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HRH Executive Summary

The HFIP HighResolution Hurricane Test was conducted by the Developiresgtbed Center

in the period March 2008 through Septemb&r2009 with the goal of assessing the impacts of
using higher horizontal resolution in hurricane numerical forecasting. The plan for this test was
developed jointly by several segments oftbemunity, including specialists in hurricanes,
numerical modeling, and forecast verification. Additionally, six independent modeling groups
participated in this effort. The results ofsttest are summarized below for each participant
modelng group

1. HWRF-X model contributed by AOML: Increasing horizontal resolution in the
AOML model reduced track and intensity errors for the short to intermediate lead times
and improved the frequency of forecasted RI eveHtswever,higher resolution
degraédwind redii forecasts antked to overforecasting of Rl episodes.

2. AHW model contributed by MMM: Increasing the horizontal resolution of the MMM
model reduced the track error for longer lead tim&#4ile higher resolutiorid not have
a significant impactonthetnensi ty errors, it did improve
the observed frequency of RI events.

3. COAMPS-TC model contributed by NRL: The higher resolution NRL configuration
had a positive impact on intensity for a few lead times and improved Rl and RW
forecasts, but degraded the track and wind radii forecasts.

4. ARW model contributed by PSU:No conclusions can be reached for the PSU model
due to the small sample size and large tasm@se and lead time to lead time variability
in performance.

5. GFDL model contributed by URI: The highefresolution URI model did not
substantially improve the errors in track or intensity and it increased the wind radii errors.

6. UW-NMS model contributed by UWM: Increasing the resolution of the UWM model
had a positive impaan intensity for several lead times and the frequency of forecasted
RI events, but degraded track and wind radii forecasts and increased the FAR for RI
events.

The use of higher resolution in the participating models did not lead to an overall benefit in
tropical cyclone forecasting as measured by the metrics used in this study. Improvement was
noted for some metrics, lead times and models but the majority of results showed no difference
in using high resolution and a few, notably wind radii, presentesistent degradation when

using high resolution.

The largest improvement in intensity with least degradation in other areas was seen for the
AOML and MMM models. It is possible that the benefits of higbolution were not fully

realized in the particiggng models due to limitations, such as physics suites that are not
appropriate for higiiesolution, lack of a coupled ocean model, initialization techniques, or the
nature of the numerics themselves (e.g., GFDL model is hydrostatic). Additionaliypgsible
that the resolutions used in the test are not-bBigbugh to resolve small scale structures such as
updrafts and meswortices that may need to be represented in order to improve intensity
forecasting.



We recommend diagnostic studies be condlftie a small sample of cases to determine if
processes important to intensification are missing in the forecast. Once those are identified and
addressed by the use of alternative physics suites and/or initialization techniques, new

comprehensive testsrcée conducted and it is possible that the benefits ofdeigblution may
be realized.
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1. Introduction

Tropical cyclones are a serious concern for the nation, causing significant risk to life, property
and economic vitality. The National Oceanic and Atmogsph&iiministration (NOAA) National
Weather Service (NWS) has a mission of issuing tropical cyclone forecasts and warnings, aimed
at protecting life and property and enhancing the national economy. In the last 10 years, the
errors in hurricane track forecagdtave been reduced by about 50% through improved model
guidance, enhanced observations, and forecaster expertise. However, little progress has been
made during this period toward reducing forecasted intensity errors.

To address this shortcoming, NOAAt&slished the Hurricane Forecast Improvement Project
(HFIP) in 2007. HFIP is a 19ear plan to improve one to five day tropical cyclone forecasts,

with a focus on rapid intensity change (for more details, see
http://www.nrc.noaa.gov/HFIP%20Draft%20Plan.html). The HFIP plan details a variety of

approaches to improve hurricane forecasting, including research and development to provide: (1)
an observing strategy analysis capability for humesa (2) an improved understanding of

hurricane intensity change, and (3) an advanced hurricane numerical modeling system. Recent
research suggests that prediction models with grid spacing less than 1 km in the inner core of the
hurricane may provide a Bstantial improvement in intensity forecasts (Powers and Davis 2002,
Hendricks et al. 2004, Yau et al. 2004, Braun et al. 2006, Chen et al. 2007, Davis et al. 2008,
Rotunno et al. 2009). The 2008 staging of the High Resolution Hurricane (HRH) Test

focused on quantifying the impact of increased horizontal resolution in numerical models on
hurricane intensity forecasts. The primary goal of this test was an evaluation of the effect of
increasing horizontal resolution within a given model across a vafistprms with different

intensity, location and structure. A secondary goal was to provide a data set that can be used to
explore the potential value of a muftiodel ensemble for improving hurricane forecasts.

The Developmental Testbed Center (DTC) #relHFIP Team hosted a workshop at the

National Hurricane Center (NHC) in Miami, FL,-12 March 2008. Experts on hurricanes,
numerical modeling and model evaluation met for two days to discuss the strategy for this test
(see Appendix A for list of the wkshop participants). The test plan reflecting the consensus
reached during this workshop on the framework for this testing effort is posted at
http://www.dtcenter.org/plots/hribest/HIRES HFS Test Plan.pdfhe HRH Test Plan put

forth minimum guidelines for the retrospective forecasts that would be evaluated. To isolate the
impact of high resolution, each modeling group was required to submit retrospective forecasts
for at least two horizontal resolutions where the {mgolution forecasts were not influenced by

a higher resolution nested domain.

A second HRH workshop was held at the NHC in Miami, FB,May 2009 to discuss

preliminary results based on the retrospective fsescsubmitted prior to the workshop and
potential future collaborations (see Appendix A for a list of participants). Presentations from the
second workshop are postedldtp://www.dtceater.org/plots/hrh_test/workshop2009his

report briefly describes the retrospective cases selected for this test, the model configurations
used to generate retrospective forecasts, the evaluation system used to generate objective
verification statistis, and the results for the complete data set.



http://www.nrc.noaa.gov/HFIP%20Draft%20Plan.html
http://www.dtcenter.org/plots/hrh_test/HIRES_HFS_Test_Plan.pdf
http://www.dtcenter.org/plots/hrh_test/workshop2009/

2. HRH Participants
2.1DTC Evaluation Team

The DTC Evaluation Team was tasked with assembling a state of the art hurricane verification
system, assembling the required data sets, providing an Output Modulertodbkng grops

for generating the requirgdridded Binary 1 (GRIB1) format output, collecting gridded output
from the participating modeling groups, processing the gridded output to generate objective

verification statistics focused on quantifying the aapof resolution, and preparing the final
project report. This team was composed of the following DTC staff:

Scientists

Ligia Bernardet Jamie Wolff
Louisa Nance
BarbaraBrown
Shaowu Bao

Tara Jensen

2.2Modeling groups

Huiling Yuan
Edward Szoke EdwardTollerud
Tressa Fowler

Software Engineers

ChrigopherHarrop
John Halley Gotway
Laurie Carson

Paula McCaslin

Six modeling groups participated in the HRH test (see Table 2.1). The range of model

resolutions and number of test cases for which faeteasere delivered varied depending on the

resources each group had available to commit to the project. The models used for HRH included
three configurations of the Weather Research and Forecasting (WRF) model, the operational

Geophysical kuid Dynamicsla bor at or vy
the University of WisconsiMadison (UWM) Nonrhydrostatic Modeling System (UANMS).
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Table 2.1: Modeling groups that participated in HRH and the models used to generate

retrospective forecasts.

Grid Spacings

Institution (Contact) Model Cow Mid High
NOAA /Atlantic Oceanic and
Meteorological Laboratory HWRFX 9 km 3 km -
(S. Gopalakrishnan)
National Center for Atmospheric
Research / Mesoscale and Microsi AHW 12 km i 133 km
Meteorology
(Chris Davis)
Naval Res_earch Laboratory COAMPSTC | 9 km 3 km i
(Melinda Peng)
Pennsylvama State University WREARW | 135km!| 45km | 1.5km
(Fuqging Zhang)

University of Rhode Island GEDL 1/12° 1/18° i
(Isaac Ginis) (~9 km) | (~6 km)
University of W|sc_onﬂ_;1-Mad|son UW-NMS 12 km 3 km 1 km

(Greg Tripoli)

NavyoQd



2.3 Verification Team

The verification team determined the sample size for the cases, the criteria for case selection, the
verification metrics for assessing the difference in skill due to changes in medkition, what

tools are available for computing the selected metrics, and finally what observations, analyses,
and model output fields were needed to compute the selected metrics. This team was composed
of a good mixture of research and operation@rdists: Barb Brown (NCAR), James Franklin

(NHC), Mike Fiorino (NHC), Mark DeMaria (NOAA/CIRA), and Tim Marchok (GFDL).

2.4Case Selection Team

The case selection team selected a diverse set of storms and time periods from each of these
storms that met theiteria set forth by the verification team. This set of storms features a
number of Rapid Intensification (RI) and Rapid Weakening (RW) events. The Delkégian

RI criteria defines an RI event as a 30 kt increase in maximum sustained surface wind (MSSW)
in a 24h period, whereas an RW event is defined as a 25 kt decrease in MSSW over water in a
24-h period. Both Rl and RW events are restricted to time periods for which the storm is over
water. The Case Selection Team also includess@arctandanoperational scientisMark

DeMaria (NOAA/CIRA) and Jack Beven (NHC).

3 Model Descriptions

This section provides basic descriptions of the model configurations run for HRH. More
information and references for each configuration can be found on thed desttription tab of

the HRH websitehttp://www.dtcenter.org/plots/hrh_test/model/index.pi@ridded data

submitted to the DTC for evaluation was interpolated by the modeling groups m t he mod e |
native grid to an unstaggered unifeapaced latitudéongitude projection on standard pressure
surfaces. For larger storms, a domain of at least 15 x 15 degrees is needed for assessing wind
radii quantities. The innermost nest for athakel configurations used for this project did not

meet this minimum size criterion. Modeling groups used one of two methods to meet the needs
for evaluating wind radii: 1) submit the appropriate coarser domain from the nested run to cover
15 x 15 degree®yr 2) generate a blended grid based on the-tggblution nest and its parent to
cover 15 x 15 degrees. The domains for which gridded data were delivered to the DTC for
evaluation are indicated in the tables below by the inclusion of the assignedideatiétation

in parentheses.

Atlantic Oceanographic and MeteorologicalLaboratory

NOAAOGs Atl antic Ocean olgbomtory (AOMLarandh vavdantoe or ol o g i
the WRF Nonhydrostatic Mesoscale Model (NMM) v3.0 (Janjic et al. 2001) referred to as

HWRFX (Experimental Hurricane WRFGopalakrishnan et al. 2006, Yeh et al. 200B)e

WRF NMM uses the Arakawa @rid on a rotated latitud®ngitude projection with a hybrid
sigmapressurevertical coordinate For the HRH Test, the model was run witredixed

coarse mesh domain andemoving, tweway interactive nestedomain Thebasic

properties of the two model configurations used for HRH are summarized in Tab88. 3.1

Both configurations were run with 42 full vertical levels and a model t6p aPa.


http://www.dtcenter.org/plots/hrh_test/model/index.php

Table 31: AOML configuration used for 9 km runs

DOMAIN 1 (AOM6) | DOMAIN 2 (AOM1)

Grid movement Static Moving
Horizontal grid pacing 27 km 9 km
Horizontal dimensions 320 x 320 88 x 88

Table 32: AOML Configuration used for 3 km runs

DOMAIN 1 (AOM5) | DOMAIN 2 (AOM?2)

Grid movement Static Moving
Horizontal grid pacing 9 km 3 km
Horizontal dimensions 960 x 960 262 x 262

Table 33: Physical parameterizations used in AOMLconfigurations

PARAMETERIZATION | SCHEME USED

Cumulus Simplified ArakawaSchubert (27 and 9 km onl
Microphysics Ferrier

Radiation RRTM (longwave) / Dudhia (shortwave)
Planetary Boundary Layq MRF

Surface Layer Tuleya and Kurihara (1978)

Land Surface Noah Land Surface Model

Since the inner nest for both configurations was too small to evaluate wind radii, domains 1 and
2 for each configuration were submitted to complete the evaluation. Domain 1 was only used to
evaluate the wind radii errors.

Atmospleric and sea surface temperature (SST) fields for the retrospective forecasts were
initialized with fields from the GFDL model, whereas the land surface model was initialized
with fields from the Global Forecast System (GFS) model. Lateraidary condibns were
obtained fronthe GFSforecast output oa 1-deg grid at éhr intervals. These configurations
did not include coupling to an ocean model and the SST field was constant throughout the
forecasts.

Mesoscale and Microscale Meteorology Division of NER

The Mesoscale and Microscale Meteorology (MMM) division of the National Center for
Atmospheric Research ran a configuration of the WRF ARW v3.0.1.1 (Skamarock et al.
2008) referred to as the Advanced Hurricane WRF (AHW) motlee WRF ARW uses the
Arakawa Cgrid with a terrainfollowing mass vertical coordinate. For this test, the ARW
was configured to use the Lamb@wbnformalprojectionwith one static domain and two
moving, tweway interactive nested domainshebasicproperties of these two mdde
configurations are summarized in Tables3.@ Both configurations were run with 36 full
vertical levels and a model top at 20 hPa.

1C



Table 3.4: MMM configuration used for 12km runs

DOMAIN 1 (MMM1)
Grid movement Static
Horizontal grid pacing 12 km
Horizontal dimensions 469 x 424

Table 3.5: MMM Configuration used for 1.33 km runs

DOMAIN 1 DOMAIN 2 DOMAIN 3
(MMM4) (MMM3)
Grid movement Static Moving Moving
Horizontal grid pacing 12 km 4 km 1.33 km
Horizontal dimensions 469 x 424 202 x 202 241x 241

Table 3.6: Physical parameterizations used in MMM configurations

PARAMETERIZATION | SCHEME USED

Cumulus New Kain Fritsch (12 km only)
Microphysics WSM5

Radiation RRTM (longwave) / Dudhia (shortwav
Planetary Boundary Layq YSU

Surface Layer Monin-Obukov

Land Surface 5-layer thermal diffusion soil model

Since the innermost nest for the higisolution configuration was too small to evaluate wind
radii, both domains 2 and 3 for the hig#solution configuration were submitted to complete the
evalwation. During the analysis phase of this project, it was discovered that domain 2 of the
high-resolution configuration did not meet the minimum size requirements for evaluating the
wind radii parameters. Spurious values for the wind field along the bountithis domain also
interfered with the proper function of the vortex tracker program. Hence, no wind radii errors
will be presented for the forecasts submitted by MMM.

Atmospheric fields for the retrospective forecasts were initialized with fieldsnalal from
theEnsemble Kalman Filter (EnKF) method in-&&ur cycling mode, with WRF ARW V2.2
on a 36km grid, assimilating surface pressure, rawinsonde (includiiig @opsondes),
Aircraft Communications Addressing and Reporting System (ACARS), clmiobn vectors
and tropical cyclone best track data each six hoBrshour forecasts on the lateral
boundaries were taken from the eshegree sixhour GFS forecast valid at the appropriate
time. The ensemble was initialized roughly two days prior tadpelassified as a depression
by adding balanced perturbations from the WWREiational Data Assimilation System
(WRFVar) to the GFS 3 forecast valid at the appropriate timésing an old forecast with
high-amplitude perturbations helps the ensendaeelop a flomdependent ensemble more
rapidly than starting from shetérm forecasts.

The AHW configurations usedanedimensional ocean mixddyer model to represent the
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ocean The ocean model initialization whased on daily Hybrid Coordinate @GreModel
(HYCOM) temperature fields with SST from the National Centers for Environmental
Prediction (NCEP) redime global onehalf and ondwelfth (when available) degree daily
analysis.

Naval Research Laboratory

The NavalResearchaboratory (NRLYan he Coupled Ocean/Atmosphere Mesoscale
Prediction Systeri Tropical Cyclone (COAMPIC), a variant o£OAMPS,the Navy
operationategional modelgedicated to the prediction of tropical cyclon€OAMPSTC,

which is developed by NRL, consists of data gualontrol, data assimilation, initialization,

a nonhydrostatic atmospheric model and a hydrostatic ocean model (Hodur 1997). The
Arakawa C grid is used for both the atmospheric and ocean models. The atmospheric model
utilizes the sigma vertical coodinate and the ocean model uses the hybrid sigma/z. For the
HRH Test, the model was run on a Mercator projection with one fixed coarse mesh domain
and either two or three moving, tweay interactive nested domainBoth configuratons

used 40 vertical leals with amodel top at 32 kmThebasic properties of th&vo
configurationsused for HRHaresummarized in the Tables 3379.

Table 3.7: NRL configuration used for 9 km runs

DOMAIN 1 DOMAIN 2 DOMAIN 3 (NRL1)
Grid movement Static Moving Moving
Horizortal grid acing | 81 km 27 km 9 km
Horizontal dimensions | 115 x 103 91 x 91 169 x 169

Table 3.8: NRL Configuration used for 3 km runs

DOMAIN1 | DOMAIN2 | DOMAIN 3 | DOMAIN 4
(NRL5) (NRL2)
Grid movement Static Moving Moving Moving
Horizontal grid pacing 81km 27 km 9 km 3 km
Horizontal dimensions 115 x 103 91 x 91 169 x 169 235 x 235

Table 3.9: Physical parameterizations used ifNNRL configuration

PARAMETERIZATION SCHEME USED

Cumulus Kain and Fritsch
Microphysics Rutledge and Hobbs (1983)
Radiation Harstvardardet et a1987)

Planetary Boundary Layer| Mellor-Yamada, Dissipative heating (Jin et2007)

Louis (1979), Wang et a{2002), Sea Spray (Fairall et al. 1996

Surface Layer with recent updates), Levelf drag coefficient for high winds
(Donelanet al. 2004)
Land Surface Force and restore slab land surface model
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Since the innermost nest for the higisolution configuration was too small to evaluate wind
radii, both domains 3 and 4 for the higgsolution configuration were submitted to comptate
evaluation, with domain 3 only being used to evaluate wind radii.

The Navy Operational Global Atmospheric Prediction System (NOGAPS) fields were used to
provide the firs guess field for the first forecast for each stamd the COAMPS C output

from previous 1zhour forecastvas used as éfirst guess foall of thesubsequent forecasts

A relocation method was used to place the vortex at the position issuedJoynth€yphoon
Warning CenterJTWC) in the first guess field for each simulation. 8yatic observations

were then used to enhance the initial vortex structure and the NRL Atmospheric Variational
Data Assimilation System (NAVDAS) was used to assimilate the observational data.
Boundary conditions were obtained from the NOGAPS forecast otpizdeg grid at éhr
intervals. The NRL Coupled Ocean Data Assimilation (NCODA) was used for ocean data
assimilation (including altimeter p&cial Sensor Microwave ImagesSM/1, Multi-Channel

SST- MCSST, profile and ship data).

Pennsylvania State Uniersity

The RennsylvanigttateUniversity (PSU)group rama configuratiorof the WRF ARW
version 2.2.1Zhang et al. 2009)TheWRF ARW uses the Arakawa @id with a terrain
following mass vertical coordinate. For this test,ocean model was employeahd the
ARW was configured using the Lamb&onformalprojection with two, three or four
moving, tweway interactie nested domains, as described in Tables3.18 All runs used
35 full vertical levels witra model top at 10 hPa.

Table 3.10: PSU confuration used for 13.5 km runs

DOMAIN 1 DOMAIN 2 (PSU1)
Grid movement Static Moving
Horizontal grid pacing 40.5 km 13.5 km
Horizontal dimensions 160 x 121 160 x 121
Table 3.11: PSU configuration used for 4.5 km runs
DOMAIN 1 DOMAIN 2 DOMAIN 3
(PSU5) (PSU2)
Grid movement Static Moving Moving
Horizontal grid pacing 40.5 km 13.5 km 4.5 km
Horizontal dimensions 160 x 121 160 x 121 253 x 253
Table 3.12: PSU configuration used for 1.5 km runs
DOMAIN1 | DOMAIN 2 | DOMAIN 3 | DOMAIN 4
(PSU4) (PSU3)
Grid movement Static Moving Moving Moving
Horizontal grid pacing 40.5 km 13.5 km 4.5 km 1.5 km
Horizontal dimensions 160 x 121 160 x 121 253 x 253 253 x 253
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Table 3.13: Physical parameterizations used by PSU

PARAMETERIZATION | SCHEME USED

Cumulus Grell-Deveny

Microphysics WSM6

Radiation RRTM (longwave) / Dudhia (shortwav
Planetary Boundary Layq YSU

Surface Layer Monin-Obukov

Land Surface Thermal diffusion

The innermost nest for both the intermediated highresolution configurations was too small

to evaluate wind radii, so domains 2 and 3 for the intermerkatdution configuration and
domains 2 and 4 for the higksolution configuration were submitted to complete the evaluation,
with domain 2 only being used to evaluate wind radii.

The initial and boundary condition fields were creatgdingestinghe GFSanalysis from a
12- or 24h previous case intine WRF Preprocessing System (WPS v2). WRfar was
used to perturb the initial and boundary conditions to generatereer ensemble. The
ensenble was then integrated for seaienours until the time wheairborne radar
observatios becameavailable. Superobservatios bythe NOAA P3 airborne radar were
assimilatedn each ensemble member while available, after which tmenodel started
free forecastising the mean of thensembles initial conditions and the shourly GFS
forecasts on a-fleg grid as boundary conditiorihe start of the free forecast occurred
between 1 and 6 h before the date specified for the HRH cases. TherefddefoneeSst for
lead time H actually corresponds to a 1 to 6 h greater lead time.

University of Rhode Island

The University ofRhodelsland (URI)group ran the GFDL/URI model (Bender et al. 2007), a
primitive equation coupled atmospheareean model formulad in latitude, longitude and
sigma coordinates. The atmospheric model domain consists of a triply nested grid
configuration, in which the two inner grids are moveable anevtay interactive. Thebasic
properties of theonfigurations used for the HRH Stearesummarized in Tables 3.43116

Both configurations were ruwith 42 vertical leveland a model top at approximately 0.27
hPa

Table 3.14: URI configuration used for 1/12 deg grid

DOMAIN 1 DOMAIN 2 DOMAIN 3
Grid movement Static Moving Moving
Horizontal grid pacing 1/2 deg 1/6 deg 1/12 deg
Horizontal dimensions 151 x 151 67 X 67 61 x 61
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Table 3.15: URI configuration used for 1/18 deg grid

DOMAIN 1 DOMAIN 2 DOMAIN 3
Grid movement Static Moving Moving
Horizontal grid pacing 1/2 deg 1/6 deg 1/18 deg
Horizontal dimensions 151 x 151 67 X 67 91x91

Table 3.16: Physical parameterizations used in URI model

PARAMETERIZATION | SCHEME USED

Cumulus Simplified ArakawaSchubert

Microphysics Ferrier

Schwarzkopf and Fels (1991) (longwave) / Lacis and Hansen

Radiation (1974) (shortwave)

Planetary Boundary Laye| Troen and Mahrt (1986)

Surface Layer Monin-Obukov

Land Surface Tuleya (1994)

Rather than delivering companion grids fioee nested domains that did not cover 15 x 15
degrees, URI filledrte portions othe delivered gridghat extendetbeyond the inermost native
gridswith theappropriate outer domain data interpolated to the 1/12 or 1/18 deg resolution,
respectively.

The GFSglobal analysis and the storm message provided by NHC were used to generate
initial conditions for the atmospheric modéin axisymmetric version of the prediction
model was used to create an axisymmetric vortex based on the initial storm sthatturas
estimated from the data in the storm messdde initial conditions were calculated by
adding back the model simulated vortex to the environmental fields that were determined
from the GFS analysisSix-hourly GFS forecasts output on 1/2 deglgviere used for lateral
boundary conditions.

The Princeton Ocean Model (POMyablonsky and Ginis 2008) was run with a 1/6 deg
horizontal grid spacing and 23 vertical sigma levdlse ocean model \ganitialized by a
diagnostic and prognostic spinuptbe ocean circulations using available climatological ocean
data in combination with redgiime SSTand sea surface height dafuring the ocean spinup,
realistic representations of the structure and positions of the Loop Currents, Gulf Stream and
warm and coldcore eddies were incorporated.

During one ocean model time step, the atmospheric model is integrated with its own time
steps, and the SST is kept constant. The computed wind stress, heat, moisture and radiative
fluxes are passed to the ocean modkich is then integrated otienestepto calculate a new
SST. The new SST is then used in the following time step of the atmospheric model.

University of Wisconsin-Madison
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TheUWM group ran the University of Wisconsin Nonhydrostatic Modeling System-(UW

NMS). The UWNWS is a nonhydrostatic mesoscale model built to achieve accuracy simulating
the scalenteraction process, primarily through the imposition of enstrophy and kinetic energy
conservation. The model is calculated on the Arakawa C grid usingtaddatituddongitude
projection and geopotential height coordeg For this test, the model sveonfigured with one

static domain and either one or two moving, way interactive nested domainghe basic
properties of these threeodel configuratins are summarized in Tabl@47-3.20. All three
configurations were run with 46 vertical levels and a model top at 22.8 km.

Table 3.17: UWM configuration used for 12 km runs

DOMAIN 1 (UWM1)
Grid movement Static
Horizontal grid pacing 12 km
Horizontl dimensions 480 x 430

Table 3.18: UWM Configuration used for 3 km runs

DOMAIN 1 (UWM5) | DOMAIN 2 (UWM?2)
Grid movement Static Moving
Horizontal grid pacing 12 km 3 km
Horizontal dimensions 480 x 430 302 x 302

Table 3.19: UWM Configuration used for 1km runs

DOMAIN 1 DOMAIN 2 DOMAIN 3
(UWM4) (UWMQ3)
Grid movement Static Moving Moving
Horizontal grid pacing 12 km 3 km 1 km
Horizontal dimensions 480 x 430 302 x 302 353 by 353

Table 3.20: Physical parameterizations used in UWM configurations

PARAMETERIZATION | SCHEME USED
Cumulus None
Flatau (1989) and Tripoli2-moment prognostic scheme (sjbie
Microphysics humidity and number concentration) for all species except clou
water
Radiation RRTM (Mlawer et al. 1997; Mlawer and Clough 1997)
PlanetaryBoundary Layer| K theory (horizontal), TKE (vertical)
Surface Layer Louis (1979)
Land Surface 1-D soil model (Tremback and Kessler 1985)

Since the innermost nests for the intermediatel highresolution configurations were too small
to evaluate windadii, domain 1 for each of these configurations was submitted to complete the
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evaluation. Domain 1 from these higher resolution configurations was only used to evaluate the
wind radii errors.

Atmospheric fields for the retrospective forecasts were iizédlwith fields from the GFDL
model, whereas laterabbndary conditions were obtained fraone GFSforecast output oa
1-deg grid at énr intervals.

The UWNMS configurations usedla5-layer ocean model (mixedyer, thermocline)
forced by 16m windsthat employs a dynamic instability parameterization of entrainment
velocity to represent the oceamheSST, mixedayer depth, and 20°C isotherm depth was
initialized from HYCOM North and Equatorial Atlantic Prediction System analyses.

4 Test Cases
4.1 Data Inventory

A list of the selected retrospective cases, as well as an inventory of the forecasts each modeling
group delivered, are shown in Appendix B. The tracks and intensities of the ten selected storms
are shown in Fig. 4.1. Three modeling groups detiddorecasts for all 69 cases, one group
delivered forecasts for most of the cases, and two groups were able to délfvea$es.

4.2 Brief Description of Selected Tropical Cyclones
Wilma 2005

Wilma was a largenvelope cyclone that had a slow initial deyghent over the northwestern
Caribbean Sea, followed by the greatest intensification rate ever seen in the Atlantic basin. The
small central core evolved into a very large central core as the hurricane crossed the Yucatan
Peninsula of Mexico and southdflorida. Wilma became extteopical over the western

Atlantic. Five forecast periods for this system met the DeMg&aialan RI criteria. Wilma

represents perhaps the ultimate in tropical cyclone structure, with the eye contractg ti2

in diameer at the time of peak intensity. The system then underwent a series of eyewall
replacement cycles to become@Dn mi in diameter during its crossing of south Florida.

Wilma is an excellent test case for RI, eyewall replacement, land interactionstesttapical
transition.

Philippe 2005

Philippe reached hurricane strength east of the Lesser Antilles, and then weakened due to the
impact of shear and interaction with an uplestel low. This storm is an excellent test case for
arrested development @io shear, which is good for testing false alarms. It should be noted that
the GFDL model produced false alarms for Rl in the-tiea¢ runs.

Rita 2005

Rita developed rapidly over the Florida Straits and the eastern Gulf of Mexico. This
development wamllowed by weakening due to a series of eyewall replacement cycles and
increasing vertical shear. Rita made landfall over western Louisiana and eastern Texas. Six
forecast periods for this system met the DeM#&@plan RI criteria. Rita is an excellgiest
case for Rl and eyewall replacement. Data collected from the Hurricane Rainband and Intensity
Change Experiment (RAINEX) experiment would allow a detailed verification of the model
depiction of the cyclone structure.
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Karen 2007

Karen was a largervelope cyclone that formed over the eastern Atlantic Ocean. The system
started to develop rapidly and reached hurricane strength just before encountering strong shear,
then dissipated over water due to shear. Two forecast periods for this system Dedil dnix

Kaplan RI criteria. Karen represents a case where Rl might have been forecast in NWP models,
only to be abruptly halted by the increased shear.

Katrina 2005

Katrina formed over the Bahamas, becoming a hurricane just before landfall in southielan Flo
This system then intensified over the Gulf of Mexico and underwent an eyewall replacement
before reaching category 5 intensity. Katrina then weakened due to another eyewall
replacement, and possibly shear and ocean effects before landfall aloogtiieen Gulf coast.
Five forecast periods for this storm met the DeM&m@glan RI criteria. Katrina is a good test
case for RI, which for this storm was interrupted by an eyewall replacement cycle. Itis also a
good case for improved track forecagarticularly before the Florida landfall), land interaction,
and oceanic effects (the Loop Current).

Humberto 2007

Humberto developed rapidly before landfall on the Texas coast, going from a tropical depression
to a hurricane in less than 24 hours. Tee€ast periods for this system met the DeMaria

Kaplan RI criteria. RI started unusually early in the development of this cyclone, making this
storm a good candidate for testing how models will forecast RI in weak systems.

Felix 2007

Felix was a small @lone that moved westward through the Caribbean Sea and strengthened
from a tropical storm to a Category 5 hurricane in 48 hours. The hurricane made landfall in
Nicaragua and dissipated over Central America. Eight forecast periods for this system met the
DeMariaKaplan RI criteria. Felix is an excellent test case for RI, as well as a cyclone that
underwent a notable eyewall replacement cycle.

Ingrid 2007

Ingrid was a weak system over the tropical Atlantic whose development was limited by shear
and dissipted over water. This system is a good test case for model false alarms of RI.

Emily 2005

Emily developed over the tropical Atlantic, became a hurricane near the Windward Islands and
then, after an eyewall replacement cycle, became a category 5 hurnearieeoCaribbean Sea.
Emily made landfall over the Yucatan Peninsula as a major hurricane, weakened, and then re
intensified over the western Gulf of Mexico. At final landfall in Mexico, the hurricane featured a
prominent concentric eyewall in both raded aircraft data. Eleven forecast periods for this
system met the DeMaridaplan RI criteria. Emily is a good test case for Rl and intensity
fluctuations, with 2 eyewall replacement cycles and one-wa¢er weakening phase with no
obvious cause. Thaitial intensification to hurricane strength was accompanied by a position
jump, suggesting the vortex-fermed or reorganized.

Ophelia 2005
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Ophelia formed from a netmopical trough and followed a meandering course off the
southeastern coast of the &l.for many days. While there were periods of Rl and the peak
intensity was only 75 kts, there were numerous fluctuations in intensity. Ophelia eventually
passed Cape Hatteras and became-éxdpacal as it approached Nova Scotia. This cyclone is
theposter child for oceanic effects, with a slow meandering track that brought it across its own
cold wake or allowed it to remain stationary long enough to upwell.

5 HRH Evaluation System

The HRH evaluation system (Fig. 5.1) is composed of the following etsmBrdata delivery,

2) GFDL Vortex Tracker, 3averager script, 4)lotting scripts 5) display,6) NHC Verification
System,7) aggregation and stafiisal significance assessmeny,R8/RW verification,9)

consistency verification, arftD) archival. Thdirst six processes in this system were run in an
aubmated mode on the NOAA ESRIinux cluster using the NOAA ESRL Workflow Manager
(Harrop et al. 2007 while archival was run as a separate automated task. The initial automated
processes were triggerbgl the delivery of the forecast files, and were run incrementally as the
files arrived. Theaggregation and statistical significance assessiR&RW verificationand
consistency verification were run after falfecasts were delivered

1) Data Delivery

Theinput to the HRHevduation system consistdf gridded data files provided by the
modeling group and Best Track and tcvitals files provided by the NHEHGchgridded data

file delivered to the DTContainghe required input fields for the GFDL Vortexatker

(zonal and meridional wind components and geopotential height at 850, 700 and 500 hPa,
zonal and meridional wind components atmiQabsolute vorticity at 850 and 700 hPa, and
mean sea level pressurBISLP), plustemperature and dewpoint temperatair&m, 850,

700 and 500 hPa amgbtional 2h accumulated precipitatiamsed for plotting and display.
These files are in GRIBformatand contain forecasts every 30 minutes

2) GFDL Vortex Tracker

A revised version of the GFDL Vortex Tracker (Marchok 2003s used to locate the storm
in each forecastGFDL implemented several modifications to make the standard version of
the Vortex Tracker suitable for the HRH Test:

e The output format was modified from the standautiomated Tropical Cyclone
Forecasting (ACF) formatto allow the forecast lead time field to be expressed in
decimal format, making it possible to representiabrly forecast lead times.

e The code was expanded to include the ability to process moving nests.

e Parameters of the Barnes analysisenatered to accommodate higésolution
forecasts.

e Ability to deal with regions of missing data was increased.

In spite of all the enhancements, the tracker was not able to follow all storms in the forecasts
processed for the HRH Test. Forecasts for Wwkhe storm is weak or disorganized, even if
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3)

4)

5)

6)

matching the observed storm, cannot be tracked. If the tracker cannot find the storm at a
given forecast lead time, it is not able to locate the storm at longer lead times, regardless of
whether the storm becas organized at longer lead times. Hence, an organized storm at
longer lead times may not be tracked, and therefore may not be part of the evaluation.
Inventories in Appendix C indicate which forecasts were actually tracked and evaluated.

AveragerScript

Observed antbrecased surface winds for tropical storroan vary significantly over a small
time period The maximunsurfacewind speed (W) contained ilfN\HC Best Tack files
represents maximuml-minute sustainedurfacewinds(MSSW). Due to time castraints
for completing this test, it was not practical to requirentiogleling groups foduce iminute
sustained surface winds. Hentlee verification of MBSN was basedn the average of the
MSW over a twehour window centered at the verification timEhe 2hour average was
computed using gridded data at@ihute intervals (i.e., average over five data poinBgta
at minus (plus) 30 and 60 minutesne@ot available dr forecast lad times at the beginning
(end) of the forecast, so a esieled thour average was computed for these lead tinGady
MSWs were averagedhat is, storm location and extent of wind radii were not averaged.
Theaveragerscriptin the HRH evaluation systeimgess the GFDL Vortex Tracker output
in modified ATCF format ath outpus averaged files in standard ATCF format, with
information restricted to a forecast frequency of six hours.

Plotting Scripts

Plots forthe forecasts submitted by the modeling groups were generated using the NCAR
Command.anguage (NCL) Contour plas for surfacefields included10-m winds, 2m
temperature and dewpoi@mperatureandMSLP. Contour plots foapper airfields
included:850, 700, and 500 hPa temperature, dewgemperaturand wirds. Additionally,
plots oftrack, minimum MSLP, MW, andthe change in MSW over a 24 hour period with
respect to lead time were created for all resolutions of a given malliehulti-resolution

plots alsancorporate therelevantNHC Best Track information.

Display

All plots generated by the automatekation system were made available to HRH
participants through the webshép://www.dtcenter.org/plots/hrh_test/graphickhis

website provides an interface for requesting the me#toluton plots, a siddy-side display

of contour plots by modeling group, as well as the capability to animate loops of a particular
type of contour plot.

NHC Verification System

The NHC Verification $stem was uskto verify the foecastsagainst the NHC Begtrack.

Only the trgical portion of the tracks wa®rified. Each case was processed separately; that
is, the input for each run of the NHC Verification System included a single forecast for one
modelresolution All forecasts were run through the NHK€rification system twice: once

for all forecast tracks and a second time for tracks over water Bolythe latter, only
situations in which both the observed and forecast storm centers are over the ocean were
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7)

considered.Variables verified include: stm location, averaged SW, and extent of wind
radii. Metrics generated includabsolute, crossand alongtrack error, MBW error, and
wind radii error.

Aggregation and Statistical Significance Assessment

Resultsfrom the individual runs of the NHC Velghtion Systenwere aggregated using a
script in the R statistical language. Given the distribution of errors and absolute errors at a
given lead time, several parameters of the distribution were computed: mean, median,
guartiles, and outliersConfidene intervals (Cl) on the median were computed using a
parametric metho@Chambers et al. 1983, McGill et al. 197&nly lead times and errors

for which the distribution contained at least 11 samples are considered in the statistical
significance discussits because the error distribution parameters cannot be computed for
sample sizes less than 11kilSscores forall models at all resolutions weaésocomputed
against the Deca8HIFOR5 (OCD5)but will not be discussed in this report. Plots of these
swres will be made available on the HRH website.

A pairwisetechniquewvas used to address the question of whettetifferences between a
medium or highresolution modetonfigurationand their lowresolution counterpaere
statistically significan{SS). For this technique, tha@bsolute error of a given quantity (for
exampletrack error) for a mediuror highresolution forecast is subtracted from the same
metric for the lowresolution forecastThis subtraction is done separately for each lead time
of each case, yielding a distribution of foreasordifferences. The parameters of this
difference distribution arthencomputedusing the same methodology applied to the error
distributions fora singlemodel resolutionThepairwisemethod enablethe identification of
subtle differences between twaror distributions thathay go undetected when threean
absolute errorMIAE) or root mean square errdRKSE) of each distribution is computed
and the overlapfdhe Clis forthe mean is used to ascenmtdifferences€.g., Lanzante 2005,
Snedecor and Cochran 1980

A statistically significant (SSjlifference between the forecast verification meta€the

multiple resolutions foa given model was noted when it was possible to ascertain with 95%
confidence that the median of tpairwisedifferences was not equal to zero. The median
was chosen over the mean for this analysis because it is a robust mehslres

appropriate for this tesbmeerrordistributionsdiffered from nomality and presented

outliers.

Boxplots provide a concise format for displaying the various attributes of the error
distributions computed for the HRH Test. Fig. 5.2 illustrates the basic properties of the
boxplots used for this report. The mean of tistrithution isdepicted as a star and the
medianas a bold horizontal baiThe 95% Cls are shown as thaistor notchof the

boxplot.

Fig. 5.3, which displays a series of boxplassa funtion of forecast lead time forgairwise
difference illustratethe methd used to determine if a difference between forecastsvior
resolutionss SS When the medianf the distribution is positivenggative, it can be
concluded that theigher (lower-) resolution configuratiohas smaller errorHowever,
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8)

only when the 95% Cls doot encompass the zero lioan thedifferences between forasts
for multiple resolutions be declared.Sla this example, the differences &8 at lead times
6, 12, 36, 42 and 66 h, with the le@solution configuration presentingtter results for all
these lead times.

Since there was interest in knowing which cases were harder to fotheasttliersof the
error singlemodel and pairwise distributiongere recorded. Outliers are defined ag data
point thatlies more thad.5*IQR (inter-quartile range) lower than the first quartile or
1.5*IQR higher than the third quartile.

RI/RW

No existing tools were available for assessing changes in forecast skill for Rl and RW events
resulting from changes in resolution. The RI/RW paatars considered by the DTC

included: frequency of occurrence, timing of onset, and dvasgd contingency table scores

for matched pairs with time relaxation.

To explore the properties of the observed and forecasted Rl and RW events, total counts of
Rl and RW events were compiled for the entire sample partitioned by model configuration

and resolution. A comparison of the medium or hayid lowresolution configurations in

the context of the observed occurrence frequency provides insight into whetfaettasted

events occur more frequently, less frequently or at the same frequency as that observed. Two
methods for defining an event were considered: 1) episodeBne any sequence of one or

more periods of rapid change to be one event, and 2)dodiv define every period of rapid
intensity change to be an event. The episode approach does not penalize forecasts that
capture the occurrence of the event but not the duration, whereas the individual approach
considers both the number and duratiothefforecasted events.

For evaluating the skill of predicting the onset of Rl and RW events, the onset of an event is
defined as the hour in which a single isolated event or the first in a sequence of events
occurs. The timing performance was evaluategreparing cumulative frequency plots for

a 48h window centered on the observed onset. For these cumulative frequency plots, the
observed events appear as a step function at time zero corresponding to the total number of
observed events. The count ofset occurrences predicted by the full set of runs for each
model is incremented in the appropriate time period relative to the observed onset.
Forecasted events for which the onset is earlier than observed appear as counts for negative
lead times and feicasted events for which the onset later than observed appear as counts for
positive lead times. For uniformly perfect model timing, the forecasted events would also
appear as a step function at time zero. This manner of presentation provides infasmation
both timing errors and the number of missed events, but ignores false alarms.

The following scores (see definitions below) were computed for each model configuration
using evenbased contingency tables for exact matches between forecast and observed R
and RW events, as well as matched pairs obtained by considering successively longer time
relaxation windows: Proportion Correct (PC), Probability of Detection (POD), Critical
Success Index (CSI), and False Alarm Rate (FAR). The matched pairs confidéned

report do not include missed forecast events stemming from the forecasted track being
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shorter than the observed track (i.e., lead times for which the tracker did not produce a fix are
not included in the sample). The search for matched pairsextiral time relaxation

windows (6, 12, 18, 24, 30, 36 h) was performed such that the total number of forecasted
events is maintained (i.e., each event is only used once when searching for a match for a
given time window). This search is conducted frdmartest to longest lead times for a

particular forecast. The shifted forecast sequence obtained through this methodology will
only improve or leave the forecast skill unchanged.

Contingency Table: Scores:
Observed PC = (at+d)/(atb+c+d)
Q Yes No POD = a/(a+c)
® | Yes | Hit(a) | False Alarm (b) CSI = a/(a+b+c)
2 No | Miss (c) | Correct Rejection (d FAR = b/(a+b)

9) Consistency

A methodology and software for verifying consistency was developed at the DTC. For the
purposes of this study, consistencysveefined as the variability of forecasted storm center

among runs of a given model and resolution initialized at various times and valid at the same
time. In other words, consistency refers to the differences in forecast at multiple lead times for
the sare valid time. Higher consistency, or smaller variability from one initialization time to the
next, is a desirable property of a set of forecasts. Consistency results fortheadoadugh

resolutions of each model were intemmmpared to determine if highezsolution led to higher
consistency. Location was the only variable considered and intensity was not taken into account.

The consistency assessment requires forecast cases witemnigbral frequency. While it is

possible to apply this methodologydases that are 24 apart, the results are less relevant, since

it is the shorterm consistency (up to Z#) that has highest practical operational applicability.

Since it was not possible to have all HRH cases behah&rvals because of the effecath

temporal correlation would have had on the effective sample size, a single storm was chosen for
the consistency assessment. Hurricane Felix was chosen because both NOAA operational
hurricane models (GFDL and Hurricane WRHWRF) displayed dramatic reto-run

variability (low consistency). For Felix, four of the six models participating in the HRH Test
submitted a series of runs that were initialized-ab@r intervals for a 30 hour period.

Fig. 5.4 illustrates how consistency for a given valid time assessed by creating a series of ten
differences between storm positions forecast at various lead times. Since the forecast lead times
increases with valid time, an increase in value of the differences towards later valid times is
expected. Plots of défences as a function of lead time were created contrasting the results for
the high and lowresolution configurations.

No comparison between the forecast and track of the storm was perfarthectonsistency
evaluationsince other metrics address fastaccuracy. This leaves open the possibility that a
model could have very consistent forecasts that all might be in error.

23



10)Archival

The following fileshave been archived at the NCAR Mass Storage System for all models at
all resolutions: forecast filaa GRIB1 forma, output from the GFDL Vortex Tracker,
averager script, and NHC Verification System, RI/RW and consistency verification, plots,
and source code and scripts for the HRH evaluation system

6 Results

Due to the nature of the selected cases,dh®ke size for longer lead times falls short of 69

(i.e., the tropical cyclone phase of the storm did not span five days for all the selected cases).
The sample size for longer lead times is also impacted by forecasts for which the vortex tracker
was notable to produce a fix for all submitted lead times. The current version of the GFDL
Vortex Tracker stops as soon as it reaches a lead time for which it fails to obtain an appropriate
fix. Hence, forecasts for which the storm is weak and disorganizedlatead timedut spin

up a well defined tropical cyclone at longer lead times may not be included in the verification.
Sample sizes for longer lead times over water are also impacted by the nature of the selected
cases (i.e., storm for some cases oax land for longer lead times).

6.1AOML

An inventory of the data included in the objective verification for AOML is shown in Appendix

C (Table C1). A table summarizing those lead times for which the difference between the high
and low resolution was fodrto be SS is shown in Appendix D (Table D1). Although AOML
delivered gridded data for all the selected cases, as well as the requested lead times, the tracker
was not able to identify the storm for all provided forecasts. The tracker output for omeasase
also cropped due to concerns about accuracy of tracker fix when storm is near the boundary of
the inner nest. A few cases were removed from the sample due to concerns about the accuracy
of the tracker fixes, but the tracker stopped early in the dstdor these cases, so this removal

had a minor impact on the sample size.

Track

The median of the track errors, as well as the spread in these errors increases with lead time for
both of AOML configurations (see Fig. 6.1.1). The track error for ther&selution

configuration undergoes a larger increase than that for thedésghution configuration, leading

to a SS difference for which the high resolution is more accurate for lead times 30 to 48 h (see
Table D1 in Appendix D). These SS differencesespond to a track improvement on the order
of 10 nm. The distributions for cresand along track errors are generally centered on zero,
except for the alontrack highresolution distribution at the longest lead times (not shown).
Once again, the onIgS differences for crosand alonetrack errors occur in the 30 to 48 h time
frame (see Table D1 in Appendix D). Limiting the verification to forecast times for which the
storm is over water had little impact on the relationship between the tracklistrifrutions for

the two configurations (not shown).

Intensity
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The median of the absolute intensity error distributions for the two AOML configurations does
not exhibit any strong trends with lead time and the increase in spread with lead time is
noticeally less than that for the track errors (see Fig. 6.1.2a). The intensity error distributions for
the two AOML configurations show that both resolutions tend to underpredict storm intensity for
early lead times with the high resolution exhibiting a smaifeterprediction (see Fig. 6.1.2b).
Intermediate lead times exhibit less of a tendency to underpredict intensity, transitioning to an
overprediction by the high resolution for the longer lead times and once again underprediction by
the low resolution. S8ifferences for intensity errors occur for 0 to 6 h and 24 to 30 h with
intensity improvement for the higtesolution configuration on the order of 5 kts (see Table D1

in Appendix D). Limiting the verification to forecast lead times for which the stoowds

water had little impact on the error distributions for early leads times, whereas the error
distributions for intermediate lead times show a tendency for both configurations to overpredict
intensity with the high resolution exhibiting a larger ovedaction (not shown). This change in

the distribution led to SS differences at intermediate lead times that now favor thestdution
configuration. Sample size for longer lead times over water is insufficient to make any
assessments.

Wind Radii

The 31 kt wind radii error distributions show that the higdsolution configuration has a stronger
tendency to be positive for most lead times, whereas the errors for thhedohtion

configuration are centered on zero for shorter lead times and then beosithes but smaller

than that for the high resolution at longer lead times. For the 50 kt radii, the errors associated
with the high resolution are still generally positive for most lead times with the low resolution
only showing a positive trend for thengest lead times. And finally, for the 64 kt radii, the

errors associated with the high resolution are still generally positive, but not for the low
resolution. It is interesting to note that the radii for all thresholds and quadrants tend to be too
large at the initial time. All SS differences for the wind radii parameters favor thesmlution
configuration over that of the higlesolution configuration (see Table D1 in Appendix D),

which appears to stem from the higdsolution configuration pducing radii that are too large.
Due to the nature of the wind radii, the sample size for over water only tends to be too limited to
make any valid assessments.

Rapid Intensification and Weakening

Table 6.1 shows the frequency of occurrence totals fanBIRW compiled using both the event
and episode methodologies. Going to higher resolution improved the agreement between the
frequency of observed and forecasted RI events, whereas it produced only a slight improvement
when considering RW events. Thasegle methodology reveals that the improvement in
frequency of occurrence for Rl events is partially due to thet@gblution configuration

producing more RI episodes then was actually observedoliseved Rl and RW counts

undergo darger decreasinen theforecasteatounts for both resolutionshen gang from events

to episodeswhich poing to the modeis having difficulty sustaining periods of Rl and RW
regardless of the resolution. The cumulative frequency plot shown in Fig. 6.1.3 indicawes the
resolutions have similar timing error distributions with the higher resolution forecasts capturing
more of the RI episodes. For this sample of episodes, the forecasted episodes tend to lag the
observed RI episodes.
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Table 6.1: Total Rl and RW counts br events and episodes found in Best Track and the
high- and low-resolution AOML forecasts.

Observed High Resolution Low Resolution
RI Events 79 70 30
Rl Episodes 27 32 15
RW Events 26 I 2
RW Episodes 18 6 2

The RI evenbased scores for the varidtirse relaxation windows are shown in Fig. 6.1.4.

Scores for both resolutions generally improve as the time relaxation window is expanded. These
scores indicate the higiesolution forecasts produce higher POD and CSI for all time relaxation
windows, wheeas the PC is better for the le@solution forecast when considering exact and

small time relaxation windows. For larger time relaxation windows, the PC is basically the same
for the two resolutions. The relationship between the FAR for the two res®waries with

time relaxation window. Hence, it is difficult to make any conclusions based on the RI scores as
to which resolution produced the most skillful forecast. The number of RW events included in
this sample is basically too small to justifynsitdering the scores for this type of event.

Consistency

Subjective inspection of the tracks (Fig. 6.1.5) reveals that theréggitution configuration have
greater consistency owing particularly to one rather errant loggaiution run.

A plot of the D differences that make up the set of distance measurements of consistency for
several valid times is shown in Fig. 6.1.6 indicating that consistency is larger for the high
resolution configuration, since the differences in storm location are largeratdhdetimes for

the lowresolution configuration. A detailed analysis of the results (not shown) indicated that the
large differences seen in Fig. AOM2 for the toggolution configuration are those involving the
run initialized at 06 UTC on 2 Septembtire deviant rumepicted in FigAOM1. Whenthis run

is excluded, the difference in consistency between the highiow-resolution configurations
decreases, and for some valid times is actually better for theekmution run.

Overall Evaluaton

Increasing the horizontal resolution of the AOML model configuration reduced track and
intensity errors for the short to intermediate lead times and improved the frequency of forecasted
RI events, but the consistent degradation of the wind radii exssiciated with going to higher
resolution,as well agrequency oRI episodes exceeding the observed frequency and the

difficulty of sustaining Rl and RW periods suggests the improvements in track and intensity may
not stem from the higher resolution éoasts producing a more accurate representation of the
actual storm structure and evolution.

6.2 MMM

An inventory of the data included in the objective verification for MMM is shown in Appendix C
(Table C2). A table summarizing those lead times for wthietdifference between the high and

low resolution was found to be SS is shown in Appendix D (Table D2). Although MMM

delivered gridded data for all the selected cases, as well as most of the requested lead times, the
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tracker was not able to identify tetorm for all provided forecasts. The tracker output for a
number of the cases was also cropped due to concerns about accuracy of tracker fix when the
storm is near the boundary of the domain or problems with a subset of the delivered fields that
may havempacted the accuracy of the tracker fix. A few cases were removed from the sample
due to concerns about the accuracy of the tracker fix or grid navigation problems that lead to the
tracker failing to identify the storm at the initial time of the forécas

Track

The median of the track errors, as well as the spread in these errors increases with lead time for
both of MMM configurations (see Fig. 6.2.1). The track error for therkswolution

configuration undergoes a larger increase than that for theésglution configuration at longer
lead times, leading to SS differences for which the high resolution is more accurate for lead
times 84 to 114 h (see Table D2). These SS differences correspond to a track improvement on
the order of 25 nm. The disttibons for crossand along track errors are generally centered on
zero, indicating that either sign error is equally likely (not shown). SS differences feramdss
alongtrack errors that favor the higlesolution configuration also occur in the 84Lig} h time

frame (see Table D2), whereas one SS difference favoring theemhution configuration for
alongtrack errors occurs at 30 h. Limiting the verification to forecast times for which the storm
is over water leads to more SS differences fagpifre lowresolution configuration for earlier

lead times (not shown). These SS differences that favor the low resolution correspond to track
improvements that are less than 10 nm. It is interesting to note that theacisdonetrack

error distribuions for the over water only verification exhibit positive trends for both resolutions
for 12-36 h and 3&0 h, respectively (not shown). The sample size for longer lead times is too
small to make any determination of the impact of resolution for loegertimes over water.

Intensity

The medians of the absolute intensity error distributions for the two MMM configurations do not
exhibit any strong trends with lead time and the spread exhibits only a small increase (see Fig.
6.2.2a). The intensity erroistiributions show that the low resolution tends to underpredict

storm intensity for early lead times and the high resolution tends to overpredict the intensity (see
Fig. 6.2.2b). Both resolutions tend to underpredict intensity for longer lead timesor@nBs5
difference occurs for intensity errors at 18 h with intensity improvement for theskmiution
configuration of less than 5 kts (see Table D2). Limiting the verification to forecast lead times
for which the storm is over water once again resnltaore SS differences at shorter lead times
that favor the lowresolution configuration. These SS differences correspond to intensity
improvements of less than 10 kts. Sample size for longer lead times over water is insufficient to
make any assessments

Rapid Intensification and Weakening

Table 6.2 shows the frequency of occurrence totals for Rl and RW compiled using both the event
and episode methodologies. Going to higher resolution improved the agreement between the
frequency of observed and foreasRI events but produced a negligible improvement when
considering RW events. The episode methodology reveals that the improvement in frequency of
occurrence for Rl events is partially due to the figgolution configuration producing more RI
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episodeghen was actually observe@heobserved RI counindergasa larger decrease then
the forecasted counts for both resolutions when going from events to episodes, which points to
the model is having difficultgustaining periods of Regardless of the rekition. The
cumulative frequency plot shown in Fig. 6.2.3 indicates the two resolutions have similar timing
error distributions with the higher resolution forecasts capturing more of the Rl episodes. For
this sample, the forecasted RI episodes appdae emually likely to lead or lag the observed

episodes.

Table 6.2: Total Rl and RW counts for events and episodes found in Best Track and the

high-and low-resolution MMM forecasts.

Observed High Resolution Low Resolution
RI Events 77 48 24
RI Episodes 26 27 13
RW Events 24 9 8
RW Episodes 17 5 5

The RI evenbased scores are shown in Fig. 6.2.4. Scores for both resolutions generally

improve as the time relaxation window is expanded. These scores indicate thesbigtion

forecast produces highBOD and CSI for all time relaxation windows, whereas the PC is

basically the same for both resolutions. The relationship between the FAR for the two

resolutions transitions from being higher for the d@solution forecasts for small time

relaxation widows to being higher for the higlsolution forecasts for the larger time relaxation
windows. This trend probably stems fromthe hige s ol ut i on confi gurati on:i
produce more RI events than observed. The number of RW events included amihiis is

once again too small to justify considering the scores for this type of event.

Consistency

Subijective inspection reveals that the tracks are very similar from run to run for both resolutions
(Fig. 6.2.5). The run that is most differentiated fritnv@ others is the one initialized at 00 UTC
on 3 September, since it deviates to the south of the others and is closer to the Best Track.

The plot of the 10 differences that make up the set of distance measurements of consistency for
several valid timesHig. 6.2.6) also indicates that there is little difference between thedmngh

low- resolution runs, but it should be noted that the higher resolution runs have slightly lower
consistency for some valid times.

Overall Evaluation

Increasing the horizonteesolution of the MMM model configuration reduced the track error for

longer lead times, whereas this modification did not have a significant impact on the intensity
errors. Conversely, hi gher resol utseneeth I mpr ov
frequency of RI events, but not necessarily for the right reason given the forecasted episodes
exceeded those observed. Hence, higher resolution for this model configuration does not appear

to provide the improvements in intensity predictions HiakP is looking to address.
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6.3 NRL

NRL delivered complete forecasts for 63 cases. However, the GFDL Vortex Tracker was not
able to identify the storm for all provided forecasts due to problems with the data, or the storm
was weak or moving out of the gridhn inventory of the data included in the objective
verification for NRL is shown in Appendix C (Table C3). A table summarizing those lead times
for which the difference between the high and low resolution was found to be SS is shown in
Appendix D (Tabé D3).

Track

The mediarand spread of the track erransreasewith lead time for both NRL configurations
(see Fig. 6.3)1 Median errors start near zero and grow to 300 nm for-ttieeyForecastNeither
configuration displayedystematic SS alontack error. The lowresolution configuration also
did not displaysystematic crosgackerror, but the higitesolutionconfiguration produce8S
positive crosgrack error forsomelead timedetweer80and 66 h(not shown) The track errors
for the two configuratios increase at differing rates sublatSStrack errordifferences exist at
lead times 24, 42, 54nd 96 h, for whiclthe high-resolution configuration is more accurate
24 handthe highresolution configuration degrades the forecast for the lattee tead times
(Fig. 6.3.3. TheseSSresultscorrespond to enaximum track error difference of 20n. The
only SSdifferences fombsolutecross and alonegtrack errors occun the last two days of the
forecast (see Table D3High resolution is advaageous for the 120 crosstrack forecast,
while it degrades the cros$iack forecast for a number of lead times between 72 and 114 h.
Limiting the verification to forecast times for which the storm is over wasafs to no cases for
which the lowresoluion configuration producedlzette track forecast than the higksolution
configuration SS differences were found flerad times 24 labsolute track) and 5460 h
(alongtrack), always favoring the higheesolution configuration.

Intensity

The abstute intensity errors for the two configurations do not grow with lead time. Rather, their
median peaks at the thrday forecast and decreases thereafter. The absolute intensity errors are
mainly due to bias: both configurations systematically undergradensity out to 90 h, and the
low-resolution configuration extends this underprediction to tdaybforecastKig. 6.3.3. SS
differences fombsolutantensity errors occuat 0-, 6-, 24, and 4& lead timesyith the high

resolution improving interiy by up to 5 kts by reducing the underprediction (Tablg D3

Limiting the verification to forecast lead times for which the storm is over water had little impact
on the error distributions for early leads time, while at intermediate lead times, the
undeprediction was eliminated from the higésolution configurationThe sample size for

longer lead times over water is insufficient to make any assessments.

Wind Radii

The wind radii evaluation indicates that the radii are too large at initializationdmmeoist
guadrants and wind thresholds. The radii remain too large for thetBreshold for a number
of quadrants and lead times, especially during the first two days of the forecast. Conversely, the
50-and 64kt radii shift to being too small for a nier of lead times and quadrants. SS wind
radii error differences occur in about 10% of the lead times/thresholds/quadesnisable D3
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in Appendix D) All differences except two (54nd 78h lead times for the 50kt threshold in
the SW quadrant) indicate the high resolution deggdle forecast. The sample over water is
very limited for the longer lead times but, at the earlier lead times, the overall results are
unaltered, with the high resolution leading to degradation in 4 out of the 5 SS results.

Rapid Intensification and Wkaning

Table 6.3shows the frequency of occurrence totals for Rl and RW compiled using both the event
and episode methodologies. Going to higher resolution improved the agreement between the
frequency of observed and forecasted Rl events but produced smigll improvement when
considering RW events. The number of forecasted Rl events and episodes is smaller than
observed for both the lovand highresolution configurations. On the other hand, the difference

in the observed and forecast raticeventso episodesuggests the model has difficulty

sustaining periods of RI regardless of the resolution. The cumulative frequency plot shown in
Fig. 6.3.4 indicates the two resolutions have similar timing error distributions with the higher
resolution forecsts once again being able to capture more of the RI episodes

Table 6.3: Total Rl and RW counts for events and episodes found in Best Track and the
high- and low-resolution NRL forecasts.

Observed High Resolution Low Resolution
RI Events 55 17 5
Rl Epsodes 20 13 4
RW Events 20 11 6
RW Episodes 14 6 5

The Rl evenbased scores for NRL are shown in Fig. 6.3.5. Scores for both resolutions

generally improve as the time relaxation window is expanded to 12 h, with little improvement for
larger relaxatio times. These scores indicate the higbolution forecast produces higher POD,

CSl and FAR, whereas the PC is basically the same for both resolutions. Hence, these scores do
not indicate a clear winner between the two resolutions. The number of Rit¥ swctuded in

this sample is once again too small to justify considering the scores for this type of event.

Consistency

The tracks for the two NRL configurations are shown in Fig. 6.3.5. Note that some runs are
incomplete (Table D3 in Appendix 3), whicbnsiderably reduces the sample size. In both
configurations there is considerable spread between the runs initialized at different times and, for
a given valid time, runs with later initialization times did in general not come closer to the
forecast trak.

The plot of the 10 differences that make up the set of distance measurements of consistency for
several valid times is shown in Fig. 6.3.6a, indicating that consistency is considerably lower for
the highresolution configuration. However, there ardyahree complete runs available for the
low-resolution configuration, whereas for thigh-resolution configuration there are six. Fig.

6.3.6b shows the differences limited to the cases for which both configurations have complete
runs. In this analysishere is not much difference in consistency between the aighlow

resolution configurations.
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Overall Evaluation

While the highresolution NRL configuration had a positive impact on intensity for a few lead
times and the number of RI events the maslable to produce, the degradation in track
forecasting and wind radii, as well as the increase in FAR, does not support the conclusion that
going to higher horizontal resolution will lead to significant improvements in tropical cyclone
forecasts.

64 PSU

PSU delivered gridded data for 9 cases, all of which had the requested forecast length. The

GFDL Vortex Tracker failed to identify the storm for the entire length of the forecast in two

cases due to the storm being disorganized or moving out of thesgeid éble C4 in Appendix C

for the inventory of data used in the objective evaluation). The number of PSU cases is too small
to reach any SS conclusions. Therefore, the results presented in this section should be interpreted
with caution. The stratificatin of the verification to storms over water only further reduces the
sample size, so those results will not be presented. Moreover, no consistency verification will be
presented for PSU since no Felix cases were run.

Track

The mean track errors for all PRdnfigurations are near zero at initialization time and grow

with lead time, along with the error spread. Mean track errors surpass 400 nm for-thedow
intermediateresolution configurations and 650 nm for the higholution configuration (see Fig.
6.4.1). The increase in mean track error is dominated by a single forecast (Wilma initialized 21
October 2005 at 00 UTC) that is particularly bad for the dn@golution configuration, followed

by the lowresolution configuration. This single forecastasponsible for the intermediate
(high-)resolution configuration having smaller (larger) mean track errors than thesolution
configuration. On the other hand, it should be noted that, for longer lead times, the majority of
the intermediateesoluton forecasts have larger track errors than therkselution forecasts.

The mean alordrack errors (not shown) for all resolutions are near zero for the early lead times,
transitioning to negative errors at longer lead times, with the largest errohdoowie low

resolution configuration. Conversely, the mean ctossk error (not shown) is negative

throughout the forecast for all resolutions with the high resolution exhibiting the largest error
growth with lead time. The different pace of erraswth for each resolution leads to, towards

the end of the forecast, an advantage for the intermemdistdéution alongrack forecast, and for

the lowresolution crossrack forecasts.

Intensity

On average, all resolutions display underprediction in teethree days of forecast and
overprediction thereafter (not shown). The mean absolute intensity errors do not grow with lead
time (not shown), instead they peak at théeh2xhd decrease thereafter. The intermedsatd
high-resolutions improve the inteity forecast over the low resolution in the first 2.5 days. Later
in the forecast, the spread of the results is too large to reach any conclusions.

Wind Radii
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The wind radii error distributions have a very large spread, making the average errot thifficul
interpret(not shown) The only patterns that may be discerned from the data are that the 34 kt
radii tends to be too large in all quadrants and the 50 kt radii in the SE quadrant and the 64 kt
radii in the NE quadrant tend to start the forecast with-ner aerages and progress towards

radii that are too small. The small sample size and largétoasese and lead time to lead time
variability in the wind radii error differences between the three configurations make it impossible
to reach any conclusion alddhe superiority of one configuration over the other for this
parameter.

Rapid Intensification and Weakening

Table 6.4 shows the frequency of occurrence totals for Rl and RW compiled by applying both

the event and episode methodologies to the PSU c&sesg to higher resolution improved the
agreement between the frequency of observed and forecasted RI events, whereas going to higher
resolution produced no improvement when considering RW events. The cumulative frequency
plot shown in Fig. 6.4.2 indicagall three resolutions have similar timing error distributions for
which all onsets tend to be either on time or late, with the higher resolution forecasts being able

to progressively capture more of the RI episodes.

Table 6.4: Total Rl and RW counts forevents and episodes found in Best Track and the
high-, intermediate- and low-resolution PSU forecasts.

Observed | High Resolution| Intermediate Resolutiol Low Resolution
Rl Events 16 10 6 2
RI Episodes 5 5 3 2
RW Events 10 0 0 0
RW Episodes 4 0 0 0

The RI evendbased scores for the PSU configurations are shown in Fig. 6.4.3. Scores for all
three resolutions generally improve as the time relaxation window is expanded. These scores
indicate increasing horizontal resolution produces progressively HghdPOD, and CSI,

whereas at least for the transition from intermediate to high resolution, the FAR decreases as the
resolution increases for exact or short time relaxation windows. Conversely, the FAR increases
as horizontal resolution increases whemgler time relaxation windows are applied. The number

of RW events included in this sample is once again too small to justify considering the scores for
this type of event.

Overall Evaluation

The small sample size and large casease and lead time toalé time variability in the
performance of the three PSU configurations make it impossible to reach any conclusion about
the overall impact of resolution on the forecast skill.

6.5 URI

Although URI delivered gridded data for all the selected cases, theenainhours in the
forecast files was incomplete for seven cases. Additionally, the GFDL Vortex Tracker was not
able to identify the storm for all provided forecasts. An inventory of the data included in the
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objective verification for URI is shown in Appdix C (Table C5). A table summarizing those
lead times for which the difference between the high and low resolution was found to be SS is
shown in Appendix D (Table D4).

Track

The median track errors for both URI configurations are near zero at iaitiatizime and grow
with lead time, along with the error spread, to approximately 200 nm fordhg frecast (Fig.
6.5.1). Neither URI configuration present substantial systematic-adomgosstrack errors. The
absolute track error and the aletmgck errors are indistinguishable for the two resolutions, but
the highresolution configuration does produce better ctomsk forecasts for lead times 48 and
72 h (Table D4). A slightly larger benefit of higlsolution for track forecasting was noted for
the verification of tracks over watérhe absolute track error had SS lower errors for the-high
resolution configuration for lead times-7Zhd 78h. While the cross$rack error still presents

two leadtimes for which higheresolution has less error gtlalongtrack error over water shows
advantage of higihesolution over water for the 48lead time.

Intensity

The intensity error distributions for the two URI configuratiostsown in Fig. 6.5.2indicate

both resolutions tend to underpieidstorm intesity for veralearly lead times (0, 24, and 30

h). Conversely, S®verpredction by both resolutionss noted for sverallead times in the

fourth day of foreasting (Fig. 6.5.2) The absolute intensity errors do not grow monotonically in
time (not slown). Rather, they peak for both resolutions at 3.5 days. Differences in absolute
intensity errors between the resolutions (Fig. 6.5.3) are noted at the initialization time (when the
higherresolution minimized the undérecasting) and at the 98nd %-h lead timeswhen the
higherresolution exacerbated tbhgerpredction by about 6 kt) Limiting the verification to lead
times fa which the storm is over waterade the intensity errors indistinguishable between
configurations for all lead times beybimitialization. However, it should be noted tHae t

sample size for longer lead times over water is insufficient to make any assessments.

Wind Radii

The wind radii error distributions for all thresholds and quadrants show that the radii are SS too
smal at initialization time and SS too large at most subsequent lead (fimeshown) The high
resolution configuration gives SS favorable results at the initialization time by increasing the
radii size for the 50 kt threshold in the NE quadrant and for the 34 khiides the SE
guadran{see Table D4 in Appendix D)For longer lead times, about a quarter of the results
display SS differences, with all of them favoring the lowesolution setup. These overall

results are upheld when verification is conducted over water, with the cavahetanple size

for longer lead times over water is insufficient to make any assessments.

Rapid Intensification and Weakening

Table 6.5 shows the frequency of occurrence totals for Rl and RW compiled by applying both
the event and episode methodologieh®URI cases. Going to higher resolution had negligible
impact on the frequency of forecasted Rl and RW events and episodes. The cumulative
frequency plot shown in Fig. 6.5.4 indicates both resolutions have similar timing error
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distributions for whichiming errors for onset are equally likely to be early or late, with the

lower resolution forecasts progressively capturing more of the RI episodes.

Table 6.5: Total Rl and RW counts for events and episodes found in Best Track and the

high- and low-resolution URI forecasts.

Observed High Resolution Low Resolution
RI Events 94 33 30
Rl Episodes 30 22 22
RW Events 27 2 1
RW Episodes 19 2 1

The Rl evenbased scores for the URI configurations are shown in Fig. 6.5.5. Scores for both
resolutions genergl improve as the time relaxation window is expanded, with the most notable
improvement being connected to decreases in FAR. Score differences between the two URI
configurations are rather small, with the most notable difference being associated wifbr FAR
longer time relaxation windows for which the low resolution produces better scores. The number
of RW events included in this sample is once again too small to justify considering the scores for
this type of event.

Consistency

The tracks for the two URdonfigurations are shown in Fig. URI1. Subjective evaluation of the
track forecasts shows that runs lbath resolutions appear to be quite consistent, with the largest
deviation occurring for the case initialized at 06 UTC on 2 September. Following this
initialization time, the tracks converged toward the observed track for both resolutions, a bit
faster for the highresolution run.

The plot of the 10 differences that make up the set of distance measurements of consistency for
several valid times (Fig. UR) suggests that the two runs are very similar. The greater
differences occur for the lower resolution runs at the longer lead times (later valid times), which
reflects somelifference in behavior of thease initialized at 06 UTC on 2 SeptembBut

overall these differences are rather small.

Overall Evaluation

The highe-resolution URI configuratiodid not substantially improve the errors in track or
intensity and it increased the wind radii errors. Increasing horizontal resolution also had a
negligible impact on frequency of Rl and RW events and episodes and the only notable
difference in Rl everbased scores favored the loasolution configuration.

6.6 UWM

UWM delivered two resolutions (9 and 3 km) for 17 of the selected cases and an additional
resolution (1 km) for 2 of the selected cases. The GFDL Vortex Tracker was able to identify the
storm for all provided forecasts, except the two Emily cases (see Table C6 in Appendix C). In
addition, the tracker output for the Emily cases was cropptttiead times indicated due to
concerns about the accuracy of tracker fix as the storm made landfall. An error in the post
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processing prior to delivery to the DTC resulted in an inappropriate assignment of wind values
over the higher elevation regionsttare used by the tracker to obtain a fix. While the 17 cases
for the low and intermediateesolutions meets the eaff used for assessing statistical

significance, the number of cases for longer lead times does not meettifiedig to the

shorterlead times for some of the submitted cases and the tracker stopping early and needing to
be cropped for the two Emily cases. Regardless of whether the number of cases for a particular
lead time meets the coff, the sample size for this modeling groupsld not be viewed as

sufficient to make any strong conclusions. Limiting the verification to forecast lead times over
water further exacerbates the sample size dilemma. Hence, the following discussion only
addresses verification results that includdatkcast tracks. Note that no consistency

verification will be presented for UWM since no Felix cases were run.

Track

The median of the track errors for the loamd intermediateesolution UWM configurations
increases with lead time, whereas the spredlddse errors does exhibit a consistent increase
with time (see Fig. 6.6.1). The spread for the-land intermediateesolutionUWM
configurations crossand alonegtrack error distributions increase slightly with lead time, but the
Cls for these distbiutions always include zero. Only one SS difference between thaiolv
intermediateresolution configurations occurs for track and citoask error (78 h) and one for
alongtrack (60 h- see Table D5 in Appendix D). All of these SS differences fawotdw over
the high resolution. The small sample of forecasts for the high resolution configuration also
favors the performance of the len@solution configuration over that of the higher resolution.

Intensity

The intensity error distributions for thedeand intermediateesolution UWM configurations

show that the low resolution tends to underpredict storm intensity for most lead times, whereas
the intermediate resolution tends to overpredict the intensity for shorter lead times and then
underpredict folonger lead times but to a lesser extent than the low resolution (see Fig. 6.6.2).
These trends in error distributions are such that five SS differences favoring the intermediate
resolution occur in the 48 to 84 h time frame (see Table D5 in Appendi¥vben he

differences between the higand lowresolution errors for the small sample are the same sign,
the errors fothe lowresolution configuratiomre smaller

Wind Radii

All wind radii error distributions with a sufficient sample size show tihetiow and
intermediateresolution UWM configurations tend to overpredict the wind radii parameters,
except at the initial time for which all radii are too small (not shown). Almost all the SS
differences for the wind radii parameters favor the-tesdution configuration over that of the
intermediateresolution configuration (see Table D5 in Appendix D).

Rapid Intensification and Weakening

Table 6.6 shows the frequency of occurrence totals for Rl and RW compiled using both the event
and episode methotigies for UWM lowand intermediateesolution configurations. The
sample is too small for the higlksolution configuration to include in this assessment. Going to
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higher resolution improved the agreement between the frequency of observed and forecasted
events for both Rl and RW. The episode methodology reveals that the improvement in
frequency of occurrence for RI events is partially due to the intermedséution

configuration producing more RI episodes then was actually observed. The largasdecr
observed numbers when going from events to episodes also suggests to the model has difficulty
sustaining periods of Rl and RW regardless of the resolution. The cumulative frequency plot
shown in Fig. 6.6.3 indicates the two resolutions have gittnifang error distributions, but the

higher resolution forecasts are able to capture all of the observed RI episodes, whereas the low
resolution forecasts are only able to capture about half of the observed Rl events.

Table 6.6: Total Rl and RW counts f@ events and episodes found in Best Track and the
intermediate- and low-resolution UWM forecasts.

Observed Intermediate Low Resolution
Resolution
RI Events 46 32 12
RI Episodes 13 18 11
RW Events 18 6 1
RW Episodes 12 5 1

The RI evenbased scores fathe UWM configurations are shown in Fig. 6.6.4. Scores for both
resolutions generally improve as the time relaxation window is expanded, with the time
relaxation having a larger impact on higgsolution forecasts. These scores indicate increasing
horizontal resolution produces higher POD and CSlI, as well as higher FAR. The PC favors low
resolution for exact matches, whereas longer time relaxation windows lead to PC that favors
higher resolution. The number of RW events included in this sample isgaitetoo small to

justify considering the scores for this type of event.

Overall Evaluation

While the intermediate resolution UWM configuration had a positive impact on intensity for
several lead times and the number of Rl events the model is ablelt@w@rthe degradation in
track forecasting and wind radii, as well as the increase in FAR, do not support the conclusion
that going to higher horizontal resolution will lead to significant improvements in tropical
cyclone forecasts.

7 Discussion

Over the pasyear the DTC conducted an evaluation of the impacts of high horizontal resolution
on tropical cyclone forecasting. This evaluation is based on retrospective forecasts submitted by
six modeling groups where each group was required to submit forecastscfast two

resolutions: 1) a baseline configuration with grid spacing comparable to the current operational
resolution (~9 km) and 2) a configuration with grid spacing finer than current operational
resolution (6 to 1 km). Sixtgine cases for ten Attdic storms were analyzed through several
objective metrics, including track and intensity errors, RI/RW distributions and scores, and
consistency. The overall conclusion, presented in the Executive Summary, is that high horizontal
resolution for the modedonfigurations considered in this test did not substantially improve the
accuracy of tropical cyclone forecasts. Improvements were noted for some metrics and lead
times for every model, but the overwhelming majority of results did not show statistically
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significant differences between forecasts at different resolutions with some metrics actually
pointing to a degradation of the forecast by going to higher horizontal resolution.

It is important to keep in mind that the models used for this test may dvaypdybeen

configured in a mamer that the potential benefits of high resolution were not able to be realized.
These limitations may stem from inadequate physics parameterization and/or initialization
techniques. Conversely, the grid spacing necessatyote the benefits of high resolution may

not have been reached in this study. Recent studies (e.g., Rotunno et al. 2009) suggest that much
higher resolution, on the order of hundreds of meters, might be needed to represent inner core
processes importart storm evolution. Additionally, it is possible that higher vertical resolution

is required in addition to finer horizontal grid spacing.

We recommend diagnostic studies be conducted for a small sample of cases to determine
whether important processes arssing in the forecast. Once those are identified and addressed
by the use of alternative physics suites and/or initialization techniques, new comprehensive tests
can be conducted for which it is possible the benefits oftggblution may be realized.

Based on our experience with this data set, it is recommended that a sample larger than 69 cases
be used for future tests, taking into consideration that not all forecast initialization times have a
corresponding lay Best Track due to storm dissipatard only the tropical phase of the

storms being verified. Note that the sample is further decreased by the inability of the tracker to
produce a fix for the vortex in every forecast.

While GFDL made numerous critical improvements to their vortex traokaddpt it to high
resolution, issues still remain. One major stoorhing is that the tracker is not able to produce
fixes for subsequent lead times once it encounters a lead time for which it fails to produce a fix.
Due to this limitation, correct fecasts of disorganized storms that progress to stronger storms
cannot be verified, potentially introducing a skewness in the forecast sample. In the course of
the analysis of the forecasts, it was also found that the minimum native grid size of 3 @&k degr
requested for this test is not adequate for vortex tracking in many situations, and the minimum
grid size of 15 by 15 degrees for extent of radii evaluation is also not enough to capture the size
of some large storms. Therefore, it is recommendeduhat evaluation grids be at least 20 x

20 degrees where the pgsbcessed grids for nested domains that do not meet this minimum
size criterion are filled with coarser resolution information where necessary, eliminating the need
for t he 0 cdsospddanriadi avaluatpn in this test.

The DTC tropical cyclone verification system is composed of-aestblished methods and
packages (such as the NHC Verification software) andeng@loratory and experimental

methods developed by the DTC (suchhesRI/RW evaluation). Additionally, the use of the
pairwise technique to compare metrics for two configurations when a homogeneous sample
(same cases for the two configurations) is available represents a new application of an
established statistical tegigue. Given the nenormal distribution of the errors for various

metrics, especially for the extent of wind radii, the use of a robust metric such as the median is
preferable over the mean to avoid skewing the results towards a few outliers. To &oid ov
emphasizing a few points with large errors, metrics such as ME and RMSE were intentionally
left out of this report because they are difficult to interpret. Finally, this evaluation incorporated,
whenever possible, a measure of uncertainty to indibatdegree of confidence in the results.
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Given the large variability of errors from case to case, and the limited sample size in this test,
results must be interpreted cautiously, which can be done when the degree of confidence in the
metrics is indicated.

The consistency verification used in this report was useful to give an indication of the differences
in runrto-run variability stemming from changes in horizontal resolution. However, the sample
size was too small to reach any conclusions, so thestensy results in this report should be

seen more as a demonstration of a tool than actual robust results. Since it is known that shorter
range consistency is most important to forecasters, we recommend future tests use a larger
sample and extend the c@sisncy analysis to contain stratification based on the length of time
between runs, so that the consistency between runs that are six, twelve, eighteen etc. hours apart
can be depicted. Additionally, a e¢oevaudtact suc
whether the models converge on a solution as the lead time decreases. This product already
exists in the NWS Workstation for some fields, and could be extended to fbatgdurricane
forecasting.

The tools developed to explore the propeniethe forecasted Rl and RW events provided
interesting insights into the impact of resolution on forecasts of rapid intensity change.
Conversely, the application of these tools brought to light stommings with respect to the test
plan design, as wedls the information these approaches provide. One majorciroimg of the
test plan is the selected cases did not provide an adequate sample of Rl and RW events for
making clear assessments. Given the threshold nature of this metric, it would béousabel
tools that investigate the correlation between the temporal evolution of the observed and
forecasted intensity changes in a context that would provide information on whether the forecast
totally misses the intensity trend, simply falls slightlyslud the threshold criterion, or produces
multiple episodes during a single observed episode due to small changes in rate of intensity
change when near the threshold. More sophisticated matching and time relaxation
methodologies for looking at timing ens might also provide useful information of this type of
event.

The HRH test was the first large enterprise of the HFIP program. In addition to assessing of the
potential benefits of highesolution forecasting, this test served as a catalyst for thgiroyi

together a large community of forecasters and scientists of diverse backgrounds (meteorologists,
oceanographers, and statisticians, among others) working both for the operational and research
and development sector, in a collaboration to improvecésting. Finally, the test led to the

creation of an infrastructure and expertise at the DTC for the evaluation of tropical cyclone
forecasts and generated a dataset that is available to the community and can be explored further
in comparisons against cant operational models, and in studies of resolution,-mtzdel
comparisons, and ensemble forecasting.
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Figure 4.1: Track and intensity of ten storms selected for HRH Test.
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DTC Evaluation System for HRH
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Figure 5.1: Shematic of DTC evaluation system for HRH.
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Box Plots
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Figure 5.2: Description of the boxplot properties
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Figure 5.3: Samplepairwise difference boxplot used to identifySSdifferences. The blue
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plot indicate the number of cases in each distribution.
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Figure 5.4 Black lines represent the various Hirricane Felix forecasts of a given model
resolution, each initialized 6 h after the previous one. Model initialization timesra in black
on the left of the black lines, following the convention mddhi month, day, and UTC time

of initialization. The valid times (mddhh) for each forecast are in red on the upper part of
the figure, while the lead times for the first/last run are depictedn blue above/below the
corresponding black line. For each valid time, 10 differences in the position of the center of
the storm can be computed, by permutatinghe runs. For instance, the case highlighted in
yellow, valid at 90306, the following differees can be computed between runs initialized
at 90200 (A), 90206 (B), 90212 (C), 90218 (D), and 90300 (EBAB-C, C-D, D-E, A-C, A-
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Figure 6.1.1: Track error distributions with respect to lead time for the high and low-
resolution AOML model configurations.
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Figure 6.1.2: Same as Fig6.1.1, except for a) absolute intensity error and b) intensity
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Figure 6.1.3: Cumulative counts of RI events for AOML composited relative to the
observed onset timesBlue indicates observations, red ar@éigh-resolution events, and
green arelow-resolution events. Perfect forecasts would be equivalent to the blue bars.
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corresponding to low and high-resolution configurations.
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Figure 6.2.1: &me as Fig6.1.1 except for MMM model configurations.
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Figure 6.2.2:
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