Hurricane Field Program
2014




2014 Hurricane Field Program Plan

Hurricane Research Division
National Oceanographic and Atmospheric Administration
Atlantic Oceanographic and Meteorological Laboratory
4301 Rickenbacker Causeway
Miami, FL 33149

Prepared by:

Paul Reasor, Sim Aberson, Altug Aksoy, Robert Black, Joe Cione, Peter Dodge, Jason Dunion,
John Gamache, Sundararaman Gopalakrishnan, John Kaplan, Shirley Murillo, Robert Rogers,
Eric Uhlhorn, Jun Zhang, Jian-Wen Bao, Gary Barnes, Mark Bourassa, Luca Centurioni, Paul
Chang, Dave Emmitt, Chris Fairall, Gustavo Goni, George Halliwell, Heather Holbach, Rick
Lumpkin, Michael Riemer, Nick Shay, and Vijay Tallapragada

' J 'I-\
% LD il E,ﬁ () 1 June 2014
—_— .
Frank D Marks, Jr =4 Date

Director, Hurricane Research Division



TABLE OF CONTENTS

1. Description of Intensity Forecasting Experiment (IFEX).......cooiiiii i e v e e,
2. Experiment and module SUMIMAIIES. .. ... .c. ot it e e e s s e e et et et e et e e e e e aee neneanaaas
I I To%: 1 o PP
P2 1= [ I = oo = VI 01U = 1 T PP
3. RESEArCh MiSSION OPEIAIIONS. .. e. ettt e et et eet e e e e et et et aet ve et et e re et ree een een ea e eae e
O I Y o] (ot T @ o] 4 T [ - 1 o
LT (= 16 IO 0T =14 o
5.1 Scientific Leadership ReSpONSIDIITIES. .. ... .o oottt s e e e e e e e e e e e e e
5.2 AIICraft SCIENTITIC CrBWS. .. ..ttt e e et et et et e e e e e e et et e et e e e e et ea eenene
5.3 Principal Duties of the Scientific Personnel......... ..o e e e
5.4 HRD COMMUNICALIONS ... ...ttt e ettt e et et et et et et e e e e e et ret ret e e e e ea e e e
LI T 1 T Y = o T 1T o PP
7. Operational CONSIIAINTS. .. .. iit i e e et et e e e e e e e et et e e e e e e e e e
8. Calibration of AirCraft SYStemMS. .. . e e e e ———
EXPERIMENT AND MODULE DESCRIPTIONS ... .ot i e s e e e e e e e e e e
IFEX GOAL 1

~N o o o o O g o0 oo ool oo NNk

la. P-3 Three-Dimensional Doppler Winds MiSSION.........c.vriiiis i i i e v e vieveeeieeee
1b. G-IV Tail Doppler Radar EXPEIIMENT. .....cuuiiiiieii e e s e e e e e e et et e e e et e re eeaananns 17
2a. Optimizing Observations to Better Evaluate and Improve NOAA’s HWRF Operational Model.................. 25
2D, TC OCRAN RESPONSE. ... .. eueetiiteieiteeteseetet et e st e s testestestesteaseese e testebeabeaseaseesseseeseesbeseesseseeateeteensestenseneeateseeanenseas 32
IFEX GOAL 2

3a. Doppler Wind Lidar (DWL) SAL MOGUIE. ... ..o e e e e e e e e e e e 39
3b. DWL Boundary Layer MOGUIE. ... ..o it et e e e et e e e e e e e e et e e e e aanaeeas 42
4. NESDIS Ocean Winds and Rain EXPeriment..........coooe it i e e e e v ee v e e e e e, 44
5. Small Unmanned Aerial Vehicle Experiment (SUAVE)..........cccoiiiiiiiiiii i i ieeee.. 46
6. SFMR High-Incidence Angle Measurements MOAUIE............c.ovt e iie oot i e e e e e e e 55
IFEX GOAL 3

7. TC N Shear EXPerimMeNT. ... .t ie et et it e s e et et et v et e e ete e re eeerete e treeeneaennenen eeneneneenee DT
8. TC Diurnal CyCle EXPEIIMENT. ... ettt e e et e e e e e e e e et e et e et e e e et e ea e aaen e enes 77
9. TC-Ocean INteraCtion EXPEIIMENT. .. ... vt et e e e e e e e e e e e e e et e e e naeeanes 82
10. Convective BUrSt IMOAUIE...........cuiiiiiei e s e e et e e e e et e e e ee et e e et eenen e e 89
11. Rapid Intensification EXPeriment (RAPX). ... e uir i i i e e e e e e e e e e e e e 91



12. Tropical Cyclone Landfall EXPEIIMENT. .. ... .ttt e e e e e e e e e e e e e e e eeaaaens
13. Saharan Air Layer Experiment (SALEX): Arc Cloud Module.............coooiiiiiiiiiiii e,
14. Hurricane Boundary Layer Entrainment Flux Module............oooiii it e e
15. OFfShore Wind MOGUIE... ... ..o e e e e e e e e e e e e et et e e e e

SUPPLEMENTAL: OPERATIONAL MAPS .. i e e e e e e e e e e e
Map 1: Primary Atlantic operating bases and operating ranges (P-3)........covivivnisiiiii e e

Map 2: Primary Atlantic operating bases and operating ranges (G-1V) .......c.ooi i ii i e



2014 HURRICANE FIELD PROGRAM PLAN
INTRODUCTION

National Oceanic and Atmospheric Administration
Atlantic Oceanographic and Meteorological Laboratory
Hurricane Research Division
Miami, Florida. USA

1. Description of Intensity Forecasting Experiment (IFEX)

One of the key activities in the NOAA Strategic Plan Mission Goal 3 (Reduce Society’s Risks from Weather
and Water Impacts) is to improve the understanding and prediction of tropical cyclones (TCs). The National
Centers for Environmental Prediction (NCEP) National Hurricane Center (NHC) is responsible for forecasting
TCs in the Atlantic and East Pacific basins, while the Environmental Modeling Center (EMC) provides NWP
guidance for the forecasters. Together they have made great strides in improving forecasts of TC track. With
support from the research community, forecast errors of TC track have decreased by about 50% over the
past 30 years. However, there has been much less improvement in forecasts of TC intensity, structure, and
rainfall. This lack of improvement is largely the result of deficiencies in routinely collecting inner-core data
and assimilating it into the modeling system, limitations in the numerical models themselves, and gaps in
understanding of the physics of TCs and their interaction with the environment. Accurate forecasts will rely
heavily on the use of improved numerical modeling systems, which in turn will rely on accurate observational
datasets for assimilation and validation.

The operational Hurricane Weather Research and Forecasting (HWRF) model is run at 3 km grid length using
an assortment of physical parameterizations intended to represent subgrid-scale processes important in TC
evolution. Such a modeling system holds the potential of improving understanding and forecasting of TC
track, intensity, structure, and rainfall. In order to realize such improvements, however, new data assimilation
techniques must be developed and refined, physical parameterizations must be improved and adapted for TC
environments, and the models must be reliably evaluated against detailed observations from a variety of TCs and
their surrounding environments.

To conduct the research necessary to address the issues raised above, since 2005 NOAA has been conducting
an experiment designed to improve operational forecasts of TC intensity, called the Intensity Forecasting
EXperiment (IFEX; Rogers et al., BAMS, 2006). The IFEX goals, developed through a partnership involving the
NOAA Hurricane Research Division (HRD), NHC, and EMC, are to improve operational forecasts of TC
intensity, structure, and rainfall by providing data to improve the operational numerical modeling system (i.e.,
HWRF) and by improving understanding of the relevant physical processes. These goals will be
accomplished by satisfying a set of requirements and recommendations guiding the collection of the data:

e Goal 1: Collect observations that span the TC life cycle in a variety of environments for model
initialization and evaluation;

e Goal 2: Develop and refine measurement technologies that provide improved real-time monitoring
of TC intensity, structure, and environment;

e Goal 3: Improve understanding of the physical processes important in intensity change for a TC at
all stages of its lifecycle.

A unique, and critical, aspect of IFEX is the focus on providing measurements of TCs at all stages of their
life cycle. The focus of hurricane research flights during the past 30 years has been on mature storms,
leading to a dataset biased toward these types of systems. The strategy of observing the entire life cycle of a
TC is new and unique, and will provide invaluable information, particularly in sparsely observed
environments.



2. Experiment and module summaries

The field program aircraft missions presented in this document are separated into three distinct sections,
corresponding to the primary IFEX goal being addressed (note that most experiments address multiple IFEX
goals). The flight patterns that comprise these research and operational missions address various aspects of
the TC lifecycle, and they all specifically address the main goals of IFEX. A detailed description of each
research or operational mission follows, including clarification of the scientific objectives and details of the
associated flight patterns.

In this document, reference is made to either “experiments” or “modules.” For this discussion, “experiments”
refer to missions in which research scientists (i.e., from HRD) set the flight pattern for the duration of the
mission. Operational needs take priority in this scenario. “Modules” refer to short patterns that can be flown
as a part of a larger experiment (either operational- or research-oriented). Modules generally take 1 h or less
for completion.

IFEX GOAL 1: Collect observations that span the TC life cycle in a variety of environments for model
initialization and evaluation

(1a) P-3 Three-Dimensional Doppler Winds Experiment: This is a multi-option, single-aircraft operational
mission designed to use the NOAA P-3 to sample TCs ranging in intensity from tropical depression to
major hurricane. The definition is intended to separate this category from tropical waves and disturbances
that have yet to develop a well-defined warm-core circulation. The main goals of these missions are: 1) to
improve understanding of the factors leading to TC intensity and structure changes, 2) to provide a
comprehensive data set for the initialization (including data assimilation) and validation of numerical
hurricane simulations (in particular HWRF), 3) to improve and evaluate technologies for observing TCs,
and 4) to develop rapid real-time communication of these observations to NCEP.

(1b) G-IV Tail Doppler Radar Experiment: This experiment uses the G-IV aircraft. The goals are to 1) to
evaluate the G-IV as a platform for observing the cores of TCs, 2) to improve understanding of the factors
leading to TC structure and intensity changes, 3) to provide a comprehensive data set for the initialization
(including data assimilation) and validation of numerical hurricane simulations (in particular HWRF), and 4)
to develop rapid real-time communication of these observations to NCEP.

(2a) Optimizing Observations to Better Evaluate and Improve NOAA’s HWRF Operational Model: This multi-
aircraft experiment is designed to improve NOAA’s HWRF model performance through a systematic evaluation
process, whereby model biases are documented, understood, and ultimately eliminated by implementing accurate
observation-based physical parameterizations.

(2b) TC Ocean Response: The ocean-sampling component of experiment (2a).

IFEX GOAL 2: Develop and refine measurement technologies that provide improved real-time monitoring
of TC intensity, structure, and environment

(3a) Doppler Wind Lidar (DWL) SAL Module: The main objectives of the P-3 DWL SAL Module are to: 1)
characterize the suspended Saharan dust and mid-level (~600-800 hPa) easterly jet that are associated with the
Saharan Air Layer (SAL) with a particular focus on SAL-TC interactions; 2) observe possible impingement of the
SAL’s mid-level jet and suspended dust along the edges of the storm’s (AEW’S) inner core convection (deep
convection).

(3b) DWL Boundary Layer Module: The DWL will be evaluated as an additional observing system that can
increase the spatial coverage of wind estimates to improve the initial state of the HWRF model, and to reduce
model biases through improved representation of the boundary layer physical processes.




(4) NESDIS Ocean Winds and Rain Experiment: This will be executed by NESDIS and aims to improve
understanding of microwave scatterometer retrievals of the ocean surface wind and to test new remote sensing
techniques. The NESDIS/Center for Satellite Research and Applications in conjunction with the University of
Massachusetts (UMASS) Microwave Remote Sensing Laboratory and AOC have been conducting flights as
part this experiment for the past several years. Collecting the raw data allows spectral processing to be done
which will allow the rain and surface contributions in the AWRAP data to be decoupled. This is critical in
understanding the impacts of rain on the measurements, and thus, the ocean surface wind vector retrievals.

(5) Small Unmanned Aerial Vehicle Experiment (SUAVE): The primary objective of this experiment is to
further demonstrate and utilize the unique capabilities of a low latitude UAS platform in order to better document
areas of the tropical cyclone environment that would otherwise be either impossible or impractical to observe. For
this purpose, we will be using the Coyote UAS. Since the Coyote will be deployed from the manned P-3 aircraft,
no UAS-specific forward deployment teams will be required.

(6) SEMR High-Incidence Angle Measurements Module: The objective of this module is to determine the
relationship between the SFMR measured surface brightness temperature and the ocean surface wave field
characteristics.

IFEX GOAL 3: Improve understanding of the physical processes important in intensity change for a TC at
all stages of its lifecycle

(7) TC in Shear Experiment: The objective of this multi-aircraft experiment is to sample the TC at distinct phases
of its interaction with vertical wind shear, measuring the kinematic and thermodynamic fields with the azimuthal
and radial coverage necessary to test structure and intensity change hypotheses motivated by recent theoretical and
numerical studies.

(8) TC Diurnal Cycle Experiment: To employ both NOAA P-3 and G-IV aircraft to collect kinematic and
thermodynamic observations both within the inner-core (i.e., radius < 200 km) and in the surrounding large-
scale environment (i.e., 200 km < radius < 600 km) for systems that have exhibited signs of diurnal pulsing
in the previous 24 hours.

(9) TC-Ocean Interaction Experiment: This is a multi-option, single aircraft experiment designed to address
questions regarding the general role of various upper-ocean processes on TC intensification. It consists of: i)
Pre-storm and post-storm expendable probe surveys associated with TC passage; and ii) Support of upper
ocean and air-sea flux measurements made by oceanic floats and drifters. Specifically, one to three float and
drifter arrays will be deployed into one or two mature storms by an AFRC C-130J and provide real-time
ocean data, and, a NOAA P-3 will deploy dropwindsondes and make SFMR and Scanning Radar Altimeter
(SRA) measurements within the float and drifter array as the storm passes over it.

(10) Convective Burst Module: The objective of this module is to sample the wind, temperature, and moisture
fields within and around an area of deep convection at high time frequency and to utilize them in high-resolution
data assimilation experiments.

(11) Rapid Intensity Change Experiment (RAPX): This multi-option, multi-aircraft experiment is designed to
collect datasets that encompass multiple scales with the overarching goal of improving our ability to predict
the timing and magnitude of RI events. This experiment is designed to employ both NOAA P-3 and G-IV
aircraft to collect oceanic, kinematic, and thermodynamic observations both within the inner-core (i.e., radius
< 120 nm) and in the surrounding large-scale environment (i.e., 120 nm < radius < 240 nm) for systems that
have been identified as having the potential to undergo RI within 24-72 h. The SHIPS RI index will be the
primary guidance that is used for selecting candidate systems for the short-term time periods (24-36 h), while
both the RI index and 3-D numerical models will be used for the longer time ranges (i.e. beyond 36 h).

(12) Tropical Cyclone Landfall Experiment: This is a multi-option, single-aircraft experiment designed to study

the changes in TC surface wind structure near landfall. It has several modules that could also be incorporated
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into operational surveillance or reconnaissance missions. An accurate description of the TC surface wind field is
important for warning, preparedness, and recovery efforts.

(13) Saharan Air Layer Experiment (SALEX): Arc Cloud Module: This is a single-aircraft experiment,
designed to investigate how the thermodynamics and kinematics in the environment surrounding a TC are
modified when low to mid-level dry air interacts with convection in the TC periphery. Objectives include
improving our understanding of how arc clouds and the processes leading to arc cloud formation relate to
TC intensity change. Observations could be made using either the P-3 aircraft conducting another
experiment, or the G- IV during a synoptic surveillance mission.

(14) Hurricane Boundary Layer Entrainment Flux Module: This is a single-aircraft module designed to directly
measure turbulent fluxes of momentum and enthalpy near the top of the inflow layer. These fluxes coupled
with the energy content measured by the GPS dropsonde data can determine surface fluxes as a residual of
the energy budget. The surface turbulent fluxes are also estimated through the bulk aerodynamic
parameterization method using the dropsonde and AXBT data.

(15) Offshore Wind Module: This module is designed as a multi-agency (NOAA, Department of Energy,
Department of the Interior) supplemental data collection effort to gather hurricane environmental information in
the vicinity of proposed offshore wind farms.




OPERATIONS

1. Locations

Starting on 01 June, the N42RF and N43RF aircraft will be available with two flight crews available for
back to back missions. The Gulfstream 1V-SP (N49RF) aircraft will be available 01 June with two flight crews
available for back to back missions. Operations for all aircraft will primarily base out of Tampa, Florida and
deployments to U.S. coastal locations in the western Gulf of Mexico for suitable Gulf storms. Occasionally,
post-mission recovery may be accomplished elsewhere.

2. Field Program Duration
The hurricane field research program will be conducted from 01 June through 31 October 2014.

3. Research Mission Operations

The decision and notification process for hurricane research missions is shown, in flow chart form, in Appendix
A (Figs. A-1, A-2, and A-3). The names of those who receive primary notification at each decision or
notification point are shown in Figs. A-1, A-2, and A-3, and are also listed in Appendix A. Contacts are also
maintained each weekday among the directors of HRD, NHC, EMC, and AOC.

Research operations must consider that the research aircraft are required to be placed in the National Hurricane
Operations Plan of the Day (POD) 24 h before a mission. If operational requirements are accepted, the
research aircraft must follow the operational constraints described in Section 7.

4. Task Force Configuration

The NOAA P-3 aircraft, equipped as shown in Appendix G, will be available for research missions on a
non-interference basis with tasked operational missions from 01 June to 31 October 2014. Also, the G-IV
aircraft should be available, on a non-interference basis with tasked operational missions from 01 June to 31
October 2014.

5. Field Operations

5.1 Scientific Leadership Responsibilities

The implementation of the 2014 Hurricane Field Program Plan is the responsibility of the Field Program
Director, who in turn, reports directly to the HRD director. In the event of deployment, the Field Program
Director may assign a ground team manager to assume overall responsibility for essential ground support
logistics, site communications, and site personnel who are not actively engaged in flight. Designated lead
project scientists are responsible to the Field Program Director or designated assistants. While in flight, lead
project scientists are in charge of the scientific aspects of the mission.

5.2 Aircraft Scientific Crews

Tables B-2.1 through B-2.4 (Appendix B) list the NOAA scientific crewmembers needed to conduct the
experiments. Actual named assignments may be adjusted on a case-by-case basis. Operations in 2014 will
include completion of detailed records by each scientific member while on the aircraft. General checklists of
NOAA science-related functions are included in Appendix E.

5.3 Principal Duties of the Scientific Personnel
A list of primary duties for each NOAA scientific personnel position is given in Appendix D.

5.4 HRD Communications

All field program activities are communicated via our web blog and emails. When field activities are occurring,
an internal email will be sent out daily to HRD. The internal email will include up-to-date crew, hotel,
storm status and schedules. The blog is our main forum where we will provide field operation status,
including deployment information of aircraft and personnel for operations outside Miami.

NHC will serve as the communications center for information and will provide interface between AOC,
5



NHC, and CARCAH (Chief, Aerial Reconnaissance Coordinator, All Hurricanes). Personnel who have
completed a flight will provide information to the Field Program Director, as required.

6. Data Management
Data management and dissemination will be according to the HRD data policy that can be viewed at:
http://www.aoml.noaa.gov/hrd/data2.html

A brief description of the primary data types and contact information may be found at:
http://www.aoml.noaa.gov/hrd/data/products.html

Raw data are typically available to all of NOAA-sponsored personnel and co-investigators immediately after
a flight, subject to technical and quality assurance limitations. Processed data or other data that has undergone
further quality control or analyses are normally available to the principal and co-investigators within a
period of several months after the end of the Hurricane Field Program.

All requests for NOAA data gathered during the 2014 Hurricane Field Program should be forwarded by
email to the associated contact person in the HRD data products description (link above) or in writing to:
Director, Hurricane Research Division/AOML, 4301 Rickenbacker Causeway, Miami, Florida 33149.

7. Operational Constraints

NOAA P-3 aircraft are routinely tasked by NHC and/or EMC through CARCAH (Chief, Aerial Reconnaissance
Coordinator, All Hurricanes) to perform operational missions that always take precedence over research
missions. Research objectives can frequently be met, however, through these operational missions.
Occasionally, HRD may request, through NHC and CARCAH, slight modifications to the flight plan on
operational missions. These requests must not deter from the basic requirements of the operational flight as
determined by NHC and coordinated through CARCAH.

Hurricane research missions are routinely coordinated with hurricane reconnaissance operations. As each
research mission is entered into the planned operation, a block of time is reserved for that mission and
operational reconnaissance requirements are assigned. A mission, once assigned, must be flown in the time
period allotted and the tasked operational fixes met. Flight departure times are critical. Scientific equipment or
personnel not properly prepared for the flight at the designated pre-take-off time will remain inoperative or
be left behind to insure meeting scheduled operational fix requirements. Information on delays to, or
cancellations of, research flights must be relayed to CARCAH.

8. Calibration of Aircraft Systems

Calibration of aircraft systems is described in Appendix B (B.1 en-route calibration of aircraft systems). True
airspeed (TAS) calibrations are required for each NOAA flight, both to and from station and should be
performed as early and as late into each flight as possible (Fig. B-1).


http://www.aoml.noaa.gov/hrd/data2.html
http://www.aoml.noaa.gov/hrd/data/products.html

EXPERIMENT AND MODULE DESCRIPTIONS
la. P-3 Three-Dimensional Doppler Winds Experiment
Principal Investigator(s): John Gamache and Vijay Tallapragada (EMC)

Primary IFEX Goal: 1 - Collect observations that span the TC life cycle in a variety of environments for
model initialization and evaluation

Program significance: This experiment is a response to the requirement listed as Core Doppler Radar in
Section 5.4.2.9 of the National Hurricane Operations Plan. The goal of that particular mission is to gather
airborne-Doppler wind measurements that permit an accurate initialization of HWRF, and also provide three-
dimensional wind analyses for forecasters.

There are five main goals: 1) to improve understanding of the factors leading to TC intensity and structure
changes by examining as much of the life cycle as possible, 2) to provide a comprehensive data set for the
initialization (including data assimilation) and validation of numerical hurricane simulations (in particular
HWRF), 3) to improve and evaluate technologies for observing TCs, 4) to develop rapid real-time
communication of these observations to NCEP, and 5) to contribute to a growing tropical-cyclone database
that permits the analysis of statistics of quantities within tropical cyclones of varying intensity.

The ultimate requirement for EMC is to obtain the three-dimensional wind field of Atlantic TCs from airborne
Doppler data every 6 h to provide an initialization of HWRF through assimilation every 6 h. The maximum
possible rotation of missions is two per day or every 12 h. In hurricanes, coordination will be required
between HRD, NCEP, and NESDIS, to effectively collect observations for both the Three- Dimensional Doppler
Winds Experiment and the Ocean Winds and Rain Experiment, a NESDIS program designed to improve
understanding of satellite microwave surface scatterometery in high-wind conditions over the ocean by
collecting surface scatterometery data and Doppler data in the boundary layer of hurricanes.

The highest vertical resolution is needed in the boundary and outflow layers. This is assumed to be where
the most vertical resolution is needed in observations to verify the initialization and model. For this reason it
is desirable that if sufficient dropwindsondes are available, they should be deployed in the radial penetrations
in the Three-Dimensional Doppler Winds experiment to verify that the boundary-layer and surface wind
forecasts produced by HWRF resemble those in observations. These observations will also supplement airborne
Doppler observations, particularly in sectors of the storm without sufficient precipitation for radar
reflectivity. If sufficient dropwindsondes are not available, a combination of SFMR, Advanced Wind and
Rain Airborne Profiler (AWRAP), and airborne Doppler data will be used for verification.

Links to IFEX: The P-3 Tail Doppler Radar experiment supports the following NOAA IFEX goals:

Goal 1: Collect observations that span the TC lifecycle in a variety of environments

Goal 2: Develop and refine measurement technologies that provide improved real-time monitoring of TC
intensity, structure, and environment

Goal 3: Improve understanding of the physical processes important in intensity change for a TC at all
stages of its lifecycle

Mission Descriptions: (The NESDIS Ocean Winds and Rain Experiment will be executed by NESDIS.
Specific details regarding these NESDIS missions are not included here.)



Three-Dimensional Doppler Winds: Several different options are possible: i) the lawnmower pattern (Fig.
la-1); ii) the box-spiral pattern (Figs. la-2 and l1a-3); iii) the rotating figure-4 pattern (Fig. la-4); iv) the
butterfly pattern that consists of 3 penetrations across the storm center at 60-degree angles with respect to
each other (Fig. 1a-5); and v) the single figure-4 (Fig. 1a-6). These patterns provide the maximum flexibility
in planning, in which the need for dense Doppler-radar coverage must be balanced against the need to
sample the entire vortex.

Single-aircraft option only: Temporal resolution (here defined as data collected as close as possible to a 6-h
interval) is important, for both initialization and verification of HWRF. This has been verified in communication
with EMC. To obtain the maximum temporal resolution feasible, this mission is expected to be a single-P-3
mission, to allow another crew to operate 12 h later, and to continue in a 12-h cycle of single sorties. The type
of flight pattern will be determined from the organization, strength and radial extent of the circulation.

Lawnmower pattern: This pattern will be chosen for systems with small, generally asymmetric, weak,
newly developed circulations, namely tropical depressions and weak tropical storms. If the system is small
enough, lawnmower pattern A (Fig. 1a-1) will be chosen, to permit complete coverage of all reflectors within
the developing circulation. Otherwise pattern B will be flown. Pattern B permits a larger area to be sampled, at
the expense of some gaps in the Doppler coverage. A specific flight level is not required for this mission. It is
likely that the Air Force will be flying at an investigation level at this time, and the Three-Dimensional
Doppler Winds Experiment can be flown anywhere from 5,000 ft to 12,000 ft. If detailed thermodynamic
data from dropwindsondes is desirable, or the distribution of Doppler winds is highly asymmetric, then the
preferred level would be 12,000 ft to allow the deepest observation of the thermodynamic and wind structure
from the dropwindsondes, while reducing the likelihood of lightning strikes and graupel damage by staying
below the melting level. Any orientation of the long and short flight legs may be flown, to permit the
location of the initial and final points to be closest to the base of operations.

Box-spiral pattern: As the weak, developing, poorly organized circulations become larger, it will be necessary
to spread out the pattern to cover a larger area at the expense of complete Doppler coverage. Pattern A, as
shown in Fig. 1a-2, is designed to cover a box 280 nm x 280 nm with radial gaps in the coverage. As
long as the circulation is still weak, but covers a larger area, this pattern will be considered; however, lack
of symmetric coverage at all radii renders this a less viable option as the system organizes. Pattern B has
denser coverage within the outside box, and it will be considered in smaller systems. Any orientation of the
flight legs may be flown, to permit the location of the initial and final points to be closest to the base of
operations.

Rotating figure-4 pattern: As the system intensity and/or organization increases, and a circulation center
becomes clearly defined, a rotating figure-4 pattern may be preferred (Fig. la-4). The advantage of this
pattern over the larger versions of the lawnmower pattern is symmetric wind coverage, and the advantage
over the box-spiral pattern is good definition of the wind field at all radii within the pattern. This pattern is
obviously preferable to the lawnmower pattern in the event there is any operational fix responsibility for the
aircraft. Any orientation of the flight legs may be flown, to permit the location of the initial and final points
to be closest to the base of operations. See discussion of “lawnmower pattern” regarding flight altitude and
use of dropwindsondes.

Butterfly pattern: This pattern (Fig. 1a-5) should be flown in larger, well-organized TCs, generally in
hurricanes. As the hurricane circulation becomes larger, it will be necessary to get the full radial coverage at
the expense of full azimuthal coverage. As an example, a butterfly pattern out to 100 nm could be flown in
3.3 h, compared to a similar lawnmower coverage that would take 4.8 h. This pattern is obviously preferable
to the lawnmower pattern in the event there is any operational fix responsibility for the aircraft. Any orientation
of the flight legs may be flown, to permit the location of the initial and final points to be closest to the base of
operations. See discussion of “lawnmower pattern” regarding flight altitude and use of dropwindsondes.

Single figure-4 pattern: This pattern (Fig. 1a-6) will be flown in very large circulations, or when little time
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is available in storm, such as during ferries from one base of operations to another. It still provides wavenumber
0 and 1 coverage with airborne Doppler data, which should be sufficient in strong, organized systems.
Radial coverage out to 240 and 300 nm (4 and 5 degrees) is possible in 5.4 and 6.8 h in pattern. Any
orientation of the flight legs may be flown, to permit the location of the initial and final points to be
closest to the base of operations. See discussion of “lawnmower pattern” regarding flight altitude and use of
dropwindsondes.

Three-Dimensional Doppler Winds Experiment Flight Planning Approach: NOAA will conduct a set of
flights during several consecutive days, encompassing as much of a particular storm life cycle as possible.
This would entail using the two available P-3s on back-to-back flights on a 12-h schedule when the system is
at depression, tropical storm, or hurricane strength.

At times when more than one system could be flown, one may take precedence over others depending on
factors such as storm strength and location, operational tasking, and aircraft availability. All other things
being equal, the target will be an organizing tropical depression or weak tropical storm, to increase the
observations available in these systems. One scenario could likely occur that illustrates how the mission
planning is determined: an incipient TC, at depression or weak tropical storm stage is within range of an
operational base and is expected to develop and remain within range of operational bases for a period of
several days. Here, the highest priority would be to start the set of Three-Dimensional Doppler Winds flights,
with single-P-3 missions, while the TC is below hurricane strength (preferably starting at depression stage),
with continued single-P-3 missions at 12-h intervals until the system is out of range or makes landfall. During
the tropical depression or tropical-storm portion of the vortex lifetime, higher azimuthal resolution of the
wind field is preferred over radial extent of observations, while in the hurricane portion, the flight plan
would be designed to get wavenumber 0 and 1 coverage of the hurricane out to the largest radius possible,
rather than the highest time resolution of the eyewall. In all cases maximum spatial coverage is preferred
over temporal resolution during one sortie.



P-3 Three-Dimensional Doppler Winds
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Figure 1a-1: Display of Doppler coverage for A (upper panel) and B (lower panel) lawnmower patterns.
Pink region shows areas where vertical beam resolution is better than 0.7 km and gray regions delineate
areas where vertical beam resolution is better than 1.4 km. Maximum extent of gray area is approximately 40
km from flight track, generally the maximum usable extent of reliable airborne Doppler radar coverage.
Total flight distance is 1160 nm for A and 1140 nm for B, and flight times are 4.8 and 4.75 hours,
respectively.

Note 1. This is to be flown where even coverage is required, particularly in tropical depressions and tropical
storms. Aircraft flies IP-2-3-4-5-6-7-FP. No attempt should be made to fix a center of circulation
unless it is an operational request.

Note 2. Doppler radars should be operated in single-PRF mode, at a PRF of 2100. Radar scientist should
verif?/ this mode of operation with AOC engineers. If there is no assigned radar scientist, LPS
should verify. This is crucial for the testing and implementation of real-time quality control.

Note 3. Unless specifically requested by the LPS, both tail Doppler radars should be operated in F/AST
with a fore/aft angle of 20 degrees relative to fuselage. French antenna automatically operates
with fore/aft angle of 20 degrees, but it should be confirmed, nevertheless that the scanning is
F/AST continuous, rather than sector scanning. Not choosing F/AST scanning will prevent
switching between fore and aft antennas on the French antenna system.

Note 4. IP can be at any desired heading relative to storm center

Note 5. To maximize dropwindsonde coverage aircraft should operate at highest altitudes that still
minimize icirhg

Note 6. If dropwindsondes are not deployed, aircraft can operate at any level below the melting level, with
10,000 ft preferred.

Note 7. DroEwindsondes shown are not a required Eart of this flight plan and are optional.

Note 8. Flight pattern should be centered around either the 18, 00, 06, or 12 UTC operational model analysis
times.
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P-3 Three-Dimensional Doppler Winds
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Figure 1a-2: Doppler radar coverage for box-spiral pattern A. Pink region shows areas where vertical beam
resolution is better than 0.7 km and gray regions delineate areas where vertical beam resolution is better than
1.4 km. Maximum extent of gray area is approximately 40 km from flight track, approximately the maximum
usable extent of reliable airborne Doppler radar coverage. Flight distance in pattern above is 1280 nm, and
flight time is 5.33 hours.

Note 1. This is to be flown where even coverage is required, particularly in tropical depressions and tropical
storms. Aircraft flies IP-2-3-4-5-6-7-8-FP. No attempt should be made to fix a center of circulation
unless reguested it is an operational request.

Note 2. Doppler radars should be operated in single-PRF mode, at a PRF of 2100. Radar scientist should
verifY this mode of operation with AOC engineers. If there is no assigned radar scientist, LPS
should verify. This is crucial for the testing and implementation of real-time quality control.

Note 3. Unless specifically requested by the LPS, both tail Doppler radars should be operated in F/AST
with a fore/aft angle of 20 degrees relative to fuselage. French antenna automatically operates with
fore/aft angle of 20 degrees, but it should be confirmed, nevertheless that the scanning is F/AST
continuous, rather than sector or continuous scanning. Not choosing F/AST scanning will prevent
switching between fore and aft antennas in the French antenna system.

Note 4. IP can be at any desired heading relative to storm center

Note 5. To maximize dropwindsonde coverage aircraft should operate at highest altitudes that still
minimize icinc?

Note 6. If dropwindsondes are not deployed, aircraft can operate at any level below the melting level, with
10,000 ft preferred.

Note 7. Dropwindsondes shown are not a required part of this flight plan and are optional.

Note 8. Flight pattern should be centered around either the 18, 00, 06, or 12 UTC operational model analysis
times.
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P-3 Three-Dimensional Doppler Winds
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Figure l1a-3: Doppler radar coverage for box-spiral pattern with 200- (top) and 240- (bottom) nm legs.
Pink region shows areas where vertical beam resolution is better than 0.7 km and gray regions delineate
areas where vertical beam resolution is better than 1.4 km. Maximum extent of gray area is approximately 40
km from flight track, approximately the maximum usable extent of reliable airborne Doppler radar coverage.
Upper pattern is 1500 nm and uses 6.25 hours, while lower pattern is 1250 nm and uses 5.2 hours.

Note 1. Pattern flown where even coverage is required, particularly in tropical depressions and tropical
storms. Doppler radars should be operated in single-PRF mode, at a PRF of 2100, unless in a
hurricane—then 2400. Radar scientist should verify this mode of operation with AOC engineers.
If there is no assigned radar scientist, LPS should verify. This is crucial for the testing and
implementation of real-time quality control.

Note 2. Both tail Doppler radars should be operated in F/AST with a fore/aft angle of 20 degrees relative to
fuselage. French antenna automatically operates with fore/aft angle of 20 degrees, but it should be
confirmed, nevertheless that the scanning is F/AST continuous, rather than sector or continuous
scanning. Not choosing F/AST scanning will prevent switching between fore and aft antennas in
the French antenna system.

Note 3. IP can be at any desired heading relative to storm center

Note 4. To maximize dropwindsonde coverage aircraft should operate at highest altitudes that still
minimize icing. ) o ) )

Note 5. Maximum radius may be decreased or increased within operational constraints.

Note 6. Dropwindsondes shown are not a required part of this flight plan and are optional.

Note 7. Flight pattern should be centered around either the 18, 00, 06, or 12 UTC operational model analysis
times.

Note 8. Maximum radius may be changed to meet operational needs while conforming to flight-length
constraints.
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Figure 1a-4: Doppler radar coverage for radial extents of 100 (top) and 120 (bottom) nm of the rotating
figure-4 patterns. Pink region shows areas where vertical beam resolution is better than 0.7 km and gray
regions delineate areas where vertical beam resolution is better than 1.4 km. Maximum extent of gray area is
approximately 40 km from flight track, approximately the maximum usable extent of reliable airborne Doppler
radar coverage. Flight distances for 100, 120 and 150 nm radial extents are 1160, 1395, and 1745 nm.
Corresponding flight times are: 4.8, 5.8, and 7.3 h.
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P-3 Three-Dimensional Doppler Winds
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Figure 1la-4 (continued): Doppler radar coverage for 150-nm legs for a rotating figure-4. Flight distances for
100, 120 and 150 nm radial extents are 1160, 1395, and 1745 nm. Corresponding flight times are: 4.8, 5.8,
and 7.3 h.

Note 1. This pattern should be flown in strong tropical storms and hurricanes, where the circulation extends
from 100 nm to 150 nm from the center. Doppler radars should be operated in single-PRF mode, at 4
PRF of 2400-3200. The default will be 2400 PRF for hurricanes, and 2800 for major hurricanes.
Radar scientist should verify this mode of operation with AOC engineers. If there is no assigned
radar scientist, LPS should verify. This is crucial for the testing and implementation of real-time
quality control.

Note 2. Unless specifically requested by the LPS, both tail Doppler radars should be operated in F/AST
with a fore/aft angle of 20 degrees relative to fuselage. French antenna automatically operates with
fore/aft angle of 20 degrees, but it should be confirmed, nevertheless that the scanning is F/AST]
continuous, rather than sector or continuous scanning. Not choosing F/AST scanning will prevent
switching between fore and aft antennas in the French antenna system.

Note 3. IP can be at any desired heading relative to storm center

Note 4. To maximize dropwindsonde coverage aircraft should operate at highest altitudes that still minimize
icing

Note 5. Maximum radius may be decreased or increased within operational constraints

Note 6. DroEwindsondes shown are not a required ﬁart of this flight plan and are optional.

Note 7. Flight pattern should be centered around either the 18, 00, 06, or 12 UTC operational model
analysis times.

Note 8. Maximum radius may be changed to meet operational needs while conforming to flight-length
constraints.
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Figure 1a-5: Doppler radar coverage for 120- (top) and 180- (bottom) nm legs for the Butterfly pattern. Pink
region shows areas where vertical beam resolution is better than 0.75 km and gray regions delineate areas
where vertical beam resolution is better than 1.5 km. Maximum extent of gray area is approximately 40 km
from flight track, approximately the maximum usable extent of reliable airborne Doppler radar coverage.
Flight distances for the patterns with 120 and 180 nm radials legs are 960 and 1440 nm. Corresponding
flight durations are 4 and 6 h.

Note 1. This pattern will be flown in large tropical storms, as well as hurricanes. Doppler radars should bg
operated in single-PRF mode, at a PRF of 2400-3200. The default will be 2400 PRF for hurricanes
and 2800 for major hurricanes. Radar scientist should verify this mode of operation with AOQ
engineers. If there is no assigned radar scientist, LPS should verify. This is crucial for the testing
and implementation of real-time quality control.

Note 2. Unless specifically requested by the LPS, both tail Doppler radars should be operated in F/AST]
with a fore/aft angle of 20 degrees relative to fuselage. French antenna automatically operates with
fore/aft angle of 20 degrees, but it should be confirmed, nevertheless that the scanning is F/AST
continuous, rather than sector or continuous scanning. Not choosing F/AST scanning will prevent
switching between fore and aft antennas in the French antenna system.

Note 3. IP can be at any desired heading relative to storm center

Note 4. To maximize dropwindsonde coverage aircraft should operate at highest altitudes that still minimizg
icing

Note 5. Maximum radius may be decreased or increased within operational constraints

Note 6. Drogwindsondes shown are not a required part of this flight plan and are optional.

Note 7. Flight pattern should be centered around either the 18, 00, 06, or 12 UTC operational model
analysis times.

Note 8. Maximum radius may be changed to meet operational needs while conforming to flight-length
constraints.
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Figure 1a-6: Doppler radar coverage for 300-nm legs for a single figure-4 pattern. Pink region shows areas
where vertical beam resolution is better than 0.75 km and gray regions delineate areas where vertical beam
resolution is better than 1.5 km. Maximum extent of gray area is approximately 40 km from flight track,
approximately the maximum usable extent of reliable airborne Doppler radar coverage. Flight distances for
radial extents of 240 and 300 nm are 1300 and 1645 nm, respectively. Corresponding flight times are 5.4
and 6.8 h.

Note 1. Pattern for large storms, to obtain as full a radial extent of observations of the full storm circulation as
possible. Doppler radars should be operated in single-PRF mode, at a PRF of 2400-
3200. The default will be 2400 PRF for hurricanes and 2800 for major hurricanes. Radar scientist
should verify this mode of operation with AOC engineers. If there is no assigned radar scientist,
LPS should verify. This is crucial for the testing and implementation of real-time quality control.

Note 2. Both tail Doppler radars should be operated in F/AST with a fore/aft an?Ie of 20 degrees relative to
fuselage. French antenna automatically operates with fore/aft angle of 20 deg, but it should be
confirmed, nevertheless that the scanning is F/AST continuous, rather than sector or continuous
scanning. Not choosing F/AST scanning will prevent switching between fore and aft antennas in
the French antenna system.

Note 3. IP can be at any desired heading relative to storm center

Note 4. To maximize dropwindsonde coverage aircraft should operate at highest altitudes that still
minimize icing

Note 5. Maximum radius may be decreased or increased within operational constraints

Note 6. Dropwindsondes shown are not a required part of this flight plan and are optional.

Note 7. Flight pattern should be centered around the 18, 00, 06, or 12 UTC operational model analysis
times.

Note 8. Maximum radius may be changed to meet operational needs while conforming to flight-length
constraints.
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1b. G-1V Tail Doppler Radar Experiment

Principal Investigator(s): John Gamache, Peter Dodge, Paul Reasor, Altug Aksoy, and Vijay Tallapragada

Primary IFEX Goal: 1 - Collect observations that span the TC life cycle in a variety of environments for
model initialization and evaluation.

Program significance: This experiment is a response to the requirement listed as Core Doppler Radar in
Section 5.4.2.9 of the National Hurricane Operations Plan. The goal of that particular mission is to gather
airborne-Doppler wind measurements that permit an accurate initialization of HWRF, and also provide three-
dimensional wind analyses for forecasters. This experiment is similar to the P-3 Three-Dimensional Winds
experiment, but employs the G-1V platform and tail Doppler radar.

There are four main goals: 1) to evaluate the G-IV as a platform for observing the cores of TCs, 2) to
improve understanding of the factors leading to TC structure and intensity changes, 3) to provide a
comprehensive data set for the initialization (including data assimilation) and validation of numerical
hurricane simulations (in particular HWRF), and 4) to develop rapid real-time communication of these
observations to NCEP.

The ultimate requirement for EMC is to obtain the three-dimensional wind field of Atlantic TCs from airborne
Doppler data every 6 h to provide an initialization of HWRF through assimilation every 6 h. In 2014, the
maximum possible rotation of missions is two per day or every 12 h. The G-IV platform is currently used by
NHC for synoptic surveillance until approximately 36 h prior to TC landfall. In 2014 the flight modules
described here are likely to be limited to cases within this landfall window or not of NHC operational interest.
In anticipation of future operational use of the G-IV Doppler data, a preliminary flight pattern is introduced
which attempts to satisfy the combined need for synoptic surveillance and optimal collection of Doppler data
for assimilation. This flight pattern, as well as other proposed G-IV patterns, will be refined through
experiments using the Hurricane Ensemble Data Assimilation System (HEDAS) and consultation with NHC.

Following the spring 2012 NOAA acceptance of the G-IV tail Doppler radar, the experiment will focus
initially on documenting data coverage in TCs, in particular resolution of the outflow layer (via the central
dense overcast). These observations will supplement those collected by the P-3 aircraft, and through HEDAS,
their added value in TC initialization will be investigated. Flight patterns will also explore the viability of the
G-IV as a substitute for the P-3 aircraft in terms of Doppler radar sampling of the TC core region.
Coordinated flights with the P-3 aircraft will be required as part of this assessment.

Links to IFEX: The G-1V Tail Doppler Radar experiment supports the following NOAA IFEX goals:

Goal 1: Collect observations that span the TC lifecycle in a variety of environments

Goal 2: Develop and refine measurement technologies that provide improved real-time monitoring of
TC intensity, structure, and environment

Goal 3: Improve understanding of the physical processes important in intensity change for a TC at all
stages of its lifecycle

G-1V Three-Dimensional Doppler Winds: Several different options are possible: i) the square-spiral pattern
(Figs. 1b-1 and 1b-2); ii) the rotating figure-4 pattern (Fig. 1b-3); iii) the butterfly pattern that consists of

3 penetrations across the storm center at 60-degree angles with respect to each other (Fig. 1b-4); iv) the
single figure-4 (Fig. 1b-5); and v) the surveillance/TDR combination pattern (Fig. 1b-6). These patterns
provide the maximum flexibility in planning, in which the need for dense date coverage must be balanced
against the need to sample the entire vortex.
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Square-spiral pattern: As the weak, developing, poorly organized circulations become larger, it will be
necessary to spread out the pattern to cover a larger area at the expense of complete Doppler coverage. The
pattern, as shown in Figs. 1b-1 and 1b-2, is designed to cover a box 300 nm x 300 nm with radial gaps in the
coverage. As long as the circulation is still weak, but covers a larger area, this pattern will be considered;
however, lack of symmetric coverage at all radii renders this a less viable option as the system organizes. Fig.
1b-1 (1b-2) shows the option of an outward (inward) spiral from (into) the center. Any orientation of the flight
legs may be flown to permit the initial and final points to be closest to the base of operations.

Rotating figure-4 pattern: As the system intensity and/or organization increases, and a circulation center
becomes clearly defined, a rotating figure-4 pattern may be preferred (Fig. 1b-3). The advantage of this pattern
over the square-spiral pattern is good definition of the wind field at all radii within the pattern. Any orientation
of the flight legs may be flown to permit the initial and final points to be closest to the base of operations.

Butterfly pattern: This pattern (Fig. 1b-4) should be flown in larger, well-organized TCs, generally in
hurricanes. As the hurricane circulation becomes larger, it will be necessary to get the full radial coverage at
the expense of full Doppler coverage. As an example, a butterfly pattern out to 100 nm could be flown in 3.3
h. Any orientation of the flight legs may be flown to permit the initial and final points to be closest to the

base of operations.

Single figure-4 pattern: This pattern (Fig. 1b-5) will be flown in very large circulations. It still provides
wavenumber 0 and 1 coverage with airborne Doppler data, which should be sufficient in strong, organized
systems. Radial coverage out to 240 and 300 nm (4 and 5 degrees) is possible in 5.4 and 6.8 h in pattern. Any
orientation of the flight legs may be flown to permit the initial and final points to be closest to the base of
operations.

Surveillance/TDR combination pattern: This pattern (Fig. 1b-6) will be flown to test the ability of the G-1V
platform to satisfy both NHC-tasked surveillance requirements (i.e., sampling the TC environment with GPS
dropsondes) and the EMC-tasked requirement for tail Doppler radar sampling of the TC core region. The
environmental sampling consists of a cyclonic circumnavigation of the TC at a fixed radius of 150 nm. This

is followed by core region sampling using a rotating figure-4 pattern out to 75 nm. The duration of this pattern
is approximately 6 h. Any orientation of the flight legs may be flown to permit the initial and final points to be
closest to the base of operations.

G-IV Tail Doppler Radar Experiment Flight Planning Approach: Ideally, for initial experiments
following the NOAA acceptance of the G-IV radar this would entail coordination with a P-3 aircraft
conducting a Three-Dimensional Doppler Winds flight when the system is at depression, tropical storm, or
hurricane strength. This initial coordination is necessary for 1) comparing and synthesizing storm structure
derived from the two radar platforms and 2) the most thorough testing of HEDAS with this new data source.
Subsequent flights may relax this requirement for P-3 coordination so as to test the Surveillance/TDR
Combination Pattern (Fig. 1b-6). It is not anticipated that the Combination Pattern will be flown during NHC
tasking of the G-IV in 2014.

The likely scenarios in which this experiment would be carried out are as follows: 1) at the conclusion of
NHC tasking for a landfalling TC, likely coordinated with the P-3 aircraft; 2) prior to NHC tasking for a TC of
interest to EMC (priority is coordination with P-3 aircraft); 3) a recurving TC (priority is coordination with P-
3 aircraft). Since coordination with the P-3 aircraft is an early requirement, this experiment would have to be
weighed against other experiments (e.g., Rapid Intensification) which stagger the P-3 and G-IV flight times.
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Figure 1b-1: G-IV tail Doppler radar pattern — Square Spiral (outward)

Note 1. G-IV begins 30 nm to south and west of estimated circulation center (with proper rotation starting
point can be SE, NE, or NW of center

Note 2. Fly 60 nm due east (due north, due west or due south, for IP SW, NE, and NW of center,
respectively)--left turn--60 nm left turn--120 nm--left turn--120 nm--left turn--180 nm--left turn--180 nm--
left turn--240 nm--left turn--240 nm--left turn--300 nm--left turn--300 nm--left turn--300 nm

Note 3. Duration: 2100 nm, or 4.75 hour + 1hour for deviations--covers 150 nm (2.5 deg) in each cardinal
direction from center

Note 4. Aircraft should operate at its maximum cruising altitude of ~40-45 kft

Note 5. On all legs, deviate to avoid weather deemed to pose possible hazard

Note 6. As flight duration and ATC allow, attempt to sample as much of regions that require deviation
Note 7. Tail Doppler radar should be operated at a dual-PRF of 3/2, with the PRFs at 2000 and 3000
(effective Nyquist velocity of 48 m/s)

Note 8. If flying above 40,000 ft, pattern may be flown clockwise, if preferred.

19



Duration: 5.75 h
€ A
A
é 300 nm
FP
X >
Y N \

Figure 1b-2: G-1V tail Doppler radar pattern — Square Spiral (inward)

Note 1. G-IV begins 150 nm to north and east of estimated circulation center (with proper rotation
starting point can be NE, NW, SW, or SE of center)

Note 2. Fly 300 nm due west (due south, east, north, for IP NW, SW, or SE of center, respectively)--
left turn--300 nm--left turn--300 nm--left turn--240 nm--left turn--240 nm--left turn--180 nm--left turn-
-180 nm--left turn--120 nm--left turn--120 nm--left turn--60 nm--left turn--60 nm

Note 3. Duration: 2100 nm, or 4.75 hour + 1 hour for deviations--covers 150 nm (2.5 deg) in each
cardinal direction from center

Note 4. Aircraft should operate at its maximum cruising altitude of ~40-45 kftNote 5. On all legs,
deviate to avoid weather deemed to pose possible hazard

Note 6. As flight duration and ATC allow, attempt to sample as much of regions that require deviation
Note 7. Tail Doppler radar should be operated at a dual-PRF of 3/2, with the PRFs at 2000 and 3000
(effective Nyquist velocity of 48 m/s)

Note 8. If flying above 40,000 ft, pattern may be flown clockwise, if preferred.
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Figure 1b-3: G-IV tail Doppler radar pattern — Rotating Figure-4

Note 1. IP is 200 nm from storm center

Note 2. Fly 1-2, deviating around eyewall if conditions require (eyewall assumed to extend 20 nm from
center)--if deviation is required, fly to right of convection if possible. If conditions permit, fly through
center of circulation

Note 3. Fly 2-3, deviating around convection if necessary

Note 4. Fly 3-4, as described in segment 1-2

Note 5. Fly 4-5, deviating around convection, if necessary

Note 6. Fly 5-6-7-8 in the same manner as 1-2-3-4

Note 7. Duration: 2317 nm, or 5.25 hours + 1 hour for deviations

Note 8. Aircraft should operate at its maximum cruising altitude of ~40-45 kit

Note 9. As flight duration and ATC allow, attempt to sample as much of regions that require deviations
Note 10. Tail Doppler radar should be operated at a dual-PRF of 3/2, with the PRFs at 2000 and 3000
(effective Nyquist velocity of 48 m/s)

Note 11. If flying above 40,000 ft, pattern may be flown clockwise, if preferred.
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Figure 1b-4: G-1V tail Doppler radar pattern — Butterfly

Note 1. IP is 240 nm from storm center at desired heading from storm center

Note 2. Fly 1-2, deviating around eyewall if conditions require (eyewall assumed to extend 20 nm from
center in the figure)--if deviation is required, fly to right of convection if possible. If conditions permit,
fly through center of circulation.

Note 3. Fly 2-3, deviating around convection if necessary

Note 4. Fly 3-4-5, as described in segment 1-2

Note 5. Fly 5-6, deviating around convection, if necessary

Note 6. Duration: 1920 nm, or 4.35 hours + 1 hour for deviations

Note 7. Aircraft should operate at its maximum cruising altitude of ~40-45 kft

Note 8. As flight duration and ATC allow, attempt to sample as much of regions missed by deviations
Note 9. Tail Doppler radar should be operated at a dual-PRF of 3/2, with the PRFs at 2000 and 3000
(effective Nyquist velocity of 48 m/s)

Note 10. If flying above 40,000 ft, pattern may be flown clockwise, if preferred.
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Figure 1b-5: G-IV tail Doppler radar pattern — Single Figure-4

Note 1. IP is 300 nm from storm center

Note 2. Fly 1-2, deviating around eyewall if conditions require (eyewall assumed to extend 20 nm from
center in this figure). If deviation is required, fly 1.5 circles around eyewall before continuing to point
2. Otherwise, if conditions permit, fly directly through circulation center.

Note 3. Fly 2-3, deviating around convection if necessary

Note 4. Fly 3-4, as described in segment 1-2; however, if full circle done in first pass, only half circle
required

Note 5. Duration: 1624 nm, or 3.7 hours + 1 hour for deviations--pattern could be extended if time
allows for even greater radial coverage

Note 6. Aircraft should operate at its maximum cruising altitude of ~40-45 kit

Note 7. As flight duration and ATC allow, attempt to sample as much of regions that require deviations
Note 8. Tail Doppler radar should be operated at a dual-PRF of 3/2, with the PRFs at 2000 and 3000
(effective Nyquist velocity of 48 m/s)

Note 9. If flying above 40,000 ft, pattern may be flown clockwise, if preferred.
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Figure 1b-6: G-1V tail Doppler radar pattern — Surveillance/TDR Combination

Note 1. IP is 150 nm from storm center

Note 2. Fly 1-2-3-4-5-6-7-8-9-10-11-12-11-12-13-14-15-16-17-18, deviating around eyewall if
conditions require (eyewall assumed to extend 30 nm from center)--if deviation is required, fly to
right of convection if possible. If conditions permit, fly through center of circulation

Note 3. Dropsondes should be launched at all numbered points (except 11 and 12). If the aircraft is
able to cross the center, a sonde should be dropped there. Extra sondes may be requested.

Note 4. On-station Duration: ~1933 nm, or about 4.5 hours + 1 hour for deviations

Note 5. Aircraft should operate at its maximum cruising altitude of ~40-45 kft

Note 6. As flight duration and ATC allow, attempt to sample as much of regions that require
deviations

Note 7. Tail Doppler radar should be operated at a dual-PRF of 3/2, with the PRFs at 2000 and
3000 (effective Nyquist velocity of 48 m/s)

Note 8. If flying above 40,000 ft, pattern may be flown clockwise, if preferred.
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2a. Optimizing Observations to Better Evaluate and Improve NOAA'’s Hurricane Weather Research and
Forecasting Operational Model

Principal Investigator(s): J. Cione, E. Uhlhorn, J. Dunion, S. Gopalakrishnan, V. Tallapragada, R. Lumpkin, R.
Rogers, J. Zhang, R. Black, G. Halliwell, C. Fairall, J. Bao, N. Shay

Primary IFEX Goal: 1 — Collect observations that span the tropical cyclone (TC) lifecycle in a variety of
environments and for model initialization and evaluation.

Overarching Objective:

Improve NOAA’s Hurricane Weather Research and Forecasting (HWRF) model performance through a systematic
evaluation process, whereby model biases are documented, understood, and ultimately eliminated by implementing
accurate observation-based physical parameterizations.

Statement of the problem: Recent experiments related to the use of in-situ observations for improved PBL
representation in the HWRF system, increased frequency of physics calls and the subsequent steep-step
improvements to structure and intensity predictions illustrate the importance of improving the physical
representation of hurricane processes in the modeling system. Additional model comparisons with in-situ
observations show that the hurricane near-surface thermodynamic environment in NOAA’s HWRF operational
model is generally too warm and too moist. Recent comparisons of the coupled modeling system with observations
also suggest that the existing ocean used in HWRF (POM) has a tendency to under-cool. Biases such as these
impact how surface fluxes are generated in the model and, as a result, can significantly (and adversely) affect
hurricane structure, intensity, as well as the intensity change process.

What to target: This experiment is designed to obtain high-resolution kinematic, thermodynamic and
microphysical measurements in convectively active areas of the hurricane environment (both rain-band and inner
core). In addition, this experiment will capture areas of strong downdraft activity so as to better assess highly
transient, yet critically important physical processes responsible for modifying hurricane boundary layer
thermodynamic structure. Finally, this effort will also document the ocean environment from the pre-storm
quiescent stage through storm passage with the goal of quantifying ocean response in a storm-centric framework.

Mission Description

The ideal experiment consists of coordinated three-plane missions designed to observe several mechanisms
responsible for modulating convective activity, hurricane structure and storm intensity change, including:

e Air-sea energy exchange and boundary layer processes

e Convection (storm scale and surrounding environment)

e Dynamic/thermodynamic processes (storm scale and surrounding environment)
e  Cloud microphysics
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Figure 2a-1: Storm track (blue), and observation region (red box), optimally suited for multi-aircraft experiment.
Range rings are 200 nmi relative to forward operating base at STX (TISX). Track marks are spaced every 24 hrs.

This multi-aircraft experiment is ideally suited to geographical locales, which limit conflict with other operational
requirements, for example, at a forward/eastward-deployed base targeting a storm not imminently threating the
U.S. coastline. An optimal geographical situation is shown in Fig. 2a-1. It is also worth noting that without such a
deployment plan systems not considered to be an immediate threat to make US landfall would likely not be
sampled (e.g. Katia 2011).

Each participating aircraft is assigned a “process of responsibility”, whereby the pattern is designed to address
specific phenomena and/or processes. Conceptually, this experiment consists of a collection of coordinated
modules included in previous years’ Field Program plans. It should also be noted that this experiment will be
targeting mature hurricane systems and relies on a 24h cycle of observations (centered roughly on 18Z) with
simultaneous utilization of 3 NOAA aircraft (N42RF, N43RF, and N49RF). While several “modular options” exist
for this particular experiment, it is important to emphasize that the overall goal is to adequately capture multi-scale
interactions within the tropical cyclone environment (i.e. environment/vortex/convective-scale). By doing so, it
will be much easier to conduct “budget-oriented” analyses required to accurately evaluate model physical fields
and processes.

Capturing structure associated with outer TC environment will be primarily the responsibility of the NOAA GIV
aircraft (N49RF). One of the preferred patterns that will be employed is the “starfish” configuration already
outlined in several existing HFP experiments (most notably in the RI experiment). Another possible pattern that
could be utilized is the circumnavigation flight plan currently described in the shear experiment. In either case, the
intention for this experiment would be to fly the GIV simultaneously with both P-3 aircraft.
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One of the NOAA P-3 aircraft (likely N42RF) will be responsible for capturing storm scale environment (wave
number 0/1). Here, the in-storm plan is likely to use a rotating Figure-4 flight pattern (similar to what is currently
used for TDR missions). If circumstances dictate, a modified butterfly pattern could be used instead. The exact
details of the pattern (e.g. Figure 4, butterfly, specific leg lengths, etc.) will be determined on a flight-by-flight
basis.

The second P-3 (likely N43RF) would be tasked to sample pre-determined, high-value areas of interest within
specified region(s) of the storm.

A visual depiction of the verbal description above follows:

One NOAA P3 - Captures the core, storm scale circulation
(e.g. Current TDR mission profiles)

B |, Doppler beam
resolution
< Tkm
<14 km

00} mm

2nd NOAA P3 = Responsible for sampling predetermined areas
of interest outside the immediate TC high wind inner core (e.g.
Entrainment flux module)
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NOAA GIV = Primarily responsible for capturing the tropical
cyclone’s surrounding larger scale environment

As previously mentioned, the processes that will be targeted include air sea exchange, vertical/horizontal transport
resulting from convective activity (including boundary layer entrainment and cloud microphysical processes),
interactions with the surrounding environment, and ocean response. These are 3 high-priority research foci for this
experiment:

a)

b)

Air-sea exchange: At the initiation of the observing period, the pre-storm, in-storm, and post-storm oceanic
environment is sampled to estimate horizontal and vertical ocean structure which is forecasted to respond to
TC forcing (sampling ideally begins 1-2 days prior to the storm’s arrival). The observations consist of a field
of ocean expendable probes (AXBT, AXCTD, AXCP), and possibly a line a surface drifting probes in
coordination with the 53" WRS. The pre-storm “field” is designed to extend over a significant area to capture
a multi-day event. The Ocean Response Experiment (1), the Hurricane Boundary Layer Entrainment Flux
Module (2), the Small Unmanned Aircraft Vehicle Experiment (SUAVE) (4), and the Hurricane Boundary
Layer Inflow Module (3) support the pre-storm element of the air-sea exchange focus.

As the TC advances across the previously-sampled region, a series of in-storm missions are executed to
observe the storm’s evolution. These missions may be carried out in conjunction with other planned
experiments, however, one P-3 aircraft is generally assigned the responsibility of observing the overall storm
structure, while the other P-3 has a more specific mission to target the localized convective impact (discussed
later). The storm-scale P-3 ideally executes a rotated Figure-4 pattern, deploying GPS dropwindsondes and
AXBTs in combination to estimated surface fluxes. The operational P-3 three-dimensional Doppler winds
mission supports the in-storm element of the air-sea exchange focus. Finally, a post-storm survey mission will
be conducted to look at ocean response. In anticipation of a coordinated surface drifter deployment, the post-
storm ocean current and temperature responses can be observed by drifters for several days after passage. In
the absence of drifters, a final, post-storm expendable profiler sampling mission will be required for coupled
model evaluation purposes. The Ocean Response Experiment (1) supports the post-storm element of the air-
sea exchange focus.

TC Inner Core Processes (R<~150 km): The convection-scale P-3 executes one or more
experiments/modules to sample convective bursts, outer rain-band structure, boundary layer thermodynamic
and kinematic fields, mid-level moisture, boundary layer top entrainment, and surface energy exchanges using
a combination of flight-level data, LF radar, tail Doppler radar, W-band radar, Doppler Wind Lidar, GPS
dropsondes, and low flying UAS. The Hurricane Boundary Layer Entrainment Flux Module (2), the Hurricane
Boundary Layer Inflow Module (3), SUAVE (4), the Doppler Wind Lidar (DWL) Boundary-layer Module (8),
Rapid Intensification Experiment (5), Microphysics-Aerosol/Cloud droplet measurement option (6), the
Saharan Air Layer Experiment: arc cloud module (7), TC Diurnal Cycle Experiment (10), TC in Shear
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c)

Experiment (11) and Convective Burst Module (12) support the TC Inner Core Processes focus of this
experiment.

TC Environment Processes (R>~150 km): The 2™ P-3 and G-IV execute one or more experiments/modules
to sample low-level advective transport of moisture from the environment, TC boundary-layer moisture, mid-
level moisture, easterly jets and aerosols in the Saharan Air Layer, environmental conditions that promote
rapid intensification, diurnal variations in cirrus canopy thermodynamics and outflow, and the impact of
convectively driven downdrafts and outflow boundaries on TC structure and the TC boundary layer. In order
to promote measurements of the impact of the environmental moisture and vertical wind shear on the storm,
the G-IV aircraft is tasked with deploying GPS dropwindsondes between 200 and 400 km distance from the
storm center. The general flight pattern consists of quasi-radial legs to and from the annulus limits around the
storm. SUAVE (4), the Hurricane Boundary Layer Entrainment Flux Module (2), the Hurricane Boundary
Layer Inflow Module (3), the Doppler Wind Lidar (DWL) Boundary-layer Module (8), Rapid Intensification
Experiment (5), Microphysics-Aerosol/Cloud droplet measurement option (6), the Saharan Air Layer
Experiment: arc cloud module (7), the Doppler Wind Lidar (DWL) SAL Module (9), the TC Diurnal Cycle
Experiment (10), TC in Shear Experiment (11) and the Convective Burst Module (12) support the TC
Environmental Processes focus of this experiment.

There are several research experiments/modules that support the air-sea interaction, TC Inner Core Processes, and
TC Environment Processes foci of this overarching experiment. These experiments/modules include:

1)

2)

3)

4)

TC-Ocean Response Experiment (Uhlhorn, Lumpkin, Centurioni, Shay)

Goal: To observe and improve our understanding of the upper-ocean's response to near-surface wind forcing
during TC passages. Specific objectives are to: 1) Quantify the influence of the underlying ocean on
atmospheric boundary layer thermodynamics and ultimately TC intensity; and 2) Document the capabilities of
the operational coupled model forecast system to accurately capture and represent these processes. Refer to the
HFP TC-Ocean Response experiment for additional details.

Model evaluation component: Capturing accurate estimates of ocean response to TC forcing is critically
important in a coupled atmosphere-ocean modeling system. This module will help better quantify model
performance as it relates to ocean model initialization, storm-scale upper ocean cooling and post storm, cool
wake realization (which, in turn, could impact future tropical systems that traverse similar ocean
environments).

Hurricane Boundary Layer Entrainment Flux Module (J. Zhang, G. Barnes)

Goal: Directly measure turbulent fluxes near the top of the inflow layer. Determine the air-sea fluxes both as
a residual to an energy budget and via the bulk aerodynamic formulae. Refer to HFP Hurricane Boundary
Layer Entrainment Module and SUAVE (module 2) for additional details.

Model evaluation component: Turbulent fluxes are the key boundary layer conditions for numerical models.
How energy is transported in the hurricane boundary layer is crucial to the hurricane maintenance and
intensification. Observations that are collected during this experiment module will be used to evaluate the
robustness of the operational coupled model forecast system (e.g. HWRF) to represent turbulent fluxes and
energy budget in the inflow layer.

Hurricane Boundary Layer Inflow Experiment (J. Zhang, E. Uhlhorn, J. Cione)

Goal: Directly measure the thermodynamic and kinematic structure of the hurricane inflow layer radially and
vertically to the best extent possible. Refer to the HFP Boundary Layer Inflow experiment and SUAVE
(module 3) for additional details.

Model evaluation component: The near-surface inflow is a crucial region of a tropical cyclone (TC), since it is
the area of the storm in direct contact with the ocean moisture and heat sources which power the storm.
Improved documentation of the storm inflow layer will enable detailed comparisons with numerical
simulations. These comparisons should lead to subsequent improvements in physical representativeness of the
inflow layer in operational models.

SUAVE (Cione)
Goal: utilize observations from unmanned aerial vehicles to enable enhanced high resolution comparisons
between tropical cyclone boundary observations of temperature, moisture and wind with similar
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5)

6)

7)

8)

thermodynamic and kinematic output from NOAA'’s regional and global operational models. Refer to the
HFP SUAVE for additional details.

Model evaluation component: Given the inherent difficulty of flying manned aircraft at very low altitudes in a
tropical cyclone, utilization of low altitude UAS has drawn significant interest in recent years. Given the
preponderance of ‘instantaneous’ data collection within this region of the storm (GPS, SFMR), UAS offer a
unique opportunity to expand beyond today’s limited data collection techniques by continuously sampling
pressure, temperature winds and moisture within the low-level hurricane boundary layer environment. Such
efforts, should improve future model initialization and validation efforts.

RAPX (Kaplan, Rogers, Dunion)

Goal: To employ both NOAA P-3 and G-IV aircraft to collect oceanic, kinematic, and thermodynamic
observations both within the inner-core (i.e., radius < 220 km) and in the surrounding large-scale environment
(i.e., 220 km < radius < 440 km) for systems that have been identified as having the potential to undergo RI
within 24-72 h. Note: Will require modification to a 24h aircraft refresh cycle. Refer to the HFP RAPX for
additional details.

Model evaluation component: Recent analyses of airborne Doppler and dropsonde data have shown
statistically significant differences in both the environmental and the inner-core structures of TC’s that
undergo RI from those that remain steady state. Such structures include the inner- and outer-core vorticity
field, inflow depth and strength, and number and radial distribution of convective bursts. The data collected as
a part of this experiment will span scales ranging from the environmental down to the convective and PBL
scale. It will enable an evaluation of various features of the operational modeling system, including the
sufficiency (or lack thereof) of the horizontal resolution, and the microphysical and planetary boundary layer
parameterization schemes.

Microphysics - Aerosol/Cloud droplet measurement option (B. Black)

Goal: determine the natural range and number concentrations of the sub-cloud aerosol that is CCN in
hurricanes that are far from land, unaffected by pollutants using new droplet spectra probes, a cloud liquid
water meter, the Droplet Measurement Technologies (DMT) dual-chamber CCN counter, a DMT wide-band
Integrated Bio-Aerosol sensor (WIBS-1V) and a CN counter. Refer to the HFP Microphysics experiment for
additional details.

Model evaluation component: The observations collected herein will be utilized in due course for the
evaluation of the HWRF model microphysics parameterizations. As presently configured, these
parameterizations assume a fairly small number concentration of cloud droplets in the storm. These numbers
derive from observations in fair-weather marine cumuli conducted more than 30 years ago. Such an
assumption might not be valid in a hurricane, where copious sea-salt aerosols are generated, as this affects the
colloidal stability of the clouds.

SALEX-Arc Cloud Module (Dunion)

Goal: Collect observations in mid-level dry layers (e.g. the SAL) that are hypothesized to be a necessary
ingredient for the formation of strong downdrafts and subsequent outflow boundaries & arc clouds. Target
observations ahead of and behind arc cloud features to sample the horizontal gradients of temperature,
moisture, and winds (e.g. outflow) from ~600 hPa to the surface. Refer to the HFP SALEX experiment for
additional details.

Model evaluation component: Arc clouds in the periphery of TCs represent the leading edge of large outflow
boundaries that bring cool, dry air and enhanced outflow into the lower levels of the atmosphere. These rarely
observed environments are formed in the presence of precipitation falling through mid-level dry air and are
hypothesized to limit short-term TC intensification. Thermodynamic and kinematic observations that are
collected during this module will be used to evaluate the robustness of the operational coupled model forecast
system to represent the SAL and arc cloud environments.

Doppler Wind Lidar (DWL) Boundary-layer Module (J. Zhang)

Goal: Characterize the distribution and variations of kinematic boundary layer heights in hurricanes. Identify
and document the characteristics of organized eddies such as boundary-layer rolls. Refer to the HFP DWL
Boundary Layer module for additional details.

Model evaluation component: Boundary layer rolls are quasi-two dimensional features that can affect the
surface flux transport and modulate the mean boundary layer structure. Observations that are collected during
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9)

10)

11)

12)

this experiment module will be used to evaluate the robustness of the operational coupled model forecast
system (e.g. HWRF) to represent boundary layer rolls.

Doppler Wind Lidar (DWL) SAL Module (Dunion)

Goal: Characterize the suspended Saharan dust and mid-level (~600-800 hPa) easterly jet that are associated
with the SAL with a particular focus on SAL-TC interactions. Observe possible impingement of the SAL’s
mid-level jet and suspended dust along the edges of the storm’s (AEW’s) inner core region (R=~150 km).
Refer to the DWL SAL module for additional details.

Model evaluation component: The SAL’s mid-level easterly jet and low- to mid-level dry air will be sampled
using a combination of observations collected from GPS dropsondes and the P3DWL. Thermodynamic and
kinematic observations that are collected during this module will be used to evaluate the robustness of the
operational coupled model forecast system to represent the SAL’s low humidity and embedded mid-level
easterly jet.

TC Diurnal Cycle Experiment (Dunion)

Goal: Sample the thermodynamic and kinematic environment of diurnal pulses at various stages of their life
cycles, including their initial formation and subsequent evolution, and to observe any corresponding
fluctuations in TC structure and intensity during these events. Employ both NOAA P-3 and G-IV aircraft to
collect kinematic and thermodynamic observations both within the inner-core (i.e., radius <200 km) and in the
surrounding large-scale environment (i.e., 200 km < radius <400 km) for systems that have exhibited signs of
diurnal pulsing in the previous 24 hours. Employ the NOAA G-1V jet to sample the temperature, moisture, and
winds at the TC cirrus canopy level before, during, and after the time of local sunset. Note: Will require
modification to a 24h aircraft refresh cycle. Refer to the HFP TC Diurnal Cycle experiment for additional
details.

Model evaluation component: The predictable propagation of TC diurnal pulses in both space and time each
day makes them fairly easy to sample at various radii around the storm. Thermodynamic and kinematic
observations will be made of the diurnal pulses from the surface to the cirrus canopy and will include outflow
layer sampling, as well as areas of enhanced convergence, moisture, or vertical motions at various levels of the
troposphere. Thermodynamic and kinematic observations that are collected during this module will be used to
evaluate the robustness of the operational coupled model forecast system to represent the TC diurnal cycle.

TC in Shear Experiment (Reasor)

Goal: Examine changes in the structural evolution, convective asymmetry, intensity change, and moisture
envelope (TC isolation) of TCs experiencing a significant increase in environmental wind shear. Note: Will
require modification to a 24h refresh cycle. Refer to the HFP TC in Shear experiment for additional details.
Model evaluation component: It is widely accepted that vertical shear can have a significant impact on tropical
cyclone structure and intensity change. A goal of this experiment is to better diagnose, quantitatively how,
and to what extent, vertical shear effects hurricane structure, intensity and intensity change.

Convective Burst Module (Rogers)

Goal: obtain quantitative description of the kinematic, thermodynamic, and electrical properties of intense
convective systems (bursts) and the nearby environment to examine their role in the cyclogenesis process.
Refer to the HFP Convective burst module for additional details.

Model evaluation component: The data collected will be useful for evaluating the model-generated fields of
vertical velocity, hydrometeor concentration, and reflectivity. Vertical profiles of the structure and high-
frequency evolution of the mean and distribution (e.g., via contoured frequency by altitude diagrams) of these
fields, along with derived properties such as vertical mass flux, will be calculated from the airborne radar.
These fields will be compared with model output to evaluate the performance of the microphysical
parameterization scheme and provide a benchmark for comparing potential changes to the formulation of the
microphysical and planetary boundary layer parameterizations.
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2b. TC Ocean Response

Principal Investigator(s): Eric Uhlhorn (HRD), Joe Cione (HRD), Rick Lumpkin (PhOD), Nick Shay (U.
Miami/RSMAS), Gustavo Goni (PhOD)

Collaborators: Luca Centurioni (SIO), George Halliwell (PhOD), Elizabeth Sanabia (USNA)
HRD Point of Contact: Eric Uhlhorn

Primary IFEX Goals:

1 — Collecting observations that span the TC lifecycle in a variety of environments for model initialization and
evaluation

3 — Improve understanding of the physical processes important in intensity change for a TC at all stages of
its lifecycle

Significance and Goals:

This program broadly addresses improving understanding of the ocean’s role in air-sea interaction and
controlling TC intensity by making detailed measurements of these processes in storms. Specific science
goals are in two categories:

Goal: To observe and improve our understanding of the upper-ocean response to the near-surface wind
structure during TC passages. Specific objectives are to:

1. Quantify the influence of the underlying ocean on atmospheric boundary layer thermodynamics and
ultimately storm intensity.

2. Quantify the capabilities of the operational coupled model forecast system to accurately capture and
represent these processes

In addition, these ocean datasets fulfill needs for initializing ocean components of coupled TC
Forecast systems at EMC and elsewhere.

Rationale:

Ocean effects on storm intensity. Upper ocean properties and dynamics play a key role in determining TC
intensity. Modeling studies show that the effect of the ocean varies widely depending on storm size and
speed and the preexisting ocean temperature and density structure. The overarching goal of these studies is
to provide data on TC-ocean interaction with enough detail to rigorously test coupled TC models,
specifically:

e Measure the two-dimensional SST cooling, air temperature, humidity and wind fields beneath the
storm and thereby deduce the effect of the ocean cooling on ocean enthalpy flux to the storm.

e Measure the three-dimensional temperature, salinity and velocity structure of the ocean beneath the
storm and use this to deduce the mechanisms and rates of ocean cooling.

e Conduct the above measurements at several points along the storm evolution therefore investigating
the role of pre-existing ocean variability.

e Use these data to test the accuracy of the oceanic components coupled models.
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Figure 2b-1: Storm track with locations plotted every 12 hours. of Range rings are 200 nmi relative to forward

operating base at St. Croix, USVI (STX/TISX), and red line delineates storm locations within 600 nmi of STX. In
this example, the storm center remains within 600 nmi for 4 days.

This multi-aircraft experiment is ideally conducted in geographical locales that avoid conflict with other
operational requirements, for example, at a forward/eastward-deployed base targeting a storm not imminently
threating the U.S. coastline. As an example, an optimal situation is shown in Fig. 2b-1, with missions operating
from St. Croix, USVI. A TC of at least minimal hurricane intensity is desired. In this example, the hypothetical

storm remains within 600 nmi (a reasonable maximum distance) for four days, and at no time is forecasted to be a
threat to land, including the U.S. coast.

2b-1. Expendable profiler surveys from P-3 aircraft

Flight sequence:

Pre-storm: To establish the pre-storm upper ocean thermal and mass structure prior to a storm’s arrival, a pre-
storm expendable survey will be conducted. This mission will consist of deploying a large grid of
AXCTDs/AXBTs to measure the three-dimensional temperature and salinity fields (Fig. 2b-2). This flight would
occur 48 hours prior to storm arrival, based primarily on the forecasted track, and optimally covers the
forecast cone-of-error. A total of 50-60 probes would be deployed, depending on mission duration, and spaced
approximate 0.5 deg. apart. The experiment is optimally conducted where horizontal gradients are relatively
small, but AXCP probes may be included if significant gradients (and thus currents) are expected to be

observed. Either P-3 aircraft may be used as long as it is equipped with ocean expendable data acquisition
hardware.
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Figure 2b-2: Left: NHC official forecast track, which pre-storm ocean sampling region highlighted. Target region
is centered ~48 hours prior to forecast arrival of storm. Right: P-3 flight track (red line) and ocean sampling pattern
consisting of a grid of AXCTD/AXBT probes Probes are deployed at ~0.5 deg. intervals. Total time for this pattern
is estimated to be ~9 hours.

In-storm: Next, a mission is executed within the storm over the ocean location previously sampled (Fig. 2b-3).
This flight shall by conducted by the P-3 carrying the Wide-swath Radar Altimeter (WSRA) for purposes of
mapping the two-dimensional wave field. The flight pattern should be a rotated Figure-4, and up to 20 AXBTs
should be deployed in combination with GPS dropwindsondes. Note that other experimental goals can and
should be addressed during this mission, and a multi-plane mission coordinated with the other P-3, as well as G-
IV, is desirable.
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Figure 2b-3: Left: NHC official forecast track at time of in-storm mission, with pre-storm sampled region
highlighted. Right: P-3 in-storm flight pattern centered on storm and over previously-sampled ocean area. Typical
pattern is expected to be a rotated Fig-4. Total flight time ~8 hrs.

Post-storm: Finally, a post-storm expendable survey shall be conducted over the same geographical location to
assess ocean response, with slight pattern adjustments made based on the known storm track (Fig. 2b-4).
Approximately 60-70 probes would be deployed (depending on duration limits), consisting mainly of
AXBTs/AXCPs to map the three-dimensional temperature and currents, ideally 1-2 days after storm passage. In
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the Fig. 2b-4 example, the pattern extends 470 km along the storm track, which in this example is ~0.75A,
where A = 2zV/f is the inertial wavelength. Ideally, up the pattern should extend up to 1A to resolve a full ocean
response cycle. The storm speed V and flight duration limits will dictate whether this is possible. As for the pre-
storm survey, either P-3 may be used.
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Figure 2b-4: Left: Post-storm ocean sampling flight pattern (red line), over previously-sampled area (black box).
In this example, the pattern extends around 470 km in the along-track dimension, or around 0.75 of a near-inertial
wavelength. Right: Flight pattern with expendable drop locations, consisting of a combination of AXCP and

AXBT probes.

2b-2. Coordinated float/driftedeployment by AF C-130

Measurements will be made using arrays of drifters deployed by AFRC WC-130J aircraft in a manner similar
to that used in the 2003 and 2004 CBLAST program. Additional deployments have since refined the
instruments and the deployment strategies. This work will be coordinated with P-3 deployments of AXBTs,
AXCTDs and AXCPs to obtain a more complete picture of the ocean response to storms.

MiniMet drifters measure SST, sea level air pressure and wind velocity. Thermistor chain Autonomous
Drifting Ocean Station (ADOS) drifters add ocean temperature measurements to 150m. All drifter data are
reported in real time through the Global Telecommunications System (GTS) of the World Weather Watch. An
additional stream of real-time, quality controlled data is also provided by a server located at the Scripps Institution
of Oceanography. A number of E-M APEX Lagrangian floats will measure temperature, salinity and velocity
profiles to 200m. Float profile data will be reported in real time on GTS.

Coordination and Communications

Alerts - Alerts of possible deployments will be sent to the 53" AWRO up to 5 days before deployment, with
a copy to CARCAH, in order to help with preparations. Luca Centurioni (S10) and Rick Lumpkin
(PhOD) will be the primary point of contact for coordination with the 53"% WRS and CARCAH.

Flights:
Coordinated drifter deployments would nominally consist of 2 flights, the first deployment mission by AFRC

WC-130J and the second overflight by NOAA WP-3D. An option for follow-on missions would depend upon
available resources.
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Day 1- WC-130J Float and drifter array deployment- Figure 2b-5 shows a possible nominal deployment
pattern for the float and drifter array. It consists of two lines, A and B, set across the storm path with 8 and 4
elements respectively. The line length is chosen to be long enough to span the storm and anticipate the
errors in forecast track, and the lines are approximately in the same location as the pre-storm P-3 expendable
probe survey. Instrumentation should be deployed 24-48 hours prior to storm arrival. The element spacing is
chosen to be approximately the RMW. In case of large uncertainties of the forecast track a single 10 node line
is deployed instead. The thermistor chain drifters (ADOS) are deployed near the center of the array to
maximize their likelihood of seeing the maximum wind speeds and ocean response. The Minimet drifters are
deployed in the outer regions of the storm to obtain a full section of storm pressure and wind speeds. The
drifter array is skewed one element to the right of the track in order to sample the stronger ocean response on
the right side (cold wake).

Day 2. P-3 In-storm mission- The in-storm mission will be conducted by the P-3 as previously described.
Efforts will be made to deploy AXBTs during the mission near the locations of drifters/floats as reported in real
time. It is highly desirable that this survey be combined with an SRA surface wave survey because high
quality surface wave measurements are essential to properly interpret and parameterize the air-sea fluxes and
boundary layer dynamics, and so that intercomparisons between the float wave measurements and the SRA
wave measurements can be made.
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Figure 2b-5: Drifter array deployed by AFRC WC-130J aircraft. The array is deployed ahead of the storm
with the exact array location and spacing determined by the storm speed, size and the uncertainty in the
storm track. The array consists of ADOS thermistor chain (A) and minimet (M) drifters, and EM-APEX
Lagrangian floats (E). Two items are deployed at locations 3, 4 and 5, and one item elsewhere.

2b-3 Ocean glider deployments

To complement the aircraft-based experiments, it is also a goal to test the new observation capabilities of ocean

gliders in hurricanes. For the first time, current velocity profiles will be obtained from Seagliders to assist
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hurricane forecast models to reproduce the key ocean dynamic processes associated with tropical storm-induced
surface ocean cooling. The main objectives of the proposed work are to implement upper ocean observations
from Seagliders, to evaluate their impact on and to improve: (1) hurricane intensity forecasts and (2) hurricane
seasonal forecasts; using a combination of these new sustained observations, targeted observations, data
analysis, and current NOAA operational forecast models. Of critical importance will be the joint analysis of the
data collected through this project with those obtained through targeted observations, WP-3D and WC-130J
flights that deploy a suite of atmospheric sensors.

3.1. Ocean Observations

A pilot array of two Seagliders will be deployed to carry out sustained and targeted upper-ocean profiling of
temperature (T), salinity (S), and current velocities (u,v) in the AWP region (Figure 2b-6). Seagliders are cost-
effective observational underwater vehicles used for targeted and sustained upper-ocean T, S, and (u,v)
observations, they operate easily in open waters, even under hurricane strength winds, and can be navigated
across moderately strong currents. The Seagliders are durable, autonomous, and have a low-drag and
hydrodynamic shape and use battery power to control their buoyancy to move vertically, and use their wings to
guide themselves forward along a remotely programmed trajectory (Eriksen et al. 2001). When their batteries
run out, the Seagliders can be recovered and then refurbished and redeployed immediately. Their small size
(~2m long) and low weight (~50 kg) allow for an easy deployment and recovery by two people from a small
vessel. Seagliders transit at approximately 20-25 km/day while executing 8-10 T-S profiles/day to 1,000 meters
and of (u,v) to 200m. They can navigate approximately 4,000 km and collect and transmit about 1,600 profiles
during a 6- month deployment. While surfaced, they can also download any new instructions for altering the
navigation route. Data will be transmitted in real-time into the GTS. In this work, each Seaglider will provide
data of approximately 2,700 profiles per year.

B
A

B4'W 80°'W 76°W 72W 68'W B4'W 6O0'W

[ = I = ]
0 25 50 75 100

Tropical Cyclone Heat Potential (kJ/cm?)

Figure 2b-6. The two regions (bounded with red lines) where Seagliders will be deployed. Tracks of Cat. 1-5
cyclones (in grey) in a region of the AWP during 1993-2011, with circles indicating the location of their
intensifications. The background color is the Tropical Cyclone Heat Potential (proportional to the upper ocean
heat content).
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2b-4 AXBT deployments by TROPIC on AF C-130

In addition to the P-3 expendable ocean probe deployments described above, additional ocean temperature
profiles will be obtained by AFRC WC-130J aircraft as part of the Training and Research in Oceanic and
Atmospheric Processes in Tropical Cyclones (TROPIC) program under the direction of CDR Elizabeth Sanabia,
Ph.D. (USNA). Several overlapping mission goals have been identified providing an additional opportunity for
collaboration and enhancing observational data coverage. See www.onr.navy.mil/reports/FY11/mmsanabi.pdf
for details.
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3a. Doppler Wind Lidar (DWL) SAL Module
Principal Investigator: Jason Dunion
Program Significance:

Installation of a multi-agency (Navy, Army and NASA) pulsed 2-micron coherent-detection Doppler wind
profiling lidar system (DWL) onboard NOAA-42 is anticipated prior to the 2014 Atlantic hurricane season. This
instrument, referred to as the P3DWL, was flown on board a Navy P3 in 2008 during typhoon research in the
western Pacific. The P3DWL includes a compact, packaged, coherent Doppler lidar transceiver and a biaxial
scanner that enables scanning above, below and ahead of the aircraft. The transceiver puts out 2 mJ eyesafe pulses
at 500 Hz.

The P3DWL will have the capability to detect winds and aerosols both above (up to ~14 km in the presence of high
level cirrus) and below (down to ~100 m above the ocean surface) the aircraft flight level (typically 3 -5 km). The
vertical resolution of these retrievals will be ~50 m with a horizontal spacing ~2 km for u, v, and w wind profiles.
There is an anticipated data void region ~300 m above and below the aircraft. Given the P3DWL’s operating
wavelength (~2 microns), the instrument requires aerosol scatterers in the size range of ~1+ microns and while
measurements within and below optically thin or broken clouds are frequent, there is limited capability in the
presence of deep, optically thick convection. Therefore, it is anticipated that the optimal environments for
conducting the P-3 DWL module will be in the periphery of the TC inner core, moat regions in between rainbands,
the hurricane eye, the ambient tropical environment around the storm, and the Saharan Air Layer (SAL). Options
for this module will primarily focus on these environments in and around the storm. The P3DWL will require an
onboard operator during each mission.

Objectives:
The main objectives of the P-3 DWL SAL Module are to:

o Characterize the suspended Saharan dust and mid-level (~600-800 hPa) easterly jet that are associated with
the SAL with a particular focus on SAL-TC interactions;

o Observe possible impingement of the SAL’s mid-level jet and suspended dust along the edges of the storm’s
(AEW?’s) inner core region (R=~150 km);

e Quantify the capabilities of the operational coupled model forecast system to accurately capture and
represent both the SAL’s mid-level dry air (sampled by GPS dropsondes) and its ~600-800 mb mid-level
easterly jet (sampled by GPS dropsondes and the P3DWL);

Links to IFEX:
This experiment supports the following NOAA IFEX goals:

Goal 1: Collect observations that span the TC lifecycle in a variety of environments;

Goal 2: Development and refinement of measurement technologies;

Goal 3: Improve our understanding of the physical processes important in intensity change for a TC at all stages of
its lifecycle;

Model Evaluation Component:

The SAL’s mid-level easterly jet and low- to mid-level dry air will be sampled using a combination of observations
collected from GPS dropsondes and the P3DWL. Thermodynamic and kinematic observations that are collected
during this module will be used to evaluate the robustness of the operational coupled model forecast system to
represent the SAL’s low humidity and embedded mid-level easterly jet. Data assimilation (DA) provides a natural
platform to compare model output to observations by accounting for the underlying uncertainties of observations
and model in a statistical framework. Normalization of model-observation differences by the total expected
uncertainty allows for the identification of areas where lack of model performance is statistically the most
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significant. Furthermore, the high-resolution, three-dimensional analyses that DA produces provide the best
estimate of the SAL’s thermodynamic and kinematic structure within the modeling framework. Such analyses can
be directly compared to operational model output to understand how well the SAL structure is represented in
operational models and the consequences for subsequent model forecasts.

Mission Description:

This P-3 DWL SAL Module is designed to utilize the WP-3D aircraft [P3DWL, at the maximum allowable flight-
level (~12,000-19,000 ft) in the periphery of the storm and GPS dropsonde data]. Although this module is not a
standalone experiment, it could be included as a module within any of the following HRD research missions: TC
Genesis Experiment, TC Shear Experiment, TC Diurnal Cycle Experiment, SALEX-Arc Cloud Module, Rapid
Intensity Experiment, or as part of operational NHC-EMC-HRD Tail Doppler Radar (TDR) missions. This module
will target sampling of the SAL’s suspended dust and mid-level jet by the P3DWL and can be conducted between
the edges of the storm’s (AEW’s) inner core convection (deep convection) to points well outside (several hundred
kilometers) of the TC environment during the inbound or outbound ferry to/from the storm (no minimum leg
lengths are required). For fuel considerations, the outbound ferry is preferable and the optimal flight-level is ~500
mb (~19,000 ft) or as high as possible. The P3DWL should be set to the downward looking and full scan modes.
GPS dropsonde sampling along the transect will be used to observe the SAL’s thermodynamics and winds as well
as to validate the P3ADWL’s wind retrievals. Drop points should be spaced at ~25-50 nm increments near the region
where the SAL is impinging on the storm/AEW and spaced at 50-75 nm increments farther from the storm (Fig. 3-
1). GPS dropsonde spacing will be determined on a case by case basis at the LPS’s discretion.

Figure 3a-1: Sample WP-3D flight track during the ferry to/from the storm and GPS dropsonde points for
the P-3DWL SAL module.
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Analysis Strategy

This experiment seeks to observe and characterize the suspended Saharan dust and mid-level easterly jet that are
associated with the Saharan Air Layer (with a particular focus on SAL-TC interactions) and to observe possible
impingement of the SAL’s mid-level jet and suspended dust along the edges of a storm’s (AEW’s) inner core
convection (deep convection). Wind and aerosol information from the P-3DWL will be used to diagnose the 3-
dimensional kinematic and aerosol structure of the SAL and to document the evolution of this structure at various
distances from the storm environment. When available, this information will be compared to thermodynamic
retrievals from AIRS on the NASA Aqua satellite and 3-dimensional aerosol information from the NASA
CALIPSO satellite.

Coordination with Supplemental Aircraft

NASA will be conducting its Hurricane Severe Storm Sentinel (HS3) mission from 26 Aug-29 Sep 2014. This
mission will consist of two unmanned Global Hawk (GH) aircraft, flying at approximately 55,000-60,000 ft
altitude with mission durations of up to 24-30 h. One GH will focus on flying patterns over the inner-core of TCs,
while the other GH will focus on patterns in the environment of TCs. The primary science goals of HS3 are to
better understand inner-core and environmental processes important in TC genesis, intensification, and
extratropical transition.

When possible, it will be desirable to fly P-3 DWL module legs that are coordinated with the GH aircraft (see Fig.
3-2 for a sample environmental GH flight pattern). For the NOAA P-3, “coordinated” means flying a radial leg
where the P-3 and GH are vertically-stacked for at least a portion of the flight leg, when the aircraft are in the
periphery of the TC or AEW. The across-track displacement during such coordination should be kept as small as
practicable, e.g., no greater than 5-10 km. Given the short nature of this module and likelihood that it would be
confined to specific time windows and locations during the P-3 ferry to and from the storm, a stacked multi-aircraft
coordination is unlikely. Still, NOAA and HS3 scientists will coordinate flight patterns and real-time aircraft
positions via X-Chat and exploit any opportunities that present.

Potential Flight Modules

Environmental Global Hawk Flights

Figure 3a-2: Sample flight pattern for the environmental Global Hawk aircraft for Pre-genesis TCs

located in proximity to the SAL in the western and central North Atlantic.
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3b. DWL Boundary Layer Module

Principal Investigator(s): Jun Zhang and David Emmitt (SWA)
Links to IFEX: This experiment supports the following NOAA IFEX goals:

Goal 1: Collect observations that span the TC lifecycle in a variety of environments;

Goal 2: Development and refinement of measurement technologies;

Goal 3: Improve our understanding of the physical processes important in intensity change for a TC at all stages of
its lifecycle;

Program Significance:

The boundary layer has been identified in prior studies to be of critical importance to hurricane intensification (e.g.,
Emanuel 1997; Smith et al. 2009). Despite the critical nature of this environment, routine collection of kinematic
and thermodynamic observations in the boundary layer remains elusive (Black et al. 2007). Currently, boundary
layer observations are very limited since the primary source of data is from point-source GPS dropsonde
measurements (Zhang et al. 2013). The lack of data coverage at low levels is a primary reason why hurricane
boundary layer structure and associated physical processes remain poorly represented in today’s operational
hurricane models (Zhang et al. 2012).

The DWL on NOAA P3 (N42) aircraft measures three-dimensional wind velocities with ~50 m vertical resolution
and ~2 km horizontal resolution. This is a new tool for boundary layer observations in addition to the existing GPS
dropsonde and Doppler radar. Airborne Doppler radars provide three-dimensional wind estimates only where there
is precipitation, whereas a DWL can provide wind estimates wherever there are aerosols and very little cloudiness.
The DWL will be evaluated as an additional observing system that can increase the spatial coverage of wind
estimates to improve the initial state of the HWRF model, and to reduce model biases through improved
representation of the boundary layer physical processes.

Objectives:
The main objectives of the DWL Boundary-layer Module are to:

o Characterize the distribution and variations of kinematic boundary layer heights in hurricanes;

¢ |dentify and document the characteristics of organized eddy such as boundary-layer rolls;

o Quantify the capabilities of the operational hurricane models to accurately capture and represent boundary
layer rolls.

Model Evaluation Component: Boundary layer rolls are quasi-two dimensional features that can affect the surface
flux transport and modulate the mean boundary layer structure. Observations that are collected during this
experiment module will be used to eva