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Abstract

Harbours are essential infrastructures for economic activity that are susceptible to impacts from
climate change driven processes, like sea level rise (SLR), or alterations in wave patterns. In this
paper, the impact of climate change on wave agitation in ports (oscillations due to wind waves)
and, therefore, on port operability is analyzed. This is carried out through a numerical model
suite, considering the RCP8.5 scenario to project changes in wave fields, and three values of
SLR. The study is particularized for the port of Barcelona (NW Mediterranean), but the used
methodology can be applied to other harbours. Results suggest that changes due only to waves
will be minimal and with a general trend to slightly decrease wave agitation. On the contrary, the
effect of SLR and the associated increase of water depth will favor the penetration of waves
within the harbour, leading to a certain reduction of port operability, the magnitude of which will
depend on the SLR value. However, the complexity of wave patterns within the harbours, due to
multiple reflections of waves on port structures, implies that the reduction of operability strongly
varies according to the position and orientation of the berthing zones inside the harbour.

1. Introduction

Climate change has become a major focus of attention because of its potential hazards and
impacts on the environment, particularly in vulnerable systems like coasts (Sanchez-Arcilla et
al., 2011). In coastal areas, vulnerability assessments have focused mainly on the sea level rise
(SLR) and its impact on coastal communities (Nicholls et al., 2011), addressing its effects on
beaches (e.g. Revell et al., 2011; Sanchez-Arcilla et al., 2011; Monioudi et al., 2016), coastal
defense structures (e.g. Isobe, 2013; Lee et al., 2013; Burcharth et al., 2014), coastal
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ecosystems (e.g. Reynolds et al., 2012; Kane et al., 2015), or the flooding of urban areas (e.g.
Hallegatte et al., 2011; Paudel et al., 2015).

In addition, SLR is not the only physical process of concern to coastal communities being
affected by climate change. Potential changes in wind and atmospheric pressure distributions
will modify the wave field pattern (Weisse and von Storch, 2010), which is another essential
coastal driver. Indeed, changes in ocean wave climate have been reported in several studies
(e.g. Lionello et al., 2008, 2016; Wang et al., 2009; Hemer et al., 2010, 2013a, 2013b; Hemer
and Trenham, 2016). The potential impacts of the modification of wind wave properties due to
climate change on the coast and nearshore have attracted increased attention in recent years
(Zacharioudaki and Reeve, 2011; Adams et al., 2011; Barnard et al., 2014; Sierra and Casas-
Prat, 2014; Casas-Prat et al., 2016).

Since seaports are located on the coast or in estuaries, they are susceptible of being affected by
both SLR and wave storms. Harbour activities are strongly dependent on wave features,
especially in relation with the safe entrance and exit of ships, but also for the regular port
operations (Rusu and Guedes Soares, 2013). For these, the wave parameters inside the basin
must not exceed certain thresholds, which depend on the type of operation (mooring, loading or
unloading) and cargo involved (Lopez et al., 2015). Moreover, as port infrastructures have often
been designed for present climatic conditions, they will likely be affected by climate change
(Sanchez-Arcilla et al., 2016). The increase in mean sea level or changes in the wave climate
will condition essential aspects of harbour infrastructure and operations, modifying their risk
levels and economic productivity. This represents one of the main climatic risks in coastal zones,
since the contribution of ports to the economic activity in the coastal fringe and their hinterland is
significant (Becker et al., 2012; PIANC, 2012; Sanchez-Arcilla et al., 2016).

SLR will increase the water depth around and inside the harbour, modifying wave propagation
patterns that can in turn produce other impacts on ports, affecting processes such as wave
agitation (oscillations due to wind waves within the port), siltation or structure stability (Sierra and
Casas-Prat, 2014). On the other hand, changes in wave height will modify the amount of energy
entering the harbours, while changes in wave period or direction will modify propagation
processes such as shoaling, refraction and diffraction, thus likely inducing changes in sediment
transport patterns (potentially generating siltation) or wave penetration into harbours (Sierra and
Casas-Prat, 2014), and affecting port operability. All these impacts can be either positive or
negative, i.e. they can improve or worsen the operability of ports.

Current port management protocols are not yet considering the effects of these potential impacts
on their own operations (Becker et al., 2012), and the studies addressing the impacts of climate
change on harbours (e.g. Hanson et al., 2011; Asariotis and Benamara, 2012; Messner et al.,
2013; McEvoy et al., 2013; Chhetri et al., 2013; Sanchez-Arcilla et al., 2016) are few compared
with the numerous assessments of such impacts on coastal areas (see previous references). Of
the former, some focus on the climate change effects on a single process, such as wave
agitation in ports (Casas-Prat and Sierra, 2010, 2012; Sierra et al., 2015), port breakwater
overtopping (Sierra et al., 2016) or port breakwater stability (Takagi et al., 2011; Mase et al.,



2013; Suh et al., 2013), while others analyze the whole vulnerability of ports to climate change
and propose adaptation measures (Ng et al., 2013; Nursey-Bray et al., 2013; Becker et al.,
2013, 2015; Chhetri et al., 2015).

The aim of this paper is to assess the modifications in port operability times associated to SLR
and to wave pattern variations induced by climate change. The study is conducted using a
series of numerical models to analyze changes in wave agitation (wind wave heights) within the
Barcelona port (NW Mediterranean) produced by the aforementioned climatic drivers. The paper
analyzes only inoperability due to wind waves, ignoring other factors that could affect harbour
operations (wind, currents), which are out of the scope of this work. Although the study is
particularized in a single port, the methodology here described is applicable to any harbour
worldwide. Section 2 describes the models and data used. Section 3 presents and discusses the
results of the simulations for the different scenarios considered, underlining the implications for
port operability. Finally, Section 4 summarizes the main conclusions of this study.

2. Data and methods
2.1. Study area

The Port of Barcelona is located in the center of the Catalan coast (41°21'N, 2°10’E) in the
northwest Mediterranean Sea, as illustrated in Fig. 1. In 2014 it was considered the third
European port in terms of productivity with a throughput of 45.3 millions of tons, 1.9 million TEU
and almost 3.5 million passengers (BPA, 2015). The current port land area is over 1000 ha with
22.3 km berthing length and a depth of up to 16 m. The study has considered 21 zones
representing groups of docks with the same type of activity and similar features. In these zones,
only commercial berths with a berthing line longer than 35 m are considered. In Table 1, this
classification is presented and in Fig. 2 their position inside the port is shown.

The NW Mediterranean is a microtidal environment, with an average tidal amplitude of about 25
cm. The meteo-oceanographic characteristics of this area are strongly subordinated to its semi-
enclosed character and complexity: presence of orographic barriers like the Pyrenees, veering
winds, shadow effects caused by islands like the Balearic, and irregular bathymetry with
submarine canyons close to the coast. This determines the spatial distribution of winds and,
therefore, of the wave field, leading to a large seasonal variability (Lionello et al., 2002, Campins
et al., 2011). In particular, the Catalan coast is characterized for having weak-to-medium winds
with occasional strong events, resulting in mild wave conditions with sporadic energetic wave
storms. The significant wave height in the region is smaller than 1 m on average, but it can reach
up to 6-7.5 m during extreme events (Sanchez-Arcilla et al., 2008). Waves from the E and the S
are the most frequent, and those from the E have the largest heights because strong winds and
a long fetch concur along this direction (Sanchez-Arcilla et al., 2008; Casas-Prat et al., 2014).
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indicates the position of the closest grid point from the Mediterranean model.
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Zone | Length (m) | Average Use Threshold wave
depth (m) heights
HST (m) HSL (m)
1 480 16.0 General & bulk cargo 0.8 1.0
2 500 12.0 General cargo 0.8 1.0
3 1368 11.9 Cruises 0.3 0.5
4 310 8.6 Cruises & yachts 0.3 0.5
5 634 7.5 Ferries 0.3 0.5
6 160 9.5 Ferries 0.3 0.5
7 1388 9.8 Ferries 0.3 0.5
8 374 8.7 General cargo 0.8 1.0
9 850 11.2 Ferries 0.3 0.5
10 241 10.8 Bulk cargo 0.8 1.0
11 419 12.0 Bulk cargo 0.8 1.0
12 198 12.0 Bulk cargo 0.8 1.0
13 1362 14.0 Containers 0.3 0.5
14 350 12.0 Oil products 1.0 1.5
15 460 12.0 General cargo 0.8 1.0
16 348 8.0 Ro-Ro 0.3 0.5
17 1096 11.0 Containers 0.3 0.5
18 258 8.0 Ro-Ro 0.3 0.5
19 997 9.3 Ro-Ro 0.3 0.5
20 1190 12.0 LNG & LPG 0.8 1.2
21 1500 11.7 Containers 0.3 0.5




Table 1 Berthing zones considered, with their features: length, average depth, use and threshold wave
heights (Puertos del Estado, 2000) that allow operations depending on whether significant wave heights
are longitudinal (Hs.) or transversal to the dock (HsT).

Fig. 2 Location of the 21 berthing zones considered in this study.
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.2. Wave and SLR data

In order to analyze the potential impacts of climate change on harbours, projections of wave
climate and SLR are necessary. Different methods have been used to obtain projections of
future wave climate, such as extrapolating trends in historical data, for instance (e.g. Casas-Prat
and Sierra, 2010, 2012; Wang et al., 2012). However, the results of this approach strongly
depend on trend assumptions and cannot adequately account for climate change.

There is thus a need for further analyses. In this context, global circulation models (GCMs) allow
to estimate changes associated to future climate scenarios, but they do not simulate ocean

models (Perez et al., 2015). To project future wave conditions considering the climate scenarios
there are basically two different approaches: dynamical downscaling (e.g. Casas-Prat and
Sierra, 2013; Hemer et al., 2013a; Laugel et al., 2014; Hemer and Trenham, 2016) which uses
wave models forced by nested GCMs and regional circulation models (RCMs), and statistical
downscaling (e.g. Casas-Prat et al., 2014; Laugel et al., 2014; Wang et al., 2014; Martinez-
Asensio et al., 2016), which is based on building an empirical relationship between atmospheric
variables and wave climate parameters.

Several authors have used dynamical downscaling to perform regional studies in different
European areas, like Lionello et al. (2008) in the Mediterranean Sea, or Grabemann et al. (2015)
in the North Sea. In this paper, the wave climate data used has also been computed using
dynamically downscaled wind fields produced by the Euro-Mediterranean Center on Climate
Change (CCMC). The regional climate simulation has been based on the RCP8.5 scenario from
the 5th Assessment Report (ARS) of IPCC (Church et al., 2013). Waves have been calculated
using the numerical model WAM (The WAMDI Group, 1988) whose domain covers the whole



Mediterranean Sea with a resolution of 0.25° x 0.25°. Time series of significant wave height (Hs),
peak period (Tp) and wave direction, every 3 h for the time interval 1950-2100 have been
extracted at the closest point to Barcelona harbour. This approach is different from that followed
in Sierra et al. (2015), where the scenario used was A1B from the 4th Assessment Report of
IPCC (2007) and where wave data were obtained from 5 combinations of RCM/GCM
atmospheric data, allowing to analyze the variability between models. Another substantial
difference is that this previous study did not take into account the SLR, while here the potential
influence of SLR in wave agitation in the port is considered. In addition, in this study the
directional resolution is larger (sectors of 22.5° instead of 45°). Finally, in Sierra et al. (2015) only
the average values of wave agitation in the whole port were considered, while here a more in-
depth study is carried out, analyzing berth to berth and assessing inoperability times.

The wave parameters given by the model for the period 1986-2005 are considered present
conditions, while future conditions span the period 2081-2100. These periods have been
selected because they coincide with those used by the IPCC in the AR5 (Church et al., 2013).

Regarding SLR, the AR5 of IPCC (Church et al., 2013) suggests that the global mean sea level
in the period 2081-2100 will be between 0.26 and 0.82 m higher than during 1986—2005, with a
maximum value of 0.98 m (for scenario RCP8.5) by 2100 with respect to this last period. Other
recent studies project much higher mean SLRs for 2100: up to 1.86 m (Jevrejeva et al., 2012;
Mori et al., 2013) or even up to 2 m (Rahmstorf, 2007). In addition, AR5 projections indicate that
SLR in the Mediterranean Sea will be slightly lower than the global SLR average (up to 10 %).
Taking this into account, three SLR scenarios are considered for the future conditions, giving
rise to the four scenarios defined in this paper:

» Scenario 0: Present wave conditions (1986—2005) and bathymetry (base level).
» Scenario 1: Future wave conditions (2081-2100) and base level (SLR = 0 m)

» Scenario 2: Future wave conditions (2081-2100) and base level + 0.88 m

* Scenario 3: Future wave conditions (2081-2100) and base level + 1.80 m

Scenario 1 has been included to analyze the impacts due only to changes in the wave fields
(without SLR). Scenario 2 corresponds to the maximum value for RCP8.5 (assuming a 10%
decrease with respect to the global averages) and Scenario 3 is a high-end scenario
representative of very extreme SLR (2 m in the global average minus 10%), physically feasible
although with a very low probability of occurrence (<5 % by 2100, Jevrejeva et al., 2014).
Therefore, Scenario 2 is more plausible than Scenario 3, which is very unlikely and has been
included in the study to account for the worst possible SLR conditions.

2.3.  Numerical modelling

For the simulation of waves within the harbour, two numerical models and two different grids are
used. Both domains and the corresponding bathymetries are shown in Figs. 1 and 3,
respectively. The coarser grid, with a spatial resolution of 200 x 200 m, is used to propagate
waves from offshore to the harbour vicinity with the SWAN model (Booij et al., 1999). The



offshore wave conditions are given by the WAM wave projections described previously (Section
2.2) at the closest grid point (point A, Fig. 1), which are used as boundary conditions. In this
area, shoaling and refraction are the most relevant wave transformation processes, and they are
adequately reproduced by the SWAN code.
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Fig. 3 Domains and bathymetries used in the simulations: Offshore to harbour entrance for SWAN model (left) and
harbour for BT (right) model.

From the port entrance to each of the berths, reflection and diffraction also become important, so
another type of model is necessary to simulate wave propagation inside the harbour. As pointed
out by Rusu and Guedes Soares (2011), in the harbour areas the higher-resolution phase
resolving models, based either on the mild slope equation or on the Boussinesq equations can
give a realistic picture on the wave penetration inside the port. Therefore, for the finer grid a
Boussinesq-type (BT) model with a spatial resolution of 5 x 5 m is used. BT models have been
widely used to simulate both wind-wave and long-wave propagation (e.g. Gierlevsen et al.,
2001; Karambas and Koutitas, 2004; Woo and Liu, 2004; Kofoed-Hansen et al., 2005; Belloti,
2007; Belloti and Franco, 2011; Johnson and McComb, 2011; Thotagamuwage and Pattiaratchi,
2014) in port environments in which it is necessary to reproduce the aforementioned processes.
In this paper, inharbour wave propagation is simulated with a BT model used in previous works
(Gonzalez-Marco et al., 2008; Casas-Prat and Sierra, 2010, 2012; Sierra et al., 2015), based on
the weakly nonlinear equations of Abbott et al. (1978), and capable of reproducing shoaling,
refraction, diffraction, reflection, bottom friction and non-linear interactions. A detailed description



of the advantages, disadvantages and performance of this type of Boussinesq model can be
found in Filippinni et al. (2015).

The modelling configuration could not be calibrated in the Barcelona port due to the lack of
measurements inside the harbour, but it has been validated with wave data from the neighboring
Port Forum (located 4.5 km, northwards, see Fig. 1). These data were obtained from 3 wave
sensors deployed within the port (see Fig. 4) during a 1-year campaign in 2012, and from the
nearby Besds wave buoy (see Fig. 1). The wave data recorded by the buoy were propagated
towards the Port Forum following the same configuration than in the case of Barcelona port. The
results are shown in Fig. 4 and Table 2, where the comparison between measured and modeled
H; is presented. The model results show a mean absolute percentage error (MAPE) between
22% and 30%, which can be considered reasonable taking into account the low value of Hy at
these inner points (average values between 0.10 and 0.22 m) and the complexity of the
processes involved. The number of measured data is different for each gauge because in some
cases the device failed.
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Fig. 4 Model validation at Port Forum. (a): Location of the three wave gauges within the port used for model
validation. (b), (c) and (d): comparison between observations (dots) and model results (blue line). The x-axis shows
the number of sequential cases used for validation. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article).



g\]/\;i\éz Number of data Average Hg (m) MAPE (%)
F1 309 0.219 24.4
F2 297 0.102 30.2
F3 322 0.128 22.1

Table 2 Summary of results for the model validation within Port Forum.

To perform the simulations, instead of directly propagating the whole 20-year wave time series
(with one data every 3 h, totalizing 58,400 data), the wave regime has been characterized in
order to limit the number of simulations to be carried out. The data have been grouped in sixteen
22 .5°directional sectors and five ranges of Hs (0—1, 1-2, 2-3, 3—4, > 4; in m). Since there are
only 8 wave directions (ENE, E, ESE, SE, SSE, S, SSW and SW) affecting the port because the
other are directed offshore, each set of simulations entails 40 runs of the SWAN and BT models
(8 directions x 5 wave heights). Therefore, the total number of runs of each model is 160 (8
directions x 5 Hg x 4 scenarios), with one scenario corresponding to present conditions and the
other three to future conditions with the different sea levels as described before.

After the grouping of the data, the frequency of occurrence of each group of Hs and wave
direction has been computed. Additionally, representative wave parameters have been assigned
to each group. For each Hs and direction, the central value of each bin has been considered,
with the exception of the > 4 m group, for which a representative value of 5 m has been used.
The wave period is obtained using the expression recommended by the Spanish Harbour
Authority (e.g. Puertos del Estado, 2013):

TP = aHsb (1)
where T, is the peak period and a, b are two coefficients fitted to each wave projection data set.

The wave parameters thus obtained are representative of the wave conditions at the outer
boundary of the coarser grid, and have been used as input for the SWAN model. With this data
a directional spectrum is defined, which is discretized in 30 frequencies and 36 directions to run
the model. The SWAN results provide the boundary conditions for the BT model at the finer grid,
which is then run to obtain the values of H; at all the grid points within the harbour with a 5 m
resolution.

The wave propagation patterns within the port are very complex because multiple reflections
take place, generating waves that are propagated in different directions at every berthing.
Therefore, to estimate the operability time an analysis considering the wave height and direction
at each point of every berthing (of the order of dozens or even hundreds depending on the
berthing area) would be necessary, which is an unaffordable task. For this reason, the analysis
is performed with a representative value of Hs for each simulation obtained from all the Hg at the



berthing surface. In order to take into account the possible existence of outliers and considering
that the average Hs would give a too low value, the representative value considered is the 90th
percentile value, Hgo. With respect to wave directions, we assume that waves may arrive from all
possible directions, so they could be longitudinal or transversal to the dock. Comparing with the
two thresholds given in Table 1 (Puertos del Estado, 2000), a range of variation of the
inoperability time is obtained, with a minimum value corresponding to waves longitudinal to the
dock (which have a higher threshold) and a maximum given by waves perpendicular to the
berths. Nevertheless, for the application of this approach to other ports and for obtaining more
accurate results, the longitudinal and transverse components of the wave height should be
discriminated. Thereby, inoperability times could be assessed more precisely instead of
estimating a range of variation. This would be especially useful for ports whose operability could
be greatly affected by climate change.

In summary, to assess the impact of climate change on wave agitation in Barcelona port, the
following methodological steps are carried out:

- The wave periods associated to the five representative wave heights Hs [0.5, 1.5, 2.5, 3.5
and 5] m are computed using expression (1) for present and future wave conditions. Note
that although the Hs are the same in both cases, the associated T, may be different for
present and future wave conditions, since parameters a and b in (1) are fitted to different
series of wave data.

- The 40 wave types representative of each scenario (8 directions x 5 Hs and T,) are
propagated using the SWAN model. For scenarios 0 and 1, the present bathymetry is
used, while for scenarios 2 and 3, the water depth is increased with the SLR considered.
The wave conditions given by the SWAN model at the outer limit of the BT model are
used as boundary conditions to run this last model and simulate the propagation of
waves within the port (at each grid point), for the 4 cases (present conditions and future
conditions with 3 scenarios of SLR), obtaining the distribution of Hs for each scenario and
each wave set (Hs, T, and direction).

- At each one of the 21 berthing areas (see Fig. 2) the representative value Hgy is
computed for each simulation from all the Hs obtained at the berthing surface.

- For each berthing and each simulation, Hgy is compared to the corresponding threshold
values (see Table 1). If one or both threshold values are exceeded, this berthing
becomes inoperative for this particular wave set. Therefore, the berth inoperability time is
related to the frequency of occurrence of these specific wave sets.

- The sum of the frequencies of occurrence from all the wave sets exceeding the threshold
at every berth gives its total inoperability time, for each one of the 4 studied scenarios.
Note that two values of inoperability time are obtained, one for longitudinal waves to the
dock and the other for transversal waves, giving the range of variation for this
inoperability time at every berthing area.

- Finally, inoperability time results obtained at each berth for the 3 future scenarios are
compared with those from the present one, to assess how changes in wave climate and
SLR will affect the port operability.



3. Results and discussion

Before analyzing the results of the SWAN and BT models, present and future wave data at point
A (Fig. 1) are compared. As indicated in Section 2.2, the time periods used in AR5 (Church et
al., 2013) are considered, i.e. 1986-2005 for present conditions and 2081-2100 for future

climate. Table 3 and Fig. 5 summarize the wave heights and directions for both periods.

Hs (m) Direction
ENE E ESE SE SSE S SSW SW
0-1 17.28 11.75 10.93 12.53 5.25 7.35 14.78 3.19
1-2 0.65 1.30 1.54 0.51 0.20 0.36 2.56 0.73
2-3 0.16 0.34 0.31 0.02 0.02 0.03 0.45 0.05
3-4 0.02 0.08 0.03 0.01 0.00 0.00 0.06 0.00
>4 0.00 0.03 0.04 0.00 0.00 0.00 0.02 0.00
Total 18.11 13.50 12.85 13.07 5.47 7.74 17.87 3.97

Hs (M) Direction
ENE E ESE SE SSE S SSW SW
0-1 18.98 12.57 13.40 14.43 4.49 5.35 11.12 2.56
1-2 0.72 1.53 1.83 0.73 0.20 0.35 2.72 0.65
2-3 0.17 0.41 0.38 0.05 0.01 0.01 0.41 0.04
3-4 0.02 0.09 0.10 0.00 0.00 0.00 0.06 0.00
>4 0.00 0.02 0.04 0.00 0.00 0.00 0.01 0.00
Total 19.89 14.62 15.75 15.21 4.70 5.7 14.32 3.25

Table 3 Frequencies of occurrence for the defined wave height intervals and wave direction sectors in
front of the Barcelona port (point A, Fig. 1) for present (top) and future (bottom) conditions.

Fig. 5 Wave roses of significant wave height (Hs) and direction (Dir) for: (a) present (1986-2005) and (b) future (2081-

2100) conditions.




Results shown in Fig. 5 and Table 3 indicate that the frequency of waves coming from directions
between ENE and SE will increase in the future, while, on the contrary, it will decrease for waves
from the sectors between SSE and SW. Notice that the changes are focused on the lower wave
height intervals. In principle, this variation of the directional distribution of waves is positive for
Barcelona port, since both port entrances are oriented towards the S and SSW. Therefore, those
waves having a more direct incidence on the harbour will be less frequent and the wave
agitation within the port will be reduced. Nevertheless, the complex wave propagation patterns
associated to an infrastructure like Barcelona port, in which processes such as reflection can
produce unexpected effects and direct energy to berthing areas, may introduce changes in
these a priori expectations.

These changes in the directional frequency of waves are consistent with those found in the wave
data from scenario A1B used in Sierra et al. (2015) for this area, where the occurrence
frequency increased for waves from the E (+1.8% in the ensemble average with variations
between +0.3% and +4.7%) and from SE (+1.7% in average ranging from +0.4% to 2.7% in the
different models). On the contrary, in this previous work, decreases in frequency were obtained
for waves from the S (-1.5% in average, varying between -3.2% and -0.4%) and from the SW (-
0.8% in average, ranging from -1.5% and +0.5%).

Once the frequencies for each direction and range of wave heights have been obtained for
present and future conditions, the simulations with the SWAN model have been carried out, for
the 4 considered scenarios and the 40 wave conditions (8 directions x 5 wave heights/periods).
The results of this model were used to feed the BT model. In Figs. 6-9 several randomly
selected samples of the simulations with both models are plotted.

Fig. 6 shows an example of the influence of wave direction on the wave patterns obtained with
the SWAN model. In this figure, for present conditions and Hy = 3.5 m, the results given by
SWAN for four different directions (ENE, SE, S and SW) are plotted, showing how the wave
direction clearly affects the wave field around Barcelona port. Besides shoaling and refraction
effects, the impact of the bulge of Llobregat Delta (see Fig. 1) is evident due to the shelter it
provides from the most oblique waves (ENE and SW), which are diffracted at the delta and
reduce their H; significantly.

The impact of changes in future wave fields with respect to the present can be examined in Fig.
7, where an example of the propagation pattern of the same wave set (Hs = 3.5 and direction
ENE) is plotted for present conditions, together with the differences in Hs for the three future
scenarios. Differences are practically negligible (AHs < £0.05 m) in most of the domain, since
here the variation of water depth due to SLR only represents a small fraction of the present
depth, and because the wave periods are practically the same for present and future conditions.
In the shallower nearshore area, larger variations of Hs can be observed (Fig. 7) when a non-
zero SLR is considered. This indicates that the differences among the distinct scenarios will be
given by the variations in frequency of each set of waves rather than by modifications in the
wave field due to changes in wave periods (which are minimal) or water depths.
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Fig. 6 SWAN results for present conditions, Hs = 3.5 m and four different wave directions.
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Fig. 7 SWAN results for the four scenarios for waves with Hs = 3.5 m and ESE direction. (a): values of Hs given by the
model for the present situation.(b), (c) and (d): Differences of Hs between the three future scenarios and the present
conditions.
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Fig. 8 BT model results for present wave direction conditions, Hs = 4.5 m and four different wave directions.
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Fig. 9 BT model results of wave propagation for the 4 scenarios, with Hs = 2.5 m and SSE direction. (a): values of Hs
given by the model for the present situation. (b), (c) and (d): Differences of Hs between the three future scenarios and
the present conditions.

A similar analysis has been performed for the BT model results. Fig. 8 shows an example (for
offshore Hy = 4.5 m) of the influence of wave direction on the wave field within the harbour. In



this figure, the significant wave heights are plotted for present conditions and four directions,
showing how the port structures channel the wave energy depending on their orientation. Thus,
since the southern (and larger) port mouth is oriented towards the south, waves with S and SSW
directions enter directly into the harbour, funneled by the two parallel breakwaters that form the
mouth and generating larger H; in all the harbour except in the southernmost basin (number 21
in Fig. 2). On the contrary, waves with an E component (SSE and SE in Fig. 8) diffract at the
southern breakwater resulting in more energy penetrating in this southernmost basin.

The northern port mouth is oriented towards the SSW, so waves coming from this direction
generate the largest wave energy inflow within the northernmost harbour area. As wave
direction turns eastwards, the amount of energy entering through this mouth decreases. This
illustrates the importance of wave direction in the distribution of wave energy inside the port and
therefore the relationship between wave direction and port operability.

In Fig. 9, an example of the effect of future changing conditions is shown, by comparing the
wave propagation under present situation with the three future scenarios considered in this work
for the same wave set (Hs = 2.5 m and SSE direction). Because the wave periods are practically
invariant, if SLR is not considered the differences between future and present conditions are
practically negligible (AHs < £ 0.05 m) and the distribution of Hs inside the harbour is practically
the same (Fig. 9b).

When the effect of SLR is taken into account, certain differences in the wave field appear. As
SLR (and therefore water depth) increases, waves penetrate farther into the harbour and larger
values of Hs are found therein. This is specially clear in the southernmost basin and the areas
closest to both port mouths. Notice that the changes (Fig. 9) are more evident for the BT results
than for the SWAN simulations (Fig. 7). The reason is that, in this case, the water depths are
smaller (< 20 m) and the two considered SLRs represent a non-negligible change (in %) in
depth. Larger water depths entail longer waves and, therefore, greater diffraction coefficients. As
a consequence, H; will increase and the dock operability could be reduced.

For every simulation carried out, all the Hs obtained at each berthing area are stored and the
90th percentile (Hqo) is computed to have a representative value of wave height for that
simulation. Fig. 10 shows an example of the Hyy obtained at each berth for one wave type (Hs =
2.5 m and direction SE) and the four studied scenarios.

Results shown in Fig. 10 confirm the previously indicated trends. The differences between the
present and future Hs (without SLR) are negligible, since the wave periods are practically the
same and, accordingly, the wave fields within the port are very similar. However, as SLR
increases Hy is greater in almost all the basins, due to the increase of the wave length and the
diffraction coefficient.

By combining the results like those of Fig. 10 for all the wave sets considered with the
frequencies of occurrence of each wave set (Table 3) and the threshold wave heights defining
dock inoperability (Table 1), the yearly inoperability time of each berthing area for every scenario
is obtained. Figs. 11 and 12 show the number of hours during which the loading/unloading



operations would not be feasible, for each berthing and for the 4 scenarios considered. The two
plots indicate the minimum and maximum values of inoperability time, associated respectively to
waves parallel or perpendicular to the dock, since in the first case the wave height threshold is
greater than in the second one.
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Fig. 10 90th percentile of the significant wave heights recorded at each berth for waves from the SE and initial Hs =
2.5 m, for the 4 scenarios analyzed.
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Fig. 11 Minimum yearly inoperability time (in h) at each berthing for the 4 scenarios considered. These values are
obtained assuming that waves are parallel to the docks. The vertical axis has been cut at 50 h to better see the
smaller numbers at other berths. In berth 21 the inoperability time is 112.6 h for present conditions and 137.5 h for the
three future scenarios.
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Fig. 12 Maximum yearly inoperability time (in hours) at each berthing for the 4 scenarios considered. These values
are obtained assuming that waves are perpendicular to the docks.

It is worth noting from Figs. 11 and 12 that, under present conditions, about half of the docks
(10) are operational all the time. In the case of along-dock waves (Fig. 11) only 3 berthing areas
present significant inoperability times: berth 6 (44.4 h or 0.5% of the time), berth 7 (41.2 h or
0.47%) and berth 21 (113 h, or 1.3%), while the other 18 present less than 7 h (0.08%) of
inoperability per year (in 14 of them the value is 0 h).

In the case of transversal waves the inoperability is obviously larger, with 10 docks operating all
the time, 4 with small inoperability (up to 10.5 h/year) and the other 7 with greater values
(between 44.4 and 139.6 h/year, or between 0.5% and 1.6% of the time). Of the later, berths 6,
7, 13 and 21 exceed 100 h (1.1% of the time) of inoperability per year. These berths are the
ones with the lowest thresholds (0.3 m for transversal waves), which correspond to cruises,
ferries or container terminals.

If scenario 1 is considered (future wave climate without SLR), the obtained results are similar to
those of the present situation, with a general trend (with some exceptions) to slightly decrease
the inoperability times, as it could be expected due to the reduced frequency of the southerly
waves. This slight decrease of future wave agitation is in agreement with the results of Sierra et



al. (2015) for the AR4 A1B scenario (IPCC, 2007), who also found slight decreases of Hs (-
1.09% averaged over the whole port) from an ensemble of wave data obtained with 5 different
combinations of GCM/RCM models. However, the results of Sierra et al. (2015) showed certain
range of variability between models (-4.84% to +2.75%) as well as seasonal variability (-5.04%
in winter and +2.74% in summer in the ensemble average).

In the case of along-dock waves, those docks with present full-time operability remain the same,
while the others sustain slight decreases except at berth 21, where the inoperability time
increases from 112.6 to 137.5 h/year (1.29% to 1.57% of the time). In the case of waves
perpendicular to the dock, there is also a trend to maintain the full operability in those areas that
are currently 100% operable, and to slightly decrease the inoperability time in other berths, but
there are four docks (3, 6, 7 and 21) where this time increases. In the case of berth 21, it is
explained because waves from the SE (due to the diffraction at the southern breakwater)
produce larger Hs, and the frequency of occurrence of waves from this direction is greater for
future conditions (see Fig. 5). In the other three berths, there is no clear explanation for this
increase of inoperability when waves are transversal to the dock, and only the complexity of the
wave field within the harbour, due to multiple reflections between adjacent structures could
justify such increases.

In the case of scenario 2 (RCP8.5, the worst scenario projected in the AR5 from IPCC), the
general trend is a relatively moderate increase of inoperability with respect to scenario 1, but
with some exceptions in berths that show slight inoperability decreases with respect to present
conditions (berths 3, 6, 7 and 13 for longitudinal waves and 4, 16 and 17 for transversal waves).
In this case the number of berths operative all-time is 13 and 7 for waves parallel and
transversal to the dock, respectively. In summary, scenario 2 presents a slightly worst behavior
than scenario 1, in particular in the case of transversal waves for berths 3, 5 and 9.

In the case of the very unlikely scenario 3 (future waves and SLR = 1.80 m) the inoperability
would increase substantially in almost all the berths. Only 4 docks would be operative all the
time considering transversal waves, and 7 considering along-dock waves. In some cases the
increase in inoperability time with respect to the present conditions would exceed 400% (e.qg.
berth 5 for longitudinal waves and berths 9 and 16 for transversal waves). This large increase
would be due to the aforementioned increment of water depths (greater than 10% in all the
berths) leading to larger waves penetrating into the harbour. There are some berths which would
not follow the general trend. In this case, berths 3, 6 and 7 would have again an anomalous
behavior, with slight decreases of inoperability time for waves parallel to the dock.

Note that these results are obtained assuming that the harbour lay-out will remain unchanged in
the next decades, because its future evolution is unknown. Moreover, the future evolution of
maritime traffic (type of vessels, equipment, loading/unloading operations and therefore Hs
thresholds) is also unknown and has not been considered in this study. Nevertheless, although
the results for future scenarios could differ due to these factors, the observed general trends
(slightly decrease of Hy due to changes in wave directions and increase of Hs due to SLR) are
likely to be confirmed. In addition, a specific process of calibration of the models in this port is



necessary. For this reason, wave gauges should be placed at different points within the harbour
to gather wave data. The most interesting areas for monitoring the wave climate within the
Barcelona port are: both port mouths, berths 5, 13 and 21 and the dock located in front of the
main (southern) port mouth.

Finally, it is noteworthy that the recommendations of the Spanish Harbour Authority (Puertos del
Estado, 2000) state that, for specialized port terminals, the average acceptable inoperability time
due to adverse climatic conditions is 200 h/yr. Despite the significant increment of inoperability
times in several basins due to SLR, even in the worst projected conditions, this limit will not be
reached at any berthing in Barcelona port.

4. Summary and conclusions

The main objective of this paper is to analyze how the changes in wave patterns and SLR due to
climate change may affect wave agitation and, as a consequence, port operability. Though this
study is focused on Barcelona port (NW Mediterranean), the used methodology can be applied
to any port. Results are based on wave projections obtained with the WAM model in the
Mediterranean Sea (at a resolution of 0.25° x 0.25°) and considering the RCP8.5 scenario from
ARS5 of IPCC and three values of SLR.

The wave projections are used to define present (1986-2005) and future (2081-2100) wave
climates. Once wave climates are obtained, a representative set of wave parameters is
propagated using the SWAN model (at a spatial resolution of 200 x 200 m) from the closest
WAM node to the limit of the BT model, which simulates the propagation of waves (at a
resolution of 5 x 5 m) inside the harbour, where 21 berthing zones are defined according to their
features. By comparing a representative value of Hs at each berthing area with the operability
thresholds established by the Spanish Harbour Authority (Puertos del Estado), a range of
inoperability time (from a minimum to a maximum of hours per year) is estimated for 3 plausible
future scenarios.

According to wave projections in the area of the Barcelona port, by the end of the 21st century,
the frequency of occurrence of waves from SSE to SW will decrease, increasing for those waves
from ENE to SE. These changes in wave direction will, in general, benefit the port and slightly
increase its operability due to the orientation of the two port mouths (S and SSW).

Regarding the SLR, the increase in water depth leads to longer waves reaching the port, which
in turn increases the diffraction coefficient and, as a consequence, H; at the berthing areas and
their inoperability time. The greater the SLR, the greater this increasing trend. However, the
reduction of operability strongly varies according to the position and orientation of the berthing
zones. Differences among the various zones can be explained by the complexity of wave fields
inside the port and, in particular, to multiple reflections on port structures.

In Barcelona harbour the SLR impact is of limited extent in absolute values, although in relative
terms inoperability time may increase more than 400% in some berthing areas due to the actual
low values of this parameter. Nevertheless, the increase of inoperability time does not exceed



the limit established by the Spanish Port Authority (200 h/yr) as the average acceptable
inoperability time due to adverse climatic conditions for any of the considered future scenarios.
This means that although climate change may affect the wave agitation in the port of Barcelona
increasing the inoperability time, even in the worst (and very unlikely) scenario 3, the port will not
exceed the operability thresholds established by the Spanish port recommendations. Therefore,
Barcelona port will not need adaptation measures to face this problem.

This limited impact of SLR in Barcelona port is because the future increase of water level
represents a small percentage of the water depth inside the port (of the order of 10%). However,
in small harbours (marinas, fishing ports) where the basin is 5-6 m deep or even shallower (very
frequent in the NW Mediterranean), a SLR of 0.88 m or 1.80 m would entail a very significant
relative increment of the depth, thus leading to longer waves, larger diffraction coefficients,
higher waves and, eventually, larger inoperability times. This is an issue that deserves further
investigation.

The complex patterns of wave propagation inside the harbours, which involve many processes
(shoaling, refraction, diffraction, reflection, wave-wave interaction and bottom friction), generate
“atypical behaviours” in some basins, which may behave differently from the Barcelona port
general trends. This suggests that for studying the potential impacts of climate change in ports a
case by case study is necessary, not only at port but also at basin level.
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