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Climate-driven trends in contemporary

ocean productivity
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Contributing roughly half of the biosphere’s net primary produc-
tion (NPP)"?, photosynthesis by oceanic phytoplankton is a vital
link in the cycling of carbon between living and inorganic stocks.
Each day, more than a hundred million tons of carbon in the form
of CO, are fixed into organic material by these ubiquitous, micro-
scopic plants of the upper ocean, and each day a similar amount of
organic carbon is transferred into marine ecosystems by sinking
and grazing. The distribution of phytoplankton biomass and NPP
is defined by the availability of light and nutrients (nitrogen, phos-
phate, iron). These growth-limiting factors are in turn regulated
by physical processes of ocean circulation, mixed-layer dynamics,
upwelling, atmospheric dust deposition, and the solar cycle.
Satellite measurements of ocean colour provide a means of quan-
tifying ocean productivity on a global scale and linking its vari-
ability to environmental factors. Here we describe global ocean
NPP changes detected from space over the past decade. The period
is dominated by an initial increase in NPP of 1,930 teragrams of
carbon a year (Tg Cyr~"), followed by a prolonged decrease aver-
aging 190 Tg Cyr~ '. These trends are driven by changes occurring
in the expansive stratified low-latitude oceans and are tightly
coupled to coincident climate variability. This link between
the physical environment and ocean biology functions through
changes in upper-ocean temperature and stratification, which
influence the availability of nutrients for phytoplankton growth.
The observed reductions in ocean productivity during the recent
post-1999 warming period provide insight on how future climate
change can alter marine food webs.

Interannual changes in phytoplankton abundance are small rela-
tive to total standing stocks and require accurate, long-term mea-
surements to detect. The first satellite sensor to have this capability is
the Sea-viewing Wide Field-of-View Sensor (SeaWiFS) and so far it is
the only ocean colour sensor to have lunar-viewing calibration cap-
abilities’. These measurements allow SeaWiFS to achieve water-leav-
ing radiance biases across the SeaWiFS visible bands (412-555 nm) of
less than 4% when compared to field open-ocean observations®. The
central biological variable derived from these measurements is
upper-ocean chlorophyll concentration, which can be used to estim-
ate phytoplankton standing stocks and productivity (Fig. 1la)
throughout the photic zone®.

Global, depth-integrated chlorophyll biomass (XChl) for the 1997
to 2006 SeaWiFS record varied from 4.2 to 5.0Tg (Tg=10"g).
Monthly anomalies in global ZChl for this period reveal two highly
significant (P<<0.0001) trends (green line in Fig. 1b). The initial
0.3 Tg rise in XChl corresponds to the 1997 to 1999 El Nino to La
Nina transition’. Since 1999, global chlorophyll concentrations

dropped on average 0.01 Tg per year, with several secondary features
that ended in a 2005 to 2006 rise (Fig. 1b). The two primary trends in
global ZChl are driven by changes occurring in the permanently
stratified regions of the ocean (grey circles in Fig. 1b). These regions
have annual average sea surface temperatures (SSTs) over 15°C
(black lines in Fig. 1a) and represent 74% of the global ice-free ocean.
Cooler, seasonal seas also experienced local variability during the
SeaWiFS period, but when integrated spatially they exhibit no sig-
nificant overall trend (P> 0.5) (Supplementary Fig. 1).

The entire phytoplankton biomass of the global oceans is con-
sumed every two to six days®. This rapid turnover implies that vari-
ability in 2Chl (Fig. 1b) corresponds to far more substantial changes
in NPP. One of the most commonly used models for estimating
NPP from satellite chlorophyll data is the Vertically Generalized
Production Model (VGPM)®. The VGPM gives global NPP estimates
for the SeaWiFS record that vary strongly with season and range
from 3.8 to 4.6 X 10"° g of C per month. Monthly anomalies in this
important carbon flux again reveal clear (P<<0.0001) temporal
trends beginning with an El Nino/La Nina-driven 262 Tg increase
in NPP between 1997 and 1999, followed by a 197 Tg decrease to
2004, and finally a modest increase during 2005 (green line in Fig. 1¢).
These prominent NPP trends are again traceable to changes in the
permanently stratified oceans (grey circles in Fig. 1c), are highly
correlated (= 0.93) with changes in XChl (Fig. 1b), and remain
when NPP is reassessed using alternative productivity models
(Supplementary Fig. 2).

Perhaps the most challenging aspect of understanding variability
in biological processes is associating detected changes with the envir-
onmental forcings responsible. Important climate variables linked to
ocean circulation and productivity are sea-level pressure, surface
winds, SST, surface air temperature, and cloudiness. These physical
factors have been combined into a Multivariate ENSO Index (MEI)
for evaluating the strength of El Nino/Southern Oscillation cycles”.
Strong El Nino/Southern Oscillation events have major impacts
on phytoplankton, fisheries, marine birds and mammals>*'* and
are striking examples of climatic influences on ocean biology.
Importantly, the MEI does not distinguish between natural and
anthropogenic changes in climate forcing, but instead provides an
integrated index of climate conditions for comparison with observed
changes in ocean productivity.

We find a clear, strong correspondence between MEI variability
and SeaWiFS-based anomalies in NPP (#* = 0.77, P< 0.005) (Fig. 2a)
and XChl (Supplementary Fig. 3). An increase in the MEI (that is,
warmer conditions) results in a decrease in NPP and XChl, and vice
versa. This relationship emphasizes the pre-eminent role of climate
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variability on ocean productivity trends. The observed physical-
biological coupling between NPP and the MEI (Fig. 2a) functions
through an effect of climate on water column stratification. Climatic
changes that allow surface warming cause an increase in the density
contrast between the surface layer and underlying nutrient-rich
waters. For the global stratified oceans, the density difference
between the surface and a depth of 200 m provides a useful measure
of stratification. Monthly anomalies in this stratification index
exhibit similar trends as the MEI for the SeaWiFS period (Fig. 2b).
Importantly, enhanced stratification suppresses nutrient exchange
through vertical mixing. Conversely, surface cooling favours elevated
vertical exchange. Phytoplankton in the ocean’s upper layer (that is,
the populations observed from space) rely on vertical nutrient trans-
port to sustain productivity, so intensified stratification during a
rising MEI period (Fig. 2b) is accompanied closely by decreasing
NPP (Fig. 2b) (#* = 0.73, P<0.005).

The MEI captures global-scale trends in climate forcings on surface
ocean growth conditions for phytoplankton (Fig. 2). However, while
an increasing MEI corresponds to an overall warming period, at the
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Figure 1| Distribution and trends in global ocean phytoplankton
productivity (NPP) and chlorophyll standing stocks. a, Annual average
NPP showing high values where surface nutrients are elevated. Low-latitude,
permanently stratified waters with annual average surface temperatures over
15 °C are delineated by black contour lines. b, Anomalies in globally
integrated water-column chlorophyll concentrations (green line) are
dominated by changes occurring in permanently stratified ocean regions
(grey circles and black line). ¢, Anomalies in global NPP (green line) are
likewise driven by changes in the permanently stratified oceans (grey circles
and black line). Trend lines in b and c are least-squares fits to pre-1999 and
post-1999 data.
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regional scale both warming and cooling events are found. These
regional changes are registered in satellite SST data and are well
illustrated by the 1999 to 2004 period of increasing MEIL
Comparison of SST changes (Fig. 3a) and modelled NPP changes
(Fig. 3b) for this period reveals the anticipated inverse relationship of
increasing temperatures coupled to decreasing production (Fig. 3¢).
Quantitatively, over 74% of the global oceans with SST changes
exceeding *+0.15 °C between 1999 and 2004 exhibited an inverse
relationship between temperature and NPP changes (Fig. 3c). A con-
sistent relationship is likewise observed between SST and XChl
(Supplementary Fig. 4).

Our results clearly link 2Chl and NPP changes to SST, stratifica-
tion and climate variations and provide an opportunity for compar-
ison with simulated ocean responses to a warming climate.
Atmosphere—ocean general circulation models coupled to ocean eco-
system models are essential tools for understanding global carbon
cycle—climate feedbacks. When forced by rising atmospheric CO,
concentrations, these prognostic models consistently yield increased
SSTs and net decreases in stratified ocean NPP"*™'¢, consistent with
observed changes in NPP during the 1999 to 2004 period of rising
MEI (Fig. 2a). Also consistent with our results, model-simulated NPP
changes are largely due to intensified water-column stratification and
are not uniformly distributed across the stratified oceans"°. A
warming climate in atmosphere—ocean general circulation models
is also generally associated with increased NPP at higher latitudes,
owing to improved mixed-layer light conditions and extended grow-
ing seasons'*'®. For our relatively brief observational record, this
anticipated net increase in high-latitude NPP was not observed,
although NPP changes were found regionally (Fig. 3b).
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Figure 2 | Ocean productivity is closely coupled to climate variability.

a, NPP anomalies in the permanently stratified oceans (grey symbols, left
axis) are highly correlated (r* = 0.77) with the MEI of climate variability (red
symbols, right axis). NPP data are from Fig. 1c. b, Changes in ocean
stratification (red symbols, right axis) link climate variability to ocean
biology, and are well correlated (r* = 0.73) with NPP anomalies (grey
symbols, left axis) in ocean regions with annual average surface
temperatures over 15 °C. Stratification strength was assessed as the density
differences between the surface and a depth of 200 m using SODA data (see
Methods). Publicly accessible SODA data are available only to the end of
2004. Note that the MEI and stratification axes (right) increase from top to
bottom.
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Establishing relationships between ocean biology and climate
relies heavily on the accuracy to which changes in ocean ecosystems
can be detected’. The unique operational characteristics of SeaWiFS
have enabled detection of the global ocean trends reported here.
Unfortunately, the SeaWiFS sensor is well beyond its design lifetime
and no currently scheduled ocean-colour missions will have equal
capabilities. SeaWiFS also represents an immature state of ocean-
colour remote sensing. Modelling studies suggest that shifts in eco-
system structure from climate variations may be as or more import-
ant than the alterations in bulk integrated properties reported here'.
Susceptible ecosystem characteristics include shifts in taxonomic
composition", physiological status'/, and light absorption by
coloured dissolved organic material'®. Resolving these properties
and their changes over time will require improved accuracies and
significant expansions in the spectral range and resolution of future
remote-sensing measurements.

Climate effects on ocean biology are documented here for nearly a
decade of satellite ocean colour measurements. The compelling cor-
respondence found between NPP changes and the MEI (Fig. 2a)
suggests that this integrated index of climate variability, which
extends back to 1950 (refs 6, 7), may provide a first-order proxy
for variations in photosynthetic carbon fixation in the oceans for
the period predating satellite ocean-colour measurements. It is also
clear from the current analysis that surface warming in the perma-
nently stratified ocean regions is accompanied by reductions in pro-
ductivity. The index used here (MEI) to relate climate variability to
NPP trends does not distinguish natural from anthropogenic con-
tributions, but observational and modelling efforts indicate that
recent changes in SST are strongly influenced by anthropogenic for-

+3

SST changes (°C)
o

-1
)
-3
b
9
1]
[0}
jo)]
C
©
<
o
o
o
b4
[

NPP  4NPP

Figure 3 | Climate controls on ocean productivity cause NPP to vary
inversely with changes in SST. Global changes in annual average SST (a) and
NPP (b) for the 1999 to 2004 warming period (Fig. 2). ¢, For 74% of the
permanently stratified oceans (that is, regions between black contour lines),
NPP and SST changes were inversely related. Yellow, increase in SST,
decrease in NPP. Light blue, decrease in SST, increase in NPP. Dark blue,
decreases in SST and NPP. Dark red, increases in SST and NPP. A similar
inverse relationship is observed between SST and chlorophyll changes. (See
Supplementary Fig. 4 for additional information.)
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cing'”*. These observations imply that the potential transition to
permanent El Nifio conditions in a warmer climate state” would lead
to lower and redistributed ocean carbon fixation relative to typical
contemporary conditions. Such changes will inevitably alter the
magnitude and distribution of global ocean net air—sea CO,
exchange'>***, fishery yields®'>*°, and dominant basin-scale bio-
logical regimes'>.

METHODS

Ocean NPP was calculated with the VGPM using monthly 1,080 X 2,160 pixel
resolution (that is, 18 km spacing at the Equator) OC4-v4 chlorophyll algorithm
products from SeaWiFS reprocessed version 5.1 data (http://oceancolor.gsfc.
nasa.gov). Comparison of this data with ~1,400 in situ match-up surface chloro-
phyll data yields a median difference of 33%, which is comparable to measure-
ment uncertainties in the field. ©Chl was calculated from the satellite chlorophyll
data using relationships described in ref. 5, which are based on 3,806 in situ
chlorophyll profiles and account for subsurface chlorophyll features. The
VGPM describes light-dependent changes in water-column NPP using a rela-
tionship based on 1,698 field productivity measurements® and SeaWiFS cloud-
corrected photosynthetically active radiation data (http://oceancolor.gsfc.nasa.
gov). The standard VGPM describes photosynthetic efficiencies using a poly-
nomial function that increases with temperature below 20 °C and decreases
above 20 °C.

Ocean NPP was additionally calculated using two alternative models, with
results demonstrating the robust nature of the primary temporal trends
described here (Supplementary Fig. 2). MEI data were from http://www.cdc.
noaa.gov/people/klaus.wolter/MEI. Stratification anomalies were calculated
from Simple Ocean Data Assimilation (SODA) (http://www.atmos.umd.edu/
~ocean) monthly global density data, which assimilate available field observa-
tions. AVHRR SST data were from http://podaac-www.jpl.nasa.gov/sst.
Deseasonalized chlorophyll, NPP, and stratification anomalies were calculated
by subtracting from each monthly value the corresponding monthly average for
the entire time series. Reported statistics for relationships between NPP anom-
alies and MEI and stratification anomalies account for auto-correlation effects
inherent in comparisons between time-series data sets.
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