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Abstract. High resolution simulations at 4.4km and 1.5km resolution have been performed for 12 historical tropical cyclones
impacting Bangladesh. We ugiee Euopean Centre for MediwwRange Weather Forecastigj generation Rénalysis

(ERAD) to providea 9member ensemble diitial and boundary conditions for the regional configuration of the Met Office
Unified Model. The simulations are compared to the original ERASatattne International Best Track Archive for Climate
StewardshiIBTrACS) tropical cyclone databaser wind speed, gust speed and meanlseal pressure The 4.4km simu-

lations show a typical increase in peak gust speed of 41 to 118 knots relative to ERA5, and a deepening of minimum meat
sealevel pressure of up t@7 hPa, relative to ERAS5 and IBTrACStdaGenerally, the timing of gust maxima amgansea
levelpressure MISLP) minima are delayed relative to ERA5 and IBTrAGSyclones in the 1.5km dataset have similar MSLP
minima, but slightly faster maximum gust spee@ihedownscalegimulations comare more favourably with IBTrACS data

than the ERAS data suggesting tropical cyclone hazards in the ERA5 deterministic output may be undereBtindégdset
(Steptoe et al., 20203 freely availabldrom https://doi.org/10.5281/zenodo.3600201

1 Introduction

To construct this dynamically simulated tropical cyclone datdattsetwe use the latest generatibdet Office regional
models to simulat&ropical cyclonesTCs) over theBay of Bengal BoB) at gridbox resolutions of 4.4km and 1.5km. Using
the ERADS reanalysis dat&€3S, 2017; Hersbach et al., 2018)initialise and provide boundary conditions four regional
modek, we dynamically downscale2historical TCs thatmade lanefall over Bangladesthbetween 1991 a&h2019, using an

ensemble approach

Downscaling of ERASs reportedn a few other studies: Bonanno et(@019)downscale ERA5 using th&'eather Research
and Forecasting (WRF) model produce a new 7km reanalysis over Italy; preliminaoykwby Taddei et a(2019)use ERA5S

to force the BOlogna Limited Area Mod®Odello LOCale (BOLAMMOLOCH) regional model for the purposes of coastal
risk assessment in the North Western Mediterranean sea, and Wan@@2@Juse ERA5 to run a 10km WRF domain over

high mountain Asia Specifically examining tropical cyclonesiany studies use variations of tiéeather Research and
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Forecasting (WRF) Modgk.g. Skamarock et al., 201%uch a¥aur et al.(2020)who use WRF to downscale tidational
Centerfor Environment Prediction (NCEP) Climate Forecast System (CFSv2) and its atmospheric component Global Forecast
System (GFSjo 9km over the north Indian Ocean for two historical cases (Mordaiti), with analysisfocusng on the
spatial accuracy of nafall and8 5 0 h P a, andothre tvartical profiles afiind and temperatureThey conclude that the
downscaled modedignificanty improves the spatial distribution ddinfall, maximum vorticity evolution, wind, and temper-
ature profiles fomature plase cyclonesStudies specifically examining the BoB simulations include Srinivas €2Gil.3)

Singh & Bhaskara2020)and Mahala et a{2019) amongst others. These studies typicalbke empirical comparisons of

TC simulations at10km resolution against observationally based daiiggften with an Indiecentric domain that contains a
larger number of landfalling eventBy contrast, i this study we specifically focus on Bangladesh, with simulatioh&her
resolution.

We make 12 variables available, including: air temperature, maximum wind gust speed, minimum air pressure at sea level anc
precipitation amounts (see Table 1), at a range of temporal §calesiing model instantaneous valyas well atourly and

daily aggrgations. Simulations are performed ftire following tropical cyclones (landfall date): BOBO1 (Apr 1991), BOB07
(Nov 1995), TCO1B (May 1997), Akash (May 2007), Sidr (Nov 2007), Rashmi (Oct 2008), Aila (May 2009), Viyaru (May
2013), Roanu (May 2016), Mora (May 2017), Fani (May 2019) and BN 2019). Table 2 lists approximate landfall
times and theitnternational Best Track Archive for Climate StewardshrrACS, Knapp et al., 2010, 2018) number.

At the time of writing, ERA5 datareonly available from 1979 onwards, so our new catalogue excludes cyclones prior to
1979, most notably Cyclone Bhola of November 197®8ection 2 describes the RAL2 numerical model, the storm tracking
algorithm and the key aspects of ERA5 and IBTrACS datametisve compare our results to the source ERAS reanalysis and
the International BestTrack Archive for Climate Stewardship (IBTrAC8bpical cyclone database Knapp et &, 2010,
2018)in Section 3.

2 Methods

2.1 Numerical modelling

Our highresolution convectiopermitting modelling utilises the latest generation Met Office Unified M¢8edwn et al.,
2012)v11.1, regional atmosphere configurationlR2AT, a further development of RALT (after Bush et al., 2020)hereafter

referred to as RA2. For each historical tropical cyclone case listed on Tablee2uw theRAL2 mo d e | in a 6dow
configuration, using ERA5 data to initialise and provide boundary conditions for a series oflagged ensembles (see

Figure 1 for a visual representation of this configuration).

As there is no data assimilation processiudging the initial conditios imposed by ERArefound to have significant

influence on the resulting tropical cyclone development. Thel@gged configuration is designed to limit the fre@ning
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model time to 72 hours, whilst ensuring that theti@r24-hour period of interest (centred on the tropical cyclone landfall
time) is sufficiently sampled from a range of ERAS initial conditions. THiigl condition ensemble approaphoduces aet

of 9 plausible tropical cyclone development scenasiesociated with each named event. After initialisation, each ensemble
member is free running for 72 hours, with hourly boundary conditions provided by ERA5. Each run requinesiaspin

up periodas the regional model adjg$tom the weak initial &te inherited from thERA5 driving global model This initial

24 hours of model datrediscarded in subsequent analysis and data files. Together, the amassed ensemble provides 9 simu

lations of the central 24 hours, but covers a total period of 7&hou

TheRAL2 4.4km domain avoids placing model boundaries over the Himalayas and covers Nepal, Bhutan, Myanmar, most of
India, and parts of the Tibetan plateau; R%L2 1.5km domain is limited to Bangladesh oiilsigure 2) To ensure model
stability ower this mountainous terrain, tRAL2 model was run with a 30 second tistep for both 4.4km and 1.5km simu-

lationswith additional orographic smoothing applied (using2 1 filter) to model cells 1500m above mean sea level.

2.2 Storm tracking

Storm traking is performean 3-hourly fields ofRAL2 mean sedevel pressure (MSLPX00 hPdemperature and 10wind
speed using the Tempest extremes softwafeJllrich and Zarzycki(2017) Unfortunately,3-hourly fields are not frequent
enough to estimate landfall time using the Tempest tracking algorithm for RALZTtiat&racking algorithm has two pafrts

the initial feature detection and the stitching of these features to calculate tracks.

Feature detctionis based on finding minima in air pressure at sea Jeith features within a radius of ®f each other being
merged. The features are then further refined with adblesed contour criter@First an increase isea level pressui at
least200 Pa (2 hPa) within 5.5° of the candidate node, and second a decrease in 400 hPa air temperature of 0.4 & within 8°

the node within 1.20f the candidate with maximum air temperature.

Stitching to combinethe individual features into trackssesa maximum distance between features of 3°, a minimum track
length of2 points equivalent td hours) and a minimum path distanceddf’. We alsoapply a topographic filteanda filter
on maximumwind speedtracks were rejected if they did not have asteaetime-stepandlastat least 24 hours at an altitude

less than 10mandif they did not have maximunwvind speecf at least 17 s* at one timestep



3 Datasets
3.1 ERA5 Reanalysis Data

90 ERAS5(C3S, 2017; Hersbach et al., 2018}he fifth and latest generation reanalysis dataset issued by the European Centre
for MediumRange Weather Forecasts (ECMWEFErombines both model data and observatmma reatime basisn a data
assimilation process. Like a forecast, newly availabfepkations are combined with model data to produce the best estimate
of the state of the atmosphere. ERA5 data offers many improvements on the previous reanalybiserERAncluding
more developed model physics and dynamics and an increased hornieeakation of 30kmIn term ofvertical resolution

95 and extentit has 137 model levels up to 80km.

For ERA5, wecompareour simulated storm data witfi0 metre wind gust since previous ppst o ¢ e definechag the

maximum 3second wind for each ho(parameter ID 49and MSLP(parameter ID 151)Prior to 30th Sep 2008, ERA5 gust

estimates only include turbulent contributions; the convective contribution was added to the wind gustsrocpssing for
100 events after this dai@echtold and Bidlot, 2009)

3.2International Best Track Archive for Climate Stewardship (IBTrACS)

International Best Track Archive for Climate StewardghIrACS, Knapp et al., 2010, 2018)recasts are made by numer-
ous forecasting centres around the woalild consists of the positions and intensitiesopical cyclones (Kruk et al. 2010).
For our validation purposes, two Regional 8plized Meteorological Center (RSMC) datasets are used: the India Meteoro-

105 logical Department, New Delhi (IMD), and the Central Pacific Hurricane Center, Honolulu (CPHC).

IBTrACS best track data are typically calculated using a-peason reanalysis ofosm positions and intensities from all
available data, including ship, surface and satellite observations (Kruk et al. 2010). Typically, best track data adimsest of
series of the stormbés position, ma X centnalpressures Estamatadeudcertaintyn d
110 of the IBTrACS forecast wind speed are +10 to +20 knots, with positional uncemaitiigesof 10km to 40km, dependent
on wind speed intensitffBTrACS, 2019) No uncertainty information is provided for pressure, but we note that the World
Meteorological Organisation typically assume reporting precision of £3 hPa. We also note that IBTrACS data is subject to
forecaster baégudgement and best track data typically lags the provisapetiational datayclone estimates by some months,
subject to the availability of reanalysis data.
115
For thelBTrACS datasetve comparavith 6 eximum sustained wind spd&ahd MSLP Althoughthe WMO(1983)defines
sustained wind speeas al0-minute averagevindspeedat 10-m height aboveground it is reported as-ininute averages by
US forecast centres, anen@inute averages by IMCBome agencies, including CPHC, estimate gust speedsverthis data

is not available for the BoB basiMethods for obtaining maximum wind speed in IBTrACS vary by agency, dkeito
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availablity of TC observation data IBTrTACS minimum central pressure is generally estimated with both subjective and
objective satellite analysis as well as automated buoys that may be §B3eACS, 2019) Note that IBTrACS estimates

usually end once the cyclone makes landfall.

3.3 Comparing Datasets

For the purposes of comparing RAL2 simulated winds and gusts with IBTrACS and ERABARemaximum sustained

wind speed isaken aghe maximum of a single RAL2 model timestep windspeed over the accumulation period (1 hour). This
is broadly comparable to a sustained maximum windspeed calculated vegh@taveraging period. In contrashe param-
eterised RAL2 gust diagnostic repeess a prediction of theS8econd average windspeed at every timestep. The maximum of

this 3second average speeder an houis then taken to give the hourly maximurs@&cond gust speed.

Considering the ERA5 and R& model physicsiERAS5 uses anass flix scheme for cumulus paramesgation (an updated
version of Tiedtke, 1989)hereas RALZ2, Wile not truly resolving deep convectiois,able to explicitly represent deep con-
vective processesithin the resolved dynamicét these kilometrescaleresolutiorsthe lower horizontal size limit of convec-

tive cells is still set by the effective resoluti¢eg. 1.5km or 4.4km) More generally, as summarised by Leutwyler et al.
(2017, and references therioply grid spacingon the order oLtkm are comparable to the size of particularly energetic eddies
in the planetary boundary laysgtheturbulent processes as well as the dominant turbulent lengthnsitdde under resolved

in both our downscaled model andRAE5. ERAS gusts are parametrised based on the 10m wind speed, friction velocity,
atmospheric stability, roughness length and a convective contribution based on wind shear between the model levels at 850hF
and 925hP4Bechtold and Bidlot, 2009)It is known that extreme gusts associated with vigorous convection in ERA5 are
generally undeestimate, sometimes by a factor of ty@wens and Hewson, 2018he RAL2 model uses a gust parametri-
sation based on 10m wind speed with scaling proportional tstéinelard deviation of the horizontal wind that also accounts

for friction velocity, atmospheric stability and roughness lerfgéte Lock et al., 2019 for further details)

Comparisons of minimum MSL&re more straightforward. We compare the RAL2 hourly minimum MSLP estimated every
30-seconds, with the hourly minimum MSLP from ERAS5, and #te8rly minimum MSLP from IBTrACS.

4 Data Validation

A lack of reliable, highfrequency and consistent meteogital observation datavailable forBangladesh mean that verifi-
cation of modelling results against-situ observational dat& not possible. Insteadle establish the validity of thRAL2
4.4km datarelativeto ERAS andthe IBTrACS cataloguelt is important to recognise the differences in how the data are
collected, their processing and resolution (see Table 3). Comparistorroftsacls is performed against the IBTrACSest
trackdatg after Kruk et al(2010) only.
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For the pirposes of validation, we focus tireekey variables: maximum wind speadaximum gust speeghd minimum
pressure at mean sea level (MSLR).comparisons against IBTrACS compdreurly maximum windrom ourRAL2 4.4km
modelversus3-hourly maximum wird speed estimates from IBTrACS-or maximum gust speed, we compare the RAL2
hourly maximum 3second gust diagnostic with ERA5 hourly maximwsegond gust speeliagnostic MSLP estimates are
comparable across all three datadetgach case, the compam is performedver a lanedmasked longituddatitude domain

that extends [79, 100]°E and [10, 25]*Nsee Figure. This domain explicitly seeks to focus on the Bay of Bengal so as to
compare model fields without land effects. In all cases, excludimareas has very minor impact on the validation compar-
ison (not shown) as peak wingustand minimum MSLP all occur over the ocean. Although our storm tracking output does
not allow us to explicity compare the time lahdfall between datasets (seecBon2.2), we expect that differences in the
time of peak wind speeds would be mirrored in the differencéeitime of landfall across datasets peak wind speeds tend

to occur just prior to landfall

Each validation plofFigure 3, andAppendix B displays the gust speedind speed antMSLP from the ERA5, IBTrACS
andRAL2 4.4km. We resample the IBTrACSHh®urly data by forward filling to -hourly intervals to aid the comparison of
max/min timing with ERA5 andRAL2 datasets. Where IBTI®S maxima (minima) persist over several hours, the time dif-
ferences reporteith Sections4.1 and4.2 are then the minimum time difference between padded IBTrACS dataAsr2i

The actual difference dRAL2 with respect to ERASRAL2T ERAS5) i s dAé fordbtewdtyl Fap BRrACS, actual

di fferences with respect to | MD and CPHC are denoted mN

The statistical robustness of differences between datasets are assessbeé peirggntile bootstrap hierarchical shift function
(Rousselet, G. A. and Wilcox, 2019; Rousselet et al., 2043¢d orWilcox & ErcegHurn (2012)andWilcox et al.(2014)

Given the potential skewness of the data, rather than looking at the differences of a single estimate of central tevsdency acr
all events (e.gthe median), ifferences are assesskad deciles(or percentilespcross the full distribution of the datalcu-

lated usingthe distributionfree HarreliDavis estimatoHarrell and Davis, 1982) This methodexplicitly dealswith the
hierarchical setting adata representinije same evenshaing common synoptiatmospheric conditionbutwhere different

events aréndependent in timeThe obustness of differencésassessed usirgpotstraped (n=1000)uncertainty interva

for eachdeciledifference. Where the 8% highest density intervgHDI) of uncertainty does not intersect zedegilediffer-

ence areconsidered statistically robust.

4.1 Intensity and timing of maximum sustainedwind speed

For all events, RAL2Znaximum sustained wind speesi® faster than ERA®%INd speeds (Figure 4),ith median(across all
events)pE R A B5kn (18 m sb), with the ¥ to 95" percentileof the dataspanning [10, 70] kn ([5, 36] m% Comparing
IBTrACS, medianpU S-6kn(3ms)and MR, (5m3). Assessing the robustnesglidferencesthe distribution
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of PERAS5 i Igslower than RAL2cross all deciles (based dB#8HDI for each decile differenge  ¢(oND i slyal s o
slower for differences greater than thé"4fercentile however,note that at the time of writing,BTrACS IMD maximum
sustained winagpeed data for Fani and Bulbwere unavailable Although IBTrACS US data has a tenderowardfaster
sustained wind #inRAL?2 (i.e. negativap U Bthese differences are not robustly differenteroat the 95% HDI.

The timing of maximunwind speed shows significant variation between events, with no clear correlation twipdahkten-

sity differenceshowevergenerally RAL2 peaks are delayedatdle to ERA5 and IBTrACS dataAcross all events, median
®ERAS5 = 5.5 hours delay, with odhS y= g2ERS5A5h caunrds ganSd togpNrike s=
RAL2 (evaluated at the 95% HDIJhe largest time differences occur against ERlatae.g. for FanisomeRAL2 ensemble
members shownaximumwind intensities delayed by over 20 hours relative to ERA5 (see also Figure AB)istuted that

for these cases the ERAS tropical cyclone simulation seems especially weak (for maximaygust and minimum MSLP)
compared to IBTrACS data. Some of the variance in peak times will also derive from the differences in data frequency (1

hourly forRAL2 versus 2hourly for IBTrACS) but this requires further investigation to quantify.

4.2 Intensity and timing of mean sealevel pressure

For most events, tHiRAL2 ensemble produces deeper MSLP minima than the ERA5 and IBTrACS data (Figure 5), but whilst
PERAS5 ( méa&hPaandpdN D ( me-d0 hRadifferences with RALZarerobustly differenté¢ zer o, @US (
=-2 hPa) is not (all evaluated at tH&9® HDI). At the time of writing, IBTrACS MSLP data for Fani and Bulbul are unavail-

able from IMD, andBOB01, BOB0O7andTC0O1Bare unavailable from CPHC.

As for wind speedshe timing ofRAL2 MSLP minimumis typically delayed relative tdBTrACS or ERA5 data.Median

time difference of MSLP minima are similar to wind speeakimad i f f er enc e s : PERAS5 = 7.5 holt
and @ND = 0.5 hours. Agai n, odiffergnt tqoRARA(Evalimtediat thel9Bo HDRsrfoe s  ar
the timing of gust peaks (Section 3.1), RAL2 simulation of Fani shows median delays in MSLP minima of 14 hours

( PERA5) and 11 hours (@US). BOB0O01 al sodheoERAB eqspeali:

4.3 Intensity and timing of maximum 3-second gust speed

The distribution of RAL2 gust speeds across evemeyyniformly higher than ERA5 (Figure 6Jhe median difference across
all events is 6%n (32 m s, Figure 6) with some particularly strong individual events slwwgvmedian differences up to 93
kn (48 m s!, BOB01) and 11&n (61 m s!, Sidr). Comparing differences in the RAL2 and ERA5 gustespdistributions
usingbootstrapped redian difference by percentieross all evenishows that these differences are robustly different to zero
at the 95% HDI.
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As with wind and MSLP, differences in the timing of maximurse®ond gust speed vazgnsiderably between eventith
no clear correlation between the magnitude of the gust difference and the absolute time differences. The median ticee differen

across all events is 2.5 hours (Figure 6), but this is not robustly different to zero s¥hD35

4.4 Storm Tracks

We compare the track density of our nine downscaled ensemble members to IBTrACS in 30x30km spatial bins. Typically,
the area influenced by the tropical cyclone wind hazard is in excess of 200x200km, so this assessmentarfkstq@iays a

more important role in evaluating storm surge, primarily influenced by the area of low pressure at the centre of the cyclone.

Comparing storm tracks (Figur@ shows that for 8 of 12 cyclones, tRAL2 storm tracks have at least one ensemisenber

that makes landfall with the bounds of an IBTrACS track. Notable exceptions to this are: BOB07, which shows high con-
sistency in storm track amongst tRAL2 ensemblebut makes landfall to the north of the IBTrACS estimates; TC01B and
Viyaru, whichshow greater spread amongst R&L2 ensemble members, but consistently make landfall to the south of the

IBTrACS estimate. Note that no IBTrACS track dataavailable for cyclone Fani at the time of writing.

4.5 Differences between 1.5km and 4.4km mad output

We donét explicitly validate the 1.5km data but summar.i
minimum MSLP on a quantile basis, in relation to the 4.4km data (FR)urén order to facilitate a fair comparison, we
compare identical spatial domains roughly equivalent to the 1.5km model domain (see FiguterZh a reduced northern

extent to exclude as much mountainous terrain as possible, emilsmpassing the full geographic extent of Bangladesh.

Differences in maximum gust speed footprints, for tHéo180" percentiles, of the 1.5km data anelerl kn faster than the

4.4km data. In all cases these differences are sufficiently robust that the 90% highest density interval (HDI) oktiegliffer
amongst storms does not overlap zero ([0.3, 1.7] kn; [0.14, 0.86] m/s). For the very highest gust spe@8%£ad 99
percentiles of the 1.5km data) the differences with the 4.4km data shows much greater variability. The 90% HDI does overlar
zero, with extremes of the quantile differences ranging f2adhkn to 1 kn ({1.22, 0.50] m/s). Compared to lower percentiles,
thereare comparatively less data in the extreme upper percentiles, so the large range in this case is expected. Given th
relaively robust speed increase seen in the 1.5km data, compared to the 4.4km data, for lower percentiles, we suspect that t
minimal difference seen in the upper extreme percentiles results from under sampling rather than a systematic difference
Althoughwe might expect the speed increase in the 1.5km data to be consistent across all percentiles given better sampling

we cannot draw this conclusion based on these 12 storms alone.

For minimum MSLP footprints, thesland %" percentiles of the 1.5km dataea[50, 87] hPa and [10, 37] hPa shallower

respectively (90% HDI), but note that the equivalent under sampling observed for high percentiles of gust speeds is likely to

8
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be prevalent in the low percentiles of MSLP. All other percentiles do not show arst ditference$ the 90% HDI ranges
[-11, 12] hPa. We do not feel these results show robust evidence for a systematic difference in MSLP between the 1.5km an
4.4km data.

The percentile differences suggest that the environmental MiSLRi¢gh percentes) on the edge of the cyclone are similar

in both the 1.5km and 4.4km simulations. Given the relationship between central pressure deficit (i.e. the differente betwee
the tropical cyclone central pressure and the environmental pressure outsidadhbdyofpne), peak wind speed and tropical
cyclone sizée.g. Chavas et al., 201 Zhis comparisons suggests that 1.5km storms may also be smaller in size than the 4.4km
storms. This result is commonly cited in analyses of general circulation nfedglBengtsson et al., 1995; Reed and Chavas,
2015; Shaevitz et al., 201dhdreanalysis datée.g. Malakar et al., 2020; Schenkel and Hart, 2012)

In general, the substantial increase in computing effort required for the 1.5km simulations, over and above the 4.4km simula:

tions, is probably not merited for most applications given the natulee gfarametrisation (see discussion in Section 3.3).

4.6 Other notable results

There is a semidliurnal sea level pressure oscillation which occurs in the days preceding the minimum in MSLP. This oscil-
lation is particularly noticeable in the ERA5 datasetdtorms Aila, Bulbul, Rashmi, Roanu, Sidr and Viyaru, and to a lesser
extent inRAL2 cyclones Akash, Mora, Rashmi, Roanu and TCO1B (see Appendix A). The IBTrACS data does not capture
this oscillation, probably due to the limited time sampling. This beag manifestation of the diurnal radiation cycle as noted

by Tang & Zhang2016) Dunion et al(2014, 2019gand Knaff et al(2019) amongst others. From simulation studies, Tang

& Zhang(2016)in particular note thahe absence @ diurnal cycle (princially night time cooling) fails to triggeronvection

outside thecycloneinner core Night-time cooling andssociatedliestabilization typicallgnhancehe primary storm vortex
eventually promoting the development of outer rain bands and increasisie¢hef the storm.Where this process is not
evident in model simulations, it could diagnose simulations that have not correctly simulated the cyclogenesis stage and ar
therefore likely to underestimate cyclone intensltyour casemostRAL2 simulations as shown in Appendi®, do not start

the cyclone simulations sufficiently in advance of the cyclone landfall (for computational efficieaspny andwe have
trimmed the spirup period from the plotsThis means that we cannot fully utilise this etvation. Assessment of future

tropical cyclone simulations could benefit from earlier initialisation times to investigate this further.

It is worth emphasising that thiRAL2 modelwind speedypically compare more favourably with IBTrAG&Nnd speediata

thanto ERA5 wind speed Based on the evaluation of these 12 events, tropical cyclone hazards in the ERA5 deterministic
output may underestimatednd and gust intensity, and MSLP depth for tropical cyclorfésr some specific cases, despite

the ERAS r@resentation of Fani and Bulbul being less intense compared to the IBTrACS estimalesl 2@nsemble has

sufficient model freedom (over a 24 hour spim period) to develop the ERADS initial conditions into peak gust and minimum

9



280 MSLP intensities that h@much greater agreement with the IBTrACS data than the ERAS5 data. This adds credibility to the
spread of th&RAL2 model ensembles: where there is substaR#dl2 ensemble spread (e.g. Viyaru or Mora) we suggest this
reflects greater atmospheric varidiyilassociated with these events, such thaRA&2 ensemble mighprodudng a wider
range of counterfactual storm outcontlean would otherwise be seen in the driving reanalysis. Comparing these event en-
sembles with the ERA5 ensemble spread would hietaresting avenue of future work.

285

5 Data Access

RAL2 model(Steptoe et al., 202@utput inNetCDF format is available frormittps://doi.org/10.5281/zenodo.36@12 All

data is licenced under Creative Comm#dtribution 4.0 International (CC BY 4.0)ERAS data is available from the Coper-

nicus Climate Change Service porthttps://climate.copernicusu/climatereanalysisIBTrACS version 4 data is available

290 from https://www.ncdc.noaa.gov/ibtracs/index.php?nameiaccess

5.1 Compatibility with Oasis Loss Model Framework

To facilitate integration with loss modelling processing necessamysiomanagement and risk transfare also make data
available in a format compatible with the open source Oasis loss (WABIS LMF, 2020) This data format is designed to
be usé as one component of a loss model and is formed of CSV and biresy filhis data iavailableunderCC-BY 4.0

295 licence fromhttps://oasishub.co/dataset/banglad&shicalcyclonehistoricatcatalogue

6 Conclusions

To ourknowledge, these are the first kilometre scale simulations of tropical cyclones over BanglaotesERAS datas

initial and boundary conditionsNe summarise key results as follows:

1 RAL2 model ensembles typically compare more favourably with IBTrA&&tlanthe ERAS dataln general, the
300 RAL2 downscaled wind speeds tendtercapture the amplitude @find speed increase displayed by the IBTrACS
data than ERA5This implies tropical cyclone hazards in the ERA5 deterministic output may be uirdated.
1 RAL2 model ensemble shows a typical increase in peak gust spegdodf U8 knots(relativeto ERA50nly) and a
deepenindgn minimum MSLPof up to-27 hP&relative to ERA5 and IBTrACS
1 Generally, there is greater delayR\L2 MSLP minima, reltive to ERA5 and IBTrACS, than iRAL2 gust speed
305 maxima.
1 Cyclones that compare particularly well are Mora (timamngl intensityof gust and MSLP) and Aila (track, timing of
gust and MSLP).

10
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1 Cyclones in the 1.5km dataset have similar MSLP minima, buttlifgster maximum gust speeds. This implies
that that tropical cyclones in the 1.5BRAL2 simulations may be smaller in size than the 4.4km tropical cyclones.

1 Further work comparing the spreadRAL2 ensembles with the ERA5 uncertainty information warddtextualise
the range of variability that is introduced by RAL2 model ensemble configuration.

1 Further work is needed to identify landfall times based orrihE2 tracks. Future downscaling simulations would

benefit from outputting variables reged for tracking at hourly intervals, to facilitate hourly storm tracking.

Appendix A SupplementaryData Descriptions
Al RAL2 Time Methods

Time methods are defined by the sampling period of the data and the sampling type applied to thitheesadpling period

(or sampling intervaljs one of hourly (T1H), 3hourly (T3H) or 24hourly (T24H). The sampling type is one of max (max-
imum), min (minimum), mean or point. Point sampling is an instantaneous sample taken from the mesteptifwhid is
typically much less than the sample periot)gether then, T1Hmax is interpreted as hourly maximum data; T3Hmean is

interpreted a -3ourly mean data, and T1Hpoint an@delinstantaneousme-step outputaken every hour.

In addition to timeseriedata, we producetimm@ g gr egat ed data for each ensembl e me
variables are aggregated by minima or maxima over the entire time pEnegk are commonly used within the catastrophe
modelling industry.

A2 RAL2 File naming

Model timeseries iles are named according to the following convention:
VAR.TIMEMETHOD.UMRA2T.TIMEPERIOD.NAME.RES.nc

where:VAR is ashort variable identifier of the variable contained within the netCDFTIMEMETHOD is the time method,

specifying if the var is a mean, min, max or point and the period of time over which the mean, min, max or point measure is

found(as described abova)MRAZ2T is an identifier forlie Met Office regional model typ&IMEPERIODis the time period

that the data gms, in the form START_END formatted as YYYYMMDDAME is the common name of the storm for the

given time periodRESis the resolution of the datasether 4p&m = 4.4km or 1p&m = 1.5km grid size

Files relating to ensemble footprints haveirapler file naming structure: fpeMAR. TIMEMETHOD.NAME.RESnNc

11
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Code availability

The Met Office Unified Model is available for use under licence. A number of research organisations and national meteoro-
logical services use the UM in collaboration with the Met Office to undertake basic atmospheric prosesche produce
forecasts, dvelop the UM code, and build and evaluate Earth system models. For further information on how to apply for a

licence, see http://www.metoffice.gov.uk/research/ modebiygtems/unifieemodel

Python and R code used to processRiA¢ 2 data is availabletdnttps://doi.org/10.5281/zen0d0.3953773
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* TC eye makes landfall
Day 1 Day 2 Day 3 Day 4

00 03 06 09 12 15 18 21 00 03 06 09 12 15 18 21 OO0 O3 06 09 12 15 18 21 00 03 06 09 12 15 18 21

24 hour spin-up + 48 hour forecast (T2 hrs total) * TC eye makes landfall
RA24.5km _
& 1.5km

Central 24 hour period of interest
(12 hours pre-landfall,

...then ERAS LBCs hourly for the
12 hour post-landfall)

remainder of each simulation

Total useful forecast time: 72 hours

Figure 1 Ensemble configuration for tHRAL2-C (UM) downscaling suite. ERAS initial conditiorsréngedots) initialise the simulatior
start point greendots). Each ensemble member then has a 24 houugmariod (grey dashed lines) which is discarfdech all analysis.
The 48hour simulation that is kept is represented by the solid blue line. ERéBIboundary conditiond BCs, black dots) feed intc
the 4.4km domain every hour. The lagged ensemble is designed to simulate a cemikal 2drial (shaded grey), common to ¢
ensemble members and centred on the tropical cyclondd#riine (orange star), but also sample a range of ERAS5 initial conditio
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Figure 1 Model domains used for the 4.4km (red) and 1.%kiue) regional models. ERA5 data, with global coverage, provides initial
conditions for the 4.4km domain. The 1.5km model takes its initial and boundary conditions from the 4.4km model. Thdadamaisk
used for validation plots on Section 3 is iren.
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460 Figure 2 Storm specificcomparisorof maximumgustspeedtop), maximumwind speedmiddle)and minimum sedevel pressuréottom)
for tropical cycloneSidr (Nov 2007). The dynamically downscalebigh-resolution Met Office modelRAL2) is shown by the coloured
lines, where each individual line represeote ensemblemember where the initialisation time is coloured lighter to darker. These are
shown againsfBTrACS (greytriangles with uncertaintyange$ and ERA5S (black line) Equivalent plots for other evestan be found in
AppendixB.
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Figure 4 Differencesin maximumwind speedntensity (left) and timing of maximum (right) folBBTrACS US (blue) ND (orange) and
ERAGS (greenyelative to RAL2ensemble membererdered by magnitude tiie intensitydifference. Comparisons are made only within
the period 0RAL2 data, up to 36 hours pre and post landfall. Differences are calculateder&dd®AL2 maximum, such that a positive
intensity (time) difference indicates that tRAL2 model is faster (ahead) of the respective ERA5 or IBTrACS data. IBTrACS data is
resampled by forward padding data to hourly intervals to aid comparisofRWitB. Where there are joint maxima in the IBTrACS data
over multiple timesteps, we plot the smallest differentsdividual model differences are shown by coloured circles, witiam difference

per stormare show by coloured barsower boxplotsaggregatealifferencesacross all storms, with the B@ercentile marked by the black
bar and whiskers extending to tHe&nd 9" percentiles of the data
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Figure 5 Differences iiminimumMSLP (left) and time of minimum (righfdr IBTrACS US (blue) ND (orangena ERAS (green) relative

to RAL2 ensemble members, ordered by magnitudb@MSLP intensitydifference. Details as for Figure 4. A negative (positive) differ-

ence in MSLP indicates that tRAL2 MSLP minimaaredeepeshallowej than theespective ERA5 or IBTrACS datidote that IBTrACS
480 ND MSLP data was not available for Fani or BulBul, and US MSLP naladla for BOB01 BOB07and TCO1B at the time of writing.

21



I I
I I
I I
I I
[ I
i i
i i
- I
r I
F 1
i I
ERA5 _-_ _-_
(I) 5|0 1(|)0 —|20 —|10 6 1|0 2|0
Difference (knots) Difference (hours)
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available from IBTrACS foany oftheseevents
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Storm Tracks per bin

Figure 7 Storm track comparisons for IBTrACS US8Ie lines) and ND ¢rangé with RAL2 ensemble track bin densities. Note that
IBTrACS data for the most recent cyclone Fani and Bulbul are incongiléte time of writingDashed lines represent varialBIrACS
490 storm track uncertainty, based on cyclone intensity.

23



0 N N
oy Py
R S S -
% : oi
2
100
& 757
%7 50
% 25
| A —

1510 20 30 40 50 60 70 80 909599
Percentiles

Figure 8 Percentile diferences between 1.5km and 4.4km tropical cyclone data for (a) maximum gust speed and (b) minimum mean sea
level pressure (MSLP) footprints. Differences between resolutions are assessed on a quantile basis, in a hierarchicalcoannefor
dependene between storm ensemble members sampled from multiple storms. Quantile median estimates are shown by black circles, witt
495 95% highest density intervals (HDI) shown by black bars. Where 3&e 19DI overlaps 0, the median circles are filled white. Bhet-
strappeddifferencedistribution(n=1000)at each quantile is shaded turquoise (gust speeds) and orange (MSLP).
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Variable Identifier  Unit
net down surface sw flux corrected rsnds W m2
wet bulb potential temperature wbpt K
air pressure at sdavel psl Pa
air temperature tas K
geopotential height zg M
relative humidity hur %
stratiform rainfall amount prist kg m2
stratiform snowfall amount prissn kg m2
surface downwelling shortwave flux in a rsds W m2
wind speed of gust fg m st
X wind ua m st
y wind va m st
505
Table 1Available model output and their Sl units.
Name Landfall Date IBTrACS ID
(DD/MMIYYYY HH:MMZ)
BOBO1 30/04/1991 00:00Z 1991113N10091
BOBO07 25/11/1995 09:00Z 1995323N05097
TCO01B 19/05/1997 15:00Z 1997133N03092
Akash 14/05/2007 18:00Z 2007133N15091
Sidr 15/11/2007 18:00Z 2007314N10093
Rashmi 26/10/2008 21:00Z 2008298N16085
Aila 25/05/2009 06:00Z 2009143N1708¢
Viyaru 16/05/2013 09:00Z 2013130N04093
Roanu 21/05/2016 12:00Z 2016138N10081
Mora 30/05/2017 03:00Z 2017147N14087
Fani 04/05/2019 06:00Z 2019117N05088
Bulbul 09/11/2019 18:00Z 2019312N16088

510 Table 2List of tropical cyclones downscaled in this dataset. IBTrACS ID refers timtbnational Best Track Archive for Climate Stew-
ardshipstorm identifier. Landfall dates are provided for reference and do not necessarily reflect the landfall date of theedodatacal
Similarly, names are provided ashorthand identifier, and are used for file naming purposes, but do not necessarily reflect the official
storm identifier.
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Spatial Temporal Compared Convective/parameter-
Dataset  Data Type Resolution Resolution Variables isedwind speed
Downscaled
(RAL2) Gridded 4.4km 1-hourly Gust,Wind, MSLP  Convective permitting
model data
Downscaled
(RAL2) Gridded 1.5km 1-hourly Gust,Wind, MSLP Convective permitting
model data
ERA5 Gridded 30km 1-hourly Gust,Wind, MSLP  Parameterised
IBTrACS v4, Time Series 10km 3-hourly Wind, MSLP Observed from various
us (0.19 sources
IBTrACS v4 . . 10km InterpeliH to . Observed from various
' Time Series 3-hourly (most data wind, MSLP
India (0.19 sources

reported at 6 hourly;

Table 3Datasets and their key characteristised in thenodel validation.
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Figure B1 Comparisorof maximum wind/gust speed and minimum-gmael pressure for tropical cycloréla (May 2009. Details as
for Figure 3.
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Figure B2 Comparisorof maximum wind/gust speed and minimum-&eel pressure for tropical cyclomé&kash(May 2007). Details

as for Figure 3.
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Figure B4 Comparisorof maximum wind/gust speed and minimum-&ael pressure for tropical cyclo®OB07 (Nov 1995. Details
as for Figure 3.
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for Figure 3.
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Figure B8 Comparisorof maximum wind/gust speed and minimum-gaael pressure for tropical cyclofmashmi(Oct2008. Details

as for Figure 3
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Figure B9 Comparisorof maximum wind/gust speed and minimum-tmzel pressure for tropical cyclofmoanu(May 2016). Details

as for Figure 3.
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Figure B10 Comparisorof maximum wind/gust speed and minimum-gaael pressure for tropical cyclof€01B(May 1997). Details
as for Figure 3.
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