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RESUMEN: Se imple1 entc un sistema para el pronostico nu *érico de ciclr.es tropicales (CTs) llamado Numerical Tools
for Hurricane Forecast (NTH ), en el cual se emplean mallas de cowpuio moévi'_s. .as simulaciones se extendieron hasta 5
dias y fueron inicializada: con las salidas de pronde*. o del Global Forz ast Syster . GFS) a las 0000 UTC vy la posicion de
tormenta dada por el Natic nal - lurricane ' .ater (NHC Para la e aluacié» Ger sicteme  se utilizaron los ciclones tropicales
formados en la cuenca del Atlantic~ Norte en 12~ .cmporadas del 20.0 al 2018. El ¢..u« medio en el prondstico de trayectoria
de NTHF varid entre 56 km par. las p~.ueras 12 horas y 356 km para las 120 he-..5 de p1onostico. Sin embargo, la habilidad
de NTHF para la prediccion d : tray ectoria no es tan buew. como la de' IvHC, aunane ¢, cistema mostré ser muy habil para
predecir la trayectoria de hura-ane’ intensos “.uemas, N'.'HF es Uti. par o1 prondst co le la intensidad de los ciclones
tropicales desde depresion hasta wracauces categori = ¢n la escala Saffir-Simpson e+ ¢ las 75 y 120 horas, mientras que para
los huracanes intensos (categorias - v 5) =2 inenores errores se encuentre= cntre 72 v 108 nc +as de prondstico, con un error
en la velocidad maxima del viento cercano a los 25 kmh'!. Ademas NTHI' es .uaptable a 1ajo. recursos computacionales y
permitira el desarrollo de estudios p. ra protundizar en el conocn iiento de los mecanic-.us fisicss y dindmicos que controlan

—~r

los procesos de intensificacion y debi. *~~*>1to ¢z 10 CT0
Keywords: intensity forecast, track forecast, i -opit 2! cyclor ., numerical mode.ng, statistical -alia.tion.

ABSTRACT: A system for the numerical fore_ast of *.opical cyclones (TCs) nar ied N'*mer.~al \'ool: for Hurricane Forecast
(NTHEF), that uses movable computing me".aes, w~, implemented ‘n a . mall comg utir g clus ter. T'.e sir wlations are initialized
with the forecast outputs of the Global For-cast System at 000" U1C and the -toriu position r.ovided by the National
Hurricane Center (NHC) and are extended up to a period o* 5 days. ."or the ev:'uatior o1 the s ste.2, uonical cyclones
formed in the North Atlantic basin in the seasons .1 2016 to *C18 were used. "ae mean -..or in the MTaF trajectory
forecast ranged between 56 km for 12 hours &1d 356 km Zor 120 hou s; hywever, NTF:+ does not . ‘foni1 as well as NHC
official forecast. Nevertheless, the system show °Z good ability to predict the track of i tens. nurricaner wei2ec it is useful
for the forecast of the intensity of tropical cyclones from depressic= w cat gory 3 hu.vic.nes on Lo Saffir-Sim_son scale
between 36 and 120 hours, while for intense hurricanes (c2*-zory 4 and 5> (e lowest errors .re betweer 72 a1 d 108 forecast
hours, with an error in the maximum wind speed ciose to 25 '.un"'. Moreover, NTHF i3 ad-able to low computational
resources and will allow the development of studies t~ Jcepen th~ auowleage ~f the physical ~..d dr..amic mechanisms that
control the intensification or weakening of TCs.

Palabras claves: pronostico de intensidad, prondsticc de .rayectoria, cic 9n ropical, r od¢lo 1un éri.o, validacion
estadistica.
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(tNTRODUCTI )N

A tropie-l ¢y :lone (TC) could be defiied ¢ s =« non-
t ont: 1 low- ressure s ster\, which is form.2d on trr pi-
ca' or subtrorica watcrs «¢ a synoptic scale. with a
wa.m core, orarzed deer . onvectior. and a cyclonic
circvlation of wind defi-.ed or. the surfac ..

The wrack follow~u by 2 1 C and the e olution o* ‘ts
intensity deper<s on r.ocesses that occu. .. differei t
scales. While the *.ack mostly depends on large-scalc
processe s and “.oiciuie can be stnulated with a ezou
approximation hv olohal madale Goerss, 2 JU6), the
intensity changes depend on the internal stri-lure of
the storm, the features of the core and its relatio”,-
hip with lar je-scaie aunospneric prc-esses. For that
reason, high-,eenhition =~42!z ==& nee led to sin.ulate
core structure, but tt ey ¢ em~..d of *igh computational
power and nowadays exi.t sopc computer restraints,
so regional and mes~scale “nodels are used for TCs
intensity forecast “varks and Shay, 10°3).

In the North A lr.tic basi= (NATL). -2 regional
center for TC forec~zung is the *{ational Hurricane
Center (NHC), whic1 usez, among other tools, infor-
mation from several wrr cane prediction operational
models to make its of icia forecasts. Insufficient ad-
vances in the ability ¢f th: models in Zi¢ for >cast
of TC's intensity led t. the N-ional Oce~znic and
Atmospheric Administratior (NOA A jaunching the
Hurricane Forecast Improveme it Project (HFIP) in
2007 (Gall et al., 2013). Or ¢ of the numeric2' .uodel
developed as part of HFIP 's the H-.iicane Weelcr
Research and Forecasting moc=1 (HWRF}, which pre-
sents modifications in the physical parameterizations
it employs for its specific use in *c mumcriza! humica
ne forecasts.

The influence of terrain features in \I{WL'F or au-
rricane structure after landfall has been stuc’cd (Br-
zeman, 2011). It was concluded that t'e mocal is
sensitive to three factors: the type of ~drame‘crization
used for the land surface, the initial cr.iditions and
the boundary layer scheme used. Numerous studies
(Gopalakrishnan et al., 2011; Bao ef al., 201?: Gopa-
lakrishnan et al., 2012; Gopalakrishnan ¢ al., 203,
Chen and Gopalakrishnan, 2015; Zhang ...a Marks,
2015) have used the HWRF to examine the impact
of many parameterizations on the hurricane inten<’.y
forecasts.

Currently, in the Cuban Meteorological 1.,utute
(INSMET, Spanish acronym), the numerical foreca-.c
of TCs is made through two configurations deri- ed
from Advanced Research Weather Research and Fo-
recasting model (WRF-ARW) termed SisPI (Sic-ra
et al., 2015) and SPNOA (Pérez, Diaz and Mitran’
2013; Pérez-Bello ef al., 2019). The atmospheric com-
ponent of the SPNOA system has a skill for a TC track
forecast in the first 48 hours (Mitrani et al., 2017,
Mitrani et al., 2019).

On the other hand, a sensitivity study was made
Ly Alarcon et al. (2020) using the Non-hydrostatic
Mesoscale Weather Research and Forecasting Model
(WRF-NMM) vortex tracking option as well as the
atm~:oheric component of the HWRF system for TCs
foreca.t. As a result, the atmospheric component of
.o HWRF system was included in a system for the
numerical forecast of TCs named Numerical Tools
for Hur=i-ane Forecast (NTHF), implemented in a
tzaall con outing cluster at the Higher Institute of
Teck~uiogies and Applied Sciences (InNSTEC, Spanish
acronym®

Lecent intinse hurricanes that have affected the
Caribtcan islaads and the United States (e.g. Irma
('01%), Meria 2017), Harvey (2017), and Michael
(2)18)) demnst. ate the constant need to improve our
unc er*.2nding of rapid changes in TC track, intensity
and structure of the TCs during its life cycle, with
sr-aal emyhasis before landfall. In this purpose, the
nume~zc! pre liction models play an important role.
Tuis contriyuti)n aims to evaluate the ability of the
N THF sve.em in the numerical forecast of trajectory
and mtensitv of TCs in the NATL.

WIATERYALS AND METHODS
2., NTaF descr nticn

The TC *_iecast sve_em to be tested in this research
(NTE ), oper=t..g Jun.g the cyclonic season of the
NATL, uas been implen ented following the recom-
mendations mZue by Al acon et al. (2020). It is com-
posed o1 comput-iivual algorithms that guarantee the
initializat.ou of the mo-el d iring the operational runs
vvith the storm pousition eiven by the NHC and the
Global Forvccast S:o.em (GFS) forecast outputs, as
well as the suosearent past-py ~cessing of the outputs
obtained by th. systen. risure 1 shows the NTHF
tlocr diagram.

l Dythml
| “Wetpy [l ATarconPy

Figure 1. N1 9F b ock diagran - Mc .py ( 1ay et [, 2 )20) and
Alarconpy (Pére :-Ale ‘con and Fe1 vade. -Alv wez, 2027 ) are Python
packages for che tr- atment and hai. 1ling « f1 ete _,ological data.

Due to computin~ power li=iations, the THF
system is b=ccu only on the at nosrl.cric corpor ent
of t. NOAA’s HW'\F system. It employs two bidi-
rection~! it cacti* ¢ nested domains with 27 and 9 km
o1 horizor.al resolution 2s shown in figure 2. The pa-
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rent grid cover_ou appre ximately 1 72°x72° area with
0.18 *_uizontal eri2 spa-ing while the 1 este 1 donr.un
:overed a= 11°x10° a-ea v’ith 0.06 grid spacin> it alse
uses 1 rotatxd litua>/lor gitude staggercd Arak.wa
E-3rid and h.s th e possibi ity of moving me-ies for
vot ‘ex t-acking

Figure 2. Nested ¢ ymains us~~ in the implementation.

NTHEF contains the poss bility of selecting the num-
ber of vertical levels fo. the simulations. Tim~ iu. 2gra-
tion is performed with f nit< differen_c tforward-+ ack-
ward schemes (Mesinger, 1977, tor fast = aves, impli-
cit schemes (Tamsir and K-umar Zull) for vertically
propagating sound waves, Ada ns-Bashforth Sc*_ .2
(Misirli and Gurefe, 2011) for horizor‘.i advectior.
and the Coriolis force, and rank-Nicholso» scheme
for vertical advection (Biswas e: /., Zul7). The same
time step is used for all terms. In the vertical, the
sigma-pressure hybrid coordinat:'s are used. Horizon-
tal diffusion is based on a seconu-uviuc: Sn agorins.y
scheme (Smagorinsky, 1963).

The runs covered a time horizon o.” 120 hrurs
of forecast and were initialized in all ~ases . 0000
UTC with initial and boundary condi.ions ‘aken from
GFS outputs at 0.5° horizontal grid sp.ing, obtained
from https://nomads.ncdc.noaa.gov/data/gfs4/. Bonr
dary conditions were updated every 6 hours ~..u the ti-

n e step of integration for the external domain (27 km
o resolution) was 69 seconds, while for the internal
domain (9 km of resolution) was 23 seconds. An algo-
rithm from HWRF code was modified to detect the
posi*Hn (i, j) of the internal domain in the outer one,
measu ed from the center of the storm.

2.1.1 NTHF physics description

Taole 1 shows the fundamental aspects of the con-
figura*ou of NTHF. The parameterizations coincide
with the cr= figuration of NOAA’s HWRF system des-
crit cu by Bis vas et al. (2017) for its operational runs
at the Madone! Center for Environmental Prediction
NCL P), duiring the 2017 cyclonic season.

Below is « sin ole explanation of the used paramete-
riz. tior:s. The.c were proposed by Biswas et al. (2017)
and specially developed for the tropics. They are se-
par~ica u, categories: microphysics, cumulus, surface
tayer. nlanetai 7 boundary layer, land and radiation.

‘the mic, opl ysics parameterization is the FerrierA-
1 go schere (£.ligo et al., 2017). This is a modified
veis.oa of th. Ferrier tropical microphysics scheme,
vsed or ‘e Eta Grid-scale Cloud and Precipitation
scheme (R gers ef 1/, 2001; Ferrier ef al., 2002). This
pr-aicts chanees 1 vater vapor and condensation state
fo.m< =, droplet:s clo ids, rain, ice crystals and precipi-
tation as graupel, sr<. 7 and sleet. The individual fields
of each snez.ics of hvr rometeors are combined in the
form 1 total comleisation and water vapor.

The =sed cumulur pz-ameterization is the Scale-
Aware Simpli¥_u Araks wa-Schubert scheme (Han et
al., 2017). It is ar Zawnsicn of the Simplified Araka-
wa-Schut =, (SAS) met i0od (Tallapragada, 2014), that
i3 scale depende~? and dors not separate between re-
solved conv =ction a»2 sub-grid. This parameterization
is an improvunent of Alaka.va-Schubert, being less
computationallyv expensive. Tt uses the depth of the
czavzctive cloid 75 a naiameter to differentiate deep
o sha'low conv=ct.on. ¥ "hen the extent of the convec-
tiv > cloud is large: than 150 lra it *s considered deep,
otherwi. e, it is tra*.u as shall- w. It alsc incorpora-
s r.yechinisms of evarc.ation of pr cipitation in the

Table 1. Configuration used in the NT"'F system.

Vertical resolution

32 vertical lex_.s

Parameterization of Longwave Radiation
Parameterization of Shortwave Radiation
Cumulus Parameterization
Microphysics Parameterization
Parameterization of the Planetary Boundary Layer
Surface Layer Parameterization
Land model
Vortex Tracker
Vortex Relocation
Coupling with the ocean model

Time step

Rapid Radi>*, ¢ [ransfer Model for Ger eral (“"pulation—l\iuels (RRTMG)
P _pid Radia*. ¢ 1ransic. Model for Genu ral ¢ ‘reul2* Lu voud!” (RRTMG)

Seale-Aware  implified Arake .va-Schub~::
Ferri r-Aligo Schr me
HWRT Plar :tary Bound 'ty L ~ver
BY/REF s urface-layer Sc. °me
Noa'. Land Surface Model

GFDI .. ex tracker
nc
no
69s
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downdrafts, th- cntry o."dry air ir. the updrafts and the
exit i~ we downd=.fts 11 the sub-cloua lay rs. Also,
ne down-:ft s rengih is Hased on vertice | win~ shear
withi, the cihud.

The used :urfaze la_er :arameterizeiion is known
as he AIWREF < iace-lavii scheme. Thi< calculater
the .viction speeds and the e change cuefficiZus that
make 1t possible t- obtai~, the moment \m, heat .\d
humidity fluxe: exch-~.ge with the surfac. ot land cr
water. Air-~ca fluv calculations use bulk parameteriza-
tion bas:d on we wonm-Obukhyv similarity thzory
(Kurihara and Twlaw- 1074 20 Gtis and M 1yakod9
1990). This scheme is influenced by the type -1 stabi-
lity.

It was use 1 the Noah Land Surface Model, tk.at has
been develop. 2 -7 “he Tluiivuw Zenter for Atmosphe-
ric Research (NCAL') aid MCEP. It is a 4-layer soil
temperature and mois ure mode’ with canopy moisture
and snow-cover pre~.ction [he layer thicknesses of
10, 30, 60, and 1)0 cr trom the toz uovn are cho-
sen to simulate th: svolutie= ot soil mei,wre (Chen
and Dudhia, 2001). I nas been *.corporated into the
HWREF system since 2017 implementation (Biswas et
al., 2017).

The used planetary t oun lary layer parameteri-ation
is the HWRF Planetary Boudary Layer cneme. This
is responsible for sub-scale flr.cs due te turpulent
transport throughout the atp-ospheriz column. There-
fore, when this scheme is activated, no explicit ver-
tical diffusion is active. It alsc determines we flu.
profiles, the well-mixed bovndar, l.yer and the sia-
ble layer and thus provides .*mosphe=i_ tendencies
of temperature, moisture (including clouds) and h0r1-
zontal momentum in the entire wuuuvspiciiv vutui
(Biswas et al., 2017).

Finally, the parameterization of shortv ave and 'ung-
wave radiation is the RRTMG scheme It Jrovid.s
atmospheric heating due to divergent rad ative .axes
and the information of longwave and iiortwr ve radia-
tion. Longwave radiation includes infiareu or thermal
radiation absorbed and emitted by gases and surfaces.
Upward longwave radiative flux from the gremiu is
determined by the surface emissivity, wuch in tr,
depends on land-use type, as well as the g1 . (skin)
temperature. The processes included are absorption,
reflection and dispersion in the atmosphere and surfa-
ce. This is a modified version of RRTM (Ir.uno et
al., 2008), with greater computational efficier cv “ud
variability in cloud treatment at the sub-grid scale
It considers absorption of water vapor, carbon dio.1-
de, ozone, methane, nitrogen, oxygen and halocarb yns
for longwave and shortwave radiation and divides the
longwave spectrum into 16 bands while the shortweve
spectrum is divided into 14 bands. The optical propei
ties of cloud water are calculated for each spectral
band according to Hu and Stamnes (1993).

2 2 NTHF system vs NOAA’s HWRF system

The NOAA’s HWRF system is a model for ope-
rational hurricane prediction in the NCEP. It was
joint!7 developed by the NCEP Environmental Mode-
ung C=nter (EMC), the Geophysical Fluid Dynamics
T ~Loratory (GFDL) of NOAA and the Atlantic Ocea-
nographic and Meteorological Laboratory (AOML). It
includes the WRF infrastructure and is based on the
2oVl dyr.amic core. It is a model of non-hydrostatic
primi+~, ¢ equations with ocean-atmosphere coupling.
1t uses a <. of physical parameterizations developed
fo= 1 C foreccst. The initialization of the model con-
sists o Lo 'h a »rocedure of vortex relocation and data
assin.ilation . Unlike other models that remain opera-
ticnal in the NCEP throughout the year, the HWRF
is 1ser opetauonally when the NHC or the Joint
Typhoon Warning Center (JTWC) consider that an
atm opuci.~ disturbance has conditions to develop and
pecome a TC ‘Holt et al., 2014; Biswas et al., 2017).
T'.e physic ' of the model has been taken mainly from
toe GFDJ  hu ricane model (Bender et al., 2007).
HWR& syster. requires high computational resources.

Unlil= (ne HWRF system, the NTHF configuration
has cert=*., umitati s, being the first associated with
tk . non-conr'ng w'th the ocean model (MPIPOM-
TCY .vailable in thic version. Therefore, there is not
an ocean-atmosnkz.c ‘eedback during the integration
of soluti~~,, making ** impossible to take into account
changzs in th2 sea Juriace Temperature (SST), con-
tributing to errors *.c in'ensity forecast (Bender and
Ginis, 2000, Cione an< Uhlhorn (2003) showed that
changes n SST .uie dircctly related to changes in hu-
TTicane inwensity becar-s the ocean provides the neces-
sary energy te Zswablish ar. maintain deep convection,
so more favorable _onditions are expected for intensi-
fication of a 1'C in ~z2as w 'th h,zher SST.

Moreover, t'ie non-vorte. relocation may imply
crror. in the initiet decdlines, because the storm po-
stion and inten~ity =<, urted bv NHC are not incor-
zoratec in the model ini*lur conliiers  although the
centers « f the pare °. and nesteZ uomains r.incide with
the cnte " of the storr.. 'he vortex rclocation scheme
consit 'z primarily of the 2_.compos.:'<. of the atmosp-
heric ©ow in that a.sor’ated witw the circn'~tion of
e TC ar< in the envirom.uental flow. hen, the cir-
crluuon of the TC is 12locatza 1 th: environmental
flov- i sach a way thot 1t posiioin coincides with
the observed position of TC. The veortex -elocation
c.ueme alsc has impacts o1 the 1>p12sentati m of the
TCs vertical structure. Al o: the an-ve las direct
implications on tl e TCs inte. sity ¢ tracl: rorecast.

It mus* ve no’iced that the av.!:* o1 the r~iareteri-
zations to rer.esent small-scale phveical procec~ s are
Jizectl nfluenccd oy the resolt tion of *-.e wicdel. The
use of 1= resolution ‘.1t NTHF ailccts the perfc.....nce
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of the parame*_.1zations, specifically those related to
the rez.csentation _€ tu bulent flows ad tre clo.ds
Ohysics. which .mplics enors in the intensity 1> scast.

2.} Stidy arca ai d study « ases

For th.» evaluation of e M THF syst .n for “i¢ nu-
meric i rorecast of “ue inte.sity and track of TCs All
cyclonic systers formod in the NATL ("iug 2014,
2017 and 7518 se.sons were selected. Their tracks,
accordir 2 to the Jcpuiw ur we N.IC, are shown ir Ji-
gure 3. A total of 24 hurricanec we re used, 17 of them
reached category 3 or higher in the Saffir-*.pson
scale, 21 were tropical storms and 3 tropical depres-
sions. It is Vv:urur noung wae weir sp ttial distriution
covers all th: NATL, Far f+hop intyrmation .oout
these tropical cyclor es, « ons'.it the ~veb site at https://
www.nhc.noaa.gov/d. ta/te./.

Figure 3. Study area and stua " cases. The lines r_.c-
sent the official track of NHC .~ 2 ¢ 1Cs used
in the evaluation. Note that their tracks cover the NATL.

2.4. Methodology

The NTHEF, using the vortex tracker og ‘ion, provize
as an output the tropical cyclones positic.i, mirinum
central pressure and maximum simulr.ed wiw.d speed.
To verify their performance, the HURD “.12 database
was assumed as reference. This data set has a text
format with contain information every six hours woout
the location, maximum winds, minimum ‘entral pre_-
sure and size of all known tropical and -.utropical
cyclones (Landsea and Franklin, 2013). It is available
at https://www.nhc.noaa.gov/data/. To compare NTHY
skill was used the official forecast of the NH”. Also,
to have a better vision of the performance of N7 1r,
the forecast errors of the HWRF system and GFS mo-

a’l for the same time and same TCs simulated by
>THF are plotted.

To evaluate NTHF forecasts, the simulations were
divided according to the category of the TC on the
Saffiz.Simpson scale at the time of initialization, as
shown in Table II. In this way, the class D_TS inclu-
s tropical depressions and tropical storms, H1 3 is
formed with hurricanes between categories 1 and 3 on
the Saffi~ Simpson scale, while class H4 5 includes
iL.c most it tense hurricanes (category 4 and 5).

Fr<.u the simulated and observed variables, diffe-
rent staticzug hs were applied to calculate the ability of
t-_ used coni‘gurations. Their definitions are presen-
ted below.

2.\.1. Mean Absolute Error

It is a measure of how far simulated values are from
theeo vuserved. It is defined as:

MAE=ZPi =il

il (1)

The closzr tie MAE values are to zero, the more
aconrats s the simulation. Here and in what follows x
,and y ;are sumulated and observed values respectively

and 7 is the ,,umbe - of points.
2.'2. Plas

The bias r=_vides th 2 difference between the obser-
ved a . estimate ~ralucs:

Rins=:0%) ()

The siw.aiation is mo.> precise when bias values
are closc to cero. Dit‘ercatly from MAE, that by
lefinition is alwavs Lusitiv, bias indicates when the
forecast un-o.estimates (3IAS < 0) or overestimates

(BI AS > 0) he cuserved = ='ves.
2.4.2, Forecasfing S¥ill

The forecastiny sn.iii could be measured as the rela-
“ive fo.ecast errcc with tuspect w » standard value.
Naming e; the for Last error Lua e, the ricrence one,
the d *fim ion is:

ér

¢f
Sp=——L-100 (3

To av~nury the skill i= we track #rrecast, Climato-
1-¢y and Persistence M ode! (CLIPELL) is used as a
ref_icuce. 10 intensity ore<licticr, veca, - Statistical
Hurricane Inte. sity Forecas’ mode! {PSHAYORSY5) is

Table 2. Number of cases analyzed at each forecas™ hour oased on the cluster ng o "tropical TC ac. ordir. 3ly . ith th ir

intensity at the time of initialization of NTHF. The valu : cori 3sponds to the num ser of NTHF outpui* for ea th ‘orec2 .. hour.

60 ..

Classes 12 h 24h 36h 48 h /2h 84 h 96 h 108 * “1.9h
D_TS 164 148 133 110 91 e 62 45 34 22
H1 3 81 77 74 68 60 40 41 34 28 22
H4 5 22 21 20 19 10 18 17 12 12 8
Total 267 246 227 197 170 146 w21 91 74 59
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used as a star-.d valuzs. The forzcast of DSHIFORS
is obtzuied from *.= ovtput of Statistical Jurricr.ue
ntensitv F.rec: st mcdel ‘SHIFORS), wt ich ‘¢ adjus-
tud to represent the uteraction of the svstem v, ith
lai d, 1>llown g th= method rlogy descried bv veMa-
ria, Kne ff and ¥~_:an (20075, In avera,e, t'.c errors o*
DSETIFCRS are 5 - 15% lowe r than SH.FORZ or the
first /2 hours forer.st, whiie from 96 to '20 hovr: e
errors are simi'.c (Car z1alosi, 2019).

RES 16 anvw DISCUSSION
3.1. NTHF track forecast

Figure 4 ¢ Lo vwo tav suvan viiuis 111 the trac, fore-
cast in the 2( 16 - 2018 cvelonic ceasons in the 1740 L
for all systems. It cen be appr_ciate” now the position
errors were lower at all i“cecast nours than the mean
errors of CLIPERS kit not as good as to the NHC
official forecast. “uso, ir. the first 84 z,.cast hours,
the track error is hicuer than ‘l.c mean e rvor of the
HWREF and GFS mode'z.

The NTHF skill for T wack forecasting, in the
categories of depress.on :ud tropical storm, is not as
good (in the first 60 fc recest hours) as the track fore-
cast for systems with hirric e categorv ~iaiough for
longer terms, the greates. crrors v cre observeZ in the
hurricane track forecast with categori-, rom 1 to 3 on
the Saffir-Simpson scale w th ~ 400 km for the 170
hours of forecast (Fig 5 b-d)

— WTHF
KHL

—= HWRF
GF5
CLIPERS

'] 0 T 8 o (1]
Farecaat Periad (h

)

For systems in the early stages of development of
. TC (tropical depression and tropical storm) position
errors ranged from ~ 65 km for the 12-hour forecast
to ~ 350 km at 120 hours. These errors are consistent
with “he characteristics of the vortex, if it is weak, it
can le.d to the vortex tracking algorithm (GFDL vor-
2 tracker) to follow secondary vortexes, which are
not directly related with the system. It is noteworthy
that fror: the 84 forecast hours the NTHF average
Caor is lers than the mean errors of both the official
NH( [orecast as well as the GFS and HWRF models
(Fig. 4 b

Tor hurricenes up to category 3, the NTHF is as
good =, i HV/RF for the track forecast in the first 24
rorec. st ho ws, 1owever, from this time on trajectory
er.or 1\creass considerably (Fig. 4 ¢). This behavior
ma_’ be associated with the fact that in a large number
of initializations made with these categories, the tropi-
c2! systems did not evolve towards higher intensities,
but r=*.2~ unc=rwent dissipation processes until they
b.came trojiica storms or tropical depressions.

The tra’ scto ies of hurricanes category 4 and 5 we-
re tne best _redicted by NTHF, with an error that
ra.z>? Lotween 35 km for the 12-hour forecast to
~ 270 V2, at 120 kours, which is attributed to the fact
that, for thesZ [tens ties, the vortex is well structured
an' acilitates 1= *acking in run time. The NTHF
average error is <.uilet to the mean error of the GFS
model . e first Z - forecast hours, however from
this t.me to 120 foi=ca't hour the NTHF ability is

d)

Figure 4. Error in the NTHF track forecast in the 2016 - 2018 »~_.0d. The mean errors of the M. of-
ficial forecast, CLIPERS, GFS and HWRF models have beer - _presented. T* . mear crror of CLIPERS (purple li-
ne) increase continually until reaches values close to 1700 km ~* . 20 f- recast "iours. a) for all categories b)

for depressions and tropical storms, c) for hurricanes up to categor 3, d) “or categorv # and 5 hurricanes.
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inferior than . officic| NHC fcrecast and the GFS,
but it *5 inuch better *han the one ot HW.'F (\7ig. 4 7).

Figure < 1 shows t.e NTHF TCs track ‘ore st skil
for systems witl all categories (see Eq. .) using the
Ci IPERS track fcrecas  as he baseline it is eLserved
hov’ the abilit ~f NTHF %.ax similar i=mrural evol»
tion, tho 1gh it is consistentlh worse than th=l of the
NHC n its offici?! forec~sts while frory 84 for-_ st
hours the NTF skill s higher than GFS and HWR~
skill. In ge~.cral, N HF skill is higher than 50% relati-
ve to CL'PERS aier 24 torecast h yurs.

In the ~ase of den=cocicoz (L0 aopical storms, the
ability of NTHF ranged between 20 - 50 %, in the
first 36 hours, while between 36 and 120 hours it = as
larger than 10 %. In tact, atter 96 fc-ecast hours the
NTHEF skill is =2 tast ¢ Juili G0 L. 5 b)Y For hurricanes
category 1 to 3 the N1V'HF abilif; to track forecast
is worse than track forecast ~«ill for NHC official
forecast, GFS and B"WRF r.odels, however, is higher
than 65% after 2+ hour, (Fig 5 ¢ ~lule for intense
hurricanes, NTHF f~recast <'..u1 1s better *.,an HWRF
skill after 54 foreces. nours with values higher than
65%, and it is wors. thz . NHC official forecast and
GFS skill for all hour. (Fi. 5 d). The previous results
are in correspondence witl those observed in NTHF
track forecast errors.

In general, NTHF has the ski'l (0 track f~iocast of
TCs with an average error th.at rancz, rrom ~ 55 km
for the first 12 hours to ~ 756 ¥ m for 120 hours, pre-
senting track skill better then C..IPERS trac': (orecas”
with values higher than 50 % after 27 (orecast hovw.s.

3 2. NTHF intensity forecast

For the intensity evaluation the methodology was
similar to the one used to evaluate NTHF track fore-
caste,

?.z.1. Maximum wind speed

Figure 5 a shows the NTHF mean absolute error in
1.aximum wind speed forecast. It ranges from ~ 26
km*" 1or the first 6 forecast hours to ~ 34 kmh™' at
120 heess. 1 is worse than NHC and HWRF mean
orror throngh he forecast period, while it has a similar
temporal c¢volition that GFS mean error. From this
firure it is eas’ to see that on average for all the
TCs aralyze! “Lc initial forecast (first 24 hours) has
errors larger than DSHIFORS model. This behavior is
a cruegannee of the non-adjustment of the weather
rields dnring \nodel initialization and the time needed
b the mod I tc derive a physical valid state, known as
sin-up tir.e.

Kegarding the values of MAE in maximum wind
spv2” fuiecast £0- depressions and tropical storms,
it is sicaicantlv - maller than GFS mean errors for
th first 77 lrecas® hours, ranging from 13 to 25
k. " and incres ~i~_ thereafter. The error reaches its
maximum valve o1 35 kmh'! at 114 forecast hours.
The NTIir forecast .~ worse than NHC official and
HWR * for-_asts, hcwe cer, it is slightly better than
DSHIFORS after 2~ nour s of forecast (Fig. 6 b).

A
~!

Figure 5. NTHF track forecast skill relative to CLTPZ <5 in the 2077 - 2017 periods. The skills of
the NHC official forecast, GFS and HWRF models h 've beer -_prese .ted. a* ror all categories b) for de-
pressions and tropical storms, c¢) for hurricanes up to category 3 d) for .ategory 4 »~d 5 hurricanes.
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c)

ensity ermor (ki)

0 MTHE
(e,

- HAWF
o

. 4%
- DSHIFORS

d)

Figure 6. . (ean ab-~lute errors in t+_ ,orecast of the me <imu m wind spee 1 wit 1 the NTHF, during the seasons 2016 -
2018. For compa1 son, there are 550 plotted the average absol e fu recast err.cs of " (HC, HWRF, GFS and DSHIFORS. a) for
all categories b) ‘or de sressions and tropical storms, c) for hu.vicanes up to cat- gory 3, d) for category 4 and 5 hurricanes.

For hurricanes with cateyory 3 or less, error ran-
ged from 30 to 40 km h'! Jor the fire* ume per ods,
while, after 60 hours the errors .re less th== wose of
DSHIFORS. The mean error, are bizger than the mean
errors of the NHC officia’ for.cast and the HWPF
model for all forecast hours Fig 6 c).

Figure 6 d shows that the MAE . maximur wind
speed forecast for the intense hurrice=_ (category 4
and 5 in Saffir-Simpson scale) is high for the first 72
forecast hours, with a value clcsc W yu xmn * av ne
initial forecast time, however, bel veen 72 to 114 £oun,
cast hours the NTHF forecast is better .han the *HC
official forecast, the HWRF and the DSE TFC k5 for.-
casts and similar to that of GFS.

The characteristics observed abov . are ~onsistent
with the NTHF skill for TC intensity t w.cast, relative
to DSHIFORS. Figure 8 shows the calculated skills
Values are around 20% from 60 to 114 b-us for
all categories (Fig. 7 a). For depressions and trerIcal
storms, NTHF skill is about 10% after the 5o forecast
hour (Fig. 7 b). For time periods of less than 60 hours,
NTHF is not able to accurately predict the interciy
of hurricanes category 1 to 3, while between 60 and
114 hours it is about 15% better than DSH.irORS
(Fig. 7 c). In all the previous cases the ability rr
NTHF for the intensity forecast is lower than .he
one of the NHC and the HWREF, while for inte nse
hurricanes NTHF skill is lower than NHC and HW RF
skill in the first 60 forecast hours, with initial valucs
below - 150 %. Nevertheless, between 72 and 108 fo-
recast hours, the NTHF has higher skill than NHC and
HWREF (Fig. 7 d). The values and temporal behavior
of NTHF skill are similar to that of GFS.

Analy .ing the kas shown in figure 8, it is possible
to note th=* Lic ‘noa>l always underestimates the ma-
xir.um wind sp-z2 at all forecast hours for tropical
depressions, trez.cal (torms and hurricanes category
3 or lees un the Safii. Simpson scale. For intense hu-
rricans, th2 underesfimtion of the maximum wind
speed tor the first 1u8 hiurs of forecasting has a ma-
ximum v2'ue¢ of 90 kmh ' Nevertheless, this underes-
timation lecr-.ses steacily as forecast time goes on,
yeing approximatelv —oro at 108 hours. Then, it occurs
a1 overestirzuon of 20 ', nh! at 120 hours (Fig. 8 d).
Again, the Leb~~ or of th~ NTHF and GFS are very
similar.

T~ summari .e, NTHF ma. im'm wind speed fore-
cast 'howed a gcod t=huavior for systems between
tropice | depressicn ana hurrica.es category 3 on Saf-
ur-Simpson scale from Zo to 125 tczecast hours, with
er~, s les than 35 kmh! “,wever, for Lutense hurri-
cane: gcod accuracy, are obs~zvd (nly from 72 to
108 hours It is als» appreciable -5 1> w! cases the
beb~,i0r stown by | "TI(F is <*Lular to th= uehavior
of the T'5 model. This Lehavior i 'ue o the impact
“.iat the initial conditio s, t.c relocation schemes and
voatner tiewd adjustment: b-ve o2, e nun.~rical simu-
latior= ~Ftropic.l cyclones.

3.2.2. Minim 1m entral pi ess wre

The MAE fri minimum ceuw.l pressr=o rcrecast
of systems v.ith any categories (<. rig. 9 2> .ange
vitmoen 6 and 15 hFa. Betweea 60 a2 114 fore :ast
hours *71HF has a 'ower meaun error than tuc UFS
and a sim*'., «empral evolution than the HWRF. For
der, essior;, and .ropical storms, the NTHF mean error
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Figure 7. ™ (HF skil' . iative to DSH'ZURS for maxir wm - vind speed t rrece st in the 2016 -2018 period. For com-
parison, the~_ are also plotte~ .ue skill relative to DSHI "OR." of NHC, F.WRJ and GFS models. a) for all catego-
ries b) for ¢ >prese’_us and tropical storms, ¢) for hurrica es up w category %, d) for category 4 and 5 hurricanes.

BIAS (ki)

[F I T] 36 # 96 108 130

48 72
Farecast ceriod (h)

©)

17 - % 48 - 2
Fare .t Period (h)

B 06 .08 130

d)

Figure 8. NTHF maximum w nd speed fr-_cast BIAS it 201¢ -2018 period. ~ or comparie~.,, ther
are also plotted the bias of NHC "2 RF, GFS and DSHIFU«S. a) for all cat gorir ., o) for depre-
sions and tropical storms, ¢) for hurricanes up to categer;, J, d) 1dr category -' an~ 5 hurricar _,.

range between 3 and 15 hPa, being similar i~ aul fo-
recast hours to HWRF errors. Before the first /4 f~.c-
cast hours, NTHF performance is better than the GFS
(Fig. 9 b). MAE in the case of hurricanes category 1
to 3 is similar to GFS mean error during the first 36
forecast hours, and after the 66 hours it has a sim ilar
behavior as HWRF (Fig. 9 ¢). For intense hurrican s,
the NTHF ability for minimum central pressure forc
cast is low during the first 48 hours, with a maximum
error of 30 hPa at the 6 hours forecast, thereafter,
NTHEF ability is better than HWRF and GFS models
(Fig. 9 d)

Tor systems with an; - categories, b.us analysis (see
Fic. 10 a, “howed thai. the NTHI ovozestimate the
minimum centi 2l pressure (P1AS < £ hPa), while the
" WRF unacresti nates the :ent al or ssu e. | 'or tropi-
cal depressiois aad storm: (Fig. 0 -, N".HF ove-
restimates cratra’ pressure Vvith B[+ S<5 similarly to
GFS. Wkiie for aurricanes up to <tegory 2 “Tig 10 ¢)
occur an ove.estimation for all the #Z.cecast he » with
o m2znaunum of 15 nPe for the f.rst forezust neurs. For
intense ,ystems, NT'(F overestimates the muuuuum
central prossure during the first 78 forecast hours,
w4l a ma~.amur. value of 30 hPa at 6 hours, while in
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the final term< (/& - 1.0 hours) ‘he minimum central  a gorithm for the correction of these errors using sta-
presszc 1s undere-i mat-d. In this case, is odserves a  “stical methods.
1milar ev-lution to ti e G7S model (Fig. .0d, In general, errors in minimum central pressure fore-

A more letaled ¢nalysis of figures 10 and 1  cast ranged from 3 to 12 hPa for tropical depressions,

aliows verify ng ihat tt e NTHF errors Za the ‘orecast t{oplgal storms and hurricanes category 3 or less. In
. ccse of intense hurricanes, the results are quite

O_f t1e n inimu.» f,qtral pgpeyire have ¢ larce system» 9604 ) etween 36 and 114 forecast hours with MAE
tic comy onent. This Fonavic - allows aevel2,ing an  '_ss than 15 hPa.
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Figure 9. NTHF 1. inimum central press»_. rorecast mean absolute error in ?Z.0-201¢ period. For compari-
son, there are also . '~tted m~_, absolute error of HWRF and GF€ uodels. a) for ali v ~tegories b) for
depressions and tropical storms, c¢) for hurricanes up to category 3, d) . category 4 and 5 hurricanes.

— NTHE 4 — T
& == HWRF = HWRF
—- .30 - GFSO

, A

5 2 ,\/\' \/ - L 4
& z - ) \ Ly
@ w N r [
Z0 2! . % \‘/‘
: s é i 4 1 \ F
M > i o f 4 F ) LS ,"’ i & Fi
LY A i W e iy i
- LA i \ Moo A Wl
RS ¥ 4 \ ! J oy ! LW
- N ¢ V40
PN Y] W
v 2 i
1 M % a8 s 92 #© ws 10 1 e ET O TV 7 B as 108 120
Forecast Pesiod () Forecast Period (0
0 2 = NTHF
==
w7
s
o w
& <
K. £
z 3
g -5 -
h " N \\
/ T - -
it} “ 10 ’ - \ ol U
-\\ = 5\
— NTHF -
) - vwer . 0 . o™
GFS0 . .
12 74 % 4 60 12 84 96 W08l T 48 60 T2 B W w8 L0
Farecast Period (h) Forecast Pericd ih}

c) ()
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sions and tropical storms, ¢) for hurricanes up to category 3, ¢, for c7.egory 4 an< 5 hurricanes.
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3.3 NTHF aprl.cation:

he kn~wledge o7 the physical mecani . that
contr1 TCs inte sific. tior. processes allov's the deve-
lopmet of n>w =chnijues and method,; for T s fo-
recst. Jespite the limitatic. s and forccast rrors pre-
viously Jiscussed, NTF L is a useful toc: for t-_ study
of the uynamic and mnerme uynamic proc 3sses that < c-
cur in a TC, a'lowine sensitivity studies ‘v differeit
microphysi~s, curulus and boundary layer paramete-
rizations It alos faciinawes e nimerical analysic or
the role ¢ f chanoes in atmnenhasi. humidity, SST va-
riations, vertical wind shear and other envirc..ental
factors in rapid intensification processes. Addition2'!,,
the large-sca ¢ environment aetermines the fate of the
TC in terms »f intengifi~~*~= >~ weal ening. As 1Cs
are relatively long-li ed trurlares. ‘iie flow that steers
the TC evolves and oulu be im(uenced by meteoro-
logical structures. Tr.crefor-, the NTHF system will
allow conduct res .arch *, know how *.¢ variations of
the undisturbed en 7i-onment ~Ject the T, which is
very important for i=icnsity and ‘. ajectory forecasts
improvements.

Moreover, the NTE'F is suitable to be implemented
by institutions that do 10t i:ave access to the high po-
wer computational resc irces requires for e H VRF
implementation. Therefo., the NTi1t is accee-.uie for
both weather forecast center, and re-_arch groups in
Central America and the Caribt ean region, for fore-
cast and low budget researc1. F.gure 11 exhikil; som:
graphical products develope! to ."~ wne operati<..al
NTHF outputs. These are ava.'able at htt=.,; www.ins-
tec.cu/model/NTHF.php.

XX Y

CONCLUSIONS

A numerical system for the TC intensity and track
forecast (NTHF) was developed and implemented
with - ccuracy. These results are related with the use of
movat e meshes, allowing following the center of the
~ortex during the period of integration of the model,
that guarantees a higher spatial resolution simulation
of the . ironment close to the TC. The system allows
12\ foreca 't hours, showing a good skill for TCs track
for<_ast, with errors lower than 356 km at 120 hours.
The sv-ium lso shows the ability for predicting the
tensity of trupical cyclones from depression to cate-
gory » huriicar s on the Saffir-Simpson scale between
35 and 12C ho ws of forecasting, while for intense
hu ricaies (catezory 4 and 5) the best results are ob-
tain.u between 72 and 108 hours. It is important to
remarle that NTHF forecast overall tropical cyclones
.ategories is vorse than NHC official forecast. This is
cowsistent with the fact that the NHC for its official
forecasts e npliys several numerical weather predic-
tio.. =1ouels output, satellite techniques and other tools
«nd its oflicial forecast is directly influenced by the
forecaster's cxperti. e.

Tne performance Hf the NTHF in the intensity fore-
ca.t iz similar to he (3FS (global model) so a more de-
tailed analysis rel»*_u to parameterizations, horizontal
and vertic~! resolutie. interaction with sea and vortex
reloce tion schz.ue, 1. nevded to explain that. However,
the ma,or errors in *.ack forecast are always those of
the NTHF 2= wne HWT F. Therefore, some aspects of
global ar alysis »~. miss.ng ‘n both systems.

P —r

Figure 11. Examples of NTHF graphic products a) track cone, b) i»*_usity and tra<k fore .ast, ¢) precipitation, d) wind speed.
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As an impe-iant restlt, it was verified that the ex-
clusivz itializatier, witi the GFS torece st o.tputs '.as
' negative ‘mp: ct on the performance o1 the rumeri-
c\ weather prelictio. models for tropicil cycl-ues
in.ensi'y and ‘raci” fore *ast, due to GFS forer.st out-
put® shows a vezqer hurrisine as corpar.d to NHC
repo ts. Nevertheless. . shoi ld be noted th~l NTHF
is a .egional mor.l that uses boundaiv and i~ al
conditions fror. GFS "thus, any improve...ents to th=
GFS woul positi-ely impact the NTHF system. The
results i dicatc uiar tne vortex iniialization scher.c 1s
necessary for huericcns =220 L, Moreover, NTHF
is adaptable to low computational resources ..a will
allow the development of studies to deepen the krz w-
ledge of the physical and dynamic 11echanisn s that
control the inizzzi%~atic . v we wenin’, of TCs.

In the next works, we wil' asses< the skill of spatial
wind and precipitatio fo.ecast~ trom NTHF over the
mountainous zones ¢ Cuba und compare it with those
from HWRF and GFS rodels. In futeze p'ans, it will
be incorporated a v-(tex rel~zauon scher .z into the
NTHEF system that all~vs introduri=g into the initiali-
zation data the tropi-al cv<ivne intensity reported by
the NHC, the horizo.tal -esolution will be increased
to 18 km for the pai>nt lomain and 6 km for the
nested domain. Also, th> de "eloper team is ™~ urking to
assimilate satellite and 117z, data t= improve th- me-
teorological fields in NTHF ‘.atializati~z, and it will
be implemented new graph’cal p-oducts that Institute
of Meteorology of Cuba rcque: t to make its trezicil
cyclone advisories.
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