improve intensity forecasts, it is impor-
tant to use high-resolution Doppler radar data to
properly initialize inner-core circulation for high-
resolution numerical models. A technique is de-
veloped for initialization of a hurricane vortex
using horizontal velocities through a deep layer
of the atmosphere obtained from Doppler radar.
The technique uses two new innovations. The
first is the use of the mesoscale vorticity method
( Lee et al. 2003) to diagnose the vertical ve-
locity and divergent wind based on the vorticity
equation including the tilting terms. The second
is the use of mesoscale Bounded Derivative Ini-
tialization ( Lee and MacDonald, 2000) to obtain
two dynamic constraints, one each for gravity and
sound waves. With the fast waves controlled, a
nonhydrostatic model can be initialized to allow
a smooth and balanced start. In this study, the
mesoscale vorticity method is used to derive hur-
ricane Danny’s divergent wind/vertical velocity
from the high temporal and spatial vorticity vari-
ations retrieved from the ground-based velocity
track display (GBVTD) (Lee et al. 1999) tech-
nique based on single Doppler radar data. A four-
dimensional data assimilation system (FDDA)
(Stauffer and Seaman, 1990) based on Newto-
nian relaxation/nudging is used to generate the
dynamically consistent datasets for unobserved
fields such as heating and cloud fields.
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2. NUMERICAL METHODS

Numerical methods used to derive the initial
field for a tropical cyclone include the vorticity
method, BDI, GBVTD, and FDDA. These meth-
ods are described in detail by Lee et al. (2003)
for the vorticity method, Lee and MacDonald
(2000) for the mesoscale BDI, Lee et al. (1999)
for GBVTD, and Stauffer and Seaman (1990)
for FDDA. Following is a brief summary of the
mesoscale vorticity method and BDI.

2.1 The Mesoscale Vorticity Method

The variation of vorticity in time and space can
be used to derive the vertical velocity through the
vorticity equation. The dimensionless vorticity
equation can be written in terms of the parameter
e = 107" as follows:
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The horizontal and vertical components of wind
are Vj, = (u,v) and wj; the vorticity  is defined as
¢ = 0v/0z - Ou/dy, and f is the Coriolis param-
eter. The horizontal gradient operator is defined
as Vy, = (6%, 6%,0). In addition, p and p denote
pressure and density, respectively.

The vorticity equation, valid for the large-scale
and mesoscale motion, is obtained by retain-
ing O(1) terms with n = 1 or n = 0, respec-
tively. Because 372" « 1 for both the large



scale and mesoscale, the solenoidal term is neg-
ligible to a first approximation in both scales.
The vorticity equation with n = 1, i.e., the
quasi-geostrophic (Q-G) vorticity equation, has
been used by Sawyer (1949), Sardeshmukh and
Hoskins (1987), Lee and Browning (1994) and
Lee et al. (1995) to derive the large-scale ver-
tical velocity. The use of Q-G vorticity equa-
tion in previous studies may be justified by the
limitation of data resolution (e.g., Lee et al.
1995). However, with high resolution Doppler
radar data, the vorticity method has to be ap-
plied based on the mesoscale vorticity equation
including the tilting terms. Unfortunately, it’s
not possible for the mesoscale vorticity method
to separate w from other terms in Eq.(1) formu-
lated on the Eulerian coordinate.

In order to achieve the separation of variables,
the mesoscale vorticity equation, Eq. (1), is rear-
ranged into the following equation for w in terms
of the characteristic line as follows:
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The above equation is an ordinary differential
equation (ODE) for w formulated on the charac-
teristic line s, and s denotes the arc length along
which the solution is to be solved. A step-by-step
numerical procedure for solving the characteristic
equation is given in Lee et al. (2003).

2.2  Mesoscale BDI

Bounded derivative initialization (BDI) is
based on the bounded derivative principle
(Kreiss, 1989) which states that if the solution
of a symmetric hyperbolic system is to vary
smoothly, then a number of time derivatives must
be of the order unity at the initial time. BDI
(Browning et al. ,1980, Kasahara, 1982) derives
initial data so that a number of time derivatives
of the dependent variables at initial time are of
order one. In the context of large-scale baro-
clinic primitive equation model, Kasahara (1982)
demonstrated in theory that BDI and NMI are
identical to the degree of approximations ex-
pected from quasi-geostrophic assumption em-
ployed in the study. This theoretical conclusion

was reinforced by Semazzi and Navon (1986), Bi-
jlsma and Hafkenscheid (1986) in real data large-
scale simulations. In a recent study, Lee and
MacDonald (2000) further extended large-scale
BDI to include mesoscale variations with formu-
lation over complex terrain.

3. NUMERICAL RESULTS

Hurricane Danny (1997) approached the data-
rich Alabama coast area on 18 July 1997. In
this study, the GBVTD technique has been ap-
plied to the Slidell (KLIX) single-Doppler data
to derive high temporal resolution of horizontal
wind and vorticity fields. The spatial resolution
of the wind data is 1 km in the horizontal and
vertical from a minimum height of 1 km above
the ground level (AGL) to a maximum height
of 10 kmm AGL. These high temporal and spatial
wind/vorticity fields are used to derive the verti-
cal velocity using the vorticity method. Figure 1
shows the vertical crossection of Danny’s inner-
core wind vectors derived from the mesoscale vor-
ticity method based on single-Doppler radar wind
measurements obtained from GBVTD. The ver-
tical crossection extends vertical from 1-km to
10-km above the ground. It is oriented longi-
tudinally across the center of hurricane Danny
with the eye located near the center of the fig-
ure. Figure 1 clearly show Danny’s inner-core
circulation. For example, a deep layer of down-
ward motions can be found over the region of the
eye. These downward motions break into two
branches, one moves outward to the east and the
other to the west of the eye. These outflows con-
verge with the strong inflows and result in nar-
row bands of strong upward motions over the eye
wall region located at approximately 15-20 km
around the center of the eye. These strong up-
ward motions tilt outward vertically and corre-
spond very well with the strong echoes in the
eye wall. We have derived the detailed inner-
structure of Danny’s kinematic wind fields ev-
ery six minutes from single Doppler radar wind
measurements. The inner-core mass fields can
be derived from these high resolution kinematic
wind fields. These inner-core kinematic and mass
fields were inserted into the 1.5-km resolution
MM5 model with MM5 FDDA for the balanced
heating and cloud fields. These balanced initial
fields were numerically integrated with 1.5-km
resolution MM5 model for the 16-hour forecast
of hurricane Danny until its landfall at Mobil
Bay, Louisiana. Figures 2a and 2b show, respec-
tively, the track and intensity forecasts of hurri-
cane Danny. In figure 2a the curves with open
circles and crosses show the locations of hurri-
cane eye determined from the radar observations



and model integration, respectively. Each cir-
cle (cross) denotes the hourly location of the eye
determined from the observation (model). Fig-
ure 2a shows the initialization scheme correctly
inserts the observed storm derived from radar
data in the right location. More importantly,
the forecast storm track closely follows the ac-
tual storm track for a number of hours. Curves
A and B in figure 2b show the intensity of min-
imum surface pressure obtained from the obser-
vation and model forecast, respectively. It shows
the forecast minimum pressure closely follows the
observed curve for all time after the initialization.

4. DISCUSSION

We have developed a tropical storm initializa-
tion scheme that utilizes the mesoscale vortic-
ity method, BDI and FDDA to derive a bal-
anced hurricane inner-core vortex from single
Doppler radar wind measurements. This initial-
ization scheme is tested using the 1.5-km resolu-
tion MMJ5 model with real radar data from Hurri-
cane Danny as it approached the Gulf Coast. Nu-
merical results show positive radar data impacts
on track and intensity forecasts. The initializa-
tion scheme correctly inserts the observed storm
derived from radar data in the right location, and
the forecast storm track closely follows the actual
storm track after the initialization. Comparisons
of forecast winds and radar wind measurements
show the use of radar data substantially improves
the intensity and horizontal structure of forecast
wind fields.
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Figure 1: The vertical crossection of inner-core wind vectors derived from Doppler radar wind mea-
surements using the vorticity method.
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Figure 2: Verifications of track and intensity forecasts. Fig. 2a shows the track forecast and Fig. 2b is
the intensity forecast of minimum surface pressure.



