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Abstract  
 
In this brief communication we provide an estimate of the part of the incident solar energy used for oxygen evolution as 
well as the time, in years, needed for the generation of the present amount of molecular oxygen in the biosphere by 
photosynthesis on land and in the ocean. We find this to be ≈3,000 yr. We also find that the ocean produces 22% more 
oxygen than the land surface. 
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Astronomical and atmospheric factors 

 
For basics of oxygenic photosynthesis on land and in the 
oceans, see Rabinowitch and Govindjee (1969), Falkowski 
and Raven (2007), and Blankenship (2014). The amount 
of solar radiation reaching the Earth's atmosphere varies 
by about 6.9% over the year due to the ellipticity of the 
Earth's orbit around the sun. There are also small (~0.2%) 

longer-term variations due to the 22-yr cycle and other 

cycles of the Sun. We shall adopt a value of 1,360.8 W m–2 
for the so-called solar "constant", or more correctly, the 
solar irradiance, at the average Earth distance (Kopp and 
Lean 2011, Zagoni 2016). This is a value for the solar 
minimum. The value at solar maximum is ~0.2% higher 
(Fröhlich 2000). A solar constant of 1,360.8 W m–2 means 
that the Earth surface, averaged over 24 h and latitude, 
receives 340.2 W m–2, as the cross-sectional area of a 
sphere is 1/4 of its surface area.  

When the solar radiation reaches the atmosphere, part 
of it is reflected or scattered back from the atmosphere and 
clouds back to space. With, on the average, 60% of the 
Earth surface being covered by clouds, we estimate this to 
be ~75.1 W m–2 for the whole Earth surface. A further  
79.8 W m–2 is absorbed by the atmosphere and clouds 
(Zagoni 2016), which leaves us with 185.3 W m–2 reaching 
the ground, of which 25.1 W m–2 is reflected back from the 
ground. 

We know that not light of all wavelengths reaching the  

ground or the sea level can be used for oxygenic photo-
synthesis. PAR is defined as radiation from 400 nm to  
700 nm. The ratio between PAR and total radiation 
depends on the spectrum of the radiation, and that in turn 
depends on how much air (air mass) the radiation has 
passed through, and this is a function of the solar zenith 
angle. Escobedo et al. (2011) tabulated literature values of 
the average ratio daily for 16 places having latitudes from 
15°S to 52°N, and the mean ± standard deviation of these 
being 0.467 ± 0.028. Spectra presented by Mecherikunnel 
and Richmond (1980) indicate that the ratio decreases with 
solar elevation, so it is possible that the average would 
have been somewhat lower than 0.467 if higher latitudes 
had been included. Since only a small fraction of total net 
primary production takes place at these high latitudes 
(Field et al. 1998) we will disregard this and use the value 
of 0.467 in the following discussion. 

Using the fraction of 0.467 (for PAR/total radiation), 
and multiplying it by the total amount of solar radiation 
(see above), we arrive at an average irradiance, available 
for oxygenic photosynthesis, of 0.467 × 185.3 W m–2 = 
86.53 W m–2. After multiplying it by the surface area of the 

Earth (510,100,000 km2 = 5.101 × 1014 m2) and the number 

of seconds in a year (31,556,926 = 3.1556926 × 107), we 
obtain the energy available to be: 1.39 × 1024 J for 
photosynthesis per year. 

——— 
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Quantification of global photosynthesis 
 
NPP (net primary production) is the amount of photo-
synthetically fixed carbon available to the primary consu-
mers, i.e., at the first heterotrophic level in an ecosystem or 

the whole biosphere and also the difference between 

autotrophic photosynthesis and respiration (Field et al. 
1998). Field et al. (1998) calculated the total NPP on the 

planet to be 48.5 Pg(C) yr–1 for land, but for the oceans,  
56.4 Pg(C) yr–1

 [1 Pg(C) = 1 petagram of carbon = 1015
 g(C)]. 

It is obvious that NPP must vary from year to year, 
depending on ENSO [the southern (El Niño/La Niña)] 
climatic oscillation and other factors. Huston et al. (2009) 
found the ocean NPP to vary from a value of 59.90 to 62.60 
Pg(C) yr–1, while Behrenfeld et al. (2001) calculated NPP 
to be in the range of 54–59 Pg(C) yr–1 for the oceans and 
57–58 Pg(C) yr–1 for the land. 

In this paper, we will use the average values from 
Behrenfeld et al. (2001) of 57.5 Pg(C) yr–1 for the land and 
56.5 Pg(C) yr–1 for the oceans; this gives a total of  
114 Pg(C) yr–1. For simplicity, we shall assume that this 
comes in the form of a dilute sucrose solution. To convert 
this to solid sucrose requires the use of 16.3 kJ mol–1 
energy (Miller and de Pablo 2000); further, burning of 

sucrose will yield 5,644.6 kJ mol–1 (Domalski 1972). This 
amounts to a net energy release of 5,628.3 kJ mol–1 or 
5,628.3/12/12 kJ g–1(C) = 3.91 × 104 J g–1(C), since there 
are 12 carbon atoms in a molecule of glucose and carbon 
has an atomic mass of ≈12. In other words, this means a 
capture of 3.91 × 104 × 114 × 1015 J yr–1 which equals 
4.46 × 1021 J yr–1 for the primary production (Behrenfeld 
et al. 2001). 

Based on the above, we deduce that the energy efficiency 

of the biosphere's photosynthesis is: energy captured in 

primary production per year divided by energy available 

for photosynthesis per year = 4.46 1021/(1.39 × 1024) =  
3.21 × 10–3, or 0.32%. Note that this is based on PAR 
reaching the ground, vegetation, and ocean surface; 
however, the efficiency based on the total amount of solar 
radiation intercepted by the Earth is (using the values from 
above for extraterrestrial irradiance, seconds per year, and 
surface of the Earth) 4.46 × 1021/(340.2 × 3.1556926 × 107 

× 5.101 × 1014) = 0.00081 = 0.081%. This is close to the 
value (≈0.1%) that one of us (Borisov 1979) had estimated 
before the current data were available. 

 
Factors limiting photosynthesis 
 
The energetic efficiency of photosynthesis (0.32%) as 
presented above may seem very low. We discuss below the 
reasons for this low value. 

There is a thermodynamic limit for this efficiency. 
Several values are available, but they have different bases. 
Taking into account just the primary reactions of 
photosynthesis, Knox (1969) obtained an efficiency of 
about 70% for the conversion of sunlight into free energy 
available for photosynthesis. However, Albarrán-Zavala 
and Angulo-Brown (2007) calculated the maximum 
efficiency of 27.3% for oxygenic photosynthesis, which 
included the Calvin-Benson cycle for CO2 fixation.  

We know that all light that strikes the photosynthetic 
organism is not absorbed, and even some, which is 
absorbed, is in pigments (e.g., anthocyanins or some 
carotenoids) that do not channel energy to photosynthesis. 
In particular, many organisms possess yellow pigments 
absorbing some of the blue-violet light that is not involved 
in photosynthesis (e.g., McCree 1972, Paradiso et al. 
2011). 

To a greater extent than any of the above, unfavorable 
environmental factors limit NPP. Terrestrial NPP is 
limited by low concentration of CO2 in the environment, 
and by temperature, drought or nutrient deficiency in many 

places on our Earth. Fig. 1A shows the relative importance  
of limiting water, light, and temperature. Fig. 1B shows the 
resulting distribution of annual terrestrial net primary 
production. 

Even with sufficient water and nutrients, and optimal 
temperature, light might be so strong that not all of it can 
be used. Sometimes plants must dissipate excess energy, 
as heat, to avoid damage (Demmig-Adams et al. 2014). 

Since the world oceans have more than twice the area 
of the land on our planet, and the total NPP expressed in 
terms of carbon is almost the same for both (Field et al. 
1998; see also Brown et al. 2014), we can immediately see 
that the productivity per area unit is much less for the 
oceans. As we see from Fig. 1C, much of the oceanic 
productivity is concentrated in the coastal areas, nourished 
by runoff and wind-blown dust from land, and by 
upwelling deep-sea water in some areas. At the surface, 
temperature and light are more limiting than the nutrients 
only at the highest latitudes. 

Deserts are areas of very low NPP, but they are impor-
tant for providing nutrients to other areas. For example, 
wind-blown dust from the Sahara desert fertilizes not only 
the Atlantic ocean, but is even an important nutrient 
component for the Amazonian rainforest (Yu et al. 2015).  
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Fig. 1. A: Relative importance of light, temperature, and water in 
limiting terrestrial net primary production in various land areas 
in our world. Modified from Running and Zhao (2015) (also see 
Zhao et al. 2011), based on data in Nemani et al. (2003); B: 
Distribution of annual terrestrial net primary production. 
Modified from Running et al. (2004); C: Distribution of annual 
oceanic net primary production. Modified from Brown et al. 
(2014). 

Production of molecular oxygen, O2 
 
As mentioned above, Behrenfeld et al. (2001) had 
calculated an NPP on land of 57.5 Pg(C) yr-1, and in the 
oceans of 56.5 Pg(C) yr–1. To convert this to oxygen 
production we consider the formula:  
 
CO2 + H2O + light ==> nO2 + plant (or algal or 
cyanobacterial) ”matter”                                                      (1) 
 
which in text books is written as (CH2O), letting n to be 1. 
However, plant matter does not have the composition 
exactly corresponding to (CH2O). For land vegetation 
(plants) the difference is not that great, and a more realistic 
estimate for n is 1.05 (Keeling 1988a,b). The composition 
of cyanobacteria and algae differs considerably from that 
of terrestrial plants, and according to Keeling et al. (1993), 
the average oceanic value for n is 1.30 (see Eq. 1). 

We now ask: How much time does it take for the 
oxygenic photoautotrophs to produce the amount of O2 
currently present in the atmosphere and oceans? 
According to Keeling et al. (1993), the atmosphere 
contains 37,000 Pmol or 1.18 × 1021 g(O2), whereas 
Budyko et al. (1987) give this value to be 37,500 Pmol or 
1.20 × 1021 g. However, Long et al. (2016) point out that 
the amount dissolved in the oceans is much lower – about 
237 Pmol of dissolved O2 or 3.8 × 1018 g. However, we 
shall use the value 1.19 × 1021 g for the whole biosphere. 

Thus, taking the molecular mass of C (12) and O2 (32) 
into account, we can calculate the mass of oxygen pro-
duced per year as: (1.05 × 57.5 + 1.3 × 56.5) × 32/12 Pg = 
= (60.4 + 73.5) × 2.67 Pg = 357 Pg = 3.57 × 1017 g. 

Thus, the answer to the question raised above about the 
time to produce the present amount of molecular oxygen 
in our biosphere is: 1.19 × 1021/3.57 × 1017 yr ≈ 3,000 yr. 

Concluding remarks 
 
Present-day photosynthesis is the result of a long evolution 
(Björn and Govindjee 2015; Fischer et al. 2016). From an 
early beginning of ultraviolet photochemistry, the first 
form of "photosynthesis" driven by visible light (still 
carried out by extant organisms) was probably mediated 
by bacteriorhodopsin (Skulachev 1994). Light absorbed by 
this protein gives rise to a pH difference across a 
membrane that can drive ATP synthesis via reversal of 
ATPase-mediated ATP hydrolysis. Oxygenic photosyn-
thesis mediated by chlorophyll has come a long way from 
this, and it is to this process that we owe not only the 
oxygen we breathe, but also a climate that allows human 

life. The energetic efficiency on a planetary scale, as 
calculated above (about a third of a percent), may seem 
low. We hope to have demonstrated in this brief commu-
nication that this is not mainly due to biological deficiency, 
but to properties of our planet that biology cannot control. 
At present, due to our inability to control our own actions, 
the concentration of carbon dioxide in the atmosphere and 
oceans is rising, while the concentration of oxygen is 
declining (see, e.g., Keeling and Garcia 2002, Sirignano et 
al. 2010, Livina et al. 2015). We have a responsibility for 
the future of our planet.  
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