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For several decades, chlorophyll concentrations based on 
remotely sensed variations in ocean color have been used to 
derive global phytoplankton productivity (1, 2). Primary 
productivity models implicitly include physiological 
processes, but their explicit representation has, thus far, 
been elusive (3, 4). Variable chlorophyll fluorescence is the 
most sensitive, non-destructive signal detectable in the 
upper ocean that reflects instantaneous phytoplankton 
photophysiology (5–7). Over the past two decades, many 
hundreds of thousands of discrete in situ measurements of 
variable fluorescence have been made using ship-based 
active fluorometers. These instruments, primarily designed 
to quantify the quantum yield of photochemistry (Fv/Fm) in 
photosystem II (PSII), the reaction center responsible for 
splitting water, have been used to follow phytoplankton 
photophysiology in response to iron fertilization (8), across 
eddies (9, 10) along meridional transects (11), and many 
other phenomena (12, 13). Although active variable 
fluorescence measurements have become almost routine, by 
themselves, they do not allow closure on the fate of light 
absorbed by phytoplankton. Here, we report the fraction of 
sunlight absorbed by phytoplankton that actually is used to 
form chemical bonds in the global ocean. Further, we 
compare the spatial distributions of photochemical energy 
conversion to the pattern inferred from space-based 
retrievals of solar induced fluorescence yields 

The biophysical basis of fluorescence measurements de-
rives from the three possible fates of solar energy absorbed 
by any photosynthetic organism (14). Absorbed photons can 
(1) generate photochemical reactions leading to production 

of organic matter (with the rate kp), (2) be dissipated as heat 
(kt), or (3) be emitted back to the environment as fluores-
cence (kf) (15). In a dark-adapted state or under low irradi-
ance (when kt is constant), the quantum yield of chlorophyll 
fluorescence, ϕf (= kf/(kp+kt+kf)), is inversely related to the 
quantum yield of photochemistry in PSII, ϕp = kp/(kp+kt+kf) 
= Fv/Fm. 

Substitution and rearrangement leads to: 
ϕf = ϕfm (1 – Fv/Fm) (1) 

where ϕfm (= kf/(kt+kf)) is the maximum fluorescence yield 
obtained when photochemistry is nil (e.g., at saturating 
background light). 

This biophysical model predicts an inverse linear rela-
tionship between the quantum yield of photochemistry and 
that of chlorophyll fluorescence. However, by the early 
1980’s it was realized that exposure to high continuous irra-
diance can lead to a suite of thermal dissipative mecha-
nisms, collectively called non-photochemical quenching 
(NPQ) (16). These reactions markedly decrease the quantum 
yield of fluorescence at high background light. Hence, the 
relationship between chlorophyll fluorescence and photo-
chemistry, described in Eq. 1, becomes highly non-linear as 
NPQ phenomena play an increasingly larger role in energy 
dissipation. 

Calculating the budget of absorbed solar radiation re-
quires measurements of the quantum yields of at least two 
pathways, for example, photochemistry and fluorescence. 
Although the development and use of variable fluorescence 
techniques over the past two decades has provided unprec-

The fate of photons absorbed by phytoplankton in the 
global ocean 
Hanzhi Lin,1* Fedor I. Kuzminov,1 Jisoo Park,2 SangHoon Lee,2 Paul G. Falkowski,1,3† Maxim Y. Gorbunov1† 
1Environmental Biophysics and Molecular Ecology Program, Department of Marine and Coastal Sciences, Rutgers, The State University of New Jersey, 71 Dudley Road, New 
Brunswick, NJ, USA. 2Korea Polar Research Institute, 26 Songdomirae-ro, Yeonsu-Gu, Incheon, Republic of Korea. 3Department of Earth and Planetary Sciences, Rutgers, 
The State University of New Jersey, Piscataway, NJ, USA. 

*Present Address: Institute of Marine and Environmental Technology, University of Maryland Center for Environmental Sciences, Baltimore, MD 21202, USA. 
†Corresponding author. E-mail: falko@marine.rutgers.edu (P.G.F.); gorbunov@marine.rutgers.edu (M.Y.G.) 

Solar radiation absorbed by marine phytoplankton can follow three possible paths. By simultaneously 
measuring the quantum yields of photochemistry and chlorophyll fluorescence in situ, we calculate that, 
on average, ~60% of absorbed photons are converted to heat, while only 35% are directed toward 
photochemical water splitting and the rest are re-emitted as fluorescence. The spatial pattern of 
fluorescence yields and lifetimes strongly suggests that photochemical energy conversion is 
physiologically limited by nutrients. Comparison of in situ fluorescence lifetimes with satellite retrievals 
of solar induced fluorescence yields suggest that the mean values of the latter are generally 
representative of the photophysiological state of phytoplankton, however the signal to noise ratio is 
unacceptably low in extremely oligotrophic regions, which comprise 30% of the open ocean 
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edented information about photochemical conversion in 
phytoplankton in situ, these instruments are unable to 
measure the absolute quantum yields of fluorescence. To 
overcome this basic limitation, we constructed an extremely 
sensitive sea-going instrument that measures chlorophyll 
fluorescence lifetimes in the picosecond time domain (17). 
The fluorescence lifetime can be quantitatively related to 
the absolute quantum yield of fluorescence (18): 

ϕf = τ/τn (2) 
where τn is the intrinsic (or natural) lifetime constant for 
chlorophyll a molecules (17). Thus, the longer the lifetime, 
the higher the quantum yield of fluorescence. 

Between 2008 and 2014, we obtained >150,000 discrete 
chlorophyll fluorescence lifetime measurements from the 
Pacific, Atlantic, Arctic, and Southern Oceans. These meas-
urements comprise the map of quantum yields of chloro-
phyll fluorescence from phytoplankton in the upper ocean 
(Fig. 1). The night-time in situ lifetimes ranged from 0.5 to 
2.7 ns with a mean of 1.13 ± 0.33 ns (Fig. 2). This naturally 
dark-adapted condition corresponds to a state when all 
functional reaction centers are open and NPQ is absent. 
These values span the entire range of published lifetimes of 
in vivo chlorophyll fluorescence obtained from cultured 
phytoplankton (17) and reflect extraordinary variability in 
phytoplankton physiology in the global ocean. The general 
pattern of the fluorescence lifetimes in the central gyres of 
the global ocean is rather featureless although phytoplank-
ton growth is subject to both macro- and micronutrient lim-
itation (14). The shortest fluorescence lifetimes (<1ns) were 
observed along continental margins, in the Antarctic con-
vergence, Subtropical Atlantic and Pacific oceans. These 
lifetime distributions support the hypothesis that phyto-
plankton in the central gyres are acclimated to broad scale 
and persistent nutrient limitation (11, 12). In contrast the 
longest fluorescence lifetimes were observed in high-
nutrient-low-chlorophyll (HNLC) regions of the equatorial 
Pacific Ocean and the Southern Ocean where primary pro-
duction is limited by the paucity of iron (19), a micronutri-
ent that is critical for the function of photosystem II (20, 
21). The exceptionally high values of fluorescence lifetimes 
in these areas of the global ocean are consistent with ex-
tremely low Fv/Fm values and indicative of a large fraction of 
non-functional PSII reaction centers and energetically un-
coupled antenna pigment-protein complexes (21–23). 

There is a strong diel cycle in fluorescence lifetimes; in 
general, lifetimes were longer at night than during daytime, 
in spite of a marked reduction in the quantum yields of 
photochemistry under strong sunlight (Fig. 2). The >5 fold 
variability in dark-adapted fluorescence lifetimes in situ far 
exceeds that predicted by Eq. 1. However, this dynamic 
range is greatly attenuated in high light, when NPQ pro-
cesses are activated. For example, exceptionally long life-

times (>2 ns) measured in a dark-adapted state in HNLC 
regions decrease by more than two-fold in high light, 
whereas relatively short lifetimes (~ 1 ns) in low-nutrient-
low-chlorophyll (LNLC) regions decrease by only 30% under 
the same conditions (Fig. 2A). Regardless of the molecular 
mechanisms responsible for NPQ, the net result for high 
light conditions is increased thermal dissipation of absorbed 
light in PSII leading to both reductions in photochemical 
energy conversion efficiency and in the range of variability 
of the quantum yields of fluorescence. 

With the launch of the Moderate Resolution Imaging 
Spectroradiometer (MODIS) and MEdium Resolution Imag-
ing Spectrometer (MERIS) satellites, which possess the ca-
pability of remotely detecting solar induced chlorophyll 
fluorescence signals from the global ocean, it became theo-
retically possible to calculate the quantum yield of chloro-
phyll fluorescence from space (24–26). However, the 
theoretical basis for estimating the relationship between 
chlorophyll fluorescence and photochemistry was developed 
before there was an understanding of NPQ (24). We there-
fore examined how the measured in situ fluorescence life-
times are related to satellite-derived estimates of the 
quantum yield of chlorophyll a fluorescence. 

Statistical analyses (effective sample size >20,000) by 
both Pearson’s linear correlation coefficient and two non-
parametric Kendall’s tau and Spearman’s rho coefficients 
revealed a weak linear correlation (p<0.01) between these 
satellite derived solar induced fluorescence yields and the 
ship based measurements (Table S1). Satellite-based esti-
mates of the quantum yield are derived from observations of 
the surface ocean close to local noon (27). Hence, the re-
motely sensed estimates inevitably are obtained at very high 
irradiances and are strongly influenced by NPQ, a phenom-
enon that is extremely difficult to quantify in global bio-
physical models. NPQ is not only critically dependent on 
pigment composition within the light harvesting antennae 
(which, in turn, is affected by phytoplankton community 
composition), but also on upper ocean turbulence as it af-
fects the light field experienced by the community (28), as 
well as nutrient stress (19). Despite these complications, 
qualitative comparison of satellite-derived maps of quantum 
yields of chlorophyll fluorescence (Fig. 3) reveals basic 
trends that often, but not always correspond to in situ life-
time measurements. For example, in the Southern Ocean 
(an HNLC region), satellite-derived quantum yields are high 
and correlate with long lifetimes. In this iron limited region 
of the world oceans, there is a well-documented reduction in 
photosynthetic energy conversion efficiency as a result of 
impairment of PSII reaction centers and potential energetic 
uncoupling of the antenna pigment-protein complexes (7, 
22). In the low nutrient, low chlorophyll regions of the cen-
tral oceanic gyres of the North and South Pacific and the 
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North Atlantic, measured fluorescence lifetimes are signifi-
cantly shorter compared to HNLC regions. Although the 
mean fluorescence yield based on the satellite retrievals for 
the oligotrophic open ocean is 0.043 (Fig. 4) and is generally 
concordant with that measured in situ values, the high es-
timates of quantum yields obtained from the space-based 
platform (Fig. 3) are not corroborated by in situ lifetime 
measurements. Further, the range of estimated quantum 
yields derived from satellite-based measurements (> six 
fold) is far larger than that of the in situ lifetimes measured 
at high irradiances (~ 3-fold). Indeed, the range of the esti-
mated quantum yields of fluorescence in the global ocean (~ 
0.02 to 0.15) appears to exceed that of our current biophysi-
cal understanding of photochemistry in phytoplankton. 
What might be the source of this discrepancy? 

In the central ocean gyres, where surface chlorophyll 
concentrations are very low (<0.1 mg·m−3), the fluorescence 
signals propagated to space are extremely weak. As a result, 
the current algorithms used to calculate quantum yields of 
fluorescence become increasingly uncertain (Fig. 4 and (26, 
29)). The relationship between measured lifetimes and satel-
lite-derived quantum yields diverge. In contrast to the satel-
lite-derived yields which have significant “noise”, the in situ 
lifetime measurements remain extremely precise (within 
5%) even at the lowest chlorophyll concentrations found in 
the upper ocean. Another factor behind this discrepancy is 
the effect of pigment packaging within a phytoplankton cell 
(25, 30, 31), which is most pronounced in larger cells and 
reduces the observed quantum yields, as compared to their 
true “molecular” values inferred from lifetime measure-
ments. Similarly, the uncertainties of the current algorithms 
for remote sensing retrievals of phytoplankton absorption 
coefficients (25) further reduce the accuracy of satellite-
based estimates of the quantum yields. 

Although quantum yields of chlorophyll fluorescence ob-
tained from current satellite sensors have many inherent 
inaccuracies, this approach to understanding global photo-
physiology of phytoplankton should not be abandoned. We 
suggest that relating the space-based estimates to in situ 
measurements of chlorophyll fluorescence lifetimes will 
provide a pathway to understanding photobiological energy 
utilization and dissipation processes on a global scale. For 
example, the maximal average photochemical energy con-
version efficiency (ϕp) at night in the global ocean, obtained 
simultaneously with our lifetime measurements, is 0.35 ± 
0.11 (Fig. S2). Given an average night-time lifetime of 1.13 ns 
(Fig. 2), we deduce that thermal energy dissipation accounts 
for ~ 60% of the photosynthetically active quanta absorbed 
by phytoplankton globally. In contrast, under optimal 
growth conditions in the laboratory, an average phytoplank-
ton cell utilizes ~ 65% of the absorbed quanta for photo-
chemistry and dissipates <35% as heat. That thermal 

dissipation of absorbed quanta by phytoplankton in the up-
per ocean is so high strongly implies that a large fraction of 
cells have impaired or non-functional PSII reaction centers, 
and/or uncoupled photosynthetic antenna. We conclude 
that, while photochemical energy conversion to biomass in 
the oceans accounts for half of the global carbon fixed per 
annum, the overall energy conversion efficiency is relatively 
low and is limited by nutrient supply 
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Fig. 1. Global distribution of ship-
based measurements of 
chlorophyll fluorescence lifetimes 
and the derived quantum yields of 
fluorescence (Eq. 2) in the upper 
ocean superimposed on the 
climatological map of surface 
nitrate concentrations in the world 
ocean (32). Periods of in situ 
sampling were (A) July-Aug. 2011; 
(B) Oct.-Nov. 2011; (C) Oct.-Nov. 
2010; (D) Jan. 2012; (E) July 2014; 
(F) Sept. 2010; (G) May 2014; (H) 
Aug. 2008. 
 

Fig. 2. (A) Representative diel 
cycles of chlorophyll fluorescence 
lifetimes in HNLC and LNLC 
regions of the Pacific Ocean 
obtained in Oct. 2011. Color bar for 
lifetimes is the same as in Fig. 1; 
(B) Histograms of the fractional 
frequency of lifetime 
measurements in daytime and at 
night, respectively. The mean value 
of nighttime lifetimes is 1.13 ± 0.33 
ns and that of daytime lifetimes is 
1.02 ± 0.22 ns. 
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Fig. 3. Global seasonal maps of quantum yields of solar induced chlorophyll 
fluorescence in the upper ocean. (A) boreal winter (21 Dec. 2011 – 20 Mar., 2012); (B) 
boreal spring (21 Mar. - 20 June, 2012); (C) boreal summer (21 Sept. – 20 Dec., 2012); 
(D) boreal autumn (21 Sept. – 20 Dec., 2012). 

Fig. 4. Variations in MODIS retrievals of the quantum yields of 
chlorophyll fluorescence (N=5.17 ×106) with chlorophyll abundance (17). 
The mean value of these satellite-derived quantum yields is 0.043. The 
average value of in situ lifetime measurements at noon (between 10 a.m 
to 2 p.m local time) is 0.99 ± 0.2 ns, which corresponds to the quantum 
yield of 0.066 ± 0.013. (Inset) Global distribution (ten year average) of 
chlorophyll concentrations in the boreal summer. The grey area 
indicates oligotrophic regions with chlorophyll concentrations below 0.1 
mg·m−3; this area covers ~30% of the global ocean. 
 

First release: 7 January 2016  www.sciencemag.org  (Page numbers not final at time of first release) 7 
 The author has requested enhancement of the downloaded file. All in-text references underlined in blue are linked to publications on ResearchGate.The author has requested enhancement of the downloaded file. All in-text references underlined in blue are linked to publications on ResearchGate.

http://www.sciencemag.org/

	The fate of photons absorbed by phytoplankton in the global ocean

