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Abstract. The aerosol optical properties in the framework of the Indian Ocean Experiment 

(INDOEX) are documented over the Goa area (western coast of India, 15.45 N, 73.08 E) 

between March 1 and 15, 1999. The temporal evolution and the vertical distribution of the 

aerosol trapped inside the winter monsoon plume have been studied using a ground-based 

lidar system (micropulse lidar emitting at 523 nm). Both the vertical structure and the optical 

properties of the particles have been assessed from the inversion of the lidar signals. A 

statistical approach has been used to determine the backscatter to extinction ratio (BER), a 

key parameter to invert the lidar signal. Sunphotometer-retrieved optical thickness at 523 nm 

is used to constrain the inversion in daytime and leads to a mean value of BER close to 

0.028 sr-1 with a standard deviation of 0.01 sr-1. Black carbon concentration (BC) is shown to 

be a representative tracer of the surface scattering coefficient (αs), the relative humidity effect 

seeming to be of a second order. A statistical linear relationship between BC and αs has been 

found and then used to constrain the lidar inversion during nighttime. Similar mean BER has 

been assessed than for daytime. The optical thickness is shown to be more important during 

nighttime over the entire measurement period (a mean value of 0.76±0.15 for nighttime 

instead of 0.55±0.09 for daytime). A significant contribution to the optical thickness is shown 

to be due to an aerosol layer within 0.7 km above the sea level (ASL). A second aerosol layer 
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is found above 0.7 km ASL with an important diurnal variability in both its altitude extension 

and optical thickness. Such a variability seems to be due to the sea breeze cycle. In the upper 

aerosol layer, optical thickness is 0.49±0.14 during nighttime whereas it is only about 

0.25±0.07 during daytime.        

I. Introduction 

The main field experiment of the Indian Ocean Experiment (INDOEX) was held during the 

1999 winter monsoon. Numerous platforms were used to quantify the aerosol role on the earth 

to atmospheric system [Ramanathan et al., 1995; webmanager@fiji.ucsd.edu]. The aerosol 

composition, stratification and transport have been quantified [i.e. Ramanathan et al., 2001; 

Rash et al., 2001; Léon et al., 2001]. The aerosol inside the monsoon plume is mainly from 

anthropogenic origin and thus consists of sulfates, soot and organic carbon [i.e. Satheesh et 

al., 1999; Ramanathan et al., 2001]. Indeed, local fossil fuel and agricultural biomass burning 

cause a high aerosol loading over the Indian Ocean [Lelieveld et al., 2001]. Mineral dusts 

from wind erosion of local soils or remote deserts contribute to this aerosol load [Satheesh et 

al., 1999; Ramanathan et al., 2001; Léon et al., 2001]. 

Such atmospheric aerosols have a significant impact on the earth radiative budget [i.e. 

Charlson et al., 1992, 1999] and on atmospheric chemistry through the modification of the 

photolitic rates [i.e. Dickerson et al., 1997]. A reliable quantification of these impacts is 

conditioned by the knowledge of the emission and transport processes. Such processes can be 

constrained by the measurements of both the structural and the optical properties of the 

aerosols in the atmospheric column. For instance, the temporal evolution of the aerosol optical 

thickness is one of the most important parameters to both validate and constrain the aerosol 

transport model [Rash et al., 2001]. 
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Lidar is the only instrument offering the possibility to determine the vertical profile of the 

aerosol extinction coefficient into the atmosphere [i.e. Measures, 1984] with a high vertical 

resolution and during nighttime. This instrument has the advantage of not disturbing the 

medium where the measurement is performed unlike the in situ local sampling instrument. 

Lidar was used on various sites during the INDOEX Intensive Field Phase (IFP) from January 

to March 1999. A six-wavelength aerosol lidar was used at Maldives  (Hulule island, 4.1°N, 

73.3 E) [Ansmann et al., 2000], a two-wavelength backscatter aerosol lidar was used onboard 

aircraft [Chazette et al., 2000; Pelon et al., 2001] and a one-wavelength micropulse lidar 

(MPL, Spinhirne [1993]) was used on the coastal site of Goa  (15.45 N, 73.08 E) of the Indian 

subcontinent [Sicard et al., 2002]. 

Various methods have been developed to invert the lidar measurements in order to retrieve 

the vertical profile of the extinction coefficient of the aerosols. Multiwavelength or 

multiangular inversion methods can be used to retrieve this parameter as respectively shown 

by Ansmann et al. [2000] and Sicard et al. [2001]. A more common method is to use 

Bernouilli’s differential form of the propagation equation [i.e. Fernald et al., 1972; Kohl, 

1978; Klett, 1981]. However, the stable analytical form of the inversion solution presented by 

Klett [1981] is under-constrained. This solution is expressed as a function of 3 unknown 

parameters at each altitude range: the extinction coefficient, the backscatter to extinction ratio 

(BER) and the boundary condition at the far end of the inversion range. The boundary 

condition is more easily determined by considering the upper part of the lidar profile where 

the scattering is due only to the atmospheric molecule (Rayleigh scattering). The BER 

depends on the aerosol model via the size distribution, the complex refractive index and the 

particle shapes. Often it is not possible to directly determine the BER and it is necessary to 

know both the aerosol origin and the processes of transport to fix an aerosol model. Such 

assessments have been conducted in some case studies, mainly for the dust aerosols 
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[Hamonou et al., 1999; Chazette et al., 2001] or marine aerosols [Flamant et al., 1998]. If 

external constraints can be used, such as the aerosol optical thickness, it is then possible to 

retrieve both the extinction profile and an equivalent BER for the atmospheric column [Pelon 

et al., 2001]. 

This paper aims at determining the diurnal evolution of the aerosol optical properties inside 

the winter monsoon layer observed at Goa during INDOEX intensive field phase (IFP). The 

assessment of the equivalent BER on the atmospheric column is performed for day and night 

times, using data from the micropulse lidar installed on the Goa site between March 1st and 

15th, 1999 [Léon et al., 2001]. Inversion procedures have been developed based on the 

previous studies quoted. The inversion procedures are based on statistical analyses that enable 

to limit the ambiguities linked to a noisy signal. The optical properties of the monsoon layer 

and their temporal evolutions are tentatively discussed in light of the airmass origins. 

2. Instrumental site of Goa 

2.1 Geographical position 

The Goa experimental site (15.45 N, 73.08 E) has been selected because of its geographical 

position, bounded on its western side by the Arabian Sea and by the Western Ghats on its 

eastern side. In Figure 1, the left color palette (from red to light green) gives the mean value 

over ocean of the optical thickness at 550 nm retrieved from Meteosat 5 measurements [Léon 

et al., 2001] between March 1st and 15th. Aerosol plumes are highlighted over both the Indian 

Ocean and the Bay of Bengal. A high aerosol load is observed off Goa. The right color palette 

(from green to brown), gives the altitude over land. The Western Ghats are a 700 m high 

mountain range parallel to the seashore and located 50 km from the Goa instrumental site. 

The station was set up at the Goa University campus near the coast, south of Panaji. The site 

altitude is close to 20 m above sea level (ASL). Measurements performed on this site enable 
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to characterize the aerosol plume leaving the Indian subcontinent due to the northeasterly 

winter monsoon flow [Alfaro et al., 2001; Léon et al., 2001]. 

2.2. Instrumental design 

Various in situ instruments equipped the Goa site [Léon et al., 2001]. Only the four 

instruments used for this study are presented here: a micropulse lidar (MPL) manufactured by 

Science and Engineering Services Inc., USA; a sunphotometer manufactured by CIMEL 

Electronic, France; a nephelometer manufactured by TSI, USA and an aethalometer AE-14 

manufactured by Magee Scientific, USA. Table 1 summarizes the instrument operation 

periods. 

2.2.1. Lidar 

The design of the MPL used in this work is well described in  Spinhirne et al. [1995]. The 

emitted wavelength is ≈ 523 nm with efficient output energy close to 4.5 µJ. The laser 

frequency was set at 2 kHz for all the measurements and lidar measurements integrated over 5 

minutes have been recorded with a vertical resolution of 30 m. The lidar signal uncertainty 

follows a Poisson law and is thus a function of the number of photons backscattered to the 

telescope [Measures, 1984]. The influence on the different sources of uncertainty on the lidar 

signal processing is discussed further in section 4. 

2.2.2. Sunphotometer 

The sunphotometer instrument performed measurements of the optical thickness at several 

wavelengths in the visible spectrum and the Angström coefficient a was assessed in the same 

spectral region. For this study, the channels used are centered at 440 nm and 670 nm, with 

bandwidths of less than 20 nm. The instrument field of view is about 1°. 
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The aerosol optical thickness at the lidar wavelength of 523 nm (τ) was derived from the 

measurements in the blue (τ440) and red channels (τ670) using the Angström relation 

[Angström, 1964]:  

a−







=

440
523

440ττ  where 















=

670
440

440

670

LN

LN
a τ

τ
     (1) 

The optical thickness obtained above the site comes from the AERONET web site [Holben, 

1998]. Typical relative uncertainties on the aerosol optical thickness at visible wavelengths 

are about 5% for an optical thickness close to 0.4 [Fouquart et al., 1987; Tanré et al., 1988]. 

Thus, the uncertainty on a ranges generally from 8 to 15% [Hamonou et al., 1999]. The 

resultant relative uncertainty on τ is less than 10% for the optical thickness range over Goa. 

2.2.3. Nephelometer 

TSI-nephelometer measured scattering coefficient in the scattering angle range 7-170° (αs) 

and 90-170° (αb) [Bodhaine et al., 1991] between March 10th and 23rd 1999. The 

measurements were performed satisfyingly at 2 wavelengths: 450 and 700 nm. Mean relative 

uncertainty linked to this instrument can be considered as less than 5%. The instrument was 

used in ambient relative humidity without heating. 

2.2.4. Aethalometer 

Black carbon concentration (BC) was recorded continuously with the Aethalometer. The 

instrument, calibrated with a constant value of 19 m2 g-1, is sensitive to the light-absorbent 

part of the aerosols [Hansen and Novakov, 1990]. This specific cross-section is established for 

material trapped on the filter and is not valid for particles in the ambient atmosphere. An 

artificial enhancement of the absorption coefficient by a factor ≈ 2 could be found due to 

multiple scattering into the filter fibers [Bodhaine, 1995]. In the following, the Aethalometer 
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measurement is considered as a proxy of the BC concentration (other minor absorbents such 

as ferric oxides could be present). Relative uncertainty on the BC measurements performed 

with this instrument is close to 10%. 

3. Description of the method 

3.1. Basic principle 

The lidar equation gives the signal S(z) for the emitted wavelength of ≈ 523 nm as a 

function of the range z, the total backscatter β(z) and extinction coefficients α(z) [Measures, 

1984]:  

( ) ( ) ( )











⋅⋅−⋅⋅⋅= ∫

z

zg

dzzzFzCzS ''2exp)( αβ       (2) 

where zg is the altitude above the sea level of the laser emission. C is a constant that 

characterizes the overall efficiency of the lidar system and F(z) is the overlap factor. 

S(z) is corrected from the solid angle and from the background sky radiance which is 

simultaneously measured with the lidar profile. The overlap factor F is a major source of 

uncertainty at low altitudes (< 0.5 km) and the lidar signal must be corrected by a factor 1/F. 

It has been measured in a horizontal layer in the atmosphere [Sicard et al., 2001]. Figure 2 

gives the evolution of 1/F as a function of the distance from the laser emission. The standard 

deviation of 1/F is also shown. The lidar signal will be only considered as significant for a 

distance larger than 90 m (110 m ASL) that corresponds to a relative error smaller than 15% 

in 1/F.  

In the following, the lidar signal S has been corrected by the multiplicative factor 1/F. Klett 

[1985] gives the solution to the inverse problem for a stable backward procedure by 
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where z0 is the reference altitude corresponding to the integration constant. S0 and β0 are 

respectively the signal and the backscatter coefficient at the altitude z0. Q(z) is the correction 

related to the differential molecular optical thickness calculated from the vertical profile of the 

molecular scattering coefficient αm(z):  

( ) ( ) 









⋅⋅








−

Φ
Φ⋅= ∫ ''1

)(
2exp 0 dzz

z
zQ

z

z m
p

m α       (4) 

where Φm is the molecular normalized backscatter phase function (3/8π sr-1) and  Φp(z) is the 

aerosol backscatter to extinction ratio. The molecular contribution is derived from an ancillary 

climatic radiosounding database as in Chazette et al. [1995]. The aerosol extinction 

coefficient αe can then be obtained by 
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 The lidar-derived optical thickness (τL) is calculated as the integral of the extinction 

coefficient from the ground surface (zg) up to the reference altitude (z0): 

∫= 0  )(
z

z eL
g

dzzατ           (6) 

The lidar equation is under-constrained since it is associated with 3 unknowns for each 

altitude: β, Φp, and β0. The reference value β0 could be determined by considering the lidar 

signal where the molecular scattering is the major contributor to the total extinction (above 

the monsoon layer, for z0 between 3.5 and 5 km height). To determine Φp it is necessary to 
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consider an external constraint. Available instruments on the site that were able to constrain 

the lidar inversion were the sunphotometer and the nephelometer.  

The sunphotometer provides the optical thickness on the integrated atmospheric column (τ) 

and the nephelometer part of the surface scattering coefficient (αs). The optical thickness is 

mainly due to the contribution of both the local atmospheric boundary layer and the monsoon 

plume. With such constraints, it is possible to determine Φp with an iterative procedure if it 

does not vary with the altitude (Φp(z) = Φp, ∀z). The procedure will be discussed hereafter for 

each situation that is considered (day and night times). Individual lidar profiles that are cloud-

free have been selected by visual examination of quick-looks. 

3.2. Daytime lidar data analysis 

Lidar measurements performed during daytime are very noisy on the upper part of the 

profile. This is mainly due to the sky radiance. It is not possible to inverse the measurements 

on an individual profile basis, a statistical analysis is required.  

The sunphotometer derived optical thicknesses at 523 nm have been used as a constraint on 

the determination of αe(z) through (6) as in Welton et al. [2000], Flamant et al. [2000] or 

Pelon et al. [2001]. Equivalent Φp on the atmospheric column has been assessed using an 

iterative procedure. Accounting for the uncertainties linked to τ, the convergence is assumed 

when the lidar derived optical thickness (τL) is such as: 05.0<−ττ L . This condition is 

linked to the absolute uncertainty on the optical thickness that can be retrieved from 

sunphotometer measurements (see §2). The initial value of Φp is chosen in the large interval 

[0.005; 0.060] sr-1 that corresponds to the most probable values for the aerosols trapped inside 

the winter monsoon plume [Ansmann et al., 2000; Chazette et al., 2000; Pelon et al., 2001]. 

The statistical analysis has been conducted over 700 profiles acquired between March 1 and 

7, and March 9 and 14, 1999. The result is given in Figure 3. For 85% of the profiles, the 
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procedure has been convergent and the mean value calculated for the significant values of Φp 

is close to 0.028 sr-1 with a standard deviation of 0.01 sr-1. 

For the other profiles, where the iterative procedure has been non convergent, Φp has then 

been fixed as equal to 0.028±0.01 sr-1. With such a value of Φp the lidar optical thickness 

retrieved in these cases is overestimated compared with the sunphotometer derived optical 

thickness. This may be due to a wrong value of the reference S0.  To check this last point, the 

reference S0 has been assessed by a similar iterative procedure as for Φp. Strong relative 

difference (≈ 80%) has been established between the initial value of S0 and the new fitted 

value. Such a discrepancy may be due to the presence of residual clouds at the top of the 

monsoon layer leading to a very weak signal to noise ratio (smaller than 1) in the free 

troposphere.  

The histogram of the lidar optical thickness values retrieved during daytime is given in 

Figure 4. The mean value is equal to 0.55 with a standard deviation of 0.09. No significant 

trend in τL has been observed over the entire lidar measurement period. 

3.3. Nighttime lidar data analysis 

The sunphotometer was not operating during nighttime nor on March 8 and 15 (Table 1). 

The optical thickness cannot be used as a constraint for the nighttime lidar inversion scheme. 

Thus, the available ground in situ measurement could fortunately provide another constraint 

in the form of a boundary condition [Chazette et al., 1995].  

3.3.1. Use of the ground in situ measurements 

Simultaneous surface measurements of both BC and αs were performed during 17 days, 

between March 10 and 26 (Table 1). The scatter plot of BC as a function of αs is given in 

Figure 5 for the nephelometer wavelengths of 450 and 700 nm. The relationship is linear with 

a variance close to 90%: αs = 0.03 BC + 0.02 and αs = 0.06 BC + 0.02 at 700 and 450 nm, 
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respectively. On the contrary no correlation is found between both the BC concentration and 

the relative humidity (RH), and between the Angström exponent a and RH (not shown). 

Thus, the aerosol close to the ground level seems to be weakly sensitive to RH. This can 

also be highlighted by the plot of the nephelometer backscatter ratio R  = αb/αs as a function 

of RH given in Figure 6. For instance, if the monomodal aerosol model determined by Léon et 

al. [2001] from comparison between Meteosat and sunphotometer data is used, it is possible 

to theoretically calculate R using Hänel’s laws [1976]. The comparison between theory and 

measurements shows that the model derived-values of R are much more sensitive to RH than 

measurements which exhibit a weak negative trend. Once again, this shows that the relative 

humidity seems then to affect light scattering on a second order at the ground level as 

confirmed by the results of Cantrell et al. [2000; 2001] in the Maldives. They suggest that 

some components, presumably organic material, inhibit the hydrophilic properties of the 

aerosols. The sunlight scattering at the ground level can be traced by the BC concentration. 

From the regression between BC and αs obtained for the period March 10-26, it is possible 

to derive αs from BC concentrations for the entire lidar measurement. The scattering 

coefficient αBC at the lidar wavelength of 523 nm is then derived using the Angström 

exponent in the visible spectrum of ≈ 1.5 deduced from the nephelometer measurements 

(Figure 7).  

Due to the uncertainties in the overlap factor close to the ground, αBC cannot be used 

directly to constrain the inversion of the lidar profiles. 

3.3.2. A new boundary condition for the inversion of the lidar measurements 
Nevertheless, the inversion of the lidar measurements could be constrained if a relationship 

could be found between αBC and the lidar extinction coefficients αe(z) retrieved in the lower 

part of the profiles.  
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The correlation coefficient between αe(z) and αBC has then been calculated over the whole 

daytime extinction lidar profile as a function of the altitude to find another reference level. 

Figure 8 gives the vertical profile of the correlation coefficient. The correlation coefficient 

peaks significantly at 110 m ASL (90 m above ground level (AGL)) and quickly decreases 

above this level. The correlation coefficient will be supposed to be the same at nighttime and 

will then be considered hereafter as a boundary condition in the nighttime lidar inversion. 

After a first linear least square fitting between daytime αe (110 m) and αBC, only the data 

within one standard deviation of the linear fit are kept. This constitutes a sub-ensemble of 

about 470 points on which a second linear fitting is performed, leading to the relationship: 

αeBC = 0.29 αBC+ 0.23 with an explained variance larger than 70%. αeBC will then represent 

the extinction coefficient at the reference altitude of 110 m ASL.  

The nighttime assessment of Φp is also made with an iterative procedure. The daytime 

constraint is more accurate than that of nighttime because it is associated with a direct 

measurement of low uncertainty. In nighttime, the convergence condition is relaxed and it 

becomes: 1.0<− eeBC αα km-1. The value of 0.1 km-1 is the mean distance between αeBC and 

the linear fitting. The same interval of likely values of Φp ([0.005; 0.060] sr-1) has been 

applied for both day and nighttime. Figure 9 shows the histogram of the nighttime assessed 

values of Φp which is very narrow compared to the daytime one (Figure 3). This is mainly due 

to a better signal to noise ratio on the upper boundary condition S0. The statistic has been done 

with more than 1300 nighttime lidar profiles. About 65% of these lidar profiles have 

permitted to retrieve a significant value of Φp. On this sub-ensemble, the mean value of Φp is 

then equal to 0.028 sr-1 with a standard deviation of  0.006 sr-1. It is noteworthy that the same 

value is found for day and night times. 
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The non-convergent profile inversions have been treated using the Φp mean value of 

0.028 sr-1. The histogram of τL is hence determined for nighttime and shown in Figure 10. The 

mean optical thickness at 523 nm is 0.76 with a standard deviation of 0.15.  

The assessment of Φp has been also performed for the two daytime periods of March 8 and 

March 15 when the sunphotometer-derived optical thickness is not available using the 

nighttime procedure. Φp has been found to be equal to 0.028 sr-1 with a standard deviation of  

0.0026 sr-1 on 80 significant lidar profiles. τL is sometime larger than 1 and the mean value is 

higher than the one for the other periods. These values could be associated with a residual 

cloud presence at the top of the monsoon layer. Note that sunphotometer measurements were 

not exploitable because of such a presence. 

4. Discussion of uncertainties 

The uncertainties on the aerosol extinction coefficient αe are mainly due to the statistical 

fluctuation of the lidar signal, the uncertainty on Φp, the uncertainty on the reference signal S0 

and the uncertainty on the inverse of the overlap factor F (Figure 2). The resulting standard 

deviations on the lidar-retrieved extinction coefficient and the optical thickness have been 

assessed. They can be analytically evaluated if they are supposed statistically independent, as 

shown in the Appendix. 

Day and night times must be separately analyzed because the signal to noise ratio (SNR) is 

different. The uncertainty on 1/F has been associated with the one on the lidar signal. The 

uncertainty on the reference level has been calculated using the SNR at the altitude z0, which 

is between 2 and 4 in daytime whereas it is between 5 and 7 in nighttime. The molecular 

model has been considered as inducing a relative uncertainty of 5% on the molecular 

backscatter coefficient β0 [Chazette et al., 1995]. The standard deviation on Φp is considered 
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as being equal to previously determined values (0.01 and 0.006 sr-1 in day and nighttime 

respectively). 

 Figure 11 gives the mean extinction vertical profiles over the whole period and the overall 

standard deviations (in gray) of both day and night times. In the lower part of the profiles 

(under 0.5 km) the uncertainty on the overlap factor is the most important source of 

uncertainty. Nevertheless, it seems that the extinction coefficient increases significantly close 

to the surface. Local aerosol productions may explain such a phenomenon. 

Supposing that the extinction coefficient at each level is independent from the others, it is 

possible to easily calculate the standard deviation in τL. For daytime, the noise of signal leads 

to a standard deviation on τL close to 0.07. The standard deviation in τL linked to Φp is close 

to 0.086. The total uncertainty on τL is hence of the order of 0.11 during daytime. For 

nighttime, the standard deviation on τL linked to Φp is assessed as equal to 0.05, and the one 

linked to the signal noise is assessed as equal to 0.035. The total uncertainty on τL is hence 

close to 0.07 during nighttime. 

5. Overall results and discussion 

5.1. Aerosol backscatter to extinction ratio 

 The daily mean values of Φp are given in Figure 12 with their associated daily standard 

deviations. No important variability is observed during nighttime. The spread of daytime 

values is mainly due to the signal noise. As already mentioned, both day and night times 

overall average are close to 0.028 sr-1. 

Except for March 1 daytime where Φp ≈ 0.015 sr-1, the mean daytime values are larger than 

0.023 sr-1. The daytime values of Φp have also been calculated with a Mie code using the 

sunphotometer-derived size distribution and complex refractive index found on the 

AERONET Web site [Holben, 1998] based on Dubovik et al. [1998] method. A value of 
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0.013 sr-1 has been retrieved for March 1, which is in good agreement with the previous result 

(Table 1). Larger values, between 0.017 and 0.023 sr-1, are obtained between March 2 and 15. 

They are generally lower than the lidar-derived values but in the majority of the cases, the 

agreement is obtained if the respective standard deviations are considered. The discrepancy 

may be due to the limited time periods for which the sunphotometer measurements are 

inverted to retrieve the aerosol size distribution and the complex refractive index. These 

periods correspond to sky radiance measurements performed in the morning and/or in the 

evening and only about 4 cases a day are available. The uncertainty on lidar-derived values is 

however too large to detect short-term evolution of Φp. 

The inversion of airborne lidar profiles constrained by sunphotometer data has also been 

used by Pelon et al. [2001] near Malé (see Figure 1). It leads to smaller values of Φp, between 

0.010 and 0.013 sr-1. Ansmann et al. [2000] found about the same values 16 days later from 

ground lidar data at Kaashidhoo. The differences between the Goa and Malé/Kaashidhoo 

measurements may be associated with a chemical evolution of the aerosol trapped inside the 

monsoon plume or with a difference in the air mass origins [Pelon et al., 2001].  

Φp deduced from the aerosol model used to inverse the Meteosat data over the Indian Ocean 

by Léon et al. [2001] is about the same (0.016 sr-1) than the one retrieved near Malé. Such a 

weak value may be explained by the inversion procedure used for Meteosat data, which is not 

very sensitive to the aerosol model. Indeed, the measurements were performed with scattering 

angles close to 150°. 

Φp could be different between the surface layer and both the mixing layer and the free 

troposphere as shown by Ansmann et al. [2000]. Sicard et al. [2002] report values of 

0.032 sr-1 and 0.015 sr-1 for the layers 0.5-1.5 km and 2-3 km, respectively, over Goa on 

March 10 (Table 2). These values are retrieved without hypotheses on the aerosol model 
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because a multiangular inversion approach has been conducted on the lidar data using specific 

measurement scenarios with zenithal scanning. Such variability of Φp with the altitude may be 

due to the influence of different air mass origins. Note also that the optical ground 

measurements appear to be little correlated to the lidar extinction coefficient above 110 m 

ASL. The weak humidity effect on the aerosols observed at the surface may not be true at 

higher altitude. However, this previous hypothesis cannot be verified with a sufficient 

reliability because not enough radiosounding are available near Goa. The relative humidity 

seems to be smaller in altitude than close to the surface which could explain the weaker 

values of Φp found above 2 km by Sicard et al. [2002]. 

5.2. Aerosol optical thickness and extinction profile diurnal evolution 

Figure 13 gives the temporal evolution of the aerosol extinction profile at Goa between 

March 1 and 15. The mean optical thickness at 523 nm calculated from lidar data during 

nighttime (0.76±0.15) has been found to be larger than the daytime one (0.55±0.09). It is 

mainly the sum of the contribution of two aerosol layers. Indeed, the lidar vertical profiles 

reveal a double aerosol layer that is more marked during nighttime as shown in Figure 11. 

Similar observations were done at the Kaashidhoo Climate Observatory (KCO, 4.96° N, 

73.46° E) during the first field phase of INDOEX (from February 20 to March 31 1998) 

[Satheesh et al., 1999]. 

A dense aerosol layer of about 0.7 km thick can be observed over the entire measurement 

period. The mean optical thickness between 0.11 and 0.7 km ASL is of about 0.3±0.09 during 

daytime and 0.27±0.13 during nighttime. This layer likely corresponds to the planetary 

boundary layer (PBL) and its optical thickness seems to remain constant between day and 

night times. On the contrary, the surface scattering coefficient is different between night and 

day times (Figure 7).  The surface extinction coefficient during nighttime is generally more 
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than 30-40% larger than during daytime. The difference between day and night times may be 

a consequence of local source emissions. The second layer thickness varied significantly 

between day and night times. The optical thickness between 0.7 and 4 km ASL in nighttime 

(0.49±0.14) is bigger than in daytime (0.25±0.07). Such a difference could be due to 

local/regional dynamical processes. The more probable process may be the sea breeze cycle 

described in Léon et al. [2001]. The standard deviation obtained during nighttime (0.14) is 

more important than the one obtained during daytime (0.07), this may be due to the presence 

of some semi-transparent clouds at the top of the monsoon layer (≈ 3.5-4 km ASL).  

The weaker aerosol optical thicknesses observed during daytime above the PBL may be due 

to an air mass mixing with cleaner air coming from the Indian Ocean. To highlight the 

efficiency of the mixing effect, Figure 15 gives the histogram of the Meteosat derived optical 

thickness τ at 550 nm from March 1 to 15. The geographic zone of 72-75° E and 14-17° N 

close to the coastal site of Goa has been considered. The mean optical thickness is 

≈ 0.40±0.10. It is less than the lidar-retrieved values at the station of Goa. This may show the 

efficiency of the dilution of continental aerosols during their advection above the Indian 

Ocean.  

The monsoon layer top as determined from the lidar profiles [Chazette et al., 2001] is also 

directly linked with the optical thickness variability over Goa. Figure 14 shows the temporal 

evolution of both the monsoon layer top and the wind direction at 6 m AGL on the 

instrumental site. The wind direction follows the sea breeze cycle, as does the top of the 

monsoon layer. The sea breeze is associated with a lower monsoon layer (≈ 3-3.5 km ASL for 

a wind direction from ≈ 300-320°) than the continental breeze (≈ 3.7-4.3 km ASL for a wind 

direction from ≈ 40-100°). No continental breeze seems to be present between March 10 and 
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March 12 with a wind direction of ≈ 250°. The Mormugao bay may influence the local wind 

direction when the wind is mainly from south.  

Between March 1 and 8, the synoptic air masses were from continental origin on the entire 

atmospheric column as illustrated by the backtrajectories computed on 3 days and ending over 

Goa on March 5 (Figure 16a). During the second period of lidar measurements (between 

March 9 and 15) illustrated in Figure 16b for March 10, the synoptic circulation changed at 

low altitude. This difference does not seem to significantly modify the diurnal evolution of 

the total aerosol optical thickness over Goa. The influence of the air mass origin on the 

aerosol load may be more easily understood during the second period at the synoptic scale. 

Indeed, a change in the synoptic circulation mainly occurs for levels below 1500 m ASL 

where the air masses came mainly from the Bombay coast. The level of 1500 m ASL 

corresponds to the biggest contributor to the total optical thickness and the air mass origins 

are different for this level between day and night times. The nighttime is associated with air 

masses from the continent whereas they are from Bombay coast during daytime. Hence, it 

may be possible for the polluted air masses to be mixed with oceanic air masses during 

daytime in the second period, but when the optical thickness is compared with the one of the 

first period, this effect does not seem significant. 

Nevertheless, the more probable and efficient process, which can explain the diurnal cycle 

of the optical thickness, is the local sea/land breeze recurrence. This cycle may be enhanced 

by the diurnal aerosol production linked to the local sources.  

6. Conclusion 

Lidar observations were performed on the instrumental site of Goa from March 1 to 15, 

1999. The vertical profiles of the extinction coefficient have been restituted. The 

sunphotometer-derived optical thickness has been used as a constraint to assess the mean 
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value of the backscatter to extinction ratio (Φp) during daytime. The value of Φp assessed at 

nighttime used the statistical relationship between the ground nephelometer-derived scattering 

coefficient and the ground aethalometer-derived black carbon concentration. Such a 

possibility has been offered thanks to the weak influence of the relative humidity. A mean 

value of Φp close to 0.028±0.01 sr-1 has been retrieved both for night and day times. Such a 

value is about 40% larger than those determined on the Goa site from sunphotometer 

measurements. It is significantly larger than those retrieved close to the Malé area, which are 

≈ 0.012 sr-1. This difference could most probably be explained by the fact that air mass origins 

may be different between Malé and Goa. Multidirectional lidar measurements performed over 

Goa shown that Φp may be variable according to the altitude but they give values of Φp in 

agreement with the mean value here retrieved.   

The use of micropulse lidar measurements allows the retrieval of the aerosol optical 

thickness during nighttime. The mean optical thickness retrieved from lidar measurements 

performed at 523 nm during nighttime (0.76±0.15) has been found to be larger than the 

daytime one (0.55±0.09). It seems mainly driven by the temporal evolution of the monsoon 

layer associated with the sea breeze circulation. 

The analysis of the vertical profiles of the extinction coefficient has highlighted the small 

correlation between surface measurements and the atmospheric column. Synoptic circulation 

and mainly the local sea breeze effect could explain this weak correlation. 
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Appendix 

Starting from both (3) and (5) it is possible to establish analytic forms of the main 

uncertainties linked to the inversion of the lidar measurement [Chazette et al., 1995]. To 

simplify the equations the altitude dependence is not explicitly shown. Φp is supposed to be 

constant with the altitude. The covariance is supposed to be constant inside the lidar vertical 

resolution ∆z and zero outside.  

Signal. The uncertainty linked to the lidar signal, including the one on the overlap factor, 

influences the numerator (N) and the denominator (D) of (3). The variance on αe can then be 

written on the second order as 
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where δ0 is equal to 1 if S = S0 and 0 otherwise. 

Reference. The variance associated with the reference altitude β0 is given by 
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Backscatter to extinction ratio. The variance associated with Φp is given by 
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Figure 1: Location of the instrumental site of Goa (15.45 N, 73.08 E). The red to light green 

color palette gives the Meteosat retrieved optical thickness τ at 550 nm over sea (1-15 March 

average; no significant data is available for purple areas). The green to brown color palette 

gives the altitude over land. 
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Figure 2: Inverse of the overlap factor F as a function of the distance from the laser source. 

The relative error in 1/F is also given. 
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Figure 3: Histogram of the BER (Φp) assessed from daytime lidar measurements. 
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Figure 4: Histogram of the daytime lidar retrieved optical thickness at 523 nm (τL). 
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Figure 5: Proxy of the black carbon (BC) concentration (aethalometer measurement) as a 

function of the nephelometer measured scattering coefficient (αs) for both wavelengths, 700 

(top) and 450 nm (bottom). 
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Figure 6: Backscatter to scattering ratio (R) as a function of the relative humidity (RH) for 

both the nephelometer measurement and the theory. 
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Figure 7: Temporal evolution of the scattering coefficient (αBC) deduced from the statistical 

relationship between the black carbon concentration and the nephelometer scattering 

coefficient. 
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Figure 8: Vertical profile of the correlation coefficient between the lidar extinction 

coefficient from 110 m ASL and the assessed scattering coefficient at ground level (αBC). 
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Figure 9: Histogram of the BER (Φp) assessed from the nighttime lidar measurement. 
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Figure 10: Histogram of the nighttime lidar retrieved optical thickness at 523 nm (τL). 
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a/ 

 
b/ 

 
Figure 11: Typical mean vertical profile of the extinction coefficient (αe) and its associated 

total standard deviation (in gray) for a/ daytime and b/ nighttime. 



 

 

38

 

 

Figure 12: Temporal evolutions between March 1 and 15 of both daytime (empty circle) and 

nighttime (filled circle) daily mean Φp for the entire lidar measurement period. The bars 

represent the standard deviation on the daily temporal variability of Φp. 
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Figure 13: Temporal evolution between March 1 and 15 of both the lidar retrieved extinction 

vertical profile (αe, bottom) and the total optical thickness (τ, top) deduced from lidar and 

sunphotometer measurements. 
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Figure 14: Temporal evolution between March 1st and 15th, 1999 of the monsoon layer top 

and the wind direction at 6 m AGL. 



 

 

41

 

 

 

Figure 15: Histogram of the Meteosat-derived optical thickness at 550 nm (τ) for the 

geographic zone of 72-75° E and 14-17° N near the coastal instrument site of Goa.
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a/ 

 
 
b/ 

 
Figure 16: Backtrajectories for two 3-days periods ending over Goa on  a/ March 5th and 

b/March 10th 1999 (courtesy of NOAA Air Resources Laboratory http://www.arl.noaa.gov) 
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Table 1: Summary of the instrument operation periods (gray cells) 

 March 1999 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 →→→→23 

Lidar                 
Sunphotometer                 
Nephelometer                 
Aethalometer                 
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Table 2: Mean values of the BER (Φp) deduced from the measurements performed in the Goa 

and Malé areas during daytime (light) and nighttime (bold). 

Authors Location 
IFP date 

(March 1999) 
Φp (sr-1) 

01 0.015±0.01 

0.028±0.01 This paper Goa 
02-15 

0.0285±±±±0.006 

01 0.013 
AERONET Goa 

02-15 0.017 – 0.023 

Ansmann et al., 2000 Malé 25 0.010 – 0.015 (0.5-4 km) 

Malé (lidar) 0.010 – 0.013 
Pelon et al., 2001 

Malé (AERONET) 
07-09 

0.012 – 0.015 

0.032 (0.5-1.5 km) 
10 

0.015 (2-3 km) Sicard et al., 2001 Goa 

11 0.038 (0.7-2 km) 

Léon et al., 2001 Malé/Goa (Meteosat) 01-15 0.016 
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