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CONVERSION FACTORS USED IN RADIATIVE TRANSFER CALCULATIONS
1. Introduction

The usage and conversion of units in science is a fundamental and everyday occurrence. Improper conversions from one set of units to another are the source of many errors in research (e.g., Hubble Space Telescope). This report provides sets of unit conversions for various measurement fields that are commonly used in remote sensing of the earth-atmosphere system. Unit conversions pertaining to gaseous concentration, atmospheric attenuation and radiance measurements are included in the following sections of this report. An attempt was made to provide a list of formulas that covers most or all of the unit conversions that appear in current research efforts. As new units arise they will be added as well as new sections for fields that are not covered in this report.

The first paragraph of each section defines the basic units for the field (in the MKS system); succeeding subsections define the units in specific terms.

2. Units of Gaseous Concentration

Molecular gas concentrations are included in model calculations as both column-integrated amounts (M L-2) and densities (M L-3).  Many references utilize the two entities interchangeably (and incorrectly), i.e., the column density of a plume in units of molecules cm-2.  Section 2.1 provides some common units to designate column amounts.  Section 2.2 provides a similar list of density units.

2.1 Column-integrated amounts

This unit typically applies to measurements of integrated quantities where specific level or layer values can not be obtained due to sensor channel or resolution limitations.  It represents the mass or number of molecules for a column with a given crossectional area.

2.1.1 Atmosphere-centimeters (atm-cm)

At standard temperature and pressure (STP) one cubic centimeter (cc) of gas has a mass of 
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g.  M is the molecular weight which is defined as the number of grams in a mole of a specific gas.  One mole contains A molecules of the gas where A is Avogadros number, 6.02297(1023).  One (atm-cm)STP is equivalent to a length of 1 cm of gas at STP per cm2.  Therefore we have
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The units g cm-2 is equivalent to cm when used as a measure of the height of a column of gas (i.e., total precipitable water vapor is commonly given in cm).  Since there are A molecules per mole of gas and one mole occupies 22.4 liters, we can write
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This equation is independent of the type of gas. The constant value in the final term is Loschmidt’s number which defines the number of molecules in a cc of gas (equivalent to the value A / 2.24(104) ).

2.1.2 Dobson Units (DU)

When gaseous concentration values are typically below 1 atm-cm, it can be advantageous to apply a factor to the values for presentation purposes.  Ozone amounts, typically are found in fractions of an atm-cm, therefore, a new unit, the Dobson Unit was coined to provide a more easily presented value for ozone and other low concentration gases.  A DU is just 1000 x concentration in atm-cm, or 
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2.1.3 Grams per centimeter2 (g cm-2)

For a specific gas, Eqn. 2.1 defines the relationship between the two units: g cm-2 and atm-cm.  By equating Eqn 2.1 and 2.2 we can obtain the number of molecules per unit area for 1 g of gas.
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For example, 1 g cm-2 of water vapor with a molecular weight of 18.106 has 3.343(1022) molecules.  We can rewrite equation 2.1 in a similar manner to give
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For water vapor, there are 
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or 1243.3 atm-cm in 1 g cm-2.  Equivalently, 
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2.1.4 Grams per liter meter (g liter-1 m)

The unit g liter-1m is commonly used in effluent concentration retrieval studies and is related to the integrated concentration g cm-2 by a factor of 10. 
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2.1.5 Parts per million – meter (PPM-m)

In spectroscopy and gaseous effluent measurements, typical units of integrated column amount are PPM-m. We can use the formulas in Table 2.1 for PPM conversions to derive equivalent formulas for PPM-m. If a measurement is made in units of g cm-2, then the formula for PPM-m is
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where A, Mgas and air are defined in Table 2.1 and cgas is the integrated column gas amount. Using the definition in (2.5) we can write,
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Likewise, substituting (2.4) into (2.7) we can derive the conversion to molecules cm-2,
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Table 2.1 provides conversions for 4 different units of column amount. To find the equivalent value for a column amount unit in the left-most column as a function of a unit in the top row, find the intersection of the column and row of the desired units. The formula(s) in that square will provide the conversion from the unit in the top row to the unit of density in the left-most column. For example, if measurements are made in units of cgas (g cm-2) and units of PPM-m then use the formula in the top row, fourth column as shown below,
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2.2 Volume Density

Mass per unit volume is the dimension of the volume density or more simply the density. A conversion table for six common units of density used in specifying gaseous concentrations is provided in Table 2.2. The formula scheme follows that used in Table 2.1. Table 2.3 provides a list of molecules and their molecular weights, which are referenced in the Table 2.1 and Table 2.2 formulas.

Table 2.1.  Conversion Formulas for Integrated Gaseous Concentration Parameters

	
	Parts per Million – meter (PPM-m)
	Column Number Density

c#  (molecules cm-2)
	Column Concentration

catm  (atm-cm)
	Column Amount

cgas   (g cm-2)
	Column Amount

cl   (g liter-1 m)

	Parts per Million – meter  (PPM-m)
	1
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A:
Avogadro’s Number (6.022045 x 1023 molecules mole-1)


T:
Ambient Temperature (K)

L:
Loschmidt’s Number (2.686754 x 1019 molecules cm-3)


To:
Standard Temperature (273.15 K)

Mair:
Molecular Weight of air (g mole-1)





P:
Ambient Pressure (mb)

Mgas:
Molecular Weight of individual gas (g mole-1)



Po:
Standard Pressure (1013.25 mb)

air:
Number density of air (molecules cm-3)      
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Table 2.2.  Conversion Formulas for Gas Density Parameters

	
	Parts per Million

by Volume (PPM)
	Number Density

#  (molecules cm-3)
	Mass Mixing Ratio

w  (g kg-1)
	Mass Density

gas   (g m-3)
	Partial Pressure

Pgas  (mb)
	Conc. Density

atm (atm-cm / km)

	Parts per Million

by Volume (PPM)
	1
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	Concentration Density

atm (atm-cm / km)
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A:
Avogadro’s Number (6.022045 x 1023 molecules mole-1)


T:
Ambient Temperature (K)

L:
Loschmidt’s Number (2.686754 x 1019 molecules cm-3)


To:
Standard Temperature (273.15 K)

Mair:
Molecular Weight of air (g mole-1)





P:
Ambient Pressure (mb)

Mgas:
Molecular Weight of individual gas (g mole-1)



Po:
Standard Pressure (1013.25 mb)

air:
Number density of air (molecules cm-3)      
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Table 2.3.  Molecular Weights for Selected Species

	Gas
	Molecular Formula
	Molecular Weight

( g mole-1 )

	Air
	-
	28.964

	Water
	H2O
	18.015

	Carbon Dioxide
	CO2
	44.010

	Ozone
	O3
	47.998

	Nitrous Oxide
	N2O
	44.010

	Carbon Monoxide
	CO
	28.011

	Methane
	CH4
	16.043

	Diatomic Oxygen
	O2
	31.999

	Nitric Oxide
	NO
	30.010

	Sulfur Dioxide
	SO2
	64.060

	Nitrogen Dioxide
	NO2
	46.010

	Ammonia
	NH3
	17.030

	Hydrochloric Acid
	HCl
	36.461

	Methyl Chloride
	CH3Cl
	50.487

	Hydrogen Sulfide
	H2S
	34.082

	Thionyl Chloride
	SOCl2
	118.971

	Benzene
	C6H6
	78.112

	Isoproponal
	CH3CH2CH2OH
	60.095

	Acetone
	C3H6O
	58.079

	Methanol
	CH4O
	32.042

	Methyl Ethyl Ketones (MEK)
	C4H8O
	72.016

	Tetrachloroethylene
	C2Cl4
	165.832


3. Units of Attenuation

The attenuation of energy as it passes through the earth’s atmosphere due to absorption and scattering by atmospheric particles and molecular gases is a primary component of radiative transfer calculations.  In its most basic form, attenuation is related to the amount of absorber or scatterers in the path, usually given in non-dimensional units of optical depth .  The optical depth is a physical parameter representing the attenuation power of particles or molecules represented as a function of wavelength.

Microwave and radar analysts tend to use units of decibels (dB) or nepers (both dimensionless) to denote the relative power of a signal.  In terms of the optical depth, we can define
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A 1 neper attenuation means a reduction to e-1 of the original value.  In terms of dB we have
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4. Units of Absorbance

Absorbance is a dimensionless quantity that defines the capacity of a specific material or gas to absorb radiation of a specific wavelength. When radiation passes through a thin layer of an absorbing medium, dz, the reduction in intensity, dI, is related to the intensity I, and the absorption coefficient of the material  by the following equation,
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For an absorbance layer thickness of L (units of meters), and incident radiance I0, the equation integrates to:
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The product L is called the absorbance a, and the above equation is the absorbance law (sometimes called Beer’s law). In this equation the transition probability was assumed to be unity. The ratio I/I0 is the transmittance t. In this equation the absorbance is related to the transmittance by the log base-10 function,
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The transmittance is dimensionless so must be the absorbance. In the above equation, the absorbance is sometimes given as absorbance (base-10). A similar quantity, the optical depth or thickness, is proportional to the transmittance by a log base-e function,
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where ln represents a commonly used form for log base-e. The optical depth is commonly used in radiative transfer calculations and can be related to the absorbance by the conversion equations,
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The absorption coefficient  is expressed in the equations above in units of m-1.

Units of Radiance Conversion

Radiance or intensity units have the form energy / time / area / sterradian / frequency.  An example commonly used in Modtran would be Watts (Joules sec-1) cm-2 sr-1 /cm-1.  Irradiance or flux density denotes intensity that has been integrated over the spherical solid angle and has units of energy / time / area / frequency (i.e., Watts cm-2 /cm-1).  Conversion to other units of radiance or irradiance is commonplace in radiative transfer calculations.  Some common conversions for radiance are given below.  Irradiance conversions would be identical except for the removal of the sterradian unit.

4.1 Conversion across spectral domains

The conversion from wavenumber (, cm-1) to wavelength (, m) utilizes the simple relationship  or.  Therefore, we can write (using I to represent radiance)
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Similarly, conversion to spectral units of nanometers yields
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where
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Conversion to flicks

Units of flicks (W cm-2 sr-1 m-1) are commonly used in the visible and near-IR region of the spectrum because the typical range of values can be displayed without an exponent.  From Eqns. 4.1 – 4.3 we obtain the following
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4.2 Conversion to photons

Radiation detectors often use photon counting as the method of radiance measurement.  Conversion to units of photons (per second) requires knowledge of the sensor characteristics including acceptance beamwidth and detector area, spectral bandwidth, quantum efficiency and optical transmittance.  From quantum theory, we know that
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where the wavelength  is given in m.  Therefore, we can write
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where the radiance I is in units of (W cm-2 sr-1 / cm-1), A is the detector aperture (cm2),  is the sensor acceptance solid angle (sr),  is the bandwidth of the sensor (cm-1), Qe is the quantum efficiency of the detector and t is the transmission through the optics of the system.  For example, using nominal values of A = 1 cm2,  = 1 sr,  = 1 cm-1, Qe = 0.7 and t = 0.5, we obtain the following simplified version of Eqn. 4.8,
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