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Figure 10.1. Maps of IGMETS-participating time series on a background of 10-year (2003-2012) sea surface temperature trends (top
panel, see also Figure 10.4a) or on a background of 10-year sea surface chlorophyll trends (bottom panel, see also Figure 10.4b). These
maps show 344 time series (coloured symbols of any type), of which 71 were from Continuous Plankton Recorder subareas (blue box-
es) and 46 were from estuarine areas (yellow stars). Dashed lines indicate boundaries between IGMETS regions. Additional infor-
mation on the sites in this study is presented in the Annex.
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10.1 Introduction

The ocean’s biological, physical, and chemical character-
istics vary across a range of temporal and spatial scales
in response to different driving forces. These include
short-term and seasonal localized phenomena, such as
coastal upwelling and river discharge, as well as meso-
and large-scale features like eddies, ocean currents, and
the global thermohaline circulation - the conveyor belt
(Figure 10.2). The ocean also responds to large-scale cli-
mate cycles (e.g. Pacific Decadal Oscillation, El Nifio—
Southern Oscillation, North Atlantic Oscillation).
Changes induced by humans add yet another layer of
complexity. Monitoring changes in global marine biolog-
ical and biogeochemical variables and exploring their
relationships with natural variability and anthropogenic
forcing is fundamental to improving our capacity to
predict how the ocean may respond to future changes as
well as associated impacts on marine ecosystem services
(Worm et al., 2006; Hoegh-Guldberg and Bruno, 2010;
Overland et al., 2010; Doney et al., 2014).

Global ocean phytoplankton biomass and sea surface
temperature (SST) have been investigated with a variety
of techniques, including satellites and in situ sampling.
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These two variables have significant effects on ecosys-
tem structure and functioning and have been observed
to change in response to varying ocean conditions
(IPCC, 2013). Several authors have suggested that global
phytoplankton biomass has declined over the past sev-
eral decades in nearly all ocean regions due to increasing
SST and stratification (Behrenfeld et al., 2006; Henson et
al., 2010; Vantrepotte and Mélin, 2009, 2011; Beaulieu et
al., 2013; IPCC, 2013; Siegel et al., 2013), while others
point to an increase in the North Atlantic where long
time series exist (McQuatters-Gollop et al., 2011). The
relationship among SST, chlorophyll and stratification,
however, is not simple; therefore, it is difficult to corre-
late changes in one with changes in the other on a global
scale (Dave and Lozier, 2013; Behrenfeld et al., 2015).

Maps of trends help identify regions that experience
significant changes over different time-scales and can
also provide information on rates of change. Maps of
multiple variables help elucidate possible causes for the
alterations. Changes are constantly occurring on a global
scale; some are related to anthropogenic forcing, and
some variables will show changes faster than others,
resulting in a widespread debate on the length of time
required to observe trends related to climate signals
(Henson et al., 2010, 2016; Henson, 2014).

Figure 10.2. Map showing stylized, major global currents that interconnect the world oceans, also known as “the conveyor belt”. Blue
arrows indicate generally cooler water currents and red arrows indicate generally warmer currents. The dark blue stars indicate the
locations of the 344 time series that participated in this study. Additional information on these time series is presented in the Annex.
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Figure 10.3. Panel of maps showing locations of IGMETS-participating time series based on time-window qualification. Red symbols
indicate time-series sites with at least one biological or biogeochemical variable (i.e. excluding temperature- and salinity-only time
series) that qualified for that time-window (e.g. TW05, TW20). Light gray symbols indicate sites that did not have enough data from

the given time-window to be included in that analysis.

Globally, there are at least 344 ship-based biogeochemi-
cal time series that span different lengths and windows
of time (Figure 10.1). These time series represent one of
the most valuable tools scientists have to characterize
and quantify ocean carbon fluxes, biogeochemical pro-
cesses, and their links to changing climate (Karl, 2010;
Chavez et al., 2011; Church et al., 2013). Coupling these in
situ biogeochemical measurements and plankton data
with satellite observations improves the understanding
of changes in the biological, physical, and biogeochemi-
cal properties of the global oceans. Satellite data provide
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an additional layer of information about changing ocean
conditions and ecosystems and can help scale-up the
relatively sparse shipboard datasets to achieve a broader

regional and/or global perspective.

In this chapter, we aim to examine changes in the global
oceans, explore possible connections between ocean ba-
sins, and identify areas that show significant changes
over temporal periods of 10, 15, 20, and 30 years (“time-
windows”; the IGMETS “time-windows” analysis is
described in Chapter 2). A shorter 5-year time-window

analysis is also available to observe short-term fluctua-



tions, though these may not be statistically significant
for climate change-related trends. Thirty years of obser-
vations provide information on the overall direction of
change (if any) of the different ocean variables and pre-
sent a good basis to start distinguishing between natural
variability and long-term, human-induced trends (Hen-
son et al., 2010; Henson, 2014). In terms of available bio-
geochemical and plankton time series, there are tenfold
more 5-year time series than 30-year time series. How-
ever, going back in time (20 years), most of the time-
series sites are located in the North Atlantic (Fig-
ure 10.3).

Short time-windows, such as five years, provide infor-
mation on the speed of some of the changes that are be-
ing observed in the ocean and offer insight on short-term
fluctuations. The magnitude of natural variability in
many biogeochemical variables can mask anthropogenic
trends, as is shown in the regional chapters. The ecologi-
cal and economic consequences of such changes are im-
portant, particularly with regard to marine ecosystem
goods and services. Analyzing changes in specific time-
windows facilitates comparison of trends in different
areas and detection of decadal and multidecadal climatic
drivers. Clearly, the start and end dates chosen for trend
analyses may influence the assessment of the rates of
change (IPCC, 2013; Karl et al., 2015).

It is not possible yet to fully quantify how much of the
ocean’s variability is due to anthropogenic drivers;
hence, the importance of sustained ocean time-series
observations. Only a fraction of the biogeochemical time
series around the world reaches or exceeds observations
of more than two decades (Figure 10.3). Indeed, many
ship-based biogeochemical time-series measurements
(e.g. ocean CO:2 system parameters, nutrient concentra-
tions), particularly in the southern hemisphere, were
initiated only in the past decade. These various time
series provide a “baseline” against which to detect areas

that have undergone rapid change.

10.2 General patterns of temperature and

phytoplankton biomass

Significant trends in SST were visible at the global scale
(over 79% of the ocean) during the past three decades
(Figure 10.4a; Table 10.1). In the 30-year time-window
(1983-2012), 79.9% (69.8% at p<0.05) of the world’s

oceans increased in temperature, while 20.1% (13.2% at
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p <0.05) registered a decrease (Table 10.1). The most
significant warming was observed in the Atlantic and
Indian oceans (Figure 10.4a; see also the respective re-
gional chapters). Comparing the changes, the positive
trend was +0.1 to +0.5°C decade'. Areas that cooled
down had rates of less than -0.1°C decade™!. These ob-
servations generally agree with published results that
highlight increases in ocean temperatures of ca. 0.1°C
decade™! (IPCC, 2013; Karl et al., 2015). Non-significant
changes were visible only in the western and tropical
Pacific Ocean, a portion of the South Atlantic, and in
small areas of the Arctic and Antarctic oceans. The
warming trend is also visible over a large portion of the
global ocean during the past 10-15 years (49.3% in the
past 10 years, with 26.3% at p <0.05; 69.3% over the past
15 years, with 44.8% at p < 0.05; Figure 10.4a; Table 10.1).

Satellite data coverage of the Arctic region is poor.
Changes in SST show that this area is subject to strong
interannual and spatial variability linked to changes in
albedo (sea ice cover, soot on snow), atmospheric cloud
cover, water vapor and black carbon content, and ocean-
ic heat flux (see Serreze and Barry, 2011; and references
therein). Compared to the Antarctic (with the exception
of the Western Antarctic Peninsula; Meredith and King,
2005; Steig et al., 2009), warming over the Arctic during
1983-2012 has been pronounced (85.3%, with 79.2% at
p <0.05). While the Arctic Ocean showed a slowdown in
its warming during 2003-2012, positive SST trends have
prevailed.

In the Southern Ocean, 55.9% (with 44% at p <0.05) of
the region cooled during 1983-2012 (Figures 10.4a
and 10.5). Areas of cooling are close to the Antarctic
coastline, while the warming is observed farther north.
One exception is the area adjacent to the Western Ant-
arctic Peninsula; this warming arises largely from in-
creased air temperatures recorded in the region and re-
duced sea ice cover (Meredith and King, 2005; Steig et
al., 2009; Ducklow et al., 2013). Variations in the Antarc-
tic SST are associated with changes in the polarity of the
Southern Oscillation (SO) and the Southern Annular
Mode (SAM), as well as the Antarctic Oscillation Index
(AAO) (Yu et al., 2012). Some of the colder SSTs ob-
served could be attributed to lower air temperatures
reported for a large portion of the Antarctic Peninsula
(Kwok and Comiso, 2002; Marshall et al., 2014). The
driver of these negative SST trends is still being debated
(Randel and Wu, 1999; Thompson and Solomon, 2002).
Over the 15-year time-window, significant warming was

observed in most of the measurable surface of the
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Figure 10.4. Annual trends in global sea surface temperature (SST) (a) and sea surface chlorophyll (CHL) (b) and correlations between
chlorophyll and sea surface temperature for each of the standard IGMETS time-windows (c). See “Methods” chapter for a complete
description and methodology used.
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Southern Ocean (57.5%, of which 40.0% was significant
at p <0.05; Table 6.1; Figure 6.2). This pattern reversed
over the past 10 years, where ca. 54% of the Southern
Ocean exhibited cooling (Table 6.1; Figure 6.2). The
Western Antarctic Peninsula was still the exception,
where sustained warming was observed in both time-
windows (Meredith and King, 2005; Ducklow et al., 2013;
see Chapter 6). The cooling in the past decade has been,
in part, attributed to the ozone hole (Marshall et al.,
2014).

In the Atlantic Ocean, the subtropical South Atlantic
cooling observed over the 30-year time-period is possi-
bly linked to variations in the subtropical anticyclone
that arises from decadal-scale, wind-driven ocean tem-
perature fluctuations that occur in a north-south dipole
structure (Venegas et al., 1997). It could also be a mani-
festation of an ENSO teleconnection (Nobre and Shukla,
1996; Enfield and Mestas-Nunez, 2000; Deser et al., 2010).
The warming of the entire North Atlantic region (99.1%,
with 97.3% at p <0.05) over the past three decades has
been attributed to both natural and anthropogenic forc-
ings (Knudsen et al., 2011; Hoegh-Guldberg et al., 2014).
Over shorter time-scales, the warming and cooling
across the Atlantic were more heterogeneous; during
2003-2012, 50.3% of the Atlantic — the southern north
and south parts — warmed, while 49.7% — the northern
North and South Atlantic — cooled. In the North Atlantic,
air temperatures are largely driven by the NAO, with
colder conditions over the Mediterranean and subpolar
regions and warmer mid-latitudes (Europe, the north-
eastern United States, and parts of Scandinavia) during
positive NAO phases (Visbeck et al., 2001; Deser et al.,
2010; Hurrell and Deser, 2010). For this phase, SST re-
flects a “tripole pattern” with a cold anomaly in the sub-
polar region, a warm anomaly in the mid-latitudes, and
a cold subtropical anomaly between 0 and 30°N (Visbeck
et al., 2001). The mixed warm/cold trends observed in the
North Atlantic over the past decade could be reflecting
fluctuations of NAO phases (e.g. strong negative phases
in 2009 and 2010, positive in 2012), and possible SST
feedback (Hurrell and Deser, 2010; Figure 10.4). The
colder SST could also be the result of changes in the At-
lantic meridional overturning circulation (AMOC), as
suggested by Rahmstorf et al. (2015).

Cooling observed in the western and tropical Pacific
Ocean over the past 30 years is likely related to interan-
nual-multidecadal oscillations like the El Nifio Southern
Oscillation (ENSO), the Interdecadal Pacific Oscillation
(IPO), and the Pacific Decadal Oscillation (PDO)
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(Chavez et al., 2003, 2011). Pacific SST is strongly corre-
lated with these climate indices (Enfield et al., 2001; Al-
exander et al., 2002). The warming and cooling of the
Pacific under the changing regimes is not uniform; the
central North and South Pacific are out of phase with the
eastern Pacific. Chavez et al. (2003) identified one
“warm” period (from about 1975 to the late 1990s) and
two cooler periods (from the early 1950s to about 1975
and from the late 1990s to around 2012). In the 15-year
time-window, a particular pattern emerged in the Pacific
Ocean with warming across the equatorial Pacific. In
1998-2012, 65.2% of the Pacific warmed (37% at p < 0.05),
and these areas were located mostly near the equator
and in the central North and South Pacific; 34.8% cooled
(17.0% at p < 0.05; see Figure 7.2). That pattern can be
tied to ENSO (Deser et al., 2010). However, when analyz-
ing the 10-year time-window, the Pacific exhibited a
general cooling over 59% of its area (40% at p <0.05).
This is largely linked to La Nifa-like conditions (Kosaka
and Xie, 2013) and a change in phase of IPO from posi-
tive to negative around 1998/1999 (Dong and Zhou,
2014).

The Indian Ocean exhibited strong, consistent warming
across all time-windows. From 1983 to 2012, 97.8% of the
Indian Ocean warmed (91.9% at p <0.05; Figure 10.4).
The warming is associated with a range of climate cy-
cles, including the IPO (Han et al., 2014). Over shorter
time-scales (10-15 years), while the sustained warming
prevailed, the spatial extent decreased (Table 10.1), like-
ly due to variability induced by shorter-term climatic

signals (e.g. Indian Ocean Dipole, ENSO).

The chlorophyll (Chl a) trends, as derived from satellite
data, show that, overall, ca. 60% of the ocean has exhib-
ited decreasing concentrations over the past 15 years
(Figures 10.4 and 10.5), which is consistent with previ-
ous studies (Polovina et al., 2008; Henson et al., 2010;
Siegel et al., 2013; Gregg and Rousseaux, 2014; Signorini
et al., 2015). In general, changes in chlorophyll are in-
versely related to SST (Table 10.1; Figure 10.4). The in-
crease in global Chl a concentrations observed in the 10-
year time-window, relative to the 15-year window,
might be attributable to somewhat cooler SSTs. In the
Pacific Ocean, in particular, higher Chl a concentrations
were observed in the subtropics, between roughly 10
and 30°, both north and south of the equator. This region
corresponds to areas experiencing cooling and possibly
becoming more productive (increased mixed-layer
depth), due to La Nifia-like conditions (Siegel et al., 2013;

Signorini et al., 2015). The influences of circulation pat

177



Table 10.1. Relative spatial areas (% of the total region) and rates of change that are showing increasing or decreasing trends in sea
surface temperature (SST) for each of the standard IGMETS time-windows. Numbers in brackets indicate the % area with significant
(p <0.05) trends. See “Methods” chapter for a complete description and methodology used.

Latitude-adjusted SST data field 5-year 10-year 15-year 20-year 25-year 30-year
surface area = 361.9 million km? (2008-2012) (2003-2012) (1998-2012) (1993-2012) (1988-2012) (1983-2012)
Area (%) w/ increasing SST trends 52.9% 49.3% 69.3% 74.1% 79.4% 79.9%
(p <0.05) (14.8%) (26.3%) (44.8%) (60.8% ) (67.5%) (69.8% )
Area (%) w/ decreasing SST trends 47.1% 50.7% 30.7% 25.9% 20.6% 20.1%
(p <0.05) (16.4% ) (29.7%) (15.0%) (15.6%) (13.0% ) (13.2%)
> 1.0°C decade™ warming 14.3% 4.2% 0.6% 0.1% 0.0% 0.0%
(p < 0.05) (9.4%) (4.2%) (0.6%) (0.1%) (0.0%) (0.0%)
0.5 to 1.0°C decade* warming 14.5% 11.3% 7.3% 6.0% 1.9% 1.6%
(p <0.05) (3.8%) (10.6% ) (7.2%) (6.0%) (1.9%) (1.6%)
17.4% 25.0% 46.4% 54.9% 59.6% 58.4%
(1.3%) (11.2%) (35.2%) (51.7%) (58.5% ) (58.1% )
0.0 t0 0.1°C decade* warming 6.8% 8.8% 15.1% 13.1% 17.8% 19.9%
(p < 0.05) (0.3%) (0.3%) (1.8%) (3.0%) (7.0%) (10.1%)
0.0 to —0.1°C decade ™ cooling 5.3% 9.5% 12.6% 12.5% 12.6% 14.0%
(p < 0.05) (0.1%) (1.4%) (2.8%) (41%) (5.4%) (7.2%)
—0.1 to —0.5°C decade™ cooling 14.9% 24.2% 16.3% 12.3% 8.1% 6.1%
(p <0.05) (0.9%) (11.9%) (10.4%) (10.4%) (7.6%) (5.9%)
12.2% 13.2% 1.6% 1.1% 0.0%
(4.1%) (12.6%) (1.6%) (1.1%) (0.0%)
> —1.0°C decade™ cooling 14.6% 3.9% 0.1%
(p < 0.05) (11.2%) (3.8%) (0.1%)

Table 10.2 Relative spatial areas (% of the total region) and rates of change that are showing increasing or decreasing trends in phyto-
plankton biomass (CHL) for each of the standard IGMETS time-windows. Numbers in brackets indicate the % area with significant
(p <0.05) trends. See “Methods” chapter for a complete description and methodology used.

Latitude-adjusted CHL data field 5-year 10-year 15-year
surface area = 361.9 million km? (2008-2012) (2003-2012) (1998-2012)

Area (%) w/ increasing CHL trends 28.9% 40.9% 37.8%
(p<0.05) (4.9%) (16.4% ) (14.6%)

Area (%) w/ decreasing CHL trends 71.1% 59.1% 62.2%
(p <0.05) (32.1%) (33.7%) (38.4%)

> 0.50 mg m=decade™ increasing 1.6% 0.7% 0.9%

(p < 0.05) (0.6%) (0.5%) (0.8%)

5.1% 4.0% 3.7%

(1.4%) (2.3%) (2.8%)

0.01 to 0.10 mg m-3decade increasing 14.5% 22.6% 17.2%
(p <0.05) (27%) (11.8%) (8.9%)

0.00 to 0.01 mg m3decade* increasing 7.7% 13.5% 16.0%
(p < 0.05) (0.2%) (1.8%) (2.1%)

0.00 to —0.0 mg m3decade* decreasing 9.6% 17.3% 30.1%
(p < 0.05) (0.8%) (5.2%) (14.9%)

—0.01 to —0.10 mg mdecade decreasing 45.3% 37.4% 30.8%
(p < 0.05) (21.4%) (25.7%) (22.8%)

12.7% 3.9% 1.2%

(7.7%) (2.4%) (0.6%)

>-0.50 mg m—2decade (decreasing) 3.4% 0.6% 0.1%
(p < 0.05) (21%) (0.4%) (0.1%)
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terns caused by the ENSO are clearly distinguishable.
Increases over the 10-year time-window are also ob-
served in the Southern Ocean, in the eastern North At-
lantic near the Greenland Sea, and in the Arctic Ocean.
Similar changes were also noted by other authors (Hen-
son et al., 2010; McQuatters-Gollop et al., 2011; Siegel et
al., 2013). Chl a changes around Antarctica may be driv-
en by the Antarctic Oscillation, which affects wind in-
tensity and, in turn, mixed-layer depth (Boyce et al.,
2010). The Chl a increases noted in the North Atlantic
and Arctic oceans are likely related to the decrease in ice
cover and duration (more open water), which have led
to associated increases in primary production in the re-
gion (Zhang et al., 2010; Arrigo and van Dijken, 2011). In
general, for the 10-and 15-year time-windows, positive
correlations of SST and Chl 4 were more commonly ob-
served at high latitudes, suggesting drivers other than
temperature for the enhanced productivity (Doney,
2006). The only ocean basin that showed a consistent
decline in Chl a concentrations over time was the Indian
Ocean, though some regions, such as the South China

Sea and the subtropical front, showed no trend.

It is important to stress that the aforementioned trends
derived from satellite observations are only for a portion
of the surface ocean. Satellite-derived SST and Chl a are
limited to the first optical depth, which can vary from a
few to several tens of metres, depending on the optical
properties of the water (Morel et al., 2007). It is also im-
portant to bear in mind that changes observed in Chl a
can be associated with physiological changes and
changes in phytoplankton biomass or biased by high
concentrations of coloured dissolved organic matter
(CDOM) (Siegel et al., 2005; Behrenfeld et al., 2015).

10.3 Trends from in situ time series

Only a few in situ time series have sufficient data to
show reliable trends in biogeochemical variables over
the past 30 years. Indeed, the North Atlantic, Baltic Sea,
and Mediterranean Sea are some of the only locations
where such time-series information exists, which enable
us to track how the biology and biogeochemistry may
have been changing over the past 30 years. Continuous
satellite chlorophyll concentration data are only availa-
ble since the late 1990s.

Over time-scales of less than a decade, it is difficult to

distinguish between natural and anthropogenic forcing
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Figure 10.5. Percent spatial area of increasing sea surface tem-
perature (SST; top) and decreasing chlorophyll a (Chl a; bottom)
measurements per ocean over different time-windows, as de-
rived by satellite measurements.

(Overland et al., 2006; Karl, 2010; Henson, 2014). Statisti-
cal significance of results can also be questionable. For
this reason, this chapter’s analysis of satellite data was
done for time-windows of 10 or more years. However,
for in situ time series, even short time-scale data provide
valuable information. Most of the time series collecting
measurements today span < 10 years. Thus, we will pro-
vide a short summary of biogeochemical trends from in
situ time series, especially focusing over the past fifteen,
ten, and five years, but, where possible, including those

few that have measurements with longer time-spans.

Over the 30-, 15-, 10-, and 5-year periods, most of the in
situ time-series data report an increase in Chl a concen-
trations throughout the world’s oceans, contrasting with
some of the satellite data (Table 10.2; Figure 10.9). It is
particularly interesting to note that the majority of the
time series are located in coastal areas, where local driv-
ers affect primary production and chlorophyll concen-
trations. Indeed, the in situ time series and satellite Chl a

trends highlight the differences between coastal and
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Figure 10.6. Global 30-year trends (1983-
2012; TW30) of diatom (a) and dinoflagellate

a) Total Diatoms for 1983-2012 (TW30)
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open-ocean ecosystems. Special caution must be used
when averaging oceanic regions (Yuras et al., 2005), and
the inclusion of continental margins in primary produc-
tion or carbon-flux estimates for the world’s oceans has
to be considered (Laws et al., 2000; Miiller-Karger ef al.,
2005).

While it is generally accepted that phytoplankton be-
come less abundant with rising ocean temperatures due
to increased stratification and less nutrient availability
(Richardson and Schoeman, 2004; Gruber, 2011), it has
been suggested that global warming can also boost phy-
toplankton abundance and that phytoplankton physiol-
ogy responds favorably to such changes (Richardson

180
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and Schoeman, 2004; Kempt and Villareal, 2013; Behren-
feld et al, 2015). A shift towards more upwelling-
favorable winds and subsequently enhanced coastal
upwelling in response to greenhouse warming can lead
to higher primary production (Bakun, 1990; Sydeman et
al., 2014). Similarly, a rise in phytoplankton concentra-
tions due to higher metabolic rates and extended per-
manence within the euphotic zone in regions of warm-
ing has been proposed (Richardson and Schoeman,
2004). Ocean warming can also have other effects on
plankton abundance, such as an uneven shift in bloom
timing and location of various plankton groups (phenol-
ogy — match/mismatch) (Richardson, 2008; Henson et al.,
2013; Barton et al., 2016). Higher stratification and more



nutrient-depleted conditions in the surface ocean may
lead to changes in ecosystem structure, where smaller
phytoplankton will dominate (Bopp et al., 2005). Higher
ocean CO: concentrations (ocean acidification) could
lead to higher phytoplankton biomass, depicted as high-
er Chl a concentrations, as a result of excess carbon con-
sumption and/or higher photosynthetic rates (Riebesell
et al., 2007; Riebesell and Tortell, 2011). Nevertheless,
primary producers such as coccolithophores are report-
ed to have a species-specific reaction towards ocean
acidification, and general patterns are not easy to identi-
fy (Meyer and Riebesell, 2015; Riebesell and Gattuso,
2015). In addition, it has been suggested that the combi-
nation of higher CO2 concentrations coupled with in-
creased light exposure can negatively impact marine
primary producers (Gao et al., 2012). The regional chap-
ters provide more details on the complex responses of
marine organisms to concurrent changes in CO2 concen-

trations, ocean temperature, and nutrient availability.

Over the 30-year time-window, increases in diatoms and

dinoflagellates were observed in the western and north-

a) In situ Dissolved Oxygen for 1998-2012 (TW15)
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ern North Atlantic (Figure 10.6). McQuatters-Gollop et
al. (2011) reported increases in phytoplankton in most
regions of the North Atlantic after 1980. While this trend
seems to be robust, this region exhibits highly variable
phytoplankton blooms. These are linked to the North
Atlantic Oscillation (NAO), and the magnitude of
blooms is related to the mixed-layer depth (Henson et
al., 2009). It has also been suggested that variations in
phytoplankton abundance can be related to expanding
or contracting niches as ocean conditions change (Irwin
et al.,, 2012; Barton et al., 2016). Over shorter time-
windows, the changes observed in North Atlantic and
Mediterranean phytoplankton abundance are spatially
heterogeneous. For example, some parts of the Mediter-
ranean showed a decline in diatom concentrations over
the past decade, consistent with reports of a shift from
diatom-dominated phytoplankton populations toward
non-siliceous types in response to decreasing silica and
nitrate concentrations (Goffart et al., 2002). A relative
lack of phytoplankton data precludes comparable anal-

yses in other ocean basins.

b) In situ Dissolved Oxygen for 2003-2012 (TW10)
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Figure 10.7. Global 15-and-10-year trends (1998-2012 (TW15) and 2003-2012 (TW10), respectively) (a), dissolved oxygen (b); and nitrate
concentration (NOs) (c and d). Background colours indicate rates of change in gridded SST obtained from Reynolds OIv2SST. Variable

names according to the IGMETS Explorer (http://igmets.net/explorer/).
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a) In situ combined Chlorophyll for 1998-2012 (TW15) b) In situ combined Chlorophyll for 2003-2012 (TW10)
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Figure 10.8. Global 15-and-10-year trends (1998-2012 (TW15) and 2003-2012 (TW10), respectively) of in situ Chl a (a and b); diatom
concentration (¢ and d); and zooplankton (e and f). Background colours indicate rates of change in Chl a from SeaWiFS/MODIS-A.
Variable names according to the IGMETS Explorer (http://igmets.net/explorer/).

The NAO has been invoked to explain changes in zoo- abundance has been highly variable in space and time
plankton populations in the Mediterranean and North (Figure 10.8); for example, increases in copepods were
Atlantic (Mazzocchi et al., 2007; Siokou-Frangou et al., observed in the western North Atlantic over the 10-and
2010; Garcia-Comas et al., 2011). Over the past three dec- 5-year windows. Locations of increased Chl a were often
ades, copepods have largely decreased in the western associated with areas of higher zooplankton biomass,
North Atlantic, but have increased in the eastern North illustrating the foodweb connectivity.

Atlantic and Mediterranean Sea. However, copepod
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However, most of the changes in zooplankton were non-

significant (more information available at

http://igmets.net/explorer); this suggests that changes in

zooplankton population within the past 15 years may be
mostly responding to local drivers (e.g. nutrient inputs
and local bloom dynamics), as opposed to large-scale
climate drivers (Beaugrand and Reid, 2003; Lejeusne et
al., 2010). It is important to note that changes within
global zooplankton communities (e.g. species composi-
tion, seasonal changes), which are key ecosystem charac-
teristics, were not assessed in this global analysis due to
limited zooplankton species data, especially outside of
the North Atlantic region.

Trends in nutrient concentrations spanning the 5-15-
year periods were highly variable across time-series sites
(Figures 10.7, 10.9, and 10.10; more information available

at http://igmets.net/explorer). At the global level, nitrate

is negatively correlated with temperature, which is typi-
cal of upwelling systems (Kamykowski and Zentara,
1986, 2005). However, at the local scale, and particularly
in coastal regions, other processes may complicate this
signal. For example, biologically-driven variability (e.g.
taxonomic composition, size structure and abundance of
phytoplankton communities) strongly influences nutri-
ent uptake and availability (Richardson, 2008; Mills and
Arrigo, 2010; Martiny et al., 2013), as do changes in agri-
cultural practices (e.g. fertilizer use and runoff to coastal
waters) (Caraco and Cole, 1999; Brodie and Mitchell,
2005). Many of the time series that report increases in
nutrient concentrations are located in areas where there

has been an increase in Chl a (Figure 10.4).

Over time-scales of 10 and 15 years, oxygen data were
available for some areas. Surface oxygen concentrations
appear to increase in some stations (e.g. North Pacific),
while decreasing in others (e.g. off the coast of Spain;
Figure 10.7). Looking closely at temperature and oxygen,
those locations that exhibited increased oxygen concen-
trations are located in areas where cooling was ob-
served, as well as high Chl a concentrations. Conversely,
those stations that showed a decrease in oxygen were in
areas that registered warming (Figure 10.7). Thus, these
observations are consistent with the predicted tempera-
ture-dependent behavior of oxygen (Figure 10.10;
Gruber, 2011). Examining even shorter (e.g. 5-year) time-
windows, higher variability in oxygen trends was visible
(Figure 10.9; i.e. some of the stations that exhibited posi-
tive trends change to negative, e.g. the northeastern Pa-
cific), highlighting that local processes exert important

controls. However, the pattern stayed consistent with
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the SST data; areas with increasing temperature were
characterized by decreasing oxygen concentrations
(Keeling et al., 2010; Gruber, 2011). It is important to re-
member that surface oxygen concentrations depend

largely on ocean-atmosphere exchange.

The responses of phytoplankton, zooplankton, and other
biogeochemical variables to changes in ocean conditions,
as well as the interplay among all of the drivers, vary
across regions and are addressed in more detail in each

of the regional chapters.

10.4 Conclusions — major findings

Ship-based biogeochemical time series provide the high-
quality biological, physical, and chemical measurements
that are needed to detect climate change-driven trends in
the ocean, assess associated impacts on marine food-
webs, and ultimately improve our understanding of
changes in marine biodiversity and ecosystems. While
the spatial “footprint” of a single time series may be
limited (see also Henson et al., 2016), coupling observa-
tions from multiple time series with synoptic satellite
data can improve our understanding of critical processes
such as ocean productivity, ecosystem variability, and

carbon fluxes on a larger spatial-scale.

By examining the behavior and sensitivity of a variety of
physical, chemical, and biological ocean variables over a
range of time-scales, some general trends have been
highlighted in this chapter. The analyses presented here
show a generalized warming trend over the past 30
years. These results are consistent with the IPCC (2013)
report as well as other research which have shown sig-
nificant ocean warming and shifts in the biology over
the past several decades. There are, however, regional
differences in temperature trends, depending on the
time-window considered. These differences are driven
by regional and temporal expressions of large-scale cli-
matic forcing and atmospheric teleconnections that can
intensify warming and cooling trends in different re-
gions of the ocean. This regional and temporal variabil-
ity affects biogeochemical cycling (i.e. oxygen, nutrient,

carbon), marine foodwebs, and ecosystem services.

The capacity to identify and differentiate anthropogenic
and natural climate variations and trends depends large-
ly on the length and location of the time series. Most of
the ship-based ecological time series are concentrated in

the coastal ocean. Coastal zones are some of the most
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productive areas of the ocean and play a critical role in
the global carbon cycle (Miiller-Karger et al., 2005; Chen
and Borges, 2009). These areas are important providers
of ecosystem goods and services (e.g. food, recreation).
Coastal ecosystems are highly dynamic, with strong
influences from both ocean and land processes, and are
thus more vulnerable to natural and anthropogenic cli-
mate forcing. The results shown here highlight differ-
ences in biogeochemical trends between coastal and
open-ocean regions and among different time-windows.
This lends insight into the dominant drivers of coastal
and open-ocean ecosystem change and the impacts of

decadal (or longer) climate patterns.

While coastal zones in North America and Europe are
being monitored, there is a conspicuous lack of biogeo-
chemical time series in other coastal regions around the
world, not to mention an almost complete absence of
such observational platforms in the open ocean, which
limits the capacity of analyses such as presented in this
report. A more globally-distributed network of time-
series observations over multiple decades will be needed
to differentiate between natural and anthropogenic vari-
ability. Currently, ocean colour satellite data provide the
only synoptic, quasi-biological assessment of the world’s
oceans, while satellite sea surface temperature, as well as
Argo floats, provide information on some of the oceans’
physical properties. If biogeochemical time series are
essential to documenting and understanding the effects
of climate change on ocean resources, how will we main-
tain and augment the current network of ship-based
biogeochemical time series under increased funding
pressure? Shrinkage in the already inadequate biogeo-
chemical observing network may result in reductions in
sampling and/or long gaps in time-series activities,
which will significantly hinder our ability to detect a
climate-driven signal. With the development of new
technologies, a limited suite of new automated biogeo-
chemical measurements will be possible, but may not be
readily accessible to many regions of the world. The
majority of biological analysis needed to detect species
shift and biodiversity changes will require in situ ship-
based sampling. This calls for the necessity of securing
long-term funding for the maintenance of ship-based
time series, together with commitment and support from
the global (and not just scientific) community. Without
consistent, uninterrupted measurements, it will be im-
possible to understand the changes and consequences of
climate change on the oceans’ biogeochemical cycles,

biological pump, and marine ecosystems.

Chapter 10 Global Overview

A reduction in monitoring capabilities also has im-
portant implications for our capacity to predict how the
provision of ocean ecosystem services will change in the
future and may hamper the establishment of sustainable
management strategies. In situ measurements are not
only critical to monitor ocean health, but also to develop
and validate ocean and climate models. As stated previ-
ously, in situ measurement can serve as a constant bio-
diversity and ecosystem health “thermometer” used to
monitor and predict how goods and services provided
by marine ecosystems will be affected in the future (e.g.
food resources, flood control, filtering, detoxification;
Worm et al., 2006; Barange et al., 2014). Management of
these important marine ecosystem services rely on the
high-quality biological and biogeochemical data that
time series provide on a regular basis, particularly in

coastal areas.
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Figure 10.10. Frequency of positive and negative correlations
between variables from in situ time series and gridded SST
(Reynolds OIv2SST) and Chl a (satellite derived) computed for
a 10-year time-window (2003-2012). Significant trends are indi-
cated by the star symbol. Left side of the figures illustrates the
correlation for the absolute number of sites; panels on the right
side indicate the percentage of sites showing positive or nega-
tive correlation.
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