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A B S T R A C T

Time series of temperature and salinity from CTD (Conductivity Temperature Depth) sections in the Ibiza and 
Mallorca Channels from 1996 to 2022 are used to calculate a time series of transports of Atlantic Water (AW), 
Western Intermediate Water (WIW), Levantine Intermediate Water (LIW) and Western Mediterranean Deep 
Water (WMDW). The oceanographic stations were distributed on two triangular closed boxes for the application 
of inverse circulation modelling. A data set of 80 oceanographic campaigns was initially considered. After ex-
amination and interpolation of the data, only 23 campaigns contained the complete sections forming the two 
boxes and were suitable for the calculation of transports using the inverse method. Over the course of 42 
oceanographic cruises, only the southern sections of the Ibiza and Mallorca Channels were completed. In these 
cases, transports were derived from geostrophic velocities, using the sea floor as a reference level of no motion, 
and without employing the inverse method. The results from both methodologies showed a prevailing southward 
annual transport of the upper layer (AW + WIW) ranging between − 0.1 Sv and − 0.21 Sv in the Ibiza Channel and 
a northward transport between 0.07 Sv and 0.09 Sv in the Mallorca Channel (depending on the methodology 
used). A subjective classification of the circulation patterns for each individual campaign revealed the existence 
of 5 circulation modes: Northern Current mode, inflow mode, two-way circulation, reversed two-way circulation, 
and eddy circulation mode. The two-way circulation mode, with a southward flow at the western side of both 
channels and a northward flow at the eastern sides, was the most frequently observed circulation pattern. 
However, the inter-annual variability seems to be larger than the seasonal signal and it was very difficult to 
establish a seasonality in the occurrence of these circulation modes. LIW flows to the south in the Ibiza Channel 
and to the north in the Mallorca one, but the transports of this water mass were very low, suggesting that the 
main path of LIW follows the northern slope of the Islands, within the North Balearic Current. These results are 
used to speculate about the circulation and mass budget in the Northwestern Mediterranean.

1. Introduction

The circulation of the Western Mediterranean (WMED), as well as 
that of the Eastern Mediterranean (EMED), is forced by the fresh water 
deficit and the net heat loss of both basins (Schroeder et al., 2023). This 

forcing is responsible for an inflow of Atlantic Water (AW) through the 
Strait of Gibraltar (~1 Sv) that crosses the WMED until the Sicily 
Channel where it flows into the EMED. In a very simplistic way, it could 
be considered that the circulation of the AW within the WMED is made 
of two main elements. The first is the Atlantic Current, which crosses the 
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Alboran Sea and then flows through the Algerian Basin (as the Algerian 
Current) towards the Sicily Channel. This first structure frequently in-
cludes two anticyclonic gyres in the Alboran Sea (Brett et al., 2020; 
Viúdez and Tintoré, 1995): one in the Western Alboran sub-basin and a 
second one in the Eastern sub-basin. In addition, two cyclonic gyres can 
be found along the Algerian Current: one centered at 37◦ 30′ N, 2◦ 30′ E 
(Western Algerian Gyre; WAG) and a another one centred at 38◦ 30′ N, 
6◦ 00′ E (Eastern Algerian Gyre; EAG; Mallil et al., 2022; Escudier et al., 
2016; Testor et al., 2005). Cyclonic and anticyclonic eddies are 
frequently generated along the Algerian Current. The anticlyclonic ones 
are usually deeper and can detach from the main current becoming open 
sea Algerian Eddies (AEs) that can last from several months to three 
years (Vargas-Yáñez et al., 2023a; Mallil et al., 2022; Ruiz et al., 2002; 
Puillat et al., 2002) and drift within the WAG and EAG (Escudier et al., 
2016).

The second component of this circulation scheme is a recirculation 
cell that flows cyclonically around the riparian countries of the WMED 
(Millot and Taupier-Letage, 2005) until closing the circuit at the 
Almeria-Oran Front (Troupin et al., 2019; Renault et al., 2012). This 
latter front would be the result of the meeting of fresh AW recently 
advected into the Mediterranean Sea through Gibraltar, with AW 
severely modified after recirculating within the WMED.

The two elements briefly described above are interconnected. On one 
hand, the WMED has a fresh water deficit in the whole basin, which 
increases northwards (Schroeder et al., 2023; Boukthir and Barnier, 
2000). On the other hand, a fraction of the AW flowing into the Ligurian 
Sea, the Gulf of Lions and the Catalan-Balearic Sea contributes to the 
formation of the Western Mediterranean Deep Water (WMDW) and 
Western Intermediate Water (WIW). Therefore, in a stationary state, the 
conservation of the volume of AW in the northern WMED (Provencal 
Basin) requires that the net evaporation and the volumes of AW trans-
formed into deep and intermediate waters be replaced by AW from the 
Algerian Basin. Besides this, the net heat flux at the sea surface is 
negative (from the sea to the atmosphere) in the Gulf of Lions and Lig-
urian Sea, whereas it is positive at the central and southern parts of the 
WMED (Schroeder et al., 2023; Ruiz et al., 2008). Therefore, the sta-
tionary state also requires a net heat transport towards the northernmost 
sector of the WMED. The heat and freshwater balance of the WMED, 
together with the cyclonic circulation of this basin implies that fresh and 
warm water should flow northwards in the eastern branch of the recir-
culating cyclonic cell, whereas colder and saltier water should flow 
southwards in the western sector of the WMED. The balance between 
both flows would be a net volume and heat transport to the north 
(Bethoux, 1980).

The western branch of this recirculating cyclonic cell would be the 
southward extension of the Northern Current that flows along the Lig-
urian Sea and the continental slope in front of the Gulf of Lions. This 
current mainly alludes to AW, but it also carries LIW and WIW with a 
volume transport that fluctuates between 0.5 and 2 Sv, depending on the 
authors. This large variability is linked to the seasonal cycle of this 
structure, the seasonality associated with the winter convection pro-
cesses that take place in this region (Béranger et al., 2005; Millot and 
Taupier-Letage, 2005; Pinot and Garnachaud, 1999; Conan and Millot, 
1995)) and the large inter-annual variability of such processes 
(Margirier et al., 2020; Herrmann et al., 2010).

The southward progression of AW, and also WIW and LIW, is hin-
dered by the presence of the Balearic Islands and Channels which 
partially deflect the current to the northeast, forming the North Balearic 
Current (Vargas-Yáñez et al., 2020; Juza et al., 2015; 2013). These 
channels have been described as a choke point for the water exchange 
between the Provencal and Algerian basins (Vargas-Yáñez et al., 2020; 
Barceló-Llull et al., 2019; Heslop et al., 2012) and have received an 
increasing attention since the first works carried out during the begin-
ning of the 1990s decade by López-Jurado and Díaz del Río (1994) and 
Castellón et al. (1990). However, our knowledge of the circulation and 
water transports through these channels remains incomplete, despite 

their paramount importance for the understanding of the circulation of 
the WMED. The main problems for describing the circulation through 
the Balearic Channels arise from its high variability at different time 
scales, including inter-annual, seasonal and high frequency variability, 
this later linked to an intense mesoscale activity in the channels (Vargas- 
Yáñez et al., 2020; Barceló-Llull et al., 2019; Juza et al., 2013; Heslop 
et al., 2012; Pinot et al., 2002). Furthermore, the estimation of seasonal 
mean values for the transports through the channels is obscured by the 
fact that mesoscale variability could be larger than the amplitude of the 
seasonal cycle (Barceló-Llull et al., 2019). This makes necessary the use 
of time series as long as possible for such calculations. In this regard, 
Castellón et al. (1990) only used CTD data from two surveys carried out 
in May-June 1989 and López-Jurado and Díaz del Río (1994) also ana-
lysed two surveys carried out in the Ibiza Channel in November 1990 
and March 1991. Pinot and Garnachaud (1999) analysed CTD data from 
one single survey in June 1993 for studying the circulation of the 
Catalan Sea and the Balearic Channels. The first attempt to analyze a 
time series of temperature and salinity sections for addressing the sea-
sonal variability of the circulation in the Balearic Channels is due to 
Pinot et al. (2002). These authors analysed a set of 13 CTD surveys in the 
Ibiza and Mallorca Channels extending from 1996 to 1998. Juza et al. 
(2013), Heslop et al. (2012) used a time series of glider data from 
February to June 2011 for studying the mesoscale activity and the 
transports through the Ibiza Channel. Barceló-Llull et al. (2019) used a 
long time series of temperature and salinity glider data, extending from 
2011 to 2018 in the Mallorca Channel. These authors studied the long- 
term mean transports and their seasonal and high frequency variability.

To our knowledge, the longest time series of temperature and salinity 
data from both the Ibiza and Mallorca Channels are those analysed in 
Vargas-Yáñez et al. (2021; 2020). These time series extended from 1996 
to 2019. However, Vargas-Yáñez et al. (2021) only considered the long- 
term variability of temperature, salinity and density fields in the 
Balearic Channels without addressing the calculation of transports 
through them. Vargas-Yáñez et al. (2020) calculated the mean seasonal 
transports for AW, WIW, LIW and WMDW, but not the variability 
superimposed on these climatological cycles. Besides this, the mean 
seasonal transports were calculated from mean seasonal temperature 
and salinity fields, and no time series of transports were considered. In 
the present work, we extend the time series used in these previous works 
to 2022. In addition, volume and mass transports through the Ibiza and 
Mallorca Channels are calculated for each single survey from 1996 to 
2022. In this way, a 27 years-long time series of transports through the 
Balearic Channels are calculated using an inverse circulation method. 
The mean seasonal cycle is calculated averaging the transports for each 
season of the year, instead of calculating the transports corresponding to 
the mean seasonal temperature and salinity fields (Vargas-Yáñez et al., 
2020). The varibility associated to the inter-annual and higher fre-
quency mesoscale activity is also estimated. Different modes of circu-
lation within the Channels and the frequency of their occurrence are 
investigated following Barceló-Llull et al. (2019) and Heslop et al. 
(2012).

The objectives of this work can be summarized as follows: 

1. To obtain time series of mass transports through the Balearic Chan-
nels for AW, WIW, LIW, and WMDW from 1996 to 2022. To our 
knowledge, this is the first time a long-term transport time series is 
presented for both Balearic Channels.

2. To compare average transports obtained from these time series with 
those derived from averaged temperature-salinity (TS) fields, as done 
in Vargas-Yáñez et al. (2020).

3. To describe the seasonal variability of mass transports throughout 
the seasonal cycle, and to compare the amplitude of these cycles with 
the interannual variability.

4. To identify different circulation modes through the Balearic Chan-
nels, and to determine the most likely season for each mode. For this 
objective, we follow the methodology proposed by Barceló-Llull 
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(2019), extending the length of the analysed time series and covering 
both channels.

2. Data and methods

2.1. RADMED project

RADMED (series temporales de datos oceanográficos en el Medi-
terráneo; Time series of oceanographic data in the Mediterranean) is a 
project devoted to the multidisciplinary monitoring of the Spanish 
Mediterranean waters, funded by the Instituto Español de Oceanografía, 
belonging to the Consejo Superior de Investigaciones Científicas (IEO- 
CSIC, Spanish Institute of Oceanography, from Spanish National 
Research Council). This project consists of a set of oceanographic sta-
tions covering the continental shelf and slope waters, as well as some 
deep stations, in the Spanish Mediterranean (see Vargas-Yáñez et al., 
2023b; Vargas-Yáñez et al., 2017; López-Jurado et al. 2015 for the po-
sitions of the stations and other details). All the stations are visited with 
a seasonal periodicity (four times per year) and include CTD (Conduc-
tivity-Temperature-Depth) casts.

RADMED project started in 2007. Nevertheless, some of its oceano-
graphic stations had been monitored by IEO since the 1990s within the 
framework of other projects (Vargas-Yáñez et al., 2017). This is the case 
of the 37 stations covering the Ibiza and Mallorca Channels (Fig. 1). 
These stations started to be visited approximately quarterly in 1996 in 
the frame of the Project Canales (Pinot et al., 2002). The stations were 
distributed in two triangles in order to form two closed boxes for the 
application of circulation inverse methods (Vargas-Yáñez et al., 2020; 
Pinot et al., 2002; Pinot and Ganachaud, 1999). Table S1 in 

supplementary material shows the position and nominal depth for each 
of the stations within the Balearic Channels.

The total number of campaigns used in the present work is 80, 
spanning from March 1996 to November 2022. The year and month of 
each campaign are listed in Table S2 in the supplementary material. 
Metadata are available in SeaDataNet and data are accessible upon 
request. They are also freely available at discrete depth levels in IBAMar 
database http://www.ba.ieo.es/es/ibamar.

2.2. Inverse methods and interpolation

Inverse models were developed by Wunsch (1996; 1978) and 
thereafter have been widely applied for the calculation of mass, heat and 
salt transports in different parts of the world oceans (see Hernández- 
Guerra et al., 2019; Hernández-Guerra et al., 2017; Casanova-Masjoan 
et al., 2018; Hernández-Guerra and Talley, 2016 for just a few exam-
ples). Such models were also applied to the calculation of water mass 
transports in the Balearic Channels by Vargas-Yáñez et al. (2020), Pinot 
et al. (2002) and Pinot and Ganachaud (1999). The details concerning 
this methodology can be consulted in Wunsch (1996; 1978), neverthe-
less, here we include a brief description for the sake of completeness and 
a more detailed description is also presented in supplementary material.

If a certain pressure level pref is considered as the reference one, the 
geostrophic velocity between a pair of oceanographic stations (CTD 
casts), relative to the reference level, can be calculated at any pressure 
level by means of the geostrophic approximation. 

v(p) = v(pref )+

(
∂φ
∂x

)

p 

Fig. 1. A. Map of the Western Mediterranean and scheme of its circulation. B. Zoom of the Balearic Islands and Channels and position of RADMED stations forming 
two triangles in the Mallorca and Ibiza Channels (MN and MS for the Mallorca Channel and IN and IS for the Ibiza Channel). The base of the Mallorca Channel 
triangle is named Mallorca South section (MS) and is made of the stations C1 to C10. MS section is subdivided into two subsections for the calculation of the 
transports: MS1 (western part of the section) and MS2 (eastern part of it). Fig. 1 shows the stations used for the calculation of transports corresponding to each 
subsection. The northern part of the Mallorca Channel is named Mallorca North (MN) and is made of the stations C30 to C37. MN section is subdivided into two 
subsections (see Fig. 1) for the calculation of the transports: MN1 (western part of the section) and MN2 (eastern part of it). Similarly, the base of the Ibiza Channel 
triangle is named Ibiza South section (IS) and is made of the stations C11 to C21. IS section is subdivided into two subsections IS1 (western part of the section) and IS2 
(eastern part of it) and the northern part of the Ibiza Channel is named Ibiza North (IN) and is made of the stations C21 to C29. Notice that IS and IN share station 
C21. IN section is subdivided into two subsections: IN1 (western part of the section) and IN2 (eastern part of it).
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Being v the velocity normal to the section formed by the two oceano-
graphic stations, x the distance between stations and ϕ the dynamic 
height of the pressure level p referred to the level pref defined by:

φ =
∫ pref

p αdp α = 1/ρ is the specific volume and ρ is the sea water 
density. In practice the specific volume anomaly is used instead.

In order to calculate the geostrophic velocity, it is frequently 
assumed that the velocity is known at the reference level as it is usually 
considered a no-motion layer. Obviously, this assumption introduces 
some degree of uncertainty in the calculations.

However, when oceanographic stations are distributed within a 
closed box, it is possible to apply inverse circulation methods. In this 
framework, rather than assuming an arbitrary velocity at the reference 
level, the velocities are estimated by imposing a set of physical con-
straints that enable their determination. Following previous applications 
of inverse modelling in the Balearic Channels, and to facilitate com-
parison with those studies, the present work adopts a similar approach. 
Specifically, we impose mass conservation over four distinct layers, as 
well as over the entire volume enclosed by the box. These layers are 
defined according to their sigma-theta (σθ) ranges (σθ = ρ(θ, S, p = 0)- 
1000, where ρ is density, θ is potential temperature, S is salinity, and p is 
pressure). The Atlantic Water (AW) layer is defined as those waters with 
sigma theta lower than 28.8 kg/m3, the Western Intermediate Water 
(WIW) layer is that with sigma theta between 28.8 kg/m3 and 29.05 kg/ 
m3, the Levantine Intermediate Water (LIW) layer is between 29.05 kg/ 
m3 and 29.1 kg/m3, and the Western Mediterranean Deep Water 
(WMDW) layer is made of those waters denser than 29.1 kg/m3 (see 
Pinot and Ganachaud, 1999). The mass conservation for each of these 
layers and for the whole water column was imposed for the calculation 
of the velocity at the reference level. Once the reference velocity was 
calculated from the inverse method, the mass transports associated with 
each water mass were obtained.

The stations from RADMED project corresponding to the Mallorca 
and Ibiza Channels are arranged in two triangles. Each triangle is made 
of two sections: a southern straight section, and a broken northern 
section. The southern and northern sections of both channels were 
further divided in subsections 1 and 2 in order to provide a more 
detailed description of the water mass transports at the eastern and 
western sectors of the channels and for comparison with previous works 
in which this subdivision was applied (Vargas-Yáñez et al., 2020; Pinot 
et al., 2002; Pinot and Ganachaud, 1999). Finally, the subsections that 
will be considered hereafter are named as Mallorca South 1 and 2 (MS1, 
MS2), Mallorca North 1 and 2 (MN1, MN2), Ibiza South 1 and 2 (IS1, 
IS2) and Ibiza North 1 and 2 (IN1, IN2). The stations corresponding to 
each section can be consulted in Fig. 1.

However, during the 80 campaigns analysed in this work, it was very 
frequent that the sections were not completed, and in some cases, even 
some complete sections were missed because of bad weather conditions, 
vessel breakdowns or technical problems with the instrumentation. In 
other cases, the CTD did not reach the nominal depth of the station or 
the final temperature and salinity profiles presented some gaps. In order 
to have a set of complete boxes as long as possible, missing data were 
interpolated whenever feasible.

Missing data within the upper 10 m of the water column were filled 
with the available data from the most superficial depth within the upper 
10 m, assuming that the upper surface layer has very homogeneous 
properties because of the stirring caused by waves. Gaps in the upper 
100 m of the water column (deeper than 10 m) were filled by means of 
Optimal Statistical Interpolation. The seasonal background fields used 
for this interpolation were obtained from the average values estimated 
from the temperature and salinity time series, and the covariance 
functions and noise to signal ratios for the temperature and salinity 
fields were those estimated in Vargas-Yáñez et al. (2020) from the 
analysis of the time series. Further details about this interpolation 
methodology can be consulted in Gomis et al., 2001; Pedder, 1993; 
Thiébaux and Pedder, 1987, for instance. However, we also include a 

brief description in the supplementary material for the sake of 
completeness.

Optimal Statistical Interpolation was only applied when at least half 
of the stations within the section were available and only if these sta-
tions included those at the extremes of the sections for avoiding 
extrapolation. When a CTD profile reached a depth of 600 m or more, 
but did not reach the nominal depth of the station, the missing data were 
filled using the closest station.

After interpolation, 23 complete campaigns were available (see 
columns 1 and 2 in Table 1 for the year and month of such campaigns). 
Besides these complete campaigns, there were others for which southern 
sections (straight sections) of both Channels were completed, but the 
northern ones were missing. In these cases, we could not apply the in-
verse method to calculate the velocity at the reference level. However, 
we could still calculate the geostrophic velocity assuming a no-motion 
reference level. This calculation was carried out considering the see 
bottom as the no motion reference level. In this case, 42 campaigns were 
available. The year and month for each of these campaigns are shown in 
columns 3 to 6 in Table 1.

2.3. Geostrophic velocities and transports in the southern sections. 
Statistical significance

The total number of oceanographic campaigns in which the closed 
boxes in the Mallorca and Ibiza Channels were completed was 23 (see 
section 2.2). However, the number of campaigns when the southern 
sections of the boxes, crossing both the Mallorca and Ibiza Channels, 
were completed was much larger: 42. In these cases, transports through 
the southern sections of the channels were calculated assuming a zero 
velocity at the reference level which was considered as the sea bottom. 
In this way, a time series of 42 data points was available. Obviously, the 
campaigns when the complete boxes were completed, were a sub-set of 
the larger data set when only the southern sections were available. This 

Table 1 
Columns 1 and 2 show the year and month for those campaigns when the 
northern and southern sections of both Mallorca and Ibiza Channels could be 
completed after interpolation. These are the final campaigns that were used for 
the calculation of water mass transports by means of circulation inverse models. 
Columns 3 to 6 show the years and months of the campaigns when only the 
southern sections of Mallorca and Ibiza Channels could be completed. The water 
mass transports corresponding to these campaigns were calculated using the 
geostrophic approximation and considering the sea bottom as the no-motion 
reference layer.

Campaigns with complete boxes Campaigns with complete southern sections

Year Month year Month year month

1996 4 1996 4 2009 5
1996 8 1996 6 2011 5
1997 8 1996 8 2013 3
1999 5 1997 8 2013 6
2001 3 1999 5 2013 11
2001 11 2001 3 2014 2
2002 5 2001 11 2014 6
2002 9 2002 3 2015 2
2003 6 2002 5 2015 5
2004 3 2002 9 2016 2
2004 5 2003 6 2016 4
2005 9 2003 10 2016 7
2006 4 2004 3 2016 11
2013 3 2004 5 2017 6
2013 6 2004 10 2017 11
2014 2 2005 3 2018 2
2014 6 2005 9 2019 1
2015 5 2006 4 2022 4
2017 6 2006 6 2022 11
2017 11 2007 10  
2018 2 2008 2  
2019 1 2008 5  
2022 11 2008 7  
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allows a comparison of transports calculated from geostrophic velocities 
estimated using a zero velocity at the bottom of the sea, and transports 
calculated considering the velocity at the reference level estimated from 
the inverse method.

Average transports (both from the inverse method and using a zero 
reference velocity at the sea bottom) were averaged in order to obtain 
net transports throughout each season of the year. Confidence intervals 
were estimated for each mean value assuming a T-Student distribution 
for the mean and using the equation: 

s
̅̅̅
n

√ T(1 −
α
2
, n − 1)

where s is the sample standard deviation, n is the number of observa-
tions, and n − 1 is the number of degrees of freedom. T(1 − α/2,n-1) is 
the critical value from the two-tailed inverse cumulative distribution 
function of the Student’s t-distribution, corresponding to a confidence 
level of 1 − α and n-1 degrees of freedom. In this work the 95 % con-
fidence level was used (equivalently, the 5 % significance level). Mean 
or net transports were considered as statistically significant if they were 

Fig. 2. The left column (Figures A, C, E, G) show the mass transports for the AW, WIW, LIW and WMDW water masses through the MS1 subsection (western 
subsection of the southern Mallorca Channel). Positive and negative values correspond to northward and southward transports respectively. The right column 
(Figures B, D, F, H) show the mass transports for the MS2 subsection (the eastern subsection of the southern Mallorca Channel). Grey bars correspond to the results 
obtained from the application of the inverse model to the closed box of oceanographic stations. Black dots correspond to results from geostrophic velocities obtained 
using just the southern sections of the channels and the sea bottom as no-motion reference level. Mean values ± standard deviations calculated over the complete 
period of time are included in the inserts.
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different from zero at the 5 % significance level.

3. Results

3.1. Time series of transports through the Balearic Channels

Fig. 2A to H display the mass transports of the four water masses 
analysed (AW, WIW, LIW, and WMDW) for the MS1 and MS2 sub-
sections of the southern section of the Mallorca Channel, while Fig. 3A to 
H present analogous results for the IS1 and IS2 subsections of the 

southern Ibiza Channel. Negative values indicate southward transports 
whereas positive values indicate a northward transport.

As detailed in Section 2.2, geostrophic velocities and corresponding 
transports were estimated using inverse modelling to determine the 
velocity at the reference level. The grey bars represent mass transports 
derived from this methodology for the 23 campaigns in which both 
triangular boxes (located in the Ibiza and Mallorca Channels) were fully 
sampled.

In addition to these, we considered a broader set of campaigns in 
which all stations along the southern sections of both triangles were 

Fig. 3. The left column (Figures A, C, E, G) show the mass transports for the AW, WIW, LIW and WMDW water masses through the IS1 subsection (western subsection 
of the southern Ibiza Channel). Positive and negative values correspond to northward and southward transports respectively. The right column (Figures B, D, F, H) 
show the mass transports for the IS2 subsection (the eastern subsection of the southern Ibiza Channel). Grey bars correspond to the results obtained from the 
application of the inverse model to the closed box of oceanographic stations. Black dots correspond to results from geostrophic velocities obtained using just the 
southern sections of the channels and the sea bottom as no-motion reference level. Mean values ± standard deviations calculated over the complete period of time are 
included in the inserts.
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completed—specifically, the straight-line segments traversing the Mal-
lorca and Ibiza Channels. This less restrictive criterion yielded a total of 
42 campaigns. These campaigns included the previous 23 in which the 
closed boxes had been completed, as well as additional campaigns in 
which the boxes had not been completed and, therefore, inverse models 
could not be applied.

Consequently, for this extended set of 42 campaigns, geostrophic 
velocities and transports across the southern sections of the Mallorca 
and Ibiza Channels were calculated under the assumption of zero ve-
locity at the reference level (Section 2.3). The results derived from this 
approach are represented by black dots in Figs. 2 and 3.

These figures show that the circulation through the Balearic Chan-
nels associated with the upper layer formed by AW and WIW is very 
energetic, with transports for each subsection that can reach values close 
0.8 Sv (1 Sv = 106 m3/s) for some particular campaigns. 109 kg/s cor-
responds very closely to a volume transport of 1 Sv, hence, we will use 
indistinctly 109 kg/s or Sv for expressing the transports through the 
Channels (notice that in one case we refer to mass transport and in the 
other case to the equivalent volume transport). If the complete southern 
sections were considered, these values could go up to 1 Sv in some cases. 
However, the transports have a large variability, as indicated by the 
standard deviation included in Figs. 2 and 3, and positive and negative 
values alternate without a clear direction, resulting in much lower mean 
values (also inserted in Figs. 2 and 3).

The transports for the LIW, both for each campaign, and for the mean 
value, are an order of magnitude lower than those for the AW and WIW, 
and the transports for the WMDW are almost zero except for a very few 
campaigns. Notice that in all the cases the standard deviation is much 

larger than the mean value (inserts in Figs. 2 and 3).
In the cases of the AW and WIW transports, the values obtained from 

the application of the inverse method are very close to those calculated 
using the sea bottom as no-motion reference layer. Notice that the dots 
and bars show very similar values in Figs. 2 and 3 A, B, C and D. On the 
other hand, the coincidence for the results from these two different 
approximations is not so good for the LIW and WMDW (Figs. 2 and 3 E, 
F, G and H).

Fig. 4 shows the scatter plot of the AW and WIW transports calcu-
lated using the inverse method (x-axis) versus those obtained consid-
ering the sea bottom as no-motion reference layer (y-axis) and without 
the use of the inverse modelling. Black filled circles show the results for 
the sub-sections 1 (MS1 in Fig. 4A and IS1 in Fig. 4B), and open circles 
correspond to sub-sections 2 (MS2 in Fig. 4A and IS2 in Fig. 4B). In all 
the cases the regression was significant at the 95 % confidence level with 
p values lower than 0.01. The variance explained by the linear regression 
is very high for the AW and WIW (see inserts in Fig. 4).

The correlation was much lower for the LIW (Figure not shown). The 
regression was statistically significant for three of the subsections (MS1, 
MS2, IS1, p = 0.03), and the variance explained ranged between 0.22 
and 0.32 (22 % and 32 %). The regression was not significant for the 
WMDW for none of the subsections. As already said, transport values 
were very low and erratic for this deep water mass.

3.2. Seasonal mean transports through the Balearic Channels

Although mean transports have been presented for the complete time 
series in Figs. 2 and 3, these values could be affected by a seasonal cycle. 

Fig. 4. Fig. 4A shows the regression of AW mass transports calculated by means of the inverse model on mass transports calculated from geostrophic velocities using 
the sea bottom as no-motion reference level. Black filled circles correspond to the transports through the MS1 subsection and open circles to the MS2 subsection. The 
inserts show the variance explained by the linear regression for both subsections (upper insert for MS1 and lower insert for MS2). Fig. 4B is the same for the Ibiza 
Channel (subsections IS1 and IS2) and Fig. 4C and D are the same for the WIW and the Mallorca and Ibiza Channels respectively.
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For this reason, mean transports were broken down by season of the 
year, water mass, and for the four subsections that form the closed tri-
angles in both the Mallorca and Ibiza Channels. Winter was considered 
as January, February and March, spring as April, May and June, summer 
as July, August and September, and autumn as October, November and 
December. Figs. 5, 6, 7 and 8 show these transports for the AW, WIW, 
LIW and WMDW respectively. Solid lines indicate those mean values 
that were significant at the 95 % confidence level, whereas dashed lines 
are used for those mean values that were not statistically significant (not 
different from zero at the 95 % confidence level). Table 2a–2d shows the 
mean values and confidence intervals for each season of the year and for 
all the water masses and subsections.

The winter AW transports show values larger than 0.2 Sv along the 
peninsular continental slope (see Fig. 5). A large fraction of this flow 
seems to cross the Ibiza Channel through its western sector, whereas 
there is a northward intrusion of AW through the eastern Ibiza Channel, 
reinforcing the Balearic Current that flows along the northern slope of 
the Mallorca Channel. The water mass exchange at the southern section 
of Mallorca Channel suggests an anticyclonic character of the circula-
tion. The mean winter transports for the WIW also show a value larger 
than 0.2 Sv close to the peninsular slope which crosses southwards 
through the southern section of the Ibiza Channel. This water mass also 
contributes to the winter Balearic Current to the north of the Mallorca 
Channel. The LIW flows southwards through the Ibiza Channel with a 
transport of 0.11 Sv (= 0.14 Sv–0.03 Sv, see inserts in Fig. 7). North and 
southward transports through both Channels suggest eddy activity. The 
presence of these structures within the channels would produce recir-
culation of this water mass and the change of direction of the transport 
within the channels without a clear sign of the net contribution of LIW to 
the Balearic Current. The winter transport of WMDW shows a net 
southward transport of − 0.01 Sv. However, this value is not statistically 
significant and is zero for the rest of the seasons. Therefore, the trans-
ports of this water mass will not be commented on following paragraphs.

In spring, the AW does not show the existence of the Balearic Current 
and the net southward transport is very low (0.02 Sv), being the Mal-
lorca Channel the main path of this transport. Southward and northward 
WIW transports at the northern side of the Ibiza Channel suggest a strong 
anticyclonic circulation. The southward transport through the southern 
section in this channel would indicate the detachment of 0.22 Sv from 

this anticyclonic circulation (Fig. 6). This transport would be similar to 
that observed during winter. The circulation of this water mass seems to 
be dominated by mesoscale eddy activity with no evidence of the 
presence of the Balearic Current. However, a southward transport of 
− 0.04 Sv is observed in the southern section of Mallorca Channel, but 
this value is not statistically significant. LIW does not follow a clear 
pattern. The northward transports in the western sides of both channels, 
and the southward ones on the eastern sides, on both the northern and 
southern sections, could indicate the prevalence of an anticyclonic 
circulation.

The AW summer circulation shows the presence of the Balearic 
Current at the northern section of the Mallorca Channel (0.31 Sv), as in 
winter. However, during this season, this current cannot be tracked 
westwards to the peninsular continental slope, as during winter, and it 
has important contributions of AW flowing northwards through the 
Mallorca Channel. The WIW also follows the Balearic Current at the 
northern Mallorca Channel, but with a lower transport (~0.1 Sv). A 
southward transport of WIW close to − 0.1 Sv is observed in the Ibiza 
Channel. However, it should be noticed that none of these values were 
statistically significant. Finally, summer LIW transports were dominated 
by an anticyclonic circulation in both Channels, with a small (− 0.02 Sv) 
and not significant southward contribution through the Ibiza Channel.

The autumn AW circulation is quite similar to that observed in 
winter. A − 0.2 Sv transport is observed at the peninsular side of the Ibiza 
Channel, and most of this water mass flows southwards through the 
Channel. The Balearic Current transport at the northern slope of Mal-
lorca Channel is 0.49 Sv with a large contribution of AW flowing 
northwards through the Mallorca Channel. WIW also flows to the south 
through the Ibiza Channel with a net transport of − 0.09 Sv and an an-
ticyclonic circulation in the southern section of 0.04 Sv. WIW also 
contributes to the Balearic Current with a transport of 0.08 Sv at the 
northern section of Mallorca Channel and some eddy activity in the 
southern section. The LIW shows no evidence of contributing to the 
Balearic Current and has a southward transport of − 0.01 Sv in both the 
Ibiza and Mallorca Channels (although not significant).

3.3. Circulation modes

In addition to the large standard deviations of transports (see Figs. 2 

Fig. 5. Mean mass transports expressed in 109 kg/s (~1 Sv) for winter, spring, summer and autumn. Solid lines and bold numbers are used for those mean values that 
are statistically significant at the 95 % confidence interval and dashed lines correspond to non-significant results.
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and 3), the variability of the circulation in the Balearic Channels is re-
flected by the existence of different “modes” of circulation. Barceló-Llull 
et al. (2019) and Heslop et al. (2012) considered three modes of circu-
lation which could be named as, two-way circulation, Northern Current 
mode and inflow mode. In this work we have identified two more cir-
culation modes that could be named as reversed two-way circulation 
mode and multiple-eddies mode. Fig. 9 shows four situations in which 
the first four circulation modes have been clearly identified for the upper 

layer of the Ibiza Channel (surface to 300 m: AW and WIW). It should be 
noticed that the same modes of circulation have been established for the 
Mallorca Channel. Fig. 9A and B show an example of the two-way cir-
culation mode in the Ibiza Channel corresponding to January 2019. We 
have considered that the circulation in any of the two Balearic Channels 
followed this pattern when a clear zero velocity area was located in the 
central part of the channel and southward velocities (blue dashed lines) 
were observed in the western part of the channel and northward 

Fig. 6. The same as in Fig. 5, but for the WIW.

Fig. 7. The same as in Fig. 5, but for the LIW.
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velocities (red solid lines) were observed in the eastern part of it. This 
velocity field is associated to a density dome-shaped structure in the 
central part of the channel (Fig. 9A). In addition to this, we have 
observed a second two-way mode (Fig. 9C and D) in which the north-
ward velocity is observed on the western side of the channel and the 
southward velocities occurred along its eastern side (Fig. 9D). This 

circulation pattern is associated with the sinking of isopycnals in the 
central part of the channel (Fig. 9C) and could be named as reversed 
two-way circulation mode. Notice that a zero velocity area and a 
reversal of the currents were usually observed in the coastal zones of the 
channels (see Fig. 9B, D, F, H). However, the two-way circulation mode 
has been considered in this work only when the change of direction of 

Fig. 8. The same as in Fig. 5, but for the WMDW.

Table 2a 
Seasonal mean mass transports in 109 kg/s (~1 Sv) and confidence intervals at the 95 % confidence level for the AW. The upper lines correspond to the southern (MS1, 
MS2) and northern (MN1, MN2) Mallorca sections. The lower lines correspond to the southern (IS1, IS2) and northern (IN1, IN2) Ibiza sections.

AW(mean) MS1 IC MS2 IC MN1 IC MN2 IC

winter 0.01 0.16 − 0.02 0.13 − 0.24 0.17 0.23 0.20
spring − 0.14 0.12 0.07 0.10 − 0.12 0.15 0.06 0.16
summer 0.08 0.33 0.09 0.21 − 0.14 0.20 0.31 0.29
autumn − 0.01 1.59 0.33 0.23 − 0.17 0.49 0.49 1.53

 IS1 IC IS2 IC IN1 IC IN2 IC
winter − 0.22 0.28 0.13 0.24 − 0.26 0.31 0.17 0.19
spring 0.01 0.17 0.04 0.09 0.12 0.18 − 0.06 0.07
summer − 0.13 0.21 0.14 0.34 − 0.03 0.32 0.05 0.44
autumn 0.07 0.72 − 0.21 1.12 − 0.20 1.05 0.05 0.63

Table 2b 
Seasonal mean mass transports in 109 kg/s (~1Sv) and confidence intervals at the 95 % confidence level for the WIW. The upper lines correspond to the southern (MS1, 
MS2) and northern (MN1, MN2) Mallorca sections. The lower lines correspond to the southern (IS1, IS2) and northern (IN1, IN2) Ibiza sections.

WIW(mean) MS1 IC MS2 IC MN1 IC MN2 IC

winter 0.05 0.09 − 0.03 0.04 − 0.11 0.09 0.13 0.12
spring − 0.02 0.06 − 0.02 0.04 0.05 0.16 − 0.09 0.17
summer − 0.01 0.19 − 0.02 0.06 − 0.11 0.13 0.08 0.17
autumn − 0.07 0.36 0.06 0.15 − 0.08 0.47 0.07 0.40

 IS1 IC IS2 IC IN1 IC IN2 IC
winter − 0.09 0.13 − 0.16 0.19 − 0.22 0.16 − 0.03 0.15
spring − 0.07 0.17 − 0.15 0.18 0.27 0.31 − 0.49 0.16
summer − 0.08 0.11 − 0.01 0.23 0.07 0.24 − 0.15 0.37
autumn 0.04 0.43 − 0.13 0.47 − 0.05 0.34 − 0.04 0.23
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the current was observed in the central part of it. Fig. 9E and F show a 
clear situation of the northern current mode. In this case the central part 
of the channel is occupied by a southward current. Once again we 
emphasize that this classification is made according to the circulation in 
the central part of the channel, but usually a recirculation occurs on the 
shelves of both sides of it. This circulation mode is associated to a 
downward tilt to the west of the isopycnals (Fig. 9E). Finally, Fig. 9G and 
H illustrate the inflow circulation mode. In this case, the central part of 
the channel is occupied by a northward current and the isopycnals sink 
to the east. The fifth circulation mode (multiple-eddies mode) was 
exceptionally observed (not shown) and was characterized by an intense 
mesoscale activity with continuous reversals in the direction of the flow 
along the whole width of the channel.

It should be noted that we have restricted this analysis to the upper 
300 m of the water column where AW and WIW flow. There are two 
reasons for limiting this description to this upper layer. First, this is the 
most energetic layer as evidenced by the large transports presented in 
Figs. 2 and 3. Second, the geostrophic velocities corresponding to this 
upper layer, obtained using the sea bottom as no-motion reference layer, 
are in good agreement with those obtained by means of the circulation 
inverse methods (Fig. 4). Therefore, the use of the former velocities al-
lows us to increase the number of campaigns for their statistical analysis 
(42 campaigns instead of 23; see sections 2.2 and 2.3). Fig. 10 summa-
rizes the results of this analysis. Fig. 10A to 10D show in a schematic way 
the relative frequency (expressed as percentages) corresponding to the 
observations of the first four circulation modes described in Fig. 9 for the 
Ibiza and Mallorca Channels. Fig. 10A and 10B show the relative fre-
quency of observations for the two-way and reversed two-way circula-
tion modes. Fig. 10C corresponds to the relative frequency of the 
Northern Current circulation mode, and Fig. 10D is for the inflow mode. 
The 5 % and the 7 % of the campaigns could not be classified in the Ibiza 
and Mallorca Channels respectively. Besides this, 10 % of the campaigns 
in the Ibiza Channel and 5 % of them in the Mallorca Channel, showed 
the multiple-eddies mode of circulation. The only reason for not repre-
senting this latter mode in Fig. 10 is the difficulty to make a schematic 

representation of this circulation pattern. It is also important to clarify 
that the schematic representation of Fig. 10 does not mean that the 
different circulation modes occur simultaneously on both channels. For 
instance, Fig. 10A shows that there is a two-way circulation mode in the 
Ibiza Channel 40 % of the campaigns and this circulation mode is 
observed 38 % of the occasions in the Mallorca Channel. However, these 
circulation modes do not necessarily occur simultaneously. The five 
circulation modes described above are observed in many different 
combinations in both channels.

However, Fig. 10 shows that the most frequent situation in both 
channels is a two-way circulation with the upper layer flowing south-
wards in the western side of the channel and northward on the eastern 
side of it. The inflow and the northern current would be the following 
most frequent modes. Nevertheless, the application of a Chi-squared test 
(see Zar, 1984 for instance) revealed no statistically significant differ-
ences for the frequencies at which these two modes were observed. The 
frequency associated with each circulation mode was also calculated for 
each season of the year. The two-way circulation mode was also the most 
frequent one during the four seasons of the year and for both channels, 
but no significant differences could be found as the number of cam-
paigns for each season of the year is still very low: 11 for winter, 17 for 
spring, 6 for summer and 8 for autumn (see Table 1).

4. Discussion

In this work we have calculated the water transports through the 
Ibiza and Mallorca Channels by means of an inverse method using 
temperature and salinity data from 23 oceanographic campaigns 
extending from 1996 to 2022. Then, mean seasonal transports have been 
calculated averaging those values corresponding to each season of the 
year. This procedure is different from that used in Vargas-Yáñez et al. 
(2020) where the transports associated to the mean seasonal tempera-
ture and salinity fields were calculated. Despite the extension of the time 
series from 2019 to 2022, a comparison between both methods could be 
accomplished.

Table 2c 
Seasonal mean mass transports in 109 kg/s (~1Sv) and confidence intervals at the 95 % confidence level for the LIW. The upper lines correspond to the southern (MS1, 
MS2) and northern (MN1, MN2) Mallorca sections. The lower lines correspond to the southern (IS1, IS2) and northern (IN1, IN2) Ibiza sections.

LIW(mean) MS1 IC MS2 IC MN1 IC MN2 IC

winter 0.02 0.02 − 0.01 0.01 − 0.02 0.04 0.03 0.04
spring 0.02 0.03 − 0.01 0.01 0.08 0.05 − 0.07 0.08
summer 0.01 0.04 − 0.01 0.02 0.02 0.09 − 0.02 0.11
autumn − 0.01 0.11 0.00 0.02 0.00 0.10 − 0.01 0.22

 IS1 IC IS2 IC IN1 IC IN2 IC
winter 0.03 0.08 − 0.14 0.11 − 0.02 0.17 − 0.08 0.13
spring 0.01 0.02 − 0.02 0.04 0.11 0.09 − 0.12 0.07
summer − 0.01 0.04 − 0.01 0.06 0.05 0.05 − 0.07 0.08
autumn − 0.02 0.07 0.01 0.03 0.08 0.13 − 0.09 0.17

Table 2d 
Seasonal mean mass transports in 109 kg/s (~1Sv) and confidence intervals at the 95 % confidence level for the WMDW. The upper lines correspond to the southern 
(MS1, MS2) and northern (MN1, MN2) Mallorca sections. The lower lines correspond to the southern (IS1, IS2) and northern (IN1, IN2) Ibiza sections.

WMDW(mean) MS1 IC MS2 IC MN1 IC MN2 IC

winter 0.00 0.01 0.00 0.00 − 0.03 0.05 0.03 0.05
spring 0.00 0.01 0.00 0.00 0.03 0.02 − 0.03 0.02
summer 0.00 0.00 0.00 0.00 0.01 0.02 − 0.01 0.03
autumn 0.00 0.01 0.00 0.00 − 0.01 0.05 0.01 0.04

 IS1 IC IS2 IC IN1 IC IN2 IC
winter 0.01 0.01 − 0.02 0.03 0.02 0.14 − 0.03 0.13
spring 0.00 0.00 0.00 0.01 0.04 0.04 − 0.04 0.04
summer 0.00 0.01 0.00 0.00 0.01 0.03 − 0.01 0.03
autumn 0.00 0.02 0.00 0.01 0.04 0.10 − 0.03 0.12
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Fig. 9. Fig. 9A and B show the density and geostrophic velocity fields at the Ibiza Channel corresponding to the January 2019 survey. Blue dotted lines in Fig. 9B, D, 
F, H indicate negative southward velocities whereas red solid lines indicate positive northward velocities expressed in cm/s. This situation has been considered as 
representative of the two-way circulation mode described in this work. In this case southward velocities occur at the western side of the channel and northward 
velocities are observed in the eastern side. Fig. 9C and D correspond to the November 2011 cruise and is considered as an example of the reversed two-way cir-
culation mode in which currents flow in opposite direction to those of the two-way circulation. Fig. 9E and F from the February 2014 survey are an example of the 
Northern Current circulation mode, and Fig. 9G and H illustrate the inflow circulation mode during May 2008. Notice that recirculation is usually observed in the 
coastal sides of the channels. Geostrophic velocities in this figures have been calculated assuming a zero reference velocity at the sea bottom. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Tables 3a and 3b shows the transports for the upper layer (AW +
WIW) for the two western (MS1, IS1) and eastern (MS2, IS2) subsections 
of the southern Mallorca and Ibiza Channels. The total net transports for 
each channel are also presented (fourth column in Tables 3a and 3b). 
The values calculated in Vargas-Yáñez et al. (2020) have been included 
in parenthesis for comparison in both Tables 3a and 3b. Table 3a cor-
responds to the results obtained using the inverse method and Table 3b
shows the results using the geostrophic velocities with the no-motion 
reference layer at the sea bottom.

There is a qualitative agreement between the transports calculated 
for the complete sections (column 4 in Tables 3a and 3b), but not for 
each subsection (eastern and western parts of the channels, columns 2 
and 3 in Tables 3a and 3b). Whether the inverse method is used 
(Table 3a) or not (Table 3b), the results show a northward net transport 

of the upper layer in the Mallorca Channel throughout the year, with the 
only exception of spring, when the net transport is directed to the south. 
In the Ibiza Channel, the net transports are directed to the south during 
all the seasons of the year. The only exception would be the summer 
value when the time series of transports are calculated using the 
geostrophic velocities without the use of the inverse method (Table 3b). 
If the four seasons of the year are averaged, the results for the complete 
sections show a mean annual northward transport ranging between 0.07 
and 0.09 Sv for the Mallorca Channel, whereas the annual mean trans-
port for the Ibiza one would range between − 0.1 and − 0.21 Sv 
(southwards).

Barceló-Llull et al. (2019) pointed out that the inter-annual and high 
frequency variability of the circulation in the Balearic Channels was 
much larger than the seasonal signal. The results presented in this work 
(Figs. 2 and 3) and the large standard deviations for the AW and WIW 
which range between 0.2 and 0.3 Sv support this previous result. This 
large variability obscures the calculation of the seasonal mean values as 
well as the annual mean values which are not statistically significant in 

Fig. 10. Schematic representation of the percentages associated with four of the modes of circulation in the Ibiza and Mallorca Channels. Fig. 10A corresponds to the 
two-way circulation mode with southward transport at the western side and northward transport at the eastern side of the channel. Fig. 10B corresponds to the 
reversed two-way circulation mode with northward transport at the western side and southward transport at the eastern side of the channel. Fig. 10C corresponds to 
the Northern Current mode and Fig. 10D to the inflow mode. The multiple-eddy mode has not been represented. Thin black lines have been included in all the cases 
to indicate the frequent recirculation in the coastal areas.

Table 3a 
Mean transports in 109 kg/s (~1 Sv) for the upper layer made of the AW and 
WIW from the 23 complete campaigns in which the inverse model could be 
applied. The transports are calculated for the western (MS1, IS1) and eastern 
sectors (MS2, IS2) of the southern sections of Mallorca and Ibiza Channels 
(columns 2 and 3) and for the complete section (column 4). Mean transports 
from Tables 3a and 3b in Vargas-Yáñez et al. (2020) are included in parenthesis 
for comparison.

AW + WIW MS1 MS2 MS

winter 0.06(0.01) − 0.05(0.09) 0.01(0.10)
spring − 0.16(− 0.14) 0.05(0.09) − 0.11(− 0.05)
summer 0.07(− 0.01) 0.07(0.13) 0.14(0.13)
autumn − 0.08(− 0.06) 0.39(0.17) 0.31(0.12)

 IS1 IS2 IS
winter − 0.31(− 0.41) − 0.03(0.1) − 0.34(− 0.33)
spring − 0.06(− 0.27) − 0.11(0.1) − 0.17(− 0.18)
summer − 0.21(− 0.29) 0.13(0.15) − 0.08(− 0.14)
autumn 0.11(− 0.14) − 0.34(0.1) − 0.23(− 0.03)

Table 3b 
The same as in Table 3a, but using the transports calculated from geostrophic 
velocities assuming a no-motion reference layer at the sea floor.

AW + WIW MS1 MS2 MS

winter − 0.03(0.01) 0.04(0.09) 0.01(0.10)
spring − 0.16(− 0.14) 0.10(0.09) − 0.06(− 0.05)
summer 0.05(− 0.01) 0.10(0.13) 0.15(0.13)
autumn − 0.09(− 0.06) 0.28(0.17) 0.19(0.12)

 IS1 IS2 IS
winter − 0.37(− 0.41) 0.15(0.1) − 0.22(− 0.33)
spring − 0.14(− 0.27) 0.07(0.1) − 0.07(− 0.18)
summer − 0.19(− 0.29) 0.21(0.15) 0.02(− 0.14)
autumn − 0.04(− 0.14) − 0.05(0.1) − 0.09(− 0.03)
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many of the cases (Table 2a–2d). However, the coincidence, at least 
from a qualitative point of view, between different methodologies, 
supports one of the results presented in this and previous works. That is, 
in the upper layer, a northward water transport prevails in the Mallorca 
Channel year-round, with an intensification of this flow during autumn, 
while a southward transport dominates in the Ibiza Channel, with 
intensification in winter.

The agreement between the different methodologies is not so good 
from a quantitative point of view. First, it should be noted that the mean 
seasonal transports calculated by means of inverse models and using the 
sea-bottom as no motion reference layer show some differences 
(although the direction of the flow is coincident; compare Tables 3a And 
3b). However, Fig. 4 shows the high correlation between the results 
obtained using these two methodologies for the AW and WIW transports. 
In the case of these two water masses, the mean R2 coefficient (variance 
explained) was 0.86 and values ranged between 0.65 and 0.98 
depending on the season of the year and the section considered. Barceló- 
Llull et al. (2019) and Heslop et al. (2012), following Pinot et al. (1995), 
used the 800 m level as no-motion layer and the sea-bottom in shallower 
waters for the calculation of geostrophic velocities. These authors 
showed that the use of the 900 m level as reference layer introduced no 
significant changes in the results. In the present study the sea-bottom 
was used as no-motion level. It should be noticed that most of the 
oceanographic stations in the Balearic Channels are shallower than 900 
m (see Table S1) and therefore our choice is quite similar to that of 
previous works. The good agreement with the inverse method results 
show that the current velocities at deep levels of the Balearic Sea are 
certainly very low compared to those observed at the upper 300 m and 
therefore the use of 800, 900 m or the sea bottom as reference layer are 
adequate choices. Furthermore, the application of the inverse method 
allowed us to obtain velocities at the sea bottom of the order of 1–2 cm/s 
(not shown), and Pinot et al. (2002) found velocities between 0 and very 
few centimetres per second in current measurements close to the sea 
bottom, supporting our reference level choice. Taking into account this 
good agreement between the transports calculated in the upper 300 m 
with and without the use of inverse modelling, we can conclude that the 
differences in the seasonal and annual mean transports obtained from 
both methodologies are due to the use of a different number of cam-
paigns: 23 in one case and 42 in the other. These differences are 
enhanced by the large high frequency and inter-annual variability and 
the still low number of campaigns.

These results could have important implications for understanding a 
more general picture of the WMED circulation. Considering the sum of 
the upper layer transports (AW + WIW) at the Ibiza and Mallorca 
Channels (Tables 3a and 3b), they contribute to the north–south water 
exchange in the WMED with a net southward transport ranging between 
− 0.02 and − 0.12 Sv (depending on the methodology used). Let us 
consider the Northwestern Mediterranean limited by the Balearic 
Channels, a west-east line extending from Menorca Island to Sardinia, 
the Corsica Strait and the coasts of Italy, France and Spain. If we accept 
that the water flux between Mallorca and Menorca (shallow waters) and 
at the Bonifacio Strait (between Sardinia and Corsica) are negligible, 
then the mass conservation of the upper layer (AW + WIW) requires a 
balance between the inflow of water through the Corsica Channel, the 
water exchange through the Mallorca and Ibiza Channels, the water 
exchange through the Menorca-Sardinia section, the fresh water deficit 
in this region and the volume of AW contributing to the deep water 
formation at the Northwestern Mediterranean. The surface water flux 
through the Corsica Strait is highly variable, being intense in winter and 
spring and negligible in summer (Astraldi and Gasparini, 1994). 
Béranger et al. (2005) found an annual mean value of 0.5 Sv using a 
numerical model, being this value close to the climatological value re-
ported in this same work (0.47 Sv). The formation of deep water is very 
variable, alternating years with strong deep convection with other years 
when this process is absent (Margirier et al., 2020; Herrmann et al., 
2010). However, it is usually accepted that the mean value is around 0.3 

Sv (Poulos, 2023; Lascaratos, 1993). More recent numerical simulations 
yielded a mean value of 0.35 Sv (Somot et al., 2018). The AW would 
contribute with a 25 % or 33 % to the formation of the WMDW, being the 
LIW the contributor for the rest of the deep water volume (Millot and 
Taupier-Letage, 2005; Bethoux, 1980). We will consider those water 
transports into the Northwestern Mediterranean as positive and those 
exiting this area as negative. If QCH is the water transport for the Mal-
lorca and Ibiza Channels, QMS is the transport for the Menorca-Sardinia 
section, QCS is the transport through the Corsica Strait and the fresh 
water deficit for this region is 0.007 Sv, this balance could be written as:

QCS + QCH + QMS − 0.007–0.33x0.35 = 0 where we have considered 
the deep water formation rate obtained by Somot et al. (2018) and a 33 
% contribution of the upper layer.

Using the value 0.5 Sv for the QCS (Corsica Strait), then: 

QCH +QMS = − 0.38Sv 

Therefore, the knowledge of the net annual transport through the 
Balearic Channels could be used to infer the water exchange through the 
Menorca-Sardinia section. It should be stressed that Ribotti et al. (2004)
found that the surface water flows eastwards to the south of the 
Sardinian Channel (between Sardinia and Tunicia) and to the west at the 
northern section of this channel. Astraldi and Gasparini (1994) showed 
that the surface AW recirculates cyclonically in the Tyrrhenian Sea 
during summer, flowing out of the Tyrrhenian Sea at the southern tip of 
Sardinia. Bethoux (1980) concluded from mass and salt conservation 
equations that there was a northward net transport of 0.37 or 0.15 Sv 
through the Menorca-Sardinia section (depending on the transport 
considered in the Gibraltar Strait). These calculations assumed a 
southward transport through the Ibiza Channel between − 0.37 and 
− 0.58 Sv. No fluxes were considered in that work for the Mallorca 
Channel and hence, the Ibiza Channel value is supposed to represent the 
net transport through the Balearic Channels. These works make us hy-
pothesize that the AW entering the Tyrrhenian Sea, partially flows to the 
north finally crossing the Corsica Strait and partially recirculates 
cyclonically within the Tyrrhenan Sea to finally exit through the 
southern tip of Sardinia. Then, this water mass would turn to the north 
and the average transport of AW at the region located to the west of 
Sardinia would be directed to the north. This AW flow would finally join 
the surface water crossing the Corsica Strait to form the Northern Cur-
rent. This northward AW current along the western coast of Sardinia 
would follow the same path as the LIW (Millot and Taupier-Letage, 
2005). As opposed to this hypothesis, it should be taken into account 
that, despite the high transports that could be observed during some 
specific campaigns, the annual mean values obtained in the present 
work for the Balearic Channels are between − 0.02 and − 0.12 Sv. This 
would imply that there is a southward transport through the Menorca- 
Sardinia section ranging between − 0.26 and − 0.36 Sv. This would be 
in agreement with the existence of the Western Mid Mediterranean 
Current flowing from the northern slope of the Balearic Islands to the 
southeast and finally into the Sardinian Channel (Cotroneo et al., 2021). 
These authors used data from drifters and satellite altimetry and their 
results were coincident with those from numerical models (Pinardi et al., 
2015; Olita et al., 2015). However, in our opinion, they would be in 
contradiction with the results from Knoll et al. (2017). In this latter 
work, ADCP data showed the existence of the Western Sardinian Current 
(WSC) flowing to the south along the western coast of Sardinia, but they 
also showed the prevalence of a northward current at the open sea to the 
west of Sardinia. It is also difficult to reconcile the existence of the 
Western Mid Mediterranean Current flowing to the southeast at the 
southwestern tip of Sardinia with the existence of the Eastern Algerian 
Gyre which flows cyclonically with a northwest direction at this location 
(Mallil et al., 2022; Escudier et al., 2016; Testor et al., 2005). The pre-
sent work cannot solve these apparent contradictions, but stresses the 
need for better estimations of mass transports through the main passages 
of the WMED.

As already mentioned, there is a qualitative agreement for the 
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different methodologies used when the net transports trough the com-
plete sections of the channels are considered, but there is no agreement 
when the subsections are taken into account. Furthermore, the circula-
tion schemes that could be inferred from the mean seasonal transports 
through the 8 subsections and depicted in Figs. 5 and 6 do not coincide 
with the most frequently observed circulation modes (Figs. 9 and 10). 
For instance, the AW autumn circulation in the Ibiza Channel inferred 
from the mean transports suggests a northward flow in the western 
section of the channel and a southward flow at the eastern one, whereas 

this circulation mode is very infrequent at the Ibiza Channel as it was 
observed just once in autumn and twice in the complete time series. This 
fact makes us consider that mean transports and currents do not 
necessarily reflect the main or more frequent circulation patterns in the 
Balearic Channels and very likely in other parts of the WMED. For 
instance, just for the sake of discussion, let us consider that the circu-
lation of the upper layer in the Ibiza Channel had a bimodal character 
(we have already shown that this is not the case) in which the circulation 
alternates between a Northern Current mode and an inflow mode. 

Fig. 11. Plausible schemes of circulation in the Balearic Channels and to the north of the islands inferred from the observed circulation modes at the southern 
sections of the Channels.
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Beside this, let us consider that when the circulation follows the 
Northern Current mode, it is more intense at the western side and when 
it follows the inflow mode, it is more intense at the eastern side. In this 
situation the mean transports would be directed southwards at the 
western section and northwards at the eastern one. Hence we could 
infer, from the calculation of the mean transports that the prevailing 
circulation is a two-way circulation mode when this circulation pattern 
had never been observed because of the bimodal character of the cir-
culation. This does not imply that the calculation of transports has no 
importance. On the contrary, the mean transports are needed in order to 
understand the mass, heat and salt budgets of the Northwestern Medi-
terranean as well as of any other region of the world oceans. However, 
understanding the circulation of the channels requires a more detailed 
analysis as the one proposed in section 3.3 and summarized in Fig. 10. It 
should be noticed that the classification of the circulation for each 
campaign has been done in a subjective way. This could be considered a 
shortcoming of the present work and an objective method for estab-
lishing this classification should be developed in the future. Neverthe-
less, the present study shows the existence of different circulation 
patterns similar to those described in Barcelló-Llull et al. (2019) and in 
Heslop et al. (2012) and two new circulation modes have been identi-
fied. These circulation modes can be combined in different ways in the 
Ibiza and Mallorca Channels. In order to use as many campaigns as 
possible and get better statistics, they have been inferred just from the 
southern sections of both channels (using the geostrophic velocities 
without the use of the inverse method), which makes it difficult to make 
an accurate description of the circulation in the Channels and to the 
north of the Islands. However, Fig. 11 shows an attempt to provide a 
plausible description of such circulation showing the different combi-
nations that have actually been observed: two-way circulation in both 
channels (Fig. 11A), Northern Current and two-way circulation (11B and 
11C), Northern Current in both channels (Fig. 11D), two-way circulation 
and inflow (Fig. 11E and F) and finally Northern Current and inflow 
(Fig. 11G and H). Notice that in all the cases the main direction of the 
flow is indicated by means of thick arrows. These directions allow us to 
define the different circulation modes. In addition, thin arrows in Fig. 11
have been included to show the usual counter-currents observed in the 
shelves of the channels flowing in the opposite direction to that of the 
flow in the central parts of the channels.

The most frequent combination is the existence of a two-way circu-
lation mode in both channels with the southward flow at the western 
sides, as an extension of the cold and salty waters of the Northern Cur-
rent, and a northward flow at the eastern sides, with fresher AW rein-
forcing the North Balearic Current. The reversal of the two-way 
circulation mode, with the northward current to the west and the 
southward current to the east is much less frequent, but has been 
observed in both channels associated to a deepening of the isopycnals in 
the central part of the channels and could correspond to the presence of 
anticyclonic gyres blocking the transports through the channels as 
already observed by Pinot et al. (2002). These circulation patterns are 
expected to have a seasonal signal, but the number of campaigns per 
season is still too low to establish statistically significant differences in 
the frequency of occurrence of these circulation patterns. Notice that 
there are 11 campaigns for winter, 17 for spring, 6 for summer and 8 for 
autumn (42 campaigns). This number considerably decreases if we 
consider only those campaigns when the complete boxes (triangles) are 
available (23 campaigns).

Concerning the LIW circulation, the mean transports for the com-
plete sections from Table 2c show very low values for the annual mean 
transport: − 0.0375 Sv for the Ibiza Channel and 0.0025 Sv for the 
Mallorca one. These two values yield a very low value of − 0.038 Sv for 
the LIW transport through the Balearic Channels. If the inverse method 
is not used, increasing the number of available campaigns, the LIW 
transport at the Ibiza Channel is − 0.018 Sv and that in the Mallorca 
Channel is 0.003 Sv, with a net southward transport of − 0.015 Sv. As in 
the case of the upper layer, these results can be placed in a broader 

context. The formation rate of LIW is close to 1 Sv (Lascaratos et al., 
1993) and the LIW transport through the Sicily Channel into the WMED 
is between 0.91 and 1 Sv according to Béranger et al. (2005) and 
Bethoux (1980). This water mass flows into the Tyrrhenian Sea where it 
describes a cyclonic circuit. According to Astraldi and Gasparini (1994)
the transport of this water mass through the Corsica Channel is negli-
gible and most of this water mass exits the Tyrrhenian Sea at the 
southern tip of Sardinia and then turns to the north along the western 
slope of this island to finally join the Northern Current. This circulation 
scheme is also proposed by Millot and Taupier-Letage (2005). In addi-
tion to this path, LIW could also be entrained by anticyclonic Algerian 
Eddies drifting westwards within the EAG. To our knowledge there are 
no estimations of the LIW westward transport linked to this latter 
mechanism, but a large fraction of the LIW entering the WMED could be 
expected to follow the Northern Current pathway. In that case, the 
transport of LIW flowing southwards through the Balearic Channel 
represents a very small fraction of the LIW that flows cyclonically within 
the Northern Current around the WMED. This would imply that this 
water mass would mainly flow along the northern slope of the Balearic 
Islands within the North Balearic Current.

5. Conclusions

The main conclusions are summarized according to the four objec-
tives outlined in the introduction: This study presents the longest 
available time series of water transport through the Balearic Channels. 
When considering the complete sections of the Mallorca and Ibiza 
Channels, the mean transport estimates derived from these time series 
qualitatively align with those obtained from average temperature and 
salinity conditions in Vargas-Yáñez et al. (2020). However, there is no 
quantitative agreement, nor do the results remain consistent when 
different sub-sections are analysed.

Regarding seasonal and interannual variability, the results show a 
year-round southward transport dominance in the Ibiza Channel for 
both the upper layer (AW and WIW) and the LIW. In contrast, northward 
transport prevails in the Mallorca Channel. Southward transport in-
tensifies during winter and spring, while northward transport peaks in 
autumn. However, as demonstrated by Barcelló-Llull et al. (2019), Juza 
et al. (2013), and Heslop et al. (2012), there is substantial interannual 
and high-frequency variability. Consequently, estimating seasonal or 
even annual mean transports from limited data remains challenging. As 
more oceanographic campaigns are conducted, these mean transport 
estimates will better approximate the true values.

Estimating water transport through the Balearic Channels is crucial 
for closing the mass budget of the Northwestern Mediterranean. 
Although instantaneous transports can occasionally reach high values 
(nearly 1 Sv), mean values remain low, at approximately − 0.12 Sv for 
the upper layer (AW + WIW). This finding suggests that closing the mass 
budget in this region likely requires a southward transport through the 
Menorca-Sardinia section. Similarly, the mean annual LIW transport is 
remarkably small (− 0.038 Sv), implying that this water mass primarily 
flows north of the Balearic Islands via the North Balearic Current before 
turning southward to complete its cyclonic circulation in the Western 
Mediterranean. This study further demonstrates that when inverse 
methods are unavailable, using the sea bottom (or a deep reference level 
such as 800–900 m) as a no-motion layer provides a reasonable 
approximation for calculating geostrophic velocities in the upper layer. 
However, this approach proves less suitable for the LIW, which lies 
closer to the seafloor.

Finally, our results show that it is not suitable to infer the circulation 
patterns in the Balearic Channels from the mean transports. This task 
should be addressed by means of a careful examination of each indi-
vidual campaign. A first, although subjective, attempt to carry out this 
analysis has been presented. There is a very large variability in the cir-
culation patterns of this region of the WMED. In addition to the three 
circulation modes already described in previous works (Barcelló-Llul 
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et al., 2019; Heslop et al., 2012), we have found two more circulation 
modes. The first one is a reversed two-way circulation mode with di-
rections of the currents opposite to those previously reported in the two- 
way circulation mode. This new circulation mode could be associated to 
the existence of anticyclonic eddies within the channels. These struc-
tures had already been described by Pinot et al. (2002) and could be 
responsible for the blocking of the circulation. The second new circu-
lation mode described in the present work is the existence of multiple 
eddies within the channels, evidencing the strong mesoscale activity in 
the Balearic Sea.

Besides the results summarized above, this work has some short-
comings that open new research lines. First, it evidences the necessity 
for continuing these time series in the Balearic Channels in order to 
obtain more accurate values for the mean transports through them. 
Second, it also evidences the need to obtain accurate estimates of 
transports through the main passages and straits of this region from in 
situ data. In this regard, the estimation of water mass seasonal and 
annual fluxes in the Menorca-Sardinia section and in the Corsica Strait 
are of paramount importance for the understanding of the upper layer 
circulation. Cross shelf and slope time series from the northern coasts of 
the Balearic Islands would be needed in order to confirm the circulation 
pattern proposed for the LIW.
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Temporal and spatial hydrodynamic variability in the Mallorca channel (western 
Mediterranean Sea) from 8 years of underwater glider data. J. Geophys. Res.: Oceans 
124, 2769–2786. https://doi.org/10.1029/2018JC014636.

Béranger, K., Mortier, L., Crépon, M., 2005. Seasonal variability of water transport 
through the Straits of Gibraltar, Sicily and Corsica, derived from a high-resolution 
model of the Mediterranean circulation. Prog. Oceanogr. 66, 341–364. https://doi. 
org/10.1016/j.pocean.2004.07.013.

Bethoux, J.-P., 1980. Mean water fluxes across sections in the Mediterranean Sea 
evaluated on the basis of water and salt budgets and of observed salinities. Oceanol. 
Acta 3 (1), 79–88.

Boukthir, M., Barnier, B., 2000. Seasonal and inter-annual variations in the surface 
freshwater flux in the Mediterranean Sea from the ECMWF re-analysis project. 
J. Mar. Syst. 24, 343–354. https://doi.org/10.1016/S0924-7963(99)00094-9.

Brett, G.J., Pratt, L.J., Rypina, I.I., Sánchez-Garrido, J.C., 2020. The Western Alboran 
Gyre: an analysis of its properties and its exchange with surrounding water. J. Phys. 
Oceanogr. 50, 3379–3402.
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Thiébaux, H.J., Pedder, M.A., 1987. Spatial objective analysis with applications in 
atmospheric science. Academic press, London. 

Troupin, C., Pascual, A., Ruiz, S., et al., 2019. The AlborEx data set: sampling mesoscale 
features in the Alboran Sea. Earth Syst. Sci. Data 11, 129–145. https://doi.org/ 
10.5194/essd-11-129-2019.
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Muñoz, M., Tel, E., Pascual, J., Vélez-Belchí, P., Salat, J., 2021. Long-Term changes 
in the Water Mass Properties in the Balearic Channels over the period 1996–2019. 
Front. Mar. Sci. 8, 640535. https://doi.org/10.3389/fmars.2021.640535.
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