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Introduction

Despite the widespread interest in data that describes the distribution, frequency,
and intensity of tropical cyclones worldwide, until recently no central repository for
official data existed. Currently, there are six Regional Specialized Meteorological
Center’s (RSMC) and five Tropical Cyclone Warning Centers (TCWC) that fore-
cast and monitor each of the tropical-cyclone-prone basins worldwide. On an
annual basis each center analyzes and archives best track (BT) data: information on
tropical cyclone positions, intensities, as well as other related parameters. To rectify
this situation, the International Best Track Archive for Climate Stewardship
(IBTrACS) Project was developed by NOAA’s National Climatic Data Center
under the auspices of the World Data Center for Meteorology, Asheville to collect
and disseminate the historical tropical cyclone BT data from all available sources,
merging the disparate data into one comprehensive dataset for the user community
(Kruk et al. 2009). Unlike any other global tropical cyclone best track dataset,
IBTrACS utilizes complex merging techniques, which necessarily account for the
inherent differences between BT datasets while applying objective quality control
procedures to flag potentially erroneous data points. Therefore, one of the primary
goals of the IBTrACS project is for the data processing methods to remain open,
such that desired user feedback on data quality can be collected more readily and
assessed. In addition, data provenance is completely recorded in IBTrACS so that
all observations and corrections, either through rigorous quality control or through
user feedback, may be tracked and provided to users. This article will summarize
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the purpose and vision of the project, the methods used to merge the data, and discuss
results of computed basin-wide tropical cyclone statistics for both the North and
South Indian Ocean basins.

Data

Tropical cyclone BT data are required by the World Meteorological Organization
(WMO) to be reported by each of the RSMCs and TCWCs. These centers are designed
to cover each major ocean basin: North Atlantic (NA), Eastern Pacific (EP), Western
North Pacific (WP), Northern Indian Ocean (NI), Southern Indian Ocean (SI), and
South Pacific (SP). In addition, other agencies track TCs in ocean basins where their
country has an interest. The following agencies provided BT data for inclusion in the
IBTrACS merged dataset for the North and South Indian Ocean basins:

e BoM: Australian Bureau of Meteorology

* IMD: India Meteorological Department (as RSMC New Delhi)

e JTWC: US Department of Defense Joint Typhoon Warning Center
¢ MFLR: MeteoFrance (as RSMC La Reunion)

Hereafter, these are collectively referred to as forecast centers. Best track data
are generally produced by these centers for each tropical cyclone with an intensity
of at least 25 kt (i.e., a minimal tropical depression). However, tropical cyclogen-
esis and cyclolosis dates, as well as reporting times, and intensities often vary by
forecast center. Ideally, a global BT dataset should incorporate information from all
available resources to ensure completeness, which was a fundamental objective of
the IBTrACS project. Note that additional data for the southern hemisphere was
obtained from Neumann (1999) and was included and added to the South Indian
Ocean basin since it incorporated data sources not listed above.

Upon receipt of the electronic files, data were converted into a common format.
The BT input files were obtained in numerous formats: NOAA data tape format
(i.e., HURDAT; Jarvinen et al. 1984, Landsea et al. 2004), spreadsheet tables, various
ASCII formats, and even photocopied storm reports that were then digitized by
NOAA'’s Climate Database Modernization Program (Dupigny-Giroux 2007). All
BT data were converted to Network Common Data Form (netCDF) format (Rew
and Davis 1990), since it allows for the storage of many variables along with their
descriptions, is supported by Unidata, and has software interfaces for use with
numerous programming languages.

Methods

The first step toward a merged, global BT dataset was identifying large errors in
track positions. These often tended to be keying errors when digitizing the
track data (e.g., transposing numbers or repeating a position). The term “large”
refers to gross errors that are approximately 111 km or more. Potential errors in
a storm track were assessed based on how well a track followed a “smooth” path.



The International Best Track Archive for Climate Stewardship (IBTrACS) Project 217

First, track positions were converted from latitude, longitude, and distance from
the Earth’s center to three-dimensional Cartesian coordinates (x, y, z), to avoid dis-
continuities at either the Dateline or Prime Meridian. The smoothness of any point
along a TC track in Cartesian coordinates was estimated using a cubic-spline inter-
polation. Next, storm tracks were queried to determine which storms were identi-
fied by one or more forecast centers. An automated algorithm was then developed
that identified storms reported by multiple forecast centers by sorting tracks tem-
porally and spatially. Any tracks (from the same or different forecast centers) with
at least two concurrent positions within 111 km were identified as one storm. Also,
four track positions (equivalent to 1 day) were extrapolated beyond the end of the
track to identify storms that were dropped by one center and picked up by another.
Storms which crossed a geographic basin were identified as a single storm regard-
less of the intermediate storm intensity as it crossed basin boundaries (although a
cross-basin storm flag is provided in the final data).

The time of each reported position was also assessed. In some cases, reports
from different forecast centers had similar positions for a storm with some offset in
time. An algorithm compared the distances between reported positions from different
centers. When the algorithm found shorter mean distances between reported posi-
tions by shifting (either forward or backward) the time for a center in an increment
of 6 h, then the correction was kept in IBTrACS. The time-check algorithm, however,
cannot objectively determine which center was reporting the correct time. Out of
all 16,539 tracks in IBTrACS, only 255 tracks required time adjustments.

In merging the time coordinate, the longest possible storm track was pieced together
by using the first to the last position from all track data for a storm. Since some BT data
contained once-daily or 12-h reports, the time coordinates were normalized to 6 h prior
to merging by interpolating the position with cubic-splines and holding intensity
based on maximum sustained winds (MSW) or minimum central pressure (MCP) con-
stant during the time period (such that calculated indices would not vary between the
daily and 6-h tracks). Storms unique to only one forecast center had no further
adjustments. For the remaining 4,214 storms reported by multiple forecast centers
globally, the IBTrACS position was the average position for each time step. Finally,
once individual storms were identified, BT data were processed by merging time
coordinates, addressing storm positions and storm intensities via MSW and MCP. The
resultant central pressure provided in IBTrACS is simply the average from each of
the reporting centers (although the ranges in pressures are also provided). However, the
merging process was more complex for MSW due to differences in operating procedures
at the forecast centers, which were addressed by converting all MSW values to the
10-min standard used by the World Meteorological Organization (WMO).

Indian Ocean Statistics

A fundamental advantage of the IBTrACS dataset is the ability to determine the
statistical variability of BT data since the source data includes input from multiple
forecast centers. This is also true for both the North and South Indian Ocean basins,
which are covered by the forecast centers listed in Section “Data”.
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Fig. 1 (Top) frequency (counts decade-1 within lo latitude/longitude for each tropical cyclone
along its track), and (bottom) maximum intensity of each tropical cyclone in IBTrACS based on
Saffir-Simpson categories. Note that the period of record used for the North Indian basin was 1945
to 2007, and for the South Indian basin was 1848 to 2007

Figure 1 shows the spatial variability of tropical cyclone frequency and maximum
intensity for both the North and South Indian Ocean basins. In terms of frequency
(top panel), which is displayed as counts decade-1, the highest frequency occurs in
the Bay of Bengal in the North Indian basin, where as many as 30 tropical cyclones
per decade are observed along and offshore of the southern coast of Bangladesh.
The highest frequencies in the South Indian basin are distributed fairly evenly along
the monsoon trough between 10° and 20°S.

In terms of the maximum intensity (bottom panel of Fig. 1), the spatial variability
in the Indian Ocean has several regions where the strongest storms typically occur.
In the North Indian basin, the Bay of Bengal is the focus for the most severe tropical
cyclone activity, with several storms that have reached Category 5 intensity based
on the Saffir-Simpson scale (Simpson 1974). Severe tropical cyclones are more
evenly distributed in the South Indian basin, with a broad region in the western half
of the basin east of Madagascar where numerous Category 4 and 5 tropical cyclones
have been observed historically.

These regions of tropical cyclone activity in the Indian Ocean can also be seen
in terms of the mean intensity and standard deviation of the intensity (Fig. 2). In the
North Indian basin the highest mean intensity is observed in the northern portions
of both the Bay of Bengal and the Arabian Sea. Note that the region of highest
mean intensity is located near the coast and extending inland over coastal portions
of Bangladesh and Myanmar. Obviously this has significant implications for
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Fig. 2 (Top) mean intensity of every Indian Ocean tropical cyclone in IBTrACS, and (bottom)
standard deviation of the maximum sustained winds for all Indian Ocean tropical cyclones in
IBTrACS (units are in kt). The period of record used is the same as in Fig. |

cyclone impacts due to the dense population centers in these areas. Over the South
Indian basin the highest mean intensities once again cover a broad region of the
basin east of Madagascar. Standard deviations of the observed cyclone intensities
show that the forecast centers BT intensity estimates varied widely over the eastern
half of the South Indian basin (bottom panel of Fig. 2). This region has the highest
number of forecast centers tracking storms in the basin, as the Australian BoM
tracks cyclones east of 90°E. For the North Indian basin, the situation is much dif-
ferent, with the largest variance observed over land after landfall.

Figure 3 shows the time series of the Power Dissipation Index (PDI), which is a
measure of tropical cyclone activity that incorporates intensity over time (Emanuel
2005). In its simplest form the PDI is defined as the cube of the 6-h BT wind intensi-
ties, which are summed for all periods that a tropical cyclone was at tropical storm
intensity (10-min wind >30 kt) or greater. In general, the South Indian basin is much
more active than the North Indian basin, but both basins show significant interannual
variability. Tropical cyclone activity in the North Indian basin is relatively low in
most years, below 15 x 106 kt3, except for rare hyperactive seasons such as 2007
and 1998 when the PDI is a factor of three larger (>30 x 106 kt3). In contrast, for
the South Indian basin most years are generally active, with occasional years with
below normal activity. There is far more variability in the South Indian basin on
account of the greater number of forecast centers tracking storms in this region.
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Fig. 3 Power Dissipation Index (PDI; in units of 106 kt3) for the North Indian Ocean basin (fop)
and the South Indian Ocean basin (bottom) determined using intensity data from the IBTrACS
merged dataset. The whisker plots denote the range in PDI values based on those BT points
reported by multiple forecast centers

Summary

This paper provided an overview of the best track dataset merging process used to
develop a new global tropical cyclone dataset — the International Best Track
Archive for Climate Stewardship (IBTrACS). The best track data provided in this
archive are the positions and intensities (via minimum central pressure and/or
maximum sustained wind) of each storm available from all resources and was
derived using detailed quality assessments. In the process of merging the data from
each of the forecast centers, statistics were calculated to provide information on the
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variations in position and intensities. Also, prior to merging the best track data,
quality assessments of the position and intensity were made. While some gross
position errors were found and corrected, all intensity values were retained in the
final data along with the quality assessment results. The IBTrACS positions and
intensities are, therefore, the average position and intensity tracked by official fore-
cast centers. It has been demonstrated that in creating a new global tropical cyclone
best track dataset, it is imperative that best track data be included from all forecast
centers. This is especially critical when analyzing global tropical cyclones since
using data from any one center will likely result in missed TCs. One major advan-
tage the IBTrACS dataset has over other available best track data is that it provides
the full range of reported values for pressure, intensity, and position, for each 6-h
time step. This information was previously unavailable for assessing data quality
and variance.
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