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Abstract  Extensive land- and ocean-based experiments involving active and passive remote sensing of aerosols and 
minor constituents have been conducted simultaneously over Pune and over the Indian Ocean and Arabian Sea during the 
INDian Ocean EXperiment (INDOEX) field phases with an aim to study the interface between the polluted continental 
air-mass and pristine marine air-mass, and the underlying circulat ion and Inter Tropical Convergence Zone (ITCZ) 
phenomena, which mixes the polluted air mass from Northern hemisphere with the pristine air mass from the Southern 
hemisphere. In this communicat ion, we report some important findings of the special observational programs which were 
carried out during the First Field  Phase (FFP) i.e. from 17 February to 31 March 1998 and Intense Field Phase (IFP) i.e. 
from 1 January to 31 March 1999 of the INDOEX. These programs involve synchronous measurements of aerosol, ozone 
and precipitable water vapor using ground-based lidar, sunphotometer / spectroradiometer and ozone / water vapor monitor 
at the Indian Institute of Tropical Meteorology (IITM), Pune, India, and aerosol characterization over the Indian Ocean and 
Arabian Sea utilizing a mult i-channel solar radiometer installed  onboard Ocean Research Vessel (ORV) Sagar Kanya ship. 
Besides significant deviations between aerosol features over the land and oceanic regions, the lidar derived aerosol column 
content (ACC) in the boundary layer, and radiometer derived height-integrated aerosol optical depth (AOD) show 
significant trend and characteristic changes in aerosol size distribution over land during both FFP and IFP. Moreover, the 
IFP measurements indicate higher aerosol ext inction (particularly  in the initial period) as compared to those of FFP. On 
some experimental days, the land AODs appear to be of the magnitude similar to those of marine AODs observed close to 
the Indian subcontinent and adjoining South Asian regions. The variations in AOD over land also show an association with 
those observed over ocean, particularly near the coast. Besides an increasing trend in total column ozone throughout the 
IFP, it exhib its a specific relat ionship with those observed in AOD and water vapor over land. Comparison between the 
boundary layer and total column AODs reveals that the observed increasing trend in AOD is not confined to the boundary 
layer alone but extends to higher altitudes with significant contribution from the former to the latter.  
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1. Introduction 
It  is  ev ident  from the literatu re that  marine aerosol 

characteristics undergo drastic changes when continental air 
advects over ocean water, particularly in the ITCZ region, 
and  s pace-t ime grad ients  in  aeros o l parameters  p lay 
significant  ro les in  rad iat ive fo rcing assessment[1]. The 
prediction estimates of aerosol forcing are h ighly uncertain 
because of many unknown properties of aerosols including 
their natural variab ility over the land and oceanic regions[2]. 
This is found to be largely  due to incomplete knowledge on 
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aerosol optical, physico-chemical properties, their 
transformation and t ransport processes[3]. Moreover, 
aerosols are expected to have larger effect in reducing the 
solar radiation over the tropical and sub-tropical oceans 
because of the proximity of these oceans to equatorial forests 
and arid regions[4].  

The land aerosols, particularly in the boundary layer, are 
produced due to a variety of natural and anthropogenic 
processes. Although the precursor gases responsible for 
tropospheric aerosols are produced from the surface, they do 
not form aerosols within the boundary layer. Hence the 
boundary layer aerosol system is different from that of the 
troposphere, which implies that the processes responsible for 
changes in aerosol characteristics in these two regions are 
quite different. Advection of such continental aerosols over 
oceanic environment can cause large-scale climate 
perturbations[5] particu larly due to the presence of ITCZ 
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which mixes the polluted Northern hemispheric air-mass 
with pristine Southern hemispheric air-mass vigorously. 
With this main  objective of assessing climate fo rcing due to 
aerosols and precursor gases of natural and anthropogenic 
origin, an integrated observational program, namely, 
INDOEX has been launched[6-7] and some pilot 
experiments have been conducted during 1996 and 1997. 
The FFP98 involving several coordinated scientific 
experiments from different platforms (ground-based, 
ship-borne, air-borne and satellite-borne) were conducted by 
the scientists from India, USA and Europe during 
February-April 1998[8]. By following the experience and 
outcome of this mult i-institutional experiment, an intense 
field observational program (IFP) has been organized from 
the middle of winter 1998/99 t ill the beginning of 
pre-monsoon 1999 (IFP99). Some of the results obtained 
from the pre-, FFP and IFP-INDOEX have been published in 
three special issues[9-11]. The observations of aerosol 
distributions over land in conjunction with those over the 
oceanic regions are essential and such observations will 
greatly help in understanding the nature and extent of mixing 
of continental polluted air with pristine marit ime air[12]. As 
part of these observational programs, aerosol optical and 
micro-physical measurements using land-based lidar and 
solar radiometers have been made at the Indian Institute of 
Tropical Meteorology (IITM), Pune (18o 32' N, 73o 51' E, 559 
m AMSL), India in synchronization with such  
measurements made onboard ORV Sagar Kanya over the 
Arabian Sea and Indian Ocean during the above two filed 
phases. The present paper reports results of these 
measurements. The above special issues did not cover such 
studies. 

The continental site (Pune) is about 100 km inland from 
west coast of India and is located on the lee-side of the 
Western Ghats. The airflow in the lower troposphere over the 
station is predominantly westerly during the south-west 
monsoon season (June-September) but the westerlies 
become weak in September and easterly flow sets in from 
October onwards. Moreover, aerosols over Pune exhib it 
unique features during winter months (coincide with the 
observational periods of the present study) due to frequent 
low-level inversions caused close-to-ground haze formation 
and poor visibility. Rapid fall in daily temperature, light 
surface winds, low relative humid ity and incursion of aerosol 
particles and precursor gases due to combustion activities at 
this station during these months make the study of aerosols 
more important and interesting from the point of view of 
their generation, growth and transport processes. 

The observations over the land region at Pune where 
low-level winds are predominantly from north-east direction 
and air-mass rich  in  nuclei of continental origin  passes over 
the station during this period provided an additional 
opportunity to study the transport of aerosols and their 
precursor gases from continents to ocean surface. In this 
paper, we present the results obtained from the above 
measurements made simultaneously over land and oceanic 
environment, and discuss their inter-relationships during the 

FFP98 and IFP99 of the INDOEX.  

2. Experimental Facilities Deployed 
A suit of instruments that were operated from d ifferent 

platforms in the study consists of a land-based lidar, high 
spectral resolution radiometer (HSRR) or spectroradiometer, 
and two hand-held solar radiometers (Microtops II), and a 
ship-based compact multi-channel solar rad iometer (MSR). 
The experiments were performed  during 17 February-31 
March 1998 and 1 January-31 March 1999. The chief 
characteristics of the lidar system are presented in Table 1. 
The lidar system employed for obtaining vert ical (surface to 
about 7 km above ground level) distributions of aerosol 
number density during late evening period, composed of a 
tunable Argon ion laser as transmitter and a 250-mm 
Newtonian telescope tailo red with intermediate optics, 
detection and data acquisition systems as receiver. The 
transmitter and receiver are coaxially separated by a distance 
of about 60 m in  order to operate the system in bi-static mode, 
the unique configuration that provides angular distribution of 
scattered intensity for obtaining aerosol size distribution. 
The on-line control and dig ital data logger provides real-time 
system parameters settings, data acquisition, analysis and 
display of lidar data. The main parameters of the land- and 
ship-based solar radiometers are presented in Table 2. Of the 
two land-based radiometers (Microtops II), first one provides 
height-integrated aerosol optical depth (AOD) at six discrete 
wavelengths covering from ultra-violet to near-infrared and 
hence size distribution, the second one determines total 
column ozone (TCO) and precip itable water content (PWC) 
simultaneously. The third one is High Spectral Resolution 
Radiometer (HSRR) which  provides AOD throughout the 
photo-synthetically active reg ion (PAR) of 0.4-0.7 µm. 
Multi-spectral AOD measurements have been performed 
onboard ORV Sagar Kanya using a filter-wheel based 
Multi-Spectral Rad iometer (MSR) operating in  13 channels, 
covering narrow-band wavelengths from 0.31 to 1.63 µm. 
Calibrat ion of these radiometers was performed by a transfer 
of calibration constants from reference instruments, which 
were calib rated by the Langley plot technique at a noise-free 
high-altitude site. Apart from this, continuous monitoring of 
radiometer output at zero air mass i.e. Y-axis intercept in the 
Langley plot (ext ra-terrestrial constant), which serves as 
calibrat ion constant for each channel, and also 
inter-instrumental comparison of AOD has been carried out 
periodically to ensure the stability and reliability of AOD, 
TCO and PW C. Moreover, the AODs derived from the lidar 
and radiometers have been also inter- compared  before the 
deployment of MSR for marine observations during the 
IFP99. More details about the lidar system[13-14] and solar 
radiometers used in the present study can be found in 
Devara[15]; Devara et al.[16-17]; Morys et al.[18]; Ichoku et 
al. [19]. These measurements were made along the cruise 
path which covered the latitude belt  between 17oN and 20oS 
and longitude belt between 71o E and 59oE, encompassing  
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the Indian Ocean and Arabian Sea within these spatial belts. 

Table 1.  Main Specifications of the Lidar used in the Study 

Mode of operation Bi-static 
Energy source Argon-ion laser 
Wavelength 514.5 nm 

Power 400 mW (Continuous Wave) 
Beam divergence 0.283x10-6 Ster. 

Telescope 25-cm dia. Newtonian 
Divergence 1.360x10-6 Ster. 

Filter bandwidth 1 nm 

Detector Peltier-cooled C31034A 
photomultiplier 

Table 2.  Main specifications of radiometers used in the study 

Specification Ship-based 
radiometer 

Land-based 
Sunphoto- Land-based 

  meter, ozone 
and water Spectroradiometer 

  vapor monitor  

Source Sun  Sun  Sun  

Spectral 
range 

310-1630 nm 
(discrete) 

380-1020 nm 
(discrete) 

310-1630 nm 
(discrete) 

    

Spectrum 
analyzer 

Narrow-band 
interference 

Narrow-band 
interference 

Double 
monochromator 

 Filters (2-5 
nm FWHM) (5 nm FWHM) equipped with 

   holographic 
gratings 

   (1800 
grooves/mm) 

Filter 
wavelength 

310, 330, 
350, 370, 
380, 400 

Sunphotometer 200-720 nm 

 
500, 600, 
780, 940, 

1060, 

380, 440, 500, 
680,  

 1190, 1630 
nm 870, 1020 nm  

  
Ozone & 

Water vapour 
monitor 

 

  300, 305, 
312.5 nm  

  (O3), 940 & 
1020 nm (H2O)  

3. Analysis of Data 
The normalized scattered signal strength profiles obtained 

by operating the lidar system with its vertically transmitted 
laser beam (at  λ = 0.5145 µm) and angular scattering of the 
receiver in  vertical plane have been converted into aerosol 
number density profiles by following the inversion method 
described elsewhere[19-22]. The size and refractive indices 
of aerosols over the observing station have been estimated 

simultaneously by applying the inversion by iteration 
method to the bi-static lidar angular scattering measurements 
in the surface layer[23-24] and are utilized in the retrieval 
method for computing aerosol number density profiles from 
the scattered intensity profiles. Considering overall 
efficiency involved in system parameters and assumptions 
made in the inversion technique, the net error in the 
estimation o f aerosol concentration at each alt itude is found 
to be less than 10 per cent. The lidar observations were 
obtained on 25 days during the FFP98 and on 55 days during 
the IFP99. Concurrent HSRR and MSR observations have 
been obtained on 21 clear-sky days during FFP98, and 
HSRR and sunphotometer-ozone / water vapour 
observations have been obtained on 46 clear-sky days during 
the IFP99. During th is period of IFP, the MSR has been 
operated onboard ORV Sagar Kanya and AOD data over the 
Arabian Sea and Indian Ocean were collected on 20 days. 
The radiometers used in the present observational program 
basically measure the spectral variation of solar irradiance at 
different solar zenith angles (air-mass). The analysis 
procedure for such data to derive AOD has been published 
elsewhere[16]. The overall error in the AOD can be due to (i) 
diffuse radiat ion entering the optical channel, (ii) 
computation of relative air mass, (iii) deviation of calibration 
of constant with time and (iv ) uncertainty in AOD due to 
Rayleigh scattering and absorption by O3 and NO2. It has 
been shown[25] that for moderately turbid atmosphere the 
diffuse radiation entering into the optics would be less than  
3% of the direct radiation for a FOV of 2.5o. The combined 
error in the estimated AOD due to all the above errors varies 
from 2 to 10 per cent. The TCO was estimated from the 
measurement of optical depth at two wavelengths in the UV 
region (0.3000 and 0.3500 µm). The measurement at 
additional wavelength (0.3125 µm) provides correction for 
particulate scattering and stray light. The PWC was 
determined from the measurements made at 0.940 µm (H2O 
absorption peak) and at  1.020 µm (no absorption by water 
vapor) by following the Differential Optical Absorption and 
Scattering (DOAS) methods[18].  

The aerosol number density profile obtained with lidar on 
each experimental day between 50 m and about 3000 m (in 
height steps of 12 and resolution of 10 m to 100 m) altitudes, 
and the aerosol concentration up to the boundary layer 
altitude has been converted into boundary layer AOD (LAOD) 
by using Mie aerosol extinction cross-section values 
computed at the Argon ion laser wavelength of 0.5145 µm 
and for the size and refractive indices of aerosols[19,26-28] 
present over the experimental station. The corresponding 
radiometer derived AOD at  0.5 µm wavelength observed on 
each experimental day is denoted by RAOD. The difference 
and ratio between RAOD and LAOD have also been evaluated 
on each day of observation to estimate the free-tropospheric 
AOD (assuming negligib le contribution from stratospheric 
aerosols during quiescent conditions at the experimental site) 
and also to examine the contribution of boundary layer AOD 
to total column AOD. 
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4. Discussion of Results 
The possible aerosol type present over Pune is a  mixture of 

water-soluble, dust-like and soot-like aerosols[29]. The 
major source of aerosols over Pune is soil-dust carried by 
winds. Aerosols in the accumulation-mode are fo rmed by 
gas-to-particle conversion processes from the land surface 
whereas coarse-mode aerosols are attributed main ly to 
wind-blown dust[30-33]. Normally the land-sea breeze 
effects are not seen on aerosol conditions over Pune as it is 
more than 100 km away from the sea coast. However, such 
effects can possibly influence the long-range transport of 
aerosols between land and oceanic reg ions. The main 
features of land-based lidar derived ACC and LAOD (up to 
1100 m) and radiometer observed AOD (total column up to 
50 km) during the FFP are presented in the following 
sections. The features of ACC and AOD over land and their 
association with those measured during the same period over 
Arabian Sea and Indian Ocean during the IFP together with 
co-variations between AOD, TCO and PWC observed over 
land during this period are also presented and discussed in 
the sections to follow. 

4.1. Day-to-day Variations in ACC and AOD 

Figure 1 (a & b) d isplays the daily variat ions in 
lidar-derived ACC and radiometer estimated AOD at 
common wavelength of 0.5 µm during FFP and IFP. The 
variations are found to be significant and they exhibit  an 
increasing short-term trend in both field phases which may 
mainly  arise from meteorological conditions prevailing over 
the station. The increase in observed aerosol loading is 
expected as the air-mass undergoes considerable changes 
from winter to  pre-monsoon months in addition to the 
frequent haze layer formations over the station during 
winter[24] and hence it is consistent. An interesting and 
important feature is that although the variations in ACC and 
AOD are more or less similar, their magnitudes during IFP 
appear to be higher (particularly in the init ial period) as 
compared to  those observed during FFP, which  is attributed 
to relat ively more convection noticed during the study period 
over the station. The decreasing trend in ACC, which has 
direct bearing on air-mass characteristics in the lower 
altitude region, could be due to less frequency of occurrence 
of haze layer formations during the study period. 

The daily variation of lidar-estimated boundary layer and 
total column AODs and the contribution of the former to the 
latter are shown plotted in Figure 2 (a & b) for FFP and in 
Figure 3 (a & b) for IFP. The panel ‘a’ depicts essentially the 
variations in lidar-derived boundary layer aerosol optical 
depth (LAOD) and radiometer-observed total column aerosol 
optical depth (RAOD) while the panel ‘b’ displays such 
variations in d ifference and rat io between these optical 
depths which represent fairly the free tropospheric optical 
depth and contribution of boundary layer aerosols (indicator 
of surface generated precursor gases due to human activities) 
to the total optical depth. These figures clearly  show a close 
correspondence between the variations in LAOD and RAOD 

during both FFP and IFP. They also indicate that the trend of 
variation in AOD is not confined only to the boundary layer 
but also to the air layer aloft up to stratospheric altitudes. In 
addition, the contribution of LAOD to RAOD is found to be 
about 20 per cent in both field phases. 

 
Figure 1.  Day-to-day variations in ACC and AOD during (a) FFP98 and 
(b) IFP99. Dashed and continuous lines represent short-term trends in ACC 
and AOD, respectively. Vertical bars indicate standard deviation from mean 
in RAOD . Trend line slope 1.27(± 1.27) and intercept 255.42(±31.88) in ACC; 
slope 0.005(±0.003) and intercept 0.18(±0.05) in RAOD during the FFP-1998. 
Trend line slope -0.91(±0.35) and intercept 312.43(±18.2) in ACC; slope 
0.0008(±0.0007) and intercept 0.406(±0.036) in RAOD during IFP-1999 

 
Figure 2.  Variations in boundary layer optical depth (LAOD) and total 
column optical depth (RAOD) and their relative contributions observed during 
17 February through 31 March 1998 
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Figure 3.  Variations in boundary layer optical depth (LAOD) and total 
column optical depth (RAOD) and their relative contributions observed during 
1 January through 31 March 1999 

4.2. Air Mass Back-trajectories 

 
Figure 4.  Three-day back trajectories at three height levels (500, 1000, 
1500 m) for the period from 17 February to 31 March 1998 

 
Figure 5.  Three-day back trajectories at three height levels (500, 1000, 
1500 m) for the period from 1 January to 31 March 1999 

The air mass back-trajectories at three altitude levels (500, 
1000 and 1500 m) have been computed from the NOAA 
HYSPLIT model and shown plotted in Figures 4 and 5 for 
FFP and IFP, respectively. These figures clearly depict 
different air masses, originating from d ifferent sources, 
reaching the experimental region. Thus the long-range 
transport of aerosols modulate the local aerosols at the 
experimental site. In the case of FFP, it can be noted that the 
major aerosol contribution from the Indo Gangetic Plains 
and partly of continental origin while the contribution from 
the Gulf and  desert regions during the IFP. The transport of 
these pollutants cause significant influence on 
physico-chemical characteristics of local aerosols, especially 
during the winter period when elevated temperature 
inversions occur very often at the experimental station. It can 
also be seen that, on an average, ocean AODs are smaller as 
compared to the land AODs, which is consistent. It is 
interesting to note that, on some experimental days, ocean 
AODs are comparable with those of land AODs, which could 
be due to strong air mass exchange between the two 
experimental regions under certain meteorological 
conditions. 

4.3. Association Amongst AOD, TCO and PWC during 
IFP 

 
Figure 6.  Correspondence between total column aerosol optical depth and 
precipitable water content observed during 1 January through 31 March 
1999 

The day-to-day variations in total column AOD at 514.5 
nm and precip itable water content (PWC) are depicted in 
Figure 6. It is evident that these two quantities march 
together imply ing increase in aerosol extinction with 
increase in water vapour and vice-versa. This relationship 
can be explained on the basis of growth of aerosol particles 
which are insensitive to the wavelength of observation 
before being sensed and also through already existing 
particles at the time of observations over the experimental 
station. The association between the variations in AOD at 
514.5 nm and those in TCO is examined in Figure 7. Unlike 
PWC, TCO exh ibits opposite relationship with AOD which 
can be explained on the basis of increase in aerosol surface 
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area and resultant reduction in ozone amount. Although the 
correlation between AOD and PW C, the association noticed 
here between AOD and TCO cannot be ruled out. This is 
possible because aerosols act as idealized surfaces or 
catalysis in gas phase reactions. However, in the present 
study, this type of correspondence between AOD and TCO is 
observed only during certain meteorological situations. 
Further, this phenomenon, especially  over tropics, is not 
much clear, and needs further study. 

 
Figure 7.  Correspondence between total column aerosol optical depth and 
Ozone observed during 01 January through 31 March 1999 

4.4. Interface between Marine and Land AODs 

 
Figure 8.  Correspondence between the AODs observed over land and 
ocean during the study period 

The solar radiometric observations of marine AODs that 
have been collected in the latitudes from 20oS to 17oN and 
longitudes from 59oE to 77oE, covering the Arabian Sea and 
Indian Ocean, during the IFP are examined. The 
correspondence between land AODs which are influenced by 
the polluted continental air mass and marine AODs which 
have bearing on pristine marit ime air-mass is also examined. 
The concurrent distributions of marine and land AOD 
observed at 514.5 nm wavelength in  the region of study is 
shown plotted in Figure 8. On close comparison between the 
land and marine AODs, both appear to be of similar 
magnitude and trend close to the Indian sub-continent and 
adjoining South Asian regions, on some common days of 
observations, indicating transport / advection of continental 
air-mass into marine air mass. 

5. Summary and Conclusions 
The results of the analysis of aerosol optical properties 

measured, concurrently over Pune (land) and Indian Ocean 
and Arabian Sea (ocean), as part of the INDOEX field phases 
(both FFP and IFP) during 1998 and 1999 have suggested the 
following. 
• The IFP99 measurements indicate greater aerosol 

extinction (optical depth) as compared to those of FFP98.  
• On some specific experimental days, the land AODs 

seem to be of the magnitude, more or less, similar to that of 
marine AODs. 
• The variations in AOD over land also showed 

association with those observed over ocean, especially near 
the coast. 
• Apart from an increasing trend in total column ozone 

throughout the IFP99, it exhib its almost an opposite 
relationship with those observed in AOD over land. 
• Comparison between the boundary-layer AODs and 

total column AODs reveals that observed increasing trend is 
not only confined to the boundary-layer but extends up to 
higher alt itudes with significant contribution from the former 
to the latter. 
• AODs exh ibited increasing trend during both the phases 

while the ACC showed opposite trend during the FFP98 and 
IFP99 over land, which is ascribed to be due to p revailing 
meteorological conditions and associated long-range 
transport of pollutants over the experimental site. 
• Considering the air mass trajectories, type and residence 

time of aerosols, the present results may consequently be 
important in determining climate changes in the 
land-ocean-atmosphere coupled system.  
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