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ABSTRACT

The studies comprising this dissertatisse a statef-the-art ensembldased data
assimilation(DA) system developed at The Pennsylvania State Univeositygprove forecasts
of tropical cyclone¢TCs)during two of the least predictable stages of their lifecycle: formation
(i.e., tropical cyclogenesis; hereafter TG rapid intensificatio(RI). These improvements
are realized by assimilatingfrared(IR) brightness temperaturé8Ts) observed by
geostationary satellitasnderboth clear and cloudy conditionEhe altsky IR BTs assimilated
by theDA systemhelp to constrain the initial moisture estimates within the core of the
developing systenm analysewia the strong ensemble correlations that exist between moisture
content and simulatd8Ts. It is shown that forecasts initialized from these analyses exhibit a
more realistic convective evolution, which translatesmprovedpredictionof TCG andRI.

For the case ofCG, the assimilation of uppdropospheric water vapor chanmel's
observed by the Meteosa® Spinning Enhanced Visible and InfraRed Imagd#eVIRI)
instrumentimproves the timing of CGin forecasts of Hurricane Irma (201%) an experiment
that withheld théBTs, TCG was premature by at least 24 hours due to an overestimation of the
spatial coverage of deep convection within the African Easterly Wave (AEW) that Irma formed
from. Spurbus convection led to stronger ldevel convergencema the earlier sphup of a
low-level meseb-scale(i.e., 20i 200 km)vortex This was amelioratedybassimilating alsky
IR BTs. Furthermore, the substantial impact of initial moisture uncertainty within the incipient
disturbance is revealed by initializing ensemble forecasts with only the initial moisture
perturbations retained. Relative to an ensemble with initial perturbatiafis/ariables, at least
half of the intensity forecast uncertainty is attributed to initial moisture uncertainty within the
AEW. These resultshowthe importance of targeting the incipient disturbance with high spatio
tempaal water vapor observations for ingestion iB#@ systems.

For the case dRl, the assimilation of uppdropospheric water vapor chantel's
observed by the GOES5 Advanced Baseline Imager (ABBd to significant improvements in
the intensity forecasts of Hurricane Dorian (2019) at lead times of 48 hours and longer. These
improvements are shown to be a result of better analyzed cloud fields as well as more intense
initial primary and secondaryrculations.Despite these improvements, the vortex exhibited an
unrealistically broad structure that was fitu@ed bythe additional assimilation of tail Doppler
radar(TDR) radial velocities collected by NOAA-B aircraft. The simultaneous assimilation of
all-sky IR BTsandradar observations therefore resulted in realistic forecasts of the track,
structure, andRl of Dorian. These results underscore the potential of TDR observations to
complement the benefits gained by assimilatinglylIR BTs.
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Chapter 1

Introduction

1.1Background and Motivation

Tropical cyclonesTCs) have caused more fatalities and impad¢keteconomy more
than any other billiofdollar weatherelated disastan the United States since 1988mith
2020) At the same time, intensigndtropical cyclogenesisTCG) forecasts of TCs were quite
slow to improvg Cangialosi 2020)We therefore must improve olarecastof these
phenomena so that the public can be better informed. The gibéd dissertatiomesearch is to
improve forecasts of TCs during two of the most intractable stages of their lifetif€Gland
2) rapid intensificationRI). Rl is defined as an intensification rate exceeding 15 n a 24
hour periodKaplan and DeMaria 2008ndTCG is typically defined as the formation of a
tropical depression from a pexisting tropical disturbance. The complexity of these stages has

limited our understanding of them and challenged our ability to predict them.

Our understanding of TCG, especially the precise mechanisms by which@uoelchid
level vortex transforms into a waroore lowlevel vortexthat eventually becomes a TC, is
incomplete at besWhile TCs appear to form from multiscale interactions between-a pre
existing synoptiescale disturbance and convection within the disturbance, it is still not entirely
clear howRitchie and Holland (199 9ndSimpson et al. (199 Proposed that the mesoscale
convective vortices (MCVSs) in the stratiform region of mesoscale convective systems (MCSSs)
collectively reinforce the midevel circulation of the largescale disturbance. This mievel
circulation was believed to subsequgntiwer toward the surface via evaporativetyoled
downdrafts, thereby leading to TGBister and Emanuel 1997)his theory, referred to as the
Atdpwno pathway, was f or mu ltlebrecent fieldcampdigns of

obse



theearly 1990dJnf or t unatckedwno tphet Mwaoy di d not provide
for how the midlevel vorexlowered toward the surface since a downward transport of vertical

vorticity is an apparent violation of the laws of fluid dynan{fRaymond et al. 2011)

Event ual ly,wntoh en yifptodphesi s was ab anpdo rheyd oitrh efsa «
whereby the lowevel tropical depression vortex is built by the successive merging of
convective towers containing strong cyclonic
(VHTs; Hendricks et al. 2004; Montgomery et al. 2Q08)is insight was made possible by
cloudresolving simulations and was reinforced by several modeling studiesl@yget al.

2006a,b; Shin and Smith 2008; Van Sang et al. 2008; Braun et al. i@y vational studies

around that timéReasor et al. 2005; Sippel et al. 2006; Houze et al. 2088)documented the

prevalence of VHTSA| t h o u g hd otvhned fAvteorpsupsd fdledtattem had s e e mi
laid to rest, our understanding of the specific role of thelevdl vortex remained unclear.

The two main competing theorigscontemporary literatur®r how the warrrcore low
level vortex forms and becomes a TC disagree over the role of tHeveld/ortex. These two
competing theories, boutphd opfatwhhwacyh tsou pTpCoG,t aar el
schematic diagram of Figure 1lf.the first theory (Figure 1.1a), the rdelel vortex plays an
instrumental role in TCG by promoting leivel spirup (Raymond et al. 2011; Gjorgjievska
and Raymond 2014T heaforementionedbservational studies argue that the ikl
circulation contained within the stratiform precipitation region of M@8reases the static
stability of the troposphere through thermal wind balance. The increased static stability, they
contend, favors a bottotmeavy mass flux profile and horizontal convergence of mass at low
levels due to continuity. With greater horizontal convergence of mass, the circulation at low
levels is increased to the point of TOQGompeting with this theonsithe notion that the mid
level vortex merely plays a supporting role in the sprof the lowlevel vortex(Figure 1.1b)
This concept wakinted atby Nolan (2007)andHouze et al. (2009¥hen pointing out thahe
mass flux profile at loievels is dominated by VHT#84ore recentlyBell and Montgomery
(2019)used observations of pkarl (2010) to argue how the mldvel vortex merely supports
the development of the lelevel vortex. In that study, they paint a picture of TCG as an episodic
building of both the lovand midlevel vortices via a positive feedback loop (Figure 1.1b). In that

feedback loop, deegnvective bursts add moisture to the #@dels while increasing the lew
2



level circulationthrough the horizontal advection, and subsequent stretching, of vertical
vorticity. Once the deep convection matures, a stratiform precipitation region forms within the
MCSs that promotes a strengthening of the-leial vortex. This midevel vortex helps protect
the midlevel moisturérom lateral intrusions of dry air. At the same time, live levelsare
moistened by the evaporation of precipitation. With a higher column saturation fraction (CSF),
the troposphere is primed for a newamd of deep convectiokventually, the lowlevel vortex
strengthens to the point of TC(@.the future, more detailed case studies of developing ard non
developing storms are necessary to determine the specific role of theveligortex. Until

then, it remains a point of contention.

Regardless of the precise mechanisms by which convection leads to a TC, the
communityo6s cons e-dscalemocasses plapanimpartantreleic ICG.v e
Accurately predicting TCG is a very difficult but exciting problem. At this point in time,
operational guidance provided by the National Hurricane Center (NHC) only predicts the
probability of TCG within favorable regions over the next two and five days. The reliance on
probabilities is testament to this challenge. Even with a seedling distarpeesent within a
favorable environment, accurate predictions of TCG timing elude the community. This problem
stems from the fact that TCG is intimately determined by the intricacies of moist convective
processes and their nonlinear interactions withptio#o-vortex they are embedded within
(Emanuel 2018; Tang et al. 2020; Nufiez Ocasio 202&je specifically, when latent heating
from moist convection overlaps with lelevel vorticity maxima within the protgortex, VHTS
can form(Hendricks et al. 2004; Montgomery et al. 2Q0B)e subsequent aggregation of these
rotating plumes ultimately forms the TC vortex. Without an accurate representation of the spatial
pattern of the initial low and milkvel moisture concentration with respect to the-lewel
vorticity maxima, this proess will not be adequately captured. Moreover, these-soaé#
convective differences, which begin as position errors of individual convective cells, can quickly
grow upscale to contaminate the vortmale flow(Zhang et al. 2003; Tan et al. 2004; Zhang et
al. 2007; Sun and Zhang 201&onsequently, accurate TCG forecasts require a realistic
representation of the initial moisture content for input to models. Unfortunately, there is a dearth
of moisture observations over the open ocean where TCs form. This is a major hindrance to the

accurate initialization of TCG forecasts, which ultimately degrades their quality.
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The limitations imposed by moist convective processes extend to the subsequent
intensification of TCs, especially ones that undergo RI. For example, small uncertainties in the
initial moisture content can quicknd chaoticallygrow to vortexscale convective asymmetries
(Van Sang et al. 2008; Taraphdar et al. 20TAgse convective asymmetries affect the vertical
tilt of the vortex which influences the vortescale flow and subsequent convectidones 1995;
Corbosiero and Molinari 2002; Hence and Houze 2011; Reasor et al. 2013; DeHart et al. 2014)
If, and when, the vortex will align depends on the complicated nonlinear interactions between the
vortex-scale flow and convection. In the presence of moderate vertical wind shear, this can be a
major limiting factor in the predictability of RI timin@hang and Tao 2013; Tao and Zhang
2014; Judt and Chen 2018ased on the sensitivity of RI forecasts to moist convective
processes, it is not surprising that multiple studies have stressed the importance of accurate
initialization of innercore moisture within TCs that are about to rapidly deepen Emanuel
and Zhang 2017; Minamide and Zhang 2018; Minamide et al. 20B8@rtunately, there is a
lack of innercore moisture observations within developing TBs et al. 2016)This is limiting

our ability to accurately predict RI.

To improve bothrCG andRlI forecasts, this dissertation will investigate the potential of
using another observation type to constrain theaimtonditions for forecastfR BTs observed
by geostationary satellitashder alisky (i.e., both clear and cloudy) conditiomfiese
underutilized observations have been shown to improve the forecasts of Rl in casdestyclies
Zhang et al. 2016; Honda et al. 2018; Minamide and Zhang FOZ8ang et al. 2019)
however, it is important to confirm the robustness of these results with other storms.
Furthermore, no studies to date have explored the potentialaifyalR BTs to improve the

forecasts off CG.

1.2 Overarching Methodology

To reducethe initial conditionuncertaintyin forecasts, this dissertation makes use of an
ensembleébased DA systerknown asThe Pennsylvania State UniversfSU)ensemble
Kalman filter(EnKF) systen{hereaftePSU-EnKF). This system has been used to assimilate
operationallyavailable observations since 2008eng and Zhang 2008The EnKHEvensen

1994)translates information contained within observations to state variable updates through
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error covariances that are estimated by a forecast ensemble. Since this ensemble evolves with
ti me, the EnKF cdihhe ag¢awad e (depbraentiBg wdigluingse fol ow
relative uncertainty of the state variable being updated against the uncertainty of the observation
being assimilated, the EnKF provides an analysis with less uncertainty than both the observation
and the original values of the state valealbhis analysis can then be used to initialize forecasts

Although the EnKF has been around for quite some time, the ability to assimisitg all
IR BTs is a relatively new and novel concept. As a matter of fact, this observation type is not yet
assimilated by any operational center, mostly duedalhiallenges adssimilating cloudysky
BTs. Perhaps the biggest challenge that comes with assimilating esdyd$Ts is the situation
in which the observed cloud scene for a column is cloudy, but the ensemble mean is stmulated
beclear. In that situation, the DA system has trouble producing clouds in the abaly@ise
the covariancebetween hydrometeonixing ratiosand simulated BTarezero. Tle zero
covariancas a result of the fact thaoth the ensemble mean gmetrturbations (i.e., difference
from the ensemble mean) of the hydrometaixing ratios are zerim this situation because the
presence of a nonzero hydrometeor mixing ratio value for any one member would turn the
ensemble mean value nonze@onsequently, the hydrometeor mixing ratios cannot be updated
by the EnKF in this situation, since the EnKF uses a form of linear regression that is based on the
error covarianced’he PSUEnKF handles this issue by employing an adaptive inflation
technique that is described in chaptefABother major challenge of assimilating clousky BTs
is the representativeness errors that can easily develop due to a mismatch betolessrikd
andsimulatd cloud scengeither spuriously modeled clesky columns or spuriously modeled
cloudy-sky columns)In other words, clouds have distinct edges. A slight displacement of the
modeled cloud edge relative to observations can cause a large difference between the simulated
and observed BT value for that | ocadkiheA Cons
system if not handled appropriateRhe PSUEnKFis currently able to reduce the shock of such
situations by employingnotheradaptive inflation techniquiat is described in chapteria
summary, the DA system used in this dissertation has the capability to assimilate BTs observed
under both clear and cloudy conditions. Its novelty is its ability to reduce the negative side
effectsoftentimesassociated with cloudgky observations.



1.3 Dissertation Overview

This dissertation is composed of three main chapters, each of which contains a detailed
literature review in its introduction. In chapter 2, the potential improvements brougGGo
forecasts by assimilating adky IR BTs is explored in the context of Hurricane Irma (2017), a
classic Cape Verde storm. Chapter 3 extends the work of chaptersdssing the gains that
can be brought t6 CG forecasts through the further reduction of initial moisture uncertainty in
ensemble forecasts of Irma.chapter 4, the improvement brought to RI forecasts by
assimilating alisky IR BTs is evaluated in the context of Hurricane Dorian (201t8.
additional value brought to RI forecasts by simultaneously assimilating ibleydlR BTs with
TDR radial velocity observations collected by NOAARiircraft is also quantifiedrinally, the
dissertation ends with a conclusittrat summarizethe main finding®f these chapterpoints

out their limitations, and suggests directions for future research



Chapter 2

Improving Tropical Cyclogenesis Forecast®f Hurricane Irma
(2017)through the Assimilation of All-Sky Infrared Brightness

Temperatures

ABSTRACT

The assimilation of satellite adky IR BTshas been shown in previous studies to
improve intensity forecasts @Cs. In this studythe potential ohssimilating alisky IR BTsto
improveTCG forecasts byonstraininghe preTCG cloud and moisture fields explored By
using an ensembleasedDA systemijt is shownthat the assimilation of uppétopospheric
water vapor channel BTs observed by the Meteb8BEVIRI instrument two days before the
formation of a tropical depression improves &G forecastof Hurricane Irma (2017), a classic
Cape Verde storm, by up to 24 hours while also capturigté@sRI in deterministic forecasts.
In an experiment that withholds the assimilation os&ilf IR BTs, the assimilation of
convantional observations from the Global Telecommunications System (GTS) leads to-the pre
matureTCG of Hurricane Irma by at least 24 hours. This-pratureTCG is shown to result
from an overestimation of the spatial coverage of deep convection within the AEW from which
Irma eventually forms. The gross overestimation of deep convection withaklydRR BTs is
accompanied biiigherCSF, stronger lowlevel convergence, and the earlier sppof a low
level meseb-scale vortex within the AEW that ultimatelydmmes Hurricane Irma. Through its
adjustment to the initial moisture and cloud conditions, the assimilationskKyalR BTs leads
to a more realistic convective evolution in forecasts and ultimately a more realistic timing of
TCG.



2. Chapltretrroducti on

The formation of a tropical depression from a-@xésting tropical disturbandge.,
TCG)is an inadequately understood phenomenon. Details of this early stage in the lifecycle of a
TC have been challenging to uncover and forecast due to 1) difficulties in understanding the
complex nonlinear interactions that occur across scales ranging fearorikiective up to
synoptic scaleEmanuel 2018; Tang et al. 2020; Nufiez Ocasio 2@21) 2) a lack of situ

observations over the open ocean.

The environmental conditions favorable TG have been known for years. Aside from
high sea surface temperatures, these conditions include low vertical wind shear, plentiful mid
level moisture, and high vertical instabilii@ray 1968; DeMaria et al. 200Xpbservational
studies have also pointed out tR&G is usually related to a pexisting synoptiescale tropical
disturbancde.g., Reed et al. 1977; Gray 1968; Briegel and Frank 1997; Ritchie and Holland
1997) For example, the most common synogsiiale disturbance involved in th€G of
Atlantic TCs is the AEW at least 70% of Atlantic TCs form in association with AE{Rsssell
et al. 2017)In short, it is possible to locate approximate preferred region€Gfbased on the
largescale environmental conditions and-epasting synoptiescale tropical disturbances.

The strong association between AEWs @@ is particularly interestingdunkerton et
al. (2009)proposed that CG preferentially occurs in regions where the lowepospheric
AEW-relative streamlines exhibit a closed circulation (specifically, the center of thisneso
scale(i.e., 200i 1000 km)circulatonal s o known as the fAmarsupi al
short). Their reasoning is that the pouch not only provides a region of cyclonic rotation and weak
strain/shearing deformation, but also protects the tropical disturbance within it from potentially
harmfulenvironmental conditions (e.g.,dryai i nt rusi on) . Thi s fAmarsupi
gained traction over the last decade as it has been reinforced by multiple modeling studies (e.g.,
Wang et al. 2010; Li and Pu 2014; Asaadi et al. 2016, 2017; Rajasree et al. 28d6dibip
campaigns, including the Tropical Cyclone Structure 2008 field experiment@8CS
Montgomery et al. 20103}he PreDepression Investigation of Clotilstems in the Tropics
experimen{PREDICT; Montgomery etal. 2012) and NASAOGs Genesis and



Intensification Processes field experim@BRIP; Braunetal. 2013y 1 t i mat el y, t he i
poucho paradigm adds extra-ubayemns hwhycomplIT €Gi

in chapter 1.

Despite our ability to locate probable area3 65 (i.e., areas along the forecasted AEW
track that have favorable largeale environments), it is still an unmet challenge to accurately
forecast whether theCG will happen and/or the exaCG timing. This is due to uncertainties
in convectivescale processes and theanlinearinteractions with theortex they are embedded
within. As detailed irchapter 1, it is still not entirely clear how a rt@el coldcore vortex
transforms into a lovlevel warmcore vortex that eventually spHup to form a TC.

Given the important role convection plays in TG process, it stands to reason that we
must adequately capture its evolution in forecasts if we wish to accurately predict the timing of
TCG. Over the last decade, studies have investigated potential connections between the temporal
evolution of spatial patterns of convection in-depression tropical disturbances and subsequent
TCG. Reanalysidased [(eppert et al. 2013a,land observatiotvased Zawislak and Zipser
2014)studies have suggested that the convective intensity near the circulation center might be
much less of a factor than the convective area in the hours and days leadif@C @ Ydang
(2018)stressed the importance of looking at the spatial pattern of conveci@Gstudiesi
they observed thatCG was more likely to occur when convective intensity increased in the
inner pouch region but stayed the same or decreased in the outer pouch region in the hours
leading up tar CG. The spatial pattern and evolution of multiday convective bursts was analyzed
in several recent observational studi€srns and Chen 2013; Chang et al. 2017; Bell and
Montgomery 2019)These studies indicate that vigorous multiday convective bursts that are
conducive tol CG occur in both developing and naoleveloping disturbances. These studies
collectively reinforce the notion that the occurrenc& © has a complicated dependence on
pre TCG convection.

Since the convective evolution of pf€G disturbances is quite complex, the accurate
prediction ofTCG depends on an accurate representation of it. Sirsku@and aircraft
observations are sparse over the open ocean, one way to achieve a better representation of

convection in forecasts is to assimilate high resolution (>1 pix&h3) all-sky IR BTs. At this
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point in time, a number of rediata studies have shown the benefits of assimilatirgkgllR

BTs in the forecasts of severe thunderstorms (@hgng et al. 2018, 20B1Sawada et al. 2019;
Jones et al. 2020¥opical convection (e.gChan et al. 202 Chan and Chen 20223ndTC RI
(e.g.,Honda et al. 2018; Minamide and Zhang 20A&hang et al. 2019; Minamide et al. 2020;
Hartman et al. 2021'hese studies unanimously found that the assimilation-ekgllR BTs
improved the evolution of clouds in forecasts. It is thus possible that assimilatgky #ft BTs

could improveT CG forecasts.

In this study, this possibilitis examinedn the context of Hurricane Irma (2017). This
storm was chosen because it is a classic Cape Verde storm that ultimately impacted many areas
in the Caribbean and continental United States. In addition, this particular storm formed well

before the expectatn of NHC operational guidan¢€angialosi et al. 2018)

This chapteris organized as follows. Section 2 provides a brief meteorological history of
Irma and section 3 describes the experimental setup and DA systeriiluseesults of
deterministic forecasts initialized with the DA systara presenteih section 4. Finally, the

conclusions of this study and avenues of future research are presented in section 5.
22Bri ef Overview of Hurricane | rma (201

Before proceeding, a brief description of Hurricane Irma (2017) is warranted. As a classic
Cape Verde storm, Hurricane Irma formed from an AEW that moved into the eastern Atlantic
Ocean late in the day on 27 August. On that day, despite favorable envitahooaditions, the
operational NHC guidance projected no chance of TC development over the next 48 hours and a
20% chance of TC development over the next 5 days. At 00 UTC 28 August (48 hours before
TCG), these probabilities were relatively unchangeddtieugh deep convection persisted
within the northern portion of the wave trough (Hig2.1a). Over the next 48 hours this deep
convection organized (Fige 2.1b) faster than anticipated, and by 00 UTC 30 August (hereafter
ATCGt i meo) the NHC classified the resulting cor

well-defined surface circulation was detected.
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The track and intensity of Irma aft€eCG are shown for reference in Figur2ge and

2.1f, respectively. After forming roughly 150 miles west of the Cabo Verde Islands, it moved

westward into favorable environmental conditions and underRiefiima became a hurricane

within the next 30 hours and a major hurricane within 48 hours. The cloud fields and lower

tropospheric streamlines are shown during RIf@@.1c) and at major hurricane stage (Fig

2.1d). These subplots illustrate the axisymmetrizatibtne convection that occurred within the

increasingly weldefined lowl evel vortex
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This study will focus on improving deterministic forecasts initialized during-ladl@
period centered on 48 hours gr€G. This period (from 18 UTC 08/27 to 05 UTC 08/28) was
chosen because the operational NHC guidance called for low probabilities of development over
the next 48 hours (0%) to 5 days (< 50%), which indicates a low practical predictabll@Gof
during this period. Although the focus of this study iST@G, the impacts of assimilating all

sky IR BTs on the later RI of Irmaill also be eamined
23Met hodol ogy

This section describes the DA system and forecast model used, the experimental design,

and theobservations assimilated.
231DA and Forecast System

TheDA system used for this study is tREU-EnKF system. This system converts
observations into model state variable updates using the ensemble square r{n8IRF)of
Whitaker and Hamill (2002)The ensemble is then integrated to the next DA analysis time point
using the Advanced Research version of the Weather Research and Forecasting (WRF) Model
version 3.6. Skamarock et al. 2008y hePSU-EnKF system has been used for rdata case
studies since 200@/1eng and Zhang 2008lror ease of parallelization, it performs DA in a joint
stateobservation spagdarantola 1987; Anderson 20013ing the high latency parallel
implementation oAnderson and Collins (2007$ixty ensemble members were used in this
study and 80% relaxation to prior perturbati¢fisang et al. 2004)as applied to avoid filter
divergence. Finally, the Community Radiative Transfer M¢@&TM; Han et al. 2006, 2007;
Weng 2007)yersion 2.1.3 served as the observation operator when assimilatgky éR BTs.

Throughout this study, the WRF model was applied on a single stationary domain with a
9-km horizontal grid spacing over the area indicated by the black rectangle in E@ur&his
domain size (865 grid points in the easst direction and 371 grid points in the nesthuth
direction) was chosen to ensure that it was large enough to contain both the storm and its parent
AEW, and to reduce the potential impacts of boundtigces. The %km spacing was chosen as

a compromiséetween the model domain size and horizontal resolution. In the vertical, there
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were 43 model levels extending to 10 hPa. Parameterization schemes used include: the
Thompson doublkenoment microphysics schemBhpompson et al. 2008)he Yonsei University
planetary boundary layer schefifong et al. 2006)and the Rapid Radiative Transfer Model
(RRTM) longwave and shortwave radiation schefgsono et al. 2008Finally, surface fluxes
of momentum, as well as sensible and latent heat, were parameterized folbresmand
Zhang (2013)
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No cumulus parameterization scheme was used in this study. Whil&kthefd
spacing used here cannot well resolve individual convective cells, previous studies have shown
that such a grayone grid spacing is capable of resolving MCSs and TCs withing as
cumulus parameterization schefeey., He et al. 2019; Wang et al. 2015; Ying and Zhang 2018;
J.Zhang et al. 2017; Chen et al. 2018a,b; Chen and Zhang 2019; Ying and Zhang 2017; Chan et

al. 202m; Ou et al. 2020; Chen et al. 2021a,b; Chan and Chen 2022; Chen et al. 2022a,b)
14



Recent studies also indicate that regional simulations using such a grid spacing can capture the
primary physical processes related @G (e.g.,Montgomery et al. 2010k@nd MCS energetics
(e.g.,Chen et al. 2021a)

2.3.2 Experimental Design

A brief overview of the experimental design is provided in Fi@u2a. Beginning at 66
hours preTCG (06 UTC 27 August), a 6hember ensemble was created by adding
perturbations to the National Centers for Environmental Predif@&EP) Global Forecast
System (GFS) analysis using WRFDAG@BarkeCafd. backg
2004) The ensemble was then integrated forward for twelve hours using the WRF model to
develop flowdependent ensemble statistics before the first observations were assimilated at 18
UTC 27 August. At that time, the ensemble served as the background for teychi#y
experiments: GTS and GTS+IR. The GTS experiment assimilated surface anteupper
observations from the World Meteorological Organization (WMQO) GTS. The GTS+IR
experiment assimilated the GTS observations as well-akyaBTs observed by charreof the
SEVIRI instrument onboard the Meteod4# satellite. Channel 5 is sensitive to upper
tropospheric water vapor. Both experiments assimilated observations hourly for twelve hours. As
mentioned in section 2, this twel®ur period represents thime during which the
operationally predicted probabilities 8CG are low. More details about each type of

observation assimilated will be discussed in the nexssahbon.

To see the impact of assimilating-aky IR BTs on th@ CG forecasts of Irma,-Blay
(120-h) deterministic forecasts were initialized from the analysis mean of each hourly DA cycle.
These forecasts used the same WRF physics options described in the previous subsection. To
prevent the drift of the regional WRF maddeiring the DA cycling, analogous to the setup of the
operationaPSUENKF TC forecast system (e.@hang and Weng 2015; Hartman et al. 2021)
the largescale features (horizontal wavelengths >1000 km) in the ensemble means of the first
(18 UTC 27 August) and seventh (00 UTC 28 August) cywler® replacedvith the largescale
features of the GFS analysis at those times. In other words, thestaigecomponent of the
ensemblavas recenteredn the largescale component of the GFS analysis. The laggde
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features were isolated using a lpass filter via the fast Fourier transform. This recentering was
done for the zonal (U) and meridional (V) wind fields, as well as perturbation potential
temperature (T), water vapor mixing ratio (QVAPOR), perturbatiessure (P), and

perturbation geopotential (PH) at all model levels.

2.3.3 Observations Assimilated

This subsection will provide more details about each type of observation assimilated,
including choices of quality control, data thinning, and localization procedures.

The GTS observations assimilated in this study include surface observations from
synoptic reports anilleteorological Aerodrome RepoMETAR) dataas well as uppeair
observations from soundings and atmospheric motion vectors (AMVs) derived from a mixture of
geostationary and pokarbiting satellites. Figurg.2b shows the locations of the assimilated
surface and sounding observations during the first cycle. These observations, which were not
thinned, are confined to the landmasses. During the remaglgmgn cycles, the spatial
distribution of the surface and sounding observations remained similar to the first cycle. Figure
2.2c shows the locations of the assimilated AMVs during the first cycle. A quick glance at the
spatial structure of the pressure levels of these AMV observations reveals the presence of the
AEW from which Irma would later evolve (lower pressure level imgligher cloud top). Note
that these observations were not thinned before assimilation. All GTS observations underwent
the same cplity control procedure. Namely, an observation was discarded during the
assimilation process if the absolute value of the observation increment (also known as the
Ai nnovationod) was greater than five tibeches t he

observation error was obtained using version 3.6.1 of the WRFDA package.

All-sky IR BTs assimilated in this study were observed by the SEVIRI instrument
onboard the MeteosaD satellite. The SEVIRI instrument, with its twelve spectral imaging
channels, provides continuous high density (3 km resolution edatebite point) bservations
over much of the Atlantic Ocean, Europe, and Africa with a temporal frequency of ecdesikull
scan every 15 minut€Schmid 2000)Eight of the twelve spectral channels are sensitive to IR
wavelengths. Some notable channels include the dpg@wspheric water vapor channel
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(channel 5; centr al wargpedprencgvatdr vapof cha&nel(channe) , t h
6; central wavelength of 7.3em), and the | ong
wavelength of 10. 8 E.Zhangetadl.q2019e uppetrapasgheérie nt  wi t h
water vapor chann&as assimilatedh this study. The IR BTs assimilated during the first cycle

are shown in Figure.2d. Once again, the AEW from which Irma evolved is clearly visible. Note

that these observations were not assimilated west of 45°W. This decision was made because
Meteosatl0 observations west of that longitude are quite far from the footprint of thétsatell

Since that region is very far from the area of concern during the assimilation process, the

decision was @de to disregard them. In the area east of 45°W, the raw IR BTs have a horizontal
resolution of approximately 3 km. These observations were thinned such that every eighth
observatiorwas assimilatedor one roughly every 24 km. This results in a horizontal resolution

of assimilated IR BTs that was comparable to that of the AMVs.

One of the challenges associated with assimilatingksliR BTs is the presence of large
representativeness errors that can result from a mismatch between the observed and simulated
cloud scenes. To reduce the magnitude of these representativenessuedrtitereby suppress
potentially unphysical analysis incremerite observation errors were adaptively adjustiad
the adaptive observation error inflation (AOEI) method introducedlibgmide and Zhang
(2017) AOEI inflates the observation error when the square of the difference between the
observed and simulat®I's exceeds the sum of the uninflated observation error variance and
simulated observation error variance. The inflated observation error is thus the observation error
variance that maintains the optimal statistical relationship pointed ddé¢$rpziers et al. (2005)

This study did not reject any IR observations because it adaptively adjusted the observation error
using AOEL.

To deal with undedispersive situations where the forecast ensemble erroneously
predicts clear skies despite cloudy observations, the adaptive background error inflation method
(ABEI) introduced byMinamide and Zhang (2019as employedThis method inflates the
ensemble spread in such problematic regions by applying an empirically derived multiplicative
inflation factor over said regions, and then propagating the inflation factor to surrounding areas
through the method &nderson (2009)ABEI is thus a spatially varying multiplicative inflation
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scheme. Note that ABEI is not designed to create cloud particles during the analysis step, rather
it increases the likelihood of producing clouds in the next DA cycle by increasing the ensemble

spread over regions where the ensemble is spuriously clear.

Based on the innovation statistics (not shown here), and cangitietonly twelve DA
cycleswere executedt was determined that bias correction of the IR BTs was not necessary.
This is consistent with previous studies (eZdnang et al. 2018, 2019b; Hartman et al. 2021;
Chan and Chen 202#)at have shown that only small IR BT biases are present in the EnKF
system. Future work can investigate if bias correction can further enhance the impaetkyof all
IR BT DA.

When assimilating observations in this study, ensemble covariances were localized using
the Gaspari and Cohn (1998ith -order piecewise polynomial to eliminate the effects of
spurious longdistance correlations. The localization radius of influence (ROI) used in the
horizontal was 300 km for surface GTS observations (consistenEwitieng et al. (201%nd
Hartman et al. (202),)100 km for uppegrir GTS observations (similar & Zhang et al. (2019)
andHartman et al. (202),)and 100 km for alsky IR BTs. The choice of 100 km ROI in the
horizontal for allsky IR BTs was to make their impact comparable to that of the AMVs.
Consistent withF. Zhang et al. (2019%9ndHartman et al. (2021jhe vertical ROI for all GTS
observations was 43 vertical levels. In light of recent studies that have shown complex-and non
negligible vertical correlation structures between ugipmyospheric water vapor channel BTs
and state variables extending te tbwertroposphere (e.gGhan and Chen 2022; Zhang et al.
2022) the IR BTs were not verticalipcalized. It is possible that other localization ROIs may
prove to be more optimal than the ones cheghbis can be explored in future work.
Furthermore, adaptive localization (elgej et al. 2020; Wang et al. 2026 all-sky IR BT

observations is a very interesting topic that may be explored in future studies.
24Resul t s

This section is divided into three parts. In the first part, the tracking algorithm that was
used to objectively determine the center of the TC oif@ealisturbance at each time in the
deterministic forecasis describedThe performance of the deterministic forecasts in each
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experimentare compareth the second part. Finally, in the third part, a pecehtric view of the
evolution of dynamic and thermodynamic variables in the forecasts is provided to investigate the

potential physical reasons that lead to the forecast improvements.
2.4.1 Tracking Algorithm

Before comparing the results of individual forecasts, it is necessary to describe the
algorithm used to objectively determine the center location of the TC-drGpasturbance at
each time. This algorithm is loosely based on the stuéi§agiimdar and Torn (2014 that the
same quantitiegere usedThe quantities chosen are motivated by the fact th&tia a warm
core cyclonic disturbance with a closed circulation pattern around a local minimumefedea
pressure (SLP). As suchT C tdies tluwrchaan coend so fc & rhteer
identified using 1) the local maxima in the 7880 hPa layeaveraged circulation, 2) the local
maxima in the 20850 hPa thickness anomaly (i.e., differencevieen thickness and domain
averaged thickness), and 3) theal minima in the SLP. Circulation at any grid point was
computed by horizontally averaging relative vorticity within a-k@®by 100km square
centered on said point. Note that prior to identifying the local extrema, the thickness anomaly
and SLP fieldsvere smoothedviazaD boxcar kernel with a | ength

To illustrate the TC tracking algorithm, a snapshot of these three quantities (circulation,
smoothed thickness anomaly, and smoothed SLP) and the simulated cloud fields (all 4 quantities
are from the last hour of a forecast) are shown in FigdreBased on the three smoothed
guantities in this figure, the apparent | ocat
subplot. Since the pe3tCG location of a TC is easier to identify compared to theTi2&
location,the algorithm sarts at the end oéach simulation and traskhe TC or prefC
disturbance backwards in time. This was feasible because every forecast developed a relatively
strong system by the end of its simulation. Specifically, at the end of a faleeasgtculation
thicknessSLP trio of local extremavas determineduch that 1) all extrema within the trio were
within 300 km of one another and 2) the circulation maximum in that trio was the global
maximum of circulation. The location of the SLP minimum in the trio was labeled as tbe TC
pre-TC disturbance center at that last hour of the forecast. To find the TG d€Cptesturbance
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center at each subsequent hour working backwards in time, the locations of the maximum 700
850 hPa layeaveraged circulation, maximum 2880 hPa thickness anomaly, and minimum

SLP within 100 km of the previously found TC or {r€ disturbance centevere identified

The location of the centroid of the triangle having vertices at these locations was labeled the TC
or preTC disturbance center at that time. The performance of this tracking algorithm was
visually checked and validated with the simulated dlbelds for each hour of every forecast.
Results show that the algorithm can successfully track the storm from befb@Gt® the end

of the 5day forecas{not shown).

700-850 hPa Circulation 200-850 hPa Thickness Anomal

B NPT,
20°N £ i |
| S

15°N
10°N
5°N
0° L . ! : ! |
60°W 50°W 40°W 30°wW 20°wW 10°W 0° 60°W 50°W 40°W 30°wW 20°W 10°W 0°
Circulation (x107° s71) Thickness Anomaly (m)
-5 -1 3 7 11 15 0 20 40 60 80 100 120

Sea Level Pressure _ Simulated Channel 6 BT

60°W  50°W  40°W  30°W  20°W  10°W 0°60°W  50°W  40°W  30°W  20°W  10°W 0°
SLP (hPa) Ch 6 BT (K)

976 984 992 1000 1008 1016 184 205 226 247 268

FigurgnaZpsg8hot from the | ast hour of the GTS
August(@adpf-gP@ehPaveérmnygged (b) r-880ahPant hi ckness
(cpL,P ddn)d si BEIVAtRéd channel 6 BT fields Each
| ocal extremum within 150 km while the white
time as determined by the tracking algorithm

20



2.4.2 Comparison of Deterministic Forecast Performance

In this subsection, the performance of the deterministic forecasts for each expargnent
comparedThe track and intensity forecasts for each experiment are provided in Eigjukote
that to quantify intensity, the maximum-t®wind speed within 300 km of the TC or pf€
disturbance center provided by the tracking algorithm that was described in the previous
subsectiorwas found Although a threshold wind speed fO€G was not definedh this study, it
is safe to say that both the GTS (ig2.4b;) and GTS+IR (Figre2.4hy) experiments capture
the TCG of Irma since all forecasts attain at least tropical storm strength. Furthermore, both
experiments predict the RI that occurred in the 48 hoursEfi€ Additionally, forecasts
ti 03 UTC August 28 1in
the 48 to 72 hours aft@iCG.
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Figure 2.4.Deterministic forecasts of {&g) track and (Ib-bs) maximum 16m wind speed

within 300 km of the TC center for theyf@) GTS, (a,b2) GTS+IR, and (gbs) GTS+IR

experiments. In each subplot, the solid lines plotted in cool colors are the forecasts initialized
from the analysis mean of the earlier cycles while the warm colors are those initialized from the
analysis mean of the later cycles. Additionally, the dolizttk line shows the best track values

from the NHC HURDAT?2 database and thertieal blue dashed line denotes the time at which
Irma entered the best track as a tropical depression. Refer to the text for more details on the
GTS+IR* experiment.
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The most salient difference between the intensity forecasts of the GTS and GTS+IR
experiments is the overly premature intensification in the GTS forecasts. This difference grows
asyoumove from the forecasts initialized from the earlier cycles (coolest colors) to the forecasts
initialized from the later cycles (warmest colors) and is most prominent for forecasts initialized
after 01 UTC August 28. By the last few cycles, the GTS feteqaredict a tropical storm as
much as 24 hours before Irma entered thNHC6s HURDAT2 best track da
depression (vertical blue dashed line). On the other hand, the assimilatioskyf il BTs
delays the intensification such that most of the GTS+IR forecasts attain tropical storm status very
close to theime of TCG in the best track. Based on this, the assimilation eflalliR BTs
improved the timing oTCG in forecasts of Irma without degrading the forecasts of RI. This
conclusion can be drawn without definind @G time in the forecasts since a disturbance that
has reached tropical storm status and continues to intensify thereafter has clearly uride@one

at some time prior.

Although the assimilation of aflky IR BTs improved the timing GfCG, it degraded the
track forecasts aftéfCG relative to the best track @ires2.4a; and2.4a). A southward bias of
the GTS+IR forecasts relative to the best track is evidenu(@&¥da), whereas the GTS
forecasts track quite close to the best trackuieig.4ay). This implies that assimilating eky
IR BTs might degrade the largeale steering flow. One potential reason is that the ensemble
error correlations between upgteopospheric cleasky IR BTs and the dynamical fields are
weak (not shown). Hence, the limited ensemble size might lead to an unrealistic update of the
largescale circulation from assimilating upgteopospheric cleasky IR BTs. However, the
exact reason ahpotential methodologies to improve the performance efiglliR BT DA

deserves future studies, which are out of the scope of the current study.

To determine the potential impact of these track differences on the foret&sted
timing differences, another set of twelve forecass initialized The initial conditions for these
new forecasts were the EnKF analysis means of the GTS+IR experiment with the environmental
features replaced with those of the analysis means of the GTS experiment. To do th{zasslow
filter was used to replace theatares larger than 1000 km in the zonal (U) and meridional (V)
wind fields, as well as perturbation paii@htemperature (T), water vapor mixing ratio

22



(QVAPOR), perturbation pressure (P), and perturbation geopotential (PH) at all model levels.
The results of these new forecasts (GTSY¥HRe shown in Figured4a and2.4bs.

Replacing the largsecale environment of the GTS+IR analyses with the laogde
environment of the GTS analyses substantially reduced the differences between the tracks of the
GTS and GTS+IR experiments. Despite this, the timingQ@® in the GTS+IR forecasts are
relatively unchanged relative to the GTS+IR experiment. Furthermore, analysis (along the
tracks) of SSTs, 85000 hPa environmental shear, and average relative humidity in the layer
between 950 and 700 hPa reveal no systematic differerate®tid explain the intensity
differences between the GTS and GTS+IR forecasts (not shown). Based on these findings, it is
likely that the improved CG timing in the GTS+IR forecasts is not simply a result of

differences in the largscale environment or tracks.
2.4.3 Pouch-Centric View of Deterministic Forecasts

As discussed in thehapterintroduction, TCGis a process that involves multiple scales.
In this subsectiorthe differences between the GTS and GTS+IR forecasts esysiiptic
scalesare exploredo elucidate the main reasons why assimilatinglafl IR BTs improved the
timing of TCG in forecasts of Irma. To do so, the evolution of dynamic and thermodynamic
guantities in a frame of reference that is moving with the AEW from which Irma fasmed
examined In the analysis that follows, a separate westward phase speed of the AEW at the 850
hPa level was found for each forecast by plotting Hovmoller diagrams aiorexi wind speed
at those levels. The Hovmoller diagrams were constructed via averaging over th&°5FN
latitudinal band (similar to Fige5 of Wang et al. 2010)On each Hévmoller diagram, the
longitudetime slope of the zeroontour line separating negative (to the west) and positive (to
the east) meridional velocities from forecast initialization time through 20 houfiJssavere
found This slope was defined as the mean phase speed of the ®iewheridional velocities
after 20 hours pr@ CG were not useth the calculation of the phase speed since many forecasts
had formed a TC by this point wbunkettonétald | i kel
2009) TheAEW phase speedas then subtracted from the simulated flow fields to provide a

pouchcentric view of deterministic forecasts.
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As seen by the 850Pa streamlines in Figugs5, a closed mest-scale circulation (the
Apoucho) becomes visible after the westward p
the flow. The center of this recirculation region, at the intersection of the wave trough and
critical latitude (i.e., lie of zero AEWrelative zonal wind), is the preferred location T&€G for
both dynamic and thermodynamic reasdgnamically, it is the focal point for the

Degrees N/S

25 ‘5 1.5 -75 -5 -
Degrees W/E

Figure 2.5.MeteosatlO0 Ch 6 BT overlayed with 859Pa AEWrelative streamlines, surface
trough axis (brown line), wave critical latitude (blue line), and-BB@ pouch center (white
circle) from (a) observations and {@s) EnKF analysis mean of each experiment valid 04 UTC
28 August (44 hours preCG) as well as (b observations and £}is) forecasts initialized from
the analyses in row 1 valid 04 UTC 29 August (20 hoursT@€). The streamlines, trough axis,
critical latitude, and pouch center plotted inl§g were identified using the ERAS reanalysis.
The orange box centered on each pouch center is 6° latitude by 6° longitude.

aggregation of lowevel vorticity anomalies and experiences less strain deformation
(Montgomery and Enagonio 1998; Schecter and Dubin 1999; Dunkerton et al. 2009)
Thermodynamically, moisture lifted above the boundary layer by deep convection accumulates
near the pouch center since it is a stagnation pdiahg 2012) A positive feedback loop
between the deep convection and mBsezale circulation was therefore postulatedMgng
(2012)to lead to the formation of an enhanced rAestale vortex near the pouch center that
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ultimately becomes a tropical depression. More specifically, deep convection strengthens the
cyclonic circulation near the pouch center th
stretching and lowWevel convergence, which accelerates vorticity agdregawith a stronger

circulation to retain moisture, deep convection is amplified. MCVs associated with more

organized MCSs may also play a role in TG process (Bister and Emanuel 1997; Houze

2009). Considering this feedback lod[;Gtiming is therebre determined by the details of the

deep convection and its interaction with the ra8sale pouch circulation. In the analysis that

follows, it will be shownhow differences in the deep convective evolution inside the #deso

scale pouch led to differemCG timingsin the GTS and GTS+IR forecasts.

This analysiss begurby looking at simulated cloud fields within the 86Ba pouch.
Snapshots of the lowdropospheric water vapor channel (SEVIRI Channel 6) BTs anchB&0
waverelative streamlines are shown in Fig@rg at two times as an example. Note that the
ERAS5 reanalysis was used to | ocate the fobser
04 UTC 28 August, the simulated channel 6 BTs of the GTS analysis meare(Eig) reveal
a much larger area of low BTs in the pouch comparelde@bserved channel 6 BTs at the same
time (Figure 25a). In fact, the vast majority of the 6° latitude by 6° longitude orange box in the
GTS analysis is filled with channel 6 BTs less than 210 K. The GTS+IR analysis at 04 UTC 28
August (Figire 25&) features a mueheduced area of low simulated channel 6 BTs relative to
the GTS analysis as well as finer details in the simulated cloud structures. Although the
simulated channel 6 BTs of the GTS+IR analysis are more realistic than the GTS analysis, the
still overestimate the areal coverage of low BTs. After 24 hours of integration, the simulated
channel 6 BTs of the GTS forecast (lfig 25h,) are once again less realistic with a greater
spatial coverage of low BTs that are more concentrated within the pouch than those of
observations (Figre 25h:) and the GTS+IR forecast (fige 25hs).

Not only does the GTS simulation produce more clouds than GTS+IR within tHeP850
pouch at the times selected in Fig@rg, but it also does so at most times leading upae. In
Figure2.6, as well as all remaining figures, the forecasts initialized from the last four cycles (02
UTC through 05 UTC 28 Augustire focused ogince these are the forecasts that feature the
most obvious prenatureTCGin the GTS experiment (Riges 24by; 2.6a 1 2.6a). Although
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Figure 2.6.Comparison of the faas) maximum 16m wind speed within 300 km of the pfe

center, (b-bs) average of Meteosdid Ch 6 BT OmF, and {&4) average of cold cloud top area
OmF for forecasts initialized from the 02 UTC 28 August (column 1) through 05 UTC 28 August
(column 4) EnKF analysis means. Observed-BB@& pouch center locations were approximated
using the ERAS reanalysis. Grid pointd@-cs4) were identified as cold cloud tops if the
Meteosatl0 Ch 6 BT was less than 205 K. All averageere found over a 6° latitude by 6°
longitude box centered on the 8BBa pouch center.

the average channel 6 BT OriFi Ob s er v at i o n vameéwithins 6°Hatitude loy®°s t 0 )
longitude box centered on the pouch center is always positive leadind Qt-igures 26b;

i 2.6by) for both experiments, the average BT OmF of the GTS forecasts substantially exceeds
that of the GTS+IR forecasts at most times because tskyalR observations helped to

constrain cloud features. Furthermore, the OmF of the number of grid points havarghaldh

BT less than 205 K within those same boxes is noticeably more negative in the GTS forecasts
than the GTS+IR forecasts at most times ((Fég 26¢: i 2.6¢4). This indicates that the GTS
forecasts have more cold cloud tops than the GTS+IR foregdisisugh both experiments

overproduce clouds and overpredict the spatial coverage of cold cloud tops within the pouch
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relative to the observations at most times, the assimilation-skgllR BTs helps to alleviate

these biases in the forecasts.

Since the presence of a cold cloud top does not necessarily indicate the presence of deep
convectionthe composite reflectivity within the 8506Pa pouchs analyzedHere, convective
areais definedas the number of grid points within the 6° latitude by 6° longitude box centered
on the pouch center having a composite reflectivity exceeding 35 dBZ. A quick inspection of
Figure2.7 reveals a larger convective area at most times of the forecasts initialized from the last
four EnKF analyses in the GTS expeeimh than the GTS+IR experiment. In summary, the GTS
forecasts that undergo the most obviousmetureTCG feature a larger convective area and
larger overproduction of cold cloud tops within the pouch than the GTS+IR forecasts. As pointed
out by the previous studies, more widespread deep convection within the pouch might be more

conductive toTCG (e.g., Leppert et al. 2013a,b; Zawislak and Zipser 2014).
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Figure 2.7.Convective area within a 6° latitude by 6° longitude box centered chBa@ouch
center for forecasts initialized from tfe) 02 UTC,(b) 03 UTC,(c) 04 UTC, andd) 05 UTC 28
August EnKF analysis means, where convective core area is the total number of model grid
points exceeding a composite reflectivity value of 35 dBZ.
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To gain a better understanding of why the GTS forecasts produce a larger convective area
within the pouch than the GTS+IR forecasts, the evolution of CSF within the pouch leading up to
TCG (Figure2.8) is revealedCSF is calculated as the ratio of total precipitable water to
saturated precipitable water. A larger CSF is favorable for sustained deep convection because it
reduces the effects of entrainment of dry air into convective plumes and limits the development
of evaporativelycooled downdraft§Neelin et al. 2009; Chen et al. 2022Bdr the forecasts
initialized from the last four EnKF analyses, Fig@r@ shows the GTS ones are generally closer
to saturation inside the pouch than the GTS+IR ones. The largest CSF values, which are closest
to the pouch center, extend farther outward from the pouch center in the GTS forecasts than in
the GTS+IR forecasts. fiact, the GTS pouch features CSF values greater than 90% at radii
oftentimes beyond 100 km (Riges 28a i 2.8a), whereas CSF values greater than 90% in the
GTS+IR pouch are mdgtconfined to within 50 km of the pouch center (figs 28b. T 2.8hy).

The larger clos¢o-saturated area led to more widespread deep convection within the pouch in
the GTS experiment. On the other handskil IR observations provide additional information
on cloud and moisture fields. As a result, the initial cloudranisture fields are better

constrained in the GTS+IR experiment.

Now thatit is clear that darger portion of the pouch in the GTS forecasts is closer to
saturation than the GTS+IR forecast$entionis turnedto the meséb-scale region near the
pouch center from which the tropical depression likely forms. Fig@rshows the vertical
distribution of relative humidity averaged within a 2° latitude by 2° longitude box centered on
the pouch in the hours leading upltGG. The difference plots (Figes 29¢1 7 2.9¢) reveal a
noticeably moister inner pouch at all veslitevels in the GTS forecasts compared to the
GTS+IR forecasts, especially in the forecasts initialized from the last three EnKF analyses. This

is consistent with the CSF values shown in Figlige
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Figure 2.8.CSFas a function of distance from the 88Pa pouch center afCG-relative time
for forecasts initialized from the 02 UTC 28 August (column 1) through 05 UTC 28 August
(column 4) EnKF analysis means of theég GTS and (bbs) GTS+IR experiments as well as
the (a-cs) difference between the two.
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Figure 2.9. Temporal evolution of the relative humidity averaged within a 2° latitude by 2°
longitude box centered on the 86Ba pouch center for forecasts initialized from the 02 UTC 28
August (column 1) through 05 UTC 28 August (column 4) EnKF analysis meares (@f-ta)

GTS and (lrhs) GTS+IR experiments as well as the-¢g) difference between the two.
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The noticeably moister pouch in the GTS forecasts is not surprisingywheonsider
the vertical profile of the average EnKF analysis incremern@®#aPOR during the DA cycling
experiments (Figurg.10). These averages were taken over the whole domain for each cycle and
then averaged over the twelve cycles. Although Figur@ does not show the spatial features of
the analysis increments, it reveals that the accumulated impact of the assimilation of the GTS
observations in this study is to add moisture to the {acgée environment at all vertical levels.
Furthermore, Figur2.10 shows that assimilating &ky IR BTs removes moisture from the
largescale environment at all vertical levels. Despite the taogde drying effect of the adky
IR BT assimilation in this study, the GTS+IR cycling experiment exhibits av€)&gd>OR
increments that indicate an overall moistening of the laogde environment between 700 and
925 hPa and an overall drying above 700 hPa and below 925 hPa. The precise details of why the
assimilation of GTS observations resulted in moistening of theamaent and the assimilation
of all-sky IR BTs resulted in drying of the environment is beyond the scope of this study;
however, it suffices to say that the pouch in the GTS analyses was moister than the pouch in the
GTS+IR analyses (Figur&8 and2.9) and that pouch was likely embedded in a moister
environment (Figur@.10). A consequence of the moister GTS pouch and environment is the

development and sustenance of widespread deep convection in the forecasts.
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Figure 2.10.Vertical variation of the averag@VAPOR increment during the EnKF analyses of
each experiment.
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Consistent with the moisture differences, there are also differences in dynamic fields
within the meseb-scale region near the pouch center. Figuté shows the average relative
vorticity in that region surrounding the pouch center for the forecasts initialized from the last
four EnKF analyses. Both the GTS (&1gs2.11a i 2.11a) and the GTS+IR (Figres2.11by i
2.11by) forecasts feature the spip of a lowlevel meseb-scale vortex well before the time at
which the NHC declare@iCG. Both forecasts also show the subsequent upward building of the
mesaeb-scale vortex in the hours after it developed. Despite these similarities, there are some
striking differences. Most notably, the spip of the lowlevel vortex in the GTS forecast
gererally occurs approximately ten hours earlier than the GTS+IR forecast. This can be seen by
referring to the time between 28nd 36hourspre TCGin Figures2.11¢, 2.11c;, and2.11¢
and between X(&and 26hours preTCGin Figure2.11¢. Not only do the GTS forecasts feature
the earlier spirup of a lowlevel vortex, but they also project the subsequent upward building of
a stronger, deeper vortex at the mbssrale (Figure2.11c 1 2.11w) relative to the GTS+IR

forecasts.

In both the GTS and GTS+IR forecasts, {®vel convergence precedes the gpinof
the lowlevel meseb v o r t e X12)(This ig aonsistent wittWang et al. (2010who
showed that deep convective processes and their associated divergence profile can be the main
player in the spitup of a surface vortex. More specifically, ld@vel convergence induced by
convective updrafts helps to spip the lowlevel vortex though the aggregation of positive
vorticity anomalies as well as vortex stretching near the pouch center. A close inspection of
Figure2.12 reveals that the lo¥evel convergence in the GTS forecasts is stronger than in the
GTS+IR forecasts. The enhancedilevel convergence in the GTS forecasts occurs in
conjunction with stronger updrafts (not shown). In short, the GTS forecasts developed a stronger
layer of lowtlevel convergence in conjunction with stronger updrafts and an earliengihthe
low-level meseb-scale circulation surrounding the more saturated pouch center than the
GTS+IR forecasts.
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25Di scussGomc launsdi o n s

In the foregoing sectiont, was showrthat assimilation of altky IR BTs improves the
timing of TCG in forecasts of Hurricane Irma (2017) by up to 24 hours. This improvement is
made possible by the removal of presumably excess water vapor at all model levels during the
EnKF cycling. Without the assimilation of alky IR BTs (GTS), forecasts are initdd with a
large-scale environment, as well as mésecale pouch, that is moister and closer to saturation
than forecasts that assimilate-sitly IR BTs (GTS+IR). Consequently, the GTS forecasts
produce larger areas of deep convection within the pouebth f which is spurious. The
GTS+IR forecasts, on the other hand, produce less spurious deep convection within the pouch
owing to less moisture within it and the larggale environment. With a larger area of deep
convection within the pouch, the GTSdorsts produce a stronger layer of-lewel
convergence relative to the GTS+IR forecasts. This enhancel@Vehconvergence acts to
spintup the lowlevel meseb-scale vortex quicker compared to the GTS+IR forecast, ultimately

leading to arC sooner.

Recall that the NHCO0s Tropi calTCOGMattant48 er Out
hours of the timetheseforecasts were initialized. On the other hahébaseline experiment
(GTS)in this studypredictedTCG in all forecasts. This discrepancy is likely becatinge
regional modeused in this studipas a finer grid spacing relative to those of the operational
models used to produce the NHC outlook. Additiondhgbaseline experimein this study
assimilated high resolution AMVs, whereas the openat models likely assimilated thinned
AMVs (e.g.,ECMWF (2021))

The results of this study show tHAEG timing is very sensitive to the initial moisture
content within the prexisting disturbance. The strong EnKF updates to the moisture content of
the environment that ultimately led to improve@G timing in the case of Irma are made
possible by the ensemble correlations that exist between IR BTs and water vapor. Such moisture
updates have been shown to dramatically improve forecasts of TC intensification, which is
highly sensitive to initial moiste conditiongEmanuel and Zhang 2018ince deep convection

is sensitive to environmental moisture content, it is not surprising that assimilatiorskof &R
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BTs improved the timing of CGin this study through its modulation of the initial moisture
conditions. For this specific case, the model simulation without assimilatisgyalR

observations likely overestimated the moisture content within thexséing disturbance,

thereby leadig to prematureTCG. Unfortunately, high spatiotemporatitu observationsf

moisture contenbver the open oceahat could be used twnstrain the initial moisture content

well are not availableThus, the substantiaedradation in the timing fFCG in forecasts will

result from either overestimation (e.g., the current case) or underestimation of the initial moisture
content. Allsky IRBTsfrom geastationary satellites are arguably the only observation that can
provide high resolution observations of clouds and moisture fields over most oceanic basins.
Assimilating such information into models could be crucial for the future improveme&@®@f

forecasts.

As a pilot studythis study focusedn one classic Cape Verde TC case to show the
potential of alisky IRDA to improveTCG forecasts and explored the possible physical
reasoning that led to the improvement of the forecasts. Future work can and should examine
more case studies to determine if the results of this study carry over to other storms. The
sensitivity of TCG timing to initial moisture conditions can also be investigated in the future
through a series of ensemble sensitivity experiments. Firla#lysources of the track errors that

assimilation of alisky IR BTs caused in the forecasts of Irs@uld be explored mare
Data Availability Statement

The EnKF analyses and WRF forecasts presented in this study can be freely downloaded
from the Penn State Data Commohgs://doi.org/10.26208/sq3mf70). All assimilated GTS
observations were obtained from datasets 351.0 and 461.0 ohtibad Center for
At mospheri c ReResearchdht® ArchiyépsS:Aréa)ucar.eqjuAll assimilated
Meteosatl0 SEVIRI Channel 5 BTs were ordered from the EUMETSAT Data Centre

(https://lwww.eumetsat.int/eumetsidtacentrg.
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Chapter 3

Influence of Local Water Vapor Analysis Uncertainty on Ensemble
Forecasts of Tropical Cyclogenesis Using Hurricane Irma (2017) as
a Testbed

ABSTRACT

Tropical cyclone formation is known to require abundant water vapor in the lower to
middle troposphere within the incipient disturbance. In this stixdyimpacts ofocal water
vapor analysis uncertainty on the predictability of the formation of Hurricane Irma (2@7)
assessed To this end, the magnitude of the incipi
obtained from an ensemblb@sed data assimilation system that constrained moisture by
assimilating alsky infrared and microwave radian@ereduced Five-day ensemble forecasts
are initialized two days befoeCG using each set of modified analysis perturbations. Growth of

convective differences and intensity uncertainty are evaluated for each ensemble forecast.

It is shownthat when initializing an ensemble forecast vatly moisture uncertainty
within the incipient disturbance, the resulting intensity uncertainty at every lead time exceeds
half that of an ensemble containing initial perturbations to all variables throughout the domain.
Although ensembles with different iratimoisture uncertainty amplitudes reveal a similar
pathway toT CG, uncertainty inTCG timing varies substantially across ensembles since moister
members exhibit earlier spip of the lowlevel vortex. These differences TTCG timing are
traced back to the first six to twelve hours of integration, when differences in the position and
intensity of mesoscale convective systems across ensemble members develop more quickly with
greater initial moisture uncertainty. In addition, tepid growth of intensity uncertainty may be
greatly modulated by the diurnal cycle. Ultimately, this study underscores the importance of
targeting the incipient disturbance with high spaéimporal water vapor obsetians for

ingestion into data assimilation systems.
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33l1Chapltretrroducti on

TCG, the formation of a TC, is the most challenging stage in the lifecycle of a TC to
predict(Emanuel 2018)More than a decade ago, it was revealedTl# forecasts had
improved due to numerical modeling and data assimilation (DA) innovgtitaigerin et al.

2013) Despite this progress, accurd@G forecasts remain limited by highly nonlinear multi
scale interactions involving moist convective proce¢gasanuel 2018; Tang et al. 2020; Nufiez
Ocasio 2021)This begs the question of how mubBG forecasts can be further improved in the

future given their dependence on moist convection.

The rapid upscale growth of smaltale errors due to moist convective processes is a
well-documented phenomenon. For exampleng et al. (2003howed that release of latent
heat caused mesoscale errors to grow more
Building on that studyZhang et al. (2003evealed that moist convective differences first
manifest themselves in the form of timing and position errors of individual cells before
eventually contaminating the mesmd synoptic scales. These early srsallle convective
differencesZhang et al. (2003rgue, limit the predictability of such events because they grow
faster than largecale errors. The rapid upscale growth of sieedlle errors due to moist
convection was also shown to influence the predictability of a baroclinic wave amplifying in a
conditionally-unstable atmosphe(@an et al. 2004; Zhang et al. 2007; Sun and Zhang 2016)
those studies, the convective differences eventually project onto thestaigebalanced flow,
limiting the predictability of such phenomena. Predictability of-tattude severe convective
and mesoscale weather is also limited by moist convegtomesses. These phenomena include
extreme warrrseason rain events (e.ghang et al. 2006; Bei and Zhang 2007; Selz and Craig
2015) squall lines with bow echoes (e.blelhauser and Zhang 2012nd supercell
thunderstorms (e.gSnyder and Zhang 2003; Zhang et al. 20E&)ally, the rapid upscale
growth of smaliscale errors due to moist convection has been shown to influence the
predictability of TC intensification through the rapid appearance of chaotic varéds
convective asymmetrig¥an Sang et al. 2008; Taraphdar et al. 2Qd) interact nonlinearly
with the vortex flom{(Zhang and Tao 2013; Tao and Zhang 2014, 2015; Judt and Chen 2016;
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Fischer et al. 2023V Itimately, rapid growth of sma#icale convective differences has been

shown to have a pervasive effect on the predictability of atmospheric phenomena.

Looking to the other end of the spectrum, a much more complicated picture of the
predictability of atmospheric phenomena than conveyed by the previous paragraph becomes
evident.Lorenz (1969khowed that small amplitude initial errors applied to the largest retained
wavelength (experiment B) result in forecasts having a range of predictability comparable to that
of forecasts where the same amplitude initial errors were applied at the snetdiestd
wavelength (experiment A). Experiment Blafrenz (1969) combined with more recent studies
(e.g.,Nuss and Miller 2001; Durran et al. 2013; Surcel et al. 2Qdd@nts to the importance of
largescale initial errors on the predictability of atmospheric phenomena. Taking it a step further,
Durran and Gingrich (2014ndDurran and Weyn (2016)ypothesized that small amplitude
errors at larger scales (~10@00 km) might quickly cascade down to the smallest resolved
features in a forecast. After reaching the smallest resolvable scales, those errors then quickly
cascade upscale, making it loak though they originated from the smallest scales. In support of
this conceptlloveras et al. (2023howed that midlatitude cyclone forecasts might be more
sensitive to initial condition errors at the larger scales (in this case the synoptic scale) than at the
smallest scales. Ultimately, numerous studies have shown that small initial conditionterrors a
larger scales might play as much, if not more, of a role in limiting atmospheric predictability than

similar errors at the smallest scales.

Regardless of how small amplitude initial errors propagate across scales, the
predictability of TCGis impacted by its dependence on moisture and deep convection. It has
been revealed by both observational studies @rmith and Montgomery 2012; Komaromi
2013)and modeling studies (e.&ippel and Zhang 2008; Zhang and Sippel 2009; Sippel and
Zhang 2010; Torn 2010; Sippel et al. 2011; Doyle et al. 2012; Torn and Cook 2013; Poterjoy and
Zhang 2014; Komaromi and Majumdar 201t TCG is sensitive to the moisture both within
the incipient disturbance and in the environment through which it is modthgpugh the
specifics are still being debated, the complex interplay between moist convection and the
circulation at low and midevels plays a role in TCG, as pointed outhapter 1From a larger

scale perspective, there igm@wing body of research demonstrating that moist convection
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present within the trough of &EW can not only enhance the AEW vorigiall et al. 2006;

Berry and Thorncroft 2012; Russell and Aiyyer 2020; Russell et al. 202@Jso make the

AEW more favorable for TCG by impacting the distributadmmoisture and future convection
(Wang et al. 2010; Hopsch et al. 2010; Berry and Thorncroft 2012; Peng et al. 2012; Leppert et
al. 2013a,b; Brammer and Thorncroft 2015; Brammer et al. 2018; Nufiez Ocasio et al. 2020,
2021) Recent studies have also indicated @G might be more likely shortly after an AEW
interacts with a Convectively Coupled Kelvin Wave in its active phase because both moisture
and convective coverage are increa@éehtrice et al. 2012a,b; Schreck 2015, 2016; Lawton et

al. 2022; Lawton and Majumdar 2028ased on these studies, the impact of moisture and deep

convection on the predictability @iCG cannot be understated.

In studying TCs that originate from AEWS, it is common to analyze the evolution of
convection in a frame of reference moving with the wave. In this frame of reference, the
preferred location 6T CGis hypothesized to occur at the center of a miésoale region of
closed loweitropospheric AEWelative streamlineDunkerton et al. 2009 he center of this
pouch is referred to as the sweet spot. Found at the intersection of the wave trough and its critical
layer (i.e., where the wawelative zonal wind is zero), the sweet spot serves as a focal point for
aggregation of convection witharegion of maximal relative vorticity and minimal
strain/shearing deformation. In the absence of strong shear, the sweet spot is largely protected by
the pouch from potentially damaging dry air intrusions. Furthermore, since the air within the
pouch is ontinuously recirculated, the sweet spot typically has an abundance of moisture.
Consequently, the area containing the sweet spot serves as an ideal location for the formation and
aggregation of VHTs. The marsupial pouch paradigm described heretoforechasuipported
and reinforced by both modeling studies (&/gang et al. 2010; Li and Pu 2014; Asaadi et al.
2016, 2017; Rajasree et al. 2016ail field campaigns, including the Tropical Cyclone
Structure 2008 field experiment (TEXB; Montgomery et al. 2010adhe PreDepression
Investigation of Clougystems in the Tropics (PREDICWMontgomery et al. 2012and
NASAG6s Genesis and Rapid I ntensBrdunaeta.201®)n Pr oc
In short, the preferred location ©CG, in a waverelative sense, is hypothesized to be near the
intersection of the trough and critical layer of an AEW.
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By using an AEWrelative framework for analysis, a recent studyHaytman et al.
(2023)showed the improvements that can be brought to the timim@Gfforecasts by better
capturing the convective evolution within the pouch region during the early hours of integration.
That study (hereafter r ef e-based®A sysiemdosassimithtie C2 3 0)
all-sky infrared (IR) radiances (hereafterghtness temperatures (BTs)) from a geostationary
satellite. Through the assimilation of those BTSs, the initial moisture content within the pouch and
environment was modulated (in this saémaecreased; see Fig. 10 of HCC23) such that
deterministic forecasts exhibited a more realistic convective evolutiom@@diming
compared to an experiment that withheld them.

Motivated by the results of HCC23, this study seeks to shed light on how much
improvement can be brought to the timingl@G in forecasts by reducing errors in the initial
moisture content within the pouch regidmis stug, which also employs an AEMélative
framework differs fromHCC23 in that it is focused entirely on the impacts of local initial water
vapor uncertainty on the predictability BEG. To demonstrate the sensitivity DEG forecasts
to initial moisture content within the pouch, sets of ensemble forecasts differing only in the
amplitude of the initial moisture perturbations withiaie conductedAlthough convection also
depends on the evolution of the wind fields, and thus initial condition errors of the wind, this
study avoids artificially modifying the initial wd perturbation$o avoiddisrupting the gradient
wind balance that may exist within the AEW vortex of the analpsisn HCC23, Hurricane
Irma (2017)is usedas a test case. For a brief meteorological history of the storm, the interested
reader is referred to section 2 of HCC23 as w

Tropical Cyclone RepofCangialosi et al. 2018)

This chapte is organized as follows. Section 2 describes the DA system used to generate
the initial ensemble for this study, as well as the method by which the initial moisture was
modified within it. Section 3 presents the results of the moisture modification lelesem

forecasts. Finally, section 4 provides a discussion of the results, including questions that remain.
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32 Met hodol ogy

This section describes tlEA system used to generate the initial ensemble of analyses for
this study. After thatit detaikthe observations assimilated by the DA system. Finilly,
explairs the method by which the moisture of the initial ensemble was modified.

321 DA and Forecast System

An initial 60-member ensemble of analyses for this stwescreatedby usingthe
Pennsylvania State University ensemble Kalman filter (PSU \ERKF) DA systenm(Zhang et
al. 2009, 2011, 2016; Weng and Zhang 2012, 2016; Chen and Zhang 2019b; Zhang et al. 2019a)
To generate the ensemble, perturbativae applied to the National Center for Environmental
Predictiondés (NCEP) Gl obal Forecast System (G
error covariance matrigBarker et al. 2004)This ensembla'as t hen fAspun upo for
using the Advanced Research version of the Weather Research and Forecasting (WRF) Model
version 3.6. Skamarock et al. 2008) develop flowdependent ensemble statistics before the
first DA cycle. The DA component of this system follesthe ensemble square root filter
formulation ofWhitaker and Hamill (2002)which updates the state via ensemble correlations
that exist between simulated observations and state variables. During the assimilatiskyof all
IR or microwave (MW) BTs, the Community Radiative Transfer M@@&TM; Han et al.
2006, 2007; Weng 200Wasused as the observation operator that gergetlagesimulated BTs.
After assimilation, the ensemble of analyses then integrated to the next DA cycle by the
WRF model. In order to maintain sufficient ensemble spread during the DA cycling, relaxation
to prior perturbation§Zhang et al. 2004)ith a coefficient of 80%wvas applied. In other words,
the final ensemble perturbations at each DA cyaee a mixture of 20 percent of the posterior

perturbations and 80 percent of the prior perturbations.

The size and location of the domain for this study is indicated by the rectanglerne Fig
3.1a. This domain size maintains sufficient distance between its boundaries and the disturbance
of interest during all times of the DA cycling and subsequent forecasts. In the verticalydtesre

43 levels with a top at 1BPa. Due to the number of ensemble forecasts in this study, combined
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with the size of the regional domain needed, computational constrainedlitiis studyo a
single, stationary-&m domain.
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Several parameterization schemese used during both the forecast step of the DA
cycling and the ensemble forecasts. These indtiizfollowing: Thompson doubleoment
microphysics schem@hompson et al. 2008Yonsei University planetary boundary layer
schemdgHong et al. 2006)and the Rapid Radiative Transfer Model (RRTM) longwave and
shortwave radiation schemg@acono et al. 2008 Surface fluxes of momentum, and senséid
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latent heatvere parameterized via the methodG@en and Zhang (2013 cumulus

parameterization scheme was not usedesthe grid spacing in this study has been shown to
sufficiently resolve the main physical processes involveld (e.g., Montgomery et al. 201,0)

as well as the maintenance of MCSs without the need for cumulus parameterizatidte(etg.,

al. 2019; Wang et al. 2015; Ying and Zhang 2018; Zhang et al. 2017; Chen et al. 2018a,b; Chen
and Zhang 2019; Ying and Zhang 2017; Chan et al. 2020; Ou et al. 2020; Chen et al. 2021; Chan
and Chen 2022; Chen et al. 2022a,b)

3220bservations Assimil ated

Observations assimilateluring hourly DA cycling fall into three categories: 1) surface
and uppettevel observations from the World Meteorological Organization (WMO) Global
Telecommunication System (GTS), 2)-slly IR BTs observed by the uppgeopospheric water
vapor channelghannel 5) of the SEVIRI instrument on board Meteosatl 0 satellite, and 3)
al-sky MW BTs from NASAOG6s Gl obal Precipitation
satellitegHou et al. 2014; SkofronieBackson et al. 2017EEnsemble covariances were localized
using the Gaspari and Cohn (1999) fifitder piecewise polynomial to eliminate the effects of
spurious longdistance correlations. Following HCC23, the localization radius of influence (ROI)
used in the horizontal wa90 km for surface GTS observations, 100 km for HapeGTS
observations, and 100 km for-gky IR BTs. For more details about the quality control, data

thinning, and localization, the interested readeeferredo section 3c of HCC 23.

This study supplemeadithe hourly assimilation of alky IR BTs with aHsky MW BTs.
It assimilatél one low frequency channel (19 GHz verticghglarized) and one high frequency
channel (183.31 + 6.6 GHz; 89 GHz for sensors not having 183 GHz) to be consistent with Table
B1 of Zhang et al. (2021 )After thinning MW observations to a separation of 27 km (comparable
to the IR BTs), an average of 400 low frequency observateres assimilated in eight of the
twelve DA cycles and an average of 800 high frequency observateasassimilated in ten of
the twelve DA cycles within 1000 km of the sweet spot location one would identify if they used
the ERAS5 zonal (U) and meridional (V) winds at 850 hPa. To be consistent with the assimilation

of IR BTs, ensemble covariances whenmgsaiing MW BTswere localized in the horizontal
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with a radius of influence of 100 km for all variables. As with the assimilation of IRtB&s,
adaptive observation error inflatigMinamide and Zhang 201 ®)ethodwas employedo
adaptively inflate the observation error when large mismatchesredtw@tween observed and
simulated cloud scenes. Consequently, none of the thinned MW@&#€gejected during the
assimilation process. Finally, when calculating simulated MW BTsspberical ice
hydrometeor scattering properties develope&ieyon et al. (2017, 2018)ere usedo be

consistent with the microphysics parameterization scheme.
323Moi sture Modi fication Ensembl es

This subsectiodescribe the method by which the initial ensemble of analyses (i.e., the
analysexreated by th®A system)was modified to produce new sets of ensembles (to be
described shortly). Since the goas to see the impact of initial moisture uncertainty within the
pouch region on the predictability dCG, it was natural to generagsmsembles that diffed
only in the moisture content within the pouch region at initialization time. More specifically, the
uncertainty of the initial moisture content varsystematically from ensemble to ensemble. To
accomplish this, the water vapor mixing ratio (hereafter QVAPOR) perturbations of the original
ensemblavere shrunkvhile keeping the ensemble mean and spatial pattern of moisture
unchanged. This processs performed in a pouetelative sense, since each ensemble member
had a different sweet spot location in theginal ensembleHereafter, this new sef ensembles
will be referred taas the PRIMER (PoueRelative Initial Moisture Ensembleerturbation
Reduction) ensembles.

Figure3.1 outlines the three stefisllowedto generate the PRIMER ensembles. The first
step in this figure shows the extraction of the QVAPOR values within a cylinder of radius 300
km centered on the initial sweet spot location of each member. These extracted cylenelers
then aligned such that their central anese collocated and each grid point within these
cylinderswas aligned based on its position relative to the central axis (in other words, sweet
spotrelative coordinateare useduch that theweet spot is the origin/central axis). In the
second step, the perturbations from the nveene shrunk at each grid point within the cylinders
by rescaling them by a fractidrand then adding them back to the ensemble mean value at that
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grid point. For the third step, the sweet spot location of the PSU-BRF analysis meawas
identifiedand the QVAPOR values within 300 km ofutere replacevith the values obtained in
step two. This reswddin new ensembles, with the only difference across members being the
QVAPOR within 300 km of the ensemble mean sweet spot location. It is important to note that
all variables other than QVAPORere set to the ensemble mean values at every location within
the domain. Also, the QVAPOR values outsidéhe cylindersvere also set to the ensemble
mean values. Finally, the boundary conditions for all forecaste érom the NCEP GFS

analysis of 00 UTC 28 August. This design endltheimpacts of initial moisture uncertainty
within the pouch regioto be isolateddisentangling it from other sources of uncertainty such as

the environmental moisture and other variables.

A total of twelve moisture modification ensembiesre produced eleven PRIMER
ensembles plus Stochasti¢?Qn Stochastic @, random perturbations drawn from a normal
di stribution ()iversadded to the easerfble ihdéan QVAR@R values at only
the lowest model level within 300 km of the ensemble mean sweet spot location. This ensemble
was created to show the intrinsic limit of predictability for this case. The eleven PRIMER
ensembles (PRIMER.O1, PRIMERO.1, PRIMERO . 2 € PRQ) differ®lonly in the
fractionf by which the QVAPOR perturbatiomgere rescaled. Figurg.2 shows the initial hour
ensemble spread (i.e., standard deviation) of the lowest model level QVAPOR for two of the
ensemblesNote the spread of Stochasti¢’(Figure 32a) is two orders of magnitude lower than
PRIMER-1.0, which has the highest perturbation amplitudgui@3.2b). By design, the spatial
pattern of QVAPOR spread for PRIMERQO is identical to the other ten PRIMER ensembles
(not shown). Consequently, the spread of PRIME®L is similar in magnitude to Stochasti® Q
but has a spatial pattern identical to the other PRIMER ensembles. The spatial pattern of
QVAPOR spread in the PRIMER ensembles (Fé&g32b) reveat the pattern of inngsouch
moisture uncertainty that exists in this statehe-art DA system. Moisture uncertainty is
greatest in the northeast quadrant of the pouch and generally decreases towards the southwest.

This pattern of moisture uncertaintystdts from uncertainty in the positioning of a moisture

gradient that exists to the northeast of each

positioning of those pouches (not shown).
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33Resul t s

This section is divided into three subsectidrt® first subsectiopresens the results of
the fiveday ensemble forecasts and quaedifhe impact of initial moisture uncertainty on the
evolution of intensity uncertainty.he secondubsectiorshows the impact of initial moisture
uncertainty on the growth of convective differences during the early hours of the forecasts.

Finally, the last subsection reveals the impact of initial moisture uncertainty on pathW&s to

and the timing off CG.

3.3 mpact of Initial Moi sture Uncertaint

The initial ensemble containing the full EnKF perturbatiosedin this study amefrom
the 02 UTC 28 August analysis (the ninth DA cycle) of the PSU WRIKF. This analysisvas
chosen because the ensemble mean of the ensemble forecast initialized from it follows the
NHC6s HURDAT2 best track data more closely th
hours before the observ8@G time. Note thathis study defines thebservedl CGtime as the
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time at which Irma entered the best track database as a tropical depression (i.e., 00 UTC 30
August).

Before exploring the growth of intensity uncertainty in the PRIMER ensembles, it is
important to keep in mind the intensity uncertainty that exists in the full EnKF ensemble, which
serves as the benchmark for this study. FiguBesl3ows the temporal evolution of the intensity
and track of each member in the full EnKF ensemble, which was initialized 46 hours before the
observedlCGt i me. Throughout thi s manussocheswedtspott he t
location prior toT CG time and the TC centéocation aftelTCGtime. The TC center location
was determined using the tracking algorithm of HCC23, which is loosely based on the study of
Majumdar and Torn (2014 that the same quantitiggere usedThis algorithm defines the TC
center as the centroid of the triangle having vertices at the locations of the maxim880700
hPa layeraveraged circulation, maximum 2880-hPa thickness anomaly, and minimum-sea
level pressure (SLP). A quick look at bHig3.3a reveals the wide range of intensity forecasts in
the full EnKF ensemble. By the observEQG time, the range of minimum SLP values reaches
10-hPa to 26hPa and grows to ~ @fPa by the end of the forecasts.hdligh the ensemble
mean captures thECG and subsequent intensification (from 0 h to 40 h) of Irma quite well
compared to the best track, many members dd sotne drastically overestimate the intensity
while others fail to develop it at all. Furthermore, there is a general tendency to produce
stronger storm when the initial moisture content within the pouch is higher. This tendency is
more noticeable during the pieCG period. The full EnKF also exhibits sizeable track
uncertainty (Figre 33b). This urertainty is a result of several factors. These factors include
uncertainty in the initial sweet spot location, uncertainty in the initial values of all variables, the
b effect (i .e., a noimthemavtbesnthemasphecuealto differentiab f t h e
advection of the Earthdés vorticity that incre
interactions among variables during integration. In summary, the bencknssinble forecasts
used inthis study although representative of a staff-the-art DA system, have considerable

room for improvement in both intensity and track.
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Now thatthefull range of intensities in the full EnKF ensemhbs been revealed
attention isgivento the intensity uncertainty that develops because of the initial moisture
uncertainty within the pouch. FiguBa4 shows the intensity and track forecasts for some of the
moisture modification ensembles. In terms of minimum SLP, the Stocha&(Eiqure3.4a)
andPRIMER-0.01 (Figire3.4b) ensemble forecasts are visually quite similar. Differences that
arise between the intensities of these two ensembles, albeit quite small, might be a result of the
spatial pattern of initial QVAPOR uncertainty. How the spatial pattern of initial QVAPOR
uncertainty impacts the intensity uncertainty is an interesting question but is beyond the scope of
this study. As initial QVAPOR uncertainty increases to-tam¢h (PRIMERO.1, Figire 3.4c) of,
and eventually all (PRIMER..O, Figire3.4d) of the full EnKF QVAPOR uncertainty, the range
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of forecasted intensities increases. Also noticeable is an increase in the range of track forecasts
with initial QVAPOR uncertainty (Figres34e,34f ) . Thi s 1is most | ikely
since the stronger members track farther to the north. This can be seen most easily in the
PRIMER-1.0 (Figure 34f) ensemble. To summarize, since QVAPOR within the pouch was the

only variable that differed in the initial conditions of the PRIMER ensembles, uncertainty of

initial moisture within the pouch region trslates to noticeable uncertainty in the forecasted

intensity.
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The increase of intensity uncertainty with initial moisture uncertainty is associated with
the propensity for the initially moister members to intensify earlier and reach a greater peak
intensity. This is most noticeable for the PRIMER (Figure 3.4d) ensemble, where a clear
stratification by initial QVAPOR is evidenthis is quantifieda bit further by showing the
Pearson correlation coefficient between the initial QVAPOR and the intensity for each ensemble
(Figure 35a) forecast. Strong negative correlations exist between initial QVAPOR and minimum
SLP in the PRIMERL.0 ensemble. These correlations are statistically significant at greater than
95% confi dence ba s-riedtesi(Gdasdetel908jdr aindost mlithouss oftthe o
forecast (Figre3.5b). This supporttheclaim that initially moister members intensify earlier
and more. As the initial QVAPOR uncertainty decreases, the correlation between initial
QVAPOR within the pouch and minimum SLP becomes less negativer¢FR3§a) and less
statistically significant (Figre 35b). This trend is likely a result of the decreasing divergence
between moist and dry members with decreasing initial moisture uncertainty. The correlation
values are most negadi in the full EnKF ensemble forecast. This is because the members in the
original analysis that have the lowest SLP tend to also have the most moisture in the pouch (not
shown) because the PSU WARRKF updates QVAPOR via the ensemble correlations thsit exi
between it and other variables. Ultimately, ensemble members with more moisture within the
initial pouch region will intensify earlier and reach a greater peak intensity, thus causing the

intensity uncertainty to be greater when the initial moisturenaioty is greater.
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This subsectiois concludedy showing the growth of intensity uncertainty (g 36)
in terms of ensemble spread of minimum SLP. The ensemble spread of minimum SLP grows for
all moisture modification ensembles (Eig 36a) up to about the point when intensification
paused in the best track data (~ 40 hours after the obsEG@&time). After that point, the
ensemble spread decreased, indicating the members generally agreed intensification would
pause. Also evident in Rige 36a is the trend towards greater intensity uncertainty as the initial
QVAPOR uncertainty within the pouch increased, consistent witlr&ig4. Note the spread of
minimum SLP for the full EnKF ensemble begins at a nonzero value, maintains an almost
constant vertical separation with the PRIMER ensemble until about 40 hours after the
observedlCG time, andthen continues to increase almost until the end of the forecaatégFig
3.6a). This trend implies that initial uncertainty in the {@QWAPOR values of the full EnKF
ensemble might have played only a minor role in the intensity uncertainty until well after the
observedlCGtime. By comparing the PRIMER.O ensemble spread of minimum SLP to that

of the full EnKF ensemble in Fige 36a,it can be concludethat initial moisture uncertainty
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within the incipient disturbance plays a crucial role in determining the intensity uncertainty

during the hours leading up to the observ& time.
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Figure 36b. This figurereveals three phases in the evolution of intensity uncertainty during the

hours leading up to the observE@G time. The first phase sees a rapid growth of uncertainty

during the first six hours. After the period of rapid uncertainty growth, a roughly tlelwe

period of quassteady values followed. Beginning at about 30 hours before the ob3&@Gd

time, the ensemble spread increases once again and continues THC@gme. At the start of

the last phase, the ensembles with greater initial QVAPQ@Rrtainty already had larger

intensity uncertainty, enabling them to achieve even larger uncertainties by the od€&®/ed
time. This thregohase pattern will be discussed in the next two subsections.
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3321 mpact of I nitial Moowt href URoawveatn

Di fferences

This subsection investigates more closely the divergence of forecasts within each
ensemble prior tad CG. To focus on the medwscale, the volumaveraged difference kinetic
energy (DKE)was calculateavithin a 2° x 2° box centered on the storm center. DKE between

any two ensemble members is given by,

-0k ~Ongh €Y

where¢ g ando gig are the differences between thendv wind components at each location

in stormrelative coordinates. The DKE at each locati@s then averaged over the 1,770
combinations of ensemble member pairs before taking a volume average. Bigwkows

the trend of DKE during the hours leading up to the obser@@time. It resembles the

ensemble spread in minimum SLP (g 36b); however, it is smoother and increases
monotonically with initial moisture uncertainty. The rapid divergence of the ensemble forecasts
during the first few hours appears quite prominent in the DKE plots. Close inspection reveals a
local maximum of DKEoccurs between eight and ten hours after initialization (38 to 36 hours
before the observelCG), which is about foura six hours after the minimum SLP spread

flattens out (see Fige 36b). This subtle discrepancy might be a consequence of changes in
wind speed lagging that of changes in minimum SLP. Another interesting trendire Bigis

the decrease in DKE from about 38 to almost 30 hours before the ob$&@@adne, which are
times when the spread of minimum SLP remained egtasidy. The dip in DKE during these

times might reflect changes in the structure of the vortex as well as the potential impact of a
diurnalcycle (discussed later). Since DKE (a bulk quantity) and ensemble spread of minimum
SLP (a point metric) are two very different ways of quantifying the divergence of the intensity
forecasts, it should not be surprising that they exhibit some differdncggnmary, multiple

metrics reveal a rapid divergence of the intensity forecasts during the first six hours, followed by
a roughly twelvehour pause in divergence, before rapidly diverging through the obset@d

time.
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Upscale growth of errors to the poustale can be seen in convective differences. Figure
3.8 shows spaghetti plots of the 210 K simuldiateosatl0 channel 6 BT contour in the region
where initial QVAPOR perturbations were modified. Channel 6, with a central wavelength of
7.3um(Schmid 2000)is sensitive to lowetropospheric water vapor. Note that this channel was
not assimilated in this study. The 210 K contour represents cold cloud tops, indicative of deep
convection. After one hour of integration, all 60 members in both PRHABR (Figire 38ay)
and PRIMERO.1 (Figure 38b1) ensembles agree on the positioning of this contour (i.e., deep
convection). At this time, a large MCS can be seen in the western half of the pouch region. When
initial QVAPOR uncertainty is increased to half of thé# EnKF, slight discrepancies in the
positioning of this contour become noticeable within one houu(Eig8cy). These
discrepancies, which show the small coverage differences of that MCS among members, are due

to small differences in its intensity across members. These intensity differences become more
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noticeable when the initial QVAPORure3Bd)ert ai nt

Some members in PRIMERO develop new convection in the southern and eastern parts of the
pouch region after one hour. As it is integrated further, these members develop the new
convection while others subsequently develop their own new convectitimeinpmsitions

(Figure 38d). By hours three (Figre 38ck) and four (Figire 38ds), through a combination of

MCS dislocation and intensity errors, convectiveatiéhces in the PRIMER.O ensemble have
spread throughout the entire region of the initial pouch. This process ensues for all ensemble
forecasts; however, its onset appears later as initial QVAPOR uncertainty decreases. For
example, the PRIMER.5 ensemblshows signs of dislocation errors cropping up after two
hours of integration (Figre 3.8c), PRIMERO.1 after three to four hours (Figes3.8bs 1 3.8ky),

and PRIMERO.01 after about six hours (not shown). There appears to be no visible relationship
between the initial QVAPOR of a particular member and either where new convection develops
or how large the MCSs are. This shows how truly nonlinear and stochastic the system is. The
takehome message of kige 38 is that greater initial moisture uncertainty within the pouch
region leads to earlier development of dislocation errors in future MCSs, and these dislocation

errors rapidly grow to overwhelm the area of the pouch.

Before discussing the impacts of initial moisture uncertainty on pathways@and its
timing, the key finding of this subsectimsummarizedincreasing the uncertainty in the initial
moisture content within 300 km of the pouch center leads to larger uncertainty in the intensity
forecast during the first six to twelve hours due to an earlier development and faster growth of
MCS dislocation andtensity differences.
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3.3 mpact of I nitial Moi sture Uncertai

Genesis Timing

The previous subsecti@inowed thatherapid growth of convective differences to the
scale of the pouch occurs due to initial moisture uncertainty within it. This subsection reveals the

impacts of tlkse errors on pathways #1CG andTCG timing.

Rapid development of pouddtale convective differences associated with the initial
QVAPOR uncertainty within it can be inferred from mdsscale latent heating rates (&ig
3.9). In an ensemble mean sense (Fég3.9a i 3.9a), latent heating rates in each PRIMER
forecast follow the same general evolution; however, uncertainty in their magnitude, as shown
by the ensemble spread of mdsscale latent heating rates (Bigs3.9b: T 3.9ly), increases
with initial QVAPOR uncertainty. Although all PRIMERsembles exhibit peaks in the spread
of latent heating rates coincident with the timing of convective bursts shown in the ensemble
mean, the PRIMER.0 ensemble has noticeably larger uncertainty in the strength of those bursts
(Figure 3.9hy).

The timing of the convective bursts in the ensemble mean latent heating rates reveal a
diurnal cycle, especially during the first day of integration. A prominent convective burst occurs
during the first six hours of all ensembles, peaking just beforesguriter sunrise, convection
in all ensembles is suppressed until about 30 hours before ob3€&Eime - the approximate
time of sunset. Recall the ensemble spread of intensity remaineestpady (Figre 3.6b) and
DKE dropped (Figre 37) during thedaylight hours between 42 and 30 hours before the
observedl CG time. During this period, the ensemble spread of Afiescale latent heating rates
also remains quasiteady or decreases slightly. At around 30 hours before the ob3&@&d
time, the sun begins to set, and another round of convective intensification starts. This new round
of convection leads to an increase once again in the mean and spread of latent heating rates.
Thus, the diurnal cycle of convection may have played a malpin the furtler growth of
convective differences among members. The impact of the diurnal cycle on deep convection, as

well asTCG and intensification, has been illustrated by numerous other studiedi@@ggod
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Another intriguing feature in the ensemble mean plots of fhestale latent heating
rates is the convective burst during the first six hours of the forecast period, which increases in
intensity with increasing initial QVAPOR uncertainty (kigs3.9a i 3.9as). This is a result of
the model adjustment process in the first six hours of integr&ionoe the PSU WRENKF
system provides a statisticalbased update to the state, some degréewéation from physical
reality is to be expected in the analysitre specifically, the PSU WRENKF may try to build
clouds in columns where the moisture or vertical motion is insuffidigpan initialization, some
of the convectiomn those columnwyill dissipate as the model is integrated. This dissipation
process décts the initially moister ensemble members less than the drier ones. Since the
ensembles that have the greatest initial QVAPOR uncertainty have more extremely moist
members, the dissipation process will affect them less. This explains why the PRIDIER

ensemble has the strongest convective burst during the first six hours of the forecast. The
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physicaldisconnectescribed hereas well as other forms of disconnect such as physical
imbalance (e.g., deviations from geostrophy), ateramon feature of DA systenidoutekamer

and Mitchell 2005; Poterjoy and Zhang 201t#igt cannot be avoided when starting from an
analysis. How much of the rapid intensity spread growth during the first six hours of integration
(Figure 36b) results fronthe unsupporteadonvectionpresent at initialization is unclear,

however, it suffices to say that operational models will experience this effect as well.

The bursts of deep convection shown inufgg39 are associated with periods of
enhanced lowevel convergence through a deep layer while times of suppressed convection
experience weaker and shallower #@vel convergence (Figes3.10a i 3.10a;). Consistent
with Figures3.9a i 3.9a&, the lowlevel convergence during the first six hours is progressively
deeper and stronger with increasing initial QVAPOR uncertainty. During the daylight hours
between 42 and 30 hours before the obsei@&@ time, the lull in deep convection is
accompanied by shallower, weaker Kavel convergence. When the sun begins to set around 30
hours before the observ@@€G time, the lowlevel convergence once again grows deeper and
stronger with the new round of convection. As with the latent heating rateRIBIER
ensembles agree on the general trend of the4fssale divergence in an ensemble mean sense
(Figures3.10a i 3.10a), but they disagree on the uncertainty of its strength. Based on the
ensemble spread of mebescale divergence (Riges3.10by i 3.10hy), uncertainty in the
strength of lowevel convergence associated with convective bursts increases as initial

QVAPOR uncertainty increases.
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Convective bursts artieir associated losevel convergence play a role in the spmof
the lowlevel meseb-scale vortex (Figre3.11). As with lowlevel convergence and latent
heating rates, all PRIMER ensembles agree on the general trend of the relative vorticity in an
ensemble mean sense (ligs3.11a i 3.11a). More specifically, the lowevel vortex begins to
intensify and extend upwards during the early and late morning hours of the first day (i.e., 42 to
35 hours before the observE@Gtime). Around the middle ohat day, the vortex at all levels
begins to spirdown, with the pattern clearest at kevels. Shortly after sunset on the first day,
the lowlevel vortex once again begins to spip. This time, however, vorticity continues to
increase with height andie through the daylight hours of the second day to eventually become
a TC. By comparing Figres3.10a i 3.10& to Figures3.11a i 3.11a&, one can see those
changes in the lovevel vorticity lag changes in the Iel@vel convergence. Consistent with
Wang et al. (2010andBell and Montgomery (2019jhis shows the role of the lelevel mese
b-scale convergence associated with convective bursts in helping {opsthie vortex. An
interesting pattern seen in Eigs3.11a 1 3.11a& is the temporary spidown of the lowlevel
vortex during the afternoon and evening hours of the first day. This del&@ds influenced
by the intense convective burst that occurred during the first six hours combined with the
subsequent lack of new convection during the daytime hours. Once that convection reaches

maturty, evaporatively cooled downdrafts (not shown) reduce the iasale lowlevel
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convergence, thereby temporarily preventing further-gpiof the lowlevel vortex. To
summarize, convective bursts and their associateddegl convergence contribute to a spim
of the lowlevel vortex in an ensemble mean sense, regardless oftiaermoisture uncertainty
within the pouch.
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Increasing uncertainty in the initial QVAPOR within the pouch leads to greater
uncertainty in the strength of the mdsagcale vortex at all levels (Riges3.11by 7 3.11by). This
uncertainty in the strength of the vortex grows rapidly during the early hours, especially for
PRIMER-1.0 (Figure3.11ly). For PRIMERL.0, and to a lesser extent PRIMBR (Figure
3.11ky), large uncertainty in the strength of the #gdel vortex can be seen in the afternoon
hours between 35 and 30 hours before the obs@@&itime. This lags the maximum in the
ensemble mean mi@vel vortex (Figires 311a, 3.11a) by a few hours, indicating uncertainty
in the timing of midlevel vortex spirdown when iitial QVAPOR uncertainty is greater.
Conversely, both PRIMER.5 and PRIMERL.O display lower uncertainty in the sgiown of
the lowlevel vortex during those afternoon and evening hours. This is likely a result of the lack
of new convection during thesienes. Once the sun sets around 30 hours before the observed
TCGtime, new convection develops and thelewel vortex eventually spirgp. The ensemble

spread of the medo-scale relative vorticity subsequently increases in time from the surface
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upwards (Figres 311b 7 3.11ky). Ultimately, the timing of the spiap of the lowlevel vortex

becomes more uncertain as the initial QVAPOR uncertainty within the pouch increases.

The differences in the timing of the spip of the lowlevel vortex shown previously
translate to differences in the timing™EG among members. To corroborate that stateniest,
necessary to definée timing ofTCG in the simulations. In this study, simulaté@G time
refersto the precise hour at which the 7880 hPa layeaveraged mesb-scale circulation
exceeds a value of 8 x 2@ and remains above that threshold for the remainder of the forecast
period. This threshold value is chosen to be consistent with the stivbjuwhdar and Torn
(2014) Based on the medwscale circulation values plotted inglare 312, uncertainty in the
simulatedTCGtime for this case study increases as the initial moisture uncertainty within the
pouch region increases. More specifically, the ensemble spread of the sifid&ddce
increases to over six hours as the initial moisture uncertainty reaches that of the full EnKF
analysis. The spread of simulafB@G time increases with increasing initial moisture
uncertainty because the initially moistest members tenhdergol CG earlier, as indicated by
the correlation between initial moisture content & time. Note that, consistent with Fige
3.5, these correlations become increasingly negative and statistically significant as initial
moisture uncertainty within the pouch increases. Ultimately, uncertainty in the simlda@d
times of this case study increases with initial moisture content within the pouch because

ensemble members that are initially moister tend to undeggaearlier.
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Uncertainty in the simulated timing ®CG due to initial QVAPOR uncertainty within
the pouch is a result of uncertainty in the strength and coverage of convective activity on the
mesab-scale. This can be inferred from Erg 3.13, which shows the statistically significant
correlations between initial QVAPOR within the pouch and the rbestale averages of latent
heating, divergence, and relative vorticity. Based guife 313, initially moister members tend
to produce greater rates of latent heat releasen@@{3a), a stronger and deeperdaof low
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level convergence (Fige 313b), and a stronger lelgvel vortex (Figire 313c) during the early
hours of the forecast. After sunrise on the first day (~ 40 to 35 hours before the ob$&@/ed
time), moister members tend to produce evaporative cooling below 4 km as the intense
convection they produced has matured by this point. This evaporative cooling coincides with
low-level divergence at that time for the initially moist members. Also &titha, the moister
members tend to have stronger convergeeee # km, which is consistent with the togavy
latent heating profile (Figres 39a. 1 3.9a&) and is related to the prevalence of stratiform
precipitation. Shortly thereafter (35 to 30 hours before the obs&@€&dime), the moister
members tend to have a stronger el vortex near 4 km and a greater spawn (although

not statistically significant) of the lovevel vortex. As the sun sets that day, the moister
members once again begin to release more latsitat all levels, coincident with ameeriod

of low-level convergence. By the end of the first full night (~ 20 hours before the ob3&r@&d
time), the moister members have begun to-gipithe lowlevel vortex after a prolonged period
(~ 10 hours) of enhanced leivel convergence. Ultimately, members that are initially moister
tend to form a TC earlier because the intense convection theéygeréeads to the earlier spip

of a lowlevel vortex.

Corr (Qu. 1, Zp)

T =

- Corr (Qy,i, LH ) Corr (Qy,i, Div
bt 77 I ] \< Al
— 1 aE i 1 4 HeWal
10+ 1 \ D ! . e' ] s |/ | 0.9
il it : - ‘
-y i |1 : ‘
E 8- : “ : E o A 0
= !, THE [ 01 Q
e 61 = T ;|$ . i 0.1 3
[e)) { 1 : |
9 4] ] Ll 4 -0.5
E « T,
1 :
24 i % 99
, 1 : d
2y v

10 40 -30 20 -10 O 10 -40 -30 -20 -10 0 10
Genesis-Relative Time (h)

Fi gur.ef@mpor al evolution of the Pears-baucorrel
vol tamer aged QVAPOR within 300 ks odl @ h(ea)p oluacth
heating rates, (b) divergence, and (c) relati
PRI MERO moi sture perturbations. Only correlat
than 95% basedtestth@0&y edlrat @Ilsbestctad de. alvheer angeess
each time were foan@Abyxy &2Webagi cg@nwier eidnon t h
subplot, dotted vertical l ines i ndicate suntri



In this subsectiont wasshown that, in the context of Hurricane Irma (201"Qreasing
the uncertainty in the initial moisture content within 300 km of the pouch center does not alter
the pathway t@ CG; however, it increases the uncertaintyf oG timing since ensemble

members with more moisture exhibit an earlier sgrof the lowlevel vortex.
3.4 scussion and Concl usi ons

This study investigated the impada§local initial moisture uncertainty within the
incipient disturbance that would become Hurricane Irma (2017) on the practical predictability of
its formation and subsequent intensification. By comparing an ensemble forecast with only
QVAPOR perturbatios within the pouch region to one that retained perturbations of all
variables domakhwide, it was revealedhat initial moisture uncertainty within the incipient
disturbance plays a crucial role in determining the prafiltty of TCG. Upon integration,
initial moisture uncertainty causes the rapid growth of MCS intensity and dislocation errors that
overwhelm the pouch region within a couple hours. Eventually, pscale differences in
convection lead to a variety ®fCG timings, with initially moister members spinnkugp a low
level vortex earlier. As initial moisture uncertainty is reduced by shrinking perturbations to
QVAPOR, pouchkscale convective differences are slower to grow,T80@ timing is

constrained.

This study suggests the practical predictabilityf GG may be improved by reducing
initial moisture uncertainty within the incipient disturbance of potential TCs. Consequently, it
provides motivation to target this small, but critical region, for high resolution observations that
modern DA systems can usectnstrain the initial moisture within it. Aky IR and MW
observations, such as in this study, are one type of observation that can reduce moisture
uncertainty. Beyond that, high resolutiorsitu noisture observations at all levels within the
disturbance will likely be needed (e.g., from a dense dropsonde network). Before such an
investment, future studies should confirm the robustness of these results with other storms, given
the strong cas-cas variability inTCG predictability associated with various flow regimes
(Sippel et al. 2011; Melhauser and Zhang 2012; Torn and Cook 2013; Komaromi and Majumdar
2015) Future studies should also confirm the robustness of these results with higher resolution
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models that better resolve convective scale motidaagh Zhang et al. (2003ndZhang et al.
(2007)revealed that initial growth of errors becomes faster as resolution is increased. Another
limitation of this study is that it neglects the potential impacts of initial moisture uncertainty
within the environment. Finally, the spdown of the model durinthe first six hours of

integration, as well as using a single forecast model and DA system, are just some of the other
limitations. Nevertheless, this study reveals a glimmer of hope. Not only does it show the
improvement that can be broughtit@G forecasts by constraining moisture within a small

region, but it also suggest€G might be more predictable than it seems. The latter point can be
realized by noting perturbations to initial moisture well below the amplitude of any observation
system at one model level in a small region leads to forecast uncertainty well below that of

forecasts initialized from typical analysis uncertainty in all variables domiaie (Figure 36a).

These redts lead to some very interesting questions that are worth pursuing in the
future. For example, how does the impact of initial moisture uncertainty within the pouch region
compare to that of initial moisture uncertainty within the environment? Also, dossaining
the initial moisture at certain vertical levels within the pouch impact the predictabilitg Gf
more than others? Another factor worth considering is the influence of the diurnal cycle of
convection on the predictability 9iCG. This studyrevealed the delayetCG that occurred in
the daylight hours on the first day. How migin resultsdiffer if the forecasts were initialized
during different parts of the diurnal cycle? These are some of the quabkabshould be

pursuedn the future.
Data Availability Statement

Initial conditions for all ensemble forecasts presented in this study can be freely
downloaded from the Penn State Data Commbtipg://doi.org/10.26208/15Q9M49). All
assimilated GTS observations were obtained from datasets 351.0 and 461.0 of the NCAR
Research Data Archivéttps://rda.ucar.equAll assimilated Meteos&t0 SEVIRI Channel 5
BTs were ordered from the EUMETSAT Data Cenbrigps://www.eumetsat.int/eumetsddta

centrg. All assimilated MW BTs were downloaded from NASA GPMs Precipitation Processing

System [ittps://storm.pps.eosdis.nasa.gov/stdrm/
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Chapter 4

Improving the Analysis andForecast of Hurricane Dorian (2019)
with Simultaneous Assimilation ofGOES-16 All-Sky Infrared

Brightness Temperatures and TailDoppler Radar Radial Velocities

ABSTRACT

Recent studies have shown that assimilation eglallIR observations can be beneficial
for TC analyses angredictions. The assimilation of TDR radial velocity observations has also
been shown to improveC analysesandpredictions; however, there is a paucity of literature on
the impacts of simultaneously assimilating them witksijl IR BTs. This study examines the
impacts of assimilating combinations of GOESallsky IRBTs, NOAA R3 TDR radial
velocities, and conventional observatidrsn theGTS networkonthe analyses arfdrecasts of
Hurricane Doriar(2019) It is shown that including IR and/or TDR observations on top of
conventionalGTS observations significantly reduces bHtkand intensityforecasterrors.
Trackerrors are reduced the most (25% at lead times greater than 48 h) when TDR and GTS
observations are assimilated. In terms of intensity, errors are always lower at lead times greater
than 48 h when allky IR BTs are assimilated. Simultaneously assimigliDR and IR
observations has the potential to further improve the intensity forecast by as much as 37% at a
lead time of 48 h to 72 fhe improved intensity forecasts produced by the experiments
assimilaing all threeobservation sources are shown to be a result of the competing effects of IR
assimilation producing an overly broad area of strong cyclonic circulation and TDR assimilation

constraining that circulation to a more realistic size and intensity.
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41Chapltretrroducti on

TCsare among the deadliest and costliest natural disasters. Of the-dllanweather
and climate disasters that have afflicted the United States sinceTI&8nk first in terms of
both fatalities and cost to the econo(®ynith 2020) Improving upon track and intensity

forecasts is thus of great societal value.

Over the last couple decades, averagekerrors oftheNHC 72h hurricaneforecasts
have more than halved, wherd¢ls 72-h forecasts of maximum surface wind speed have seen
lessimprovement over the same time per{@hngialosi 2020)Therelativdy slow improvement
in TC intensity forecastg has been attributed to a number of difficulties. These difficulties
include the challenges associated with accuraietylating angredicting smalscale nonlinear
features such as moist convectmrer the hurricane inner core regi@ng.,Hendricks et al.

2004; Krishnamurti et al. 2005; Montgomery et al. 2006; Rotunno et al. 2009; Zhang and Weng
2015; Christophersen et al. 201Model physicsleficiencies regardin@C inner coredlynamics

(e.g., Bao 2016%. Zhang et al. 2017; Zhang 2018; Rajeswari et al. 20B8)lack of sufficient

TC inner core observatiorfs.g.,Pu et al. 2016)and our incomplete understanding ofs#a
interactions at high wind speeds (e@reen and Zhang 2014; Andreas et al. 2015; Chen and
Zhang 2019; Nystrom et al. 2020; Chen et al. B)2IC intensity forecast errors aadso

greatly influencedy initial intensityandstructureerrorswithin the TC inner corevortex, which
makes prediction dRl especially challenginEmanuel and Zhang 2016 addition to

minimizing initial intensityand structurerrors, it is also important to properly initialize inner

core moisturédEmanuel and Zhang 201 Bomething which is not easily observed.

In order to minimizenitialization errorsin the TC inner core vortexa number of studies
have used DAystems to assimilate either grotimaised (e.gQsuri et al. 2015; Zhu et al. 2015;
Shen et al. 2016, 2026y airborne (e.gAberson et al. 2015; Zhang and Weng 2015; Tong et al.
2018; Nystrom and Zhang 201Bpppler radar observations. Collectively, these studies show
that assimilating Doppler radar radial velocities reduces both track and intensity errors relative to
assimilating only conventional GTS observations. These improvements are due to better
repregntation ofTC initial position andnner coredynamic structures.
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Despite the improvements brought to TC forecasts from assimilating Doppler radar radial
velocities, there are some challenges associated with their assimilation. For example, because the
radar observations come in high quantities and a resolution sigilifitégher than the model
grid used, substantial data thinning and quality control must be implem&himay(et al. 2009)
Moreover, Doppler radar observations over the ocean lack continuous spatial and temporal

coverage.

In contrast, observations frotne new generatiogeostationary satellites (e.g., GOES
and Himawar8) have continuous coverage. The benefits of assimilating sateHlgieyalR
observations on convectigrermitting analysis and prediction of TCs were first explored in the
pilot work of Zhang et al. (2016Motivated by the strong ensemble correlations between
simulated water vapor channel 88ndmodel statevariables (e.g., moistund wind$, Zhang
et al. (2016pssimilated BTs into an ensemble of conveepemmitting simulations of Hurricane
Karl usingan EnKF. They found that assimilating aky IR BTs improved both the analyzed
thermodynamic fields and thetensityforecast of Hurricane Karl. Subsequent studies (e.qg.,
Honda et al. 2018; Minamide and Zhang 2(A.&hang et al. 2019ave further highlighted the
benefits of assimilating alky IR BTs. These more recent studies have shown that TC structure
(both inner core and outer rain bands) is better captured whekydR BTs are assimilated.
These improved cloud and moistuteustures, combined with a more resilidi@ vortex,

resulted in better intensity forecasts.

Despite the benefits of assimilating-aKy IR BTs, at the time of writing, a#lky IR BTs
have yet to be assimilated operationé&Beer et al. 2019jue to inherent difficulties. One
problem with satellite observations is that they tend to be biased relative to their model
equivalents and removing these biases is not straightfor(g&nk 2016; Otkin et al. 2018)
Additionally, models have trouble predicting the exact location and intensity of clouds, which
leads to highly noitaussian errors that are introduced into DA systems that assume Gaussian
error distributiongGeer and Bauer 2011; Chan et al. 202T0agse mismatches between
observed and simulated cloud scenes also lead to large representativeness errors that must be

accounted fo(Minamide and Zhang 2017Finally, the relationship between clouslyy BTs
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and atmospheric states is highly nonlingauer et al. 2011; Geer and Bauer 20%d)ich

makes construction of an accurate forward model challenging.

Given the inherent strengths and weaknesses of assimilating either Doppler radar radial
velocities or alsky IR BTs, it is surprising that no studies to date have assimilated both. In this
study, thepotentialimprovements brought to T&alysesandforecasts by leveraging the
benefits of assimilating GOEXS allsky IR BTs as well as NOAA-B TDRradial velocitiesare
explored The case of Hurricane Dorian (2019), a powerful storm wRdseas poorly modeled
by most operational centefAvila et al. 2020)is usedas a testbed for this study. This stomas
also selected fahe fudy due to the abundance of TDR observations available both before and

during itsRI.
42 DataMamdhodol ogy

In this sectiora brief summary of the life of Hurricane Dorisnprovided The DA
system and forecast model utilizied this study is then introducedfter describing the

observations usethe section i€oncludel with an illustration othe experimental design.
4.2.1 Description of Hurricane Dorian

Dorian formed from a tropical wave originating off the west coast of Africa and became a
named storm on 25 Augu019as it drifted westward toward the Lesser Antilles. Over the next
few days Dorian remained a tropical storm as it traversed the islands of the Lesser Antilles. The
system thereafter curved to the north, putting it in a more favorable environment for
develgment. Hurricane Dorian then began to rapidly intensify north of the Virgin Istand@8
August Hurricane Dorian eventually made lantifan 1 September, ravaging the Bahamas with
1-min sustained winds of 185 mpAvila 2019)and making it one of the strongest Atlantic

hurricanes at time of landfall.
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4.2.2 The DA and ForecastSystem

This study usethe PSU-EnKF system, which is based on the ensemble seoartfilter
(EnSRF) proposed byhitaker and Hamill (2002)ThePSUENKF system was first used in an
observing system experiment (OSE) frameworlvieng and Zhang (2008 its current form,
the PSUENKF system performs thBA in joint stateobservation space, which is described by
Egs.(1) and (2) o€han et al. (202§). To assimilate BTs in this study, th&®TM (Han et al.
2006, 2007; Weng 200T¢lease 2.1.3 was used to convert froodelstate space to observation
spaceAn ensemble 060 membersvas useand 75% relaxation to prior perturbatiorndh@ang et

al. 2004 was appliedn order topreventffilter divergence

The WRF model for the cycling EnKF system was configured similar to théimesal
PSUENKFTC analysis and prediction systé#hang and Weng, 2015)ith three tweway
nested domains having horizontal grid spacings of 27 km, 9 km, and 3 km. The nested domain
with 9-km grid spacing was 2700 km x 2700 km, whereas the nested domainkmitiy3d
spacing was 900 km x 900 km. Domain configuration and peteximation schemes were nearly
identical toF. Zhanget al (2019). All three domains had 43 vertical levels with model top at 10
hPa. TheTiedtke (1989umulus parameterization scheme was only applied to the coarsest (27
km) domain whereas all three domains made use of the WRF-gioghent 6class mixed
phase microphysics scheme (WSNng and Lim 2006)the Yonsei University planetary
boundary layer schen{élong et al. 2006)and the RRTMongwave and shortwave radiation
schemeglacono et al. 2008 Surface fluxes of sensible and latent heat, as well as momentum,

were parameterized via Egs. (11(13) of Green and Zhang (2013)
4.2.3 The Observations

Observations assimilated in this study fell into three categories: conventional
observations from the GTS, TDR radial velocities collected by the NOR&Aircraft, and IR
BTs from Channel 8 of the GOEI% ABI instrument Conventional GTS observations were
assimilated in all three domains whereas TDR and IR observations were assimillagikm

domain(D3) only.
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The conventionalG TS observations assimilated in this study include hurricane position
and intensity (HPI') from the ATC Vi,armll so0 dat a
METAR data. In order to eliminate the effects of spuriousdistance correlations, tli&aspari
and Cohn (1999fth -order piecewise polynomial was applied to locaénsembleovariance.
The localization ROI in the vertical was 43 vertical levels for all observations. Consisteft with
Zhang et al. (2019}he horizontal ROI was 300 km for HPl and METAR and 90 km for
radiosondes and dropsondes. During assimilation, observation errors for these observables were
those specified by version 3.6.1 of the WRFDA package. For quality control purposes, METAR
and saoinding observations were discarded if the absolute value of the observation increment

(al so known as the fAinnovationo) was greater

The TDR observations assimilated in this study were obtained from the NOAA Hurricane
Research Division (HRD). These observations were first preprocessed by HRD using the super
observation procedure outlined\Wivieng and Zhang (2012, 2018hese supeobservation radar
data have a spacing of 5 km in the radial direction and the azimuthal direction. Further
thinning to every 18 superobservation resulted in an average distance between TDR super
observations of approximately 23 km. When assimilating TDR soipegrvationsGaspari and
Cohn (1999kovariance localization was employed together with the Successive Covariance
Localization (SCL) procedure describedzinang et al. (2009As per SCL, largscalefeatures
were firstcorrectedoy randomly selecting a ninth of the thinned TDR stgdeservations and
assimilating them with an ROI of 405 km. Smalealefeaturesvere thercorrectedoy
randomly assimilating two ninths of the thinned supleservations with an ROI of 135 km and
the remaining supesbservations with an ROI of 45 km. The vertical ROI for all super
observations was 43 vertical levels. Consistent #ithng et al. (2009}he observation error for
all TDR supeobservations was assumed to be 3'mAs with the conventional GTS
observations, a TDR supebservation was discarded if the absolute value of the observation

increment was more than five times the observation error.

The GOESL6 ABI all-sky IR BTs assimilated in this study came from Channel 8 (6.2
pm wavelength), which is sensitive to upjepospheric water vapdschmit et al. 2005)The

raw BT datahasa horizontal resolution of approximately 2 km. Ag-irzhang et al. (2019n
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form of SCL was performed on the IR BTs such that BT observations thinned every 12 km had a
30-km horizontal ROI and observations thinned every 18 km had-ek&®@orizontal ROI. No
vertical localization was applied when assimilating BT observations.ekgiomed in the
chapterintroduction, assimilating aky IR BTs can sometimes lead to large representativeness
errors. To deal with this problem Q%I was employedAOEI is a method that was introduced

by Minamide and Zhang (2017 adaptively adjust observation ersao limit erroneous

analysis increments associated with representativeness &lotesthat this study did not reject
any IR observationsecausé¢he observation erras adaptivelyadjustedoy using AOEI. In

addition, AEI (Minamide and Zhang 2019as appliedo deal with situations in which the

model erroneously predicted clear skies despite cloudy observations. This method uses an
empirically-derived spatiallyarying multiplicative inflation factor that inflates the state vector
components associated withi@reously predicted clear sky regions within each member of the
prior ensemble. However, it does not create cloud particles at the analysis step. Instead, it
increases the likelihood of developing clouds by increasing the ensemble spréadingdi.

Zhang et al. (2019)ias correction was not performed theGOES16 IR BTs usedh this
study.Previous studies (e.d@Zhang et al. 2018&;. Zhang et alk019)have shown that, based on
the statistics of innovations throughout EnKF cycling, there is no significant iasspstem.

This was confirmedor the current study as well (figure not shown).

The setup of th experiments in this studyere basedn the setup of theSUEnKF reat
time TC forecassystem described iihang and Weng (2018ndF. Zhang et al. (2019Pata
thinning and localization of IR BTs and TDR observations in the PSU system have been
extensivelytunedoverseveralyears in order to achieve a statistically improved TC intensity
forecast result in the reime systen{e.g.,Zhang et al. 2011; Weng and Zhang 2012; Zhang and
Weng 2015; Zhang et al. 2016; Minamide and Zhang 2017, FOZBang et al. 2019Hence,
the same setup fdne experiments in this studyas usedAlthough it is possible that the
experimental results in this study mayfogher improved by finguning of data thinning and

localization, doing so is beyond the scope of this study.
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4.2.4 The Experimental Design

A schematic of the experimental design of this study is providedyuré&ul. The
designof these experimentsas to mimic neaoperational cycling DA systems (similarttoe
configuration of theeattime PSUENKF TC analysis and predictiaystem thatassimilate
differentobservationtypes.The initial and boundary conditions for this study came ftioen
NCEP GFS analysis at 00 UTC 27 August. Ari@mber ensemble was initiated at this time by
adding perturbations to the GFS analysis usin
(Barker et al. 2004)At thattime, Dorian was stilla weak tropical storm with a maximum
sustained wind speed of 45 kt and a minimum central pressure of 100hentnsemblevas
then integrateavith WRF for 12 h to develop flomdependent ensemble statistics before
assimilating the first observations at 12 UTC 27 Audgdstauseio TDR observations were
availableat that time, the ensemble became the background for the GTS Only and GTS+IR
experiments. The GTS Only experiment assimilated only the conventional observatioegswher
the GTS+IR experiment assimilated the IR BTs after the conventional observations. These two
cycling experiments continued assimilating observations every hour up to and including 00 UTC
29 August. There was a total of 4,455 conventi@iBE observations available within domain 3
of the GTS Only experiment over the course of the 37 cycles. This translates to an average of
approximately 120 observations per cycle. The number of convenGdi&bbservations
available in any particular cycle varied wideljith the number being as high as 456 at the 23
UTC 28 August cycle and as low as 1 (the HPI observation) at the 09 UTC 28 August cycle. The

number of IR BTs assimilated in each cycle was approximately 8,000.
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Figure 4.1.Overview of the experimental design. The names of the hourly cycling experiments
indicate the order in which each observat:i
at which deterministic forecasts were initialized from the analysis médne experiments and
gray circles indicate hours that TDR observations were assimilated. Note that the GTS+TDR
experiment was initialized from the background of the GTS Only experiment at 22 UTC 27
August whereas the experiments that assimilated alheddgen types were initialized from the
background of the GTS+IR experiment at 22 UTC 27 August.

on

TDR observations were available starting 22 UTC 27 August. At that time, the
GTS+TDR experiment was initialized from the background of the GTS Only experiment. This
experiment assimilated TDR observations after conventional GTS observations and was cycled
forward to 00 UTC 29 August. Note th&éiom 03 UTC 28 August through 20 UTC 28 August
TDR observations were not available. During that time, only conventional GTS observations
were assimilated each hour in the GTS+TDR experiment. In addition to the GRS+T
experiment, two more experiments were conducted that assimilated all three types of
observations: GTS+TDR+IR and GTS+IR+TDR. The only difference between these last two
experiments is the order in which observations were assimilated. Both experiments wer
initialized at 22 UTC 27 August from the background of the GTS+IR experiment and cycled
forward to 00 UTC 29 August. During the window when TDR observations were not available,

both experiments assimilated conventional GTS followed by IR BT observatighshour. An
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average of 2,381 TDR observations were assimilated per cycle during the nine cycles when TDR
observations were available and an average of 1 TDR observation per cycle was rejected. These

values did not vary across experiments.

As a metric of assessing the value of assimilating these observatiag (520h)
convectiorallowing deterministic forecasts were initialized from the analysis mean of each
experiment at the ti mesured4di dheseae¢tenanisticyoretabte bl ac

utilized the same WRF physics options described earlier in this section.
43 Resul ts

This section is divided into two parts. The first part shows the impacts of assimilating all
sky IR BTs on the analyses and forecasts of Hurricane Dorian prior to the first TDR cycle,
whereas the second part shows the impacts of simultaneously assinfiRirand IR

observations.
4.3.1 Impacts of IR BT Assimilation

Before looking at the impacts of simultaneous assimilation of TDR radial velocity and IR
BT observations, the impacts of assimilatings&ly IR BTs on the analyses and forecasts of
Hurricane Dorian prior to the first TDR cydee discussed his discussiotegirs with
deterministic forecasts of Doriandés track. Al
cycleds anal yses suwrodRa)l.arTde tfriacsk ecryrcdresd s( Rirga
Only is the closest to the best track, follow
track forecast in the GTS+IR is comparable to thahefHurricane Weather Research and
Forecastingf WRF) modelas well as the official forecast of the NHOKCL). By 18 UTC 27
August, continued cycling d)A has reduced track errors of both GTS Only and GTS+IR
(Figure4.2&). At this time, the GTS+IR track is comparable to the GTS Only experiment and
slightly bette than both HWRF and OFCL.

In terms of intensity, the GTS+IR experiment produces higher maximum wind speeds
than the GTS Only experiment after only one cycleyfégi2b:). However, oth experiments,

as well as HWRF and OFCL, fail to capture Rieof Hurricane Dorian witliorecasts starting at
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12 UTC 27 August. Continued cycling of observations leads to dramatically improved intensity
forecasts starting at 18 UTC 27 August (Fig42ke). Although theGTS+IR intensity forecast
initialized at this time does not predict the category 5 status Dorian would become, this forecast
closely mirrors th&l from 18 UTC 27 August to 18 UTC 30 Augwssten in the best track

values. In contrast, the GTS Only experiment, as asesHWRF, exhibit a delayed intensification

relative to the GTS+IR experiment, whitd&-CL misses the intensification altogether.

Initialized: 12 UTC 27 August Initialized: 18 UTC 27 August
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Figure 4.2.Deterministic forecasts of (a) track and (b) intensity initialized from the EnKF
analysis means of the (1) first (12 UTC 27 August) and (2) seventh (18 UTC 27 August) cycles
of the experiments that did not assimilate TDR. Large circles on track plote deeadirst hour

of each day. For comparison, best track values from the NHC HURDAT?2 database, as well as
the operational HWRF and NHC official forecasts, are shown.

To understand why the GTS+IR experiment produceidharovedintensity forecast
starting at 18 UTC 27 August, attentioan be turnetb the analyzed and forecasted wind fields
and cloud structures. Figudes illustrates that the initial primary circulation of the GTS+IR

experiment (Figre 43by) is stronger, broader, and deeper tharGMm& Only experiment (Fige
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4.3a). As this stronger circulation is integrated in time, it intensifies faster than the GTS Only
circulation (Figires4.3a, 4.3as compared to Figres4.3hbp, 4.303). Additionally, the radius of
maximum wind (RMW) of the GTS+IR experimestiows a faster contractioespecially below

4 km, during the first 4&ours of the forecasThis contraction is noticeable in the GTS Only

experiment but is less pronounced.

Analysis (18 UTC 27 August)
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Figure 4.3.Azimuthally averaged tangential velocities of the EnKF analysis mean at the time of
the seventh cycle (18 UTC August 27) for thg @TS Only and () GTS+IR experiments, as

well as the (abp) 24-h and (g,bs) 48-h deterministic forecasts initialized from those analyses.
TheRMW is denoted by the black dotted line.

The GTS+IR experiment not only produces a stronger primary circulation, but also a
stronger secondary circulation. This can be seen mr&ig4. At analysis time, the GTS+IR
experiment displays a much stronger outflow at upper levels:lew& inflow in the GTS+IR
analysis isalsoslightly stronger than the GTS Only analysis in the region centered around 50 km
from the TC center. When forecasts are initialized from these analyses, the GTS+IR forecast of
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low-level inflow grows relative to the GTS Only forecast. This-lewel inflow advects angular
momentum from the outer regiottsthe TC inner core regipwhich helps to spin up the vortex.
Consequently, the GTS+IR experiméetter capturetheRI of the stormthan the GTS Only

experiment.

Figure 4.4.As in Figure 43, but for azimuthally averageddial velocites Black contours show
azimuthally averaged vertical velocities in ¢y with negative values dashed. Note that a
Gaussian smoother wagplied to the analysis vertical velocities with a smoothing length scale
of 6 km in the horizontal and 0.5 km in the vertical. The Gaussian smoothing length scale for
forecasted vertical velocities was 9 km in the horizontal and 0.75 km in the vertical.

In addition to stronger primary and secondary circulations, the GTS+IR experiment
develops more convective activity than the GTS Only experimentr@4g). At analysis time,
the azimuthallyaveraged reflectivities of each experiment are fairly similar; however, the
GTS+IR analysis has a rainband that extends from 125 to 200 km from the TC center. From the
analysis to the 24 forecast, there are large groffs in reflectivity in both experiments, which
will be explairedshortly. The key feature of Rige 4.5 is the difference between experiments
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