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Abstract

Fog-water collection has been widely analysed for its quantification and potential
uses; however, there are few studies assessing the synoptic conditions and large-
scale teleconnection patterns that affect its occurrence. Focusing on the Mediter-
ranean Iberian Peninsula, this work aims to analyse the synoptic patterns, both
at surface level and 850 hPa geopotential height, that most likely to favour fog-
water collection, and to quantify the relationship between fog-water collection
and the NAQOi (North Atlantic Oscillation index), MOi (Mediterranean Oscillation
index) as well as WeMOi (Western Mediterranean Oscillation index) tele-
connection patterns. For this purpose, daily fog-water observations from a dense
network of 23 fog-water collectors located along the Mediterranean Iberian Pen-
insula for 2003-2012 were analysed in relation to synoptic patterns and the three-
teleconnection indices. The major findings are: (a) The most favourable synoptic
patterns for fog-water collection are maritime advections carrying humidity from
the Mediterranean basin, and cyclonic circulations, whereas anti-cyclonic situa-
tions generally led to large number of foggy days with low fog-collection rates.
(b) In terms of winds at 850 hPa, the most favourable low-level flows for fog-
water collection are associated with strong winds (>5.1 m s™') from the Mediter-
ranean. Atlantic winds generally cause a greater number of fog days than Medi-
terranean winds, with less fog-water collection rates. (c) WeMOi has the greatest
influence on fog-water collection, mainly during winter and spring months, with
statistically significant negative relationships for most of the stations. MOi also
shows a great influence, with a large number of statistically significant negative
correlations, mainly during the same months as WeMOi. Lastly, NAOi presented
the lowest and no significant negative correlations with fog-water collection.
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1 | INTRODUCTION

The Mediterranean Iberian Peninsula is characterized
by two contrasting hydrological phenomena, torrential
precipitations and long summer drought spells (Garcia-
Ruiz et al., 2011). Precipitation climate projections for
the southern Europe indicate a declining trend in pre-
cipitation at the end of the 21st century (IPCC, 2013),
which are consistent with previous results that highlight
a negative long-term precipitation trend over the last
decades (Montéon Chiva and Quereda Sala, 1997;
Quereda Sala et al., 2000; Millan et al., 2005a, 2005b;
Mir6 et al., 2017). Changes in water resources have
direct implications for many socioeconomic and envi-
ronmental issues in the Mediterranean region (Vicente-
Serrano, 2004), such as, for example, forest growth
(Pasho et al., 2011) and streamflows (Lorenzo-Lacruz
et al., 2012), among others.

A local water resource issue that has been least stud-
ied to date, but one in which scientific interest is growing
in regions where water is scarce, is fog-water collection.
In areas subjected to water scarcity such as the Mediterra-
nean region, the hydrological and ecological significance
of occult precipitation is crucial, for example, for contrib-
uting moisture and nutrients to the vegetation (Nyaga
et al., 2015). According to Schemenauer and Cereceda
(1994), the Mediterranean Iberian Peninsula fulfils the
optimal geographical requirements for harvesting fresh
water from fog. In fact, mountain ranges with an eleva-
tion above ~500 m a.s.l. and located near the coast are
prone to develop orographic clouds (e.g., Stratocumulus
stratiformis clouds) when moist air transported by sea
breezes/local winds or synoptic low-level flows is forced
upward, forming cloud water droplets by condensation
(Azorin-Molina et al., 2011). Previous studies quantified
the potential of fog-water collection at several mountain-
ous locations in the Mediterranean Iberian Peninsula
(e.g., Millan et al., 1998; Estrela et al., 2008; Valiente
et al., 2011). In particular, the Valencian region showed
prominent fog-water potential as annual fog-water collec-
tion yield exceeded the total annual precipitation per
square meter by two- or three-fold (Valiente et al., 2011).
Fog-water collection can be harvested with passive sys-
tems, known as fog collectors, which require wind to
force water droplets to impact and accumulate into the
device. A detailed description of the passive fog-water col-
lector used in the present study has been previously
described by Estrela et al. (2009).

Orographic and advection fogs have been quantified
and studied in relation to their potential uses, with very
few studies attempting to assess the synoptic conditions
and large-scale teleconnection patterns that favour their
collection. For instance, only few studies have assessed

atmospheric circulation patterns that are most likely
favourable for fog harvesting in general (Houssos et al.,
2009, 2012; Van Schalkwyk, 2011; Van Schalkwyk and
Dyson, 2013); focused on specific fog collection episodes
(Olivier and de Rautenbach, 2002; Marzol, 2005;
Fedorova et al., 2008; Fisak et al., 2009; Marzol et al.,
2011; Valiente et al., 2011); or analysed the spatiotempo-
ral variability of fog collection (Johnstone and Dawson,
2010). However, to our knowledge, there is a lack of
research assessing the influence of synoptic and tele-
connection patterns on fog-water collection. This study
covers this niche.

The overall objective of the present study is to identify
synoptic circulations and commonly used teleconnection
patterns that enhance fog-water collection in the Medi-
terranean Iberian Peninsula. Specifically weather types
based on sea level pressure, winds at 850 hPa, and the
North Atlantic Oscillation (NAO), Western Mediterra-
nean Oscillation (WeMO) and Mediterranean Oscillation
(MO) are analysed together with fog-water harvesting
records in the Mediterranean Iberian Peninsula.

2 | STUDY AREA, DATA AND
METHODS

2.1 | Site description and climate

The Mediterranean Iberian Peninsula is characterized by
coastal mountain ranges that coexist with large coastal
plains where the main rivers in the area flow into
(Figure 1). Sharp geographic contrasts can be found in
the region: large coastal plains in the centre, mainly in
the province of Valencia, and other narrower plains
to the south and north that alternate with deltas, which
are not so relevant, except for the Ebro Delta, with rocky
reliefs and cliffs that often exceed 500 m a.s.l. in elevation
and lie near the coast. The mountain ranges that
limit the region are: the Bética mountain range to the
south, the Iberian mountain range in the centre and
west, and the Pyrenees and Catalan Coastal mountain
ranges to the north. The study area is limited by the Med-
iterranean Sea to the east and covers ~60 km inland of
the Iberian Peninsula. Overall, it has a complex orogra-
phy, with a coastline oriented from SW to NE.

In addition to its typical Mediterranean climate
characterized by dry hot summers and mild winters,
the Mediterranean Iberian Peninsula also presents a
complex precipitation climate. In this regard, the north-
ern sector (Catalonia) contains two different regions: a
humid one in the north with precipitations exceeding
700 mm year™', and a dry one in the south with lower
precipitation values. The central sector corresponds to
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FIGURE 1 Elevation map of the 2°W

Mediterranean Iberian Peninsula
showing the location of the 23 fog-water
collection stations (black filled
triangles). For details of the stations, see
Table 1
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the Valencia and Murcia regions, where the plu-
viometric regime ranges between 400 mm year ' and
600 mm year™', being therefore classified as arid and
semiarid climates (Pefiarrocha, 1994). However, orogra-
phy plays a key role in raising precipitation amounts
above 800 mm year ' over a local humid area south of
Valencia. Finally, the southern sector (Almeria region),
with its coastline facing the southeast, is the most arid
part of the region with annual precipitation below
300 mm year™ (Pefiarrocha, 1994) and with minimum
amounts of 125 mm year ' and 150 mm year ' in the
area surrounding Cape Gata; the driest area in conti-
nental Europe (Martin-Vide and Olcina Cantos, 2001).

of Climatology

1°wW 0° 1°E 2°E 3°E

2.2 |

Data and methods

2.2.1 | Fog-water collection

The study makes use of a long-term (10-years;
2003-2012) and dense (23 stations) fog-water collection
network along the eastern fringe of the Iberian Peninsula
(Table 1). The network covered a length of 1,700 km from
north to south (Figure 1), containing 23 stations distrib-
uted in provinces of four Spanish administrative terri-
tories (number of deployed stations): (a) Catalonia:
Girona (1), Barcelona (3), and Tarragona (1); (b) the
Valencian Community: Castellon (2), Valencia (6),
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TABLE 1 Main characteristics of the fog-water collection stations
Code Station name Province Elevation (m a.s.l.) Dist. to the sea (km) Start date End date
1 Puig Neul6s Gerona 1,232 11 27/10/09 31/12/12
2 Montseny Antenas Barcelona 1,230 21 17/06/10 07/02/12
3 Montseny Canpla Barcelona 832 21 17/06/10 07/02/12
4 Montnegre Barcelona 648 7 18/06/10 31/12/12
5 Portella Tarragona 707 4 03/11/10 31/12/12
6 Colomer Castellon 708 5 13/06/08 31/12/12
7 Casillas Castellon 1,150 46 23/03/04 31/12/12
8 Bujete Valencia 780 52 07/04/11 31/12/12
9 Cinto Cabra Valencia 997 59 20/07/10 31/12/12
10 Machos Nieva Valencia 1,025 60 07/06/10 31/12/12
11 Machos Valencia 1,025 60 16/11/06 31/12/12
12 Mondutver Valencia 843 8 16/07/03 31/12/12
13 Montgd Alicante 670 3 23/07/03 31/12/12
14 Mariola Alicante 1,193 39 24/06/04 31/12/12
15 Bernia_E Alicante 851 3 13/11/08 31/12/12
16 Puig Campana Alicante 1,319 8 30/06/05 09/02/07
17 Sierra Helada Alicante 428 1 04/08/05 31/12/12
18 Crevillente Alicante 822 24 01/02/10 31/12/12
19 Muela_A Murcia 556 1 23/03/10 16/05/12
20 Muela_B Murcia 464 1 23/03/10 16/05/12
21 Arraez Almeria 841 5 14/10/10 31/12/12
22 Alhamilla Almeria 1,254 16 02/02/10 31/12/12
23 Pefiones Almeria 487 3 08/07/10 31/12/12

Alicante (6); (c) the Murcia Region: (2); and Andalusia:
Almeria (3). The first station was set up in July 2003, and
the last one stated to be operational in April 2011. All the
stations continuously operated from the day they were
set up until the end of 2012. Stations' elevations range
between 428 m and 1,319 m a.s.l. The most inland station
of the network is located 60 km away from the nearest
coast. This study uses daily fog-water collected data, that
is, fog-water volumes accumulated from 00:00 hr to
23:59 hr (UTC) at each of the 23 experimental stations.
Since the setup of the network was gradual and took
several years to complete, all the available data for each
fog-collection station were selected to obtain the most
reliable results. Thus, the whole study period is
2003-2012, but only since April 2011 all stations were
operating at the same time. The data period of each sta-
tion is shown in Table 1. All data were validated by com-
paring the records with nearby stations and with other
meteorological sensors, as well as through automatic sta-
tistical filters. At least 75% of the data was mandatory to
perform the analyses. Relative frequencies of days (in %)
for each of the atmospheric synoptic classifications were

calculated as the number of days combining any amount
of fog-water collection under such synoptic conditions
divided by the total number of days with any fog collec-
tion. Moreover, the percentage (in %) of the fog-water
volume collected for a specific atmospheric synoptic type
was calculated by summing the collected volumes during
that synoptic situation, divided by the total collected vol-
ume for the study period. To calculate the fog-water
values, a filtering was used to distinguish between rain
and fog. This method has been used successfully in previ-
ous studies (Estrela et al., 2019) and is based on wind
speed and its relationship with rain and fog. The simulta-
neous record of these three meteorological variables
allows the use of a filter that separates fog and rain.

2.2.2 | The Jenkinson and Collison
synoptic classification

Figure 2 depicts the 16 geographical points whose surface
atmospheric pressure was used for the synoptic classifica-
tion. This grid has been previously used in other climate
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studies for the Iberian Peninsula (e.g., Rasilla et al.
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2002; Vicente-Serrano, 2004; Azorin-Molina and Loépez-
Bustins, 2008; Azorin-Molina et al., 2011). Points repre-
sent the intersection of parallels 30°, 35°, 40°, 45° and
50°N with meridians 20°W, 10°W, 0° and 10°E, which
include a zone bounded between 30° and 50°N, and
20°W and 10°E, centred in the Iberian Peninsula. The
daily atmospheric pressure [p(n)] data were obtained
from the NCEP/NCAR reanalysis data of the Climate
Research Unit, Norwich, UK (http://www.cru.uea.ac.
uk/cru/data/ncep/; last accessed July 1, 2019) for
2003-2012.

The JC Method consists of seven equations that calcu-
late geostrophic winds and vorticity conditions in geo-
strophic units (hPa) to establish the weather situation
type on the defined grid. These equations are shown
below:

u=0.5(p12+p13)—0.5(p4+p5), (1)

v=1.74{0.25(p5+2p9+p13) —0.25(p4+2p8+p12)], (2)

v=(2+2)", (3)

Dir=tan™! (u/v) (4)
£,=1.07[0.5(p15+p16) —0.5(p8+p9)]

—0.95[0.5(p8+p9) —0.5(p1+p2)], (5)

&,=1.52[0.25(p6+2p10+p14)—0.25(p5+2p9+p13)

6
—0.25(p4+2p8+p12)+0.25(p3+2p7+pll)), (6)

where Equation (1) calculates the zonal component (u)
of surface geostrophic wind by using the difference in
atmospheric pressure between points 12-13 (35°N) and
4-5 (45°N); Equation (2) calculates the meridional com-
ponent (v) of surface geostrophic wind by using the atmo-
spheric pressure gradient between points 5-9-13 (0°) and
4-8-12 (10°W); Equation (3) calculates the resulting wind
speed as the modulus of vector components u and v (V)
in m s™*; while Equation (4) calculates the wind direction
(Dir) in degrees from North, provided in the eight cardi-
nal directions: N, NE, E, SE, S, SW, W, and NW.

Equation (5) calculates zonal vorticity (€,); Equa-
tion (6) calculates meridional vorticity (€,); Equation (7)
calculates total vorticity (€) as the sum of the zonal and
meridional flows.

The constants used in the equations (1.74; 1.07; 0.95
and 1.52) were taken from previous works (Vicente-Ser-
rano, 2004; Azorin-Molina et al., 2011) where they were
calculated following the methodology by Dessouky and
Jenkinson (1975).

This method identifies 27 weather types, grouped into
four categories:

1. Eight directional flow types (N; NE; E; SE; S; SW; W;
NW), characterized by the coherent wind direction
(lEl < V).

2. Cyclonic (C) and anti-cyclonic (A) types, related to the
atmospheric motion (€] > 2 V). The cyclonic type is
obtained for the condition I&| >0 while the anti-
cyclonic type for the opposite, I&| < 0.
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3. 16 hybrid types, (V < IEl < 2 V), that depend on Z and
wind direction, being a combination of the two previ-
ous types (AN; ANW; AW; ASW; AS; ASE; AE; ANE;
CN; CNW; CW; CSW; CS; CSE; CE; CNE).

4. An unclassified synoptic type (U), where V < 6 and
lE] < 6.

The many type C situations that occur in summer are
due to the usual thermal low over the Iberian Peninsula
(Azorin-Molina et al., 2011). When we extended the origi-
nal grid from 9 to 16 surface pressure points, the unclassi-
fied synoptic type (U) could be solved, limiting the
classification to 26 weather types.

For a further analysis and following the methodology
described by Grimalt et al. (2013), the 26 JC weather
types were grouped into five other types: the pure advec-
tive type (ADV) containing N, NE, E, SE, S, SW, W and
NW types; the cyclonic advective type (ADVC) con-
taining CN, CNE, CE, CSE, CS, CSW, CW and CNW
types; the anti-cyclonic advective type (ADVA) con-
taining AN, ANE, AE, ASE, AS, ASW, AW and ANW
types; the pure cyclonic (C) representing the C weather
type and the pure anti-cyclonic (A) matching the A
weather type.

2.2.3 | Low-level synoptic flow regimes

Wind data at 850 hPa were obtained from the NCEP/
NCAR reanalysis data (http://www.cru.uea.ac.uk/cru/
data/ncep/; last accessed July 1, 2019) for computing low-
level synoptic flow regimes for 2003-2012. We chose
three points: north (P1: 42.5°N; 2.5°E), centre (P2: 40°N;
0°) and south (P3: 37.5°N; 2.5°W) (Figure 3) as

representatives of the atmospheric flow dominating the
entire study area. The fog-water collection station net-
work was grouped according to their proximity (Figure 1)
to the former points: P1, from Puig Neulds to Montnegre
(northern sector); P2, from Portella to Sierra Helada (cen-
tral sector); P3, from Crevillente to Pefiones (southern
sector).

The synoptic flows were divided into 16 regimes,
depending on wind direction and wind speed:

1. Eight wind directions in 45° intervals, grouped
according to this criterion (Figure 4): winds from the
Atlantic: SW (202.6°-247.5°), W (247.6°-292.5°), NW
(292.6°-337.5°) and N (337.5°-22.5°); winds from the
Mediterranean: NE (22.5°-67.5°), E (67.6°-112.5°), SE
(112.6°-157.5°) and S (157.6°-202.5°).

2. Two wind speeds: moderate (0-5.1 m s™') and strong
(>5.1 ms™), in accordance with the methodology
followed in former works (Gould and Fuelberg,

1996; Connell et al, 2001; Azorin-Molina
et al., 2009).
2.24 | Atmospheric circulation modes

Figure 3 shows the three teleconnection atmospheric
indices that were analysed herein:

1. NAO index (NAOi; Jones et al., 1997), which repre-
sents the difference between normalized sea level
pressure data at 65°N-22.5°W (Iceland, Reykjavik)
and 35°N-5°W (Iberian Peninsula, Gibraltar) using
gridded data (http://www.cru.uea.ac.uk/cru/data/
ncep/; last accessed July 1, 2019). The calculated daily

65°N-| "=

60°N=1

55°N=1

50°N=1

45°N1

40°N—

35°N=1

30°N:

FIGURE 3 Location of the
selected grid-points (P1, P2, and P3)
for the analysis of wind fields at
850 hPa, the surface stations for the
calculation of the teleconnection
atmospheric indices: NAOi, MOi,
and WeMOi and the 16 grid-points
used for the Jenkinson and Collison

synoptic classification
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FIGURE 4 Wind direction classification of the synoptic flows
at 850 hPa according to the coastline orientation of the
Mediterranean Iberian Peninsula: (i) Atlantic winds, and

(ii) Mediterranean winds. These flows are then divided into

16 regimes as a function of wind speed: Light-moderate intensities
(<5.14 m s7') and strong wind speeds (>5.14 m s™)

NAO index showed a Pearson's correlation coefficient
of 0.98 with those obtained with station observation
data for 1951-2000.

2. MO index (MOi; Palutikof, 2003) is the difference
between normalized sea level pressure data at
35°N-5°W (Gibraltar) and 30°N-35°E (Lod, east of
the Mediterranean basin), with the reanalysis data
from  http://rda.ucar.edu/datasets/ds010.0/  (Tre-
nberth and Paolino Jr., 1980; last accessed July
1, 2019). The calculated daily MO index data pre-
sent a Pearson's correlation coefficient of 0.83 with
those obtained with station observation data for
1958-2000.

3. WeMO index (WeMOi; Martin-Vide and Lopez-
Bustins, 2006), is the difference between normalized
sea level pressure data at 35°N-5°W (San Fernando)
and 45°N-10°E (Padova, NE Italy), using reanalysed
gridded data (http://www.cru.uea.ac.uk/cru/data/
ncep/; last accessed July 1, 2019). The calculated daily
WeMO index data present a Pearson's correlation
coefficient of 0.94 with those obtained with station
observation data for 1948-2000.

The sign of the Pearson's correlation coefficient
(positive or negative) and its statistical significance
(at p<.05, p<.10 and p>.10) was calculated
between daily fog-water collection data (i.e., 00:00 hr
to 23:59 hr, UTC) for each station and the daily valu-
es of each teleconnection index, annually and season-
ally. Moreover, the number of stations showing
positive and negative (and significant or not) correla-
tions was summarized to assess the influence of

of Climatology

teleconnection indices on harvested fresh water
from fog.

3 | RESULTS

3.1 | Fog-water collection disaggregated

by the JC synoptic classification

Looking at the relative frequency of days with any fog-
water collection (see line graphs [B] in Figure 5a-c), the
advective situations generally stood out in all stations,
mainly those that present winds of component E, with a
generalized drop for the S type. The pure C and A types,
along with the NE, E and SE types, generally provided
fog occurrence more regularly. The graphs show a curve
that peaks four times, three of which are sharp (one
encompasses situations of the NE, E and SE types, and
two others containing C and A types) and a moderate
one (W and NW types). Conversely, the hybrid cyclonic
and anti-cyclonic types barely gave fog-water collection
days. Mainly, the ADV type explains 50% of the days with
any fog collection in most of the stations, encompassing
the 75% of days when C and A types are considered along
with the ADV type (Table 2). Hence, the set of cyclonic
and anti-cyclonic advective situations contains the
remaining 25% of the days. The encountered types offer-
ing the highest frequencies of days with fog-water collec-
tion coincide with those weather types found to be the
most frequent in the region.

The synoptic situations that provided the largest vol-
umes of fog-water showed large differences among the
three latitudinal regions. In the northern sector
(Figure 5a), the percentage of the total fog-water col-
lected volumes was higher for the C-type than for the
other types. The pure C days contributed more than
53% of all the fog-water collected at Montseny Canpla
and Montnegre stations, more than 36% at Portella and
Montseny Antenas stations, and approximately 22% at
Puig Neulds station. None of the other synoptic patterns
represented more than 10% of the collected volume at
each station. In the central sector of the region
(Figure 5b), the maritime advective situations, such as
the NE, E and SE types, became more influential. All
these three weather types contributed to more than half
of the volume collected in some stations, for example,
in Sierra Helada and Bernia_E. In most stations, a peak
is shown for the E type. In the southern sector
(Figure 5c), the NE, E and SE types also stood out, with
the biggest volumes for the SE situations. The sum of
the volumes contributed by the three types represented
more than 35% of the volume obtained for each of the
southern stations, except for Pefiones where the SW, W
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and NW types contributed much to the total volumes.
In addition, Table 2 shows how the anti-cyclonic situa-

tions (i.e.,

ADVA and A types) contributed to the

smallest volumes of water. For instance, in Montseny
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Canpl4, Montnegre or Bujete, anti-cyclonic situations
barely represented 5% of the total volume. On the con-

trary,

at Puig Campana, Montgo,

Mariola and

Monduver, all placed south Valencia and north Alicante
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FIGURE 5 (Continued)

provinces, anti-cyclonic situations showed the largest
percentages (~20%) of collected volumes across the net-
work. At all the other stations, anti-cyclonic days stood
out for their low water contributions.

The highest daily fog-water collection volumes were
recorded under pure and advective cyclonic types, with
some latitudinal differences. In the northern sector
(Figure 5a, box chart (A)), the highest means of daily vol-
umes were obtained for cyclonic days with advections
from W to N (CNW, CW and CN types) and pure cyclonic
days (C type). In the central sector (Figure 5b, box chart
(A)), basically in the Puig Campana, Montgd, Mariola
and Monduve, advective weather types associated with
maritime flows contributed much to the fog-water collec-
tion. Indeed, the cyclonic situations with advections from
the Mediterranean basin, that is, CNE, CE and CSE
types, showed the highest means of daily volumes.

Finally, a similar pattern is shown for the southern sector
(Figure 5c, box chart (A)), with the highest means of
daily volumes obtained for days driven by cyclonic
(CS and CSE) and pure (S and SE) advections.

3.2 | Fog-water collection disaggregated
by synoptic flow at 850 hPa

Given the strong influence with advection identified in
the previous section, a synoptic wind at a representative
level for moisture transport relevant to fog can be a
skilful indicator for fog-water harvesting. The synoptic
flows at 850 hPa that produced the largest number of
days with fog-water collection (Figure 6, line graph B)
were those combining winds from the W, specifically
SW, W, NW and N winds. Table 3 shows that low-level
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TABLE 2 Relative frequency of collection days, percentage of the total collected volume and average of the daily collection volumes, for

each of station and for the five group of synoptic situations described in the subsection 2.2.2 (ADV: pure advective type; ADVC: cyclonic

advective type; ADVA: anti-cyclonic advective type; C: pure cyclonic type; A: pure anti-cyclonic type)

Relative frequency of
collection days (%)

Percentage of the total collected
volume (%)

Average of the daily collection
volumes (I m—2d™?)

Station ADV ADVC ADVA C A ADV
Puig Neul6s 49 8 15 10 18 47 16
Montseny 50 12 11 12 15 38 14
Antenas
Montseny 51 14 6 18 10 22 13
Canpla
Montnegre 44 14 12 17 14 24 17
Portella 47 10 13 13 16 34 16
Colomer 48 13 12 13 14 44 20
Casillas 49 14 11 14 12 4 22
Bujete 49 12 12 14 13 54 11
Cinto Cabra 48 13 10 13 15 57 11
Machos 49 13 12 12 14 59 14
Machos 50 12 12 12 14 58 11
Nieva
Monduver 47 13 13 12 15 49 17
Montgé 47 11 14 11 17 45 16
Mariola 50 13 13 12 12 53 15
Bernia_E 51 13 12 12 11 57 15
Puig 50 11 15 10 14 37 23
Campana
Sierra 48 13 11 15 13 62 16
Helada
Crevillente 53 13 10 14 10 51 15
Muela_A 50 12 10 13 15 56 14
Muela_B 52 11 8 15 14 54 15
Arréez 52 9 12 14 13 56 12
Alhamilla 49 17 10 16 9 59 11
Pefiones 50 9 13 13 14 44 14

ADVC ADVA C A

ADV ADVC ADVA C A

22 8 215 36.9 11.0 62.2 9.2

4 37 7 5.3 11.7 1.9 326 21
2 62 2 0.5 1.9 0.2 9.3 0.1
3 53 2 0.3 1.2 0.1 35 0.0
6 37 8 3.2 8.8 1.4 184 1.6
3 30 4 3.2 7.9 0.5 133 0.7
6 26 5 1.9 59 0.7 7.5 0.5
3 29 2 1.8 2.2 0.2 53 01
3 26 3 33 3.8 0.5 8.7 04
7 13 7 4.5 6.0 1.4 6.2 1.0
7 20 4 5.6 6.7 1.8 11.7 0.8
9 15 10 4.9 9.1 2.3 9.2 20
10 16 14 6.0 10.8 3.2 12.2 3.6
11 11 9 6.6 11.3 3.8 9.0 24
8 13 8 7.4 10.3 2.8 103 2.2
10 13 17 2.9 11.2 2.0 73 3.0
4 12 7 1.3 1.9 0.2 1.6 03
5 28 3 1.9 2.8 0.5 61 02
3 19 7 2.3 3.0 0.5 48 0.7
3 22 6 1.2 1.8 0.2 31 03
8 17 7 4.1 5.6 1.4 72 1.0
4 20 6 24 2.6 0.4 51 0.6
13 24 5 1.5 3.0 1.1 49 04

Note: The highest values found for each of the three variables at the different synoptic situations by station are shown in bold.

Atlantic flows produced the largest values for most sta-
tions, with the strong winds for the northern sector and
strong alternating with moderate winds for the other
two regions. In most of the stations of the northern sec-
tor, Atlantic flows were responsible for over 75% of fog-
water collection days. Atlantic flows also dominated in
the central sector and in Pefiones station, with more
than 60% of the collection days. They still represented
about 50% of the collection days for the stations in the
southern region. On the contrary, Mediterranean flows
only dominated in Arrdez station, with 63% of the fog-
water collection days.

In the case of percentages of total volumes, Mediterra-
nean flows dominated, but with slight differences among
sectors, producing the largest percentages under strong
wind speeds in all cases. Figure 6a (dashed line, line
graph [B]) shows the northern region as the sector with
the most marked peculiarities, with two northern most
stations, along with Portella station, displaying a different
behaviour compared to the rest. The percentages at these
three locations were larger for strong flows corresponding
to SE to SW winds, with Atlantics flows responsible for
more than half of the total collected volumes (Table 3).
However, in the other stations, synoptic flows that
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FIGURE 6 Box chart (a) for the mean (segments), median (double dots), third and first quartiles (box delimiters), 10 and 90 percentiles
(whiskers), and 5 and 95 percentiles (bold dots) of the daily fog-water collected volumes; and line graph (b) for both the relative frequency of

collection days (solid line) and the percentage of the total collected volumes (dashed line) for each of the 16 synoptic flows at 850 hPa and
station. Note that the 16 synoptic flows at 850 hPa on the x-axis have been ordered into eight categories: N, NE, E, SE, S, SW, W, and NW

winds at two speed ranges, moderate (m; <5.14 m s™') and strong (s; >5.14 m s™*)
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FIGURE 6

much as 60% at Montnegre for instance, with all Mediter-

ranean flows

provided the largest percentages of the total collected vol-

than the

contributing much more

umes corresponded to strong SE winds. In some cases,

Atlantic ones.

like Montnegre and Montseny Canpld, this wind type
depicted roughly 35% of the total volumes. Table 3 shows

These low-level Mediterranean flows became more
relevant for the southern regions, in particular for the
central sector. Wind directions that contributed to the

how the strong Mediterranean flows are associated with

the largest percentages of the total collected volumes, as
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FIGURE 6 (Continued)
highest percentages of the total collected volumes were 3.3 | Fog-water collection disaggregated

strong NE, E and SE flows (Figure 6b,c), denoting low-
level humid advections from the Western Mediterranean
basin. Particularly, for Bujete, Cinto Cabra, Machos, Mac-
hos Nieva and Monduver, the most contributing synoptic
flows corresponded to strong E and SE winds, while
other stations, such as Montgd, Mariola, Bernia_E, Puig
Campana and Sierra Helada, showed the highest col-
lected volumes under strong NE winds. Mediterranean
flows were clearly associated with the largest percentages
in all cases, with more than 64% of the total collected vol-
umes for all stations, even 75% for some cases.

As a whole, the Mediterranean winds provided more
water than the Atlantic ones in all the three regions,
except for Pefiones and the three stations in the northern
sector, where water associated with Atlantic flows repre-
sents bigger volumes.

by atmospheric teleconnection indices

NAOi showed the weakest relationships with fog-water
collected volumes across the Mediterranean Iberian Pen-
insula. Annually, a negative a nonsignificant correlation
(r —.02; p > .10) was detected (Figure 7). In the northern
and southern regions, a weak but significant negative
correlation were observed (p < .05), while in the central
sector a very weak positive correlation occurred. Signifi-
cant but weak correlations (p < .05) were found in 13 out
of the 23 stations (Table 4). NAOi showed the strongest
signal in winter, with negative r values for almost all sta-
tions. The highest and significant (p < .05) correlation in
winter was found in the southern (r —.31) and northern
(r —.22) sectors, with the strongest r value of —.59 in
Crevillente.
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TABLE 3 Relative frequency of collection days, percentage of the total collected volume and average of the daily collection volumes, for

each of the stations and for the four wind groups at 850 hPa being defined as follows: Moderate Mediterranean winds (M-m) containing the

NE, E, SE, and S flows at speeds <5.14 m s7h strong Mediterranean winds (M-s) containing the NE, E, SE, and S flows at speeds above

5.14 m s™', moderate Atlantic winds (A-m) containing the SW, W, NW, and N flows at speeds <5.14 m s~

containing the SW, W, NW, and N flows at speeds >5.14 m st

Relative frequency of
collection days (%)

Percentage of the total collected
volume (%)

! and strong Atlantic winds (A-m)

Average of the daily collection
volumes (I m2d ™)

Station M-m M-s A-m A-s M-m
Puig Neul6s 8 8 29 55 9
Montseny Antenas 8 10 28 54 8
Montseny Canpla 8 15 26 51 8
Montnegre 12 21 27 41 6
Portella 14 11 42 32 10
Colomer 15 11 44 30 17
Casillas 18 15 39 28 19
Bujete 18 19 32 31 15
Cinto Cabra 17 16 32 35 20
Machos 23 15 34 29 24
Machos Nieva 20 14 38 29 19
Monduver 22 17 36 25 30
Montgo 23 17 37 24 30
Mariola 20 19 31 30 31
Bernia_E 19 16 34 31 28
Puig Campana 17 23 29 30 17
Sierra Helada 16 19 34 31 27
Crevillente 27 19 23 31 18
Muela_A 28 25 22 26 22
Muela_B 21 29 19 30 21
Arraez 30 33 17 20 20
Alhamilla 26 26 15 34 10
Pefiones 20 12 27 41 11

M-s A-m A-s M-m M-s A-m A-s
29 25 38 20.1 87.0 16.8 16.6
37 19 36 4.3 29.5 3.7 5.2
52 18 22 0.8 8.2 0.6 0.5
60 9 25 0.2 3.0 0.1 0.3
34 31 25 2.5 14.3 3.7 2.8
43 24 16 3.5 18.3 24 1.3
39 26 16 2.4 8.3 1.7 0.9
65 8 12 1.3 9.5 0.3 0.5
58 10 12 34 18.0 0.7 0.8
51 17 8 4.9 18.8 1.8 0.7
57 14 9 5.3 30.5 1.7 1.1
44 18 9 7.9 20.1 2.4 1.0
35 24 11 10.1 20.9 42 1.6
47 13 9 10.6 26.9 2.3 1.3
46 14 12 10.5 34.2 2.5 1.7
47 20 16 3.6 14.1 2.1 1.6
39 21 13 1.5 3.9 0.6 0.3
34 14 35 1.3 34 0.9 1.7
45 12 21 1.6 5.1 1.0 1.3
46 11 22 0.8 2.9 0.5 0.7
62 8 10 2.9 12.2 1.2 0.9
53 6 31 0.8 6.3 0.5 1.7
20 17 52 0.7 2.0 1.0 2.3

Note: The highest values found for each of the three variables at the different wind groups by station are shown in bold.

In autumn, NAOi showed the more complex rela-
tionships across the region, with a mix of signs, that is,
positive for the central and negative for the southern
and northern regions (Figure 7). In summer and spring,
the NAOiI signal still weak, dominating negative corre-
lations with few locations showing significant
values (p < .05).

The MOi displayed a stronger influence (r —.19;
p < .05) on fog-water collected volumes than the NAOi,
with a widespread negative correlation pattern for all
stations, being 21 out of the 23 stations statistically sig-
nificant at p < .05 (Figure 7 and Table 4). The central
sector obtained the weakest Pearson's r value (—.17),
while the northern and southern regions showed —.23
and —.26, respectively (e.g., Montseny Antenas, with an

r of —42 had the strongest correlation). Winter is the
season when the strongest negative influence of MOi is
noted because 17 out of the 23 stations displayed signif-
icant correlations (p < .05), also being all of them nega-
tive. Its influence was more marked in the southern
region, with r values below —.50 in Crevillente and
Alhamilla. Almost the same negative correlation pattern
with MOi was shown in spring, particularly in the
northern region with r values below —.46 at the five
northernmost stations. In autumn, the strongest nega-
tive MOi influence was found in the southern region,
with a most negative value of r —.64 in Muela_A. As
for NAOi, MOi showed the weakest relationship in
summer, with negative and statistically significant cor-
relations for 7 out of 23 stations (p < .05).
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FIGURE 7 Annual and seasonal station-based correlations (sign and statistical significance) between fog-water collected volumes and
NAOIi, MOi, and WeMOi on a daily basis. Pearson'’s correlation coefficients are shown for all the stations (A) and the northern (N), central (c),
and southern (S) regions; bold numbers show significant correlations at p < .05

Lastly, the WeMOi showed the strongest influence
(r —.25; p < .05) on fog-water collection among the three
indices, with negative and significant values for all sta-
tions and regions annually (Figure 7 and Table 4). For

instance, negative phases of the WeMOi involve humid
ENE, E, ESE and SE advections and, consequently, low-
stratiform cloud formation in the Mediterranean moun-
tain ranges of the Iberian Peninsula (Martin-Vide and
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TABLE 4 Annual and seasonal number of stations showing negative and nonsignificant, negative and significant (p < .05), positive and
nonsignificant, and positive and significant (p < .05) Pearson's correlation values between the daily fog-water collected volumes and the
NAOi, MOi, and WeMOi teleconnection indices

NAOi MOi WeMOi

(-) (9)<005 (+) (#H)<005 (=) (9)<005 (+) (#H)<005 (=) (9)<005 (+) (H)<0.05
Annual 6 11 4 2 2 21 0 0 0 23 0 0
Winter 12 10 1 0 6 17 0 0 3 20 0 0
Spring 13 4 6 0 10 13 0 0 3 20 0 0
Summer 14 5 2 14 7 2 0 8 3 11 1
Autumn 7 5 9 2 9 12 2 0 5 18 0 0

TABLE 5 Atmospheric situations as a function of the JC types and synoptic flows at 850 hPa leading to the largest frequencies of
collection days combined with the largest percentages of total collected volumes and their associated value ranges for the NAOi, MOi, and
WeMOi for each of the network's stations

Number of collection days Fog-water volumes
JC Flow at JC Flow at
Station type 850 hPa NAOi MOi  WeMOi type 850 hPa NAOi MOi WeMOi
Puig Neul6s A N-s [-1.5-1] [-0.5,0] [-0.50] C S-s [-1,-0.5] [-0.5,0] [-1,—0.5]
Montseny A NW-s [-1.5,-1] [-0.5,0] [-0.5,0] C SE-s [-0.5,0] [-1,-0.5] [-1.5,-1]
Antenas
Montseny Canpla C N-s [-1.5,-1] [-0.5,0] [-0.5,0] C SE-s [-3.5,-3] [-3.5,-3] [-1.5,—1]
Montnegre C SW-s [-1.5,-1] [-0.5,0] [-0.5,0] C SE-s [-3.5,-3] [-3.5,-3] [-3,-2.5]
Portella A W-m [-1.5,-1] [0,0.5] [-0.50] C S-s [-1,-0.5] [-0.5,0] [-1.5,-1]
Colomer A W-m [-1.5,-1] [-0.5,0] [-0.50] C SE-s [-1.5,-1] [-1.5,—-1] [-1.5,-1]
Casillas C W-m [-1.5,—-1] [-0.5,0] [-0.50] C SE-s [-0.50] [-0.50] [-1.5-1]
Bujete c SW-s [-1.5,-1] [-0.5,0] [-0.5,0] C E-s [-1,-0.5] [-1.5,-1] [-1.5,—-1]
Cinto Cabra A NW-s [-1.5,—-1] [-0.5,0] [-0.5,0] SE SE-s [-2,-1.5] [-1,-0.5] [-1.5,-1]
Machos A W-s [-1.5,—1] [-0.5,0] [-0.5,0] SE SE-s [-1.5,-1] [-0.5,0] [-1.5,-1]
Machos Nieva A W-m [-1.5,-1] [-0.5,0] [-0.5,0] SE SE-s [-1.5,-1] [-0.5,0] [-1.5,—1]
Monduver A W-m [-1,-0.5] [-0.5,0] [-0.5,0] E E-s [-1.5,-1] [-0.5,0] [-1.5,-1]
Montgé A W-m [-1,-0.5] [0,0.5] [-0.50] C NE-s [-1.5,-1] [-0.50] [-1,—0.5]
Mariola E W-s [-0.50] [-0.5,0] [-0.50] E NE-s [-0.50] [-0.5,0] [-1,—0.5]
Bernia_E E SW-s [-1.5,—-1] [-0.5,0] [-0.50] E E-s [-1.5,-1] [-0.50] [-1.5,-1]
Puig Campana A N-m [0,0.5] [0,0.5] [-0.5,0] A E-s [0.5,1] [0,0.5] [-1,-0.5]
Sierra Helada C W-m [-1.5,-1] [-0.5,0] [-0.50] E NE-s [-1,-0.5] [-1,-0.5] [-1,—0.5]
Crevillente C SW-s [-1.5,-1] [-0.5,0] [-0.5,0] C SW-s [-2,-1.5] [-1,-0.5] [-2,—1.5]
Muela_A E SW-s [-1.5,—-1] [-0.5,0] [-0.5,0] SE SE-s [-2,-1.5] [-0.50] [-2.5,-2]
Muela_B C SW-s [-0.5,0] [=0.5,0] [-0.5,0] SE SE-s [-2,-1.5] [<0.5,0] [-2.5,-2]
Arrdez E E-s [-1,-0.5] [-0.5,0] [-0.5,0] SE SE-s [005] [-0.50] [-1,-0.5]
Alhamilla C SW-s [-1.5,-1] [=0.5,0] [-1,—0.5] SE E-s [-0.50] [=0.5,0] [-2.5,-2]
Pefiones A W-s [-1,-0.5] [-0.5,0] [-0.50] C W-s [-1,-0.5] [-0.5,0] [-0.5,0]

Lopez-Bustins, 2006). This index influenced the most in  studied seasons and indices. All stations also showed neg-
winter, with a significant correlation of —.28 for the  ative relationships with WeMOi, being 20 out of 23 statis-
whole region; the highest absolute value for all the tically significant at p < .05, and r values ranged between
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—.58 (Crevillente station) and —.20 (Pefiones station).
Among the studied regions, the southern sector showed
the lowest r value (—.41). Similar correlation patterns
were found in spring and autumn. On the contrary, the
weakest WeMOi influence was found in summer (r —.07
for all stations; p < .05), with nearly the same number of
stations showing positive (12) and negative (11) correla-
tions; only few of them being statistically significant
(Table 4).

A summary of the major atmospheric circulations
influencing the frequency of fog collection days and fog-
water collected volumes for each station across the Medi-
terranean Iberian Peninsula is shown in Table 5.

4 | DISCUSSION

To date, no study analysing the synoptic climatology for
fog-water collection has been conducted with long-term
daily data series for the Mediterranean Iberian Peninsula.
Previous studies that have attempted to make the most of
fog as a water resource have only been able to analyse
the atmospheric conditions for specific collection epi-
sodes (e.g., Marzol, 2005; Marzol et al., 2011; Valiente
et al., 2011; to name but a few), and have neither evalu-
ated long-term data, nor employed automatic classifica-
tions to allow any extrapolation to other regions.
Encouraged by successful application of synoptic classifi-
cations in the Iberian Peninsula for other meteorological
variables, such as precipitation (Martin-Vide and
Fernandez-Belmonte, 2001; Martin-Vide, 2002) and sea
breezes (Azorin-Molina and Chen, 2009; Azorin-Molina
et al., 2011), this study attempts, for the first, to evaluate
the influence of the synoptic conditions for the fog-water
collection.

One of the most outstanding results is that both mari-
time advections, carrying humidity from the Mediterra-
nean sea and cyclonic situations, are the most favourable
conditions near surface for fog-water collection. Addi-
tionally, the most favourable low-level flow directions
varied as a function of elevation, but most importantly
due to the coastline orientation (Azorin-Molina et al.,
2009). Anti-cyclonic circulations generally led to many
foggy days, but also to low collection rates. Some studies
carried out in the western Mediterranean basin confirm
part of these results (e.g., Valiente et al., 2011): humid air
of Mediterranean origin is needed in the form of mari-
time advections for fog-water collection to occur. More-
over, in Estrela et al. (2008), the cyclonic situations were
already pointed out as the major contributors in fog-
water collection when predominant wind directions car-
rying fog were analysed in mountainous inland locations
of the Valencian region.

The analysis of low-level wind fields at 850 hPa was
used here to account for the prevailing atmospheric con-
ditions above surface level that are relevant for fog water
collection. Some previous studies analysed wind speeds
and directions at low levels that determine different
observed cloud patterns (Combs et al., 2001; Connell
et al., 2001), proving that both variables play a key role
for the development and features of local winds and sea
breezes (Estoque, 1962; Blanchard and Lopez, 1984;
Azorin-Molina and Chen, 2009), and also in the occur-
rence of low clouds in the Southeast Iberain Peninsula
(Azorin-Molina et al., 2009). The most favourable fog-
water collection conditions at the 850 hPa synoptic scale
found corresponded to strong (>5.14 m s™') Mediterra-
nean winds. On the contrary, Atlantic winds led to gener-
ally more foggy days than Mediterranean ones, but they
generated less collected water volumes.

Results obtained here in relation to atmospheric tele-
connection indices present a novel degree as long as no
studies have been found that correlate teleconnection
patterns with fog-water collection volumes. Other studies
have demonstrated relationships between
teleconnections indices and different meteorological con-
ditions in the Iberian Peninsula, such as sea breezes
(Azorin-Molina and Lépez-Bustins, 2008; Azorin-Molina
et al., 2009), near-surface winds (Azorin-Molina et al.,
2014), snow accumulation and avalanches (Garcia et al.,
2010; Revuelto et al., 2012), rainfall (Martin-Vide and
Lopez-Bustins, 2006; Ramis et al., 2013), sea water level
(Tsimplis and Shaw, 2010), droughts (Muhlbauer et al.,
2013), and air temperature (Ferniandez-Montes and
Rodrigo, 2012). A large part of the Iberian Peninsula cli-
mate variability can be explained by means of the NAOi,
MOi and WeMOi (Palutikof, 2003; Martin-Vide and
Lopez-Bustins, 2006; Vicente-Serrano and Trigo, 2011).
In this study, the analysis of the three teleconnection
indices (NAOi, MOi and WeMOi) showed that WeMOi
most strongly influence fog collection (mainly in winter
and spring months). MOi performed similarly, and had a
negative and statistically significant influence on all the
analysed stations. However, NAOi showed the lowest
correlation. Indeed, its behaviour is similar to that
reported by Martin-Vide and Fernadndez-Belmonte (2001)
in their study on peninsular precipitation. As with rain-
fall, the strongest influence of local processes on fog for-
mation led to the weak influence of the NAOi in summer
and spring.

Although results obtained here are encouraging, lon-
ger fog collection series are still necessary to reach more
robust conclusions, as short time series could mask any
extraordinary situation. In the context of climate change,
with projections indicating an important rainfall deple-
tion (IPCC, 2013, 2014), this type of studies become more
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important in arid and semi-arid environments where
water is a scarce resource as the Mediterranean Basin
(Vicente-Serrano et al., 2015). Future fog-water collection
projects can benefit from the results obtained here,
improving collection efficiencies of the implanted sys-
tems attending to the particular synoptic conditions of
the region. In turn, studies on synoptic conditions may
allow for the improvement of certain activities and more
accurate future projections. As examples, studies con-
ducted in South Africa (Van Heerden et al., 2010; Van
Schalkwyk and Dyson, 2013) on fog occurrence have
allowed to improve airport activities at Cape Town. Other
studies in the northwestern Greece (Houssos et al., 2009,
2012) have also emphasized the importance of previous
synoptic analyses as a prerequisite to the installation of
passive collecting systems when maximum collecting effi-
ciencies are sought.

5 | CONCLUSION

In short, our results reveal that pure anti-cyclonic situa-
tions (type-A) at surface level reveal more importance for
frequency of fog occurrence than for the collected water
volumes. Although these situations appear quite fre-
quently, they tend to provide small quantities of water.
On the other hand, advections from the sea (types NE, E,
SE, and even S in some cases) and pure cyclonic situa-
tions (type-C) bring humidity inland, favouring low cloud
formation and the possibility to collect higher amount of
fog-water, although their occurrence frequencies are
lower.

In terms of the synoptic flows at 850 hPa, and without
providing the peculiarities of each station, the largest
number of days with fog collection take place in Atlantic
winds situations (N, NW, W and SW), irrespectively of
wind speed. However, the biggest water volumes are col-
lected under the influence of high-speed Mediterranean
flows, and the same can be said of the highest collection
averages.

Of the three teleconnection indices analysed, NAOI is
the one with the weakest correlation, with a practically
null value (r = —.02) and nonsignificant for the annual.
MOi has a negative correlation in the annual computa-
tion (r = —.19), showing a greater influence than NAOi
in the collection of fog-water. Therefore, WeMOi is the
most influential on water collection of the three indices
analysed. The negative WeMOi values imply advections
from ENE, E, ESE and SE on the Mediterranean Iberian
Peninsula (Martin-Vide and Lopez-Bustins, 2006), rep-
resenting a contribution of humidity to the atmosphere
and, therefore, favouring the conditions for the formation
of low clouds that give rise to advection fogs.

of Climatology
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