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Abstract. High-impact weather occurring during periods of low forecast skill can lead to severe socio-economic consequences.
This study examines the predictability of the causal chain of events leading to the formation of Medicane Daniel and its
associated flooding impacts over Greece on 5 September and Northeast Libya on 10-11 September 2023. Daniel’s formation
was preceded by Hurricane Franklin’s extratropical transition over the North Atlantic on 1 September 2023, the development
of an Omega-type block over central Europe on 3 September 2023, and the detachment of a PV streamer over the eastern
Mediterranean which led to Daniel’s formation as a cut-off low on 5 September 2023. Using a novel block error metric,
we investigate the predictability of these events using operational ECMWF and Met Office ensemble forecasts and ERAS
reanalysis.

Ensemble sensitivity analysis identifies Franklin’s location as a leading source of downstream uncertainty. Accurate predic-
tion of Franklin’s track was critical for developing an upper-level ridge and European blocking. In ensemble members that
best represented the European block, Franklin remained anchored to a downstream ridge, excited a Rossby wave packet over
Europe, and initiated a wave breaking event that produced the cut-off leading to the development of Storm Daniel. Two distinct
high error recurvature scenarios are identified across the forecasting systems, both of which lead to poor representation of
blocking and subsequently to no Mediterranean cyclone development. The strength of Franklin’s interaction with the midlat-
itude flow, and therefore the downstream impact of extratropical transition, is highly sensitive to small track errors at short
forecast lead times. Together, these results demonstrate how small upstream errors can contribute to poor predictability of
high-impact weather, reinforcing the need for improved representation of the physical processes that take place during tropi-

cal-extratropical interactions in operational forecasting to better protect vulnerable regions from impactful weather events.

1 Introduction

In early September 2023, a period of high-impact weather (HIW) affected Europe and the Mediterranean. A Mediterranean

cyclone, Storm Daniel, formed near Greece on 5 September bringing persistent heavy rainfall and severe flooding to Greece and
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Bulgaria (Hewson et al., 2024; Flaounas et al., 2025). Daniel then meandered south and east towards Libya whilst intensifying
and developing a characteristic medicane structure (Hewson et al., 2024) before making landfall, leading to further intense
rainfall and catastrophic flooding in Derna. Daniel’s development was preceded by a Rossby wave-breaking (RWB) event over
Europe, which from 5 September onwards led to a persistent Omega blocking pattern over Central Europe, with Daniel on its
eastern flank. The development of storm Daniel, together with the Omega block to the west, was associated with a period of
substantially reduced forecast skill in ECMWF ensemble forecasts (Hewson et al., 2024; Flaounas et al., 2025).

Further upstream and preceding the development of the blocking pattern, Hurricane Franklin started developing from a
monsoon trough over the tropical Atlantic as early as 17 August, being declared a hurricane at 1200 UTC 26 August (Beven,
2024). Franklin underwent extratropical transition (ET) in the North Atlantic at around 1800 UTC 1 September as it recurved
into the midlatitudes (Beven, 2024), providing a potential source of dynamical influence on the downstream flow over Europe.
ECMWEF forecasts initialized before Franklin’s ET exhibited substantial uncertainty over Europe, highlighting the challenges of
forecasting a case of low predictability (Hewson et al., 2024). This case presents an opportunity to investigate how uncertainties
associated with a recurving tropical cyclone propagate downstream and influence the development of blocking and HIW over
Europe.

Tropical cyclones (TCs) often recurve into the midlatitudes and interact strongly with the large-scale flow, leading to signif-
icant downstream impacts (Reimer et al., 2008; Anwender et al., 2010; Archambault et al., 2013, 2015; Grams and Blumer,
2015). Despite substantial case-to-case and basin variability of extratropical transitions (ET) (Keller et al., 2019), many such
systems evolve from warm-core TCs into cold-core, asymmetric cyclones that develop frontal structures and may persist or
re-intensify (Klein et al., 2000; Grams and Archambault, 2016). These interactions are also a major source of uncertainty in
numerical weather prediction (NWP) over the midlatitudes (Keller et al., 2019; Grams and Blumer, 2015; Harr and Archam-
bault, 2016; Quinting and Jones, 2016), mainly due to the highly non-linear interaction between the TC and the midlatitude
flow (Ritchie and Elsberry, 2007). In particular, the phasing between the TC and an upstream trough determines whether the
interaction leads to reintensification or decay, thus shaping downstream impact pathways (Ritchie and Elsberry, 2007; Grams
et al., 2013a; Keller et al., 2014). This phasing depends on the depth of the trough and its relative position to the TC (Riemer
and Jones, 2010), while unfavorable configurations, such as a trough located north-east of the TC, can inhibit reintensification
and prevent strong midlatitude impacts (Harr et al., 2000; Grams et al., 2013b). Error in the representation of this phasing, par-
ticularly cyclone track during ET, can therefore strongly impact predicted interaction strength and downstream flow evolution
(Ritchie and Elsberry, 2007; Torn and Hakim, 2009; Grams et al., 2013a).

Transitioning TCs transport warm, moist air polewards and so often exhibit strong heating rates (Grams et al., 2011; Ar-
chambault et al., 2015). Diabatic processes play a central role in jet streak formation, downstream ridge amplification, and
Rossby wave evolution during ET (Archambault et al., 2015; Grams and Blumer, 2015). The advection of upper-level neg-
ative PV anomalies, generated and maintained by latent heating near developing warm fronts or remanent TC convection,
can promote ridge amplification (Quinting and Jones, 2016; Grams and Archambault, 2016) and accelerate jet streaks (Grams
and Archambault, 2016). Strong divergent outflow and sustained convection during ET can further anchor and amplify the

downstream ridge, exciting pre-existing Rossby wave packets (RWPs) (Archambault et al., 2015; Keller et al., 2019), while
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latent heating leading to low-PV injection into the upper troposphere contribute to ridge amplification and block development
(Steinfeld and Pfahl, 2019). However, the representation of these diabatic processes is highly sensitive to model parametriza-
tion schemes, which control the magnitude and location of latent heating maxima and divergent outflow (Joos and Forbes,
2016). The representation of latent heating depends strongly on model physics choices (Joos and Forbes, 2016; Maddison
et al., 2020), introducing substantial uncertainty in the location and intensity of maximum diabatic heating. Such processes are
well known to affect downstream forecast skill, including in warm conveyor belts (Joos and Wernli, 2012; Oertel et al., 2019)
and mesoscale convective systems (Rodwell et al., 2013; Clarke et al., 2019; Lojko et al., 2022). Previous studies have shown
that moist processes during ET can significantly amplify downstream forecast errors, highlighting the importance of diabatic
heating in downstream predictability (Reimer et al., 2008; Grams and Blumer, 2015; Grams and Archambault, 2016).

Although the effects of recurving TCs in the midlatitudes have been studied extensively over the last two decades, most re-
search has been focused on TCs in the West Pacific and consequent impacts on the midlatitude flow over the U.S. (Keller et al.,
2019). Few systematic studies of North Atlantic ETs and their downstream impacts have been conducted, limiting understand-
ing of their typical influence on downstream flow variability and predictability over Europe. Of these studies, notable cases
are outlined here. Hurricane Hannah recurved into the North Atlantic during September 2008 and resulted in poor downstream
predictability over Europe. Hannah developed into a mature extratropical cyclone and was associated with the elongation of a
downstream PV streamer and subsequent cut-off low over the Mediterranean leading to the genesis of a Mediterranean cyclone
(Grams et al., 2011). They conclude that diabatic production of PV impacted downstream ridging and positioning of HIW over
Europe. Hurricane Katia, underwent ET in the North Atlantic during September 2011 and developed into a mature extratropical
cyclone, leading to upper-level ridge building and the formation of a downstream PV streamer that resulted in severe convective
storms over Europe (Grams and Blumer, 2015). In model simulations with Katia removed through PV inversion, no trough
filamentation is observed and therefore no HIW, attributing ET to downstream impact (Grams and Blumer, 2015; Keller et al.,
2019). These cases highlight the importance of ET and the potential impacts of recurving tropical on forecast skill and HIW
over Europe.

Other impactful TC transition events have been studied, with Grams et al. (2011) and Keller et al. (2014) concluding that
Pacific ET cases are a cause of RWP excitations and ridging over western North America, leading to cold air outbreaks on
the eastern side of the block. Hoskins and Berrisford (1988) indicate that ET of Hurricane Floyd influenced the downstream
development of a devastating extratropical cyclone that impacted Southern England. These studies, in conjunction with the
few case studies of recurving North-Atlantic TCs mentioned prior (Grams et al., 2011; Grams and Blumer, 2015) highlight the
importance of understanding the impacts of such events. Climatological studies have been unable to clearly attribute RWB to
ET in the North Atlantic, as the shorter, weaker Atlantic jet is inherently more prone to RWB than its North Pacific counterpart
(Keller et al., 2019). Further, Grams and Archambault (2016) note that much of the research in the field has sought to observe
and understand the dynamics of ET and downstream ridge building. They outline the need for systematic investigation of the
link between HIW and an upstream cyclone that undergoes ET, and acknowledge that very few studies have been able to
attribute HIW to ET (Grams and Blumer, 2015).
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In this study, we investigate how uncertainty associated with the ET of Hurricane Franklin influences the predictability of
downstream blocking and HIW over Europe. this case provides a valuable test case in which small upstream uncertainties
may propagate through the large-scale flow and strongly affect downstream evolution, including the development of the high-
impact Mediterranean cyclone Daniel. Using ECMWF and Met Office global operational forecasts, we examine how variability
in Franklin’s recurvature and ET modifies forecast skill across the North Atlantic—European sector. The central questions
addressed in this study are: (i) how uncertainties in the representation of Franklin’s ET influence the development of large-
scale blocking, and (ii) how these uncertainties propagate downstream and affect the forecast skill of HIW over Europe and the
Mediterranean.

The paper is structured as follows. Section 2 provides a synoptic overview of the event. Section 3 describes the data and
methodologies used, including the predictability diagnostics and sensitivity framework. Section 4 presents the results, including
analyses of predictability, ensemble sensitivity, and Franklin’s evolution during transition. Finally, Sections 5 and 6 discuss the

implications of the results and summarise the main conclusions.

2 Synpotic Overview

At 0000 UTC 1 September 2023, TC Franklin is situated in the West Atlantic with a central pressure of 975 hPa (Beven, 2024),
to the south of a strong jet streak associated with a trough near Newfoundland (Figure 1a) with a weak, meandering jet structure
evident over Europe. Franklin underwent an extratropical transition (ET) at 1800 UTC 1 September 2023 (Beven, 2024) and
then deepened slightly (-3 hPa through the 2 September). By 0000 UTC on 3 September (Figure 1b), Franklin had moved
north-eastward and was located in the mid-Atlantic, south of a strengthened jet streak. A cut-off low formed near Iberia, south

of an intensifying ridge, immediately downstream of Franklin.

(a) 0000 UTC 01 Sep 2023 (b) 0000 UTC 03 Sep 2023 (c) 0000 UTC 05 Sep 2023 807
IBTrACS Franklin — - E > > ik < - —— B

:*

~
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w ()]
o o
250 hPa wind speed ms

N
o

Figure 1. Synoptic evolution at 0000 UTC on 1 (a), 3 (b) and 5 (c) September 2023: 500hPa geopotential height (grey contours), the
potential vorticity on the 320K surface (red contour at 2PVU and red shading > 2PVU) and 250 hPa wind speed (blue shading). Annotations
the position of Franklin (star), the Omega Block (B) and Storm Daniel (D). Data from ERAS.

By 0000 UTC 5 September (Figure 1c), Franklin had weakened and moved south-eastward, merging with the cut-off low near
Iberia and an Omega block (labelled B in Figure 1c) developed over Central Europe. East of the block, an arm of the jet plunged

southwards across eastern Europe, associated with a filamented PV streamer evident in the 2PVU contour (Figure 1c). A trough
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over the eastern Mediterranean deepened significantly and was coupled with a surface cyclone, which caused extensive flooding
in the region and was named Storm Daniel (labelled D in Figure 1c) later that day.

This detached upper-level PV anomaly remained stationary in the Eastern Mediterranean and was unusually far south for
such a feature. In ECMWF ensemble forecasts, an extreme rainfall event for Greece was detected by an increasing num-
ber of members in forecasts initialized between 30 August and 1 September (Flaounas et al., 2025). The predictability of
Daniel’s initial development was poor for lead times greater than 96 h (forecast initialized before 0000 UTC on September
1) (Flaounas et al., 2025), consistent with the predictability characteristics of Mediterranean cyclones (Muzio et al., 2019).
Hurricane Franklin interacted with the waveguide on 1 September, and given that only the ECMWF forecasts initialized from
1 September onwards accurately predicted block onset (Hewson et al., 2024), we hypothesise that this was likely a barrier to

predictability of block amplitude in the Eastern Mediterranean.

3 Data and Methods
3.1 Data

To evaluate the model forecasts we use the fifth-generation European Re-Analysis (ERAS) Hersbach et al. 2020. The data is
available on a horizontal grid of approximately 0.25° resolution. ERAS is used as a reference dataset for evaluating forecast
behaviour and associated large-scale structures. We regrid ERAS data to (0.5°) resolution and use this as a reference to assess
the predictability of the Omega block and Storm Daniel.

Ensemble forecast data from the ECMWF Ensemble Prediction System (EPS) and the global ensemble from the Met Office
Global and Regional Ensemble Prediction System (MOGREPS-G) are obtained from the TIGGE archive (Swinbank et al.,
2016). The ECMWF EPS consists of 51 members and has a 9km horizontal resolution and 137 vertical levels, consistent
with the Cycle 48r1 physics configuration, including 4D-Var and singular vector ensemble perturbation schemes operational
from June 2023 (Hewson et al., 2024). MOGREPS-G consists of 18 members and has a N640 horizontal resolution (=~ 20km)
and 70 vertical levels, with and physics schemes from the GA/L7.0 configuration (Walters et al., 2019) including 4D-Var and
stochastic physics perturbations (Inverarity et al., 2023; Sanchez et al., 2016). Data retrieved from the TIGGE archive has 0.5°
resolution. For this case study, daily forecasts initialized at 0000 UTC of 500 hPa geopotential height (Z500) and potential
vorticity on the 320 K isentropic surface (PV320) are used. PV320 is also analysed alongside the 2 PVU contour to represent
the dynamical tropopause. Additional TIGGE variables used include mean sea-level pressure (MSLP), total precipitation, and
horizontal wind components at 200-300 hPa, analysed for individual ensemble members over the same period.

Track data for Hurricane Franklin are taken from the International Best Track Archive for Climate Stewardship (IBTrACS)
project (Knapp et al., 2010), which provides cyclone tracks at 3-hourly intervals, including both the tropical and extratropical
phases. These post-event best track data are reconstructed using all available observations, and include information on storm
position, intensity (minimum pressure and maximum wind speed), and storm type. IBTrACS combines contributions from
forecasting centres in each ocean basin. For North Atlantic storms such as Franklin, the National Hurricane Center provides

the best track data (Knapp et al., 2010).
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3.2 Methods
3.2.1 Block Detection

The blocking index used to identify atmospheric blocks follows the methodology of Suitters et al. (2023). Unlike traditional
absolute field reversal techniques (Woollings et al., 2018), this index is based on anomalies, defining blocked grid points as
large positive Z500 deviations from the zonal mean. The monthly mean climatology is removed to account for the influence of
stationary Rossby wave patterns, which are especially prevalent during boreal winter (Suitters et al., 2023). Unlike many other
detection methods, this Z500 anomaly—based approach imposes no persistence requirement (Woollings et al., 2018), allowing
instantaneous Z500 errors to be quantified at the time of block onset, despite the block itself being a persistent feature. Z500

anomalies are defined as
Z;()‘v(;sat):Z*(Avgﬁat)*?*(Aﬂﬁ), (1)

where Z, (), ¢,t) is the instantaneous Z500 anomaly from the instantaneous zonal mean, and Z, (A, ¢) is the climatological
monthly anomaly (1979-2021) from the climatological monthly zonal mean Z500, where a 3-month smoothing has been
applied to each month’s anomaly field. This climatology has been constructed by Suitters et al. (2023) using ERAS data from
1979-2021. For this case study, an instantaneous blocked grid point is defined where Z; > 100 m. This is sufficiently large to

avoid detection of weaker, transient anomalies and retain only points associated with the target block.
3.2.2 Block Error Metrics

The Z ALO error metric, an extension of work by Suitters (2024) and is similar to SAL derived by Wernli et al. (2008) for
use in forecast verification of precipitation, and PAL derived by Madonna et al. (2015) for use in forecast verification of PV

anomalies in warm conveyor belt outflow and is defined as

ZALO =72+ A2 + L2 + O2. 2)

Z ALO is initially used to quantify the accuracy of block intensity (Z), area (A), location (L) and shape (O) in ensemble
members. Z quantifies the normalised, instantaneous intensity error in the sum of Z ; over a block area in an ensemble member

compared to the sum of Z; over the block area in reanalysis such that,

A A '

_ Z Z*fct (t) - Z Z*analysis (t)
A A 5

Z Z*fct (t) + Z Z*analysis (t)

Similarly, A is the error in the block area, normalized by the sum of the blocked area in an ensemble member and the

: 3)

reanalysis. A can exceed one as blocks in ensemble members can be larger than in reanalysis, though is restricted within a sub-

domain spanning 40W to 40E and 40N to 65N (shown in Figure 1c), centred around the Omega block over Central Europe.
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L represents the great circle distance between the centres of mass of the blocked region in a given ensemble member, and
that of the block in the reanalysis, normalized by the great circle distance of the diagonal of the region in which we look for
blocked grid points, shown in Figure 1c. O is defined as 1 — Oy, where Oy is the fraction of the block area in the analysis
that is overlapped by a block in a given ensemble member. O is a novel addition to the metric, used to detect blocks in the
ensemble with shapes similar to those in reanalysis. This is important as the shape of the block is linked to the amplitude of the
wave-breaking event and therefore the position of the cut-off associated with Daniel. Large O implies high error, in alignment
with the other block error metrics. A Z ALO of zero therefore represents a block that matches exactly the reanalysis in all four

of these characteristic error terms within the domain of interest.
3.2.3 Tracking Franklin

A cyclone tracking algorithm was applied to the MSLP field to track Franklin’s centre across successive time steps in ensemble
members and in reanalysis. For each member, the zonal MSLP anomaly was calculated. The resulting anomaly field highlights
synoptic-scale minima associated with cyclones. A light Gaussian smoothing of the anomaly field is applied and the cyclone
centre is found as local minima within a 4° x 4° spatial search window centred on the previous cyclone position, thereby
enforcing temporal continuity. To improve robustness, candidate cyclone centre locations were evaluated by finding points that
minimise the following parameters: MSLP anomaly, great circle distance between the new position and previous position, and
local curvature of the MSLP field, estimated using the discretised second derivative of the pressure field to favour well-defined
lows. The optimal cyclone position was selected within a cluster of candidate points surrounding the anomaly minimum. This
approach provides a dynamically consistent estimate of the position of the cyclone while reducing sensitivity to noise, frontal

structures, and competing pressure features.
3.2.4 Ensemble Sensitivity Analysis

The method used to calculate the upstream sensitivity is analogous to the methods used by Maddison et al. (2019). Here, J
denotes the response function (Z A LO) which is calculated for the 50 perturbed members of the ECMWF EPS and 17 perturbed
members of MOGREPS-G. For all forecasts used, the time for which J is calculated is kept constant at 0000 UTC 5 September
2023, when the developing block becomes an established feature over Central and Northern Europe (defined as block onset)

and the PV streamer develops over Eastern Europe. The sensitivity (S) at each grid point is calculated as

S=mxo;Xa, “4)

where m approximates the slope coefficient as

_cov(z,J) (6]
e _ (37 ’

var(x)
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and x = X — 7 is the difference between the precursor field (X') and the ensemble mean () at each grid point, and o, is the
standard deviation of the precursor field at each grid point. « acts as a correction factor, filtering out sensitivity at grid points

with weaker correlations (assuming linearity between the precursor and response function) and is defined as

_ 02 2
a=1, ifre>re .
) ©)
_ _r : 2 2
o=z, ifre <rs ..

min

2

where 72 is the coefficient of determination of the linear regression and rZ ,, is the minimum value for which the raw

sensitivity is retained at each grid point. For this case study, r2 ;. is chosen to be 0.15 to retain only reliable sensitivities, as has
been used in sensitivity studies of the midlatitudes (Maddison et al., 2019). In this case, the sensitivities have the same units
as the response function and can be interpreted as the change in response function due to a one standard deviation change in
the precursor field. The multiplication of sensitivity by the standard deviation of the precursor field accounts for the change in

variance of the ensemble with latitude, preventing misleading sensitivity signals at latitudes where the variance is small.

4 Results
4.1 Predictability of Wave Breaking over Europe

This section examines the predictability of block onset prior to the formation of Storm Daniel. Based on preliminary predi-
cability analyses by Hewson et al. (2024) and Flaounas et al. (2025), we hypothesize that the onset of the block was poorly
forecast, as was the development of the streamer associated with Storm Daniel, since both features are manifestations of the
same Rossby wave-breaking (RWB) event. We assess the predictability of these systems using block error metrics, ensemble

spread and ensemble-mean error.
4.1.1 Quantifying Predictability of Omega Block Onset

Figure 2 shows the evolution of ZALQO and each of its components at the time of the block onset (0000 UTC 5 September
2023) with decreasing lead time. The error in block intensity, Z, varies the least with decreasing lead time (Figure 2a), with the
ECMWF EPS and MOGREPS-G under and over predicting block intensity at long lead times, a desired characteristic of the
ensemble systems (Figure 2b). Block area, A, is under predicted at lead times greater than 120 h by almost all members across
both forecasting systems. Block location error, L, is generally small but decreases substantially between lead times of 168 and
120 h (Figure 2c¢). For O (Figure 2d) the lead times with the maximum error convergence rate are clear with a sharp decrease in
error between the lead times of 144 and 96 h, indicative of members predicting blocking within the blocked region identified in
ERAS between these forecasts. In the combined Z ALO metric (Figure 2e), the best and worst blocks are effectively separated.
At lead times greater than 144 h, error and spread is large across all metrics indicative of little or no skill in the prediction of
block onset. Between 144 and 120 h lead times, mean error drops significantly, indicative of a predictability barrier (consistent

with findings from Flaounas et al. (2025)), before slowly converging as lead time decreases.
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Figure 2. Block error metrics as a function of lead time to block onset (0000 UTC 5 September 2023) for both the ECMWF EPS (green) and
MOGREPS-G (blue). At long lead times, ensemble members with no blocks within the detection region have been removed. Boxes denote
the inter-quartile range (1 Q R), whiskers show Q1 —1.5x IQR and Q3+ 1.5 x IQ R and flier points lie outside of the whiskers. The vertical,

dashed line at T+120 h denotes the forecast chosen as the focus of the paper.

Although block error convergence rates in the ECMWF and Met Office ensembles are broadly similar at most lead times,
there are some distinct differences. At 120 h, the Met Office ensemble performs slightly better than the ECMWF across all error

metrics, exhibiting both reduced spread and lower ensemble mean error. Conversely, at 96 h the ECMWF performs better, with
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smaller spread and lower ensemble mean error than in the Met Office forecast. The differences between forecasting systems is
especially evident in the combined metric, ZALO in Figure 2e.

All error metrics show the most rapid error convergence between lead times of 144 and 96 h, corresponding to forecasts
initialized at 0000 UTC on 30 August and 1 September, respectively. The remainder of this section therefore focuses on the
forecasts initialized at 0000 UTC on 31 August to ascertain the cause of increased forecast skill, denoted by the vertical line
in Figure 2. To understand the ZALO error and the development of the Omega block, the Hovmoller of spread and mean
error of Z500 for the 0000 UTC cycle on 31 August (T+120 in Figure 2) are shown in Figure 3 for the latitude band of 45-
55 N. In Figure 3, Franklin’s position coincides with a region of high ensemble spread on 2 September in both forecasting
systems, starting at 50 W as Franklin enters the latitude band. Through time, Franklin moves eastward, with an increase in
forward speed occurring on 1 September (at the time of ET). The ensemble longitudes of Franklin are also shown in Figure 3
and highlight significant uncertainty in the east-west position of Franklin. In the ECMWF forecast, most ensemble members
position Franklin too far to the west, with only a small number of ensemble members predicting an increase in eastward
propagation of the cyclone as is seen in IBTrACS. In the Met Office forecast, a larger proportion of members position Franklin
close to IBTrACS at short lead times, with the analysis lying well within the ensemble on the 3 September. A systematic
and known slow TC propagation bias is observed in the ECMWEF EPS (Magnusson et al., 2021), a characteristic not seen in
MOGREPS-G.

Looking downstream, a region of enhanced ensemble spread in Z500 emerges in both the ECMWF and Met Office forecasts
on 4 September, centred along 20E (Figure 3a,c). This region of high spread persists during and after block onset and is
associated with an under-prediction of Z500 by the ensemble mean (Figure 3b,d). Comparing the ensemble mean position of
the Z500 maximum in this forecast to that in ERAS5, members in both forecasting systems tend to position the block centre too
far to the west, with significant uncertainty regarding its eastward extent.

These features indicate substantial uncertainty in the timing of block onset and the intensity of the developing block on 5
September (at a lead time of 120 h). From the 5 September, near 50°E, both forecasts exhibit a region of positive ensemble
mean error and increased ensemble spread, consistent with downstream error propagation. This behaviour is likely associated
with uncertainty in the amplitude and position of the European block and the downstream cut-off low associated with Storm
Daniel.

Figure 4 is the same as Figure 3 but for the latitude band 35-45 N which covers Franklin, the cut-off low over Iberia,
the southernmost part of the block and, notably, Storm Daniel. In both ECMWF and Met Office forecasts, the uncertainty
associated with Franklin’s position is observed. The uncertainty associated with the retrogression of the cut-off low near Iberia
can be seen in a tongue of increased ensemble spread, starting on 2 September and moving westward (Figure 4a,c). Ensemble
spread and the under-prediction of block intensity by the ensemble mean are reduced in this latitude band, indicative of block
onset being more certain, but uncertainty in its northward extent and its shape remain, as seen in the higher latitude band.

Ensemble spread and mean error associated with Storm Daniel are observed in both forecasting systems. Figure 4a,c show
that a region of high spread exists around 20E, close to the ensemble mean position of Storm Daniel. The ensembles were not

predicting a low as deep or as far west as is observed in reanalysis, also shown by an over-prediction of Z500 by the ensemble
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Figure 3. Hovmoller-type diagrams of ensemble standard deviation of Z500 (a,c) and ensemble mean error (b,d) in metres for ECMWF
EPS (top) and MOGREPS-G (bottom) forecasts initialized at 0000 UTC 31 August 2023, averaged over the 45-55 N latitude band. The
IBTrACS position of Franklin (crosses) and its position identified in each ensemble member using MSLP (dots) are shown. The ensemble

mean position of the block (black stars) and its position in ERAS (red stars) are also shown, defined here as the location of the Z500 maxima.

mean near the ERAS5 position of Storm Daniel (Figure 4b,d). Errors in the eastward position of the block and westward extent
to Storm Daniel occur simultaneously, indicative of the dependence of Daniel’s depth and position on block amplitude, with
both systems part of an amplified Rossby wave. This is increasingly evident in alternating sign of the ensemble mean error in
7500 (Figure 4b,d), demonstrating that the ensemble did not predict the amplification of the wave-like pattern associated with

the stationary Omega block observed in the reanalysis.
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Figure 4. The same as Figure 3 but averaging over a latitude band of 35-45 N. The ensemble mean position and ERAS position of the MSLP

minima associated with storm Daniel (stars) are shown for reference.

4.2 Sensitivity Analysis

The influence of Franklin on European block onset and the subsequent development of Storm Daniel is examined using ensem-
ble sensitivity analysis. We compute the sensitivity of block error (ZALO) to Z500 and PV320 in the days preceding block
onset, focusing on ECMWF and Met Office forecasts initialized at 0000 UTC on 31 August and choose precursor fields valid at

0000 UTC on 2 and 3 September 2023. This framework allows us to follow the synoptic evolution of Franklin and downstream
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ridge building immediately after Franklin’s ET in the best and worst ensemble members. We assess how Franklin’s interaction
with midlatitude flow and subsequent downstream ridge development links to uncertainty in Omega block onset over Europe

(discussed in Section 4.1) and observe the sensitivity of European blocking to these upstream processes.
4.2.1 Sensitivity to Z500

The sensitivity of block error (ZALO) at 0000 UTC 5 September 2023 to Z500 at earlier times in the forecasts initialized at
0000 UTC 31 August is shown in Figure 5. At a lead time of 48 h in ECMWF (Figure 5a), a dipole in sensitivity surrounds
Franklin’s position. The sign convention is such that that low block error is present in ensemble members that have low Z500
around the positive lobe of the dipole. A region of high sensitivity is also found downstream of Franklin indicating that block
development over Europe is sensitive to the amplitude of ridge-building over the North Atlantic. Block error is also weakly
sensitive to a trough around the southern tip of Greenland. The positions of Franklin in the three members with the lowest
ZALO are close to or slightly north-east of the IBTrACS position of Franklin, with the three members that produced the
largest error stalling to the south-west of IBTrACS.

At a lead time of 72 h in the same forecast (Figure 5b), a similar pattern of sensitivity is observed. At this time, the south-
westward error in Franklin’s position in ensembles that produce poor blocks grows, whilst ensembles that produce accurate
blocks remain close to the IBTrACS position of Franklin. The best members maintain interaction with the waveguide with
Franklin anchored to and moving with the intensifying downstream ridge. A stronger signal for downstream ridging is evident in
the best members, not only in sensitivity but the differences between dashed (high block error) and solid (low block error) Z500
contours. A wave-like pattern is evidenced by the alternating sign of sensitivity downstream of Franklin indicative of members
with small errors in Franklin’s position, exciting a RWP with its effects extending north-eastward towards Scandinavia.

At a lead time of 120 h (Figure 5c), the time at which the response function is evaluated, solid contours of Z500 are
indicative of a more amplified and intense European block, almost to the extent observed in reanalysis. The cut-off contributing
to the development of Storm Daniel is deeper and further south and west than that in members that do not amplify blocking
over Europe, as is seen in Figure 4. This suggests that in the ECMWF forecast initialized at 0000 UTC 31 August, some
members correctly forecast Franklin’s position at short lead times, which led to downstream ridge building and therefore an
accurate representation of blocking and the potential for HIW over Europe. Members in which Franklin is impacted by a
slow propagation bias, do not produce an amplified Omega blocking pattern over Europe nor a cut-off low in the eastern
Mediterranean, highlighting the dependence of blocking and downstream HIW on Franklin’s interaction with the waveguide.

In the Met Office forecast initialized at 0000 UTC 31 August, at a lead time of 48 h (Figure 5d), differences relative to the
ECMWEF are apparent. The sensitivity dipole surrounding Franklin is absent, with only a weak region of positive sensitivity
slightly northeast of the IBTrACS position. No clear signal links south-westward displacement to poor blocking, consistent
with the lack of members exhibiting a pronounced stall of Franklin at this lead time, as is the case in the ECMWF forecast. A
weak region of negative sensitivity downstream indicates block error is sensitive to downstream ridge-building, although this

signal is notably weaker than in the ECMWE, reflecting less spread in the response function, as seen in Figure 2e. Sensitivity
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Figure 5. Sensitivity of block error (ZALO) at 0000 UTC 5 September 2023 sensitivity to Z500 at earlier lead times from the ECMWF
(left) and Met Office (right) forecasts initialized at 0000 UTC 31 August 2023 and valid for 0000 UTC 2 September 2023 (a, d), 0000 UTC
3 September 2023 (b, e) and 0000 UTC 5 September 2023 (c, f). Contours show the mean Z500 field from the three ensemble members with
the highest (dashed) and lowest (solid) Z A LO values. The position of Franklin in IBTrACS is shown (star) as well as its position in the three
ensemble members with the highest (red dots) and lowest (blue dots) ZALO values.

over the North Atlantic and south of Greenland highlights block sensitivity to an upstream short-wave trough ejected from
Canada, with lower block error associated with higher Z500 and thus a weaker short-wave trough.

At a lead time of 72 h (Figure 5Se), a pattern of sensitivity similar to that observed in the ECMWEF at the same lead time

315 is evident, with ensembles that produce low block error positioning Franklin close to IBTrACS. RWP excitation, like in the

ECMWE, is seen in the alternating sign of sensitivity, and in the differences between solid and dashed contours a long way

downstream of Franklin.
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At a lead time of 120 h (Figure 5f), the best members capture the position of the block and its north-eastward extent, with
a defined trough associated with Daniel developing in the correct location. Poor members do not have an amplified block and,
though they do develop a trough downstream of the ridge, lack the development of a highly filamented trough that extends into
the Eastern Mediterranean.

In general, the sensitivity magnitudes in the Met Office forecast are weaker than in the ECMWF, reflecting both reduced
spread in the response function (Z ALQO; Figure 2) and the presence of multiple pathways to poor blocking. These include both
a slight south-westward displacement and rapid north-eastward recurvature of Franklin, which reduces covariance between
precursor fields and the response function and limit the assumption of linearity. Linearity is restored when removing the
two rapidly recurving members resulting in slightly stronger sensitivities (not shown), though covariance is still weakened by
reduced spread in ZALO. Despite these differences, a consistent signal emerges across forecasting systems. Accurate blocking
is associated with Franklin tracking close to IBTrACS, the development of downstream ridging at short lead times, and the
excitation of a RWP. In contrast, poor members fail to sustain ridge amplification and downstream wave development, even
when interaction with the midlatitude flow is strong. Thus, recurvature scenarios are distinguished not only by Franklin’s

position, but by the extent and persistence of its dynamical coupling to the waveguide.
4.2.2 Sensitivity to PV320

Block development over Europe is sensitive to the position of Franklin and Rossby wave amplification. However, to observe
the impact of this positional uncertainty on the waveguide, ensemble sensitivity is calculated with PV320 as the precursor field.
Figure 6 shows the ensemble sensitivity of ZALO to PV320 for the same ECMWF and Met Office forecasts at the same lead
times as in Figure 5. Focusing first on the ECMWF forecast, at a lead time of 48 h (Figure 6a), a weak dipole in sensitivity
develops, centred near the position of Franklin in IBTrACS, similar to the patterns observed in the Z500. The impact of small
track differences on the waveguide is already evident, with separation of the low error and high error 2PVU contours to the
north and east of Franklin.

At a lead time of 72 h (Figure 6b), a defined dipole of sensitivity develops around Franklin. Significant upper-level ridge
building is evident in members with low block error, a feature not observed in the poorest members in which Franklin has
stalled significantly south-west of IBTrACS. Between the 2PVU contours of the mean PV320 field of the high and low error
member groups is a region of strong, positive sensitivity, suggesting low block error is associated with significant upper-level
ridge building and thus low PV in this region. Downstream of the ridge, the eastern portion of the trough extends eastward,
with negative sensitivities encompassed by the 2PVU contours of the high and low error ensemble groups. At a lead time of
120 h (Figure 6c), the three ensembles with the lowest block error, the 2PVU line sits further north over Europe and a highly
filamented PV streamer extends further south than those with the highest block error, with a segmented streamer becoming cut
off near the ERAS position of Storm Daniel.

As is the case in Z500 sensitivity, ensemble sensitivity in the Met Office forecast initialized at 0000 UTC 31 August, shows
a different picture to its ECMWF counterpart. At a 48 h lead time (Figure 6b), two poor block-producing members that recurve

quickly north-eastward are clearly visible as a region of high PV enclosed within the dashed red contour to the north-east
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Figure 6. The same as Figure 5 but showing Z ALO sensitivity to PV320 at the same lead times. Contours show the 2PVU line of the mean
field from the three ensemble members with highest (pink dashed) and lowest (purple) ZALO.

of Franklin’s IBTrACS position. There is a region of positive sensitivity associated with these members, confirming that the
cyclonic PV tower associated with Franklin in this region is synonymous with high block error. Members that produce accurate
blocks are situated near to the IBTrACS position and are visible in the closed, blue 2PVU contour.

At a 72 h lead time (Figure 6e), the 2PVU contour of the low block error members (blue) shows ridge building south
of Iceland, but not to the extent observed in the corresponding ECMWF forecast. Differences between the red dashed and
blue contours are less pronounced than in the ECMWE, in part because the best MOGREPS-G members produce slightly
less ridging, but also because poorest members are split over two recurvature scenarios that produce more upper-level ridging
than the poorest ECMWF members. A region of sensitivity between these contours is indicative of block error sensitivity to
this upper-level ridge building. At 120 h (Figure 6f), members that produce accurate blocks also produce a PV streamer over

eastern Europe. Members with high block error produce a broader trough with no evidence of wave-breaking. This is similar to
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patterns observed in the ECMWF forecast, indicating the block and streamer are part of the same RWB which is only accurately
represented when Franklin’s position at short lead times is correct, allowing for sustained upper level ridging as the cyclone
undergoes ET.

The position of Franklin is significant when ensuring low downstream error in the Omega block pattern over Europe. Both
the ECMWF and Met Office ensembles indicate that accurate blocks are produced when Franklin is close to the IBTrACS
position, resulting in sustained mid- and upper-level ridge building indicative of phasing between Franklin and the midlatitude
flow. In members where Franklin stalls to the south-west of the IBTrACS position of Franklin, interaction with the midlatitude
flow is limited, and there is little or no upper-level ridge building. This results in poor blocking and poor representation of the
location and depth of the cut-off associated with Storm Daniel.

In the Met Office ensembles, poor blocks are achieved by ensembles that stall and interact less with the midlatitude flow,
or interact heavily with the upstream trough and recurve north-eastwards quickly at short lead times. These ensembles fail
to phase lock with the upstream trough and subsequently, the downstream, upper-level ridge development at short lead times
is not anchored to Franklin and does not become an amplified feature over Europe. A lack of coupling between the TC and
downstream ridge has been observed in weak TC-waveguide interactions, such as that of Typhoon Jangmi Grams et al. (2013b),
where small changes in Jamgmi’s starting position had a significant impact on the downstream flow. Across both forecasting
systems, three distinct and physically plausible recurvature scenarios lead to contrasting interactions with the waveguide and

downstream impacts.
4.2.3 Forecast Error in Individual Ensemble Members

Although forecast uncertainty and error over Europe and the North Atlantic have so far been assessed from an ensemble
perspective, further insight into recurvature scenarios identified through sensitivity analysis can be gained by investigating
Franklin’s representation during ET in individual ensemble members.

Figure 7 shows the latitude and longitude error in Franklin’s position in the ensemble members for the ECMWF and Met
Office ensembles at 48 and 72 h lead times for the forecasts initialized at 0000 UTC 31 August. Block accuracy is highly
dependent on Franklin’s position in the ECMWEF forecast at a 48 h lead time, with accurate blocks produced by members
that position Franklin slightly north-east of IBTrACS. At a 72 h lead time (Figure 7b) members that produce poor good
blocks follow IBTrACS almost exactly, with members that produce poor blocks positioning Franklin to the south and west
of Franklin’s true position, with clear clusters of high and low block error members evident, explaining the strong observed
sensitivity signal. The members that produce the largest block error exhibit the slow propagation bias observed in Figure 3 and
Figure 4.

In the Met Office forecast initialized on 31 August, similarly to the ECMWEFE, members that produce good blocks position
Franklin close to IBTrACS at both forecast lead times. In two of the ensemble members, Franklin recurves too quickly, becom-
ing part of a frontal wave which becomes entrenched within the trough centred around Greenland (not shown). This non-linear
behaviour is absent in the ECMWF forecast and helps explain the weaker relationship between block error and Franklin’s po-

sition seen in the sensitivity signal in the Met Office forecast. Of the three worst-performing Met Office members, the poorest
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Figure 7. Franklin’s position compared with IBTrACS for forecasts initialized at 0000 UTC 31 August at 48 and 72 h lead times. The

ECMWEF (top) and Met Office (bottom) ensembles are shown. The three highest and lowest ZALO members are plotted in red and blue,

respectively. Circled are the ECMWF members with the highest and lowest ZALO, and the two highest and one lowest ZALO Met Office

members at 72 h.
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member stalls south and west of IBTrACS with the second poorest recurving quickly northwards (circled in Figure 7). Three
distinct recurvature scenarios are evident, with the best block-producing members positioning Franklin close to IBTrACS and
bookended by very different recurvature scenarios in the forecasts initialized at 0000 UTC 31 August across both forecasting

systems.
4.3 Franklin During Transition

At short forecast lead times, Franklin’s position influences its interaction with the waveguide and, consequently, the mainte-
nance of downstream ridge building during ET. However, to understand why differences in Franklin’s interactions with the
waveguide lead to contrasting downstream outcomes in the three recurvature extremes identified, we observe how Franklin
interacts with the jet at the time of ET.

Here, Franklin’s characteristics at the time of ET are examined for the best and poorest members from the ECMWF forecast
(circled in Figure 7), focusing on how Franklin evolves in response to its interaction with the jet streak in these two recurvature
extremes (Figure 8). There are marked differences in the distribution and intensity of precipitation between these members,
with the low error ensemble developing a region of intense precipitation at 0000 UTC 2 September. This intense precipitation
persists before Franklin develops frontal features as it moves north-eastward. Franklin follows the jet entrance region of the jet
streak, which maintains its strong and coherent structure. The member with the highest error has precipitation much further to
the south, and a sudden enhancement of organised precipitation at 0000 UTC 2 September is not observed. Franklin is unable
to follow the eastward propagating jet streak, which then weakens through the 2 September, limiting coupling between these
systems. The best ECMWF ensemble member places Franklin slightly further north by 1200 UTC 1 September, enabling it to
move in phase with the jet and maintain prolonged interaction with the waveguide, thereby sustaining the upper-level forcing
needed for intense, persistent precipitation and resultant outflow.

In the Met Office forecast initialized on 31 August, three physically plausible scenarios are observed. Of these three, two
distinct recurvature scenarios were identified that lead to poor blocking, with one leading to accurate blocking (circled in
Figure 7). Figure 9 is the same as Figure 8 but shows the best and the poorest two members from the Met Office forecast. The
best MOGREPS-G member (labelled low Z ALQO) behaves similarly to the best ECMWF member, remaining close to the jet
streak with organised and intense precipitation developing by 0000 UTC 2 September. Franklin’s close proximity to the strong
jet streak persists until 1200 UTC 2 September as Franklin develops frontal features.

In the poorest member (labelled High ZALO 1), enhanced precipitation and a slight deepening is observed, but occurs much
later than in the best member, around 1200 UTC 2 September. Franklin is also much further south at all lead times, meaning
any outflow from Franklin is not allowed to interact significantly with the jet region. In the second poorest member, which
recurved very quickly north-eastward (labelled High ZALO 2), enhanced precipitation associated with Franklin is already
established at 1200 UTC 1 September, a scenario not observed in the ECMWF. Franklin is then steered towards and into the
jet streak, which weakens as the circulation associated with Franklin disrupts the jet-level flow.

In this forecast, clear differences emerge in how Franklin influences the jet between well-performing and poorly-performing

members. In the best members, a strong jet streak is maintained, whereas in poorly performing Met Office members the jet
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Franklin during ET in the ECMWF 31 Aug forecast
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Figure 8. Mean 6-hourly total precipitation (blue shading), jet level (200-300 hPa) winds (dashed contours), and the 2PVU contour of the
ensemble member with the highest and the lowest ZALO for the ECMWF forecast initialized at 1200 UTC 1 September, 0000 UTC 2
September and 1200 UTC 2 September.

weakens substantially and the jet streak structure is modified by Franklin’s circulation and its interaction with the waveguide.
Although these poorer Met Office members do exhibit enhanced precipitation, the timing of this enhancement and its position
relative to the jet are critical in determining the accuracy of the downstream block. The underlying cause of these contrasting
results can be traced back to small TC track errors with very short lead times. This highlights the importance of the representa-
tion of phasing between the transitioning TC and the upstream trough, consistent with the framework proposed by (Klein et al.,
2002; Reimer et al., 2008), in which the timing of latent heat release and its anchoring to the downstream ridge play a key role

in shaping downstream flow evolution.
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Figure 9. Mean 6-hourly total precipitation (blue shading), jet level (200-300 hPa) winds (dashed contours), and the 2PVU contour of the
ensemble member with the highest ZALO and the two members with the lowest ZALOQ, illustrating the three recurvature scenarios in the

Met Office forecast initialized at 0000 UTC 31 August.
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Figure 10. Ensemble fan plots of Franklin’s minimum MSLP for the first 72 h of ECMWF EPS forecasts (left) and Met Office ensemble
forecasts (right) initialized at 0000 UTC 31 August. The groups of three ensembles with the highest and lowest ZALO in each forecast are

plotted in red and blue respectively.

Figure 10 shows how Franklin’s minimum MSLP changes through the first 72 h of the ECMWF and Met Office forecasts
initialized 31 August. In the ECMWF forecast initialized on 31 August, the best members undergo significant deepening in
MSLP as precipitation intensifies, and follow similar patterns of re-intensification to Franklin in ERAS. Franklin in poorest
members continues to weaken as good ensembles intensify. In the Met Office forecast initialized on 31 August, the best
members follow a very similar pattern to their ECMWF counterparts with significant deepening evident from 1200 UTC 1
September followed by weakening from 1800 UTC 1 September. However, in the Met Office, the poorest members also undergo
re-intensification at the same time as the best members. This is likely due to the fact that poor block-producing ensembles in
this Met Office forecast include two ensembles that recurve quickly north-eastwards and therefore also re-intensify at the same
time as the best members. The member in this subset that stalled south-west of IBTrCAS also undergoes re-intensification,
though with a delayed increase in precipitation (Figure 9). It should be noted that Franklin’s initial MSLP and MSLP at the
time of midlatitude flow interaction is similar between the best and worst members, indicative of position being the key driver
of downstream uncertainty as opposed to TC intensity.

Although both good and poor member groups undergo re-intensification, they produce markedly different blocking scenar-
ios. This indicates that Franklin’s position relative to the jet during re-intensification, along with the location and strength of
its outflow, strongly influences downstream evolution, including blocking and the development of the cut-off low associated
with Storm Daniel. Although an unfavourable northeast—southwest orientation limits the extent of re-intensification, it is the
phasing with the jet, associated diabatic processes and sustained ridge building that have the greatest influence on downstream

blocking and HIW.
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5 Discussion

This case demonstrates that small differences in Franklin’s development at short lead times place the cyclone one of three
physically plausible recurvature scenarios, resulting in substantially different downstream outcomes in terms of blocking and
Mediterranean cyclone development. The best performing members in this case study exhibit sustained downstream ridge
building and jet streak maintenance. This allows for a brief period of phase locking between the developing ridge and the
transitioning TC. This is coherent with findings from Quinting and Jones (2016) and Archambault et al. (2015), where clima-
tologically, ETs that have the most impact on the midlatitude flow were found to phase lock and anchor with the downstream
ridge. This also corroborates the research by Harr et al. (2000); Ritchie and Elsberry (2007) and Grams et al. (2013b), who
found that TC-trough interactions have been shown to be highly dependent on small track errors and the characteristics of the
midlatitude flow pattern into which the TC moves.

A study of Typhoon Jangmi by Grams et al. (2013b) highlights the dependence of TC interaction and subsequent downstream
impact on small track difference. They find that longitudinal track changes of Jangmi on the order of just 1.25 degrees (128 km)
result in contrasting downstream scenarios, and an eastward shift of just 2.5 degrees can be attributed to reintensification and
RWP excitation. The same was found to be true if Jamngmi is shifted northward by the same distance. Contrasting downstream
flow evolution in members that place Franklin in slightly different positions (Figure 7) is similar to behaviour seen in the
case of Jamgmi, with just a few degrees separating Franklin in the best and poorest performing members at short forecast
lead times. When Franklin’s position follows the IBTrACS, Franklin’s speed of propagation increases, allowing Franklin to
follow jet streak and to re-intensify. Prolonged interaction with the waveguide allows for strong and persistent downstream
ridge amplification. In ECMWF members with a slow propagation bias, Franklin stalls at a bifurcation point (as in the case of
Jamgmi) and therefore do not interact with the waveguide. Met Office members that propagate too quickly at short lead times
quickly recurve and re-intensify but do not achieve phase locking, leading to a lack of sustained ridge amplification.

Sensitivity of blocking to a short-wave trough ejected from Canada in the ECMWF and Met Office forecasts indicates that
this feature may have influenced Franklin’s position early in the forecast, causing a cascade of error growth downstream. Given
the complexity of interaction between systems steering Franklin during recurvature, more work is required to determine cause
of these errors. With downstream uncertainty dependant on Franklin at such short lead times, forecast skill is likely highly
dependant on initial condition perturbation schemes, which vary between NWP centres. More work is required to ascertain the
impact of ensemble perturbation schemes on forecast skill in ET cases, though prior studies (Komaromi et al., 2011) along with
previously discussed sensitivity experiments (Grams et al., 2013b) demonstrate that the outcome of ET is greatly influenced by
initial condition perturbations.

The sensitivity of a recurving TC to a midlatitude trough observed here is also reflected in idealised ET frameworks. Harr
et al. (2000) determined that re-intensification and coupling with the midlatitude flow to a cyclone undergoing ET is prevented
for 36 h when the trough is to the north-east of the cyclone. However, here coupling and re-intensification of Franklin in
the best performing ensembles occurs immediately after ET, with the trough axis to the north-east of Franklin. Harr et al.

(2000) generalise cases based on phasing with the upstream trough, though they do highlight the case-to-case dependency of
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interaction strength with the size of the systems themselves. Franklin is an example of this, with Franklin’s recurvature likely
not solely influenced by the near stationary Greenland trough but also a short-wave trough. Poor representation of these systems
within the ensemble may have introduced the observed small track errors at short lead times. However, there are other factors
that may explain the significant downstream impact of Franklin’s ET.

The strong downstream impact of Franklin on the midlatitudes despite its unfavourable position for re-intensification with
reference to the upper level trough could be attributed to its proximity to a strong jet streak, allowing re-intensification due
to upper-level forcing for ascent. Archambault et al. (2015) found that the strongest interactions occur often when the TC
transitions near an equator-ward jet entrance, maintaining ascent and aiding coupling between the TC and downstream ridge.
Archambault et al. (2015) also indicate that the weak downstream jet structure favours high-impact anticyclonic wave-breaking,
as is the case with Franklin’s ET. Although the observed strength of interaction with the midlatitudes was extremely marginal
in the case of Franklin, the downstream jet structure likely amplified the observed impact of ET.

In the case of Franklin, after ET and during re-intensification, an enhancement in precipitation occurs, observed in ensembles
that produce accurate blocking. Re-intensification is position dependent, with members in which Franklin stalls south of the
jet exhibiting a delayed re-intensification or none at all. However, when Franklin is positioned close to upper-level divergence
at the jet entrance, re-intensification and enhanced precipitation is observed. Grams et al. (2011) found that the remnants
of tropical, low-level PV in Ex-Hurricane Hannah enhanced poleward moisture advection and allowed for intense mid-level
diabatic production of PV. The extent to which the enhancement in convection was forced by low-level warm air advection or
upper-level divergence is unclear given methodologies used here, though it is plausible that in the best ensembles, both factors
could have played a role in conditioning the environment for a sudden bust of convection and latent heat release that contributed
to phase locking (Torn and Hakim, 2009; Archambault et al., 2015) and accurate block representation in the best members.

Poor-performing members, namely those in which Franklin recurves northward too quickly in the Met Office forecast,
also experience reintensification and increased precipitation. The position of Franklin with reference to the jet and the time
of convective initiation likely played a key role in Franklin’s downstream impact, with only the best ensembles producing
precipitation in the location and at the time observed in reanalysis and observations (not shown). This diabatic heating and
reintensification, likely maintained the strength of low PV advection across the baroclinic zone, ridge building and anchoring
(Figures 5 and 6), and aided jet streak intensification (Figures 8 and 9). Sustained upper-level ridge building then led to wave-
breaking and the development of a cut-off, aiding the intensification of Storm Daniel. We therefore infer the role of diabatic
processes on downstream predictability may be significant. However, the extent to which latent heating impacted blocking and
HIW is unclear, and will be explored in later work. Together, these results highlight how marginal differences in TC evolution
during ET can cascade into large downstream forecast errors, highlighting the combined roles of phasing, jet interaction, and

diabatic processes in limiting midlatitude predictability.
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6 Conclusions

The predictability of the chain of events leading up to the formation of an impactful Mediterranean cyclone, Storm Daniel, has
been evaluated using an anomaly-based block detection method, a novel block error metric, and ensemble sensitivity analysis.
We chose to focus on the block as an intermediary between Franklin upstream and Storm Daniel downstream. The start of
this chain of events occurred when hurricane Franklin recurved into the midlatitudes and underwent ET east of Newfoundland
at 1800 UTC 1 September 2023 (Beven, 2024). Ex-Franklin then pushed eastwards, deepening slightly as an extratropical
system, preceded by a developing downstream ridge. As the ridge moved into western Europe, a Rossby-wave breaking event
that developed as an upper-level low, already situated over eastern Europe, plunged southward, forming a PV streamer, while
an Omega block became established over Europe at 0000 UTC 5 September. The detached streamer led to the formation of
a cut-off low in the eastern Mediterranean and the formation of Storm Daniel, which had devastating impacts for Greece and
Bulgaria and later Libya.

The predictability of block onset, at 0000 UTC 5 September 2023, was examined using the Z ALO error metric for ECMWF
and Met Office ensemble forecasts initialized at 0000 UTC 31 August 2023. Both forecasting systems struggled to capture
the onset and north-eastward extent of the Omega block. The errors in block amplitude are directly related to the lack of
development of the PV streamer and the cut-off low required for the development of Storm Daniel, highlighting the coupling
between the predictability of European blocking and downstream Mediterranean cyclogenesis.

Block error has been shown to be sensitive to three distinct recurvature scenarios of Franklin on days prior to block onset
over Europe. These three distinct recurvature scenarios only become evident when both ECMWF and Met Office forecasts
are jointly analysed. Ensemble sensitivity shows that members that position Franklin closest to the observed track (IBTrACS)
at the time of midlatutude flow interaction produce the most accurate blocks, demonstrating that representation of phasing
between Franklin and the midlatitude flow is crucial for ridge amplification, Rossby wave breaking, and subsequent blocking.
In contrast, high-error scenarios arise when Franklin stalls at a bifurcation point, limiting interaction with the waveguide, or
when it recurves rapidly northward and merges with the Greenland low. Both pathways lead to limited ridge building and
poor representation of blocking. These findings are consistent with previous work (Grams et al., 2013a; Ritchie and Elsberry,
2007), demonstrating that the strength of extratropical transition depends strongly on the phasing between the tropical cyclone
and midlatitude trough. Small track errors at short lead times, concurrent with Franklin’s interaction with flow bifurcation,
represent a key barrier to predictability of downstream wave amplification, blocking, and associated high-impact weather.

Although errors in Franklin’s track are the primary driver of downstream uncertainty, the timing and location of diabatic
processes relative to the waveguide may impact blocking and high-impact weather development. In members that produce
accurate blocks, Franklin undergoes re-intensification near the equatorward jet entrance, accompanied by enhanced convective
precipitation, consistent with cases in previous studies (Harr et al., 2000; Grams et al., 2011; Keller et al., 2019). The associ-
ated latent heating likely strengthens interaction with the waveguide and promotes ridge amplification, in line with idealised
and composite analyses (Archambault et al., 2015). This diabatic enhancement supports jet streak acceleration and down-

stream coupling, processes identified in prior ET cases (Grams and Archambault, 2016). However, while re-intensification and
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enhanced precipitation occur across many ensemble members, only those in which it is correctly positioned relative to the
large-scale flow lead to sustained dynamical coupling and accurate blocking. This highlights that diabatic effects can amplify,
but not compensate for, positional errors, reinforcing their secondary but important role in shaping downstream predictability.

The role of diabatic processes therefore warrants further investigation to isolate the relative contribution of positional errors
and latent heating in flow amplification during Franklin’s ET. Although the results here suggest that downstream forecast error
is sensitive to Franklin’s track, diabatic feedbacks likely contribute to the evolution of downstream impacts over Europe. A
key question for future work is whether resolving Franklin’s position alone is sufficient to constrain downstream uncertainty,
or whether the improved representation of diabatically driven processes during ET is also required. This research will advance
our understanding of forecast skill during ET and will improve the prediction of Mediterranean cyclone cases arising from

upstream, non-linear interactions.
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