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1. MOTIVATION

This study was inspired by the results of simulations
which were originally intended to study the effects of
asymmetric convection on a developing tropical cyclone
as previously considered for linear dynamics by Nolan
and Grasso (2003). For such a purpose, | had designed
an idealized WRF simulation which | expected to illus-
trate the steady development of a tropical storm. The ini-
tial condition was a balanced vortex with cyclonic winds
of 10 m/s at a radius of 100km, maximum at the surface
and decreasing with height. The environmental sounding
was that of the Jordan mean hurricane season (Jordan
1958). Convection was initiated with random noise in the
low-level wind field and sustained by the frictionally gen-
erated secondary circulation. A vertical cross section of
the initial wind field is shown in Figure 1a.

The simulation behaved quite differently than |
expected. Rather than increasing steadily, the vortex
intensity appeared to remain flat or even weaken for
about 60 hours, and then suddenly began to intensify
very rapidly. The minimum surface pressure from ¢ = 36
to 72 hours is shown in Figure 1b. The “transition” from a
steady or weakening vortex to a rapidly developing tropi-
cal cyclone appears to occur in just a few hours!

In this presentation | will explore the model output
of idealized tropical cyclone simulations to determine
what physical processes and changes occur leading up
to the moment when rapid pressure fall begins. In these
simulations, this moment is concurrent with the appear-
ance of a smaller but strong surface vortex, and shall
hereafter be referred to as “genesis.” The results will be
compared to recent studies of tropical cyclogenesis.

2. MODEL PARAMETERS AND INITIAL DATA

All simulations were performed with WRF version
2.1.1. Two grids were used: the inner grid had 180x180
grid points with 2km resolution, and the outer grid had
240x240 points with 6km resolution, and doubly periodic
boundary conditions. 40 vertical levels were evenly
spaced in the WRF hydrostatic pressure (1) coordinates
between the surface and z = 18 km. The YSU planetary
boundary layer scheme (Noh et al. 2003) and the WRF
6-species microphysics schemes (Hong et al. 2004)
were used. The Rayleigh damping layer was used above
14 km. A time step of 20 s was used on both grids.

The initial azimuthal wind profiles v(r) were gener-
ated from Gaussian vorticity profiles, which were then
extended into the vertical with functions of the form
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Figure 1: The control simulation: a) north-south cross-
section of the initial zonal wind field; b)
minimum surface pressure every hour from
t=361t072h.

V(r,z) = 1/(r)e7‘2720‘(x (1)

The pressure and temperature fields which hold these
fields in hydrostatic and gradient wind balance were
computed with the iterative scheme of Nolan et al.
(2001). The surface boundary condition is an ocean with
a fixed SST of 29 C, and the Coriolis parameter is set to f
=5.0x10° s, From hereafter, the wind field described in
section 1 and shown in Figure 1a will be referred to as
the “control” simulation.

3. INNER CORE EVOLUTION

The inner-core wind field goes through significant
structural changes in the 60 hours before intensification
begins. Due to surface friction, the surface wind field
decays steadily. At the same time, a mid-level vortex with
a smaller RMW develops and slowly strengthens, pre-
sumably due to the effects of convection, latent heat
release, and mid-level inflow. The mid-level vortex is
clearly seen in the azimuthally averaged azimuthal wind
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Figure 2: Azimuthally averaged azimuthal wind field in
the control simulation at a) # = 60 h, and
b) # = 66 h.

field at = 60 h (Figure 2a). Just 6 hours later, the mid-
level vortex has intensified further, but in addition a much
smaller and quite strong vortex has appeared at the sur-
face (Figure 2b).

Cross-sections of relative humidity through the cen-
ter of the vortex show that the middle and upper levels
are steadily moistening in the pre-intensification period
(not shown), and rapid intensification begins shortly after
the vortex core is nearly saturated from the surface all
the way up to z = 12 km.

The evolution of the wind field suggests that the
mid-level vortex is more “important” for genesis than the
surface vortex. However, a simulation with an initial vor-
tex similar to the control, but with its 10 m/s winds maxi-
mized at z = 4 km, took almost exactly the same amount
of time to develop. As | will show below, near-saturation
of the vortex core was necessary before rapid intensifca-
tion in this case as well.

4. ANALYSIS

Consideration of the above leads naturally to two
questions: 1) What can these simulations tell us about
the necessary conditions for tropical cyclogenesis? 2)
Are there any observable trends that could be used to
predict genesis? To address these questions | devised
some quantitative measures of the changes in the vortex
core. The first set of measures describe the moisture
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Figure 3: Mean inner core a) moisture variables (see

text for details) and b) vorticity; also shown
are negative surface pressure anomaly and
maximum surface wind speed. Note that all
variables are normalized by their maximum
value over the interval shown.

budget. As shown in Figure 3a, they are the mean values
of surface moisture flux (QFX), RHatz=5km, RHatz =
8km, and diabatic heating at z = 8km, all averaged over a
100km x 100km box around the center of the vortex. The
second set of measures describe the vorticity; Figure 3b
shows the vertical vorticity at z =10m, 2km and 5km,
averaged over the same region. Also shown in both fig-
ures are the surface wind speed and the surface nega-
tive pressure anomaly. In both figures, each variable is
normalized by its maximum value over the time interval.

Several conclusions can be drawn from these fig-
ures. Regarding the vortex dynamics (Figure 3b), the
surface vorticity is steady or even declining in the hours
before genesis. The 2 km and 5 km vorticity increase
steadily before the time of genesis, but neither show a
significant “jump” beforehad; however, it is interesting to
note that the 2km and 5km vorticity values reach the sur-
face value just before genesis.

Regarding the moist dynamics, the surface moisture
flux (QFX) follows the wind speed closely, but its
increase does not precede genesis. RH at 5km and 8km
do rise substantially, in order, and indicate near-satura-
tion in the 6-12 hours before genesis. In addition, the
sudden drop in surface pressure is preceded by a “burst”
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Figure 4: Horizontal sections of vertical vorticity
overlaid with horizontal wind vectors at
z=5km, a) =58 h, 10 min; b) = 58 h,
50 min, ¢) =59 h, 30 min.

of latent heat release associated with deep convection.

A preliminary conclusion one might draw from these
analyses is that genesis does not occur until the mid-
level vortex has achieved some (as yet unknown) suffi-
cient strength, and the entire column in the vortex core is
nearly saturated. This is consistent with the genesis
mode proposed by Bister and Emanuel (1997).

5. VORTEX MERGER

The merger and axisymmetrization of pre-existing
vortices is a central theme to a number of studies of trop-
cial cyclogenesis. Earlier papers focused on the forma-
tion and merger of “mesoscale” vortices, i.e., on scales
of 10-100 km (Ritchie and Holland 1997; Simpson et al.
1997; Davis and Bosart 2001). More recently, the vortex
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Figure 5: Mean inner core positive vorticity squared
for the control simulation (see text for
details).

meger concept has focused more closely on smaller
scale vortices generated by individual convective
updrafts, on scales down to 2 km or even smaller (Davis
and Bosart 2002; Hendricks et al. 2004; Reasor et al.
2005; Montgomery et al. 2006).

The idea that vortex merger is critical to the struc-
ture changes that lead to genesis is not supported by
these simulations. Low-level (surface to z = 2km) vorticity
does not appear to increase through vortex merger
events; rather, vorticity increases ‘“in place” due to
stretching from above. None of the positive vorticity
anomalies at low or and mid-levels are closed circula-
tions, suggesting that axisymmetrization by the the
broader circulation is the organizing principle, rather than
“merger.” The increase in strength of the vorticity anoma-
lies at z = 5km as seen from Figure 4a to 4b is caused by
embedded convection (not shown). However, some “con-
glomeration” of vorticity after this convection has dissi-
pated is also apparent in the 30 minutes before genesis
occurs, as shown in Figure 4b and 4c.

In an effort to quantify the importance of strong vor-
ticity anomalies in the genesis process, | devised an
alternative measure of vorticity, which is the mean value
of the positive vorticity squared in the same 100km x
100km box around the cyclone center (hereafter, PVS).
Values for the control simulation are shown in Figure 5.
Two remarkable facts can be noted: 1) The PVS at all
three altitudes (10m, 2km, and 5km) follow each other
very closely, and also lie nearly on top of the surface
pressure anomaly; 2) The PVS at 5 km “jumps up” rela-
tive to the other curves in the hours before genesis.

Point (1) is quite interesting, because | am not
aware of, nor have yet to find, a straightforward relation-
ship between squared vorticity (or enstrophy) and hydro-
static pressure perturbation for balanced vortices. Point
(2) suggests that an increase in intensity of the mid-level
(as opposed to low-level) vorticity precedes genesis, but
whether this is necessarily due to merger, or stretching,
or some combination of both remains for further analy-
sis.
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Figure 6: Inner-core moisture analyses for three
different initial conditions: a) an elevated
10 m/s vortex with 5 m/s surface winds;
b) A deeper 10 m/s surface vortex;
c) A shallow 10 m/s surface vortex.

6. LESSONS FROM VARIATIONS ON THE
INITIAL VORTEX

| have applied the same analysis to a number of
simulations with initial conditions that are variations on
the control simulation. Figure 6a and 7a show moisture
analyses and PVS for the aforementioned “mid-level”
vortex with 10 m/s maximum winds aloft and 5 m/s sur-
face winds. The same changes in the inner-core vari-
ables occur as was shown for the control simulation.

Figure 6b and 7b shown the development of a vor-
tex with an initial wind field whose low level barotropic
region is essentially twice as “deep” as the control simu-
lation. We see again that saturation of the inner core, a
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Figure 7: Inner core PVS analyses for the same
simulations shown in Figure 6.

burst of convective activity, and a small jump in 5km PVS
precede genesis. An even more “extreme” genesis tran-
sition is created when we start with a wind field that is
more shallow (about half the depth) of the control simula-
tion (Figure 6¢, 7c). In this case, the surface vortex is
clearly weakening up to the moment of genesis, and we
again see the saturation of the core, increases in con-
vective activity, and increases in PVS at 5km in the hours
before genesis.

Simulations with a “pre-moistened” atmosphere with
RH =90% up to z = 12 km were also intriguing. A 10 m/s
vortex elevated such that its surface wind speed was
only 1 m/s was able to transition to a tropical cyclone in
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Figure 8: Azimuthally averaged azimuthal wind fields
for a simulation with the same initial vortex
as the control simulation but with the RH set
t0 90% fromz=0to 12km, a) t =6 h;
b)t=12h.

this environment, through the same processes identified
above (not shown). However, a pre-moistened simulation
with the same initial vortex as the control appeared to
bypass the mid-level vortex phase of development, with
a small-scale surface vortex appearing within 12 hours,
as shown in Figure 8. This evolution is quite similar to
that seen in the control simulation of Montgomery et al.
(2006) (see their figure 4; their atmosphere was also
“pre-moistened” but not to the same degree), and sug-
gests that in “extremely favorable” conditions the mid-
level, cold-core vortex phase required by Bister and
Emanuel (1997) in not necessary.

7. CONCLUSIONS

These high-resolution simulations of tropical cyclo-
genesis suggest that a number of elements must come
together before “genesis” and rapid intensification can
begin. The middle and upper levels of vortex core must
become nearly saturated; a coherent mid-level vortex
must develop and contract; and there must also be a sur-
face circulation, though it does not need to be very
strong. When the atmosphere is “pre-moistened,” per-
haps to an unrealistic degree, the mid-level vortex phase
may be bypassed. Genesis occurs after one or series of
strong convective bursts that occur after near-saturation
has been achieved. Genesis is also preceded by a sud-
den rise in the number and/or intensity of mid-level vor-
ticity anomalies. Of course, these last two processes are

closely related.
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