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ABSTRACT

Hurricane Joaquin (2015) was characterized by high track forecast uncertainty when it approached the

Bahamas from 29 September 2015 to 1October 2015, with 5-day track predictions ranging from landfall in the

United States to east of Bermuda. The source of large track spread in Joaquin forecasts is investigated using

an ensemble prediction system (EPS) based on the Hurricane Weather Research and Forecasting (HWRF)

Model. For the first time, a high-resolution analysis of anHWRF-basedEPS is performed to isolate the factors

that control tropical cyclone (TC) track uncertainty. Differences in the synoptic-scale environment, the TC

vortex structure, and the TC location are evaluated to understand the source of track forecast uncertainty

associated with Joaquin, especially at later lead times when U.S. landfall was possible. EPS members that

correctly propagated Joaquin into the central North Atlantic are compared with members that incorrectly

predicted U.S. landfall. Joaquin track forecasts were highly dependent on the evolution of the environment,

including weak atmospheric steering flow near the Bahamas and three synoptic-scale systems: a trough over

North America, a ridge to the northeast of Joaquin, and an upper-tropospheric trough to the east of Joaquin.

Differences in the steering flow were associated with perturbations of the synoptic-scale environment at the

model initialization time. Ultimately, members that produced a more progressive midlatitude synoptic-scale

pattern had reduced track errors. Joaquin track forecast uncertainty was not sensitive to the TC vortex

structure or the initial TC position.

1. Introduction

Hurricane Joaquin was the strongest tropical cyclone

(TC) of the 2015 North Atlantic hurricane season (Berg

2016). Joaquin developed from a nontropical mid- to

upper-tropospheric low pressure system in the western

North Atlantic Ocean and rapidly intensified in an en-

vironment of moderate north-northwesterly deep ver-

tical wind shear as it meandered near the Bahamas

(Berg 2016). Hurricane Joaquin reached category 4 on

the Saffir–Simpson hurricane wind scale (Simpson and

Saffir 1974) and was the strongest TC of nontropical

origin in the last three decades (Berg 2016). Joaquin

devastated the Bahamas with extreme wind and storm
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surge for several days and took the lives of 33 crew-

members when it sank the U.S. cargo ship El Faro

(Berg 2016; National Transportation Safety Board 2017).

Fortunately, Joaquin turned sharply to the northeast and

dissipated in the central North Atlantic Ocean without

directly impacting the U.S. mainland.

As Joaquin meandered near the Bahamas, an already

dangerous situation was further complicated when op-

erational forecasts indicated the potential for extreme

impacts in major population centers along the U.S. East

Coast. In fact, several numerical weather prediction

models forecasted Joaquin to approach the United

States as a major hurricane. The spread of track fore-

casts was quite large from 1200 UTC 29 September 2015

to 0000 UTC 1 October 2015 when Joaquin was drifting

near the Bahamas, with 5-day position predictions ranging

from inland over the United States to east of Bermuda.

The high track uncertainty of Joaquin forecasts com-

binedwith the potential forU.S. landfall created a difficult

scenario for forecasters at the National Centers for En-

vironment Prediction (NCEP)NationalHurricaneCenter

(NHC) of the National Oceanic and Atmospheric Ad-

ministration (NOAA) National Weather Service (NWS).

TC track forecasts are sensitive to the evolution of the

environment and the TC vortex (e.g., depth, tilt, loca-

tion). TC motion is generally governed by the surround-

ing synoptic-scale environment and can be modulated

by vortex–environment interactions (Wu and Kurihara

1996; Chan 2005). Small uncertainties in the environ-

ment can drastically alter TC track forecasts (Zhang and

Krishnamurti 1999). The layer-mean wind field, known

as ‘‘steering flow,’’ describes how the synoptic-scale

environment guides the propagation of a TC (Riehl

and Shafer 1944; Miller 1958; Kasahara and Platzman

1963; George and Gray 1976; Brand et al. 1981; Chan

and Gray 1982; Holland 1983; Carr and Elsberry 1990;

Velden and Leslie 1991). Typically, TC tracks are more

uncertain when the steering flow is weak or differs sig-

nificantly with height (Majumdar and Finocchio 2010).

For example, a col, the point of relatively lowest pres-

sure between two highs and of relatively highest pres-

sure between two lows, indicates a deformation zone

associated with weak steering flow. Several studies have

shown col development near a TC ahead of a progress-

ing synoptic-scale trough, leading to high track uncer-

tainty (Scheck et al. 2011; Grams et al. 2013; Riemer and

Jones 2014). Hence, track forecast uncertainty tends to

increase for a TC in proximity to a col, as was the case for

Joaquin.

TC vortex structure determines how a TC inter-

acts with its environment and has implications for TC

motion. The depth of the TC vortex determines the

atmospheric layer responsible for steering theTC (Velden

and Leslie 1991), and a strong TC typically has a deeper

vortex than a weak one (Stern and Nolan 2011). Except

in purely barotropic fluids, steering flow magnitude and

direction vary for different atmospheric layers, and,

therefore, the steering flow for a deep TC might be

distinct from the steering flow for a shallow TC in the

same environment. For example, simple beta and ad-

vection models often produce different TC track fore-

casts when they are prescribed with deep, medium, and

shallow wind profiles and emphasize cases when vortex

depth is critical to determine TC motion (Marks 1992).

TC track forecasts becomemore uncertain for moderate

amplitudes of deep vertical wind shear when the vortex

structure may be difficult to predict (Corbosiero and

Molinari 2003; Zhang and Tao 2013; Finocchio et al.

2016). Other studies have shown that TC motion could

be significantly altered by intense convection near the

vortex and the resulting asymmetry of wind and pre-

cipitation fields (Dengler and Reeder 1997; Corbosiero

and Molinari 2002; Torn and Davis 2012). In addition,

deep vertical wind shear is capable of tilting the TC

vortex, and this tilt has small-amplitude implications for

TC motion (Flatau et al. 1994). Previous studies have

shown that the vertical profile of the environmental

wind (e.g., helicity) is a determining factor in the TC

vortex response to vertical wind shear (Onderlinde and

Nolan 2016; Ryglicki et al. 2018), and the resulting TC

vortex structure controls the atmospheric layer respon-

sible for steering the TC. Further, TC positions used to

initialize model forecasts are imprecise, especially for

weaker TCs without aircraft or land-based observations

(e.g., Torn and Snyder 2012; Landsea and Franklin

2013). Uncertainty in the TC position may also translate

into differences in the environment with which the

vortex interacts and, therefore, may alter TCmotion. As

Joaquin rapidly intensified from a tropical storm to a

major hurricane, its vortex structure changed drastically

and, as a result, vortex–environment interactions could

have evolved throughout that period. The relationship

between the environment and TC vortex (and the re-

sulting feedbacks) is critical to TC motion and must be

carefully considered when evaluating track forecasts.

An ensemble prediction system (EPS), or a collection

of forecasts verifying at the same time, is an optimal tool

to investigate TC track forecast uncertainty and the

relative importance of the environment and TC vortex

to that uncertainty. Many previous studies used EPSs to

evaluate TC track forecast uncertainty and to investi-

gate the range of possible track solutions (Krishnamurti

et al. 1997; Zhang 1997; Zhang and Krishnamurti 1997;

Cheung and Chan 1999a,b; Zhang and Krishnamurti

1999; Krishnamurti et al. 2000; Cheung 2001; Weber

2003). Recently, the TC research community has developed
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advanced high-resolution EPSs to represent more accu-

rately vortex–environment interactions that could be

critical for TC motion. With support from the Hurricane

Forecast Improvement Project (HFIP; Gopalakrishnan

et al. 2018), the Hurricane Weather Research and Fore-

casting (HWRF) Model (Gopalakrishnan et al. 2011,

2012, 2013; Bao et al. 2012; Tallapragada et al. 2014; Atlas

et al. 2015) was configured as an EPS (HWRF-EPS) to

produce high-resolution probabilistic TC forecasts (Zhang

et al. 2014). In addition, an advanced version of HWRF,

called ‘‘basin-scale’’ HWRF (HWRF-B), is configured

with a large outermost domain that improves the simu-

lation of vortex–environment interactions (X. Zhang

et al. 2016; Alaka et al. 2017). Configuration options from

HWRF-B were integrated with HWRF-EPS to create an

experimental EPS for this study.

High track forecast uncertainty for Joaquin has been

the subject of several recent studies (Nystrom et al. 2018;

Torn et al. 2018; Miller and Zhang 2019; Saunders et al.

2019). Using EPS forecasts from the Weather Research

and Forecasting (WRF) Model, Nystrom et al. (2018)

found that the largest contributor to the divergence of

Joaquin track forecasts was initial condition errors be-

tween 600 and 900 km from the initial TC position. For

EPS members that more accurately predicted the lon-

gitude of Joaquin at later lead times, initial 700-hPa

geopotential heights were higher to the west of the TC

and lower to the east. Further, initial 700-hPa meridio-

nal wind was more northerly over Joaquin in the more

accurate members. As a result, accurate members that

tracked farther east were associated with strong lower-

tropospheric westerly steering flow, whereas members

that tracked farther west were associated with strong

lower-tropospheric southerly steering flow. In an eval-

uation of EPS forecasts from the European Centre for

Medium-Range Weather Forecasts (ECMWF), Torn

et al. (2018) discovered that major differences in the

location of Joaquin at 72 h were associated primarily

with the evolution of two synoptic-scale ridges, one

to the southwest of Joaquin and the other to the north

of Joaquin. In particular, stronger southerly deep-

tropospheric steering flow and lower 500-hPa geopotential

heights led to a Joaquin forecast position that was too far

north. Miller and Zhang (2019) also found sensitivity to

the synoptic-scale environment to the west of Joaquin.

In addition, they asserted that the TC vortex structure

was critical to the track forecast, with a deeper vortex

necessary for Joaquin to interact correctly with upper-

tropospheric steering flow. Saunders et al. (2019) cor-

roborated the importance of upper-tropospheric steering

flow to Joaquin track forecasts and specifically connected

this steering flow with the synoptic-scale ridge to the

southwest of Joaquin.

The main goal of this study is to evaluate the relative

importance of the environment and the TC vortex to

track forecast uncertainty for Hurricane Joaquin at later

lead times by using an experimental high-resolution EPS.

For the first time, a high-resolution HWRF-based EPS

was used to analyze the environment and the TC vortex

as factors for TC track forecast uncertainty. In addition,

we introduce a new methodology to vary the initial

TC location in EPS forecasts and apply it to Hurricane

Joaquin. Section 2 describesmodel configuration options,

the experimental design, and methods for TC vortex

analysis. Section 3 investigates sources of high track

forecast uncertainty for Joaquin, including the environ-

ment andTCvortex structure, and tests the importance of

the initial TC location to track forecast uncertainty.

Conclusions are provided in section 4.

2. Model configuration and methodology

a. HWRF-B modeling system

HWRF, developed by NOAA/NWS/NCEP and col-

laborative community partners, is a regional dynamical

numerical weather prediction modeling system that is

triply nested, storm-centric, and capable of producing

high-resolution TC forecasts (Gopalakrishnan et al. 2011,

2012, 2013; Bao et al. 2012; Tallapragada et al. 2014; Atlas

et al. 2015). Specifically, all experiments in this studywere

adapted from HWRF v3.8a, which ran operationally in

2016 (Biswas et al. 2016). HWRF is currently an opera-

tional NOAA model that produces reliable guidance for

TC track and intensity forecasts (Cangialosi and Franklin

2017). With support from HFIP, the NOAA Atlantic

Oceanographic andMeteorological Laboratory (AOML)

HurricaneResearchDivision (HRD)developedHWRF-B

as a test bed to improve HWRF forecasts and as a re-

search tool to better understand TC–environment in-

teractions (X. Zhang et al. 2016; Alaka et al. 2017).

HWRF-B has unique configuration options, including

a large, fixed outermost domain that spans the eastern

North Pacific and North Atlantic hurricane basins.

Alaka et al. (2017) investigated the benefits of HWRF-B

relative to the operational HWRF for TC track forecasts.

They demonstrated track improvements in HWRF-B

due in part to the large outermost domain that was

more capable of accurately predicting TC interactions

with the synoptic-scale environment. The large outermost

domain configuration option lowered Joaquin position

errors when applied to the HWRF model (B. Zhang

et al. 2016).

b. HWRF-EPS

The HWRF-EPS has 20 individual members per

forecast and is configured as a triply nested system
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with horizontal resolutions of 27, 9, and 3 km for each

domain, respectively. HWRF-EPS perturbations can be

classified into three categories: 1) NCEP Global En-

semble Forecast System (GEFS) initial and lateral bound-

ary conditions, 2) stochastic physics perturbations, and 3)

initial maximum intensity perturbations of 63ms21

(Zhang et al. 2014). GEFS provides large-scale flow

perturbations at the initial time and throughout model

integration (i.e., every 6h), with a unique GEFS member

serving as initial and lateral boundary conditions for each

HWRF-EPS member. Initial perturbations in GEFS are

created through the rescaled ensemble transform method

that identifies the covariance associatedwith forecast error

(Wei et al. 2006, 2008). Throughout theGEFS integration,

stochastic perturbations are added to model tendency

terms to allow for reasonable variancewithin each forecast

(Hou et al. 2006). These perturbations are introduced into

the HWRF-EPS outermost domain through the lateral

boundaries. No modifications are made to GEFS initial

and lateral boundary conditions by the HWRF-EPS.

Model physics that are stochastically perturbed at

each call during the HWRF-EPS integration include

1) the convective trigger function within the simplified

Arakawa–Schubert (SAS) cumulus parameterization

scheme (Pan andWu 1995), 2) the planetary boundary

layer (PBL) height within the Global Forecast System

(GFS) PBL scheme (Troen and Mahrt 1986), and 3)

TABLE 1. Descriptions and summaries for HBE experiments.

Experiment Description Configuration Summary

HBE1 Control HWRF-EPS options

HWRF-B outermost domain

80 members

GEFS initial conditions ON

Stochastic physics perturbations ON

Initial intensity perturbations ON

HBE2 Physics perturbations OFF HWRF-EPS options

HWRF-B outermost domain

80 members

GEFS initial conditions ON

Stochastic physics perturbations OFF

Initial intensity perturbations OFF

HBE3 NE initial conditions 1 ILV technique 1 physics perturbations OFF HWRF-EPS options

HWRF-B outermost domain

25 members (ILV technique)

‘‘NE’’ GEFS initial conditions ON

Stochastic physics perturbations OFF

Initial intensity perturbations OFF

HBE4 NW initial conditions 1 ILV technique 1 physics perturbations OFF HWRF-EPS options

HWRF-B outermost domain

25 members (ILV technique)

‘‘NW’’ GEFS initial conditions ON

Stochastic physics perturbations OFF

Initial intensity perturbations OFF

HBE5 NE initial conditions 1 ILV technique 1 physics perturbations ON HWRF-EPS options

HWRF-B outermost domain

25 members (ILV technique)

‘‘NE’’ GEFS initial conditions ON

Stochastic physics perturbations ON

Initial intensity perturbations ON

FIG. 1. Schematic of the triply nested domain configuration used

in HBE for a forecast initialized at 1200 UTC 29 Sep 2015

(J092912). The large outermost domain (black) is a configuration

option used in HWRF-B. The two inner domains (blue) are iden-

tical to those used in HWRF-EPS and follow Joaquin throughout

the forecast.
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the drag coefficient CD within the modified Geophysical

Fluid Dynamics Laboratory (GFDL) surface-layer

scheme (Sirutis and Miyakoda 1990). The convective

trigger function supports convection when the pressure

difference (DP), defined as the difference between the

level where convection initiates (usually the surface)

and the level of free convection, is less than an arbitrary

value between 120 and 180 hPa. Random perturba-

tions between 650hPa are added to DP to simulate the

impact of unresolved subgrid-scale processes. The PBL

height impacts the shape and intensity of the TC near-

surface inflow layer (e.g., Zhang et al. 2011), and CD

controls dissipation due to friction. Both PBL height and

CD are randomly scaled by factors between620%based

on observations. Refer to Zhang et al. (2014) for details

about these HWRF-EPS perturbations.

The TC vortex is directly modified via random ini-

tial maximum intensity perturbations within63m s21.

These perturbations account for uncertainty in the ob-

servedmaximum intensity and are especially important in

the absence of in situ aircraft observations in the TC inner

core (e.g., Landsea and Franklin 2013), as was the case for

Joaquin. Interested readers are directed to Biswas et al.

(2016) for details aboutTCvortex initialization inHWRF.

c. Experimental design

In this study, we configured the HWRF-EPS system

with the large outermost domain option from HWRF-B

to create an experimental HWRF-B EPS (HBE; Fig. 1).

The HWRF-B outermost domain is large enough to

isolate most TCs from errors induced by the lateral

boundary throughout a 5-day forecast (e.g., Durran and

Gingrich 2014; Warner et al. 1997). Consequently, the

evaluation described herein focused on the impact of

initial perturbations instead of the impact of perturbed

lateral boundary conditions. Five HBE experiments were

configured, with the control experiment (HBE1) featur-

ing identical configuration options to HWRF-EPS, except

for a larger outermost domain (Table 1). The horizontal

resolutions for the threeHBEdomains are 27, 9, and 3km,

respectively, consistent with HWRF-EPS. Four separate

sets of 5-day forecasts (20 members per set; 80 total

members) were produced for HBE1 and HBE2 during

the critical intensification stage of Hurricane Joaquin,

when track uncertainty was high. To reduce correlation

betweenmembers and tominimize differences in available

data, the model initialization times for these four forecast

cycles were separated by 12 h (Table 2): 1200 UTC

29 September 2015 (J092912), 0000 UTC 30 September

2015 (J093000), 1200 UTC 30 September 2015 (J093012),

and 0000 UTC 1 October 2015 (J100100). During these

model initialization times, Joaquin moved slowly to the

southwest and intensified from a tropical storm to a cat-

egory 3 major hurricane (Fig. 2). For HBE3, HBE4, and

HBE5, one set of 5-day forecasts (25 total members) was

initialized at J092912 for each experiment (see section 3d).

The investigation identified factors that contributed to

TC track forecast uncertainty, including the synoptic-scale

environment and the TC vortex. The GFS analysis

(GFSA; http://www.emc.ncep.noaa.gov/GFS/doc.php)

was used as the best estimate of observations to evalu-

ate the accuracy of the environment in HBE forecasts.

The environment was analyzed primarily through

layer-mean winds (i.e., steering flow) and 500-hPa

geopotential height. In some analyses, the TC vortex

FIG. 2. (a) Joaquin (2015) lifetime track fromBEST, color-coded

by classification on the Saffir–Simpson scale (i.e., tropical de-

pression, tropical storm, category 1–4). (b) As in (a), except for

lifetime intensity (kt). The four model initialization times evalu-

ated in this study are marked by stars: 1200 UTC 29 Sep 2015

forecast (J092912), 0000 UTC 30 Sep 2015 (J093000), 1200 UTC 30

Sep 2015 (J093012), and 0000 UTC 1 Oct 2015 (J100100).

TABLE 2. Model initialization times and abbreviations for HBE

experiments.

Model initialization time Abbreviation

1200 UTC 29 Sep 2015 J092912

0000 UTC 30 Sep 2015 J093000

1200 UTC 30 Sep 2015 J093012

0000 UTC 1 Oct 2015 J100100
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was removed from the environmental flow by following

themethodology described in Kurihara et al. (1993) and,

therefore, allowed for the independent evaluation of the

environment.

Joaquin’s center positions and maximum intensities

at all valid times were determined from the NHC post-

processed best track (BEST; Rappaport et al. 2009).

‘‘TCVitals,’’ referred to as the working best track and

determined by NHC based on available observations to

initialize theTC vortex in real-timeNOAAmodels (http://

www.emc.ncep.noaa.gov/HWRF/tcvitals-draft.html), pro-

vided TC characteristics at model initialization times. We

note thatBESTandTCVitals are not identical because the

former includes observations that may not be available

when NOAA models are initialized. BEST and TCVitals

have uncertainties that have beenmostly constant over the

years despite improved observations and analysis tech-

niques (Torn and Snyder 2012; Landsea and Franklin

2013). It should be noted that the uncertainty of these

datasets increases in the absence of ground-based and

aircraft observations, as was the case for Joaquin during

the study period.

d. Vortex analysis

The vertical structure of the TC vortex was evalu-

ated by converting to polar cylindrical coordinates,

FIG. 3. (a) For a forecast initialized at 1200 UTC 29 Sep 2015 (J092912), Joaquin track forecasts are shown for

GFS (blue circle), HWRF (red square), HWRF-B (green triangle), AEMN (orange delta), and HWMN (brown

diamond). (b) GEFS track forecasts initiated at 1200 UTC 29 Sep 2015 (J092912). BEST (black) represents the

observed track in both panels.

FIG. 4. Joaquin track forecasts initiated at 1200 UTC 29 Sep 2015 (J092912, A), 0000 UTC 30 Sep 2015 (J093000, B),

1200 UTC 30 Sep 2015 (J093012, C), and 0000 UTC 1 October 2015 (J100100, D) for (a) HBE1 and (b) HBE2.

BEST is marked by a black line.
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azimuthally averaging over all angles, and analyzing

the result as a function of radius versus height between

1000 and 200 hPa. To account for vortex tilt, the TC

surface center was used as a starting point and the center

at each level above was independently calculated by

a minimum centroid analysis of geopotential height.

Therefore, the resulting vertical coordinate became a

vortex-following coordinate with altitude.

Due to the subjective nature of TC vortex depth,

it was defined using two independent methods. Vortex

depth was first defined as a function of vertical decay

of the maximum wind (Hazelton et al. 2018). In this

definition, the vortex depth is the highest altitude pres-

sure level at which the maximum azimuthally averaged

wind is $75% of the 850-hPa maximum azimuthally

averaged wind. For major hurricanes, the threshold is

relaxed to 65%. This definition is referred to as the

‘‘wind decay depth.’’ Vortex depth was also defined as a

function of vortex tilt. In this definition, the vortex depth

is the highest altitude pressure level at which the geo-

potential height centroid center is within 1 kmhPa21 of

the center below it. For pressure levels that are 25hPa

apart, the upper TC center must be #25 km from the

lower TC center for it to be considered a part of the same

vortex. This definition is referred to as the ‘‘centroid

center depth.’’

3. Results

a. Joaquin track forecast uncertainty

NOAA numerical weather prediction models, both

deterministic solutions and EPS averages, produced

vastly different track forecasts for Joaquin, especially

as the TC drifted to the southwest near the Bahamas

(Fig. 3a). For the J092912 forecast (see Table 2), 120-h

track forecast locations fromdeterministic NOAAmodels

spanned from near Bermuda (e.g., GFS, HWRF-B) to

West Virginia (e.g., HWRF). None of these model fore-

casts captured the full southwest extent of Joaquin’s track.

Instead of propagating to the southwest, Joaquin was

predicted to move slowly to the west or west-southwest

in the first 48 h of these model forecasts, resulting in

position errors to the north at early lead times. However,

the southwest loop at early lead times was not a re-

quirement for small track errors at later lead times,

supported by HWRF-B and GFS forecasts. Interest-

ingly, the GEFS mean (AEMN) agreed with the HWRF

deterministic track forecast, and the HWRF-EPS

mean (HWMN) was consistent with the GFS deter-

ministic track forecast.

AEMN alone failed to convey the track uncertainty

associated with GEFS forecasts that was of crucial im-

portance to TC forecasters and interests along the U.S.

East Coast. GEFS forecasts for J092912 revealed high

track uncertainty, with 120-h locations ranging from 858
to 598W and from 288 to 568N (Fig. 3b). Furthermore,

AEMN track error was in excess of 1000km at 120 h (see

Fig. 3a), a consequence of most GEFS members being

north and west of BEST at longer lead times. In par-

ticular, more than half of GEFS members predicted

a U.S. landfall within 120 h (12 of 20), and only two

members predicted Joaquin positions to the right of

BEST. Only one GEFS member (G12) came close to

replicating the southwest extent of Joaquin. Yet, this

member was headed toward the United States by 120 h,

and it will be shown that the southwest loop at early lead

times was not a necessary condition for realistic Joaquin

track forecasts at later lead times.

TABLE 3. Track error statistics (km) for all HBE experiments at a lead time of 96 h. HBE1 and HBE2 have 80 total members. HBE3,

HBE4, and HBE5 have 25 total members.

Experiment Mean Median Standard deviation 25th percentile 75th percentile

HBE1 1109.7 1164.4 520.0 639.8 1477.2

HBE2 1116.0 1173.1 527.2 674.0 1495.3

HBE3 427.4 428.1 48.4 402.0 456.0

HBE4 1224.5 1263.8 115.3 1216.2 1280.5

HBE5 409.9 414.3 50.7 383.4 427.6

TABLE 4. Track error statistics (km) for all HBE experiments at a lead time of 120 h. HBE1 and HBE2 have 80 total members. HBE3,

HBE4, and HBE5 have 25 total members.

Experiment Mean Median Standard deviation 25th percentile 75th percentile

HBE1 1251.8 1240.4 467.0 959.3 1639.6

HBE2 1233.3 1257.7 488.4 914.0 1618.1

HBE3 324.9 332.7 35.7 298.2 342.7

HBE4 1636.9 1638.4 50.6 1614.8 1652.5

HBE5 308.6 306.1 39.7 281.8 321.2
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Track forecast uncertainty was evaluated in HBE

forecasts for Joaquin. The control version of HBE used

the same configuration options as HWRF-EPS, except

for the large, fixed outermost domain (HBE1; Table 1).

HBE1 was configured with perturbations to the envi-

ronment and the TC vortex, including stochastic physics

perturbations and initial intensity perturbations. Most

(15 of 20) HBE1J092912 forecasts produced a U.S. land-

fall by 120h (Fig. 4a). Furthermore, the inclusion of addi-

tional forecast cycles (i.e., J093000, J093012, and J100100)

did not significantly change the percentage of landfalling

HBE1 members (59 of 80). Overall, these four forecast

cycles produced similar track forecast uncertainty, with

some members propagating toward the United States

and others propagating toward the central North Atlantic.

Despite the inclusion of TC vortex perturbations, in-

tensity forecasts were consistent across HBE1members,

with all but one member attaining maximumwind speeds

greater than 100kt (1kt’ 0.51ms21) (not shown). Most

HBE1 members forecasted maximum intensity prior to

1200 UTC 3 October 2015, when the maximum actually

occurred in BEST (see Fig. 2b). Therefore, the western

North Atlantic was conducive for intensification and

Joaquin appeared likely to attain major hurricane sta-

tus, regardless of the specific characteristics of its vor-

tex and its track.

To test the impact of environmental perturbations

alone on track spread in Joaquin forecasts, stochastic

physics perturbations and initial maximum intensity

variations were turned off (HBE2; Table 1; Fig. 4b).

However, HBE1 and HBE2 track forecasts were sta-

tistically indiscernible from one another, including at

later lead times. At 96 h, important track error statistics

for HBE1 and HBE2 forecasts were within 5% of one

another (Table 3). Mean track errors for both experi-

ments were greater than 1100km (1110 vs 1116km) with

standard deviations greater than 500 km (520 vs 527km),

highlighting large track spread despite most members

being positioned too far northwest relative to BEST. At

120 h, track error statistics were also within 5% for the

two experiments, with mean track errors greater than

1200km and standard deviations greater than 450km

(Table 4). Furthermore, a nearly identical set of track

forecasts fromHBE2 (58 of 80)made landfall in theUnited

States. Track forecasts for identical members in HBE1

and HBE2 were qualitatively similar. For example, the

FIG. 5. (top) The evolution GFSA environmental 250–850-hPa steering flow amplitude (kt; shaded) and direction (streamlines).

(bottom) As in (a)–(c), but for environmental 250–500-hPa steering flow. Valid times shown are (a),(d) 0000 UTC 1 Oct 2015, (b),(e)

0000 UTC 2 Oct 2015, and (c),(f) 1200 UTC 3 Oct 2015. BEST is shown in black, and a black/yellow star marks the location of Joaquin at

the corresponding valid time.
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two versions of member C09 were positioned to the

northeast of the BEST position at 120h, and the two

versions of member C06 were positioned near Lake Su-

perior at 120h. Except for changes in a few outliers, the

spread ofHBE2 intensity forecasts was also approximately

the same as in HBE1 (not shown). Overall, the similarity

between these two experiments indicated that stochastic

physics perturbations and initial maximum intensity vari-

ations were not major factors in track forecast uncertainty

for Joaquin. Therefore, HBE2 was the focus of the eval-

uations in the following two subsections so that differ-

ences could be attributed to the GEFS initial conditions.

b. Impact of the synoptic-scale environment

The synoptic-scale environment over the North

Atlantic Ocean and North America evolved rapidly from

0000 UTC 1 October 2015 to 1200 UTC 3 October 2015

and significantly influenced the steering flow near

Joaquin (Fig. 5). Joaquin became embedded in weak

steering between a weakening ridge over the central

North Atlantic, a midlatitude trough approaching from

the west, and an upper-tropospheric trough to its east.

Consequently, Joaquin meandered near the Bahamas

for two days before turning sharply to the northeast and

accelerating to the central North Atlantic. Typically, the

motion of intensifying TCs is best described by the deep-

tropospheric (250–850hPa) steering flow (e.g., Figs. 5a–

c). However, the deep-tropospheric steering flow was

inconsistent with the motion of Joaquin, especially

from 0000 UTC 2October to 1200 UTC 3October 2015,

when this flow would have steered Joaquin toward

the U.S. East Coast. After careful evaluation of many

FIG. 6. Environmental 250–500-hPa steering flow (kt) composites for (a) the NE-track subset at 0000 UTC 2 Oct

2015, (b) the NE-track subset at 1200UTC 3Oct 2015, (c) theNW-track subset at 0000UTC 2Oct 2015, and (d) the

NW-track subset at 1200UTC 3Oct 2015. BEST is shown in black, and a starmarks theBEST location of Joaquin at

the corresponding valid time. Individual HBE member tracks are shown in gray and the corresponding location is

marked by a black/yellow circle. Streamlines represent the steering direction and shading represents the steering

amplitude. The boxes in (a) and (c) correspond the zoomed region shown in Fig. 7.

DECEMBER 2019 ALAKA ET AL . 1897



atmospheric layers, the upper-tropospheric (250–

500 hPa) steering flow was found to best describe the

motion of Joaquin over this critical 60-h period

(Figs. 5d–f), consistent with previous findings (Miller

and Zhang 2019; Saunders et al. 2019). In particular,

an upper-tropospheric col that developed near 258N
and 758W at 0000 UTC 2 October 2015 weakened the

steering flow near Joaquin and played a critical role in

the ultimate trajectory of this TC (Fig. 5e).

The col was connected to four synoptic-scale features:

1) a deep-tropospheric trough to the northwest of

Joaquin over North America, 2) a deep-tropospheric

ridge to the northeast of Joaquin over the central North

Atlantic, 3) an upper-tropospheric trough to the east of

Joaquin, and 4) a weak upper-tropospheric ridge to the

south of Joaquin (Figs. 5b,e). By 1200 UTC 3 October

2015, the North American trough and the North

Atlantic ridge progressed far enough eastward that the

upper-tropospheric steering flow was predominantly

directed to the northeast (Fig. 5f). Conversely, the deep-

tropospheric steering flow was predominantly directed

to the north-northwest and would have steered Joaquin

toward the United States (Fig. 5c).

Given the complicated evolution of the synoptic-scale

environment near Joaquin, HBE2 members with large

and small track errors were compared with one another

and to GFSA (Fig. 5) to identify key similarities and

differences. Specifically, HBE2 forecasts were stratified

by 96- and 120-h track errors to identify the best and

worst track forecasts at later lead times. Twelve track

forecasts were in the lower quartile of errors at both lead

times and represented forecasts that correctly propa-

gated Joaquin to the northeast (i.e., NE-track subset).

Conversely, 20 track forecasts were in the upper quartile

of errors at both lead times and represented Joaquin

forecasts that incorrectly predicted a U.S. landfall (i.e.,

NW-track subset). Composites were created based on

valid times, accounting for different initialization times

in HBE2 forecasts. These composites were used to

identify major differences between the environment and

TC vortex (see section 3c, as well) in the two groups.We

note that each subset included at least onemember from

each model initialization time. The use of four different

initialization times allowed for the significant increase

in the number of members within each subset. As noted

earlier, these initialization times produced similar track

spread uncertainty at later lead times, with some track

forecasts associated with small errors and others asso-

ciated with large errors. Most of the NE-track mem-

bers were initialized at the two later times (67%) and

most of the NW-track members were initialized at the

two earlier times (65%), a caveat of mixing multiple

initialization times.

As observed in GFSA, the location of the upper-

tropospheric col at 0000 UTC 2 October 2015 appeared

to be crucial to the ultimate motion of Joaquin in HBE

forecasts (Figs. 6a,c and 7). The location of the upper-

tropospheric col was different in the two subsets even

though it was connected to the same four synoptic-scale

features that were identified in GFSA. In the NE-track

subset composite, the col was positioned in nearly the

same location as in GFSA (748W), and, in the NW-track

subset composite, the col was located 38 farther east

(718W). Although NE-track members were character-

ized by small track errors at later lead times, this did not

FIG. 7. Environmental 250–500-hPa steering flow (kt) com-

posites at 0000 UTC 2 Oct 2015 for (a) the NE-track subset and

(b) the NW-track subset. This region is marked by a box in

Figs. 6a and 6c. A star marks the BEST location of Joaquin at

this time. The corresponding position of individual HBE mem-

bers is marked by a black/yellow circle. Streamlines represent

the steering direction and shading represents the steering am-

plitude. The red dashed line represents the col axis in each

composite.
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necessarily translate into small track errors at early lead

times. In fact, comparing Joaquin position forecasts

valid at 0000 UTC 2 October 2015 revealed that the full

southwest loop was not a necessary condition for NE-

track members (Figs. 6a and 7a). NE-track members

were generally located farther south than NW-track

members were (Fig. 7). However, the location of the col

axis and the corresponding synoptic-scale evolution in

each subset was far more important than track errors at

earlier lead times. Indeed, all NE-track members were

embedded within the weak steering flow (,5 kt) asso-

ciated with the col, while all NW-track members were

embedded in southerly steering flow to the west of the

col (Fig. 7). By 1200 UTC 3 October 2015, both subsets

showed that the North American trough and the North

Atlantic ridge were the dominant synoptic-scale fea-

tures steering Joaquin (Figs. 6b,d). Steering flows in the

NE-track subset were generally consistent with GFSA

(cf. with Fig. 5f), including southerly flow less than 20kt

near 758W associated with the ridge being positioned

farther east.

Geopotential height errors at 500hPa with respect to

GFSA revealed some key similarities and differences

between the NE-track and NW-track composites at

0000 UTC 2 October 2015 (Figs. 8a,c). Relative to

GFSA, both subsets similarly showed a deeper trough

over North America, a stronger ridge to the northeast of

Joaquin, and a stronger ridge to the south of Joaquin.

However, compared with the NW-track subset, the NE-

track subset included a trough over North America

FIG. 8. Environmental 500-hPa geopotential height errors (gpdm), calculated by taking the differences between

each composite and GFSA for each corresponding valid time. Shown are (a) the NE-track composite minus GFSA

at 0000 UTC 2 Oct 2015, (b) as in (a), but for 1200 UTC 3 Oct 2015, (c) the NW-track composite minus GFSA at

0000 UTC 2 Oct 2015, and (d) as in (c), but for 1200 UTC 3 Oct 2015. BEST is shown in black, with the current

location of Joaquinmarked by a black/yellow star. Black/yellow circlesmark the current location of Joaquin in each

member at the corresponding valid time. Note: the shading interval of the two days differs.

DECEMBER 2019 ALAKA ET AL . 1899



that did not dig as far south and a weaker ridge to

the northeast of Joaquin. Height errors to the east of

Joaquin indicated that the upper-tropospheric trough

in that region was deeper and farther west in the NE-

track subset. The trough to the east of Joaquin in the

NE-track subset was the only synoptic-scale feature

with near-zero height errors at this time, suggesting its

criticality to the location of the col. The subtle dif-

ferences in these three synoptic-scale features near

Joaquin were enough to support disparities in the

upper-tropospheric col and, consequently, steering flow

anomalies near Joaquin that significantly influenced its

track. In particular, the eastward extent of the North

American trough and the westward extent of the upper-

tropospheric trough dictated the longitude of the col

(see Fig. 7). The North Atlantic ridge appeared to be

less important to the location of the col at this time.

Other studies similarly found that lower geopotential

heights to the north and east of Joaquin were associ-

ated with a northeast track (Nystrom et al. 2018; Torn

et al. 2018; Miller and Zhang 2019).

At 1200 UTC 3 October 2015, 500-hPa geopotential

height errors in both subsets continued to describe a

deeper trough over North America, a stronger ridge to

the northeast of Joaquin, and a stronger ridge to the

south of Joaquin (Figs. 8b,d). However, critical differ-

ences in the North American trough emerged between

the two subsets at this time. For one, the trough in the

NW-track subset was 1 gpdm deeper than in the NE-

track subset. In addition, although the center of the

North American trough was similar in the two subsets, a

region of negative height errors extended southeast of

the trough center to 308N, 678W in the NE-track subset.

This extension of negative height errors into the central

North Atlantic was evidence of a shortwave trough that

was also apparent in the upper-tropospheric steering

flow (see Fig. 6b). Conversely, positive height errors in

the NW-track subset indicated a stronger ridge that was

positioned farther west, leading to amplified southerly

steering flow to its west. Torn et al. (2018) also noted the

importance of the North Atlantic ridge to the amplifi-

cation of southerly steering flow near Joaquin. Further-

more, the NW-track subset showed no evidence of the

shortwave trough in the steering flow or height fields

(see Fig. 6d). Overall, the NE-track subset was more

comparable with GFSA than the NW-track subset at

this time. Root-mean-square errors for 500-hPa geo-

potential height, calculated for the fields shown in

Figs. 8b and 8d, were more than 30% higher for the

NW-track subset composite (4.78 3 108m2) than the

NE-track subset composite (3.65 3 108m2). The col lo-

cation and the evolution of nearby synoptic-scale features

were critical factors in determining whether Joaquin

would be steered toward or away from theUnited States

in each HBE member.

To evaluate differences between the NE-track subset

and theNW-track subset that were difficult to observe in

composites, the environments from one member in each

group were compared. Both members were chosen from

J092912 forecasts to avoid discrepancies related to the

model initialization time. The NE-track member (i.e.,

A08 in Fig. 4b) and NW-track member (i.e., A01 in

Fig. 4b) were chosen based on the zonal position at a

lead time of 72 h, with the former being the most east-

ward member and the latter being the most westward

FIG. 9. For the J092912 forecast, initial 500-hPa geopotential

height errors (gpdm) calculated by taking the difference between

GFSA and (a) the NE-track member and (b) the NW-track

member. BEST is shown as a black line and the respective HBE

member is represented by a thinner, gray line. A black/yellow star

marks the initial location of Joaquin.
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member. At the initial time, the NE-track member had

negative 500-hPa geopotential height errors to the east

of Joaquin and positive errors to the north of Joaquin

(Fig. 9a). Conversely, the NW-track member had neg-

ative 500-hPa geopotential height errors to the south of

Joaquin and positive errors to the north of Joaquin at the

initial time (Fig. 9b). The NE-track member had lower

geopotential heights than the NW-track member to the

east of Joaquin, and geopotential height errors to the

north of Joaquin were greater for the NW-track mem-

ber than for the NE-track member. The growth of these

initial height errors contributed to differences in the

evolution of the synoptic-scale pattern near Joaquin

at 0000 UTC 2October 2015 (see Figs. 8a,c). Similarly,

Nystrom et al. (2018) found that lower geopotential

heights at the model initialization time to the east of

Joaquin were associated with track forecasts to the

northeast.

Although track forecasts for Joaquin were sensitive to

theNorthAtlantic ridge and the trough to its east, subtle

differences to the trough over North America proved

to be vital to the evolution of steering flow near Joaquin.

Geopotential heights at 500hPa revealed key differ-

ences in the trough structure between the NE-track

member and the NW-track member (Fig. 10). In par-

ticular, the trough in the NE-track member remained

embedded in the midlatitude westerly flow at 1200 UTC

2 October 2015, resulting in a progressive pattern that

steered Joaquin out to sea (Figs. 10a,b). Conversely, the

trough in the NW-track member appeared to be cutting

off from the midlatitude westerlies, resulting in an am-

plified pattern with enhanced meridional flow ahead

of the trough that steered Joaquin toward the United

States (Figs. 10c,d). The main driver of these differences

was the amplitude and location of the ridge to the north

of Joaquin (see Figs. 8a,c). In the NE-trackmember, this

FIG. 10. NE-track member 500-hPa geopotential heights (gpdm) at (a) 0000 UTC 2 Oct 2015 (60 h into the

J092912 forecast) and (b) 1200 UTC 2 Oct 2015 (72 h into the J092912 forecast). (c),(d) As in (a) and (b), but for

NW-track member 500-hPa geopotential heights.
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ridge was weaker and farther east, allowing the North

American trough to progress faster to the east and con-

tributing to a more zonal flow pattern. In the NW-track

member, this ridge was stronger and farther west, acting

to block progression of the North American trough and

contributing to a relatively amplified flow pattern. As

shown in Fig. 9, the amplitude of the ridge to the north

of Joaquin appeared to be closely linked to initial geo-

potential height errors in the same region.

c. Impact of the TC vortex structure

Differences in the TC vortex were scrutinized for

potential impacts on track forecast uncertainty for

Joaquin. At 0000 UTC 2 October 2015, the vortex

structure had evolved very similarly for both the

NE-track and NW-track subsets (Fig. 11). The NW-

track subset composite vortex had slightly stronger

intensity than the NE-track subset composite (132

vs 121 kt). The vortex depth (see section 2c) was the

same for the centroid center definition (200 and

200hPa, respectively) and only slightly different for the

wind decay definition (300 and 325hPa, respectively). The

evolution of the vortex at other valid times was also very

similar between these two groups (not shown), indi-

cating that vortex variations were not an important

factor in Joaquin track forecasts, and, more broadly,

track uncertainty.

The initial TC vortex structure was also compared

for the two individual HBE2 members (see section 3b).

In general, the initial vortex structures in the NE-track

member and the NW-track member were very similar,

emphasizing the overall importance of the environment

in driving track forecast differences among ensemble

members (Figs. 12a,c). The initial vortex depth and ra-

dius of maximum winds in both members were compa-

rable despite a slightly stronger initial maximum wind in

the NE-track member (56 vs 51 kt). Vortex depth was

identical between the two members, with the centroid

center depth up to 225 hPa and the wind decay depth

up to 450 hPa. In both members, the initial vortex was

tilted to the northeast between the surface and 250hPa

(Figs. 12b,d). In the NE-track member, the vortex was

more aligned below ;450hPa, but was also more tilted

above 450 hPa. It is suggestive that subtle vortex struc-

ture differences at the initial time had little impact on

Joaquin track forecasts since the vortex looked so sim-

ilar later in the forecast.

d. Impact of the initial TC vortex location

Early in Joaquin’s life cycle, its surface center moved

sporadically beneath a strong midtropospheric center

as the entire system drifted southwestward, leading to

discrepancies between TCVitals and BEST. In fact, the

surface center location in TCVitals was nearly 20 km

north-northwest of the BEST location, translating to a

difference of several grid points in the 3-km inner do-

main configured in HBE. The uncertainty of the initial

vortex location could have played a role in the resulting

track spread for Joaquin forecasts.

A series of experiments tested the importance of

the initial TC location to track forecast uncertainty.

The goal of these experiments was to test if Joaquin

could be artificially moved to the other side of the

upper-tropospheric col, which was determined to be

a dominant factor in Joaquin track forecast uncer-

tainty (see section 3b). A new method called the

FIG. 11. Azimuthally averaged horizontal wind (kt) composites

shown as a function of pressure and radius from TC center at each

level, for (a) theNE-track subset at 0000UTC 2Oct 2015 and (b) as

in (a), but for the NW-track subset. The radial location of the

maximumhorizontal wind ismarked at each level (gray circle). The

wind decay vortex depth (dashed line) and the centroid center

vortex depth (dash–dot line) are labeled.
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initial-location-varying (ILV) technique was developed

to test the importance of the initial vortex location and

was applied to HBE experiments. The ILV technique

artificially places a TC center at 25 different locations

based on the radius of maximum wind speed (R) pro-

vided by TCVitals. Radius R provides an objective

measure of position uncertainty, with larger values

typically indicating a less organized TC. It should be

noted that R has its own uncertainty, a topic that is

beyond the scope of this study and worth further in-

vestigation in the future. Initial TC locations were

placed at radii of 2R, R, 0.5R, 0.25R, and zero relative

to the TC center (Fig. 13). At 0.25R and 0.5R, initial

TC locations were placed at each cardinal direction. At

R and 2R, initial TC locations were placed at each car-

dinal direction and each intercardinal direction. For

the J092912 forecast, R was equal to 93km (i.e., 0.88
due to the precision of TCVitals). This value is consis-

tent with the upper limit of BEST position uncertainty

for tropical storms with satellite observations only

(Landsea and Franklin 2013). We note that the ILV

technique did not include any changes to TC structure

and intensity in this study, although that is certainly a

possible extension in future work.

The variability of the initial TC vortex location was

not large enough to force Joaquin to the other side of

FIG. 12. (a) As in Fig. 11, but at the initial time of the J092912 forecast for the NE-track member,

(b) corresponding geopotential height centroid center locations at each pressure level (listed on the right side of the

panel in hPa) for the NE-track member, (c) as in (a), but for the NW-track member, and (d), as in (b), but for the

NW-track member. In (b) and (d), centers that are part of the TC vortex are marked by an ‘‘O’’ and those that are

not part of the TC vortex are marked by an ‘‘X.’’
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the col. In HBE3, the ILV technique was applied using

static GEFS initial conditions from the NE-track mem-

ber (Table 1). HBE4 was configured the same as HBE3,

except initial conditions from the NW-track member

were used for all ensemble members. The GEFS mem-

bers used as initial conditions for these two experiments

(i.e., G08 for HBE3 and G01 for HBE4) had distinct

track forecasts (see Fig. 3b). In HBE3 and HBE4, only

the ILV technique provided perturbations to the en-

semble members, with both stochastic physics pertur-

bations and initial maximum intensity perturbations

turned off. Despite varying its initial location by up to

1.68 (2R), every Joaquin track forecast clustered around

the original track forecast for each respective member

(Fig. 14). HBE3 had a mean track error of 325 km at

120 h with a standard deviation of only 36 km, whereas

HBE4 had a mean track error of 1637km at 120 h with a

standard deviation of only 51 km (Table 4). Once more,

the environment was dominant in the motion of Joaquin

for these two members, and even large deviations in the

initial TC location were not enough to move Joaquin

to the other side of the col axis. HBE3 was extended

to include stochastic physics perturbations and initial

maximum intensity perturbations (HBE5; Table 1). The

addition of these perturbations did not produce any

members that made landfall on the United States and

failed to change track spread from HBE3 in any mean-

ingful way (Fig. 15). For example, the mean track error

for HBE5 at 120h was 309 km with a standard deviation

of 40 km (Table 4).

4. Conclusions

As Hurricane Joaquin (2015) meandered near the

Bahamas from 1200 UTC 29 September 2015 to 0000

UTC 1 October 2015, operational numerical weather

prediction models (e.g., GEFS) forecasted large track

spread, including the potential for a major hurricane

landfall in the United States. In reality, Joaquin

propagated into the central North Atlantic without di-

rectly impacting the United States. In this study, a high-

resolution basin-scale HWRF EPS, called HBE,

was developed to evaluate the relative importance of the

FIG. 13. Setup for the 25-member initial-location-varying per-

turbation technique. Here R represents the radius (8) of the radius

of maximum wind for Joaquin at 1200 UTC 29 Sep 2015.

FIG. 14. Track forecasts initialized at 1200 UTC 29 Sep 2015

(J092912) for (a) HBE3 and (b) HBE4. Both ensemble forecasts

include 25 members.
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synoptic-scale environment (i.e., steering flow) and TC

vortex (i.e., maximum intensity, structure, initial loca-

tion) to Joaquin track forecast uncertainty. Here, we

focused on Joaquin track errors at later lead times in

model forecasts, when extreme impacts were possible

for the U.S. East Coast. An important difference that

distinguishes this current study from previous ones is

that track forecasts to the northeast did not require the

southwest loop at earlier lead times in HBE.

The evolution of the synoptic-scale environment was

critical to the steering flow near Joaquin and, ultimately,

its track (Fig. 16). Upper-tropospheric steering flow and

the precise location of an upper-tropospheric col near

the Bahamas dominated the trajectory of Joaquin. Three

synoptic-scale features controlled the position of the col

and the steering flow near Joaquin: a deep-tropospheric

trough over North America, a deep-tropospheric ridge

over the centralNorthAtlantic, and anupper-tropospheric

trough to the east of Joaquin. Although previous studies

(Nystrom et al. 2018; Torn et al. 2018; Miller and Zhang

2019; Saunders et al. 2019) also reported the importance

of the environment to Joaquin track forecasts, the con-

nection of Joaquin track forecast uncertainty with the

evolution of these large-scale features was a novel result

of this study.

Differences in the initial conditions were important

for the evolution of the synoptic-scale environment

near Joaquin in HBE forecasts. In the NE-track subset,

the North Atlantic ridge was weaker and the upper-

tropospheric trough to the east of Joaquin was deeper. At

earlier lead times, variations in the upper-tropospheric

col amongst HBE members were linked primarily to the

North Atlantic ridge and the upper-tropospheric trough.

NE-track members were associated with a weaker ridge

and a deeper trough. Consequently, Joaquin was em-

bedded in weak steering flow associated with the col for

all NE-track members, while Joaquin was embedded in

the southerly flow to the west of the col for all NW-track

members (see Fig. 7). At later lead times, the North

American trough and the North Atlantic ridge were

the dominant synoptic-scale features that controlled

the steering flow near Joaquin. In theNE-track subset, the

North American trough and North Atlantic ridge were

associated with a more progressive pattern, resulting in

weaker flow between them that steered Joaquin to the

northeast.

TC vortex perturbations (i.e., initial maximum in-

tensity, ILV technique) unexpectedly had no significant

impacts on Joaquin track uncertainty in HBE forecasts.

In fact, the TC vortex, including maximum intensity,

depth, and tilt, was similar for most HBEmembers. This

result contends with the findings of Miller and Zhang

(2019), who asserted that a shallower vortex led to large

track errors at early lead times. The ILV technique re-

inforced the dominance of the synoptic-scale environ-

ment to Joaquin track forecast uncertainty. Even large

deviations of the initial TC vortex location in the same

environment did not significantly change track errors

at later lead times. We want to emphasize that the ILV

FIG. 15. As in Fig. 14, but for HBE5.

FIG. 16. Schematic comparing characteristics of the NE-track

subset (green) vs the NW-track subset (red). The dominant syn-

optic-scale features are shown (dashed lines): 1) the 250–500-hPa

col axis, 2) the trough located over North America, 3) the ridge

located to the northeast of Joaquin, and 4) the trough located to the

east of Joaquin. The likeliest track associated with each subset is

shown (solid lines) with the location of Joaquin (large circle). The

arrows denote the upper-tropospheric steering flow in each subset.
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technique developed in this study can be applied to rep-

resent the uncertainty of TC surface center locations in

any EPS.

This experimental basin-scale HWRF ensemble pre-

diction system has broader applications, such as ob-

serving system experiments (OSEs), observing system

simulation experiments (OSSEs), and data assimila-

tion advancements. These applications can quantify the

impact of additional or improved observations on TC

forecasts. This ensemble approach developed in HBE

can also be applied to the next generation hurricane

analysis and forecast system.
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