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Abstract
Knowledge of the spatial distribution and temporal variation of aerosol optical depth
(AOT) on a global scale provides important data for climate modelers and others. The
launch of the Terra and Aqua satellites with the moderate resolution imaging
spectroradiometer (MODIS) enables near global daily monitoring of AOT. This paper
will examine the capabilities MODIS, using data from the year 2000 as an example.
Some general AOT patterns seen in this data will also be discussed.

Introduction
Aerosols are particles that are suspended in the atmosphere. They vary in size, shape, and
composition. MODIS considers two size categories: fine – less than .5 mm, and coarse –
greater than .5 mm. As is shown in Figure 1, aerosols may come from natural sources like
ocean spray, volcanic ash, and desert dust. They may also come from anthropogenic
sources like the combustion of fossil fuels and biomass burning. In general,
anthropogenic aerosols tend to be fine particles, while natural particles are coarser.
According to NASA, 90% of the aerosols are of natural origin (http://terra.nasa.gov).

Figure 1 - Sources of aerosols (Source: http://terra.nasa.gov).
Aerosols can have a significant impact on the environment. Since most aerosols are
reflective, they tend to increase the earth’s albedo and are therefore an important variable
for global climate models. Black carbon is an absorbing aerosol. If present in the upper
atmosphere, it will absorb energy, further reducing surface temperatures and increasing
atmospheric temperatures. By raising the cloud condensation levels, these changes may
reduce precipitation. The introduction of fine aerosols, such as smoke and urban pollution
has been shown to reduce precipitation (9, 10) (See Figure 2). This happens because the
liquid water content of the cloud is spread out over more cloud condensation nuclei
(CCN), resulting in a smaller average droplet size. It has also been indicated that large
dust particles, particularly those covered in sulfates may counteract the effect of these



fine particles (2, 6). It is possible that a few large CCN would be enough to trigger
precipitation despite a smaller average CCN size.

Figure 2 - Fine aerosols reducing cloud particle size downstream of urban pollution.
The pollution sources are numbered (5=power plant, 6=lead smelter, 7=Adelaide
Port, 8=Oil refineries). In this false color AVHRR image, the ground is blue, normal
clouds are red, and clouds with small CCN are yellow (10).
Particulates in the boundary layer can be harmful to public health. Aerosols can also be
important to atmospheric chemistry, since they can act as sites as for heterogeneous
chemistry. Reactions in an aqueous phase are typically faster than those in the gas phase.

MODIS
MODIS was first launched aboard the Terra satellite on December 16, 1999. It was joined
by another satellite named Aqua orbiting in the opposite direction on May 4, 2002. Both
satellites are sun-synchronous and have a near-polar orbit at an altitude of about 700 km.
These orbits provide for high spatial resolution and twice daily global coverage.
Additional technical specifications for MODIS are listed in Figure 3.

MODIS        Technical Specifications
Orbit: 705 km, 10:30 a.m. descending node (Terra) or 1:30 p.m. ascending node (Aqua), sun-synchronous,
near-polar, circular
Scan Rate: 20.3 rpm, cross track
Swath Dimensions: 2330 km (cross track) by 10 km (along track at nadir)
Telescope: 17.78 cm diam. off-axis, afocal (collimated), with intermediate field stop
Size: 1.0 x 1.6 x 1.0 m
Weight: 228.7 kg
Power: 162.5 W (single orbit average)
Data Rate: 10.6 Mbps (peak daytime); 6.1 Mbps (orbital average)
Quantization: 12 bits
Spatial Resolution: 250 m (bands 1-2), 500 m (bands 3-7), 1000 m (bands 8-36)
Design Life: 6 years

Figure 3 - MODIS Technical Specifications



MODIS was designed for atmospheric, land, and ocean imaging and has more bands (36)
than it’s predecessors TOMS (6 bands) and AVHRR (4-6 bands). MODIS is passive and
operates in the visible and IR range (0.4 to 14.4 µm). The main bands used for aerosol
imaging are shown in Table 1.

PRIMARY USE BAND WAVELENGTH RANGE (NM)
Boundaries 1 620 - 670

2 841 - 876

Properties 3 459 - 479

4 545 - 565

5 1230 - 1250

6 1628 - 1652

7 2105 - 2155

Table 1 - Main MODIS bands used for aerosol retrievals.

Retrieval Algorithm
To get the aerosol optical depth from the reflectances measured by MODIS, an inversion
technique needs to be used. Inversion techniques rely upon using aerosol models and
radiative transfer (RT) code to predict the top of atmosphere (TOA) reflectance detected
by the sensor. The RT code takes into account molecular scattering, scattering by the
aerosols and surface reflection. Measuring aerosols using an inversion technique can be
challenging, since the optical depths are small and thus the scattered signal may be small
relative to the signal from surface reflection. There are significant differences in
properties of land and ocean surfaces, so different algorithms are utilized. Kaufman and
Tanre (4) describe these algorithms in detail.

Averaging
To overcome some of the noise inherent in radiance measurements, MODIS aerosol
calculations are spatially averaged on a 10 km x 10 km grid, rather then the raw
resolution of 1 km. Clouds, snow, ice, and glint can be major sources of contamination,
so adjustments need to be made for their effects. Clouds typically have a higher optical
depth than aerosols, and scattering from the clouds will tend to dominate any scattering
from the aerosols. Snow, ice and glint tend to increase the surface reflection, causing the
reflected signal to swamp the aerosol signal. To help reduce these problems, pixels
dominated by any of these contaminants are excluded from the average (masked). Pixels
that are only partially covered by one or more of these issues may get past the mask, and
can cause large errors. This is referred to as sub-pixel contamination. To help eliminate
sub-pixel contamination, the average is calculated by selecting the mean of the top 20-
50% of the pixels, rather than a straight mean of all the pixels.



Land
Aerosol optical depth over land is determined with a dark target algorithm, which means
that only pixels with a low surface reflectance are used. The reflectances of two IR bands
(2.1mm, 3.8mm) are used to locate dark pixels, since they are transparent to most aerosol
particles. Reflectances of red (.66mm) and blue (.47mm) visible bands are used for the
inversion. The smaller wavelengths will be scattered more strongly be the aerosols and
thus generate a larger signal. The green band is avoided, since it will tend to be highly
reflected by surface vegetation. A single scattering approximation is used, which has the
general formula of:

† 

t * =
4pmI↑(0,m,j)

w0F0P(Q)

Table 2 – MODIS Aerosol Models (4)

To use this calculation, the single scattering albedo (w0) and scattering phase function
(P(Q)) are given by selecting one of the MODIS aerosol models (See Table 2). These
models were developed based on ground measurements from a variety of sources. To
determine the proper model, a preliminary inversion is done using a continental model.
The optical depth (t) and aerosol single scattering path radiance (Lp) derived from the
inversion are then used with some thresholds (Th(Q)) based upon the location to select the
final model type according to the following logic (4):



using continental model, calculate tred, tblue, Lp-red , Lp-blue
if tred < 0.15 then use a continental model
else if Lp-red/Lp-blue > Th1(Q) a use dust model
else if Lp-red/Lp-blue < Th2(Q) use a smoke or urban/industrial model
else use a linear interpolation the models

Within a model type, the specific model is chosen based upon geographic location and
time of the year.

Ocean
Because the ocean surface reflectances are lower and more predictable than land surface
reflectances, a look-up table algorithm is used to calculate aerosol optical depth over the
ocean. With a lookup-table algorithm, measured radiances in all bands are compared
against the predictions from radiative transfer code (Ahmad and Fraser (1982)) for small
and large aerosol models (See Table 3 and Table 4), and a least squares fit is used to
determine the best solution. The RT code is more sophisticated than that used over land.
It takes into account multiple scattering, polarization, glitter, ta= 0-2, wind speed, and
ocean chlorophyll, amongst other parameters. Radiances are measured from six bands
(.55mm – 2.3mm) in the visible and near-IR range. As a simplification, the aerosols are
assumed to be in a bimodal log-normal distribution, rather than the usual tri-modal
distribution. The total aerosol path radiance Lc is:

where Ls and Ll are the  path radiances from the small mode and large mode particles
respectively. h is the ratio between the large and small mode particles and is also
determined by these calculations.

AEROSOL
MODEL

MEDIAN RADIUS STANDARD
DEVIATION

REFRACTIVE
INDEX

SA 0.035 0.40 1.45-0.0035i
SB 0.07 0.40 1.45-0.0035i
SC 0.06 0.60 1.45-0.0035i
SD 0.08 0.60 1.40-0.0035i
SE 0.10 0.60 1.40-0.0035i

Table 3 - Parameters for small mode aerosol distribution

Evolution
The inversion algorithms are under continual development, including enhancements as
well as bug fixes. There are currently 3 versions of data available: 002, 003, and 004.
When a better algorithm is developed, the new data seems to only be calculated in that
format, and over time the older data is recalculated with the new algorithm. This seems to
take a significant amount of time, and data for all time periods may not be available in
one version. Version (002) was the initial release, and only has a few samples available.
There is currently an upgrade in-progress from 003 to 004. The data since 2003 and the



AEROSOL
MODEL

MEDIAN RADIUS STANDARD
DEVIATION

REFRACTIVE
INDEX

LA 0.40 0.60 1.40-0.0035i
LB 0.60 0.60 1.40-0.0035i
LC 0.80 0.60 1.45-0.0035i
LD 0.40 0.60 1.45-0.0035i
LE 0.50 0.80 1.50-0.0035i
LF 1.00 0.80 1.50-0.0035i

Table 4 - Parameters for large mode aerosol distribution

data from 3/2000 – 3/2001 has been converted to version 004 for Terra. The rest is still
version 003. There have been significant changes in both the land algorithm:

• added high absorbing aerosol model,
• adjusted biomass burning model,
• changed sampling to find more dark targets in bright scene,,

 and the ocean algorithm:

• several changes to cloud/glint detection,
• better differentiation of thick dust from clouds, and
• added mask for river sediment.

As can be seen clearly in the version 4 – version 3 mean AOT difference map (See Figure
4), these changes have made significant differences. Coverage has been extended further
in oceans near the poles, and there is better coverage over the land especially near the
high reflectivity areas (desert, snow/ice). Thus care should be taken when doing temporal
studies to make sure that only one version of data is used.

Data Validation
During the development of MODIS, comparisons have been to other satellite systems and
ground based measurements. A significant effort was made to develop a technique to
compare data from AERONET with data from MODIS (3). AERONET is a
geographically distributed network of sunphotometers. The sunphotometer takes a
measurement of the AOT from a single point, and the measurements are taken many
times a day. This creates a problem, since MODIS measures a wide area, about once a
day. The strategy that was used to compare these two systems was to take 50 km spatial
averages of MODIS data centered on the AERONET site, and a 1 hour temporal average
of AERONET data taken around the time of the MODIS measurement. The results for
both land based (1) (See Figure 5) and ocean based (7) (See Figure 6) show that the
measured AOTs from MODIS and AERONET are in agreement within the margin of
error expected. Please note that the expected error is much higher over land (~20%) than
over the ocean (~5%).



In order to make it easier to do this sort of comparison, the MODIS team has made
available MODIS Atmosphere Parameters Subset Statistics (MAPSS), which is a
collection of 50 km averaged data near AERONET sites downloadable from the Internet.

Figure 4 - Changes in total AOT based on algorithm changes from version 003 to
version 004.



Dta= ± 0.05±0.2ta

Figure 5 - AERONET/MODIS validation over land (1)

Dta= ± 0.03±0.05ta

Figure 6 - AERONET/MODIS validation over ocean (7)

Observations
MODIS aerosol products come in two data levels: level 2 and level 3. Level 2 data is the
core aerosol product, and has a 10 km resolution. Level 3 data is a temporal average of
the level 2 data, and is available in one day, eight day, and one month averages. Level 3
data has a 1 deg (~100 km) resolution. Each level 3 file has global coverage for that time
period. The level 3 data provides many derived parameters. For the purposes of this
paper, the most important are an optical depth parameter and a size ratio parameter
(coarse vs. fine) that integrates both land and ocean measurements. This makes the data
easier to work with on a global scale. For this investigation, I looked at level 3 data for
the 3 temporal averages previously mentioned. The period from March 2000 to March
2001 was studied, since it is currently the longest set of version 4 data.



To get an overview of the spatial and temporal distribution of aerosols, mean and
standard deviation maps were created for total, coarse, and fine AOT (See Figure 7) from
the monthly average data (MOD04_M3). It can be seen that the highest AOT comes from
the desert areas of Africa, the Middle East, and Asia and has a high contribution from
coarse particles. There are fine particle areas in South America and central Africa that
have a moderate mean, but also a high standard deviation. These are the areas where
seasonal biomass burning occurs. A fairly persistent high level of fine particles can be
noticed over northern India and Bangladesh. This is part of the “Asian Brown Cloud”.
These maps imply that there is near global coverage; however, this is a little misleading
since areas that are often masked for clouds or high reflectivity will still show up with a
mean. Any variation noted in the standard deviation map may be more a result of under
sampling than actual temporal variation.

A better way to view the temporal variations is to look at a series of images in an
animation. Animations with the monthly means show the timing of the biomass burning.
It also clearly shows the areas that are often masked.  The areas near the poles are masked
in their winter, and the desert areas are often masked. Animations using the 8 day
averages show similar trends to the monthly averages. It is still too granular to see aerosol
flows (eg dust storms). It does start to show periods of time where data was lost from the
satellite causing gaps in the image. Animations using the daily averages allow the large-
scale motions of aerosols to be observed. Frequent dust storms off the west coast of
Africa can be seen moving over the Atlantic to the Caribbean. Occasionally, fine particles
(smoke?) from central Africa will move up the coast and join the dust storms as they go
out to sea. A disadvantage of using one satellite for the daily average is that the swaths
don’t overlap in one day so there are gaps in the coverage. There are also frequent data
outages, sometime covering as much as 3/4 of the globe. In the daily average, the
movement of clouds is also visible, giving an indication of where the data may be under
sampled because of cloud masking. High optical depth pixels can sometimes be seen on
the edge of the polar areas, the clouds, and the deserts. These may be the result of sub-
pixel contamination and may not represent the true optical depth at that location. A
sequence of 6 daily averages is shown in Figure 8.



Figure 7 - 3/2000 - 3/2001 mean and standard deviation maps.



Figure 8 - A sequence of daily MODIS images showing the typical coverage gaps
and aerosol movements.

Conclusion
MODIS is a valuable tool for the study of aerosol optical depth. It provides near global
coverage on a daily basis with good spatial resolution. MODIS has better cloud masking
algorithms than previous products, which is enabled by its enhanced spectral resolution.
Some care needs to be taken when using values taken over the land, since there is a 20%
error. High reflection areas like deserts and the poles cannot really be studied, since they
are masked most of the time. However, ongoing development efforts have improved the



retrieval algorithms, so further enhancements can be expected.

For general climate modeling, the level 3 data provides a convenient source of data that
has land and ocean measurements at a 1-degree scale combined in one file. However, this
data may not be sufficient to study health issues or the hydrologic cycle. One of the
reasons is because there is no vertical structure to the data. Particulates at the ground
level are much more harmful than those in the upper atmosphere; however, these cannot
be distinguished by MODIS. Similarly, the location of black carbon in the atmosphere is
important for determining its effect on the lapse rate and thus the hydrologic cycle. Fine
particles at the cloud condensation level will have an impact on CCN size and thus
precipitation, but those at the surface will not.

Aerosol size estimates are based on aerosol models and expected distribution patterns.
Thus gives a general indication of the particles sizes, but that may not be specific enough
to resolve issues about the impact of aerosols on CCN size, where a few abnormally large
CCN may enhance precipitation. It may also be necessary to know the composition
(index of refraction) of the aerosol particles. However, this information is contained in
the models and is not calculated from the radiance measurements.
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