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Abstract. High frequency of agricultural fires is observed
every year during the summer months over SW Russia and
Eastern Europe. This study investigates the initial injection
height of aerosol generated by the fires over these regions
during the biomass burning season, which determines the
potential for long-range transport of the smoke. This in-
formation is critical for aerosol transport modeling, as it de-
termines the smoke plume evolution. The study focuses on
the period 2006–2008, and is based on observations made
by the CALIOP instrument on board the NASA CALIPSO
satellite. MODIS data are synergistically used for the de-
tection of the fires and the characterization of their intensity.
CALIPSO aerosol vertical distributions generated by the ac-
tive fires are analyzed to investigate the aerosol top height
which is considered dependent on the heat generated by the
fires and can be associated with the initial injection height.
Aerosol top heights of the vertically homogenous smoke lay-
ers are found to range between 1.6 and 5.9 km. Smoke in-
jection heights from CALIPSO are compared with mixing
layer heights taken by the European Centre for Medium-
range Weather Forecast (ECMWF), to investigate the direct
injection of smoke particles into the free troposphere. Our
results indicate that the aerosol plumes are observed within
the boundary layer for the 50% of the cases examined. For
the rest of the cases, the strong updrafts generated by the fires
resulted to smoke injection heights greater than the ECMWF
estimated mixing layer by 0.5 to 3.0 km, indicating a direct
smoke injection into the free troposphere. The smoke injec-
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tion height showed a dependence on the MODIS-Land Fire
Radiative Power product which is indicative of the fire in-
tensity, especially in the cases of lower static stability in the
upper part of the boundary layer and the free troposphere.

1 Introduction

Giglio et al. (2003), investigating the spatial and tempo-
ral occurrence of fires in croplands, based on the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) active
fire product, showed that the Russian Federation was the
largest contributor to agricultural burning globally during
the period 2001 to 2003, producing 31–36% of all agricul-
tural fires. This globally highest concentration of agricul-
tural fires, found to be extended across Russia in the latitu-
dinal belt between 45◦ N–55◦ N during spring (April–May),
as well as in Eastern Europe (Baltic countries, western Rus-
sia, Belarus, and the Ukraine) during late summer (end of
July and August). Forest fires in this area are a major source
of pollution in the Northern Hemisphere and especially Eu-
rope (Korontzi et al., 2006). Moreover, areas downwind of
those fires (e.g. Eastern Mediterranean) are characterized by
enhanced particulate loadings in the column but also at sur-
face, especially during summer when meteorology favors the
transport from northerly directions (e.g. Balis et al., 2003;
Gerasopoulos et al., 2003; 2006; Amiridis et al., 2005, 2009;
Fotiadi et al., 2006; Kazadzis et al., 2009; Zyrichidou et al.,
2009), thus the need to model smoke transport and estimate
its contribution to air quality degradation is important.

Smoke injection heights are key inputs for aerosol trans-
port modeling, as they are critical for determining the
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distance and direction of the travelling smoke (e.g., Colarco
et al., 2004; Freitas et al., 2007). Biomass burning emits hot
gases and particles, which are transported upward due to pos-
itive buoyancy. The interaction between the smoke and the
environment produces eddies that entrain colder environmen-
tal air into the smoke plume, which dilutes the plume and re-
duces buoyancy. The final plume height is mostly controlled
by the thermodynamic stability of the ambient atmosphere
and the fire intensity. After this initial injection phase, the
smoke enters the general atmospheric circulation. The frac-
tion that is within the planetary boundary layer (PBL) height
is well mixed by turbulent eddies and the particles experi-
ence more efficient removal processes than in the free tropo-
sphere (scavenging and wet-removal). On the other hand,
the fraction of smoke that reaches the free troposphere is
advected away faster from the source region while the res-
idence time of the particles at these heights is increased. The
described mechanism has a strong impact on pollutant dis-
persion, and as a consequence, the information of the ini-
tial injection height, and whether it appears inside the PBL
or above, is a major parameter for a proper understanding
and modeling of the atmospheric chemistry and transport of
smoke (e.g. Freitas et al., 2007).

Recently, space-based observations of aerosols have been
used for the estimation of smoke injection heights (Labonne
et al., 2007; Kahn et al., 2007; Martin et al., 2009;
Mims et al., 2010). Attenuated backscatter profiles de-
rived by the Cloud-Aerosol Lidar with Orthogonal Polariza-
tion (CALIOP) on board the Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observations (CALIPSO) satellite
(Winker et al., 2004, 2006, 2007) can be used to study the
vertical structure of smoke aerosols and to define the smoke
layer geometrical properties (e.g. Labonne et al., 2007; Dirk-
sen et al., 2009). This type of information can be directly
retrieved by the CALIPSO aerosol layer product which pro-
vides a description of the aerosol layers, including their top
heights and bottoms. The injection heights of smoke plumes
can be also analyzed using stereo-derived plume heights
from the Multi-angle Imaging SpectroRadiometer (MISR;
Diner et al., 1998), that flies aboard the NASA Earth Ob-
serving System’s Terra satellite (Kahn et al., 2007; Martin
et al., 2009; Mims et al., 2010). The spatial coverage of
MISR’s multi-angle imaging is vastly greater than that of the
CALIPSO lidar, however, CALIPSO lidar is sensitive to the
vertical distribution of dispersed aerosol away from sources,
where MISR is not (Kahn et al., 2008; Martin et al., 2009;
Mims et al., 2010).

In this paper we investigate the initial injection height of
aerosol plumes generated by fires over SW Russia and East-
ern Europe during the biomass burning season (July and Au-
gust) for 2006, 2007 and 2008. To characterize typical injec-
tion heights of smoke over these regions we used the aerosol
attenuated backscatter profile as this is derived with high ver-
tical precision from CALIPSO space-borne lidar. Our ap-
proach on the extraction of injection heights from CALIPSO

is based on detailed analysis of individual Level 1 raw li-
dar profiles. Moreover, MODIS and CALIPSO synergy is
deployed to assess the fire intensity effect on smoke injec-
tion height. Added value is gained from the fact that both
approaches are applied for the first time over a very signif-
icant area by means of biomass burning frequency and in-
tensity, downwind of which severe air quality degradation
is already encountered (e.g. Lelieveld et al., 2002). Finally,
we attempted to assess the injection of smoke above the PBL
by calculating the distribution of differences between aerosol
injection height derived from CALIPSO, and PBL height ob-
tained from the European Centre for Medium-range Weather
Forecasts (ECMWF).

2 Data and methodology

2.1 MODIS Active Fire

For the identification of the areas that are affected by biomass
burning over Western Russia and Eastern Europe during
the biomass burning season, the MODIS active fire product
(Giglio et al., 2003) has been used. The MODIS sensor is
a multi-spectral sensor with 36 spectral bands, ranging in
wavelength from 0.4 to 14.2 µm, and fires are detected at
1-km spatial resolution (at nadir) using radiance measure-
ments in the 4 µm and 11 µm channels. Measurements at
several spectral bands are utilized for masking clouds, ex-
tremely bright surfaces, glint, and other potential sources of
false alarms (Giglio et al., 2003). In the operational MODIS
algorithm, only the 4 µm channel measurements are used to
calculate the Fire Radiative Power (FRP), based on the mea-
sured brightness temperatures of the fire pixel and its neigh-
boring surface background. There are two 4-µm channels on
each MODIS sensor, one of which is a “low-gain” channel
that can record pixel-integrated brightness temperatures of up
to∼500 K, thereby allowing unsaturated measurements to be
made over even very large/most intensely burning wildfires.
MODIS is a twin sensor flying on two NASA Earth Observ-
ing System (EOS) satellites: Terra (launched 19 December
1999) and Aqua (launched 4 May 2002). They are both po-
lar orbiting, with Terra crossing the equator at approximately
10:30 a.m. and 10:30 p.m. local time, and Aqua at approx-
imately 1:30 a.m. and 1:30 p.m. local time. Each MODIS
sensor achieves near-global coverage once per day and once
per night every 24 h, with higher latitude locations observed
slightly more frequently because of increasingly large over-
laps from successive satellite passes. Therefore, most fires
detectable at a 1-km spatial resolution have the potential to
have their FRP measured four times a day, except when cov-
ered by thick meteorological cloud. MODIS algorithms (in-
cluding the fire algorithm) are updated periodically, leading
to different versions, which are used to generate a series of
Collections of the data products. The latest “Collection 5”
fire data were used in this study.
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2.2 CALIPSO

The Cloud–Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) mission is a collaborative effort be-
tween the NASA Langley Research Center (LaRC), the Cen-
tre National D’Etudes Spatiales (CNES), Hampton Univer-
sity (HU), the Institut Pierre Simon Laplace (IPSL), and Ball
Aerospace and Technologies Corporation (BATC) to study
global radiative effects of aerosols and clouds on climate.
CALIPSO is an Earth Science observation mission that was
launched on 28 April 2006 and flies in nominal orbital alti-
tude of 705 km and an inclination of 98 degrees as part of
a constellation of Earth-observing satellites including Aqua,
PARASOL, and Aura – collectively known as the “A-train”.
The CALIPSO mission provides crucial lidar and passive
sensors to obtain unique data on aerosol and cloud vertical
structure and optical properties (Winker et al., 2007).

CALIPSO’s lidar, the Cloud-Aerosol Lidar with Orthog-
onal Polarization (CALIOP), is an elastically backscattered
lidar operating at 532 and 1064 nm, equipped with a depo-
larization channel at 532 nm that provides high-resolution
vertical profiles of aerosols and clouds. The lasers operate
at 20.16 Hz and are Q-switched to provide a pulse length of
about 20 ns. Each laser generates nominally 220 mJ per pulse
at 1064 nm, which is frequency-doubled to produce about
110 mJ of pulse energy at each of the two wavelengths. Beam
expanders reduce the angular divergence of the transmitted
laser beam to produce a beam diameter of 70 m at the Earth’s
surface (corresponding to a nominal laser beam divergence
of 100 µrad) (Winker et al., 2004, 2006, 2007).

Level 1 scientific data products derived from raw CALIOP
lidar measurements are archived and distributed by the At-
mospheric Science Data Center (ASDC) of NASA (http:
//eosweb.larc.nasa.gov/). The Level 1 data include: lidar cal-
ibrated and geolocated profiles with associated browse im-
agery with horizontal resolutions of 1/3 km, 1 km and 5 km,
an aerosol layer product at 5 km resolution (height, thickness,
optical depth, and integrated attenuated backscatter), and an
aerosol profile product with a horizontal resolution of 40 km
and vertical resolution of 120 m (backscatter, extinction, and
depolarization ratio). The CALIPSO Level-2 aerosol layer
product provides a description of the aerosol layers, includ-
ing their top heights and bottoms, identified by the use of
automated algorithms from the Level-1 data. Detailed de-
scription of the abovementioned algorithms is given in Vau-
gan et al. (2004) and Winker et al. (2009). In our study, Level
1 CALIPSO products have been used.

2.3 ECMWF Mixing Layer Height

Mixing layer height analyses were retrieved from the
ECMWF model that provides a diagnostic of the bound-
ary layer height with a 12-hourly and 0.25◦

×0.25◦ latitude-
longitude resolution. The height of the model topography is
added to the grid-point values in order to make them compa-

rable to the satellite data that provide heights above sea-level.
The boundary layer height at a specific location is calculated
through bilinear interpolation, using the weighted values of
the four surrounding grid-points. As expected, the 12-hourly
fields show a strong diurnal cycle with low values at night.

The parameterization of the mixed layer (and entrainment)
in the deterministic atmospheric model of ECMWF uses
a boundary layer height from an entraining parcel model
(ECMWF, 2009b). The bulk Richardson method (Troen and
Mahrt, 1986) is used as a diagnostic parameterization in or-
der to get a continuous field in neutral and stable condi-
tions. The boundary layer height is the level where the bulk
Richardson number, based on the properties of that level and
the lowest model level, reaches the critical value of 0.25. If it
is found to be between two model levels, the exact height is
calculated through linear interpolation. It is noted that during
the period of interest (2006-2008) the ECMWF model used
91 vertical levels up to 0.01 hPa, with a high vertical resolu-
tion in the boundary layer (approximately 14 hybrid levels in
the lowest 150 hPa).

The boundary layer height analyses of the operational
early-delivery assimilation system of ECMWF are utilized
in this study. This system consists of two 6-h 4D-Var
analysis cycles, at 00:00 and 12:00 UTC. The 0000 UTC
(12:00 UTC) cycle uses observations from the time window
21:01–03:00 UTC (09:01–15:00 UTC) and a first guess fore-
cast from the 12:00 UTC (00:00 UTC) delayed-cut-off 12-
hour 4D-Var analysis of the previous (same) day (Haseler
2004). The deterministic and ensemble prediction fore-
casts of ECMWF are initialized from the analyses of the
early-delivery system (Persson and Grazzini, 2005). Haseler
(2004) showed that the quality of the two first guesses is suf-
ficiently high to allow the functioning of the abovementioned
operational assimilation system without compromising the
quality of the model forecasts.

A very large amount of observations from various sources
is introduced in the data assimilation system. Typically, be-
fore the quality control there is a total of 75 million pieces
of data available worldwide, around 98% from satellites, in a
12-h period (Persson and Grazzini, 2005). These data are di-
vided into surface observations, upper-air observations from
radiosondes and aircrafts, and satellite observations (mainly
radiances) (ECMWF, 2009a).

3 Results and discussion

3.1 Description of fires and prevailing meteorological
conditions

For the detection of fires for the fire season periods (July
and August) between 2006 and 2008, the MODIS fire prod-
uct over a grid extended to the longitudinal belt between
25◦ to 45◦ E, and the latitudinal belt between 40◦ to 60◦ N,
has been used. Amiridis et al. (2009), used a global land
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FIGURES 

 

 

 

Figure 1 

Fig. 1. Active fires as seen by MODIS during July and August
2006, 2007, 2008 for the Western Russian and Eastern Europe area.
CALIPSO overpasses during the same time period are superim-
posed.

cover classification with a resolution of 300 m to show that
the detected fires in the area of the abovementioned grid are
mainly associated with agricultural burning activities. The
locations of the active fires identified from MODIS obser-
vations are presented in Fig. 1. For the same period, the
CALIPSO overpasses are superimposed. From the analy-
sis of the MODIS FRP product, the overall minimum and
maximum values of the FRP per pixel (1×1-km) detected
by the sensor for the period under study, ranged between 6
to 80 MW/km2 with a mean value of 20±10 MW/km2. FRP
values reported here refer to fires with MODIS fire detec-
tion confidence greater than 80%. The detection confidence,
which varies between 0 and 100%, is a heuristic measure of
the radiometric contrast between a fire pixel and its immedi-
ate non-fire neighborhood, with extra penalties imposed near
potential false alarm sources such as cloud edges and coast-
line (Giglio et al., 2003).

The fires presented in this paper are of agricultural nature,
and thus common practices are followed by the farmers in-
cluding the fact that no fires are lit in times of strong or gusty
winds. These measures are applied to control the lighting
of the fires, as the fire danger is high during the summer
fire season and may result to uncontrolled situations, espe-
cially during unsettled weather conditions. For the fires de-
tected in the study area (Fig. 1), the above is further sup-
ported by the respective ECMWF wind speed data (Fig. 2a).
The average wind speed at 10 m above the surface is found
equal to 3.5±1.9 m/s, varying from 0.1 to 8.6 m/s, with 82%
of the values below 5 m/s. These data indicate weak hori-
zontal winds resulting in relatively slow advection of smoke
plumes. From the analysis of the CALIPSO aerosol vertical
profiles, no significant vertical variability is observed in most
of the cases (see for example Fig. 3), indicating strong con-
vection over the fire pixel and homogeneous smoke concen-
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Figure 2 

 

Fig. 2. (a)Frequency distribution of ECMWF wind speed analyses
at 10 m above surface for the times and locations of fires under study
over the Western Russian and Eastern Europe during July and Au-
gust 2006, 2007, 2008.(b) Static stability of the layer 850–925 hPa,
with the use of the ECMWF derived vertical gradient∂θ /∂p (where
θ is the potential temperature andp the pressure), versus the one
of the lowest layer 925-surface, during the fire cases.(c) Static sta-
bility of the layer 500-700 hPa, with the use of the ECMWF de-
rived vertical gradient∂θ /∂p, versus the one of the lowest layer
700–850 hPa, during the fire cases.

trations with height. Thus, in our case it may be assumed that
horizontal advection poses no or slight impact to the height
that the smoke is injected in to the atmosphere. However, the
possibility of smoke advection over the studied pixel from
nearby fire sources cannot be neglected. An additional factor
controlling the smoke convection is the atmospheric stability
(e.g. Val Martin et al., 2010). In Fig. 2b, the static stability of
the layer 850–925 hPa, with the use of the ECMWF derived
vertical gradient∂θ /∂p (whereθ is the potential temperature
andp the pressure), versus the one of the lowest layer 925-
surface, during the fire cases, is illustrated. Negative values
of ∂θ /∂p indicate stability. The vast majority of the cases are
associated with an unstable lower layer (925 hPa – surface –
probably due to the fact that 12 UTC analyses were utilized)
and a nearly neutral upper layer (850–925 hPa). The rest of
the cases are associated with stable conditions in the layer
between 925 and 850 hPa. Overall, mostly unstable condi-
tions were encountered over the fire pixels, especially in the
lower layer. In Fig. 2c, the potential temperature lapse rate of
the layer 500–700 hPa versus the lowest layer 700–850 hPa is
additionally illustrated to demonstrate the static stability con-
ditions at higher levels, from the upper part of the boundary
layer to the lower free troposphere. Most of the cases are as-
sociated with stability in both layers. The lapse rate in the
layer 500–700 hPa shows small variability, in the range be-
tween−0.075 and−0.04 K/hPa. The layer 750–850 hPa is
also stable but with larger lapse rate variability, in the range
between 0 K/hPa to−0.09 K/hPa. The atmospheric stabil-
ity structure presented in Fig. 2 is considered in Sect. 3.3 to
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Figure 3 
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Figure 3 

Fig. 3. Examples of CALIPSO Level-1 attenuated backscatter pro-
files at 532 nm and the corresponding injection heights (blue lines)
calculated with the slope method (left panels) and the profiles of
the corresponding first derivative of the attenuated backscatter co-
efficient (right panels) at 15 August 2006 (upper panels) and 16
August 2008 (lower panels). The ECMWF mixing heights are su-
perimposed (red lines) to demonstrate that the smoke can lie within
PBL (Fig. 3a), but also penetrate to the free troposphere (Fig. 2b).

assess the relationship between the smoke injection height
and the fire power.

3.2 CALIPSO retrieval of smoke injection height

The detection of the mixing layer on CALIPSO’s attenuated
backscatter lidar profile is not easy to implement and can be
associated with considerable errors, e.g., if the signal inten-
sity is low and large statistical fluctuations cause sharp gra-
dients in the profile. Such an algorithm requires the defi-
nition of threshold values (see Winker et al., 2009) and the
results also depend on data averaging and spatial resolution

of the range-corrected signals. For the needs of the current
study, smoke injection heights are directly calculated from
Level 1 attenuated backscatter profiles at 532 nm by apply-
ing a slope method (Pal et al., 1992) on each individual pro-
file. Following this approach, we are able to separate the
cases of strong aerosol convection, by selecting only the lidar
profiles of constant attenuated backscatter coefficient with
height. Moreover, by using Level 1 CALIPSO products we
are able to apply spatial averaging of the lidar profiles within
the MODIS pixel, to appropriately collocate CALIPSO and
MODIS data. This is not feasible with Level 2 products,
since, the aerosol layer heights are provided with a fixed spa-
tial resolution of 5 km along the path of the satellite. In the
application of the slope method to the averaged attenuated
backscatter coefficient profile, the steep gradient in the atten-
uated backscatter signal has been identified in the lidar pro-
files, and the height of the minimum gradient value has been
selected as the smoke injection height. The minimum of the
gradient is due to the high decrease in the attenuated aerosol
backscatter caused by lower particle concentration above the
smoke layer. The method is very simple and it has been used
for the calculation of the mixing height in previous works
(Flamant et al., 1997; Menut et al., 1999). It is also been
validated against independent methods to derive the mixing
height (e.g. Kaimal et al., 1982) showing good agreement
under well mixed conditions.

Time coincidence of CALIPSO and MODIS data is only
possible for the MODIS instrument aboard Aqua satellite,
since in that case the time difference between the overpasses
is of the order of 75 s, with Aqua preceding the CALIPSO
satellite. CALIPSO shots are then averaged within the
MODIS pixel to produce the MODIS-collocated lidar pro-
file. The averaged profile can be very noisy, especially during
daytime acquisitions, allowing only poor retrievals of layer
products using the slope method. While high signal to noise
ratio (SNR) is required for the slope method to function prop-
erly, CALIPSO’s orbital velocity of∼7 km/s, combined with
the need to retrieve feature boundaries of the aerosol layers
at high vertical and horizontal resolutions, allows only min-
imal spatial averaging. To overcome SNR constrains, a 5-
km spatial averaging centered on the MODIS (1×1 km) fire
pixel has been applied in addition to vertical moving average
with a window frame of 400 m. Following our approach, the
collocation could be highly inaccurate under these assump-
tions, giving false results when MODIS products are com-
pared with CALIPSO ones. However, no significant changes
have been found on the shape of aerosol layers between the
correctly collocated approximately 1-km horizontally aver-
aged CALIPSO profiles used in this study and the 5-km
Level-2 product that includes the MODIS pixel. This can
be attributed to the possible horizontal distribution of smoke
around the fire pixel for our cases, or to the existence of fire
pixels in an area extended in the neighbour of the fire pixel
under study, resulting in dispersed smoke in a wider area over
the CALIPSO overpass.
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Figure 4 
Fig. 4. Frequency distribution of the aerosol top height binned in
500 m height intervals, as retrieved by CALIPSO over the Western
Russian and Eastern Europe during July and August 2006, 2007,
2008.

To demonstrate the methodology followed for the calcula-
tion of the injection height, we present two examples from
our dataset in Fig. 3. In both examples, the vertical profiles
of the CALIPSO attenuated backscatter coefficient at 532
nm (horizontally averaged at 1 km and vertically smoothed
at 400 m), centered in the MODIS pixel are presented. In the
first case of 15 August 2006 (Fig. 3a), following the slope
method, a minimum of the derivative (right panel) is found
at 2700 m. This height is considered as the smoke injection
height for the fire pixels detected by MODIS. The ECMWF
mixing height for the pixel under study is superimposed,
showing that the smoke is injected within the PBL. An ex-
ample of much higher injection height is presented in Fig. 3b
(16 August 2008). The slope method (right panel) delivers a
derivative minimum at the height of 4540 m, which lies well
above the PBL, in the free troposphere. In both cases, a verti-
cally homogeneous distribution of smoke is indicated by the
CALIPSO profiles.

After the calculation of the aerosol top height from
CALIPSO’s profiles with the slope method, for a total of 163
fire hot spots detected by MODIS (fire confidence greater
than 80%), we found that the smoke injection height ranged
between 1677 m and 5940 m above sea level, having a mean
value of 3077±951 m. The frequency distribution for our
dataset, binned in 500m height intervals is presented in
Fig. 4. Labonne et al. (2007), using CALIPSO data for sum-
mer 2006 over Eastern Europe found a similar range for the
top height of the aerosol layers, ranging from 1.5 to 6 km.
This range is the largest globally, as reported in this study.

3.3 Smoke injection in respect to mixing height, fire
intensity and stability

To identify the cases of smoke injection within or above PBL,
we compare the CALIPSO aerosol injection heights with the
Boundary Layer Height (BLH) from the ECMWF model.
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Fig. 5. Comparison of aerosol top height derived by CALIPSO with
mixing layer height from ECMWF model for fire confidence less
than 80% (left panel) and greater than 80% (right panel).
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Fig. 6. Frequency distribution of the differences between CALIPSO
derived smoke injection height and ECMWF’s mixing layer height
for the cases with fire confidence greater than 80%.

The BLH field in the ECMWF data corresponds to the height
above topography. The injection heights from CALIPSO
used for this comparison are corrected to refer to the surface
elevation instead of sea level, for consistency with ECMWF
data. This correction could be significant in case of profound
orography. However, and as stated before for the compari-
son between the injection height and the FRP, the exact sur-
face elevation levels of the points included in Fig. 6 vary be-
tween 0 and 196 m (mean = 125 m, standard deviation = 65
m), and this is rational since we are dealing with agricul-
tural fires initiated in crop fields which are mostly located at
non-elevated terrains. Our final corrected data with respect
to the surface for the studied area and for the fire seasons of
the years between 2006 to 2008, are presented in Fig. 5. In
both panels of Fig. 5, near-synchronous ECMWF/CALIPSO
measurements are selected. The overpass times of CALIOP
and MODIS instruments over the area of study (due to or-
bit adjustments and geographical area extent) varies between
10:00 and 10:26 UTC for CALIOP/CALIPSO and 10:30 and
10:55 UTC for MODIS/AQUA. According to the abovemen-
tioned times, the time difference between the pairs of satel-
lite/model data used in our comparisons, taking into account
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the use of 12:00 UTC ECMWF analysis data ranges between
1 h/5 min and 2 h. The only analyses ECMWF BLH fields are
from 00:00 and 12:00 UTC. Hence the ECMWF data used
for this study refer only to the analyses fields for BLH at
12:00 UTC, which is the closest in time available analyses
BLH data to the overpasses. All the other ECMWF prod-
ucts for BLH refer to forecasted fields which are not used in
this study. However, a possible bias in our comparison could
be introduced by the fact that CALIPSO/MODIS overpass is
always earlier than 12:00 UTC, and that the boundary layer
height is usually still growing from 10:00 to 12:00 UTC.

In the left panel of Fig. 5, all the near-synchronous
(12:00 UTC) CALIPSO aerosol top heights and ECMWF
mixing layer heights are presented, showing a very good
agreement when the MODIS fire confidence is less than 80%
(correlation coefficient equal to 0.952). The “fire confidence”
MODIS product is a measure representing the level of con-
fidence that the observation is indeed a “true” fire (ranging
from 0–100%). Following the user guide for MODIS fire
products, the users requiring fewer false alarms, may wish
to consider only high-confidence (greater that 80%) and treat
low-confidence fire pixels (less than 80%) as clear, non-fire,
land pixels. Considering this statement, the data on the left
panel of Fig. 5 are most likely referring to non-fire pixels,
showing that in these cases ECMWF BLH heights are in
good agreement with CALIPSO derived heights of the top of
the aerosol layer. This indicates that the CALIPSO retrievals
are in good agreement with ECMWF BLH for no fire inci-
dents.

For the fire cases examined here, where MODIS fire confi-
dence is greater than 80% (Fig. 5, right panel), the correlation
coefficient drops to 0.517. This may have several plausible
reasons listed below:

(a) In the presence of strong fire activity the smoke parti-
cles can be directly injected well above the PBL height
into the free troposphere, and this could be a possible
explanation of the greater values of CALIPSO’s aerosol
top heights compared with those of ECMWF’s mixing
heights.

(b) The strong fire activity may increase the thermal insta-
bility of the ambient lower atmosphere thus inducing an
increase of the PBL height, a fact which is not captured
by the ECMWF model. This can be due to the fact that
the assimilation of the ECMWF model does not take
into account the strong updrafts generated by the fires
for the calculation of the mixing height.

(c) It could be a combination of both previous explanations.

In Fig. 6, the frequency distribution of the differences be-
tween the CALIPSO aerosol top height and ECMWF’s esti-
mated mixing height is presented. It is evident that for the
163 cases of the fires examined here, the 51.5% of the cases
were found to lie within the PBL. For the 48.5% of the cases

examined, the smoke has been injected directly into the free
troposphere. The smoke reached heights above the mixing
layer in the order of 0.5 km for 20.8% of the cases, 1 km
for 10.4% of the cases and between 1.5 and even 3.0 km for
17.3% of the cases. In their study for the year 2006, Labonne
et al. (2007), reported that the smoke from the fires in East-
ern Europe is often contained within the mixing layer, but the
authors report also a large number of cases where the smoke
extends well above the ECMWF diagnosed top height. Di-
rect injection of smoke in high free-tropospheric altitudes has
been also reported in the past for biomass burning events in
mid and high latitudes (Fromm et al., 1998; Jost et al., 2004).

Taking into account the large range of injection heights
for the studied area, we have tried to further investigate the
relation between the fire intensity and the injection height.
The injection heights from CALIPSO used for this compar-
ison are corrected to refer to the surface elevation instead
of sea level, for consistency with MODIS FRPs which refer
to surface fires. This correction could be significant in case
of profound orography. However, the exact surface eleva-
tion levels for the fire pixels under study, taken by the Digi-
tal Elevation Model used by CALIPSO at the lidar footprint
(GTOPO30 digital elevation map), vary between 0 and 196
m (mean = 125 m, standard deviation = 65 m), and this is ra-
tional since we are dealing with agricultural fires initiated in
crop fields which are mostly located at non-elevated terrains.
Disregarding horizontal transport processes but also the ver-
tical thermal profile of the lower atmosphere (boundary layer
and the lower free troposphere), one would expect that the
main driver of the fire smoke would be the convection by the
fire heat, and thus, higher values of injection heights should
be expected for higher FRPs.

In Fig. 7a, the scatter plot between FRP and injection
height is shown in log-log scale, revealing enhanced disper-
sion of the values. However, an increasing tendency of in-
jection height with FRP is evident. The regression line in
the log-log plot revealed a slope of 0.39 and an intercept of
2.94. These results are comparable with the range of the re-
spective values given by Val Martin et al. (2010) for North
America and for different atmospheric stability setups. A
more detailed comparison with these findings is not mean-
ingful since our study area is located in a lower latitudinal
belt with different PBL characteristics and different biomes.
Moreover, that paper deals with wild fires of a wide range
of fire intensity instead of the narrow FRP range of the con-
trolled agricultural fires studied here.

Overall, the scatter in Fig. 7a is indicative of the fact
that many factors other than the FRP are responsible for the
high dispersion of the values. In particular, the data scatter
could be partly attributed to the fact that the smoke plumes
from neighboring fire pixels are probably influencing injec-
tion height retrievals at downwind pixels under study. More-
over, the possible presence of dense smoke above the fire
area (smoldering versus flaming fires) may lead to underesti-
mates of the FRP values from MODIS due to the emissivity
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Fig. 7. (a)Log-log scatter-plot of Fire Power versus smoke Injec-
tion Height. The continuous red line is the regression line of the
data set.(b) Log-log scatter-plot of Fire Power versus smoke In-
jection Height in the case of the presence of stable layers in the
free troposphere (left panel) and when the free troposphere showed
almost neutral atmospheric stability conditions (right panel).

assumed in the retrieval (Kahn et al., 2007). Finally the phys-
ical processes including the atmospheric static stability, the
vertical wind shears and the horizontal advection, are ex-
pected to play an important role adding to the parameters
driving the smoke injection. The above mentioned physical
processes are further investigated to explore the large scatter
of Fig. 7a.

As far as it concerns the role of the vertical wind shear, it
is expected to be stronger in the lower part of the boundary
layer or at the transition zone from the boundary layer to the
free troposphere. The calculation of the vertical wind shear
at the lowest 4 layers (surface-925 hPa, 925–850 hPa, 850–
700 hPa and 700–500 hPa), based on the low vertical reso-
lution of the standard pressure levels of the ECMWF model,
did not provide a reasonable mean to explore the large scatter
of Fig. 7a (results not shown) in our selected cases. As far as
it concerns the role of the horizontal advection it should be
noted that the ECMWF data for the selected cases indicate
weak horizontal winds resulting in relatively slow advection
of smoke plumes (see Sect. 3.1 and Fig. 2a).

Finally, concerning the role of the static stability, we tried
to additionally classify our results by the potential tempera-
ture lapse rate at levels above the PBL (shown in Fig. 2c),
where the atmospheric stability is considered to play a criti-
cal role for the plume rise. A similar approach was followed
by Val Martin et al. (2010), who considered the depth of the
stable layer to be the difference between the height of the top
of the stable layer and the height of the bottom of the sta-
ble layer, using the meteorological data assimilation scheme
from the GEOS model with 5 levels (in the vertical) between
about 850 hPa to 500 hPa. In our case, we have used the
standard pressure levels of the ECMWF model with prac-
tically only 3 levels between about 850 hPa to 500 hPa (850,
700 and 500). Specifically, we have calculated the poten-
tial temperature lapse rate (d2/dP ) in the layers between
850–700 hPa and 700-500 hPa. The data used for this in-
vestigation refer to injection heights above the PBL as this
was diagnosed by ECMWF, which, following Fig. 6, are the
48.5% of the total of the 163 cases examined. In Fig. 7b,
two scatter plots between the FRP and the injection height
are shown in log-log scale; the left panel corresponding to
more stable conditions and the right panel to less stable con-
ditions in the free troposphere. The threshold values adopted
for the classification are the average values of the lapse rate
for each corresponding layer, presented in Fig. 2c. In the
left panel of Fig. 7b, the cases with stability greater than the
average of both layers (for 700-850 hPa:d2/dP < −0.045;
for 500–700 hPa:d2/dP < −0.056), are presented, indicat-
ing the presence of relatively stable layers in the free tro-
posphere. In this case (Fig. 7b, left panel), the correlation
between the injection height and the FRP is poor, since the
smoke plumes are potentially limited by the elevated stable
layers and thus, the vertical transport is less favored. In the
right panel of Fig. 7b, the cases with stability less than the
average of both layers (for 700–850 hPa:d2/dP > −0.045;
for 500–700 hPa:d2/dP > −0.056), are presented, indicat-
ing the presence of relatively less stable to neutral layers in
the free troposphere. These cases are considered more favor-
able for injection in the free troposphere, depending on the
fire characteristics and thus, are expected to better correlate
with the FRP. Indeed, the explained variance of the relation
between plume injection height and FRP in the right panel of
Fig. 7b improves considerably, reaching 70%. Conclusively,
the lower stability in the upper part of the boundary layer and
the free troposphere favors the better relation between plume
injection height and FRP.

4 Summary and conclusions

The initial injection height of smoke aerosol generated
by fires over SW Russia and Eastern Europe during the
biomass burning season, for the years between 2006 and
2008, has been investigated using the synergy of CALIPSO
and MODIS satellite sensors. CALIPSO derived injection
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heights for the location of fires (pointed by MODIS fire prod-
ucts) found to be extremely variable, ranging from 1.6 and
5.9 km for the area of our interest. For the comparison of
the smoke injection height with the mixing layer thickness,
ECMWF model estimations of the mixing layer height have
been used for the hot spots analyzed in this paper. For the
cases of fires with high confidence (fire confidences greater
that 80% according to MODIS) data support that biomass
burning plumes are by 50% injected within the mixing layer
(as diagnosed by the ECMWF short-range forecast), and by
50% penetrate in the free troposphere. However, the at-
mospheric transport of smoke from neighboring or distant
sources cannot be evaluated using just CALIPSO data, al-
though we chose to show only cases with vertical aerosol
homogeneity, indicative of strong convection above the fire
locations. Injection heights examined showed a tendency to
increase with increased FRP MODIS product which is in-
dicative of the fire intensity. This relation improves espe-
cially for cases with lower stability in the upper part of the
boundary layer and the free troposphere.

Future work including the synergy of CALIPSO and
MISR sensors could be a potential method for most accu-
rate geometrical characterization of smoke plumes and more
accurate attribution of the smoke plume to the corresponding
source. Additional modeling tools for atmospheric transport
calculations, including moist convection, can be synergisti-
cally used to provide parameterizations of biomass burning
plumes in general circulation models.
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