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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)1,2, 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 CO2 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 C yr21), followed by a prolonged decrease aver-
aging 190 Tg C yr21. 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-
abilities3. 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 observations4. 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. 1a)
throughout the photic zone5.

Global, depth-integrated chlorophyll biomass (SChl) for the 1997
to 2006 SeaWiFS record varied from 4.2 to 5.0 Tg (Tg 5 1012 g).
Monthly anomalies in global SChl for this period reveal two highly
significant (P , 0.0001) trends (green line in Fig. 1b). The initial
0.3 Tg rise in SChl corresponds to the 1997 to 1999 El Niño to La
Niña transition2. 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 SChl 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 uC
(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 days6. This rapid turnover implies that vari-
ability in SChl (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)6. The VGPM gives global NPP estimates
for the SeaWiFS record that vary strongly with season and range
from 3.8 to 4.6 3 1015 g of C per month. Monthly anomalies in this
important carbon flux again reveal clear (P , 0.0001) temporal
trends beginning with an El Niño/La Niña-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. 1c).
These prominent NPP trends are again traceable to changes in the
permanently stratified oceans (grey circles in Fig. 1c), are highly
correlated (r2 5 0.93) with changes in SChl (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 Niño/Southern Oscillation cycles7,8.
Strong El Niño/Southern Oscillation events have major impacts
on phytoplankton, fisheries, marine birds and mammals2,9–12 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 (r2 5 0.77, P , 0.005) (Fig. 2a)
and SChl (Supplementary Fig. 3). An increase in the MEI (that is,
warmer conditions) results in a decrease in NPP and SChl, 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) (r2 5 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

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 MEI.
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. 3c).
Quantitatively, over 74% of the global oceans with SST changes
exceeding 60.15 uC 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 SChl
(Supplementary Fig. 4).

Our results clearly link SChl 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 CO2

concentrations, these prognostic models consistently yield increased
SSTs and net decreases in stratified ocean NPP13–16, 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 oceans13–16. 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 seasons14–16. 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 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 uC 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). c, 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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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 (r2 5 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 (r2 5 0.73) with NPP anomalies (grey
symbols, left axis) in ocean regions with annual average surface
temperatures over 15 uC. 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 detected3. 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 here13.
Susceptible ecosystem characteristics include shifts in taxonomic
composition13, physiological status17, and light absorption by
coloured dissolved organic material18. 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-

cing19–22. These observations imply that the potential transition to
permanent El Niño conditions in a warmer climate state23 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 CO2

exchange15,24,25, fishery yields9,12,26, and dominant basin-scale bio-
logical regimes12.

METHODS

Ocean NPP was calculated with the VGPM using monthly 1,080 3 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.SChl 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 measurements6 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 uC and decreases

above 20 uC.

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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component should have flowed immediately 
through the fine pores, but no superflow was 
observed. This year, however, Sasaki and col-
leagues6 have observed bulk superflow. Again, 
it is not seen in all samples, but only in those 
that have a large, observable boundary between 
two grains (regions of distinct crystallographic 
orientations) extending across the sample. 
Superflow seems to occur along, or close to, 
these grain boundaries. 

To understand the significance of these 
results3–6, one must first know that there are 
two prevalent pictures of superfluidity. The 
first of these focuses on the quantum-mechani-
cal exchange, or tunnelling, of atoms between 
lattice sites. At low temperature, the de Bro-
glie wavelength of 4He atoms — a quantum-
mechanical measure of a particle’s extent in 
space —is long and covers many sites. A long 
wavelength enables long-range exchange of 
atoms between lattice sites. If the exchanges 
extend right across the sample, superfluidity 
occurs.

The second picture is based on the phe-
nomenon of Bose–Einstein condensation. 
Any number of the particles known as bos-
ons, which possess integer spin, may occupy 
a single quantum state. If, at low temperature, 
a macroscopic fraction of bosons condenses 
into a single state, a long-range coherence is 
brought to the system that makes superfluidity 
possible. In liquid 4He, the classic superfluid, 
Bose–Einstein condensation is known to occur 
below the critical temperature for superfluid-
ity in this system, 2.17 K. As the temperature 
approaches absolute zero — where ρs is 100% 
— the condensed fraction is around 7%.

Early theoretical discussions8–10 of possible 
superflow in solid 4He involved quantum tun-
nelling through ground-state vacancies (these 

are lattice sites that are vacant at absolute zero), 
as well as Bose–Einstein condensation and 
quantum exchanges within the lattice. The pre-
dicted10 superfluid fraction within the lattice 
was of the order 0.01%. Unfortunately, however, 
ground-state vacancies have not been observed 
in solid 4He. Thermally activated vacancies are 
found — but at temperatures above TC that are 
irrelevant to the establishment of superfluidity. 
Recent calculations11 also find that individual 
vacancies are not stable in the ground state of 
crystalline 4He. The vacancies instead coalesce 
or migrate to a surface; this is the mechanism 
by which thermal vacancies leave a classical 
crystal when it is cooled.

Calculations have also shown that there is 
no long-range coherence, and so no Bose–Ein-
stein condensation, in a perfect crystal of 4He, 
essentially because condensation requires 
double occupancy of a lattice site12,13. In real 
crystals, the condensate fraction is observed 
in neutron-scattering experiments14 to be 
0.2�0.6% — that is, compatible with zero — at 
a temperature of 0.08 K. Similarly, long-range 
quantum exchanges within crystalline 4He are 
too infrequent to explain the high ρs observed15. 
As seen in solid 3He, quantum exchange rates 
decrease dramatically as a solid is compressed 
under pressure. If the superfluid fraction arises 
from exchanges of particles between lattice 
sites, ρs should decrease by orders of magnitude 
under increasing pressure. But Kim and Chan3 

find ρs to be largely independent of pressure 
(Fig. 1). Superflow in crystalline 4He thus does 
not seem to be a phenomenon of the perfect 
bulk solid11–13,15, or to involve individual point 
defects (vacancies) that are in equilibrium at 
absolute zero.

Given the recently discovered dependence 

of ρs on sample annealing3–5, and the corre-
lation of superflow with grain boundaries6, 
supersolidity seems to hinge on macroscopic, 
long-range defects such as grain boundaries 
or amorphous channels in the helium crystal. 
But at the same time, a superfluid density of 
the same magnitude is observed1 in helium 
confined in a nanoporous medium such as 
Vycor. It is difficult to imagine that extended 
defects could be the same in helium thus con-
fined and in bulk helium. The situation is far 
from clear: revealing the secrets of this latest 
superfluid is very much a work in progress. ■
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Figure 1 | Supersolid component. The superfluid 
fraction in crystalline 4He in the low-temperature 
limit, as a function of pressure, from Kim 
and Chan’s data1,3. Crystals grown at constant 
pressure and temperature (2006 data)3 show 
somewhat less variation in the supersolid 
fraction than do those grown at constant volume 
(2004 data)1. The fraction also does not decrease 
sharply with increasing pressure, as would be 
expected if the phenomenon were the result of 
quantum-mechanical exchange processes in a 
perfect crystal. The solid line is a guide to the eye. 
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Plankton in a warmer world 
Scott C. Doney

Satellite data show that phytoplankton biomass and growth generally 
decline as the oceans’ surface waters warm up. Is this trend, seen over 
the past decade, a harbinger of the future for marine ecosystems?  

Oranges in Florida, wildfires in Indonesia, 
plankton in the North Pacific — what links 
these seemingly disparate items is that they 
are all affected by year-to-year fluctuations in 
global-scale climate. On page 752 of this issue, 
Behrenfeld et al.1 describe how such fluctua-
tions, especially in temperature, are connected 
to the productivity of phytoplankton in the 
world’s oceans. Their analyses are based on 
nearly a decade of satellite data, and for much 
of the oceans they find that recent warmer 
surface temperatures correspond to lower 
oceanic biomass and productivity. Behrenfeld 
et al. argue that these patterns arise because 

climate-induced changes in ocean circula-
tion reduce the supply of nutrients needed for 
photosynthesis. 

Small photosynthetic phytoplankton grow in 
the well-illuminated upper ocean, forming the 
base of the marine food web and supporting the 
fish stocks we harvest. They also form the basis 
of the biogeochemical cycling of carbon and 
many other elements in the sea. Phytoplankton 
growth depends on temperature and the avail-
ability of light and nutrients, including nitro-
gen, phosphorus, silicon and iron. Most of this 
nutrient supply to the surface ocean comes from 
the mixing and upwelling of cold, nutrient-rich 
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water from below, with an additional source of 
iron from mineral dust swept off the continental 
deserts. Phytoplankton biomass can vary by a 
factor of 100 in surface waters; its geographi-
cal distribution is determined largely by ocean 
circulation and upwelling, with the highest 
levels being found along the Equator, in temper-
ate and polar latitudes, and along the western 
boundaries of continents. 

Although the broad spatial patterns of phyto-
plankton biomass and productivity are well 
documented2, large-scale temporal variations 
have only recently become quantifiable with 
the advent of satellite ocean-colour sensors3. 
The ocean is vast, and the limited number of 
research ships move at about the speed of a 
bicycle, too slow to map the ocean routinely 
on ocean-basin to global scales. By contrast, 
a satellite can observe the entire globe, at least 
the cloud-free areas, in a few days. Phytoplank-
ton biomass and growth rates can be estimated 
remotely from space because chlorophyll, 
the main photosynthetic pigment in phyto-
plankton, absorbs blue and red sunlight more 
readily than green sunlight. Ocean-colour sen-
sors measure, by wavelength band, the small 
fraction of sunlight scattered back to space 
from below the surface. The resulting surface-
chlorophyll data can be combined with empiri-
cal relationships to estimate phytoplankton 
growth rates or net primary production4. 

Not that this procedure is straightforward: 
other constituents of sea water absorb light; 
many photons reaching the satellite sensor 
come from atmospheric aerosols or reflection 
at the water surface; and optical detectors on 

satellites degrade with time. But with careful 
calibration, high-quality, long-term records 
of ocean-colour data can be constructed for 
detecting climate-driven trends. The best such 
record at present is from GeoEye and from 
NASA’s Sea-viewing Wide Field-of-view 
Sensor (SeaWiFS)3, launched in 1997. In the 
SeaWiFS time series, global chlorophyll and 
productivity increase sharply during 1997–98 
and then decline gradually to 2005. 

Behrenfeld et al.1 show that these trends 
closely follow changes in climate. The phyto-
plankton increase in 1997–98 matches a 
negative (cold) phase of the El Niño–South-
ern Oscillation (ENSO), and the subsequent 
slow drop occurred as the planet moved into 
an extended warm ENSO period. ENSO is a 
dominant mode of interannual climate varia-
bility, and involves large-scale reorganizations 
of atmosphere and ocean circulation that origi-
nate in the equatorial Pacific and extend across 
the globe. Decreases in productivity are equally 
well related to increases in sea surface tempera-
tures and vertical temperature gradients in the 
upper ocean. 

The climate–plankton link is found prima-
rily in the tropics and mid-latitudes, where 
there is limited vertical mixing because the 
water column is stabilized by thermal strati-
fication (that is, when light, warm waters 
overlie dense, cold waters). In these areas, the 
typically low levels of surface nutrients limit 
phytoplankton growth. Climate warming 
further inhibits mixing, reducing the upward 
nutrient supply and lowering productivity 
(Fig. 1a). At higher latitudes, phytoplankton 

are often light-limited because intense verti-
cal mixing carries them hundreds of metres 
down into darkness where sunlight does not 
penetrate. In these regions, future warming 
and a greater influx of fresh water, mostly 
from increased precipitation and melting sea-
ice, will contribute to reduced mixing that may 
actually increase productivity5 (Fig. 1b).

The recent observed global surface warming 
(about 0.2 �C per decade) is expected to acceler-
ate in coming decades as we continue to release 
excess carbon dioxide into the atmosphere. In 
fact, the planet may soon be warmer than at 
any time in the past million years6. Extrapo-
lating the satellite observations into the future 
suggests that marine biological productivity 
in the tropics and mid-latitudes will decline 
substantially, in agreement with climate-
model simulations7–9. In those simulations, 
the geographical boundaries that separate 
specific marine ecosystems (the ocean equiva-
lents of forests, grasslands and so on) migrate 
towards the poles, and productivity increases 
at high latitudes because of surface warming, 
enhanced freshwater input and reduced deep 
mixing. Ecosystem dynamics are complex and 
nonlinear, however, and unexpected phenom-
ena may arise as we push the planet into this 
unknown climate state. For example, oceanic 
fixation of atmospheric nitrogen into biologi-
cally available forms is concentrated in warm, 
nutrient-poor surface waters; under more 
stratified conditions, fixation might increase 
and enhance overall productivity8,10. 

Detecting the impact of climate change 
requires increased and more sophisticated 
monitoring of ocean biology and environmen-
tal change, both from space and with instru-
ments in the water. Ideally, we need measures 
not only of such parameters as chlorophyll 
concentration and productivity, but also of 
plankton taxonomy (what is there?) and physi-
ology (how healthy are they?). New remote-
sensing technologies may help meet these 
challenges11. ■
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Figure 1 | Predicted phytoplankton response to increased temperature in ocean surface waters1. 
a, In the tropics and at mid-latitudes, phytoplankton are typically nutrient-limited, and satellite data 
tie reduced biological productivity to upper-ocean warming and reduced nutrient supply. b, At higher 
latitudes, the opposite biological response to future warming, and extra freshwater input, may occur. 
In these regions, phytoplankton are often light-limited; reduced mixing would keep plankton close to 
the surface where light levels are higher.  
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