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A VIEW OF TROPICAL
CYCLONES FROM ABOVE

The Tropical Cyclone Intensity Experiment

JMESD. DovLE bNATHAN R.Moskaimis beL W. FEIDMEIR, RoNALD J. BrRek, MARK BEawsiEN, MicHAELM. BELL
DanNiEL L. Ceci, Rosert L. CrReasey BxTrRick DuraN, RusseLIL. B sRry, WiLLiaMA. Komaromi, bHN MOLINAR,
Davib R. RcLickl, DaNIELP. Srern, CHRISTOPHER S VEIDEN, XUGUANG WANG, TopD ALLEN, BRADFORD S BARRETT,
Petr G. BLAck, Ason P. Dunion, Kerrr A. Buanuel, RaTrick A. HARR LEEHARRSON, Bric A. HENDRICKS
D=rck HERnDON, WiLLIAM Q. JFFRES SHARANYA J.MAUMDAR, AMESA. MooRg, ZHAoXIA PU,

Roemr F. RGERs, B.izABETH R. SaNnABIA, GREGORY J. TRIPOLI, AND DA-LIN ZHANG

High-resolution observations of Hurricanes Patricia, Joaquin, and Marty in 2015 provide
new insight into tropical cyclone structure and intensity change as part of the
Tropical Cyclone Intensity field program.

tensity remains one of the great challengemexplored until the recent Hurricane and Severe

iatmospheric science today. Previous researSborm Sentinel (HS3) field campaign of 2012-14
programs and field campaigns have focused on pi@raun et al. 2016). It has been hypothesized that this
cesses in the boundary layer, midtroposphere aogper-tropospheric layer is a critical one, as changes
convection, large-scale environment, and ocean mixidthe TC outflow can directly cause changes in the
layer, all of which impact TC development and intenTC secondary circulation (e.g., Holland and Merrill
sification to varying degrees. Several specialized T@34; Merrill 1988a; Komaromi and Doyle 2017).
field campaigns over the past 15 years have focuBedting the HS3 field campaign, the TC outflow layer
on various aspects of these processes, including ainel secondary circulation were only probed at limited
Coupled Boundary Layers Air—Sea Transfer (CBLASgrizontal resolution because of instrumentation
Black et al. 2007) experiment, the Tropical Clougchnology limitations. In the ONR Tropical Cyclone
Systems and Processes (TCSP; Halverson et al. 20&hsity (TCI) field campaign conducted in 2015,
experiment, the NASA African Monsoon Multidis new dropsonde technology allowed for unprecedented
ciplinary Analysis (NASA-AMMA or NAMMA; high-fidelity observations of the outflow layer and
Zipser et al. 2009), The Observing System Researtter-core structure of three prominent TCs.
and Predictability Experiment (THORPEX) Pacific The importance of the TC outflow layer in
Asian Regional Campaign (T-PARC), and the Officfecting both storm motion (Flatau and Stevens
of Naval Research (ONR) Tropical Cyclone Structul®93) and structure (Holland and Merrill 1984) has
2008 (TCS-08; Elsberry and Harr 2008), as welllssen known for some time. Past observational studies
the Impact of Typhoons on the Ocean in the Pacifibave documented that intensifying TCs have outflow
Tropical Cyclone Structure 2010 (ITOP/TCS1that links to synoptic-scale upper-tropospheric flow
D’Asaro et al. 2014) field campaigns. However, tfeatures, while nonintensifying TCs have no such

A:rate prediction of tropical cyclone (TC)upper-tropospheric TC outflow layer remained largely
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link (Merrill 1988a). Recent research has furthaharacteristics and TC environmental characteristics
demonstrated that outflow tends to develop in regioris realistic scenarios. During the TCI field campaign
where upper-tropospheric inertial stability is low, anth 2015, the outflow layer and inner core of several
stronger outflow tends to be associated with inteCs were observed by dropsondes at much higher
sifying TCs (Rappin et al. 2011; Barrett et al. 20t6solution than in any other previous experiment.
Komaromi and Doyle 2017). Synoptic-scale forcing/e have identified several key science goals for the
has been found to further reduce upper-tropospheritCl program to be addressed using the observational
inertial stability, which favors intensification (Rappirdataset collected during the field campaign:

et al. 2011). Additionally, eddy flux convergence of
absolute angular momentum in the upper trepo
sphere from midlatitude troughs can influence the change:

outflow-layer structure and TC intensity changes in jnterpret observations of the nescale horizontal
these low-inertial-stability regions (Merrill 1988b; 5nd vertical structure of the outflow layer and
Molinari and Vollaro 1989). The induced secondary jnner-core regions of the TC;
circulation associated with upper-tropospheric TC assess the quantitative impact of assimilating
outflow varies, depending on the outflow-layer ehar observations in the TC inner core and out ow layer
acteristics. Of special importance is the azimuthal on model forecasts of TC track and intensity; and
asymmetry of the outflow layer, commonly seen i quantify the predictability of TC intensity change
the form of outflow jet streaks emanating preferen and its relationship to out ow layer changes using
tially from different quadrants of the TC depending ensembles and adjoint-based modeling systems.
on the nature of the TC’s environment. Jet streak
dynamics play a crucial role in extratropical storm The purpose of this paper is to present an overview
development (e.g., Uccellini 1990) and may haveofithe TCI field campaign and to provide some early
similar role in TC intensity change. scientific highlights. None of these preliminary-sci
The overarching goal of the TCI program is tence results are sufficient to fully address any of the
improve the prediction of TC intensity change, espstated objectives above. However, this overview does
cially rapid intensification (RI) and rapid decay (RD)}lemonstrate the considerable promise of the new
as well as TC structural changes that are hypothesipdderving technology applied during the TCI field
to occur through synergistic interaction with outflowcampaign. The following section describes the WB-57
New observational and modeling research is requiradtcraft and the TCI instrument payload, followed by
to elucidate the connections between the outflow aiagh overview of the TCI field campaign and highlights
inflow—ascent branches of the secondary circulaf some of the results from TCI. The final section
tion and how they vary as a function of the vortegives a summary and concluding remarks.

understand the coupling of TC out ow with inner-
core convection and its implications for intensity
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WB-57 AIRCRAFT AND TCI INSTRUMENT
PAYLOAD. The TCI field campaign utilized the
NASA Johnson Space Center at Ellington Field
WB-57 research aircraft. The typical maximum flight
duration is~6 h, and with an aircraft true airspeed
of 380—400 knots (1 kt = 0.51 m),sthis implies a
maximum flight distance 0f2,200 nautical miles
(~4,100 km). The WB-57 has a cruising altitude
of approximately 18 km or 60,000 ft, such that the
aircraft flies above the TC and its outflow layer; pro
viding an opportunity to sample from the top of the
TC to the ocean surface. For the TCI field campaign,
the WB-57 was equipped with two instruments: the
High-Definition Sounding System (HDSS) and the
Hurricane Imaging Radiometer (HIRAD).

HDSS and XDDOrhe HDSS and Expendable Digital
Dropsonde (XDD) technology (Black et al. 2017} pro
vide a unique capability to sample a TC with a “burst”
of dropsondes deployed over a small time window.
For example, the highest sampling rate achievEt§- 1- (@ HDSS XDD (from Black et al. 2017), with
during a TCI science flight was a sequence of 48t the printed circuit board layout and (right)
. . the sheath. (b) HIRAD system being mounted on an
dropsondes released at 20-s intervals. Sampling using o
HDSS can capture strong gradients associated with
outflow jet features and inner-core structures that
have not been straightforward to sample in the past. Naval Postgraduate School (NPS), Center for
The HDSS is an integrated system of antennas,Interdisciplinary Remotely-Piloted Aircraft
receivers, and telemetry that receive data from XDDs, Studies (CIRPAS) Twin Otter aircraft,
which are then telemetered to the ground via satel NASA Wallops Flight Facility (WFF) WP-3D
lite. The measurements include GPS-based location,aircraft,
altitude, horizontal wind velocity, and dropsonde fal NASA Armstrong Flight Research Center (AFRC)
speed at 4 Hz; pressure, temperature, and humidity DC-8, and
at 2 Hz; and skin sea surface temperature (SSTy aNASA Johnson Space Center-Ellington Field
1 Hz. The instruments to measure pressure, terapera WB-57 aircraft.
ture, and humidity are a pressure transducer, a fast-
response thermistor with digital oversampling, and&Cl is the first program in which HDSS was deployed
relatively slow-response hygrometer, respectively. Tinethe field for science missions.
skin SST is measured with an infrared microradiom
eter at 8—13s#m wavelengths. The physical layout dfiiIRADThe HIRAD is a four-channel, C-band, syn
the XDD printed circuit board (PCB) and sheath arthetic thinned array radiometer (see Fig. 1b) designed
shown in Fig. 1a. The XDD does not use a parachtbemeasure a swath of ocean surface wind speeds in
or drogue. Instead, etched grooves in the polystyremegrricanes. It has been flown on high-altitude aircraft
foam PCB housing provide air pathways between tfdASA Global Hawk and WB-57) in order to map a
foam and the cardboard sheath to maintain a stabt60-km-wide swath from individual flight legs across
descent. The XDD sea level descent rate is apprdnirricanes. Before the 2015 TCI field campaign,
mately 18 m3, as compared to 10-12 m for the HIRAD overflew Hurricanes Earl and Karl in 2010,
Vaisala RD-94 sondes used on the NOAA WP-3Burricane Ingrid and Tropical Storm Gabrielle in
and Air Force WC-130J aircraft (Stern et al. 2018013, and Hurricane Gonzalo in 2014.
The HDSS features two cameras to record dropsondeWind speed retrievals from HIRAD (Cecil and
ejection. Biswas 2017) take advantage of the fact that the
The HDSS has been evaluated and validated sGeband emissivity of the ocean surface increases
cessfully in a series of test flights on the followingith increasing surface wind speed, due to increased
platforms (Black et al. 2017): foam coverage. The four C-band channels also have
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varying sensitivity to rain, so rain and wind speed cavere communicated to the forward-deployed mission
be retrieved simultaneously. This concept is similar sientist representative, who passed this information
that employed by the operational Stepped Frequentoythe pilots and instrument operators.
Microwave Radiometer (SFMR; Uhlhorn et al. 2007),
which retrieves nadir traces of wind speed and ra@ollaborative observing progiaeveral of the storms
rate from low-altitude aircraft. observed by TClI, particularly Hurricane Patricia and
Hurricane Joaquin, were also sampled by airborne in
TCI FIELD CAMPAIGN OVERVIEW. Field situ and remote sensing instruments associated with
campaign concept of operatidhs. TCI field cam observing programs other than TCI, including the
paign operated in an “on demand” fashion, mobiU.S. Air Force (USAF) 53rd Weather Reconnaissance
lizing the aircraft and personnel when a promisin§quadron WC-130J tasked by the National Hurricane
opportunity to observe a TC was identified by th€enter (NHC), the NOAA Intensity Forecasting
mission science team. This concept of operatioExperiment (IFEX; Rogers et al. 2006, 2013), and
was facilitated by the flexibility in basing options fathe U.S. Naval Academy’s Training and Research
the WB-57. The aircraft’s home base was Ellingtam Oceanic and Atmospheric Processes in Tropical
Field in Houston, Texas, which is well-positioned fa€yclones (TROPIC) program (Sanabia et al. 2013).
a flight over a TC in the Gulf of Mexico. HoweveiThe IFEX measurements taken from the low-level
the aircraft also could be forward deployed to a wide.5—4-km flight level), storm-penetrating WP-3D
range of locations in the continental United Stateajrcraft included dropsonde kinematic and ther
as well as to St. Croix and Bermuda. Thus, most T@edynamic profiles (Hock and Franklin 1999) and
in the Atlantic basin and TCs in the eastern NortiX-band tail Doppler radar measurements of kine
Pacific basin near the western coast of Mexico wenatic and precipitation structure. The combination
potentially accessible by the WB-57 for observatioof. high-density, high-altitude dropsonde measure
Ultimately, all TCI science flights took place from twments and wide-swath surface wind speed measure
forward-operating locations: 1) Harlingen, Texas, andents from the WB-57, along with the Doppler radar
2) Warner Robbins, Georgia. measurements from the WP-3D provided a unique
The forward-deployment process began at leadépiction of Patricia’s structure (Rogers et al. 2017).
3 days before the first science flight departed froburing the IFEX flights, the WP-3D aircraft also
the forward-operating base (timeline dependent dieatured a C-band lower-fuselage radar that provided
the forward-deployment location), in order to moveeflectivity, flight-level instruments, and the SFMR.
the aircraft, aircraft support equipment, aircraft For Joaquin, subsurface ocean observations were
personnel, instrument personnel, and a mission sabtained through deployment of Airborne Expend
ence representative to the forward-operating basgble Bathythermographs (AXBTs) and Air Launched
Daily planning teleconferences among the missigkutonomous Micro Observer (ALAMO) profiling
scientists and forecasters were held to review the lafésats as part of the TROPIC field program. Sixty-
model forecasts and make aircraft deployment-detihree AXBTs and six ALAMO floats were deployed
sions. Such meetings were held from late July throudirring four USAF 53rd Weather Reconnaissance
late October, covering as much of the hurricane seasdguadron WC-130J missions that took place
as feasible to maximize observational opportunitie2-5 October 2015. These observations provide an
excellent opportunity to examine the vertical temper
Science flight planning and manage®acte a ature profile of the upper ocean beneath a hurricane,
forward-deployment decision was made, the flightn conjunction with the HIRAD surface wind field
planning process began. Mission scientists worketiservations and dropsonde observations from TCI.
collaboratively to develop a planned series of flight-
track waypoints and dropsonde release locatiorSummary of TCI science flightstal of 11 TCI science
which were provided to the pilots for review on th#lights were performed, investigating four different
day before the intended science flight. After takeoftorms, as shown in Table 1. There was one flight over
the science flight was managed remotely by a teanle remnants of Tropical Storm Erika, two flights
mission scientists in Monterey, California. This teamver Hurricane Marty, and four flights each over
was responsible for updating the flight-track waypointdurricane Joaquin and Hurricane Patricia. Following
and dropsonde release locations to guide the plane aer experiment, the HDSS dropsonde and HIRAD
the TC center during center-crossing flight legs. Thebservations went through a rigorous quality-
updated waypoints and dropsonde release locatior@ntrol process. The dropsonde observations were
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TasLe 1. Science flights performed during the 2015 TCI field campaign. The number of dropsondes refers to
the number of quality-controlled records available.

Storm Basin Date Dropsonde launch times Number of dropsondes
Erika remnants Atlantic 30 Aug 1522-1813 UTC 59
Marty Eastern North Paci c 27 Sep 2018-2128 UTC 57
Marty Eastern North Paci c 28 Sep 1827-2018 UTC 84
Joaquin Atlantic 2 Oct 1550-1940 UTC 84
Joaquin Atlantic 3 Oct 1537-2001 UTC 78
Joaquin Atlantic 4 Oct 1621-1932 UTC 84
Joaquin Atlantic 5 Oct 1552-1904 UTC 83
Patricia Eastern North Paci c 20 Oct 1954-2126 UTC 13
Patricia Eastern North Paci c 21 Oct 1855-2040 UTC 7
Patricia Eastern North Paci c 22 Oct 1746-1945 UTC 83
Patricia Eastern North Paci c 23 Oct 1956-2154 UTC 84

quality controlled using the Atmospheric Soundind\fter the time of peak intensity, the VWS separated
Processing Environment (ASPEN) software packatiee deep convection from the low-level center and
along with a subsequent manual evaluation by a tedine storm quickly weakened while moving parallel
of TCl scientists, with each data point being reviewéal the Mexican coast. Throughout Marty’s brief life
by at least two scientists (Bell et al. 2016). For HIRA®cle, the outflow primarily flowed toward the east
optimal combinations of frequency subbands anand northeast, joining with the large-scale upper-
antenna elements were identified, and the mosbpospheric flow associated with the aforementioned
reliable portions of the HIRAD data were given theough.
most weight during generation of products. Further Potential development of Marty off the Pacific
descriptions of the science flights for Marty, Joaquiopast of Mexico was noted in the 10-day European
and Patricia are provided in the following sectiorCentre for Medium-Range Weather Forecasts
together with observational highlights demonstratinECMWF) ensemble and deterministic forecasts as
the unique capabilities of the TCI instrument suiteearly as 16 September. It was not until much later,
though, that other global and regional dynamical
HIGHLIGHTS. Hurricane Martyarty was a model forecasts also indicated tropical cyclogenesis
short-lived TC that formed, strengthened to a-hurand subsequent intensification. On 24 September,
ricane, and subsequently dissipated over the wat#ne decision was made to forward deploy the WB-57
southwest of Acapulco, Mexico. The NHC best tra¢& Harlingen, Texas, in order to maximize on-station
for Marty is shown in Fig. 2a. The storm was-deme for two science flights over Marty (which at the
ignated a tropical depression by NHC at 1800 UTine was Invest 93E). The first flight took place during
26 September 2015, evolving from a tropical wathee afternoon of 27 September, when Marty was an
that originated in the Atlantic (Berg 2016a). Martyntensifying tropical storm. The second flight took
steadily intensified as it slowly moved north towarglace the following day near the time of Marty’s peak
the Mexican coast, reaching a peak intensity of 70iktensity, with dropsondes deployed over the storm
at 1800 UTC 28 September. Sea surface temperatbetgveen 1827 and 2018 UTC, coincident with a U.S.
of near 30°C supported the intensification during thidir Force Reserve WC-130J low-level reconnaissance
time period. However, as the storm moved north inission. The flight tracks and dropsonde launch-oca
approached the base of a large upper-troposphetians for both Marty missions are shown in Fig. 2b.
trough, such that the 200-850-hPa environmental The second flight into Marty, on 28 September,
vertical wind shear (VWS) gradually increased froffieatured two center-crossing legs, each with a sequence
7 kt at 0000 UTC 27 September 2015 to 24 kt at tfehigh-density dropsonde deployments. The second
time of peak intensity [VWS values as diagnosed bgnter-crossing leg was oriented west-southwest to east-
the Statistical Hurricane Intensity Prediction Schemmortheast and occurred between 1957 and 2019 UTC.
(SHIPS; DeMaria and Kaplan 1994), based on tAdotal of 31 dropsondes were launched along this leg,
National Centers for Environmental Predictionwith approximately -km spacing along most of the
(NCEP) Global forecasting System (GFS) analysisp. This flight leg was oriented approximately in the

2117



direction of the VWS vector (as analyzed by SHIPS)
and just missed the TC center position (estimated from
two Air Force fixes, at 1816 and 1928 UTC) to the south
by 6 km. Figure 3 shows cross sections of wind normal
to the section and potential temperatur@ig. 3a) and
wind parallel to the section and(Fig. 3b), created
from the 31 aforementioned dropsondes. The high-
density dropsondes are able to resolve the downshear

a lHurricane Marty: 26—30 Sept. 2015

1sNF 1 tilt of the vortex, with the sign change in the normal
o w wind at 400 hPa displaced about 30 km downshear
7 = from the sign change in the normal wind at 800 hPa.
EE% Little tilt in the normal-wind structure is noted below
= 800 hPa or above 400 hPa. With the aircraft flight
2o 103w 100w sow  level above 80 hPa, these cross sections encompass the

entire troposphere; the data indicate a distinct tro
popause at about 100 hPa. Below the tropopause there
is a separate layer of enhanced thermal stratification
around 125 hPa in the center and on the right side of
the cross section. Immediately below this stable layer
is a layer of parallel-to-section winds directed from left
to right (positive values in Fig. 3b). This wind layer is
outflow from convection that is concentrated near the
TC center, and the enhanced thermal stratification is
likely located just above the top of the cirrus canopy
accompanying the outflow, as often seen for similar
dropsonde-based wind and temperature profiles taken
over TCs in the HS3 experiment (Braun et al. 2016;
note that HS3 obtained cloud-top-height information
coincident with the dropsonde observations via the
Cloud Physics Lidar instrument). Further analysis
and modeling is needed to understand the complex
upper-tropospheric-lower-stratospheric wind and
temperature structure as revealed by the high-density
dropsonde deployments performed over Marty,
Joaquin, and Patricia. Specific research topics that
should be addressed include the cause of the diurnal
cycle in the TC cirrus canopy (Dunion et al. 2014)
and the relationship between the stratification of the
outflow and TC structure and intensity (Emanuel and
Rotunno 2011; Emanuel 2012).

Hurricane Joaquilmaquin was a late-season Atlantic
hurricane that attained a peak intensity of 135 kt,
which was the most intense Atlantic hurricane since
Igor (2010). The NHC best track for Joaquin is shown
in Fig. 4a. Joaquin developed from an incipient
disturbance of extratropical origin and eventually
Fic. 2. (2) NHC best track positions and intensities for acquired enough tropical characteristics to be des
Hurricane Marty. (b) WB-57 flight track (solid line) ignated a tropical depression by NHC at 0000 UTC
and dropsonde launch locations (diamonds) for the 28 September 2015 (Berg 2016b). As Joaquin slowly

two TCI flights over Marty, overlaid on Geostationary .
Operational Environmental Satellite (GOES) infrared moved southwestward into the central Bahamas,

imagery centered on the time the aircraft was over it rapidly intensified to 120 kt until it reached its
the storm. southernmost point, at 0000 UTC 2 October. Joaquin
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Potential temperature (contours) and wind normal to the section (shading)
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Fic. 3. Vertical cross sections created from 31 dropsondes along the second center-crossing flight leg
from the 28 Sep mission over Hurricane Marty. The left edge of the cross sections corresponds to the
dropsonde launched at 16.51°N, 103.23°W (1957 UTC) and the right edge to the dropsonde launched

at 16.70°N, 100.74°W (2018 UTC). (a) Wind normal to the section (2.5 m s

! contour interval; posi -

tive is into the page) in color shading and potential temperature (2.5-K contour interval) with black
contours. (b) As in (a), but for wind parallel to the section (positive is left to right). Tick marks along
the abscissa indicate the dropsonde launch locations and are labeled according to the distance from

the dropsonde with the lowest pressure observation.
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then turned toward the northeast and acceleratelbaquin moved northeastward into an environment
away from the Bahamas as it began to be steered bf wwer SSTs and VWS of 25-30 kt (analyzed by
deep-layer trough over the eastern United States. ThidIPS). However, this rapid decay was interrupted
TC reached a peak intensity of 135 kt at 1200 UE®Dd Joaquin maintained an intensity of 75 kt from
3 October over an SST 880°C northeast of the 0000 UTC 5 October through 0600 UTC 6 October
Bahamas. Rapid decay of 60 kt in 36 h occurreduasler more moderate VWS conditions.
After the second Marty
mission on 28 September,
41N = e * the TCI team decided to
’HurrlcarlsJoaqum:ZS Sept — 7 Oct 2015 ‘ ) ® immediately redeploy the
a . WB-57 to Robbins AFB
N 6 near Macon, Georgia, for a
P, sequence of missions over
0Nk s A the developing Joaquin
| (at that time Tropical
. Depression 11L). The first
4 Joaquin flight occurred
on 2 October, with drops
. ’ | launched between apprexi
=Yy 2 00z mately 1600 and 2000 UTC.

H 06z, 12z, 18z
30

cats During this flight Joaquin
at

7
' \\&.‘1 cat3 was a category 3 hurricane
v 2 i ot over the central Bahamas.
0N o I Daily flights to Joaquin with
20W o Toow s0%w wew  Similar timings occurred
through 5 October, for a
total of four flights. The
b 3 October flight captured
Joaquin just after peak-in
tensity, the 4 October flight
sampled a rapidly weaken
ing Joaquin approaching
Bermuda, and the 5 October
flight observed a broad,
steady-state TC. Figure 4b
shows the flight tracks and
dropsonde release locations
for the four Joaquin sei
ence flights, superimposed
on a montage of infrared
satellite imagery depicting
Joaquin at the times of the
four flights.
Azimuthally averaged
radius—pressure cross sec

tions of tangential wind
Fic. 4. (@) NHC best track positions and intensities for Hurricane Joaquin. and anomalies have
For clarity, best track data before 0000 UTC 29 Sep 2015 are not displayed. been computed based on
(b) WB-57 flight tracks (solid line) and dropsonde launch locations for the
four TCI flights over Joaquin, overlaid on a montage of GOES infrared imag - fjhueriigaizn?(fjrdﬁig?gd
ery, with each image centered on the time the aircraft was over the storm. ) ;
Dropsonde launch locations are indicated by white diamonds for the 2 and over Hurricane Joaquin
4 Oct flights and by pink diamonds for the 3 and 5 Oct flights. The TCI flights (Fig. 5). Dropsonde data
followed Joaquin northeast with time. are first averaged in 5-hPa
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Fic. 5. Azimuthally averaged tangential wind ( V,; shaded every 2.5 m s !) and potential temperature anomaly
( anom; contoured every 2 K; solid contours for positive values <10 K, solid thick contours for positive values

10 K, dashed contours for negative values) in radius—pressure coordinates for Hurricane Joaquin. Each panel
corresponds to a separate TCI mission: (a) 2 Oct, (b) 3 Oct, (c) 4 Oct, and (d) 5 Oct 2015. Potential tempera -
ture anomaly is computed with respect to a mean reference profile taken from a 500—1,500-km-radius annulus
about the TC. Additional data are provided by nearby radiosonde observations. Data are first interpolated in
x—y to a 10-km grid, and then averaged azimuthally.

increments in the vertical, interpolated to &y and 1200 UTC radiosondes deployed from Bermuda,;
grid on each pressure level with 10-km grid spacingacksonville, Florida; Miami, Florida; Newport,
and finally averaged in azimuth. The horizontaNorth Carolina; and Nassau, Bahamas. Bermuda
interpolation is performed using a natural neighboalso released several special 1800 UTC radiosondes
technique (Sibson 1981). Anomalies afe computed as the island was directly affected by Joaquin. In
with respect to the mean horizontally interpolatedddition to helping to fill gaps in the missing wind
environment in an annulus of 500-1,500-km radiudata, these radiosondes are also critical in generating
relative to the TC. Note that the spacing of the drophe environmental reference profile from which the
sonde release points was 10 km or less in the inneenomalies are computed.

core region and ranged from 20- to 50-km spacing The evolution of Hurricane Joaquin was-ob

at locations farther from the TC center for all theerved by TCI missions in 24-h increments from
Joaquin flights. Since the dropsondes are concexpproximately 1800 UTC 2 October through
trated at smaller radii, with the majority of the drop4800 UTC 5 October (Fig. 5). It is clear from these
occurring within 300 km of the center of the TCanalyses that the vortex was the most intense during
data at larger radii are supplemented by nearby 00®@ flight on 3 October, with azimuthal-mean
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tangential wind velocities of ~50 mat 900 hPa. This Bermuda) there were two center crossings, but only
value corresponds nicely with the NHC best track theata from the second center crossing are shown in full
has the official peak intensity of 135 kt occurring &ecause of the overlapping nature of the flight track.
1200 UTC 3 October, shortly before the 3 Octob@&he 3 October flight also has two center crossings, but
flight. The vortex is the deepest in the vertical ahey are sufficiently displaced such that much of the
3 October, and the warm core is the strongest wittata from the first crossing can be seen as well as the
a magnitude of >16 K. While there is some evidenentire second crossing. This flight, just after the time
of a secondary warm anomaly from 700 to 800 hRH,peak intensity, shows a highly asymmetric 10-m
in particular during the flights on 4 and 5 Octobenvind field with the strongest winds localized in the
the primary warm anomaly remains quite steadilgastern eyewall. In addition to the more asymmetric
positioned from 350 to 200 hPa for all four flightswvind field on 3 October relative to 2 October, the eye
By the times of the latter two flights, and particusize is considerably smaller on 3 October relative to
larly the 5 October flight, it is clear that the radius ¢he day prior, consistent with the smaller RMW in the
maximum wind (RMW) has expanded considerablyzimuthally averaged tangential winds observed by
as is typical of a recurving TC approaching highéne dropsondes (see Figs. 5a,b). The 10-m wind speeds
latitudes (Mueller et al. 2006; Kossin et al. 20085 4 and 5 October are considerably lower than on 2
A steady weakening trend is also evident as the @@d 3 October, which is consistent with the azimuth
enters an environment associated with greater V\WWlly averaged dropsonde analyses in Figs. 5¢ and 5d.
and lower SSTs. The HIRAD and dropsonde data both indicate that
Figure 6 shows a summary of the HIRAD 10-ra considerable change in the structure and intensity
wind speed retrievals based on observations obtairgdhe vortex took place between the 2 and 3 October
during the four Joaquin flights. For the 2 Octobedilights. Joaquin’s outflow pattern also evolved-sub
flight (near the Bahamas) and 4 October flight (neatantially during this time period, influenced by the
complicated evolution of
the upper-level synoptic
conditions surrounding the
TC. Early in its existence, 29
and 30 September, Joaquin's
upper-level outflow was in
fluenced by a large anticy
clone centered over the Gulf
of Mexico. This potentially
aided in creating a persis
tent southward outflow jet
on Joaquin’s eastern side,
as is evident at 0715 UTC
2 October (Fig. 7a). Joaquin
stalled over the Bahamas
in weak steering flow be
tween an upper-level low
approaching from the
northeast and a deep trough
approaching from the west.
This change in the upper-
level environment resulted
in a shift of the outflow
from primarily south-
southeastward- directed
on 2 October to primar
ily eastward-directed on
3 October (see Fig. 7b, valid

Fic. 6. HIRAD 10-m wind speed retrievals for the four TCI missions into at 1015 UTC 3 October)
Joaquin. due to the upper-level low.
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