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The optical depth is a coefficient that quantifies impediments to propagation experienced by 

photons, the elementary carriers of the electromagnetic force, as they propagate through a 

medium.  The fundamental relationship that describes the change in the intensity of a steam of 

photons traversing a path through a medium is known as Beer’s Law, and it is written as 

 

𝐼𝜆 = 𝐼𝜆0 exp (−𝜏𝜆) 

 

where 𝐼𝜆 is the intensity of radiation at a specified wavelength, 𝜆, termed the monochromatic 

intensity, 𝐼𝜆0 is the initial intensity of the radiation before entering the medium, and 𝜏𝜆 is the 

monochromatic optical thickness.  Photons traversing the path may be absorbed by gases and 

particles or redirected into another direction, which is termed “scattering”.  Thus, 𝜏𝜆 describes 

the molecules and particles along the path and how they interact with the photons.  

Mathematically, the optical depth is written as 

𝜏𝜆 = ∫ 𝑁𝜎𝑘𝜆

𝑠

0

𝑑𝑠 

In which 𝑁 is the number of particles per unit volume, 𝜎 is the cross-sectional area of the 

particles, 𝑘𝜆 is a coefficient that describes the interaction between individual photons and the 

particles along the path, and 𝑠 is the path length.  Typically, the exact nature of the particles 

along the path is unknown, so 𝜏𝜆 is often a measured quantity.  If the intensity of the incident 

photon stream is known, the sun for example, and the intensity of the photon stream at the 

end of the path is known, an intensity measurement at the surface along a direct path from the 

sun’s disk, for example, 𝜏𝜆 can be determined.   

Dust and debris clouds and smog often have a complicated, wavelength dependent value of 𝑘𝜆 

that includes both absorption and scattering components.  For liquid water clouds, 𝑘𝜆 = 2, 

which considerably simplifies the definition of 𝜏𝜆.  For a cloud with a depth, 𝑠 = Δ𝑧 having 

droplets of uniform radius, 𝜏𝜆 = 2𝜋𝑁𝑟2Δ𝑧. 

When a photon stream (a beam) is incident on a multiple scattering medium, a part of the 

photon stream passes through the medium without interruption, and we term this the direct 

radiation.  The balance of the stream diffuses in other directions and we term this the diffuse 

radiation.  The fraction of the incident photon stream that passes through the medium in either 

the direct or diffuse component is called the transmissivity, 𝑡𝑑𝑖𝑟 and 𝑡𝑑𝑖𝑓𝑓.  Both are a function 

of 𝜏𝜆.  For liquid and ice clouds, we see the entire spectrum of visible light that is detectable by 

our eyes, so rather than a considering a monochromatic incident stream, we can omit the 



subscript 𝜆 and just consider 𝜏 as encompassing all visible wavelengths.  If we assume that 

liquid and ice clouds scatter far more radiation than they absorb and thereby assume that there 

is effectively no absorption, we arrive at a condition known as conservative scattering because 

all incident photons eventually leave the cloud.  For conservative scattering, the direct and 

diffuse components of the radiation stream that emerge from ice and water clouds can be 

written as 

   

 Direct Irradiance 

𝑡𝑑𝑖𝑟 = 𝑒−𝜏/𝜇 

Diffuse Irradiance  

𝑡𝑑𝑖𝑓𝑓 =
1

1 + (1 − 𝑔)𝜏
− 𝑒−𝜏/𝜇 

  

In these relationships, 𝜇 = cos 𝜃, where 𝜃 is the solar zenith angle (angle from the vertical 

direction) and 𝑔 is a measure of the probability that a photon will be scattered in the forward 

direction.  In liquid water clouds, 𝑔 = 0.85, but it is a more complicated function for ice and 

other particles that have a complex shape.   

If we assume that the sun is directly overhead a liquid cloud (i.e., 𝜇 = 1), and 𝜏 = 1,  

 

𝑡𝑑𝑖𝑓𝑓 =
1

1 + (1 − 𝑔)
− 𝑒

−
1
𝜇 = 0.87 − 0.37 = 0.50 

 

Often the radiation stream incident upon the medium is isotropic, meaning that that radiation 

is entering the medium equally from all different directions.  Such a situation would require 

that we compute the transmittance from each individual angle and sum them to determine the 

total amount of radiation passing through the cloud.  Calculations such as this demonstrate that 

the amount of transmittance is the same as that which is computed from a single angle, which 

is 53°.  Hence, for 𝜏 = 1 𝑎𝑛𝑑  �̅� = cos 53°,  𝑡𝑑𝑖𝑟 = 𝑒−1.66 = 0.19 and 𝑡𝑑𝑖𝑓𝑓 = 0.68.   

Depending upon the nature of the incident radiation stream, 𝜏 = 1 signifies that 19-37% of the 

incident radiation stream is directly transmitted and 68-87% is transmitted via diffuse radiation. 

While the selection of the threshold optical thickness that one chooses to define a cloud is 

somewhat arbitrary and dependent on the application, the appeal to me is that if the incident 

radiation stream is orthogonal (at right angles) to the surface of the medium 𝜃 = 0, the 



transmittance is equally divided between the direct and diffuse components.  Thus, the diffuse 

transmittance resulting from multiple scattering is now equivalent to the transmittance of 

radiation directly through the cloud without interacting with any particle.  In essence, the cloud 

has reduced the direct radiation stream to half its initial value.   Some might argue that it is 

mathematically more tractable to have the direct radiation scheme reduced by an amount 𝑒−1, 

so-called e-folding, this amounts to such a significant reduction in the direct transmittance that 

we are well beyond what would be considered a threshold.     

 

 

   


