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ABSTRACT
The proposed Swansea Bay tidal energy lagoon is an exam-

ple of a relatively small-scale tidal barrage demonstrator project.
A key concern with this technology is that such structures may
exacerbate other environmental problems. However, such struc-
tures might also create beneficial environmental effects in some
areas, such as mitigating the impact of storm surges. In this pa-
per we model the hydrodynamics of the Swansea lagoon and sur-
rounding area using a depth-averaged numerical model. We sim-
ulate a number of storm surge events from the past 40 years and
analyse how the presence of the Swansea Lagoon (under various
operating strategies) modifies the resulting water levels.

INTRODUCTION
Tidal energy is a clean and predictable way of generating

power. There are two primary approaches: either using a free
standing turbine, which must be placed in an area of fast flow, or
using a tidal barrage. This paper looks at the latter case. Tidal
barrages are an attractive technology in that most of the compo-
nents are already used in other engineering applications. They
suffer from a number of disadvantages such as cost, which we
do not consider in this paper. However, a key issue with this
technology is their environmental impact. One aspect of this is
the impact on tidal hydrodynamics and on coastal flooding due
to storm surges. See the review of tidal barrages and lagoons by
Neill et al. [1] for further background.

In this paper we investigate the impact that a small tidal bar-

rage has on storm surge. We base our case study on the proposed
Swansea Bay Lagoon [2]. The proposed lagoon has a surface
area of 11.5km2 and its layout is given in Fig. 1. The project
is predicted by the developer to produce an average power of
48MW. However, whilst of course a useful contribution, the pri-
mary purpose of the development appears to be as a prototype
to inform the decision as to whether and how to construct larger
facilities. At present the project appears to be on hold, primarily
due to the cost.

The Swansea Bay lagoon is located in the Bristol Channel.
This area is well known for having one of the largest tidal ranges
in the world due to the combination of tidal resonance and the
funnelling of estuary [3, 4]. Because of the large tidal range in-
cidents of coastal flooding are relatively infrequent – flooding
will only take place when an extreme meteorological event coin-
cides with a high spring tide. There can also be some tide/surge
interaction [5]. However, when these do coincide there is po-
tential for very significant flooding partly due to the low-lying
land around the estuary. As an example of this scenario, a major
storm surge event occurred in 1607 which caused devastation in
the area [6, 7].

There has been very little literature on the interaction of tidal
barrages and storm surges. To our knowledge the only past study
has been by Lyddon et al. [8]. Other studies such as Lewis et
al. [9] have considered the impact on power production, albeit
very simplistically. However, there will clearly be some impact
on storm surge due to the deployment of a barrage and this needs
to be understood before such a structure can be deployed.
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FIGURE 1: Model computational details: a) Model domain (left), blue lines show the ocean boundaries; b) Barrage layout for Swansea
Bay Lagoon (right), the blue lines indicate the lagoon boundary.

In this paper we use a depth-averaged numerical model to in-
vestigate the tidal hydrodynamics in the Bristol Channel. Tides
and storm surge events are simulated with and without the pres-
ence of the Swansea lagoon and the results analysed. Further, we
investigate the impact of different operational strategies on the
large scale hydrodynamics.

NUMERICAL MODEL
Tidal hydrodynamics can be modelled by the 2D shallow

water equations assuming the absence of flow stratification [10].
The governing equations are [11]:
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where u and v are depth-averaged horizontal velocities in the x-
and y- directions; f = 2ΩsinΦ is the Coriolis parameter; Ω is
Earth’s angular speed; P is the atmospheric pressure; F is the
total stress in the positive x-direction and G is the stress in the
y-direction.

In this paper the shallow water equations are solved us-
ing the discontinuous Galerkin method version of the ADCIRC
(DG-ADCIRC) [12–14] with unstructured triangular mesh. Fig.
1 depicts the domain of the model, which is based on that of

Serhadlıoğlu [15, 16] with resolution improvement in some ar-
eas (convergence test has been conducted by Serhadlıoğlu). The
model domain includes the Irish Sea, Celtic Sea, English Chan-
nel and Bristol Channel (the latter from the model of [17]), and is
divided into 51,458 nodes and 98,278 elements of unstructured
triangular cells for the mesh where there is no tidal lagoon (in-
cluding a barrage structure requires minor remeshing and details
on the mesh around the turbines can be found in [18]).

There are three open ocean boundaries as shown in the fig-
ure: the western boundary in the Celtic Sea, the eastern boundary
in the English Channel and the northern boundary extending to-
wards the Scottish Isles of Tiree and Coll. Tidal forcing has been
specified on these ocean boundaries by the amplitude and phase
of tidal constituents based on the Le Provost tidal database [19].
The three main tidal constituents in the Bristol Channel are the
M2, S2 and N2 tides (all semi-diurnal), which we use to force the
model; smaller constituents are neglected for simplicity. When
determining these boundaries, it is not practical to extend the
model to the continental shelf in every direction. However, we
believe they are sufficiently far from the Bristol Channel that they
are not expected to cause significant error at the location of inter-
est.

Representation of Storm Surges in the Model
Storm surges are generated as a result of strong winds and

air pressure variations. A storm surge can last from several hours
to one day with an approximate wavelength between 150 km and
800 km, which is classified as a long wave given the water depth
of the ocean. In order to investigate the impact of the addition
of a lagoon during storm surge events, meteorological data (i.e.
wind stress and pressure variation) need to be applied as input for
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the storm surge simulations. The atmospheric surface pressure
and 10-meter wind velocity and direction data have been cap-
tured from the ERA5 reanalysis data sourced from the European
Centre for Medium-Range Weather Forecasts (ECMWF) [20].
Another two datasets with different spatial and temporal resolu-
tions, the ERA-Interim and the MÉRA dataset [21], have been
examined as well for storm surge simulation in the Bristol Chan-
nel. However, the agreement between the surges predicted when
using these alternative meteorological models and measured data
are not as good as with the ERA5 model.

The original measured data from the ERA5 are distributed
by latitude and longitude grid lines in hourly intervals. Data
interpolation has been applied based on the distributed mesh
data and meteorological input requirements of the ADCIRC. The
pressure variations obtained are applied to the model directly.
However, the wind speed need to be converted to a shear stress.
This will be proportional to air density, ρa, and a dimensionless
drag coefficient, Cd , between the wind and sea surface. The stress
can be expressed as:

τs =Cd ρa W 2, (2)

where W is the wind velocity. There are various drag coefficient
correlations with respect to varying wind speed as discussed by
Bryant et al. [22]. The detailed consideration of different Cd
correlations will be discussed with the model validation and cal-
ibration.

Representation of the Lagoon in the Model (Swansea
Lagoon Proposal)

In order to include the effects of sluices and turbines in the
tidal lagoon, this paper utilises a barrage boundary incorporated
in DG-ADCIRC [18]. This barrage model was created based on
a culvert model already present in DG-ADCIRC [14, 23], that
adds an internal barrier into the finite element mesh. The in-
ternal barrier acts as a reflective boundary throughout its length
(zero perpendicular velocity), except at the node pairs where hy-
draulic structures are simulated (Fig. 2). The flow through these
node pairs is calculated from the water head developed between
“front” and “back” sides.

For simulating sluice gates, the barrage model utilises the
orifice equation, which relates head difference He to the flow Qo
through the boundary [24, 25].

Qo(H) =CdAS
√

2gHe, (3)

where Cd is the discharge coefficient (equal to one in this study),
AS the sluice area and g the gravity constant.

FIGURE 2: Top view of Internal barrier and triangular element
representation (based on: [14, 18]).

The turbine’s flow and power characteristics are obtained
from a low head bulb turbine chart available by Andritz Hy-
dro. [26,27]. The Andritz chart used in this study is given in [18]
and shows how turbine unit speed n11 and specific unit discharge
Q11 (obtained experimentally) are related. The graph also shows
wicket gate and running blade openings (in degrees) and effi-
ciency curves E f .

By specifying the parameters of the turbine: diameter D,
number of generating poles Gp and grid frequency f , the turbine
rotation Sp (rpm) can be obtained from Sp = 120 f/Gp. From Sp,
both unit speed n11 and specific discharge Q11 are calculated as:

n11 =
SpD√

He
, Q11 =

Qt

D2
√

He
. (4)

Manipulating the specific discharge equation in Eqn. (4), the di-
mensional turbine flow-rate Qt can be described as:

Qt = Q11D2√He. (5)

When a forcing head is present, n11 is calculated from
Eqn. (4), while Q11 is obtained by adjusting the opening of the
wicket gate, the pitching of the runner blades and crossing the
values with the obtained n11. A parametrized curve of maxi-
mum power output is obtained by digitising the chart [26], and
following the path where the product between E f , Q and He is
maximised (Eqn. (6)):

Q11 = (0.0166)n11 +0.4861; (when n11 =< 255)
Q11 = 4.75; (when n11 > 255)

(6)
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Since n11 is acquired from the head difference, flow-rate
trough the turbines can be calculated using Eqn. (5)-(6).

In order to choose appropriate parameters for designing the
tidal lagoon, the current study follows previous research by [28,
29]. The chosen parameters are shown in Table 1.

Swansea Lagoon Design

No of Turbines 16

No of Gp 95

Grid frequency (Hz) 50

Turbine Diameter (m) 7.35

Sluice Area (m2) 800

TABLE 1: Swansea Lagoon Design.

A more thorough analysis of the barrage boundary imple-
mentation and verification (considering power generation) can
be found in [18].

VALIDATION AND SIMULATION OF STORM SURGE
EVENTS
2D Model Storm Surge Calibration

Calibration of the model has been carried out with respect to
the different bed friction coefficients, wind surface drag coeffi-
cients and applied parameters that are significant to the accuracy
of the final results.

The calibration of the friction coefficient is undertaken us-
ing Admiralty Tide Tables data [30] for M2 and S2 tidal elevation
amplitudes and phases at selected stations. By adjusting the bot-
tom friction coefficient C f until the model-predicted results and
observed tidal amplitudes and phases are as similar as possible
in value. In addition, the bed friction types, a hybrid nonlin-
ear bottom friction and a constant quadratic one, are considered
in the calibration process. The simulations are run for 30-day
periods with tidal forcing but excluding meteorological inputs
and lagoon implementation. The comparison of different C f val-
ues (0.002, 0.0025, 0.003 and 0.004) and types indicate that the
overall best fit between the observations and the model results
is achieved by setting C f = 0.0025 with the constant quadratic
friction law.

In order to achieve the most accurate results, the storm surge
model with meteorological inputs and without lagoon implemen-
tation is tuned by adjusting the wind surface drag coefficient Cd .
The observed surge (residual) levels from field-measured data,
captured by the British Oceanographic Data Centre (BODC) at

various locations within the Bristol Channel, are utilised for cal-
ibration. The sea-level measurements can be separated into the
combination of a tidal component and a non-tidal component.
We use the residual (the non-tidal component) to represent the
storm surge phenomenon in this project and the simulation resid-
ual is calculated by the difference between the surge-induced and
the baseline (no surge input) tidal elevations. The storm surge
event selected is the flooding at Avonmouth on the 13th Decem-
ber of 2000. Five different coefficient correlations, including
those developed by Sheppard (1958), Deacon and Webb (1962),
Wu (1967), Garratt (1977) and Smith (1980) (see [22]), are ap-
plied in the surge simulations. It is concluded from the calibra-
tion comparisons that the model results show a good agreement
with the BODC observed data when applying the drag coefficient
correlation from Wu (1967):

Cd =

0.5 U0.5
10 , 1 <U10 < 15

2.6 , U10 < 15
, (7)

where U10 is the wind speed at 10m height [31].

2D Model Storm Surge Validation
Model validation is undertaken by comparing harmonic

constituent-based field measurements taken from the TotalTide
software, a numerical model by Davis and Jones [32], and the
measurements during the surge events, at locations within and a
little beyond the Bristol Channel region.

The tidal harmonic analysis is done by comparing DG-
ADCIRC results against predictions from Davis and Jones’ mod-
els for the whole model domain. The contours of the computed
M2, S2 and N2 tidal amplitudes and phases are compared with
the co-tidal chart, and all of them are found to be in good agree-
ment. Quantitative comparisons have been carried out for the
M2 and S2 tidal constituents. The predicted simulation results
are compared against the observations from the Admiralty Chart
(2006) at several observation stations and the overall predictions
appeared to be in a satisfactory agreement with the tidal dynam-
ics in the channel region.

A comparison between the model prediction and observed
tidal and residual data at Avonmouth (from the BODC) for the
storm surge event on the 13th December of 2000 is considered.
The observed surge level at Avonmouth was over 2 m during this
event. Fig. 3 shows the simulated surge pattern with clear flood-
ing risks at the head of the channel. Fig. 4 displays the ADCIRC
predictions compared with the BODC field measurements. As
can be seen in the figure, there are small phase shifts between the
field data and the simulation, and reduced surge (residual) peaks
can be observed from the simulation results.
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FIGURE 3: Simulation results of the surge residual during the
storm surge events of 2000 for whole domain predicted and shown
by DG-ADCIRC.
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FIGURE 4: Simulation results of storm surge events of 2000 at
Avonmouth predicted by DG-ADCIRC and compared with field
measurements.

Whilst we consider these results acceptable, there are still
discrepancies between measurement and model. A key reason
for the discrepancy, which is considered in detail during this
work, could be the inaccuracy in the meteorological inputs from
the ERA5 dataset, which is evidenced by the poor estimation
of the peak surge in the 2000 events. There are also a number
of possible reasons in the simulation, including neglecting the
contribution to water levels of wave set-up and river discharge.
There are also, of course, many simplifications to the real physics
inherent in using a depth-averaged model.

In this study we wish to explore the impact of a major flood-
ing event in the Bristol Channel. Since there has not been a ma-
jor event for the period which we have data, we have decided
to focus on a synthetic event. The simulated scenario combines
the surge predicted for a real meteorological event with the tides
at the peak of the springs. In practice, this simply involves a
small shift in the timing of either the meteorological or tidal
records. Our synthetic storm has a maximum water elevation
at the Swansea lagoon site of 5.57 m (without lagoon imple-
mented).

RESULTS
Hydrodynamic Impact with Implementation of Lagoon

Before we consider its impact on storm surges, it is impor-
tant to understand the impact of the Swansea Lagoon on the tidal
hydrodynamics. On first consideration, the lagoon is small and
might be expected to have only a small impact on the large-scale
tidal hydrodynamics. However, the tidal hydrodynamics of the
Bristol Channel are, as mentioned above, a resonant system [3]
and such systems can change significantly with relatively small

Case Starting head (m) Finishing head (m)

A 2.5 1.0

B 3.0 1.0

C 3.5 1.5

D ∞ 0

TABLE 2: Lagoon operational scenarios with different starting
heads and finishing heads.

disturbances.
In assessing the change to the naturally occurring hydrody-

namics, we also need to consider different operational strategies.
Becker et al. [33] found that using a low starting head had a sig-
nificantly smaller impact on the tide and hence the environmental
impact. In the present study we consider a number of different
operational scenarios set out in Table. 2 (see standard works such
as Prandle [24] for discussion of starting and finishing head).

The final case, ‘D’, is essentially a closed lagoon. The sim-
ulation is carried out with a time period of 30 days and the har-
monic analysis is considered for the last 24 days of the simulation
to avoid the initial transient response of the model. We consider
the observation sites at the basin- and ocean- side, as seen in Fig.
1, for the results display.

We find that, despite the tidal resonance, there is very little
impact on the tides outside of the Swansea Lagoon for any of
the scenarios considered. The magnitude of the M2 tidal con-
stituent at Mumbles and Hinkey Point for the different scenarios
is shown in Table. 3. The tidal amplitude outside the lagoon is
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Case Mumbles (m) Hinkey Point (m)

No lagoon 3.09 3.97

A 3.08 3.95

B 3.08 3.95

C 3.08 3.95

D 3.08 3.95

TABLE 3: M2 amplitude at selected measurement stations for
different operation scenarios.

slightly reduced everywhere, see Fig. 5, with the biggest reduc-
tion occurring for the largest starting head. It is hard to identify
whether this reduction is connected with the introduction of in-
creased damping into the resonant system or whether it is to do
with the change in channel geometry – these are of course inter-
connected. Although this reduction in tidal range is very small in
percentage terms, this might have an impact on the return levels
of an extreme flooding event.

Inside the lagoon it is not appropriate to use simple harmonic
analysis as the water level is no longer well-approximated by a
simple sinusoid (the water level remains unchanged during the
holding stage as shown in Fig. 5). Whilst we can use an alterna-
tive quantitative comparison, for brevity here, we conclude that
reducing the starting head does lead to a reduced impact on the
tidal range within the lagoon — as would be expected.

2D Modelling of Storm Surge Interacting with the La-
goon

As stated in the previous section, the implementation of a
lagoon would reduce the tidal elevation, thus possibly providing
a small flood prevention function in the Severn Estuary. We ap-
ply the modified storm surge event from the year 2000, described
above, and the lagoon is normally operated with a starting head
of 2.5 m. Fig. 6 illustrates the simulation results of the lagoon im-
plementation during the storm surge event at the aforementioned
sites. The elevation results indicate the significance of flooding
risk while the residual shows the deviation between the water
level with and without meteorological forcing. Considering the
ocean side, there is an overall small water elevation decrease, up
to 0.90% at the peak of the surge, which is similar to the results
of the tide-only phenomenon discussed previously. No clear dif-
ference can be observed for residual of the case with the lagoon
compared with the no lagoon case. Within the lagoon, from the
figure, we can see that water elevation has dropped significantly
from lagoon operation and by 9.37% at the surge peak. Also
there is some phase lag of approximately two hours. Regarding
the residual, even though there is less reduction in the ampli-
tude by 7.06%, the residual peak time has been delayed again for

about two hours. We also find the same features of peak residual
delay at some regions near the lagoon site. Bearing in mind that
the typical storm surge event occurring in the Bristol Channel is
about five hours, the delayed surge event would be a clear benefit
for flooding risk management.

Another useful feature of the lagoon is that it appears to re-
duce the area susceptible to flooding, at least for our example
event. Here we consider the surge residual during the storm surge
events and compare the flooding affected regions (around the la-
goon site) between the original “no lagoon” case and the case
with lagoon implementation. Fig. 7 shows the comparison of re-
sults around the lagoon site captured at the beginning of the storm
surge event with respect to residual. The surge condition is con-
sidered severe when the residual get to over 1m. From the figure
we can see the regions are well protected within lagoon. For the
regions around, the high risk areas are reduced as well due to the
lagoon implementation. This is a relatively localised feature and
this might not be the case for all coastal flooding scenarios.

Even though there exists small or even no impact of water
rise on the ocean side during the surge event, for the basin side,
there are clear benefits of flooding control with the lagoon im-
plementation. In the present study, only a small area of Swansea
would be protected; however, the design of a bigger lagoon or
barrage can clearly protect a larger area.

2D Modelling of Different Lagoon Operation Scenarios
In this section we examine whether different lagoon opera-

tions during a storm surge can alter its performance.
An extreme case in lagoon operation is where, when a surge

is imminent, the turbines and sluices are closed to prevent any
water from entering the lagoon. To simulate this, we make a
minor modification to the meteorological forcing; as the appli-
cation of wind shear stress to the small enclosed water in the
lagoon clearly gives non-physical results (probably due to insuf-
ficient dissipation in the lagoon), we therefore do not apply the
wind shear stress within the lagoon area. Thus the results within
the lagoon are not really meaningful. Outside the lagoon, shut-
ting it off completely leads to a lower decrease in the water level
of 0.01 m. Therefore, shutting the lagoon off completely is seen
to have a small effect of decreasing the water level elsewhere.

Two other scenarios are analysed to investigate whether con-
trolling the lagoon during the surge event could give more overall
flooding protection. Assuming the knowledge of the time of the
storm surge event and the hydrodynamics of the channel, the la-
goon can be fully closed at the minimum water level in the basin
and then reopened just before the surge, allowing water to flow
through the lagoon. Two methods to reopen the lagoon have been
considered: the complete opening of turbines and sluice gates
(Case E), and the half-area opening of turbines and sluice gates
to secure the basin regions (Case F). Based on the previous tidal
hydrodynamics simulation results, the scenarios are designed to
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FIGURE 5: Impact of different operational heads on the water ele-
vations: a) in the ocean side (top); b) in the basin side (bottom).
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FIGURE 6: Interaction of lagoon implementation with storm surge:
a) in the ocean side (top); b) in the basin side (bottom).

FIGURE 7: Comparison of residual simulation results around proposed lagoon site during the storm surge events displayed by SMS: a)
lagoon implementation (left); b) original case (right).

7 Copyright c© 2019 by ASME



close the lagoon at around 8 days in the simulation and reopen
again at the time of 10 days, and then the lagoon is kept opened
until the end of the simulation with a period of 14 days.

Comparison results of different cases are concluded in Ta-
ble. 4, which are calculated based on the no lagoon case. The
simulation results show that there are no clear timing benefits
and only a small decrease of elevation or residual (within 1%)
when compared with the original no lagoon case in the ocean re-
gions (due to the small impact of lagoon implementation to the
ocean region during surge events as discussed above). Thus it is
more important to compare the different cases in regards to the
basin region.

Considering the surge time delay for a surge event, as can
be seen from the table, both cases E and F show more benefits
than the case with normal lagoon implementation. For Case F
especially, the time lag is approximately 3.84 hours with respect
to the surge residual. In terms of water level, again more bene-
fits can be observed by controlling lagoon operation. The water
elevation decreases approximately 17.78% and 57.55% for case
E and F respectively; for the residual, both cases indicate a level
reduction over 20%.

Fig. 8 shows the lagoon impact with operation strategy Case
F and clearly the basin region is well protected. The synthetic
storm surge event introduced in this project coincides with the
high tide, and the previous lagoon closure allows the water level
within the basin to be at a minimum instead of nearly maximum
and thus provides more flooding protection. Afterwards, the re-
opening of the lagoon during the surge allows storm water to flow
into the basin and this has the small effect of reducing flooding
outside the lagoon. For different lagoon reopening areas, even
though the fully opened case has some benefits of more water
elevation reduction in the ocean region, the water level decrease
in the basin for the partially-opened case is significant. There-
fore, lagoon operation Case F should be the most suitable overall
strategy to choose for storm surge protection.

CONCLUSIONS
In this paper, we developed and validated a two-dimensional

numerical model to simulate storm surge events with the imple-
mentation of the Swansea Lagoon in the Bristol Channel. The
results showed that limited hydrodynamic impacts would be ex-
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FIGURE 8: Interaction of lagoon implementation with storm
surge with lagoon operation strategy Case F: a) in the ocean side
(top); b) in the basin side (bottom).

pected from the construction of a small lagoon such as that pro-
posed for Swansea Bay. Different lagoon operation strategies
during a storm surge event were considered as well to achieve
the most suitable operation that can provide a flood prevention
function within and outside the lagoon. The comparisons indi-
cated that operation case F, with the lagoon previously closed and
partially reopening at the surge event, had the best performance
with the flooding risk timing delayed up to 3.84 hours and water
elevation reduced by 57.55%. Although the Swansea lagoon has
a relatively small impact on coastal flooding, a bigger develop-
ment, such as a Severn Barrage, would have a larger impact. We
have shown herein that altering the operations of a lagoon does

Case Normal lagoon case Case E Case F

Parameter Elevation Residual Elevation Residual Elevation Residual

Timing delay (hr) 2.16 2.16 2.64 2.64 2.88 3.84

Decrease (%) 9.37 7.06 17.78 29.41 57.55 21.18

TABLE 4: Comparison of results of different cases for elevation and residual in the basin region base on the original results.
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have some effect on the flooding. It will be important to consider
this impact for larger tidal barrage developments.
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