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Prediction of the potentially devastating impact of landfalling tropical cyclones (TCs) relies 47 

substantially on numerical prediction systems. Due to the limited predictability of TCs and the 48 

need to express forecast confidence and possible scenarios, it is vital to exploit the benefits of 49 

dynamic ensemble forecasts in operational TC forecasts and warnings. RSMCs, TCWCs, and 50 

other forecast centers value probabilistic guidance for TCs, but the International Workshop on 51 

Tropical Cyclones (IWTC-9) found that the “pull-through” of probabilistic information to 52 

operational warnings using those forecasts is slow. IWTC-9 recommendations led to the 53 

formation of the WMO/WWRP Tropical Cyclone-Probabilistic Forecast Products (TC-PFP) 54 

project, which is also endorsed as a WMO Seamless GDPFS Pilot Project. The main goal of TC-55 

PFP is to coordinate across forecast centers to help identify best practice guidance for 56 

probabilistic TC forecasts. TC-PFP is being implemented in 3 phases: Phase 1 (TC formation and 57 

position); Phase 2 (TC intensity and structure); and Phase 3 (TC related rainfall and storm 58 

surge). This article provides a summary of Phase 1 and reviews the current state of the science 59 

of probabilistic forecasting of TC formation and position. There is considerable variability in the 60 

nature and interpretation of forecast products based on ensemble information, making it 61 

challenging to transfer knowledge of best practices across forecast centers. Communication 62 

among forecast centers regarding the effectiveness of different approaches would be helpful 63 

for conveying best practices. Close collaboration with experts experienced in communicating 64 

complex probabilistic TC information and sharing of best practices between centers would help 65 

to ensure effective decisions can be made based on TC forecasts. Finally, forecast centers need 66 

timely access to ensemble information that has consistent, user-friendly ensemble information. 67 

Greater consistency across forecast centers in data accessibility, probabilistic forecast products, 68 

and warnings and their communication to users will produce more reliable information and 69 

support improved outcomes. 70 

 71 

 72 
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The need to express tropical cyclone (TC) forecast confidence, and in ways that are correctly 80 

interpreted by a wide variety of stakeholders, makes the use of ensemble forecast information 81 

and products derived from it of central importance to Regional Specialized Meteorological 82 

Centres (RSMCs), Tropical Cyclone Warning Centres (TCWCs), and other forecast centers 83 

(hereafter all referred to as forecast centers). The 2018 International Workshop on Tropical 84 

Cyclones (IWTC-9) recognized the need for improved probabilistic guidance for TCs globally and 85 

proposed several recommendations to streamline the use of ensemble probabilistic guidance 86 

and uncertainty information in operational forecast warnings and products (Titley et al. 2019). 87 

These IWTC-9 recommendations were the impetus for undertaking a project dedicated to 88 

improving the pull-through of ensemble forecast data into operational TC forecasts and 89 

warnings. In response to these recommendations, the World Meteorological Organization 90 

(WMO)/World Weather Research Programme (WWRP) Tropical Cyclone-Probabilistic Forecast 91 

Products (TC-PFP) project was launched in 2020., TC-PFP is being implemented in 3 phases: 92 

Phase 1 (TC formation and position) began in 2020; Phase 2 (TC intensity and structure) will 93 

begin in 2023; and Phase 3 (rainfall and storm surge) will start in 2024. The project has engaged 94 

forecast centers to learn about how ensemble-based products are currently generated, where 95 

limitations occur regarding use of that information, and gaps that prevent more consistent 96 

construction of ensemble-based products for effective decision making. The TC-PFP project is 97 

implemented as a five-year effort that is endorsed as a WMO Seamless Global Data Processing 98 

and Forecast System (GDPFS) Pilot Project, whose goal is providing an efficient and accessible 99 

platform for sharing data produced by operational centers.  100 

Phase 1 of TC-PFP has focused on ensemble forecasts of TC formation and position. TC-PFP 101 

organized a 3-day WMO-sponsored workshop in June 2021 that focused on identifying best 102 

practices for conveying ensemble-based TC position guidance within the context of 3 103 

overarching topic areas: 1) current & planned probabilistic forecast products; 2) understanding 104 

& communicating probabilistic forecasts; and 3) resources for producing probabilistic forecasts. 105 

The present article largely synthesizes presentations and discussions from the workshop and is 106 

thus not intended to provide a comprehensive review of ensemble prediction of TCs. While 107 

focused on forecasts of TC formation and position, outcomes from TC-PFP Phase 1 will be 108 

incorporated into later phases of TC-PFP, including ensemble-based products that convey TC 109 

intensity and structure in Phase 2, and as attendant hazards associated with TC rainfall and 110 

storm surge in Phase 3. A summary of the Phase 1 efforts was presented at IWTC-10 in Bali, 111 

Indonesia in December 2022. 112 

Uncertainty (or confidence) in forecasts of TC position is traditionally communicated to the 113 

public using “cones of uncertainty”, which until recent years have mainly been sized based on 114 

historical forecast errors, and these ‘static’ cones do not contain information about the flow-115 

dependent confidence in a forecast. Many centers are now experimenting with ensemble-116 

based versions of these products, and there has been an encouraging acceleration of this work 117 
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since IWTC-9. The underlying ensembles that are being used may derive from the control 118 

forecasts from different forecast centers (multi-model deterministic ensemble), an ensemble 119 

built around one center’s modeling system (single-model ensemble), or a multi-model 120 

ensemble combining several ensemble forecast models (a super-ensemble). 121 

While the spread from a multi-model deterministic ensemble provides useful information 122 

(Goerss 2000; 2007), research has shown that single-model ensemble prediction systems from 123 

perturbed initial conditions could provide improvements in TC track forecast uncertainty 124 

(Majumdar & Finocchio 2010) as well as in the spread-skill relationships for forecasts in the 125 

western North Pacific (Yamaguchi et al. 2009). These dynamical ensemble systems have been 126 

used to capture situation-dependent uncertainty and can be more skillful for predicting track 127 

uncertainty than static climatology-based approaches (Dupont et al. 2011; Zhang & Yu 2017; 128 

Leonardo & Colle 2017).  Combining the dynamical ensembles into a multi-model super 129 

ensemble also shows further improved skill over any single ensemble modeling system (Titley 130 

et al. 2020; Yamaguchi et al. 2012). JMA/RSMC Tokyo implemented a multi-model super 131 

ensemble-based probability circle in 2019 (Fukuda and Yamaguchi 2019) and demonstrated, on 132 

a research basis, the effectiveness of oval-shaped areas of uncertainty instead of circular areas 133 

of uncertainty (Kawabata and Yamaguchi 2020).  134 

Prediction of TC formation carries additional uncertainty owing to challenges in identification as 135 

well as location. Identification of a TC depends on details of the tracker used as well as the 136 

fidelity of numerical representation of weak cyclonic disturbances. Ensemble outputs have 137 

shown skill in various TC formation metrics (Majumdar & Finocchio 2010; Belanger et al. 2012; 138 

Majumdar & Torn 2014; Yamaguchi et al. 2015). In addition to ensemble probabilistic TC 139 

genesis tools, probabilistic genesis tools using multi-model deterministic forecasts are also 140 

available (Halperin et al. 2013; 2016) and could be expanded to utilize dynamical ensemble 141 

outputs. Aspects of current & planned probabilistic forecast products are discussed further in 142 

Sec. 1  143 

The improvement of numerical predictions of TCs is a necessary, but not sufficient, condition 144 

for improved decision-making based on advisory products. Most users require easily 145 

interpretable and localized information on TC risk that enables them to take appropriate action. 146 

Communicating the location and path of a storm is only the first step in effectively 147 

communicating TC threats. Compounding the challenge of designing geographically-based 148 

products, a large percentage of the world is spatially illiterate and can struggle to relate map 149 

size to the world around them (Clarke 2003). This can lead to confusion about the size of the 150 

“threat zone” of TC wind, rain, and storm surge hazards, and even where one is located relative 151 

to such zones. These concerns are further accentuated in the context of probabilistic TC 152 

forecasts and the users’ ability to understand numerical uncertainty.  Members of the public 153 

who understand a probabilistic product (i.e., hurricane force wind speed probabilities) are three 154 
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times more likely to take protective action compared with people that do not correctly 155 

understand the product (Spiegelhalter 2017; Demuth and Eosco 2021; Bica et al. 2019; Millet et 156 

al. 2022). However, they also found that over half of study participants incorrectly interpreted 157 

probabilistic TC output. While the utility of probabilistic information rests on both the accuracy 158 

of the underlying ensemble forecasts as well as the translation of that information into readily 159 

interpretable products, poor availability and timeliness of information, and its uptake, can 160 

render advances in forecast quality and products moot. Despite improvements in forecast 161 

accuracy and lead time, Dookie and Spence-Hemmings (2022) found that in many cases, the 162 

average time from watch publication to storm impact was under 24 hours.  This is problematic 163 

because many recommended actions take much longer than 24 hours to initiate (e.g., Litman 164 

2006). Discussion regarding the understanding and communication of probabilistic forecasts is 165 

presented in Sec. 2.   166 

The utility and reliability of ensemble-based products is dependent on having a spread in the 167 

ensemble that, statistically speaking, matches the forecast error. Multi-model ensembles 168 

comprising a set of deterministic forecasts from different models and operational centers may 169 

be more readily available in real time, but these are generally insufficient for generating reliable 170 

probabilities. Single-model ensembles, available from several centers often via special 171 

agreements, can be under-dispersive. Data from super-ensembles are probably the best to use, 172 

but their availability, timeliness, and formats are often inconsistent. This creates a global 173 

patchwork of data availability. This is further complicated by challenges related to having 174 

reliable access to probabilistic forecast data, a lack of uniformity in data format, and availability 175 

of decoding software. Aspects of resources for producing probabilistic forecasts are discussed 176 

in Sec. 3. 177 

The TC-PFP project has worked to identify forecast center efforts and challenges related to 178 

producing and distributing probabilistic forecast products of TC formation and position. In 179 

subsequent sections, we examine various aspects of these efforts and challenges and 180 

recommend strategies for moving probabilistic TC forecasts onto a more consistent foundation 181 

worldwide. While we consider the three areas of numerical forecasting, product design and 182 

interpretation, and data dissemination separately, we note up front that there are significant 183 

interdependencies among the areas. 184 

 185 

1. Current & Planned Probabilistic Forecast Products 186 

1.1 Current Challenges and State of the Science 187 

1.1.1 Probabilistic TC formation (genesis) forecasting 188 

Short-range and subseasonal TC formation outlooks generated by forecast centers vary widely 189 

in format and forecast period (Appendix A). Most agencies provide graphical and/or text-based 190 
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representations of the geographical location, timeframe, and likelihood of TC genesis. Some 191 

products depict areas of potential TC formation while others depict areas of TC occurrence to 192 

account for potential post-formation tracks. Forecast periods for publicly available products 193 

range from a minimum of 24 hours (e.g., JTWC) to a maximum of three weeks (US Climate 194 

Prediction Center (CPC); Météo-France New Caledonia). Non-public outlooks available to 195 

approved customers cover forecast periods as long as four weeks (e.g., Bureau of Meteorology 196 

(BoM), Australia), and agencies report producing experimental outlooks (internally) with 197 

forecast periods that extend to as long as four weeks (e.g., TCWC Wellington). Some agencies 198 

base their TC genesis outlooks wholly on numerical model output, while others have 199 

forecasters fine-tuning the TC genesis forecast to set and adjust potential genesis locations, 200 

timeframes and probabilities, and draft text bulletins. 201 

While TC genesis forecasting methods vary, operational forecasting centers increasingly rely on 202 

ensemble model forecasts and products, including derived pre-formation vortex trackers (see 203 

Sec. 3.1.1) and formation probabilities, statistical models, and statistical-dynamical methods to 204 

prepare TC genesis forecasts for all timescales. Some techniques account for ensemble and/or 205 

deterministic model biases by calibrating formation probabilities using statistical-dynamical 206 

approaches (e.g., Halperin et al, 2017). Additional details regarding techniques used by various 207 

forecast centers (e.g., unweighted consensus, weighted consensus, and ensemble positions) is 208 

further detailed in Conroy et al. (2023). Outlooks produced by climate experts, such as the US 209 

CPC’s Global Tropics Hazards and Benefits Outlook, also inform and aid TC genesis forecasting 210 

efforts at the TC forecasting centers.  211 

Various forecast centers are producing and developing probabilistic TC genesis outlooks that 212 

include more detailed information and cover longer forecast periods. The trend toward 213 

producing multi-week TC formation forecasts has accelerated since IWTC-9, aided by ongoing 214 

improvements in models and methods. The formats, styles and forecast periods of operational 215 

TC genesis forecasts are notably non-uniform, warranting consideration of best practices and 216 

possible data-driven standardization. 217 

 218 

1.1.2 Probabilistic TC position (track) forecasting 219 

Forecast centers primarily represent probabilistic TC forecast track data in the form of a swath 220 

or cone depicted in official, graphical forecast products. Some centers apply techniques that 221 

use historical forecast errors (climatological) to generate probabilistic representations of 222 

forecast tracks, hereafter referred to as “confidence areas” (Fig. 1.1).  While these techniques 223 

are calibrated to produce statistically accurate representations of potential TC motion, they do 224 

not convey the situation-dependent probabilistic information that an increasingly skillful 225 

distribution of statistical, statistical-dynamical, and ensemble dynamical model forecasts 226 

provide. Therefore, many forecast centers are actively developing or implementing techniques 227 
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that incorporate situation-dependent model output to generate confidence areas (Conroy et al. 228 

2023). The India Meteorological Department (IMD) has historically used climatological forecast 229 

errors in their products and is now experimenting with ensemble-based products (Mohapatra 230 

et al. 2012). A few forecast centers (e.g., RSMCs La Reunion and Tokyo and TCWCs Jakarta, 231 

Melbourne, and Wellington) have already implemented dynamic uncertainty into their 232 

graphical products (Appendix A, Table 2). Additionally, some operational centers, including 233 

RSMC Miami, RSMC Honolulu (the Central Pacific Hurricane Center (CPHC)), and JTWC, use 234 

probabilistic forecast track data derived from a suite of high-resolution deterministic model 235 

solutions to generate complementary, dynamic TC strike and wind speed probability products 236 

for their customers (DeMaria et al. 2009). Others such as RSMC La Reunion are incorporating 237 

model ensembles to generate their wind speed probability products. A few forecast centers 238 

(e.g., RSMCs La Reunion and Tokyo and TCWCs Jakarta, Melbourne, and Wellington) have 239 

already integrated situation-dependent probabilistic track forecast data into their primary 240 

graphical TC track forecast products (see Appendix A, Table 2). 241 

 242 

 243 

Figure 1.1. Standardized nomenclature for the probabilistic representations of TC track 244 

forecasts proposed during the 2021 TC-PFP workshop.  The term “confidence” is 245 

consistent with terminology from the field of statistics (confidence interval associated 246 

with a sample of data) and readily conveys the concept of “most probable outcomes.” 247 

 248 

Multiple independent efforts to generate meaningful dynamic representations of confidence 249 

areas are currently underway. For example, Météo France's Système de Prévision des 250 

Inondations en contexte Cyclonique (SPICy) project has developed a method to generate 75% 251 

forecast confidence areas (i.e., areas within which a TC center has a 75% chance of tracking) 252 

around official, deterministic track forecasts by applying a Monte-Carlo approach to 253 

climatological data and European Centre for Medium-Range Weather Forecasts (ECMWF) 254 

ensemble forecasts (Bonnardot et al., 2019). This method has now been implemented to 255 
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generate the confidence area in RSMC La Reunion’s official TC forecast products. At RMSC 256 

Tokyo (Japan Meteorological Agency (JMA)) the uncertainty at each forecast timestep is 257 

expressed via a 70% probability circle out to 120 hours, the size of which have been determined 258 

solely by super ensemble spread using the ECMWF Ensemble (ENS), the NOAA National centers 259 

for Environmental Prediction (NCEP) Global Ensemble Forecast System (GEFS), the UK Met 260 

Office Global and Regional Ensemble Prediction System (MOGREPS-G) and the JMA Global 261 

Ensemble Prediction System (GEPS) since 2019 (Fukuda and Yamaguchi 2019). The Australian 262 

Bureau of Meteorology designed a technique that applies a Gaussian Mixture Model (GMM) to 263 

derive calibrated Forecast Confidence Areas from ensemble-based vortex tracker data. These 264 

model-based areas can be blended with forecaster-determined analysis uncertainty and 265 

climatological forecast errors “on-the-fly” to produce reasonable confidence areas for any 266 

percentage threshold. This methodology, described further in Conroy et al. (2023), was 267 

implemented operationally for the 2022-2023 season. The Naval Research Laboratory has also 268 

developed the capability for JTWC to adjust confidence areas (34-knot wind danger areas) on 269 

official forecast products using GPCE and wind speed probability data. These methods remain in 270 

testing and are not yet operational.  271 

Additional detail on all the methods currently utilized at operational TC forecast centers to 272 

characterize track uncertainty can be found in Conroy et al. (2023), which is summarized by the 273 

IWTC-10 subgroup on “Track forecast: operational capability and new techniques” to which the 274 

TC-PFP project was linked. 275 

 276 

1.1.3 Challenges and key issues 277 

The production of probabilistic TC forecasts presents both operational and meteorological 278 

challenges. Operationally, since forecasts must be prepared on specific schedules, the delayed 279 

arrival of some ensemble data means that it sometimes cannot be incorporated into the 280 

current forecast cycle. The value of older ensemble forecast information must often be 281 

weighed alongside the value of newer deterministic forecast information. This is particularly 282 

challenging around the time of TC extratropical transition when the forecast is especially 283 

sensitive to the initial analysis, and there may be large variations from run to run. There is 284 

considerable discussion of the use of time-lagged ensemble approaches to mitigate run-to-run 285 

jumpiness. 286 

Some current ensembles are under-dispersive, which can lead to overconfidence in the track 287 

prediction (Leonardo & Colle 2017; Titley et al., 2020) and large changes in the ensemble mean 288 

from one forecast cycle to the next. This behavior lessens forecast confidence and can be a 289 

significant challenge to forecast centers but can be overcome by utilizing well-calibrated multi-290 

model ensembles. 291 
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Since deterministic model guidance underpins much official forecast track information, (e.g., a 292 

weighted consensus), maintaining consistency with ensemble forecasts becomes difficult when 293 

the ensemble mean and deterministic outlooks vary considerably (i.e., when the deterministic 294 

tracks are outliers in the ensemble spread). It is particularly challenging to evaluate forecast 295 

uncertainty when ensemble outlooks are clustered around multiple, significantly different 296 

outcomes, for example in the situation of competing, or bifurcating, steering flows that lead to 297 

diverging TC tracks. 298 

At long lead times, it may be necessary to depict a very large cone of uncertainty, which may 299 

undermine the attempt to provide a probabilistic forecast by making it look like the TC could be 300 

anywhere. However, if this is a true reflection of the dynamic uncertainty in a particular case, 301 

then this may lead to more reliable warnings than those where uncertainty estimates are 302 

purely based on historical errors. Current depictions in terms of a “cone of uncertainty” 303 

emphasize the across-track error, but do not give an adequate account of along-track error or 304 

translation speed, so a key challenge is how to communicate ensemble-based along-track 305 

uncertainty information. Some forecast centers (e.g., the National Centre for Medium Range 306 

Weather Forecasting (NCMRWF) – India) have moved towards displaying an ensemble average 307 

track for their TC forecast tracks. The ensemble mean positions are calculated from the NEPS-G 308 

ensemble (the global ensemble prediction system of NCMRWF, Conroy et al. 2023). 309 

There is still a need for localized forecast information, but any forecasts given in terms of 310 

probabilities can also be misunderstood depending on the numeracy of the end user. 311 

Simplification into categories such as “low”, “moderate” and “high” can be a useful way to 312 

communicate risk, but definitions vary across forecast centers, and the interpretation of 313 

different levels will vary across different user communities (See Sec. 2). While we expect 314 

different forecast centers will develop different products, in part because of the different 315 

constituencies they serve, all products must have quantitative verification metrics, preferably 316 

with a common baseline so that at least some measure of performance can be compared across 317 

forecast centers. 318 

 319 

1.2 Vision of the Future 320 

A vision for TC probabilistic formation and position products includes implementation of best 321 

practice approaches that incorporate the state of the science while also delivering clear, 322 

actionable messages to end users. The formats, styles, and forecast periods of operational 323 

ensemble-based TC formation and TC position forecasts are notably non-uniform, warranting 324 

consideration of best practices and possible data-driven standardization. These streamlined 325 

best practices will reflect synergy between the science, understanding and communication, and 326 

resources required for producing and distributing probabilistic TC formation and TC position 327 

forecasts.  328 
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1.3 Recommendations and Paths Forward 329 

TC-PFP surveys indicated that RSMCs, TCWCs, and forecast centers are often unaware of the 330 

efforts, advancements, and best practices related to probabilistic forecasts of TC formation and 331 

TC position at other centers. It is recommended that WMO continue to promote 332 

communication and collaboration between various RSMCs, TCWCs, and forecast centers 333 

regarding the sharing of best practice approaches to ensemble-based probabilistic TC formation 334 

and TC position forecasts. Recommendations for current & planned probabilistic TC forecast 335 

products include: 336 

● Promote opportunities for collaboration and sharing of knowledge between forecast 337 

centers. It is recommended that WMO facilitate workshops that provide centers with 338 

venues to exchange information and ideas related to advancing probabilistic TC 339 

forecasts. 340 

● Forecast centers should develop best practices that weigh the utility of older ensemble 341 

forecast information against the value of relatively newer deterministic forecast 342 

information. Since operational forecasts adhere to specific schedules, the availability of 343 

ensemble data should be as timely as possible so that it can be incorporated into the 344 

current operational forecast cycle (see Sec. 3). 345 

● Develop best practices that identify and address circumstances when current model 346 

ensemble TC formation or position forecasts are under-dispersive, as otherwise this 347 

could lead to jumpiness between runs and could lessen stakeholder confidence. 348 

Methodologies could include incorporating some static or climatological measure of 349 

uncertainty, or using several ensemble forecast models in a super-ensemble to provide 350 

greater spread. 351 

● Develop best practices that effectively communicate forecast uncertainty when 352 

ensemble outlooks of TC formation or position are clustered around multiple, 353 

significantly different outcomes. For example, in the situation of competing, or 354 

bifurcating, steering flows that lead to diverging TC position forecasts. 355 

● Forecast centers should assess the pros and cons of TC formation and position forecasts 356 

at long lead times (e.g., 5+ days) that may result in very large cones of uncertainty for 357 

both types of forecasts. While providing the most accurate representation of forecast 358 

uncertainty, these forecasts could also encompass extensive geographical areas, posing 359 

a challenge for communicating understandable and actionable probabilistic forecasts to 360 

stakeholders. 361 

● Forecast centers should explore the tendency for current depictions of “cones of 362 

uncertainty” to emphasize the across-track error, while not always adequately 363 

conveying the uncertainty associated with along-track error or translation speed. It is 364 
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important to explore the development and use of a “dynamic cone of uncertainty” 365 

based on model hindcast or Reforecasts data. 366 

● Develop best practices regarding the definition and evaluation of TC formation (i.e., TC 367 

genesis) with a goal to reduce the uncertainty of event identification. 368 

● Increase awareness of end user numeracy and avoid the use of vernacular language for 369 

communication to help alleviate misunderstandings by stakeholders (see Sec. 2 370 

recommendations). 371 

Given the increased skill of model forecasts, forecast centers are actively developing or 372 

implementing techniques that incorporate situation-dependent model output to generate 373 

confidence areas. Better collaboration and exchange of ideas between forecast centers could 374 

result in a semi-standardized set of best practices for publicly-available probabilistic TC 375 

formation and TC position forecasts (i.e., optimal forecast periods (e.g., days to weeks) that 376 

realistically reflect the state of the science and forecast model skill, classification scales (e.g., 377 

“low”, “medium”, and “high” with associated probabilities), and messaging style (e.g., graphical 378 

only, text-based only, graphical + text, etc.)). This could, in turn, significantly accelerate the 379 

effectiveness of probabilistic TC forecasts and promote a value-cycle approach to the forecast 380 

challenge of TC formation and TC position. Any efforts to enhance product uniformity amongst 381 

centers should be balanced against the need for forecast centers to develop their own tailored 382 

products for customers. This customization is necessary to maximize responsiveness to 383 

customer needs, while also providing an environment that advances product innovation and 384 

advancement. 385 

 386 

2. Understanding and Communicating Probabilistic Forecasts 387 

2.1 Current Challenges and State of the Science 388 

TC track products were first formally produced in the mid 1980s to communicate the 389 

probability of a storm coming within approximately 60 n mi of a given location (DeMaria et al., 390 

2009). Its intended audience was expert users, government officials, and other decision-391 

makers, but the data was made public to assure that as many possible users as practicable 392 

would have access to the data. In 2002, the now widely known “cone of uncertainty” was 393 

released by RSMC Miami. By 2021, TC-PFP’s pre-workshop preliminary survey of forecast 394 

centers showed that a large range of probabilistic forecasts were available, covering both the 395 

spatial structure of a TC (i.e., formation and position) and its associated sub-hazards (e.g., storm 396 

surge, wind, and waves, Table 2.1).  397 

 398 

 399 
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 400 

 401 

Table 2.1. RSMC Operational probabilistic TC forecast products. This information was 402 

compiled via a 2021 TC-PFP project internal survey intended to complement findings and 403 

recommendations identified during the June 2021 TC-PFP Phase 1 workshop. 404 

 405 

2.1.1 Expert products available to the public 406 

There are many publicly available products on forecast center websites that aim to reach as 407 

many interested users as possible. For example, most forecast centers provide a “tropical 408 

weather outlook” or similarly named product, highlighting areas with the potential for TC 409 

formation over the next 3-5 days. These products are typically available on forecast center 410 

websites as either regularly published bulletins or map based graphics (Fig. 2.1). They are also 411 

typically designed for expert users and bulletins often use complex meteorological jargon that 412 

can make them hard for a non-expert to understand. For the casual viewer, many TC formation 413 

graphics also bear a strong resemblance to “cone of uncertainty” plots, which could lead to 414 

misleading conclusions, especially if a user misinterprets the title ‘tropical weather outlook’. If 415 

these or other similar “research-level” products are freely accessible online, we suggest 416 

forecast centers also include clear language to explain what the outputs are designed for and 417 

links to educational materials. See (Santoalla 2023) for an example of a guide to the creation 418 

and interpretation of expert-level TC graphics at ECMWF. 419 
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 420 

Figure 2.1. Examples of TC formation graphics on 29 October 2022. (Left) RSMC Miami 421 

Graphical Tropical Weather Outlook depicting the 5-day probability of TC formation for a 422 

tropical disturbance in the Caribbean (70% or “high” chance) and a disturbance 423 

northwest of Bermuda (10% or “low” chance). (Right) RSMC La Réunion 5-day probability 424 

of TC formation for a disturbance near ~7oS, 81oE (10-30% or “low risk”). For both 425 

graphics, the “x” denotes the current location of the disturbance and shaded areas show 426 

where TC formation could occur. 427 

 428 

2.1.2 Communicating TC position via written bulletins 429 

Written bulletins about TC position are in use by the majority of forecast centers and are a 430 

valuable way to provide nuance or the forecaster’s interpretation of events. Like tropical 431 

weather outlooks, many of these TC position bulletins are written directly by forecasters for 432 

expert interpretation, assuming knowledge of TC meteorology, TC lifecycle/properties and 433 

some aspects of statistics and probability.  However, TC position bulletins are also accessed by a 434 

range of users with different levels of subject literacy, which could lead to misinterpretation. 435 

For example, meteorological jargon such as ‘weakening’ is often taken to mean that overall risk 436 

of impact is lessening, rather than a reference to a change in a storm’s maximum surface wind 437 

speed. 438 

To address this, many forecast centers now release a large range of written bulletins, with 439 

designs often backed up by extensive user research. For example, RSMC Miami releases public 440 

specific bulletins and detailed forecast discussions alongside several other tailored products to 441 

meet user requirements. Outcomes from the 2021 TC-PFP workshop and current peer reviewed 442 

literature suggest that utilizing the following resources could promote more effective 443 

communication of probabilistic forecasts of TC formation and position: there is now an expert 444 

field of science writers and press officers specifically trained in communicating complex and 445 

uncertain information. Most large journalistic centers also run data-labs, publishing a number 446 

of innovative free communication tools, from automatically translating stories into multiple 447 

Jo
urn

al 
Pre-

pro
of



 

13 

languages, to building “explainers” or testing different written formats for comprehension. It is 448 

important for users to quickly find the level of TC forecast detail that they need. One proven 449 

way to mitigate this is to create ‘nested’ versions of a single TC formation or position forecasts 450 

at different complexity levels, similar to journalistic formats such as “short, medium and long 451 

stories” (BBC News 2020) or, “What is happening? Who does it affect? What should I do next?”. 452 

Probabilistic forecasts of TC formation and position should also be designed to maximize use 453 

and understanding by the general public, especially more vulnerable groups who are not fluent 454 

in English or local languages and who may not have easy access to forecast information. TC 455 

formation or position forecasts that are exclusively released in either English or the dominant 456 

local language, could exclude large swaths of the population and many vulnerable groups. This 457 

also leaves these TC forecasts open to misinterpretation by someone unfamiliar with TC 458 

meteorology. Similarly, if experimental TC forecast products are only published in one language 459 

(especially in English online) and feedback is requested, the final result will be fundamentally 460 

skewed towards the demographics able to access and interpret them. For example, many 461 

formats are tested by university students, who represent a small subset of the population. 462 

Forecast centers should work with expert translators to ensure that probabilistic TC formation 463 

and position products are tested and released in multiple languages to accommodate diversity 464 

of constituents. These efforts have the potential to transform TC response. For example, the 465 

aim of the recent “HURAKAN” project is to contribute to the design of an information provision 466 

system that communicates the minimal critical pieces of information to the maximum number 467 

of people from diverse backgrounds (Millet 2020; Lemos et al. 2012; Enenkel and Kruczkiewicz 468 

2021). Forecast centers should design websites with probabilistic TC formation and position 469 

forecast information that optimize public access by maximizing the visual accessibility of the 470 

information. Also, a confusing or text heavy website accessed using a smartphone might mean 471 

that a user never finds the forecast product or cannot access it if it is included as an embedded 472 

Portable Document Format (PDF). Within the development of these types of tools, identifying 473 

various users and their specific needs could help with different users understanding the degree 474 

to which certain websites, tools, etc. could be useful (or not) for their decision making context. 475 

This type of framing would be useful and would speak to the importance of the user-skill of 476 

understanding the appropriateness of using information rather than the current common 477 

approach of trying to access whatever they can find or trust what is perceived to be the 'best 478 

designed'.  479 

Finally, given that many now access news via social media, video or social-media posts can be 480 

invaluable tools to complement written material. These communication channels provide reach 481 

to populations who may not routinely access written forecast material. For example, a two 482 

minute video explaining forecaster reasoning with a 10 minute moderated Q&A session via 483 

comment might reach many more people than written material alone. Similar to other fast 484 

moving fields such as spaceflight, pre-arranged daily press-briefings with Q&A have been shown 485 
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to allow nuance to be explained or misconceptions to be dispelled. Soden et al. (2022) and Ma 486 

& Millet (2020) discuss examples and guidelines for social media TC forecasts. 487 

 488 

2.1.3 Graphics: Static and dynamic “cones of uncertainty” 489 

The TC track forecast cone, or “cone of uncertainty” that was released by RSMC Miami in 2002 490 

transformed TC position communication. The cone shows the probable TC position for five 491 

days, at 12-hour intervals and incorporates historical forecast uncertainty. The radius of the 492 

cone is fixed so that two-thirds of 5-year historical track error falls inside the cone. Modern 493 

cone graphics also show many additional features such as initial intensity and motion and 494 

watch and warning areas (Fig. 2.2). 495 

 496 
 497 

Fig. 2.2. Static “cones of uncertainty” examples from RSMC Miami and RSMC New Delhi. 498 

The “cone of uncertainty” is popular with the public and has been extensively studied. 499 

Unfortunately, it has been found that it is easy to misinterpret and rarely leads the public to 500 

adequately evacuate or prepare.  Common biases include: 501 

1. Many users assume that the cone suggests storm size is growing over time and conflate 502 

TC size and intensity. That is, they perceive that as the cone gets wider, the storm is 503 

getting larger and more intense. Although most forecasts contain warnings or 504 

directions, eye tracking software has shown that most viewers do not read map 505 

annotations or warnings (Millet et al. 2022), especially when viewing on a small screen 506 

such as a mobile device.  507 

2. The symmetrical nature of the cone forecast downplays the fact that TC hazards are 508 

often oriented asymmetrically around the TC center. Also, the smooth shape of the 509 

forecast “cone of uncertainty” suggests there will be no sudden changes in TC direction 510 
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or speed. Symmetry and smoothness of the cone can lead users to not fully 511 

understanding the nuances of track forecasts and associated storm hazards. 512 

3. An assumption that the “cone of uncertainty” portrays the “threat/hazard zone” and 513 

uncertainty associated with the forecasted positions rather than the forecast storm 514 

path.  This is increasingly problematic as forecast skill improves. In many TC scenarios 515 

dangerous weather is more likely to occur outside the ever-narrower cone’s boundaries 516 

and perversely less clarity in communication is an unintended consequence of more 517 

accurate forecasts (Norcross 2019).     518 

4. Misinterpretation of the “cone of uncertainty” as a proxy for risk is especially 519 

problematic because of the containment fallacy; when humans see a fixed line on a 520 

map, they typically assume a binary “in/out” perspective (Boone et al. 2018). This means 521 

it is common for non-experts to assume if they are outside the cone, they are “not at 522 

risk”. 523 

5. A further problem is that users who correctly interpret the “cone of uncertainty” as a 524 

measure of uncertainty, often understand it to be the product of a variety of models or 525 

model runs when it actually represents the climatological uncertainty of the forecast 526 

track. This leaves little room to effectively communicate to the general public complex 527 

forecasts such as bifurcating ensemble tracks. 528 

There has been a significant amount of research on improving the “cone of uncertainty” 529 

alongside several large operationally linked research programs (Demuth & Eosco 2021; Eosco & 530 

Sprague-Hilderbrand 2020; Millet 2020). We recommend that forecast designers utilize the 531 

available guidelines as a core part of the design process for probabilistic forecasts of TC 532 

formation and position (Bica et al. 2020; Franconeri et al. 2021; Ma & Millet 2022; Millet et al. 533 

2020; Prestley et al. 2021; Support for the Cone of Uncertainty Social and Behavioral Science 534 

Research Project, 2020).  535 

RSMC Miami’s website identifies five key points to consider while using and interpreting their 536 

“cone graphic”. These points describe the cone’s associated forecast uncertainty and its 537 

irrelevance to TC size and radial extent of potentially damaging winds. The overriding 538 

recommendation is that small tweaks to the cone design do not aid comprehension and that 539 

graphics centered around hazard or risk are more useful for risk communication (Millet et al. 540 

2022). 541 

Because of the issues of interpretation many forecast centers are experimenting with the 542 

arrival time of hurricane force winds, storm surge, or precipitation rather than the cone of 543 

uncertainty. These products will be examined more closely during TC-PFP Phase 2 (TC intensity 544 

and structure) and Phase 3 (rainfall and storm surge). 545 

 546 
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2.2 Vision of the Future 547 

2.2.1 Co-design is key 548 

Products have been shown to better meet the needs of users' when they are co-designed with 549 

communication experts and forecasters. Long term relationships allow for transparent 550 

feedback, tailored output, and help ensure that whatever is designed and disseminated is both 551 

interpreted correctly and is useful. Many forecast centers have partnerships with universities, 552 

broadcast centers, or “expert translator organizations” such as the Red Cross Climate Centre.  553 

They are also choosing to employ ‘in-house’ communication teams. For example, the 554 

Argentinian National Met service has created a Meteorology & Society Department that advises 555 

on the entire process of the production/improvement of weather services, alongside 556 

supporting the development of new products.  557 

 558 

2.2.2 Experimental Cone Replacements: Dynamic Cones and Ensemble/Spaghetti Plots 559 

Experimental ensemble outputs and dynamic forecast cones seek to separate TC size and model 560 

uncertainty. For example, Fig 2.3 (left) shows how a carefully designed ensemble “spaghetti” 561 

plot helped study participants to better quantify the threat zone to a fictional oil rig and to 562 

understand size versus track uncertainty (Liu et al. 2018). They also found that users did not 563 

need training or any detailed information on how the plots were made. 564 

These experimental products are still not perfect. For example, the number of model ensemble 565 

members shown  impacts on the perceived risk and tracks that cross each other can cause 566 

confusion. Padilla et al. (2020) also found that testers estimated more risk for a location that 567 

was directly overlaid by an ensemble track although the effect could be reduced by 568 

manipulating the number of ensemble tracks that were displayed. Similar results were found by 569 

Bica et al. (2020) who analyzed communication of model ensemble spaghetti plots between 570 

members of the public and authoritative weather sources within the US during the 2017 571 

Atlantic hurricane season. Even with training on what the ensembles mean, people tend to 572 

personalize the risk and overreact when they see one line projected to hit their town.  573 

Several RSMCs have used dynamic “cones of uncertainty” and ensemble forecasts to overcome 574 

the challenges with the use of forecast cones. In the case of Witt et al. (2022) and Witt et al. 575 

(2020), both the cone and small storms nicknamed “zoomies” were allowed to move towards a 576 

fictional town (Fig. 2.3). When trial participants assessed TC risk using the zoomies, they 577 

suggested a gradual decrease in evacuation rates rather than the sharp cutoff they had 578 

reported when given the cone. 579 

 580 
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 581 

Fig 2.3. (Left) experimental ensemble plot published in Witt et al. (2022). The size of the 582 

cyclones is marked, alongside a range of potential model ensemble tracks and 583 

intensities. (Right), an example of dynamical model ensembles published in Witt et al. 584 

(2020). The panel on the left shows a cone trial with the town for which the evacuation 585 

decision must be made depicted to the right of the upper edge of the cone. The 3 panels 586 

on the right show the progression of “zoomies” with a trial, with each instance in the 587 

dynamic ensemble moving smoothly and continuously across the screen. View an 588 

example gif of zoomies here: https://col.st/TbdQ1  589 

 590 

2.2.3 Expert users 591 

During the 2021 TC-PFP Phase 1 workshop, weather sensitive organizations and industries such 592 

as reinsurance, broadcast agencies and energy/off-shore oil, stated a preference for TC 593 

information to be provided in pre-determined formats tailored to their particular risk profiles 594 

and actions. This tailoring could be delivered by in-house meteorologists using raw model data 595 

rather than derived outputs. Organizations expressed a willingness to pay for access to the raw 596 

data. Creating these long term partnerships takes meaningful time and trust, but commonly 597 

leads to new forecast innovation, alongside additional funding for forecast development. 598 

 599 

2.3 Recommendations and Paths Forward  600 

Understanding and communicating probabilistic forecasts pose a significant challenge to 601 

forecast centers around the world. The following recommendations for understanding and 602 

communicating probabilistic forecasts are intended to address some of these challenges: 603 

● Forecast centers should develop probabilistic TC forecast products in close collaboration 604 

with users and experts experienced in communicating complex probabilistic information 605 

(e.g., press-officers, broadcasters, science writers, social media experts, sociologists, 606 

disaster geographers, economists, and community leaders). This collaboration is 607 

especially important for supporting overlooked and/or underserved demographics. 608 
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● Design graphical forecast products that incorporate expertise from cartographic 609 

geographers, psychologists, statistics communicators, data visualization experts and 610 

cognitive neuroscientists, who use tools such as eye-tracking software to explore how a 611 

forecast product is interpreted.   612 

● Design future forecast products that emphasize hazards and risk, rather than just the 613 

possible paths of the TC center. 614 

● Emphasize, rather than obscure, uncertainty or alternative outcomes in visualizations to 615 

support better decision-making by users. 616 

● Emphasize approaches that effectively communicate more than one forecast and 617 

watch/warning scenario, especially in medium-range and longer lead-time TC forecasts, 618 

where ensemble prediction indicates several distinct outcomes. For example, when the 619 

model ensemble of positions split into two clusters each affecting very different regions 620 

with risks of impacts.  621 

● Forecast centers should strive to build long-term relationships with local communities to 622 

help ensure that forecast products (including graphics labels) are easily translatable and   623 

delivered through relevant channels. TC forecasts of formation and position are 624 

inaccessible to many stakeholders (e.g., due to lack of internet accessibility, mobile-625 

unfriendly websites, or users not speaking the language).  626 

● Incorporate the use of social media to increase reach however consistent messaging 627 

across platforms is important. Develop TC forecast products that meet accessibility 628 

design principles. Particular consideration should be given to overcoming issues with 629 

map illiteracy, containment bias, and challenges related to the spatial overestimation of 630 

odds. Insights should be shared forecast centers alongside an “accessibility checklist” 631 

before product roll-out. 632 

● Establish a central repository of operational and experimental forecast product designs, 633 

including examples of different ‘use-cases’ (public, disaster response, etc.) to assist 634 

forecast centers to share knowledge and implement best practices. 635 

 636 

3. Resources for Producing Probabilistic Forecasts 637 

3.1. Current Challenges and State of the Science 638 

3.1.1. Exchange of ensemble forecast data and forecast TC tracks 639 

The sharing of TC-attribute data has been largely accomplished through The International 640 

Grand Global Ensemble (TIGGE; Bougealt et al. 2010; Swinbank et al. 2016) and the Global 641 

Telecommunications System (GTS). Beginning in 2006 as part of the WMO THORPEX project, 642 

gridded data from multiple global ensemble forecast models were made available for scientific 643 

research via data archive portal at ECMWF (https://confluence.ecmwf.int/display/TIGGE). 644 

Several TIGGE partners also exchange TC track predictions from their global ensemble forecast 645 

models in near–real time, using an XML-based format that was developed for the purpose 646 

Jo
urn

al 
Pre-

pro
of

https://confluence.ecmwf.int/display/TIGGE


 

19 

(Cyclone XML (CXML)). These data mainly consist of TC position and intensity information, with 647 

intensity usually represented by a maximum wind value and a minimum sea-level pressure. The 648 

current list of contributors to TIGGE CXML are listed in Table 3.1. TC track data are available via 649 

the National Center for Atmospheric Research (NCAR) research data archive 650 

(https://rda.ucar.edu/datasets/ds330.3/), where there are 50-60 unique users of the dataset 651 

(National Centers for Environmental Prediction/National Weather Service/NOAA/U.S. 652 

Department of Commerce, and Coauthors 2023).  653 

 654 

Table 3.1. TIGGE CXML contributors in 2022: Environment and Climate Change Canada 655 

(ECCC), ECMWF, JMA, Météo-France, UK Met Office, Korean Meteorological 656 

Administration (KMA), and BoM. Data include minimum sea level pressure (MSLP), 657 

maximum sustained surface winds (VMAX), center location, radius of outermost closed 658 

isobar (ROCI), and radius of 34, 48, and 64 kt winds (defined for each storm quadrant). 659 

Thanks to Doug Schuster (UCAR) for confirming the current contributors to the NCAR 660 

research data archive. 661 

 662 

Several challenges for forecast centers in using the current CXML ensemble TC track data were 663 

identified from the presenters and breakout groups at the 2021 TC-PFP Phase 1 workshop. First, 664 

TIGGE and TIGGE CXML are designed for research rather than operational use. This affects both 665 

latency and reliability. Second, there is inconsistency among contributions from different 666 

forecast centers because of the use of different trackers used to determine TC position (see 667 

Section 3.1.2). There is also inconsistent information about storm structure conveyed, meaning 668 

some of the contributing model ensembles do not provide wind radii or estimates of the radius 669 

of maximum wind. Moreover, the decision to add such information will require concerted 670 
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coordination efforts across forecast centers, including devoted human resources, to include 671 

consistent structural information computed in a consistent manner. Note that, while TC 672 

structure is the subject of Phase 2 of TC-PFP, it is clear that the lack of consistent and reliable TC 673 

structural information will be substantial. 674 

A third overall challenge identified by TC-PFP related to the mechanisms of data exchange 675 

between forecast centers. As a follow-up of the 2021 TC-PFP Phase 1 workshop, the project 676 

circulated questionnaires to understand the status of the access to and use of 677 

deterministic/ensemble TC tracking data for operations at numerous forecast centers. The 678 

questionnaire results showed three main findings. First, it has become clear that forecast 679 

centers rely heavily on bilateral agreements, the internet, and other agencies for data 680 

acquisition, rather than on the GTS. Second, there are significant differences in the data being 681 

acquired, or potentially acquired, by each center. Such a situation may lead to large differences 682 

in the quality and quantity of services from one center to another. Third, different centers have 683 

different acquisition times for the same data. The challenge has become clear that TC forecast 684 

centers need to be able to access TC track and parameter data in a stable and timely manner to 685 

improve their operational and research activities. The desire by forecast centers for 686 

standardized data formats and TC tracking algorithms, as well as the need for information on 687 

pre-genesis tropical disturbances, also became clear from the questionnaires. Currently there 688 

are multiple data formats including ASCII formats, CXML and BUFR/GRIB. The heterogeneous 689 

landscape makes it difficult to ensure both transferability and reliability of products produced 690 

from the data. 691 

A fourth challenge involves the quality of the operational forecasts themselves. TCs in global 692 

ensembles tend to be under-resolved and suffer from a low bias of intensity. This affects 693 

confidence in the predicted distribution of TC intensity but can also inhibit a realistic depiction 694 

of track spread in cases of weaker storms, or storms that are near the time of formation 695 

because some model ensemble members may not track a storm at all. Re-forecast datasets 696 

could help offset the TC intensity bias through post-processing techniques, but the size of these 697 

datasets makes them difficult to transmit, and their use requires someone at the forecast 698 

center to perform the calibration. 699 

An additional fifth challenge, which affects the assessment of the quality of products, is the lack 700 

of appropriate verification datasets. While IBTrACS is the recognized international standard for 701 

TC position and intensity information, there are still inconsistencies of the information coming 702 

from different forecast centers, especially near the time of TC formation. There are also 703 

different definitions used for the maximum surface wind speed, with US agencies (RSMCs 704 

Miami and Honolulu and JTWC) reporting a 1-min averaging time for sustained winds, 705 

compared with the 10-min averaging time used by much of the rest of the world. Moreover, 706 

there is a relative absence of other TC attributes in verification data. Information on TC 707 
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structure (e.g., significant wind radii) is produced and transmitted by some forecast centers, but 708 

not all, and data related to TC impacts such as precipitation or coastal inundation are essentially 709 

absent. 710 

 711 

3.1.2. Uncertainty in TC identification and position associated with vortex trackers  712 

Several vortex trackers are available and used internationally to identify and track TCs, which 713 

output vortex parameters and forecast track data at centers (e.g., Marchok 2021; Heming 2017; 714 

Vitart et al. 2012). Pre-genesis trackers produce data prior to the formation of a tropical 715 

disturbance and can be used to produce pre-formation forecasts of position, genesis, and 716 

outlook products. Post-genesis trackers only track vortices if they are initiated with an initial 717 

position, usually by means of a manual analysis, and therefore only produce data once the 718 

tropical disturbance has formed. Several TC trackers combine the tracking of both pre-genesis 719 

and post-genesis TC positions, with the option of applying different thresholds for each, and are 720 

the preferred type. The choice of TC vortex trackers can influence the characteristics and 721 

useability of the data for operations as well as in verification. 722 

The 2021 TC-PFP Phase 1 workshop identified a gap in knowledge associated with the impact of 723 

tracker algorithms on TC track positions. TC-PFP funded research to make quantitative 724 

comparisons of four different tracking methods (Heming, 2017; Marchok, 2021; Vitart et al. 725 

2012; Hodges et al. 2017) using the same ECMWF EPS ensemble forecast data for western 726 

North Pacific TCs during the 2020 season. The study found that differences in the variables and 727 

thresholds used for feature identification in the various trackers led to a significant difference in 728 

the number of track points that were identified, even for named TCs. Forecasts for ensemble 729 

spread were shown to be relatively insensitive to the vortex tracker used, with a slightly larger 730 

variation found between the trackers for the error of the ensemble mean. The differences in 731 

the error between the trackers may be related to differences in how the trackers calculate 732 

position, but it will also be impacted by the sample size differences, as trackers with lower 733 

thresholds will more readily track weaker systems which could introduce larger errors. See 734 

Conroy et al. (2023) for more detailed results from this study)). 735 

The differences between how tropical disturbances are tracked is an issue that needs to be 736 

overcome when developing probabilistic TC guidance that incorporates multiple ensemble 737 

systems (Conroy et al. 2023). Although ideally all ensemble forecast models would be tracked 738 

with the same tracker, or with multiple trackers to better capture the uncertainty related to the 739 

tracker, this will be difficult to achieve in the short to medium term as the tracker is often 740 

embedded into complex operational processes at NWP centers. Greater clarity for users on 741 

which tracker and thresholds were used to create the TC position and vortex parameter 742 

datasets from each ensemble, along with any known tracker issues or rules, would be useful. 743 

 744 
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3.2. Vision of the Future 745 

There should be a concerted and coordinated effort to produce consistent TC vortex parameter 746 

data in a given format that is accessible in real time by all forecast centers. In addition, the 747 

same data should be made accessible to researchers via the TIGGE TC database in a format that 748 

enables greater utilization in research, enhancing the pull-through from research into 749 

operational forecasting. 750 

In an ideal future, ensemble forecasts of TCs would be well calibrated with reliable landfall 751 

probabilities. TC attributes beyond position and intensity, verified using appropriate metrics, 752 

would also be included in the transmitted data.  753 

 754 

3.3.  Recommendations and Paths Forward 755 

We suggest that WMO coordinate a mechanism that makes TC information from ensemble 756 

forecast models available in a stable and timely manner. Challenges with data availability 757 

should be partly addressed by the Global Data-processing and Forecasting System (GDPFS), and 758 

bolstered by the new WMO Unified Data Policy, Resolution 1, adopted on 18 October 2021, 759 

which states:   760 

“Members shall provide on a free and unrestricted basis the core data that are 761 

necessary for the provision of services in support of the protection of life and 762 

property and for the well-being of all nations…” 763 

Among the core data referred to are global analysis and prediction fields provided by global 764 

numerical weather prediction (NWP) systems of designated producing centers of the GDPFS 765 

(WMO 2022). By virtue of TC-related data being produced from analysis and forecast fields 766 

from producing centers of the GDPFS, and the intended use of TC-related products for public 767 

safety, the sharing of TC attributes derived from operational ensembles is consistent with the 768 

agreement stated under WMO Resolution 1. However, as noted by Titley et al. (2019), a key 769 

limitation of data sharing results from the lack of an agreed-upon format for the data, both 770 

content and file format. As a result, access to TC-related parameters from ensemble forecasts is 771 

inconsistent. Making the problem even more challenging is that tracking software differs across 772 

operational centers, such that running different trackers on the same data produces different 773 

results, especially for TC genesis. Overcoming such inconsistencies in TC parameter calculation 774 

and information dissemination is possible, and essential to make systematic progress in all 775 

regions. 776 

 777 

 778 
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The following recommendations are offered to optimize the use of resources and accelerate 779 

the development of ensemble-based probabilistic TC formation and TC position forecasts. 780 

● TC-PFP and the WWRP Working Group on Predictability, Dynamics, and Ensemble 781 

Forecasting (PDEF) recommend that TC position information from ensemble forecast 782 

models should be encoded in a consistent format and disseminated to forecast centers 783 

in a stable and timely manner. The recommended path to meet this overarching goal is 784 

as follows: 785 

o WMO requests that forecast centers transition to encode ASCII track and vortex 786 

parameter data output from their various vortex trackers into a consistent and 787 

standardized format. While the precise choice of data format will need to be 788 

agreed upon in consultation with stakeholders and other WMO committees 789 

including the Advisory Group on Tropical Cyclones (AG-TC) and the Expert Team 790 

on Operational Weather Forecasting System (ET-OWFS), one option is to use 791 

WMO standard BUFR format. ECMWF already encodes their TC forecast position 792 

and relevant gridded data using WMO standard BUFR and GRIB formats, and 793 

disseminates these in real-time on the GTS, and this could be promoted as best 794 

practice for all NWP centers.. Training material on how to encode the 795 

standardized files (including a template detailing how to order and label TC 796 

positions and which vortex parameters to include) should be made available to 797 

forecast centers to facilitate this process. 798 

o The standardized track/vortex parameter files should be disseminated in real-799 

time via the GTS, facilitating their use by forecast centers. Training material on 800 

how to read in the standardized files should be made available to forecast 801 

centers, along with instructions on how to access the GTS for those centers who 802 

do not currently access data in this way. 803 

● Once the standard format data is being transferred reliably for operational use, we 804 

recommend the data also be collected centrally for use in research, ideally at the NCAR 805 

Research Data Archive where the existing TIGGE CXML archive is hosted. If the selected 806 

format is not practical for the research community (e.g., BUFR format), the data could 807 

be decoded into format(s) that are familiar to the research community, such as netCDF, 808 

with software (including python code) made available to read in these tracks. Uptake of 809 

the CXML data has been hampered by inconsistent structure/labeling and a lack of 810 

python decoding software, so once in place, this new archive could replace the TIGGE 811 

CXML data. 812 

● The standardized TC forecast track/vortex parameter data from forecast centers should 813 

include pre-genesis tracks in addition to post-genesis tracks. A consistent naming format 814 

for pre-genesis storms should be applied and will require coordination amongst forecast 815 

centers to agree on a standardized approach, ideally facilitated by WMO. 816 
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4. Summary 817 

The WMO/WWRP Tropical Cyclone-Probabilistic Forecast Products (TC-PFP) effort is a WMO 818 

Seamless GDPFS Pilot Project established in response to recommendations from the 2018 819 

IWTC-9 in Hawaii. The main goal of TC-PFP is to coordinate across RSMCs, TCWCs, and other 820 

forecast centers (i.e., forecast centers) to help identify best practice guidance for probabilistic 821 

tropical cyclone (TC) forecasts incorporating a value cycle approach. TC-PFP is being 822 

implemented in 3 phases: Phase 1 (TC formation and position) began in 2020; Phase 2 (TC 823 

intensity and structure) will begin in 2023; and Phase 3 (rainfall and storm surge) will start in 824 

2024. Phase 1 included several efforts: 825 

● A survey of RSMCs, TCWCs, and forecast centers to find out about their current efforts 826 

and future plans to produce probabilistic TC forecasts, and their various forecast 827 

challenges (March-May 2021). 828 

● A WMO-sponsored 3-day virtual workshop focused on identifying best practice guidance 829 

for probabilistic forecasts of TC position (including TC formation). Over 100 participants 830 

from 16 countries and 14 different time zones attended from forecast centers, NWP 831 

centers, research centers, the private sector, and humanitarian organizations (June 15, 832 

17-18, 2021). 833 

● Creation of writing teams including workshop participants to write up the workshop 834 

findings and formulate recommendations for how to improve probabilistic TC forecasts 835 

(Aug 2021 – Oct 2022). 836 

● A sub-project commissioned to fill a knowledge gap identified in the workshop by 837 

quantifying the uncertainty in track position associated with the tracking algorithm used 838 

(see Section 3.1.2). 839 

● A specific questionnaire to TC RSMCs and TCWCs on the current status of their access to 840 

ensemble TC track data to support their operations (May-June 2022). 841 

● Presenting a project summary of TC-PFP Phase 1 efforts at the 2022 IWTC-10 (Dec 842 

2022). 843 
 844 

The TC-PFP Phase 1 efforts described here reveal that many forecast centers are independently 845 

developing and advancing techniques for probabilistic forecasts of TC formation and position. 846 

Although each center has specific stakeholder needs, they share many common challenges, and 847 

there is a definite need to ensure more regular and specific communication between centers to 848 

pool their scientific research regarding optimal methods to exploit the benefits of ensemble 849 

forecasts in operational TC formation and position forecasts. Similarly, greater coordination of 850 

interdisciplinary research and approaches for interacting with end users to optimize product 851 

design and communication would be beneficial. This should be an ongoing process that WMO 852 

could help steward and would help alleviate the tendency for increasing divergence in 853 
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approaches and techniques between centers over time. TC-PFP found that many forecast 854 

centers are not able to effectively utilize model ensemble information because they cannot 855 

access and use the data easily, with multiple data formats and delivery mechanisms hindering 856 

progress. Therefore, a clear need was identified for ensemble TC position data to be made 857 

available in a timely, stable, and consistent format to enable the pull-through of multi-model 858 

ensemble track forecasts into operational TC forecasts. The recommendations from Phase 1 of 859 

the TC-PFP project, presented at IWTC-10, include 3 main topic areas: 1) current and planned 860 

probabilistic forecast products (Sec. 1.3); 2) Understanding and communicating probabilistic 861 

forecasts (Sec. 2.3); and 3) Resources for producing probabilistic forecasts (Sec. 3.3). Phase 2 of 862 

the TC-PFP effort will build from the Phase 1 efforts with the goal of working with forecast 863 

centers to identify best practices of a value-cycle approach to probabilistic forecasts of TC 864 

intensity and structure. 865 

Jo
urn

al 
Pre-

pro
of



 

26 

Acknowledgements 866 

The authors thank the participants of the June 2021 WMO Tropical Cyclone-Probabilistic 867 

Forecast Products Workshop for their valuable insights and contributions to this manuscript. 868 

We also thank the participants of the 2018 IWTC-9 workshop in Honolulu, HI for their insightful 869 

recommendations regarding probabilistic forecasting of tropical cyclones, which motivated the 870 

formation of the TC-PFP project. TC-PFP was developed in collaboration with the WMO 871 

Research Board (through the WWRP), its Commission for Observation, Infrastructure, and 872 

Information Systems (InfCom) and its Commission for Weather, Climate, Water and Related 873 

Environmental Services and Applications (SerCom) (through the TC RSMCs). TC-PFP is the first-874 

ever pilot project under the Global Data Processing and Forecast System (GDPFS) of WMO and 875 

we wish to thank the WMO Standing Committee on Data Processing for Applied Earth System 876 

Modelling and Prediction (SC-ESMP) for their support. This material is based, in part, upon work 877 

supported by the National Center for Atmospheric Research, which is a major facility sponsored 878 

by the National Science Foundation under Cooperative Agreement No. 1852977. We also wish 879 

to thank two anonymous TCRR reviewers for their insightful suggestions and recommendations. 880 

Jo
urn

al 
Pre-

pro
of



 

27 

References 881 

BBC News, 17 November 2020. Ethiopia’s Tigray war: The short, medium and long story. BBC. 882 

https://www.bbc.com/news/world-africa-54964378 (accessed 30 March 2023). 883 

Belanger, J.I., Webster, P. J., Curry, J.A., & Jelinek, M.T., 2012: Extended prediction of North 884 

Indian Ocean tropical cyclones, Wea. Forecasting, 27(3), 757-769. 885 

Beven, J. L. "The boguscane - a serious problem with the NCEP medium range forecast model in 886 

the Tropics." Preprints, 23rd Conf. on Hurricanes and Tropical Meteorology, Dallas, TX, 887 

Amer. Meteor. Soc., 845, 1999. 888 

Bica, M., J. L. Demuth, J. E. Dykes, and L. Palen, 2019. “Communicating Hurricane Risks: Multi-889 

Method Examination of Risk Imagery Diffusion.” In Proceedings of the 2019 CHI Conference 890 

on Human Factors in Computing Systems, 1–13. CHI ’19. New York, NY, USA: Association for 891 

Computing Machinery. 892 

Bica, M., J. Weinberg, and L. Palen, 2020. Achieving Accuracy through Ambiguity: The 893 

Interactivity of Risk Communication in Severe Weather Events.” Computer Supported 894 

Cooperative Work: CSCW: Journal of Collaborative Computing and Work Practices, 29 (5): 895 

587–623. 896 

Bonnardot, F, Quetelard, H, Jumaux, G, Leroux, M-D, Bessafi, M. (2019). Probabilistic forecasts 897 

of tropical cyclone tracks and intensities in the southwest Indian Ocean basin. Q J R 898 

Meteorol Soc; 145: 675– 686. https://doi.org/10.1002/qj.3459 899 

Boone, A. P., Gunalp, P., & Hegarty, M. (2018). Explicit versus actionable knowledge: The 900 

influence of explaining graphical conventions on interpretation of hurricane forecast 901 

visualizations. Journal of Experimental Psychology: Applied, 24(3), 275–295. 902 

https://doi.org/10.1037/xap0000166 903 

Bougeault, P., and Coauthors, 2010. The THORPEX Interactive Grand Global Ensemble (TIGGE). 904 

Bull. Amer. Meteor. Soc., 91, 1059–1072, doi:10.1175/2010BAMS2853.1. 905 

Clarke, D., 2003. Are you functionally map literate? In Proceedings of the 21st International 906 

Cartographic Conference (ICC) Durban, South Africa (Vol. 10, No. 16, pp. 713-719). 907 

Conroy, A.,  H. Titley, R. Rivett, X. Feng, J. Methven, K. Hodges, A. Brammer, A. Burton, P. 908 

Chakraborty, G. Chen, L. Cowan, J. Dunion, and A. Sarkar, 2023: Track forecast: Operational 909 

capability and new techniques - Summary from the Tenth International Workshop on 910 

Tropical Cyclones (IWTC-10), TCRR, 12 (1), 64-80, https://doi.org/10.1016/j.tcrr.2023.05.002 911 

DeMaria, M., Knaff, J. A., Knabb, R., Lauer, C., Sampson, C. R., and DeMaria, R. T., 2009. A new 912 

method for estimating tropical cyclone wind speed probabilities. Weather and Forecasting, 913 

24 (6), 1573–1591. 914 

Jo
urn

al 
Pre-

pro
of

https://www.bbc.com/news/world-africa-54964378
https://doi.org/10.1002/qj.3459


 

28 

Demuth, J., & Eosco, G. (2021, April 21). Wait That Forecast Changed? Understanding how 915 

members of the US public access, share, & interpret changing forecast information. NOAA. 916 

https://www.youtube.com/watch?v=dRjgv356_Q0 (accessed 30 March 2023). 917 

Dookie, D. S., & Osgood, D., 2020: Rainy days on Mondays: storm proxies, human actions, and 918 

disaster outcomes in the Caribbean. Human Actions and Disaster Outcomes in the 919 

Caribbean (December 1, 2020). 920 

Dookie, D. S., & Spence-Hemmings, J., 2022. The timing of storm awareness in the Caribbean: 921 

the utility of climate information for improved disaster preparedness. Disasters, 46 Suppl 1, 922 

S101–S127. https://doi.org/10.1111/disa.12540 923 

Dupont, T., M. Plu, P. Caroff, and G. Faure, 2011: Verification of ensemble-based uncertainty 924 

circles around tropical cyclone track forecasts. Wea. Forecasting, 26, 664–676. 925 

Dunion, J.P., J. Kaplan, A. Schumacher, J. Cossuth, P.A. Leighton, and K. Musgrave, 2018: 926 

Improvement to the Tropical Cyclone Genesis Index (TCGI). OAR Office of Weather and Air 927 

Quality (OWAQ). https://www.nhc.noaa.gov/jht/15-928 

17reports/Dunion_201_Schumacher_202_progress_reportFINAL_rev030619.pdf (accessed 929 

30 March 2023). 930 

Eosco, G., & Sprague-Hilderbrand, J., 2020. Accelerate effective risk communication of 931 

warnings: An Overview of the Social and Behavioral Science Hurricane Supplemental 932 

Projects (Interagency Council for Advancing Meteorological Services (ICAMS) (ed.)). 933 

https://www.icams-portal.gov/meetings/TCORF/ihc20/session_1/1-5_eosco.pdf (accessed 934 

30 March 2023). 935 

Enenkel, M. and Kruczkiewicz, A., 2022. The humanitarian sector needs clear job profiles for 936 

climate science translators now more than ever. Bulletin of the American Meteorological 937 

Society, 103(4), E1088-E1097. 938 

Franconeri, S. L., Padilla, L. M., Shah, P., Zacks, J. M., & Hullman, J. (2021). The science of visual 939 

data communication: What works. Psychological Science in the Public Interest: A Journal of 940 

the American Psychological Society, 22(3), 110–161. 941 

Fritz, C.L., & Wang, Z., 2013. Water vapor budget in a developing tropical cyclone and Its 942 

implication for tropical cyclone formation. Journal of the Atmospheric Sciences, 71, 4321-943 

4332. 944 

Fukuda, J., and M. Yamaguchi, 2019. Determining 70 Percent Probability-Circle Radii of Tropical 945 

Cyclone Track Forecasts with Multiple Ensembles, SOLA, 15, 250-256. 946 

Goerss, J., 2007. Prediction of consensus tropical cyclone track forecast error. Mon. Wea. Rev., 947 

135, 1985–1993. 948 

Jo
urn

al 
Pre-

pro
of

https://www.youtube.com/watch?v=dRjgv356_Q0
https://doi.org/10.1111/disa.12540
https://www.nhc.noaa.gov/jht/15-17reports/Dunion_201_Schumacher_202_progress_reportFINAL_rev030619.pdf
https://www.nhc.noaa.gov/jht/15-17reports/Dunion_201_Schumacher_202_progress_reportFINAL_rev030619.pdf
https://www.icams-portal.gov/meetings/TCORF/ihc20/session_1/1-5_eosco.pdf


 

29 

Goerss, J., Sampson C., and Gross J., 2004. A history of western North Pacific tropical cyclone 949 

track forecast skill. Wea. Forecasting, 19, 633–638. 950 

Goerss, J., 2000. Tropical cyclone track forecasts using an ensemble of dynamical models. Mon. 951 

Wea. Rev., 128, 1187–1193. 952 

Halperin, D. J., Penny, A. B., & Hart, R. E., 2020. A comparison of tropical cyclone genesis 953 

forecast verification from three Global Forecast System (GFS) operational configurations, 954 

Wea. Forecasting, 35, 1801-1815. https://doi.org/DOI: 10.1175/WAF-D-20-0043.1 955 

Halperin, D. J., R. E. Hart, H. E. Fuelberg, and J. H. Cossuth, 2017. The development and 956 

evaluation of a statistical-dynamical tropical cyclone genesis guidance tool. Wea. 957 

Forecasting. 32 (1), 27-46.  958 

Halperin, D. J., H. E. Fuelberg, R. E. Hart, J. H. Cossuth, P. Sura, and R. J. Pasch, 2016. Verification 959 

of tropical cyclone genesis forecasts from global numerical models: Comparisons between 960 

the North Atlantic and eastern North Pacific basins. Wea. Forecasting, 31, 947–955, 961 

https://doi.org/10.1175/WAF-D-15-0157.1. 962 

Halperin, D. J., H. E. Fuelberg, R. E. Hart, J. H. Cossuth, P. Sura, and R. J. Pasch, 2013. An 963 

evaluation of tropical cyclone genesis forecasts from global numerical models. Wea. 964 

Forecasting, 28, 1423–1445, https://doi.org/10.1175/WAF-D-13-00008.1. 965 

Heming, J.T., 2017. Tropical cyclone tracking and verification techniques for Met Office 966 

numerical weather prediction models. Met. Apps, 24: 1-8.https://doi.org/10.1002/met.1599 967 

Hennon, C. C., & Hobgood, J. S., 2003. Forecasting tropical cyclogenesis over the Atlantic basin 968 

using large-scale data. Monthly Weather Review, 131(12), 2927–2940. 969 

https://doi.org/10.1175/1520-0493(2003)131<2927: ftcota>2.0.co;2 970 

Hodges, K., Cobb, A. and Vidale, P. L., 2017. How well are Tropical Cyclones represented in 971 

reanalysis data sets? Journal of Climate, 30 (14), 5243-5264. ISSN 1520-0442 doi: 972 

https://doi.org/10.1175/JCLI-D-16-0557.1 973 

IWTC-10, 2022. Tenth International Workshop on Tropical Cyclones (IWTC-10). 974 

https://community.wmo.int/en/meetings/tenth-international-workshop-tropical-cyclones-975 

iwtc-10 (accessed 29 March 2023). 976 

Kawabata, Y., and Yamaguchi, M., 2020. Probability ellipse for tropical cyclone track forecasts 977 

with multiple ensembles, J. Meteor. Soc. Japan, 98, 821-833. 978 

Krishnamurti, T. N., Kishtawal, C. M., Shin, D. W., & Williford, C. E., 2000. Improving tropical 979 

precipitation forecasts from a multianalysis superensemble, Journal of Climate, 13(23), 980 

4217-4227.  981 

Lemos, M.C., Kirchhoff, C.J. and Ramprasad, V., 2012. Narrowing the climate information 982 

Jo
urn

al 
Pre-

pro
of

https://doi.org/10.1175/WAF-D-15-0157.1
https://doi.org/10.1175/WAF-D-13-00008.1
https://doi.org/10.1002/met.1599
https://doi.org/10.1175/JCLI-D-16-0557.1


 

30 

usability gap. Nature climate change, 2(11), 789-794. 983 

Leonardo, N.M., and B.A. Colle, 2017. Verification of multimodel ensemble forecasts of North 984 

Atlantic tropical cyclones. Wea. Forecasting, 32, 2083–2101. 985 

Litman, T., 2006. Lessons from Katrina and Rita: What major disasters can teach transportation 986 

planners. Journal of Transportation Engineering / American Society of Civil Engineers, 987 

132(1), 11–18. https://doi.org/10.1061/(asce)0733-947x(2006)132:1(11) 988 

Liu, L., Padilla, L., Creem-Regehr, S. H., & House, D. H., 2018. Visualizing uncertain tropical 989 

cyclone predictions using representative samples from ensembles of forecast tracks. IEEE 990 

Transactions on Visualization and Computer Graphics, 25(1), 882–891. 991 

Ma, Q., & Millet, B., 2020. Analyzing Dorian Twitter data to understand how hurricane risk 992 

communication changes as threats unfold. OSF Preprints. August, 25. 993 

Ma, Q., & Millet, B., 2022. Design guidelines for hurricane risk forecast to non-expert users. 994 

Proceedings of the Human Factors and Ergonomics Society ... Annual Meeting Human 995 

Factors and Ergonomics Society. Meeting, 66(1), 2031–2035. 996 

https://doi.org/10.1177/1071181322661158 997 

Majumdar, S. J., & Torn, R. D., 2014. Probabilistic verification of global and mesoscale ensemble 998 

forecasts of tropical cyclogenesis. Weather and Forecasting, 29(5), 1181–1198. 999 

https://doi.org/10.1175/waf-d-14-00028.1 1000 

Majumdar, S. J., & P.M. Finocchio, 2010. On the ability of global ensemble prediction systems to 1001 

predict tropical cyclone track probabilities, Wea. Forecasting, 25(2), 659-680. 1002 

Marchok, T., 2021. Important Factors in the Tracking of Tropical Cyclones in Operational 1003 

Models, Journal of Applied Meteorology and Climatology, 60(9), 1265-1284 1004 

McBride, J. L., & Zehr, R., 1981. Observational analysis of tropical cyclone formation. Part II: 1005 

Comparison of non-developing versus developing systems. Journal of the Atmospheric 1006 

Sciences, 38(6), 1132–1151. https://doi.org/10.1175/1520-1007 

0469(1981)038<1132:oaotcf>2.0.co;2 1008 

Meyer, R. J., Baker, J., Broad, K., Czajkowski, J., & Orlove, B. 2014. The dynamics of hurricane 1009 

risk perception: Real-time evidence from the 2012 Atlantic hurricane season. Bulletin of the 1010 

American Meteorological Society, 95(9), 1389–1404. https://doi.org/10.1175/bams-d-12-1011 

00218.1 1012 

Millet, B., Carter, A. P., Broad, K., Cairo, A., Evans, S. D., & Majumdar, S. J. 2020. Hurricane Risk 1013 

Communication: Visualization and Behavioral Science Concepts. Weather, Climate, and 1014 

Society, 12(2), 193–211. 1015 

Millet, B., Cairo, A., Majumdar, S., Diaz, C., Evans, S. D., & Broad, K. (2020, August 31). Beautiful 1016 

Jo
urn

al 
Pre-

pro
of

https://doi.org/10.1061/(asce)0733-947x(2006)132:1(11)
https://doi.org/10.1177/1071181322661158
https://doi.org/10.1175/waf-d-14-00028.1
https://doi.org/10.1175/1520-0469(1981)038%3c1132:oaotcf%3e2.0.co;2
https://doi.org/10.1175/1520-0469(1981)038%3c1132:oaotcf%3e2.0.co;2
https://doi.org/10.1175/bams-d-12-00218.1
https://doi.org/10.1175/bams-d-12-00218.1


 

31 

Visualizations Slain by Ugly Facts: Redesigning the National Hurricane Center’s ‘Cone of 1017 

Uncertainty’ Map. https://doi.org/10.31219/osf.io/wzk8p 1018 

Millet, B., Majumdar, S. J., Cairo, A., McNoldy, B. D., Evans, S. D., & Broad, K., 2022. Exploring 1019 

the Impact of Visualization Design on Non-Expert Interpretation of Hurricane Forecast Path. 1020 

International Journal of Human–Computer Interaction, 1–16. 1021 

https://doi.org/10.1080/10447318.2022.2121036 1022 

Mohapatra, M., Nayak, D. P., & Bandopadhyay, B. K., 2012. Evaluation of Cone of Uncertainty in 1023 

Tropical Cyclone Track Forecast over north Indian Ocean Issued by India Meteorological 1024 

Department. Tropical Cyclone Research and Review, 1(3), 331-339. 1025 

National Centers for Environmental Prediction/National Weather Service/NOAA/U.S. 1026 

Department of Commerce, and Coauthors, 2008: THORPEX Interactive Grand Global 1027 

Ensemble (TIGGE) Model Tropical Cyclone Track Data. Research Data Archive at the National 1028 

Center for Atmospheric Research, Computational and Information Systems Laboratory, 1029 

accessed 19 Apr 2023, https://doi.org/10.5065/D6GH9GSZ. 1030 

National Hurricane Centre. (n.d.-a). NHC Forecaster Guidance: Subtropical Storm NICOLE. 1031 

Retrieved November 10, 2022, from 1032 

https://www.nhc.noaa.gov/archive/2022/al17/al172022.discus.001.shtml (accessed 30 1033 

March 2023). 1034 

National Hurricane Centre. (n.d.-b). Public Advisory: Subtropical Storm NICOLE. Retrieved 1035 

November 10, 2022, from 1036 

https://www.nhc.noaa.gov/archive/2022/al17/al172022.public.001.shtml (accessed 30 1037 

March 2023). 1038 

National Hurricane Centre. (2010). NHC Issuance Criteria Changes for Tropical Cyclone 1039 

Watches/Warnings. https://www.nhc.noaa.gov/watchwarn_changes.shtml (accessed 30 1040 

March 2023). 1041 

Norcross, B. (2019, August 28). How the hurricane cone of uncertainty can be a cone of 1042 

confusion, and what to do about it. The Washington Post. 1043 

https://www.washingtonpost.com/weather/2019/08/28/how-hurricane-cone-uncertainty-1044 

can-be-cone-confusion-what-do-about-it/ (accessed 30 March 2023). 1045 

Padilla, L. M. K., Creem-Regehr, S. H., & Thompson, W., 2020. The powerful influence of marks: 1046 

Visual and knowledge-driven processing in hurricane track displays. Journal of Experimental 1047 

Psychology. Applied, 26(1), 1. 1048 

Pasch, R. J., Harr, P. A., Avila, L. A., Jiing, J. G., & Elliot, G., 2006. An evaluation and comparison 1049 

of predictions of tropical cyclogenesis by three global forecast models. Preprints, 27th Conf. 1050 

on Hurricanes and Tropical Meteorology. 1051 

Jo
urn

al 
Pre-

pro
of

https://doi.org/10.1080/10447318.2022.2121036
https://www.nhc.noaa.gov/archive/2022/al17/al172022.discus.001.shtml
https://www.nhc.noaa.gov/archive/2022/al17/al172022.public.001.shtml
https://www.nhc.noaa.gov/watchwarn_changes.shtml
https://www.washingtonpost.com/weather/2019/08/28/how-hurricane-cone-uncertainty-can-be-cone-confusion-what-do-about-it/
https://www.washingtonpost.com/weather/2019/08/28/how-hurricane-cone-uncertainty-can-be-cone-confusion-what-do-about-it/


 

32 

Penny, A.B., P.A. Harr, and J.D. Doyle, 2016. Sensitivity to the representation of microphysical 1052 

processes in numerical simulations during tropical storm formation. Mon. Wea. Rev., 144, 1053 

3611–3630, doi:10.1175/MWR-D-15-0259.1. 1054 

Penny, A.B., Hacker, J.P., & Harr, P. A., 2016. Analysis of tropical storm formation based on 1055 

ensemble data assimilation and high-resolution numerical simulations of a nondeveloping 1056 

disturbance, Monthly Weather Review, 144(10), 3631-3649. 1057 

Perrone, T. J., & Lowe, P. R., 1986. A statistically derived prediction procedure for tropical storm 1058 

formation. Monthly Weather Review, 114(1), 165–177. https://doi.org/10.1175/1520-1059 

0493(1986)114<0165:asdppf>2.0.co;2 1060 

Prestley, R., Morss, R. E., Bica, M., & Demuth, J. L., 2021. Diffusion of and Responses to 1061 

Hurricane Risk Images Posted on Twitter During the 2017 Hurricane Season. 34th 1062 

Conference on Hurricanes and Tropical Meteorology. 1063 

Rappaport, E.N., Franklin, J.L., Avila, L.A., Baig, S. R., Beven, J.L., II, Blake, E.S., Burr, C.A., Jiing, J.-1064 

G., Juckins, C.A., Knabb, R.D., Landsea, C.W., Mainelli, M., Mayfield, M., McAdie, C.J., Pasch, 1065 

R.J., Sisko, C., Stewart, S.R., & Tribble, A.N., 2009. Advances and challenges at the National 1066 

Hurricane Center. Weather and Forecasting, 24(2), 395–419. 1067 

https://doi.org/10.1175/2008waf2222128.1 1068 

Reed, Andra J. and Mann, Michael E. and Emanuel, Kerry A. and Lin, Ning and Horton, Benjamin 1069 

P. and Kemp, Andrew C. and Donnelly, Jeffrey P., 2015. Increased threat of tropical cyclones 1070 

and coastal flooding to New York City during the anthropogenic era. Proceedings of the 1071 

National Academy of Sciences, 112 (41), 12610-12615; DOI: 10.1073/pnas.1513127112. 1072 

Sajjad M. and Chan J.C.L., 2020. Tropical Cyclone Impacts on Cities: A Case of Hong Kong. Front. 1073 

Built Environ. 6:575534. doi: 10.3389/fbuil.2020.575534 1074 

Sampson, C. R., Goerss, J. S., & Weber, H. C., 2006. Operational performance of a new 1075 

barotropic model (WBAR) in the western North Pacific basin, Wea., Forecasting, 21(4), 656-1076 

662.  1077 

Santoalla, D.V. (2023). Considerations when using Tropical Cyclone products. ECMWF. 1078 

https://confluence.ecmwf.int/display/FUG/Tropical+Cyclone+Diagrams+-+TCs (accessed 30 1079 

March 2023). 1080 

Schumacher, R. S., Knox, J. A., & Schultz, D. M., 2008. The emerging role of inertial instability in 1081 

the initiation and organization of convection. 24th Conference on Severe Local Storms, 1082 

Savannah, GA. 1083 

Soden, R., Chilton, L., Miles, S., Bicksler, R., Villanueva, K. R., & Bica, M., 2022. Insights and 1084 

Opportunities for HCI Research into Hurricane Risk Communication. CHI Conference on 1085 

Human Factors in Computing Systems, 1–13. 1086 

Jo
urn

al 
Pre-

pro
of

https://doi.org/10.1175/1520-0493(1986)114%3c0165:asdppf%3e2.0.co;2
https://doi.org/10.1175/1520-0493(1986)114%3c0165:asdppf%3e2.0.co;2
https://doi.org/10.1175/2008waf2222128.1
https://confluence.ecmwf.int/display/FUG/Tropical+Cyclone+Diagrams+-+TCs


 

33 

Spiegelhalter, David, 2017. “Risk and Uncertainty Communication.” Annual Review of Statistics 1087 

and Its Application 4(1): 31–60. 1088 

Support for the Cone of Uncertainty Social and Behavioral Science Research Project (2020). 1089 

https://repository.library.noaa.gov/view/noaa/29111 (accessed 30 March 2023). 1090 

Swinbank, R., and Coauthors, 2016. The International Grand Global Ensemble (TIGGE) and its 1091 

achievements. Bull. Amer. Meteor. Soc., 97, 49-67, doi:10.1175/BAMS-D-13-00191.1. 1092 

Titley, H.A., Bowyer, R.L., Cloke, H.L., 2020. A global evaluation of multi-model ensemble 1093 

tropical cyclone track probability forecasts. Q J R Meteorol Soc., 146: 531– 545. 1094 

https://doi.org/10.1002/qj.3712. 1095 

Titley, H. A., Yamaguchi, M. & Magnusson, L., 2019. Current and potential use of ensemble 1096 

forecasts in   operational TC forecasting: results from a global forecaster survey. Tropical 1097 

Cyclone Research and Review, 8, 166–180. https://doi.org/10.1016/j.tcrr.2019.10.005 1098 

Vitart (2012): New tropical cyclone products on the web. ECMWF Newsletter No. 130, pp17-23. 1099 

Weber, H. C., 2003. Hurricane track prediction using a statistical ensemble of numerical models. 1100 

Mon. Wea. Rev., 131, 749–770.  1101 

Williford, E., C., Krishnamurti, T.N., Torres, R.C., Cocke, S., Christidis, Z., & Vijaya Kumar, T.S., 1102 

2003. Real-time multimodel superensemble forecasts of Atlantic tropical systems of 1999, 1103 

Mon. Wea. Rev., 131(8), 1878-1894. 1104 

Witt, J. K., Clegg, B. A., Wickens, C. D., Smith, C. A. P., Laitin, E. L., & Warden, A. C., 2020. 1105 

Dynamic ensembles versus cones of uncertainty: Visualizations to support understanding of 1106 

uncertainty in hurricane forecasts. Proceedings of the Human Factors and Ergonomics 1107 

Society Annual Meeting, 64, 1644–1648. 1108 

Witt, J. K., Labe, Z. M., & Clegg, B. A., 2022. Comparisons of Perceptions of Risk for 1109 

Visualizations Using Animated Risk Trajectories Versus Cones of Uncertainty. Proceedings of 1110 

the Human Factors and Ergonomics Society Annual Meeting, 66, 1716–1720. 1111 

WMO. (2022). World Meteorological Organization Latest Advisories - RSMCs and TCWCs. WMO. 1112 

https://community.wmo.int/latest-advisories-rsmcs-and-tcwcs (accessed 30 March 2023). 1113 

Yamaguchi, M., and Maeda, S., 2020: Increase in the Number of Tropical Cyclones Approaching 1114 

Tokyo since 1980. Journal of the Meteorological Society of Japan, 98, 775-786. 1115 

https://doi.org/10.2151/jmsj.2020-039 1116 

Yamaguchi, M., Vitart, F., Lang, S. T. K., Magnusson, L., Elsberry, R. L., Elliott, G., Kyouda, M., & 1117 

Nakazawa, T., 2015. Global distribution of the skill of tropical cyclone activity forecasts on 1118 

short- to medium-range time scales, Wea. Forecasting, 30(6), 1695-1709. 1119 

Jo
urn

al 
Pre-

pro
of

https://repository.library.noaa.gov/view/noaa/29111
https://doi.org/10.1002/qj.3712
https://doi.org/10.1016/j.tcrr.2019.10.005
https://community.wmo.int/latest-advisories-rsmcs-and-tcwcs
https://doi.org/10.2151/jmsj.2020-039


 

34 

Yamaguchi, M., T. Nakazawa, and S. Hoshino, 2012. On the relative benefits of a multi-centre 1120 

grand ensemble for tropical cyclone track prediction in the western North Pacific, Q.J.R. 1121 

Meteorol. Soc., 138, 2019-2029. 1122 

Zhang, X., & H. Yu, 2017. A probabilistic tropical cyclone track forecast scheme based on the 1123 

selective consensus of ensemble prediction systems, Wea. Forecasting, 32(6), 2143-2157. 1124 

Jo
urn

al 
Pre-

pro
of



 

35 

Appendix A 1125 

 1126 

Probabilistic TC Formation Outlooks (Operational Centers) 

Agency 

Short-range outlook 
(<1 week): Product 

type 

Short-range 
outlook: 
Forecast 
period 

Long-range 
outlook (≥ 1 

week): Product 
type 

Long-
range 

outlook: 
Forecast 
period 

RSMC 
Tokyo 

AOR-scale graphical 
outlooks (maps) based 
on JMA, ECMWF, NCEP 

and UK Met Office 
ensembles 

 

Thresholds: 
Contours at 10% 

intervals 
 

Not publicly available 

2 and 5 days N/A N/A 

TCWC 
Jakarta 

Prospek Pertumbuhan 
Siklon Tropis bulletin 

(AOR-scale; text-based) 
 

Thresholds: 
<10% Unlikely 

20-50% Medium 

>50 Likely 
 

Publicly available 

3 days N/A N/A 

Australia 
BoM 

TCWC 

Regional TC outlook 
(AOR-scale; text- based) 

 

Thresholds: 
<5% Very low 

5-20% Low 

20-50% Moderate 

>50 High 

 

Publicly available 

 

3 days 

TC 7 Day Outlook 
(graphic with text 

discussion 
accompanying 
each identified 

area) 
 

Thresholds: 
<5% Very low 

5-20% Low 

20-50% 
Moderate 

7 days 
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>50 High 
 

Not publicly 
available 

RSMC 
Miami 

 

RSMC 
Honolulu 

Two-day and Five-day 
Tropical Weather 

Outlooks (AOR-scale; 
graphic and text with 

discussion of each 
identified area) 

 

Thresholds: 
<40% Low 

             40-60% Medium 

>60% High 
 

Publicly available 

2 days N/A 

N/A 
 
 
 
 
 
 
 
 
 
 

RSMC New 
Delhi 

Regional TC outlook for 
Bay of Bengal and 

Arabian Sea (AOR-scale; 
text-based with 

accompanying satellite 
graphic) 

 

Thresholds: 
Nil - 0% 

Low - 1-33% 

Moderate - 33-66% 

High - 67-100% 
 

Publicly available 

5 days 

North Indian 
Ocean Extended 
Range Outlook 

for Cyclogenesis 
(text- based with 

accompanying 
graphic) 

 

Thresholds: 
Low - 1-33% 

Moderate - 33-
67% 

High - 68-100% 
 

Publicly available 

2 weeks 

RSMC La 
Reunion 

Bulletin for Cyclonic 
Activity and Significant 
Tropical Weather in the 
Southwest Indian Ocean 

2 and 5 days N/A N/A 
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(AOR-scale; text-based 
and map graphic) 

 

Text bulletin thresholds: 
Very low: <10%               

Low: 10%-30% 

Moderate: 30-60% 

High: 60-90% 

Very high: >90% 
 

Graphic thresholds: 
Low - <33% 

Moderate - 30-60% 

High - >60% 

 

Publicly available 

RSMC Nadi 

TC 5-Days Outlook (AOR-
scale; text-based) 

 

Thresholds: 
Unknown 

 

Publicly available 

5 days N/A N/A 

TCWC 
Wellingto

n 

Tropical cyclone 
potential bulletin for 
Coral Sea/S. Pacific 

 

Text based, published on 
website and as a tailored 

briefing for clients 
 

Short discussion using 
thresholds for 

development (very low, 
low, mod, high) 

 

Longer technical 
discussion also 

disseminated locally. 
Verifications assessed 

internally 

7 days 

(Day 1-5 
published) 

Long range TC 
potential outlook 

 

Text based, 
internal only, 

uses thresholds 
for development 
(very low, low, 

mod, high), with 
technical 

discussion 
 

Verifications and 
performance 

assessed 
internally 

 

Not publicly 
available 

4 weeks 
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JTWC 

 

Significant Tropical 
Weather Advisories 

(AOR-scale; text based 
with accompanying 

satellite graphic) 
 

Thresholds: 
Low 

Medium 

High 

(no percentage) 
 

Publicly available 

24 hours 

2-week TC 
Formation 
Outlooks 

(graphical) 
 

Thresholds: 
<40% Low 

40-60% Medium 

>60% High 
 

Not publicly 
available 

2 weeks 

PAGASA 
See long-range outlook 

info 

See long-
range outlook 

info 

Tropical Cyclone 
(TC)-Threat 

Potential 
(AOR-scale 

combined text 
and map graphic) 

 

Thresholds: 
Low 

Moderate 

High 

Active TC 

(no percentage) 
 

Publicly available 

Week 1 
and 

Week 2 

Météo-

France 

New 

Caledonia 

See long-range outlook 
info 

See long-
range outlook 

info 

Statistical 
forecast of 

weekly cyclone 
activity in the 

Southern 
Hemisphere 

(hemisphere-
wide; graphical 

maps) 
 

Thresholds: 
Shaded contours 
at 5% intervals 

 

Publicly available 

Week 1, 
Week 2, 

and Week 
3 
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US Climate 
Prediction 

Center 

N/A N/A 

Global Tropics 
Hazards Outlook 

(global; combined 
text and map 

graphic) 
 

Thresholds: 
Shaded contours 
at 20% intervals: 

>20% 

>40% 

>60% 
 

Publicly available 

Week 2 

CMA Unknown Unknown Unknown Unknown 
 1127 

Table 1: Probabilistic tropical cyclone formation (genesis) guidance produced by various 1128 
operational centers. (Note: AOR is the Area of responsibility). 1129 
 1130 

 1131 

AGENCY 
FORECAST LENGTH - 

FREQUENCY 

REPRESENTATION OF 
UNCERTAINTY 

(% of cases expected to 
stay within this) 

SITUATION-DEPENDENT 
(SD)  
OR 

HISTORICAL ERROR 
BASED (HE) 

RSMC  
Tokyo 

5d - 3 hrly Circle (70%) HE (0-72h), SD (96+hr)  

RSMC 
Honolulu 

5d - 6 hrly Cone (67%) HE 

RSMC  
La Reunion 

5d - 6 hrly Cone (75%) HE & SD 

RSMC 
Miami 

5d - 6 hrly (public) 
7d - 6 hrly (internally) 

(more frequently if 
needed) 

Cone (67%) HE 

RSMC 
New Delhi 

5d – 6 hrly 
(more frequently if 

needed) 
Cone (72%) HE 
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TCWC 
Jakarta 

3d - 6 or 12 hrly Cone (80%) SD 

TCWC  
Perth 

7d - 1, 3, or 6 hrly Cone SD 

TCWC 
Wellington 

1d – 6 hrly 
5d if threatening NZ 

Cone (70%) SD 

JTWC 5d - 6 hrly Error Swath HE & SD 

PAGASA 5d - 6 hrly Cone / Circle (70%) HE 

Thai Met. 
Department 

3d - 3, 6, or 12 hrly Cone HE 

MetMalaysia 7d – 3 hrly Circle (80%) Not given 

Météo-
France New 
Caledonia 

3d – 6 hrly Cone (75%) HE & SD 

Météo-
France 

Martinique 
5d - 6 hrly Cone (66%) HE 

Hong Kong 
Observatory 

5d - 24 hrly Cone / Circle (70%) HE 

CHC 5d - 6 hrly Cone (70%) HE 

 1132 
Table 2: Techniques applied by operational forecast centers to generate probabilistic TC 1133 
position forecast guidance. 1134 
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