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Objective of the thesis

The objective of this work has been to study the characteristics of tropospheric and
stratospheric aerosols in the tropical middle atmosphere. Optical investigations using
ground based and balloon-borne photometers and lidar are made and the results are re-
ported herein. The thesis focuses on the optical properties of tropospheric aerosols, their
day to day and seasonal variations and of stratospheric aerosol—s, their formation, evolu-
tion and decay, after the Mt. Pinatubo eruption as observed over the tropical locations

Hyderabad (17.5°N) and Ahmedabad (23°N).

The following studies were undertaken to achieve the above objectives:

Tropospheric aerosols

Using a newly developed Sun-tracking photometer the temporal variations of tropo-
spheric aerosols over Ahmedabad, from 1991 to 1995, the day to day variations, diurnal
variations, spectral dependence of aerosol optical depths, variations in wavelength expo-
nent and the relation of aerosol optical depths to the day’s maximum temperature and
relative humidity are studied. The results obtained include the effects of Gulf oil fires of

1991 and Mt. Pinatubo eruption in 1991 on the aerosol optical depths.

Stratospheric aerosols

1. Balloon-borne optical studies of stratospheric aerosols formed due to Pinatubo
volcanic eruption were made over Hyderabad using Sun-scanning and Sun-tracking pho-
tometers during October 1991 and April 1992. Vertical profiles of aerosol extinction
coeflicients, number density, size distribution, mode radius, asymmetry factor and mass
of the aerosol layer were obtained and were used to draw conclusions on the stratospheric

aerosol formation and evolution processes.

2. A newly set up Nd:YAG lidar at Ahmedabad was utilised to study the time evo-
lution of Pinatubo volcanic aerosol layer from April 1992 to May 1994. From the lidar



measurements, vertical profiles of aerosol extinction coefficients and mass of the aerosol
layer were obtained and were used to study the decay of Pinatubo aerosol layer at strato-

spheric altitudes.

3. A simple model was developed to study the formation, evolution and decay of the
stratospheric aerosol layer formed after a major volcanic eruption and the model results
were compared with experimental results obtained on Pinatubo volcanic aerosols from

lidar and balloon-borne measurements.

Summary of the results

Tropospheric aerosols

Ground based Sun-tracking photometer observations over
Ahmedabad

An automatic Sun-tracking photometer was developed and used to measure the columnar
aerosol optical depths over Ahmedabad. Aerosol optical depths are found to exhibit diur-
nal, day to day and seasonal variations [Ramachandran et al., 1994a]. Also, an increase in
the values from January to May are found, indicating that the increase in surface temper-
ature and winds induce more soil derived particles into the atmosphere. Results show that
there are no appreciable changes in the aerosol optical depths which could be attributed to
the Gulf oil fires indicating that the natural sources of aerosols over Ahmedabad, mainly
wind blown dust dominated over the oil fire eflluents. However, the spectral dependences
show that the aerosol size distribution changed from bimodal in 1991 to monomodal in
1992, indicating that there are two sources (smoke particles from oil fires and local wind
derived mineral particles) in 1991 when compared to one dominating source (wind blown
dust) in 1992. However, in the 1992 data, the effect of post-volcanic aerosols produced
due to Mt. Pinatubo volcanic eruption in June 1991, can not be ruled out. The ozone
column density values from Sun photometry measurements are consistently lower than
the Dobson spectrophotometer values, by about 40-50 Dobson units. This observed differ-

ence could be due to the effects of high aerosol optical depths and their diurnal variations



found over Ahmedabad. Hence, reliable estimation of ozone column amounts from UV
extinction measurements is possible only in locations of low turbidity, unlike Ahmedabad.
The increase in aerosol optical depth with decreasing relative humidity and increasing
temperature, confirms that the increase in surface temperature reduces the soil moisture
content, thus inducing more soil derived particles into the atmosphere. Secondly, since
aerosols over Ahmedabad are mainly local wind derived mineral particles which are non-
hygroscopic, the aerosol optical depth is not directly related to relative humidity, unlike
at a coastal station where the acrosol optical depth increases with an increase in relative

humidity, because of the hygroscopic nature of maritime particles.

Stratospheric aerosols

1. Balloon-borne optical studies of Pinatubo aerosol layer over
Hyderabad )

An analysis of the direct and scattered radiation intensity measurements made over Hy-
derabad using Sun-tracking and Sun-scanning photometer systems onboard the balloons
during October 1991 and April 1992 indicates a dense Pinatubo volcanic aerosol layer be-
tween 16 and 30 km. The acrosol extinction coefficients and number density values over
Hyderabad are found to be the highest ever obtained during a decade of stratospheric
aerosol measurements [Ramachandran et al., 1994b]. The aerosol extinction coeflicients
obtained in 1991 and 1992 at all wavelengths are about 2 orders higher in magnitude at
the peak altitude when compared with that of 1985 (background, volcanically quiescent)
values over Hyderabad. The recent results showing the highest values ever obtained over
the same site indicate the magnitude of Pinatubo eruption which is the strongest erup-
tion in this century. The aerosol size distribution parameter derived from the scattered
radiation intensities also shows layered structures. About 4 months after the eruption, in
October 1991, the region between 17 and 23 km, is found to have v values around 1.8, in-
dicating the presence of larger aerosol particles. The size parameter obtained during April
1992, about 10 months after the eruption indicates formation of larger aerosols at higher
altitudes by coagulation with a subsequent reduction in the aerosol number density. The
aerosol layer peak was found to occur at 23 km in October 1991 with about 40 particles

per cm?, In April 1992 the aerosol number densities have shown a decline, with a peak



aerosol number density of about 20 particles per cm® at an altitude of about 20 km. Also,
the October 1991 measurement revealed the existence of larger aerosol particles in the 17
and 26 km altitude range, with a mode radius of 0.2-0.3 pm, formed due to coagulation
of sulphate aerosols [Ramachandran et al., 1994c]. The derived asymmetry factor g also
revealed the existence of larger particles which are qualitatively in agreement with the
results on the size distribution parameter v, the slope of Junge power law. The computed
mass of the Pinatubo layer in October 1991, after 4 months of the eruption, is about
0.053 gm~2, which is 3.75 times higher than the earlier reported value for El Chichon
layer, at the same time of evolution. The obtained aerosol extinction profiles are found
to agree well with that of an independent lidar measurement made over Ahmedabad and

with SAGE 11 results.
2. Lidar studies of Pinatubo aerosol layer over Ahmedabad

A state-of-the-art Nd:YAG lidar commissioned in Ahmedabad (23°N) during Apri‘l 1992
operating at 532 nm was employed to study the Pinatubo volcanic aerosol layer and its
decay. 36 vertical profiles of scattering ratio obtained during April 1992 to May 1994, a
period corresponding to 10 months after the Pinatubo eruption to about 3 years, every
fortnight, have been used for the study. The volcanic aerosol layer is seen very prominently
as an increase in the scattering ratios from about 17 ki (1 km above the local tropopause)
to about 30 km. Also, the scattering ratios which were about 10 during April-May 1992
have become about 1.5 in May 1994. The results obtained on the integrated mass densities
and aerosol backscatter from 17 to 30 km give a 1/e folding time of 9 months, assuming a
typical mode radius of aerosols to be in the range of 0.1 to 0.3 um [Jﬁyamman et al., 1995].
Calculations show that if the layer decays at the same rate, then it may take about 4.5
years to attain the background aerosol backscattering coefficient for the tropical region.
However, the peak scattering ratio value shows a longer decay time of 12.5 months as
has been reported earlier in the case of Fuego and El Chichon eruptions. As the removal
mechanisms of aerosol are faster below the peak, the integrated aerosol mass for the whole
layer shows a faster decay than the decay time shown by the peak value alone. The average
aerosol size distribution for the layer has not undergone any considerable change during
the decay phase from 1 year after the eruption to about 3 years. After about 2 years, the

integrated mass and the backscattering coeflicient in the case of Mt. Pinatubo are found



to be in the same range as that of the El Chichon, as also shown by the model studies
that the residual aerosol masses at stratospheric altitudes become comparable after about

2 years {or eruptions of wide range of magnitudes.
3. Model studies of Pinatubo aerosol layer

Earlier results using balloon-borne Sun-tracking photometers for the El Chichon layer over
Hyderabad, showed that the layer produced after the eruption decayed in about 3 years
over the tropics. Since Mt. Pinatubo lad injected as much as 2 to 3 times the material
compared to El Chichon, it was not clear whether the lifetime of these aerosols will also be
longer because of the larger number density of aerosols or, perhaps, the physical processes
such as growth, coagulation and sedimentation will take plalce at a much faster rate to
give more or less the same decay time and whether the residual aerosol masses would be
similar, as shown through model calculations.

To understand better the relative roles of these processes in influencing the forma-
tion and decay of the stratospheric aerosol layer after major volcanic eruptions, a simple
model was developed to study the time evolution of a volcanic aerosol layer (17-30 km)
and aerosol size distribution using the microphysical processes of growth, coagulation
and sedimentation. The results show that the Pinatubo aerosol layer has decayed to the
background aerosol level in about 3 years, over the tropics. The experimental lidar data
obtained continuously on the Pinatubo layer also gives this result. The latitudinal de-
pendence of the aerosol layer is important only in the first few months after the eruption
as later on, low latitudes become the source of aerosols to higher latitudes. The data
obtained in the case of El Chichon shows that the layer decayed in about 3 years. The
latitudinal dependence in the case of El Chichon also is clearly seen only in the first few

months after the eruption.

4. Conclusions

In conclusion, the balloon-borne, lidar and modeling studies have revealed the processes
that are responsible for the formation of volcanic aerosol layer and its decay. Immedi-
ately after the eruption, within a day, homogeneous nucleation takes place giving rise to
high concentrations of aerosol droplets. After nucleation the sulphuric acid-water solu-

tion droplets can grow by heterogencous condensation of HySO4 and H,0O vapours, the



condensation occurring first on large aerosols and then progressively on smaller aerosols.
Condensation on the preexisting sulphate aerosols would increase the extinction and de-
crease the extinction ratio as the extinction becomes more and more dominated by large
aerosols. If the amount of SO injected is large, as in the case of Pinatubo, conversion of
H2S04 produces higher number of new small H,SO4/H,0 aerosols and coagulation pro-
ceeds at a faster rate. Thus the condensation of H,SOy4 on the already existing H;SO4/H,0
droplets and subsequent coagulation is one of the principal mechanisms for the formation
of larger aerosol particles. Once the acrosol grows to a few microns they are removed from
the stratosphere by gravitational sedimentation. Sensitivity studies conducted using the
model developed show that the processes of growth and coagulation are important, in the
first year or so after the eruption in maintaining the aerosol layer, whereafter when the
particles grow sufficiently larger, of the order of a few microns, sedimentation becomes
important. The lidar obtained aerosol mass decay results show that the aerosol size distri-
bution has not undergone any noticeable change throughout the decay phase from 1 year
to 3 years after the eruption. It is also seen that agrosol mass decayed at various rates at
different altitude regimes, indicating that dynamical removal processes such as gravita-
tional settling and horizontal dispersal act differently depending on the particle size. The
faster decay time for the mass of the layer in the 25-30 km region further corroborates
this fact. Also it is observed that the integrated backscattering coefficient (IBC) of the
volcanic aerosol layer decays at a faster rate than the peak scattering ratio. The faster
decay rate of IBC shows that due to sedimentation the particles at low altitudes below
the aerosol peak are more effectively removed from the layer while the major contribution
to IBC comes from these altitudes. Though the amount of SO, injected by Pinatubo is
more than 2 times that of El Chichon, the model study showed that the aerosol micro-
physical processes of growth and coagulation, have taken place faster giving rise to larger
particles and hence the removal rates of these large aerosols have been faster, giving the

same decay times of 3 years to both the volcanic aerosol layers.
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