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I grew up hearing ‘bread is the staff of life’.. But in reality is it sunlight.  The world 
about us would not function as well as it does without the capture of sunlight and its 
conversion to chemical energy by plants.   Eating the Sun is a Wonderful book 
describing the connections of sun, energy and life.  If you have time to read for 
pleasure and curiosity sake I recommend this book for all biospherians.
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At the heart of biometeorology is sunlight.  In this course we will undertake the 
quest to understand how its energy varies with elevation angle (that are functions of 
time of day, year, latitude and longitude), cloud cover and the wavelength of energy 
we receive.
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Before we discuss solar energy we must step back and consider energy and the 
units involved. We need to use SI units, the international standard, and I like to 
parse units out into things we can measure like mass, length and time, rather than 
the name of dead scientists.
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Energy and work are identical so if you an remember that work is force times 
distance, you can get to energy; of course you also have to remember that force is 
mass times acceleration. But it is your weight…, not your mass….you will weigh 
lighter on Mars and more on Jupiter.  My point here is I don’t want you to 
REMEMBER the units, but understand how to derive  them from first principles 
when challenged with the need to know.
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Some handy fun facts about the sun. Some you may rely on for class computations.

The solar constant, as measured by satellite is roughly 1366 watts per square meter
(W/m²),[2] though this fluctuates by about 6.9% during a year (from 1412 W/m² in 
early January to 1321 W/m² in early July) due to the earth's varying distance from 
the Sun.
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Sunlight received at the top of the atmosphere and at the surface is defined by a 
spectrum.  It tells us the energy irradiance as a function of the light’s wave length.  
Look at this figure closely.  Look at the range of wavelengths..250 to 2500 
nanometers.  Look where the spectrum peaks, near 600 nm.  Why does the sun 
have this spectrum?  Why does it peak where it does?  What does this peak in 
energy have to do with our visibility and with photosynthetic activity on Earth?  
These are all questions we will address in this class.
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This class is multi-disciplinary because lots of advances in science occur at the 
intersection between fields.  In recent years there is a growing excitement to use 
Sun Induced Fluorescence to study ecosystem photosynthesis.  What does this 
mean?  When photons are absorbed by leaves they have three fates, heat the leaf, 
drive photochemistry or fluoresce a photon. There are satellites in space capable of 
seeing such fluorescence, but one has to be careful not to have the signal 
contaminated by light emanating from different sources.  Here is where solar 
physics plays a role.  The sun does not emit a perfectly smooth spectrum because 
some elements, iron and magnesium, in the sun absorb electromagnetic energy.  
These are the Fraunhofer lines that exist in the solar spectrum.  There is an 
absorption peak around 760 nm, which can serve as a window for measuring 
photons emitted by plants by fluorescence.  In short, rates of photosynthesis scale 
with fluorescence and this can be used for global scaling.
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The answer to many of these questions and issues will be answered in a few 
moments with Planck’s Law
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Distribution of solar energy by the major wavebands.
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Many studies show that the ratio between PAR and shortwave energy is about 0.5 
near the earth’s surface (Monteith and Unsworth; Ross)

These are a couple of rules of thumb I use often to make sure my sensors are 
working right.  In the field we make measurements of solar radiation with a 
pyranometer and values range between 0 and 1000 W m-2.  We also use a 
quantum sensor that measurements visible light in terms of micromoles of photons 
per m2 per second.  How can we relate these two.  Well about one half of 
shortwave solar is visible and there are about 4.6 micromol quanta per Joule of 
energy.. So if Solar Radiation is about 1000 W m-2 then PAR is about 2300 
micromole quanta m-2 s-1.
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The energy of electromagnetic energy is inversely proportional to the wavelength of 
the light.  So shorter wavelengths have more energy than long wavelengths.  This is 
why we get sunburnt by ultaviolet light on bright summer days.  It is also why it was 
so important for the co-evolution of the atmosphere for the production of the ozone 
layer in the stratosphere.  It protected evolving life from the mutating effects of uv
radiation and helped life on Earth to thrive and evolve in its many complex manners. 
Hence, this is why we were concerned about the degradation of the ozone layer by 
chlorofluorocarbons, leading to the banning of certain compounds by the Montreal 
Protocol.
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Graphic of the previous equations
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Planck’s Law defines the probability distribution of energy emitted from a warm 
surface. It defines the spectral peak, too.  This is an equation we will become 
familiar with through a homework exercise.  So it will be important to get the units 
right and learn first hand how this spectrum shifts in terms of magnitude and peak 
wavelength with the temperature of the radiative surface.
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Here are computations of the Solar Spectrum with Planck’s Law.  We can see 
differences in the spread and peak as the sun warmed over the life of this planet.
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Here is a comparison between the radiative spectrum of energy emitted by the sun 
and by the earth.  This is the central reason why we distinguish energy emitted by 
Earth as Longwave and that by the sun short wave.  The emission of long wave 
radiation by the earth’s surface plays a critical role in its ‘greenhouse’ warming 
effect.  Many of the trace gases that exist in the atmosphere absorb and emit 
radiation at these wavelengths.  Conversely they are relatively transparent to the 
shorter wavelengths of incoming energy from the sun.
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Is it a co-incidence that we see and plant’s photosynthesize near the peak spectrum 
of the sun? Of course not. This is evidence of co-evolution. Would it make sense to 
evolve an eye in regions of the spectrum where there is little incoming energy?
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Planck’s law is also instructive for helping us understand the Big Bang and the 
origin of the Universe.  In the 1960s Penzias and Wilson won the Nobel Prize after 
they observed this persistent microwave ‘noise’ that they saw everywhere with their 
radio telescope.  They finally deduced it was the remnants of the big bang and the 
Universe is emitting a background radiation of about 3 K.
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There are interesting things one can do with Planck’s law mathematically that are 
physically important. One is to integrate it with respect to wavelength. This tells us 
how much energy is being emitted by a black body; integration gives us the area 
under the curve, or the integrated energy.  The really important finding is that the 
energy emitted by all surfaces is proportional to the surface temperature (in degrees 
Kelvin) to the 4th power.  This new relation is the Stefan-Boltzmann Law.

A nice history on Stefan and Bolzmann is found on 
http://webpages.uidaho.edu/~crepeau/ht2009-88060.pdf
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Next we want to look at the wavelength where the emission of energy is maximal.
From simple calculus we take the derivative of Planck’s Law solve for where the 
derivative with respect to wavelength is zero.  This yields Wein’s Law.  This 
wavelength is inversely proportional to temperature.  So if we know the peak color 
of a radiating object we can deduce its surface temperature.
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Plotting Planck’s Law function for the surface temperature of the sun and Earth you 
see two distinct curves.  The sun is shifted towards shorter wavelengths, has a peak 
around 0.5 microns and much more energy under the curve than the Earth.  The 
earth, cooler, has a peak near 8 microns, emitting longwave energy.
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We can calculate how hot the sun is by knowing the Solar constant and the distance 
between the Earth and Sun. We can define the surface area of the orbit of the Earth 
around the sun by knowing this radius, and we can upscale the Radiant from since 
we know the flux density of the solar constant.  Now that we know the radiant flux of 
the sun we can normalize it by dividing by the surface area of the Sun.  We can 
then equate this to the Stefan Bolzmann Law and solve for temperature.  We arrive 
at a surface temperature near 5700 K.

Don’t be confused about the surface temperature of the sun and its internal 
temperature, which is millions of degrees to support nuclear fusion.

‘Radius’ 152,097,701 aphelion km  S*= 1329 W m-2; 147,098,074 km perihelion 
(S* 1421 W m-2)

22



We can also detect the sun’s temperature by measuring its color spectrum and 
using Wein’s Law.  Using data from an Ocean Optics spectrometer I see a spectral 
peak near 536 nm. This yields a surface temperature of 5404 K.  If we assume the 
sun’s temperature is 5794 K, then we compute a spectral peak of 500 nm.  Method 
1 and 2 yield slightly different values, but they are in the 5000 K ball park.
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What happens when photons reach the earth?  They can be reflected, absorbed or 
transmitted. These fates are wavelength dependent and are normalized so they 
sum to one.
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Since the energy is emitted unevenly across the spectrum, we should not evaluate 
reflected energy equally.  Here it is prudent to assess a weighted reflectance across 
the band of interest.  So the reflectance of PAR, in the 0.4 to 0.7 micron band is 
different from that of individual colors in that band.  It is a simplification that is useful 
when evaluating things like photosynthesis and radiative transfer of visible light 
through foliage space.
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Albedo is an important biometeorological parameter that denotes the reflectances of 
a surface. It is a critical component of the surface energy balance. 

I liked the word so much I was able to convince my wife to name our late Bichon-
Maltese Albedo, or Bedo for short; our newer dogs also have meteorological names, 
Zephyr and Tule Fog.
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We took Albedo’s albedo and low and behold, white indicates a nearly perfect 
reflection across all colors or wave lengths.
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The Earth from space has an Albedo dominated by bright clouds, dark seas, bright 
deserts and dark forests.  Albedo is a fundamental metric (parameter) of the 
physical land-atmosphere system.  Its regulation by ‘life’ is a fundamental aspect of 
the Daisy World model.

The land mass is about a 30% of the surface of the earth, the rest is ocean.
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Albedo differs markedly for different plant functional groups.  Evergreen needleleaf
forests are the darkest, though they inhabit snowy environments and can have 
seasonally bright periods.  In contrast crops and grasslands, short vegetation tend 
to be the brightest.

29



Watson and Lovelock developed a toy model of the Earth’s energy balance to help 
explain why the temperature of the Earth was so stable and habitable for life as the 
luminosity of the sun evolved over time. Changes in albedo between dark and bright 
‘daisies’ whose growth rate was temperature dependent, helped stabilize the 
temperature and demonstrate the potential for feedback between life and the 
physical state of our planet.

Watson, A. and J. Lovelock. 1983. Biological homeostasis of the global 
environment: the parable of Daisyworld. Tellus 35b:286-289.
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In the 90’s many of the forecasting models were simulating temperatures in the 
Northlands wrong.  They often assumed the land was covered with snow and had a 
bright surface.  Experiments like BOREAS revealed that forests during the snow 
period are not as bright as commonly assumed. This picture here shows the 
contrast of a fen, covered with snow and being bright, next to a spruce forest that is 
noticeable dark dispite snow on the ground.
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Here is a better picture across James Bay in Canada, frozen with ice and the dark 
forests of the taiga, to the south.  If you ever fly from Europe to SFO take a look out 
the window as you fly over the boreal forest of Canada during the winter. You will 
see these effects clearly.
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Albedo can be viewed as a scale emergent property.  The albedo of leaves differ 
from canopies and that of short canopies differ from dark ones.  Taller vegetation is 
better able to trap light and appears Darker.

If you travel up the coast and look at the old growth redwoods, you can detect them 
from the younger stands of secondary growth trees. The Old Growth trees trap light
and are very dark.
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In comparison look at the blue oak forest we study in California
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Tall and rough canopies are more apt to trap light more effectively than smoother 
surfaces.
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Here are data showing albedo in the PAR band differing when the grass was green 
and dead.
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We can use hyperspectral radiometers to look at reflectance by narrow wavebands, 
here every 2 nanometers.  You can see the visible band is darker than the near 
infrared band. There is a peak in reflectance in the green band.  Plants have 
evolved to reflect Near infrared energy as it mostly heats up the leaf.  Also notice 
how the spectrum of reflectance changes with season and the state of the 
vegetation.
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Ollinger and colleagues find that albedo was positively related to the nitrogen 
content of the canopy. This occurred mostly because near infrared reflectance 
increased with N.   If true this can be a powerful and simple measurement to ascribe 
information on nutrient status of forests using albedo measurements from space.

A group of radiative transfer scientists disputed this claim as being spurious. They 
claim it is a result of canopy structure than N alone.  They also expect that a leaf 
with more N and photosynthetic machinery should be darker and absorb more 
energy, a valid point, in the visible. 

Ollinger shows the strongest signal in the NIR in the 800 to 1400 nm range.

Both teams seem to agree with the point that the links between N and albedo seem 
indirect and reflect the effects of N on leaf traits, morphology, structure, etc.  We 
have to remember the adage by Box, ‘all models are wrong, some are more useful’.  
This result may fall in that camp.
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If we believe such empirical functions we can use them to map leaf N spatially for 
closed canopies.  Even I remain somewhat skeptical of the detection of N across 
the dark and brighter old and regrowth redwood forests I showed in the image.  Are 
those albedo differences due to differences in N or the light trapping ability of those 
two stands?  More work is needed.
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