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1 | ntrOdUCtiOn motion (Shapiro 1983). Again, most of these stsidie
were not looking at low-level updrafts in partiauldn

Extreme low-level updrafts have previously Stern and Aberson, 44% of upsondes were foundein th
been found to be ubiquitous features of intensgitced ~ downshear-left quadrant, with another 38% upshefar-|
cyclones (Stern and Aberson 2006). Between 1987 arand so shear was shown to be the dominant comtrol o
2005, there were 77 dropsonde observations ofreetre spatial distribution of extreme low-level updrafth. is
updrafts, which were defined to be any updraftrejes ~ possible that these features are dynamically distin
than the terminal fall speed of the sonde (~12-1g).m from mid/upper-level updrafts, in which case tlegiuse
These “upsondes” were found almost exclusivelyhin t and the mechanisms which control their distribution
eyewalls of major hurricanes, with 90% occurring may be different.
within Category 4 and 5 storms. Herein, we demon-
strate that high-resolution simulations of Hurriedsa- 2 M Ode|

bel produce similar features, and we investigatsrth
cause. We use WRF v2.2 to simulate Hurricane Isabel

There are numerous unanswered question§2003) from 00Z 12th to 00Z 14th. The initial alatt
regarding low-level updrafts within tropica| CyCEB'I eral boundary conditions are pI’OVidEd by the GFBL 6
These include their origin, spatial distributiondarela-  hourly analyses. There are 40 vertical levels,aéygu
tionship to larger scale structure and intensi®ne of ~ Spaced in pressure. For the control simulationuse=4
the more important questions is what can genetate t Nested grids with horizontal resolutions of 121433,
forces required to produce a 15-25 m/s updraft ag@nd .444 km. The YSU PBL scheme is used, with a
heights below 2.5 km. Some studies have concludefnodified drag coefficient based on the results of
that eyewa” updrafts are genera”y forced by |dmﬂy- Donelan et al. (2004) The WSM 5-class scheme was
ancy (Braun 2002), while others (Zhang et al. 2000)tilized for microphysics (Hong et al. 2004), whiter
have found the forcing to be due to dynamic pressurradiation the RRTM longwave (Mlawer et al. 19973ian
gradient forces. Few studies have examined lowtev Goddard shortwave (Chou et al. 1998) schemes were
updrafts in particular, nor have they examined afidr used.
of “upsonde” magnitude.

Numerous studies have found the environmen-3, | ntensty and |_ OcatiOn
tal vertical wind shear to be critical to the orgation
of updrafts within tropical cyclones (e.g. Corbesiand In Isabel on the 12th, extreme updrafts were
Molinari 2003), with updrafts found preferentially OPserved by 6 dropsondes at 3 different times. The
downshear-left or left of shear, depending on toeys ~ Sondes first encountered the updrafts at varioightse
Other studies have also found motion-induced i Petween 140 and 1500 m. The maximum vertical veloc
asymmetry to be important, with updrafts locateefpr ities were 13.1-17.3 m/s, and were located 21-28 km
erentially in the right-front quadrant relative seorm ~ from the storm center. In Fig 1, the storm-refatioca-
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tions of the upsondes are plotted along with afiuisi  minutes (not shown), during which time the feature
lated updrafts exceeding 15 m/s from 15-23Z at 1 knweakens to ~2 m/s and becomes indistinct at adll$ev
height. During this time, the observed verticabah Figure 3 shows the vertical velocity as a functamn
was from the north at 12 kt, while the storm motiees  height along the feature at 1 minute intervals, clvhi
towards the west at 4 kt. The simulated and oleskrv illustrates the very shallow extent of these lowele
updrafts are both located in the regions beliewebe  updrafts. At no point does the feature extend abov
favored by shear, but not motion. The simulatedabout 3.5 km height, and the height of maximumivert
updrafts are located 10-15 km radially outward fitthe  cal velocity generally does not change with timeilun
observed, which is consistent with the simulatednst the feature weakens and the maximum drops to 750 m.
being too large by the same amount. Roughly 85% o~

Vertical Velocity of Strongest Updraft vs. Time

all simulated 15 m/s updrafts below 2 km heightuscc = 0m
in the left of shear semicircle (not shown). » :?23; /-/‘\\
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Fig 2. Time series of the vertical velocity of the
tracked updraft.

Fig 1: Storm-relative location of “upsondes” (rec
and simulated updrafts exceeding 15 m/s from . Vertical Velocity of Strongest Updraft, 1805-1809 UTC
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4. Evolution of an Updr aft o]

An individual simulated updraft was tracked E"
using 20-second output from 1800:00-1813:40. The
maximum intensity was 27.5 m/s, at 1500 m height a
1806:20. Fig 2 shows a time series of the vertietdc-
ity of the feature at various heights from 250-1500
Although already relatively strong at the initiehe, the
feature roughly doubled in intensity over a 6 minut
period, and did so near-simultaneously throughtait i
depth. The largest accelerations apparently doelaw
750 m. There are two phases of weakening: fistbw
decay from 1806:20-1809:20, followed by a moredapi
decay until 1813:40. The rapid weakening only ogscu
atand above 1 km, and at the lowest level (25Qtme)e Figure 4 shows the radial and azimuthal slopes

is little or no weakening. The feature can be aliju  of the feature with height. The updraft tilts oatef and
followed at the lowest few model levels for anotléer
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Fig 3: Vertical velocity vs. height at 1 minute
intervals across time of peak intensity.



slightly cyclonically with height. At 30 km radiughe  be found at the same low-levels throughout itlitde.
azimuthal tilt is ~250 m/km, while the outward {#t2-3
times larger. These slopes are much less than wh
would be expected from advection by the flow in ethi
the feature is embedded, and so the quasi-steady st
ture must be dynamically maintained.

0°

Distance from Center vs. Height of Updraft
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5. Buoyancy?

10001

We have not made quantitative calculations of

buoyancy. However, we can definitively rule oubhu
o ; = 0 1 2 3 ancy as the primary mechanism for parcel accetarati

MU nermalzed by vae 2t 2=250m {degress) within this feature, using a simple estimate of the
required forcing, following Eastin et al. (2003}t we
assume a steady state feature with forcigconstant
with height, then the rate of change of verticdbugy
with height can be approximated as:

a0of

Fig 4: Distance from center vs. height (top),

and azimuth vs. height (bottom). The azimutt

at each height is subtracted from that at th

lowest level. In both plots, each line represent ) )
w

a mean over a 3 minute period. 5 = aF (5.1)

) _ ) which when integrated gives:
Figure 5 shows the storm-relative horizontal w2

trajectory of the feature. As the feature tramslat110 F= 20z (5.2)
degrees azimuthally in a 14 minute period, its ¢éatigl

velocity is roughly 70 m/s. This may help expl#ie  Within this feature, we know that parcels must éeree
observed near equal preference of upsondes for trae from roughly 0-15 m/s between the surface & 5
downshear-left and upshear-left quadrants; if feis M height. So at a minimun#, must be .225 m?s(lt IS
ture were to occur in a real storm, it would poight be pOSSIb|e that the parcels have experienced ‘h"‘@“‘“
found in both drants. It is i ant to stréwat velocity over a smaller depth). We can then edtntize
ound in both quadrants. 1t 1 important 1o str thermal perturbation that would be required to pice
this feature does not at all resemble the concéptughis acceleration if buoyancy were the only force
model of a rising bubble, and so the extreme updeaf  involved. If buoyancyR) is given by:



0, 53 to resolution, we compare the simulation with 444 m
B= g—e: (53) resolution to one with 1.33 km resolution. To e®su
that any differences are dynamically meaningfuk th

v
where g is gravity, and, s the reference virtuatep- simulations are compared on the same 1.33 km grid.
tial temperature (assumed to be 300 K), then tloesse Shown in Fig. 7 is the mean over time of the maximu
sary perturbation virtual potential temperatu'g isvertical velocity found at each height at hourlienvals
6.87 K. This is a very large value for low leved®ild  from 15-23Z. It can be seen that below 2.5 km, the
would be very noticeable from a cursory examinatibn updrafts in the control simulation are 2-4 m/s sger

a plot of the total virtual potential temperaturguch a than those simulated at coarser resolution. Irtrast)
plot is shown in Fig. 6, which consists of threacked . '
horizontal slices o, in color, with vertical velpc ~ aP0Ve 3.5 km, the magnitude of the strongest ufsiraf

contoured, in a 30x30 km domain centered on the feaare practically identical. This is partly becatise plot
ture. Itis evident that such a large perturbatientered s of the strongest updraft at each level anywiretae
on the updraft does not exist, and any perturbat@m®  domain, and the strongest updraft at a given lsvebt
an order of magnitude smaller. Furthermore, 008 ocessarily connected to those above and below it.

even clear that t_h_e perturbations assougte_d viien ¢ Indeed, the strongest updrafts above 3.5 km aresdlm
updrafts are positive, as the warmest air is alstual

located closer to the strongest downdrafts (notvsho ~NEVer part of the same features as the strongesaitp
Therefore, the forcing for this extreme updraftmatrbe ~ below. Apparently then, the extreme low-level wgitlr
due to buoyancy, and must instead be due to dynamare sensitive to these resolution changes, white th
nonhydrostatic pressure gradient forces. strong mid-level updrafts may not be. This in toray

be due to the smaller horizontal scale of the level
updrafts versus the mid-level updrafts (not shown).

Mean of Maximum W vs. Height, 15-23Z 12th

- 5000

2003-09-12-18:06:00

330

—— 1.3%km d03 hM

4500 || —— a4dm 03
—— 444m Cd 403

... 4000 444m PBL.8 d03

seon || =~ 4ddm e

— = 4ddm Cd.6 dn4 |

— aoonf 444 PBLS d4 |\

b2

b
- e
-

315

..o”-(

2a00f

helght {m

2000

e o
-

1500

1000

300 vertical velocity (ms’1)

Fig 7: Mean of the domain maximum vertical

. . . velocity at each height, taken across hourly out:
Fig 6: Virtual potential temperature (color), an put from 15-23Z 12th. The resolution of the
vertical velocity (contoured every 5 m/s startin

at 10 m/s). Doma_\in is 30x30x3 km, and is ce “d03” refers to output on the 1.33 km grid, while
tered on the maximum updraft at 750 m heigt “d04” refers to output on the 444 m grid. For
The view is looking outward from inside the ey the 444 m simulations, the data on the 1.33 kn

towards the azimuth of the updraft. grid are interpolated from the 444 m grid.

simulation is given as either 444 m or 1.33 km.

6. Sengitivity to Resolution

To examine the sensitivity of updraft strength



7_ SenS|t|V|ty to PBL SCheme should note that the same rough estimate of thentile

perturbations required to generate such updrafifiesp

Also shown in Fig. 7 are the results of an addi-equally well. 15 m/s updrafts have been observeaa
tional pair of simulations performed with modifizats ~ below 500 m height, and a 13.1 m/s updraft was
to the PBL parameterization. Cd.8 refersto a ktmn  observed at 140 m in Isabel on the 12th. Such an
where the surface drag coefficient was reduced)fé 8 updraft would require a ~19 K temperature pertuopat
of its diagnosed value. PBL.8 refers to a simatati if produced by buoyancy! Therefore, the observed
where the depth of the thermodynamic boundary layenpsondes are also very unlikely to be driven byybuo
was reduced to 80% of its diagnosed value. In GHe8 ancy.
maximum updrafts are weakened by several m/s velati It appears that some of the strongest simulated
to the control simulation, while in PBL.8, the mexim  horizontal winds are found slightly upstream, régia
updrafts are strengthened by several m/s. Additign outward, and below the extreme updrafts (not shown)
in PBL.8 the height of the maximum updrafts lomays This is consistent with the production of vertigattic-
500-750 m. At this time, understanding of the omas ity by the updraft in a region of very strong rddihear
for this sensitivity is limited, although the exiate of of the mean tangential winds. The extreme lowdleve
the sensitivity strongly implies that these extremeupdrafts are potentially an important mechanism by
updrafts are fundamentally tied to the boundargiayh ~ which the strongest horizontal windspeeds in tralpic
possible explanation of the decrease in maximungyclones are produced. This is also consistert thie
updraft with decreasing drag coefficient is that astrong overlap between the observed upsondes @&nd th
decreased drag coefficient directly causes a ramtupt  set of all sondes in which 90 m/s horizontal wirde
frictional inflow. This will lead to a decreasetime ver-  found (Aberson and Stern 2006). This may haveiimpl
tical gradient of radial velocity, which appearsht® a  cations for the mechanism by which extreme wind-dam
large source of the horizontal vorticity which iked  age is produced in landfalling major hurricanes.
into the vertical by the updraft. At all timesgtk is a
strong local misovortex which is found just inwaotl 9 Refer ences
the extreme updraft discussed in sections 4 andihe
vertical vorticity and velocity fields are cleartightly ~ Aberson, S. D. and D. P. Stern, 2006: Extreme bota
coupled, and so a .reduction in the horizontal eiyti gr'zsr?ngfg;iriﬂﬂgégéfgxggzﬁwﬁiégn:;%anes'
source could potentially be a cause of the redveeiit Tropical Meteorology, Monterey, CA, April 2006.

cal velocities. Braun, S. A., 2002: A cloud-resolving simulationHiirricane
Bob (1991): Storm structure and eyewall buoyancy.
Mon. Wea. Rev,, 130, 1573-1592.

8. Summary and Discussion Chou, M.-D., M. J. Suarez, C.-H. Ho, M. M.-H. Yamd K.-T.

Lee, 1998: Parameterizations for cloud overlapping

We have shown that high-resolution simula- and shortwave single-scattering properties forimse
tions of Hurricane Isabel are able to produce &tryng general circulation and cloud ensemble modgls.
low-level updrafts, which compare favorably to abse Climate, 11, 202-214.

. . P - p oo y Corbosiero, K. L. and J. Molinari, 2003: The redaghip
vations, in magnitude and spatial distribution. tBack- between storm motion, vertical wind shear, and con-
ing an individual extreme updraft at high temporal vective asymmetries in tropical cyclon@sAtmos.

. . ., 60, 366-376.
resolution, we have_begun to elL_JC'date SC_)me aspécts Donelan, M. A. et al., 2004: On the limiting aeradynic
the complex dynamics involved in producing these fe roughness of the ocean in very strong wir@RL,
tures. In particular, we hav monstr - _31,118306.
) P , we have demonstrated trefahc Eastin, M. D., W. M. Gray, and P. G. Black, 200bogancy of
ing for the tracked updraft cannot be local buoyanc convective vertical motions in the inner core of

This very likely holds true for other similar siratéd intense hurricanes. Part I: General statisién.
Wea. Rev,, 133, 188-208.

features, which requires that dynamic nonhydrastati Hong, S.-Y., J. Dudhia, and S.-H. Chen, 2004: Asey
pressure gradient forces must be the forcing. &\thils approach to ice microphysical processes for thie bul

; s ; ; parameterization of clouds and precipitatibtan.
is more difficult to demonstrate in the observasiowe Wea. Rev. 132, 103-120.
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