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With the expected increase in the number of rocket launches, it is becoming necessary
to monitor the pollution associated with their exhaust plumes. In this article, we
attempt to use satellite remote-sensing data sets to detect rocket plumes. Specifically,
we check to determine whether a plume that is seen in satellite true colour imagery
is captured by the aerosol optical thickness spatial distribution. This leads to better
assessment of rocket exhaust properties. Terra and Aqua Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite data sets are used to observe the rocket plumes.
We select case studies with various booster combinations (liquid propellant only or a
combination of liquid and solid propellants). We also discuss the difficulties in identify-
ing rocket plumes from remote-sensing data sets. However, our results from this work
demonstrate a unique capability in monitoring human-made pollution and the extent the
pollution can spread to surrounding areas.

1. Introduction

There is great interest in observing the Earth’s environment and particularly the impact
of naturally occurring (e.g. volcanic activities) or human-made events (e.g. biomass burn-
ing). These events affect policy and industrial decisions, as well as day-to-day activities.
Extensive studies observing human-made activities, including industrial and vehicular
emissions that can contaminate air and water resources, have been conducted (Voiland
2010). However, fewer studies on other pollution sources, such as aircraft and rocket
emissions, have been performed. Some studies have shown that rocket launches produce
constituents that can harm the environment and even deplete ozone temporarily (Beiting
1997). Even though the environmental effects of solid rocket motors may appear to be
small, the effects they have on the stratosphere seem to be significant. For example, models
predict that after-burning in the plume converts HCl to more active forms of Cl and cre-
ates a transient ozone hole (Beiting 1997). Beiting (1997) found reports suggesting that
there is a 40% decrease in the ozone concentration 15 minutes after its passing through
the ozone layer. These ozone perturbations obey the scaling mechanisms and, therefore,
do not dissipate in time, but will appear again later from a few months to years (Varotsos
and Kirk-Davidoff, 2006). Furthermore, recent experimental results indicate that at least
60% of ozone loss at the poles are caused by unknown mechanisms (Varotsos 2008) and
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rocket launch exhaust may contribute to the ozone destruction at the poles. Based on these
findings and others, it is therefore important to be able to monitor rocket exhaust.

There are a variety of methods used to measure rocket emissions; they include ground-
based, in situ, and satellite remote sensors. Of these methods, satellite remote sensing
allows for greater coverage, but cloud cover and retrieval of aerosol properties over brighter
surfaces pose problems and must be interpreted carefully (Tang et al. 2005; Remer, Tanré,
and Kaufman 2006; Wong et al. 2009). In this study, we use the Moderate Resolution
Imaging Spectroradiometer (MODIS) aerosol optical thickness (AOT) data sets, aboard
the NASA Terra and Aqua satellites, which are unitless measures of the column-integrated
aerosol extinction (Remer, Tanré, and Kaufman 2006). The Terra and Aqua satellites are
on a Sun-synchronous orbit with an equatorial crossing time of 10:30 and 13:30 LST.
Remer, Tanré, and Kaufman (2006) showed that the AOT obtained from both satellites are
very similar and are within 5% of each other. There are several factors affecting the AOT
retrievals including surface conditions, aerosol properties, humidity, and, more importantly,
identifying and separating clouds from aerosols.

1.1. Problem statement

As noted, rocket emissions can affect the environment and several studies have been per-
formed to monitor these effects (Radke, Hobbs, and Hegg 1982). These studies are difficult
for a variety of reasons, one of which is the fact that the atmosphere and the exhaust plumes
contain some of the same species, such as H2O, CO2, NO2, O2, and N2, and they absorb
radiation emitted at certain wavelengths in a similar way (Beiting 1997).

Most rockets, though not all, have a liquid or a solid propellant propulsion system.
In studying plume phenomenology, there are three key exhaust constituents from these
types of propulsion systems: carbon soot, alumina, or water vapour. Liquid hydrocarbon
fuels, when consumed through the combustion process, typically produce carbon soot in the
exhaust plume, whereas solid aluminized propellants usually produce Al2O3, often referred
to as aluminium oxide or alumina. Water vapour is the main product of combustion of
liquid hydrogen and liquid oxygen, but is also a product of combustion of hydrocarbon
fuels. In order to observe these exhaust constituents, it is important to understand their
properties.

1.2. Carbon soot

Carbon soot is a product of incomplete combustion of hydrocarbon fuels within a rocket
engine. Examples of hydrocarbon fuels include kerosene-like fuels, such as RP-1, with liq-
uid oxygen or inhibited red fuming nitric acid (IRFNA). Although the formation of soot
is not completely well understood, the constituent does have a great effect on the emissive
properties of plumes (SDIO Handbook of Missile Launch Phenomenology 1992; Simmons
2000). Soot particles produced from rocket combustion are very small and exhibit veloc-
ity lags at very high altitudes. They are spherical in shape with mean radius of 0.02 µm,
although the particles can range from 0.01 to 0.025 µm. The growth and final particle sizes
are not dependent on pressure or residence time (Simmons and Debell 1961; Boynton,
Ludwig, and Thompson 1968; Radke, Hobbs, and Hegg 1982; SDIO Handbook of Missile
Launch Phenomenology 1992; Simmons 2000). Soot does not remain in the atmosphere
indefinitely; it falls out due to either wet or dry deposition process. However, some
models indicate that soot may remain in the atmosphere longer than previously thought
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(Soot Affects Polar Ice 2005). While in the atmosphere, soot absorbs solar radiation and
therefore decreases the amount of solar radiation reaching the ground and also alters the
thermal structure of the atmosphere. The absorption and scattering of solar radiation by
aerosols can be expressed through the AOT as

AOT =
∫

βextdz, (1)

where z measures the vertical distance of the air column and βext is the extinction coeffi-
cient, which is the sum of absorption and scattering of aerosol particles that is primarily
a function of particle size/shape, number concentration, and composition. Typically, when
aerosols are present in the atmosphere, such as over the ocean, the radiation from the Sun
is reflected by the earth–atmosphere system and reaches the satellite, which is a function
of how bright the surface is, the properties of the atmosphere (e.g. water vapour), and the
properties of the aerosol itself.

1.3. Alumina

Similar to soot, alumina is an exhaust product, but is often found in the exhaust plume of
solid aluminized propellants and is a product of a chemical equilibrium between the com-
bustion products. Aluminium is used in propellants to enhance its combustion temperature
and improve its specific impulse (Simmons 2000); the smaller the particles, the higher
the specific impulse (SDIO Handbook of Missile Launch Phenomenology 1992). There
are two types of alumina particles in exhausts: agglomerates and smoke. Agglomerates
are created from the differences in velocity lag of different sized particles. Particles are
spherical in shape and are composed of Al2O3 with traces of other elements such as K,
Na, Fe, Si, and surface contamination of HCl. The density of the particles varies from
1.5 to 3.5 g cm−3. Larger particles have lower densities, most likely because they are
hollow or porous (Beiting 1997). Alumina particle sizes within the exhaust plume are
dependent on the size of the rocket engine. The particles are usually much larger than
carbon soot particles. Unlike carbon soot, alumina particles have velocity lags at low alti-
tudes. This lagging creates a large emission in the visible and ultraviolet regions of the
spectrum in the plumes. The burning of the aluminium particles is greatly influenced by
water vapour. It is possible that some aluminium may vaporize before the combustion
process, which leads to the formation of very small oxide particles and reduced plume radi-
ance. The radius of the alumina particles ranges between 0.001 and 0.25 µm (Hoffman,
Carroll, and Rosen 1975; Parungo and Allee 1978; Girata and McGregor 1983; SDIO
Handbook of Missile Launch Phenomenology 1992, 1998; Laredo et al. 1994). Larger
size particles are mostly located along the plume centreline. Particle sizes depend on the
altitude and can be as large as 10 µm in the stratosphere and for large rockets (Beiting
1997).

1.4. Water vapour

Water vapour is produced as a product of combustion from liquid hydrogen and liquid
oxygen as well as other hydrocarbon fuels. Although there are many studies detailing
the optical properties of liquid water, there are not as many studies indicating the optical
properties for water vapour.
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2. Methodology for rocket plume detection

It is often difficult to observe exhaust characteristics and their environmental effects with
ground-based and in situ measurements due to the rocket launch trajectory reaching high
altitudes. Ground-based measurements may work during the launch sequence, but may not
be able to fully collect data for the entire ascent trajectory, especially for large systems
like the Space Shuttle and Delta rockets, and at high altitudes. In situ measurements may
work, but to observe each contrail or plume may not be feasible. Therefore, remote sensing,
particularly with space-based sensors such as those mentioned in this study, is the most
logical method for taking measurements. For example, there has been tremendous success
in developing automated methods for detecting jet contrails from satellite remote-sensing
data (e.g. Weiss, Christopher, and Welch, 1998).

2.1. Selecting data

There are several launch vehicles to choose from, various launch locations, and times as
well, and our decision was based on the ease of obtaining data that can be analysed. It is
also desirable to have launch vehicles with both liquid and solid fuel propulsion systems.
Based on these criteria, the Atlas V launch vehicle was deemed the best choice. Launch
data for the Atlas V were taken from the website www.spaceflightnow.com, which doc-
uments worldwide rocket launch information. From this site, launch location, date, time,
and many times trajectory were available for use. The Atlas V launch vehicle has multiple
configurations (Atlas V Launch Services Guide 2010), for instance a single RD-180 with
or without strap-on solid rocket boosters (SRBs). In addition, each Atlas V vehicle has one
or two Centaur engines, which use liquid hydrogen and liquid oxygen propellants.

2.2. MODIS true colour

MODIS true colour imagery was used for this study to visually identify rocket plumes,
clouds, and other features in satellite imagery. The true colour imagery is created from
MODIS Level 1 data, particularly of three bands: the red band at 0.67 µm, the green
band at 0.55 µm, and the blue band at 0.46 µm. The MODIS data also contain calibrated
reflectances and temperatures and have spatial resolution ranging from 250 m to 1 km. The
data are downloaded and processed with Interactive Data Language (IDL) using algorithms
developed by NASA. An example of an Ariane 5 rocket plume seen in the MODIS true
colour imagery and Geostationary Operational Environment Satellite-12 (GOES-12) data
is provided in Figures 1(a)–(d). Figure 1(a) is a GOES-12 image of the launch site prior to
the Ariane 5 launch on 18 December 2009. Figures 1(b)–(d) are images from both GOES-
12 and MODIS taken after the launch occurred; red circles on the images indicate the
location of the rocket plume remnants.

2.3. MODIS Aerosol Product

The MODIS Aerosol Product from Level 2 data is also used in the analyses. AOT is
retrieved for cloud-free pixels, which is performed by comparing MODIS reflectances
with pre-computed look-up tables generated by radiative transfer algorithms. The radiative
transfer model requires information on surface reflectance and atmospheric and aerosol
properties. The best fit between model and MODIS reflectances provides the AOT and
effective radius values for each aerosol ‘pixel’ (Remer, Tané, and Kaufman 2006). The
spatial resolution of the product is 10 km × 10 km at nadir and utilizes MODIS bands
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(a) (b)

(d)(c)

53° W 52° W

5.5° N

4.5° N

Kourou, French Guiana

Figure 1. (a) GOES-12 visible image taken at 16:15 UTC on 18 December 2009, prior to the launch
of an Ariane 5 rocket from Kourou, French Guiana, at 16:26 UTC. (b) GOES-12 visible image taken
at 16:45 UTC; remnants of an Ariane 5 rocket launch plume are seen within the red circle. (c) GOES-
12 visible image taken at 17:15 UTC; remnants of an Ariane 5 rocket launch plume are seen within
the red circle and are starting to dissipate. (d) MODIS Aqua true colour image taken at 17:10 UTC;
remnants of an Ariane 5 rocket launch plume are seen within the red circle.

1 through 7 (0.47–2.13 µm) and 20 (3.660–3.840 µm) (MODIS Aerosol Product). There
are several parameters contained within the product and we use the ocean AOT, land AOT,
and particle effective radii. The ocean AOT content is calculated from seven bands at 0.47,
0.55, 0.66, 0.86, 1.24, 1.63, and 2.13 µm. The land AOT content is calculated from 0.47,
0.55, and 0.66 µm. Remer, Tanré, and Kaufman (2006) explain how the MODIS ‘mea-
sured’ reflectances are used to calculate AOT and particle size for each aerosol pixel and
the associated uncertainties.

2.4. Meteorological data

Because there is often a large difference between the actual launch time and the sen-
sor passing time, meteorological factors can affect the location and amount of rocket
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exhaust constituents detected. Therefore, data from the National Oceanic and Atmospheric
Administration (NOAA) Air Research Laboratory’s (ARL’s) Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) model are obtained for each launch. In par-
ticular, wind direction for each hour after a launch for the following 24 hours at 1000 hPa
or ground level, 850 hPa or approximately 1.5 km, and 500 hPa or approximately 5.6 km,
is given. Each measurement at each altitude is taken above mean sea level (AMSL).
Carbonaceous aerosol layers between 30◦ and the Equator are assumed to have maximum
concentration at 3 km above ground level and mid/high-latitude smoke layers are assumed
to peak at 6 km (OMAERUV Readme File 2009).

2.5. Analysing and fusing data

Once the launch vehicle is chosen for analysis, launch data are taken from each flight and
placed in a spreadsheet. Then, the appropriate data are downloaded from the MODIS Level
1 and Atmosphere Archive and Distribution System (LAADS) at Goddard Space Flight
Center. The times of the sensor passing over the launch sites are also recorded in the spread-
sheet and a difference of the launch time versus the sensor pass time is calculated. Once
the data are prioritized based on the difference between the launch and the sensor passing,
data sets for each launch are obtained. After selecting the appropriate data sets, the MODIS
data sets are processed with the IDL software, overlaid on Google Earth, and correlated
with other data, such as the NOAA HYSPLIT model and meteorological data. This fusion
of data provides insight into which locations within the processed data may have soot,
alumina, or water vapour from rocket exhaust signatures. Pairing MODIS AOT and parti-
cle radius retrievals with the true colour imagery, for both the day before and the day after
a launch, allows for determination of whether an area with unusual measurement amounts
may be related to some other factor. Also, combining these data with meteorological data
allows for determination of the location when wind is a factor, even hours after a launch
has occurred.

3. Results and Discussion

Two key events are looked for when analysing data: exhaust constituents from the launch
site and from the RD-180 engine burn-out or start of the main engine on the Centaur.
In analysing AOT and particle size, AOT data were the only data set that seemed to correlate
best with the rocket and wind trajectory data. Particle size data did not correlate well with
the rocket and wind trajectories, except for one instance. Out of the list of data sets, only
one set was found to have possible data associated with a launch around the launch site.
Other data sets have potential locations of soot or alumina, but were not found reliable
due to other factors. The particular alumina signature from the SRBs would have been
seen between the start of launch and before the RD-180 engine burn-out and the Centaur
main engine ignition. However, each data set, with both soot only or soot and alumina
products, has data that could either be associated with local fires or overlap with data from
the prior day, making it uncertain where the suspect data originated from. Another source
of uncertainty is thick clouds or sun glint that affects some of our data and therefore cannot
be used. Data presumed to be related to the rocket launch are also paired with forward and
backward trajectories.

Figures 2(a)–(c) illustrate the particular date, 11 February 2010, when the boost phe-
nomenon is observed on an Atlas V without SRBs; both MODIS Terra and MODIS Aqua
seem to report similar ocean AOT and the only instance of particle radius correlating with
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(a)

(b)

(c)

0.00 0.05 0.10 0.15 0.20 0.25

0.00 0.05 0.10 0.15 0.20 0.25

0.00 0.05 0.10 0.15 0.20 0.25

0 m AMSL (1000 hpa)
1500 m AMSL (850 hpa)
5600 m AMSL (500 hpa)
Rocket trajectory

Figure 2. Data from 11 February 2010 shown near the launch site soon after launch. (a) Ocean AOT
measured by MODIS on the Terra satellite. (b) Ocean AOT measured by MODIS on the Aqua satel-
lite. (c) Particle radius measured by MODIS on the Aqua satellite. Ocean AOT is unitless and particle
radius is measured in microns (µm). The colour bars beneath the images are valid ranges for both
ocean AOT and particle radii, wind trajectories are displayed with each data set and are represented
as coloured lines; Orange, blue, and green indicate 0, 500, and 5600 m AMSL, respectively. The red
linear line with an arrow originating from the launch site identified with a red star is the intended
launch trajectory. The launch site in this case is Kennedy Space Center, Orlando, FL, USA, identified
with the red star.
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ocean AOT. Data were paired with backward calculated wind trajectories, and each data
set seemed to correlate closely and appeared to have originated from the launch site at
the time of the launch. MODIS Terra, which passed over the site within less than half an
hour of the launch, when paired with the wind trajectories, seems to have correlated best
with winds at 1500–5600 m AMSL. MODIS Aqua, which passed over the site about three
and a half hours after the launch, seems to have correlated best with wind trajectories at
0–1500 m AMSL. This is an indication that the particulates were beginning to fall out of
the atmosphere as time passed.

The Atlas V vehicle launched on this day did not have SRBs, so soot is the key exhaust
constituent. Figures 2(a) and (b) show the spatial distribution of AOT of the suspect data
from the 11 February 2010 launch. Figure 2(a) shows the ocean AOT from MODIS Terra,
Figure 2(b) shows the ocean AOT from MODIS Aqua, and Figure 2(c) shows the particle
radius from MODIS Aqua. The colour bars beneath the images are valid ranges for both
ocean AOT and particle radii. Wind trajectories are displayed with each data set and are rep-
resented as coloured lines; orange, blue, and green indicate 0, 1500, and 5600 m AMSL,
respectively. The red linear line with an arrow originating from the launch site (Kennedy
Space Center, Orlando, FL, USA), identified with a red star, is the intended launch tra-
jectory. The noted annotations are consistent with all images in this article. Figure 2(a)
shows that immediately after launch, a strong signature of the rocket plume is observed
and, because there were no SRBs used on this launch, soot from the RD-180 engine is sus-
pected to be the most likely observed component. This is confirmed by the similar AOT
values seen in Figure 2(b).

The location of the RD-180 engine burn-out and the main engine start on the Centaur
varied for several launch data sets; this information was based on the ground track map for
each launch. Once the location of the Centaur main engine start from the trajectory was
identified, potential locations of exhaust particulates were assessed based on high values of
AOT, because the RD-180 engine uses hydrocarbon fuels and the Centaur produces water
vapour. Although each location varied, the burn-out and/or ignition seemed to provide a
more pronounced signature than that at the launch location. This could be due to the fact
that the RD-180 engine burn-out and the Centaur engine ignition happen further up in the
atmosphere and the exhaust aerosols are not masked by other aerosols, as MODIS collects
data from the top of the atmosphere.

Another Atlas V launch where suspect data are observed is that of 15 June 2007.
Figures 3(a) and (b) show the ocean AOT data from MODIS Terra taken on the men-
tioned date and soon after the launch. Wind vectors are displayed at the possible location
of the RD-180 engine burn-out or the Centaur main engine ignition and are forward calcu-
lated. Data correlate well with wind directions between 0 and 1500 m AMSL. Figure 3(a)
shows the data over a much larger area of the southeastern seaboard near the launch site,
and Figure 3(b) provides a close-up area where a suspect soot concentration is located and
where the RD-180 engine burn-out or the Centaur main engine ignition occurred. Notice
the heavy clouds just north of the suspect area. Avoiding clouds and sun glint is a major
problem with these measurements.

Figures 4(a) and (b) display the ocean AOT data from MODIS Aqua taken from another
Atlas V launch on 17 December 2004. Because the sensor pass was 18:20 UTC, wind data
were taken at 18:00 and 19:00 UTC. The data seem to correlate closely with the rocket
trajectory and with the 1500 m AMSL wind trajectory. The uncertainty with the location
of the rocket trajectory proved to be an issue with some data sets. Although the rocket
trajectory may be slightly off in terms of aligning with the wind trajectories, these data are
possibly from the RD-180 engine burn-out or the Centaur main engine ignition. Figure 4(a)
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(a)

(b)

0.00 0.05 0.10 0.15 0.20 0.25
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0 m AMSL (1000 hpa)
1500 m AMSL (850 hpa)
5600 m AMSL (500 hpa)
Rocket trajectory

Figure 3. Data from 15 June 2007 shown near the RD-180 engine burn-out or the Centaur main
engine ignition. (a) Large-area view of the ocean AOT from MODIS Terra and trajectories. (b)
Zoomed-in view of (a). The colour bars beneath the images are valid ranges for both ocean AOT
and particle radii, wind trajectories are displayed with each data set and are represented as coloured
lines; Orange, blue, and green indicate 0, 500, and 5600 m AMSL, respectively. The red linear line
with an arrow originating from the launch site identified with a red star, Kennedy Space Center,
Orlando, FL, USA, is the intended launch trajectory.

provides a large-area view of the ocean AOT in the suspected area with the wind predictions
and the trajectory. Figure 4(b) is a close-up view of Figure 4(a), specifically around the
RD-180 burn-out or Centaur main engine ignition location. Because there was heavy cloud
cover, possible data related to the rocket exhaust may not have been collected, which further
adds some degree of uncertainty to our conclusions.

Figures 5(a) and (b) show data from the 22 April 2010 Atlas V launch. Figure 5(a)
shows the ocean AOT data from MODIS Aqua 19 hours after the launch and Figure 5(b)
provides a close-up view of Figure 5(a), specifically around the RD-180 burn-out or
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(a)

(b)

0.00 0.05 0.10 0.15 0.20 0.25

0.00 0.05 0.10 0.15 0.20 0.25

0 m AMSL (1000 hpa)
1500 m AMSL (850 hpa)
5600 m AMSL (500 hpa)
Rocket trajectory

Figure 4. Data from 17 December 2004 shown near the RD-180 engine burn-out or the Centaur
main engine ignition. (a) Large-area view of the ocean AOT from MODIS Aqua and trajectories. (b)
Zoomed-in view of (a). The colour bars beneath the images are valid ranges for both ocean AOT and
particle radii, wind trajectories are displayed with each data set and are represented as coloured lines;
Orange, blue, and green indicate 0, 500, and 5600 m AMSL, respectively. The red linear line with an
arrow originating from the launch site identified with a red star, Kennedy Space Center, Orlando, FL,
USA, is the intended launch trajectory.

Centaur main engine ignition location. The data, when paired with the wind trajectory
around 1500 m AMSL, seem to correlate well with the rocket trajectory and the probable
location of the RD-180 engine burn-out or the Centaur main engine ignition. Less cloud
cover is shown by Figures 5(a) and (b), contrary to Figures 4(a) and (b).

It is interesting to note that in the cases presented so far, the wind trajectories around
1500 m AMSL seem to match up the best with the suspected rocket exhaust data and
trajectories; however, this could be purely coincidental.

Although there were several cases where data seemed to correlate well with the rocket
trajectory, other data sets did not provide much information. These data sets, when paired
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(b)

0.00 0.05 0.10 0.15

(a)
0.20 0.25

0.00 0.05 0.10 0.15 0.20 0.25

0 m AMSL (1000 hpa)
1500 m AMSL (850 hpa)
5600 m AMSL (500 hpa)
Rocket trajectory

Figure 5. Data from 22 April 2010 shown near the RD-180 engine burn-out or the Centaur main
engine ignition. (a) Large-area view of the ocean AOT from MODIS Aqua and trajectories. (b)
Zoomed-in view of (a). The colour bars beneath the images are valid ranges for both ocean AOT
and particle radii, wind trajectories are displayed with each data set and are represented as coloured
lines; Orange, blue, and green indicate 0, 500, and 5600 m AMSL, respectively. The red linear line
with an arrow originating from the launch site identified with a red star, Kennedy Space Center,
Orlando, FL, USA, is the intended launch trajectory.

with the trajectory and knowledge of where the RD-180 engine burn-out or the Centaur
main engine ignition occurs, do not provide suspect data. This was due to the presumed
location derived from the rocket and wind trajectories, being masked by clouds or carried
past the observation region by winds.

3.1. Factors affecting signatures

There are several factors affecting remote-sensing measurements, some of which have
already been mentioned. Meteorological conditions are the most dominant as they affect
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large areas, sometimes for an extended period of time. Cloud cover, humidity, and sun glint
are among the most prominent factors. If aerosols are present below clouds, then reflectance
measurements from passive satellite sensors cannot observe them. For this factor alone, we
had to disregard several data sets. Water vapour typically affects exhaust constituents, such
as soot and alumina, by joining with the molecules, making them larger. However, the
humidity levels retrieved did not indicate large changes in water vapour. The extent of the
effect of the combination of water vapour and exhaust constituents is unknown, so the size
of the particulates was assumed to be the sizes mentioned previously. Similar to cloud cover,
sun glint affects measurement because of the high reflectance of the open ocean water.

In addition to these natural factors affecting measurements, human-made or wild fires
can affect measurements as they create another source of aerosols that can mask our mea-
surements. In addition, uncertainty over the launch vehicle trajectory, as mentioned above,
can lead to wrong conclusions as to the origin of a given signature. Soot and alumina can
originate from several other sources not related to a specific rocket launch; therefore, it is
prudent to know everything that goes on in a given location. In our study, prior day images
were analysed to make sure the suspect signature is actually from the desired source.

4. Summary and conclusion

The potential for observing the rocket exhaust constituents with satellite-based sensors is
an essential endeavour; this application will help identify the impact of rocket exhaust on
the environment. In using satellite remote sensing, we simply determined whether a plume
signal that could be identified in the MODIS true colour imagery can be captured by the
AOT spatial distribution.

This study identified sensors and methods that included fusion of data sets to help iden-
tify exhaust characteristics and signatures. Based on the data sets observed, it appears that
the signature is likely to be observed with a moderate resolution sensor, such as MODIS,
and at a higher altitude, such as a first-stage burn-out and/or second-stage ignition. Soot
and/or water vapour seemed to have a more observable signature than alumina (mostly
soot from the RD-180 burn-out and/or water vapour from the Centaur main engine igni-
tion). The SRBs, the source of alumina, separated before the Centaur ignited, and their
signature was probably similar to that at the launch site where it may be covered by other
aerosols above them. Exhaust data from the launch location were difficult to identify for a
variety of reasons. Suspect data near the launch location were not used usually due to over-
lapping of data from the prior day, making the exact source unknown, or sun glint, cloud
cover, or possibly aerosols located over the exhaust particulates, which may have masked
the exhaust data. However, even though the data near the launch site were hardly identified
as valid exhaust remnants, the RD-180 burn-out and/or the Centaur main engine ignition
seemed to be more observable. Several cases had suspect data backtracked with wind data
to the location where the RD-180 burn-out and the Centaur main engine ignition would
begin. This was normally seen in the ocean AOT data sets. Wind trajectories that best fit
the correlations of possible RD-180 burn-out and/or Centaur main engine ignition data
seemed to best fit at 1500 m AMSL.
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