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ABSTRACT: We evaluate the skill and jumpiness of the ECMWF medium-range ensemble (ENS) in predicting tropical
cyclone genesis in the Atlantic basin. Focusing on the probabilistic performance of the ENS, we assess how far in advance
the ENS can predict genesis, quantify the consistency (jumpiness) from run to run, and investigate what factors influence
the skill and consistency. We find that first indications of genesis are picked up at least 7 days ahead in 50% of the observed
cases, although strong signals often only appear less than 3 days before genesis. There are significant regional differences,
with observed genesis events predicted 2-3 days earlier in the eastern Atlantic than in other areas. The genesis probabilities
can be jumpy from run to run, and the jumpiest cases are in the more skillful regions (central and eastern Atlantic) and for
situations where the initial signal for genesis appears at longer lead time. In the eastern Atlantic, there is a tendency for the
ENS tracks to reach tropical storm strength earlier and further east than observed; this model bias can affect both skill and
jumpiness of the genesis forecasts. Our results provide guidance to forecasters on how to use and interpret the ENS predic-
tions. Areas for future work include the link between early intensification in the eastern Atlantic and African easterly
wave activity, the relationship between skill and the TC development pathways, and the impact of systematic analysis dif-
ferences between 0000 UTC and 1200 UTC on forecast intensity.

SIGNIFICANCE STATEMENT: Forecasting where and when tropical cyclones will appear increases the lead time
at which decision-makers can begin to take preparatory mitigating action. Numerical weather prediction models can
provide important guidance but sometimes are not consistent from one run to the next. We evaluate the skill and
consistency of a state-of-the-art global model in predicting the formation of tropical cyclones up to 10 days ahead and
provide guidance to forecasters on how to use and interpret the model predictions. We show that the formation of trop-
ical cyclones can be predicted 2-3 days earlier in the eastern Atlantic than in the western Atlantic and identify some of
the factors influencing both skill and consistency.

KEYWORDS: Tropical cyclones; Ensembles; Forecast verification/skill; Numerical weather prediction/forecasting;
Probability forecasts/models/distribution; Model evaluation/performance

1. Introduction (Titley et al. 2019; Hon et al. 2023), often in combination with
statistical methods (Halperin et al. 2017). Use and verification
of NWP genesis forecasts has focused on deterministic aspects,
assessing hits and false alarms using standard contingency-table
measures such as hit rate or probability of detection, success ra-
tio, and the threat score or critical success index (Wilks 2020).
These have been applied to the high-resolution global forecasts
from different centers (Halperin et al. 2016, 2013; Liang et al.
2021) to ensemble mean forecasts (Li et al. 2016; Wang et al.
2018) and to individual ensemble members (Zhang et al. 2023).
Recently, there has been increasing development of proba-
bilistic TC genesis forecast products for operational centers
(Hon et al. 2023). For example, Halperin et al. (2017) devel-
oped a statistical-dynamical tool to generate TC genesis proba-
bilities using logistic regression models applied to the outputs
from several high-resolution global NWP models. A consensus
) Denotes content that is immediately available upon publica-  probability is also provided when more than one model predicts
tion as open access. a genesis event. Verification using Brier scores and reliability di-
agrams showed that these provide useful guidance (Halperin

Corresponding author: David S. Richardson, d.s.richardson@ ¢t al. 2017), and the products are regularly used in the NHC
pgr.reading.ac.uk (Hon et al. 2023). The use of probabilistic information from the

Following significant progress in forecasting tropical cyclone
(TC) tracks (Landsea and Cangialosi 2018) and intensity
(Cangialosi et al. 2020), there is increasing focus on predicting
TC genesis (Hon et al. 2023). For the Atlantic basin, the U.S.
National Hurricane Center (NHC) Tropical Weather Outlook
provides forecasts of TC genesis for 2 and 7 days ahead (Hon
et al. 2023). By providing information about the likely develop-
ment of TCs before they have formed, skillful genesis forecasts
can effectively increase the lead time at which decision-makers
can begin to take preparatory mitigating action.

Numerical weather prediction (NWP) forecasts including
ensemble forecasts are used in operational genesis forecasts
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ensembles is more limited, although ensemble forecasts have
been shown to have skill in predicting TC genesis (Komaromi
and Majumdar 2014, 2015; Majumdar and Torn 2014; Yamaguchi
and Koide 2017; Yamaguchi et al. 2015).

One of the key issues limiting the uptake of ensemble TC
forecasts is the run-to-run jumpiness that can occur in some
situations (Dunion et al. 2023; Magnusson et al. 2021). Large
jumps in the predicted probability of TC genesis between suc-
cessive ensemble forecasts present a significant challenge to
forecast centers and lessen users’ confidence in the prediction
system (McLay 2008; Elsderry and Dobos 1990; Hewson
2020; Dunion et al. 2023; Pappenberger et al. 2011). Although
approaches such as multimodel combinations or lagged en-
sembles can help mitigate such jumpiness, it is important to
identify and understand the underlying causes of such jumpy
behavior. Quantifying the level of jumpiness in an ensemble
system provides valuable information to the forecast user. This
can be important, for example, in helping the user to decide be-
tween acting now or waiting for the next forecast (Regnier and
Harr 2006; Jewson et al. 2022, 2021). Identifying the circumstan-
ces in which jumpiness occurs is an important step toward ad-
dressing the underlying cause—is it related to model or analysis
uncertainty (lack of spread in the ensemble perturbations) or
model bias, or is it an indication of insufficient ensemble size to
give a reliable uncertainty estimate? Jumpiness of TC track
forecasts has been investigated for the western North Pacific
(Elsderry and Dobos 1990) and the Atlantic (Fowler et al. 2015;
Richardson et al. 2024). However, there has been no corre-
sponding assessment of TC genesis forecasts. In this study, we
conduct a first assessment of the jumpiness of the European
Centre for Medium-Range Weather Forecasts (ECMWF) en-
semble (ENS) forecasts for TC genesis.

Another factor limiting the use of ensemble TC genesis
forecasts is the lack of routine evaluation of the products pro-
vided by the global centers. Although ECMWEF regularly pub-
lishes verification results for ensemble forecasts of the track
and intensity of existing TCs (Haiden et al. 2023), it does not
routinely evaluate genesis forecasts, so users do not have a
clear picture of ENS performance (Magnusson et al. 2021).

These knowledge gaps are addressed in this study which
evaluates the skill and jumpiness of the ECMWF medium-
range ENS in predicting TC genesis in the Atlantic basin. We
address the following questions:

¢ How far in advance can the ENS forecast TC genesis in the
Atlantic basin?

e How consistent from run to run are the forecasts of the ob-

served genesis events?

What are the factors that influence the skill and consistency

of the ENS genesis forecasts and what future work will

help to improve these forecasts?

In each case, we focus on the probabilistic performance of
the ENS. The data we use in this study and the methods we
apply to identify genesis events are described in section 2,
with verification scores and consistency measures introduced
in section 3. Results are presented in section 4, addressing
each of the three key questions in turn. We conclude with
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a summary and discussion of directions for future work in
section 5.

2. Data

We investigate the ability of the ECMWF ENS to predict
the genesis of tropical cyclones over the Atlantic. ENS com-
prises 50 perturbed members integrated on ~18-km grid until
27 June 2023 and thereafter on ~9-km grid. The ECMWF
tropical cyclone tracker (Magnusson et al. 2021) identifies and
tracks both existing TCs and those that develop during the
forecast. The tracker is applied to all ensemble members.
These operational forecast tracks are archived on the TIGGE
database (Bougeault et al. 2010; Swinbank et al. 2016). We re-
trieve the operational forecast tracks for ENS forecasts initial-
ized at 0000 and 1200 UTC from May to December 2019-23
and consider forecast lead times from 1 to 10 days ahead.

We evaluate the forecasts against the observed TC data from
the International Best Track Archive for Climate Stewardship
(IBTrACS; Knapp et al. 2018, 2010). We extract the observed
positions and maximum winds from all named Atlantic tropical
storms (i.e., tropical cyclones that reach tropical storm strength
during their life cycle). We focus our evaluation on the first time
the observed system is reported as a tropical system of at least
tropical storm strength (winds at least 34 kt; 1 kt ~ 0.51 m s™ 1),
which we define as the genesis time for the tropical storm (TS)
(Magnusson et al. 2021; Zhang et al. 2023). To ensure a consistent
set of forecast lead times throughout the evaluation, we limit
the verification times to also be 0000 and 1200 UTC and so
the observed genesis time is the first 0000 or 1200 UTC time
with wind > 17 m s~ !, There were 98 observed tropical storms
in the Atlantic basin during the 5-yr study period. However,
TS Imelda (2019) was a TS for less than 12 h and was not in-
cluded in the verification; therefore, we used 97 observed TS
genesis in this work.

To investigate how well and how consistently the ENS can
forecast the observed TS genesis events, we compute the
probability of TS genesis or TS activity at the observed gene-
sis time and location for each of the 97 observed TS.

For a given verification time ¢,, we refer to an ensemble
forecast f valid for this time and initialized 4 hours earlier as
f(t,, h) and write the individual ensemble members as f,,,(,, /).
Given the inherent limitations of predictability as well as un-
certainties in both forecasts and observations (Landsea and
Franklin 2013; Torn and Snyder 2012), we do not expect the
forecast to predict genesis at exactly the time and location of
the reported observed genesis event. Therefore, we define tol-
erances in both space and time. Several different choices have
been used in previous studies (Halperin et al. 2016, 2013;
Zhang et al. 2023; Magnusson et al. 2021; Yamaguchi et al.
2015). For each observed TS genesis event, we use the follow-
ing procedure where #, represents the observed genesis time:

e For the ENS forecast f(t,, &), we count how many members
m have TC tracks that pass within 500 km of the observed
genesis location at any time between f, — 24 h and
t, + 24 h. We define the proportion of members m/M as
the forecast probability of TC activity at the observed
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TABLE 1. Different forecast sets considered in this study. Identifier used to refer to each set of forecast probabilities.

Identifier Set

Description

1

FG17 Forecast TS genesis 17 m s~

1

Forecast TC track passes within 500 km and 24 h of given location, and the first
time that wind is > 17 m s~
Forecast TC track passes within 500 km and 24 h of given location and has

! along this track is within this time/location tolerance.

wind > 17 m s~ ', But forecast genesis may have occurred earlier (i.e., first step
with wind > 17 m s™! may have occurred more than 24 h before f,) and more
than 500 km from the given location.

Forecast TC track passes within 500 km and 24 h of given location and has

wind > 15 m s~ '. But forecast genesis may have occurred earlier (i.e., first step
with wind > 15 m s~ ! may have occurred more than 24 h before t,) and more than
500 km from the given location. Accounts for overall lower intensity in forecasts.

FA17 Forecast TS activity 17 m s~
FA15 Forecast TC activity 15 m s™!
FATC Forecast TC activity

Forecast TC track passes within 500 km and 24 h of given location (forecast wind

may not reach TS strength).

genesis event. This gives the probability for TC but does
not address the intensity or the location of genesis in the
forecast. We refer to this set of forecast probabilities as
FATC.

e To address the intensity, we select the subset of the fore-
cast tracks that have maximum wind greater than a given
threshold. We use 17 m s~ for a direct comparison with
the observed intensity but also consider lower thresholds
(e.g., 15 m s™1) to account for potential differences in inten-
sity in the forecasts. We refer to these forecast activity
probabilities as FA17 and FA15, respectively.

e Finally, to address the timing of the genesis, we again sub-
set the forecast tracks to keep only those that have forecast
genesis within 24 h and 500 km of the observed genesis
event. We define the forecast genesis event as the first point
on the track with wind greater than 17 m s~ ! and refer to
this set of forecast probabilities as FG17.

Table 1 summarizes the different sets of forecast probabili-
ties that we consider in this study and the naming convention
that we use.

For a broader perspective, to consider the overall forecast
probabilities of TC genesis and to include assessment of false
alarms, we also conduct some evaluation on a regular 1° X 1°
latitude-longitude grid. At each grid point, the forecast TS
genesis probability is defined as the proportion of ENS mem-
bers that predict a TS genesis event to occur within 500 km of
that grid point (center of the 1° X 1° box) and between 24 and
216 h ahead. Similarly, we define TS genesis to occur if there
is an observed TS genesis event within 500 km of the grid
point and within the same 192-h (8 day) time window.

3. Verification and consistency measures

We evaluate the ENS forecasts of TC activity and genesis
using the Brier score (BS) (Wilks 2020), which is a measure of
the mean-squared error of the forecast probability:

== 2P~ V) (1)

where p,, is the forecast probability (proportion of ENS mem-
bers that predict the event), y, is 1 if the event occurs and 0
otherwise, and N is the total number of cases.

In the assessment of overall performance using the gridded
data (section 4d), we use the observed sample climate proba-
bility of genesis y as a reference forecast:

M=

Vi (2)

~<|
[
2=

1

1

This sample climate includes all dates in our evaluation data
and is computed separately for each grid point. By construc-
tion, the sample climate has the lowest Brier score of any
fixed reference forecast and so is harder to beat than a long-
term climate; using this as a reference for the Brier skill score
hence provides a conservative indication of forecast skill.

The Brier score of the climate forecast is given as

b—li—— i 3
SN0 ) )

and the Brier skill score is then given as

b,—b
—. @

c

B =

Positive values of B indicate positive skill relative to the sam-
ple climate. Maximum skill B = 1 is achieved for perfect de-
terministic forecasts.

We evaluate the hits and false alarms associated with differ-
ent forecast probability thresholds using the relative operating
characteristic (ROC) (Mason 1982; Ben Bouallégue and
Richardson 2022) and performance diagram (Roebber 2009).
The ROC is a plot of the hit rate (proportion of observed events
correctly forecast) against false alarm rate (proportion of ob-
served nonevents where genesis was forecast). The performance
diagram plots the hit rate against the success ratio (proportion of
genesis forecasts that were correct); the performance diagram
also shows the frequency bias (number of forecast events divided
by number of observed events); and the threat score (number of
hits divided by the sum of hits, misses, and false alarms).

To measure the jumpiness or consistency over a sequence
of forecasts, we measure the difference (divergence) d in
probability between consecutive forecasts.

Here, we consider the forecasts initialized at 12-h intervals
between 24 and 216 h before a given verification time #,. The
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FIG. 1. Lead time of ENS forecasts of TS genesis. The percentage of cases predicted with probability of at least (a) 5% (low), (b) 35%
(medium), and (c) 65% (high) at lead times from 216 to 24 h before the observed TS genesis time.

probability of the given event (TC activity or TS genesis) in
the ENS forecast initialized at ¢, — & is written as p(t,, t, — h),
and the difference between consecutive forecasts is

D(t,, h) = d[f(t,, h), f(t,, h = 12)] = |p(t,, k) — p(t,, h — 12)|.
®)
The mean divergence over the full sequence of L = 17 initial
times is
=
D(t,) =t zzle(t"’ 24 + 121)|. (6)

The minimum value of D is zero, indicating that the forecast
probability does not change over the set of forecasts, while
larger values indicate greater differences in probability be-
tween successive forecasts in the sequence.

For each observed genesis event, we expect that the fore-
cast probability will be low at the longest forecast ranges
(close to the climatological probability) and will increase, ide-
ally reaching close to 100% at the shortest forecast ranges. To
account for the expected increase in probability over the se-
quence of forecasts, we use the difference between the proba-
bilities from the first and last forecasts of the sequence to
represent this overall trend. We then subtract this difference
from D to give the divergence index (DI; Richardson et al.
2020, 2024):

DIt,) = D(t,) — L|p[zv, 24 + 12(L = 1)] = p(r,, 24)I.

L—-1
™

DI summarizes the jumpiness about the overall trend over the
sequence of forecasts, with larger values of DI indicating
more jumpy forecasts (bigger difference in probabilities).

4. Results

First, we evaluate how far in advance the ENS can predict
the observed genesis events with low, medium, and high prob-
ability. Next, we assess how consistent these probabilities are
in the sequence of consecutive forecasts leading up to each
observed genesis event. We then consider potential factors
that may affect the jumpiness and skill of these forecasts.

Finally, we assess the overall skill of the ENS probability fore-
casts for TC genesis and activity.

a. How far in advance can we predict the observed
Atlantic TS genesis events?

Figure 1 shows the percentage of the 97 observed genesis
events that were forecast with at least 5%, 35%, and 65%
probabilities at or before each forecast lead time from 216 to
24 h in advance. The probability thresholds were chosen to be
consistent with the categories used to indicate low, medium,
and high probability, respectively, in the NHC Tropical Weather
Outlook: NHC genesis probabilities are given in 10% intervals,
and their low, medium, and high probability categories are
10%-30%, 40%—-60%, and 70%—-100%, respectively.

The red curve shows the results for the FG17 probabilities
where the forecast is required to match the observed genesis
in both timing and intensity (within the specified 500-km and
24-h tolerances). Few cases are predicted with high probabil-
ity, and only 20% of cases can be predicted with medium
probability more than 72 h ahead. The low probability thresh-
old is reached in over 50% of cases at 168-h lead time, indicat-
ing that the ENS is capable of generating tropical storms a
week in advance although the predictability is low.

The three blue curves in Fig. 1 help to identify some of the
reasons for this poor performance in the direct forecasting of
the observed genesis. The solid blue curve shows the results
for the FA17 probabilities. As well as the hits included in
FG17, these allow for early genesis in the forecasts and indi-
cate the proportion of ENS members that have TS activity at
the observed genesis time and location. Many more cases are
predicted for all three probability categories for FA17 than
for FG17: More than 20% of observed events are predicted
with high probability at least 72 h ahead, with the proportion
increasing to over 50% for the medium probability threshold
and over 80% for low probability. The 25% of cases are pre-
dicted with medium probability at least 6 days (144 h) ahead.
The higher probabilities for FA17 compared to FG17 show
that the timing of TS genesis is one significant difference be-
tween ENS and observed genesis, with a substantial number
of forecast tracks reaching TS strength before the observed
genesis time. Comparing FA17 and FA15 (solid and dashed
blue lines) shows that the choice of wind threshold for the
forecast tracks also affects the performance. The relatively
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FIG. 2. Lead time of ENS forecasts of observed TS genesis events. Longest lead time (hours) at which the probabil-
ity of TS activity (FA17) at the observed TS genesis location was predicted with probability of at least (a) 5%,
(b) 35%, and (c) 65%. (d) The jumpiness in forecast probability for these cases, as measured by DI.

minor change of wind threshold from 17 to 15 m s~ ' increases
the proportion of correctly forecast cases by around 10%
points. Larger improvements are achieved when considering
all forecast tracks without specifying a minimum wind speed
(FATC; dotted blue line): Around 60% of cases are predicted
with medium probability at least 6 days (144 h) ahead and
with high probability at least 4 days (96 h ahead). The sensi-
tivity to wind thresholds agrees with results from other studies
(Yamaguchi et al. 2015; Zhang et al. 2023).

The geographical distribution of the FA17 results is shown
in Fig. 2 for each of the low/medium/high probability thresh-
olds. The TS in the eastern Atlantic tend to be predicted ear-
lier than those in the Caribbean and the Gulf of Mexico. In
the central and eastern Atlantic (east of 60°W and south of
30°N), the median lead time for the first indications of TS ac-
tivity (low 5% probability threshold) is 228 h (the longest lead
we have considered here). For medium and high probability
thresholds, the corresponding median lead times are 132 and
72 h, respectively. In contrast, the equivalent median lead
times for the western Atlantic, Caribbean, and Gulf of Mexico
(south of 30°N, west of 60°W) are 204, 48, and 36 h, respec-
tively. In other words, the observed genesis events in the east-
ern Atlantic are predicted 2-3 days earlier than those in
further west. The predictability for the genesis > 30°N is gen-
erally similar to that for the western Atlantic. The consistency
or jumpiness of these forecasts as measured by DI is shown
in Fig. 2d. Again, there are strong geographical variations,
with the highest DI (jumpiest cases) in the central and east

Atlantic. The median DI for this region is 8.75, more than
twice the median DI value of the western and northern re-
gions (3.5 and 4.0, respectively).

The regional differences may be associated with different
tropical cyclogenesis pathways (McTaggart-Cowan et al. 2013,
2008). The more predictable (and also more jumpy) cases
tend to occur in regions dominated by nonbaroclinic develop-
ments, although some of the most predictable and jumpiest
genesis events occur in the Cape Verde region associated with
the low-level baroclinic pathway (baroclinic development un-
der the African easterly jet). The less predictable cases further
west and north are in regions where other baroclinic pathways
[tropical transition (TT); Davis and Bosart 2003, 2004; trough
interaction] are more common developments. This is consis-
tent with results from Wang et al. (2018) who found lower
predictability in the TT pathways in an evaluation of refore-
casts from the NCEP GEFS ensemble. It is, however, notable
that there are very few predictable cases in the Caribbean and
Gulf of Mexico despite the nonbaroclinic pathway also being
a significant development category in this region. These non-
baroclinic pathways often originate from barotropic break-
down of vorticity along stalled fronts, which are smaller and
could be less predictable, especially for a lower-resolution
model. Environmental factors influencing TC genesis in the
western Atlantic have been discussed by Klotzbach et al.
(2022) and (in the wider context of cyclonic circulations over
Central America) by Papin et al. (2017). Additional factors,
such as land interactions, may also affect the model ability to
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FIG. 3. Forecast probability of TS activity for the jumpiest FA17 cases. Curves show the forecast probability of TC activity at the ob-
served genesis time #, and location X (latitude, longitude) for forecasts initialized at 12-h intervals from 216 to 24 h before the observed
genesis time. The probability for genesis (FG17) is shown by the red line, while the three blue curves show the probability of TC activity
with different wind intensity thresholds FA17 (solid dark blue), FA15 (dashed blue), and FATC (dotted light blue). The legend shows the

jumpiness (DI) and error (BS) for each.

correctly predict genesis and would have a more significant
impact on genesis forecasts in the western Atlantic and Carib-
bean rather than eastern Atlantic; this is an area for future
research.

b. Consistency—The jumpiest forecasts of observed TS
genesis events

The run-to-run consistency of the ENS forecast probabili-
ties is shown in Fig. 3 for the 12 cases with highest DI for the
FA17 forecasts. For each case, the forecast probabilities from
the forecasts initialized every 12 h from 24 to 216 h before the
observed genesis event are shown for each forecast set FG17,
FA17,FA1S5, and FATC.

Most of these jumpy cases occur in September (August for
Laura), and there are cases for each of the 5 years in our sam-
ple. As seen from Fig. 2, the jumpy cases are typically in the
central to east Atlantic and between 10° and 20°N. The two ex-
ceptions to both time and location are Bonnie and Claudette
which were both early season TCs in the west of the basin.

Claudette was the only one of these cases that did not origi-
nate from an African easterly wave.

In most cases, the jumpiness is related to the forecast inten-
sity: The FATC probabilities are much more consistent from
run to run than the FA17 probabilities, and the corresponding
DI is consequently much lower. The two notable exceptions
to this are Laura and Vicky, which both have substantial
jumpiness for the lower wind thresholds. Interactions between
African easterly waves or between these waves and other low
pressure systems have also been noted to affect the forecast
probabilities of genesis for cases including Laura and Paulette
(Magnusson et al. 2021). In the case of Vicky, we note that
Teddy and Vicky originated from successive easterly waves
that developed off the coast of Africa on 10 and 11 September
2020. The earlier ENS forecasts tended to favor a development
associated with Vicky with tracks moving north-westward away
from the coast of Africa, while later forecasts produced
more westward tracks associated with Teddy. This uncer-
tainty about which would be the stronger development,
together with potential interactions between the two, may
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FIG. 4. Effect of ENS size on forecast jumpiness. (a) Four idealized examples of how the probability of TC genesis might evolve over a
sequence of seventeen 50-member ENS forecasts initialized, e.g., every 12 h from 216 to 24 h before a given verification time. (b) The em-
pirical cumulative distribution of DI for each of the probability sets shown in (a) based on 10000 cases. (c) The effect of ENS size (number
of members) on the extreme percentiles (95% solid, 99% dashed, and 99.9% dotted) of the DI distribution for the probability set leading

to the jumpiest cases (p_med).

account for the jumpiness seen in the predictions for both
Vicky and Teddy.

A notable feature of several cases is the high probability for
TS activity (FA17) at longer range that is not maintained in
the following forecasts made closer to the observed genesis
time. Peter, Earl, Philippe, and Bonnie all have high probabil-
ity (>65%) at some time five or more days ahead but then
have much lower probabilities for later forecasts. However, in
all these cases, the probability for TC activity (FATC) re-
mains consistently high (well above 65%).

The jumpiest case in this sample is Hurricane Lorenzo.
There is a clear flip-flopping in the FA17 probabilities be-
tween the forecasts started at 0000 UTC and those started at
1200 UTC: The forecasts from 1200 UTC tend to have lower
probability for TS activity than the forecasts from 0000 UTC
made 12 h earlier and later. This suggests some systematic dif-
ference between the analyses for 0000 and 1200 UTC that af-
fects the forecast intensity. Similar flip-flops, though not as
large or long lasting, can be seen in some other cases (e.g.,
Nigel, Paulette).

These cases illustrate a number of different behaviors in
the run-to-run consistency of the forecasts. In the next sec-
tion, we consider some of the factors that may contribute to
these distinctive characteristics.

c¢. Factors affecting forecast jumpiness and skill

In this section, we consider three factors that may affect the
forecast jumpiness results discussed in the previous section.
We look at the effect of ensemble size and the issue of flip-
flops between 0000 and 1200 UTC analysis times and finally
consider the early genesis noted in all results and how this
model bias may affect the results for both jumpiness and skill.
Although a detailed analysis of causes is beyond the scope of
the present study, the aim of this initial assessment is to iden-
tify avenues for further research.

1) THE EFFECT OF ENSEMBLE SIZE

We compute the forecast probabilities as the proportion of
ensemble members that predict TC activity at a given time

and location. How much does the finite ensemble size affect
the jumpiness in these probabilities? In this section, we use a
simple idealized framework to illustrate sampling effects and
show the levels of jumpiness that might be expected in an en-
semble of 50 members.

Figure 4a shows four idealized examples of how the proba-
bility of a TC increases over a set of 17 consecutive forecasts
(such as the sequences of forecasts initialized every 12 h from
216 to 24 h before a given observed genesis time, as used in
this study). For each set of probabilities, we generate an ideal-
ized M-member ensemble by drawing a random sample with
the given probability p at each step (Bernoulli process such
that each member is either 1, representing forecast of genesis
or 0, indicating genesis not forecast) and then compute the DI
for this sequence of 17 ensemble forecasts. We repeat this to
generate 10000 cases and summarize the distribution of DI
over these 10000 cases in Fig. 4b.

The four examples represent different predictability: linear
increase in probability with forecast lead time (p_lin); a high
predictability situation (p_high) in which the genesis event is
forecast with high probability from 5 days ahead; a low pre-
dictability situation (p_low) where there is no signal at longer
range, and medium probability (35%) is reached only around
34 days ahead; and finally an intermediate situation (p_med)
where the signal for genesis is captured with medium probability
more than 7 days ahead, and this level of predictability is main-
tained until the probability increases again closer to the event.

The expected jumpiness for a 50-member ensemble varies
depending on the underlying predictability (Fig. 4b). The low
predictability situation is also the least jumpy of the four ex-
amples—when the probability of the event is low, there is lit-
tle variability in the ensemble probability due to sampling
(i.e., the finite ensemble size) and the jumpiness (DI) is also
low. The intermediate predictability (p_med) situation is the
jumpiest, with expected DI substantially higher than for the
other examples. In general, the sampling effects due to limited
ensemble size are largest for probabilities close to 50%.

We have seen that the jumpiness of the ENS genesis fore-
casts is higher in the central and eastern Atlantic where the
predictability is also higher than in other parts of the basin.
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FIG. 5. ENS forecasts for the genesis of Lorenzo at 1200 UTC 23 Sep 2019. ECMWF ENS forecast tracks (blue) and observed track
(black). Forecast start dates (DT) from 1200 UTC 16 Sep to 0000 UTC 22 Sep 2019 (LT: forecast lead time in hours to observed genesis
time). Colored symbols show forecast intensity (maximum wind speed) at all times within 24 h of the observed genesis time (1200 UTC
21 Sep-1200 UTC 23 Sep); \colors represent the maximum wind speed: yellow (<17 m s '), orange (17-32 m's '), and red (>32 m s ).

Observed genesis location at 1200 UTC 23 Sep marked x, and circle indicates locations within 500-km radius of this location.
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This is consistent with the above results—the low predictabil-
ity (p_low) situation is more typical in the west of the basin,
while the intermediate (p_med) is more representative of the
central and eastern Atlantic. Users should be aware that more
predictable situations are likely to be more jumpy because of
sampling effects from the finite size of the ensemble.

For all four idealized distributions, the maximum DI is less
than 10. In section 4a, we noted that the median DI for the
observed genesis events in the eastern Atlantic was 8.75. This
is much higher than would be expected from any of the ideal-
ized cases considered here. While still high compared to these
idealized results, the median DI in the other parts of the
Atlantic basin (3.5-4) is closer to the values suggested by
these idealized cases.

Figure 4c shows how the ensemble size affects the results
for the probability distribution that gives the jumpiest results
overall (p_med; Fig. 4b). As noted above, for a 50-member en-
semble, the probability of DI > 10 is extremely small. However,
for a 20-member ensemble, the chance of having DI > 10 is not
negligible: We should expect that more than 5% of cases will
have DI > 10. In general sampling, uncertainties will be
larger for smaller ensembles (the proportion of members pre-
dicting genesis will be a less reliable estimate of the true un-
derlying probability) and, therefore, the jumpiness from run
to run will increase and more cases should be expected with
large DI. Conversely, there is a steady decrease in the chances
of high jumpiness as the ensemble size increases from 20 to
100 members: For a 100-member ensemble, the maximum DI
is not likely to be above 5.

Overall, these idealized results suggest that for the ENS
and the set of observed cases considered here, values of DI
greater than 10 are unlikely to be due purely to ensemble
size. The high median value of DI (8.75) for the cases in the
eastern Atlantic suggests there are a substantial number of
cases where factors other than pure sampling contribute to the
jumpiness.

However, it should be noted that if the ensemble is under-
dispersive, the effective ensemble size could be lower than
the nominal 50 members and this could significantly affect
the DI. These idealized results also show that increasing en-
semble size would be expected to reduce overall jumpiness
and improve the overall consistency of the ENS predictions.
This may be important for some decision-making applica-
tions (Jewson et al. 2022) such as deciding when to plan and
initiate evacuation from areas at potential risk (Regnier and
Harr 2006) or rerouting of transportation to avoid adverse
weather (McLay 2008).

2) ANALYSIS IMPACTS —FLIP-FLOP BETWEEN 0000 AND
1200 UTC INITIAL CONDITIONS

The case of Lorenzo demonstrated a marked jumpiness be-
tween the forecasts initialized at 0000 UTC and at 1200 UTC.
Figure 5 shows the forecast tracks for Lorenzo initialized
from 36 to 168 h before the observed genesis time. The circle
indicates locations within 500 km of the observed genesis
location. The potential for TS activity is predicted at all
lead times, and the earliest forecast with high probability was
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FIG. 6. Sensitivity of TC intensity to analysis time in ENS
forecasts for the genesis of Lorenzo at 1200 UTC 23 Sep
2019. Empirical cumulative distribution functions of maximum
wind speed for ENS TC forecasts initialized at 0000 UTC (solid
red line) and at 1200 UTC (dotted blue line) that are within
500 km and 24 h of the observed genesis event of Lorenzo (at
11.1°N, 23.3°W). All forecasts start between 0000 UTC 14 Sep
and 1200 UTC 22 Sep.

initialized 7 days before the observed genesis time (Fig. 3).
Most of the forecast TCs intensify to TS strength very soon af-
ter the track leaves land and moves over the sea off the Afri-
can coast. This is generally earlier than the observed genesis,
consistent with the low probabilities shown in the FG17 curve
in Fig. 3. A notable feature of the forecast probabilities (both
FA17 and FA15) is the long sequence of flip-flops in the prob-
abilities between successive forecasts: The forecasts started
from 0000 UTC have higher probability than those started
12 h earlier and 12 h later at 1200 UTC.

We extracted the maximum wind for each forecast TC posi-
tion within 500 km and 24 h of the observed genesis position
and time of Lorenzo for all ENS forecasts started from 0000
UTC and compared the distribution of these winds with those
from the forecasts started at 1200 UTC. There is a statistically
significant shift toward stronger winds in the forecasts from
0000 UTC analysis times (Fig. 6). This suggests that there is
some systematic difference in the assimilation at 0000 and
1200 UTC that affects the intensification of the forecasts in
this case. One possibility is the analysis over West Africa where
a systematic difference in analysis increments has been identi-
fied in the ECMWF assimilation system (Bormann et al. 2023).
The reasons for this are not yet understood and are the subject
of further investigation.

While some other cases in the same region also have some
flip-flops between 0000 and 1200 UTC initial conditions, this
is not a common occurrence. Therefore, while assimilation
differences may be one factor, it is likely that a combination
of factors may be involved to make the large and significant
impact found in this Lorenzo case. Further evaluation of this
case is beyond the scope of this paper, but the results suggest
that additional investigation into the differences between
0000 and 1200 UTC analyses may be relevant.
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FIG. 7. Locations of TS genesis in forecasts and observations. (a) Forecast genesis: location of the first point
on each forecast track with maximum wind speed > 17 m s~ !; map shows the total number of forecast genesis
events in each 1° X 1° grid box over the full set of forecasts during May-December 2019-23. (b) Observed
TS genesis locations for all 97 observed cases; color indicates the reported maximum wind at genesis time in the

IBTrACS data (ms ™).

3) MODEL BIAS (SYSTEMATIC ERROR)

In many cases that develop from tropical waves over
Africa, the forecast tracks intensified to TS strength before
the observed TS genesis time. The example of Lorenzo above
shows that the forecast tracks often intensified to TS strength
immediately after leaving the African continent and moving
over sea.

To investigate how typical this early intensification is, we
consider all forecast tracks in the 5-yr sample. Figure 7a shows
the location of the first time each forecast track reaches TS
strength, accumulated on a 1° X 1° grid. Figure 7b shows the
observed locations for the equivalent first time that the ob-
served TC is reported as TS. There is a substantial peak in the
number of forecast TCs that intensify to TS strength immedi-
ately after leaving the African coast. In contrast, none of the
observed cases are reported to reach TS intensity east of
20°W. There are fewer forecast TS genesis events in the cen-
tral and western areas (60°-80°W, 10°-20°N). Overall, there is
a shift eastward of the genesis locations in the forecasts.
A similar bias in overforecasting TC genesis was found in
the NCEP GEFS reforecasts, associated with overactivity of
African easterly waves in that system (Li et al. 2016; Wang
et al. 2018).

Overdevelopment of initial wave activity over Africa and
the quick intensification to TS soon after the waves move
over the open sea may also account for some of the high DI
cases shown in Fig. 3. Peter and Philippe were two cases pre-
dicted with high probability at longer lead times, but for both,
the probability for TS intensity dropped at shorter leads. In
each case, the higher probabilities occurred for forecasts ini-
tialized when the wave activity was still over the African con-
tinent, and TS genesis occurred soon after the system left the
coast. In the later forecasts where the forecast TC developed
further to the west, the probabilities for more intense devel-
opments (both FA17 and FA15) were lower.

In summary, there is a tendency in the ENS for TC devel-
opment to occur too quickly in TCs that develop from African
easterly waves and for the intensification to TS to occur soon
after the wave moves over the ocean, often before the TC

reaches 20°W. This may be a cause of the jumpy behavior
seen in some cases.

We hypothesize that this bias is associated with overdevel-
opment of African easterly wave activity in the ENS and iden-
tify this as an important area for future research.

d. Overall skill of TS genesis forecasts

So far, we have focused on the results for observed TS gen-
esis events. Although these results show the performance for
hits and misses of observed events, they do not take account
of false alarms in the forecasts.

To assess the overall performance of the ENS genesis prob-
ability forecasts, we now include all forecast tracks, including
those false alarm cases where a TS did not actually occur. For
each case, and at each grid point, the forecast is the probabil-
ity that a TS genesis event will occur within 500 km and be-
tween 24 and 216 h ahead.

Figure 8 shows the Brier skill score [B, Eq. (4)] of these
ENS forecasts of TS genesis. This shows that there is skill in
some areas. The highest skill is in the eastern Atlantic, consis-
tent with the regions where genesis was found to be more pre-
dictable at longer lead for the observed cases (Fig. 2).
Although Brier skill score (BSS) is lower in more western
areas, there are still some regions with positive skill. The low
overall skill is consistent with the findings in the earlier sec-
tions that FG17 skill is limited because of the tendency in the
ENS to predict TS genesis earlier than observed.

Figure 9a shows the reliability diagram for the TS genesis
forecasts; the ENS probabilities are grouped into 10% proba-
bility intervals and accumulated over all grid points and over
the full 5-yr sample. The curve is below the diagonal, indicat-
ing that the genesis forecasts are overconfident and lack reli-
ability. While this can be a result of lack of spread in the
ensemble, it is also consistent with our results that the ENS
tends to predict TS genesis earlier than observed. A similar
overconfidence is also found in the operational ECMWF
verification of TC activity (Haiden et al. 2023) and in corre-
sponding TC activity forecasts from other ensemble systems
(Magnusson et al. 2021).
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500 km of each grid point during the forecast, between 24- and 216-h lead time; score computed over all forecasts in a

S-yr sample (2019-23).

The positive slope of the reliability curve shows that, while
lacking reliability, the forecasts do have some resolution: the
ability to distinguish between more and less likely genesis
events. This discrimination ability is confirmed in Fig. 9b
which shows the ROC diagram for the genesis forecasts. In the
ROC computation, all possible forecast probabilities are con-
sidered (Ben Bouallégue and Richardson 2022). In Fig. 9b, the
ROC for all grid points is compared with the corresponding
ROC curves for three subregions: The skill is greater in the
eastern Atlantic (east of 60°W and south of 30°N) and lower in
the western (west of 60°W and south of 30°N) and northern
(north of 30°N) areas. This confirms the regional differences in
skill noted in the evaluation of the observed cases (Fig. 2). Al-
though the reliability diagrams for the subareas are more noisy
due to the smaller sample size in each subarea, they also indi-
cate better performance for the eastern region and lowest reli-
ability in the northern region.

To highlight the false alarms as a proportion of the genesis
forecasts, the skill of the genesis forecasts for the low, me-
dium, and high probability thresholds in the eastern and west-
ern regions is shown on a performance diagram in Fig. 9c. As
for the reliability diagram and ROC, Fig. 9c shows a substan-
tial difference in performance between eastern and western
areas, especially for the low and medium probabilities, with
substantially better hit rate for a similar false alarm ratio. As
for the other performance measures, the northern region has
the poorest performance (not shown).

Figure 9d shows the ROC curves for the FG17 forecasts for
days 3, 5, and 7 (72, 120, and 168 h in gray) together with the
overall ROC (same as in Fig. 9b). The discrimination skill de-
creases at longer lead, although there is still substantial dis-
crimination ability at 168 h. The overall ROC (for genesis
between 24 and 216 h) lies between the curves for 120 and

168 h, suggesting the overall results are reasonably indicative
of the medium-range performance.

The results in this section have been based on the compari-
son of the forecast and observed genesis of tropical storms,
defined as the first point on forecast or observed track with
wind speed of 17 m s~ . To investigate the sensitivity of the
results to the forecast wind speed threshold, we recomputed
the ROC results using alternative forecast wind speed thresh-
olds of 8, 15, and 19 m s, all verified against the operational
genesis of TS (17 m s !). We found that the results are rela-
tively insensitive to small changes (2 m s~ !) in the forecast
wind speed threshold, but a large reduction in the forecast
threshold (to 8 m s~ ') substantially reduces the forecast skill.
This section has focused on whether TS genesis will occur at
some point during the forecast, and this may be why these re-
sults are not too sensitive to the wind threshold—a given
threshold will likely be exceeded as the tropical cyclone inten-
sifies during the forecast. A more detailed investigation of the
definition of genesis in the forecast and the effect on forecast
skill will be a topic for future research.

5. Conclusions

We have investigated the ability of the ECMWF ensemble
forecasts ENS to predict the genesis of tropical cyclones in
the Atlantic basin up to 10 days ahead. We compared the
ENS operational TC track forecasts to observed tracks from
the IBTrACS archive for all named tropical storms for the
5 years 2019-23. We focused on the probabilistic perfor-
mance of the ENS rather than the evaluation of determinis-
tic forecasts that has been more typically the subject of
previous studies.

Defining a genesis event as the first time the TC reached
tropical storm strength (winds at least 17 m s~ '), the ENS
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FI1G. 9. Evaluation of ENS forecasts of TS genesis to occur between 24- and 216-h lead time; scores computed over

all forecasts in a 5-yr sample (2019-23). (a) Reliability diagram, results accumulated over all grid points; (b) ROC dia-
gram for all grid points (solid red) and for western (orange dashed), eastern (blue dash—dotted), and northern (dotted
green) subregions (see text for details); (c) performance diagram for eastern (E) and western (W) regions and for the
low (L), medium (M), and high (H) probability thresholds (first letter indicates region and second letter indicates the
probability threshold), gray diagonal lines show bias, and gray curved lines show threat score; (d) ROC diagram compar-

ing overall results [all, solid red, same as in (b)] with FG17 forecasts of TS genesis at lead times of 72, 120, and 168 h.

probability forecasts (FG17; Table 1) of the observed genesis
events had relatively low skill with only 20% of the observed
cases predicted with medium or high probability (probability
35% or more) more than 72 h ahead. In many cases, the forecast
track reached TS strength more than 24 h before the observed
TS genesis time. Allowing for this early genesis in the forecasts
increased the forecast probabilities (FA17; Table 1) for the ob-
served event.

In part, this may reflect differences between the IBTrACS
reports and the ECMWF TC tracker—the ECMWEF tracker
tends to pick up the TC at an earlier stage than the official
designation as a TC. Differences in feature identification be-
tween different TC trackers can have a significant impact on

the number of TCs identified by a forecast model (Conroy et al.
2023), and there is currently no generally agreed best practice
for the definition and evaluation of TC genesis (Dunion et al.
2023).

We also found substantial geographical variation in the perfor-
mance of the ENS probabilities: Observed genesis events were
predicted 2-3 days earlier in the central and eastern Atlantic
than in other parts of the basin. The regional differences may be
associated with intrinsic differences in predictability in different
tropical cyclogenesis pathways (McTaggart-Cowan et al. 2013,
2008; Wang et al. 2018). Investigation of the ENS skill and
jumpiness in the different pathways is an area of future

research.
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We assessed the run-to-run consistency of the ENS proba-
bilities of genesis using the divergence index (DI) (Richardson
et al. 2020, 2024). The DI also varied between different re-
gions, with the jumpiest cases being in the central and eastern
Atlantic. The median DI here was more than twice that was
found in the western and northern parts of the basin. The
most jumpy cases occurred in different years but almost always
in late August or September. In most of these cases, the jumpi-
ness depended on the forecast intensity: The forecasts were
consistent in predicting the existence of the TC, but the proba-
bility for the TC to be at tropical storm strength varied from
run to run.

Understanding the causes of jumpiness is important to in-
form both users and model developers. Forecast jumpiness is
a measure of the internal consistency of the forecasting
system. Although we used the observed genesis events as ref-
erence, the computation of DI does not depend on the obser-
vations. Hence, the results for jumpiness are not directly
affected by the differences between the model and observed
definitions of genesis discussed above. Examining the issues
affecting jumpiness can therefore help to identify potential
weakness in the modeling system. Based on consideration of
the most jumpy cases in our sample, we considered a number
of factors that could affect the ENS jumpiness in predicting
TC genesis.

One possible cause of large jumpiness is the sampling un-
certainty associated with the limited ensemble size. We found
that the DI for the most jumpy cases is significantly higher
than should be expected for a well-constructed 50-member
ensemble. However, jumpiness is sensitive to ensemble size,
and the highest values of DI found in our results may occur
for ensembles with around 20 members. While ENS track
forecasts are well calibrated, the forecast intensity is overall
underdispersive (Haiden et al. 2023), and in some situations,
this may reduce the effective ensemble size, contributing to
increased jumpiness. In certain situations with intrinsically
low predictability, there may be particular sensitivity to en-
semble size and substantially more than 50 members may
be needed to properly represent the underlying distribution
(Leutbecher 2019; Craig et al. 2022; Kondo and Miyoshi
2019). This may be important in some genesis situations
involving complex interactions between waves, where the
ENS showed large jumpiness.

In some cases, there was a notable sequence of flip-flops be-
tween the forecasts started from 0000 to 1200 UTC analyses.
Lorenzo was a particularly strong example, and for this case,
we found a significant difference between the forecast maxi-
mum winds associated with the TCs initialized at the two anal-
ysis times, with higher winds from the 0000 UTC analysis. We
hypothesize that this may be associated with a known systematic
difference in analysis increments at 0000 and 1200 UTC over
West Africa in the ECMWEF assimilation system (Bormann et al.
2023). However, this flip-flop behavior was not a common
feature across cases, suggesting that a combination of factors
in addition to the analysis differences may be involved to
make the large and significant impact found in this case. This
is an area requiring further investigation.
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A significant difference between the observed and forecast
TS genesis is that the ENS TC tracks tend to intensify to TS
strength earlier than the observed TS genesis event. ENS
tracks that develop from African easterly waves often reach
TS soon after the wave moves over the ocean, often before
the TC reaches 20°W. This may be a cause of the jumpy be-
havior seen in some cases (e.g., Peter and Philippe) where
earlier forecasts had high probability for TS development,
while later forecasts that were initialized after the disturbance
moved over the ocean had lower probability. The association
with jumpy behavior lends weight to this being a systematic
error in the forecasting system and not just an artifact of the
differences between forecast and observed genesis identifica-
tion methods. We hypothesize that this bias is associated with
overdevelopment of African easterly wave activity in the ENS
and identify this as an important area for future research.

Finally, we provided a baseline evaluation of the skill of the
ENS TS genesis forecasts including all forecasts from the 5-yr
sample to take account of both hits and false alarms. Overall,
forecasts were overconfident but showed good discrimination
ability, with higher skill in the east of the basin (particularly
for low to medium probabilities) consistent with the results
for the observed genesis cases. The ECMWF forecasting sys-
tem is typically upgraded annually, and some of these changes
affect the tropical cyclone performance, for example, the in-
crease in ensemble resolution in 2023 (Haiden et al. 2023).
Given that TS genesis is a relatively rare event, skill evalua-
tion generally needs to be carried out over a sample of several
seasons, inevitably covering a number of different model ver-
sions (Leonardo and Colle 2021). We found cases of large
jumpiness in each year of our sample, and this suggests that
the underlying causes still need to be addressed. The overall
results can be seen as a general assessment of recent model
performance and provide a benchmark against which to eval-
uate future model developments.
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