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FIGURE 8 | Daily averaged maps of Instantaneous Rate of Separation (IROS) as derived from HFR hourly current estimations (left) and IBI model outcomes five
days ahead (right) for the mature stage of storm Gloria (January 20 and 21, 2020) and the dissipating phase (January 23, 2020).
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FIGURE 9 | (A) Monthly averaged precipitation registered at the Ebro observatory for the period 2016-2020; (B) Time-averaged map of circulation and
Instantaneous Rate of Separation (IROS) for the 6-day period (January 19-24, 2017) as derived from HFR-ED hourly surface currents. (C,D) Temporal evolution of
IROS diagnostic, spatially averaged over two different subregions (denoted by black boxes in panel (B): in the northern periphery of ED mouth (C) and in
north-easternmost sector (D).

during January 19-20 along the whole latitudinal transect
selected within the HFR-IC domain.

Circulation in the SoG
The upper circulation in the SoG during pre-storm conditions
exhibited the classical picture of the strong inflow of
Atlantic waters into the Alboran Sea (Figure 12A). The
daily averaged surface pattern provided by the HFR-SoG
system for January 19 revealed northeastward speeds above
150 cm s~ ! in the narrowest section of the strait. By contrast,
the HFR footprint for January 20 already showcased the
remote effect of Gloria, with an abrupt drop of the AJ]
speed (Figure 12). Albeit still flowing to the NE, the
inflow at SoGl grid point (denoted in Figure 12A) was
rapidly decelerated by 66% to approximately 50 cm s~ 1.
Additionally, it is worth mentioning the presence of the coastal
countercurrent in the periphery of Algeciras Bay, tied to the
formation of an elongated cyclonic vortex in the northeastern
entrance of the SoG.

The monthly monitoring of AJ speed and direction at SoG1
grid point during January 2020 evidenced the tight connection

between both parameters (Figure 12C). With current velocities
above 50 cm s~!, the AJ seemed to be locked at angles from
70° to 80°. The AJ hourly speed typically fluctuated in the range
[50-150] cm s~ !, with current pulses often exceeding 200 cm s~ L
Short-lived sharp shifts in AJ orientation were concurrent with
sporadic speed drops below 50 cm s~ !. During the mature stage
of Gloria (January 20-21), the combined action of manifold
factors modulated the upper layer transport through the SoG,
namely: (i) the low-pressure system centered over the northern
African coast (Figure 2A); (ii) higher SLP on the Atlantic facade;
and (iii) strong and persistent easterlies over the western Alboran
Sea and the Gulf of Cadiz (Figure 2B). Served as an example,
Figure 12D displays the HFR-derived hourly surface circulation
for the January 20 (20 h). Despite the noisy pattern in the
WMS side, a rather uniform inversion of the surface flow can be
observed in the westernmost sector of the HFR footprint, with
westward currents exceeding 70 cm s~!. The complex surface
circulation featured in the WMS sector seems to be the result of
the intricated interplay between the weakened and more zonal
AJ inflow (to the east) and the storm-induced currents (to the
west), which are in turn modulated also by barotropic tidal

Frontiers in Marine Science | www.frontiersin.org

17

March 2021 | Volume 8 | Article 645762


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Lorente et al.

Monitoring Gloria With HF Radars

A HFR-ED: IROS (Subregion-1)
i [2016-2019]

> 90 N = 35040 timesteps
e 80 Mean =0.19 £ 0.13
g 20 P99 = 0.61

= 63% P99.9 = 0.91

S 60

o

] 40 r . 1
E 30 29%

§ 20

s 10 6% 0%
&\ 1% 0.5% | 0.01%

) ™
’Q"» ,0. 'Qio 'Qq" ‘N'Q "‘:", "‘r'
S IBCIICIR R IR
IROS / |l

FIGURE 10 | Histogram of the Instantaneous Rate of Separation (IROS), derived from HFR-ED hourly current estimations and spatially averaged over the subregion-1
(defined in Figure 7A) for: (A) the entire historical dataset (2016-2019); (B) the 6-day period when storm Gloria impacted on the Ebro Delta (January 19-24, 2020).
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fluctuations. Superimposed to these factors, the presence and
morphological configuration of the semi-enclosed Algeciras Bay
has been recently reported to influence the SoG dynamics in its
easternmost part (Garcia-Lafuente et al., 2019).

Three-Dimensional Response of the

Water Column to Gloria

IBI-FCO5 predicted 5-day ahead a significant vertical mixing
due to the turbulence injected by the surface wind stress in the
oceanic mixed layer. As a consequence, MLD deepened below
120 m along most of the shelf break (Figure 13A). The local
minimum of MLD (around 75 m) forecasted by IBI-FCO05 at
40.67°N was coincident with a locus of maximum horizontal DIV
of water masses (Figure 13B). Surface DIV generated upward
vertical motions that partially compensated the thickening of
the MLD due to Glorias passage. By contrast, the along-shore
belt of negative DIV (i.e., horizontal convergence) shown in
Figure 13B entailed the downward displacement of surface
waters to lower levels that underpinned the deepening of the
MLD. This convergent zone is precisely where the highest rate
of MLD variation (~60 m) was predicted, according to the black
isolines in Figure 13A. However, the MLD barely thickened 30 m
in shallower coastal areas.

A Hovmoller diagram computed at a selected transect of
constant latitude (40.67°N) revealed that the steep deepening
to [75-100] m was mainly delimited to Glorias mature stage,
January 20 and 21 (Figure 13C). At B1 buoy location (1.47°E,
40.67°N), the temporal evolution of modeled MLD used to
fluctuate daily in the range [20-30] m during the second fortnight
of January (solid black line in Figure 13D). Gloria caused an

exceptional 2-day thickening of the MLD, which was almost
concurrent with an overall intensification of the southward
flow in the first 100 m of the water column (Figure 13D).
Vigorous ocean currents (above 70 cm s~ were predicted
at 80 m depth levels. The evolution of meridional current
speeds predicted by IBI-FCO05 resembled qualitatively those
measured by Bl buoy at 3.5 m depth (Figure 13E). Therefore,
it seems evident the prompt upper ocean response to the wind
forcing in terms of a quasi-homogeneous deep layer, despite
the 1-day delay between the maximum MLD and the peak of
southward current speed.

DISCUSSION AND MAIN CONCLUSION

Storm Gloria can be interpreted in holistic terms as a high-
impact once-in-a-decade metocean event in the northern WMS
where a combination of several extremes occurred sequentially
with common underlying conditions. Percentile technique was
used to evaluate extremes, describing the storm from a broader
historical framework. Percentiles 99 and 99.9, derived from long-
term observational time series, were fairly exceeded for a wealth
of metocean parameters, encompassing wind speed, SWH and
period, surface current velocity and, to a lesser extent, the sea
surface height (Table 2).

From a merely atmospheric perspective, the primary
contributors, at synoptic scale, were: (i) the record-breaking
anticyclone over central Europe (Figure 2A), with the highest
mean sea level barometric pressure reported in London since
1692 (Cornes et al., 2011). It reached 1049.6 hPa at Heathrow
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FIGURE 11 | Six-day time series of hourly SLP (A), wind speed (blue line) and direction (red dots) at 25 m height (B) registered by an Autonomous Weather Station
(Wsta in Figure 1A); (C) Map of Skill Score (SS) between hourly wind speed registered at Wsta and current speed estimated by HFR-IC, for a 6-day period from
January 18-23. Daily surface circulation maps as derived from HFR-IC current estimations before (D), during (E), and after (F) storm Gloria passage. Green lines
indicate the latitudinal and longitudinal transects selected to compute Hovmaller diagrams. The location of IC1 grid point (coincident with the Ibiza Channel buoy, out
of order during storm Giloria) is denoted by a black square; (G) 6-day time series of hourly surface current speed (blue line) and direction (red dots) at IC1 grid point
(°N, °E); (H) Hovmoller diagram of HFR-derived meridional (V) currents along the selected transect at 38.8°N
currents along the selected transect at 0.8°E. Red (blue) colors indicate northward (southward) and eastward (westward) currents in panels (H) and (l), respectively.

; (I) Hovmoller diagram of HFR-derived zonal (U)

Airport, close to the all-time national record of 1053.6 hPa
measured at Aberdeen Observatory on January 31, 1902 (Met
Office Factsheet, 2016); (ii) the sudden, deep decrease of SLP
in the southern WMS, with a constant ratio of almost 1 hPa
per hour over a 17-h interval. This ratio is similar to pressure
falls of 1 hPa per hour over a 24-h period traditionally ascribed
to explosive cyclogenesis development (Allen et al., 2010); and
(iii) the exceptional gradient of SLP between the northern
and southern WMS sub-basins (Figures 2C,D) that induced
very strong easterly winds (above the historical P99.9 set to
15.9 m s~ !, see Table 2), that persistently blew for more than
24 consecutive hours over extensive areas of the northern
WMS (Figure 2B).

Although out of the scope of the present contribution, it
might be worth analyzing in the future the feasibility of a novel
index based on the spatially averaged SLP differences between the
northern and southern WMS sub-basins. As a proof-of-concept
investigation, such an index should be interpreted as a proxy to
effectively monitor the severity of metocean conditions in the
WMS, linking strong onshore-directed winds, induced extreme
waves and the strengthened coastal circulation. In this context,
this diagnostic would be similar to other existing teleconnection
indices in the Mediterranean, traditionally derived either from
the simple difference of some climate variable between two
geographical locations or from the Principal Components
approach (Criado-Aldeanueva and Soto-Navarro, 2013).  The
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FIGURE 12 | Daily-averaged surface circulation in the Strait of Gibraltar (SoG)
as observed with the HFR-SoG system for panel (A) the January 19, 2020
(pre Storm Giloria conditions) and (B) January 20, 2020 (during Storm Gloria);
(C) Hourly evolution of surface current speed (red line) and direction (blue line)
at SoG1 grid point [denoted in panel (A)] of the HFR-SoG system during
January 2020. Abrupt changes in both parameters during Storm Gloria
(20-21) are delimited with a dotted black box; (D) HFR-derived hourly surface
circulation for January 20, 2020 (20 h).

index here proposed would be, for instance, similar to a
combination of the Western Europe Pressure Anomaly
(WEPA) and the Western Mediterranean Oscillation (WeMO)
indexes. The former, based on the SLP gradient between
the station Valentia (Ireland) and Santa Cruz de Tenerife
(Canary Islands), aims to better explain winter wave height
variability along the coast of southwestern Europe (Castelle
et al, 2017). The latter is an atmospheric teleconnection
pattern defined as the SLP difference between San Fernando

(SW Spain) and Padua (NE Italy) cities, developed as an
indicator of precipitation on the littoral fringe of eastern
Spain (Lopez-Bustins and Lemus-Canovas, 2020). Negative
WeMO phases tend to be associated with rainy episodes in
most of this territory due to Mediterranean humid easterly
flows. Likewise, positive phases of the proposed index (above
a predefined threshold to be still determined) would indicate
a higher-than-usual wind/wave risk in the levantine coastline.
This approach would additionally benefit from the optimal
representation of the large-scale atmospheric forcing over
the entire WMS basin, while station-based indices at fixed
sites might be partially impacted by small-scale transient
meteorological events. Therefore, this meaningful index could
be used in strategic preparedness policies when predefined
thresholds are abruptly and/or persistently exceeded. As
previously stated by Adger et al. (2005), the establishment
and efficient functioning of multi-hazard early warning
systems (MHEWS) are crucial aspects (at both national and
international governance levels) to enhance the socio-ecological
resilience of coastal communities. These MHEWS should be
integrated into robust capacity analysis frameworks, which
cover a range of dimensions, such as legislative, planning,
infrastructure, technical, scientific and institutional partnerships
(Haigh et al., 2018).

In terms of wave height field, Bl buoy registered
unprecedented, record-breaking values in the vicinity of
ED. The performance of ALFA radar site (from HFR-ED
system) was rather consistent despite a slight underestimation
of the peak. Note that for a 13.5 MHz system like HFR-ED,
the upper limit to the accurate detectability of waves is around
7.07 m (represented by a pink dashed line in Figure 3B).
Since waves fairly exceeded not only the P99.9 (established
at 4.1 m, see Table 2) but also this predefined threshold, the
observed underestimation of the wave height maximum could
be motivated by the fact that normal interpretation methods
were applied to saturated spectra (Lipa and Nyden, 2005). Two
different versions of CODAR Seasonde wave processing tool
were used to monitor Gloria’s effects, R7 and R8, with the latter
providing a significant (slight) improvement in the incoming
Wd (SWH and Tc) for higher range arcs, as reflected by the
statistical metrics obtained (Figure 3). Regardless of both the
Seasonde software version and the range arc selected to perform
the comparison between ALFA site and Bl buoy, the skill of
HFR-ED to retrieve wave parameters during storm Gloria can
be ranked (from higher to lower) in this order: SWH, Tc and
Wd. Moreover, the assumption of homogeneity over the whole
of each circular range cell in CODAR Seasonde HFR systems
could also partially explain the differences detected between
Bl and HFR-ED, due to relevant bathymetric variations in
this coastal area. According to the time series collected at TG1
tide-gauge (Figure 3B), the sea water level rose sufficiently to
be considered a non-negligible contributing factor. Whereas
the P99 (0.61 m) was briefly overpassed, the P99.9 (0.72 m) was
never matched (Table 2).

The retrospective comparison of Gloria and Jan2017 extreme
episodes revealed that both shared similar directional features for
wind and wave fields, which should be categorized as “standard”
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of Vindicate southward flow; (E) Time series of meridional (V) currents registered at B1 buoy: hourly and daily averaged values represented by a blue line and red
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as they did not represent any substantial anomaly with respect
to the given wind-wave climate (Figures 4C,D). On the contrary,
the persistently strong wind (blowing over long fetch distances)
and high SWH values definitively played a major role in the
development of such violent events. The differential factor that
turned Gloria into an unprecedented event, hence more intense
than Jan2017, is the storm duration (more than four consecutive
days) and the persistent surpassing of P99 threshold for several

parameters. During Gloria, strong winds (22 h above the P99.9,
until the sensor’s permanent outage) and high waves (64 h
above the P99.9) were observed. In the case of the Jan2017
event, strong winds and high waves exceeded the P99.9 during
6 and 53 h, respectively. The minimum (usual) storm duration
in the northern WMS have been reported to be 6 h (24 h),
with waves higher than 5 m usually lasting less than 1 day
(Lin-Ye et al., 2016).
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With regards to the storm-induced surface circulation, a
portion of the detected discrepancies between HFR-ED and
B1 buoy current time series could be attributed to a number
of elements already enumerated in the literature (Ohlmann
et al., 2007). Apart from the instrumental noise, each device
presents its own sampling strategy at a specific nominal depth.
HFR-ED provides current estimates spatially averaged over vast
areas, which are representative of the upper 0.9 m of the water
column. By contrast, Bl buoy collects point measurements at
a 3.5 m depth. Although the sub-grid horizontal shear and
the geophysical variability within the water column might exert
an adverse effect on this instrument-to-instrument comparison,
results illustrate that HFR-ED performance was accurate during
Glorias passage. The unprecedented intensification of the
Northern Current in its southward pathway and the subsequent
restoration back to the usual range of speeds was, to a large extent,
adequately reproduced by the HFR-ED system in terms of overall
strength and timing (Figures 5A,B).

To quantify particles dispersion and resolve basic flow features
during Gloria, maps of current vectors, superimposed with
fields of IROS, were derived from hourly HFR-ED estimations
(Figures 7, 8). The IROS field during Gloria’s passage exhibited
extreme magnitudes in the vicinity of the northern hemidelta
(denoted as subregion-1 in Figure 7A), reaching a peak by
January 21 (Figure 8C). The mean and P99 values of IROS almost
doubled the historical statistics, indicating the unprecedented
effect of Gloria on this subregion (Figure 10). Concurrently,
a maximum of current speed was observed within the entire
HFR-ED footprint (Figure 5D). These findings are of great
significance since particle transport and diffusion of passive
tracers in the upper ocean are determined not only by strong
currents but also by wave-induced Stokes drift and the turbulent
mixing generated by breaking waves (Staneva et al., 2021).
Then, the peak of IROS at Ebro river mouth seem to suggest
the existence of relevant interactions between the existing
strong currents and extreme waves. This conjecture, based on
HFR-derived observational evidence, would be consistent with
recent numerical investigations with coupled models where
the combined wave-current effects during storm Gloria were
reported (Amores et al., 2020). Previously, Rafols et al. (2019)
successfully investigated the role of such interactions in the
northern ED during strong wind events. As a contrasting
example, the IROS field during the Jan2017 severe episode was
rather moderate in subregion-1 (Figure 9) despite the strong
winds (above 15 m s~!) and 6-m high wave (Figure 4). These
results illustrate that the lower current speeds observed during
Jan2017 (Figure 5C) led to weaker wave-current interactions,
which resulted in a reduced seawater dispersion. Additionally,
Pérez-Gomez et al. (2021) analyzed outcomes from diverse
numerical models to evaluate their skill to predict coastal sea
levels during the storm Gloria. The sea level elevation was
better captured by the coupled hydrodynamic-wave forecast
system running operationally in the Mediterranean Sea within
the framework of CMEMS (Clementi et al, 2017). Since
there is a feedback mechanism between processes, detailed
information about different interactions might lead to an
improved predictability of hydrodynamic conditions at sea.

With regards to IBI predictive capabilities five days ahead,
results seem to indicate an acceptable model performance in
the sea surface despite some limitations that will be herein
addressed. The comparison against spatially averaged current
and SSH observations (provided by HFR-ED and TG1 tide
gauge) led to significantly high SS magnitudes of 0.77 and 0.92,
respectively (Figures 5D,E). In both cases, albeit IBI captured
the storm-induced peak, this was underpredicted by as much
as 20-30%. Since TGI is the closest station to ED, IBI-FCO05
prediction could be considered as a lower bound for the flooded
area. In terms of time-averaged maps of surface circulation
(Figure 6), the primary IBI-HFR disagreement arises from the
presence, detached from the coast, of a counter-clockwise eddy-
like circulation structure. While maps of SS reflect a higher
IBI-HFR correspondence in regions close to the shoreline (SS
above 0.7), the agreement decreases in areas near the eastern
outer limits of the HFR footprint. These findings are consistent
with similar works on the same topic, where SS values were
reported to lie between 0.2 and 0.8 (O’Donncha et al., 2015; Vaz
etal., 2018).

Shortcomings detected in IBI model performance should be
interpreted according to few forcing agents, like the difficulty
in accurately simulating both the Ebro river intense outflow
and the wind field over the complex continental shelf. As IBI
operational chain do not consider in situ freshwater observations,
their impact on the inner shelf dispersive transport is grossly
represented, as reflected by the low magnitudes of IROS
(Figures 7, 8). Likewise, a more refined atmospheric forecast
model might aid to better discriminate topographic structures
and replicate submesoscale features of the coastal flow in
the northern WMS, as illustrated by Schaeffer et al. (2011).
Additionally, as IBI system does not include two-way wave-
current interactions, some coastal processes are poorly resolved
(or even misrepresented). Since the skill of particle transport
simulations depends on wave-ocean circulation interaction
processes (Staneva et al., 2021), IBI was not able to properly
reproduce the peak of IROS in the northern hemidelta during
storm Gloria. A relevant number of works have demonstrated
the benefits of coupling wave and circulation systems (Viitak
et al., 2016; Clementi et al., 2017). In this context, the two-way
coupling has been recently implemented in the new operational
version of IBI system, released in December 2020. Future
research endeavors should include running a control simulation
backwards for the entire 2020 with the new operational version
of IBI system to elucidate if the model skillfully predicts the
features observed with HFR-ED, not only in the northern
hemidelta, but also over the whole continental shelf. Finally,
a fraction of the shortcomings detected in IBI performance
could be also attributable to the fact that large-scale barotropic
flow contributions, associated to SLP anomalies in the entire
Mediterranean basin, are not explicitly included in the present
numerical configuration. On the contrary, the eastern open
boundary conditions in IBI forecast system (at 5°E longitude)
are imposed from daily outputs from the parent system (CMEMS
GLOBAL), plus the local inverted-barometer effect.

A brief air-sea interaction research near ED was conducted
to elucidate the influence of moving storm Gloria on the upper
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layer physical properties. At seasonal timescales, an intense
salinity-driven stratification can be observed in ED estuary
as the buoyancy associated with large freshwater discharges
overcomes the microtidal forcing. Under these circumstances, the
classical two-layered estuarine circulation is predominant, with
the surface and the bottom layers flowing in opposite directions
(Llebot et al., 2014). However, the impact of extreme events on the
top ocean level can alter the traditional thermodynamic picture
and modify the MLD (Bouin and Brossier, 2020).

Three-dimensional physical changes modulated by Gloria’s
passage were explored by using IBI-FC05 outcomes, indicating
a large increase in kinetic energy at near-inertial frequencies and
MLD deepening (Figure 13). Strong storm-induced wind forcing
caused the water column stratification to start collapsing due to
the enhanced vertical mixing. Vigorous southward currents were
predicted at 80 m depth (above 70 cm s~!) and also detected by
B1 buoy at 3.5 m depth (above 110 cm s~ 1). The initial MLD
prior to Gloria’s passage was around 20-30 m, but shortly after the
January 19, the MLD abruptly deepened to greater than 100 m.
Afterward, the MLD returned to near pre-storm conditions.
Although direct in situ observations were not available to validate
the modeled MLD, the estimates here exposed are comparable
to the MLD deepening induced by a 2014 Medicane (Bouin and
Brossier, 2020) or by several hurricanes in the vicinity of Bermuda
(Black and Dickey, 2008). As a reference of Gloria’s effect on
the thermodynamic response of the upper ocean, note that 2003
Hurricane Fabian (a category 4 storm on the Saffir-Simpson
scale) led to maximum MLD of 50 m (from an initial MLD of
20 m) and produced large inertial currents (up to 100 cm s~ h.
Previous modeling works investigated the oceanic response to
changes in the storm parameters (translation speed, size, and
intensity), indicating that broad, intense, slow moving storms
induce deeper mixed layers (Wu et al., 2007). In our study case,
it seems clear that such factors held a key role in the MLD
values obtained.

Finally, HFR technology has proved to be a cutting-edge
tool to effectively monitor extreme events in near real-time
(from both waves and circulation perspectives) and unveil
hydrodynamic aspects (such as wave-current interactions) still
unresolved by current state-of-the-art regional ocean models.
Besides, the intimate connection between adjacent sub-basins
within the WMS was evidenced thanks to the concomitant
sea surface overlooking from three HFR systems. The large-
scale remote effect of Gloria in immediate choke points, such
as the IC and the SoG, was assessed in terms of anomalous
circulation patterns that altered the usual exchanges of water
masses between the northern and southern WMS sub-basins
and between the North Atlantic and the southern WMS,
respectively. Surface observations from HFR-IC revealed a
southward intensification of the Balearic current by the January
19, particularly in the western part of the spatial coverage
(Figure 11H), in accordance with the 3D modeling results

presented in Sotillo et al. (2021b) for the same transect
(38.8°N) in the IC. In that work, the usual net transport to
the north was documented to reverse, reaching anomalous
values up to 4 Sv in the southward direction during the storm
peak. Additionally, outcomes from Pérez-Gémez et al. (2021)
confirmed a small, albeit not negligible, net surface transport
from the southern WMS into the Atlantic Ocean during Gloria’s
episode. These findings are in consonance with the information
provided by HFR-SoG (Figure 12), hereby suggesting that the
remote barotropic effect of the strong atmospheric pressure
forcing over the WMS, in conjunction with the change in local
winds, significantly modulated the variations of the AJ and the
occasional flow reversal.

In summary, a wealth of multi-variable extremes, inter-
connected in space and time with common driving forces, were
identified and monitored in distant regions within the WMS.
A HFR network extension to cover a larger portion of the eastern
Iberian shoreline would aid to better track severe storms path for
timely, proactive emergency management that could reduce both
exposure and coastal vulnerability.
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