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An indicator of intensity of cyclone activity at country level

We propose an indicator of the intensity of cyclone activity calculated at country level by year. This simple metric uses historical geolocalized data on cyclones, particularly their power and position from which we deduct the affected share of the country area, and their duration. This indicator is calculated (and is nonzero) for 128 countries and territories over 1970-2014. It can be used for cross-country comparison of vulnerability to cyclone activity, which is considered as one of the important consequences of climate change.

Introduction

The last decades have been marked by considerable human and economic damages due to storms 1 . Any increase in the human and economic impact of storm activity can be explained by a strong demographic growth as well as a larger share of population, infrastructure and activities located in coastal areas, but also by the amplification of storm activity (Doocy et al, 2013). Indeed, the reports of the Intergovernmental Panel on Climate Change (IPCC) indicate that one of the likely consequences of climate change could be an increase in the frequency of storm events, or at least an increase in their intensity (see also Knutson et al, 2010). A significant correlation was found between the warming of ocean surface and an increase in the storm intensity (Emanuel, 2005).

The objective here is to present a simple metric that we have developed in order to compare the vulnerability of the countries and territories facing storm activity 2 . This indicator is a measure of the country physical vulnerability only, not of the economic impacts that also depend on the location of population and activities within the territory, but also on its early-warning and protection systems 3 . The primary data that we use are geolocalized data of every storm from the international database IBTrACS, which we treat in order to match them with the affected territories for which the indicator is calculated. Our indicator is simple and easily computable and replicable, while based on scientific parameters for the power of storm activity. It uses the wind speed (or the storm power), the duration and the size in terms of share of the territory that is affected by the storm. Finally, the indicator is computed at annual frequency for a broad set of countries and territories, and therefore allows a comprehensive comparison between these territories, and possibly the assessment of changes over time.

IBTrACS data

Primary data are provided by the National Oceanic and Atmospheric Administration (NOAA), specifically the National Climatic Data Center -International Best Track 1. In the following, we use interchangeably the terms storm (generic name) and cyclone used in the NOAA-NCDC-IBTrACS database. 2. A component of cyclone activity was introduced in the synthetic "physical vulnerability to climate change index (PVCCI)" developed by Guillaumont and Simonet (2011, 2014), Closset et al (2017). This index has been presented by Patrick Guillaumont in October 2015 at the annual meetings of the World Bank and the IMF in Lima, in December 2015 at the COP21 in Paris, and in November 2016 at the COP22 in Marrakech. 3. Physical and economic damages of cyclones can take several forms. First, the cyclones can damage buildings, infrastructure and agricultural crops. High precipitation associated with cyclones can cause floods and landslides in steep areas. Finally, the fierce winds on the surface of the oceans cause sealevel rise and storm surges in coastal areas.

Archive for Climate Stewardship (IBTrACS): http://www.ncdc.NOAA.gov/ibtracs/ 4 . We use the "polygon" version v03r07, where every storm is registered for every affected territory through which it passes. This database is published by the UNEP/ GRID-Geneva (http://preview.grid.unep.ch/) 5 , while IBTrACS initially only provides the path line of the eye of the cyclone 6 . This database covers the period 1970-2014 and records 2 485 storm episodes of categories 1 to 5 on the Saffir-Simpson hurricane scale that ranks storms based on their wind speed 7 . The primary database also lists the events of lesser intensity or "tropical storms", that we note "class 0" 8 , bringing the total number of events to 3 915.

These data are widely used in studies on global storm activity, and particularly by the IPCC experts, even if they are not exempt from criticism (Holland and Bruyère, 2014). Notably, data prior to 1980 could be weakly reliable because of the low accuracy of measurement tools at that time.

Figures 1 to 4 present the total number -worldwide -of storms recorded in the IBTrACS database, and the numbers by category over 1970-2014. Focusing on the period 1990-2014, trends are difficult to identify. We detect no significant trend over 4. As explained on the IBTrACS website (on May 24, 2018): "The intent of the IBTrACS project is to overcome data availability issues. This was achieved by working directly with all the Regional Specialized Meteorological Centers and other international centers and individuals to create a global best track dataset, merging storm information from multiple centers into one product and archiving the data for public use. One of the goals of the project is for the data processing methods to remain open, such that desired user feedback on data quality is more easily collected. Also, data provenance is completely recorded so all observations and corrections, either through rigorous quality control or user feedback, may be tracked. Data are then provided in various formats given the diversity of the tropical cyclone (TC) data user community. The World Meteorological Organization non-gonvernment domain Tropical Cyclone Programme has endorsed IBTrACS as an official archiving and distribution resource for tropical cyclone best track data. The IBTrACS project: Contains the most complete global set of historical tropical cyclones available; Combines information from numerous tropical cyclone datasets; Simplifies inter-agency comparisons by providing storm data from multiple sources in one place; Provides data in popular formats to facilitate analysis; Checks the quality of storm inventories, positions, pressures, and wind speeds, passing the information on to the user. 5. In 2011 UNEP/GRID-Geneva published a risk map using those data. First, the 2010 GDP was allocated according to the population distribution and then intersected with 1970-2009 cyclones footprint to obtain a single-year exposure of economy to tropical cyclones without time evolution (http:// preview.grid.unep.ch/index.php?preview=data&events=cyclones&evcat=6&lang=eng). Then this data is converted into a risk map from 1 to 5 regarding to, for each country, the part of GDP exposed in each 10X10 km cell (http://preview.grid.unep.ch/index.php?preview=data&events=cyclones&ev cat=7&lang=eng). 6. IBTrACS v03r10 is the last release of IBTrACS version 3. The next release (Sept. 2018) will be in the new IBTrACS version 4 format. 7. More precisely the minimum sustained speed observed. Category 1 includes events in which the winds reach speeds from 119 to 153 km/h, category 2 from 154 to 177 km/h, category 3 from 178 to 210 km/h, category 4 from 211 to 251 km/h, category 5 exceeds 251 km/h (Saffir-Simpson Hurricane Wind Scale: http://www.nhc.noaa.gov/aboutsshws.php). There is currently no official category 6 but in view of the increase in the intensity of hurricanes in recent years, some experts have suggested the creation of this category for hurricanes which winds reach more than 280 or 287 km/h (including a few cyclones with the majority located in the West Pacific, as the Typhoon Tip in 1979 with winds blowing at over 310 km/h). 8. The speed of the winds is included between 63 and 118 km/h. this period for all events of category 0 to 5, except a possible ten-year cycle (figure 1). Evolution is erratic for events of categories 4 and 5, for which occurrence varies greatly from year to year (figure 2 and3). The diagnosis is the same for the share of the events of categories 4 and 5 in all categories events (figure 4). An overview of the worldwide location of storm activity is presented in Figure 5. 

Construction of the indicator of storm intensity by country-year

The destructive power of a storm depends on the speed of the winds, or on its category that varies along its life. But, it also depends on its time span, on the size of the aff ected areas, and on the local geographical features, i.e. on the exposure of the aff ected territory (elevation in the case of coastal areas, or land slope in the case of mountainous areas). The destructive impact extends to areas beyond the eye and is not spatially uniform. Moreover, the duration and the size of the cyclone have no systematic links with the speed of the winds.

In the IBTrACS / UNEP database, the complete trajectory of every storm is registered (geolocalized), starting with its birth in the ocean (low intensity-category), then when it approaches and reaches lands (usually with its maximum intensitycategory), and fi nally until its death, usually in the lands (low intensity-category). Every storm event is therefore registered under diff erent categories according to the Saffi r-Simpson scale (logically, under its maximum intensity-category and all the lower intensity-categories). For example, a storm of a maximum category of 3 is registered in the IBTrACS -UNEP database in the form of 4 events or stormcategories, from 0 to 3, of diff erent durations, sizes, and localization.

The IBTrACS -UNEP database provides the geolocalization of each stormcategory, with the geographic breakdown of aff ected territories (as polygons). These territories being identifi ed by their ISO 3166 code, it is possible to assign to each territory all storms having aff ected it.

The perimeter (polygon) by country allows us to calculate the surface affected by each event 9 . Each storm experiences during its life different intensity periods, so it is represented by as many polygons as categories by which it manifested itself. The database also gives the dates (days) and duration (hours) associated with these event-categories.

From polygons, we calculate the sum of the areas of the country affected by each event-category; an affected area being counted repeatedly as many times as it was affected by different event-categories. We then compute the share of the affected areas to the total area of the country.

For each event-category affecting a country, we therefore have its date, its duration and the share of the country it affected.

The indicator that we propose is based on the principle that the intensity of the storm event, at the country level, depends on its category (related to wind speed and pressure), but also on its duration and on the area of the affected territory (event size). A measure of intensity can be defined for each event-categoryaffected country by year, as:

IIC kjit = D kjit x S kjit
With for country i at period t, the event j (a country being possibly affected by several events at the period t) and k the storm-category (6 possible categories from 0 to 5, as the same storm may move through different categories when affecting the country), D the duration of the event-category (in hours), S the share of the country affected by the event-category (in %).

For each country-year, we can calculate the index by event, by summing the event-categories:

IIC jit = α k x D kjit x S kjit
α is the relative weight of the category compared to others based on its relative power or intensity.

If the country is affected by several events in the year, we simply add the events. The general formula is then:

IIC it = α k x D kjit x S kjit
With j the event (number = n) in country i at period t, k the categories of the event (6 possible categories from 0 to 5). It remains to determine the weight assigned to the cyclone categories that should reflect the relative power of cyclone events. There are several measures or scales for storm intensity or power used to measure its destructive power, beyond 9. All data manipulations were carried out with the software ArcGIS 10.2. the 1-to-5 Saffir-Simpson intensity scale that is considered as too simple. These measures are based on the principle that the destructive power of the storm is more than proportional to the wind speed that it generates, following a nonlinear function. We retain this principle to determine the weight assigned to the storm categories.

Among the best known of these measures are the Power Dissipation Index (PDI) proposed by Emanuel (2005), which is based on the cube of the maximum speeds, and the Accumulated Cyclone Energy (ACE) proposed by Camargo and Sobel (2005), which is based on the square of the maximum speeds (see box 1).

We take these non-linear functions of the PDI and the ACE to set the weights α k of the storm categories in our index. These weights are reported in table 1 with the minimum speed of each category. We assign a standardized weight equal to 1 to the minimum speed of the category 0. In the column 'weight V' , following a linear formula, the weight of the upper category is equal to the ratio between its minimum speed and the minimum speed of the category 0. In the last two columns, using the non-linear formulas of the ACE (and the PDI) based on the square (cube) of the speed, the weight of the upper category is equal to the square (cube) of the weight V.

An overview of the results

We apply the calculation of the annual IIC using the data of 3915 storm events recorded in IBTrACS over the period 1970-2014. 128 countries and territories have been affected by cyclone activity over this period. However, relative intensities vary dramatically from one country to another. Obviously, the most affected territories are islands (and coastal territories), but not necessarily the smaller ones (table 2, figure 7 and8). At the regional level, the most affected territories over the period are located in the Northwest Pacific: Japan, Philippines, Taiwan, the Northern Mariana Islands (and to a lesser degree Guam). They are followed by Vanuatu and New Caledonia (Southwest Pacific), Madagascar and Mauritius (Indian Ocean), and Cuba (Caribbean).

Box 1. Measures of the power of a cyclone

The Saffir-Simpson scale is based only on the speed of the wind (minimum speed recorded on one minute) but is also indirectly used to anticipate the damage (Saffir-Simpson Hurricane Wind Scale: http://www.nhc.noaa.gov/ aboutsshws.php). However, this scale is considered too simple (and discrete, which can be encompassed by a continuous measure), or even wrong, since some cyclones of lower category are actually more destructive than cyclones of higher category, including because they show a longer lifetime). Other measures or scales of cyclone intensity have then been developed to overcoming the Saffir-Simpson scale. Emanuel ( 2005) defines a simplified version of the "Power Dissipation Index" (PDI) as the integral of the cube of the maximum sustained wind speed over the lifetime of the cyclone:

PDI =

where Vmax is the maximum sustained wind speed measured at the conventional maximum height of 10 meters. According to Emanuel, while not perfect, this index is a better indicator of cyclone threat compared to the frequency (number) or intensity (category). This index is similar to the index of Accumulated Cyclone Energy (ACE), defined as the sum of the square of the maximum wind speed over the period of observation (Camargo and Sobel, 2005). The PDI thus takes into account the intensity and duration of the event (duration is relatively linked to the size of the cyclone).

Other more complex indicators have been developed to measure the destructive potential of a cyclone, such as the "Integrated Kinetic Energy" (IKE) which takes into account the size of the cyclone (Powell and Reinhold, 2007) and the 'Track Integrated Kinetic Energy' (TIKE) that is the accumulation of the IKE over the lifetime of the cyclone (Misra et al, 2013). These indicators however do not take into account the spatial distribution of the winds which affects the destructive potential of the cyclone.

These measures are applied at the cyclone-level (that is, not at the affected territory-level) using the maximum speeds of the winds throughout the lifetime of the cyclone. They require complete information about all wind speeds and duration throughout the lifetime of the cyclone, which is not available for all the cyclones. The database IBTrACS that we use do not provide all this information, but only the Saffir-Simpson categorization that is based on minimum and not maximum speed reached by the winds generated by the cyclone.

Consequently, from these formulas we only retain the principle of the nonlinear relationship (square or cube) between the category or wind speed and the power for our weighting system. 

Conclusion

Most reports on climate change predict that the intensity of cyclone activity should increase with the increase in average global temperatures. However, cyclone activity and its change overtime are and will be different according to the regions and countries. To take into account different factors defining the intensity of cyclones, it is important to measure cyclone activity through an index that goes beyond the simple measure of the wind speed observed on the Saffir-Simpson scale. Here we propose an index of the intensity of cyclone activity (IIC) that is computed at country level and takes into account several parameters such as wind speed (category), the duration, and the share of the territory affected by the cyclone activity.

The index is built, and is nonzero, for 128 countries and territories (which are affected by 3915 events recorded over the period .

The results show a strong heterogeneity across the affected territories. Over the period, the territories affected by the strongest intensity of cyclone activity are in the Western Pacific region (including Japan, the Philippines, Taiwan, and the Mariana Islands), followed by the Caribbean and the Indian Ocean regions.

The indicator of the intensity of cyclone activity at the country level may be used to assess one of the important dimensions of country vulnerability to natural disasters and climate change. This indicator is based on scientific parameters for hurricane activity while remaining transparent and simple. It can be quickly recalculated following the update of databases on geolocalized cyclone activity. Complete data are available from the authors.
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 1234 Figure 1. Cyclones listed, by category, by year, 1970-2014

Table 1 .

 1 Alternative weight systems

	Category	Minimum	Weight V	Weight V 2	Weight V 3
	Saffir-	speed			
	Simpson	(km/h)			
		Saffir-			
		Simpson			
	0	63	1	1	1
	1	119	1.87	3.5	6.5
	2	154	2.44	6	14.5
	3	178	2.82	8	22.4
	4	211	3.33	11.1	36.9
	5	252	3.96	15.7	62.1

Figure 6. Cumulated weighted cyclones located on lands (weighted by their intensity based on the square of the wind speed), over the period 1970-2014. Notes: Sources: authors, from data IBTrACS Version v03r07 / UNEP
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