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Upwelling conditions have been simultaneously analyzed along the western and northern coast of the

Iberian Peninsula in terms of wind forcing and water temperature response. The wind forcing analysis

showed that the season under more upwelling favorable conditions corresponds to spring–summer

(April–September) along the western coast and only to summer (June–August) along the northern one.

Taking into account the upwelling period common to both coasts (June–August), it was observed that

the occurrence of upwelling events simultaneously along both coasts is the most probable situation

(�46%) followed by upwelling unfavorable conditions also along both coasts (�26%). The analysis of

sea surface temperature data also showed the existence of an upwelling season in spring–summer

along both coasts, although upwelling events are more frequent and intense along the western coast

than along the northern one. Chlorophyll concentrations showed a high seasonal variability at the

western coast with the highest concentrations values in spring–summer months while at the northern

coast the maximum values were observed in spring and autumn.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Cape Finisterre marks an abrupt change in the coastline
orientation of the northwestern coast of the Iberian Peninsula
(IP) splitting this region in two different domains (Fig. 1): the
Atlantic coast which lies in the N–S direction and the Cantabrian
coast which lies in the W–E direction. These regions have an
important hydrologic and biogeochemical activity, mainly
attributable to coastal upwelling processes, and have been
extensively studied during the last decades (Fraga, 1981; Botas
et al., 1990; Borja et al., 1996, 2008; Bode et al., 2002). Several
studies have been carried out in terms of wind-driven upwelling
showing that the wind field is far from homogeneous in these
areas and that wind observations at a single point, coastal or
offshore, will not necessarily be representative of coastal
conditions over a significant distance. In fact, some recent
works carried out around the Galician coast (Torres et al., 2003;
Gomez-Gesteira et al., 2006; Alvarez et al., 2008a) have shown
that the upwelling frequency and intensity are influenced by the
coastal orientation which modulates wind direction and intensity
changing the upwelling favorable conditions prevalence at each
coastal region. Coastal upwelling occurs mainly during the
ll rights reserved.

ental Physics Laboratory),

, Spain.

, Comparative analysis of up
arch (2010), doi:10.1016/j.c
spring–summer months along the western and northern coast
of the IP (Fraga, 1981; Botas et al., 1990; Borja et al., 1996, 2008;
Lavin et al., 1998; Bode et al., 2002; Garcia-Soto et al., 2002; Llope
et al., 2006; Alvarez et al., 2008b, 2010; Fontan et al., 2008). This
upwelling generates an important primary production related to
the presence of Eastern North Atlantic Central Water (ENACW,
Fiuza, 1984; Rı́os et al., 1992) near the coast, which can be
upwelled inside the rias located in the region. Nevertheless,
previous studies have shown that the mean long-term wind field’s
summer and winter patterns are not necessarily representative of
particular years when summer-like upwelling patterns may also
dominate in winter. Thus, wind patterns may alternate producing
brief episodes of upwelling at the northern or western coast, or a
combined pattern may occur producing weak upwelling on both
coasts (Torres et al., 2003). In addition, along the western coast
these upwelling events are more probable than along the
northern one (Gomez-Gesteira et al., 2006; Alvarez et al., 2008a,
2008b) reaching probabilities around 60% and 30%, respectively,
in summer. Although this coastal upwelling is basically a spring–
summer process, it can also be observed in autumn–winter
(Santos et al., 2001, 2004; Alvarez et al., 2003, 2009; Borges et al.,
2003; deCastro et al., 2006, 2008a). This autumn–winter events
can also be related to the presence of ENACW near coast (deCastro
et al., 2006), although some authors have found different
upwelled waters related to the Iberian Poleward Current (IPC,
Frouin et al., 1990; Alvarez et al., 2003; Prego et al., 2007) and to
shelf bottom seawater (Alvarez et al., 2009).
welling influence between the western and northern coast of the
sr.2010.07.009
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Fig. 1. Map of the western and northern coast of the Iberian Peninsula. The black

square and circles represent the points where Ekman transport data were

considered. Black points represent the location where SST data were obtained.

Asterisks represent the points where chlorophyll data were considered.
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Most of the studies described above were mainly focused on
the western or northern coast of the IP separately and therefore
have different databases and temporal scales, making the
comparison between both coasts more difficult.

The aim of the paper is a comparative analysis between
upwelling features along the western and the northern coast of
the Iberian Peninsula. The comparative analysis was carried out in
terms of upwelling indices calculated from Ekman transport data
(UIET). In addition, upwelling trends were also calculated along the
northwestern coast from 1967 to 2008. The upwelling implica-
tions in the ecosystem were characterized by means of the sea
surface temperature (UISST) and chlorophyll concentrations. Thus,
wind-induced upwelling conditions and water response to this
forcing will be analyzed simultaneously along both coasts.
2. Data and methods

Ekman transport data provided by the Pacific Fisheries
Environmental Laboratory (PFEL) (http://www.pfeg.noaa.gov)
were considered over the last 42 years (1967–2008). The PFEL
distributes environmental index products and time-series data-
bases to cooperating researchers, taking advantage of its long
association with the U.S. Navy’s Fleet Numerical Meteorology and
Oceanography Centre (FNMOC). FNMOC produces operational
forecasts of the state of the atmosphere and the ocean several
times daily and maintains archives of several important para-
meters. These parameters are model derived products which are
routinely distributed to researchers. For our purposes six-hourly
Ekman transport data model derived from Sea Level Pressure
were considered at 4 points selected along the western coast of
the IP (42.51N, 41.51N, 40.51N, 39.51N along 10.51W) and 4 points
selected along the northern one (8.51W, 7.51W, 6.51W, 5.51W
along 45.51N) (Fig. 1, circles) on an approximately 11�11 grid. A
control point was also considered at 43.51N, 11.51W (Fig. 1, black
square). These data sets were averaged to obtain daily series.

Upwelling Index from Ekman transport data (UIET) can
be calculated as the transport component in the direction
perpendicular to the shoreline (Bakun, 1973; Nykjaer and Van
Camp, 1994; Gomez-Gesteira et al., 2006). Ekman transport
components can be defined in terms of wind speed, W,
the seawater density, rw¼1025 kg m�3, a dimensionless drag
Please cite this article as: Alvarez, I., et al., Comparative analysis of up
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coefficient, Cd¼1.4�10�3, and the air density, ra¼1.22 kg m�3,
by means of

Qx ¼
raCd

rwf
ðW2

x þW2
y Þ

1=2Wy and Qy ¼�
raCd

rwf
ðW2

x þW2
y Þ

1=2Wx

f is the Coriolis parameter defined as twice the vertical component
of the Earth’s angular velocity, O, about the local vertical given by
f ¼ 2O sinðyÞ at latitude y. Finally, x subscript corresponds to the
zonal component and the y subscript to the meridional one.
Although the shoreline angle along the western and northern
coast of the IP changes slightly from the northern to the southern
limit and from the western to the eastern limit, macroscopically it
can be considered approximately 901 and parallel to the equator,
respectively. Thus, �Qx can be directly considered as the UIET

along the western coast and Qy along the northern one. Positive
(negative) UIET values mean upwelling favorable (unfavorable)
conditions.

The prevalence of upwelling favorable conditions can be
characterized by the probability of finding consecutive days
under these upwelling favorable conditions (UIET416 m3 s�1

km�1). Note that the threshold (16 m3 s�1 km�1) correspond to
winds with intensity lower than 1 m s�1 to remove calms.

The real impact of upwelling events can be quantified by
means of a new term defined as Upwelling Impact (UImp). This
term can be calculated taking into account the upwelling intensity
and the number of days under upwelling favorable conditions by
means of the expression UImp ¼

PN
i ¼ 1 ni/UIETS

F
i =Nd. ni is the

number of consecutive days under upwelling favorable conditions
considering niZ4. In fact, previous studies around the north-
western coast of the IP proved that upwelled water can be easily
identified when upwelling favorable conditions persist for more
than 3–4 days (Alvarez-Salgado et al., 2000, 2006; Alvarez et al.,
2005). /UIETS

F
i is the mean intensity of UIET during these days, N

is the number of events per year and Nd is the number of days of
the period under study.

Weekly mean SST data was obtained from night time
measurements carried out by the Advanced Very High Resolution
Radiometer on board NOAA series satellites (http://poet.jpl.nasa.
gov). Data are available since 1985 with a spatial resolution of
4 km. For each grid point, an SST value is computed as the average
of all cloud-free multichannel measurements available for 1 week.
Two discrete sets of points placed along the northwestern coast of
the IP were generated (Fig. 1, black points). Along the western
coast, 16 points were considered at 20 and 500 km from the coast
and along the northern one, 16 points were placed at 20 and
300 km from the coast. The distance of the oceanic points from
the northern coast has been considered lower in order to avoid
the possible effects of the French coast. Discretization effects were
smoothed by calculating the SST monthly values at each point as
the average of its nearest neighbors in latitude or longitude,
depending on coast orientation. The distance between adjacent
points is approximately 20 km.

The SST Upwelling Index (UISST) can be calculated as the SST
difference between coastal and oceanic points at the same
latitude (western coast) or longitude (northern coast). Along the
western coast of the IP the distance of the oceanic points has been
considered taking into account that the general patterns of the
spatio-temporal variability of the index are similar within the
range 400–1000 km offshore (Nykjaer and Van Camp, 1994;
Santos et al., 2005; deCastro et al., 2008b). Along the northern
coast this difference cannot be considered as an absolute
Upwelling Index since temperature also changes with latitude
due to differences in solar heating. In order to compare the UISST

calculated along both coasts of the IP, a previous analysis was
carried out to characterize these temperature changes in latitude.
Four control points were considered along 43.51N and 46.51N
welling influence between the western and northern coast of the
sr.2010.07.009
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from 111W to 141W with a distance between points of 11 in
longitude. SST difference was calculated between each point at
the same longitude and it was found that temperature values
tends to decrease northward on the order of 0.30 1C latitude�1 at
the 4 control points. Taking into account that the oceanic points
along the northern coast of the IP are located approximately 31
northward to the coastal ones, it can be considered that the
temperature difference between points due to changes in latitude
is around 0.9 1C. Thus, the SST values obtained at the oceanic
points can be corrected considering this value and then, the SST
difference between coastal and oceanic points (UISST) can be
calculated. Negative (positive) UISST values mean upwelling
favorable (unfavorable) conditions.

The analysis of chlorophyll concentration was based on the
data of the SeaWIFS radiometer. Data were obtained from NASA’s
Goddard Space Flight Center (http://oceancolor.gsfc.nasa.gov/
SeaWiFS/) available for the period 1998–2007 with a spatial
resolution of 9 km�9 km and a temporal resolution of 8-days.
Data were considered at 2 points selected along the western coast
of Galicia (Corcubion Sound: 9.21W, 42.91N; Rias Baixas: 9.11W,
42.31N) and 2 points selected along the northern one (Ortegal:
7.91W, 43.91N; Ribadeo: 6.91W, 43.71N) (Fig. 1, asterisks). These
control points were considered along the Galician coast due to the
presence of the coastal systems forming the Galician Rias
characterized by a great primary productivity which can supports
an intense raft culture of mussels. In addition, the first point
considered at the western coast (Corcubion Sound) has been
selected in order to compare the obtained results with the recent
work carried out by Varela et al. (2010). These authors also used
the SeaWIFS database to analyze upwelling blooms at the
Corcubion Sound, an open bay located in the NW of the Iberian
Peninsula delimited by Cape Finisterre.
3. Results

3.1. Wind-induced upwelling conditions

3.1.1. Inter-annual variability

The temporal evolution of the UIET from 1967 to 2008 along the
western and northern coast of the IP analyzed at the 4 control
points located at each coast is shown in Fig. 2. The inter-annual
evolution of UIET (Fig. 2(a, b)) shows that UIET values tend to be
higher along the western coast than along the northern one
throughout the whole period. Taking into account the small
latitudinal and meridional changes observed in Fig. 2(a, b), an
average of UIET can be calculated considering all the control points
at each part of the coast. Fig. 2(c) shows the inter-annual
evolution of the meridional average of UIET for the western coast
and Fig. 2(d) shows the latitudinal average of UIET for the northern
coast. Both signals present maxima in spring–summer and
minima in autumn–winter showing important differences
among years. In addition, along the western coast the signal
tends to be displaced toward positive values and along the
northern one the signal is displaced toward negative values.

The inter-annual variability observed along both coasts in Fig. 2
can also be analyzed by means of the monthly evolution of the
spatially averaged UIET, taking into account each year from 1967 to
2008 (Fig. 3(a, b)). A 4-year running average was considered to
smooth out the short term fluctuations. The season under more
upwelling favorable conditions for each year along the western coast
corresponds to spring–summer (April–September), while along the
northern coast this period is shorter (June–August). In addition,
during the upwelling season some changes in the UIET values
throughout the whole time period can be observed. Along the
western coast (Fig. 3(a)), it is possible to observe high UIET values
Please cite this article as: Alvarez, I., et al., Comparative analysis of up
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(�700 m3 s�1 km�1) at the end of the 1970s. UIET decreases from
this date to the beginning of the 1990s when a new increasing
period can be observed (maximum value �800 m3 s�1 km�1),
lasting until the end of this decade. Along the northern coast, the
UIET behavior during the upwelling season is different showing
lower values than the ones corresponding to the western coast, in
accordance with Fig. 2. Small variations can be observed throughout
the whole period as the slight UIET decrease observed at the middle
of the 1970s and the one observed from the end of the 1990s until
the end of the period.

The annual evolution of UIET calculated averaging monthly
data from 1967 to 2008, shows the duration of the upwelling
favorable conditions at both coasts (Fig. 4(a, b)). The pattern of
this monthly average is also similar along both coasts, although
there are some differences. Positive values of UIET (upwelling
favorable conditions) are observed from March to September
along the western coast but only from June to August along the
northern one. This situation can be better observed considering
the spatially averaged UIET at the western coast (Fig. 4(c)) and the
northern one (Fig. 4(d)). The maximum value of UIET is observed in
July at both coasts, although the highest values along the western
coast are close to 700 m3 s�1 km�1 and only close to
300 m3 s�1 km�1 along the northern one. For the rest of the
year UIET shows negative or practically null values. The error bars
were calculated using the standard deviation of the monthly data,
s(UIET). Error bars are observed to be negligible compared to the
amplitude of the annual cycle calculated at each coast.
3.1.2. Upwelling frequency

Daily UIET from 1967 to 2008 was analyzed at the control point
43.51N, 11.51W (Fig. 1, black square) during the upwelling season
common to both coasts (June–August) to better compare the
upwelling occurrence along the western and northern coast. Fig. 5
shows daily UIET calculated for the western (UIET(W)) and northern
(UIET(N)) coast, separated in quadrants. Positive values of UIET(W) and
UIET(N) (quadrant I) correspond to upwelling favorable conditions at
both coasts showing that �46% of data keep these conditions, being
are more favorable at the western coast (UIET(N)/UIET(W)¼0.83). The
percentage of data corresponding to upwelling unfavorable
conditions at both coasts (quadrant III) is lower (�26%). Quadrant
II corresponds to upwelling favorable conditions at the northern
coast (positive UIET(N)) and upwelling unfavorable conditions at the
western one (negative UIET(W)) showing that the probability of
observing this situation is very low (�2%). Quadrant IV (negative
UIET(N), positive UIET(W)) corresponds to the opposite pattern
observed in quadrant II with a higher probability (�26%)
indicating that these conditions are more frequent. In addition, the
linear fit at both quadrants (II, IV) presents specific values of UIET(N)/
UIET(W)¼�0.60 and UIET(N)/UIET(W)¼�0.75 showing that UIET values
are more important at the western coast. Upwelling events along the
western and northern coast of the IP were also analyzed considering
decadal periods. Table 1 shows the linear fit (y¼ax) and the
percentage of events obtained at each quadrant taking into account
these different decadal periods. The most probable conditions can be
observed at quadrant I for all decades corresponding to the situation
of upwelling favorable conditions along both coasts, with values
ranging from �55% at the first decade (1967–1976) to �41% at the
last one (1997–2006). On the contrary, the less probable conditions
correspond to quadrant II (positive UIET(N), negative UIET(W)) with
values between �1% and 4%. Quadrants III and IV present similar
probability values following the pattern observed for the whole time
period (Fig. 5) with values ranging from 21% to 30%. With regard to
the linear fit, it is possible to observe inter-decadal variations
considering the same quadrant. For example, the situation
corresponding to quadrant III (upwelling unfavorable conditions
welling influence between the western and northern coast of the
sr.2010.07.009
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Fig. 2. Inter-annual evolution of UIET from 1967 to 2008 along the western (a) and northern (b) coast of the IP. Inter-annual evolution of the spatially averaged UIET from

1967 to 2008 along the western (c) and northern (d) coast of the IP.
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along both coasts) during the second decade (1977–1986) shows a
value of UIET(N)/UIET(W)¼1.00 indicating that upwelling conditions
are comparable at both coasts. During the third decade (1987–1996)
UIET values are more important at the northern coast (UIET(N)/
UIET(W)¼1.35) and during the last one (1997–2006) upwelling
unfavorable conditions are more significant at the western coast
(UIET(N)/UIET(W)¼0.95).

Upwelling occurrence can also be studied considering the
mean number of days per month under upwelling favorable
conditions (UIET416 m3 s�1 km�1) from 1967 to 2008 at the
control points. For the sake of clarity only the two control points
located at the extreme part of each side of the IP coast were
represented (Fig. 6(a)). Along the western coast the number of
days increases from the northern (42.51N) to the southern part
(39.51N). On the contrary, along the northern coast both control
points show a similar number of days. The highest number of days
under favorable conditions is observed during the spring–summer
months at both coasts, with higher values along the western coast
(20–28 days per month) than along the northern one (12–14 days
per month). During autumn–winter the number of days under
favorable conditions is lower at both coasts and, in addition, is
also higher along the western coast (11–18 days per month) than
along the northern one (8–10 days per month).

Upwelling prevalence during the upwelling season can be
characterized by the probability of finding consecutive days under
upwelling favorable conditions (UIET416 m3 s�1 km�1). Taking
into account the results obtained in previous figures, the
upwelling duration was analyzed from April to September along
the western coast and from June to August along the northern one
(Fig. 6(b)). Along both coasts it is possible to observe how
the upwelling probability decreases at all control points when the
number of consecutive days under favorable conditions increases.
In addition, probabilities are always lower along the northern
Please cite this article as: Alvarez, I., et al., Comparative analysis of up
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coast. At the western coast the upwelling probability increases
southward in accordance with the previous figure, while at the
northern coast, although the variation between points is practi-
cally negligible, it is possible to observe a slight decrease
eastward. The highest probability values can be observed between
1 and 5 days at both coasts with values decreasing from around
70–80% to 50–60% at the western coast and from around 50% to
20% at the northern one.
3.1.3. Upwelling trends

The upwelling recurrence during the season under more upwel-
ling favorable conditions was analyzed by means of the mean
intensity of UIET and the variation in the number of days per year
under favorable conditions for the period 1967–2008. For the sake of
clarity, only one control point was considered at each coast (42.51N
western coast, 8.51W northern coasts). A 2-year running average was
considered for each point to better observe the overall behavior. At
the western coast (Fig. 7(a)) upwelling intensity tends to increase
throughout the whole period of time showing two maxima. The first
one corresponds to the end of the 1970s and the second one to the
end of the 1990s in accordance with the pattern shown in Fig. 3(a). At
the northern coast (Fig. 7(b)) the amplitude range of UIET values varies
slightly throughout the whole period, but 3 minima can be observed.
The first one occurs at the middle of the 1970s, the second one at the
middle of the 1980s and the third one at the end of the 1990s. Only
the first and last minima were clearly observed in Fig. 3(b). General
trends were analyzed by fitting these signals to a straight line. Thus,
the upwelling intensity along both coasts shows a positive trend with
values around 5 m3 s�1 km�1 yr�1 at the western coast and around
1 m3 s�1 km�1 yr�1 at the northern one (po0.01).

The variation in the number of days under upwelling favorable
conditions along the western coast (Fig. 7(c)) shows a repetitive
welling influence between the western and northern coast of the
sr.2010.07.009
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Fig. 3. Monthly evolution of the spatially averaged UIET from 1967 to 2008 along

the western (a) and northern (b) coast of the IP.
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dome-shaped pattern with decadal variations. Considering the
whole time period (1967–2008), the number of days shows a
negative trend with a value around �0.4 d yr�1 (po0.01). Along
the northern coast (Fig. 7(d)), it is also possible to observe a
negative trend with a value of �0.4 d yr�1 (po0.01).

In addition to the mean intensity of UIET and the variation in
the number of days per year under favorable conditions, the
Upwelling Impact (UImp) was also analyzed. At the western coast
(Fig. 7(e)) the control point shows a slight positive trend, while at
the northern one (Fig. 7(f)) the trend is negative with a low
significance level (po0.01) at both coasts.

Trends for these variables were also analyzed at the 8 control
points and represented in Table 2. The /UIETS

F along the western
coast shows positive values at all points. The northern coast
shows a different behavior with positive values at the 2
westernmost points and negative values for the 2 easternmost
points. The variation in the number of days shows negative values
at both coasts with higher ones at the western coast. In addition,
at the northern coast values tend to increase eastward. The UImp

along the western coast also shows positive values at all points
decreasing southward, while at the northern coast values are
negative with similar values at each point.
3.2. Implications of upwelling events

3.2.1. SST response to wind forcing

UISST was calculated taking into account the sea surface
temperature difference between the coastal and oceanic points
Please cite this article as: Alvarez, I., et al., Comparative analysis of up
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at the same latitude at the western coast and at the same
longitude at the northern one (Fig. 1, black points). Negative
(positive) UISST values mean upwelling favorable (unfavorable)
conditions. Fig. 8 shows the UISST temporal evolution from 1985 to
2008 along the western (Fig. 8(a, c)) and northern coast (Fig. 8(b,
d)). The inter-annual evolution of the UISST presents an annual
cycle along the western coast (Fig. 8(a)) with positive values in
autumn–winter and negative values (upwelling favorable
conditions) in spring–summer. Along the northern coast it is
also possible to see this annual cycle although the temperature
differences are lower than along the western coast. Considering
the small spatial variations observed in these figures, the spatially
averaged UISST can also be calculated at each part of the coast
taking into account all control points (Fig. 8(c, d)). Both signals are
irregular showing important differences among years with
maximum UISST values in autumn–winter and minimum ones in
spring–summer at both coasts. In addition, the signal tends to be
displaced toward negative values at both coasts.

The annual cycle observed in the previous figure, can also be
determined by the monthly average of the UISST at each coast
(Fig. 9(a, b)). At the western coast UISST (Fig. 9(a)) shows positive
values (upwelling unfavorable conditions) between January and
May at the northern part of the coast (43–421N). Southward (42–
391N) these positive values are observed only from March to April.
For the rest of the year, UISST presents negative values showing the
existence of a clear upwelling season between June and
November with the strongest negative values observed in
August–September. The behavior at the northern coast is similar
with positive UISST values from January to April (Fig. 9(b)). From
April to August UISST values are positive at the easternmost part of
the coast (5.5–6.51W) decreasing westward until reaching
negative values at the westernmost point (8.51W). For the rest
of the year, UISST shows negative values with a minimum value
observed in September–October at the western area. Considering
the spatially averaged UISST along the western and northern coast
is possible to analyze the global behavior of each coast (Fig. 9(c,
d)). At the western coast negative values can be observed
throughout the whole time period. From January to May UISST

varies slightly with values ranging from �0.5 to 0 1C, while from
June to December negative values increase showing a minimum
(around �2.5 1C) in August–September. At the northern coast
UISST also tends to be negative all over the year except from
January to February when small positive values (0.2 1C) are
observed. For the rest of the year values range from 0 to �0.5 1C
showing that temperature differences between coastal and
oceanic locations are lower than along the western coast. The
minimum value is slightly displaced relating to the situation
corresponding to the western coast and is observed in
September–October. The error bars in Fig. 9(c, d) were
calculated using the standard deviation of the monthly data,
s(UIET). Along the western coast error bars are observed to be
negligible compared to the amplitude of the annual cycle, while at
the northern one these values are similar to the amplitude range,
especially from June to October.
3.2.2. Chlorophyll concentration

Variations of chlorophyll concentration were analyzed from
monthly SeaWiFS data obtained from 1998 to 2007 at the control
points shown in Fig. 1. A 2-month running average was
considered for each point to better observe the overall behavior.
The temporal variation of chlorophyll concentration along the
western coast (Fig. 10(a)) shows an important inter-annual
variability at both control points. The highest concentrations
can be observed generally during the spring months in agreement
with the known spring blooms which usually overlap with
welling influence between the western and northern coast of the
sr.2010.07.009
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Fig. 5. Daily Upwelling Index under upwelling favorable conditions for the

western (UIET(W)) and northern (UIET(N)) coast of the IP calculated at the control

point 43.51N, 11.51W (Fig. 1, black square) from June to August over the period

1967–2008. Data are separated in quadrants, so positive values of UIET(W) and

UIET(N) (quadrant I) correspond to upwelling favorable conditions at both coasts

and negative values (quadrant III) correspond to unfavorable conditions. Straight

lines show the linear fit (y¼ax) at each quadrant (p40.01). The percentage (%) of

total data found at each quadrant is also shown.

Table 1
Linear fit of daily upwelling index under upwelling favorable conditions for the

western (UIET(W))and northern (UIET(N)) coast (y¼ax; p40.01), correlation

coefficient and percentage of events obtained taking into account the whole

period under study (1967–2008) and the different decadal periods from June to

August. Data are separated in quadrants, so positive values of UIET(W) and UIET(N)

(quadrant I) correspond to upwelling favorable conditions at both coasts and

negative values (quadrant III) correspond to unfavorable conditions.

Quadrant I Quadrant II Quadrant III Quadrant IV

a r % a r % a r % a r %

1967–2008 0.83 0.79 46 �0.60 0.66 2 1.07 0.47 26 �0.75 0.24 26

1967–1976 0.94 0.77 55 �0.47 0.58 3 1.17 0.49 21 �0.80 0.21 21

1977–1986 0.81 0.78 44 �0.31 0.36 4 1.00 0.23 27 �0.57 0.37 25

1987–1996 0.74 0.77 46 �1.12 0.80 1 1.35 0.56 23 �0.92 0.38 30

1997–2006 0.82 0.86 41 �0.54 0.74 3 0.95 0.58 29 �0.83 0.42 27

Fig. 4. Mean annual evolution of UIET from 1967 to 2008 along the western (a) and northern (b) coast of the IP. Annual cycle of UIET spatially averaged from 1967 to 2008

along the western (c) and northern (d) coast of the IP.
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upwelling blooms from April to October. The chlorophyll
concentration maxima (6–7 mg m�3) occur in 2005 during
summer. At the control points located along the northern coast
Please cite this article as: Alvarez, I., et al., Comparative analysis of up
Iberian Peninsula. Continental Shelf Research (2010), doi:10.1016/j.c
(Fig. 10(b)) the observed situation is different. Both control points
show a similar pattern throughout the period with the highest
concentration values during spring and autumn. Values are much
lower than along the western coast although the chlorophyll
concentration maxima (1–2 mg m�3) can be also observed in
2005.

The annual variation of chlorophyll concentration was calcu-
lated from weekly data from 1998 to 2007. At the western coast
(Fig. 10(c)), the southernmost point presents higher values all
over the year with a fluctuating pattern. The maximum concen-
trations were observed in summer. At the northern coast
(Fig. 10(d)), the variation of chlorophyll is of lower amplitude
than along the western coast showing maxima in spring and
autumn and minima in summer.
welling influence between the western and northern coast of the
sr.2010.07.009
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4. Discussion

Over the last decades several works were carried out in terms
of upwelling along the northwestern coast of the Iberian
Peninsula which have improved significantly the knowledge of
this process. Nevertheless, most of these studies were mainly
focused on the western or northern coast of the IP separately and
therefore have different databases and temporal scales, making
the comparison between both coasts more difficult. Thus, in order
to do a more complete comparative analysis between the western
and northern coast, upwelling conditions were analyzed over the
last 42 years (1967–2008) in terms of upwelling indices
calculated from Ekman transport data.

The UIET analysis showed the existence of inter-annual
variability at the western and northern coast (Fig. 2(a–d)) with
both patterns macroscopically similar showing maximum values
in spring–summer and minimum ones in autumn–winter. In fact,
the correlation coefficient calculated between both variables
reached values of 0.6 (po0.01). Taking into account the mean
annual evolution of UIET (Fig. 4(a–d)) it was observed that the
season under more upwelling favorable conditions corresponds to
spring–summer (April–September) along the western coast and
only to summer (June–August) along the northern one. Never-
theless, the maximum value of UIET was observed in July at both
coasts with higher values along the western coast (700 m3 s�1

km�1) than along the northern one (300 m3 s�1 km�1).
The behavior observed along the western coast agrees with the

results found by the previous works carried out in this region
(Alvarez et al., 2008b) showing that upwelling is a frequent
phenomenon during the spring–summer months characterized by
<
U

I E
T
>

F  (
m

3  s
-1

 k
m

-1
)

200

300

400

500
8.5° W

30

40

50

60

D
ay

s

8.5° W

40

80

120

160

U
Im

p

8.5° W

1966 1976 1986 1996 2006

1966 1976 1986 1996 2006

1966 1976 1986 1996 2006

e western coast (a) and from June to August (1967–2008) at the northern coast (b).

September (1967–2008) at the western coast (c) and from June to August (1967–

t. Straight lines in each frame show the linear fit at the control points (p40.01).

welling influence between the western and northern coast of the
sr.2010.07.009

dx.doi.org/10.1016/j.csr.2010.07.009


I. Alvarez et al. / Continental Shelf Research ] (]]]]) ]]]–]]]8
favorable northerly winds blowing along the shelf. In fact, from
the analysis of the number of days under upwelling favorable
conditions it was found that during this period, approximately
20–28 days per month kept these favorable conditions (Fig. 6(a)).
It is also necessary to take into account that during autumn–
winter the number of days under favorable conditions was not
negligible (12–14 days per month) showing the possibility of
observing upwelling events during this period (Santos et al., 2001,
2004; Alvarez et al., 2003; Borges et al., 2003; deCastro et al.,
2006, 2008a; Prego et al., 2007). Thus, upwelling events should be
observed under favorable conditions independently of the season.
These results can also be compared with the situation observed
by Cabanas and Alvarez (2005) and deCastro et al. (2008a), using
Ekman transport data at the ocean (point 431N, 111W) for a
40-year period (1966–2005). On the one hand, the highest
Table 2
Trends of the mean /UIETS

F, number of days and upwelling impact under

favorable conditions (UI416 m3 s�1 km�1) corresponding to the period 1967–

2008 at the western and northern coast of the Iberian Peninsula (po0.01).

/UIETS
F Days UImp

42.51N 5 �0.4 0.4

41.51N 6 �0.5 0.1

40.51N 5 �0.5 0.2

39.51N 3 �0.3 0.2

8.51W 1 �0.4 �1

7.51W 0.1 �0.3 �0.8

6.51W �0.2 �0.3 �1

5.51W �0.8 �0.2 �0.8

Fig. 8. Inter-annual evolution of UISST from 1967 to 2008 along the western (a) and nor

1967 to 2008 along the western (c) and northern (d) coast of the IP.
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number of days under upwelling favorable conditions obtained
at the ocean point was also observed during the summer months
(22–25 days per month). On the other hand, during the winter
period it was also possible to observe a number of days under
favorable conditions at this point (11–18 days per month) lower
than along the western coast.

The situation corresponding to the northern coast (Fig. 6(a))
was similar to the one observed at the western one. The number
of days under upwelling favorable conditions was higher during
spring–summer (12–14 days month) than during autumn–winter
(8–10 days per month) showing that upwelling events during this
last period can also occur (Alvarez et al., 2009). Nevertheless, this
number of days was lower than along the western coast
throughout the year indicating that upwelling process is more
frequent along the western coast. In fact, the probability of finding
consecutive days under these favorable conditions (Fig. 6(b)) was
also higher along the western coast. The highest probability
values were observed between 1 and 5 consecutive days at
both coasts with values decreasing from around 80% to 60%
at the western coast and from around 50% to 20% at the northern
one. This situation can be explained by the coastal orientation
which modulates wind direction and intensity changing the
upwelling favorable conditions prevalence at each coastal
region (Torres et al., 2003; Gomez-Gesteira et al., 2006; Alvarez
et al., 2008a). Possibly, this is the reason why upwelling
research has been mainly focused on the western coast
(Fraga, 1981; Alvarez-Salgado et al., 2000; Alvarez et al., 2005,
2008b).

Upwelling trends were also analyzed during the most upwel-
ling favorable period along the western (April–September) and
thern (b) coast of the IP. Inter-annual evolution of the spatially averaged UISST from

welling influence between the western and northern coast of the
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Fig. 9. Mean annual evolution of UISST from 1985 to 2008 along the western (a) and northern (b) coast of the IP. Annual cycle of UISST spatially averaged from 1985 to 2008

along the western (c) and northern (d) coast of the IP. Negative (positive) UISST values mean upwelling favorable (unfavorable) conditions.
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northern (June–August) coast (Fig. 7(a–f), Table 2). Although
previous studies have found that upwelling favorable winds have
weakened from 1940s onward at the western (Lemos and Sanso,
2006; Alvarez-Salgado et al., 2008; Otero et al., 2008; Bode et al.,
2009) and northern (Llope et al., 2006; Valdés et al., 2007) coast of
the IP, from this analysis it was not observed a clear seasonal
trend in UI obtaining confidence level values lower than 90%.
Nevertheless, it was possible to see that the control points located
along the western coast showed a relatively similar behavior,
while along the northern one the control points presented a
different pattern, which can be better observed taking into
account the mean intensity of UIET (Table 2 /UIETS

F). Along the
western coast /UIETS

F showed positive values at all points while
along the northern one positive values were observed at the 2
westernmost points and negative values at the 2 easternmost
points. In fact, the correlation coefficient calculated for the 3
variables analyzed in Fig. 7 between the two control points
located at the extreme part of each side of the IP coast reached
values of 0.8 for the mean intensity of UIET along the western coast
and 0.6 along the northern one. The variation in the number of
days under upwelling favorable conditions also showed a higher
correlation coefficient at the western coast (0.9) than at the
northern one (0.6) and finally, the value of the correlation
coefficient for the UImp was around 0.7 at both coasts.

The effect of the wind forcing on ocean water was analyzed in
terms of SST differences which allow identifying the presence of
upwelled water. Thus, the UISST was calculated at both coasts of
the IP taking into account the temperature difference between
coastal and oceanic points. The inter-annual evolution of the UISST

(Fig. 8) showed differences among years at both coasts with
Please cite this article as: Alvarez, I., et al., Comparative analysis of up
Iberian Peninsula. Continental Shelf Research (2010), doi:10.1016/j.c
maximum values in autumn–winter and minimum ones (upwel-
ling favorable conditions) in spring–summer. From the annual
cycle (Fig. 9) it was found a clear upwelling season between June
and November along the western coast with the strongest
negative values observed in August–September. Taking into
account the results corresponding to Fig. 4, the most upwelling
favorable conditions from Ekman transport data can be observed
in July showing the existence of a lag (1–2 months) between UIET

and UISST. This lag has also been observed in previous studies
(Fiuza et al., 1982; Nykjaer and Van Camp, 1994; deCastro et al.,
2008b). At the northern coast the pattern is similar, although UISST

minimum values were observed in September–October. In
addition, from June to August UISST values showed a small
increase with regard to the previous and the next months which
was not observed at the western coast. This situation can be
explained due to the SST warming which is observed in spring–
summer at the south-eastern corner of the Bay of Biscay (Pingree
and Le Cann, 1989; Koutsikopoulos and Le Cann, 1996; Gomez-
Gesteira et al., 2008), which can increase the temperature values
at the coastal points considered along the northern coast.

Chlorophyll concentrations were also analyzed along both
coasts in order to characterize the implications of upwelling for
the ecosystem. At the western coast (Fig. 10(a, c)) chlorophyll
showed a high seasonal variability with the highest concentra-
tions values in spring–summer months. The chlorophyll pattern
observed at the Corcubion Sound agrees with the situation
analyzed by Varela et al. (2010) at the same region. In addition,
the results obtained at both control points coincide with those
observed by Bode et al. (2009) considering data from 1989 to
2006 in a control station located in front of the western Galician
welling influence between the western and northern coast of the
sr.2010.07.009
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coast. These authors found that from 1991 to 1995 chlorophyll
blooms concentrated between spring and autumn. Nevertheless,
in recent years blooms occurring in the summer increased relative
to those in early spring or autumn. At the northern coast
(Fig. 10(b, d)) the variation of chlorophyll concentrations was
lower than along the western coast showing the maximum values
in spring and autumn months and the minimum ones in summer
months. This situation is characteristic of the typical planktonic
cycle along the Cantabrian coast: a winter mixing period followed
Please cite this article as: Alvarez, I., et al., Comparative analysis of up
Iberian Peninsula. Continental Shelf Research (2010), doi:10.1016/j.c
by a summer stratification period, and phytoplankton blooms
developing in the transition periods, mixing-stratification (spring
bloom) and stratification-mixing (autumn bloom) (Varela et al.,
2001, 2005, 2008, 2010). The difference between both coasts
could be explained by the occurrence of summer upwelling
events, which are more frequent along the western coast (Figs. 4
and 9). These summer upwelling events are related to the
presence of ENACW (Fiuza, 1984; Rı́os et al., 1992) near coast,
which can be upwelled inside the estuaries located along this
welling influence between the western and northern coast of the
sr.2010.07.009
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region. The upwelling of ENACW fertilizes coastal waters
generating a primary production which is important for fisheries
and aquaculture in the area justifying that most of the studies
carried out in terms of summer upwelling were focused in this
coast. Eastward of Cape Ortegal ENACW is also present although
upwelling is not a common event (Figs. 4 and 9). This water mass
also fertilizes surface waters resulting in a primary production
increase (Fernandez and Bode, 1991; Llope et al., 2006) although
these phytoplankton productive events are less important than
those observed south of Cape Finisterre (Varela et al., 2005).
5. Summary and conclusions

The upwelling influence along the northwestern coast of the
Iberian Peninsula has been characterized by a comparative
analysis between the western and northern coast. The analysis
was carried out in terms of wind-induced upwelling and water
response to this forcing. The results obtained from this compara-
tive analysis have shown the following:
(1)
Pl
Ib
The temporal evolution of the UIET showed a similar annual
cycle at both coasts, although the season under more
upwelling favorable conditions was observed from April to
September along the western coast and from June to August
along the northern one with the maximum value of UIET in
July at both coasts.
(2)
 Considering the upwelling season common to both coasts
(June–August), it was found that the most probable situation
corresponded to upwelling favorable conditions along both
coasts (�46%) followed by upwelling unfavorable conditions
also along both coasts (�26%). In addition, inter-decadal
variations were observed.
(3)
 The highest number of days per month under upwelling
favorable conditions was observed during the upwelling
season at both coasts with higher values along the western
coast (20–28 days) than along the northern one (12–14 days).
In addition, the probability of finding consecutive days under
these favorable conditions was also higher along the western
coast
(4)
 A clear seasonal trend was not observed from the analysis of
the number of days under upwelling favorable conditions and
the upwelling intensity during these days (upwelling impact)
(confidence level lower than 90%).
(5)
 SST analysis also showed the existence of a clear upwelling
season along both coasts with a pattern of UISST similar to the
one corresponding to UIET. Nevertheless, the strongest
upwelling favorable conditions have 1–2 months lag with
respect to the maximum UIET.
(6)
 At the western coast chlorophyll concentrations showed a
high seasonal variability with the highest concentrations
values in spring–summer months while at the northern coast
the maximum values were observed in spring and autumn
and the minimum ones in summer.
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J.M., Casas, G., Wheatley, B., Guerra, Á., 2008. Bottom-up control of common
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