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Introduction
Aerosols such as dust, carbonaceous, biomass burning, 

smoke and volcanic are an integral part of the ocean-atmosphere 
system [1-4]. These constituents of both natural (dust, 
volcanoes etc.) and anthropogenic (biomass burning, fossil fuel 
etc.) origins play a pivotal role in the episodic events such as 
La Niña and El Niño through atmospheric cooling / warming, 
leading to floods / droughts over the Indian region [5]. El Niño- 

 
Southern Oscillation (ENSO) is most basically an oscillation 
period of 2 to 7 years between cold La Niña and warm El Niño 
in the eastern and central Pacific Ocean water mass [6-7]. Warm 
phase - El Niño involves the anomalous warming of the ocean 
water mass and hence there is more convection of water vapour 
to the atmosphere above while the cold phase-La Niña involves 
the abnormal cooling of the ocean water that suppresses the 
convection above to the atmosphere [8]. Droughts are more 
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pronounced over the Indian region during the El Niño (above 
+0.5oC SST anomaly) and excess rainfall events are more 
pronounced during the La Niña (below -0.5oC SST anomaly). 
The threshold is further broken down into weak (with 0.5oC 
to 0.9oC SST anomaly), moderate (1.0oC to 1.4oC SST anomaly) 
and strong (1.5oC SST anomaly). About the monsoon in Indian 
subcontinent, positive ENSO indices are more favourable to 
monsoon precipitation [9-10].

Studies of aerosol effects on air-sea coupled processes are 
sparse over the globe [11]. Aerosols have a significant impact 
upon the distribution and amount of rainfall modulating the 
entire hydrological cycle and this has major impact upon the 
monsoon water cycle that supports over 60% of the world’s 
population. The Asian monsoon is especially very sensitive to the 
dust aerosol that is accumulated over the Tibetan highlands [12-
13]. Various researches have shown that the black carbon from 
the coal burning is the major cause of atmospheric circulation 
anomalies that finally resulted in long term drought over 
northern China and excessive rainfall over the southern China 
and India [14]. It is evident from the literature that atmospheric 
content of biomass burning aerosols and increases in dust 
aerosol export have been closely connected to the large-scale 

phenomena occurring in the ocean-atmosphere system, like 
ENSO etc. [12-15]. There is evidence that these biomass burning 
aerosols have climatic effects since they change the radiative 
budget and regionally alter convective processes.

Prevailing SSTs during El Niño events play an important role 
by reducing the rate of aerosol removal from the atmosphere by 
rainfall [16]. Such effects are not limited to burning regions, but 
long-range transport of aerosols leads to a negative radiation 
anomaly over much of the Indian Ocean. Thus, SSTs may 
decrease over large areas [17]. Moreover, the characteristics of 
both continental and maritime aerosols drastically change due 
to two-way transport processes. Therefore, 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 spatial extent of 
mixing of continental polluted air with pristine maritime air 
[18]. Therefore, the resultant aerosol of ocean-atmosphere 
environment will have mixed chemical composition and size 
distribution, which in turn will have different type of impact 
on SST and hence on El Niño and La Niña phenomena. Thus, 
the influence of aerosols in the ocean-atmosphere coupling is 
studied in this paper.

Material and Methodology

Figure 1: HYSPLIT model derived 5-day air-mass back-trajectories at three characteristic heights.

Here, we refer to, primarily, the boreal summer season (June, 
July, August, and September) and finally for all seasons together, 
in the present manuscript. While choosing the ENSO years, we 
have followed the standard method of 3-month (season) running 
mean in the NINO3.4 region. In order to classify a full-fledged 
El Niño or La Niña episode, these thresholds are considered 
to exceed the mean value for a period of at least 5 consecutive 
overlapping 3-month seasons.

In the present study, the NCEP/NCAR re-analysed SST data for 
the Niño 3.4 region (5oN-5oS, 120o-170oW) and over a selected-

domain (15o-20oN, 60o-71oE) have been used. By following 
the HYbrid Single Particle Lagrangian Integrated Trajectory 
(HYSPLIT) multi-level (500, 1000 and 1500m) 5-day back-
trajectory model analysis (Figure 1) for south-west monsoon 
period (from June through September) of 2005, 2006, 2008, 
2009 and 2010 have been analyzed to examine the large-and 
small-scale connections between SST and aerosol parameters 
over land / sea regions. Basically, each trajectory represents the 
movement of air-mass. Depicted in the figure are the trajectories 
for the observation days in each season at different height levels 
during different calendar years.
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The above five years, considered in the present study, 
represent weak/strong phases of La Niña and El Niño. The 
concurrent aerosol (aerosol optical depth, AOD; single scattering 
albedo, SSA and fine mode fraction, FMF) and cloud (cloud 
fraction, CF; cloud optical depth, COD and cloud-top temperature, 
CTT) data from both Aeronet-Cimel Sun-sky radiometer 
(land) and Moderate resolution Imaging Spectro-radiometer 
(MODIS) and Ozone Monitoring Instrument (OMI) satellites 
(sea) have been analysed. AOD refers to columnar extinction or 
attenuation of solar radiation reaching the ground at any point 
of time at a specific wavelength of irradiance due to aerosol 
loading. SSA refers to columnar single scattering albedo (ratio 
between scattering and extinction) which is a gross indicator 
of absorption or scattering nature of aerosols, in turn, indicates 
atmospheric warming or cooling. FMF refers to columnar fine 
mode fraction, which is the fraction of fine-mode (particle radius 
less than 0.1 micron) in total aerosol ensemble. This quantity 
indicates a rough estimate of anthropogenic aerosols in an 
aerosol mixture [19]. The plots between anomalies of these 
parameters and those of SST are utilized to delineate the role of 
aerosols in air-sea interactions.

The categorization of aerosols and their percentage 
occurrence, prevailing over the study region, has been evaluated 
from the combined information about Ångström Exponent, AE 
(indicator of aerosol size distribution), AOD, FMF and SSA. In 
this analysis, we followed mainly the method suggested by Lee et 
al. [20]. In this method, the FMF and SSA have been used to infer 
the dominant aerosol size mode, and to distinguish absorbing 
from non-absorbing aerosols, respectively. Thus, the aerosol 
types are classified based on dominant size mode and radiation 
absorptivity determined by the FMF and SSA, respectively. The 
FMF criterion is like that for Black Carbon (BC), Organic Carbon 
(OC) (i.e. FMF>0.6) whereas these species are separated with 
different SSA values. For BC, SSA should be ≤ 0.9 while for OC, 
SSA should be 0.95>SSA>0.9.

The synoptic maps of wind, temperature and humidity fields, 
obtained from the European Centre for Medium-Range Weather 
Forecasts (ECMWF) re-analysis data at 850hPa pressure level, 
were used to explain the circulation-driven long-range transport 
and growth processes of aerosols during the study period. 
It is clear from Figure 1 that, albeit there are some sporadic 
contributions of air-mass from the regions around gulf countries, 
including deserts, the maximum contribution to the study region 
comes from the marine aerosols of Arabian Sea and Indian 
Ocean. This region is termed as ‘selected domain (15o-20oN, 
60o-71oE)’ in the present study.

The experimental station (Pune, India) is in the Deccan 
Plateau in Maharashtra State and is about 100 km away from the 
West coast. The prevailing environment over the experimental 
station is urban and the aerosol type present over the 
observation site is largely a mixture of water-soluble, dust and 
soot-like aerosols. Very hot weather associated with maximum 

dust load and cumulonimbus-type cloud development during 
late afternoon to evening prevails over the station during the 
pre-monsoon season (March-May). The airflow in the lower 
troposphere is predominantly westerly during the summer 
monsoon season (June-September), which brings in a large 
influx of moist air from the Arabian Sea. The wind in the lower 
troposphere reverses with the withdrawal of the monsoon and 
the easterly flow sets in during post-monsoon season (October-
November). The air-mass, rich in nuclei of continental origin, 
passes over the region during this season. Also, an increase of 
dry polar continental air in the wake of low-pressure systems 
(western disturbances) takes place during the winter season 
(December-February). Thus, the synoptic meteorological 
conditions at the experimental station vary markedly from 
continental (winter) to maritime (summer) environment. More 
details can be found in Devara et al. [21-22].

The influence of mean meteorological fields over India 
and its neighborhood on aerosol parameters provide useful 
information on cloud microphysical and dynamical properties 
and associated precipitation characteristics during the monsoon 
season. To investigate such aspects, composite maps of the 
ECMWF re-analysis daily data of wind, air temperature and 
specific humidity at 850hPa pressure-level over India have been 
examined. It is found that winds are stronger over the source 
locations in Arabian Peninsula during El Niño years compared 
to La Niña years. The west to east temperature gradients may 
influence the pressure gradient during El Niño year. This implies 
strong eastward wind flow towards the Indian region during 
El Niño year. These intense east-west winds are capable of 
transporting aerosols in large quantities towards the study 
region. However, during La Niña years winds are generally 
weaker and confined to smaller area and contribute to lesser 
quantity of aerosol transported eastward towards the study 
region. A wet and cool condition that occurs during La Niña 
years (2005, 2008 and 2010) decreases the production and 
propagation of mineral dust aerosols. These results corroborate 
those reported in the literature by Abish & Mohanakumar [4].

Discussion of Results
The association between aerosol / cloud parameters and SST 

for the Niño 3.4 region was found to be like that for the selected 
domain; hence the former relationship is not discussed here. 
Moreover, the shifts observed between the parameters may also 
be due to time synchronization between the measurements.

Influence of aerosol types
To characterize aerosols in terms of optical, physico-

chemical and radiative properties, the patterns of AOD, AE, SSA 
and FMF have been utilized to discriminate aerosol types such 
as clean continental (PC), mostly black carbon (MBC), mostly 
organic carbon (MOC), non- absorbing (NA) and mixed aerosol 
(MA) (Kaufman et al. 1995). The occurrence of these aerosols 
over the experimental region, Pune (18 32 N, 73 51 E, 559m 
above mean sea level) during the study period is shown plotted 
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as a stacked diagram in Figure 2. The percentage occurrence 
of different types of aerosols during the selected La Niña and 
El Niño years is presented in Table 1. It is evident that UI/BB 
aerosols are less dominant during the weak phase of El Niño 
(2006); more dominant during strong phase of El Niño (2009) 
and strong phase of La Niña (2008, 2010) while these aerosols 
dominate during weak phase of La Niña (2005) after MBC. This 
implies that besides UI, MBC from biomass burning or forest 
fires seem to dominate during 2006 and 2010 while BC aerosols 
during 2005. In addition, MOC from biomass burning can be 
noted only during 2010 which is strong phase of La Niña.

Table 1: Aerosol types observed during different phases of El Niño 
and La Niña events.

Aerosol 
Type

2005 
La Niña 
(Weak)

2006 
El Niño 
(Weak)

2008 
La Niña 
(Strong)

2009 
El Niño 

(Strong)

2010 
La Niña 
(Strong)

CM 0.71 0.29 2.61 0 1.25

DD 13.51 13.62 13.86 18.02 14

UI/BB 30.57 41.45 32.6 35.9 35

PC 9.48 5.51 14.56 8 13.75

MBC 33.65 29.57 20.72 21.59 18

MOC 0.47 0.29 0.34 0.18 6.5

NA 0 0 2 0 1

MA 11.61 9.28 13.32 17.29 10.5

Figure 2: Percentage of different types of aerosol over Pune 
during 2005, 2006, 2008, 2009 and 2010.

Association between land and sea parameters
The anomalies of AOD from Aeronet Sun-sky radiometer 

data and the concurrent selected domain SST data from NCEP/
NCAR re-analysis are plotted in Figure 3. It is evident from the 
figure that both parameters show an opposite relationship 
during monsoon period (characterized by cloud- and rain-out 
phenomena), implying warmer SSTs are associated with lower 
AODs, indicating dominant local absorbing aerosols compared 
to marine scattering-type in all the five years considered in the 
study. Interestingly, during post-monsoon months, both AOD 
and SST follow each other for the El Niño years, could be mainly 
due to dry soil besides long-range transport of dust particles.

Figure 3: HYSPLIT model derived 5-day air-mass back-trajectories at three characteristic heights.

Association within marine parameters
Figure 4 depicts the affinity between anomalies of AOD 

from OMI and SST over the selected domain. The magnitude of 
anomalies in the present case, where both measurements over 
sea, is found to be larger as compared to the variations observed 

between land and sea. Albeit the variations in both parameters 
show an opposite nature, as opposed to the feature observed in 
Figure 3, greater AOD anomalies are associated with lower SST 
anomalies, indicating dominance of sea salt particles which are 
basically scattering type aerosols.
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Figure 4: Association between marine AOD and SST during the El Niño and La Niña years.

Correspondence between SST and FMF

Figure 5: Relationship between SST and FMF over land [A] and over ocean [B].

The fine mode fraction of aerosols is a good indicator of 
anthropogenic activity. The coherence between the anomalies 
of SST with land and marine FMF are displayed in Figure 5 (A 
and B), respectively. The anomalies are stronger over sea as 
compared to those over land-sea comparison as explained in 
the previous section. Both parameters exhibit lower values 
and good correspondence during monsoon months for the 
study period, which is consistent due to precipitation / cloud 

scavenging processes. In the case of land-sea comparison, the 
correspondence is seen even during the post-monsoon months 
also as in the case of AOD.

Affinity between SSA and SST
SSA is the ratio of scattering to extinction of the radiation due 

to aerosols, characterizes the combined effect of their scattering 
and absorption properties due to particles. The variations in 
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the anomaly of SST against those of SSA over land (A) and over 
sea (B) for the considered period are shown plotted in Figure 
6 (A and B). The anomalies of SSA over land are larger (almost 
an order of magnitude) compared to those over sea, implying 
greater concentration of absorbing aerosols over land. The 
anomalies of both parameters follow each other in the case of 

sea aerosols whereas the relationship between SSA and SST is 
very weak (sometimes opposite trend) over land as compared 
to that over the sea. This is clearly seen in the figure wherein the 
correlation coefficient and associated probabilities (statistical 
significance) are indicated.

Figure 6: Association between SST and SSA-land [A] and SSA-ocean [B] during 2005, 2006, 2008, 2009 and 2010.

Figure 7: Correspondence between Single Scattering Albedo (SSA), Sea Surface Temperature (SST), and Cloud Fraction (CF), Cloud 
Optical Depth (COD) and Cloud Top Temperature (CTT) during 2005 [A], 2006 [B], 2008 [D] and 2010 [E].
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ssociation between cloud parameters and SST During 
2005, 2006 and 2010

Figure 7 (A, B, C) portrays association between anomalies 
of SST with CF, COD and CTT. In all the three years under 
consideration, enhancement in cloud fraction or cloud cover is 
found to associate with decrease in SST during monsoon period. 
This could be due to higher cloud fraction inhibits the incoming 

solar radiation onto the sea surface, hence lower SST values. 
Since COD is directly proportional to the CF, the variations 
between these two parameters also are expected to be opposite 
[23]. Albeit increase in AOD causes decrease in CTT due to 
aerosol indirect effect, the co-variation of AOD with CTT due to 
large-scale meteorology might be ruled out [24]. The positive 
relationship observed between CTT and SST could be due to 
trapping of long-wave radiation due to low-level clouds [25,26].

Affinity between aerosol-ocean-atmosphere parameters
Table 2: Correlation between different parameters of air and ocean during El Niño and La Niña periods.

S.No. Year
Zero Lag Two Months Lag Three Months Lag

Correlation (R) P Value Correlation (R) P Value Correlation (R) P Value

1. AOD 440 nm Vs. SST (Arabian Sea)

 2005 -0.04 0.9 0.4 0.26 0.88 0.002

 2006 0.18 0.57 0.56 0.09 0.68 0.04

 2008 0.04 0.9 0.26 0.48 0.09 0.82

 2009 -0.63 0.09 -0.45 0.37 0.22 0.72

 2010 -0.47 0.13 -0.53 0.11 -0.47 0.2

2. AOD 483.5nm (Arabian Sea) Vs. SST (Arabian Sea)

 2005 0.12 0.71 0.81 0.004 0.7 0.04

 2006 0.14 0.66 0.85 0.002 0.64 0.07

 2008 0.18 0.58 0.72 0.02 0.46 0.22

 2009 0.03 0.92 0.79 0.01 0.55 0.12

 2010 0.2 0.54 0.87 0.001 0.69 0.04

3. FMF 500 nm Vs. SST (Arabian Sea)

 2005 -0.04 0.2 -0.72 0.02 -0.42 0.27

 2006 -0.31 0.32 0.75 0.01 -0.56 0.12

 2008 -0.25 0.44 0.44 0.2 -0.24 0.54

 2009 -0.96 0.0001 0.11 0.84 0.35 0.56

 2010 0.47 0.12 -0.55 0.1 -0.33 0.39

4. FMF 500 nm (Arabian Sea) Vs. SST (Arabian Sea)

 2005 -0.35 0.26 -0.56 0.1 -0.34 0.37

 2006 -0.38 0.22 -0.57 0.08 -0.39 0.31

 2008 -0.17 0.6 -0.32 0.37 0.25 0.51

 2009 -0.33 0.3 -0.38 0.28 -0.26 0.5

 2010 -0.46 0.13 -0.54 0.11 -0.33 0.38

5. SSA 440 nm Vs. SST (Arabian Sea) 

 2005 0.32 0.31 0.36 0.3 0.35 0.35

 2006 0.22 0.55 0.2 0.61 -0.09 0.85

 2008 0.27 0.4 0.62 0.05 0.63 0.07

 2009 0.75 0.03 0.21 0.69 -0.04 0.95

 2010 0.22 0.55 0.2 0.64 -0.09 0.85

6. SSA 483.5 nm (Arabian Sea) Vs. SST (Arabian Sea)

 2005 0.15 0.65 0.001 1 0.2 0.6

 2006 0.11 0.74 0.03 0.93 0.32 0.4

 2008 -0.05 0.87 0.06 0.87 0.27 0.48

 2009 -0.01 0.96 0.09 0.8 0.25 0.51

 2010 0.06 0.86 0.12 0.74 0.39 0.3
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7. CF Vs. SST (Arabian Sea)

 2005 0.3 0.34 0.69 0.03 0.69 0.04

 2006 0.31 0.33 0.77 0.01 0.79 0.01

 2008 0.16 0.61 0.71 0.02 0.65 0.06

 2009 0.23 0.48 0.74 0.01 0.71 0.03

 2010 0.28 0.38 0.81 0.004 0.77 0.02

8. COD Vs. SST (Arabian Sea) 

 2005 -0.31 0.32 0.38 0.28 0.75 0.02

 2006 0.29 0.36 0.75 0.01 0.67 0.05

 2008 0.09 0.79 0.51 0.13 0.62 0.08

 2009 0.48 0.15 0.2 0.57 0.32 0.4

 2010 0.58 0.05 0.7 0.02 0.38 0.32

9. CTT Vs. SST (Arabian Sea)

 2005 -0.12 0.72 -0.72 0.02 -0.61 0.08

 2006 0.05 0.88 -0.93 0.0001 -0.81 0.01

 2008 0.01 0.97 -0.73 0.02 -0.75 0.02

 2009 -0.13 0.7 -0.76 0.01 -0.76 0.02

 2010 -0.02 0.95 -0.85 0.002 -0.92 0.0004

In order to investigate, further, the roles of aerosols between 
land and sea during El Niño and La Niña events, a correlation 
(at different lags of 0, 2 and 3 months between the parameters) 
analysis has been carried out to the data sets. A summary of this 
analysis is presented in a dedicated table (Table 2), indicating 
R (correlation) and P (significance) values. The results reveal a 
significant association at accepted level (in a regression analysis 
designed to show statistical significance) between land and sea 
parameters during different phases of El Niño and La Niña at 
lag of 2 and 3 months, with a relatively better association at lag 
of 2 months, as compared to the direct (zero lag) relationship, 
during their strong phase, in particular, which corroborate the 
aerosol types observed during different phases of El Niño and La 
Niña. From the table 2, such an association can be clearly seen 
between FMF and SST, SSA and SST, CF and SST and CTT and SST. 
These aspects clearly show a significant relationship between 
aerosols over land and ocean air mass and their combined role in 
the El Niño and La Niña phenomena, which could be attributed 
to the primary/secondary aerosol generation and advection 
processes. The low correlations observed in the study may be 
explained mainly due to data sample size and partly due to phase 
of the episode. Detailed studies are planned in our future work.

Conclusion
The impact of aerosols on ocean-atmosphere coupled 

system during different phases of episodic events such as El 
Niño and La Niña has been investigated utilizing Niño 3.4 SST, 
AERONET (land), MODIS, OMI (space-borne) aerosol data 
sets. The results reveal both positive and negative association 
between the anomalies of SST and aerosol / cloud parameters 
depending on the phase / refractive index of aerosols prevailing 
and circulation features over the experimental region. An 

opposite relationship was found between the anomalies of Niño 
3.4 SST and land AOD, SSA with a phase shift which could be due 
to time synchronization and/or spatial difference between the 
measurements. This aspect has been further investigated by 
undertaking the lag correlation analysis between the parameters 
considered for the study, both for the entire study period and for 
the boreal summer period. The correlation coefficient is found 
to be improved in both the cases. This implies that SST, SSA and 
FMF have better association with AOD, indicating that the land-
air-sea phenomena are related at a lag of about 2 to 3 months in 
the case of total study period (January-December) and almost 
one-to-one relationship in the case of boreal summer (June- 
September) period. This is supported by detailed statistical 
analysis of data for the study period. The results are explained 
based on multi-level air-mass 5-day back trajectory model 
analysis and synoptic meteorological elements to infer the 
long-range transport and growth processes of aerosols. All the 
trajectories during monsoon months of all five years considered 
in the study indicate the arrival of air-mass from sea region. The 
results also show that the UI/BB aerosols are less dominant 
during the weak phase of El Niño (2006); more dominant during 
strong phase of El Niño (2009) and strong phase of La Niña 
(2008, 2010) while these aerosols dominate during weak phase 
of La Niña (2005) after MBC. This implies that besides UI, MBC 
from biomass burning or forest fires seem to dominate during 
2006 and 2010 while MBC aerosols from burning of fossil fuel 
during 2005. In addition, MOC from biomass burning can be 
noted only during 2010 which is strong phase of La Niña. The 
cooler SSTs are found to support generation/production of more 
cloud-active aerosols, which is a signature of aerosol indirect 
effect. The results are promising to enhance understanding of 
feedbacks on ENSO physics by ocean-atmosphere system.
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