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A B S T R A C T   

Hurricane Leslie (2018) was a non-tropical system that lasted for a long time undergoing several transitions 
between tropical and extratropical states. Its trajectory was highly uncertain and difficult to predict. Here the 
extratropical transition of Leslie is simulated using the Model for Prediction Across Scales (MPAS) with two 
different sets of initial conditions (IC): the operational analysis of the Integrate Forecast System (IFS) and the 
Global Forecast System (GFS). 

Discrepancies in Leslie position are found in the IC patterns, and in the intensity and amplitude of the dorsal- 
trough system in which Leslie is found. Differences are identified both in the geopotential height at 300 hPa and 
the geopotential thickness. Potential temperature in the dynamic tropopause shows a broader, more intense 
trough displaced western when using the IC-IFS. The IC-IFS simulation shows lesser trajectory errors but wind 
speed overestimation than the IC-GFS one. The complex situation of the extratropical transition, where Leslie 
interacts with a trough, increases the uncertainty associated with the intensification process. 

The disparities observed in the simulations are attributed to inaccuracies in generating the ICs. Both ICs 
generate different atmospheric configurations when propagated in time. Results suggest that during an extra-
tropical transition in a highly baroclinic atmosphere, the IFS model’s data assimilation method produced a more 
precise analysis than GFS due to the greater number of observations assimilated by the IFS, the greater spatial 
resolution of the model and the continuous adjustment of the simulations with the field of observations.   

1. Introduction 

In 2018, Hurricane Leslie developed from a system of non-tropical 
origin, exhibiting a remarkably long-life cycle, and undergoing multi-
ple tropical and extratropical transitions. It has been one of the few 
systems with tropical characteristics and of greater intensity that have 
impacted the Iberian Peninsula (Stewart, 2018). As it traversed through 
Spain and France during its extratropical depression phase, the system 
Leslie interacted with a frontal system, resulting in the intensification of 
precipitation in western Spain and southern France. This event led to an 
accumulated maximum precipitation of nearly 300 mm in <24 h and 
wind speed values exceeding her than 100 km/h (Mandement and 

Caumont, 2021), which caused flash floods, leaving 13 people dead and 
costly property damage. 

In the final phase of Leslie’s life cycle, it underwent an extratropical 
transition (ET), favored by the synoptic conditions (Pasch and Roberts, 
2019). The system was located east of a trough axis in the region of 
upper-level divergence, so a baroclinic atmosphere supported the 
change in the cyclone structure without losing much intensity (Sadler, 
1976; Pérez-Alarcón et al., 2023). It is worth noting the upstream 
presence of another ET, associated with the major Hurricane Michael, 
interacting downstream with the Leslie environment (Beven II et al., 
2019). In the operational forecasts, it was difficult to predict Leslie’s 
trajectory and intensity since the models showed high uncertainty, even 
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within a few hours of the initializations. 
During an ET, a storm may intensify as it begins to tap baroclinic 

energy in addition to the energy derived from the thermodynamic 
imbalance between the atmosphere and the underlying ocean (Evans 
et al., 2017; Bieli et al., 2019; Quitián-Hernández et al., 2016). During 
and after an ET, the system frequently accelerates its translational mo-
tion, resulting in heavy precipitation and strong redistributed winds that 
endanger coastal regions and maritime activities (Jones et al., 2003). 
According to Komaromi and Doyle (2018) and Pantillon et al. (2013), 
when an ET effectively undergoes, the tropical cyclone (TC) must be in 
phase with a trough in the middle or upper troposphere, so that the 
ascent region coincides with the location of the vortex. Upward move-
ments are generated by the trough in conjunction with the TC’s own 
convection. Also, ET intensification occurs when the cyclone matches 
with a jet streak or with a local intensification of the extratropical jet 
stream (Pantillon et al., 2013), such that the divergence region at the 
entrance to the right of the jet streak coincides with the cyclone on the 
surface (Maddison et al., 2020). 

As mentioned before, the positioning of the TC relative to the trough 
plays a pivotal role to an ET and its intensification (Anwender et al., 
2008). Previous studies such as Keller et al. (2019) and McTaggart- 
Cowan et al. (2003, 2004) showed that the presence of an additional ET 
or any other process characterized by vigorous diabatic heating up-
stream can induce the release of latent heat, resulting in the reorgani-
zation of isentropes. This will lead to a decrease in the upper-level 
potential vorticity (PV) and an amplification of the ridge. Such dynamics 
establish a preconditioning effect on the intensity and amplitude of the 
trough downstream from the ridge, adding uncertainty to the behavior 
of the air flow. 

The use of numerical weather prediction models has shown it is hard 
to forecast ETs, especially with lead times >36 h (Evans et al., 2017). 
Veren et al. (2009) found that forecast errors in the intensity and tra-
jectory of TCs having an ET are significantly higher compared to those 
systems that are already extratropical. For example, Munsell and Zhang 
(2014), Munsell et al., 2015) show high variability in track and intensity 
forecasts for hurricanes Nadine [2012] and Sandy [2012], even using 
sophisticated data assimilation methods. This variability is associated 
with diabatic processes and their influence on the amplification and 
interactions of the crest-valley flow (Bassill, 2014; Torn et al., 2015). In 
the same way, Scheck et al. (2011) propose the concept of bifurcation 
points that consists of a theory on the influence of tropical and extra-
tropical characteristics on the sensitivity of the models for trajectory and 
intensity forecast during an ET. An example of this bifurcation sensi-
tivity can be seen in small errors in the representation of the interaction 
of the trough with the TC vortex resulting on a remarkably different 
evolution in the interaction, i.e., small variations in the initial situation 
result on an amplification of errors (Evans et al., 2017). 

Since the trajectory and intensity forecast of the Hurricane Leslie 
with numerical models entailed high uncertainty, the current study 
deals with the Leslie ET occurred in the final cycle life of the system 
using simulations of the Model for Prediction Across Scales (MPAS) from 
two different initial conditions (ICs) of the global models. Here, the 
Global Forecast System (GFS) and the Integrated Forecasting System 
(IFS) of the European Center for Medium-Range Weather Forecasts 
(ECMWF) are selected. Given Leslie’s high uncertainty and taking it as 
an example of a highly unpredictable atmosphere, the primary goal of 
this study is to investigate possible differences between the MPAS sim-
ulations of Leslie’s ending stage resulted from these ICs, in addition to 
learn about the impact the ICs have on the prediction of a system with 
such characteristics. 

This paper is organized as follows. Section 2 includes the description 
of the model, the data and the methodology used. In section 3, the re-
sults and discussions are presented and finally, the conclusions and 
perspectives are provided in section 4. 

2. Model set-up and methodology 

The MPAS model (version 7.0; Skamarock et al., 2012), developed 
primarily by the National Center for Atmospheric Research (NCAR), is 
used in this study. MPAS uses a similar dynamic nucleus and same 
physical parameterization as the Weather Research and Forecast model 
(WRF; Rauscher and Ringler, 2014; Skamarock et al., 2008). The MPAS 
is a three-dimensional, limited-area, finite-differences, non-hydrostatic 
model, used mainly in atmospheric research. 

The horizontal discretization is based on a non-structured Voronoi 
center type mesh grid-C of the state variables and in the edges the dy-
namic variables, varying from a global mesh 60 km to 3 km, around the 
location of Leslie in the Atlantic Ocean, off the coast of the Iberian 
Peninsula. MPAS uses different parametrization schemes for physical 
processes in the atmosphere. However, the model proposes two pre- 
defined sets of physical parametrizations to facilitate compatibility: 
the mesoscale scheme and the convective parameterization scheme 
(Duda et al., 2019). Table 1 shows the details of the corresponding pa-
rametrizations for each physics suite. Here, convection-permitting is 
used. 

Two different ICs are used to feed the simulations of the Leslie system 
with the MPAS model: the GFS analysis from the National Centers for 
Environmental Prediction (NCEP) and the IFS analysis of the National 
Meteorological Archival and Retrieval System of the ECMWF. Outputs 
obtained for the hurricane Leslie using the MPAS model with those 
initial conditions are hereafter referred to as MPAS-G and MPAS-I, 
respectively. The analyzes are carried out with the operational ver-
sions of the global models in 2018, cycle 45r1 for the ECMWF-IFS with a 
horizontal resolution of 9 km and 137 vertical levels (European Center 
for Medium-Range Weather Forecasts, 2023b). More information about 
ECMWF-IFS model can be found in European Center for Medium-Range 
Weather Forecasts (2023b). The v14.0.0 version is selected for the GFS 
with a horizontal resolution of 0.25◦ (approximately 26 km) and 64 
vertical levels (National Center Environment Information, 2023). More 
information about GFS model is in National Center Environmental 
Prediction (2021). The period of integration in the model simulation 
begins on October 13, 2018, at 00:00 UTC and extends through October 
14, 2018, at 18:00 UTC with a temporal output of 3 h, covering enough 
margin to study the entire ET of the Leslie system. The model ability to 
simulate the event is evaluated using the trajectory and intensity data. A 
Python algorithm (tracking) is used to find the minimum central pres-
sure from the simulated mean sea level pressure (MSLP), and another 
algorithm is used to determine the location of the point where the wind 
speed module at 10 m (V) is maximum within the cyclone’s radius of 
maximum winds. 

Various skill scores are used to evaluate the model simulations 
against the US National Hurricane Center (NHC) best track and intensity 
observations. In this study, the performance of the MPAS-I and MPAS-G 
is assessed for the trajectory and intensity of the Leslie system, calcu-
lating each score as a function of performance throughout the simula-
tion. The metrics here considered are the root mean square error (RMSE) 
and the standard deviation (STDEV), defined as: 

Table 1 
Parameterization schemes included in each of the default MPAS physics suites 
(schemes and acronyms can be revised in Duda et al., 2019).  

Parameterization Mesoscale reference Convection-permitting 

Microphysics WSM-6 Thompson 
Convection New Tiedtke Grell Freitas 
PBL YSU Mynn 
GWDO YSU GWDO YSU GWDO 
Longwave radiation RRTMG RRTMG 
Shortwave radiation RRTMG RRTMG 
Cloud Fraction Fraction 
Surface layer Monin-Obukhov Mynn 
Land surface model Noah Noah  
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Fig. 1. (a) Evolution of Leslie’s wind speed (blue) mean and MSLP (orange) throughout its life cycle. Data from Pasch and Roberts (2019); (b) Leslie trajectory of the 
two simulations and NHC official track, (c) Trajectory errors (km) of both simulations respect NHC best track and (d) Evolution of intensity (km/h) for the two 
simulations and official NHC intensity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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where Yirepresents the model measurement, Oi the observation, Y the 
measurement average and N indicates every time step. 

According to Evans and Guishard (2009), the concept of potential 
temperature in the dynamic tropopause (θ − PV) is important to study 
the upper troposphere structure. The equivalence is observed using the 
vertical component of the Ertel, equation as follows: 

PV = −
g
ρ (ξθ + f )

∂θ
∂p

(3)  

where θ , is the potential temperature, ρ, air density, ξθ, relative vorticity 
ξθ = ∂xv − ∂yu in an isentropic surface, f is the planetary vorticity and 
∂θ/∂p represents a stability parameter. Typically, PV is expressed in 
potential vorticity units (PVU), where 1 PVU = 10− 6Km2kg− 1s− 1.

The dynamic tropopause is defined as a region with a strong PV 
gradient that corresponds to the level of 2 PVU. This definition of 
tropopause allows us to attribute changes caused by atmospheric dy-
namics (Hoskins et al., 1985; Brennan et al., 2008; Bretherton, 1966) 
and, in the case of this study, to relate the θ − PV in 2 PVU to the PV 
associated with the synoptic systems. Positive (negative) θ − PV anom-
alies are associated with cyclonic (anticyclonic) relative vorticity and/or 
high (low) values of static stability (Hoskins et al., 1985). 

Additionally, the geopotential height at 300 hPa (Z) is used in the 
current study as a tracer of the ridge-trough system; the 500–1000 hPa 
geopotential thickness (ΔZ) is also considered to study the thermal 
configuration of the Leslie system. Moreover, absolute and relative dif-
ferences in the fields of the ICs of the global models were also analyzed 
at 00:00 UTC on October 13. 

3. Results and discussions  

a. Trajectory, intensity, and synoptic environment 

The trajectory and intensity behavior of tropical and extratropical 
systems are crucial parameters for decision-making purposes. In the case 
of the Leslie system, situated at a high latitude, its trajectory and in-
tensity were influenced by the synoptic flow, particularly the interaction 
with an existent trough. Several atmospheric fields are employed in this 
study to identify differences in the system’s initial position and the 
various configurations of synoptic flows surrounding the Leslie system. 

On September 22, 2018, the precursors of Hurricane Leslie depict as 
an extratropical low located 1300 km western-southwestern of the 
Azores Islands. The extratropical low intensifies with hurricane-force 
winds and moves erratically. The system presents several transitions 
in its life cycle. This study is focused on the uncertainty associated with 
MPAS simulations in the ET presented in the final phase of Leslie’s life, 
starting at 00:00 UTC on October 13 (black box in Fig. 1a) when the 
system reaches its peak intensity and begins its ET (Pasch and Roberts, 
2019). 

Both simulations show overestimation of Leslie’s intensity; specif-
ically, the MPAS-I intensifies the system to 164 km/h (Figs. 1d and 2a), 
corresponding to hurricane category 2 on the Saffir-Simpson scale 

Fig. 2. Mean wind speed on 13 October 2018 for (a) MPAS-I; (c) MPAS-G; on 14 October 2018 for (b) MPAS-I; (d) MPAS-G, at 12:00 UTC. Numbers (1–4) correspond 
to Leslie location in Fig. 2a. 
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(National Hurricane Center, 2012). Similarly, at 12:00 UTC on October 
13, the MPAS-G intensifies the cyclone to 132 km/h (Figs. 1d and 2c), 
corresponding to a category 1 hurricane. The low ability of both simu-
lations to reproduce the weakening of the system can be explained by 
the complex interaction of tropical systems moving to mid-latitudes and 
that interact with the jet stream (Chen et al., 2023; Anwender et al., 
2008). In a TC, such a long phase of intensification is only possible if the 
ocean heat content is high and the vertical wind shear is low, as is typical 
of a barotropic atmosphere (López-Reyes and Peña, 2021). As of 15:00 
UTC, MAPS-G shows a clear weakening of wind strength and a more 
zonal track to the east (Figs. 1b and 2c, d). On the other hand, the MPAS- 
I scenario keeps a constant wind speed of Leslie until 21:00 UTC 
(Fig. 1d). Thereafter, Leslie rapidly wakes following a northeastward 
trajectory (Figs. 1b and 2b). 

For the synoptic environment, both simulations show a wide trough 
embedding Leslie at 00:00 UTC on October 13. However, the MPAS-I 
(Figs. 3d-f) depicts a faster trough eastern displacement with Leslie, 
whereas Leslie remains at the edge of the trough axis and located 
southern in the case of the MPAS-G. Around 12:00 UTC on October 14, 
the MPAS-I displays a ridge at 300 hPa with a high pressure system at 
surface (outer isobar of 1022 hPa) very close to the Iberian Peninsula, 
forcing Leslie to move northwest (Fig. 3f). On the other hand, the 
extratropical system Michael, approximately located at 50◦N, moves 
above the ridge on October 13 and 14. MPAS-G shows Michael’s center 
further southern with a low-pressure center of 978 hPa (Figs. 3e, f), 
compared to 982 hPa of MPAS-I (Figs. 3h, i). This may have influenced 
the increase of MPAS-G trajectory errors because of the greater ridge 
amplitude where Michael accelerated the Leslie displacement as it 
interacted with the trough. 

According to Keller et al. (2019) and Hoskins et al. (1985), potential 

temperature anomalies in the dynamic tropopause are associated with 
cyclonic PV anomalies, located on upper-level troughs. Although no 
anomalies are depicted in this study, the PV simulation differences 
(Figs. 4b-d) allow inferring some features of the trough that interacted 
with Leslie to be identified (see conceptual scheme in Fig. 4a). Figs. 4b- 
d show a band with negative θ − PV (positive) differences to the west 
(east) of the trough, which is consistent with the trough’s slower 
displacement in the MPAS-I. In addition to being out of phase, the trough 
simulated by MPAS-I is less pronounced and displaced to the north 
(Fig. 4a). The above-mentioned suggests that the MAPS-G could be 
influenced from upstream flow (where Michael is), amplifying the ridge- 
trough (as in Figs. 4a) configuration and changing the behavior of the jet 
stream and therefore the trajectory of the Leslie system. 

The evolution of the θ-PV and the ΔZ over the next few hours reveal a 
tendency to amplify (as a dipole) the differences between the model 
simulations (Figs. 5a, b). The positive ΔZ differences grow around Mi-
chael’s position (on the ridge; western zone in Figs. 5a, b), that is, in 
MPAS-I, the synoptic flow around to Michael is shifted further to the 
north respect to MPAS-G. An obvious dipole with positive (negative) ΔZ 
differences of up to 85 gpm (70 gpm) north-northeast (west-southwest) 
of the trough axis at 24 h forecast (Figs. 5b) indicates the most pro-
nounced configuration of the MPAS-I and the divergence in Leslie’s 
trajectory in both simulations (eastern area in Fig. 5a, b). After 24 h, the 
difference in the Leslie center is 295 km. An error around 300 km is 
found (Fig. 1c) in the MPAS-G deviating from the recent trend of im-
provements in track forecasts reported by the NHC (Rappaport et al., 
2009).  

b. Initial conditions analysis 

Fig. 3. Evolution of satellite imagery (True Colour: Red = Band I1, Green = Band M4, Blue = Band M3, from EOSDIS Worldview/MODIS) during the ET development 
on (a) 12 October, (b) 13 October, and (c) 14 October 2018, at 12:00 UTC. Source: EUMETSAT–Dundee Satellite Receiving Station (University of Dundee). Z at 300 
hPa (shadow) and MSLP (contours) for: d-f) MPAS-I; g-i) MPAS-G simulations. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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To identify the differences in the initial position of Leslie, as well as 
the differences in the flow and thermal characteristics of the environ-
ment in which the system is found, the IC fields of Z at 300 hPa, θ −
PV and ΔZ are used. Considering a single MPAS configuration to 
simulate the Leslie, differences in trajectory should be only caused by 
the different global model analyses. The differences in the trajectory and 
intensity of the simulations are associated with the discrepancies in ICs 
and, possibly, amplified by the complex synoptic environment in which 
Leslie was evolving. On the one hand, the trajectory forecast for a system 
with ET depends mainly on the synoptic flow, while the intensity evo-
lution is also related to the microphysical processes (Tao et al., 2011), as 
well as to the interaction of Leslie within the flow. 

Over the mid-Atlantic ridge, a less intense dipole indicates smaller 
differences in the thermal configuration of the mid-troposphere between 
both model simulations (Figs. 5a, c). Michael, by then an extratropical 
cyclone, continues to ride on the ridge flow, slightly slower with IFS ICs, 
same for the case of Leslie. That is, the entire dorsal-trough synoptic 
system was delayed in MPAS-I compared to MPAS-G. Variations in the 
amplitude of the Rossby wave are also observed between the simulations 
(Figs. 5a, b). As mentioned in various studies (e.g., Komaromi and Doyle, 
2018; Liu et al., 2012; Jones et al., 2003), the upstream PV adjustments 
caused by the diabatic processes in an ET (in this case with Michael) 
promote modifications on the structure of the ridge-trough configura-
tion (both amplitude and intensity). Thus, the jet stream configuration is 
modified downstream, generating uncertainty in the interaction of 
Leslie with the trough and, therefore, in the trajectory of the system. 

Fig. 6 shows the absolute differences (taking the IFS field as the 
reference) of the ICs between IFS and GFS for different fields. The dipole 
formed at 35◦N, 20◦W (Fig. 6 a) reveals as an indicator for the difference 
in the position of the Leslie center in the ICs. Positive (negative) 300 hPa 

Z values indicate the warm core of Leslie displaced to the north (south) 
in the IFS (GFS). Again, the greater ΔZ values located on the trough, 
above the mid-Atlantic ridge (Fig. 6b), indicate a higher intensity of the 
IFS values than the GFS ones, highlighting a weaker trough by the IFS 
and consequently a slightly lower mean temperature in middle-lower 
atmospheric levels on the Atlantic ridge. 

Moreover, a weaker ΔZ dipole located at the Terranova coast 
(Figs. 6b) is associated with the post-ET of Hurricane Michael as an 
extratropical system. The dipole highlights a different cyclone position 
of Michael, promoting a different jet stream propagation as seen in 
Figs. 4b-d. According to Keller et al. (2019), Hulme and Martin (2009), 
and Liu et al. (2012), this initial flow modification triggers or amplifies a 
midlatitude Rossby wave packet, which disperses the impact of the ET 
into downstream regions, and it can contribute to increase the uncer-
tainty in the behavior of the flow downstream, as it happened in the case 
of Leslie. 

Concerning the differences in the θ − PV shown in Fig. 6c, the largest 
and most positive discrepancies in the ICs occur in the eastern area of the 
trough that interacted with Leslie. The differences between the models 
around Leslie are greater than +30 K (approximately 20%; Fig. S1a), 
suggesting that the MPAS-I keeps a higher absolute vorticity advection 
over the system and increased baroclinicity (Prezerakos et al., 1997). 
This results on a more intensity of the MPAS-I than the MPAS-G outputs. 
This is consistent with the MPAS outputs (Figs. 1d, 3a) for which the IFS 
overestimated the intensity of the cyclone throughout the selected 
period. An additional area with positive θ − PV differences around +20 
K (approximately 15%; Fig. S1b) is located at Michael’s upstream po-
sition (Fig. 6c). The MPAS-G dynamic tropopause, that serves as a flow 
motion guide, depicts differences related to such area about the position 
and motion of Michael and its dynamic interaction with the jet stream. 

Fig. 4. (a) Conceptual scheme of the differences MPAS-I – MPAS-G (shadow) and isentropes (contours) for both simulations; θ − PV MPAS-I (contour) and differences 
of MPAS-I – MPAS-G (K; shadow) centered on Leslie system on: (b) 13 October at 06:00 UTC; (c) 13 October at 12:00 UTC and (d) 14 October at 00:00 UTC. 
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Fig. 5. ΔZ (gpm) of MPAS-I – MPAS-G (shadow) and MPAS-I (contour): (a) 13 October at 12:00 UTC and (b) 14 October at 00:00 UTC.  

Fig. 6. (a) Absolute IC differences of Z (gpm) at 300 hPa; (b) ΔZ (gpm) and (c) θ − PV (K).  
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The whole results show a better trajectory performance of the IFS ICs 
against the GFS ones. The generation of ICs is one of the fundamental 
parts to carry out a reliable simulation of the behavior of a meteoro-
logical system (Hamill et al., 2011; Zhang et al., 2019; Chen et al., 2022). 
In the current experiments, the analyzed fields are generated from the 
GFS and IFS operational data assimilation methods. For the GFS model, 
the data assimilation method is the Global Data Assimilation System 
(GDAS), while for the IFS the four-dimensional variational data assim-
ilation formulation (4D-var) is used (details in Appendix 1). In both data 
assimilation methods, a field of analysis is generated by minimizing the 
cost function (Eq. A1 and A2), that is, the distance between the back-
ground field (also called first guess) and the observations (Kalnay, 
2003). The initial conditions of 4D-var associated with IFS analysis can 
be better considered than GDAS, mainly due to the constant temporary 
corrections (see appendix A) made in the 4D-var with the observations 
to force the analyzes to more realistic scenarios. Additionally, a higher 
spatial resolution in the global domain and a largest quantity of obser-
vational data is considered in the 4D-var (European Center for 
Medium-Range Weather Forecasts, 2023a; National Center Environ-
mental Prediction, 2021). On the other hand, the IFS has a greater ca-
pacity to represent convection, important in synoptic environments 
where convection is present as cumulus parameterizations can be a 
source of uncertainty both for the creation of the ICs, and for the forecast 
of trajectory and intensity of cyclones (Bassill, 2014; Bengtsson et al., 
2019). Over the western and eastern ridge areas, where Michael and 
Leslie were located, respectively, the parameterization of clusters 
incorporated by GDAS may not accurately reality reproduce such 
configuration, affecting the θ − PV pattern and the subsequent down-
stream evolution. Finally, all data assimilation methods depend pri-
marily on the quantity and quality of observations. Although in recent 
years the number of observations over the Atlantic Ocean has increased 
considerably, there are still regions with a lack of data at different 
vertical levels, which contributes to less precise interpolations by data 
assimilation methods which may affect the forecasts of trajectory and 
intensity of the models. 

The importance of having good ICs for accurate modeling of a cy-
clone’s trajectory is emphasized in this study, especially for high un-
certainty systems as in the case of Hurricane Leslie. As found by Keller 
et al. (2019), upstream ET processes (as in the case of Hurricane 
Michael) could promote a source of anticyclonic PV, inducing down-
stream modifications in the Rossby waves amplitude, where Leslie is 
located. In the same way, the obtained wind intensity errors shown by 
both model outputs may be related to the complexity in simulating the 
interaction between Leslie and the upstream trough. Komaromi and 
Doyle, 2018verified that the position of the cyclone with respect to the 
trough can result on a rapid and prolonged extratropical intensification 
(as happened in MPAS-I), particularly when the surface low pressure is 
located below a zone of divergence to the right of the trough axis. 

4. Summary and conclusions 

In this work, the impact of the ICs generated by the IFS and GFS 
global models to simulate the trajectory and intensity of the Leslie sys-
tem with the MPAS model is analyzed. Two major findings emerge from 
the simulations: 1) the ability of each simulation to accurately replicate 
the trajectory and intensity of the Leslie system during its ET, and 2) the 
evaluation the impact of the generation of precise ICs for correctly 
modeling situations of high uncertainty, such as in the case study 
presented. 

To sum up, the key points of this study are as follows:  

1. The MPAS-I simulation outperforms MPAS-G in reproducing the 
system trajectory, with an error of <60 km, 24 h after the start of the 
simulation. Conversely, MPAS-G exhibits increasing errors when 
Leslie’s center makes landfall (295 km at 03:00 UTC on 14 October). 
From a dynamic point of view, the better performance of MPAS-I is 

partly due to the better simulation of the upper flow where Leslie was 
embedded (on the trough axis). Also, this simulation may have better 
resolved Michael’s upstream influence on the ridge. This should be 
verified in further studies by running simulations with different 
configurations for Michael, checking the relevance of the PV gener-
ation in the uncertainty of the evolution of the downstream flow.  

2. A more intense ridge in the MPAS-I simulation is quite revealed, 
especially in the θ − PV field, that is, the jet stream configuration 
with which the Leslie system is interacting, is modified by Michael’s 
upstream interaction. This distorts the trough structure and facili-
tates Leslie’s channeling and subsequent movement within the jet 
flow further northern, just as really happened. 

3. Both IC configurations are not able to satisfactorily model the in-
tensity of the system, especially MPAS-I simulation. Throughout the 
MPAS-I simulation, the intensity is overestimated, even showing 
Leslie as a hurricane with winds corresponding to hurricane category 
2, when the system was in an ET and constant weakening. We believe 
that, as demonstrated by Komaromi and Doyle (2018), the complex 
interaction between a cyclone and a trough can intensify the cyclone 
due to upper-level divergence wind shear values are not as high in 
the cyclone’s vicinity.  

4. In both simulations, particularly in MPAS-I, the Leslie location is 
placed in a region of upper-level divergence, favoring upward ver-
tical movements and intensification of the system. This is one of the 
reasons why using accurate ICs is important to generating good 
cyclone forecasts, particularly during ET.  

5. Finally, based on the results of this study, it is assumed that Leslie’s 
ET is conditioned by the uncertainty of the ICs coming from the 
upstream flow where Michael is also an ET. The results of the ex-
periments show the great importance of generating accurate ICs even 
after a few hours of simulation. The clear advantage of the IFS 4D-var 
as a data assimilation method resides in the greater number of used 
observations, the greater spatial resolution, and the constant 
correction of the analysis fields from the assimilated observations, 
improving the precision of the ICs. This allows simulations and even 
operational forecasts to be closer to reality under complex synoptic 
situations, as in the case of this study. 

The number of tropical systems that have reached the western Eu-
ropean zone is increasing in recent years. Therefore, the study of these 
events, particularly those that experience several transitions during 
their life cycle, reveals as necessary the use of accurate simulations with 
numerical weather prediction models to give a helpful tool to the fore-
casters when a more certain prediction of such events is needed. 
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durante el periodo 1970–2018. Cuadernos GeogrÁficos 60 (2), 105–125. https://doi. 
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