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The influence of climate variability on Eastern Boundary Upwelling Ecosystems (EBUEs) is evident through
changes in productivity and shifts in species' distributions, yet to date, metrics of upwelling variability appropri-
ate for comparative ecosystem studies have yet to be implemented. Here, we present synoptic-scale upwelling
indices to quantify inter-annual to decadal variations in Ekman transport, at temporal and spatial scales relevant
to the biota of EBUEs, and apply them to the Benguela Upwelling System (BUS). From 1979 to 2015, interannual,
decadal-scale, and unidirectional variability in upwellingwas observed, including a significant recent decrease in
upwelling in the northern BUS, and a significant increase on the Agulhas Bank. These trends are associated with
changes in the number of upwelling days and events in these regions, and correspond to a shift in themeridional
positioning of the South Atlantic High pressure system.
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1. Introduction

Comparative studies of similar systems facilitate the resolution of ef-
fects of natural and anthropogenic climate change on marine ecosys-
tems. The four major Eastern Boundary Upwelling Ecosystems
(EBUEs) are uniquely significant to society owing to their contributions
to fisheries (Pauly and Christensen, 1995), as well as their hypothesized
role in modulating earth's climate (IPCC, 2014). It is thought that an-
thropogenic climate change is affecting EBUE productivity and the dis-
tribution and abundance of fish and other biota via changes in
regional upwelling (IPCC, 2014; Sydeman et al., 2014), but metrics of
upwelling appropriate for detailed comparative studies among EBUEs,
at temporal scales useful for investigating biological patterns and vari-
ability, have yet to be implemented.

While the well-known large-scale geostrophic Upwelling Index (UI,
Bakun, 1973) has proven useful for understanding the California Upwell-
ing System (CUS) dynamics (e.g. García-Reyes et al., 2013), newer up-
welling indices based on the synoptic (event) scale have been derived
for the CUS (Iles et al., 2012; García-Reyes et al., 2014), but are lacking
for other systems. In the BUS, several authors (Roy et al., 2001; van der
Lingen et al., 2016, among others] have demonstrated the importance of
.

event-scale upwelling by illustrating substantial impacts of individual
events on phytoplankton and fish abundances and distributions. In this
paper, we use synoptic-scale upwelling indices based on reanalysis data
to quantify and describe inter-annual to decadal variations in Ekman
transport, at temporal and spatial scales relevant to the biota of EBUEs
(e.g. Schroeder et al., 2013). This new effort is designed to extend the pre-
vious results of Bograd et al. (2009)who focused on the seasonality of up-
welling in the CUS, to facilitate comparisons of upwelling-ecosystem
dynamics of the world relative to climate change, while still capturing
the totality of wind-driven Ekman transport through the year. As a new
case study, we focus on the Benguela Upwelling System (BUS), but note
that these upwelling indices can be applied to each of the other EBUEs.

Among EBUEs, the BUS is unique in that it is bounded by warm wa-
ters at both its northern (Angola-Benguela Front) and southern
(Agulhas Current) limits (Shillington et al., 2006). The BUS is separated
into the northern and southern subsystems at Lüderitz (27.5°S), where
perennial upwelling forms an environmental barrier which is thought
to limit the exchange of epipelagic biota between these subsystems
(Lett et al., 2007; Hutchings et al., 2009). The primary mode of variabil-
ity differs between these regions, indicating potential differences in the
forcing mechanisms between these two west coast regions of the BUS
(Hutchings et al., 2009). For within- and between-upwelling system
comparative analyses, we sought to derive regional upwelling indices.
In addition, we produced indices for the south coast of South Africa
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(Agulhas Bank), where warm subtropical water from the Indian Ocean
dominates and wind-driven upwelling is small-scale and observed
only at prominent capes in summer (Schumann and Martin, 1991;
Schumann, 1999). In this study, we used these indices to test for trends
in upwelling in the BUS over the 1979 to 2015 period, while a compan-
ion investigation (García-Reyes et al., 2017) identifies and compares the
seasonal modes of upwelling variability in the Benguela and California
systems. Based on recent climate projections (Rykaczewski et al.,
2015; Wang et al., 2015), we hypothesize that positive linear trends
will be evident in the poleward sectors (upwelling intensification),
while those in the equatorward part of the region will be negative (de-
creased upwelling). This hypothesis is important as it may be related to
changes in distribution, community structure and abundance that have
been observed in several taxa in the ecosystem, including zooplankton,
fish, rock lobster, kelp and marine birds, among others (Blamey et al.,
2012; Blamey et al., 2015; Crawford et al., 2015; Watermeyer et al.,
2016). Additionally, we use spectral analysis (Emery and Thomson,
2001) to better describe the non-linear variability in the time series.

2. Data and methods

We evaluated and compared wind data from different long-term
data sets (Figs. 1–3) to select a wind product that has the ability to rep-
resent upwelling winds across the relatively wide shelf of the BUS, and
is consistent in time and space, as we are interested in evaluating up-
welling variability over the long-term and comparison between regions
over the larger scale. The evaluated data sets include (Table 1) output
from the Fleet Numerical Meteorological and Oceanographic Center
Fig. 1.Monthlymeridionalwind speeddata fromNCEP2 compared to other data setswind speed
12°E in the northern BUS (Benguela Upwelling System) region.
(FNMOC, http://www.usno.navy.mil/FNMOC), NCEP/NCAR Reanalysis
1 project (http://www.esrl.noaa.gov/psd/data/reanalysis/reanalysis.
shtml), the NCEP-DOE Reanalysis 2 (http://www.esrl.noaa.gov/psd/
data/gridded/data.ncep.reanalysis2.html), 20th Century Reanalysis ver-
sion 2 (http://www.esrl.noaa.gov/psd/data/20thC_Rean), iCOADS
(http://icoads.noaa.gov), ERA/ECMWF (http://www.ecmwf.int/en/
research/climate-reanalysis/era-interim). Wind data from coastal sta-
tions and scatterometers have not been included in this comparison
since previous studies in the Benguela region (Blamey et al., 2012, and
references therein) have recently documented strong significant corre-
lations between measured and geostrophic winds, and between
scatterometer and geostrophic winds. Similarly, a recent study by Roy
et al. (2016) shows very good correspondence between 20th Century
Reanalysis products and winds from a coastal anemometer in the Ben-
guela system.

The results of this comparison, discussed further in Section 3.1.,
show that compared with other data sets, NCEP-DOE Reanalysis 2
wind vectors (Kanamitsu et al., 2002) provide the most consistent, up-
to-date, high temporal frequency data across the region (Capet et al.,
2004; Cardone et al., 1990; Kent et al., 2013). Thus, daily averaged
NCEP-DOE Reanalysis 2 wind vectors were used to describe upwelling
variability along the Namibian and South African coasts for the period
from 1 July 1979 to 30 June 2015. At each location, wind vectors were
rotated to account for the orientation of the coastline and wind stress
was computed using the non-linear drag coefficient defined by Large
and Pond (1981) and modified by Trenberth et al. (1990) for low
wind speeds. Ekman transport (m3 s−1) per 100 m of coastline was
then computed, with positive values indicating offshore transport
(Offshore Ekman transport for the FNMOCmodel output), for the location centred at 21°S,
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Fig. 2.Monthlymeridionalwind speeddata fromNCEP2 compared to other data setswind speed (Offshore Ekman transport for the FNMOCmodel output), for the location centred at 33°S,
17°E in the southern BUS (Benguela Upwelling System) region.
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(upwelling), and negative values representing onshore transport
(downwelling). Similar to Roy et al. (2001) and van der Lingen et al.
(2016), daily values were summed such that upwelling events were
defined as periods of consecutive days of positive (offshore) Ekman
transport, while downwelling events were indicated by periods of con-
secutive days of negative (onshore) Ekman transport (Fig. 4).

Unlike the upwelling indices developed by Schwing et al. (2006) and
Bograd et al. (2009), we derive indices that quantify upwelling and
downwelling variability separately. By separately integrating positive
(offshore) and negative (onshore) Ekman transport, amore accurate es-
timation of the total amount of upwelling and the number of upwelling
days is obtained, which also allows for the determination and compari-
son of the magnitude and influence of individual events. Since upwell-
ing in the southern BUS is strongly seasonal, with peaks occurring
during austral spring and summer (Hutchings et al., 2009), years were
defined from 1 July of one year to 30 June of the following year (e.g.
1979= 1 July 1979 to 30 June 1980), to capture the full upwelling sea-
son in a single 12-month period.

Using daily data, the following upwelling indices (Fig. 4) were
computed:

(1) Total cumulative upwelling (TCU); defined as the sum of all pos-
itive (offshore) Ekman transport per year.

(2) Total cumulative downwelling (TCD); defined as the sum of all
negative (onshore) Ekman transport per year.

(3) Number of upwelling days (NUD); defined as the total number of
days per year on which positive (offshore) Ekman transport oc-
curs.
(4) Number of upwelling events (NUE); defined as the total number of
continuous periods of positive (offshore) Ekman transport per
year.

(5) Number of downwelling days (NDD); defined as the total number
of days per year onwhich negative (onshore) Ekman transport oc-
curs.

(6) Number of downwelling events (NDE); defined as the total num-
ber of continuous periods of negative (onshore) Ekman transport
per year.

Averages of the upwelling indices were computed per region
(Fig. 4), for the northern BUS (15–29°S), southern BUS (29–36°S), and
the Agulhas Bank (19–29°E), and are presented in Figs. 5–7. Results of
linear and quadratic regression analyses on the upwelling indices are
presented in Tables 2 and 3. Additional results on the correlations
between indices within each region and among regions, as well as the
regression and spectral analyses used to investigate the long-term
trends, and inter-annual to decadal variations in the upwelling indices,
have been included in the Supplementary Material (SM).

To investigate the South Atlantic Anticyclonic (SAH) atmospheric
pressure system as a driver of wind, and hence upwelling variability, re-
gionally-averaged annual TCU values were compared with the annual
magnitude and zonal (SAHx) and meridional (SAHy) positions of the
SAH. Monthly NCEP-DOE Reanalysis 2 Sea Level Pressure (SLP) was
used to compute the magnitude and position of the SAH according to
Schroeder et al. (2013). Based on the climatology between 1979 and
2014, the 1018 hPa isobar was used to define the SAH. The magnitude



Fig. 3.Monthly zonalwind speed data fromNCEP2 compared to other data setswind speed (Offshore Ekman transport for the FNMOCmodel output), for the location centred at 35°S, 21°E
in the Agulhas Bank region.
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of the SAH was defined as the average SLP within the 1018 hPa isobar,
while the position of the SAH was determined using the location of
the weighted mean SLP within this isobar. Anomalies of the magnitude
and position of the SAH were computed and rank-correlated with TCU
in the northern and southern BUS, and on the Agulhas Bank. The differ-
ence in SLP between the centre of the SAH and the shelf region (20°S;
12.5°E for the northern BUS, 32.5°S; 17.5°E for the southern BUS, and
35°S; 22°E for the Agulhas Bank) was also investigated.

3. Results

3.1. Dataset comparison

Figs. 1–3 show scatterplots comparing monthly averaged data of
NCEP-DOE Reanalysis 2 upwelling-favourable wind speed with the
other data sets (Table 1) analysed for each region. In addition, Figs.
SM1–SM3 show monthly averaged upwelling-favourable wind speed
Table 1
Wind data sets compared for this study.

Dataset Period Temporal
resolution

Spatial
resolution

Source

FNMOC Model Output 1981–2015 Daily 1° USA Navy
NCEP/NCAR Reanalysis 1 1948–2015 Daily 1.88° NOAA
NCEP-DOE Reanalysis 2 1979–2015 Daily 2.5° NOAA
20th Century Reanalysis V2 1851–2012 Daily 2° NOAA
iCOADS data 1960–2015 Monthly 1° NOAA
ERA/ECMWF Reanalysis 1979–2015 Daily 80 km ECMWF

Fig. 4. Map showing regions of the Benguela Upwelling System. Inset illustrates
cumulative Ekman transport off Cape Point and definition of upwelling and
downwelling indices. Black dots indicate the centres of the 2.5°×2.5° data cells used.
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(except for the FNMOC model output, which shows offshore Ekman
transport) for each of the three regions. Overall, the largest inconsis-
tencies between the various data sets occurred in the northern BUS,
where the lowest correlations were observed (Fig. 1). Correlations of
NCEP-DOE Reanalysis 2 with iCOADS and with the FNMOC data sets
were the lowest (Fig. 1). Although these correlations were substantially
higher in the southern BUS and Agulhas Bank regions, they were still
lower than the correlations between NCEP-DOE Reanalysis 2 and
other data sets in each region (Figs. 2 and 3). iCOADS showed much
larger temporal variability than other data sets in each of the regions
(Figs. SM1–SM3), and the poor correlations between iCOADS and
NCEP-DOE Reanalysis 2 (Figs. 1–3)were likely due to this large variabil-
ity as well as the monthly resolution of the iCOADS dataset. The Ekman
transport from the FNMOC model showed large discontinuities, partic-
ularly in latter years, in the northern BUS region (Fig. SM1), possibly
as a result of some change in model parameters in recent years. For
these reasons, the iCOADS and FNMOC data sets were discarded.

Except for ERA/ECMWF, the other data sets (NCEP/NCAR, NCEP-
DOE, and 20th Century) all show similar characteristics and variability,
as evidenced by the substantially high correlations between them, in
the southern BUS and Agulhas Bank regions (Figs. 1–3 and SM1–SM3).
The highest correlations in each of the regions were observed for the
NCEP/NCAR and NCEP-DOE data sets (Figs. 1–3), but the NCEP/NCAR
data has known large biases in upwelling regions (Kent et al., 2013).
Fig. 5.Northern BenguelaUpwelling System (BUS) indices, showing (a) TCU: Total cumulative u
year (m−3 s−1 100 m−1), (c) NUD: number of upwelling days per year, (d) NUD: number of
number of downwelling events per year. Solid black lines indicate the significant linear trends
Although ERA/ECMWFhas smaller biases thanNCEP/NCAR in upwelling
regions (Kent et al., 2013), and showed consistency in time and space, it
did not show the seasonal to interannual to decadal variability in the
northern BUS shown by other data sets (Figs. SM1–SM3) and reported
elsewhere (Kent et al., 2013). Thus, NCEP-DOE and 20th Century were
selected as the data sets that showed the best consistency in space
and time (Figs. 1–3 and SM1–SM3). However, the 20th Century data
was only available until 2012, and thus NCEP-DOEwas selected for fur-
ther analysis, due to the availability of up-to-date data, and the consis-
tency of the reanalysis model through time.

3.2. Upwelling variability

In each of the three regions (Figs. 5–7), all indices showed clear in-
terannual and decadal variability, with TCU in the northern BUS
(Fig. 5a) being an order of magnitude greater than that in the southern
BUS (Fig. 6a), and TCU on the Agulhas Bank being two orders of magni-
tude lower (Fig. 7a). In the northern and southern BUS, therewas signif-
icant correlation between most indices, except for total cumulative
downwelling (Table SM1). In contrast, on the Agulhas Bank, fewer indi-
ces were correlated with each other (Table SM1). On the Agulhas Bank,
TCUwas significantly correlated only with NUD and NDD, in contrast to
the northern and southern BUS (Table SM1). Significant positive corre-
lationswere observed for TCU, NUE, andNDE between the northern and
pwelling per year (m−3 s−1 100m−1 × 1000), (b) TCD: Total cumulative downwelling per
downwelling days per year, (e) NUE: number of upwelling events per year, and (f) NDE:
.
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southern BUS (Table SM2). In contrast, NUD andNDDwere significantly
and positively correlated between the southern BUS and Agulhas Bank
(Table SM2).

In the northern BUS, the highest TCU occurred between 1990 and
2008, with less upwelling in the 1980s and substantially lower upwell-
ing between 2009 and 2014 (Fig. 5a). There was no linear trend in TCU
in the northern BUS (Table 2), but a significant quadratic (F2,33 =
13.322, p b 0.001, R2 = 0.447) trend was observed (Tables 3 and
SM4). In particular, between 2009 and 2014, TCU had reduced to less
than half the value of the long-term mean (5.22E +
06 m−3 s−1 100 m−1) (Fig. 5a). There was no significant change in
the total cumulative downwelling and the number of downwelling
days in this region, and the significance of the linear increase in the
number of downwelling events was likely due to autocorrelation in
the time series (Fig. 5b, d, f and Tables 2, 3, SM3, SM4). Upwelling in
the northern BUS is strongly perennial, where the number of upwelling
days ranged between 345 and 358 days (Fig. 5c), while the number of
upwelling events varied from 5 to 15 (Fig. 5e). Interestingly, 2005 and
2010 both showed the lowest number of upwelling days and the largest
number of downwelling days per year (Fig. 5c, d). In 2010, this occurred
in conjunction with the largest number of upwelling and downwelling
events (Fig. 5e, f) and this greater variability resulted in the lowest
TCU for the time series (Fig. 5a). In contrast, during 2005, there was
Fig. 6. Southern BenguelaUpwelling System (BUS) indices, showing (a) TCU: Total cumulative u
year (m−3 s−1 100 m−1), (c) NUD: number of upwelling days per year, (d) NUD: number of
number of downwelling events per year.
less variability (Fig. 5e, f), and TCU was well above the long-term
mean (Fig. 5a).

Larger amounts of upwelling (Fig. 5a) are generally associated with a
greater number of upwelling days (Fig. 5c) and fewer events per year
(Fig. 5e), while the reverse is true for smaller amounts of upwelling.
This is also illustrated by the strong positive correlations between
TCU and the number of upwelling days, and the strong negative correla-
tions between TCU and the number of upwelling events (Table SM1).
While the number of upwelling events showed a significant quadratic
(F2,33 = 19.277, p b 0.001, R2= 0.539) trend (Table 3), simulation analy-
ses (Table SM4) suggested that the significance of the linear trend was
likely due to autocorrelation in the time series. Similarly, the number of
upwelling days showed a significant quadratic (F2,33 = 10.094, p b

0.001, R2 = 0.380) trend (Tables SM3 and SM4).
In the southern BUS, TCU was lowest during the 1980s and early

1990s and highest during the mid- to late 1990s (Fig. 6a). In particular,
before 1995, only a few years showed TCU values above the long-term
mean (4.95E + 05 m−3 s−1 100 m−1), while after 1995 there were
manymore yearswith TCU exceeding the long-termmean (Fig. 6a). Lin-
ear and quadratic trends in TCUwereweak and not significant (Tables 2,
3, SM3, SM4). Offshore Ekman transport occurred, on average, for more
than three quarters (267–310 days) of the year (Fig. 6c), and translated
into more than twice the number of upwelling events per year (Fig. 6e),
pwelling per year (m−3 s−1 100m−1 × 1000), (b) TCD: Total cumulative downwelling per
downwelling days per year, (e) NUE: number of upwelling events per year, and (f) NDE:



9T. Lamont et al. / Journal of Marine Systems 188 (2018) 3–16
compared to the northern BUS (Fig. 5e). Similarly, the number of
downwelling days and events in the southern BUS (Fig. 6d, f) was sub-
stantially higher than that in the northern BUS (Fig. 5d, f). Other upwell-
ing indices (TCD, NUE, NUD, NDE, NDD) also showed no significant
trends in the southern BUS (Tables 2–3 and SM4), likely due to substan-
tial autocorrelation inmost of the southern BUS indices,more so than in
the other regions (Table SM3).

In contrast, TCU on the Agulhas Bank showed an overall increasing
trend, with periods of elevated upwelling during the early to mid-
1980s, the mid-1990s to early 2000s, and between 2007 and 2014
(Fig. 7a). TCU showed a significant linear increase (F1,34 = 8.358, p =
0.007, R2 = 0.197) trend (Tables 2 and SM4), with more years exceed-
ing the long-term mean (3.06E + 04 m−3 s−1 100 m−1) in the latter
part of the time series (Fig. 7a). While substantial autocorrelation was
observed in all the indices for the northern and southern BUS, there
was very little autocorrelation in the Agulhas Bank indices (Table
SM3). Since 1993, there have been consistently more upwelling days
per year, with most years exceeding the long-term mean (163 days)
(Fig. 7c). The linear trend (F1,34 = 11.855, p = 0.002, R2 = 0.259) in
NUD was also significant (Tables 2 and SM4). In contrast, the NDD
(Fig. 7d) showed as a significant linear decrease (Table 2).

TCD on the Agulhas Bank (Fig. 7b) was orders of magnitude greater
than that in both the southern and northern BUS (Figs. 5b and 6b), but
showed no significant trends (Tables 2–3, and SM3-SM4). The number
Fig. 7.Agulhas Bank indices, showing (a) TCU: Total cumulative upwelling per year (m−3 s−1 1
NUD: number of upwelling days per year, (d) NUD: number of downwelling days per year, (e) N
year. Solid black lines indicate the significant linear trends.
of upwelling and downwelling events on the Agulhas Bank (Fig. 7e, f)
was much greater than that in the southern BUS (Fig. 6e, f). Notably,
anomalously high TCU (N3 s.d.) and NUD were observed during 2010,
while 2013 exhibited anomalously large values of TCD. However, both
the linear and quadratic regressions remain significant when replacing
these anomalously high values with the lower values from either the
preceding or subsequent years.

Anomalies in the magnitude and position of the SAH showed signif-
icant linear trends (Fig. 8a, b, c), but quadratic trends (not shown)were
not significant. During the early part of the time series, anomalies in the
magnitude were more negative, while those in later years were more
positive, indicating an overall increase in the magnitude of the sea
level pressure in the centre of the SAH (Fig. 8a). The zonal (SAHx) and
meridional (SAHy) positions of the SAH both showed a change from
more positive anomalies in the 1980′s to increasingly more negative
anomalies in later years, reflecting a long-term westward and south-
ward movement of the centre of the SAH (Fig. 8b, c). In contrast to the
centre of the SAH, sea level pressure in the northern and southern
BUS, and Agulhas Bank shelf regions all showed significant linear de-
creases over time (Fig. 8d, e, f), and while the quadratic trends in the
southern BUS and Agulhas Bank regions were not significant, sea level
pressure in the northern BUS also showed a significant quadratic
trend (Fig. 8d, e, f). The long-term increase in SLP in the centre of the
SAH and long-term decreases in the SLP in the shelf regions signifies a
00m−1 × 1000), (b) TCD: Total cumulative downwelling per year (m−3 s−1 100m−1), (c)
UE: number of upwelling events per year, and (f) NDE: number of downwelling events per



Table 2
Linear regression analysis results for each of the upwelling indices in the Northern BUS
(NB), Southern BUS (SB), and Agulhas Bank (AB) regions; Total Cumulative upwelling
per year (TCU), Total Cumulative Downwelling per year (TCD), Number of upwelling
events per year (NUE), Number of upwelling days per year (NUD), Number of
downwelling events per year (NDE), and Number of downwelling days per year (NDD).
F1,34 indicates the F-statistic and the degrees of freedom. Significant regressions are shad-
ed in grey.

Region Index Coefficients F1,34 p R2

NB

TCU m = -5477 0.019 0.890 0.001

TCD m = 4.102 1.780 0.191 0.050

NUE m = 0.080 4.996 0.032 0.128

NUD m = -0.083 2.233 0.144 0.062

NDE m = 0.083 5.342 0.027 0.136

NDD m = 0.079 2.096 0.157 0.058

SB

TCU m = 6028.134 3.786 0.060 0.100

TCD m = 47.325 0.949 0.337 0.027

NUE m = -0.008 0.017 0.897 0.001

NUD m = 0.147 0.780 0.383 0.022

NDE m = -0.005 0.006 0.938 0.000

NDD m = -0.150 0.804 0.376 0.023

AB

TCU m = 619.753 8.358 0.007 0.197

TCD m = -431.237 0.474 0.496 0.014

NUE m = -0.079 2.860 0.100 0.078

NUD m = 0.769 11.855 0.002 0.259

NDE m = -0.077 2.580 0.117 0.071

NDD m = -0.773 12.012 0.001 0.261

Table 3
Quadratic regression analysis results for each of the upwelling indices in the Northern BUS
(NB), Southern BUS (SB), and Agulhas Bank (AB) regions; Total Cumulative upwelling per
year (TCU), Total Cumulative Downwelling per year (TCD), Number of upwelling events
per year (NUE), Number of upwelling days per year (NUD), Number of downwelling
events per year (NDE), and Number of downwelling days per year (NDD). F2,33 indicates
the F-statistic and the degrees of freedom. Significant regressions are shaded in grey.

Region Index Coefficients F2,33 p R2

NB

TCU m1 = 6.58E+07, m2 = -16491 13.322 <0.001 0.447

TCD m1 = 1496, m2 = -0.374 1.538 0.230 0.085

NUE m1= -61.221, m2 = 0.015 19.277 <0.001 0.539

NUD m1  = 80.821, m2 = -0.020 10.094 <0.001 0.380

NDE m1 = -61.650, m2 = 0.015 19.146 <0.001 0.537

NDD m1 = -80.931, m2 = 0.020 10.339 <0.001 0.385

SB

TCU m1 = 1.71E+06, m2 = -425.719 2.759 0.078 0.143

TCD m1 = 2636.181, m2 = -0.648 0.468 0.630 0.028

NUE m1 = -19.700, m2 = 0.005 0.274 0.762 0.016

NUD m1 = 3.407, m2 = -0.001 0.379 0.687 0.022

NDE m1 = -13.331, m2 = 0.003 0.135 0.874 0.008

NDD m1 = -3.518, m2 = 0.001 0.391 0.679 0.023

AB

TCU m1 = -9.77E+04, m2 = 24.617 4.767 0.015 0.224

TCD m1 = 3.17E+05, m2 = -79.528 0.942 0.400 0.054

NUE m1 = 5.182, m2 = -0.001 1.424 0.255 0.079

NUD m1 = 0.065, m2 = 0.000 5.753 0.007 0.259

NDE m1 = 11.614, m2 = -0.003 1.421 0.256 0.079

NDD m1 = -0.176, m2 = 0.000 5.829 0.007 0.261
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long-term increase in the SLP difference between the SAH and shelf
regions.

Correlations between TCU and the magnitude and zonal position of
the SAH were not significant (Fig. 9). TCU in the southern BUS and
Agulhas Bank regions showed significant negative correlations with
the meridional position of the SAH (Fig. 9), indicating the occurrence
of more upwelling-favourable wind in these regions when the SAH
was located further south. Since TCU on the Agulhas Bank during 2010
was identified as an outlier, we computed the correlations with and
without the 2010 value, but the results did not change with regard to
the relationship or the significance of the correlations. For the northern
BUS, the correlation with the meridional position of the SAH was also
negative (Fig. 9), but was not significant. Similarly, the correlations be-
tween TCU and the sea level pressure difference in each of the regions
was also significant (Fig. 9), with larger amounts of upwelling associat-
edwith greater SLP differences. The SLP difference in each of the regions
showed significant correlations with the magnitude and position of the
SAH (Fig. 10). Elevated SLPdifferenceswere associatedwith increases in
the magnitude, and with negative anomalies in the zonal and meridio-
nal positions of the SAH (Fig. 10).

4. Discussion

In the Benguela Upwelling System, as in many regions of the world,
systematic, high-resolution, wide-coverage, long-term data sets of me-
teorological and oceanographic measurements are lacking. Global
model output, reconstructions and reanalysis data sets are solutions to
this problem and provide data when none or only sparse data is avail-
able.While the decision to base the current study on reanalysis products
was motivated by the lack of regional wind measurements, whether in
situ or satellite, with sufficient spatial coverage and adequate temporal
resolution to identify long-term trends and variations, it must be kept in
mind that the trends and variability described using these products are
dependent on their quality and homogeneity of the reanalysis models.
Large differences in wind stress trend estimates have been observed
from different reanalysis, as well as observational, data sets (Narayan
et al., 2010). However, our results (Figs. 1–3) show that there is good
consistency between some of these reanalysis products, particularly in
the southern BUS and Agulhas Bank regions.

Intrinsic long-term bias (Cardone et al., 1990) and coarse resolution
(Kent et al., 2013) are among the caveats commonly discussed for these
data sets. For regions, such as the southern Hemisphere, bias can be ex-
acerbated by the lack of local in situ data to validate, adjust and correct
models and reconstructions (Backeberg et al., 2012). Additionally, for
upwelling regions, the resolution provided by such data sets (in space
and time) might be too coarse to adequately represent the coastal, syn-
optic nature of upwelling winds and events (Capet et al., 2004; Kent et
al., 2013). It is also important to recognise that due to their coarse reso-
lution, reanalysis products also do not account for the small-scale effects
of sea surface temperature and ocean currents on wind stress and wind
stress curl (Chelton et al., 2004; Risien and Chelton, 2008), but it is not
clear if these limitations have an effect on the long-term trends in
wind stress (Tim et al., 2015). Since the focus of the current study is to
investigate and describe the long-term trends in upwelling-favourable
winds, it requires the use of data with the longest possible timescale.
This necessitates a trade-off between datasets with the longest time-
scales and those with higher resolution and quality. However, it should
also be noted that given the temporal and spatial scales of variability in
both climate and ecosystems, higher resolution wind data (in space or
time) does not necessarily help to improve the relationships between
climate variability and ecosystem responses, as seen in the California
Current system (Black et al., 2011; García-Reyes et al., 2013).

A previous study by Chen et al. (2012) defined upwelling indices
based on sea surface temperature (SST) and offshore Ekman transport,
and concluded that while the SST-based index provided a good repre-
sentation of the spatial variation of upwelling, the offshore Ekman



Fig. 8. Anomalies of the (a) magnitude, (b) zonal position (SAHx), and (c) meridional position (SAHy) of the South Atlantic Anticyclonic pressure system, and anomalies of sea level
pressure (SLP) at selected locations in the (d) northern BUS (NB; 20°S; 12.5°E), (e) southern BUS (SB; 32.5°S; 17.5°E), and (f) Agulhas Bank (AB; 35°S; 22°E). Solid black lines indicate
the significant linear trends.
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transport-based index was more appropriate for evaluating temporal
variations of upwelling intensity in the Benguela upwelling system.
While the indices presented here provide a good assessment of the tem-
poral variations in upwelling driven by Ekman transport, it is important
to recognise that, in addition to Ekman transport, there are several other
mechanisms which also result in upwelling. Upwelling is also driven by
the cyclonic curl of the wind stress, which can be a significant source of
nutrients in coastal ecosystems (Rykaczewski and Checkley, 2008).
Although the rate of upwelling by Ekman transport is an order of mag-
nitude greater than that of curl-driven upwelling (Rykaczewski and
Checkley, 2008), it has been shown that, on average, curl-driven up-
welling contributes 23% of the total volume of upwelled waters in the
Benguela region (Messié et al., 2009). However, it has been suggested
that upwelling induced by Ekman transport is more important to eco-
system functioning in coastal ecosystem than curl-driven upwelling,
as it uplifts deeper waters with higher nutrient concentrations into
the euphotic zone (Chavez and Messié, 2009).

Upwelling can also be enhanced or suppressed by cross-shore geo-
strophic currents, but this mechanism is often overlooked because of
the relatively weak magnitudes of these flows (Colas et al., 2008;
Marchesiello and Estrade, 2010; Marchesiello et al., 2010; Oerder et
al., 2015). In the Benguela system, Veitch et al. (2010) showed that in
the northern part of the system, convergence due to onshore geographic
flow inhibits upwelling, while in the southern part, geostrophic
divergence results in enhanced upwelling. Furthermore, Chavez and
Messié (2009) have demonstrated that the Benguela region is dominat-
ed by high intraseasonal variability driven by local mesoscale activity,
which shows weak seasonal and strong interannual variability
(Chaigneau et al., 2009). This mesoscale activity has been shown to
limit the offshore extent of upwelled waters (Chen et al., 2012), and is
also known to reduce productivity in coastal upwelling systems by the
subduction and offshore transport of nutrient-rich waters (Gruber et
al., 2011; Rossi et al., 2008).

Nevertheless, the focus of the current studywas to describe the long-
term variations in upwelling driven by offshore Ekman transport, as op-
posed to the total upwelling from all processes, and the indices defined
here and applied to the BUS show spatial heterogeneity and regional
characteristics in agreement with previous descriptions of upwelling
variability (Hutchings et al., 2009). The northern BUS exhibits perennial
upwelling (N95% of the year, on average), approximately an order of
magnitude greater than in the southern BUS, where upwelling exhibits
stronger seasonality but occurs during most (N75%) of the year. The
Agulhas Bank region exhibits the strongest downwelling of all the re-
gions, and upwelling conditions for b50% of the year. In addition to
the differences in the annual magnitude of upwelling, temporal trends
in upwelling also varied regionally over the 1979–2015 period. Strong
inter-decadal variability was observed in all regions (confirmed by
spectral analysis – see Figs. SM5–SM7). Most notably, in all the regions,



Fig. 9. Scatterplots showing Spearman correlations (r) and significance (p-values) between the (a, b, c) anomalies of themagnitude of the South Atlantic Anticyclonic (SAH) atmospheric
pressure system, (d, e, f) anomalies of the zonal position (SAHx), (g, h, i) anomalies of themeridional position (SAHy) of the SAH, and (j, k, l) sea level pressure (SLP) differences, and Total
Cumulative Upwelling (TCU) in the northern BUS (NB), southern BUS (SB), and Agulhas Bank (AB) regions. Significant correlations are indicated by solid black lines and grey shading.
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the strongest variabilitywas observed at periods of 2.01–2.54 years, and
those N14 years (Figs. SM5–SM7). In contrast to the northern (Fig. SM5)
and southern BUS (Fig. SM6), the Agulhas Bank showed additional
strong variability at periods of 4.92–5.82 years (Fig. SM7).

Despite the inter-decadal variability, there was an overall intensifi-
cation of upwelling along the Agulhas Bank, and although the trend
was not significant, there was a tendency toward increased upwelling
in the southern BUS. While there was no significant long-term trend
in TCU in the northern BUS, upwelling in recent years (2009–2015)
has been substantially lower. These trends are associated with changes
in the number of days of upwelling in each region, with a significant in-
crease in upwelling days on the Agulhas Bank and an increasing tenden-
cy of this in the southern BUS, and a trend toward fewer days (andmore
episodic upwelling events, as upwelling has become less continuous) in
the northern BUS in recent years.

These observations update and confirm the meta-analysis of
Sydeman et al. (2014), in which subtle and spatially variable changes
in upwelling, particularly in the poleward realms of EBUEs were



Fig. 10. Scatterplots showing Spearman correlations (r) and significance (p-values) between the (a, b, c) anomalies of themagnitude of the South Atlantic Anticyclonic (SAH) atmospheric
pressure system, (d, e, f) anomalies of the zonal position (SAHx), (g, h, i) anomalies of themeridional position (SAHy) of the SAH, and sea level pressure (SLP) differences in the northern
BUS (NB), southern BUS (SB), and Agulhas Bank (AB) regions. Significant correlations are indicated by solid black lines and grey shading.
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suggested. Although the recent changes in upwelling noted here are
present over short time scales (roughly 10 to 30 years) relative to the
inter-decadal and centennial time scales necessary to document changes
associated with anthropogenic forcing, the observed changes are consis-
tent with modeling results that predict future upwelling intensification
in the poleward portions of EBUEs (Rykaczewski et al., 2015; Wang et
al., 2015). Furthermore, in comparison to previous studies, these indices
show how changes in upwelling are related to synoptic-scale variations
in upwelling and downwelling conditions, and provide a refined under-
standing of the trends, be they unidirectional or inter-decadal in nature.

The decline in TCU in the northern BUS since 2006 corresponds with
the positive linear trends identified in sea surface temperature (SST) in
this region (Jarre et al., 2015). Similarly, the observed variations in up-
welling in the southern BUS and on the Agulhas Bank are consistent
with SST fluctuations and coastal cooling (Rouault et al., 2010, Roy et
al., 2007). Our study also illustrates a possible change-point in upwell-
ing across all regions in the mid- to late-2000s; the decrease in upwell-
ing in the northern BUS occurred in 2008/2009, as did a change in the
number of downwelling and upwelling days (2009/2010) and total cu-
mulative downwelling (2004/2005) in the southern BUS. In this regard,
one of the most surprising findings was the extraordinarily strong
upwelling observed along the Agulhas Bank in 2010. This spike in up-
welling was N3 s.d. above the mean for the region and we question its
accuracy. However, this spike in upwelling is associated with the most
southerly location of the SAH (Fig. 8c), and other data sources also dem-
onstrate amajor shift in conditions in this year (see SM), sowe consider
that data point reliable.

The annual tomulti-decadal variations in upwelling-favourablewinds
along the west coast are associated with shifts in the magnitude (García-
Reyes et al., 2013), and meridional position (Hutchings et al., 2009; Jarre
et al., 2015; Rykaczewski et al., 2015) of the atmospheric South Atlantic
Anticyclone (SAH). Changes in TCU were more strongly correlated with
meridional than with zonal excursions of the SAH (Fig. 9). And although
westerly and southerly excursions of the SAHwere associatedwith larger
differences in sea level pressure between the SAH and the shelf in each of
the regions (Fig. 10), the larger distance between the SAH and the shelf in
thenorthernBUS served to decrease thepressure gradient there, resulting
in decreased TCU. In the southern BUS and Agulhas Bank regions, higher
TCU, and hence more upwelling-favourable wind, was observed when
the SAH was located further south.

While the Agulhas Current, which flows along the Agulhas Bank
shelf edge, is known to uplift cold nutrient-rich water onto the shelf



Fig. 11.Annual average sea level pressure (SLP, hPa)maps showing themagnitude and position of the SouthAtlanticAnticyclonic pressure systemduringyears ofminimumandmaximum
upwelling (TCU) in the northern BUS, southern BUS, and Agulhas Bank.

14 T. Lamont et al. / Journal of Marine Systems 188 (2018) 3–16
through Ekman veering, it has been shown the Agulhas Current has a
limited influence at the coast, except on the far eastern side (east of
25°E) where the shelf is much narrower and plumes of warm Agulhas
Current water are frequently advected into the bay (Goschen et al.,
2012; Schumann, 1998, 1999). Although the Agulhas Bank is located
further east of the SAH than the northern and southern Benguela sub-
systems, it is well-established that wind-driven upwelling occurs
along this coast (Schumann et al., 1982, 1988; Walker, 1986), and that
the upwelling-favourablewinds are associatedwith the south-eastward
ridging of the SAH (Schumann et al., 1995). These patterns are clearly il-
lustrated for minimum and maximum TCU in each of the regions (Fig.
11), and these changes in upwelling and the position of the SAH are in
agreement with the shifts in the SAH described by Jarre et al. (2015).
Similar observations of increased upwelling-favourable wind stress in
the southern Benguela and Agulhas Bank regions have been made by
Tim et al. (2015), and they attributed this to a positive pressure anomaly
south of the continent, rather than the intensification of the SAH. How-
ever, it is likely that this positive pressure anomaly south of the conti-
nent is a result of the long-term southward migration of SAH, as
illustrated in Fig. 8c.

Interestingly, there appears to be no relationship between TCD
(downwelling) indices and changes in the magnitude and position of
the SAH (correlations not shown). However, there have beenno compa-
rable analyses of the long-term variations in downwelling, nor its
drivers, since most of the previous work has inferred downwelling
from the lack of upwelling at the event-scale, or focussed on deviations
from climatological mean patterns (Roy et al., 2001; van der Lingen et
al., 2016). The lack of correlation between the amount of upwelling
and downwelling in all of the regions suggests that both wind direction
and wind speed are changing over time in relation to changes in the
magnitude and position of the SAH.

These upwelling indices should help to better understand drivers of
environmental change in the BUS and other EBUEs. For example, while
the yield of pelagic fisheries in the southern BUShas remained relatively
constant (Hutchings et al., 2009), there has been a pronounced east-
ward re-distribution of pelagic resources, of anchovy in particular,
from the southern Benguela to theAgulhas Bank,which could be related
to changes in upwelling (Roy et al., 2007). While the eastward shift has
persisted for anchovy adults, the distributional change shown by sar-
dine has not, likely as a result of fishing pressure impacting more
strongly on sardine distribution (Coetzee et al., 2008). This anchovy
shift in themid-1990s was associated with a change in the annually av-
eragedwind speed (Roy et al., 2007), but our indices indicate that rather
than a change in total upwelling occurring by means of changed wind
speed only, there was also a change in the number of upwelling days
in the region during this period.

Changes in upwelling and forage fish distribution may also explain
regional population trends, in marine wildlife, in particular several
bird species reliant upon pelagic fish for sustenance, particularly from
the early- to mid-1990s. Some seabirds (e.g. Cape Gannets) also appear
to have re-distributed to the Agulhas Bank (Blamey et al., 2012; Blamey
et al., 2015; Crawford et al., 2015). Similarly, changes in upwelling may
also be partly responsible for population shifts (decline, in this case) of
pelagic resources in the California upwelling system (MacCall et al.,
2016; Zwolinski and Demer, 2012). Application of these upwelling indi-
ces to biological time series in these systems will provide insight into
upwelling-ecosystem relationships and how the Benguela and other
EBUE systems are similar or different in their responses to climate
change and variability.
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