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Abstract In this research we make use of historical wind direction observations to assemble an
instrumental upwelling intensity index (the so-called Directional Upwelling Index [DUI]) for the coast of
Northwest Africa between 26° and 33°N and from 1825 to 2014. The DUI is defined as the persistence of the
alongshore winds at the coast and unlike other upwelling indices, it relies on observed wind direction solely,
avoiding the suspected bias toward increasing wind speed of historical wind observations documented in
previous research. We have found that between June and October, when the upwelling intensity in the area is

at its seasonal maximum, the persistence of the north-easterlies measured by the DUI is significantly related

to the alongshore wind stress and subsequently with Sea Surface Temperature anomalies at the coast of NW
Africa. The analysis of the DUI record does not display a consistent long-term trend but an oscillatory behavior.
At interannual time scales this variability can be linked to the changes in the strength and location of the
subtropical north Atlantic high-pressure center and at multidecadal scales, the upwelling seems mainly driven
by the Atlantic Multidecadal Variability through the modulation exerted by this climatic pattern on the intensity
of the Saharan low.

Plain Language Summary Upwelling is a process in which sea water from intermediate depths
rises toward the surface as a response to the wind friction along the west coast of continents. Upwelled water
is rich in nutrients, creating areas of paramount importance for fisheries. A long-standing hypothesis contends
that upwelling might be intensified because of global warming, but due to the impediments to quantify the
upwelling intensity for long periods, the scientific community still debates whether the upwelling is changing.
We have used historical wind observations taken aboard ships sailing along the coast of Northwest Africa to
show that there, during the last two centuries, upwelling has not increased but it has oscillated synchronically
with the temperature of the North Atlantic.

1. Introduction

The Canary Upwelling System (CUS) extends from the coast of West Africa, approximately at 10°N, to the coast
of Galicia in northern Spain, around 45°N (Aristegui et al., 2009). North of 15°N the shelf is relatively narrow
and the main modulator of the upwelling intensity is the Ekman transport driven by the alongshore component
of the wind (Cropper et al., 2014; Sylla et al., 2019). The associated pumping of cool and nutrient-rich sea water
toward the ocean surface is of paramount importance for fisheries (Brochier et al., 2018), so the description of the
upwelling interannual variability and the search of long-term trends associated with global warming have become
relevant subjects (Barange et al., 2018). However, the quantification of these parameters is challenging and histor-
ically, different analyses result in contradictory conclusions (Barton et al., 2013). The lack of agreement mostly
comes from the nature of the observations necessary to quantify the upwelling intensity (Jacox et al., 2018).
Upwelling is usually determined by the Sea Surface Temperature (SST) gradient between coastal waters and
open ocean (Benazzouz et al., 2014; Cropper et al., 2014; Narayan et al., 2010). This requires the use of satel-
lite-derived high-resolution SST fields, limiting the length of the series. On the other hand, as stationary winds
blowing along the coast toward the equator enhance the westward Ekman mass transport, wind-derived indices
are also widely used to quantify coastal upwelling, especially when the length of the series is relevant (Barton
et al., 2013; Gémez-Gesteira et al., 2008; Santos et al., 2012; Sylla et al., 2019). These dynamical indices are
typically based on historical reanalysis, which strongly rely on International Comprehensive Ocean-Atmosphere
Data Set ICOADS) data (Freeman et al., 2017; Wohland et al., 2019). It is believed that ICOADS’ wind veloc-
ities are biased toward increased values (Barton et al., 2013), most probably due to the shift from estimated to
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anemometer-measured winds and the changes in the interpretation of the Beaufort scale along the time (Gallego
et al., 2007; Thomas et al., 2008). Because of this, there have been no attempts to use ICOADS-dependent data-
sets to develop upwelling indices prior to the 1950s decade (Sydeman et al., 2014).

In a recent paper, Gallego et al. (2021) demonstrated that to evaluate the upwelling intensity at the coasts of
Senegal and Mauritania, the biases on the wind velocity could be sidestepped by using only wind direction obser-
vations. By developing what these authors called a “directional upwelling index [DUI],” they were able to study
the variability of the upwelling intensity at the southern end of the CUS for almost 200 years.

Further north, between 26° and 33°N, along the coasts of Morocco and through the Canaries, upwelling has
a very different regime, being strongly modulated by the mid-latitude circulation. Upwelling at this latitude
is accompanied by the southward branch of the subtropical gyre, namely the offshore Canary current (Sylla
et al., 2019). There, upwelling is maximum between June and October following both the migration and seasonal
strengthening of the Azores High and the intensification of the Saharan low (Soares et al., 2019). In this region,
upwelling is usually restricted to the first tens of km from the coast, where SSTs are on average 3°C—4°C colder
than in open sea during the peak of the upwelling season in August (Figure 1a).

Remarkably, along these waters, historically there have been an intense traffic of ships covering the maritime
route between Europe and Asia or South America resulting in thousands of early in-situ observations of wind
direction going back to the beginning of the nineteenth century. In this paper, we analyze the upwelling intensity
at the latitude of the Canary Islands between June and October by applying the technique developed in Gallego
et al. (2021).

2. Data and Method
2.1. Data

To characterize the upwelling at the Canaries' latitude by means of a directional index, we used the box (26°-
33°N; 24°W-9°W) (CAN area in successive, black rectangle in Figures 1a—1c). Within this area, our main source
of wind direction records has been ICOADS (3.0 release, see Freeman et al., 2017). Figure 1b shows the density
of observations, being the predominant ship's routes well inside the selected box. To complement the ICOADS
data, we searched for undigitized wind direction observations at the NW coast of Africa at the UK National
Archives at Kew (“Cape, West Africa & St. Helena” series; AMD 51 and AMD 52). We focused on the 1800—
1900 period and in the range of latitudes between 5° and 45°N. We abstracted a total of 67,339 new wind direc-
tion observations, with the maximum density of observations clearly following the predominant route of British
ships toward Southern Africa in the nineteenth century (Figure 1c).

Figure 1d shows the evolution of the total number of wind direction observations from 1750 to 2014 inside CAN.
Prior to 1850, the number of observations is below 1,000 per year. In 1854 a large increase in data availability is
evident, first reaching over 1,000 observations per year. Along the mid-1880s, there is a second increase in data
availability. Since that decade, the number of observations per year is almost continuously over 5,000, peaking
over 30,000 by the late 1960s and throughout the 1970s. The exceptions are the evident drops in data availability
during World War 1 and especially the years during and immediately after World War 2. It has been estimated
that at monthly resolution, at least 10 observations per month on different days are necessary to compute a mean-
ingful index (Gallego et al., 2015). This corresponds to a minimum of 120 observations per year, so the coverage
attained at the CAN area allows the generation of directional indices starting around the 1820s decade, when the
number of available annual observations first exceeds the 100 per year mark on a regular basis (Figure 1d).

Apart from raw wind direction observation, we make use of the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR) reanalysis 2 (Kanamitsu et al., 2002) and the daily
Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA) SST data between 1982 and 2014 at a
resolution of 1/20° (Good et al., 2020). We make also use of the following climate indices: The North Atlantic
Oscillation (NAO) instrumental index of Jones et al. (1997) from 1821 to 2014, the summer NAO index (Folland
et al., 2009) from 1836 to 2014 and the Atlantic Multidecadal Oscillation (AMO) index (Enfield et al., 2001)
from 1856 to 2014.
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Figure 1. (a) Average August Sea Surface Temperature (SST) based on daily Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA) SST data (Good

et al., 2020) from 1982 to 2014. (b) International Comprehensive Ocean-Atmosphere Data Set (ICOADS) coverage in a 1° X 1° grid. (c) Wind direction observations
taken from the Kew Archives for this research (blue dots), red dots indicate the grid-points used for calibration based on National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR) reanalysis 2 momentum flux and (d) Evolution of the total (Kew + ICOADS) number of observations inside
the CAN area used to compute the DUI. Black rectangles in (a), (b) and (c) define the CAN area.

2.2. Index Definition

The reader is referred to Gallego et al. (2021) for a complete description of the definition of a directional index
applied to an upwelling system, here we give a summary of the methodology.

As the coast of NW Africa at the CAN latitude is roughly oriented in the NE direction, to quantify the persistence
of the alongshore winds at the Canaries latitude we have defined the DUI as the percentage of days in a month
with prevalent wind flowing from the NE inside CAN. A day has been considered of “prevalent wind flowing
from the NE” when at least 91% of the total number of wind observations available that day report wind flowing
from +45° of the true NE direction. The 91% threshold was determined by a calibration procedure designed to
maximize the correlation of the DUI with the projection over the NE direction of the magnitude of the monthly
mean of the momentum flux taken from the NCEP/NCAR reanalysis 2 and averaged over the three grid points
closest to the coast within the CAN area (red dots in Figure 1c). The period for calibration was 1982-2014 and
the average correlation between the DUI and the NCEP/NCAR NE momentum flux between June and October
for this period resulted in r = +0.69 (p < 0.01).
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Figure 2. Expected dispersion (in %) of the DUI index computed from a given
number of wind direction observations (x-axis) between June and October.

They ran slightly westward of the previous one (secondary maxima in data
density in Figure 1b). This evolution of the preferent route was very gradual

observations within CAN changed along the decades and could be translated
as non-climatic signal in the DUI. To estimate the expected dispersion of
the index due to sampling differences, we adopted a bootstrap approach as
in Gallego et al. (2015). For every year and month between 1971 and 2010,
1,000 “degraded” DUIs were constructed from a number “N” of randomly selected wind observations, with N
ranging from 10 to 500. This period was selected because for these years, [COADS has the greatest data density,
essentially covering all the study area. The average standard deviation of these 1,000 degraded DUIs as a function
of N can be interpreted as the sampling-induced uncertainty of the DUI computed from a given number of obser-
vations (Figure 2). As expected, the largest standard deviations are found for indices computed with fewer obser-
vations (around 13%-16% for N = 10). This value rapidly decreases as N increases, as the sampling becomes
more representative of the entire area. For N = 50 observations, the standard deviation is below 10% in all cases
and by N = 150, the deviation is always below 8%, slowly decreasing as N increases. The fact that the standard
deviation does not tend to zero reflects the inherent spatial variability of the wind within CAN.

3. Results
3.1. Relation of the DUI With the Wind Stress and the SSTs

Figure 3 shows the seasonal cycle of the momentum flux used as calibrator (red dashed line) and the evolution
of the calibrated DUI (black line). The seasonal evolution of the alongshore momentum flux is well captured
by the DUI Both the DUI and the NE momentum flux are minimum between November and February. During
these months the DUI is below 20% (less than 20% of the days in these months are characterized by prevailing
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Figure 3. Monthly values of the National Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis 2 momentum flux projected in the NE direction and averaged over the three grid points closer to
the coast within the CAN box (red dashed line) and DUT in % (Black line). Blue numbers indicate the correlation between
both series for the calibration period 1982-2014. Asterisks mark values statistically significant at the p < 0.05 level.
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Figure 4. Difference between the monthly average Sea Surface Temperature (SST) data from the Operational Sea Surface
Temperature and Sea Ice Analysis for the years in which the DUI is over the 90% percentile minus the years with DUI below
the 10% percentile over the period 1982-2014. Numbers over each case indicate the number of cases over the 90% percentile/
below the 10% percentile included in each composite. Hatched areas indicate significant differences based on a 1,000-trial
bootstrap procedure.

winds flowing from the NE inside the CAN box) and the NE momentum flux close to the African coasts ranges
from 0.023 N-m~2 in December to 0.043 N-m~2 in February. Maximum values of the DUI and the NE momentum
flux are reached in July (37.2% and 0.083 N-m~2 respectively) and August (37.2% and 0.071 N-m~2). Even more
relevant that the correct reproduction of the seasonal evolution are the values of the correlation between the DUI
and the NE momentum flux (blue numbers in Figure 3). These correlations are statistically significant (p < 0.05)
all year round and they range from r = 40.56 in July and August to » = +0.88 in September.

Regarding the DUI signature on the SST variability, Figure 4 shows the difference between the monthly average
SST for the years when the DUI is over the 90% percentile minus the years with DUI below the 10% percentile
over the period 1982-2014 covered by the OSTIA SSTs. The results show a consistent enhancement of the
coastal upwelling during years of large DUI although the intensity of the anomalies is monthly dependent. In
June and July, at the beginning of the upwelling season the changes are moderate. In June (Figure 4a) the cold
tongue is apparent at the Canaries latitude, but the SST anomaly is rather small, with values that do not exceed
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Figure 5. Standardized DUI from June to October between 1825 and 2014. Error bars indicate the expected standard
deviation based on the number of observations available each year as described in the main text. Shaded curve represents a
robust locally weighted regression with a 31-year window.
—0.5°C. In July, a clearer upwelling enhancement is evident above 21°N (Figure 4b), being statistically signifi-
cant (p < 0.05). By August, at the core of the upwelling season, the enhancement of the cold surge associated with
DUI anomalies is already evident along the entire coast of NW Africa (Figure 4c) with temperature anomalies
around —1.5°C. This signal is also clearly seen in September and especially October (Figures 4d and 4e). It must
be pointed out that the DUI signature on temperature is not restricted to extreme cases, as the same pattern is
obtained when the DUI is regressed on the SSTs (figure not shown).
3.2. DUI Temporal Evolution
Figure 5 shows the time series of the monthly DUI from June to October (black line). To ease comparison among
different months, the standardized values relative to the 1825-2014 period have been represented. Error bars
correspond to the expected dispersion based on the number of available observations in each case (see Figure 2).
The shaded curve represents a locally weighted scatterplot smoothing performed with a 31-year window width.
This averaging method is comparable to a running mean but provides a robust estimation of the long-term changes
of time series with missing intervals (Cleveland, 1979).
In general, the DUI is highly variable at the sub-decadal time scale, with noticeable fluctuations of variable peri-
odicity. In all months, the period between 1825 and 1875 was characterized by notable higher than average DUI
values. During the eight decades between the late 1870s and the 1950s the DUI values are closer to the long-term
average and for some months and specific periods, lower than average values are seen, especially between the
late nineteenth century and the first 15 years of the twentieth century However, the most striking characteristic
of the DUI is the relatively fast drop to lower-than-average values evidenced at the end of the 1950s. This shift
GALLEGO ET AL. 6 of 14
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is independently observed for all months. However, it must be stressed that although in the entire 1825-2014
perspective the years since the late 1950s show frequent cases of lower-than-average DUI, within the period
1960-2014, the DUI shows alternating trends. This is quite evident between July and September (Figures 5b—5d).

The overall trend of the monthly DUISs for the entire 1825-2014 period is statistically significant (p < 0.01) and
negative in all months (titles in Figure 6) ranging between —0.12%/yr in October and —0.23%/yr in July. However,
these global trends seems a consequence of the tendency of the DUISs to be over/below their long-term averages at
the beginning/end of the study period. A running analysis reveals that the DUT's trends are very dependent upon
the specific period considered (shading in Figure 6). Although with some differences among the five analyzed
months, in general the period 1850-1870 was characterized by a slight increasing trend in the DUI, which was
followed by a period of negative trend between 1870 and 1885. Between 1885 and 1945, alternating changes in
the trend of the DUI are seen for all months, although a general positive but not statistically significant trend
in the DUI is seen for large windows and all months in this period. The large drop in the DUI values occurring
around the late 1950s, is seen in Figure 6 as a large and consistent negative trend in the DUI which started around
1950 and lasted up to the first half of the 1970s decade. This negative trend is significant for all months and
window widths. In general, from the late 1970s and up to the end of the series in 2014, the trend in the DUI has
remained mainly, but not exclusively positive, especially in the period from the late 1980s and the 1990s.

3.3. The Role of the Atlantic Climate Modes

It is commonly accepted that the AMYV, typically quantified by the Atlantic multidecadal oscillation index (AMO)
and the NAO must exert some control on the upwelling variability at NW Africa (Bonino et al., 2019; Narayan
et al., 2010; Pardo et al., 2011). Previous research faced the problem with relatively short observational series,
limiting the significance of their results. Subsequent analysis have used modeled data rather than direct obser-
vations, especially at the time of studying multidecadal variability (Bonino et al., 2019). The length of the DUI
series offers for the first time, the opportunity of studying the relation of the upwelling variability at NW Africa
and these global climate modes for a period of over a century, relying solely on observational data.

In this section we will concentrate on the core of the upwelling season at NW Africa so we will consider the July
to September (JAS) averages of the NAO and AMO indices. It is interesting to point out that during the summer,
the centers of action of the North Atlantic SLP dipole are noticeably displaced toward the northeast in relation to
their winter-autumn counterparts. This makes “traditional” NAO indices, especially those computed from SLP
observations on fixed locations, scarcely representative of the variability of the North Atlantic dipole in summer
(Bladé et al., 2012). Therefore, we also included in this analysis the summer variant of the NAO index (SNAO)
which is defined as the first empirical orthogonal function of summertime extratropical North Atlantic pressure
at mean sea level (Folland et al., 2009). With this definition, a positive phase of the SNAO implies an anomalous
displacement of the subtropical high over northwestern Europe and the British Isles while the negative phase
implies a deeper southward- and eastward-displaced Iceland low (Folland et al., 2009).

Figure 7 shows the sliding correlations for the period 1825-2014 between the DUI and the NAO, the SNAO
and the AMO for windows of variable width. The NAO shows mainly positive correlations with the DUI (i.e.,
stronger subtropical high implying enhanced upwelling-favorable winds), but in general, the correlations are low,
unstable, and only statistically significant in the 1970s and for short periods. However, this lack of correlation
seems mostly a consequence of the inability of the NAO index at the time of characterizing the changes in the
location of the subtropical high-pressure center during the summer. In this sense, the DUI-SNAO correlations
are clearly more stable than those of the NAO. These correlations are mostly negative and statistically significant
for large periods of the twentieth century but for a 30-year interval between the 1930s and the late 1950s. This
indicates that during the summer, the anomalous displacement (relative to its average location in summer) of
the subtropical high-pressure center toward northwestern Europe associated to the positive phases of the SNAO
implies a consistent decrease in the intensity of the upwelling-favorable trade wind along the coasts of Morocco.
This effect had been previously detected by Bladé et al. (2012) although at the time, it was not related to the
upwelling at the CAN (see for example Figure 10 in Bladé et al., 2012).

Regarding the AMO (Figure 7c), the correlations are highly variable. For short windows, the correlation alter-
nates in sign, although they are not statistically significant. Interestingly, for longer windows, two extended
periods of positive correlation are evidenced, which reach statistical significance in the case of the periods
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Figure 6. Linear trends of the DUI in % per year for a sliding window centered at the year indicated on the x-axis and width
indicated on the y-axis. Hatched areas indicate statistically significant trends at p < 0.05. x-axis is escalated as in Figure 5 to
ease comparison.
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Figure 7. Running Pearson's correlation coefficient for variable window width (y-axis) between the July to September average Directional Upwelling Index (DUI) and
(a) the North Atlantic Oscillation (NAO) index (b) the Summer North Atlantic Oscillation (SNAO) index and (c) the multidecadal oscillation index (AMO). Hatched
areas indicate statistically significant correlation at p < 0.05.

1870-1890 and 1950-1980. This constitutes a striking result, as it is contrary to the relation usually accepted
between the AMO phase and the occurrence of upwelling favorable winds at the Canaries latitude. In general, it is
assumed that the lower SSTs in the North Atlantic during AMO negative phases is accompanied by an enhanced
subtropical high and therefore an increase the upwelling favorable winds at the Canaries (Alexander et al., 2014;
Marrero-Betancort et al., 2020; Pardo et al., 2011). This relation would imply a negative correlation between
upwelling favorable winds and the AMO index. Recently, Bonino et al. (2019) found this negative correlation to
be significant, supporting this paradigm. However, in our analysis we found mainly positive correlations, strongly
suggesting that warmer/colder North Atlantic tends to be concurrent with favorable upwelling winds during the
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Figure 8. (a) Standardized and detrended low pass filtered JAS Directional Upwelling Index (DUI) and (b) standardized and
detrended low pass filtered Atlantic Multidecadal Oscillation (AMO). Black lines correspond to the unfiltered series.

summer, when the upwelling in this area is at its maxima. It is relevant to point out that this positive correlation
only arises for the longest windows in Figure 7c, suggesting that the correlation between the AMO and the DUI
is related to low frequency variability.

To analyze the relation between the DUI and the AMO at decadal and superior time scales we first detrended the
JAS DUI and then applied a low-pass Butterworth filter with a 24-year cut-off frequency, which is roughly equiv-
alent to a running mean with a 10-year window (Mohino et al., 2011). When the resulting series is compared to
the equivalently filtered AMO, the similitude between the long-term evolution of the JAS-AMO and the JAS-DUI
evolution over the last 160 years becomes evident (Figure 8). The correlation coefficient of the filtered series
reaches r = +0.57 and it was found to be maximum for zero-lag (i.e., AMO and DUI are approximately in-phase).
However, a random-phase test Ebisuzaki (1997) for this correlation resulted in a p value of 0.13 not reaching
statistical significance.

4. Discussion

The length of the DUI record offers a new perspective on the long-term variability of the alongshore winds at the
CUS and it allows to shed new light into one of the most controversial and still unresolved debates in climatology:
the determination of the long-term trend in the upwelling at this region. Since the publication by Bakun (1990)
of the “Upwelling Intensification Hypothesis™ as a consequence of global warming, a lot of research has been
undertaken in order to uncover this trend on observed or modeled data. However, the difficulties at the time
of quantifying the upwelling intensity for long periods of time in this area have led to contradictory results.
Several authors (Cropper et al., 2014; McGregor et al., 2007; Narayan et al., 2010; Wang et al., 2015) have
reported evidence supporting the intensification proposed by Bakun. On the other hand, there are several studies
reporting a decrease in the upwelling intensity (Barton et al., 2013; Gémez-Gesteira et al., 2008; Gémez-Letona
et al., 2017; Sylla et al., 2019), the absence of significant trends (Mote & Mantua, 2002) or seasonal dependent
trends (Sousa et al., 2017). Therefore, the question of whether the CUS is increasing or not is clearly far from
being resolved (Barton et al., 2013).

In general, our results indicate that the upwelling favorable winds at CAN have not experienced a steady trend.
Although for the entire period 1825-2014 the overall trend of the DUI is negative, there is an evident oscillatory
behavior, with the DUI remaining over/below its long-term mean for prolonged periods of time. This implies
the existence of periods with trends of alternating sign, as shown in Figure 6. In this regard, the DUI tended
to be steadily over the mean from 1825 to 1875, and below it from 1960 to the present time with a noticeable
shift to lower values occurring in a relatively short period of time between the early 1950s and the early 1970s.
After the large shift to lower-than-average values occurred between the 1950s and the 1970s, the DUIs display a
clear recovery toward larger values during the last years of the twentieth century and the first decade of the 21st
century. Such an increase would support Bakun's hypothesis. However, the DUI record also shows that there have
been other periods with similar upward trends in the DUI, as it was the case of the years between the late 1840s
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and 1870 or the first two decades of the twentieth century (see Figures 5c and 5d for example), periods with small
anthropogenic influence on global climate. This result does not discard the influence of global warming on the
upwelling trend, but does not seem to support a consistent connection of global warming with an increase of the
upwelling favorable wind stress, at least at CAN.

Similarly to the trend issue, there is no agreement on the role of major climate modes in the modulation of the
upwelling at NW Africa. In general, it is admitted that upwelling-favorable winds off NW Africa, must be linked
to the NAO and the AMYV. The NAO influence would be driven by changes on the location and strength of the
North Atlantic subtropical high. However, published literature reports very low upwelling-NAO correlations
(Narayan et al., 2010; Pardo et al., 2011) and the cases in which some significant correlations are found (e.g.,
Cropper et al., 2014; Marrero-Betancort et al., 2020) are referred to the winter-spring months, while for the
summer, when coastal upwelling at the CAN is most relevant, they report non-significant correlations. In this
sense, the NAO indices used in previous literature might not be optimal to study the North Atlantic circulation
influence on the upwelling at the CAN. Our DUI correlates poorly with the historical NAO index by Jones
et al. (1997) in summer as well. However, when the SNAO index (Folland et al., 2009) is used, the correlation
largely increases and attains statistical significance for large periods of the twentieth century, indicating that in
summer, the interannual variability in the position and strength of the subtropical High represented by the SNAO
do have a noticeable effect on the upwelling intensity at the CAN latitude.

Concerning the relation with the AMYV, which is typically assessed by correlating the DUI with the AMO index,
its effect on the upwelling has been even more elusive than that of the NAO. Narayan et al. (2010) considered the
effect of the AMV as insignificant, disregarding any primary control of this pattern over the intensity of coastal
upwelling off NW Africa. Subsequently, several papers (Alexander et al., 2014; Marrero-Betancort et al., 2020;
Pardo et al., 2011) found some evidence that a negative phase of the AMO should imply enhanced upwelling-fa-
vorable winds at NW Africa. Recently Bonino et al. (2019) found this negative correlation to be significant
using a modeled upwelling index at the Canaries supporting this scheme, and linked it to the modulation of
the inter-hemispheric meridional gradient of SST and SLP over the Atlantic basin exerted by the AMV. On the
contrary, we have found positive correlations (warmer North Atlantic implying more frequent upwelling favora-
ble winds) for the months of maximum upwelling at NW Africa (July to September). This positive correlation
becomes especially evident for the low pass filtered series. Although the positive correlation for the filtered series
does not reach statistical significance because of the reduction in the degrees of freedom of the statistical contrast
associated to the low-pass filtering (Ebisuzaki, 1997), Figure 8 clearly shows that the low-pass filtered detrended
JAS DUI tends to follow rather closely the evolution of the AMO along the entire study period. The reason
for the discrepancy in the sign of the correlation in relation with previous works relies on the different months
considered. In our analysis we focus on summer. This is quite relevant, as the wind anomalies related to opposite
phases of the AMO at NW Africa are strongly dependent upon the season. In this sense, as shown by Martin and
Thorncroft (2014) during autumn, winter, and most of spring, a positive AMO phase is concurrent to upwelling
unfavorable wind anomalies at the CAN latitude related to a weaker subtropical high, in good accordance with
the negative correlations found between the AMO and wind-derived upwelling indices computed in annual or
multi-seasonal averages in previous research. However, in summer, the effect of the enhancement of the Saharan
low on the alongshore winds at NW Africa would become relevant (see Figure 7 in Martin & Thorncroft, 2014).
In this season, a positive phase of the AMO would imply an enhanced Saharan low, contributing to an increase of
the NE upwelling favorable winds at the NW African coast resulting in the positive correlation found between the
DUI and the AMO. To assess this hipotesis, we made an analysis analogous to that of Figure 4 but for the NCEP/
NCAR SLP. We found a thermal low 1-2 hPa deeper for months with large DUIs (figure not shown), strongly
suggesting that the changes in the SLP over Northern Africa do play a significant role in the upwelling variability
at the CAN latitude.

Finally, we consider interesting to point out that while the AMV effect on the wind circulation at the CAN latitude
is elusive, this is not the case for the AMV modulation of other relevant wind system at NW Africa as it is the
West Africa Monsoon (WAM), a modulation also deeply related with the strength of the Saharan low (Berntell
et al., 2018; Haarsma et al., 2005; Martin & Thorncroft, 2014). During the boreal summer, the WAM is charac-
terized by south-westerly winds that blow from the ocean between latitudes 9°N and 20°N bringing the seasonal
rains to the Sahel area. The AMV influence on the intensity of this monsoon is currently well established. Warm
phases of the AMO involve an anomalous low centered over the northeast Sahara (Haarsma et al., 2005) that
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Figure 9. (a) July to September average of the standardized DUI and (b) July to September average of the African
Southwesterly Index (ASWI) by Gallego et al. (2015). The ASWI is a direct measure of the intensity of the West African
Monsoon. Shaded curves represent a robust locally weighted regression with a 31-year window as in Figure 5.

increases the moisture flux convergence toward the Sahel thus increasing monsoonal rains (Berntell et al., 2018).
Therefore, during the summer, and according to the results presented in this paper, the AMV should drive both
the WAM and the upwelling-favorable wind intensity at the CAN latitude measured by the DUI in the same sense
through the changes induced in the Saharan low. In this regard, Gallego et al. (2015) developed a directional index
analogous to the DUI but aimed to quantify the WAM intensity (the so-called ASWI, see Figure 9a) offering the
possibility of comparing the century-long evolution of the WAM strength and the upwelling favorable winds at
the CAN latitude by relying on a consistent observational data set and a common methodology, an infrequent
opportunity for this region of the world as recently pointed out by Berntell et al. (2018). When the DUI and the
ASWTI are compared (Figure 9), the similarity between them is evident, supporting the idea of a common driver
for both wind systems acting at the multidecadal scale.

Summing up, our results indicate that the upwelling favorable winds at CAN are very variable. In summer, this
variability can be linked to the changes in the location and the strength of the subtropical high measured by the
SNAO index but especially to the changes in the SLP ocean-continent gradient related to the anomalies of the
Saharan low, which is largely modulated by the AMV. In this sense, the AMV arises as a major modulator of the
wind variability for the entire NW coast of Africa, impacting not only on the strength of the WAM or the Saharan
low described in previous research, but also on the intensity of the alongshore upwelling favorable winds between
26° and 33°N.

Data Availability Statement

ICOADS data are provided by the U.S. National Oceanic and Atmospheric Administration and are available at
https://icoads.noaa.gov/. NCEP_Reanalysis 2 data provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado,
USA, from their Web site at Operational Sea Surface Temperature and Ice Analysis data are provided by the
Copernicus Marine Service (identifier SST_GLO_SST_L4_NRT_OBSERVATIONS_010_001). NAO index is
provided by the Climatic Research Unit at https://crudata.uea.ac.uk/cru/data/nao/. SNAO index provided by the
KNMI at https://climexp.knmi.nl/. AMO index provided by the NOAA/ESRL/PSD at http://www.esrl.noaa.gov/
psd/data/timeseries/ AMO/.
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