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MODTRAN4: Radiative transfer modeling for remote sensing
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ABSTRACT
MODTRANGY, the newly released version of the U.S. Air Force atmospheric transmission, radiance and flux model is being
developed jointly by the Air Force Research Laboratory / Space Vehicles Directorate (AFRL / VS) and Spectral Sciences,
Inc. Itis expected to provide the accuracy required for analyzing spectral data for both atmospheric and surface
characterization. These two quantities are the subject of satellite and aircraft campaigns currently being developed and
pursued by, for instance: NASA (Earth Observing System), NPOESS (National Polar Orbiting Environmental Satellite
System), and the European Space Agency (GOME - Global Ozone Monitoring Experiment). Accuracy improvements in
MODTRAN relate primarily to two major developments: (1) the multiple scattering algorithms have been made compatible
with the spectroscopy by adopting a correlated-k approach to describe the statistically expected transmittance properties for
each spectral bin and atmospheric layer, and (2) radiative transfer calculations can be conducted with a Beer-Lambert
formulation that improves the treatment of path inhomogeneities. Other code enhancements include the incorporation of
solar azimuth dependence in the DISORT-based multiple scattering model, the introduction of surface BRDF (Bi-
directional Radiance Distribution Functions) models and a 15 cm™ band model for improved computational speed.

KEYWORDS: MODTRAN, Remote sensing, Surface Albedos, Aerosols, Multiple Scattering

1. MODTRAN

The new MODTRAN4 radiative transfer code, with its correlated-k Beer’s Law algorithm®>, can efficiently and accurately
calculate the scattering and absorption signatures of realistic molecular, aerosol and cloudy environments in the lower and
middle atmosphere. The current approach for molecular absorption accommodates line overlap and partial correlations
between both molecular species and the solar irradiance, while maintaining internal band model spectral resolution at either
1cm” or 15 cm™ binning. This new level of code evolution and validation will permit improved syntheses, analyses and

detection of total (direct plus scattered) solar and thermal energy components for clouds, aerosol decks, plumes and other
realistic non-clear sky conditions.

Validation is typically provided through two avenues. The first involves direct comparisons with line-by-line calculations,
as exemplified by FASE (FASCODE for the Environment)*. DoD and DOE jointly developed the FASE line-by-line (LBL)
algorithm from FASCODE?® with its optimized line-shape decomposition algorithm®. FASE can be considered the molecular
standard for layer effective optical depths, single scattering albedos, and transmittances. Direct comparisons with FASE
enable the MODTRANY algorithm to be refined for more flexible spectral resolution plus efficient and accurate
determination of those layer quantities necessary for multiple scattering applications; e.g. DISORT’ and a simpler 2-stream
model®. The second validation step centers on comparisons against a variety of measurements, including airborne sensors
like AVIRIS®, in the visible through short-wave infrared (SWIR), and HIS (High Resolution Interferometric
Spcctrome(cr“l” ), in the mid-wave and long-wave infrared (MWIR - LWIR), both under both clear and clouded skies.

Besides the correlated-k initiative, MODTRANA4? now includes major model enhancements in three additional areas. First,
ground surface modeling has been upgraded to couple the atmospheric radiative transport with surface terrain BRDFs
(Bidirectional Reflectance Distribution Functions). This includes options for modeling surface adjacency effects. Second,
the DISORT discrete ordinate multiple scattering (MS) model now includes an azimuth dependence in the solar scattered
component. Third, an optimized, reduced spectral resolution (15 cm'") band model option has been introduced as an
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alternative to the standard MODTRAN 1 cm’! band model for increased speed when the higher spectral resolution is
unnecessary.

1.1 ADDITION OF A CORRELATED-k (CK) CAPABILITY TO MODTRAN

The new CK capability in MODTRAN? provides an accurate and fast means for evaluating the effects of clouds and heavy
aerosol loading on retrievals (both surface properties and species concentration profiles) and on atmospheric radiative
heating/cooling calculations. These radiative transfer computations require coupling the effects of gaseous molecular
absorption due primarily to water vapor, carbon dioxide, and ozone, with particulate multiple scattering due to aerosols, ice
crystals, and water droplets. In order to adapt a band model approach for use in scattering calculations it is necessary to
express the band model transmission function in terms of a weighted sum of Beer's law exponential terms. Thus, a method
for determining the weighing factors and monochromatic absorption coefficients for the MODTRAN band model is
required. An abbreviated discussion of the CK approach as tailored for integration into MODTRAN is given below; for a
more complete discussion of the CK method the reader is referred to Lacis and Oinas’.

Consider the problem of determining the average transmittance, as defined by Beer's law, for a homogeneous path over a

finite spectral interval. The generalization to inhomogeneous paths is straightforward. The path transmittance can be
exactly determined through evaluation of:

1 %
T = ——— [ do |
W, -0, o,
where wis frequency, k() is the monochromatic absorption coefficient, and u is absorber column density. The basis of the
CK approach is that evaluation of T(u) by integration over frequency can be replaced by an equivalent integration over the
distribution of absorption coefficient values f{k) in the spectral interval
T(u) = j fik) e™ dk
0
The distribution function f{k) is not smooth or monotonic; it generally consists of a series of sharp spikes which reflect the
sharp line structure of k(w). It then becomes more computationally convenient to work with the smooth and monotonic
cumulative probability distribution function

k
olk) = jdk'ﬂk')
0
where k(g) is given by the inverse of g(k), k(g) = g’ (k).

The MODTRAN band model for a single species is based on four parameters: (1) the integrated line strength S in a spectral
interval Aw (Aw= 1 cm’in MODTRAN), (2) the effective number of equivalent lines n (non-integer values of n are
acceptable) in the interval, (3) the average pressure broadening Lorentz line width ¥, and (4) the Doppler line width ¥p.
These parameters are determined directly from the 1996 HITRAN" parameter line compilation.

1.2 MODTRAN MULTIPLE SCATTERING

For monochromatic radiation, the transmittance through two path segments is the product of the two individual segment
transmittances, i.e., Beer’s Law is obeyed. However, this multiplicative relationship between layer transmittances breaks
down for molecular band models. The product of spectrally integrated path transmittances is not equal to the coupled path
transmittance spectrally integrated due to the strong molecular spectral line structure. This is problematic because multiple
scattering models such as those in MODTRAN couple intrinsic layer flux calculations assuming Beer's Law. To solve this
problem, correlated-k algorithms recast band model radiative transport into a weighted sum of monochromatic radiative
transport problems. In MODTRAN, the distribution of molecular absorption coefficients, i.e., the k-distributions required
for the correlated-k implementation, are statistical representations based on band model parameters. They are not the actual
distributions at a given wavelength, temperature and pressure for any given spectral bin. The MODTRAN k-distribution
database is a relatively small table which only depends on the effective number of lines in a spectral bin and the Lorentz and



Doppler half-widths. MODTRAN interpolates over this table for each spectral frequency bin to determine the k distribution
appropriate for each layer.

The importance of the correlated-k algorithm in MODTRAN MS calculations can be demonstrated by comparing long-wave
cooling rate calculations performed both with and without the algorithm. Results are illustrated in Figure 1. Cooling rates
are proportional to the derivative of net flux with respect to pressure'*'%. In the LWIR, the MS contribution to atmospheric
path radiance is generally small. Therefore, thermal flux at any altitude can be computed by explicitly integrating thermal
emission for lines-of-sight spanning the upward and downward hemispheres. These calculations do not rely on a Beer’s
Law dependence. Hicke et al."” used this approach to generate the cooling rate curve labeled MOD3 LOS in Figure 1 and
compared the results to broad band model RRTM'® (Rapid Radiative Transfer Model) predictions. Alternatively, fluxes can
be computed directly from the MS models, which couple together layer contributions assuming the Beer’s Law dependence.
The results of these calculations are included in Figure 3, both with and without the correlated-k option and for both the

approximate 2-stream and the DISORT MS model. These curves demonstrate that the correlated-k algorithm is required to
correctly compute the LWIR fluxes.

McMurdo 13SEP94
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Figure 1: Longwave Cooling Rates for September 13, 1994, McMurdo Station. MODTRANG4 results are
compared to the predictions from Hicke, et al."® The darker lines represent the better physics for determining flux
differentials and subsequent cooling rates.

Another major upgrade in the MODTRAN4 multiple scattering treatment is the inclusion of relative solar azimuth
dependence through a new interface to the DISORT algorithm. While the MODTRAN single scatter algorithm has always
included azimuth dependence as well as spherical refractive geometry effects, the original interface to DISORT allowed it to
calculate only an azimuth independent solar source function for each layer. MODTRAN now incorporates this source
function into its LOS radiance integration (essentially multiplying it by foreground transmittance and layer emissivity along
the LOS). In the new integration, MODTRAN backs out the solar MS layer radiances directly from the DISORT azimuth-
dependent solar radiances, not from the source function. MODTRAN then computes plane-parallel single scatter solar
radiances and subtracts them from the DISORT radiances to isolate the MS contributions.



1.3 Ground Surface Enhancements

The major radiometric modification to the MODTRAN surface treatment is the coupling of the atmospheric radiative
transport to a surface BRDF. Seven vegetation canopy BRDF models have been incorporated into MODTRAN. Two of
the BRDF models are strictly empirical, the Walthall model'” in its symmetric form and the symmetric Sinusoidal-Walthall
model (obtained from the Walthall form by replacing the zenith angles in radians with their sine function). Only these first

two will be discussed. The others are semi-empirical or physics-based algorithms and are described in the MODTRAN4
documentation.

In MODTRAN, integrals over the surface BRDF are numerically computed on the input spectral grid for coupling to the
atmospheric radiative transport. For the imaged-pixel, three BRDF derived quantities are required:

e the BRDF value at the solar and viewing angles, for the reflected direct solar flux calculations;
o the LOS directional emissivity, for the surface thermal emission calculations; and
e the LOS directional reflectivity, for the reflected solar and thermal diffuse flux calculations.

The diffuse downward surface flux is modeled as being isotropically distributed for the reflected flux calculations.
MODTRAN provides two model options for computing multiple scattering contributions, an approximate 2-stream
algorithm and the DISORT N-stream model. If the 2-stream model is selected, the surface albedo and solar-direction
directional reflectivity are obtained by integrating over the area-averaged surface BRDF. This later integral is used to
reflect the direct solar irradiance off the ground as a component of the lower boundary condition.

A full coupling of DISORT with the area-average surface BRDF could be performed by computing directional emissivity
and azimuth moment integrals at the N double-quadrature polar (zenith) angles and for the solar and view directions.

However, in version 1.0, the area-averaged surface used in DISORT is modeled as a Lambertian reflector with the albedo
calculated from the input BRDF.

The importance of a canopy BRDF is demonstrated in Figure 2. Calculations were performed for a red (650-nm) band in
the visible spectral region with 23-km ground visibility, with a 50°solar zenith angle, and with a 20° off-nadir sensor
viewing angle at 20-km altitude. Initially, the observed radiance as a function of surface relative solar azimuth (180°
corresponds to the sensor looking towards the sun) was computed for a Lambertian surface. The surface albedo was set
cqual to the sensor view angle directional reflectivity of the canopy BRDF. As the surface relative solar azimuth increases
from O to 180°, the scattering angle decreases from 150 to 110°. Thus, the single scatter Rayleigh component decreases
with increasing relative azimuth while the aerosol scattering component increases as the forward direction is approached.
The minimum radiance occurs at a surface relative solar azimuth near 70°, and the maximum occurs in the forward
scattering direction. The location of the maximum radiance switches when a Walthall BRDF obtained from a fit of radiance
measurements for 4” alfalfa cropland is inserted into the MODTRAN calculation. Due to the hot spot reflectance, the

parameterized BRDF is largest in the bgckscauer direction, when the surface relative solar azimuth angle is near 0°.
ED BAND

3.8

T T

" LAMBERTIAN -
WALTHALL BRDF

3.7
3.6
3.5 |

3.4 |-

33

RADIANCE (W M-2 SR-1)

3.2 |-

O 20 40 60 80 100 120 140 160
SURFACE RELATIVE AZIMUTH [DEG]

Figure 2: MODTRAN4 In-Band (650 nm) Radiance Relative Azimuth Dependence. The maximum occurs in
the forward scattering direction (180°) for the Lambertian surface and in the backscatter direction far the
parameterized BRDF. See text for discussion.



1.4 MODTRAN 15 cm” Band Model

A 15 cm™ band model has been introduced into MODTRAN4 as a fast a]temanve to the standard MODTRAN 1 cm™ band
model. Initially, the new band model was created by gcneraung a 15 cm band model database and by computing band
model transmittances exactly as is done for the 1 cm™ model. This approach produced too much absorption, Figure 3a. A
basic premise of the MODTRAN 1 cm™ band model is that lines within a spectral interval can be modeled as randomly
distributed. Often, few (1 or 2) lines dominate the absorption in a 1 cm™ interval; and, if many lines do contribute, they still
tend to be nearly randomly distributed. This is not true with the wider bandwidth. In a 15 cm™! interval, molecular lines are

generally clumped together more than a random distribution would predict, and these clumped lines cannot absorb as much
as they would if they were spread out.

To adjust the model, the calculation of the 15 cm line spacing band model parameters has been tied to the 1 cm’’ band
model. For each molecular species that absorbs in a specified 15 cm™ spectral band, the homogeneous layer column amount
that produces an in-band transmittance of exp(-1) — where the band model pseudo optical depth is unity — is calculated. The
transmittance is determined by averaging 15 MODTRAN 1 cm™ band model calculations. In a subsequent calculation using
the 15 cm™' band model, the line spacing band model parameter is tuned to produce the same transmittance. All these
calculations are performed for a fixed grid of temperatures and at 1.0-atm pressure for H,0, at 0.2-atm pressure for Os, and
at 0.4-atm pressure for all other species. The selection of pressures is based on the vertical distribution of each species —
H,0 is peaked near the surface, ozone peaks just above the troposphere, and the densities of the uniformly mixed gases are
proportional the total atmospheric density. The results are illustrated for a vertical path from the ground to space in Figure
3b (LWIR - MWIR) and Figures 4a and 4b (SWIR - NIR). The residuals are generally at the percent level or lower, and the
bias toward too much absorption is eliminated.

Ground to Space Ground to Space
T T T T T T T ] T T T T
1.0 } T (1 cm ' degraded) 5 1.0} T(1cm ' degraded)
0.8 | T(15cm™) (old) 0.8} T(15¢cm™) (opt.)
2 Residual o2 Residual
g 0.6 | ; 0.6 |
E 0.4} E o4l
w o
[ =3 c
S 0.2} 202}
- 1~
0.0 | 0.0 |
J& A A A 5 U - T 1 1 A A 1
4 6 8 10 12 14 4 6 8 10 12 14
W avelength(um) Wavelength(upm)

(a) (b)

Figure 3: Comparison of MODTRAN 1 cm™ and 15 cm™ Band Model LWIR / MWIR Spectral Transmittances (a) Before
and (b) After Tuning of the 15 cm™ Line Spacing Band Model Parameters. All comparisons are performed with a 15 cm’’
rectangular slit function.
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Figure 4. Comparison of MODTRAN 1 cm’ and 15 cm™ Band Model (a) NIR and (b) SWIR Spectral Transmittances. All
comparisons are performed with a 15 cm’! rectangular slit function.

2. ATMOSPHERIC CORRECTION ALGORITHM

A MODTRAN4-based "atmospheric correction algorithm” (ACA) is also being developed. The intent is to provide
accurate surface reflectance and emissivity images, effectively removing the atmospheric component. The main objectives
are to include (1) physics-based descriptions of surface and atmospheric properties (such as surface albedo, relative altitude,
water vapor column, aerosol and cloud optical properties, and temperatures), (2) minimal computational time requirements,
and (3) user-friendly interface for generating MODTRAN4-based look-up tables.

Validation and development exercises are being carried out on AVIRIS data with the additional expectation of having a
system compatible with the NASA Earth Observing System optical measurements. The algorithm for deriving the surface
and atmospheric properties utilizes the full MODTRAN4 accuracy (thermal and solar) and accounts for adjacency effects
associated with atmospheric scattering. Compared to previous versions of MODTRAN, the new correlated-k radiative

transfer algorithm provides improvements in implementation of multiple scattering, especially under conditions of partial
cloud and/or aerosol contamination.

The new ACA draws heavily on existing spectral analysis methods and codes that have been developed for both research
and general use'® 2. Itis designed as a general-purpose code and is evolving in parallel with upgrades to MODTRAN in

order to take advantage of the latest improvements in accuracy and speed. The ACA is now interfaced with a final version of
MODTRAN4.

The initial version of the ACA provides the following capabilities:
*  An analysis tool to support AVIRIS and similar spectral imaging sensors;

* A graphical user interface for performing MODTRAN4 spectral calculations, including data simulations,
creating the essential look-up tables upon which the algorithm is based.

On output the ACA provides:

»  Data-derived column water vapor and relative surface altitude (from column oxygen) image maps, and aerosol
property retrieval capability based on known surface reflectances;
Atmospherically corrected images (i.e., surface spectral reflectance cubes, with the H,O, O,, CO,, and aerosol

dependence removed) for non-thermal wavelengths (mid-IR through UV), including image-sharpening
corrections.

2.1 ACA METHODOLOGY

As in other first-principles atmospheric correction codes, model simulations of the spectral radiance arée performed for
appropriate atmospheric and viewing conditions over a range of surface reflectances. The desired properties (reflectance,



column water vapor, etc.) are derived from the spectral radiance at each image pixel using look-up tables that are generated
from these simulations. To minimize the number of simulations (i.e., MODTRAN runs) required to generate the tables, a
physics-based parameterization of the radiance-reflectance relationship is used. This relationship can vax?' across the scene
due to variations in water vapor column density and relative altitude. Therefore, as in the ATREM code", the water vapor
column is first determined for each pixel, then the result is used as an input to the surface reflectance retrieval algorithm.

Initially the ACA addresses the mid-IR through UV wavelengths where thermal emission can be neglected. For this
situation the spectral radiance L* at a sensor pixel may be parameterized as (after”):

L* = Ap/(1-pS) + Bp/(1-peS) + L', m

where p is the pixel surface reflectance, p, is an average surface reflectance for the surrounding region, S is the spherical
albedo of the atmosphere, L*, is the radiance backscattered by the atmosphere, and A and B are coefficients that depend on
atmospheric and geometric conditions. The first term in Equation (1) corresponds to the radiance from the surface that
travels directly into the sensor, while the second term corresponds to the radiance from the surface that is scattered by the
atmosphere into the sensor.

The values of A, B, S, and L*, may be determined empirically from MODTRAN spectral radiance calculations for three
different spatially and spectrally uniform reflectances (such as p=p.=0, 0.5, and 1.0). The backscattered radiance term L*,
is simply the radiance for zero surface reflectance (p=p.=0). The first (direct radiance) term is output by MODTRAN
separately from the total radiance L*; thus, the second (scattered radiance) term is isolated by subtracting the direct surface
radiance and L*, from the total radiance. Equation (1) applies rigorously to monochromatic light. However, because S is
small (of order 107 to 10”" for clear sky) the radiance-reflectance relationship is sufficiently linear that Equation (1)
accurately descnibes integrated in-band (i.e., sensor channel) radiances as well as true monochromatic radiance.

The spatially averaged reflectance p. is used to account for “adjacency effects”—i.e., radiance contributions that, because of
atmospheric scattering, originate from parts of the surface not in the direct line of sight. Strictly speaking, the p,.’s in the
numerator of the second term and in the denominators of the first and second terms are not identical. The former represents
a weighted average over the surface region (typically around 1 km in diameter when viewed from a high-altitude sensor)
that contributes to forward scattering from the ground into the sensor. The latter represents an average over a larger region
that contributes to the scattering back down to the ground. However, because S is small and the size of the averaging region
1s non-critical, the two averaged reflectances may be equated with little error.

The method for solving Equation (1) for the surface reflectance p parallels that in the ATCOR2 code® but differs in detail.
MODTRAN4 spectral radiance calculations for surface reflectances of 0, 0.5, and 1.0 are performed for a range of water
vapor column densities to determine the Equation (1) parameters as a function of wavelength and water vapor column. The
parameters for a spectral interval containing a selected water band are used to determine water vapor column densities for
each pixel. The method, which is an extension of the two-band method used in ATREM'X, involves comparisons of data
and simulations for in-band and out-of-band radiance averages using a look-up table.

In addiuon to determining the water vapor column density, the ACA derives pressure altitudes by applying the same method
to the oxygen 762 nm absorption band. Because MODTRAN4’s correlated-k algorithm more accurately represents
molecular absorption in the presence of scattering, the derived water vapor and oxygen densities are expected to be more
accurate than those obtained using previous versions of MODTRAN as well as from more approximate radiation transfer
algorithms. Other bands of O, and CO, will also be examined for improved accuracy in altitude definition across the image.

3. RESULTS

Several AVIRIS images have been analyzed to test the ACA. Figure 5 demonstrates the ability of the ACA to sharpen an
image by ‘removing’ the intervening atmosphere. In addition, a simulation capability of the ACA has been employed. The
original radiance image (available from http: //makalu. jpl.nasa.gov) was first reduced to reflectance, then the
intervening atmosphere (originally quite dry and clear) was replaced by a 5 km visibility and high humidity. The resultant
simulated radiance image, shown in (a) is very hazy, but still a potentially realistic scenario. This image was then processed
with the ACA to see if it could reproduce the original reflectance image. The results, both with and without adjacency
effect compensation, are shown in (b) and (c); the latter is in excellent agreement with the original reflectance. While these




figures show only red-green-blue representations of the data, the actual data and reconstructions are spectra that cover the
full 400-2500 nm region of the sensor.

(@ (b) (c)
Figure 5 a, b, and c: 5ais an AVIRIS image ‘contaminated’ with high aerosol loading and relative humidity; 5b is the
simple reflectance reconstruction using the ACA without adjacency compensation; 5c includes adjacency effects.

4. CONCLUSION

Development of the ACA, a fast software package for atmospheric correction and modeling of spectral images using
MODTRAN4, has begun with a focus on sensors covering the 0.4 to 2.5 um wavelength range. Initially the algorithm has
been applied to AVIRIS data. Future efforts will focus on accuracy evaluations, improvements to MODTRAN4,
incorporation of aerosol retrieval techniques, and on extension to the thermal IR region.
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