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1. Introduction
Hypoxia/anoxia events are becoming more and more frequent in coastal areas (Gilbert et al., 2010) in a 
context of deoxygenation of the global ocean (Breitburg et al., 2018). When seawater dissolved oxygen (DO) 
reaches hypoxic levels (∼50–65 µmol kg−1), this can have significant consequences on coastal ecosystems, 
such as fish mortality events (e.g., Vaquer-Sunyer & Duarte, 2008), decrease in the biodiversity of benthic 
fauna (Conley et al., 2007), and habitat modification (Levin & Breitburg, 2015). Like many coastal regions, 
the West African (WA) seaboard, located on the eastern margin of the Atlantic oxygen minimum zone 
(OMZ) (Brandt et al., 2015; Voituriez & Chuchla, 1978), is also prone to deoxygenation: hypoxic oxygen 

Abstract The observation station “Melax” was deployed in 2015 on the wide and shallow south 
Senegalese shelf to study the ocean dynamics, air-sea interactions, and dissolved oxygen (DO) cycle. 
Data from February 2015 to August 2016 were used to study the main physical processes affecting the 
variability of DO in the bottom layer (∼30 m depth) on time scales ranging from tidal to seasonal. Between 
November and May, wind-driven upwelling provides phytoplankton enrichment of the surface layers 
and brings cold, salty, and depleted DO on the shelf. Water properties at Melax vary depending on the 
source waters located at the shelf edge. The DO concentration changes between the shelf edge and Melax 
are broadly consistent with the inferred respiration rates estimated in previous studies. In contrast, the 
monsoon season (July–October) is characterized by weak westerly winds and northward currents. Bottom 
waters are warmer, fresher, and more oxygenated. The slower circulation in this period allows a stronger 
decoupling between the water properties of the waters observed at Melax and those of the source waters. 
Stratification strengthening near the bottom layer inhibits vertical mixing and induces strong high-
frequency variability in properties caused by internal tide-generated waves. Intense upwelling events 
can deepen the mixed layer and intermittently transform the bottom layer waters (locally or remotely). 
Relaxation events associated with current reversals significantly modify their properties. Coastal trapped 
waves constitute a distant forcing that can act year-round, impacting both shelf waters and source regions.

Plain Language Summary Global warming and extra nutrient loads from agriculture 
and waste-waters reduce the oxygen content in the ocean. Incidentally, oxygen-depleted waters are 
encountered with increased frequency oceanwide and this trend is more pronounced in coastal 
environments. Temperature and oxygen impact the metabolism of marine organisms and their variations 
can be major sources of (natural or anthropogenic) stresses. We used here measurements made at a 
fixed monitoring buoy (Melax) located over the southern Senegalese mid-shelf (35 m depth) to study the 
variability of bottom oxygen (the surface being well oxygenated). Its seasonality is constrained by the 
circulation and the wind regime. They induce the transport of deep, colder, saltier, and less oxygenated 
waters from the shelf break onto the shelf during the upwelling season compared to the monsoon season. 
The properties of water masses on the shelf thus depend on those of the water masses drawn from the 
open ocean through the shelf break which can be modified by many processes acting over a wide range of 
scales from days to seasons and longer. On the shelf, respiration of organic matter reduces oxygen whereas 
diurnal wind variability and internal tides oxygenate bottom layers when the water column is stratified.
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levels (50–65 µmol kg−1) have recently been measured over the Mauritanian (Brandt et al., 2015; Klenz 
et al., 2018; Thomsen et al., 2019) and Senegalese (Capet et al., 2017) shelves, offshore of WA. An episode 
of extreme deoxygenation (anoxia) has even been observed off Senegal (Machu et al., 2019). However, DO 
levels are generally higher there than in eastern Pacific coastal systems because the Atlantic OMZ is more 
oxygenated than the Eastern Pacific one (e.g., Brandt et al., 2015). Outside these circumstantial evidence, 
little is known about the distribution of DO over the WA shelves and its temporal variability. For instance, 
the frequency of hypoxic/anoxic events, their typical duration and seasonality, the processes implicated in 
low DO occurrences are presently unknown. This makes it difficult to anticipate the potential long-term 
trends in DO levels and variability, for example, in relation to climate change.

Along the Senegalese shelf, the upwelling of cold, nutrient-rich sub-surface waters occurs from November 
to May under the influence of intermittent upwelling favorable northerly winds (Ndoye et al., 2014; Roy 
et al., 1989). Coastal upwelling is intensified south of the Cape Verde peninsula, generating a south-south-
eastward flow over the shelf (Ndoye et al., 2017; Figure 1). The rise of nutrient-replete deep waters in the 
euphotic layer promotes the growth of phytoplankton near the coast (Lathuilière et al., 2008). Upwelling 
source waters originate from the shallow (∼100  m depth) part of the OMZ located along the continen-
tal slope of Mauritania and Senegal (Ndoye et al., 2017). Whereas the surface layer is generally near or 
above saturation levels as a result of photosynthesis and exchanges with the atmosphere, the bottom layer 
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Figure 1. Presentation of the study area: (a) bottom topography and coastline in the south Senegalese sector: the 
10, 30, 50, 100, and 1,000 m isobaths are represented by gray lines. The Melax station (MS, 14°20.8′N-17°13.68′W) is 
represented by a black star. The two black squares around MS represent the ASCAT wind stress (1/4°) and MERCATOR 
PSY4V2 model (1/12°) grid points respectively. The Yoff weather station at Dakar airport (located at 27 m above 
ground) is represented by a black star (DWS). The colored circles off the shelf mark the location of the T/S/DO profiles 
from the NANSEN (1973, cyan), CINECA (1973, brown), UPSEN1 (2012, red), UPSEN2-ECOAO (2013, green), and 
AWA (2014, blue) campaigns. The trajectory of the glider cruise collecting T/S/DO in 2011 is represented in magenta. 
The poleward Western African boundary Current (WABC) is represented by arrows oriented northward during the 
upwelling cold period (blue arrow) and the transition period (orange arrows). Blue arrows oriented southwards indicate 
equatorward advection of coastal waters from the upwelling center (see symbol south of Dakar around 14°35'; Ndoye 
et al., 2017) during upwelling events. The gradual warming of shelf waters advected southwards is indicated by the 
blue-yellow-orange arrow; (b) location of the south-Senegalese shelf in West Africa; Compass card of ADCP currents 
at Melax (28 m depth) during (c) the 2015 and 2016 cold periods (February 12–April 23) and (d) the transition period 
(November 25, 2015–February 10, 2016). The current frequency (resp. velocity) in these compasses is represented by a 
percentage (resp. color). The isobath direction at the Melax buoy position is oriented northwest/southeast (−30°).
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of the outer shelf is thus supplied with DO-depleted waters (∼50–60  µmol  kg−1), as typically found in 
Eastern Boundary Upwelling Systems (hereafter EBUS; e.g., Chapman & Shannon, 1985; Pitcher & Pro-
byn, 2010, 2011 in the Benguela; Checkley & Barth, 2009 in the California upwelling system). However, 
the rate of supply and the DO concentrations of upwelling source waters may vary with the environmental 
conditions. Notably, the WA upwelling system is influenced by seasonal and intraseasonal coastal trapped 
waves (CTWs) propagating toward the north (Diakhaté et al., 2016; Kounta et al., 2018; Polo et al., 2008). 
The influence of CTWs on the oxycline depth over the continental slope and shelf has been highlighted in 
other EBUS (e.g., Espinoza-Morriberón et al., 2019, off Peru; and Monteiro et al., 2011, off Benguela). In 
addition to displacing the oxycline vertically, horizontal currents associated with CTWs carry water masses 
alongshore: an equatorward current associated with a downwelling CTW may bring warmer, fresher and 
more oxygenated water onto the shelf (Brandt et al., 2015; Schütte et al., 2016).

The transition periods (May–July) from the upwelling season to the warm and rainy monsoon season (July–
September) have been less studied. During this time period, equatorward wind decreases gradually, shelf 
waters get warmer and more stratified, and incursions of the poleward WA Boundary Current over the shelf 
become frequent (Kounta et al., 2018; Figure 1). During the monsoon season, upwelling is strongly reduced 
or halted (Ndoye et al., 2014) which tends to reduce wind-driven mixing rates. The shelf and upper con-
tinental slope currents reverse to poleward, which brings freshwater of riverine origin (Rebert, 1982) and 
oxygen-rich near-surface waters from the south (Voituriez & Chuchla, 1978) onto the shelf and enhances 
water column stratification in our study region. The primary production regime changes with lower enrich-
ment rates and dominance of subsurface phytoplankton maxima (Voituriez & Dandonneau, 1974). Hence, 
conditions during the monsoon season can impact near-bottom DO values in either direction.

At shorter daily to intradaily time scales, other processes may affect DO concentrations on the shelf. For 
instance, mixing during peak winds can ventilate bottom layers depleted in DO (Capet et al., 2017) through 
bursts of intense vertical mixing involving oxygenated near-surface waters (Touré, 1983). Tidal currents 
may contribute to the high-frequency (HF) variability of DO by horizontal advection of DO gradients (e.g., 
Adams et al., 2013 for the Oregon shelf). Furthermore, the interaction between bathymetry and barotropic 
tide generates internal tidal waves that propagate over the southern part of the Senegalese shelf (Capet 
et al., 2017). DO can then be modulated by the vertical (reversible) displacement of the oxygen gradient 
associated with the passage of internal waves (Adams et al., 2013). Internal waves can also induce offshore 
water intrusions under the thermocline on the continental shelf (Nam & Send, 2011; Wong et al., 2012) and 
mixing by breaking (Capet et al., 2017; Moum et al., 2003).

In the spirit of Adams et  al.  (2013), and as an incremental step beyond Capet et  al.  (2017) and Machu 
et al. (2019), a DO time series collected from February 2015 to August 2016 at the location of a fixed mid-
shelf air-sea monitoring buoy named “Melax” (lightning in Wolof) is studied. The mooring is located at 
14°20.8′N-17°13.68′W over the Senegalese shelf (35 m depth, Figure 1). The oxygen sensor is located ∼7 m 
above the sea floor. Physical ancillary data (currents, temperature, and salinity in most of the water column) 
are also available. Near-bottom DO variability is documented over the widest possible range of temporal 
scales, from super-inertial to seasonal. Despite some data gaps, the ancillary data allow us to make plausible 
inferences on the processes responsible for the DO variability at different scales. Note that we do not have 
direct measurements of respiration rates. Indirect ballpark estimates will be provided based on different 
assumptions but focus will mainly be on physical processes. Overall, the main scale-dependent questions 
we address in this study are the following: which are the major physical processes driving the observed DO 
fluctuations at seasonal to intraseasonal/synoptic scale? To which extent do biogeochemical processes con-
tribute to the observed DO variability?

The paper is structured as follows: we present the mooring data, historical data from short-term cruises, 
and the methods used to process and filter the data in Section 2. In Section 3, we analyze the seasonal and 
intraseasonal variability of oxygen and various variables characterizing the environment (wind, currents, 
temperature, salinity, chlorophyll-a [Chl-a] from satellite). The origin of water masses, the variability of 
oxygen at different time scales, and the relationships between the different environmental variables are 
carefully examined. Section 4 presents a discussion of the main findings. Section 5 concludes and gives 
some research perspectives.
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2. Data and Methods
2.1. Melax Station

The Melax observatory buoy was deployed on February 11, 2015 at 14°20.8′N-17°13.68′W by A. Lazar and 
D. Dausse by 35 m depth near the main upwelling cell of the southern Senegalese shelf (Ndoye et al., 2017) 
(Figure 1). Among the atmospheric and oceanographic sensors mounted on the buoy (https://sites.google.
com/site/jointinternationallabeclairs/melax), surface wind (2 m above sea surface), temperature, salinity, 
DO, and current measurements were used in this study (Table 1). Sea-Bird SBE37 conductivity-tempera-
ture-depth (CTD) recorded conductivity, temperature, and pressure at 28 m depth from February 11, 2015 
to the end of April 2016 and then from May 2016 to August 2016, at respectively 2 and 5 min intervals (see 
Table 1). DO was measured at 10 min interval at 28 m by miniDO2T sensors (DO and temperature) deployed 
successively on February 11, 2015, October 14, 2015, and April 26, 2016. The logger collected measurements 
of DO with an accuracy of ±5% and temperature to ±0.1 °C. The number of measurements performed by 
each sensor was much less than the half-million measurements beyond which a re-calibration is recom-
mended by the manufacturer. An RBR thermistor chain measured temperatures every 30 s at 11 different 
depths. Three periods of current measurement were carried out using an ADCP (acoustic Doppler current 
profiler) AquaPro 600 kHz which was calibrated before and after each deployment. ADCP measurements 
are used at 28 m, the depth of the oxygen sensor. The ADCP calibration coefficients were calibrated by 
standard calibration procedures (Pollard & Read, 1989). We also used the ADCP temperature sensor (accu-
racy of 0.1 °C and a resolution of 0.01 °C) to represent bottom temperature.

2.2. Ancillary Data

2.2.1. Glider Observations

An autonomous underwater vehicle, the deep glider Hannon (https://www.ego-network.org/dokuwiki/
doku.php?id=public:plotdeployment&gId=2&dId=207), was deployed west of Dakar by A. Lazar, P. Es-
trade, and the Everyone's Gliding Observatories team from February 8 to March 17, 2011. During these 5 
and a half weeks, the glider sampled 725 vertical profiles from the surface to 800 m depth along a 650 km 
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Variable Depth (m) Sensor Interval (min) Time periods

Dissolved oxygen 28 PME miniDO2T 10 Feb 11–Apr 23, 2015

Oct 14, 2015–Aug 01, 2016

Temperature 28 PME miniDO2T 10 Feb 11–Apr 23, 2015

Oct 14, 2015–Aug 01, 2016

Temperature 4; 6 SBE56 thermistors 0.5 Feb 11, 2015–Apr 26, 2016

1; 8; 10; 12; 14 18; 21; 24; 28 RBR TR thermistors

Temperature 35 SBE37 CTD 90 Nov 26, 2015–Apr 26, 2016

Temperature and salinity 28 SBE37SM CTD 2 Feb 11, 2015–Apr 26, 2016

5 Apr 26–Aug 01, 2016

Current 28 AquaPro 600 khz 90 Feb 11–Jun 16, 2016

Nov 26, 2015–Apr 26, 2016

60 Apr 26–Jun 10, 2016

Wind speed and direction 2 m above sea level 05106 Wind Monitor—MA 10 Feb 11–Aug 30, 2015

Oct 16, 2015–Apr 26, 2016

Apr 26–Aug 01, 2016

Notes. The measured variables, the depths of measurement, the model of sensor, the sampling frequency, and the measurement periods are presented. Wind 
speed and direction are measured at 2 m height on the buoy. The ADCP measured the current between 2 and 33 m depth (1-m-thick cells) but only the 
measurements at 28 m are showed.

Table 1 
Description of the Observations Recorded at Melax Station

https://sites.google.com/site/jointinternationallabeclairs/melax
https://sites.google.com/site/jointinternationallabeclairs/melax
https://www.ego-network.org/dokuwiki/doku.php?id=public:plotdeployment%26gId=2%26dId=207
https://www.ego-network.org/dokuwiki/doku.php?id=public:plotdeployment%26gId=2%26dId=207
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long track in the latitude range 14.2°–15.1°N and the longitude range 17.4°–17.9°W. The horizontal resolu-
tion along its track is ∼0.9 km and the data were recorded at a temporal resolution of 0.5 Hz which corre-
sponds to about 0.5 dbar at the diving speed of the glider. The data are then interpolated on a 1 dbar vertical 
grid. The glider was equipped with an unpumped Sea-Bird CTD cell that generally needs to be corrected for 
the thermal mass of the conductivity cell in order to obtain a precise salinity. The neighboring ascending 
and descending profiles collected at the beginning of the mission were used to identify the time lag that 
minimizes the differences in salinity between them (Garau et al., 2011; Pietri et al., 2013).

An Aanderaa optode was mounted on the tail of the glider to measure DO concentrations. The oxygen 
sensor calibration was performed using 36 oxygen profiles (18 pairs of up and down casts) recorded at the 
beginning of the deployment. To correct for the time delay of the optode, DO data are recomputed using 
the CTD temperature data with a time lag that minimizes the difference of oxygen in up and down casts 
(Kolodziejczyk et al., 2018; Thomsen et al., 2016). The average difference between up and down pairs of 
calibrated oxygen profiles is ∼4.0 ± 7.2 μmol kg−1 while the average difference between consecutive down 
casts is ∼4.5 ± 9.2 μmol kg−1. The weak difference between those values gives confidence that the calibra-
tion correctly removed any systematic problem that could be due to the glider's displacement itself. During 
the rest of the deployment, data were only recorded during the descent of the glider.

Unfortunately no parallel measurements sufficiently close in time and space exist for cross calibration of 
oxygen data. However the Aanderaa optode 5013 mounted on the glider was a multipoint factory calibrated 
in March 2010, less than a year prior to its deployment (Tengberg & Hovdenes, 2014).

2.2.2. Field Surveys

Temperature, salinity, and oxygen data collected during several research cruises are also used in this study 
(Figure 1), in particular to report on existing conditions at the edge of the shelf along the continental slope. 
These cruises were carried out at periods prior to the date of deployment of the buoy during the upwelling 
seasons of 2012 (February 7–17, UPSEN1, chief scientist A. Lazar), 2013 (February 21–March 18, UP-
SEN2-ECOAO, chief scientist X. Capet), and 2014 (February 28–March 13, AWA, chief scientist P. Brehmer). 
Observations made during these cruises were described more explicitly in Ndoye (2016), Capet et al. (2017), 
and Machu et al. (2019). We supplemented these observations with data acquired during campaigns carried 
out in February (NANSEN; Voituriez & Chuchla, 1978) and August (CINECA, chief scientist A. Thiriot) 
1973. For recent surveys (2012–2014), SBE 43 DO sensors (accuracy of ±2% of saturation) were calibrated 
prior to the survey and confronted with samples collected during the survey and analyzed by the Winkler 
method. For NANSEN and CINECA, samples were analyzed by the Winkler method using an iodometric 
titration with an amperometric endpoint to validate electrochemical DO concentrations for which the accu-
racy is ∼1.5 μmol kg−1 (e.g., Aminot & Kérouel, 2004).

2.2.3. Wind Data

Due to failures in the Melax wind sensor, ancillary wind data are used. Wind data from the Dakar airport 
meteorological station (DWS; 14°44′N-17°28′W 27 m; 30 min interval; Figure 1) are used to cover the pe-
riods of failed measurements at the Melax buoy. The 1/4° ASCAT (Advanced Scatterometer) satellite daily 
wind stress product processed at CERSAT (ftp://ftp.ifremer.fr/ifremer/cersat/products/gridded/MWF/L3/
ASCAT/Daily/) is also used to characterize synoptic variability. For the latter, we extracted the closest pixel 
to the Melax buoy from the gridded product.

2.2.4. MERCATOR Outputs

Outputs of the global ocean circulation model (PSY4V2) at 1/12°(∼10 km) horizontal resolution (operated 
by MERCATOR-Ocean-International; Lellouche et al., 2013) are used to fill in gaps in the salinity and cur-
rent time series (see Section 2.6). This model assimilates satellite altimetry, satellite sea surface temperature 
(SST) and in situ data (ARGO profilers) on a global scale. The model vertical grid has 50 vertical levels, and 
there are 15 levels near the Melax buoy (located at 30 m depth in PSY4V2's bathymetry). Vertical resolution 
ranges between 1 m at surface and 4 m at 30 m depth.
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2.2.5. Modis SOM-NVA Chl-a Data

Chl-a data used in this study result from a specific processing of Level-1 Modis data due to Sahara dust in 
the region of study. The atmospheric correction has been improved by processing the data using a neural ap-
proach based on a Kohonen map in areas where absorbant aerosols dominate. The self-organizing map and 
neuro-variational approach (SOM-NVA) was initially developed to estimate the contribution of Sahara dust 
on ocean color data measured by the SeaWiFS sensor (Diouf et al., 2013). The algorithm was then adapted 
to MODIS-Aqua observations, MODIS, and SeaWiFS being two sensors with similar characteristics and the 
same standard atmospheric correction algorithm (Gordon & Wang, 1994). SOM-NVA data used here are 
level 2 (L2) daily data at ∼4 km resolution over the southern part of the Canary Islands system. Data pixels 
are averaged over the shelf (from the coast to the 100 m isobath that references the edge of the shelf) from 
14° to 14.75°N to produce a time series for the southern Senegal shelf.

2.3. Methodology

2.3.1. Time Filtering

Different filtering methods are applied to the time series. For seasonal and synoptic time scale analyses, 
surface wind, temperature, salinity, oxygen, and current observations are smoothed with a 7-day low-pass 
filter. A high-pass filter (10′-30h) is used for the analysis of HF variability. An index S(t) illustrating the 
low-frequency modulation of HF oscillations (x(t)) is computed as the low-pass-filter of x2(t).

2.3.2. Wavelet Analysis

Wavelet spectra are useful to analyze localized variations (frequency) in the power (energy) of time series 
(Torrence & Compo, 1998). They provide information on the dominant frequencies of the signal and on the 
temporal modulations of the signal intensity at these frequencies. Coherence and phase spectra between 
temperature, salinity, and oxygen series are calculated. The coherence spectrum expresses the correlation 
and the phase shift between two time series at different frequencies and periods.

2.3.3. Upwelling Event Definition

To help study the synoptic/intraseasonal variability a criterion based on wind intensity and direction is 
applied to define what we call an upwelling event. Wind intensity and upwelling response (in terms of SST) 
are strongly related over the southern Senegalese shelf (Ndoye et al., 2014). The south-east orientation of 
the coast between Dakar and ∼14°N (Figure 1) indicates that the north-west wind sector is theoretically op-
timal for the development of upwelling. However, the isobath around Melax being complex (see Figure 1), 
we used the criterion used by Ndoye et al. (2014) which depends only on the meridional wind. Upwelling fa-
vorable wind associated with upwelling events is defined by a meridional wind speed greater than 5.5 m s−1 
(wind stress >0.02 N m−2) oriented toward the south (V < 0), and the time window considered is 1 day.

2.3.4. Filling the Gaps in the Time Series

The observations at the Melax buoy present several periods with gaps in time series due to the malfunc-
tion of certain sensors. The passage of the cyclone Fred on August 30, 2015 (Dieng et al., 2019; Jenkins 
et al., 2017) damaged the wind sensor which led to a data gap between August 30 and mid-October of that 
year. Abnormal ADCP measurements were recorded during the periods from mid-June to the end of No-
vember 2015 and from mid-June to the end of July 2016 after the instrument capsized for an unknown rea-
son. In order to fill these gaps, we used auxiliary ASCAT and DWS wind (see Section 2.2) and MERCATOR 
current data (see Section 2.2). To adjust time series and limit temporal inconsistencies, we used a regression 
method according to the following formula:

 Melax AuxiliaryX a x X b 

where X is either the wind or the current. The coefficients a and b were calculated using a method of least 
squares to minimize the misfit between the measurements and the auxiliary data over a time period where 
both time series are available (Table 2). The high correlations we obtained between Melax and ASCAT wind 
stress, and Melax and MERCATOR currents provide support for an analysis of the continuous time series 
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filled with model data, as we perform below. However, whenever appro-
priate auxiliary data are carefully distinguished from in situ observations 
or ignored (see Figure 2).

As a consequence of a drift of the salinity sensor, we chose to replace 
the salinity measured from mid-February 2016 to the end of April 2016 
(when the CTD was replaced) with the modeled salinity of PSY4V2, 
whose variability closely resembles that of the Melax salinity observation 
during the cold period of 2015 (Figure S1). The new sensor installed at 
the end of April 2016 (see Table 1) shows an offset of 0.1 psu between 
PSY4V2 and observed salinity in May 2016. This offset is therefore added 
to the PSY4V2 series.

2.3.5. Apparent Oxygen Utilization

Apparent Oxygen Utilization (AOU) is the difference between DO sol-
ubility (DOSAT), the DO concentration at saturation given the measured 
temperature, salinity and pressure, and DOMEAS the measured DO con-

centration in the water (AOU = DOSAT−DOMEAS). Such quantity indicates when biological activity acts to 
change the ambient DO concentration. AOU is negative when DO concentration is supersaturated due to 
photosynthesis and positive in the case of respiration. AOU values are often low in shallow water systems 
because of their contact with the atmosphere, but elevated AOU values are possible in subsurface waters. In 
this study, we used the 28 m CTD temperature and salinity, and DO to compute AOU.

2.3.6. Estimation of Organic Matter Respiration Rates Using Surface Chl-a

We used the MODIS SOM-NVA surface Chl-a daily data to provide a rough estimation of the respiration 
rates between February 2015 and August 2016. We first retrieved time periods with successive daily meas-
urements and estimated primary production rates in mgChl m−2 day−1 (Figure S2) over a 10 m thick mixed 
layer (note that the mixed layer depth [MLD] varies between ∼5 and 20 m [Figure 2d] thus a 10 m mean 
value is used for simplicity). With these production rates, using a C/Chl ratio of 1/50, an O/C ratio of 
138/106 (Sarmiento & Gruber, 2006), and a seawater density of 1,028 kg m−3, assuming steady state (i.e., 
production and total respiration of the produced organic matter compensate each other), we estimate respi-
ration rates which are presented in the discussion of the biogeochemical effects on oxygen concentrations 
(see Section 4).

2.3.7. Estimation of Vertical Mixing Rates at Melax

We estimated DO supply by vertical mixing at Melax. As direct measurements of the vertical gradient of 
DO were not available, it was estimated based on the synchronous HF fluctuations of oxygen and tem-
perature (T) at the depth of the DO sensor (z0 = 28 m). The vertical gradient is decomposed as follows:
    DO DOz T zT . During periods of synchronous oscillations, we first determined the successive min-
imum (Tmin, DOmin) and maximum (Tmax, DOmax) values for both temperature and DO to compute ∂TDO. 
The temperature difference (Tmax−Tmin) was then related to a depth range (zmax−zmin) using the vertical 
profile of temperature at Melax, allowing to compute ∂zT = (Tmax−Tmin)/(zmax−zmin). In order to limit the 
impact of horizontal transport, we selected oscillations during periods of weak advection from the ADCP 
measurements. The values of ∂zDO associated with the different oscillation events are listed in Table S1. The 
diffusive flux was then computed as Fdiff(z = z0) = Kz∂zDO using Kz estimations from the literature. Assum-
ing no diffusive flux at the bottom (zb = 35 m), the ventilation of the bottom layer due to vertical mixing is: 
Diff(DO) = [Fdiff(z0)−Fdiff(zb)]/(z0−zb) = Kz ∂zDO/(z0−zb).

3. Results
3.1. Seasonal and Year-to-Year Variability

3.1.1. Description of Seasonal Fluctuations

Wind stress, current, temperature, salinity, Chl-a, and DO time series showed a marked seasonality (Fig-
ure 2). During the 2015 cold season (February–May), the meridional wind stress (Ty) was southward and its 
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Parameters a b R2 r

Wind Tx
Melax/Ascat 0.76 0.05 0.71 0.86

Ty
Melax/Ascat 0.90 −0.04 0.72 0.85

Velocity uMelax/MERCATOR 0.53 0.00 0.81 0.90

vMelax/MERCATOR 0.96 0.03 0.81 0.90

Note. The second line corresponds to the calculation of the same 
coefficients between Melax and modeled currents from February 11, 2015 
to June 10, 2015.

Table 2 
Regression Coefficient (a) and Bias (b), Determination (R2) and 
Correlation (r) Coefficients Calculated by a Least-Squares Method Using 
Time Series of Wind Stress (Zonal and Meridional) Measured at Melax 
and From ASCAT From February 11 to August 25, 2015
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averages between 0.02 and 0.04 N m−2 (Figure 2a). During this upwelling period, near-bottom currents of 
5–15 cm s−1 were observed (Figure 2b). The relatively cold (14 °C–16 °C) and salty (35.4–35.7 psu) near-bot-
tom water was advected southward over the shelf. The MLD (see Figure 2’s caption) during this period 
varied between ∼1 and ∼10 m, increasing during wind bursts in mid-March and early April. Stratification 
(see Figure 2’s caption) at 28 m depth was weak (∼0.12 °C m−1, on average). Satellite data with intermittent 
coverage (Figure S2a) indicates that surface Chl-a concentration was around 2 mg m−3 (Figure 2e). DO 
concentration at 28 m depth varied between 50 and 100 µmol kg−1 (Figure 2f).
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Figure 2. Low-pass (7 days) filtered time series for (a) surface wind stress (WS) (meridional [black] and zonal [gray] 
components, in N m−2); (b) meridional (v; black) and zonal (u; gray) velocities (m s−1); (c) temperature (blue, in °C) and 
salinity (orange, in psu) measured at 28 m depth (7–8 m above sea floor) at Melax station from February 11, 2015 to 
August 1, 2016; (d) mixed layer depth (MLD; blue, in meters) and stratification index in the bottom layer (temperature 
gradient between 25 and 28 m, orange, in °C m−1); (e) daily (dots) and monthly (line) MODIS SOM-NVA chlorophyll 
concentration (in mgChl m−3) from February 11, 2015 to August 1, 2016, averaged between 14° and 14.75°N and 
from the coast to the 100 m isobath, standard deviation is represented by the vertical line; (f) dissolved oxygen (DO, 
in µmol kg−1) measured at 28 m depth. Pink shadings represent upwelling events defined by upwelling criterion 
(southward wind stronger than 5.5 m s−1, see Section 2.3). The adjusted ASCAT wind stress and modeled current (see 
Section 2.3) at Melax (see pixels in Figure 1) are plotted and overlaid with green shading in (a and b), respectively. 
The adjusted model salinity (see Section 2.3) is plotted in (c) between February 2016 and the end of April 2016 (thick 
orange line). MLD is computed as T(z = 1 m)−T(z = MLD) = 0.2 °C (Montégut et al., 2004). The dotted blue line in 
(f) represents the hypoxia threshold set at 60 µmol kg−1. Black arrows (b and f) indicate periods of strong northward 
currents and DO concentration increase.
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The transition period (mid-April–June 2015) from the cold season (upwelling) to the warm season was 
characterized by a reversal of the current from southward to northward in mid-April occurring ∼2 months 
prior to a notable meridional wind stress weakening (after mid-June). This lag illustrates the importance 
of remote forcing (discussed in Section 4.3). Northward advection over the shelf was accompanied by a 
warming of the subsurface layer, with the temperature reaching 22 °C mid-May. Bottom-layer stratification 
increased with respect to the cold period, fluctuating between 0.13 °C and 0.3 °C m−1.

In the warm season (June–September 2015), westerly winds prevailed and currents remained oriented 
northward. The surface layer reached its warmest (29 °C), saltiest (36 psu), and largest MLD (20 m) in Au-
gust. Bottom-layer stratification increased between August and October with major synoptic fluctuations 
in early and late September. Salinity decreased gradually until mid-October as a consequence of heavy 
monsoon rainfall, both locally and regionally (low salinity water produced by rainfall occurring south of 
Senegal can be transported northward by the dominant coastal and slope currents at that period; Camara 
et al., 2015; Rebert, 1982). The surface Chl-a concentration decreased by 1.5 mg m−3 between June and July, 
reaching its minimum value (0.5 mg m−3). From August to November, the concentration of Chl-a varied at 
daily scale but was rather stable at monthly time scale (∼1 mg m−3). Despite the lack of oxygen data during 
the warm period of interest, waters present over the shelf in summer are presumed to be relatively well-ox-
ygenated (Brandt et al., 2015; Schütte et al., 2016; see also 2018 time series in Figure S3).

During the transition period to the cold season (mid-October 2015–January 2016) north-northeasterly winds 
dominated but currents remained oriented northward. Surface temperature (not shown) decreased rapidly 
likely due to intense cooling by air-sea fluxes, and the presence of fresh surface water that helps maintain 
barrier layers and temperature inversions (Faye et al., 2015). Hence, bottom water remained relatively warm 
(>21 °C) and stratified (>0.5 °C m−1) but exhibited large fluctuations (±2 °C and ±0.4 °C m−1) in October–
November 2015. Salinity kept decreasing until early November when it reached a minimum (∼34.5 psu) 
and then fluctuated strongly (±0.25 psu), due to the intermittent advection of relatively freshwater pro-
duced further south by monsoonal rainfall. The Chl-a concentration increased slightly but remained below 
2 mg m−3. DO remained above 120 µmol kg−1 over the entire period. In January 2016, the southward trans-
port of colder, saltier, and oxygen-depleted water accompanied the return to the upwelling regime.

The temperature series at 35 m followed the minima of the temperature series at 28 m recorded at HF (Fig-
ure S4). The bottom temperature thus represented the low envelope of the temperatures recorded at 28 m. 
This indicates that the depth of 28 m is relevant to study the variability of the bottom layer. More specifi-
cally, the DO concentration measured at 28 m shall accurately represents bottom DO concentration of the 
bottom layer whenever the bottom and 28 m depth temperatures are equal.

3.1.2. Density-DO Relationship

The relationships between temperature, salinity, and oxygen exhibited a marked seasonality of the water 
masses in the bottom layer of the shelf (Figure 3). During the cold season (February–April 2015), bottom 
densities were greater than 25.8 kg m−³. The coldest temperatures (∼14 °C) were associated with ∼35.4–
35.5 psu salinity and lower than 120 µmol kg−1 DO concentrations (Figure 3a). One can notice the narrow 
spread of densities at that season.

The transition to the cold season (November 2015, Figure 3b) was characterized by a strong dispersion of 
DO concentrations (50–250 µmol kg−1) and density values (21.5–25 kg m−3) with temperature and salinity 
in the range 19 °C–28 °C and 33.5–35.5 psu, respectively. At the start of the cold period in January, water 
cooled and became saltier (T < 23.8 °C; S > 34.30 psu in January 2016; Figure 3c) but remained above 
19 °C and below 35.4 psu. During this period, oxygen concentrations varied widely (50–250 µmol kg−1). 
Temperature and oxygen were positively correlated: the warmer the water, the more oxygenated it was (Fig-
ures 3b and 3c). In addition, a distinct water mass with salinity in the range 35.1–35.3 psu and DO below 
100 µmol kg−1 became prominent (Figure 3c). The transition to colder conditions continued through Feb-
ruary 2016 and thereafter. During the first half of February, the water cooled down to ∼17 °C and became 
denser (>24.5 kg m−³), while DO concentrations decreased down to ∼50 µmol kg−1 (Figure 3d). Subse-
quently (between mid-February and April 2016), the relationship between oxygen, temperature, and salini-
ty changed drastically (Figure 3e). DO concentrations were then mostly below 100 µmol kg−1 but lost their 
well-defined relationship with temperature and density (e.g., the highest measured DO concentrations were 
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for the densest waters). The lowest DO concentrations (20–50 µmol kg−1) were measured during this period 
of minimum density dispersion.

3.2. Intraseasonal Variability

Observations show a strong intraseasonal variability at time scales from a few days to a few weeks (Figure 2). 
In this subsection, we characterize this variability during the cold, the warm and the transition periods.

3.2.1. Upwelling Events in the Cold Season

On the south Senegalese shelf, upwelling is favored when the wind blows from the north/northwest (see 
Section 2.3). A dozen upwelling events (pink bands in Figure 2) were recorded during the cold periods of 
2015 and 2016, including two stronger events (∼−0.05 N m−2) in May 2015 and February 2016.

During the first cold season (February–May 2015), the meridional wind stress fluctuated between −0.01 and 
−0.045 N m−2 with a weakening trend throughout the season (Figure 2a). Each upwelling event was asso-
ciated with an intensification of the southward subsurface current (∼−0.15 m s−1; Figure 2b). The intense 
upwelling event in late May 2015 was associated with a relatively weak southward current (∼−0.05 m s−1) 
interrupting a prolonged period (mid-April to end-of-May) of northward flow with speed ∼0.05–0.2 m s−1. 
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Figure 3. Temperature (°C)-salinity (psu)-dissolved oxygen (µmol kg−1, color scale) diagrams of the water masses 
encountered on the shelf for the periods (a) February–April and (b) November 2015, (c) January, (d) 1–14 February and 
(e) from 15 February to the end of April 2016.
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During the cold season of 2016 (from mid-February to mid-May 2016), pulses of southward current oc-
curred with intensities similar to those in 2015.

The bottom temperature shows relatively low intraseasonal variability during the two cold seasons (Fig-
ure  2c). Between mid-February and mid-April 2015, the temperatures ranged from 14  °C to 16  °C. Up-
welling events generally caused only modest (e.g., −0.5 °C between mid- and late-March) or insignificant 
drops in temperature. In contrast, the bottom temperature dropped by ∼3 °C in about 10 days during the late 
May 2015 upwelling event but this took place after a substantial bottom temperature warming in April and 
May. At the start of the 2016 cold season, the intense upwelling event of mid-February amplified the cooling 
trend initiated since mid-January. The temperature dropped to its absolute minimum for the entire meas-
urement period (14.3 °C in mid-February 2016). Upwelling events between March and May 2016 caused 
small temperature fluctuations (∼0.5 °C in mid-April and mid-May). The variations in salinity associated 
with upwelling events were extremely small in comparison with those of the warm season.

The DO response to upwelling wind fluctuations varied from event to event during the two cold seasons. 
The impact on DO of the first upwelling event of February 2015 appeared to be weak. The March 2015 event 
also had a limited effect on DO (∼10 µmol kg−1 decrease). Changes of opposite sign and similar magnitude 
were associated with the relaxation events in late February and March 2015, and with those taking place 
over the entire 2016 cold season. Conversely, more intense DO fluctuations of magnitude ∼50 µmol kg−1 
or more were associated with the relaxation sequence in late March and early April 2015 and in April 
2016. The April 2015 upwelling event was associated with rapid oxygen depletion and a period of hypoxia 
(DO < 60 µmol kg−1) of ∼10 days. Preparing for the interpretation of these time series, we now remark on 
some interesting subtleties. During the intense event of February 2016, the DO fluctuations remained weak 
but noticeably non-monotonic: DO decreased initially (while the flow was still oriented toward the north), 
then increased for a few days, and decreased again at the end of the event. Although the upwelling events 
between March and May 2016 were less intense than that of February 2016, the DO concentration appeared 
to be lower (<50 µmol kg−1). During the 2016 cold season and until the end of May, concentrations were 
below the hypoxic threshold of 60 µmol kg−1, except during a sudden reversal of the current toward the 
north (∼0.15 m s−1) around mid-April 2016.

We calculated the correlations between oxygen, wind and current to quantify the impact of upwelling events 
on DO concentration (Table 3). For the upwelling seasons 2015 and 2016, strong correlations are obtained 
between DO and the meridional current (2015: 0.98/1-day lag, 2016: 0.81/4-days lag) and to a lesser extent 
between DO and meridional wind stress (2015: 0.76/3-days lag, 2016: 0.78/4.5-days lag). Oxygen and zonal 
current are strongly anti-correlated (−0.88/2-days lag, −0.80/4-days lag, respectively), an eastward current 
being associated with a decrease in the DO concentration. To leading order, these correlations support the 
interpretation that advection toward the south-east is the dominant process to bring low-oxygen waters at 
Melax, in response to upwelling events. Given the dominant circulation pathways over the shelf (Ndoye 
et al., 2017), this low-oxygen water is presumably recently upwelled source water having undergone limited 
DO modifications. Note that correlations between DO and Chl-a could not be computed due to the numer-
ous gaps in the Chl-a daily time series.

3.2.2. Intraseasonal Fluctuations During the Warm, Transition, and Early Upwelling Periods

Oxygen data during the warm season of 2015 are missing in our data set. DO observations made during the 
2018 warm season (at a time when other Melax instruments were unfortunately out of the water) indicate 
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Cross-correlation Ty−O2 T−O2 u−O2 v−O2 Ty−u Ty−v

Feb 12–Apr 23, 2015 0.76 (3) 0.80 (0) −0.88 (2) 0.98 (1) −0.86 (1) 0.88 (1)

Nov 25, 2015–Feb 10, 2016 0.49 (1) −0.72 (4) −0.24 (0.5) 0.48 (2) −0.50 (0.5) 0.48 (1)

Feb 12–Apr 23, 2016 0.78 (4.5) 0.87 (6) −0.80 (4) 0.81 (4) −0.62 (2) 0.71 (2)

Notes. Correlations are calculated for the 2015 and 2016 cold seasons and the transition period (25 November–10 February). Correlations are computed from the 
daily low-pass-filtered time series. The lag (in days) of the maximum correlation is given in brackets. All correlations are 95% significant.

Table 3 
Maximum Cross-Correlation Between the Meridional Wind Stress (Ty), Temperature (T), Dissolved Oxygen, Zonal Velocity (u) and Meridional Velocity (v) at 28 m
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that large DO oscillations (∼120 µmol kg−1; Figure S3) can also occur during this period and would deserve 
attention.

During the transition and early upwelling period (mid-October to January 2016), salinity and temperature 
showed strong fluctuation with the two variables being anti-correlated (Figure 2c). Water masses were rel-
atively well-oxygenated (DO > 100 µmol kg−1), with intraseasonal variations at ∼15 days (Figure 2f) whose 
amplitude could reach ∼±50 µmol kg−1 (e.g., mid-October 2015). The more oxygenated and warm waters 
were of southern origin. They are associated with strong northward flow at Melax and presumably more 
broadly over the shelf (Faye et al., 2015; Kounta et al., 2018; Schütte et al., 2016). Although the correlations 
between current and oxygen are weaker (0.48, Table 3) during this period than during the upwelling season 
(Table 3), the hypothesis of oxygenation of the bottom layer in response to currents coming from the south 
is valid during the warm and the transition seasons.

3.2.3. Frequency Analysis

In order to investigate further the intraseasonal variability, global wavelet power spectra (GWPS) for DO, 
meridional wind stress, and zonal and meridional components of the current for the 2015 and 2016 cold 
seasons (February–April) and the transition period (October–January) were computed (Figure 4). For the 
cold season, significant peaks are observed at 7–10 and 16 days for DO (Figure 4a), 8–10 and 16 days for me-
ridional wind stress (Figure 4b), and at 16 days for both current components (Figures 5c and 5d). This is in 
agreement with the observed relationship previously mentioned between upwelling events and south-east 
advection of oxygen-poor waters. Wind variability peaks were stronger in 2015, especially at 8 and 16 days. 
There was also a stronger variability of the current and the oxygen in 2015 than in 2016 at 16 days.

During the transition period, DO and meridional current showed significant variability at 16 days (Fig-
ures 4a–4d) whereas the GWPS energy of the meridional wind stress had a relative minimum at this fre-
quency compared to energy at 8 and 32 days periods. This suggests the role of remote forcing of CTWs 
(Kounta et al., 2018; Polo et al., 2008) as a driver of DO fluctuations in this frequency band during that sea-
son. This mechanism could also be at work during the cold periods but be masked by the fact that local wind 
offshore of Senegal and remote winds further south responsible for the CTWs forcing (Kounta et al., 2018) 
undergo coherent intraseasonal fluctuations.

3.3. HF Variability

3.3.1. Diurnal Variability

The HF DO variance (see definition in Section 2.3) and the amplitude of DO fluctuations at short time 
scales can typically were respectively of the order of 3 (µmol kg−1)2 and 50 µmol kg−1 (Figures 4e and 5d). 
In this section, we examine the processes underlying this variability.

At daily time scales, water mass properties are weakly impacted by horizontal advection whose typical 
speeds are between 5 and 10 cm s−1 or roughly 5–10 km day−1, the horizontal contrasts of temperature, 
salinity, or DO being relatively small over such distances. The biogeochemical source and sink terms for DO 
are also typically associated with longer time scales in the bottom layer (low primary production, relatively 
slow degradation of organic matter—see Machu et al., 2019). It is therefore expected that the dominant 
physical processes at this time scale will be vertical advection and diffusion.

During the cold season, spectral analysis shows diurnal variability that is significant for the wind stress 
(see Ndoye et al., 2014 for a description of the diurnal cycle during the upwelling season) and modest for 
currents and DO. The oxygen spectra exhibited a significant peak at 1 day only for the 2016 cold season 
(Figure 4e). The tidal signal was strongly dominated by the semidiurnal constituents as generally found on 
wide shelves (Clarke & Battisti, 1981; Rebert, 1982). The peaks for zonal and meridional currents were thus 
systematically below the significance level (Figures 4g and 4h). The variability of oxygen at the diurnal time 
scale, therefore, does not seem to be forced by horizontal advection. The diurnal wind and oxygen cycles 
(2016) were in phase quadrature (not shown), that is, an increase in oxygen concentration occurred about 
6 h after the wind strengthening. In addition, AOU did not show evidence of net oxygen production by pho-
tosynthesis (AOU > 0) in the bottom layer during this period (Figure S5). These results suggest that in 2016, 
the oxygenation of the bottom layer could be produced by vertical mixing with the oxygen-rich surface layer. 
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The absence of a diurnal peak for the oxygen spectra in the 2015 cold period despite an intense diurnal wind 
cycle however suggests that other factors than the wind, such as a diurnal oscillation of the oxycline or even 
horizontal advection of lateral DO gradients by inertial currents could also play a role. (Note again that the 
amplitude of the associated diurnal DO signals was relatively weak; see Figures 4e and 5d).

During the transition period, the diurnal variability of DO was not significant (Figure 4a) although that of 
the wind was of intensity comparable to that of the cold season 2015 (Figure 4b). During this period, AOU 
remained positive with values close to zero (Figure S5). Increased stratification of the water column during 
this warming period could inhibit vertical mixing forced by the diurnal variability of the wind (Figure 2d).
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Figure 4. Global wavelet power spectra (GWPS) using Morlet's wavelet (i.e., Torrence & Campo, 1998) of (a) dissolved 
oxygen (DO), (b) meridional wind stress, (c) zonal and (d) meridional current velocities. (e–h) are zooms of panels 
(a–d) respectively for times scales shorter than 2 days. GWPS are shown in light blue (dark blue) for the cold periods 
of 2015 (2016) and in red for the transition from warm to the cold season. The dotted curves represent the significance 
thresholds of the corresponding spectra.
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3.3.2. Semidiurnal Variability

Significant peaks of the variability of the zonal current at the scale of the semidiurnal tide (∼12 h) were 
present during cold and transition periods (Figure 4g). The energy of the meridional current was systemati-
cally lower than that of the zonal current (Figure 4h), which is consistent with ADCP measurements made 
in 2013 (Capet et al., 2017) and regional modeling experiments taking tides into account (Ndoye, 2016). The 
semidiurnal variability of oxygen was significant only during the transition period (Figure 4e). The absence 
of a peak in cold periods suggests that the tide would affect the variability of oxygen only when the water 
column is sufficiently stratified (see Section 4).

3.3.3. Seasonal and Intraseasonal Modulation of High-Frequency Variability

The HF variability (HF; 10′-30h) of the tracers (temperature, salinity, and DO) shows a well-defined sea-
sonality (Figure 5). During cold periods (February–April 2015 and mid-February–April 2016), the HF fluc-
tuations in temperature and salinity were much less than during the rest of the year (Figures 5b and 5c). 
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Figure 5. High pass filters (30 h) of (a) surface wind speed, (b) temperature, (c) salinity, and (d) dissolved oxygen 
concentration measured at 28 m at Melax from February 11, 2015 to April 26, 2016. The solid thin black lines represent 
the low-frequency modulations of the high-frequency variations of the different variables. DWS wind speed is used 
from the end of August to mid-October 2015 where wind data at Melax is missing (Section 2.3).
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Larger amplitudes were recorded during the warm and transition periods (mid-August to mid-November 
2015). During these periods, the temperature could vary by ±5 °C around an average value within a few 
hours (for example at the beginning of October) while the salinity varied by up to ±1 psu. The amplitude 
of the variations in temperature and salinity decreased but remained strong until the end of the transition 
period (±2 °C and ±0.4 psu on December 10, 2015). HF oxygen variations were generally moderate in the 
cold season (<±50 µmol kg−1) but variations greater than 60 µmol kg−1 were however encountered in early 
March 2016 (Figure 5d). During the period mid-October to early February, the fluctuations in DO concen-
trations were around ±75 µmol kg−1.

Amplitudes of HF fluctuations showed infra-monthly modulation, these amplitudes being low for example 
at the beginning of September 2015 after the passage of cyclone Fred (Dieng et al., 2019; Jenkins et al., 2017), 
end of November, mid-December, or mid-January 2016. The periods of maximum and minimum variability 
of the different tracers (temperature, salinity, and DO) are synchronous, but not correlated with those of 
the wind. Observations of the internal tide for 3 weeks during the 2013 cold season ∼20 km south of Melax 
(Capet et al., 2017) help us to interpret the results obtained for the semidiurnal and HF fluctuations (see 
Section 4).

In order to better understand the HF variations of oxygen, we analyzed the consistency of its variations 
with those of temperature and salinity (Figure 6). The variations between temperature and oxygen were 
consistent and in phase during the transition period (mid-October 2015–mid-January 2016) at HF (<12 h, 
Figure 6a). The variations in salinity and oxygen were also consistent but fluctuated in phase opposition 
during this period (Figure 6b). From mid-January 2016, the waters began to cool (Figure 2c) and the co-
herence spectrum changed. During the intensification of upwelling, oxygen and temperature were less cor-
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Figure 6. Wavelet Coherence (WTC) and phase spectrum (arrow, only zones where a coherence spectrum greater 
than 0.5 are represented) between (a) temperature and dissolved oxygen (DO), and (b) salinity and DO measured in 
the bottom layer between mid-October 2015 and end-of-April 2016. Black contours represent the 90% significance 
threshold based on 300 Monte Carlo simulations. The cone of influence is indicated at the edges where the power is 
undetermined because of the side effects. The arrows direction approaching ±180° indicates a phase opposition relation 
(maximum delay) and those close to 0 present a phase relation (minimum delay). The arrows close to ±90° show an 
offset relationship.
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related but coherent HF variations (>0.9) kept occurring over periods of a few days (Figure 6a). Note that 
oxygen and salinity varied in phase, as with temperature, during the events of mid-March and early April 
(Figure 6b).

Variations in stratification potentially play an important role in HF variations in DO. The oscillations in 
phase of oxygen and temperature (resp. salinity during the cold period) are consistent with vertical displace-
ments of temperature (resp. salinity) and oxygen gradients at the depth of the DO sensor, associated with 
the passage of internal waves. The vertical temperature gradient is overwhelmingly positive, with warmer 
waters above colder waters (Figures 7a and 7b). The oxygen gradient is assumed to be predominantly posi-
tive as well, with oxygenated water above oxygen-depleted one. The phase opposition between salinity and 
DO is explained by the seasonal change of the vertical salinity gradient. It is negative (i.e., the water is less 
salty near the surface than near the bottom, not shown) during warm periods because of the monsoon pre-
cipitations and the presence of less salty water originating in the south. It becomes positive in cold periods 
when evaporation intensifies following intense northerly winds (Figure 2a), the surface layer becoming 
saltier than the bottom layer.

To explain the intraseasonal modulation in HF variability, an index measuring the intensity of the HF varia-
tions in oxygen is compared with other indices over the period November 2015 to April 2016 (Figure 7). The 
thermal stratification index near the bottom is obtained by calculating the temperature differences between 
25 and 28 m. Salinity is not included in this diagnosis because observations are missing to calculate it in the 
bottom layer. However, its contribution to vertical stratification is generally negligible compared to that of 
temperature, the vertical gradients of salinity being relatively small (not shown). Low-frequency variations 
of the meridional current (Figure 7c) are also considered. There is a strong correlation (0.86) between the 
modulation of the HF oxygen variability and the stratification index (Figure 7a). This confirms our hypoth-
esis: in the range of stratification intensities observed at Melax and more generally over the mid and outer 
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Figure 7. (a) Stratification index (blue, see Figure 2d) and low-frequency modulation of the high-frequency dissolved 
oxygen variations (orange); (b) Temperature variations at 25 m (red), 28 m (magenta), and 35 m (blue); (c) meridional 
current measured at 28 m (black) and simulated by the model (gray). The time series are low-pass (7 days) filtered.
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shelf, stronger (resp. weaker) stratification values near the bottom favor (resp. impede) the propagation of 
internal wave energy toward Melax, which yields larger (resp. lower) fluctuations of DO concentrations (for 
a given DO vertical gradient; in addition, stronger stratifications are likely to be associated with stronger 
DO vertical gradients).

HF variability of DO corresponds to a larger spread of bottom layer temperatures, the bottom temperature 
at 35 m exhibiting larger fluctuations compared to 25 and 28 m depth (Figure 7b). This indicates that strat-
ification changes are mainly forced by changes in the bottom layer temperature. The phases with a reduced 
stratification and weak HF DO oscillations (e.g., in early and late November, as well as mid-December 
2015) were associated with intense currents to the north (Figure 7c) which may induce frictional mixing 
and destroy the stratification, or transport less stratified waters from the southern shelf (Capet et al., 2017).

4. Discussion
The objective of this study is to characterize the variability of bottom oxygen on the Senegalese shelf and 
unravel the processes responsible for this variability. In the previous section, we described the variability 
of oxygen in the bottom layer over a wide range of time scales. We now turn in more details to the physical 
and biological processes controlling this variability. Our conceptual view of the circulation and DO dynam-
ics over the southern Senegal sector is represented in Figure 8. We underscore the fact that the 3D nature 
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Figure 8. Schematic representation of the processes relevant to the dissolved oxygen (DO) dynamics over the 
southern Senegalese upwelling sector during the period January–February to April–May when equatorward circulation 
dominates over the shelf. Upwelling brings cold DO poor slope water onto the shelf following a relatively stable path 
that hugs the southern part of the Cape Verde peninsula. These source waters (which belong to the South Atlantic 
Central Water class) are drawn onto the shelf from a depth range that varies depending on local and remote conditions. 
They are typically brought to the Senegalese slope area by the West African boundary current but slope current 
variability and the existence of regional-scale DO gradients off West Africa implies that their properties can vary on 
synoptic and seasonal scales (see Section 4.3 for details). Vertical mixing can also impact source waters DO levels in 
high wind-low air-sea heat flux conditions in which the surface boundary layer turbulence reaches down to typical 
source water depths. Isopycnal heaving can also affect the properties of upwelling source waters. On their path to 
Melax, upwelling waters DO concentration can be modified by organic matter degradation and mixing. In relaxation 
conditions the shelf circulation tends to reverse to poleward and old upwelling waters previously advected southward 
may recirculate northward at Melax.
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of the circulation is important for this representation. It differs, in this 
regard, from previous 2D vertical conceptual models put forth to rational-
ize coastal DO dynamics in which alongshore invariance is assumed and 
across-shore flow is the dominant physical process (Harrison et al., 2016; 
Nam & Send, 2011).

4.1. Influence of Upwelling Source Water Properties at Melax

Our conceptual model of how slope waters reach Melax is based on re-
cent high-resolution regional modeling experiments (Ndoye et al., 2017). 
The Eulerian and Lagrangian analyses of these numerical simulations 
suggest that upwelling source waters: are found in the depth range 
50–100 m at the shelf break; follow a dominant upwelling pathway that 
is strongly constrained by the Cape Verde peninsula; and typically last 
5–10 days from the shelf break to Melax. Hence, the relatively poorly ox-
ygenated waters found on the shelf during the cold season are thought 
to be a consequence of the advection of low-oxygen source waters from 
the open ocean (Touré, 1983; Voituriez & Chuchla, 1978). At the surface, 
the main water mass encountered off West Africa is the oxygen-rich 
Tropical Surface Water (TSW). Below TSW, central waters are usually 
decomposed in an upper and a lower Central Water layer, the two lay-
ers being roughly delimited by the 26.8 kg m−3 isopycnal lying around 
300 m depth (Elmoussaoui et al., 2005; Klenz et al., 2018; Peña-Izquierdo 
et al., 2015). Shelves are therefore under the influence of the upper Cen-
tral Water (uCW) that flows northward along the shelf. Mainly composed 
of South Atlantic Central Water (SACW) off Senegal, the uCW mixes 
SACW and North Atlantic Central Water (NACW), the contribution of 
NACW increasing northward. Mean DO concentration of the uCW de-
creases northward presumably as a result of the degradation of the or-
ganic matter produced by the upwelling over the shelf (Klenz et al., 2018; 
Peña-Izquierdo et al., 2015).

The characteristics of these water masses vary on a wide range of time 
scales which, in turn, affects the characteristics of the waters found over 
the continental shelf during the upwelling season (e.g., see Connolly 
et al., 2010). It would be very useful to untangle the contributions of this 
type of DO variability at Melax as opposed to variability arising from 
near-bottom DO dynamics over the shelf (typically temporal changes in 
mixing and biological source/sink terms). We unfortunately have no pre-
cise knowledge of the density and depth range for the waters that were 
carried from the shelf break area to Melax’s bottom layer during the 2015 
and 2016 cold seasons (nor do we know the exact density-DO relationship 
as a function of time during these periods). These ranges vary at synoptic 

and longer time scales under the influence of various interrelated processes: variability of the upper slope 
and outer shelf circulation due to mesoscale turbulence and coastal wave activity (see Section 4.3); mod-
ulation of the distribution of the Ekman return flow in the vertical due to stratification and alongshore 
pressure gradient changes (Jacox & Edwards, 2011; Lentz & Chapman, 2004; Marchesiello & Estrade, 2010); 
wind fluctuations; water mass transformation through mixing during the import journey to Melax.

To make progress on the correspondences (or lack thereof) between the variability in near-bottom water 
properties at Melax and that of offshore waters we: (a) take advantage of the shelf break water observations 
(depth>100 m, Figure 1) made prior to 2015 during several research cruises (NANSEN, CINECA, UPSEN1, 
UPSEN2-ECOAO, and AWA, see Section 2) and a glider mission (SENEGLIDE); (b) consider three alter-
native choices for a fixed range of source water origin at the shelf break, that is, two distinct depth ranges 
(50–70 and 70–90 m) and the density range 26.2–26.5 kg m−³ (Figure 9). These three choices reflect our 
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Figure 9. (a) Distribution of dissolved oxygen (DO) concentrations 
measured in the 26.2–26.5 kg m−³ density range during the upwelling 
seasons of 2015 and 2016 at Melax. Melax data are compared to (b) prior 
measurements collected during NANSEN (dark blue), CINECA (light 
blue), SENEGLIDE (sky blue) UPSEN1 (orange), UPSEN2-ECOAO (red), 
and AWA (brown) field experiments in the same density range. (c and 
d) indicate the DO concentrations from field experiments in two depth 
ranges. The locations where the data were taken are indicated in Figure 1. 
Except for the Melax data, all observations are from upper slope waters 
offshore of the shelf break.
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perception of the uncertainty surrounding the origin of source water (see also Adams et al., 2013). Assum-
ing a simplified 2D vertical Ekman circulation with negligible vertical mixing and alongshore pressure 
gradient effects, the source water origin would be a narrow depth range about 100 m, that is, at the isobath 
defining the shelf break offshore of Senegal. In reality, water situated higher up the water column must 
significantly contribute to upwelling, hence the two shallower depth ranges we retain. Over 90% of Melax 
near-bottom waters belong to the 26.2–26.5 kg m−³. This led to the third choice which is also a simplifica-
tion of reality, given that source waters do not conserve their hydrological properties during their journey 
to Melax (Capet et al., 2017).

Consistent with the fact that source waters in the depth range 70–90 m are farther from the ocean surface 
than the ones in the depth range 50–70 m, DO values are less skewed toward high values and their variability 
is overall weaker for the deeper depth range (Figure 9). The same is true when the comparison is made with 
waters in the density range 26.2–26.5 kg m−³ which can be found at depths shallower than 70 m, owing to 
isopycnal heaving and/or air-sea cooling. Precisely, 75% of all observations fall between 45 and 95 µmol kg−1 
(the DO intervals to reach a similar 75% percentage are 45–100 µmol kg−1 and 45–110 µmol kg−1 for the shal-
low depth and density range of origin). Thus, even in the plausible situation where most of the near-bottom 
Melax water would originate from the 70–90 m depth range at the shelf break DO fluctuations due to source 
water variability shall be of the order of ±20 µmol kg−1.

Therefore the differences in DO distribution at Melax between 2015 and 2016 could largely arise from differ-
ences in source water properties (Figure 9). Concomitant observations at Melax and the shelf break may be 
needed to gain additional insight. On the other hand, note that the lowest DO values found in 2016 and to 
a lesser extent 2015 have no correspondence in any of the shelf break DO profiles, which points to the role 
played by DO consumption (see Section 4.2).

In contrast, our knowledge of the shelf circulation patterns is very limited during the warm season when 
direct flow observations are not available (at Melax or elsewhere) and the origin of near-bottom waters 
passing through the mooring deduced from model simulations is variable and uncertain. During transition 
periods of weak upwelling dynamics and even more so during the warm season, we expect more effective 
decoupling between the properties of open ocean source waters and those of waters found at Melax, which 
have more time to be transformed through mixing and biogeochemical reactions, as examined next.

4.2. DO Variability at Melax Due to the Transformation of Upwelling Water Properties

4.2.1. Transformation by Biological Processes

Biological activity can impact DO concentrations on the shelf, acting either as a source (by photosynthesis) 
or a sink (by respiration of organic matter) of DO. DO production by subsurface primary production is un-
likely to be important over the shelf during the upwelling season (Figure S5). Using satellite surface chloro-
phyll daily changes to estimate organic matter production (Figure S2), we computed approximate DO con-
sumption or respiration rates. The respiration rates thus obtained ranged between 0 and 8 µmol kg−1 day−1 
with an average around 2.6 ± 2.3 µmol kg−1 day−1 (resp. 1.7 ± 1.0 µmol kg−1 day−1) during the cold season 
of 2015 (resp. 2016). It is difficult to relate these rates to the phases of strong DO decrease observed at Melax 
(Figure 2f) because of the low spatial coverage and high number of data gaps (Figure S2). However, it would 
seem that biological processes could locally impact DO and induce phases of decrease of ∼10–50 µmol kg−1 
in ∼10 days.

We found that for the density range 26.2–26.5 kg m−3 (>90% of the near-bottom water encountered at Mel-
ax), the lowest concentrations measured on the shelf in 2015 and 2016 were lower than those of the source 
waters measured along the shelf break for several prior campaigns carried out during the cold season (Sec-
tion 4.1, Figure 9). Using an approximate distance (L ∼ 100 km) between the position of the source waters at 
the shelf break and the Melax station (Figures 1 and 8), and typical near-bottom horizontal velocities during 
an upwelling event (V∼0.1 m s−1, Figure 2b), we estimate that the upwelling source waters at the shelf break 
would reach the Melax buoy in T = L/V∼10 days. Assuming that biological activity is solely responsible for 
the DO change during the transit of upwelling waters from the shelf break to Melax allows us to estimate 
a DO respiration-production rate τ = (DOsource−DOMelax)/T (negative τ would correspond to the situation 
where DOsource < DOMelax).
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We calculated several possible values of the respiration rate using the mean DO concentrations measured 
at Melax in 2015 (77.5 ± 20.2 µmol kg−1) and in 2016 (52.4 ± 13.2 µmol kg−1), and the mean source DO 
concentration measured for the different campaigns (Figure 1) in the layers defined by the density range 
26.2–26.5 kg m−3 and by the depth 50–70 m and 70–90 m (Table 4). In this calculation, we do not consider 
CINECA which was conducted in 1973 during the summer season. If we exclude the high respiration rates 
obtained using the mean AWA DO concentration in the density range 26.2–26.5 kg m−3, the respiration 
rates are between 0.2 and 4.8 µmol kg−1 day−1 (Table 4). These respiration rates are broadly consistent with 
the ones we obtained using Chl-a data and those measured off Senegal (3–5 µmol kg−1 day−1, Robinson 
et al., 2002) and on the Mauritanian shelf (0.75–1.5 µmol kg−1 day−1, Thomsen et al., 2019). Negative “res-
piration rates” suggest that other processes (e.g., physical) supply oxygen in the subsurface at rates that can 
become dominant over biological consumption (see below on vertical mixing).

The variability of respiration rates can be induced by the variability of primary production at intraseasonal 
to interannual time scales. Although few studies have measured primary production in EBUS, the existing 
ones show important variability of primary production in these regions (e.g., Arístegui & Harrison, 2002; 
Fernández et  al.,  2009; Jacob et  al.,  2018; Kahru et  al.,  2009; Kitidis et  al.,  2014; Lloyd,  1971; Mantyla 
et al., 1995; Mitchell-Innes & Walker, 1991).

4.2.2. Transformation by Surface Boundary Layer Turbulence During the Upwelling Season

Between February 17 and 20, 2016, very cold (14.3 °C) and salty (35.5–35.6 psu) waters underwent an in-
crease in DO concentrations of ∼25 μmol kg−1 (Figure 2f) following a strong cooling at the surface and 
major reduction of the top-to-bottom water column stratification (from 2.5  °C to ∼0.1  °C, not shown). 
Vanishing temperature difference between 25 and 35 m depth is visible in Figure 7. A situation with deep 
surface boundary layer (SBL) mixing was also observed over the continental shelf and slope during the 
AWA campaign. For example, salinity sections perpendicular to the coast exhibited high salinity structures 
(35–35.6 psu) between the surface and 80 m depth off the shelf (Figure not shown). DO concentrations of 
deep waters, mainly above 150 µmol kg−1 during AWA (Figure 9), also suggest that denser and more oxy-
genated waters than usual (2012, 2013, 2015, 2016) were generated offshore and subsequently advected onto 
the shelf by upwelling.
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NANSEN (1973)
SENEGLIDE 

(2011) UPSEN1 (2012)
UPSEN2-ECOAO 

(2013) AWA (2014)

DO ± σ (µmol kg−1) 26.2–26.5 kg m−3 100.5 ± 23.2 93.0 ± 31.1 51.5 ± 4.1 64.1 ± 5.5 198.2 ± 26.3

50–70 m 84.6 ± 16.7 83.9 ± 32.4 54.2 ± 6.8 64.7 ± 6.8 80.4 ± 15.9

70–90 m 72.2 ± 14.3 64.8 ± 17.9 49.3 ± 3.2 61.5 ± 4.9 71.1 ± 4.6

Resp/Prod/Melax 2015 (µmol kg−1 day−1) 26.2–26.5 kg m−3 2.3 ± 3.1 1.5 ± 3.8 −2.6 ± 2.1 −1.3 ± 2.1 12.1 ± 3.3

50–70 m 0.7 ± 2.6 0.6 ± 3.5 −2.3 ± 1.5 −1.3 ± 1.5 0.3 ± 2.6

70–90 m −0.5 ± 2.5 −1.3 ± 2.7 −5.8 ± 2.0 −1.6 ± 2.1 −0.6 ± 2.1

Resp/Prod/Melax 2016 (µmol kg−1 day−1) 26.2–26.5 kg m−3 4.8 ± 2.7 4.1 ± 3.4 −0.1 ± 1.4 1.2 ± 1.4 14.6 ± 3.9

50–70 m 3.2 ± 2.1 3.1 ± 3.5 0.2 ± 1.5 1.2 ± 1.5 2.8 ± 2.1

70–90 m 2.0 ± 1.9 1.2 ± 2.2 −0.3 ± 1.4 0.9 ± 1.4 1.9 ± 1.4

Notes. These respiration rates are calculated for source waters defined by a density range (26.2–26.5 kg m−3) and depth ranges (50–70 m; 70–90 m). Source water 
DO concentrations are taken from prior NANSEN, UPSEN1, UPSEN2-ECOAO, SENEGLIDE, and AWA field experiments. Elevated respiration rates obtained 
when using AWA offshore DO values for the density range 26.2–26.5 kg m−3 shall be disregarded because waters in this density class are too close to the surface 
to feed the bottom layer at MELAX during this experiment carried out during unusually cold conditions. Positive values in bold indicate respiration rates 
calculated when the source water concentration is above than that observed at Melax.
Abbreviation: DO, dissolved oxygen.

Table 4 
Respiration Rates (µmol kg−1 day−1) Calculated Using Mean DO Concentrations Measured at Melax in 2015 (77.5 ± 20.2 µmol kg−1) and in 2016 
(52.4 ± 13.2 µmol kg−1) Under the Assumption That Water Masses Were Only Transformed by Biological Respiration From the Source Region to the Station (See 
Sections 2.3 and 4)
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More generally, surface cooling can be a very effective mechanism to oxygenate near-surface waters but it 
requires atmospheric conditions such that SBL turbulence reaches down to 30–40 m or more. Such con-
ditions are not very frequent off southern Senegal because upwelling wind stress intensity rarely exceeds 
0.04–0.05 N m−2 unlike off Central California where winds are twice as strong (e.g., Risien & Chelton, 2008) 
and hence ventilate subsurface layers more effectively during the upwelling season (Adams et al., 2013). 
Air-sea heat fluxes can help reinforce the turbulent destabilization of the water column. This would be 
frequent during the early part of the upwelling season, typically as long as the wind exhibits an offshore 
component and brings dry air from the land over the coastal ocean, thereby driving elevated outgoing latent 
heat fluxes. We therefore hypothesize that the modulation of SBL mixing on synoptic, seasonal, and inter-
annual time scales is an intermittent contributor to near-bottom DO variability at Melax, through mixing of 
upwelling waters during their journey over the shelf and also through mixing of upper slope source waters, 
in extreme conditions (AWA campaign for instance). Note that the diurnal cycle of air-sea heat fluxes and 
of the wind (stronger winds in the evening and early part of the night; Ndoye et al., 2014) complicates this 
issue further by introducing a major source of SBL turbulence intermittency.

4.2.3. Transformation by Interior and Bottom Boundary Layer Turbulence

Subsurface turbulence mixing can also be produced by internal wave breaking and bottom friction. The 
progressive transformation of temperature and salinity properties of bottom waters as they traveled shore-
ward and southward during the upwelling phase of the UPSEN2/ECOAO experiments (Capet et al., 2017; 
their Figures 6 and 7) attests of the role played by these processes, at least over the outer shelf where SBL 
turbulence is generally insufficiently strong to reach the lower half of the water column. We expect DO 
modifications by interior and near-bottom shear-driven turbulence to be modest but less intermittent than 
those due to SBL turbulence. On the other hand, the interior stratification changes can greatly affect the 
strength and structure of the internal wavefield, with important implications for interior and near-bottom 
mixing (Capet et al., 2017) and, in turn, DO modifications between the shelf break and Melax. During the 
2014 AWA cruise, circumstantial observations of energetic solibores (Figure not shown, see e.g., Walter 
et al., 2012, 2014 for some manifestations and implications along the US West Coast) were made in con-
ditions where stratification was confined into the lower half of the water column. Subsurface mixing may 
exert a stronger influence on DO during the warm season when near-bottom waters presumably spend 
longer time periods over the shelf. However, the effect of mixing remains unable to erode the vertical gra-
dient of DO near the bottom, as revealed by HF DO fluctuations that last until the new upwelling season 
(Figures 5d and 6).

Ideally we would like to estimate the DO Lagrangian input due to vertical mixing processes for water parcels 
which travel from the offshore source region to the bottom layer at Melax:

             
MelaxMelax

off off

1Diff DO , ,
Δ z z zK DO x t y t z t dt

t
 

where Δt (∼10 days) is the time taken by fluid parcels to travel from the shelf break to Melax and Kz is the 
vertical diffusion coefficient for DO. Some averaging over a large number of parcel pathways would then 
need to be performed in order to obtain a mean contribution of mixing processes to DO supply between the 
shelf break and Melax bottom layer.

There are numerous practical data limitations and issues that prevent us from evaluating this diffusive con-
tribution: 3D turbulence intermittency and the difficulty to measure Kz accurately (we have presently no mi-
crostructure data in the area; Capet et al., 2017); large vertical gradients of Kz and ∂zDO with opposite signs 
which is a major source of error in the calculation of the integral in equation above. We thus limit ourselves 
to providing rough estimates of the diffusive supply of DO in the bottom layer at Melax over different time 
intervals with a fixed value of Kz, based on the methodology described in Section 2. For moderate turbulence 
(Kz = 10−4 m2 s−1) we find values of Diff(DO) (0.1–19.1 µmol kg−1 day−1, see Table S1) that are typically 
of the same order of magnitude as DO consumption derived under the assumption that diffusion plays a 
negligible role (see Table 4). Moderate turbulence would thus only modestly raise oxygen consumption es-
timates and perhaps explain why Melax near-bottom DO can sometimes be higher than in offshore source 
waters. Higher turbulence levels as have been observed near the bottom over some continental shelves 
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(e.g., Kz∼10−3 m2 s−1 in Villamana et al., 2017) would imply that source waters are subjected to much larger 
consumption rates than given in Table 4. Hence, large discrepancies would exist between the latter and esti-
mates based on satellite-derived primary production (see previous subsection), which we tend to consider as 
relatively robust. Pending in situ measurements and high resolution modeling exercises aimed at estimating 
DO fluxes over the shelf with sufficient confidence, we thus provisionally assume that vertical mixing does 
not play a systematic leading-order role in the interior DO Lagrangian balance for upwelling source waters 
and shall remain at most commensurate with DO consumption, if only because we do observe hypoxic 
events.

4.3. DO Variability Due to Lateral and/or Vertical Advection Processes

In the previous section, we considered the contribution of irreversible or biogeochemical processes to the 
variability of DO at Melax. In the context where spatial DO contrasts exist, fluctuations of the horizontal 
and vertical velocity field can also produce DO variability at Melax through advection, as has been observed 
in other systems for a broad range of time scales (Monteiro et al., 2008; Nam & Send, 2011).

4.3.1. DO and Alongslope Current Variability

Alongslope current variability has two potentially important implications on near-bottom DO levels at 
Melax, through changes in source water properties. First, the regional distribution of DO over the WA 
upper slope is characterized by a poleward gradient that has been evidenced by Brandt et al. (2015) based 
on historic observations in the region. Although the DO field is heterogeneous at meso- and finer-scales 
(Kolodziejczyk et al., 2018; Schütte et al., 2016) we thus expect phases of predominantly poleward (resp. 
equatorward) boundary currents to bring source waters for the southern Senegal upwelling that are, on 
average more (resp. less) oxygenated. In this regard, the Senegal upwelling sector might differ from the 
Mauritania sector where the proximity of NACW to the north leads to increasing subsurface DO levels in 
conditions of sustained equatorward flow (Klenz et al., 2018; Peña-Izquierdo et al., 2015).

On the other hand, thermal wind balance implies that poleward (resp. equatorward) boundary currents 
over the upper slope are associated with a depressed (resp. uplifted) thermocline/oxycline. As the DO verti-
cal gradient is oriented upward in the depth range where the source waters are drawn from, source waters 
from a similar depth range would be more (resp. less) oxygenated in case of a poleward (resp. equatorward) 
boundary current. Therefore two antagonistic effects on DO concentrations of source waters may result 
from subinertial variability in along-slope circulation. They are discussed in the sequence below.

The slope currents are subjected to both intraseasonal and seasonal variability (Faye et  al.,  2015; Klenz 
et al., 2018; Kounta et al., 2018; Polo et al., 2008). The latter is dominated by a semiannual cycle at the 
latitude of Senegal although observational evidence of this is limited (Busalacchi & Picaut, 1983; Kounta 
et al., 2018; Rossignol, 1973). The meridional gradient in subsurface DO is poorly constrained along the WA 
seaboard even at regional scale (e.g., see the paucity of DO observations in Brandt et al., 2015; e.g., their 
Figure 4). Based on the few observations reported in Brandt et al. (2015) and ignoring any possible bias due 
to unresolved temporal variability, we retain for the shallow oxygen minimum (∼100 m) the following DO 
values for a back-of-the-envelope calculation: ∼50 μmol kg−1 at 18°N and ∼65 μmol kg−1 at 14°N which 
translates into 4 μmol kg−1/100 km for the DO lateral gradient at regional scale in the coastal waveguide. 
Intraseasonal flow anomalies of the order of 10–15 cm s−1 over 15 days would thus lead to changes in DO 
∼5–8 μmol kg−1. Using the meridional DO gradient calculated above on longer time scales is presumably 
irrelevant because eastern boundary undercurrents do not carry water coherently over hundreds of kilo-
meters in the alongslope direction, owing to parallel flow instabilities, flow-topography interactions, and 
the resulting across-slope water exchanges (Barth et al., 2000; Durazo, 2015; Garfield et al., 1999). But DO 
fluctuations ∼10 μmol kg−1 or more are certainly plausible.

Vertical DO profiles exhibit a complex structure with strong gradients in the upper thermocline down to 
∼100–120 m depth, typically tens of μmol kg−1 over a depth range of 20–30 m (Figure S6). On seasonal as 
well as intraseasonal time scales isopycnal heaving can produce vertical displacements of the thermocline 
(and therefore of the oxycline) of tens of meters in amplitude (Kounta et al., 2018). The consequences in 
terms of upwelling source water DO depend on where their origin depth is positioned relative to the oxy-
cline and DO minimum, and also on how this origin depth is affected by the flow perturbation/isopycnal 
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heaving (e.g., through alongshore pressure gradients and stratification anomalies (Jacox & Edwards, 2011; 
Lentz & Chapman, 2004; Marchesiello & Estrade, 2010). Examination of individual DO vertical gradients in 
source waters (Figure S6) suggests that DO variability could reach a few tens of μmol kg−1 for typical ther-
mocline displacements of 20 m or more (Klenz et al., 2018, their Figure 8; Kounta et al., 2018).

4.3.2. DO and Synoptic Variability of the Mid-Shelf Flow

A second category of advective driver of DO variability at Melax concerns alongshore flow over the mid-
shelf. Mid-shelf circulation is obviously mostly parallel to isobaths (Figure 1). The two directions, poleward 
and equatorward, are equally important as visual inspection of Figure 1 reveals. Equatorward circulation 
tends to dominate during the cold season and this is consistent with the presence of a coastal upwelling jet 
being frequently in the vicinity of Melax. Note that wind relaxations during the early part of the upwelling 
season do not necessarily lead to flow reversals (Figures 2a and 2b).

The effect of synoptic flow reversals on DO is variable in magnitude and even in sign. Flow relaxations 
during the upwelling season can lead to an increase in DO by as much as 50 µmol kg−1 (April 2016, Janu-
ary 2016, June 2016), little change (early March 2016), or a decrease (early March 2015, April 2015) in DO 
concentration. Translated in terms of a DO meridional gradient at Melax (i.e., assuming that meridional 
advection is the sole process responsible for the changes at these scales), this hints at a more complex pic-
ture for the upwelling season than conveyed by Figure 8. Intuitively, we expected to see the manifestation of 
aging waters toward the south as the bottom waters contribute to the degradation of organic matter. How-
ever, oxygenation of shelf bottom waters through mixing may dominate over DO biological consumption in 
some instances. This would then induce an equatorward increase in DO consistent with the DO evolution 
observed at Melax during some relaxation periods, assuming that meridional advection is the dominant 
process. Possibly missing elements also include:

•  The fact that mid-shelf phytoplankton production/biomass is itself modulated at synoptic time scales 
and is typically low during strong upwelling events (Lathuilière et al., 2008). In addition, the relative-
ly intense equatorward flows associated with upwelling events imply that any phytoplankton bloom 
produced north of Melax has had limited time to age and sediment. Consequently, such events are not 
necessarily conducive to elevated DO consumption rates along southward Lagrangian pathways. This 
may be the reason why DO is less variable at certain times when the flow relaxes from equatorward to 
poleward (e.g., compare February 2015 and late March-April 2015).

•  The fact that across-shore currents may play an important role because primary production and phy-
toplankton biomass have large across-shore gradients, particularly during the early and late part of the 
upwelling season (Demarcq, 2009). In Machu et al. (2019), it was conjectured that the anoxic event ob-
served in 30 m of water just 20 km north of Melax was the result of offshore advection of more coastal 
waters subjected to high degradation rates.

4.3.3. Remote Forcing and Coastal Trapped Wave Activity

We finish with some general remarks about the shelf and slope current system off West Africa. Although 
substantial correlations exist between them, the variability of upwelling winds and alongshore currents 
exhibit important distinctions. For example, the intraseasonal oscillations of the meridional current are of 
comparable amplitude during the 2015 and 2016 upwelling seasons whereas the amplitude of wind fluctua-
tions is significantly lower in 2016. The flow response to individual synoptic wind fluctuations is also quite 
variable. This variability is presumably related to intraseasonal CTWs propagating along the WA coasts 
(Diakhaté et al., 2016; Kounta et al., 2018; Polo et al., 2008). These waves can be generated south of Senegal, 
as far as from the Gulf of Guinea (remote forcing from the equatorial strip has been shown to have a limited 
effect off Senegal; Kounta et al., 2018; Polo et al., 2008), and then propagate along the coasts of West Africa. 
CTWs can modulate the alongshore currents over the Senegalese continental slope and shelf, irrespective 
of the local wind evolution. Note though that wind fluctuations tend to be coherent at regional scale so that 
local and remote wind effects frequently reinforce each other in driving coastal wave activity and circulation 
changes. The shelf response to remote forcing is a delicate issue (Brink, 1991) on which we plan to make 
progress numerically, given the potential implications for coastal DO dynamics as found in other regions 
(Brüchert et al., 2006; Espinoza-Morriberón et al., 2019; Gutiérrez et al., 2008; Naqvi et al., 2006).
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5. Conclusion and Perspectives
In the bottom layer observed at the Melax station located on the wide and shallow shelf of the south Sen-
egalese shelf, we studied the role of the main physical processes on the variability of DO for different time 
scales ranging from a few tens of minutes (internal tidal waves) to the season.

During the upwelling season, the winds are from the north/northwest, and the currents are mostly south-
ward. Upwelling triggers phytoplankton blooms in the surface layer and brings cold, salty waters with DO 
concentrations close to the hypoxic threshold. The properties of the water masses encountered at Melax are 
in agreement with the hypothesis that these waters originate at the shelf edge. These properties vary accord-
ing to the circulation along the slope which conditions the water masses in presence and displace density 
and oxygen properties vertically and horizontally. Once they are over the shelf, upwelling source waters are 
subjected to DO respiration at rates broadly consistent with the evolution of DO concentrations between 
the source zone and the mid-shelf mooring where near-bottom mooring is being monitored. Upwelling 
wind relaxation events associated with current reversals (from south to north) significantly modify the 
temperature, salinity, and DO properties at the mooring. Some intense SBL mixing events can reach down 
to appropriate depths and oxygenate near-bottom shelf waters as well as offshore source waters which have 
major but temporary consequences on DO distribution.

The monsoon season is characterized by weak westerly winds and northward currents that dominate. The 
waters of the bottom layer are 10 °C–15 °C warmer, their salinity decreases during the season and they are 
more oxygenated. The slower dynamics of this period leads to a stronger decoupling between the properties 
of the waters observed at Melax and those of the source waters. As this season is marked by much higher 
retention of water masses on the shelf (e.g., Mbaye et al., 2015), the shelf waters have more time to be trans-
formed by mixing or biogeochemical reactions before they are returned offshore. During the long transition 
period between the warm season and the new upwelling season, northerly winds re-establish themselves 
while the currents remain predominantly northward (Figure 1). This situation is associated with a strati-
fication that strengthens near the bottom layer. This stratification seems to inhibit the vertical mixing that 
could result from the diurnal wind cycle and induces HF variability in temperature, salinity, and DO. This 
variability is associated with internal waves generated by tides. The mixing induced by bottom friction and 
internal waves must be sufficiently modest to not erode the ubiquitous near-bottom vertical DO gradients 
observed over the mid-shelf. Finally, CTWs constitute a distant forcing that can act year-round, impacting 
both shelf waters and source regions.

Despite a limited understanding of biological processes and the limited length of our time series, one can 
wonder about the long-term variations in the oxygenation of the Senegalese shelf. One of the identified 
impacts of climate change in West Africa is the reduction (of the order of 10%–15% for RCP8.5 scenarios) 
of winds favorable to upwelling during the cold season (Soares et al., 2019; Sylla et al., 2019). A (slight) 
decrease in upwelling intensity superimposed on global warming is thus projected. Although it is difficult 
to anticipate the consequences on DO, a warming would alter oxygen air-sea transfer and thus reduce DO 
concentrations in surface layers, but also increase stratification and reduce mixing, both resulting in the 
deoxygenation of subsurface layers. Interestingly, the lowest DO concentrations measured off Mauritania 
occurred in summer when the stratification is maximum and hinders ocean interior ventilation through 
diffusive fluxes (Klenz et al., 2018). More observations and long-term temporal monitoring, as well as re-
gional modeling experiments coupling physical and biogeochemical processes, will be necessary to better 
understand the potential effects of climate change on the evolution of oxygen and its impacts on marine 
resources on the Senegalese shelf.

Data Availability Statement
The readers can access the data supporting the analysis and conclusions here: https://doi.org/10.5281/ 
zenodo.4095435.
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