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Abstract: In recent decades, several studies have highlighted the importance of the temporal and
spatial structure of upwelling in defining the high levels of productivity of coastal upwelling systems.
This work intends to assess the temporal and spatial trends of upwelling along the west and south
Portuguese coasts from 1979 to 2020, comparing the patterns between these regions. Two different
methodologies to calculate the upwelling indexes (UI), based on wind and sea surface temperature
(SST) data, were applied to relate the wind-induced upwelling-favourable conditions (Ulgr) with the
expected response on superficial waters, as indicated by the SST patterns (Ulgst). The upwelling-
favourable conditions are quite consistent and more frequent and intense on the west coast than on
the south coast. Spatially, it was verified from the Ulgt that upwelling-favourable conditions are more
intense in association with the main west coast capes and that there is an intensification of favourable
winds towards Cape Sao Vicente, both on the west and south coasts. Seasonally, upwelling-favourable
Ulgt was found to be more consistent in the summer on both coasts. However, it also exists in the
winter months. In terms of interannual variations, it should be highlighted that between 1992 and
2005 more intense favourable conditions and an apparent change in the seasonality after 2015 were
found. Although some of the results derived from the Ulgt are corroborated by the Ulgst (namely,
the main spatial trends and interannual variations in the upwelling intensity), several uncertainties
are associated with the last index that interfere with its interpretation. For future works, it is advisable
to develop a more robust SST-based index that can circumvent the uncertainties pointed out in the
present study.
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1. Introduction

The northwest coast of the Iberian Peninsula (IP) has been extensively studied dur-
ing recent decades and has important hydrologic and biogeochemical activity, mainly
attributable to coastal upwelling processes [1-4]. Works carried out around the Galician
coast [5-7] have shown that the upwelling frequency and intensity are influenced by the
coastal orientation, which modulates the wind direction and intensity, changing the preva-
lence of upwelling-favourable conditions in each coastal region. Along the western coast,
these upwelling events are more probable than along the northern coast due to different
coastal orientations [6-8]. Although this coastal upwelling is a spring—summer process, it
can also be observed in autumn-winter [9-20]. These studies have shown that the mean
long-term patterns of summer and winter wind fields may not be representative of par-
ticular years, as upwelling patterns can also be persistent in winter. Additionally, wind
patterns may alternate, briefly producing episodes of upwelling at the northern or western
coast, or a combined pattern may occur producing weak upwelling on both coasts [5].

Although there are fewer studies focused on the southern coast of the IP, the transitions
observed from the northern coast to the western coast of the IP are also applicable in terms
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of wind patterns, when comparing the western coast with the southern coast. Due to the
different orientations of the western and southern coasts (Figure 1), northerly winds pro-
duce upwelling off the western coast, whereas westerly winds induce this phenomenon off
the southern coast. Strong northerly winds are associated with the northward displacement
of the Azores high-pressure cell and the weakening of the Iceland low-pressure cell [21],
resulting in a well-defined upwelling season between March and September [22]. It should
be noted that the Azores high-pressure cell is associated with a large-scale clockwise circu-
lation, where the west Portuguese coast is affected by the east side of this circulation, which
is characterized by northerly winds. The westerly winds off the southern Portuguese coast
occur in summer due to the establishment of a low-pressure centre of thermal origin over
the IP. As the orientation of the coast changes abruptly at Cape Sao Vicente, both northerly
and westerly winds are upwelling-favourable in this region [21].
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Figure 1. Map of the study area. The circles represent the nearshore points where both wind and SST
data were obtained. The asterisks represent the offshore points where SST data were obtained.

As stated by [23], studies evaluating upwelling trends based on sea surface tempera-
ture (SST) data have been somewhat arbitrary in the choice of upwelling indexes, as they
depend on the purpose of the study they serve and on the data used. Most of the studies
that compared wind-induced circulation with the effects on SST [12,15,18,22] estimated
upwelling occurrences only based on the difference of SST between oceanic and coastal
waters and found, on the western coast of the IP, higher occurrences in late summer, with
maximum occurrences in September instead of August (differently than what is indicated
by wind-driven circulation). A more recent study focused only on SST data, though with a
more elaborated upwelling index, and found higher upwelling occurrences between July
and September, centred in August [23]. Therefore, a better understanding of long-term
coastal upwelling variability is essential to adequately assess the consequences of this
process. For such understanding, the calculation of upwelling indexes is very useful and
can be used alongside other environmental data. Moreover, it is very important to assess
the differences and similarities of this phenomenon along adjacent and perpendicular coast-
lines. The present study investigates the spatial and temporal patterns of upwelling along
the western coast of the IP and the southern Portuguese coast, using the more traditional
upwelling indexes based on wind-induced circulation as well as the upwelling effect on SST,
based on long-term reanalysis data. Section 3 presents the main features and trends that
were found, and the discussion analyses their relevance and reliability along with covering
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the new insights achieved. Possible causes for the less reliable results are also discussed
and are presented in Section 5, along with suggestions for future work that are worthy of
investigation to improve the methods adopted here and the results that were found.

2. Materials and Methods

For this work, data were extracted from the “ERA5 monthly averaged data on single
levels from 1979 to present” dataset [24], the 10 m u-component (1) and 10 m v-component
(v) of wind and the SST for 42 years, from January 1979 to December 2020. The data were
extracted from 36° N to 45° N and from 4° W to 14° W in a regular grid with a spatial
resolution of 0.125° x 0.125°. According to [25], which analysed the performance of several
reanalysis products in very heterogeneous locations worldwide, ERAS is the best dataset
for assessing wind intensity on offshore and flat onshore locations. Thus, ERA5 allows the
evaluation of seasonal and long-term trends in coastal upwelling.

Two different methodologies to calculate upwelling indexes (UI) based on wind and
SST data were applied. To quantify the influence of wind stress in generating superficial
currents, Ekman transport was calculated. The longitudinal (Qy) and meridional (Q,)
components of the Ekman transport were obtained through the longitudinal and meridional
wind components and considering water density, p,, = 1025 kg m~3, and air density,
pa = 1.2 kg m~3, as follows:

Qx = “ij (u2 + 02)1/2 v (1)
Qy = —i)‘fj‘j (uz + 02)1/2 u )

where f is the Coriolis parameter, defined as a function of the vertical component of Earth’s
angular velocity, ), and of latitude, 6, as follows f = 2Qsin(f). C; is the drag coefficient,
computed using wind speed at 10 m (Uyy), as parameterized by [26]:

7
c, = 27

— 27 10142 + 0.076Uy, ®)
Uy

The UI that allows the quantification of wind-induced circulation favourable to coastal
upwelling (Ulgr) is the component of Ekman transport perpendicular to the coast, with pos-
itive values offshore [27]. Thus, Ulgt can be calculated with the longitudinal and meridional
components of the Ekman transport through the expression Ulpr = —sin(8)Qx + cos(0)Qy
where § = ¢ — 71/2, and ¢ is the angle defined by an unitary vector perpendicular to the
coastline and pointing seaward [6]. Although the angles of the Portuguese west and south
coasts are not exactly constant along both sides, macroscopically the west coast can be
considered perpendicular [8] and the south coast parallel to the equator. Thus, Ulg was
calculated for 24 points located approximately 0.125° (~14 km) offshore the west coast
and for 9 points located approximately 0.125° offshore the south coast (Figure 1, circles).
Positive (negative) Ulgr values indicate favourable (unfavourable) upwelling conditions.

To quantify the coastal upwelling from the SST values, the difference between nearshore
(Figure 1, circles) and offshore (Figure 1, asterisks) SST (Ulsgt) was calculated. The distance
between points is 80 km for the south coast and 200 km for the west coast, to avoid the
influence of upwelling filaments that usually extends to long distances offshore the west
coast (Figure 1). Since the water temperature at the surface varies with latitude due to
solar differential heating, to obtain the south coast Ulsgt this meridional temperature gradi-
ent (AT/Ay) should be subtracted from the difference obtained between near-shore and
offshore points. To estimate the AT/ Ay, 3 points at latitudes 36.0, 36.5 and 37.0° N were
considered along 6 different longitudes between 11° W and 13.5° W (where SST should be
less affected by upwelling occurrences), spaced 0.5° apart, and the SST difference between
each point and the adjacent point located at higher latitude was calculated. Although the
AT/ Ay obtained is not constant longitudinally (it increases towards the west), a mean value
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of —0.44 °C per 1° of latitude was considered. Since offshore points are 0.75° S from the
nearshore points, the value to be subtracted from the difference between the nearshore and
offshore points (or added to the offshore points) is —0.33 °C. This method, used to estimate
the Ulggt on the south coast, was inspired by the procedure adopted by [15] to estimate the
Ulsst on the north coast of the IP. In this way, negative (positive) Ulggt values indicate the
occurrence (non-occurrence) of coastal upwelling.

To analyse spatial variability, the percentages of upwelling-favourable Ul were
calculated for each coastal point, considering the number of months where the Ulgr was
higher than 100 m3 s~! km ™!, with relation to the total number of months of the period
under study. Percentages of Ulggr indicating upwelling occurrences were also calculated
for each coastal point, considering the months where the Ulggst was lower than —0.6 °C.

Taking into account the annual variability, for each coast, spatially averaged values
of Ulpt and Ulggt were firstly obtained (on the south coast, only the points from Cape
Santa Maria to the west were considered). Then, using the same criteria as for the spatial
variability, the percentages of upwelling-favourable Ulgr and the percentages of Ulggr
indicating upwelling occurrences were calculated for each month, with relation to the total
number of years of the period under study.

3. Results
3.1. Upwelling Patterns

The results presented in this section summarize quite well the main spatial and
temporal patterns of Ulgr and Ulggt obtained from the application of the methodology
previously described. To analyse the spatial variability, Figure 2 shows the percentage
of upwelling-favourable conditions based on the Ekman transport and SST indexes. A
higher tendency of both favourable conditions and occurrences of upwelling from north
to south, on the west coast, and from east to west, on the south coast, is noticeable, as the
percentages of Ulpt (Figure 2a) and Ulggt (Figure 2b) increase in these directions. Despite
this general trend, there are also local maximums where the percentages of the indexes are
higher. Percentages of favourable Ulgt are higher at latitudes associated with the main
capes, namely Finisterre cape (43° N), between Carvoeiro and Roca capes (38.5 to 39.5° N),
and Sao Vincente cape (37° N). The percentages of Ulggt are also higher between Carvoeiro
and Roca capes and towards Sao Vincente cape but not at Finisterre cape. Instead, they are
higher between 41° N and 42° N.

Regarding the annual variation of the Ulgr percentages (Figure 2), it is noticeable
that, on the west coast, the summer months present upwelling-favourable conditions
more frequently, with a maximum in August (81%). There are two other peaks of high
percentages in March (60%) and December (48%). The month with the lowest frequency of
upwelling-favourable conditions is January (24%), followed by November (28%). On the
south coast, similar to the west coast, there are two peaks of high percentages in August
(57%) and December (52%). However, the rest of the annual pattern is quite different,
since the winter months (all above 40%, with a maximum of 52%, in February) present
upwelling-favourable conditions more frequently than the summer months. There is a
decrease in upwelling-favourable conditions towards the months of transition from spring
to summer and from summer to autumn, namely May-June (21%) and September (26%).
Analysing the annual variability of Ulggr (Figure 2d), it is possible to observe a similar
seasonal cycle on both coasts. The higher percentages occur in August, September and
October (100% on the west coast versus ~90% on the south coast) and decrease towards
the minimum of April (14% on the west coast versus 24% on the south coast). The main
difference between the coasts lies in the higher frequencies of occurrences on the west coast
and in the asymmetry of values around the months of higher percentages. In other words,
the increase in percentages towards the months of higher percentages is sharper on the
west coast than on the south coast, and after these months the decrease is sharper on the
south coast than on the west coast. On the south coast, in addition to the annual cycle, there
is a peak in winter (February, 38%).



J. Mar. Sci. Eng. 2022, 10, 1849

50f 15

45°N 45°N
80
50 70
43°N H 43°N
2 60 F
e ¢ 50+ o
- 41°N 2 | 41N
"z 30 S
=) v 40t
o =
— w
A =" 30
._E'E-"" 20 L 39°N - H 39°N
]
20
10
37°N 10 37°N
0 ———pd, 0 —_——
12°W  10°W  8°W  6°W  4°W 12°W  10°W  8°W  6°W  4°W
(a) (b)
100 — - . : . : T 100 — T - T T T
I West [ West
Il South I South
8ot 1 80
:5 60 - R g 60
m; 3
o \2
S 40+ E £ 40t
A '_‘cn
= a0l ] 20|
0 0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(©) (d)

Figure 2. Percentage of upwelling-favourable conditions (occurrences) based on Ekman transport
and SST indexes: (a) percentages of months with Ulgr values higher than 100 m3 s~1 km~1, for
each point; (b) percentages of months with Ulsgt values lower than —0.6 °C, for each coastal point;
(c) percentages of spatially averaged Ulgt values higher than 100 m3 s~! km~!, for each month of
the year, on the west and south coasts; (d) percentages of spatially averaged UlssT values lower than
—0.6 °C, for each month of the year, on the west and south coasts.

3.2. Evolution of the Upwelling Index Based on Ekman Transport

The temporal evolution of Ulgr from 1979 to 2020 along the western and southern
coasts is depicted in Figure 3. From this interannual evolution, a different behaviour
between Ulgr for the western and southern coasts was observed, with more short-term
variability along the western coast than along the southern one, without a clear annual
cycle or pattern. To better understand this evolution, and as the spatial variability along
each coast is low, time series were obtained by spatially averaging the temporal evolution of
UlgT from 1979 to 2020 on each coast (Figure 4). Although upwelling-favourable conditions
on the west coast are more consistent, frequent positive indexes were also found on the
south coast, inclusively, with sporadic values (3600 m? s ! km~}, in April 1996, and
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5500 m® s~ km™!, in March 2018) higher than the absolute maximum observed on the
west coast (3400 m® s~ ! km~! in February 2019, at 42.5° N).
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Figure 3. Evolution of Ulgr (m3 s~! km™1) over the period 1979-2020 along the Portuguese (a) west
coast and (b) south coast.
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Figure 4. Spatial averages of the evolution of Ulgt (m3 s~ km™1) on the Portuguese west and south
coasts over the period 1979-2020. The red line represents positive values, and the blue line represents
negative values.

Figure 5 presents the spatial averages of each month from 1979 to 2020, for both
coasts. A 3-year moving average was considered to be better for observing the overall
behaviour. On the west coast (Figure 5a), the months from June to September present high
values of Ulgr in a very regular way over the years. In some years, February, March, April,
May and December also present upwelling-favourable conditions, but this rarely happens
simultaneously in the same year. February only starts to present high Ulgr consistently
from 2014 onwards. As shown in the previous section, November is the month that less
frequently presents upwelling-favourable conditions. However, lower values of Ulgt are
observed in January, February and April. On the southern coast, the most regular months
are July and August, with positive intensities mostly. February, March, April and December
are the months contributing the highest “anomalous” Ulgr values.
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Figure 5. Monthly evolution of Ulgr (m? s~! km™1), from 1979 to 2020, obtained by representing the
spatial average of each month in function of the years: (a) west coast and (b) south coast.

3.3. Evolution of the Upwelling Index Based on SST

The temporal evolution of Ulggt from 1979 to 2020 along the western and southern
coasts is shown in Figure 6. The annual cycle of Ulggr is well-defined and similar between
the west and south coasts, but the conditions indicating upwelling occurrence (negative
Ulggr) are higher on the west coast (lower values below —2 °C) than on the south coast
(lower values above —2 °C). Unlike the Ulgt evolution shown in Figure 3b, there is a high
spatial variation of UlssT along the south coast (Figure 6b). The range of values presents
lower limits to the west (—2-0 °C), while these limits are higher to the east (—1-1 °C). To
evaluate their temporal evolution, a spatial average of the Ulsst for both west (all points
are considered) and south (only points from Cape Santa Maria to the west are considered)
coasts was performed (Figure 7). On the south coast, the spatial variation is not low enough
that an average can be considered representative of the whole coast. Figure 7 makes the
annual cycle of Ulsgt even clearer, and negative values are almost always present (meaning
that, at the surface, coastal waters tend to be always colder than oceanic waters). Ulggr is
mostly negative, varying between —3 °C and 0 °C, being positive values very rare. On the
west coast, the highest Ulggt occurred in May 1997 (0.6 °C) and the lowest in September
2020 (—4 °C). On the south coast, the maximum Ulggr was registered in July 2013 (0.5 °C),
and the minimum was in September 2020 (—4.6 °C). In the last decade, the annual cycle
of Ulsst showed changes on both coasts, presenting lower values on the west coast and
losing definition on the south coast.
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Figure 6. Evolution of Ulggt (°C) over the period 1979-2020 on the Portuguese (a) west coast and
(b) south coast.
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Figure 7. Spatial averages of the evolution of Ulggt (°C) on the Portuguese west and south coasts
over the period 1979-2020. The red line represents positive values, and the blue line represents
negative values.

To better evaluate the monthly trends of Ulggt over the years, their spatial averages
are represented in diagrams (Figure 8). On the west coast, negative Ulggy values occur
from July to December, with the lowest values being observed from August to October
and with September presenting the lowest Ulggr values of all months. Higher Ulggt values
(near zero) occur mostly from March to June and also in January and February. On the
south coast, the annual pattern is similar, although less intense, with the lower values
observed from July to November not being as low as the lowest values observed on the
west coast. The months with higher values differ slightly from the ones found for the west
coast, with June presenting the lowest values and December the highest ones. Thus, the
period with a higher Ulgst on the south coast is from December to May instead of January
to June (as on the west coast). From 1979 to 2015, small interannual variations of these
patterns are observed, and the period from 1993 to 2005 showed the lowest Ulsst values
(higher upwelling occurrence) on both coasts. On the other hand, from 2015 to 2020, the
annual cycle suffered an alteration. On the west coast, the months with a lower Ulggt
extend from August-September—October (typical pattern) to July-August-September—
October-November, and the months of December, January, February and March also
present lower-than-normal Ulggt values. On the south coast, the annual cycle also changed
from 2015 onwards, though in a different way. In fact, lower-than-normal Ulsgt values
are observed in February and March of 2015-2018 and in July to December of 2020, while
Ulggr values higher-than-normal are observed in July of 2015-2017 and in September of
2018. The general lowering of Ulggt from 2015 to 2020 is also observable in Figures 6 and 7.

Figure 9 shows the climatological normal of the nearshore and offshore spatial averages
of the SST, which will later be useful for the discussion of the observed annual cycle of
the Ulggt. For the offshore points, on both coasts, the highest values of SST are observed
from August to October (~20 °C/22 °C at the west/south coasts), with a maximum in
September (20.5 °C/22.1 °C), while the lowest SST values are observed from February to
April, with a minimum in March (14.3 °C/16.2 °C). The same pattern is detected in the
colder nearshore waters, though with a lower magnitude (~6 °C offshore versus ~4 °C
nearshore). On the west coast, the difference between the nearshore and offshore SST is at
its maximum in September (2.4 °C), which decreases towards May, when the difference is
much lower (0.4 °C). On the south coast, the difference between the nearshore and offshore
SST is also higher in September (1.8 °C or 1.5 °C, considering AT/Ay) but is more constant
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Figure 9. Climatological normals of nearshore and offshore spatial averages of the Portuguese west
and south coasts, considering the entire period covered by the data.

After analysing Figure 9, it was hypothesized that SST climatology might influence the
information given by Ulggr. Given the need to evaluate that influence, a new estimation of
the spatially averaged Ulggr temporal evolution is presented in Figure 10. It was obtained
by subtracting the nearshore and offshore climate normal from the corresponding nearshore
and offshore series, before calculating the difference between the series. Here, the positive
and negative values of Ulggt will not indicate downwelling or upwelling occurrence,
instead they will indicate the months where the difference between nearshore and offshore
SST deviated from the climatological normal. The cross-correlation between the centred
Ulsgr series (from now on also referred to as c-Ulggt) and the spatially averaged temporal
series of Ulgr was computed. A linear fit of the nearshore and offshore temporal series was
also included for the interpretation of the interannual variability of Ulggy. The results show
that, on the west coast, there is no trend in nearshore SST, while the offshore SST shows a
clear positive slope, indicating an increase in offshore SST over the years (Figure 10). On the
south coast, both the nearshore and offshore linear fits have a positive slope that indicates
an increasing trend of SST over the years, with the highest increase occurring offshore.
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Figure 10. Annual evolution of Ulsgt (°C) on the Portuguese west coast and south coasts over
the period 1979-2020, considering climatological normals of the nearshore and offshore spatially
averaged temporal series. The blue and red lines represent simple linear fits of the nearshore and
offshore spatial averages, respectively.

To determine the correlation and lag between the Ulgr and Ulsst and between the
Ulgr and c-Ulggr time series, the cross-correlation for delay periods of 12 months was
calculated, for both the west and south coasts (Figure 11). Between the Ulgt and Ulggt time
series, the value of the correlation coefficient corresponding to the maximum modulus is
—0.25 at a 1-month lag for the west coast and —0.15 at a 5-month lag for the south coast.
On the other hand, while correlating the Ulgt to the c-Ulggr time series, the correlation
coefficient of the maximum modulus is obtained at 0 lag on both coasts, with values of
—0.17 for the west coast and —0.13 for the south coast. It is also noticeable that the spike of
negative correlation at a 5-month lag on the south coast is still observed.
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Figure 11. Cross-correlation between the Ulgt and the Ulggr time series (red line) and between the
Ulgt and the c-Ulggy time series (blue line).

4. Discussion

To understand the main spatial and temporal trends of upwelling along the west and
south Portuguese coasts, the wind and SST data from ERA5 were used to compute the
UI for a 42-year period (January 1979 to December 2020). Two different methodologies
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were applied, one based on wind data (Ulgt) and the other one based on SST (Ulggr), to
relate the wind-induced upwelling-favourable conditions with the expected response on
superficial waters, as indicated by the SST patterns.

In terms of spatial variability, the results show a higher intensity of Ulgt from north to
south on the west coast and towards Cape Sao Vicente on the south coast (Figure 2a). More-
over, upwelling-favourable Ulgt is higher at the latitudes associated with the main capes.
This pattern is consistent with the Ekman pumping results described by Alvarez et al. [8].
Generally, regarding Ulsgsr, there is a north-south direction decrease along the west coast
(Figure 2b). However, this may not be an indicator of a higher upwelling intensity towards
the south, rather representing an offshore differential of solar heating. In fact, according to
a study carried out by Miranda et al. [28], if the differential of solar heating is disregarded,
SST patterns indicate higher upwelling occurrences on the northwest coast of the IP.

On the west coast, the general increase in Ulgt and Ulsgt, indicating an upwelling
occurrence towards the south, may not be completely related because, as explained before,
the Ulsst may suffer from the too-simplistic approach used here for its calculation. How-
ever, it would make sense that a higher Ulgt towards the south leads to a higher response
by the Ulggr in the same direction. In addition to that, the concordance of both indices
about a higher upwelling intensity near the main capes is more reliable and in agreement
with the existing knowledge [8]. A difference between indexes that must be noted is that
Ulsgst depicts the region of a higher upwelling occurrence between 41° N and 42° N that is
not observable from the Ulgt. The higher percentage of occurrence found for Ulggr might
be erroneous, as a plume of fresh water is dominant at these latitudes [29], which in the
winter presents a lower SST than the oceanic waters.

The Ulgr seasonality obtained on the west coast is quite similar to the one presented
in [15], although there is a difference in January and December, which present unfavourable
conditions for upwelling in [15], while in the present study these months showed mostly
favourable conditions. The high unpredictability of the upwelling conditions in the winter
months found in the present work agrees with the results obtained by [8]. These authors
found considerable differences in these months while performing decadal means of the
annual cycles of Ulgr. It is also observable from Figure 5 that the extreme negative and
positive Ulgt values are more likely to occur in the winter months.

From Figure 8, it is observed that from July to December the west coast presents the
lowest Ulggt, with values below —1 °C and a minimum in September, which is almost
always below —2.5 °C (identical to those obtained by Alvarez et al. [15]). The main
differences between upwelling occurrences for the south coast and the west coast are the
lower frequency of upwelling occurrence (Figure 2d), the lower intensity of these events
(Figure 7) and the displacement of the season of more consistent upwelling occurrences
between June to November (Figures 2d and 8). The main annual patterns of Ulgr and Ulggr
are in agreement with the results obtained by [21], as these authors found that off the west
coast, during summer, wind stress is the dominant, dynamic forcing mechanism, resulting
in the prevalence of an upwelling regime, while off the south coast the upwelling events are
intermittent. Thus, the characteristics of the west coast upwelling suggest a typical pattern
of an eastern boundary current upwelling system, but this is somewhat modified on the
south coast [21]. The same work also depicted that there is a filament of cold water flowing
eastwards of Cape Sao Vicente, which is independent of upwelling events on the southern
coast. This filament constitutes the southward extension of the equatorward coastal jet
associated with the west coast upwelling and overshoots the cape. This must be taken
into account, as upwelling-favourable winds on the south coast (westerly winds) are also
favourable for the transport of the west coast upwelling filament along the south coast.

From the comparison of the seasonal variation of Ulgr and Ulsgr, it is expected
that months with higher upwelling-favourable conditions (higher Ulgt and lower Ulsgr)
occur almost simultaneously. Previous studies around the northwestern coast of the IP
proved that upwelled water can be easily identified when upwelling-favourable conditions
persist for more than 3—4 days [15,30,31]. Considering this short response time, no delay
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is expected between the wind forcing and the observed effects on the superficial water
properties, especially when considering monthly averaged data. Although, on both coasts,
a time lag is observed between Ulgr and Ulggr. Figures 5 and 8 indicate highly upwelling-
favourable conditions centred within July and August for Ulgt and centred in September
for Ulsgr. This lag between Ulgr and Ulsst was also observed in previous works where
Ulggt was obtained only from the difference between coastal and oceanic SSTs [12,15,18,22].

To understand the Ulggr pattern, climate normals of the offshore and nearshore SSTs
have been determined. From this analysis, it has been found that offshore waters present a
higher SST in September, while nearshore there is no significant variability between August,
September and October. Thus, the differences between nearshore and offshore SSTs will
always be greater in September than in August or October, due to the higher values of SST
in ocean waters but not due to the greater occurrence of upwelling. Indeed, the climatology
of SST has a clear impact on the annual cycle of Ulggr, interfering with the identification of
the intense upwelling months. A recent study focused on a long-term analysis of upwelling
using SST data, with a more elaborated index, and found that upwelling is more intense in
August on the western Portuguese coast and in July on the southern Portuguese coast [23].

On the west coast, the interannual evolution of Ulgt over the period under study is
very similar to that obtained by [8,15] (for the comparable period from 1979 to 2006/2008),
as there is a period with higher Ulgt intensities between 1992 and 2005. In 2016, it appears
that the season of upwelling-favourable conditions expands to a greater number of months
(from May to October) and that September becomes the summer month with higher
upwelling-favourable conditions. In the winter months, February also starts to show
unprecedented high upwelling-favourable conditions. Interannual variations in the south
coast are not clear, but higher-than-normal Ulgt values are observed in March and February
between 2016 and 2020.

The results obtained for the Ulsgt evolution along the west coast show a pattern very
similar to the one obtained by [15] in the northwestern segment of the IP from 1985 to
2008. As for Ulgt, an alteration in the annual cycle of Ulgst was registered in recent years.
After 2016, Ulsgt started presenting lower values than in the precedent years (Figure 7).
In addition to that, on the west coast, the months with a lower Ulggy extend from August—
September—October (typical pattern) to July-August-September-October-November, and
the months of December, January, February and March also present lower-than-normal
Ulggr values (Figure 8a). On the south coast, the annual cycle has also showed changes
in recent years, though differently, as lower-than-normal Ulsgt values were observed in
February and March of 2015-2018 and in July to December of 2020, while a higher-than-
normal Ulggy was observed in July of 2015-2017 and in September of 2018 (Figure 8b).

The principal factor that must have contributed to a lower Ulggr in the last decade
is the augment of months with a higher Ulgt. At the same time, from the linear fits of
the offshore and nearshore time series (Figure 10), it is observed that the offshore waters
have suffered a greater increase in SST than the nearshore waters. Thus, the lower Ulggt
values in recent years may not be necessarily (or fully) linked to more favourable conditions
for upwelling occurrences. In addition to this, it should be taken into account that the
observational methodologies and instruments used currently are more robust than in the
past. Therefore, since ERA5 combines historical observations into global estimates using
advanced modelling and data assimilation systems, the Ul interannual variability observed
from 2015 could be related to the different acquisition methods.

Conclusions about the evolution of upwelling trends over the years should be taken
carefully, as it is not yet consensual if coastal upwelling events should intensify or attenuate
with global warming. Some studies predict an increase in coastal upwelling intensity
with global warming, since higher temperature gradients between land and sea lead to
more intense equatorward winds (upwelling-favourable conditions) on the west coasts of
the continents [28,32,33]. On the other hand, [23,34] concluded that the upwelling of the
western Iberia coast had weakened since 1940.
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5. Conclusions

The present work aimed to analyse the main temporal and spatial tendencies of
upwelling off the Portuguese coast. Wind and SST data from ERA5 were used to compute
the UI along the west and south coasts between January 1979 and December 2020. Two
different methodologies to relate the wind-induced upwelling-favourable conditions (Ulgr)
with the expected response on superficial waters, as indicated by the SST patterns (Ulssr),
were applied.

On the west coast, the upwelling-favourable conditions are quite consistent and more
frequent and intense than on the south coast. Spatially, it was verified from the Ulgr that
the more-intense upwelling-favourable conditions are associated with the main west coast
capes and that there is an intensification of favourable winds towards Cape Sao Vicente,
both on the west and south coasts. Seasonally, upwelling-favourable Ulgr was found
to be more consistent in summer on both coasts. However, it also occurs in the winter
months. In terms of interannual variations, the period in which there were more intense
upwelling-favourable conditions, between 1992 and 2005, should be highlighted, as should
an apparent change in seasonality after 2015 (mainly for February and September, which
present more favourable conditions compared to the typical patterns). Although some
of the information that was collected by the Ulgr is corroborated by the Ulgsr (namely
the main spatial trends and interannual variations in the intensity of upwelling), several
uncertainties are associated with Ulsgr, interfering with its interpretation.

e  The analysis of the Ulsst on the Portuguese west coast revealed an increase in oc-
currences from north to south. However, the lower values of the Ulggy in the south
may be related to the higher offshore waters’ SST and not to the higher occurrence of
coastal upwelling.

e  Since the Ulggr is based only on the SST difference between the coastal and offshore
waters, upwelling occurrences can be erroneously accounted for due to the presence
of cold-water masses along the coast, with an existence that is not generated by
upwelling events.

e  There is a one-month lag between the Ulgy and the Ulgst, which was not expected due
to the rapid response of coastal waters to upwelling-favourable winds. An analysis
of the climatology of oceanic and coastal waters allowed for the conclusion that the
greatest differences in SST, which are recorded in September, are due to the higher
temperatures of the offshore waters and not to a greater occurrence of upwelling.

Overall, the main findings showed that coastal upwelling is not the only factor leading
to the temperature differences between coastal and offshore waters. Other forcings that
lead to temperature differences throughout the year (differential heating of surface waters,
generation of freshwater plumes of fluvial origin or other water masses transported by
surface currents) or between years (e.g., an increase in SST due to global warming) also
determine the differences in SST between coastal waters and oceanic waters. Thus, one of
the main conclusions drawn from this work is that Ulgg cannot be considered as being just
a reflection of the occurrence of coastal upwelling. On the other hand, Ulgr is a very useful
index to assess the favourable conditions for upwelling.

For future works, it is recommended that in addition to the methodology followed here,
data analysis with a higher temporal resolution is worthy of being researched to investigate
whether a greater accuracy in the relationship between Ulsst and wind conditions can be
found. Additionally, it is advisable to develop and use a more robust index in the future
that can circumvent the uncertainties highlighted in the present study.
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