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ARTICLE INFO ABSTRACT

Handling Editor: Daniel P Ames Tropical cyclones (TCs) are an important water source in many regions around the world, replenishing local
dams, waterways and groundwater systems. Three diverse precipitation datasets were tested for dissimilarities in

Keywords: their rainfall characteristics via a new, freely available rainfall tracking toolbox for MATLAB and GNU Octave

Tropical cyclones users: 1) the ERAS global reanalysis, 2) the Global Historical Climatology Network (GHCN)-Daily station dataset

Rainfall accumulation

) and 3) the regional SILO (Scientific Information for Land Owners) database. Although SILO only covers Australia,
Event tracking

Reanalysis its relatively high resolution (0.05°) provides advantages for studies in that region. To test the differences in

Station data precipitation datasets, six episodes (eight individual TC events) in all major basins affected by TCs have been

Toolbox selected. These include two instances in which consecutive TCs severely impacted the same region (TCs Idai and
Kenneth in south-eastern Africa during March/April 2019 - and hurricanes Eta and Iota in Central America in
November 2020). Precipitation for TC episodes was explored through event totals and the proportional contri-
bution to water years within each dataset. Each precipitation dataset demonstrated its inherent advantages and
drawbacks, highlighting the benefits of using more than one source to thoroughly evaluate an individual event.
These attributes — coupled with the associated impacts of cyclonic events — reinforce the importance of devel-
oping tools that can aid in managing TC-related rainfall and flooding potential.

Software availability explored the rainfall impact of TCs on a global scale. Using remote-
sensing data, Jiang and Zipser (2010) determined that TC-related rain-
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es/rainfall_tracker). using the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite
Precipitation Analysis (TMPA) data, Prat and Nelson (2013) have

1. Introduction highlighted the sharp decrease in TC rain contribution further inland —
and the high variability in TC rain in East Africa, especially compared to

1.1. TC-related rainfall studies East Asia. If the observed upward trend in TC rain rate between 1998
and 2016 (Guzman and Jiang, 2021) persists into the future, then the TC

The contribution of tropical cyclones (TCs) to cumulative precipi- contribution to rainfall totals may further rise. Thus, our ability to
tation is spatially and temporally highly variable. Several studies have accurately represent and predict TC-related rainfall will need to improve
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to combat the impacts.

In Australia, TCs are estimated to provide between 10% and 40% on
average (mean) to seasonal (November to April) rainfall totals based on
high-resolution, gridded data (Australian Water Availability Project
[AWAP]), with the highest mean input observed in the western half of
Australia (west of 120°; Dare et al., 2012). Ng et al. (2015) obtained
similar percentages — for annual TC contribution to rainfall — in
north-western Australia. However, for seasonal rainfall (October to
December — and January to March), Ng et al. (2015) determined values
over 70% for individual, near-coastal weather stations. Over the entire
country, Dare (2013) has calculated a mean TC contribution of 7.6% to
the total, seasonal (November to April) rainfall volume, with most of this
precipitation attributable to land-falling events. Rainfall is notoriously
unreliable in many regions (e.g. Australia), exhibiting significant vari-
ability on interannual timescales (Nicholls et al., 1997). This unpre-
dictability is also evident in TC-sourced rainfall totals (e.g. Dare et al.,
2012).

Deo et al. (2021) have demonstrated that the contribution of TCs to
seasonal peak daily precipitation in the Pacific regions can exceed 60%,
with the rainfall impact substantially modulated by El Nino - southern
oscillation and Madden—Julian oscillation patterns. A similar percentage
(up to 54.2%) was also found for annual rainfall in the north-western
Philippines, with the proportional rainfall contribution decreasing to
6% towards the equator (Bagtasa, 2017). Bagtasa (2017) attributed the
high rainfall fraction to the enhancement of the Asian south-west
monsoon when TCs were situated to the north-east of the country.
Because Bagtasa (2017) applied a relatively large radius (10°) from the
TC centres to ascribe rainfall to storm events, precipitation only indi-
rectly related to the TCs was also captured. In the north-eastern Pacific,
Corbosiero et al. (2009) found that individual storms can account for as
much as 95% of precipitation in the warm season. In the south-eastern
United States of America (USA), a TC rainfall contribution of up to
15% was determined during the storm season, with the highest pro-
portion associated with the coastal Carolinas (Knight and Davis, 2007).
In Mexico, the largest proportion of TC-related precipitation (up to 80%)
is associated with the arid western region (Baja California Peninsula),
whereas the largest amount (in mm) was observed in the southern re-
gions (Brena-Naranjo et al., 2015). On the African continent, Howard
et al. (2019) have attributed up to 70% of austral summer (November to
March) rainfall to tropical lows, with the highest totals in south-eastern
Angola. Over all of India, Hunt and Fletcher (2019) have estimated that
tropical low-pressure systems contribute 37% of June-September rain-
fall when a 800 km radius is applied, although clustering techniques
suggest a slightly larger proportion.

1.2. Flood impact of rainfall from TCs

Flooding is one of the more destructive impacts from TCs. Flood
severity is intrinsically linked to rainfall intensity, duration and event
total. Additional, localised factors include differences of land use, basin
characteristics (shape, size), geographic location and antecedent soil
moisture (e.g. Villarini et al., 2014). Extensive economic, environmental
and social damage is among the on-flow effects of flooding. Severe
flooding can cause major disruptions to transportation networks, isola-
tion and evacuation of townships, inundation of property, and death
(Rappaport, 2000). Globally, TC-related floods and related mortalities
are most commonly associated with eastern seaboards (e.g. eastern India
and the east coast of the USA; Hu et al., 2018).

Although common, flooding from TC events is not restricted to
coastal regions, with many TCs responsible for major inundation to
inland areas (Villarini et al., 2014). Inland flooding was the predominate
cause of death from TCs in the USA from 1979 to 1999 (Rappaport,
2000). However, storm surges were associated with more fatalities (but
fewer TCs) when a 50-year period (1963-2012, i.e. including TC Katrina
in 2005) was considered (Rappaport, 2014). Inland flooding on rela-
tively flat terrain tends to persist longer, with water levels only slowly
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subsiding compared to near-coastal areas, thus causing additional
damage in the process. Avoidance and mitigation of flooding from TCs is
a key challenge for the preservation of economic revenue and a key
concern for susceptible global communities. Thus, tools that contribute
to the estimation of the extent of TC-based rainfall are important to
manage future flooding potential.

1.3. Lack of in-situ datasets and the reliance on reanalysis/satellite data
for rainfall

Globally, the availability of in-situ rainfall data is highly deficient,
especially in sparsely populated regions such as mountainous terrains,
with weather stations preferentially deployed in more urbanised areas.
Consequently, scientific studies frequently rely on satellite and rean-
alysis data as an alternative. Reanalysis and satellite sources provide the
benefit of spatially more homogenous and detailed datasets. However,
this advantage is offset by their relatively short temporal coverage
(Hassler and Lauer, 2021; Sun et al., 2018; Thorne and Vose, 2010) as a
consequence of their reliance on high-quality satellite and in-situ data.
Specifically, although some weather station time series are very exten-
sive (i.e. covering more than a century), most sites have only been
operational for a limited period (Jaffrés, 2019). Another issue with
global reanalysis and satellite datasets is their limited ability to resolve
fine-scale rainfall features at regional spatial resolutions. Although
newer versions of reanalysis data have decreased grid spacing, rainfall
studies at a catchment-scale level are still a challenge with respect to
accurately representing real-world conditions, especially in regions with
higher spatial rainfall variability (e.g. orographic precipitation; Sun
et al., 2018). Ground-truthing via gauging data is not always feasible
because of limited station network density in some areas, especially in
sparsely population regions (Hassler and Lauer, 2021).

1.4. Aims

Numerous precipitation datasets are available at various temporal
and spatial scales (in terms of both temporal/spatial resolution and
coverage) to investigate rainfall properties of TCs. For the doctoral thesis
by Gray (2023), the target period was 1950-2019. Consequently, Gray
(2023) selected rainfall databases that encompass that multi-decadal
time span to evaluate precipitation patterns. Among these were 1) the
SILO (Scientific Information for Land Owners) database, a regional,
high-resolution (0.05° grid) dataset for Australia (Jeffrey et al., 2001)
and 2) ERA5 (5th-generation ECMWF [European Centre for
Medium-Range Weather Forecasts] reanalysis), a global reanalysis
dataset (Hersbach et al., 2020). To facilitate these analyses, a rainfall
tracking toolbox (rainfall tracker) was developed to enable the extrac-
tion of precipitation within a chosen distance from each track position.
Specifically, a MATLAB toolbox with GNU Octave compatibility was
created to obtain spatial rainfall patterns (event rainfall, peak in-
tensities, totals per time step) associated with individual cyclone tracks.

The present study focuses on the comparison of three diverse pre-
cipitation datasets (regional vs global, gridded vs station data, daily vs
sub-daily) with long-term coverage. These datasets include 1) the ERA5
global reanalysis, 2) the GHCN-Daily station dataset (Menne et al.,
2012a) and 3) the regional SILO database. To determine biases, ad-
vantages and disadvantage of each precipitation data source, six epi-
sodes (eight individual TC events) were analysed. These case studies
were selected by two main attributes: 1) their documented rainfall
impact and 2) the affected region, ensuring that all major ocean basins
with TC genesis were represented. Differences in estimated rainfall ac-
cumulations are discussed in terms of precipitation datasets, track
properties and applied radius.
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2. Data
2.1. TC track data

TC track data were sourced from the International Best Track Archive
for Climate Stewardship (IBTrACS; Knapp et al., 2010, Table 1).
IBTrACS, version 4, is a global TC database that spans from 1841 to
present (Knapp et al.,, 2018), at three-hourly time steps and with a
spatial resolution of 0.1°. The database consists of seven basins: 1)
northern Indian Ocean, 2) southern Indian Ocean, 3) north-western
Pacific, 4) north-eastern Pacific, 5) South Pacific, and the 6) North
and 7) South Atlantic (Knapp et al., 2010). A second, regional TC
database — by the Australian Bureau of Meteorology (BoM; Table 1) —
was also accessed for track confirmation purposes.

2.2. Rainfall datasets

A variety of rainfall datasets — from regional to global, and rectilinearly
gridded vs point data (Table 1) — was accessed to highlight 1) the differ-
ences in observed or estimated precipitation in individual data sources and
2) the capacity of the rainfall tracking toolbox (rainfall tracker). Several
gridded datasets (in netCDF format) have been incorporated and tested,
with the code also able to access rainfall data extracted from GHCN-Daily.

2.2.1. ERA5 - global

ERAS is a global reanalysis dataset that has replaced ERA-Interim
(Hersbach et al., 2020). At the time of the study, ERA5 was split into
two time-periods: 1) 1950-1978 (preliminary) and 2) 1979-current.
Because of difficulties in accurately representing TCs, the preliminary
version of ERAS5 is not recommended for usage in TC studies (Bell et al.,
2021). Consequently, only ERAS5 data from 1979 were accessed. The
horizontal data resolution of ERAS5 is 31 km, reprojected on a 0.25° grid
(Hersbach et al., 2020). The sub-daily (hourly) total precipitation vari-
able was extracted.

2.2.2. GHCN-Daily — global

GHCN-Daily is a freely available dataset encompassing over 118,000
stations from 218 countries and territories — for core variables such as
precipitation, snowfall, snow depth, minimum and maximum tempera-
ture (Jaffrés, 2019; Menne et al., 2012b). The database (in the .dly file
format) can be accessed via https://www.ncei.noaa.gov/pub/data/gh
cn/daily/. For this study, the entire GHCN-Daily archive
(3.28-upd-2021091218) was accessed, with the daily precipitation data
extracted via the freely available ghcnd access toolbox (Jaffrés, 2019)
before applying the rainfall tracker code.

2.2.3. SILO - regional

Daily gridded rainfall data for Australia were sourced from the SILO
database (Jeffrey et al., 2001). Rainfall data within the SILO database
cover the period from 1889 to current. The daily gridded data are
interpolated on a 0.05° grid using point data sourced from the BoM
(Jeffrey et al., 2001). The spatial extent of the grid extends from 10°S to
44°S and 112°E to 154°E.

Environmental Modelling and Software 167 (2023) 105773

3. Methods

Although numerous studies have previously focussed on TC-related
precipitation, suitable toolboxes for MATLAB or GNU Octave users to
conduct such analyses are not readily available or well-known. Further,
relatable TC analysis tools built on other coding platforms such as Py-
thon (Brackins and Kalyanapu, 2020) have been useful for TC analysis
but have generally focused on forecasting and modelling. Brackins and
Kalyanapu (2020) have specifically highlighted that they were unable to
locate existing code for any of the six existing parametric models (for TC
rainfall) that they identified. Among these models is R-CLIPER (rainfall
climatology and persistence; Tuleya et al., 2007), predominantly used as
a statistical baseline for TC rainfall predictions (e.g. Ko et al., 2020).

An exception — in terms of accessibility and application — is the
TempestExtremes software package, which permits the extraction of TC
tracks and associated precipitation from gridded model, reanalyses and
observational data products (Ullrich et al., 2021). The TempestExtremes
software package intricately contructs TC tracks by evaluating and
tracing sea level pressure minima within regional or global datasets
(Stansfield et al., 2020; Ullrich et al., 2021). Using wind speed and the
trajectory, Stansfield et al. (2020) estimated TC size by determining
where the azimuthally averaged wind speed exceeds 8 m/s, then
applying this area to extract event-based precipitation in the USA.

The toolbox presented here is designed for MATLAB and GNU
Octave. External databases (separate TC track and rainfall datasets) are
applied as input variables for the rainfall tracker toolbox. The toolbox
has been tested on rainfall data in netCDF format (global ERA5 and
regional SILO) and the GHCN-Daily database (preprocessed via the
freely available ghcnd access toolbox; Jaffrés, 2019). Consequently, a
diverse range of station and reanalysis rainfall datasets — rather than
output from climate models — are available to extract TC-related pre-
cipitation via the rainfall tracker toolbox.

3.1. Data organisation and requirements of the rainfall tracker toolbox

The rainfall tracker toolbox requires two input files: 1) a .csv containing
the TC track information and 2) the rainfall dataset that can either be
station data (GHCN-Daily) or a gridded dataset with regional (SILO) or
global (ERA5) coverage. For the TC input, a unique TC name is required,
along with the latitude, longitude, date and time. If GHCN-Daily data are
chosen, the downloaded rainfall files (.dly format) will first need to be
converted into a .mat file using the freely available ghcnd access toolbox
(Jaffrés, 2019) before applying the rainfall tracker code. Detailed di-
rections are provided in the user’s guide for the rainfall tracker toolbox and
a sample TC input file is also supplied.

Along with selecting TC tracks and a precipitation dataset, the
applicable time zones also have to be stipulated before the toolbox can
be run correctly. TC track data are usually associated with Coordinated
Universal Time (UTC+0). The time zone also has to be specified for the
rainfall data, although UTC+O0 generally applies for global, gridded
datasets. Conversely, the SILO rainfall is relative to the local time zone of
each region (UTC+8 to UTC+11), shifting biannually by one hour in
regions where daylight saving is implemented. Similarly, time zones of

Table 1
TC track and rainfall datasets accessed for this study.
Data type Name Period Website
TC tracks IBTrACS (International Best Track Archive for Climate 1841-present  https://www.ncei.noaa.gov/products/international-best-track-archive?na
Stewardship) me=ibtracs-data-access
BoM (Australian Bureau of Meteorology) tropical cyclone 1907-present  http://www.bom.gov.au/cyclone/tropical-cyclone-knowledge-centre/d
database atabases/

Precipitation =~ ERAS5 (5th-generation ECMWF reanalysis)

GHCN-Daily (Global Historical Climatology Network for daily
station data)

SILO (Scientific Information for Land Owners)

1979- present
1781-present

1889- present

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-lev
els?tab=form
https://www.ncei.noaa.gov/pub/data/ghcn/daily/

https://www.longpaddock.qld.gov.au/silo/gridded-data/
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station data in GHCN-Daily are source-dependent. Further, the BoM
reports 24-hour rainfall with respect to local time at 9 a.m. Conse-
quently, if SILO or Australian GHCN-Daily data are accessed, the
rainfall tracker toolbox automatically employs a time shift to the TC
tracks (+14.99 hours) to align them with the rain period (Fig. 1). An
equivalent shift was also applied to other GHCN-Daily subsets when a
cut-off period was identified.

Further, TC tracks may transect and affect multiple time zones
(Table 2). Thus, for rainfall datasets with non-uniform dates (i.e. GHCN-
Daily and SILO), the most relevant time zone has to be determined - in

a) Original (unmatched time zones)
Track position
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terms of either 1) track proximity to land (if a land-based rainfall dataset
or study), 2) time spent in a region, or 3) expected maximum impact in
the area of interest. In some instances, applying different time zones to a
track may be appropriate (e.g. for trans-Atlantic TCs like hurricane
Charley in 1986, moving from the Americas to Europe).

3.2. Rainfall extraction

For this study, six case studies (eight individual TCs during six epi-
sodes of storm activity; Table 2; Fig. 2) were selected to illustrate the

,Q/ (UTC+0)
. Rainfall after 9 a.m. on Day 0
Local time to 9 a.m. on Day 1
(UTC+10) >
I | | | | | | I
I I I I I I I I
0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00
Day 0 Day 1
(reporting day)
b) Matched time zones
Shift by time zone
difference (+10 hours)
Rainfall after 9 a.m. on Day 0
Local time to 9 a.m. on Day 1
(UTC+10) >
| | | | | | I
I I I I I I I I
0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00
Day 0 Day 1
(reporting day)
c) Perceived Track position
(UTC+10) . .
. Rainfall during the
Local time reporting day (Day 1)
(UTC+10) )I
| | | | | |
I I I I I I I I
0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00
Day 0 Day 1
(reporting day)
d) Matched reporting day Shift by rain period in
Day 0 (+14.99 hours)@
. Rainfall after 9 a.m. on Day 0
Local time to 9 a.m. on Day 1
(UTC+10) >
0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00
Day 0 Day 1
(reporting day)

Fig. 1. A schematic illustrating the time zone compatibility of rainfall and track data: a) unmatched time zones, b) track time shifted to match rainfall, ¢) example
scenario if rainfall does not cover midnight to midnight and d) consequent shift of track to ensure extraction of correct rain day.
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Table 2

List of TCs and the range of time zones (UTC) covered by the cyclone tracks. Relevant time zones (for SILO and GHCN-Daily in this study) are highlighted in bold. The
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lowest pressure, peak wind speed and applied water year for each event are also provided.

Name Year Lowest pressure (mb) / Peak wind speed (kts™) Location Time zones Water year

TC Idai 2019 940 / 105'0min Africa (Mozambique, Madagascar) 2,3 August-July

TC Kenneth 2019 934 / 115!0min Africa (Mozambique, Madagascar) 2,3 August-July
Cyclone Nisha 2008 996 / 45> India 5.5 February-January
TC Seroja 2021 971 / 6510min South-east Asia (Indonesia, Timor-Leste), Australia 7,8,9 August-July”

TC Oswald 2013 991 / 3510min Australia 10 September—August
Typhoon Morakot 2009 945 / 7510min Asia (Taiwan, mainland China) 8,9 January-December
Hurricane Eta 2020 922 / 130'™min Central America (Nicaragua, Honduras) -5, -6 March—February
Hurricane Iota 2020 917 / 135!min Central America (Nicaragua, Honduras) -5, -6 March-February

# The averaging period for maximum sustained wind speed differs depending on the monitoring agency. Whereas most regions apply a 10-minute averaging period,
3-minute and 1-minute intervals are used in the northern Indian Ocean (cyclone Nisha) and North Atlantic (hurricanes Eta and Iota), respectively.
b The water year of the most impacted region (Indonesia, Timor-Leste) was employed. For south-west Australia, a water year of February—January would be more

appropriate.
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Fig. 2. World map showing the tracks of the eight TCs selected for the six case studies.
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Fig. 3. a) A sample track and b) illustration of radial tracing via circles of fixed radius along the TC track. Rainfall data encompassed by the area within the circles are
extracted by the rainfall tracker toolbox.
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Fig. 4. Correlation of event rainfall estimates (mm) derived from GHCN-Daily and ERAS5 for a) TC Idai, b) TC Kenneth, c¢) cyclone Nisha, d) TC Seroja, e) TC Oswald,
f) typhoon Morakot, g) hurricane Eta and h) hurricane Iota.

toolbox capabilities and differences in the tested rainfall datasets. For all
events, a 500 km radius was initially defined and aligned with each track
position of all individual TCs (Fig. 3), along with a temporal window of

one hour. The circles were defined based on the haversine formula:
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where lat,qq1 and latqq2 (lonyqqn and lon,.g2) are the radial latitude
(longitude) of two points (track point vs rainfall location), and r = 6371
km is the radius of Earth. The rainfall tracker toolbox then extracted the
relevant rainfall data for each track position. If multiple track points
(time steps) were present during one rainfall interval, the circle areas for
these track points were merged to create one output field per rainfall
period. This process was repeated for all tracks, providing total rainfall
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Fig. 5. Correlation of event rainfall estimates (mm) derived from SILO vs a,d) GHCN-Daily and b-c,e-f) ERA5 for a-c) TC Oswald and d-f) TC Seroja.
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Significance level of paired Wilcoxon signed-rank tests comparing event rainfall estimates by different precipitation datasets. The listed grid point numbers for ERAS
and SILO (in brackets) refer to cells with rainfall data (i.e. non-empty fields) within the SILO region used for the paired Wilcoxon signed-rank test.

TC event Station number ERAS (SILO) grid points p-value
GHCN-Daily vs ERA5 GHCN-Daily vs SILO ERAS vs SILO SILO vs ERAS

TC Idai 19 - 0.009 - - -

TC Kenneth 11 - 0.465 - - -
Cyclone Nisha 16 - 0.918 - - -

TC Seroja 520 1354 (33,656) <0.001 0.629 <0.001 <0.001
TC Oswald 2080 3382 (84,273) <0.001 <0.001 <0.001 <0.001
Typhoon Morakot 170 - 0.353 - - -
Hurricane Eta 3054 - <0.001 - - -
Hurricane Iota 13 - 0.966 - - -

Table 4

Maximum contribution (%) to the annual total rainfall (of the relevant water year) of TC events based on ERA5, GHCN-Daily and SILO and the relevant IBTrACS
pathways. The tandem events (TCs Idai and Kenneth — and hurricanes Eta and Iota) were assessed jointly. For TC Seroja, a second ERA5 estimate is provided for the

BoM track.

TC events ERA5 (BoM) % GHCN-Daily % SILO %
TCs Idai and Kenneth 50.0 - -
Cyclone Nisha 30.6 - -

TC Seroja 45.4 (46.0) 16.7 21.3
TC Oswald 49.4 63.0 57.1
Typhoon Morakot 42.7 17.8 -
Hurricanes Eta and Iota 34.7 16.4 -

depth per event and grid point (or weather station).

For two events (cyclone Nisha and TC Oswald), four different radii
(500 km, 600 km, 750 km and 1000 km) were applied to investigate the
extent of their rainfall impact and, thus, to determine the most suitable
radius for these specific storms.

3.3. Statistical analysis

A non-parametric, paired Wilcoxon signed-rank test was applied to
evaluate whether event rainfall estimates were statistically different
between individual precipitation datasets. For each database combina-
tion, the collocated rainfall estimates were extracted (e.g. the nearest
ERAS5 grid point for each relevant GHCN-Daily station). For SILO vs
ERAS, rainfall accumulations were paired and tested in both directions
(i.e. each ERAS grid point within the SILO region was matched to the
nearest SILO position — and each SILO value was matched with the
nearest ERA5 estimate). For each combination, the correlation coeffi-
cient (R) was also obtained. Each rainfall event was further assessed in
terms of its contribution to total rainfall during the assigned water year
(Table 2), with the percentage of TC-attributed precipitation extracted
for the 1-year period. The water year for each event was selected based
on the most impacted region.

4. Results

Three datasets (ERA5, GHCN-Daily and SILO) were accessed to
obtain rainfall totals for individual TC events. The regional SILO data-
base only covers Australia and was thus only applied for TCs Oswald and
Seroja. For each storm, differences in rainfall estimates were compared.
All correlation coefficients between pairs of rainfall databases are sig-
nificant (p-value < 0.05; Figs. 4 and 5). Conversely, the paired Wilcoxon
signed-rank tests revealed biases for several storm events, with hurri-
cane Eta, and TCs Idai, Seroja and Oswald all returning p-values below
0.05 when comparing GHCN-Daily with its corresponding ERAS esti-
mate (Table 3). In terms of contribution to annual precipitation during
the respective water year, the largest percentage was obtained for TC
Oswald, with GHCN-Daily (SILO) estimating up to 63.0% (57.1%) of the
annual rainfall accumulation (Table 4). Conversely, the ERA5

approximation is lower at 49.4% — and surpassed by its assessment for
the tandem event of TCs Idai and Kenneth (50.0%).

4.1. TC idai and TC Kenneth (March/April 2019) - south-western Indian
Ocean (Madagascar, Mozambique, Malawi, Zimbabwe, Comoros)

Two intense TCs severely impacted the south-western African region
about a month apart, with TC Idai making landfall during the night of 14
to 15 March 2019 - and TC Kenneth on 25 April 2019. Especially
Mozambique was greatly affected by both events, with catastrophic
flooding affecting vast areas. For TC Idai, the greatest rainfall totals were
associated with the central west-coast of Madagascar, central
Mozambique, southern Malawi and eastern Zimbabwe. The track of TC
Kenneth was located slightly more northward, with a concomitant shift
of the associated precipitation that was more moderate — albeit still
deadly - in comparison with the precursory storm event. Besides
Mozambique, TC Kenneth also severely impacted on the Comoros, an
archipelagic country situated north-west from Madagascar.

The maximum event rainfall approximated by ERA5 amounts to
713.1 mm for TC Idai (Fig. 6a). In comparison, GHCN-Daily stations only
measured precipitation up to 324.1 mm (Fig. 6¢), less than half (45.4%)
of the reanalysis estimate. Similarly, the largest event total for TC
Kenneth differed from 315.9 mm (GHCN-Daily; Fig. 6d) to 439.3 mm
(ERAS5; Fig. 6b). However, only the rainfall estimates for TC Idai are
statistically different (p-value = 0.009) between the two datasets
(Table 3), with ERAS5 approximations generally exceeding those from
GHCN-Daily (Fig. 4a). For the combined precipitation of the two events,
ERAS estimates that up to 50.0% of the annual total for the water year
(August 2018 to July 2019) is associated with TCs Idai and Kenneth
(Fig. 6e; Table 4).

The in-situ coverage via relevant (i.e. south-east African) stations
contained in GHCN-Daily is patchy. Accordingly, a very limited number
of stations is available to provide in-situ rainfall estimates, with few sites
located within the main rain zone highlighted by elevated ERA5 pre-
cipitation. Although ERA5 suggests that precipitation associated with
TC Idai mostly fell offshore, broad bands of significant rain are also
evident inland. Further, ERAS presents the largest rainfall estimate over
land for TC Idai, near the decay location of TC Kenneth — a region not
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covered by any station. Instead, the peak gauge-derived rainfall depth is
from a coastal GHCN-Daily site, for which ERAS indicates relatively
moderate event rainfall. Because of data gaps both during the event
(Fig. S1) and the remainder of the water year, GHCN-Daily gauges could
not offer an estimate for the proportion of annual precipitation attrib-
utable to the tandem TC event.

4.2. Cyclone Nisha (November 2008) — northern Indian Ocean (Sri
Lanka, India)

In terms of intensity, cyclone Nisha was a relatively weak storm
event that nevertheless had a devastating impact on both Sri Lanka and
India. The agreement between the two rainfall datasets (GHCN-Daily
and ERAD) is relatively strong for the entire region (Fig. 4c), except for
the coastal area to the north of the track where the estimated event
rainfall depth by GHCN-Daily is notably higher than the ERA5 approx-
imation (Fig. 7a,b). Peak rainfall by GHCN-Daily reaches 701 mm in this
area, whereas ERAS provides a maximum rainfall accumulation of 583
mm, with the heaviest rainfall focussed south of the track — and mostly
offshore. For ERA5, the peak estimate for annual precipitation contri-
bution is 30.6% during the water year (February 2008 to January 2009;
Fig. 7c; Table 4). As with the tandem TC event in south-eastern Africa,
the temporal coverage of all relevant weather stations was incomplete
during the water year and — on many instances — also during the passage
of cyclone Nisha (Fig. S2).

Both datasets notably highlight the focus of precipitation to the
north-east of the track (i.e. front-right quadrant), with a much larger
area receiving substantial rainfall totals in that region. This spatial
feature is attributable to the interaction between the landmass and
converging onshore winds, enhancing rainfall in that quadrant.

4.3. TC Seroja (April 2021) - south-eastern Indian Ocean (Indonesia,
Timor-Leste, Australia)

Severe TC Seroja formed in the Timor Sea in April 2021. The storm
brought extensive rainfall and flooding to Indonesia and Timor-Leste —
nations where TCs rarely make landfall (Kurniawan et al., 2021). TC
Seroja was initially very slow-moving, aggravating the amount of rain-
fall delivered to the nearby regions. When the storm finally moved
south-westward parallel to the Western Australian coastline, TC Seroja
closely interacted with nearby TC Odette, with the two cyclonic vortices
approaching and moving around each other in a rare phenomenon
called the Fujiwhara effect, named after Japanese meteorologist Sakuhei
Fujiwhara (e.g. Fujiwhara, 1922). TC Seroja ultimately absorbed TC
Odette, making landfall in south-western Australia before dissipating in
the Southern Ocean.

Based on the track from the IBTrACS dataset, a rainfall accumulation
of 406 mm is estimated for ERA5, with the heaviest precipitation
focussed on southern Indonesia between the islands of Sumba and Timor
(Fig. 8a). However, event rainfall derived from GHCN-Daily is much
lower, peaking at 122.0 mm. This discrepancy is attributable to the near-
complete absence of relevant GHCN-Daily measurements in Indonesia
and Timor-Leste (Fig. 8d), despite Kurniawan et al. (2021) demon-
strating that several stations were operational in that region during the
passage of the storm. Precipitation data for the event are only available
for a single Indonesian station (IDM00097260 — Sumbawa Besar) within
the vicinity of TC Seroja, although only 50% of the relevant days con-
tained rainfall information (Fig. S3). The GHCN-Daily estimates thus
nearly exclusively reflect the Australian rain conditions. Because the
creation of SILO was based on station data, its output (Fig. 8b) closely
corresponds to the GHCN-Daily precipitation patterns.
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A notable aspect of the IBTrACS track for TC Seroja is that the tra-
jectory excludes the initial two days, when the low was still strength-
ening in the Timor Sea while quasi-stationary. Consequently, relevant
rainfall was omitted when utilising the IBTrACS data, demonstrated
when re-running the rain_tracker toolbox with the BoM-derived track
that begins 48 hours earlier (Fig. 8c). ERA5 produces a maximum event
rainfall of 511 mm, an increase of 25.9% compared to the IBTrACS
result. Precipitation estimates specifically increased for islands of both
Indonesia and Timor-Leste, regions that experienced extensive damage
from the deluge. Rainfall depths south-east from the initial track posi-
tion are also substantially higher. An area relatively distant from the
track exhibits high precipitation amounts, reflective of the still weak low
that has not yet contracted the moisture closer to its core. Because the
two tracks (IBTrACS vs BoM) were comparable during the overlapping
period, neither the SILO nor the GHCN-Daily outputs differed signifi-
cantly for the two trajectories.

In terms of contribution to annual precipitation, ERA5S estimates that
up to 45.4% (46.0%) is associated with TC Seroja based on the IBTrACS
(BoM) path (Fig. 9a,c; Table 4) — and a water year (August 2020 to July
2021) tailored to the most storm-affected, northern region (Indonesia
and Timor-Leste). In comparison, SILO (21.3%) and GHCN-Daily
(16.7%) ascribe lower proportions of the annual precipitation to TC
Seroja (Fig. 9b,d), attributable to the absence of relevant data outside
Australia. Although the water year could therefore have been adjusted
for the south-western Australian region (February 2021 to January
2022), the northern period was maintained for consistency.

4.4. TC Oswald (January 2013) - south-western Pacific (Australia)

TC Oswald affected a broad swath of the Australian continent in
January 2013, producing record-breaking, severe precipitation and
associated flooding (Leroux et al., 2020). Rainfall was heaviest in coastal
regions of north-eastern and eastern Australia (Fig. 10). Inland rainfall
was very limited, demonstrating the influence of converging onshore

winds that encourage elevated precipitation in near-coastal settings —
especially in the front-left TC quadrant, as previously determined by
Deng and Ritchie (2020). Deng and Ritchie (2020) have also detailed the
mechanisms involved in producing several coastal precipitation hot-
spots during the event.

Statistically, all three precipitation datasets significantly differ in
terms of their rainfall estimates (Table 3). The close relationship be-
tween SILO and GHCN-Daily estimates (Fig. 5a) is attributable to the
SILO-derivation method that heavily relies on in-situ information, with
rainfall accumulations in excess of a metre during the passage of TC
Oswald (Fig. 10b,c). In comparison, the maximum estimated event
rainfall based on the ERA5 dataset is limited to about 600 mm (Fig. 10a),
nearly half of what was observed by weather stations. This discrepancy
is probably ascribable to the lower spatial resolution of ERAS5, dis-
allowing the identification of the most intense rainfall that is frequently
evident on very small, localised scales. However, ERA5 has the benefit to
also provide rainfall estimates for offshore regions. In this instance, the
largest rainfall total was registered for the north-eastern Gulf of Car-
pentaria, in northern Australia.

GHCN-Daily estimates that up to 63.0% of the annual precipitation is
linked to TC Oswald during the water year (September 2012 to August
2013; Fig. 11c; Table 4). At the station with the largest proportional
contribution (ASN00040334 — Biggenden Alert), 324.6 mm (92.6% of
the event rainfall) was received within 24 hours. In comparison, the
next-highest 1-day precipitation total at that site was limited to 42.0 mm
during that water year, with an annual total of 556.4 mm. A comparable
peak contribution to annual rainfall accumulation was also derived from
SILO (57.1%; Fig. 11b), whereas the ERA5 approximation was lower at
49.4% (Fig. 11a).

4.5. Typhoon Morakot (August 2009) — north-western Pacific (Taiwan,
Philippines, mainland China)

Originating in the western Pacific, typhoon Morakot was the



J.B.D. Jaffrés and J.L. Gray

Environmental Modelling and Software 167 (2023) 105773

o WO@S@M‘?@ . g@aﬁwfy —{ERasa siLo
&1.a) ERAS > L £4 b)SILO 5= L 5500
4 0 450
1 . F ot L
400
%4 »
&1 SR - 350
300
9 o 250
o o 200
87 F5T L
150
ﬁ' r g 3 100
50
® 9
A : : : : 9] : : : : F Ulo
105°E 110°E 115°E 120°E 125°E 130°E 105°E 110°E 115°E 120°E 125°E 130°E
) e St s - Y : "QCSERQ&&??;Q — GH?,.:,-,?)a“y
& 54 .d) GHCN-Daily N L
i - 0-50
51-100
o1 o | ®101-122
£ 0
&7 &1 L
& 0
(X »
37 & L
//
» »
g : ; : ; A : : : ; }
105°E 110°E 115°E 120°E 125°E 130°E 105°E 110°E 115°E 120°E 125°E 130°E

Fig. 8. Total rainfall accumulation (mm) during the passage of TC Seroja (2021) based on a) ERA5, b) SILO and d) GHCN-Daily along the IBTrACS path — and c) the

ERAS rainfall associated with the BoM track.

deadliest cyclone to affect Taiwan, delivering extreme, record-breaking
rainfall to the island in 2009 (Lin et al., 2011). Typhoon Morakot sub-
sequently also passed through mainland China and South Korea. ERA5
estimates a maximum event rainfall of 1197 mm for the event, with the
most severe precipitation focussed on the southern parts of Taiwan
(Fig. 12a). Although large, this rainfall amount is less than half the re-
ported accumulation over a 9-day period (3031.5 mm) for the Wei-
liaoshan station in Taiwan (Wu et al., 2011), and the total over 100
hours (2855.0 mm) at the A-Li station (Lin et al., 2011). Further,
GHCN-Daily only reached a maximum of 260 mm (a coastal station in
mainland China; Fig. 12b), attributable to the complete absence of
Taiwanese stations within the database.

On an annual scale, ERA5 credits up to 42.7% of the total precipi-
tation during the water year (January to December 2009) to typhoon
Morakot (Table 4), with the highest percentages observed in southern
Taiwan (Fig. 12c). In comparison, the GHCN-Daily estimate is relatively
modest at 17.8% because of the absence of rain gauges in the most
affected areas (Fig. 12d).

4.6. Hurricanes Eta and Iota (November 2020) — Caribbean Sea /
western Atlantic (Central America)

Somewhat similar to the dual cyclone events in south-eastern Africa
(TCs Idai and Kenneth; section 4.1), two tandem, major hurricanes
impacted the Caribbean region in November 2020. The initial storm,

10

hurricane Eta, first traversed Nicaragua’s east coast before erratically
moving northwards through several other nations during its two-week
long path, bringing extensive rainfall to many regions. Before its
decay, the low associated with the follow-up event — TC Iota — formed,
later replicating the initial path of TC Eta by moving westward over
Nicaragua, dissipating near the Pacific coast of the country.

For hurricane Eta, the rain_tracker toolbox estimates event rainfall of
up to 455.6 mm for ERAS (Fig. 13a), the largest totals mainly concen-
trated along the Central American coastline and its offshore regions.
Although the maximum GHCN-Daily estimates are similar, it places the
peak rainfall (up to 422.3 mm) in the USA (Florida; Fig. 13b), with
Central America only reaching 243.6 mm - associated with a Honduras
station. Conversely, in-situ records from Nicaragua are notably absent.

The successor (hurricane Iota) delivered comparable rainfall totals to
Central America, with the peak ERA5 rain accumulation (up of 486.7
mm) observed just offshore from Nicaragua (Fig. 13c). In comparison,
GHCN-Daily stations recorded a maximum of 303.3 mm - in a Honduras
site (Fig. 13d). Nicaragua was again devoid of in-situ measurements.

The combined precipitation of hurricanes Eta and Iota accounts for
up to 34.7% of the total accumulation during the water year (March
2020 to February 2021) based on ERAS5 (Fig. 13e). In contrast, the peak
contribution by GHCN-Daily rain gauges (16.4%; Fig. 13f) is less than
half the estimated ERAS5 value (Table 4). Similar to TC Seroja and
typhoon Morakot, this comparatively low percentage is ascribable to the
absence of weather stations in the most affected regions. Assessments of



J.B.D. Jaffrés and J.L. Gray

Environmental Modelling and Software 167 (2023) 105773

CANEE =~ .+ ERA5 & SILO
ey Ttan=V s LS AR
2| a)ERA5 | e]psiLo = 45
40
® / o
o7 I i
35
o =
o | L 2] 3 =
Q & 30 9
5
o)
25 E
» 1) =
27 TR I 8
20 ¢
- 5
12 (2] =
31 B I 15 35
(=
<
» » 10
3] I 8] i
5
o o
21 . : : : A . : : :  Llo
105 MOE  M5E  120°E  125°E  130°E 105°E  MO°E  M5°E  120°E  125°E  130°E
o ” 2O Sptncosewe 2 - - | GHCN-Daily
& 21 d) GHCN-Daily ~ = _ I 0-5
6-10
11-15
(2] (%]
6 o L e 16-17
Annual rain
" contribution
(2]
81 &1 e
o o
<7 g i
o o
5 2 I
o o
BN N i
o o
& 2 -
105°E MOE 115°E  120°E  125°E  130°E 105°E  10°E  M5°E  120°E  125°E  130°E

Fig. 9. Percentage of total rainfall during the water year (August 2020 — July 2021) associated with the passage of TC Seroja (2021) based on a) ERA5, b) SILO and d)
GHCN-Daily along the IBTrACS path — and c) the ERAS rainfall associated with the BoM track.

annual rainfall accumulation are further hampered by incomplete data
records at all Central American rain gauges.

4.7. Applicability of 500 km radius

For two TC events, the extracted rainfall patterns — when a radius of
500 km was applied — suggest that the range was too small to capture the
full impact of the cyclones. Affected storms include cyclone Nisha
(section 4.2) and TC Oswald (section 4.4). Consequently, several larger
radii (600 km, 750 km and 1000 km) were also tested to determine
whether the larger ranges are potentially more optimal for these two
cyclones.

For cyclone Nisha, a rapid drop-off in extracted ERAS rainfall is
observed to the north-east of the track with the 500 km radius (Fig. 14a).
This spatial decline in event rainfall becomes more gradual when larger
ranges are applied (Fig. 14c,e,g). Further, at longer radii, rainfall pro-
duced by feeder bands becomes evident south of the track (Fig. 14g). For
GHCN-Daily data, variations in radii have a very limited effect on
extracted rainfall totals (Fig. 14b,d,f,h). The incorporation of additional
weather stations constituted the main difference (Fig. S7b,d,f). One of
these additional stations measured 46 mm during the passage of cyclone
Nisha.

Rainfall accumulations vary more substantially with different radii
for TC Oswald, with one GHCN-Daily station (ASN00032119 — Mena
Creek Post Office) increasing its event tally by 550 mm when a 1000 km
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range is applied (Fig. S8i). In comparison, SILO (446.5 mm) and ERAS
(364.7 mm) are associated with slightly more modest rises in event
rainfall (Fig. S8g,h). Although the overall rainfall patterns do not change
substantially with modified radii, the most notable variations are in
coastal regions of northern and south-eastern Australia (Fig. 15).

5. Discussion

On a global scale, many underlying factors (e.g. TC duration,
strength, size and location — and topography) influence the relationship
of rainfall and TC occurrence. Rainfall estimates for a specific event and
location can also greatly vary among different data sources — both within
a dataset (e.g. two nearby weather stations) and separate sources (e.g.
GHCN-Daily vs ERA5).

Although gauge data have the advantage to represent direct mea-
surements of in-situ precipitation, weather stations are frequently
affected by outages caused by extreme weather events (e.g. wind or
flood impact). Further, strong winds may reduce the accuracy of pre-
cipitation measurements (Jarraud, 2008). In addition, the station
network tends to be biased towards more populated areas, with less
urbanised regions often underrepresented - including elevated, rela-
tively remote areas most severely affected by rainfall enhancement
because of orographic uplift, resulting in an underestimation of actual
precipitation. In terms of GHCN-Daily, even though the applied version
contains over 118,000 individual station sources, several countries and
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Fig. 12. a,b) Event rainfall accumulation (mm) and c,d) percentage of total rainfall during the water year (February 2008 — January 2009) associated with the

passage of typhoon Morakot (2009) based on a,c) ERA5 and b,d) GHCN-Daily.

regions were completely absent during either the relevant event (e.g.
Nicaragua for hurricanes Eta and Iota, and Indonesian areas severely
affected by TC Seroja) or throughout the dataset (e.g. Taiwan and
Timor-Leste).

5.1. Rainfall dataset intercomparison

5.1.1. ERA5

The relatively coarse (0.25°) representation of the precipitation field
in ERAS is not conducive to capturing finer-scale rainfall heterogeneity.
However, high (hourly) temporal resolution is beneficial for studies
investigating rainfall intensity (rain bursts) at sub-daily timescales.

For TC Idai, Emerton et al. (2020) estimated rainfall accumulations
close to 800 mm based on the Integrated Multi-SatellitE Retrievals for
Global Precipitation Measurement (IMERG) algorithm by NASA (Na-
tional Aeronautics and Space Administration) — and a radius of 5°
around individual IBTrACS track positions. Although their estimate for
the rainfall event surpasses our ERA5 peak (713.1 mm; section 4.1),
Emerton et al. (2020) also highlighted that IMERG tends to overestimate
high-intensity precipitation.

5.1.2. GHCN-Daily

Direct observations of rainfall via weather stations often play a
crucial role for validation of reanalysis datasets. However, the quality of
these in-situ data is imperative — in terms of both accuracy and reliability
(i.e. near-continuous coverage, with few data gaps over time). For TC
Idai, ERA5 measured significantly higher rainfall totals than the corre-
sponding GHCN-Daily station (Fig. 4a), at least partially attributable to
frequent data gaps in relevant gauges (Fig. 16a and Fig. S1a). Similarly,
of the stations that were operational during TC Kenneth or cyclone
Nisha, fewer than 50% (Fig. 16b,c; Fig. S1b and Fig. S2) were active
throughout the relevant period (i.e. when within 500 km from the
storm). In terms of temporal coverage, GHCN-Daily data were much
more reliable during TC Seroja (Fig. S3), TC Oswald (Fig. S4), typhoon
Morakot (Fig. S5), and hurricanes Eta and Iota (Fig. S6), with most sites
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operational throughout the passage of the storm (Fig. 16d-h).

Further, some regions are characterised by paucity in GHCN-Daily
station availability throughout the period covered by the database.
Taiwanese gauges are completely absent from GHCN-Daily, whereas the
number of incorporated stations for Nicaragua (six sites) is very limited.
In comparison, Australia and the USA provide relatively dense station
networks. GHCN-Daily also comprises 104 Indonesian stations. How-
ever, only one gauge within the vicinity of TC Seroja contained some
(albeit limited) precipitation data for the event. Consequently, in-situ
measurements for TC Seroja are mostly derived from Australian
GHCN-Daily sites, thus not capturing the most intense and prolonged
rainfall in the region of Indonesia and Timor-Leste. Similarly, because of
the absence of Taiwanese stations within GHCN-Daily, the maximum
event rainfall estimated by that dataset for typhoon Morakot is much
lower than by ERAS (Fig. 12a,b).

5.1.3. SILO

SILO exhibits a very strong relationship with in-situ data (i.e. GHCN-
Daily; Fig. 5a,d), attributable to the derivation method of the database.
Nevertheless, although the paired Wilcoxon signed-rank test confirmed
that the two databases are statistically comparable for TC Seroja (p-
value = 0.629; Table 3), the test returned a significant difference for TC
Oswald (p-value <0.001), with SILO displaying a tendency for higher
estimates. Because of its higher spatial resolution (0.05°), SILO is able to
capture finer, more nuanced details of the heterogeneous rainfall pat-
terns compared to ERAS5, as especially evident for TC Oswald (Fig. 10b).
However, SILO is simultaneously also limited by its regional scale (solely
covering Australia) and relatively low temporal (daily) data frequency.
Further, the dataset is also highly reliant on dense station networks for
its derivation and may thus have reduced accuracy in underrepresented
areas (i.e. especially in the sparsely populated interior — and also in
mountainous regions). Nevertheless, TCs are predisposed to more
severely impact coastal regions, zones that tend to have the highest
network density of rain gauges and are thus more reliably characterised
by SILO.
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5.2. TC-related rainfall impact region

For TC-related rainfall analyses, a 500 km buffer is frequently
applied along the track for the entire duration of the TC (Stansfield et al.,
2020). However, the rainfall impact of TCs is dependent on both size and
intensity, with Deo et al. (2021) suggesting that a 500 km radius may be
slightly conservative to attribute rainfall to passing storms. Depending
on the size of the TC and the study focus, a different radius may be more
suitable. For example, Jiang et al. (2008) applied a 10° (~1100 km)
radius to capture extreme storm sizes when investigating rain potential.
Conversely, Ng et al. (2015) employed a range of radii (200-1000 km) to
determine TC-related rainfall based on station data in Western Australia,
settling on 650 km as their preferred choice. However, a static radius of
500 km (or higher) could overestimate TC-related precipitation over
land because of the size fluctuation of the storms (Stansfield et al.,
2020), with TCs generally rapidly declining in strength and size after

landfall. Zhou and Matyas (2018) first created polygon features for
rainfall fields above their selected threshold rates (2.5 mm/h and 5.0
mm/h). They then applied a combination of a 500 km radius (for the
polygon centroids) and the radius of the outmost, closed isobar (for the
polygons) to extract features that satisfy both criteria.

Storm size and strength both vary during the lifetime of a cyclone,
significantly influencing the areal extent of precipitation. Because
stronger events have a greater capacity for rainfall contraction, rain-
bands in weaker storms tend to affect a larger area (Touma et al., 2019).
Further, TC-associated precipitation is frequently asymmetric around
the storm circulation, with the unevenness inversely related to storm
intensity (Chen et al., 2006). For example, offshore storms near the east
coast of Australia deliver more rainfall to their southern flanks (i.e.
front-left quadrant) because of moist onshore airstreams converging in
the clockwise rotation. Conversely, drier offshore circulation in the
northern segment (front-right quadrant) limits precipitation to areas
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closer to the core in eastern Australia. For coastlines in the northern
hemisphere, the opposite is applicable because of the reverse (anti-
clockwise) rotation of these storms, delivering more rainfall to the
front-right quadrant of TCs passing nearby landmasses in the Caribbean
Sea, north-western Pacific and Bay of Bengal. Nevertheless, the appli-
cation of a static radius for rainfall extraction does not necessitate
symmetric precipitation. Instead, the assumption is made that any
rainfall within the enclosed area is attributable to the TC.

The asymmetric rainfall pattern is also clearly evident during TC
Oswald. The heaviest rainfall at individual sites along the east coast was
generally observed while the storm was still situated to the north of the
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gauge, with negligible rainfall measured after the TC moved south of the
station. For example, the Tully Sugar Mill weather station
(ASN00032042) recorded 246.0 mm and 280.4 mm on 22 and 23
January (AEST), respectively (corresponding to the 48-hour period from
23:00 UTC on 20 January; cf. Fig. 1). TC Oswald surpassed the corre-
sponding latitude (17.94°S) after 6 p.m. on January 23, 2013 (UTC),
corresponding to the rain reporting date of 24 January local time. After
the southward passage, minimal rainfall was recorded throughout the
remainder of the storm’s existence.

Furthermore, the application of a 500-km radius (or 1-hour window)
revealed itself to be too conservative to encapsulate the full extent of the
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rainfall impact by TC Oswald. For the Tully Sugar Mill gauge, three rain
days were extracted by the toolbox (a total of 367.8 mm from 23 to 25
January local time), including one day immediately prior and after the
passage of the storm. Consequently, with a further 78.0 mm measured
on 21 January, the estimated rain accumulation constitutes a significant
underestimation (by more than 324.0 mm) of the actual precipitation
produced by TC Oswald. The actual rainfall accrual was thus close to
700 mm for that site. Similarly, the spatial distribution of estimated
event rainfall for cyclone Nisha suggests that not all precipitation
associated with the storm was aggregated when the 500 km radius was
applied on ERA5 data - specifically to the north-east of the track — with
values abruptly changing from over 50 mm to zero at the edge of the
enclosed area.

Here, a range of larger radii (600 km, 750 km and 1000 km) was used
- to compare with the results from the default (500 km) radius (Figs. S7

and S8) and evaluate which distance (from the cyclone centre) would be
sufficient to capture most of the storm-relevant precipitation. In the case
of TC Oswald, a radius of 750 km (Fig. 15g-i) appears most suited to
aggregate pertinent rainfall, with a total of 698.2 mm extracted for the
Tully Sugar Mill gauge (GHCN-Daily). At 600 km, the total for that site
was significantly raised (614.8 mm) compared to the default 500 km
radius (367.8 mm), although the result is still considered an underesti-
mation. Conversely, at 1000 km, the site total increased to 732.2 mm but
the larger radius notably caused the incorporation of unrelated precip-
itation signatures in other locations, most evident in the north-eastern
section of the ERA5 output (Fig. 15j). However, an even larger radius
(i.e. in excess of 1000 km) could also be argued for, noting that — even
when the 1000 km radius was applied - the initial westward shift in the
TC track resulted in the omission of precipitation (40 mm) that fell on
the second day of the event registered at ASN00032119 (near-coastal
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site in north-eastern Australia).

For cyclone Nisha, the abrupt drop in event rainfall in the north-
eastern region indicates that an insufficiently large area was consid-
ered for the rainfall extraction (Fig. 7a). Thus, the three additional,
larger radii were also evaluated for that cyclonic event (Fig. 14c-h).
However, in terms of GHCN-Daily data, increasing the radius up to 1000
km did not result in greater event rainfall accumulations being detected
(Fig. S7b,d,f), with the only difference the greater number of stations
(and their associated rainfall) contained within the larger radii.
Conversely, ERA5 — with its much more expansive spatial coverage —
reveals the effects of feeder bands to the south of the cyclone track
(south of Sri Lanka) when larger radii are applied (Fig. 14e,g). Unlike for
TC Oswald, a radius of 1000 km does appear to be appropriate to capture
the rainfall characteristics of this specific storm.

The catchment response (i.e. streamflow behaviour and flood
severity) to intense precipitation events can widely vary dependent on
antecedent conditions. In mid-January 2019, tropical storm Desmond
pre-wetted the Mozambiquan region later struck by TC Idai (Emerton
et al., 2020). Precipitation by TC Idai, in turn, partially overlapped areas
affected by TC Kenneth a few weeks later. Similarly, hurricanes Eta and
Iota impacted Central America just two weeks apart in November 2020,
with hurricane Iota closely matching the initial path of hurricane Eta.
These tandem events would therefore have greatly exacerbated the
severity and spatio-temporal extent of flash and riverine floods because
of elevated antecedent soil moisture. Additionally, TCs are not only an
important source for replenishing water resources, they can also result in
rainfall deficits in distant areas affected by moisture airflow redirection.

5.3. Limitation and inconsistencies

Within a database, the time zone may not necessarily be constant.
Although UTC+0 is commonly applied - especially for global reanalysis
and TC track datasets — several sources have variable reference times (i.
e. based on local time). This aspect can be problematic when conducting
studies in areas that cover multiple time zones. Further, some regions
undergo daylight saving — or may have in the past — further modulating
the reference time. GHCN-Daily and some gridded rainfall datasets (e.g.
SILO and AWAP) are among the affected. In addition, the 24-hour pre-
cipitation cut-off is not necessarily at midnight local time (Fig. 1) — and
may historically have changed (e.g. DeGaetano, 2000). For example, the
daily rainfall station data of the BoM cover 24-hour periods ending at 9
a.m. local time (Fig. 1), with the end-time designating the assigned date.
With BoM data incorporated into GHCN-Daily and SILO, this has im-
plications for matching the track position with the correct rain period.
Although the rainfall tracker toolbox automatically adjusts the time for
the two regional data grids and Australia-based (AS code) GHCN-Daily
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Table 5
The 24-hour rainfall cut-off times for GHCN-Daily applied by the rainfall tracker
toolbox — based on current time zones and daylight-saving practises.

Local (UTC) 24-hour ~ Daylight saving Country Source
end-time
8:30 (3:00) No India Yatagai et al. (2012)
9:00 (23:00 to 2:00) Some states/ Australia BoM
territories
20:00 (12:00)" No China Yatagai et al. (2012); Ying
et al. (2014)
00:00 (15:00) No Japan Yatagai et al. (2012)

@ Applicable from 1985. For 1949-1984, Ying et al. (2014) referred to a 23:59
UTC end-time (7:59 local time).

rainfall to offset the 9 a.m. cut-off, the code expects only one time
zone per run. Thus, if a TC travels over multiple time zones, the toolbox
may need to be run separately for each time zone (but with the complete
track in each instance) and the extracted rainfall data aggregated for
individual regions.

Available information in terms of gauging reporting periods are
generally very limited and not well-published (Beck et al., 2019). For
example, limited information exists in terms of whether the precipita-
tion data in GHCN-Daily cover the period midnight to midnight or —
similar to the BoM stations — terminate during the day. Conversely, for
some countries, more than one reporting period may be applicable for its
sites (e.g. in the Netherlands, UTC+0 for automatic weather stations vs
UTC+8 for manual stations; Eden et al., 2018). Because the cut-off time
is unknown, the toolbox generally assumes a midnight break unless a
nationwide reporting time was determined (Table 5), potentially mis-
aligning the track and rainfall data by more than half a day.

Not all regions are equally represented in GHCN-Daily — and data
provision may not include the full operational period of a weather
gauge. In addition, station data do not always provide accurate mea-
surements and monitoring of extreme weather events. Often, monitoring
stations may become inundated, damaged or relocated due to the
extreme conditions, resulting in minimal to no data being recorded. This
may have been the case for TC Iota (2020) because another extreme
event (TC Eta) impacted the same area two weeks earlier, producing
widespread and severe infrastructure damage. An underestimation of
the severity, damage and insurance costs for such events (immediately
following a major disaster) is also possible.

Among planned future enhancements for the rainfall tracker toolbox
are the expansion of tested data formats for precipitation (i.e. file
structures in addition to rectilinear netCDF and pre-processed GHCN-
Daily .dly files). Further, providing an option to permit variable, user-
defined radii during the course of a cyclone track is also considered.
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Although the toolbox was specifically developed for TCs, the code
potentially has a wide range of applications. The script could also be
employed to select other types of point or gridded data based on a
chosen distance from a mobile object. For example, Villarini et al.
(2014) selected stream gauges within 500 km from a storm centre for
their TC-related flood analyses.

6. Conclusions

Three rainfall datasets were evaluated for differences in estimated
rainfall accumulation: 1) the ERAS5 global reanalysis, 2) the global
GHCN-Daily station dataset and 3) the regional SILO database. Six storm
episodes (including four single and two tandem TC events) — encom-
passing all major, tropical basins — illustrated distinct strengths and
flaws in individual datasets. ERA5 benefits from its global data coverage
and high temporal (hourly) resolution. However, its relatively coarse
spatial scale is not conducive for capturing the highly heterogeneous
nature of precipitation in some areas. This is evident in the estimated
event rainfall for TC Oswald, with localised much higher totals
approximated by SILO. Because of its regional status, SILO is never-
theless limited to Australian settings. Further, its non-uniform reference
time (cut-off at 9 a.m. local time) complicates the determination of the
correct rain day with respect to datasets that are most commonly in UTC,
including TC tracks. GHCN-Daily is also affected by this feature. More-
over, information about the applicable 24-hour precipitation period for
individual countries or data sources are challenging to obtain, poten-
tially misaligning rainfall and track data by more than half a day. In-
dividual gauges can also experience extensive data gaps, potentially
hampering some types of analyses. Despite all these caveats, GHCN-
Daily still offers a valuable source for ground-truthing weather and
climate features in gridded reanalysis datasets. These drawbacks high-
light the importance of developing tools — like the one (rainfall tracker)
presented in this article — for enhancing future TC research and miti-
gating the increasingly devastating impacts of cyclonic storms.
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