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1. Background 
The eruption of the Soufrière Hills Volcano on the 
Caribbean island of Montserrat on May 20, 2006 
was observed by two satellite borne instruments, 
CALIPSO and OMI. The CALIPSO instrument is a 
satellite-borne down-looking lidar that measures the 
backscatter from clouds and aerosols. The OMI 
instrument measures a number of gases, including 
total column SO2. It observed a plume of SO2 from 

the volcano as it drifted across the Pacific Ocean. By 
June 7, 2006 the plume was over Indonesia and 
about one week later it had largely dissipated. The 
CALIPSO satellite with the CALIOP lidar system on 
board was launched on April 28, 2006. The “first 
light” picture from CALIPSO on June 7 showed a 
layer of particles in the lower stratosphere over 
Indonesia. This layer was identified as a layer of 
sulfuric acid particles formed from the SO2 injected 
by the volcano. We have carried out microphysical 

ABSTRACT: 
The sulfur dioxide from a volcanic eruption on the Caribbean island of Monserrat was observed 
by the satellite borne Ozone Monitoring Instrument. This instrument tracked the plume as it 
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modeling to study the development of this layer. Our 
microphysical model incorporates the dissipation of 
the SO2, the conversion of SO2 to sulfuric acid, the 
nucleation of sulfuric acid solution droplets, and the 
growth of these droplets by condensation and 
coagulation. The model predicts the composition and 
size distribution of the sulfuric acid droplets as a 
function of time. The size distributions are fed into a 
Mie scattering model to estimate the backscatter 
from the aerosol layer. We find that the model 
estimate is in excellent agreement with the 
observations made by CALIPSO. Thus we show that 
using the lidar return from CALIPSO, along with 
correlative measurements of gas phase species and a 
microphysical model can generate “closure” for lidar 
in space observations.  

We begin by briefly describing the CALIPSO and 
OMI data and then discuss in detail the 
microphysical model used to achieve closure. 

OMI, the Ozone Monitoring Instrument, is a 
modern version of the TOMS instruments that were 
used for several decades to measure total ozone 
column in the Earth’s atmosphere. OMI is also able 
to measure column amounts of a number of other 
gases. We are particularly interested in the 
measurements of SO2 which OMI can measure down 
to about 1016 molecules/cm2. Under conditions of 
high SO2 loading (for example after a volcanic 
eruption) the absolute accuracy of the OMI SO2 
measurements is about 30% and the relative 
accuracy is 20%. 

Following the eruption of Mount Soufrière on the 
Caribbean island of Montserrat, OMI was able to 
track the plume of SO2 as it drifted westward, across 
lower Central America and the Pacific Ocean. This 
plume slowly grew less dense as it diffused and was 
sheared into a much larger region of space. By June 
7, 2006 the cloud was over Indonesia and about one 
week later it had largely dissipated. Dr. Simon Carn 
of the OMI SO2 science team generated a “Quick-
Time” movie showing this plume as it drifted across 
the Pacific Ocean. The movie is available on the 
web on the OMI web page [1]. It shows a highly 
concentrated plume on May 20, 2006 located in the 
Caribbean and having an area of about 2X105 km2 
and a maximum SO2 column value of 147 Dobson 
units. By May 23 the plume crossed Costa Rica and 
was over the Pacific Ocean at latitude +13 N and 
longitude -93 E. The SO2 column was now 19.9 DU. 
On May 30 the plume was highly sheared, covering 
an area of 2 106 km2 extending from about -130o to 
-150o  in longitude. The maximum in SO2 (6.74 DU) 
was at latitude 13.8 N and longitude -146 E. By June 
3 the plume was rather diffuse and extended 
approximately from about -160o to +150o. By June 7 

the plume had an SO2 column value of 2.12 DU, an 
area of 1.7 106 km2 and was located over Indonesia 
at a latitude of 5.7 N and a longitude of 138 E. By 
June 11 the plume was over the Indian Ocean and 
had almost completely dispersed.  

We now briefly discuss the CALIPSO satellite 
system. This satellite flies in formation with the “A-
Train” constellation of satellites. (The Aura satellite, 
on which OMI is mounted is also a member of the 
A-Train.) The primary instrument on CALIPSO is a 
down-looking, two-wavelength, polarization-
sensitive lidar system operating at 532 and 1064 nm. 
(The lidar is denoted CALIOP, but we shall refer to 
the lidar observations by the generic term 
“CALIPSO”). 

The primary data product from CALIPSO is 
backscatter (per km sr) at 532 nm and 1064 nm. The 
accuracy for the backscatter product is about 10%. 
CALIPSO was launched on April 28, 2006 and the 
“first light” data for June 7, showed a stratospheric 
layer at 20 km in the same geographic region that 
SO2 was observed by OMI. The aerosol backscatter 
evaluated from the 532 nm-return signal reflected by 
the stratospheric aerosol was in the range from about 
0.8 10-3/km sr to 1.5 10-3/km sr. The CALIPSO 
aerosol backscatter "curtain plot" for June 7, 2006 
and other dates can be found on the internet [2]. The 
curtain plots present backscatter intensity as a 
function of altitude and location, using a color 
spectrum to represent different values of backscatter. 
Atmospheric objects such as clouds are easily 
identified in these plots. The ground track for the 
plot for June 7 begins over Siberia, sweeps down 
over Indonesia, moves across the western border of 
Australia and ends up in Antarctica. In the latitude 
range from about 16 N to 5 N and longitude 129 to 
126 E there is a clear signal from a reflecting layer at 
about 20 km, clearly above the clouds. This is the 
layer that has been identified as a sulfate aerosol 
layer formed from the SO2 released by Mount 
Soufrière. The backscatter from this aerosol layer is 
in the range of 8.0 10-4 to 1.5 10-3 km/sr. 

We now discuss the model we used to study the 
conversion of SO2 into sulfate particles. A schematic 
of the processes included in the model is given in 
Fig. 1. 
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Fig. 1. A schematic of the microphysical model. 

 

 

2. The Microphysical Model 
The microphysical model we are using has been 
described elsewhere, for example by Hamill et al [3] 
Here we present a brief summary of some of the 
pertinent aspects of the model. 

The model includes the following microphysical 
processes: nucleation, condensation, coagulation, 
and sedimentation. It also includes a simplified 
chemistry module that allows us to evaluate the 
conversion of sulfur dioxide into vapor phase 
sulfuric acid, and a Mie scattering module that 
allows us to determine the backscatter and extinction 
from the aerosol particles. Also included is the 
dispersion of gases and particles as a function of 
time. 

The model simulates the following processes: 
Sulfur dioxide is converted in the stratosphere into 
gas phase sulfuric acid. At each step in time, the 
model first evaluates the amount of sulfuric acid in 
the environment, basing the calculation on the OMI 
data. When the concentration of gaseous H2SO4 is 
large enough, nucleation will take place, generating 
very small sulfuric acid - water solution droplets. 
These droplets will grow via the condensation of 
vapor phase sulfuric acid and water, and via 
coagulation with other droplets. The model includes 
sedimentation, but this is not included in the 
calculations described below because we are dealing 
with a very short time frame so the vertical transport 
of aerosols is negligible. After the nucleation, 
condensation and coagulation have been calculated, 
the model evaluates the number of particles in 
various size ranges. (Our calculations involved a 
size distribution ranging from 2.9 10-4 μm to 24 
μm.) This size distribution is then fed into a Mie 
scattering model to calculate the expected 

backscatter. Finally, the model evaluated backscatter 
is compared with the CALIPSO measurements. We 
now describe the various processes in more detail. 

 

2.a. Nucleation 

The basic process for the formation of sulfate 
aerosol particles in the stratosphere is called 
heteromolecular (or binary) nucleation [3]. Although 
the nucleation of particles is negligible under normal 
stratospheric conditions, after the injection of 
volcanic gases, the sulfuric acid concentration can 
be large enough to initiate particle formation. 
However, neither pure water droplets nor pure 
sulfuric acid droplets will form because the vapor 
pressure over a solution droplet is lower than over 
the pure substance. The formation of a binary system 
particle will occur when the Gibbs free energy in the 
liquid state is lower than the Gibbs free energy in the 
vapor state. Thus, the controlling equation is  
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where PA,B are the partial pressures of A and B in 
the environment and P0A,B are the vapor pressures of 
these substances over a flat solution. The quantities 
nA,B are the number of A, B (A=acid, B=water) 
molecules in the droplet of radius r, and σ is the 
surface tension of the solution droplet. This 
relationship is based on two dubious assumptions, 
specifically, that the droplet is a sphere and that 
there is a well-defined surface tension having the 
same value as the bulk solution.  

For very small values of r the positive last term 
will dominate and liquid droplets will not form. For 
large values of r (corresponding to large values of 
nA and nB) the negative terms dominate and the 
liquid state has the lower value of G. Thus the ΔG 
vs r curve will initially increase as r2, reach a 
maximum, then decrease as r3. The maximum in ΔG 
(corresponding to the change from evaporation to 
condensation) will be denoted ΔG*. It is not difficult 
to determine the rate at which these “critically sized” 
embryos will be formed. This quantity is called the 
nucleation rate, as we assume that any particle 
reaching the critical size will continue to grow. The 
nucleation rate is given by: 
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where βA is the rate at which sulfuric acid molecules 
impinge on embryos of radius r and NB is the 
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number of water molecules per unit volume in the 
environment. 

 

2.b. Condensation 

The sulfuric acid solution droplets, formed by the 
nucleation process, will continue to absorb sulfuric 
acid. The rate at which a droplet grows depends on 
the rate at which sulfuric acid molecules impinge 
upon it. This is because the droplets will maintain 
equilibrium with respect to the water in the 
environment since the rate at which water molecules 
strike a droplet is about 106 times greater than the 
rate at which sulfuric acid molecules impinge on it. 
Therefore, the composition of the droplet remains 
constant. This growth in which two different species 
of gases are involved is called heteromolecular 
condensation [4]. 

The rate at which sulfuric acid molecules impinge 
on a droplet of radius r is given by: 
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where n is the number density of H2SO4 molecules 
and m is the mass of an H2SO4 molecule. If the 
sticking coefficient is unity, all of these molecules 
will be incorporated into the droplet. The growth 
rate for particles (where we are assuming radii <0.02 
mm) is: 

 .
χ
β

=
v
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Here v is the average volume per molecule in the 
droplet and χ is the concentration of sulfuric acid in 
the droplet. Note that the growth rate will be directly 
proportional to the sticking coefficient. 

 

2.c. Coagulation 

When two particles collide they will, in general, 
stick together. This reduces by one the number of 
particles having the sizes of the colliding droplets 
and generates one more larger particle whose 
volume equals the sum of the volumes of the 
colliding particles. If ni is the number of particles in 
size range i, the coagulation equation [5] can be 
written as: 
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where the “coagulation kernel” Kij is given by: 
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The various terms in this expression are defined as 
follows: 
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and Kn is the Knudsen number defined by Kn=r/λ 
with λ being the mean free path in air. 

 

2.d. The Mie Model 

The Mie scattering model is a standard model, 
adapted from the text by Bohren and Huffman [6]. 
The input to the model is the number of particles in 
each size range and their index of refraction. The 
index of refraction of sulfuric acid solution droplets 
depends on both the composition and on the 
temperature. The composition depends on the 
temperature and the water vapor content of the 
environment. We used standard stratospheric 
conditions of T=220 K and water content of 5 ppmv. 
The Mie model calculates the extinction and 
backscatter expected from the aerosol.  

 

2.e. Dispersion 

As time progresses the volcanic plume grows more 
disperse as “clean” environmental air is mixed in 
with the SO2. We can evaluate the SO2 concentration 
as a function of time by using the OMI data. This 
involves making an assumption on the thickness of 
the plume because OMI only retrieves total column 
amounts. However, the CALIPSO returns give us a 
fairly reasonable estimate for the thickness of the 
aerosol layer; we used the value of 800 meters for 
the thickness of the plume. Next we used the OMI 
value for the total area covered by the plume and the 
total measured SO2 number density to obtain an 
average concentration of SO2 (molecules/cm3). This 
assumes that the plume is homogenous, which is 
clearly not the case, as indicated by the OMI 
observations. Nevertheless, it is not an entirely 
unreasonable approximation.  

Once the particles are formed, they too are subject 
to dispersion. We assume that the particles disperse 
the same as the gases.  
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2.f. Chemistry 

The chemistry included in the model is quite 
primitive, being simply a conversion of SO2 to 
H2SO4 as a function of time. The sulfuric acid 
concentration in the cloud depends on two 
competing processes, namely the dilution of the SO2 
plume and the formation of H2SO4 from the SO2. We 
parameterized the two processes, using an e-folding 
time of 13 days for the dilution of the plume and an 
e-folding time of 30 days for the production of 
sulfuric acid [7] from SO2. 

The time constant for the production of sulfuric 
acid was evaluated as follows: We estimated that the 
SO2 concentration one day after the eruption was 
about 1012 molecules/cm3. Very shortly after the 
eruption, sulfuric acid starts to form, mainly through 
the reaction: 

 SO2  + OH  + M  →  HOSO2 + M , (9) 

followed by rapid oxidation to H2SO4. The reaction 
rate for SO2 reacting with OH is 1.3 10-12 /sec. The 
OH concentration in the tropical lower stratosphere 
varies on a daily basis from zero at night to about 
3 106/cm3 at noon [8]. Using an average value of 
105/cm3 yields a characteristic (“e-folding”) time of 
about 30 days. Although this estimate is admittedly 
crude, we will show below that the characteristic 
time for the generation of sulfuric acid does not 
significantly affect the final result.  

 

3. Results 

We now show some of the results obtained from our 
modeling effort. Figure 2 shows the development of 
the size distribution as a function of time for days 2, 
7, and 14. Note that the number of particles in the 
smallest size range remains high. This is because 
nucleation is ongoing during the process. The sharp 
decrease in number density at about 4 10-6 cm on 
day 7 is an unusual and unexpected feature of the 
developing size distribution. We have no physical 
explanation for this feature, but it might be noted 
that it gradually develops over several days, then 
gradually disappears. The secondary peak at about 
10-5 cm also exhibits unusual behavior. One might 
expect it to simply move to the right as particles 
grow to larger sizes, but the figure shows that the 
mode radius is actually decreasing slightly. The 
number densities are also decreasing (as expected). 
This is due to the combined effects of coagulation 
and dispersion. Note that the radius of the very 
largest size particles is increasing monotonically, 
and the number density of the very smallest size 
particles decreases monotonically, as expected.  

Using these size distributions in the Mie model, 
we are able to evaluate the backscatter from the 
aerosol particles. The results are shown in Fig. 3. 
Note that the backscatter increases rapidly shortly 
after the volcanic eruption, reaching a maximum 
about six days after the eruption, and then decreases 
in what could roughly be described as an 
exponential decrease. 

 
Fig. 2. Development of the size distribution as a function 
of time. The curves give the number density as a function 
of the radius of particles for 2 days, 7 days and 14 days 
after the eruption.  

  
Fig. 3. The backscatter as a function of time in terms of 

days after the eruption. 
 

Perhaps the most uncertain parameter in our 
calculations is the sticking coefficient, that is, the 
fraction of molecules of sulfuric acid that impinge 
on the droplet that are actually absorbed into the 
droplet. Clearly this is a parameter that lies between 
0 and 1, with 0 representing no growth at all. 

To evaluate the importance of this parameter for 
our particular problem, we varied the sticking 
coefficient from 0.04 to 0.8 and found the aerosol 
backscatter predicted for June 7 varied slightly, from 
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1.68 10-3/km sr to 1.25 10-3/km sr. Unfortunately, 
the value for the sticking coefficient is not known; 
estimates [9] range from about 0.02 to 1.0. In our 
“standard model run” we used an arbitrarily selected 
sticking coefficient of 0.2. The results presented in 
Fig. 4 show that although the mid-visible aerosol 
backscatter after two weeks is not significantly 
affected by the value of the sticking coefficient, the 
backscatter during the first ten days is quite different 
for different values of sticking coefficient. Thus, if a 
volcanic plume were observed immediately after the 
eruption, one might use the history of the aerosol 
backscatter to estimate the value of the sticking 
coefficient. 

 
Fig. 4. The backscatter as a function of time for different 

values of sticking coefficient. 

 
Fig. 5. Backscatter vs time assuming different values for 
the rate of conversion of sulfur dioxide into sulfuric acid. 

 

Another parameter that was selected somewhat 
arbitrarily was the rate at which H2SO4 is generated 
from SO2. To determine the sensitivity of the model 
to this quantity we carried out calculations assuming 
e-folding times of 20 days and 40 days and found 
that after 18 days the backscatter ranged from 
1.79 10-3 to 1.22 10-3/km sr. Thus, any reasonable 
value (such as our choice of 30 days) will lead to 
essentially the same backscatter. This is illustrated in 
Fig. 5.  

 

4. Conclusion 

In conclusion, our best estimate of backscatter from 
our model is 1.3 10-3/km sr whereas the CALIPSO 
measurements ranged from 0.8 to 1.5 10-3 /km sr. 
We consider this to be excellent agreement. Thus, 
data obtained by two different satellite borne 
instruments were linked by a theoretical model for 
the microphysical processes affecting the formation 
and growth of stratospheric aerosol particles and 
were shown to be in very good agreement. The 
agreement between diverse measurements is referred 
to as closure. Our analysis, based on the use of 
multi-sensor, multi-species, satellite measurements 
and a theoretical model to study transient 
atmospheric events, illustrates the value of 
theoretical calculations in achieving closure from 
observations from multiple sensors within a 
constellation of satellites. 
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