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We examine dynamic and thermodynamic aspects of Atlantic Huicane
Earl (2010) during its intensification and mature phases ovefour days of
intensive measurements. During this period, Earl underweban episode of rapid
intensification, maturity, secondary eyewall replacementre-intensification and
the early part of the decline. The observations are used to gpaise elements of
a new model for tropical-cyclone intensification.

The results affirm the conventional (vortex interior) and boundary layer spin
up mechanisms that form dynamical elements of the azimuthff-averaged
view of the new intensification model. The average maximum tagential winds
beneath the eyewall are found to exceed the gradient wind bydiween 20% and
60%. The results suggest also that the gradient wind balancapproximation
in the low-level vortex interior above the boundary layer may not be as
accurate as has been widely held in the inner-core region of @opical cyclone
during its intensification. An analysis of the low-level themodynamic structure
affirms the radial increase of moist equivalent potential tenperature, 6., with
decreasing radius during the intensification process, a nessary ingredient
of the new model for maintaining convective instability in the presence of a
warming upper-troposphere. An unanticipated finding is the discovery of an
unmixed boundary layer in terms of 6. over several hundred kilometers of
the vortex. In the inner-core region, this finding is not consstent with the
axisymmetric eruption of the boundary layer into the eyewal unless there are
non-conservative (eddy) processes acting to modify the enpy of ascending air.
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1. Introduction Ooyama 1964). These authors showed that spin up was

. . ) o a result of the accompanying import of absolute angular
Early theories of tropical-cyclone intensification empha-

sized the role of deep convective clouds, which, in &lomentum)z, above the frictional boundary layer, where
azimuthally-averaged sense, generate radial convergence
the low to mid-troposphere (Charney and Eliassen 1964, is materially conserved. Hetd = rv + 1/2f72, where
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r denotes radius from storm centiegdenotes azimuthally- only in the context of nonrotating flows, where friction
averaged, storm-relative tangential velocity aghdenotes reduces the flow near the boundary. The mechanism is
the Coriolis parameter. possible because the inward displacement of air parcels
Dissatisfied by thermodynamical aspects of the foregoiisg much larger in the boundary layer than above, a
studies, Ooyama formulated a highly simplified three-layeonsequence of the frictional disruption of gradient wind
slab model with an entraining-plume representation of deleplance that holds approximately above the boundary layer.
convection on the vortex scale and of sensible and latdihis disruption leads to a net inward force in the boundary
heat fluxes from the underlying ocean (Ooyama 196%yer. Since the azimuthal mean tangential wind speed
As in the earlier models, the spin up was associated with/r — %fr, the possibility arises that the loss &f to the
the convectively-induced import ofZ, but that spin up surface following an air parcel may be more than offset
required a supply of latent heat energy from the oceby a large inward displacement of the air parcel so that
to maintain the (parameterized) deep convection. We viflie tangential wind increases and eventually becomesrlarge
refer to the convectively-induced import @f above the than that above the boundary layer. In high resolution model
boundary layer, in conjunction with the supply of moisturgmulations, the process is exemplified by time-height
from the underlying ocean surface, as the conventiog&ss-sections of the azimuthally-averagéftsurfaces,
intensification model (Ooyama 1969, 1982, Willoughb¥hich tilt inwards with height within the boundary layer
1988, 1995). and outwards with height above with a “nose” at the top
A seemingly different model for spin up was proposed i8f the boundary layer. While there have been observations
Emanuel (1997) that focussed more on the thermodyna®iguch nose-like structures in a mature hurricane (e.d. Bel
controls on the intensification process, but as noted ®&)yd Montgomery 2008), to our knowledge the evolution of
Montgomery and Smith (2013), the dynamical mechanight M -surfaces during intensification has not been reported
for spin up appears to be again the radial importAgf for an intensifying tropical cyclone.
above the frictional boundary layer by deep convection.While the boundary layer spin up mechanism presumes
An appraisal of these early paradigms for tropical-cyclo@8 increasing gradient wind and radial pressure gradient
intensification, all of which are axisymmetric is given b@t the top of the boundary layer in association with
Montgomery and Smitlop. cit. thg conventional mechanism, it contributes .also to the
A new paradigm for tropical-cyclone intensification ha&in up of the bulk vortex through the lofting of the
been expounded in a series of recent papers (Ngayergnhhanced tangenyal momentum into the bulk vortex apd a
al. 2008, Montgomeryet al. 2009, Smithet al. 2009, corresponding adjustment of the bulk wind and mass fields
Bui et al. 2009) and summarized by Montgomery anipward the higher winds from the boundary layer.
Smith (2013). This paradigm was distilled from the results In @ nutshell, on the system-scale, the new spin up
of the foregoing studies using observations and higp@radigm has two dynamical components. The first is
resolution, three-dimensional, numerical model simatzi the conventional spin up mechanism, i.e., convectively-
that represent deep convection explicitly and recognizes thduced inflowing rings of air in the lower troposphere
role of rotating deep convection in the spin-up procedfat approximately materially conserve theld. The
Analyses of azimuthally-averaged fields in the foregoifgcOnd component comprises the boundary-layer spin-up
simulations lead to a revised view of spin up that includgechanism summarized in the foregoing discussion. A
the conventional intensification mechanism, but emphasizglated and essential ingredient of the new spin up paradigm
the importantlynamical role of the boundary layér In fact, 'S the maintenance of convective instability in the innerec
Smithet al. (2009) showed that the spin up of the maximufiggion of the vortex as discussed above.
tangential winds takes plathin the frictional boundary _ Although the focus of the present study is on the low-
layer, although the spin up of the winds above the boundafyel structure of both the intensification and mature phase
layer (that are widely held to be in approximate gradiefif & hurricane, some aspects of Emanuel’s steady-state
wind balance) is necessary as well. (A similar result widrricane model (Emanuel 1986, henceforth E86) sitill
noted by Zhangt al. (2001) in a simulation of Hurricane,prov'de a useful context for interpreting observationsrof a

Andrew (1992), but they did not appear to recognize tp%tensifying storm. An important feature of this model is
generality of their result.) As in the earlier paradigms t}'€ @ssumption that as air parcels ascend along the eyewal,
spin up of the bulk vortex above the boundary layer occUfi€y conserve their absolute angular momentiih, and
through the conventional mechanism as discussed abov&aiuration pseudo-equivalent potential temperatiireso

The boundary-layer spin up mechanism may Se%ﬂ{;\t M and ¢ surfaces are congruent. In addition, the
e

counter-intuitive to those who have studied boundary lay ory assumes_expllcnly .that th_e tangential flow_above the
oundary layer is in gradient wind balance. An important

constraint in the model is the rate at whidd and &

Hin this work we adopt a dynamical definition of the boundaryela
using the term boundary layer to describe the shallow layestrmng
inflow near the sea surface that is typically 500m to 1 km dempvehich
arises largely because of the frictional disruption of ggatiwind balance
near the surface (e.g., Figure 6 of Sméhal. 2009). This dynamical
definition is uncontroversial in the outer regions of a toapicyclone
vortex, where there is subsidence into the boundary layetr,itbhas
limitations in the inner-core region where boundary-lagér is being
lofted into the eyewall clouds. In the latter region, corti@ml boundary-
layer theory breaks down. For one thing, vertical pertuopapressure
gradients may not be ignored there. The flow in this regiorkis # that
of separation in aerodynamic boundary layers. For furthgcugsion on
hurricane boundary layers see Smith and Montgomery (201€e, we
acknowledge this limitation, but adopt the layer of relefjvstrong inflow
as the boundary layer.
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vary with radius in the boundary layer inside the radius of
maximum tangential wind speed,(), which E86 assumes
to be located at the outer edge of the eyewall (see E86,
Figure 1). A brief summary of the model formulation
is contained in section 2 of Smitet al. (2008). While
the model has undergone a number of reincarnations
over the years (Emanuel 1988, Emanuel 1995, Bister and
Emanuel 1998, 2002, Emanuel 2004, Emanuel and Rotunno
2011, Emanuel 2012), the foregoing aspects have remained
unchanged.

An important feature of the E86 model is the increase
in 0> with diminishing radius in the vicinity of the
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Figure 1. (a) Best track positions, and (b) intensity for Hurricanel E26 August - 4 September 2010. Based on "best track” daia fihe National
Hurricane Center archive. Vertical lines in (b) delineaterfperiods of flight reconnaissance referred to in the text.

eyewall updraught. Such a feature had been documeradl underwent one episode of rapid intensification and
earlier from observational analyses (Hawkins and Imbemthe measurements afford a unique opportunity to assess
1976) and has been confirmed by more recent wa&veral aspects of the new paradigm of tropical cyclone
(Montgomeryet al. 2006, Markset al. 2008, Bell and intensification. They afford also the possibility of extangl
Montgomery 2008). Since the virtual temperatuig, in the analysis of Smith and Montgomery (2013a) to quantify
cloud increases monotonically wit#j, 8, must increase the changes in the radial distribution of boundary-layeas

also with decreasing radius at a given pressure levéle storm intensifies. Like the study by Sangeal. (2013),
consistent with the warm core structure of the vortewe will adopt a system-scale viewpoint of the intensificatio
Because ascending air parcels move to larger radii, fi®@cess and use a composite methodology to construct an
M and ¢; surfaces flare outwards with height. As thesgpproximate azimuthally-averaged picture of the evolving
air parcels move outwards conserviig they spin more vortex. An analysis of the asymmetric processes is beyond
slowly about the rotation axis of the storm. This facthe scope of this study.

together with the positive radial gradient 81, explains  The paper is organized as follows. In sectibwe give a

the observed decrease of the tangential wind speed vitHef summary of Hurricane Earl, focussing largely on the
height, consistent with the thermal wind equation (E8@&eriod from rapid intensification to maturity. In sectién

As discussed by Montgomery and Smith (2013), in thge summarize the data quality and analysis methodology
new intensification paradigm, only modest surface moistWployed. Sectiong and 5 present the analysis of the
fluxes are required from the underlying ocean, which giypservational data. Sectidh presents a summary of the

rise to an increase of boundary layir with decreasing main findings and discusses some implications of the
radius. The). increase is needed to help maintain a degrge;|ts.

of convective instability of the inner-core region in the
presence of a developing warm core aloft. This increase
does not necessarily require an evaporative-wind feedb&ack
Eﬁgiisaa(séo%%‘;?ﬁze;ite,dm?ntsg;ﬁg? gl_' ((2109099‘;) hi?/(ejz Hurricane Earl originated frpm a strong tropical wave that
shown that this evaporative-wind feedback mechanism! ;t_the west coast of Africa on 23 August. "The U.S.
neither essential nor the dominant pathway for tropicyptonal Hurricane Center (NHC) “best track” chart of
cyclone spin up. . arl's _path is given in Figuréa, with the_ time series of its
Observational support of the second spin-up mec atensity shown in Figuréb. The following description is
nism for tropical cyclone intensification was presented [#S€d on the storm summary produced by the NHC.
Sanger (2011) and Sanget al. (2013) who examined Strong subtropical ridging over the eastern Atlantic
the azimuthally-averaged boundary layer structure duript§ered Earl westwards to west-north-westwards at a speed
the intensification of typhoon Jangmi, which was observefibetween 7.5 and 10 nt$ for the next few days. At the
as part of the Tropical-Cyclone -Structure 2008 (TCS08§me time, the tropical storm strengthengd gradual_ly over a
experiment (Elsberry and Harr 2008). An even mof€a surface temperature of 28-29C and in an environment
detailed data set for testing this spin-up mechanism adight to moderate vertical shear. Data from an Air Force
the new intensification paradigm was obtained in Hurricalé€serve reconnaissance aircraft indicate that Earl beaame
Earl (2010) during four days of intensive measuremeritgrricane by 1200 UTC 29 August, when centred about
based on airborne dropwindsondes released from the upgé? n mi east of the northern Leeward Islands. Around
troposphere during the collaborative National Aeronautithat time, Earl neared a weakness in the subtropical ridge
and Space Administration (NASA), Genesis and Rapagsociated with Hurricane Danielle to its west, and it skbwe
Intensification Processes (GRIP) and the National Ocea@ftfl gradually turned northwestward while undergoing rapid
and Atmospheric Administration (NOAA), Intensity andntensification. Earl strengthened to a Category 3 hurgcan
Foreasting Experiment (IFEX). Here we examine the kin@bout 12 h later when it was located very near the northern
matic, dynamic and thermodynamic and thermodynantieeward Islands. Data from both NOAA and Air Force
structure of this Atlantic hurricane during its intensifica
and mature phases. During the extensive observation pertagiversal Time Coordinated

Hurricane Earl and data collected
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28 August 2250 Z 29 August 1040 Z

Figure 2. The reflectivity field as viewed by the lower fuselage radathef NOAA WP-3D aircraft at (a) 2250 UTC 28 August, (b) 1040 UZE€
August, (c) 2200 UTC 29 August, and (d) 1230 UTC 30 August.félir panels are 360 km x 360 km. The colour bar shows valueariges of dBZ.
The bold circles denote the radius of maximum azimuthalgraged, storm-relative tangential wind deduced from tbppler radar data.

hurricane hunter aircraft, along with satellite imagerfour missions into the intensifying storm. The reflectivity
indicate that Earl intensified by 40-kt over 24 h, becomingage centred at 2250 UTC 28 August shows a cyclonically
a Category 4 hurricane by 1800 UTC 30 August. curved band of high reflectivity (exceeding 40 dBZ) that
Figure 2 shows a composite reflectivity from the lowerextends from the southwest to the east of the centre. At
fuselage (5 cm) radar on the NOAA P3 aircraft durintpis time the developing eye, which is marked in the centre
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the end of the period of rapid intensification, with less
than 12 h between sampling times for the inner core and
less than 24 h for the environment. This represents one of
most intensively-sampled lifecycles of rapid intensificat
ever. In our analyses, we use the Global Positioning
System (GPS) dropwindsonde (henceforth dropsonde) data
collected in Hurricane Earl between 28 August and 2
September, 2010. As an example, Figuteshows the
dropsonde data coverage relative to the storm centre
obtained from four different research aircraft. The positi
of each dropsonde shown corresponds to the position
when the dropsonde was first released, but analyses in the
forthcoming section use the instantaneous position of the
dropsonde at a particular height. We group the data into 12
hour windows to increase the sample size and focus on four
periods, two during the period of rapid intensification (18
Figure 3. An infrared satellite image at 0215 UTC 2 August 2010 dJTC 28 August to 6 UTC 29 August (period 1); and 18
Hurricane Earl near its peak intensity. UTC 29 August to 6 UTC 30 August (period 2) and two
in which Earl had reached a quasi-steady state (18 UTC 1
. September to 6 UTC 2 September (period 3); and 6 UTC
by very low reflectivity values (below 15 dBZ), has aB gentember to 18 UTC 2 September (period 4)). These
approxmatgly o_val shape W'th. diameter of 60 km_ in t.r\%ur periods are indicated in Figuid. Table 1 presents an
east-west direction and 80 km in the north-south directiqf,erq)| summary of the dropsonde analysis periods, eyewall
By 1040 UTC 29 August the eye boundary has becomgmqsite region, number of dropsondes used to form the

more circular gnd the reflectivity pattern become a ”ttt?omposite, and the total number dropsondes within 250 km
more symmetric about the centre. During the next 12 hoyks,; o

the eye region has contracted and remains approximately
symmetric with a final diameter of approximately 50 km. All the dropsonde data were quality controlled using
at 2200 UTC 29 August. Again, the reflectivity patterthe ASPEN software, which is based on the EDITSONDE
has become asymmetric with two prominent reflectivigbftware developed by the Hurricane Research Division
bands wrapping cycloncally inwards on the southeastg¢Rianklin et al. 2003). A standard 10 s filter is used
side of the centre. It is during this interval that the vortal smooth turbulent noise and switching between GPS
intensifies rapidly (cf. Figuréb). After another 12 hours bysatellites, as in Powell (2003). A more detailed descriptio
1230 UTC 30 August the eye has contracted further ancbisthe observational instruments inside the dropwindsonde
almost surrounded by a narrow region of high reflectivitgan be found in Hock and Franklin (1999). The accuracy of
characterizing a developing eyewall. The reflectivity aththe horizontal wind speed measurements is 2.0 fand
eyewall is most extensive in the southeast sector. The bards.5 m s! for the vertical winds with approximately 0.2
of high reflectivity in the previous image have disappearadl.s~! precision. The storm centre is determined using the
A moat of low reflectivity is apparent mainly on the westerfiight-level data using the Willoughby and Chelmow (1982)
and southwestern sides of the eye. The intensity at this timethod along with the best track data record.
is approximately 55 ms'. The radial and tangential components are computed
Subsequently, Earl began a concentric eyewall replagetative to the instantaneous storm centre. We averaged the
ment cycle that was well observed in both the San Jugta located within the eyewall region, and found the height
Doppler radar and aircraft flight level wind data. This cyclef the maximum mean tangential wind speed. To calculate
halted the intensification process and Earl remained a 115He gradient wind at this height, first we fit the pressure data
hurricane for the next 24 h. Southwesterly shear increasgith a quadratic polynomial in a least squares sense as a
late on 31 August, which resulted in Earl weakening bag@lnction of radius from the storm centre. Next, we calculate
to a Category 3 hurricane by 0000 UTC 1 Septembeie gradient wind by solving the quadratic gradient wind
Earl weakened a little more during the morning hours efjuation for tangential velocity using the inferred radial
1 September, but by that afternoon the eye became mpressure gradient force (Eg. (1) below). Then, using this
distinct and deep convective activity increased and gain@éthodology, the radial profile of the mean gradient wind
symmetry, presumably due to a decrease in vertical shean then be compared with the local tangential wind speed
Earl re-intensified to Category 4 strength by 1800 UTCgk the same level (see e.g., Figarelater).
September and reached its peak intensity of 63 &2
h later, when it was located about 380 n mi southeast pf Doppler-radar analysis and results thereof
Wilmington, North Carolina. An infrared satellite image of
Earl near its peak intensity is shown in FigueEarl then 4.1. Theradar data
rapidly weakened as it turned northwards, falling below

major hurricane status by 0000 UTC 3 September. The tail Doppler radar data from NOAAs WP-3D aircraft
are used to construct storm-centred plots of M for each
3. Data quality and analysis methodology flight. Such plots are then used to assess the first component

of the new intensification paradigm of Montgomery and
Hurricane Earl was extensively sampled by multip®mith (2013), in which the conventional intensification
research and reconnaissance aircraft from NOAA, NASAechanism for the system-scale circulation discussed in
and the United States Air Force prior to, during, and #te Introduction is an important element. Table 2 presents
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Figure 4. Storm-centred dropsonde distribution on the five days ofitnong of Earl by four different research aircraft. EacHarorepresents one
type of aircraft where dropsondes were released. Blue cefpesents WP-3D aircraft, red color represents DC-8adirareen color represents C-130
aircraft, black color represent G-IV aircraft. For simfilicthe storm-relative horizontal trajectory of each dsopde after release time is not shown.
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Periods| Starttime | Endtime Eyewall Number of sondes Total number of
range (km)| in the eyewall region sondes within 250 km

1 08/28 - 187| 08/29 06Z| 95-105 3 20

2 08/29 - 187| 08/30 06Z 35-45 4 32

3 09/01 - 187| 09/02 06Z 20-30 3 16

4 09/02 - 06Z| 09/02 187 25-35 3 18

Table I. Periods of interest for sonde analyses. See texigftails.

FlightID | Starttime (radar) End time (radar)) RMW (km) | Maximum M at RMW | Maximum Vt at RMW
100828I1 2132 2531 65 1.66 x 10° 23.8
100829H1 0922 1318 101 2.82 x 108 25.6
10082911 2057 2438 49 1.80 x 106 34.9
100830H1 1110 1341 35 0.82 x 108 36.2
100901H1 1056 1217 45 2.46 x 10° 52.1
100902H1 0935 1213 31 1.70 x 106 55.6

Table II. Summary of P3 radar data corresponding to Figs.&)b6. The units of\/ andV; arem?s—! and ms !, respectively. See text for

further details.

a summary of the radar data collected, including specifinal-Doppler measurements from a single radial penetratio
flight identification (ID), radar-derived radius of maximunfe.g., Reasoet al. 2009). The Doppler radar projection

tangential wind (RMW) M andV; at the RMW.
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equations and anelastic mass continuity equation aregolve
The data are processed as follows. An automated quafiythe same time to derive the three-dimensional wind

control process is applied before the data analysis (Gaenalt@ld via least-squares minimization (Gamache 1997). The

2012). The fore/aft scanning technique is used to cregtaality-controlled Doppler radials extend from the suefac
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Figure 5. Evolution of absolute angular momentui,, which is azimuthally-averaged about the storm centres&hé-data are from Doppler radar and
dropwindsondes as discussed in seciohe panels show only the deep tropospheric data above 50@tudex The radius of maximum azimuthally-
averaged tangential velocity at 2 km altitude is indicatgdhe white vertical line in each panel. The time for each ysialperiod is detailed in Table

to 20 km with horizontal and vertical grid spacings of 2 kraf eyewall penetrations for each flight, the changefin
and 0.5 km, respectively. For technical reasons, the vortessociated with the moving storm is smatl $%), implying
centre for the radar analysis is defined using a modifiachegligible change of th&/ fields over the Doppler radar
version of the centre-finding method of Mardtsal. (1992) domain shown. It is evident from the figure thidtincreases
as detailed by Reasor and Eastin (2012). This centre is v&ish radius at each level during the Earl's intensification,
close (within a few km) to the centre determined by theplying that the vortex is centrifugally (or inertially)
Willoughby Chelmow (1982) method mentioned above asgable (e.g., Shapiro and Montgomery 1993, Frandtial.
used for the dropwindsonde analysis in the next section. 1993) and that the mean radial inflow can carry air with
To determine the distribution of azimuthally-averagesigh A/ towards the centre to spin up the tangential wind
M, analyses from individual radial penetrations during eafibld there. We see also that, indeed, over the period of
flight are merged. The purpose for merging radar swaisservations, thel/ surfaces do move radially inwards.
is to create the most complete azimuthal coverage of #ereover, the signature of the strengthening boundary
core region out to the largest radii. A detailed descripti¢ggyer inflow is evident by the increase in the upward-
of the methodology used for merging the swaths and ggtward tilt of the A/ surfaces in the lower troposphere
limitations are given by Reaset al. (2013). The radar dataas these surfaces move inwards. The solid black curves
are observed mainly above 500 m, so that most of the dafa chosen to highlight a few/ surfaces during the rapid

are above the boundary layer. intensification phase of the vortex. As an example, in the
top-left panel of curve in Figur®& (0828l, corresponding
4.2.  Spin up above the boundary layer to 28 August), two particulail/ surfaces are identified.

The innermostM surface begins near 40 km radius (the

Figure5 shows the evolution of/ surfaces as calculatecedge of the inner Doppler-radar data region on this day)
from the merged Doppler radar data for each flight. No#éad slopes upwards to 10 km height and outwards to 100
that, in calculatingl/, we use a constarft for each flight. km radius. In subsequent panels, this surface becomes more
The value off is calculated using the averaged latitudepright and moves inwards to near 25 km radius, where
of the moving storm centre for each flight. As the storniBe eyewall has developed and the Doppler radar data are
move during the period of eyewall penetrations, we haadequate to apply the analysis methodology. At outer radii,
assumed that structural features of interest are quamihstea qualitatively similar evolution is observed. The secarid

over the observation period. Because the latitude chasgeface highlighted in the top-left panel of Figuiés seen

in the storm centre is smalk(0.6 deg) during the period initially near 140 km radius and during the next 48 h hours
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10082911 EARL at 1 km (m/s) as described in the foregoing subsection. In these figures,
individual dropsondes within 5 km of the RMW are shown
19,50 a0 &  in colour while the thick black line is the arithmetical-nmea
by 7s vertical profile of the dropsondes. The full 10 m vertical
I?O resolution of dropsondes is being used here to plot the

194
85 profiles shown.

80 Aside from the first set of vertical profiles before rapid

ss=  intensification has commenced (Figurg the averaged

so  profiles indicate that the maximum tangential wind speed
+5  occurs persistently deep within the vortex boundary layer
+«0 as defined by the layer of strong inflow (Zhaeg al.

s 2009, 2011, Smithet al. 2009). For example, Figuré

s shows that between 18 Z 29 Aug and 6Z 30 Aug, the
z  maximum composite tangential wind occurs at a height
zo  of 400 m, where the mean inflow magnitude exceeds 15
15 m st Similarly, between 18 UTC 1 September and 6

10 UTC 2 September, the maximum composite tangential wind
5 occurs at 500 m and the mean inflow exceeds 307 s

18,58

188

17.58

178

16,58

168

15,60 Between 6 UTC 2 September and 18 UTC 2 September, the
R composite tangential wind profile shows some weakening in
50 intensity relative to the previous period, but the maximum

Figure 6. Doppler-radar derived wind vectors for hurricane Earl oA2§ tangential \.de speed o.ccurs. at a'pproxlme}tel).;.750 m where
(period 1) at a height of 1 km. The wind barbs from the dropwaortle th€ meanllnﬂow m?‘gmtqde is still quite signi icant, 25m
soundings at this level are superimposed. Doppler-deriiad speeds are S~'. As discussed in prior and recent work (Willoughby
color coded according to the scale on the right of the figure. 1995, Smith et al. 2009, Bt al. 2009, Montgomery and
Smith 2013), this layer of strong inflow is driven primarily

) , ) the net effective radial pressure gradient brought about by
extends vertically and moves inwards to approximately €{,face friction.

!<m radius on 30 Au.gust (panel 0830H). A similar behqviour-rhe dropsonde data have the advantage of measuring
is found with the thirdM surface that enters the domain b)ﬂoundary-layer structure with reasonably high vertical

30 August near 125 km (panel 0830I). Over the next thrggs|ytion (0 m). For a well-developed storm such as Earl,
days, this thirdM surface moves inwards approximately is reasonable to assume that the pressure field in the
20 km and extends vertically. In summary, the surfaces o nqary layer is to a first approximation axisymmetric.
are found to be moving inwards during the period &fhen we can estimate the radial profile of pressure at each
observations. Although there is some tendency of Mie ejgh by fitting a curve to the pressure observations at each
surfaces to bow inwards near 2 km altitude outside of &, |ocation. Using this pressure profile, we may calculate
RMW, we are cautious of attributing much significancge gradient wind at each analysis height, following the
to this feature on account of the difficulty of extracting,athod of Sangeet al. (2013), Bell and Montgomery

Doppler data at low altitudes. (2008) and Kepert (2006a,b). Gradient wind balance is
) . defined as a balance between the radial pressure gradient
5. Dropwindsonde analysis and results force per unit mass and the sum of centrifugal and Coriolis
forces:
5.1.  Spin up in the boundary layer 10 V2
~SE =LY, (1)
p or r

To assess the boundary-layer spin-up mechanism, we study
next the boundary layer structure using the dropsonde datgereV/, is the gradient wind. The gradient wind is obtained
with a focus on below 2 km altitude in the vicinity ofby solving the quadratic equation fij using the calculated
the high wind region of the vortex. Figur@ shows an radial pressure gradient as long as the radial pressure
example of the dropwindsonde wind data at a level ofgtadient remains positive.
km obtained during period 1, an interval sampling the rapidFigure 11 and shows the results for the gradient wind
intensification period (cf. Figurdb). The Doppler-radar calculations for the four periods at the height of the
derived wind field (described in the foregoing section) amaximum tangential wind speed. The left panels show the
shown at the same level and time period. The figure broadlyserved pressure from individual sondes (blue circlea) as
supports the assumption that the horizontal wind field fanction of radius. Shown also are the best fit of the pressure
the high-wind region possesses a fair degree of symmedata (red curve) in a quadratic polynomial form using a
during this period. Similar figures during the other periodsast square regression method. The right panels show the
have been constructed (not shown) and together they imphserved tangential wind corresponding with each pressure
that the composite methodology employed herein showldservation. For comparison, the gradient wind is presente
provide a meaningful estimate of the azimuthally-averagasl a function of radius also (green curve). The red square in
vortex structure. each right panel indicates the averaged valu&;dbr the
Figures 7-10 display the individual and compositeeyewall region. In this region for all periods, the aver&ge
vertical profiles of storm-relative tangentidl;j and radial is significantly higher than the corresponding gradientwin
(V) wind velocities in the eyewall region for the fouiSpecifically, this average wind exceeds the gradient wind
periods of interest, respectively. The eyewall region, abgt 20% during period 1, 43% during period 2, 60% during
the associated RMW, is determined from the radar dateriod 3, and 32% during period 4. These calculations
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Figure 7. Vertical profiles of storm-relative tangentidly) and radial ) wind composites and deviations thereto in the eyewalloregif the vortex
during the period 1: 0828/18Z - 0829/06Z. The eyewall regsoefined as the region within 5 km from the RMW deduced udiedopper radar data.
Curves for the same sounding have the same colour. Dark aatfigés represent the arithmetic average of dropsonde dtten the eyewall region.
Maximum V; is generally located well within the boundary layer, white tmaximumV/;. is often very close to the surface. The average height of the
maximum tangential wind and maximum inflow during this tirme&00 m and 180 m, respectively (see Table 1).
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Figure 8. Vertical profiles of storm-relative tangentidly) and radial ) wind composites and deviations thereto in the eyewalloregif the vortex
during the period 2: 0829/18Z - 0830/06Z. The eyewall reg®defined as the region within 10 km from the RMW deduced utfiegDopper radar
data. Curves for the same sounding have the same coloursDEdicurves represent the arithmetic average of dropsdatdewithin the eyewall region.
Maximum V; is generally located well within the boundary layer, white maximumV/;. is often very close to the surface. The average height of the
maximum tangential wind and maximum inflow during this timé&70 m and 50 m, respectively, while the average height dhft@v layer is 1500 m
(see Table 1).

suggest that during both the rapid intensification and quaseaker. At these radii, the boundary layer is more akin to
steady periods the boundary layer flow is significantthat of a classical Ekman layer.

supergradient at the height of the maximum tangential windDuring spin up and maturity, the maximum tangential
speed. In contrast to the unbalanced state of affairs in thiads occur without exception within the layer of strong
inner-core boundary layer, Figurel shows that at outerboundary layer inflow £ 1 km depth). The tangential
radii the tangential winds are on average much closerviinds near the radius of maximum wind in the boundary
the gradient wind, albeit somewhat sub-gradient as isl&yer are persistently and significantly supergradient. Fo
expected where the radial advection/df is considerably brevity, we have shown this feature only at the height of
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Figure 9. Vertical profiles of storm-relative tangentidly) and radial ) wind composites and deviations thereto in the eyewalloregif the vortex
during the period 3: 0901/18Z - 0902/07Z. The eyewall regéodefined as the region within 10 km from the RMW deduced ugiegDoppler radar
data. Curves for the same sounding have the same coloursDEdicurves represent the arithmetic average of dropsdatdewithin the eyewall region.
Maximum V; is generally located well within the boundary layer, white maximumV/. is often very close to the surface. The average height of the
maximum tangential wind and maximum inflow during this timel60 m and 50 m, respectively, while the average height dhft@v layer is 1500 m
(see Table I).

maximum tangential wind, but supporting analyses confisuggest that the boundary layer spin up mechanism, which
this tendency throughout much of the boundary layer excéptresponsible for generating the supergradient winds, is
very near the surface where the tangential winds becoawtive even during the early intensification phase from the
subgradient. The average maximum tangential wind spegiépical storm vortex.

beneath the eyewall exceed the gradient wind by between

20% and 60%, with the largest excess occurring during th@.  Testing Carrier et al’s prediction for the
re-intensification period following the eyewall replacerhe nNear-surface wind speed

on 2 September. As an indication of the maccuracy%e data presented above offer a unique opportunity to

the gradient wind for characterizing the structure of t ) LA
vortex in the boundary layer, the radius of the gradient wi termine .the act.ual_near-s'urface wind in te'rms of Fhe
maximum is up to three times the radius of the maximu%ad'e.nt wind, which is predicted by Emanuel’s potential
observed tangential wind speed. |ntenS|ty.theory for a steady-state hurricane (E86, Emlanue
. . . .. 1995, Bister and Emanuel 1998, Emanuel 2004). The
In the foregoing calculations, there is a potential 'SS.%Eestion is: to what extent does Emanuel’s potential
regarding the apparent scatter of the tangential Wifiglensity theory for the gradient wind provide a measure for
data relative to the computed gradient wind. To addregs total wind speed at the surface? Long ago, Caetiaf:
this concern, we recomputed all of the gradient windg71) carrier (1971) and related investigations by @arri
calculations for the boupdary layer region using a laygg 5 (1994, and refs.) predicted that ttetal wind speed in
average of the tangential winds over the. Iayer. betweffma boundary layer at any height is approximately equal to
400 m to 1000 m, and computed the gradient wind Usigigk gradient wind at the top of the boundary layer. Of course,
the dropsonde.pressure field at the mid point of this |ayz§‘(§cording to the standard boundary-layer approximation,
(i.e., 700 m altitude). The results (not shown) corroboraige gradient wind is approximately uniform throughout
the previous findings. For the case of period 1 (eatfe boundary layer. If true, the Carrier prediction would
intensification from the tropical storm stage), the resuligply that Emanuel’s potential intensity theory would be
show that there is still a clear tendency of the inner-cogegood approximation to the near-surface wind, which
tangential winds to exceed the gradient wind values nearthe preferred measure of intensity used by hurricane
the RMW; for one particular sonde inside the RMW thirecasters. Restricting attention to the rapid interesifn
layer-averaged tangential winds exceed the gradient wiggd mature stages of the hurricane, i.e. Figéraad9 and
by nearly 50%. As the storm intensifies, the differen¢dgureslii(d) and (g), itis evidentthat the near-surface wind
between the layer-averaged tangential wind and gradigpéed at the RMW is approximately 33 m'sand 56 m s'!
wind increases significantly. These features are to bempared with gradient wind speeds of 30 ™ s&ind 36 m
expected if the boundary layer is exerting a progressivaly' , respectively. Under these conditions the surface wind
stronger control on the vortex circulation (Montgomerypeeds are underestimated by 10% and 55%! Although the
and Smith 2011; Smittet al. 2012). In summary, the maximum gradient wind during these times is marginally
layer-averaged results support the original calculatam larger, 33 m s! and 50 m s, respectively, these maxima
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Figure 10. Vertical profiles of storm-relative tangentidly) and radial {;-) wind composites and deviations thereto in the eyewalloregi the vortex
during the period 4: 0902/06Z - 0902/18Z. The eyewall reg®defined as the region within 10 km from the RMW deduced utfiegDopper radar
data. Curves for the same sounding have the same coloursDEdicurves represent the arithmetic average of dropsdatdewithin the eyewall region.
Maximum V; is generally located well within the boundary layer, white maximumV/;. is often very close to the surface. The average height of the
maximum tangential wind and maximum inflow during this tirmd 800 m and 170 m, respectively, while the average heighieafiflow layer is above

2000 m (see Table I).

Period | Average Average Average Average Percent
number| height height of height of surface negative
of V4, ... | inflow layer | peakinflow | inflow angle| 9|V,.|/0z
(m) (m) (m)

1 700 700 180 12 25%

2 570 1500 50 35 80%

3 540 1800 10 46 50%

4 800 >2000 190 57 15%

Table Ill. Summary of boundary layer parameters for the eflev@gion (within 10 km from the RMW) for periods 1, 2, 3 and#éstigated in this
study. These parameters include the average height of tkienuia tangential wind speed, the average height of the infdgwer defined nominally
(following Zhanget al. (2011)) as the height of 10% of the peak inflow, the averagghteif the peak inflow, the average of the near-surface
inflow angle ¢an—!(—u/v)), and the percentage of data whél&.| /9= is negative below 200 m, whete| denotes magnitude and- denotes
storm-relative radial velocity. The value for the inflow &g the mean of the lowest 50 m data.

occur at a much larger radius than the maximum tangenkabwing the optimum boundary-layer scheme to use. In
wind speed in the observations. Specifically, in the firah effort to address this issue, Kepert (2012) compared
case, the gradient wind maximum occurs at a radius afrange of boundary-layer parameterization schemes in
70 km compared with 40 km for the observed tangentitle framework of a steady-state boundary-layer model
wind maximum (Figurel1d), while in the second case thén which the tangential wind speed at the top of the
gradient wind maximum occurs at 80 km compared with 2fmundary layer is prescribed and assumed to be in gradient
km (Figurel1f). wind balance. As a result of his analyses, he argues that
boundary-layer schemes that do not reproduce a near-
surface logarithmic layer are “badly flawed and should not
be used”. However, Smith and Montgomery (2013b) present
both observational and theoretical evidence that calls int

The studies by Braun and Tao (2000) and Smith afigestion the existence of a near-surface logarithmic liyer
Thomsen (2010) have elevated awareness of an import@gtinner core of a tropical cyclone.

problem in the design of deterministic forecast models forThe observational data presented here offer a new
hurricane intensity, namely which boundary-layer schempportunity to assess the foregoing issue in the high-wind
is most appropriate? They provide estimates also refion of the storm for both the composite boundary layer
forecast uncertainty that follow from the uncertainty irt n@nd individual vertical profiles. From the data shown, the

5.3. Testing other near-surface characteristics of the
boundary layer
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Figure 11. Gradient wind calculation at the height of maximum tangentind speed¥;) for periods 1 - 4 (Aug. 28, Aug. 29, Sept. 1 and Sept. 2, see
Table | for further details). Calculations are displayegairs with dropsonde-observed pressure at the top andafidpsobserved; at the bottom of
each plotted pair. For each pair, the top panel shows dralespressure observations (blue) as a function of radiusthitHtitted curve (red) based on
least square regression. Bottom panels show dropsondevetdd3g (blue) and gradient wind, (green) as a function of radiu¥j, is calculated using
the pressure gradient by solving the gradient balance iequdthe red square in the tangential velocity plot is ththametic average of; at the eyewall
region within 5 km on either side of the RMW at 2 km altitudeeied from the Doppler radar data.
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composite tangential wind componentin the boundary layed. Testing gradient wind balance above the boundary

is a minimum at the surface. While the magnitude of thayer

composite tangential wind generally increases with height

near the surface, that of the composite mean radial veloditis widely thought that gradient wind balance holds above

decreases with height, except in a relatively shallow layi&e boundary layer (e.g., Willoughby 1990, 1995). The

above the sea surface during the intensification and mat@x¥éensive dropsonde data collected offers an opportunity
stages. Thus, the maximum radial inflow is very close 18 test this assumption up to the level of the dropsondes
the sea surface, which is consistent with fluid dynamicé$ing the same methodology of the foregoing subsection.
considerations for a rapidly rotating vortex adjacent to e have carried out these calculations for the height level

frictional boundary (e.g., Bédewadt 1940, also Schliufti of 2 km. This altitude is below the altitude of release
1968, Ch. 11). ’ ’ for all sondes, but still above the strong inflow layer

associated with surface friction, so it may be legitimately
The shallow layer of increasing radial inflow is belowonsidered part of the low-level vortex interior. The résul

50 m during period 1, below 100 m during period 3 angte summarized in Figureifa,c (for period 1)12b,d (for
below 200 m during the early weakening stage of perip@riod 2),12e,g (for period 3) and.2f,h (for period 4),
4. Interestingly, a negative vertical gradient of compmsitespectively. In broad terms, there is a clear tendency for
mean radial velocity is evident throughout the boundattye tangential winds near and inside the RMW to exceed
layer during period 2. During this period, the maximunthe gradient wind even at this altitude. For the period
mean inflow resides within 50 m from the surface. In thosemmencing with tropical storm strength winds (period
profiles where the radial wind speed increases slightly with, there is again a modest, but clear tendency for the
height below approximately 100 m, we cannot definitiveipner-core winds to exceed the gradient wind values near
rule out the existence of a shallow log profile for thand inside the RMW. For one particular sonde inside the
composite mean boundary layer structure. Nevertheld3¥IW, the tangential winds exceed the gradient wind by
for reasons given by Sm|th and Montgomery (2013ﬂ)’ear|y 50% at th|S alt“:.ude ab'O\{e the friCtiona| boundary
we can rule out a strict log layer extending two hundrekayer. From t'h.e other f|gures, it is evident also thaf[ as the
metres in depth as proposed by Powell (2003) for inferri§Prm intensifies, the difference between the gradient and
drag coefficients at major hurricane wind speeds. Howe ’gentlal wind increases significantly wnh storm intgnsi
for reasons given in Smith and Montgomery (2013b§pove the boundary layer. These resulf[s dn‘f_erfrom those of
the subsequent decrease in the magnitude of the ra gloughby (1990) who (_:o_ncluded using flight-level data
wind component above this height is not consistent withlt Al lthe flow abgye t?e ég%t'ﬁgal poundar;l/ Iayelr (abtohve tgeS
traditional log-layer. The data in Table 3 (last Column)whoevelcor-respon' Ing to . a) IS very Cclose (less than 1.

. : ms~*, with no bias) to gradient wind balance. These results
that the percentage of eyewall soundings with a negat

Vt?p . ; .
: ; . . . . port the argument summarized in the Introduction that
vertical gradient of the radial wind magnitude is up to e boundary layer spin up mechanism contributes to the

% (1, chgllenglr)g the notion that thgre is always a Sha"'%%’lplification of the interior tangential wind field by loftin

log layer in the inner core of a hurricane vortex (cf. Smith; "\ iy high tangential momentum from the boundary

and Montgomery 2013b). layer. Echoing our remarks above, these features are to be
The observational data presented offer also an oppo¥pected if the boundary layer is exerting a progressively

nity to examine the surface inflow angle and to compas&onger control on the vortex circulation (Montgomery and

these with previous observations and the predictions &hith 2011; Smithet al. 2013). In summary, the results

different boundary layer schemes (Smith and Thomsg#ggest that the gradient wind balance approximation above

2010). Surface inflow angles derived from recent obsép€ boundary layer may not be as accurate as has been

vational studies of Hurricane Georges (1998), Hurricaltédely held in the inner-core region of a tropical cyclone

Mitch (1998), Hurricane Danielle (1998) and Hurrican@Uring its intensification.

Isabel (2003) show maximum inflow angles of 24, 18,

24 and 26, respectively From their comparison with five 5.5. Thermodynamic structure in the boundary layer

different boundary layer schemes, Smith and Thonogen

cit. found a range of inflow angle values between 17 aA$ discussed in the Introduction, it is desired to learn

35° depending on the particular boundary layer schenfBore about the thermodynamics of the boundary layer

However, from Table I, the average surface inflow angle #d lower troposphere during the intensification process.

the eyewall region for the different observation periods §t Previous work we examined the inner-core and outer-

Earl show surface inflow angles of 12, 35, 46 5pr peri- COre thermodynamic structure by simply binning the data

ods 1,2,3 and 4, respectively. These values are consistef two radial groups, the eyewall region and the outer

also with the composite analysis of surface inflow angf@"® region (Smith and Montgomery 2013a). We use now

t&e data to construct radial profiles of boundary laeat

presented by Zhang and Uhlhorn (2012). In this respect;
these observations suggest that the boundary layer schztﬁr? the 100 m and 1500 m levels. The results are shown
igure 13 for three separate periods. At both levels,

. . ce |
studied by Sm|th and Thomsen are within the range tﬁfe increase of, with decreasing radius is approximately
observed variability.

monotonic within 150 km radius. The radial gradient of
- 0. is relatively weak during the intensification phase, but
Sr]Tf&e first 01; chese agglei is baS(ggofén)thi right paélels of (ttléemg becomes quite pronounced during the mature phase of the
third rows o igure n epert a), the second on pa an H H

(d) of Figure 6 in Kepert (2006b), the third from the secondgia of each vortex ev.OIUtlon' At both IeYEIS.' the difference betwekn
column of Figure 4 in Schwendike and Kepert (2008) and thettioon the @t the axis and 150 km radius increases from about 5 K to

two right panels of Figure 19 in the same article. 20 K over the observation period.
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Figure 12. Comparison between gradient wil§ and tangential velocity; at the height of 2 km for observation periods 1 - 4 (see Talde détails).
Calculations are displayed in pairs with dropsonde-olesiepressure at the top and dropsonde-obsevyemhdV, at the bottom of each plotted pair. For
each pair, the top panel shows dropsonde pressure obses/éiue) as a function of radius with the fitted curve (rembdal on least square regression.
Bottom panels show dropsonde obser¥gdblue) and gradient windly; (green) as a function of radiugj is calculated as in Figur&l. The red square
in the tangential velocity plot is the arithmetic averagé/pfit the eyewall region within 5 km on either side of the RMW an2 &ltitude inferred from
the Doppler radar data.
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Montgomeryet al. (2009) and Montgomery and Smith 0828/18z - 0829/62
(2013) noted that a radial increase in near-surfaceith 0 ‘ ‘
decreasing radius is necessary to maintain a degree o e
convective instability in the inner-core region of a traglic e ——100mfit ||
cyclone in the presence of a developing warm core aloft ‘
during intensification. Early in the intensification periof 870
Hurricane Earl, the difference ifl. between the heights
100 m and 1500 m is approximately 10 K beyond 150 km % 360 e e B gy
radius and this difference decreases to 8 K as the radiut \ T
decreases to 50 km near the nascent eyewall. During the 350 s g g
rapid intensification and mature period, the differencé.in o
between the heights 100 m and 1500 m is approximately 340
12 K beyond 150 km radius and this difference decreases
to 5 K as one moves inwards to the RMW near the 330 ‘ ‘
25 km radius. During the re-intensification period after 0 % [ .
the eyewall replacement cycle, the difference is somew!
smaller, though the absence of data in this intermediate 250 ‘ ‘
region cautions us against making quantitative statements o 1500m

These observations provide support for a similar ol y g
finding in high-resolution numerical simulations. In both i ——100m fit
observations and model, the lack of vertical mixing may be r
attributable to the large vertical shear in both the tarigent = ‘
and radial winds near the surface. As an illustration, we ;\Q\ e,
present in Figureld an example from a high-resolution o TNy T ¢
numerical simulation of an intensifying tropical cyclone. R0 el
The simulation is taken from Smith and Thomsen (2010) 350 o : "
using the Blackadar boundary layer scheme (all other 3 ° e
boundary layer schemes yield similar results - not shown). 340+
Figure 14 shows an azimuthally-averaged radius-height
plots off, that looks very similar to the observations shown 330 ‘ ‘
in Figure13. Specifically, Figurel4 shows the azimuthally- ° % " etance from center [nzqfo 20 0
averaged vertical velocity, radial velocity and corresgiog (b)
0. field. The mean pattern of the vertical velocity field is 290 09011182 - 0902162 ‘
completely accounted for, yet the radius-heighstructure ° 1500m
. . . . 1500 m fit
in the lowest levels is remarkably similar Figut8. These asol + 100m
numerical results suggest that the azimuthally-averagec ‘ = Lulunl
boundary layerd, is not well mixed for several hundred S0l -
kilometres from the centre of the vortex. This finding & \

° 1500 m

0829/6z - 0829/18z

is contrary to the well-mixed assumption fég invoked - ,
= 360f°

in axisymmetric theoretical formulations of the hurricane N~ e
boundary layer (e.g., Emanuel 1986, 1988, 1989, 1995, \\ e )
1997, 2003, 2012; Bryan and Rotunno 2009). Here we 350 L .
propose an analogy with the “shear sheltering” concept L % ol
that has been proffered to explain “anti-mixing” in strong| 340 1
sheared boundary layer flows (e.g., Hunt and Durbin 1999,
Smedmanet al. 2004) and also in part “eddy transport 330, £ e =5 a5 s 2
barriers” (e.g., Dritschel and Mclintyre, 2008, and refsnyl distance from center [m]
hypothesize that the strong vertical shear of the tangen&a?
and radial winds in the vortex boundary layer plays afyure 13. values of¢. at a height of 100 m and 1500 m as a function of
important role in limiting vertical mixing off. in the radius.
boundary layer across the broad scale of the hurricane
vortex.

In summary, the axisymmetri; structure inferred from
the observations at 1.5 km altitude is consistently less tH@ay be concentrated in isolated updrafts that were missed
the corresponding near-surface value at all radii, everrevhBy the dropsondes, whereas thésealues are more spread
the air is ascending into the eyewall. In the inner-most 1860t at the surface. If the pilots were deviating around high-
km, the maximum difference is approximately 10 K, whileeflectivity areas as they penetrated the eyewall, this gvoul
the minimum is about 5 K. These observations suggest thatost certainly be the case. These latter considerations
the air going up into the eyewall has significantly lowamplicate an important role of localized updraughts and
values off. than those near the surface. This finding is nggsociated eddy processes in the eyewall region during the

consistent with the axisymmetric eruption of the boundagpensification of a tropical cyclone (Persing et al. 2013).
layer into the eyewall unless there are non-conservative

(eddy) processes acting to modify the entropy of ascending he ramification of these thermodynamic findings and
air. As an example, as suggested by D. Raymond (persantdrpretations remains a topic for future study, but lies
communication), the expected high valuedpfat 1.5 km outside the scope of this paper.
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|5 Slackadar scheme 108—-120 h_ conducted also. The results suggest that the gradient wind
— balance approximation in the low-level vortex interior a@o
the boundary layer may not be as accurate as has been
widely held in the inner-core region of a tropical cyclone
during its intensification. As an indication of the inacatyra

: of the gradient wind for characterizing the structure of the
vortex, the radius of the gradient wind maximum is up to
three times the radius of the maximum observed tangential
wind speed. At the radius of the observed tangential
Y, : wind speed maximum, it is found that the maximum
0 FEeEseeT averaged surface wind speed is sometimes significantly

0 50 100 150 200 underestimated by the gradient wind speed.

The near-surfacg. and that at a height of 1.5 km increase
approximately monotonically with decreasing radius withi
Figure 14. Vertical cross-section of the azimuthally-averagégfield 150 km of the storm axis. The radial gradient @f
taken. from the mature stage of the idea_lized numerical sitial g relatively weak during the intensification phase, but
described by Smith and Thomsen (2010) using the Blackadandmy- o aq pronounced during the mature phase of the vortex

layer scheme (red contours, contour interval 2.5 K). Sopgosed are the . . . .
isotachs of azimuthally-averaged radial velocity (bluaitoars, contour €VOlUtion. Interestingly, the value éf at 1.5 km altitude is

interval 5 m s'1) and vertical velocity (black contours, contour intervatonsistently less than the corresponding near-surface val
05mst). at all radii, even where the air is ascending into the eyewall
Specifically, in the inner-most 150 km, the maximum
difference is approximately 10 K, while the minimum
is about 5 K. The results suggest that the azimuthally-

. . , averaged boundary layé is not vertically well mixed for
We have examined dynamic and thermodynamic aspectgggeral hundred kilometres from the centre of the vortex,

Atlantic Hurricane Earl (2010) during its intensificatiomca ?ntrary to the well-mixed assumption fér invoked in

. . o
mature phases over four days of intensive measuremefhéé)retical formulations of the hurricane boundary layer.

The stervqtlons are based on a unique data observations provide support for a similar finding
comprising airborne Doppler-radar and dropwmdsond@;\p

radius (km)

6. Conclusions

. high-resolution numerical simulations and support the
released from the lower and upper troposphere during othesis that the lack of vertical mixing 6f in nature

y be attributable to the large vertical shear in both the
gential and radial winds near the surface.

collaborative NASA-GRIP and NOAA-IFEX field studies
These observational resources were supplemented with LE;
Air Force reconnaissance dropwindsonde data. The thre

data set for an intensifying and mature hurricane eVEN
Here we use these observations to appraise elements 8

new model for tropical-cyclone intensification arucuhhteare non-conservative (eddy) processes acting to modify the

byTl\:Ilontgbomle rty and Srlnith (2013);[ ; h entropy of ascending air. These considerations implicate a
€ absolute angular momentum surtaces are s oEf%ortant role of localized updraughts and associated eddy

ace. This finding is not consistent with the axisymneetri
Lﬁ)tion of the boundary layer into the eyewall unless there

to move progresswely mwards over a deep layer as processes in the eyewall region during the intensificatfon o
storm mtensn‘les: Also, .the signature of the strengthenl gropical cyclone. The ramification of these thermodynamic
boundary layer |nflow is evident by the Increase in trleings and interpretations remains a topic for future gtud

upward-outward tilt of thed surfaces in the lower .The findings herein complement recent observational

troposphere as these sgrfaces move.ianrds. Dur.ing Bt of Sangeret al. (2013) and provide further support
up and maturity, the maximum tangential winds persisten l¥

o . r the new paradigm of tropical cyclone intensification.
occur within the layer of strong boundary layer inflow e new paradigm of tropical cyclone intensificatio
(< 1 km depth). The dropsonde composites show that tl}le
maximum radial inflow is very close to the sea surface;

which is consistent with fluid dynamical considerations fqg acknowledge NASA and Ramesh Kakar for their
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