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ABSTRACT: 

Rapid economic development leads to increasing sources of aerosols from both urban and biomass sources, which in turn have a 

significant impact on the atmosphere and the environment. There are significant differences however between urban sources, which 

tend to be emitted at low temperature, and biomass sources, which are co-emitted with a significant amount of heat. In this work, we 

first analyse the spatial and temporal distribution of aerosol height from 3.5 years of day-by-day global measurements of aerosol 

plume height from MISR from January 2008 through June of 2011). We next use a simple plume rise model (PRM) based on FRP 

and various meteorological variables both from MISR and from other data sources. We find that the PRM makes a reasonable 

reproduction of the MISR measurements in Western Siberia, Alaska, Central Canada, Argentina, and Eastern Europe, although it 

underestimates the MISR measurements everywhere. We compute the amount of aerosol above the boundary layer as well as its 

distribution, and find that the PRM can only come close to reproducing this in conditions which are dry and found in extra-tropical 

regions. In specific we find that there is a slight model improvement when we apply factors to the wind speed. In general, we find the 

results are optimized when wind speed is adjusted by 20% around the given mean value, and the vertical velocity is adjusted by -20% 

to +40% of the original value. The best fitting region, Argentina, is obtained with an RMS error (model biased low) of 0.39km, when 

the horizontal wind is unadjusted and the vertical wind is adjusted by -20%. We further find that the PRM approach is not applicable 

over those regions which have the highest magnitude of aerosol emissions, as detected by OMI and MOPITT measurements of NO2 

and CO respectively, leading to future plans on how to correct for and improve this approach.  

1. INTRODUCTION

Biomass burning occurs almost uniformly during the local dry 

season throughout all regions of the world, especially in 

rapidly-changing countries and those which are 

agriculturally-intensive(Kaufman et al. 1998, Turquety et al. 

2007, Cohen et al. 2018).These changes are occurring on top of 

rapid urbanization. The observed air pollution in a region is the 

combination of these various different local and remotely 

transported sources(Cohen et al. 2011, Tosca et al. 2011). A 

clear understanding of the impacts of these various sources is 

complex in regions where there are multiple significant sources, 

since they occur across different spatial and temporal scales: 

urban sources near the surface and biomass burning sources 

high in the atmosphere(Singh et al. 2018). 

Those sources emitted near the surface tend to stay closer to 

their point of emissions, while those sources which are first 

lofted to a significant height advect further and impact a 

different part of the atmosphere. Therefore, it is essential to 

understand the vertical profile of species freshly emitted into the 

atmosphere, if we are to better understand their fate and impact 

on the larger atmospheric system. 

Wildfires every year are found to burn a significant fraction of 

global forests, grasslands and farmland, with the output being a 

significant discharge of aerosols, trace gases, and heat 

(Kaufman et al. 1998, Kahn et al. 2007, Tosca et al. 2011). 

Sources from fires affect the distribution of aerosol in a unique 

manner, since the co-emitted heat leads to lofting of the aerosols, 

with a significant amount even reaching into the free 

troposphere. Furthermore, significant differences in land type, 

meteorology, and duration and intensity of the local dry season 

lead to differences in the length and amount of emissions from 

biomass burning. These differences may span such situations as 

a large amount of emissions cover a short but intense 

time-frame, to conditions where smoldering continues for 

months on end. This diversity of sources and emissions under 

different conditions have led to a significant inter-annual and 

intra-annual variations of large-scale fire events(Cohen 2014). It 

is further thought that there are significant impacts between 

these changes and meteorology, although these connections are 

presently not well understood(Cohen et al. 2011, Cohen et al. 

2018). Recent studies have shown that such extreme events are 

becoming more frequent (Kauffman et al. 2003, Achtemeier et 

al. 2011, van Donkelaar et al. 2011, Singh et al. 2018, Vernon et 

al. 2018). 

In the past, biomass burning sources have been considered 

insignificant compared with local urban anthropogenic aerosol 

sources. However, new research has shown that fires contribute 

a significant amount towards even local loadings in many urban 

areas, not only just on the global scale, and that such effects 

may be observed regionally over times with an annual or higher 

frequency(Cohen et al. 2017, Cohen et al. 2018). 

The current generation of models is poor in terms of 

reproducing the vertical distribution of atmospheric 

aerosols(Cohen et al. 2018, Val Martin et al. 2018). This is 

because they frequently do not capture the physics across the 

spatial and temporal scales required to drive the vertical rise. 

For example, plume rise models simulate the height mainly 

based on FRP and the atmospheric stability, while in reality we 

know that mountain winds, localized convection, and other 

forcing also play a significant role, as well as non-linear 

dynamics. This is why in general; simple plume rise models 

tend to underestimate aerosol height measurements. This is 

particularly so in terms of the amount injected into the free 
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troposphere (Trentmann et al. 2006, Val Martin et al. 2012, Val 

Martin et al. 2018). In addition, it is known that under high 

AOD or cloudy conditions, it is hard or impossible to measure 

FRP, leading to a further underestimation of this key controlling 

factor for simple models.(Paugam et al. 2016, Val Martin et al. 

2018). 

On one hand, previous work by Ichoku and Ellison (2014) used 

time-integrated satellite measurements of FRP as a physical 

parameter to estimate the plume height, and found this to be 

more effective than using emissions factors. While a good step, 

their result did not consider the impact of the spatial and 

temporal variance in meteorological conditions. On the other 

hand, two previous attempts to study aerosol height over 

Southeast Asia and Australia were performed by Cohen et al. 

(2018)and Mims et al. (2010) and both considered meteorology, 

although they were limited to specific regions and land-use 

types. Our work is the first to address both approaches 

simultaneously. 

We use a simple plume model based on first principles, and 

attempt to reproduce the measured MISR plume heights. We 

then quantify under what conditions and over what regions our 

simple model works well, and does not work well. Our analysis 

considers not only the difference in the mean, but also any bias 

in the extremes, so that we may better understand how to 

constrain the system across all realistic conditions that have 

been previously observed to impact a real aerosol plume’s rise 

(Cohen et al. 2018). We specifically include more than 67000 

pixels of data, spread out over 3 and half years. 

2. DATA AND METHODS

2.1 MISR Aerosol Measurements 

The Multi-angle Imaging SpectroRadiometer [MISR] flies on 

the Terra satellite and records images at 9 different angles in the 

4 bands at 446nm, 558nm, 672nm, and 866 nm(Diner et al. 

1998), allowing for the ability to distinguish different types of 

clouds, aerosol particles, and surfaces. The MISR INteractive 

eXplorer is used to combine MODIS fire point measurements 

(co-located on the Terra satellite(Freeborn et al. 2014)) with the 

plume heights from MISR, and provides wind speed and 

elevation at 1.1x1.1km2(Nelson et al. 2013, Val Martin et al. 

2018).We specifically use the daily plume heights and wind 

speed data, from MISR, as well as the fire radiative power 

(FRP)from MODIS. These measurements are only available 

under cloud free conditions, which therefore may lead to biases 

over regions where a significant amount of fires occur under 

cloudy conditions. 

2.2 Geography 

Worldwide biomass burning and deforestation have been 

undergoing tremendous changes over the past few decades. In 

this work, we focus on areas where the characteristics of the 

land type have changed rapidly, specifically, the fourteen 

regions shown in Table 1. The computed mean and standard 

deviation of the MISR aerosol height measurements over each 

region show clearly a considerable amount of difference 

between these regions, attributed to differences in land surface 

type, climate, and various meteorological conditions. 

2.3 NCEP Reanalysis Data 

Meteorological data for the vertical temperature and pressure 

distribution have been obtained from the National Centers for 

Environmental Prediction (NCEP) reanalysis database (version 

Reanalysis 1)(KALNAY 1996). These variables are then used 

to compute the gradient of temperature in vertical direction 

(dT/dz), the surface air Temperature, and the initial vertical 

velocity of smoke. 

long 1 long 2 lat 1 lat 2 
Mean 

(km) 
SD 

Central 

Africa 
10 40 2 12 1.36 0.8 

Midwest 

Africa 
-15 5 6 15 0.9 0.42 

Southern 

Africa 
14 40 -20 0 1.7 0.56 

Central 

Siberia 
88 125 46.8 66 1.6 0.9 

Siberia and 

Northern 

China 

125 135 45 65 1.27 0.97 

Eastern 

Siberia 
163.8 176.5 61 65.7 1.1 1 

Western 

Siberia 
59 88 48 66 0.95 0.77 

Northern 

Southeast 

Asia 

92 108 11 24 1.57 1.03 

Northern 

Australia 
121 147.2 -20 -11 0.9 0.62 

Alaska -156.5 -133.8 60 68 1.57 0.91 

Central 

Canada 
-120 -94.5 54.5 64 1.97 1.26 

South 

America 
-70 -40 -22 -4 0.97 0.66 

Argentina -66 -55 -31 -22 0.69 0.7 

Eastern 

Europe 
30 59 46.8 57.5 1.41 1.05 

Table 1. Latitude and Longitude boundaries of the 14 regions 

studied in this work. 

2.4 Plume Rise Model 

Traditionally, plumes rise models have been associated with air 

pollution emitted from hot stacks. In this work, we use a similar 

approach based on the heat flux co-emitted by each fire. The 

total heat flux and latent heat flux, when combined with the area 

of each fire in turn determines the plume buoyancy(Val Martin 

et al. 2012), in an approximation based on.thermal dynamics. 

The empirical plume rise model to reproduce the height of 

aerosol plumes which over fire hot spots measured by MISR, is 

slightly different based on whether the vertical and horizontal 

meteorology is dominated at that place and time by buoyancy or 

momentum. Since the plume rise is rapid, the connection 

between the localized meteorological and fire conditions can be 

quickly parameterized and applied in large-scale modeling 

systems. This allows for an effective transport from the surface 

to the lower-free troposphere, where long-distance transport of 

aerosols is possible. There are some issues with this approach. 

Firstly, large areas of cloud cover may lead to an underestimate 

of FRP or even the complete missing of fires (Kauffman et al. 

2003). Secondly, reanalysis does not match well with regions 

that have strong mountain derived winds, or pollution-induced 

meteorological fields under very high AOD conditions 

(Achtemeier et al. 2011). Thirdly, our work does not take into 

account the long-distance transport of aerosols from adjacent 

areas, or convection induced by heating induced by the aerosols 

themselves. 
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2.5 Analytics and Statistics 

We jointly analyze the mean, the variation, and the extremes of 

the vertical distribution over each region. The purpose is to 

observe that the sources of aerosol plumes with similar mean 

heights may have very different variances, or may in general be 

similar, but have a set of extreme conditions which are quite 

different. 

Furthermore, we employ a set of constant multiplicative wind 

spee factors as a means of testing the sensitivity of the model to 

the meteorology provided respectively by either MISR or NCEP. 

These values are applied in steps of 0.2 over the range from 0.8 

to 1.6. This factor is applied both to the vertical wind as well as 

the horizontal wind, although it is not applied to both 

simultaneously. Although there is some connection between 

uncertainty in the wind and in the vertical temperature gradient, 

we do not consider this here, since there is no way simple way 

to couple this using reanalysis meteorology(Cohen et al. 2018). 

3. RESULTS

3.1 Spatial-Temporal Distribution of the MISR Data 

The spatial distribution of the climatological mean and the 

standard deviation of the MISR aerosol plume height in each 

10km x 10km grid is given in Figure 1. Another way to look at 

this data is to analyze the vertical distribution over each region 

of interest. We have computed the amount of the total MISR 

points found within each 100m layer height, i.e. 0m to 100m, 

100m to 200m, etc. as given in Table 2. These techniques allow 

us to understand and differentiate the different regions on the 

basis of their spatial and vertical climatology. We find that these 

results are different from previous attempts including those 

commonly accepted by the community as the gold standard. 

As displayed in Figure 1a we can clearly analyze which areas 

have the largest impact on aerosol height, which specifically 

include southern and Central Africa, Central South America, 

Siberia, Northern Southeast Asia, Canada, and Northern 

Australia. However, there are some regions over which MISR 

has not captured what were otherwise expected to be areas with 

a significant aerosol vertical source, in specific those regions in 

the Sichuan Basin, Indonesia, and India. The reason may be due 

to meteorological factors, because pollutants emitted from local 

sources are mixed in with biomass burning plumes in the 

regions. Another possibility is that high levels of clouds that 

occur at the same time as the biomass burning in these regions 

may be masking their signal. Another consequence of these two 

rationales is that there are some regions where we find there are 

too many plumes, such as in Northern Australia, Eastern Europe, 

Eastern China, and the Northeastern USA, which may in fact be 

related to downwind transport from these areas, or 

mis-characterization of surface heat sources which are not from 

fires. 

We determine that a significant amount of aerosol mass exists in 

the free troposphere over each region. Assuming the measured 

daily average boundary layer height can be represented by the 

range from 1000m to 2000m(Guo et al. 2016, Cohen et al. 

2018), and has a central value of 1500m, we compute the 

fraction of the aerosol loading in the free troposphere of the 

regions, respectively (with all values representing a percent 

above the respective boundary layer height): (31,57,12); 

(64,35,1); (5.9,70,24.1); (22,51,27); (37,55.7,7.3);(50,45,5); 

(64.5,30,5.5); (37,36,27); (64,32,3.9); (29,46,25); (22,36,42); 

(63,32,5); (84,11,5); and (39,44,17), respectively. This set of 

results is important in three ways, first that in all regions, the 

amount in the free troposphere is more than in previous studies 

(which indicated the large majority of smoke remained within 

the boundary layer(Cohen et al. 2018)); secondly that there is a 

significant difference between different regions when the 

boundary layer is high, which will cause considerable 

divergence when the current generation of models are compared 

with measurements; and third, that the wide variation will. 

likely cause significant retrieval errors in aerosol products, 

including AOD. 

(a) 

(b) 

Figure 1. Climatological mean (a) and Climatological 

normalized standard deviation (b) of the daily average MISR 

plume height measurements, from January 2008 through July 

2011. 

With respect to the case of Central Canada, we find that both 

the boundary layer and the free troposphere both have a roughly 

similar amount of aerosol (58.3% in the boundary layer and 39% 

in the lower free troposphere). What is unique is that over this 

region, there is also a significant amount of aerosol (2.7%) 

found in the middle and upper free troposphere above 5km. The 

results in this region are consistent with primary forests being 

burnt at very high temperature. 

0-1k 1k-2k 2k-3k 3k-4k 4k-5k >5k

Central 

Africa 
30.9% 56.9% 9.9% 1.7% 0.3% 0.3% 

Midwest 

Africa 
64.4% 34.8% 0.6% 0.1% 0.0% 0.1% 

Southern 

Africa 
5.8% 69.8% 22.9% 1.2% 0.2% 0.1% 

Central 

Siberia 
21.8% 50.8% 22.0% 4.0% 0.8% 0.7% 

Siberia 

and 

Northern 

China 

36.8% 55.7% 5.9% 0.4% 0.2% 0.9% 

Eastern 

Siberia 
50.2% 44.7% 3.3% 0.7% 0.1% 0.9% 

Western 

Siberia 
64.7% 29.8% 3.9% 0.8% 0.3% 0.4% 
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Northern 

Southeast 

Asia 

37.1% 35.6% 17.0% 7.3% 2.4% 0.6% 

Northern 

Australia 
64.3% 31.8% 2.6% 1.2% 0.1% 0.1% 

Alaska 29.3% 45.8% 17.8% 5.6% 1.1% 0.5% 

Central 

Canada 
22.3% 36.0% 25.5% 9.7% 3.9% 2.7% 

South 

America 
63.1% 31.4% 4.4% 0.7% 0.1% 0.2% 

Argentina 83.8% 11.1% 2.3% 2.3% 0.6% 0.0% 

Eastern 

Europe 
38.5% 44.1% 9.7% 4.5% 2.7% 0.5% 

Table 2. Statistical summary of different height of MISR 

measurements during 2008-2011, over different regions 

Furthermore, the vast majority of the other locations we cannot 

as readily draw a statistically significant conclusion about the 

nature of the heights. We find that in many cleaner regions (as 

determined by the profiles of NO2 from OMI) specifically in 

Siberia, Alaska, and Australia, the magnitude of the standard 

deviation of height is extremely large when compared with the 

plume height, making characterization complex. These regions 

sometimes have very severe fires, and at other times have 

low-temperature fires. However, we can observe from the NO2 

profiles that the emissions do not vary greatly between the total 

emissions levels found under the different sets of aerosol height 

conditions. This tells us that a deeper understanding is required 

in order to understand the vertical aerosol distribution. 

On the other hand, in those regions which have a higher loading 

of pollutants, such as in Central Africa, Southeast Asia, South 

America, etc. there is a more complex set of aerosol sources. 

These regions have a significant amount of biomass burning, 

but also have a rapidly increasing amount of urbanization and 

high population density. These urban sources will tend to mostly 

occur within the boundary layer. Therefore, we find that some 

of these regions have a higher standard deviation in aerosol 

height and hence are harder to characterize. However, a subset 

of these regions, in specific Southeast Asia and Western Central 

Africa, have a lower standard deviation and are found to have a 

very consistent aerosol height distribution during the latter parts 

of the local dry season. In all of these sets of cases however, we 

find that the simple model based on FRP and meteorology still 

does not perform well. This has a known theoretical basis 

however. Firstly, because these regions tend to have clouds at 

the same time as the burning. And secondly because in the case 

where there is a significant amount of absorbing aerosol near 

the top of boundary layer and extending into the lower free 

troposphere, its interaction with radiation is much stronger, and 

the lifetime of the aerosol will be enhanced. Furthermore, there 

may be interactions between the aerosols themselves with the 

dynamics, possibly providing a feedback further narrowing the 

aerosol plume height. 

3.2 Sensitivity Tests of Wind Factor on Plume Rise Model 

The statistical results of the plume rise model when applied to 

all of the regions from Table 3 in the respective order are found 

to have an aggregated mean height (and standard deviation) 

respectively of: 0.59km(0.22km), 0.60km(0.23km), 

0.58km(0.23km), 0.87km(0.89km), 0.80km(0.64km), 

0.68km(0.34km), 0.79km(0.95km), 0.73km(0.38km), 

0.64km(0.29km), 1.39km(3.03km), 1.73km(2.19km), 

0.50km(0.21km), 0.65km(0.25km), and 1.27km(2.67km). 

Across all of these results, we find that the average modeled 

height is always lower than the average height of the 

measurements, with the range from 0.04km to 0.83 km. The 

regions with the best average height representation are found in 

Argentina (0.04km), East Europe (0.14km), West Siberia 

(0.16km), Alaska (0.18km), Central Canada (0.24km) and 

Northern Australia (0.26km).Those regions with a high average 

standard deviation are not considered further in this work. 

A very interesting point is that most of the regions which have a 

reasonable average representation by the plume rise model are 

found at middle and high latitudes, and are regions which are 

generally cloud-free. This means that localized effects such as 

the fire-induced heating are more important, since they do not 

as frequently experience large-scale deep convection (like the 

tropics) and they also do not have as much bias in terms of FRP 

measurements being hindered (i.e. by cloud cover). Both these 

aspects lead to a more simplified dynamical plume mode being 

more suitable. The opposite is expected to be true in the regions 

which are found to have the largest difference between the mean 

height and plume rise model representation, such as in Africa, 

Southeast Asia, and the Amazon. 

Western 

Siberia 
Alaska 

Central 

Canada 
Argentina 

Eastern 

Europe 

MISR 

data 

0.95 

(0.77) 

1.57 

(0.91) 

1.97 

(1.26) 

0.69 

(0.70) 

1.41 

(1.05) 

Plume 

Model 

0.79 

(0.95) 

1.39 

(3.03) 

1.73 

(2.19) 

0.65 

(0.25) 

1.27 

(2.67) 

VX=0.8 
0.71 

(0.80) 

1.25 

(2.56) 

1.48 

(1.84) 

0.60 

(0.24) 

1.12 

(2.25) 

VX=1.2 
0.86 

(1.09) 

1.52 

(3.48) 

1.96 

(2.51) 

0.69 

(0.27) 

1.41 

(3.07) 

VX=1.4 
0.92 

(1.23) 

1.63 

(3.91) 

2.19 

(2.83) 

0.73 

(0.29) 

1.54 

(3.45) 

VX=1.6 
0.98 

(1.36) 

1.74 

(4.33) 

2.41 

(3.13) 

0.76 

(0.30) 

1.67 

(3.82) 

UX=0.8 
0.89 

(1.20) 

1.58 

(3.80) 

2.13 

(2.75) 

0.70 

(0.28) 

1.49 

(3.35) 

UX=1.2 
0.71 

(0.79) 

1.26 

(2.52) 

1.46 

(1.81) 

0.61 

(0.24) 

1.12 

(2.22) 

UX=1.4 
0.66 

(0.67) 

1.16 

(2.15) 

1.27 

(1.55) 

0.58 

(0.23) 

1.00 

(1.90) 

UX=1.6 
0.62 

(0.59) 

1.08 

(1.88) 

1.13 

(1.35) 

0.55 

(0.22) 

0.92 

(1.66) 

Table 3. Statistics of (top row) measured MISR plume heights 

and (standard deviations) using daily data from 2008 to 2011; 

(second row) the plume rise model; and various sensitivity tests 

with the model as a function of vertical (VX) and horizontal 

(YX) velocity. 

One important meteorological factor in terms of plume rise 

modeling is the wind speed, as shown in Table 3. Initially wind 

speed was assumed to be constant uniform over the entire 

vertical rise of the plume. However, given how high these 

plumes rise, such an assumption may no longer be valid, as 

winds in the lower free troposphere are frequently different 

from in the boundary layer. Therefore, a sensitivity analysis can 

help us to understand the impact of such assumptions on the 

model’s ability to predict the plume heights. For Argentina, East 

Europe and West Siberia, the change of wind speed factor has 

little impact on the RMS (about 0.4, 0.8 and 0.7 respectively for 

Argentina, East Europe and West Siberia). But the best-fit wind 

factors (in terms of root mean square error (RMS)) are found to 

specifically be VX=1.6,RMS=1.10km for Central Canada and 
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VX=1.2,RMS=0.66km and UX=0.8,RMS=0.66km for West 

Siberia. 

3.3 Modeled Aerosol Vertical Distribution 

A comparison of the day-to-day modeled and measured heights 

for the best-fit regions is given in Figure 2. Firstly, most of the 

modeled values are found to fall within one standard deviation 

of the measured mean daily value over each region (the length 

of the error bars in the plot). Secondly, it is observed that the 

vast majority of the data is aggregated around certain times of 

the year as a function of each site, which in all cases belongs to 

the local dry season when FRP and stereo measurements are 

available. Thirdly, a significant amount of the total RMS error 

occurs when there are either extremely high measured values 

over 5km (indicating pyro-convection or other non-standard 

vertical atmospheric conditions) or when the modeled height is 

three times higher than the measured height and at the same 

time the measurement is located below 0.5 km (indicating that 

FRP is not the reason why the model is wrong). 

(a) 

(b) 

(c) 

(d) 

(e) 

Figure 2. Comparison the time series of wind speed factors 

height, plume rise model height and measured height over five 

best-fit regions (a) Argentina; (b) East Europe; (c) Central 

Canada; (d) Alaska; (e) West Siberia. 

4. DISCUSSION AND CONCLUSION

This work uses new data on the vertical distribution of aerosols 

and combines this with a simple plume rise model to estimate 

the vertical distribution of smoke plumes. We find that applying 

measurements of the daily mean and standard deviation of data 

over the whole world from MISR allows us to derive useful and 

meaningful characteristics of the vertical plume height over 

regions without significant cloudiness. We find that in 

non-tropical forests, such as Alaska, Argentine, and Siberia, the 

overall characteristics are stable, with a few dominating extreme 

events, including events lofting aerosols into the stratosphere. 

Over Africa and parts of Southeast Asia, we find that aerosols 

likely come from multiple sources include biomass burning, 

anthropogenic sources, and long-range transport, so that a 

significant amount of the total plume is found both below the 

boundary layer during part of the year, and above the boundary 

layer during other parts of the year. 

While trying to understand the major cause of model 

uncertainty, we have discovered that uncertainties in the 

measured wind speed are significant. Over some regions, the 

model performs better when error in the wind measurements are 

random in nature, such as in Argentina and Central Canada. 

Over other regions, we find that a bias in wind speed allows for 

a best fit with measurements, including in Western Siberia, 

Alaska, and Eastern Europe. In terms of the most extreme 

events, our model when used with an enhanced wind factor of 

VX=1.4, is capable of reproducing the timing of the enhanced 

higher plume heights that are observed in Western Siberia 

(April 2008), Eastern Europe (September 2008), Alaska (May 

2009), and Argentina (November 2009). Although this wind 

factor is not uniform everywhere and merely applying it 

uniformly will lead to other occurrences where the measured 

heights are severely overestimated. Over the rest of the world, 

the simple plume model approach is found to not be appropriate 

under any set of reasonable wind-speed conditions. 

Conversely to other findings, we have not identified any 

statistically valid trend in the aerosol height distribution over 

the time series from 2008 to 2011. This indicates that a 

combination of the emissions and underlying processes 

controlling the vertical distribution have not changed much over 

the time of interest. Simultaneously, we also have determined 

contrary to the literature that the most extreme values measured 

(both for plumes above 5km and below 500m) are not well 

reproduced by the plume rise model, even though the FRP 

values have been measured in cloud-free conditions, indicating 

that there are other factors besides bias of the FRP and wind 

speed which are driving these more extreme conditions. 
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