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ABSTRACT
Biomass burning emissions have the potential to alter numerous land and atmospheric processes,
which has strong implications for air quality and feedbacks within the climate system. The heights to
which biomass burning emissions are injected directly (i.e. black carbon on Arctic ice, pollution) and
indirectly [above- under-clouds affects radiation balance (albedo - relative reflectance); modifies
patterns of precipitation] impacts humankind and feedbacks to the climate system.
In this work, fire plume injection height is derived using satellite-based, high-resolution lidar in
combination with other sensors and models. Two products are presented and initial statistics are
discussed, all of which are derived from fires that burned in North America in August 2006. One of the
products traces the vertical domain of a smoke plume back in time to the emitting fires. This river of
smoke can be attributed to numerous fires that range in injection height from the surface to 6300 m
above the surface. The second product combines numerous overpasses to produce the daily evolution of
specific fire events.

We expect these data will be valuable to: local, state, national and international air quality
communities; to public land, fire, and air quality management and regulations communities; to regional
and global chemical transport modelers; to small-scale smoke plume dynamics modelers; for verification
and validation purposes within the CALIPSO science and algorithm teams; and for general scientific
communities (i.e. climate change, atmospheric processes, cloud and radiation balance, modeling patterns
of precipitation).
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INTRODUCTION

1.1 Objectives
This project takes advantage of multiple sensors on several platforms to generate detailed
biomass burning plume injection height information that is produced using the Langley Trajectory
Model (LaTM) and ESRI Geographic Information System (GIS) tools. Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) data are used in combination with the LaTM,
National Oceanic and Atmospheric Administration (NOAA) Hazard Mapping System (HMS) smoke
product, and Moderate Resolution Imaging Spectroradiometer (MODIS) Thermal Anomaly (or Fire
Detection) data to develop novel CALIOP-based smoke products for use in general scientific and Air
Quality applications communities.
Specifically, we use the HMS smoke product and CALISPO track information to derive a daily
database for North America that shows the spatial and temporal domains where smoke should exist in
the CALIOP data. The coincident Cloud-Aerosol LIdar with Orthogonal Polarization (CALIOP
onboard CALIPSO) aerosol products are extracted and used as input to the LaTM, which is run
backwards in three-dimensional space and time until coincident with MODIS-based fires of interest. In
this work, we present two distinct and innovative CALIOP-based biomass burning (BB) plume injection
height (IH) products that will add further insight to enhancing the understanding of biomass burning
plume dynamics, which should be valuable to numerous communities. In particular, CALIOP and other
sensor and model data are being used to define: (1) daily fire plume dynamics; and (2) build a BB IH
database that is associated with the variables that drive these dynamics, which includes both groundbased (i.e. fuels) and meteorological variables for North America.
1.2 Background and Motivation
Biomass burning is largely a natural process that is integral to ecosystem maintenance and
resolving the beginning and end of successional processes. However, BB can adversely affect human
health and serves as an interface between the biosphere, atmosphere and climate systems by affecting
carbon balances, altering hydrologic regimes, modifying patterns of clouds and precipitation, modifying
permafrost structure, altering direct and indirect emissions, and altering radiative forcings by changing
albedo, both directly (i.e. vegetation change due to younger and more reflective species; black carbon
deposition to the Arctic) and indirectly (i.e. precipitation, clouds) [1-9].
Biomass Burning (BB) Plume Injection Height (IH) directly influences the distance a smoke
plume will travel, which impacts its destination (i.e. Arctic snow and ice; above- under-, within-cloud)
and when a community might experience health risks and reduced visibility due to adjacent or remote
BB events. BB emissions act as sources of pollution that are transported beyond localities and have the
potential to affect global atmospheric chemistry [10-17].
Therefore, accurately estimating plume height has implications for the atmospheric and climate
science research communities, regional and global chemical transport modeling (CTM) communities
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and for the Air Quality and regulations communities. BB burning not only directly releases greenhouse
gas emissions, often from carbon pools that have been stored for centuries, but also these emissions can
be transported long distances [18-22] and strongly feedback to the atmosphere and climate systems, the
extent to which is currently being realized. Significant quantities of BB emissions were recently and
unexpectedly discovered in the Arctic spring during a field campaign designed to investigate Arctic
haze, and these BB emissions, specifically black carbon, have implications for the sensitive early-season
ice, snow and cloud albedo feedbacks in Arctic [21, 23, 24] (websites located below citations ARCTAS;
CATF). In the spring, Rossby waves are located farther south in comparison to the summer, allowing
early-season BB emissions to be transported to the Arctic, which could lead to early melting of snow
and ice, both of which feedback to the climate system, ultimately affecting albedo (relative reflectivity
of land, atmosphere and clouds). Because black carbon is insoluble, this further enhances its affect as
snow and ice melts, revealing black carbon from previous years.
Aerosols can influence the microphysical and macrophysical properties of clouds and hence
impact the energy balance, precipitation and the hydrological cycle (indirect aerosol effects). Natarajan
et al [21] focused on plumes that originated in Thailand and Russia and were transported to the Arctic
during ARCTAS 2008 and found an overall positive radiative forcing, which resulted from radiative
cooling at the surface and warming aloft, which highlights the dependence of radiative forcing on plume
injection height and cloud interaction (smoke above-, in- or below-cloud). Additionally, researchers
have suggested that plumes alter cloud patterns and droplet size, suppressing precipitation in the near
field and invigorating precipitation downwind of fire events [10, 25, 26].
State, regional and federal air quality communities are interested in these data to improve plume
injection height and dynamics within the Community Multiscale Air Quality (CMAQ), which is used for
a number of critical environmental management and policy activities including regulation setting and
regional strategy development for attainment of the National Ambient Air Quality Standards (NAAQS)
[27-31]. Biomass burning is one of the primary causes of elevated airborne particulate matter (PM2.5
particulate matter with a mean diameter of 2.5 microns or less), ozone precursors and regional haze. BB
is an important source of primary PM2.5 emissions and other pollutants that can form secondary PM2.5,
which have been linked to a series of significant health problems, including aggravated asthma,
increases in respiratory symptoms like coughing and difficult or painful breathing, chronic bronchitis,
decreased lung function, and premature death [32-36]. Ozone can irritate lung airways resulting in
inflammation, wheezing, coughing, aggravated asthma, reduced lung capacity, and increased
susceptibility to respiratory illnesses like pneumonia and bronchitis.
BB emissions are also a significant contributor to regional haze, which refers to air pollution
that impairs visibility over widespread areas that may encompass several states [37]. The Regional
Haze Rule requires that states work to protect and improve visibility in 156 national parks and
wilderness areas, such as the Grand Canyon, Yosemite, the Great Smoky and Shenandoah.
Recognizing exceptional events, which include BB, can unavoidably impact particulate matter and
ozone level compliance, the EPA issued an Exceptional Events Rule that allows the exemption of
certain monitored data. In essence, accurate comprehension of the height to which plumes are injected
and transported has national legal significance and monetary ramifications, as well as implications to
human, climate and ecosystem health. One can imagine future international air quality and carbon
balance rules, as climate changes, through a Kyoto-like treaty.
Other potential uses of these data include processes that are often thought of as land-based but
are intricately linked to the atmosphere [38, 39], such as enhancing the understanding of when and
where potentially limiting nutrients (potassium) and harmful pollutants (mercury) are deposited. BB
injects a host of gases and particulate emissions [40, 41], many of which are carbon-based, which has
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ramifications for the carbon-balance community. Additionally, air quality and land managers
continually have to make burn/no-burn decisions (go/no-go decisions on prescribed fires) depending on
weather conditions and smoke transport models in a balancing act with the objective of protecting
property, ecosystems, and human health (safety and air quality) [42, 43]. Enhancements in
understanding smoke plume dynamics and modeling would be helpful to state, federal and local forest
agencies and state and local Departments of Environmental Quality.
Under current climate change scenarios, fire regimes are predicted to increase in terms of area
burned, fire frequency, fire season severity, ignitions from lightning, and fire season length [3, 44-49].
Human population is increasing, while concurrently land clearing and interaction with the wildlandurban interface is increasing, both acting to exacerbate wildfires, even in tropical regions where natural
fire regimes had been minimal. There is already evidence of increases in fire regimes, particularly in
Northern Hemisphere upper latitudes, where the largest pools of terrestrial carbon are stored [3, 19, 20,
50-52]. For these reasons, understanding plume heights, which affects feedbacks to and from fires,
becomes imperative.
BB plume IH is a function of the fuels that are available to burn (ecosystem type, topography and
fuel treatment/prescription), prevailing meteorology and the weather precipitating the fire event [53-59].
Historically, plume rise height was based on the pioneering work of G.A. Briggs [60, 61] and verified
with limited field campaign data [62]. Anecdotal on-ground visual estimates, coincident aircraft pilot
information and isolated lidar measurements have provided limited data to verify plume rise in models.
Efforts are underway to better parameterize and understand plume IH [59, 63]. In addition,
researchers are exploiting satellite remote sensing observations to characterize BB IH and to assess
parameterizations in regional and global models. Raffuse and colleagues [64] compared smoke plume
height estimates using the BlueSky smoke modeling system with observations from Multi-angle Imaging
SpectroRadiometer (MISR) and CALIOP satellite sensors over the United States. They found an ~50%
low bias in simulated injection height for western states, and relatively low correlations overall for the
United States compared with the observations [MISR R2 = 0.1; CALIOP R2 = 0.22]. Sessions et al. [65]
found significant improvement in smoke injection estimates using a plume rise model [59] embedded in
the WRF-Chem model, in combination with FLAMBE emissions calculations [66]. This argues for the
importance of improved and expanded data sources from which models and parameterization can be
advanced. Figure 1 shows an elevated smoke plume observed by CALIPSO and a Regional Air Quality
Modeling System (RAQMS) simulation, demonstrating RAQMS could be improved by 33% using
information gleaned from CALIOP data in this example.
MISR and CALIOP instruments are capable of distinguishing BB plume heights in the
atmosphere [65, 67-73] and can provide the statistics necessary to understand and verify BB IH.
Moreover, an increasing number of ground-based and aircraft lidar instruments are available for
verification and validation of satellite data. MISR (360 km; pixel - 1.1 km horizontal x 500 m vertical)
has a substantially larger swath width than CALIPSO (100 m diameter x 30 m vertical), which results in
a greater opportunity to capture smoke plumes, in general, as well as a greater number of near source
plumes.
Conversely, because MISR relies on multi-view angles to estimate the stereo height of distinct
features, it requires abrupt well-defined columns and distinct boundaries, which limits views of large
fires that generate extensive cumulous-like plumes. Hence, MISR cannot distinguish IH from large fires
that lay down in the evening (typical cycle –fires dieback with increased humidity and decreased
temperature), thus presenting a region that is extensively blanketed with smoke (no distinct plumes). In
addition, MISR is a morning overpasses, so it does not capture the natural temporal variation of
4

wildfires or the likely maximum IH, which generally peaks in late afternoon when the fuels are the
driest.
Figure 1. CALIPSO data (upper panel) and model (lower panel) comparison. An elevated smoke
plume is shown in yellow in the CALIPSO pictorial, while the aerosol concentration computed
with an enhanced version of the RAQMS air quality model underestimates plume height by about
1/3 for this western U.S. fire, demonstrating the potential for improvement. Figure attribution:
Chieko Kittaka and Brad Pierce.
MISR data has been extensively
interrogated, and the team has produced a data set
that will continue to be useful for years to come
[53]. The manuscript is based on the analysis of 5
years of satellite observations of smoke IH from
North American fires (2002 and 2004–2007).
They found plumes range from a few hundred
meters to over 5000 m. The largest plumes were
found over boreal regions (median values of 850
m), and the smallest plumes were found over
cropland and grassland fires in the contiguous US
(median values of 530 m), which argues for the
dependence of IH on available fuel. A significant
fraction (4–12%) of fire plumes were injected
above the boundary layer (BL), and most of the
plumes located above the BL (>83%) were
trapped within stable atmospheric layers. MISR plume height data currently span many years and
include most continents.
However, MISR data likely underestimate plume IH for two reasons: MISR is a morning
overpass, so the peak of the fire day is missed; and MISR needs distinct boundaries, which are typically
not produced by larger fires, which often generate irregular boundaries and smoky cloud-like features.
For instance, the Tripod fire burned in Washington in 2006 and was one of the largest fires in the lower
48 in recent U.S. history. It burned vigorously in July (started ~ July 3rd) and August, and MISR IH was
able to capture data for 4 days during that 2-month period [27 July (1 IH); 18 August (6 IH), 25 August
(3 IH) and 27 August (5 IH)].
An underestimate in IH, either in models or by strictly relying on morning data to establish
relationships, would overestimate local surface concentrations and underestimate long range transport
and remote surface concentrations. In addition, a small number of large fires burn the majority of area,
consequently producing a disproportionate amount of the total emissions. In Canada, 2-3% of the
number of fires account for 97-98% of the total area burned; in Russia 1-2% of fires burn 50-70% of the
area; in Alaska 96% of area burned is by large fires; and in Oregon, the largest 10% of fires account for
80% of the area burned [28, 74-77]. Consequently, if BB IH is misrepresented for larger fires, then a
large portion of the emissions are misplaced in CTMs and climate models, with implications for air
quality predictions and climate feedbacks.
The CALIOP instrument, onboard CALIPSO (first light on June 07, 2006) is an active lidar that
can discriminate clouds and atmospheric aerosols, similar to those found in smoke plumes [68-70, 73].
CALIOP has a proven ability to discriminate aerosols and can distinguish the vertical structure of a
smoke plume in the atmosphere (Figures 1 and 2).
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Figure 2. CALIPSO granule with the orbit segment circled (upper panel) and the orbit segment
curtains (version 3.01) are shown in the lower 2 panels. These data are from 08 August 2006 and
show the segment of aerosols that will be analyzed later in this work.
CALIOP-defined plume IH products are a
necessary addition to the MISR-defined dataset,
nonetheless CALIOP IH products are in their
infancy [64, 78] in comparison to MISR.
CALIPSO data are able to identify plume heights
from extensive smoke fields and are able to
capture the natural temporal variation of smoke
plumes using multiple overpasses [79].
In concert, CALIOP and MISR data have
the potential to add the statistical knowledge
necessary to improve our understanding of the
dynamics of fire plume injection height.
2. TECHNICAL PROCESS, DISCUSSION
AND RESULTS
In using CALIOP data to distinguish fire
plume IH or to build verification and validation
(V&V) datasets, one must think in 3-dimential
space and time (Figure 3). There are two basic
products being generated using CALIPSO data:
one that defines the fires that contribute to the
portion of the CALIPSO segment that is smoke;
and two, the diurnal evolution of a smoke plume from a particular fire event using multiple CALIPSO
granules [80, 81].
Figure 3. Flowchart of the transport of smoke, representing the reality of smoke injection and
transport through the atmosphere and the modeled simulation from the back trajectory
perspective.
Also, a statistical database is being
generated that links smoke plume IH to the
variables that drive these dynamics (fuel,
climate and weather), similar to the Val Martin
et al. [53] manuscript. This is not a trivial task.
For instance, in August 2006, there were a total
of 294 smoke plume and CALIPSO Track segment pairs, and if overlapping plumes are only counted
once, there were 163 pairs (2006 annual total 987). Although the process is time consuming, the data
and product potential is much greater than originally conceived. The CALIOP-derived data are able to
define the entire vertical plume domain captured, so mean data include a mean, minimum and maximum
injection height (separate from product named in previous paragraph). For the limited number of
plumes we have analyzed to date (all in North America, August 2006), the entire plume is injected in the
boundary layer in 21% of cases (88- 96% for MISR), however the lower portion of the plume is injected
in the boundary layer in 44% of cases (mean height 34% of cases). This example is based on a limited
6

number of samples at a particular time of year, so a direct comparison to MISR data at this time would
not be sensible. CALIOP data provide the opportunity to determine smoke plume IH, randomly, from
all times of day, as well as from all ecosystems, fuel types and meteorological conditions, so these data,
paired with MISR BB IH data, would be optimal.
2.1 Basic processing
Our initial focus was on North America to generate BB plume IH data, because this is a region
where numerous datasets are easily available for V&V, such as the HMS smoke product, multiple
geostationary satellites, and the USDA Forest Service readily shares fire information. Generating BB IH
products is a multiple-step process:
 The HMS smoke product is overlaid with CALIPSO track information to determine the time and
location of smoke aerosols (Figure 4). The HMS smoke product is derived using GEOS visible
imagery, and the smoke plumes are hand drawn by humans throughout the day, as they evolve over
time. Smoke plumes are drawn even when fire detections are not visible, often due to the size or
timing of fire events, assuming that where there is smoke there is fire. Anthropogenic, industrial
smoke plumes are semi-permanent features and are excluded. The temporal and spatial coincidence
in smoke plumes and the CALIPSO track are extracted using Geographic Information Systems
(GIS), a specialty software package that is well suited to geographic spatial and temporal
assessments. These data are recorded and used to guide the extraction of CALIOP aerosol data.
 Aerosols are extracted from the Vertical Feature Mask product (latitude, longitude, time and
altitude) and these data are used to initialize the Langley Trajectory Model (LaTM) (Figures 2, 4 and
5). We chose the aerosol vertical feature mask, as opposed to the aerosol smoke sub-type data, with
the assumption that our information would be used to verify and inform the aerosol smoke sub-type
algorithm, which has not been substantially V&V.
 The LaTM is initialized with the CALIOP observations and is driven by NASA Goddard Earth
Observing System version 5 (GEOS-5) large-scale meteorological reanalysis data. Air parcel
trajectories are computed backwards in 3-dimensional space and time until horizontally coincident
with daily MODIS fire detections [82-84] (Figure 5). Trajectories are initialized at ~1 second
intervals along the CALIPSO smoke segment track and at 100 m vertical intervals within the smoke
plume. The LaTM uses a 15 minute time step. As the air parcel trajectories are traced back in time,
each day there are unique coincidences with fires on the ground.
 An air parcel and a fire detection coincide when the following criteria are met: temporal and spatial
coincidence; MODIS fire detection confidence must exceed 35%; horizontal range of the air parcel
trajectory to fire must be under 20 km; and if the injection height is above the boundary layer (BL),
coincidence must be with 6 or more active fire detections.
 CALIOP orbit segment information and the height at which air parcels and fire detections coincide
are recorded. Coincident data are associated with the following list of data variables. Meteorological
and fire weather variables are provided by or derived from GEOS-v5 data. MODIS provides land
cover and the variables associated with thermal anomalies (fire detections). Geographic information
is provided by GIS. The USDA Forest Service (FS) and the Canadian Forest Service provide
information on specific fires, as required, and the FS provides fire weather variables for fires that
burn in the United States. Canadian Fire Weather variables are calculated for the entire region
analyzed [Build-Up Index (BUI); Fine Fuel Moisture Code (FFMC); Fire Weather Index (FWI)]
[85].
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Location and state/territory; time of fire detection and coincidence; land cover (ecosystem type);
MODIS Fire Radiative Power, brightness temperature, percent confidence and satellite; number
of fire detections; number of air parcels; mean range; minimum, mean and maximum altitude;
surface and mean sea level pressure; height of the planetary boundary layer and topography
height; temperature and dew point at 2 and 10 m; wind speed at 2 and 10m; wind direction at 2
and 10m; relative humidity at 2 and 10m; temperature and relative humidity at noon, noon-noon
precipitation, fire weather variables and bottom, peak and top of the stable layer.
 In previous steps, air parcels (AP) are extracted and run backwards in time until coincident with
fire detections (AP-FD) and then each AP-FD pair are associated with fire, ecosystem and
meteorological variables. Data are imported to GIS to conduct final analyses and establish mean
‘statistics’. Mean statistics include the mean of all pertinent fire, weather and ecosystem variables
and are calculated for each fire on each day. On August 9th, there were 18 CALIPSO orbit segments,
which resulted in 261,580 AP run backwards in time to intercept with 2724 fire detections (multiple
days), resulting in 38,494 total lines of data and 328 lines of mean statistics. Mean statistics are
collected from only 3 days from the CALIPSO orbit, and any additional days may be used for
specific fire event analysis.
 The attribution of particular smoke plumes are determined from multiple orbit segments in GIS.
For instance, if we are interested in the Tripod fire, burning on August 4th, a minimum of 5 days
processed AP-FD data (4th -8th) are required to ensure the injected plume is captured. For the 4 th
(Figure 6), there are 10 orbit segments that span 4 days that capture portions of the Tripod fire plume
on the 4th at different times of the day.
One goal of this research is to use CALIOP data to develop understanding of daily fire plume
dynamics in a variety of ecosystems by building a BB plume IH database and associating these data with
the variables that drive these dynamics, which includes both ground-based (i.e. fuels, topography) and
meteorological variables. However, at this model scale, topographic data are not analyzed, even though
we recognize its importance. The intensity of a fire and fire behavior are dependent on the amount of
fuel held within an ecosystem, the relative amount of moisture contained in the vegetation, duff and soil
organic layer, wind and topography. These variables are largely under the control of weather and climate
[3, 49, 51, 54, 86]. For this reason, it is essential to capture fire plume data from various ecosystems and
under numerous weather conditions to gather the statistics necessary to fully assess and improve
parameterization of BB plume injection heights. These statistics are crucial for moving forward in terms
of understanding the aerosol quantities (amount fuel-weather-driven emissions), V&V of data and
products, and to enhance model IH parameterization for CTMs, Air Quality and climate models.

8

Figure 4. In the top left, coincident NOAA Hazard Mapping System (HMS) smoke plumes,
MODIS fire detections and CALIPSO orbit segments. The blue arrow points to the particular
CALIOP segment under consideration. The horizontal (bottom left) and vertical (right) extent of
the portion of the CALIPSO orbit segment that is classified as aerosols in the Vertical Feature
Mask is represented by black lines (20:07:30.3-20:20:59.0v3.01daytime). The attribution of smoke
aerosols in this example is from a number of fires, each represented by state acronym, dates
injected and color coded in sync with the horizontal and vertical extent of their smoke distribution
(circles).

2.2 One CALIOP orbit segment
Using the methodology defined above in the ‘2.1 Basic processing’ section, one seeminglysimple portion of a CALIOP orbit segment was examined (Figures 2, 4 and 5). It appeared this straight
forward coincidence in the CALIPSO orbit segment and the smoke plume could be traced back to 1 or
perhaps 2 responsible fires. However, in total, this smoke plume can be attributed to 9 separate fires,
burning on different days (12 distinct daily events), as shown in the horizontal and vertical attribution of
smoke in Figure 4.
Each fire contributes to unique portions of the segment. Back trajectories pass over initial “fires
of interest” in North-Central Washington in the mid-troposphere (~500 mb, ~5200 m) at initialization
minus 20 hours. At initialization minus 36 hours, back trajectories pass over “fires of interest” in NorthWest Montana, in the lower troposphere (~800 mb, ~2000 m) (Figure 5). In Washington (Tripod fire),
coincidence is noted on August 6th, and the plume is injected to ~3400 m and on August 7th, to a mean of
3300 m, range 1900–6300 m; also in Washington (WA), a medium-sized fire is identified on August 7th
(range 2200–4400 m); a plume is indentified in British Columbia (BC) on August 7th at about 3400 m;
two fires are coincident in Montana (MT) burning on August 6th (mean 1980 m); three fires are
9

identified in Saskatchewan (SK) on August 6th and 7th (~1000 m); and three fires are also identified in
North Dakota (ND) burning on August 7th (~2000 m).
Figure 5. Initialization and transport of ‘aerosol-filled’ air parcels with the LaTM. This is the
same orbit segment shown in Figures 2 and 4. Note the aerosols higher in altitude are transported
more rapidly through the atmosphere than those at lower attitudes.

Trajectories are initialized along
the CALIPSO path. Vertical
initialization is shown on the top
and the horizontal path is shown
on the bottom.

As part of a
verification process, we
initialized
forward
trajectories
from
the
individual fire sources
identified, which showed
the distinct horizontal and
vertical contribution of
smoke from each fire
across the horizontal and
vertical path of the
CALIPSO
segment
(Figures 4 and 7). The
.
fires that burned east of the
Initialization minus 24 hours
granule (ND, SK) were
(above) and there is coincidence
transported at the surface
with the fires burning in
westward towards the orbit
Washington.
path. Of the fires listed in
the segment example described and shown in Figure 4, there is
one coincident MISR overpass with one of the fires burning in
MT, and the IHs are consistent, within 100s of meters.

Additionally, we analyzed GOES 15-minute data to piece together a movie (GOES East and
West, each providing 30-minute data), which shows the smoke from several fires converging in a river
of smoke and then being transported towards the CALIPSO path.
Figure 6. Mean altitude taken from multiple CALIPSO granules paired with MODIS data and the
LaTM, depicting the daily evolution of a smoke plume.

2.3 Plume evolution using multiple
CALIPSO granules and orbit segments of
one fire event
Because smoke travels faster when it is
injected at higher altitudes in the atmosphere,
this ‘faster’ portion of the smoke would be
sensed first by the next downwind CALIPSO
granule. At the same time, smoke that had
been injected at lower altitudes on a previous
day could be detected in the same CALIPSO
segment at lower altitides. For this reason, using multiple CALIPSO granules, focused on one particular
fire event, one can piece together the daily evolution of smoke IH and its detrainment (Figure 6). Even
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though smoke plume IH is variable during a day, peak IH are characteristically highest when fuels are
the driest in late afternoon due to drying from sustained high temperatures and low relative humidity.
We have generated several daily evolution of fire graphics of the Tripod fire but none that are
coincident with MISR data (2-month period only analyzed 4 days of Tripod) when the fire was burning
most vigorously. However, on August 25th, there is spatial and temperal coincidence. There are 3
MISR assessments and 4 CALIOP-LaTM segments, 2 of which coincide with MISR overpass times (2
before MISR overpass, no value for comparison). One of the CALIOP-based segments show IH
between 3800-4000 m above sea level (ASL) and the other between 1300-1400 m ASL; the mean MISR
heights are 2040 m, 3060 m and 4260 m ASL. On August 27th, there is one CALIOP segment that is
coincident with 5 MISR asessments. According to CALIOP-LaTM, at the MISR overpass time, smoke
was injected at the suface, and this is consistent with MISR results, which show most of the smoke
injected at the surface. The MISR and CALIOP-based methodologies produce strikingly simlar results,
which argues for the accuracy of both the products.
Figure 7. Horizontal (top panel) and vertical (bottom panels) CALIPSO orbit segments with
LaTM forward trajectories showing the portion of emissions transported from specific fires in
WA, BC, ND and SK.
3.0 Conclusions
We have demonstrated the ability of
CALIOP data paired with additional satellite
sensors and models to: trace the attribution of
particular smoke plumes to the emitting fires;
and define the daily evolution of specific fires
using multiple overpasses. When MISR data are
available at the same space (fire event) and time,
the two datasets compare exceptionally well.
Processing CALIOP data is currently time
consuming and tedious, but results are unique, in
terms of the vast amount of plume data potential,
the detail that can be extracted and the potential
to view plumes statistically from all times of day.
The interrogation of CALIOP data has the
potential to greatly expand our understanding of
fire plume injection heights at both detailed and
larger scales, resulting in these data being
valuable to numerous scientific and applications
communities
Because biomass burning emissions and
the height to which they are injected
fundamentally influence numerous processes, we
expect these data will aid understanding in:
chemical transport and climate models;
fundamental cloud, precipitation and aerosol
processes; vertical transport; validation of
aerosol and cloud parameterizations for regional,
global, and climate models; lead to the
11

development of three-dimensional smoke plume aerosol climatologies for use in the radiative
environment and the effects of aerosols on precipitation; aerosol validation (and exclusion of biomass
burning plumes) for a variety of instruments; and innovative land-based applications.
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