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Abstract:

Maritime transport is a sector particularly affected by climatic conditions. Once a ship is
in the port, ship manoeuvres and port operations can be hindered by the weather
conditions related to wind, wave height, rain, fog, etc. Additionally, shipping can also be
hindered by weather conditions which leading to demand variability. Therefore, the worse
the weather, the greater also the necessity for some overcapacity, which will be used only
during demand peaks, remaining unused during low-demand periods. Due to both their
direct effect on productivity and their indirect effect through demand variability, weather
variables can be important conditioning variables for port productivity. However, to the
authors’ knowledge, there has been no analysis published which deals with this effect. In
this study, we analyse the effect of two weather variables, wind speed and wave height,
on port productivity. In particular, a stochastic output distance function approach was
used to assess the impact of wind and waves on the technical efficiency of Spanish ports.
As in our sample wind and waves are positively correlated with the tidal amplitude, we
also included this variable as a control variable. The impact of both weather variables and
tidal amplitude were evaluated by means of some simulation analysis. The results confirm
the significant influence of weather conditions on port technical efficiency. Moreover,
during the sample period (1992-2016) it was found that weather conditions were
responsible for a variation of 5.3% in the average technical efficiency of the whole
sample.

Keywords: distance function; maritime transport; port; stochastic frontier; technical
efficiency; weather conditions.
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1. Introduction

Ports are a critical infrastructure for international trade. With more than 80% of
the global volume of freight transported by sea (and more than 70% in terms of value)
[1], the relevance of ports becomes clear. Their performance is of interest to all the
stakeholders involved in the global supply chain because they act as a gateway and,
consequently, their services are offered both to shipping lines and shippers. Their activity
is also of interest to policy-makers as it influences transport costs and, hence, the
competitiveness of the regions where their facilities are located. Therefore, the interest in
improving port performance in a growing global trade situation is clear [2,3]. In
particular, [4] shows the importance of improving port efficiency in order to reduce
transportation costs.

From the port user’s perspective, port efficiency is evaluated according to service
characteristics provided within their facilities. For this, they tend to use partial
performance indicators [5]. Specifically, rate and productivity of cranes, berths, yards,
time required to enter and exit a port, dwell and turnaround times or tons/TEUs per hour
are usually applied because they are simple in terms of both understanding and calculation
[1,6,7]. Conversely, in the productivity literature, “the term (economic) efficiency refers
to the comparison between the real —or observed— values of output(s) and input(s) with
the optimal values of input(s) and output(s) used in a production process” [8] (p. 393). In
terms of [9] (p. 50), it is understood as “the capacity of obtaining maximum amount of
output from certain inputs (output orientation) or, alternatively, as the capacity of
obtaining a given output level using the minimum amount of inputs (input orientation)”.

Both meanings of efficiency should be positively related for a given demand of
port services as the greater the efficiency (in terms of productivity literature), the greater
the amount of services provided by the port in a given time. However, [10] observed a
lack of correlation between average vessel turnaround and port efficiency estimations.
This lack of correlation can be related with the variability of the demand for port services
and the optimizing behaviour of the shipping companies. The demand for port services is
characterized by its variability, which becomes enhanced as ship arrivals are commonly
delayed!. Port facilities must be able to deal with the consequent demand peaks and
possible disruptions of services to avoid traffic loss [11]. That is, port authorities have

incentives to invest in their facilities to be ensured against high demand peaks and to

! See [64].
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prevent congestion, creating some reserve capacity [12]. This is particularly relevant
nowadays because the increasing concentration within the shipping industry has
contributed to intensify the inter-port competition and, consequently, port operators try to
intensify the attractiveness of their facilities to maintain their market shares. In this
context, the shorter the vessel turnaround, the more efficient a port will be considered by
practitioners, but this quick service could result in a port overcapacity that will only be
used during demand peaks (remaining unused during periods of low demand) and
reducing the ports’ efficiency from the productivity analysis perspective®. In fact, [13]
observed that differences in demand variability cause differences in costs among ports,
and concluded that the greater the demand variability of port services, the greater their
cost-inefficiency.

Demand variability may arise from delays in arrivals due, for instance, to
breakdowns or delays at previous ports, but also to adverse weather conditions. In this
respect, port location is key. The weather conditions of the coastal facades can differ
significantly and the hypothesis of this paper is that such differences influence port
efficiency. This is of particular interest to policy-makers and regulators when port tariffs
depend on the cost structure, even more so when these conditions are not static but evolve
over time.

To verify the stated hypothesis, we focus on the wind and wave characteristics of
a set of ports of a single port system (with the same regulations), but located in different
coastal facades. The research presented here contributes to the literature by analysing the
effect of such natural constraints on port efficiency, approached from the productivity
analysis perspective. Two specific factors deserve attention as they condition port activity
in several aspects. On the one hand, ship operations can be hampered by wind and waves
[1]. Their empirical relevance on vessels manoeuvrability can be seen, for instance, in
[14,15]. On the other hand, winds (and waves to a lesser extent) can also generate
difficulties in terminal operations [1]. Particularly, high wind speed creates strong
handling difficulties in crane operations due to the movement induced in load, the
dispersion of solid bulk cargo as well as potential damage to port infrastructures.
Therefore, these factors are also relevant from the standpoint of port users. Additionally,
according to [16], bad weather at sea is a key factor in line-up schedule unreliability,

increasing the demand variability and the need for a larger reserve capacity in order to be

2 As [65,66] highlighted, the higher the competition, the greater the pressure to over-invest in facilities and,
thus, the probability of reducing port efficiency.
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competitive. Hence, wind and waves have direct (difficulties in ship and terminal
operations as well as their impact on infrastructures) and indirect effects (through their
effect on demand uncertainty) on port efficiency.

To the authors’ knowledge, there is no study using the standard productivity
analysis to assess the effect of weather conditions on port productivity. The purpose is to
fill this gap by using an output distance function approach to evaluate the impact of wind
and waves on the technical efficiency through a case study. The remainder of the paper
is organised as follows: Section 2 provides the methodological proposal and introduces
the case study, detailing the data sources and the evolution of waves and wind during the
sample period. Section 3 presents the results of the analysis carried out and Section 4 is

devoted to their discussion. Finally, Section 5 summarises the main conclusions drawn.

2. Materials and Methods
2.1 The model

In the productivity analysis literature, a firm is considered economically efficient
when it takes full advantage of the technology to achieve some economic target (profit
maximization or cost minimization). Therefore, economic efficiency could be split into
technical, allocative and scale efficiency. Technical efficiency requires taking full
advantage of the technology by extracting the maximum output from the input
endowment (output-oriented efficiency) or by minimizing the input endowment used to
produce some output (input-oriented efficiency). Allocative efficiency requires the use of
the input mix that minimizes the cost of producing the output for a technically efficient
firm. Finally, a firm is scale efficient if it minimizes the average cost of production. It is
worth noting that the estimation of allocative and scale efficiency requires more data than
the estimation of technical efficiency as data about input prices are necessary. It may be
due to the lack of this kind of data, but most port efficiency analysis focuses on technical
efficiency.

Technical efficiency can be analysed following parametric and non-parametric
techniques. A deep study on the differences between both approaches applied to the port
topic can be found in [17]. [18,19] provide a more recent literature review on this field.
As can be seen there, the objectives of the studies carried out are vast, addressing a wide
range of issues. In particular, during recent years, the main topics of interest remain the
same: the consequences of regulatory and economic changes [20], the role of efficiency

in port choice [10], methodological novelties [21,22] or particular case studies [7,20,23—

4



138
139
140

141
142
143
144
145
146
147
148
149
150

151
152

153

154

155
156
157
158
159
160
161
162
163
164

165
166
167

25]. However, even though it is known that poor natural conditions can greatly affect port
competitiveness [26], to the authors’ knowledge, there is no study evaluating the effect

of meteorological conditions on port efficiency.

Bad weather conditions may contribute to create a gap between the maximum
potential services production and the actual production. This gap may appear due to both
its direct effect on the services offered and its indirect effect through its influence on
demand uncertainty, partially caused by bad weather conditions delaying ship arrivals.
To assess this gap, the outputOoriented distance function was applied [27,28], which is a
tool frequently applied in the analysis of port efficiency [29—31]. In the stochastic frontier
literature, the technical inefficiency degree associated to this gap is commonly associated
with a suboptimal management. Nevertheless, in this study, it was considered that it
includes both: the “wasted resources” due to a suboptimal management (i.e., “pure”

technical inefficiency) and the direct and indirect effects of wind and waves.

The output distance function could be defined as:

Do (x,y) = min {9:% can be produced with x} (1)

where y represents the output vector and x is the input vector. Therefore, D, (x,y)
represents the technology frontier as it represents the maximum potential production
attained with each input endowment. That is, each input endowment generates a
transformation curve in the space of outputs and these transformation curves define the
frontier of the technology. The distance magnitude, 0, refers to the expansion of outputs
allowed by the technology within the production possibilities set while the input
endowment is held constant [27,28]. [32] analyses the properties that the output oriented
distance function must hold. In particular, Dy (x,y) should be decreasing in x and non-
decreasing and degree of one and homogeneous in y. In this sense, it is possible to rewrite

(1) as:

9=YI'DO(x1y*) (2)
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where y" is the output vector divided by y;, which makes the distance function linearly
homogenous in outputs. After rearranging and taking logarithms, it takes the following

form:

—Iny; = Dpo(Inx,Iny*) —Inb (3)

To define a functional form for the distance function, an approximation to an
arbitrary function is necessary since the true technology is unknown. Flexible functional
forms [33] are typically used. The translog form, D(:), one of the most commonly
employed in the empirical literature, was applied here. Then, the distance function to be

estimated becomes:

4 4
1
—Inyy; =a0+2aj1nxﬁt+§zz
j:l j=1k=1
5

5
*
@i In xjie Inxgeie + z B Inyg;,
=

5 5 4
1 1 ,
+ Ez z BimIny; Inyp; + Ez Vi Inxjie Inyp, + arigeTide;
=2 m=2 j=1
1 2
+ aetye + Eatttit — Vit + Uyt 4)

where subscript i refers to port and ¢ to year; y;;, is the output y;;¢ divided by y;;¢; ti¢ is a
time trend. Then, the equation (4) allows for non-linear neutral technical change by
permitting the frontier expansion along the sample periods. Additionally, Tide; was
included as an environmental variable to deal with the influence of tidal amplitude on
ports’ production. Ports in the sample are placed in different seas, some of them with
large tidal amplitude (Atlantic and Cantabrian ports) and others with very small tidal
amplitude (Mediterranean ports). Then, as large tidal amplitude may generate the
necessity of waiting until the tide allows access to the port for the larger ships, this could
imply an important handicap in ports’ production. a’s, f’s and y’s are the parameters to
be estimated. Symmetry restrictions are imposed before the estimation (@, = ay;; Bim =
P and yj; =yy;). The distance from the observation to the production frontier
possibilities is represented by —u = [n 6. In this study the normal/half-normal model
[28,34,35] was used. On the one hand, that v is assumed to be a normally distributed error
with mean zero. On the other hand, u > 0 is assumed to be a positive error term following

a half-normal distribution, where u ~ iid N* (0, ¢2). Therefore, the error term 1 measures
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the proportion in which each output must increase to reach the frontier of the technology
(associated to the maximum potential output represented by the frontier) in order to be
technically efficient.

As the tidal amplitude may reduce the time span in which large ships may access
and leave the port, this may reduce output variability. Therefore, tidal amplitude is also

included as a conditioning variable of the variance of the v error component.
Inoj, = uo + Urige Tide; (5)

The variance of u was specified as 02 = g(z; §). The explanatory variables are
represented by z and a set of parameters to be estimated by 6 [36]. Therefore, the greater
the variance of the error term u the larger the expected distance to the frontier. The natural

logarithm of this variance was modelled as a linear function:
In O-l%l.t = 50 + SGDP AGDPlt + 5Wave Wavel‘t + 5Wind Windit (6)

AGDP;; being the percentage change in the gross domestic product of the province (NUTS
3), where the port is located. It is included to control for the effect of drops in demand
caused by the two important crises that took place during the period covered by the sample
data: the first at the beginning of 90’s and the second starting in 2007/08. The weather
conditions are included through the variables Wave, measuring the yearly average
significant height of waves, and Wind, measuring the yearly average wind speed’. Then,
it is supposed that apart from pure technical efficiency associated to suboptimal
management, there are two other reasons that can lead the port away from its technical

efficient frontier.

2.2 Data

The case study addressed in this paper is focused on the Spanish port sector for
the period 1992-2016, during which competition between ports increased noticeably [37].
In Spain there are 28 port authorities, and in this paper only those ports with a volume of
traffic above 500 thousand tons were considered. The sample comprises 15 port

authorities, which managed 85% of total throughput of the Spanish port system in 2016.

3 More details about the construction of these variables will be found in Section 2.2.
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The port authorities are Algeciras, Alicante, Barcelona, Bilbao, Cadiz, Cartagena,
Castellon, Gijon, Las Palmas, Malaga, Santa Cruz de Tenerife, Seville, Tarragona,
Valencia and Vigo.

Historical series of waves and winds are not public data and were provided by the
Ente Publico Puertos del Estado based on two sources: observation buoys and SIMAR
points*. As an example, Figure 1 shows the buoys and SIMAR points in the Straits of
Gibraltar, where red points indicate the position of buoys and the green indicate SIMAR
points. Most of the ports have one or several observation buoys close to the mouth of the
port and, then, data on waves and wind correspond to the buoy closest to it. In case there
are no buoys near the mouth, as is the case with the ports of Cartagena and Castellon,
wave and wind data proceed from the closest SIMAR points. The same occurs in short
periods when a buoy did not collect data due to malfunction, damage, substitution, etc.,
in which case the closest SIMAR point was also used. The port of Seville also deserves
special mention as it is not located on the coast but is inland. It is necessary to navigate
around 90 km from the mouth of the river Guadalquivir to reach this port. Accordingly,

data of this port correspond to the observation buoy closest to the Guadalquivir mouth.
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Figure 1. SIMAR points and buoys in the Straits of Gibraltar

Source: Ente Publico Puertos del Estado.

4 SIMAR points conform a network of points where the sea conditions are simulated by computer.
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The data from observation buoys and SIMAR points are provided on an hourly
basis. In relation to wind, the information provided is the hourly average wind speed.
With regard to waves, the concept of significant wave height is considered, which means
that once the wave heights in an hour are recorded, only the highest one-third of these
waves is used to determine the average value. From this information, the yearly average
wind speed and wave height were calculated. Wave height is measured in meters and
wind speed in meters per second. An additional and relevant characteristic of the wind
and waves could be their direction regarding the direction of the port entrance. However,
this information is not available for the whole set of ports considered in the sample.

Input and output data proceed from Statistical Yearbooks and Annual Reports,
both of the Ente Publico Puertos del Estado. The input variables considered were deposit
surface (x;), infrastructure and buildings (x2), labour (x3) and other expenses (x4). Deposit
surface represents the available storage in thousands of square meters at the port. The
remaining inputs are measured in thousands of constant Euros of 2013. Infrastructure and
buildings are measured by the value of the amortisation of tangible assets of the port
authority. In turn, labour represents the cost of port authorities’ employees. Other
expenses are other operating costs that are not included in the other accounts.
Additionally, the tidal amplitude (measured in meters) is also provided by the Ente
Publico Puertos del Estado and corresponds to the average tidal amplitude observed over
a long period, but the initial and final years used to calculate this amplitude vary across
ports. Finally, the GDP of provinces (NUTS 3) comes from [40]. The output is measured
in physical units, and includes both the loading and unloading of cargo and the
embarkation and disembarkation of passengers. Merchandise is measured in thousands of
tonnes and classified in four types: liquid bulk cargo (y;), solid bulk cargo (1), general
cargo by container (y3), general cargo non-containerized (y4). Finally, the embarked and
disembarked passengers (ys5) are measured in thousands of passengers.

Before proceeding with the estimation, in 19 observations where some output was
zero, generally passengers, that value was substituted by 1. The dataset includes 375
observations, and the descriptive statistics of the variables are shown in Table 1. It shows
the diversity of the different ports considered in the analysis. It is worth noting that
differences between outputs are larger than those between inputs, as the standard
deviations in outputs are always larger than the average value, while between the inputs

the opposite occurs.
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Variable Mean Std. Dev. Min Max

Liquid bulk cargo (1000 Tons) 7264 7511 34 27300
Solid bulk cargo (1000 Tons) 3645 3893 235 19700
General cargo by container (7000 Tons) 5962 10800 5 60200
General cargo non-containerized (/000 Tons) 2751 5790 77 55500
Passengers (1000 passengers) 950 1538 0 5618
Deposit surface (1000 m’) 1289 1291 105 7957
Infrastructure and buildings (7000 €) 15561 10636 2697 56536
Labour (1000 €) 11392 6676 2762 37400
Other expenses (1000 €) 11800 9969 942 61733
Tide (m) 1.09 0.90 0.05 2.75
AGDP (% variation) 1.95 3.13 -6.58  9.30
Wave Height (m) 0.88 0.42 0.37 2.09
Wind Speed (m/s) 4.40 1.02 2.38 6.45

Table 1. Output, input and efficiency determinants statistics

Regarding the efficiency determinants, it is important to highlight that the
economic crises have generated a large variation for AGDP values along the sample
period. Therefore, the standard deviation is larger than the mean value. Wave and wind
conditions are also quite different among the different observations. It should be noted
that the ports are in different seas and that the sample period is long enough (25 years) to
observe certain changes in the evolution of the weather variables, most likely due to the
climate change that the planet is undergoing [41]. The amplitude of tides is also quite
different from port to port, ranging from 0.05 meters in Alicante to 2.75 meters in Gijon.

The following section describes the observed evolution of wave and wind variables.

2.3 Wave and wind evolution during the sample period

The sample was divided into 5 zones, as displayed in Figure 2, in order to consider
different evolutions of waves and winds. Zone 1 includes ports located in the northern
part of Spain (Bilbao, Gijon and Vigo); Zone 2 refers to the ports in the Canary Islands
(Las Palmas and Santa Cruz de Tenerife); in Zone 3, the ports are located in the south-

western part of the peninsular Spain (Cadiz and Seville); in Zone 4, the ports are located

3 1t is also worth noting that the maximum sea level difference in a port is significantly larger than the
average provided in Table 1, as tidal amplitude depends on several factors. Accordingly, during the period
1996-2003, the highest tide registered in Gijon (which is the maximum average tidal amplitude in our
sample) was 5.40 meters while the lowest tide was 0.16 meters, resulting in an observed difference between
the maximum and the minimum sea level of 5.34 meters during the period [67], which is considerably larger
than the average tidal amplitude (2.75 m) in this port. However, the difference between maximum and
minimum registered sea level is approximately proportional to the average tidal amplitude.

10
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in the Alboran Sea (western part of the Mediterranean Sea, including Algeciras and
Malaga) and Zone 5 includes the rest of the Mediterranean ports (Tarragona, Barcelona,

Castellon, Valencia, Alicante and Cartagena).

Barcclona

Castellon

Alicante

Figure 2. Zones of the Spanish coast
Source: based on data from GISCO Ports 2013 dataset [42]

Figures A1 and A2 in the Appendix A show the global and the zonal averages of
Wave and Wind. It becomes apparent that average wind speed increases along the sample
period (even for the global sample or for each zone). This result is in line with the increase
of wind speed in the Spanish latitude found in [41,43]. On the other hand, the significant
wave height seems to increase along the sample period but not as clearly as the wind

speed. To identify these time trends, the equations (7.a) and (7.b) were estimated:

1
Waveit = Z ,BiDi + ﬁtt + €t (7 (l)
i=1
1
Windl-t = Z ,BiDi + ﬁtt + €t (7 b)
i=1

where D; are port dummies, e;; is the error term and £’’s are the parameters to be estimated.

The estimations were made for the total sample and for each zone separately. The set of
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estimations of the parameters 4, along with the R? statistics are included in Tables 2 and
3. Table 2 shows that only in Zone 2, Zone 3 and Zone 5 the trend for the evolution of the
variable Wave becomes significant and positive, while in Zone 1 and Zone 4, no
statistically significant trend was identified. Table 3 displays a statistically significant
increase in the average wind speed in each zone. The trend of this variable varies
ostensibly from one zone to another, but it is always positive and significant. Therefore,
wave height and wind speed evolution is roughly consistent with the results provided by

[43].

Wave height Coef.  Std.Err. t-Stat. R?

Global trend 0.0024 0.0006 3.90 0.960

Zone 1 trend -0.0012 0.0020 -0.63 0.573

Zone 2 trend 0.0059 0.0019 3.18 0.837

Zone 3 trend 0.0041 0.0022 1.86 0.529

Zone 4 trend -0.0015 0.0010 -1.54 0.795

Zone 5 trend 0.0038 0.0005 7.42 0.776
Table 2. Wave height trend

Wind speed Coef. Std. Err. t-Stat. R?

Global trend  0.0684 0.0039 17.51  0.726

Zone 1 trend  0.1233 0.0106 11.63  0.693

Zone 2 trend  0.0955 0.0115 8.28 0.715

Zone 3 trend  0.0305 0.0088 3.47 0.571

Zone 4 trend  0.0710 0.0118 6.03 0.802

Zone Strend  0.0437 0.0031 13.99  0.783
Table 3. Wind speed trend

From this preliminary analysis it can be concluded that different zones show
considerable variations in weather conditions. Even more importantly, the evolution of
these conditions can have a strong influence on the evolution of the technical efficiency

of ports.

3. Results
3.1 The estimation
Equation (4), including equations (5) and (6), was estimated in one step by

maximum likelihood procedure using the econometric package Stata. Inputs and outputs

12
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were divided according to their respective geometric means. Then, first order coefficients
could be understood as the corresponding output elasticities evaluated at the sample

geometric mean. The production frontier estimation is reported in Table 4.

Variable Coef. Std. Err.  t-Stat.  Variable Coef. Std. Err.  t-Stat.
Const 0.273 0.080 -3.40  Inys"Inx: 0.036 0.073 0.49
In y2" (Solid bulk) 0.519 0.020 25.63 Inys'Inxs 0.123 0.097 1.27
In y3* (Container) 0.149 0.021 7.03 In y;”* In x4 -0.008 0.046 -0.18
Inys* (General) 0.271 0.026 10.43  Inys Inx; -0.149 0.038 -3.92
In ys* (Passengers) 0.077 0.010 8.13 In y;* In x2 0.207 0.091 2.27
In x1 (Surface) -0.097 0.027 352 Inyd Inxs -0.106 0.107 -0.99
In x:2 (Infrastruct.) -0.267 0.061 435  Iny Inxs -0.032 0.060 -0.53
In x3 (Labor) -0.676 0.098 -6.92  Inys Inx: 0.011 0.008 1.35
In x4 (Oth. Expens.) -0.210 0.061 344 Inys"Inx: -0.012 0.022 -0.55
0.5 In y2* -0.055 0.019 2291 Inys" Inx; -0.040 0.027 -1.50
In y:" In ys* 0.003 0.012 0.26  Inys'Inxs 0.043 0.013 3.28
Iny;" In y,* -0.060 0.019 315 0.5Inx/ 0.107 0.049 2.20
In y;" In ys* 0.006 0.004 149 Inx:sInx: -0.147 0.113 -1.31
0.5 In y3™ 0.044 0.021 2.15  Inx;lnxs -0.044 0.154 -0.28
In y3* In y,* 0.018 0.026 0.70  Inxz7Inxs 0.165 0.074 2.22
In y3* In ys* -0.016 0.006 262  0.51nx? -0.038 0.338 -0.11
0.5 In y,~ 0.073 0.037 1.95 Inx:Inx; 0.125 0.261 0.48
In y In ys* 0.006 0.007 0.82  InxzInxys -0.325 0.180 -1.80
0.5 In ys™ 0.010 0.002 496  0.5Inx3? 0.655 0.356 1.84
In y2" In x; 0.060 0.023 2.59 In x3 In x4 -0.059 0.211 -0.28
Iny:" In x2 -0.264 0.059 -4.49  0.5Inx/ 0.162 0.180 0.90
In y2" In x; 0.010 0.057 0.17 Tide 0.149 0.031 4.80
Iny:" In x4 -0.008 0.038 -021 ¢ -0.070 0.009 -7.70
In y3" In x; 0.021 0.027 079 057 0.002 0.000 6.07

Table 4. Output distance frontier estimation.

All the first order parameters show the theoretically expected sign. Then, first
order parameters multiplying In y;;, are positive and significant. On the one hand, it
demonstrates that the distance to the frontier diminishes when an output increases (while
the input vector remains constant), which, in turn, increments the technical efficiency
degree of the port. On the other hand, first order parameters multiplying Inx;;, are
negative and significant, which implies that, when the input endowment increases (while
the output vector remains constant), the distance to the frontier becomes bigger, reducing

the degree of technical efficiency. Scale elasticity at the sample geometric mean
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(calculated by changing the sign to the addition of the input first order parameters) is 1.25.
The Wald test, used to test for constant returns to scale (scale elasticity equal to 1), takes
a value of 19.37 and is significant at any standard significance level. The finding of
increasing returns to scale in the Spanish port sector is usual in the literature [30,44].
However, diminishing returns to scale can also be found in the literature around the world
[45-47]. The tidal amplitude reduces ports’ productivity in a highly significant way.
Therefore, as expected, the difficulties that low tides may create for large ship
manoeuvres (which may impede access to the port until the tide reaches a certain level of
security) affect their capacity to produce port services. Finally, the results show a positive
but decreasing technical change along the sample period, as the parameter interacting
with # is negative but that interacting with # is positive. A similar pattern for technical
change could be found in [47].

Table 5 shows the results of the estimation of the (log of the) variance of v. As
expected, the difficulties associated to large tidal amplitude lower the variance of v, as
the reduction of the number of hours in which large ships may access or leave the ports

would limit the upper shocks of productivity.

Ln o2 Coef. Std. Err. t-Stat.
Const -2.687 0.236 -11.39
Tide -1.344  0.329 -4.08

Table 5. 6,% heteroscedasticity estimation

Table 6 shows the estimation of the efficiency determinants. All the variables
considered become significant and have the expected sign. The negative sign of AGDP
shows that, when the GDP increases, the variance of u# diminishes and the expected
distance to the frontier and the degree of technical inefficiency reduce. Therefore, the
economic crises observed during the sample period should have an important impact on
port performance, as the drop in the demand for port services would decrease the technical
efficiency score. Wave and Wind are also significant and show the expected sign. The
obtained results indicate that the higher the waves and the faster the wind speed, the larger

the distance to the frontier and the lower the degree of technical efficiency.

Ln o2 Coef. Std. Err. t-Stat.
Const -5.025 0.928 -5.42
AGDP -0.189 0.044 -4.30
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Wave 1.020 0.370 2.75
Wind 0.392 0.138 2.85
Table 6. Efficiency determinants estimation

3.2 Effect of waves and wind

The negative effects of waves and wind on technical efficiency are evaluated through a
simulation exercise. With the estimated parameters of equation (6), the conditional
expectation of g, was calculated by fixing the value of AGDP at its sample mean value.
Then, the variability of g,,, conditional expectation will depend exclusively on the wave
and wind conditions registered for each observation. Once the conditional expectation of

oy, was calculated, the conditional expectation of the degree of technical efficiency could

be determined using equation (8) [28,48]:

2
Elexp(—u;)] = 2[1 — ®(ay,, )] exp (2”) (8

The global and zonal averages of the conditional expected values for the efficiency
scores are shown in Figure B1 in the Appendix B. As could be expected, the evolution of
the expected efficiency follows a similar pattern to that observed for Wind, since it is the
weather variable that shows a clearer temporal evolution. It seems that the efficiency of
the Spanish ports diminishes along the sample period, especially in Zones 1 and 2 where
the variable Wind shows a greater increase. To verify the evolution of the expected

efficiency, the equation (9) was estimated in a similar way to equations (7.a) and (7.b):

1
Elexp(—u )] = ) i+ fet + e 9

The estimation of equation (9) was made again for the whole sample and for each

zone separately. The obtained results are provided in Table 7.

[exp(—u;.)] Coef.  Std. Err. t-Stat. R?

Global trend -0.0022 0.0001 -15.22  0.841
Zone 1 trend -0.0043 0.0005 -9.54 0.683
Zone 2 trend -0.0034 0.0004 -7.79 0.798
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Zone 3 trend  -0.0013 0.0004 -3.24  0.629

Zone 4 trend  -0.0017 0.0003 -5.17  0.824

Zone 5trend  -0.0013 0.0001 -14.24  0.814
Table 7. Expected efficiency trend

As can be seen, on average, the degree of technical efficiency diminishes by
0.22% per year as the weather conditions (wind speed in particular) deteriorate over the
sample period. Therefore, the evolution of the weather during the sample period generates
a significant diminution on the efficiency of the Spanish ports. This evolution becomes
especially important in Zone 1 (Bilbao, Gijon and Vigo) and in Zone 2 (Las Palmas and
Santa Cruz de Tenerife). On the other hand, ports in Zone 3 (Cadiz and Seville), Zone 4
(Algeciras and Malaga) and Zone 5 (Tarragona, Barcelona, Castellon, Valencia, Alicante
and Cartagena) suffer a significant reduction in their efficiency, but to a much lesser
extent. The results are in line with [26], who found that the Mediterranean region is that
with better natural conditions for the location of ports.

However, the expected evolution of wave height and wind speed around the Earth
is found to depend on the geographical zone [49,50]. In particular, wave height and wind
speed are predicted to decrease until the end of this century in the geographical zone
analysed [49,50], in spite that both were found to increase during the sample period, but
this period is climatically too short to reach valid conclusions. We then carried out a
simulation analysis to assess the impact of a reduction in these variables in a range similar
to that provided by [50], who predict a decrease in wave height of 10% by the end of XXI
century. Therefore, we simulate the evolution of g,, by fixing the value of AGDP at its
sample mean value and taking into account the zonal average values of wave height and
wind speed and simulating a decrease in those variables of up to 15%. The results are
provided in Figure 2B in the Appendix B. Therefore, for a 10% decrease in wave height
and wind speed the technical efficiency increases by 1.3% in Zone 4 (which is the most
efficient zone, due to the better wave and wind conditions) and by 2.9% in Zone 1 (which
is the least efficient zone). Then, the predicted improvement in wave and wind conditions

would generate a convergence in port productivity.

3.3 Tidal amplitude effect
Finally, we analyse the effect of the tidal amplitude on the productivity of ports.
In this case, we consider a firm characterized by the sample average of AGDP, wave

height and wind speed. This firm would have an expected technical efficiency score equal
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to 82.8%. Taking into account the log-normal nature of the distribution of the efficient
production of y; implied in equation (4), the efficient production of y; corresponding to a

null tidal amplitude could be calculated by means of equation (10):

4 4
eff _ 1
y,l =exp|— a0+2a]1nx]+§zz klnlenxk+z,811nyl

j=1 j=1k=1
5 5 4 s
+ %Z Z BimIny; Inyy + %Z Z)/ In x; Iny; + arigeTide; + a;t
1=2 m=2 j=11=2
1 2 1,
+ > ety + > o5 (0) (10)

where yif T is the efficient production of output y; and 62(0) is the value of the variance
of v if the tidal amplitude is null. Therefore, as the quotients of other outputs over y; are
included as independent variables and the distribution of u is assumed to be independent
of the variables included in equation (10), the quotient of the expected value of any output
(given the observed tidal amplitude and the expected efficiency score) over its efficient

value (assuming a null tidal amplitude) could be calculated using equation (11):

Ely; o2(Tide;) — o2(0
y[ey;}] = exp | —ariqgeTide; + v l; v (©) X E[exp(—u)] (11)
1

where subscript i refers to port as usual, E[y;;] is the expected value of any output y;,
o2 (Tide;) is the variance of v which depends on tidal amplitude (see equation 5) and
E[exp(—1ut)] is the expected technical efficiency value for the abovementioned firm of

reference. The results obtained are shown in Figure 3.
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Figure 3. Productivity effect of tides

Source: own elaboration

Then, the expected production for the port with the lowest tidal amplitude (Castellon,
with a tidal amplitude of 0.05 m) is 82% of the efficient production if the tidal amplitude
is null. On the other hand, the port with the highest tidal amplitude (Gijon, 2.75 m) is
expected to produce only 54% of the efficient production if the tidal amplitude is null.
Therefore, tidal amplitude seems to be an important variable conditioning port
productivity as a reduction of 28% in productivity is observed from the minimum to the

maximum tidal amplitude in our sample.

4. Discussion

The climate change the planet is undergoing [51] has motivated the advent of
several studies dealing with the effect of weather on the productivity of some sectors
particularly influenced by meteorology such as agriculture [52—54] or energy [55-57].
However, research in this regard on the transport sector is limited, despite being one of
the economic activities expected to be most affected by weather conditions [58—607]°.

As [61] pointed out, ports are exposed to the effects of climate change, such as
rising sea levels, strong winds and, particularly, changes in the intensity and direction of
waves. These phenomena can cause changes both in the patterns of shipping traffic and

the navigability of the port access channels, and even increase flooding. [62] identified

% An exhaustive review on the impact of climate change on the port sector can be found in [3], and [60,61]
summarized the major climate variability and change direct impacts on ports by climatic factor.
Furthermore, indirect impacts are also expected since climate change effects on trade will likely alter
demand for port services.
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two different strategies for addressing these threats: mitigation (which implies articulating
initiatives to reduce emissions in order to reduce the strength of the climatic change) and
adaptation (which deals with the problem in order to build resilience). They also observed
that the former has received much more attention, i.e. that port managers are already
adopting cleaner and greener processes [62], while the adaptation planning has scarcely
been initiated, despite being aware that strong winds and storms are expected to increase
due to climate change’ [63], although in some zones of the Earth the expected evolution
could be the opposite, as in the Northern Atlantic [49,50].

The analysis carried out here, as it confirms the existence of a relationship between
the technical efficiency of ports and weather conditions, contributes to help understand
some initiatives involving overcapacity as resilience strategies to face natural constraints.
In short, the trade-off between overcapacity and congestion faced by port managers is
more difficult the wider the variability in demand, which increases the worse the natural
conditions of the port location.

The results can be of interest to both port managers and policy-makers concerning
both the assessment of the current infrastructure endowment and their investment
strategies to face climate change. It is interesting for the former as the effect of forecasted
weather evolution on the technical efficiency should be an additional factor to be taken
into account when deciding on new investments and service scheduling, and of interest
to the latter as weather evolution may differ depending on the geographical locations,
which is particularly important for countries with ports on different coastlines, as in the
Spanish case. This circumstance should be considered when planning the country's
transport infrastructure. It is convenient to realise that the reinforcement of the inland
corridors linked to the most efficient ports is not necessarily the right option when the
observed inefficiency (overcapacity) results from a competitive rational response to
weather conditions. In short, the location of ports is relevant concerning the main
economic poles, but also because it imposes natural constraints that, in turn, influence the

technical efficiency of their facilities.

7 Some authors, such as [68] linked this fact to the decreasing atmospheric stability caused by the warmer
sea-surface temperature (due to increases within atmospheric CO2 concentration). However, authors like
[50]_point out that the wide range of methodologies used to assess climate change generates uncertainty
about the existing projections. In this sense, [69] concluded that the observed trends could be explained by
both global warming and natural variability, although there is general agreement that climate change will
have an impact on the sea (see, for instance, [43] or[49]).
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For the particular case of the Spanish port system, there is an additional reason for
policy-makers to keep in mind that adverse natural conditions hamper port
competitiveness as port tariffs depend on their cost structure. Law 33/2010 states that
ports have to be self-financing. Therefore, their cost structure determines the tariffs the
port managers have to charge. As [13] highlight, the greater the variability of the demand,
the greater the probability of inefficiency in terms of costs and, consequently, the greater
the difficulty to achieve profitability targets because the extent to which they can modify
port tariffs is limited both by regulation and competency. Therefore, as adverse weather
conditions reinforce demand variability, which hampers technical efficiency due to the
overcapacity of facilities, ports located in coastal areas with greater natural constraints
will find it more difficult to reduce prices, so restricting their competitive strategies.
Hence, when there are exogenous circumstances conditioning port productivity in a
permanent way, such as worse weather conditions, it might be desirable to reinterpret the

generic profitability targets adapting them to each particular case.

5. Conclusions

Despite the fact that port activity is affected by weather conditions, no study has
been found that uses standard productivity analysis techniques to assess their impact on
port efficiency. The empirical analysis carried out shows that some weather variables
(wave height and wind speed) influence port productivity in a statistically significant way.
The simulation exercise shows that the global average of the simulated technical
efficiency varies around 5.3% during the sample period (from 84.5% in 2004 to 79.2% in
2013) due exclusively to weather variability. Our results also show the relevant impact of
tidal amplitude on port productivity. This illustrates the magnitude of the impact that
natural constraints have on port productivity and highlights the relevance of taking these
restrictions and their forecast evolution into account both when planning the facilities and
assessing their productivity.

Good natural conditions are not enough to ensure port competitiveness, but
competitiveness will be hampered when they are worse. Therefore, these results are of
interest for the development of adaptation strategies to climate change as weather
conditions influence port efficiency but are beyond the control of port managers. They
also underline the importance of improving the forecasts for climatic variability as this
information would help port managers improve their competitive strategies. It would help

them better adjust the overcapacity of ports located where weather conditions are worse.
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Additionally, geographically detailed forecasts on the evolution of weather conditions
would be valuable information for policy-makers to maximise the efficiency of the port
system when planning its long-term development as a whole.

Additional weather variables influencing visibility, such as fog and rain, can also
be expected to affect the manoeuvrability of vessels and crane operations. Therefore,
more research is needed to achieve a better understanding of the influence of weather on
maritime transport and its possible impact on traffic location in a period in which the

climate is changing.
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