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Anthropogenic emissions 
from South Asia reverses 
the aerosol indirect effect 
over the northern Indian Ocean
Subin Jose*, Vijayakumar S. Nair & S. Suresh Babu

Atmospheric aerosols play an important role in the formation of warm clouds by acting as efficient 
cloud condensation nuclei (CCN) and their interactions are believed to cool the Earth-Atmosphere 
system (‘first indirect effect or Twomey effect’) in a highly uncertain manner compared to the other 
forcing agents. Here we demonstrate using long-term (2003–2016) satellite observations (NASA’s 
A-train satellite constellations) over the northern Indian Ocean, that enhanced aerosol loading (due 
to anthropogenic emissions) can reverse the first indirect effect significantly. In contrast to Twomey 
effect, a statistically significant increase in cloud effective radius (CER, µm) is observed with respect 
to an increase in aerosol loading for clouds having low liquid water path (LWP < 75 g m−2) and drier 
cloud tops. Probable physical mechanisms for this effect are the intense competition for available 
water vapour due to higher concentrations of anthropogenic aerosols and entrainment of dry air 
on cloud tops. For such clouds, cloud water content showed a negative response to cloud droplet 
number concentrations and the estimated intrinsic radiative effect suggest a warming at the Top of 
the Atmosphere. Although uncertainties exist in quantifying aerosol-cloud interactions (ACI) using 
satellite observations, present study indicates the physical existence of anti-Twomey effect over the 
northern Indian Ocean during south Asian outflow.

In case of warm clouds having a fixed liquid water path, an increase in aerosol (which acts like cloud condensation 
nuclei (CCN)) concentrations leads to a decrease in cloud effective radius (CER) and an enhancement in cloud 
albedo. This is usually referred as “first indirect effect” or “Twomey effect”1, and ship track emissions studies2,3 
have provided one of the well-known observational evidence of this effect. The smaller the cloud drops, the 
weaker drop coalescences leading to suppression of precipitation and enhancement in cloud lifetime4 (“second 
indirect effect”). However, modelling and observational studies have found evidences that both support and 
disagree with this lifetime hypothesis5,6. Enhancement in CCN concentrations can also lead to thinning of cloud 
layers by decreasing (increasing) sedimentation (entrainment) rate, and such effects are found to be prominent 
if cloud base heights are greater than 400 m7. Suppression of warm rain due to enhanced aerosol loading can 
elevate smaller droplets under convective conditions. Freezing of large number smaller droplets at higher altitudes 
release more latent heat and leads to the invigoration of convective clouds. This phenomenon (aerosol induced 
invigoration of convective clouds) is more prominent during weak wind shear conditions and for clouds with 
warm cloud base8. In addition to these effects, presence of absorbing aerosols embedded within or below (above) 
the cloud layer leads to reduction (enhancement) in cloudiness and such effects are referred as rapid adjustment 
or “semi-direct effect”9. The mean effective radiative forcing associated with aerosol-cloud interactions is found 
to be − 0.55 W m–2 and with low confidence10.

Among the different cloud types, aerosol mediated changes in warm cloud properties are extensively studied, 
yet their estimated radiative effects are still highly uncertain10. This high uncertainty stems from our inability to 
disentangle the effect of meteorology from the aerosol impact on cloud microphysics11. Theoretical5 and obser-
vational studies12 revealed that aerosol induced changes in macro and microphysical properties of warm clouds 
are determined by the competition between moistening of cloud layers by precipitation suppression and drying 
by enhanced entrainment of overlying air. Cloud brightening is prominent if the overlying air is moist and a 
reverse effect can occur in case of mixing with dry free tropospheric air13. Recent study14 on cloud liquid water 
path (LWP) response to cloud droplet number concentrations (Nd) revealed that aerosol response to cloud LWP 
modifications strongly depends on the prevailing relative humidity of the region. Over highly polluted regions 
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(like ship tracks, oil refineries, wildfires etc.) a weak average decrease in cloud water content is observed with 
respect to aerosol loading which induces an offset of ~ 23% in cooling due to Twomey effect15. In addition, few 
studies conducted over highly polluted regions16,17 across the globe also reported the role of aerosols in counter-
intuitive cloud microphysical changes (increase in cloud effective radius with aerosol loading).

On the backdrop of these recent observational evidences it will be interesting to study aerosol-cloud interac-
tions (ACI) over the northern Indian Ocean especially during winter months (December–February). During 
these months, transport of dry air mass laden with pollutants from South Asia makes it one of the aerosol hotspot 
regions in the globe18. Radiative effects of these pollutants on the regional energy balance was well documented 
during INDOEX (Indian Ocean Experiment) and reported that the first indirect effect almost compensates the 
warming induced by the direct effect of clouds18. Several shipborne and aircraft based thematic campaigns (eg. 
ICARB19, ARMEX20, BOBEX21, CARDEX22 etc.) carried out over the northern Indian Ocean after INDOEX also 
revealed the complexity and absorbing nature of South Asian outflows. Long term trend in aerosol loading over 
South Asia using in-situ observations explicitly revealed the significant increase in anthropogenic emissions 
(~ 4% increase in aerosol optical depth per year)23 during the recent decades. Here, we demonstrate the effects 
of significant increase in aerosol loading on the properties of warm clouds over the oceanic regions lying in the 
downwind of South Asian outflow.

Results and discussions
Spatial distribution of long term (2003–2017) mean aerosol optical depth at 550 nm (AOD550, retrieved from 
Aqua-MODIS satellite) over the northern Indian Ocean during winter months shows high aerosol loading 
(AOD > 0.3) over the continental outflow regions (Fig. 1a). Analysis revealed that anthropogenic sources con-
tributed ~ 60–70% to this high aerosol loading and long term satellite-based trend in AOD550 showed a significant 

Figure 1.   (a) Long-term (2003–2017) aerosol loading (AOD550) over South Asia derived from MODIS 
sensor onboard Aqua satellite. Contour indicates the anthropogenic fraction to total AOD (%). Rectangular 
boxes represent the study area SA1 and SA2 respectively. (b,c) Aerosol cloud interaction over SA1 and SA2 
respectively for different cloud liquid water path (LWP) bins. Red and black curve in (b,c) represent AOD550 and 
precipitable water vapour (PWV, cm) corresponding to respective cloud LWP bin used in the estimation of ACI. 
Colorbars in (b,c) represent the percentage occurrence of free tropospheric humidity (FTH700hPa, %).
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increase (~ 2.2–2.3% year−1) over the northern Indian Ocean. For quantifying ACI, we considered two aerosol hot 
spot regions one over the Arabian Sea and the other over the Bay of Bengal respectively (now onwards study area, 
SA1 and SA2 respectively). Long-term mean AOD550 over SA1 and SA2 is found to be 0.28 ± 0.06 and 0.38 ± 0.08 
respectively and both regions showed a statistically significant positive AOD trend (~ 0.1 AOD decade−1, sup-
plementary Figure-01 and supplementary table-01). Vertical distribution of aerosol loading observed over the 
study area (supplementary Figure-02) using space-borne LIDAR revealed that majority of aerosols are confined 
in the lower atmosphere up to 2–3 km from mean sea level. Percentage occurrence of clouds over the study region 
estimated from MODIS data showed that ~ 40–60% of the cloud cover during dry months are mostly low-level 
clouds (700 hPa < Cloud Top Pressure (CTP) < 980 hPa) and a majority of them (greater than 75%) are having 
low LWP (< 75 g m−2; supplementary Figure-03). Above observations indicate the high possibility of aerosol 
interactions on marine warm clouds over the study regions.

ACI on marine warm clouds for different cloud liquid water paths (height of the bar indicates the value of 
ACI) over SA1 and SA2 is estimated (see “Methods”) and depicted in Fig. 1b,c. Decrease in CER with aerosol 
loading (Twomey effect) is observed for clouds with liquid water path greater than 75 g m−2 (hereafter high LWP 
regime); while a statistically significant increase in CER (supplementary Figure-04, supplementary Table-02) with 
the increase in aerosol loading (anti-Twomey effect) is found for clouds having low LWP (LWP < 75 g m−2). Over 
the northern Indian Ocean, previous studies (supplementary Table-03) using satellite observations have reported 
both Twomey as well as anti-Twomey effects. Aircraft based observations24 on cloud microphysics properties 
over the northern Indian Ocean during winter months reported ~ 35% decrease in CER for polluted clouds in 
comparison with pristine; while using satellite observations a weak positive correlation (r = 0.12) is observed 
between cloud-droplet size and AOD25. However, previous studies were confined to a specific LWP range and 
hence able to observe the contrast in ACI between high and low LWP clouds. Similar anti-Twomey effect is also 
reported from extremely high aerosol loading regions around the globe (Hebei, China26, Yangtze River Delta27, 
southeastern China28 and over industrial regions in Europe, China and North America16).

Modelling and observational studies29,30 suggested the possibility of anti-Twomey effect in warm clouds 
under the enhanced presence of large hygroscopic aerosol particles. Such particles hinder the growth of smaller 
particles (eventually leading to its evaporation) by suppression of supersaturation at the early stages of their 
activation. Over the northern Indian Ocean enhanced aerosol loading during winter months is mostly due to the 
presence of fine mode anthropogenic particles (Figs. 1 and Supplementary Figure-03) with major contributions 
from non-sea salt sulphate (nss-SO2−

4  ) and carbonaceous aerosols31. Hygroscopicity (κs) of nss-SO2−
4  is found 

to be 8–15% lower than pure sodium chloride32, while in the case of carbonaceous particles κs depends on the 
nature of mixing between organic and inorganic species33. In this study, we report anti-Twomey effects in low 
LWP clouds over the northern Indian Ocean under certain environmental conditions (also refer supplementary 
Figure-05). A comparison with high LWP clouds revealed that enhanced loading of anthropogenic aerosols and 
reduced moisture content (AOD is increased by ~ 20–25% and PWV showed a reduction of about ~ 7–14%) 
occurred in conjunction with low LWP clouds. Our observations suggest that role of intense competition for 
moisture by the enhanced presence of anthropogenic aerosols can be a probable mechanism for anti-Twomey 
effect over the study region.

In perfectly adiabatic liquid clouds, CER increases with height initially by diffusional growth followed by 
collision-coalescence processes34. Previous studies have demonstrated that entrainment mixing can also signifi-
cantly affect cloud microphysics35,36. In this study, we used variations in lower tropospheric stability (LTS, K) and 
free troposphere humidity (FTH, %) to represent this physical process (refer “Methods”). During the study period 
over northern Indian Ocean atmospheric conditions were mostly stable with an average LTS of 15 ± 0.3 K (LTS 
for different LWP bin is shown in supplementary Table-02). Percentage occurrence of FTH for different LWP 
bins is represented by colorbars in Fig. 1b,c. Analysis revealed that anti-Twomey effect is dominant under stable 
and dry atmospheric conditions over the northern Indian Ocean. Stable layer effectively blocks the transfer of 
moisture from surface to the free troposphere; such that surface flux–driven turbulence drive the dynamics of 
the region below the inversion layer and those regions above are dominated by radiatively driven convection37. 
Presence of dry air above low-level clouds can deepen the marine boundary layer (MBL), which further intensi-
fies cloud-top radiative cooling38. Over the northern Indian Ocean, we observed ~ 18–40 m increase in MBL 
(supplementary Figure-06) when low entraining and radiating humidity12 conditions persisted above cloud tops. 
Modelling and observational studies revealed that entrainment of dry air on stratocumulus (Sc) cloud tops can 
catalyse its transition to cumulus (Cu) clouds38,39 and if the type of mixing is extreme-inhomogeneous (time scale 
of evaporation is lesser than homogenisation following entrainment of dry air) it can result in a slight increase 
in CER during such transition35.

One of the major drawbacks of using passive satellite measurements for estimating ACI is that the satellite-
retrieved aerosol products are mostly columnar and may come from aerosol layers other than that actually 
interact with cloud base. To overcome this artefact, we used physically interacting40 aerosol and cloud layers 
(aerosol and cloud layers are separated by a distance of ~ 100 m) by making use of concurrent observations from 
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and MODIS (refer “Meth-
ods”). Variation of CER with aerosol index (AI) for physical interacting clouds also indicates the occurrence 
of anti-Twomey effect in cases of low LWP clouds and Twomey effect for high LWP clouds as discussed earlier 
(supplementary Figure-07b) which further strengthens the validity of our observation. Similar observations on 
anti-Twomey effect in low LWP clouds was also confirmed using ground-based and airborne observations41 over 
South Asia suggesting the possible physical mechanism rather than satellite retrieval errors.

Changes in CCN concentrations significantly affect the cloud droplet concentration (CDNC, Nd) especially 
under low updraft conditions. It is observed that under low CCN concentrations, CDNC increases steeply, 
however the presence of bigger cloud drops suppress the activation of additional aerosol particles42. To study the 
variation of Nd (estimation of Nd is described in “Methods”) with CCN concentration, we used quasi coincident 
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AI data (averaged within 50 km radius of Nd retrieval) and is shown in Fig. 2a. Our analysis revealed a non-linear 
increase (decrease) in Nd with AI at lower (higher) values of AI. Such negative relationships between Nd and 
AI are previously reported over land regions43. This observation (Fig. 2a) supports the role of enhanced aerosol 
concentrations leading to anti-Twomey effect in warm clouds. However, further theoretical studies and in-situ 
observations have to be carried out to establish this effect in warm clouds as satellite retrieved AI and CDNC 
are subjected to retrieval uncertainties. Variations in Nd affect micro and macrophysical properties of clouds like 
cloud LWP and cloud fraction4. Since LWP response to aerosol perturbation depends on multiple factors like 
cloud geometry and thermodynamic conditions, it is quite difficult to observationally constrain aerosol induced 
modification on cloud LWP.

Previous studies14 suggested that Nd-LWP relationship can potentially constrain aerosol impact on cloud 
LWP from other factors as Nd is largely influenced by CCN concentration and in-cloud updraft rather than rela-
tive humidity. First and second indirect effects can lead to a strong positive relationship between Nd and LWP; 
while entrainment of dry air leads13 to reduction in LWP with an increase in Nd. There are also observational 
evidences15 suggesting a weak negative response of cloud LWP to Nd where causality is constrained; while 
the recent study also suggests the existence of non-linear relationships between Nd and LWP with an increase 
(decrease) in LWP for lower (higher) values of Nd

14. To constrain the aerosol impact on cloud LWP over the 
northern Indian Ocean we analysed the response of cloud LWP as a function of Nd and a negative relationship 
( � =

∂ lnlwp
∂ lnNd

∼= −0.36 ) is observed (Fig. 2b). Variation of LWP with Nd under different meteorological conditions 
(supplementary Figure-08) also revealed a negative relationship and rate of decrease of LWP is found to be high 
under unstable and moist environmental conditions. Modelling studies have demonstrated that the presence of 
absorbing aerosols within the non-precipitating stratocumulus clouds can reduce cloud water content leading to 
positive semi-direct effect9. The � observed over the study region is quite comparable to those reported14,15 over 
heavily polluted regions like ship tracks and oil refineries, where an offset of cooling is observed in comparison 
with the first indirect effect. Since uncertainty associated with the retrieval of Nd is quite high44, further inves-
tigations have to be carried out to quantify the aerosol induced reduction in cloud LWP over the study region.

Our analysis using satellite data revealed that enhanced presence of anthropogenic aerosols over the northern 
Indian Ocean during dry months modulate the microphysical properties of warm clouds which in-turn affects 
the regional energy budget through their direct and indirect effects. To estimate indirect radiative effect (see 
“Methods”), we used simultaneous quasi-collocated CERES Short Wave (SW) flux data along with physically 
interacting aerosol and cloud data. Variation of CERES SW flux with aerosol loading for three different condi-
tions corresponding to (i) clear sky aerosol direct effect (Cloud Fraction = 0), (ii) low LWP clouds and (iii) high 
LWP clouds are shown in Fig. 2c. An increase in short wave flux can be seen under clear sky condition [estimated 
aerosol direct radiative effect (refer “Methods”) =  ~ − (10–12 W m−2)] as well as in case of high LWP clouds with 
an increase in aerosol loading, while a slight decrease is observed in case of low LWP clouds. Estimated intrinsic 
aerosol-cloud radiative forcing in the case low and high LWP clouds over the northern Indian Ocean is found 
to be ~ 0.95 and ~ − 0.45 W m−2 respectively. Our analysis suggests that over the northern Indian Ocean, aerosol 
interactions on warm clouds having low LWP induce a regional warming effect. Similar warming effect is also 
reported by other investigators for low LWP clouds under unstable and dry environments13,45.

Recent study22 using in-situ observation reported a decrease in turbulent kinetic energy (TKE) leading to 
an increase in atmospheric stability over the northern Indian Ocean during dry months due to enhancement 
in absorbing aerosol loading. Such polluted conditions suppress convective activity and also there will be a 
decrease in turbulent diffusion in the planetary boundary layer. As a consequence, there will be an enhancement 

Figure 2.   (a) CDNC as a function of AI, colorbar indicates precipitable water vapour (cm) at each AI bin and 
size of the bubble indicates respective AOD. (b) Variation of LWP as a function of CDNC (log–log scale). Inset 
shows the percentage occurrence of CDNC and LWP over the northern Indian Ocean. (c) Variation of Short 
wave flux with AI under clear sky (black diamonds) condition, for low (star, colorbar indicates LWP anomaly) 
and high (blue circles) LWP clouds.



5

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18360  | https://doi.org/10.1038/s41598-020-74897-x

www.nature.com/scientificreports/

in moisture content within the lower atmosphere leading to the formation of low-level clouds/fog. A positive 
relation between AOD and surface relative humidity (RHsurf) in case of clouds with low LWP (supplementary 
Figure-09) and the enhancement in low-level clouds46 over study region can be considered as a consequence of 
above feedback processes. This is a self-amplifying process which will further enhance aerosol concentration 
within the lower atmosphere, leading to persistent low visibility fog events. Depending on cloud geometric 
scale and thermodynamical conditions modelling studies suggest the existence of an optimal concentration 
(Nop) which is associated with maximum liquid water mass47. When aerosol concentration is lower than Nop an 
increase in cloud LWP is observed; while the increase in aerosol concentrations above Nop results in a decrease 
in cloud LWP (cloud suppression) due to enhanced entrainment and evaporation48. Analysis of Fig. 2c revealed 
that in case of low LWP clouds, LWP initially increased with aerosol loading and it showed a decreasing trend as 
AI increased beyond 0.2 (which is also reflected in the variation of upwelling SW flux with AI). This observation 
qualitatively infers the existence of Nop (quantified in terms of the AI) over the study region; however further 
comprehensive in-situ observations need to be carried out to quantify it.

Uncertainties associated with satellite estimation of ACI are quite high, which mainly arises from using 
AOD/AI as a proxy for CCN49. Albeit these inherent uncertainties constrain the quantification of the underly-
ing physical processes and the associated feedback mechanism, our findings provide ample evidence for further 
comprehensive investigations on ACI over the northern Indian Ocean.

Methods
MODIS sensor, on-board Terra (equator crossing time is ∼ 10:30 LT) and Aqua (equator crossing time is ∼ 
13:30 LT) satellites is one of the key instruments widely used by scientific communities for studying the impact 
of aerosol and cloud on earth radiation budget. It has 36 spectral bands (0.4–14.4 μm) with a spatial resolution 
of 250 m (bands 1–2), 500 m (bands 3–7) and 1 km (bands 8–36) respectively. Sensor related specifications 
and detailed aerosol/cloud retrieval algorithms (collection-6) can be found elsewhere50,51. In the present study, 
we used long term (2003–2016) Level 3 Aqua MODIS aerosol and cloud properties data for studying aerosol 
interactions on warm clouds over the northern Indian Ocean. Aerosol and cloud data, which are co-located in 
space and time are only used in the analysis. Domain averages of AOD and cloud data over study regions were 
not done prior to the estimation of ACI as sufficient samples will not be available for estimation of ACI for dif-
ferent LWP ranges. Non precipitating warm marine clouds are identified from MODIS data40 based on following 
screening criteria: (a) Data corresponding to CTP less than 700 hPa are excluded to deal with shallow clouds40; 
(b) Cloud optical thickness (COT) smaller than 4 and CER less than 4 μm are excluded as there exist retrieval 
uncertainty51; (c) CER greater than 28 μm were also discarded to avoid heavy precipitating clouds52; (d) AOD 
greater than 0.7 and less than 0.05 are excluded from analysis. AOD less than 0.05 are excluded as their exist 
retrieval uncertainty50; while AOD greater than 0.7 are screened out to reduce uncertainties associated with cloud 
adjacent AOD retrievals (partially cloudy effect and swelling effect etc.)53. Frequency distribution of AOD over 
the study region (supplementary Figure-03) revealed that usage of criteria (d) includes 99% of all AOD data 
over SA1 and 90% at SA2.

Aerosol Cloud Interaction (ACI) is quantified for a fixed LWP is estimated as54:

where, Aerosol Index (AI) is the product of AOD and AE is widely used as a proxy for CCN concentration in ACI 
estimation studies55. Student t-test is performed between AI and CER for each LWP bin prior to ACI estimation 
and we found a statistically significant correlation (p < 0.05) between them (supplementary Table-02).

CALIPSO56 is the only satellite currently in orbit that provides the vertical distribution of clouds and aerosols. 
In this study, we used long term (2006–2016) vertical layer information’s of aerosol and clouds over the northern 
Indian Ocean. We analysed ~ 4200 CALIPSO tracks for this study. Only those profiles are considered where aero-
sol particles and cloud layers are physically interacting i.e. aerosol bottom and cloud top layer is within 100 m 
range40. However, a recent observational study57 reported that ACI estimated using above-cloud aerosol, even 
within 100 m of cloud top, may not accurately reflect the relationship. To reduce the uncertainty to an extent, 
profiles having mono aerosol and cloud layer are only used in the analysis. Geolocations of physically interact-
ing aerosol and cloud layers over the northern Indian Ocean during dry months can be found in supplementary 
Figure-07a. Further, Aqua MODIS retrieved Level-2 aerosol and cloud optical properties are averaged within 
50 km radius from CALIOP target and the screening criteria for identifying warm clouds are applied prior to 
analysis. Methodology elucidating multi-satellite approach for estimating ACI can be found elsewhere27,40 and 
details of data set used in multi-satellite estimation of ACI are shown in Supplementary Table-04.

Temperature and humidity profiles retrieved from Atmospheric Infrared Sounder (AIRS) are used to estimate 
LTS and FTH. LTS is defined as the potential temperature (θp) difference between 700 hPa and mean surface 
level58 and relative humidity at 700 hPa is considered as FTH.

To estimate CDNC (Nd, cm−3) we used Level-2 collection 6 MODIS cloud product data set. For an adiabatic 
cloud CDNC is related to CER and COT (τc) as follows59:

In order to ensure only valid cloud observations for the estimation of CDNC, we used following set of screen-
ing criteria:

(1)ACI =
−∂ lnCER

∂ lnAI
|LWP

Nd = Ŵ
101/2

4πρ
1/2
w k

τ 1/2

r5/2
∼ = 1.4067 ∗ 10−6 ∗

τc
1
2

r
5
2

[

If Nd is assumed to be constant with height
]



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18360  | https://doi.org/10.1038/s41598-020-74897-x

www.nature.com/scientificreports/

a.	 Cloud phases retrieved by MODIS infrared and visible channels should indicate liquid phase59.
b.	 MODIS estimated CER at 3 different wavelengths (3.7, 2.1 and 1.6 µm) should be in descending order (i.e. 

CER3.7 > CER2.1 > CER1.6). This criterion ensures the fundamental assumptions (adiabatic and homogenous 
clouds) associated with CDNC retrievals59.

c.	 Cloud top temperature should be between 268 and 300 K to ensure the selection of warm clouds pixels only.
d.	 Cloud optical depths smaller than 4 and CER smaller than 4 µm are not considered due to high retrieval 

uncertainty51.
e.	 Only pixels with cloud fraction greater than 0.9 are considered for analysis and pixels with inhomogeneity 

index (Cloud_Mask_SPI) greater than 30 are excluded. Inclusion of this criteria helps to avert the uncertain-
ties associated with partially cloudy/broken cloud pixels in CDNC retrieval14.

f.	 Only pixels with solar zenith angle less than 65° and sensor zenith angle less than 41.4° are only used in the 
analysis44. Usage of this criterion minimises the uncertainties associated with satellite viewing geometry in 
CDNC retrieval.

Aerosol indirect radiative effect is estimated by following60

where, Csw is the quasi coincident CERES short wave flux at Top Of the Atmosphere (TOA), Cf is the cloud frac-
tion, Aclr is the clear sky albedo, Acld is the cloudy sky albedo ( Acld =

[

Aall −
(

1− Cf

)

Aclr

]

/Cf  ), Cm is the mean 
marine warm cloud coverage (~ 31%) and F↓ is the incoming solar radiation. First-term on the right-hand side 
of Eq. (2) determines that effect of changes in cloud microphysics due to aerosol loading on SW flux at TOA 
(intrinsic radiative effect), and the second term denotes the effect of changes in cloud macrophysics due to aerosol 
loading on SW flux at TOA (extrinsic radiative effect).

Shortwave Aerosol Direct Radiative Effect (ADRE) is estimated using simultaneous daily MODIS aerosol, 
cloud and CERES SSF SW flux data. To estimate ADRE only those pixels are selected where MODIS Cloud Frac-
tion is zero. ADRE is estimated by following61 as

 where, Fclr is considered as the SW flux at TOA for minimum AOD condition. In the present study, we estimated 
Fclr by interpolating the regression relation between AOD and SW flux for zero AOD condition (Estimated Fclr 
is ~ 78 W m−2).

Data availability
MODIS data are available from the NASA Goddard Space Flight Center (‘https​://ladsw​eb.modap​s.eosdi​s.nasa.
gov/’). CERES data used in this study are obtained from the NASA Langley Research Center, Atmospheric Sci-
ence Data Center (https​://ceres​.larc.nasa.gov/). AIRS data can be obtained from, (‘https​://airs.jpl.nasa.gov/data/
get_data’). CALIPSO data are available online from https​://www-calip​so.larc.nasa.gov/.

Code availability
MATLAB codes used in this study are available upon request to the corresponding author.

Received: 24 March 2020; Accepted: 4 September 2020

References
	 1.	 Twomey, S. The influence of pollution on the shortwave albedo of clouds. J. Atmos. Sci. 34, 1149–1152 (1977).
	 2.	 Radke, L. F., Coakley, J. A. & King, M. D. Direct and remote sensing observations of the effects of ships on clouds. Science https​://

doi.org/10.1126/scien​ce.246.4934.1146 (1989).
	 3.	 Lu, M. L. et al. The marine stratus/stratocumulus experiment (MASE): Aerosol-cloud relationships in marine stratocumulus. J. 

Geophys. Res. Atmos. https​://doi.org/10.1029/2006J​D0079​85 (2007).
	 4.	 Albrecht, B. A. Aerosols, cloud microphysics, and fractional cloudiness. Science https​://doi.org/10.1126/scien​ce.245.4923.1227 

(1989).
	 5.	 Ackerman, A. S., Kirkpatrick, M. P., Stevens, D. E. & Toon, O. B. The impact of humidity above stratiform clouds on indirect aerosol 

climate forcing. Nature 432, 1014–1017 (2004).
	 6.	 Small, J. D., Chuang, P. Y., Feingold, G. & Jiang, H. Can aerosol decrease cloud lifetime? Geophys. Res. Lett. 36, L16806. https​://

doi.org/10.1029/2009G​L0388​88 (2009). 
	 7.	 Wood, R. Cancellation of aerosol indirect effects in marine stratocumulus through cloud thinning. J. Atmos. Sci. 64, 2657–2669 

(2007).
	 8.	 Rosenfeld, D., Sherwood, S., Wood, R. & Donner, L. Climate effects of aerosol-cloud interactions. Science 343, 379–380 (2014).
	 9.	 Koch, D. & Del Genio, A. D. Black carbon semi-direct effects on cloud cover: Review and synthesis. Atmos. Chem. Phys. 10, 

7685–7696 (2010).
	10.	 IPCC. Climate change 2013 the physical science basis: Working Group I contribution to the fifth assessment report of the intergovern-

mental panel on climate change, vol. 9781107057 (2013).
	11.	 Rosenfeld, D. et al. Aerosol-driven droplet concentrations dominate coverage and water of oceanic low-level clouds. Science https​

://doi.org/10.1126/scien​ce.aav05​66 (2019).
	12.	 Eastman, R. & Wood, R. The competing effects of stability and humidity on subtropical stratocumulus entrainment and cloud 

evolution from a Lagrangian perspective. J. Atmos. Sci. 75, 2563–2578 (2018).
	13.	 Chen, Y.-C. et al. Occurrence of lower cloud albedo in ship tracks. Atmos. Chem. Phys. 12, 8223–8235 (2012).
	14.	 Gryspeerdt, E. et al. Constraining the aerosol influence on cloud liquid water path. Atmos. Chem. Phys. https​://doi.org/10.5194/

acp-19-5331-2019 (2019).

(2)
∂Csw

∂ ln(AI)
= [

−

Cm

(

∂Aclr

∂ ln(AI)
−

∂Acld

∂ ln(AI)

)

+ Aclr − Acld

∂Cf

∂ ln(AI)
]F

↓

(3)ADRETOA = Fclr − Faero

https://ladsweb.modaps.eosdis.nasa.gov/
https://ladsweb.modaps.eosdis.nasa.gov/
https://ceres.larc.nasa.gov/
https://airs.jpl.nasa.gov/data/get_data
https://airs.jpl.nasa.gov/data/get_data
https://www-calipso.larc.nasa.gov/
https://doi.org/10.1126/science.246.4934.1146
https://doi.org/10.1126/science.246.4934.1146
https://doi.org/10.1029/2006JD007985
https://doi.org/10.1126/science.245.4923.1227
https://doi.org/10.1029/2009GL038888
https://doi.org/10.1029/2009GL038888
https://doi.org/10.1126/science.aav0566
https://doi.org/10.1126/science.aav0566
https://doi.org/10.5194/acp-19-5331-2019
https://doi.org/10.5194/acp-19-5331-2019


7

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18360  | https://doi.org/10.1038/s41598-020-74897-x

www.nature.com/scientificreports/

	15.	 Toll, V., Christensen, M., Quaas, J. & Bellouin, N. Weak average liquid-cloud-water response to anthropogenic aerosols. Nature 
https​://doi.org/10.1038/s4158​6-019-1423-9 (2019).

	16.	 Ma, X., Jia, H., Yu, F. & Quaas, J. Opposite aerosol index-cloud droplet effective radius correlations over major industrial regions 
and their adjacent oceans. Geophys. Res. Lett. 45, 5771–5778 (2018).

	17.	 Yuan, J., Hartmann, D. L. & Wood, R. Dynamic effects on the tropical cloud radiative forcing and radiation budget. J. Clim. 21, 
2337–2351 (2008).

	18.	 Ramanathan, V. et al. Indian Ocean experiment: An integrated analysis of the climate forcing and effects of the great Indo-Asian 
haze. J. Geophys. Res. Atmos. 106, 28371–28398 (2001).

	19.	 Babu, S. S., Gogoi, M. M., Kumar, V. H. A., Nair, V. S. & Moorthy, K. K. Radiative properties of Bay of Bengal aerosols: Spatial 
distinctiveness and source impacts. J. Geophys. Res. Atmos. 117, D06213. https​://doi.org/10.1029/2011J​D0173​55 (2012).

	20.	 Moorthy, K. K., Babu, S. S. & Satheesh, S. K. Aerosol characteristics and radiative impacts over the Arabian Sea during the inter-
monsoon season: Results from ARMEX field campaign. J. Atmos. Sci. 62, 192–206 (2005).

	21.	 Lal, S., Sahu, L. K. & Venkataramani, S. Impact of transport from the surrounding continental regions on the distributions of 
ozone and related trace gases over the Bay of Bengal during February 2003. J. Geophys. Res. Atmos. 112, D14302. https​://doi.
org/10.1029/2006J​D0080​23 (2007).

	22.	 Wilcox, E. M. et al. Black carbon solar absorption suppresses turbulence in the atmospheric boundary layer. Proc. Natl. Acad. Sci. 
113, 11794–11799 (2016).

	23.	 Babu, S. S. et al. Trends in aerosol optical depth over Indian region: Potential causes and impact indicators. J. Geophys. Res. Atmos. 
118, 11794–11806 (2013).

	24.	 Heymsfield, A. J. & McFarquhar, G. M. Microphysics of INDOEX clean and polluted trade cumulus clouds. J. Geophys. Res. Atmos. 
106, 28653–28673 (2001).

	25.	 Jones, T. A. & Christopher, S. A. Seasonal variation in satellite-derived effects of aerosols on clouds in the Arabian Sea. J. Geophys. 
Res. Atmos. 113, D09207. https​://doi.org/10.1029/2007J​D0091​18 (2008).

	26.	 Zhao, C. et al. Negative aerosol-cloud re relationship from aircraft observations over Hebei, China. Earth Space Sci. 5, 19–29 (2018).
	27.	 Liu, Y. et al. Analysis of aerosol effects on warm clouds over the Yangtze River Delta from multi-sensor satellite observations. 

Atmos. Chem. Phys. 17, 5623–5641 (2017).
	28.	 Wang, F. et al. Satellite observed aerosol-induced variability in warm cloud properties under different meteorological conditions 

over eastern China. Atmos. Environ. https​://doi.org/10.1016/j.atmos​env.2013.11.018 (2014).
	29.	 Ghan, S. J., Guzman, G. & Abdul-Razzak, H. Competition between sea salt and sulfate particles as cloud condensation nuclei. J. 

Atmos. Sci. 55, 3340–3347 (1998).
	30.	 Feingold, G., Remer, L. A., Ramaprasad, J. & Kaufman, Y. J. Analysis of smoke impact on clouds in Brazilian biomass burning 

regions: An extension of Twomey’s approach. J. Geophys. Res. Atmos. 106, 22907–22922 (2001).
	31.	 Aswini, A. R., Hegde, P., Aryasree, S., Girach, I. A. & Nair, P. R. Continental outflow of anthropogenic aerosols over Arabian Sea 

and Indian Ocean during wintertime: ICARB-2018 campaign. Sci. Total Environ. 712, 135214 (2020).
	32.	 Zieger, P. et al. Revising the hygroscopicity of inorganic sea salt particles. Nat. Commun. 8, 1 (2017).
	33.	 Semeniuk, T. A., Wise, M. E., Martin, S. T., Russell, L. M. & Buseck, P. R. Hygroscopic behavior of aerosol particles from biomass 

fires using environmental transmission electron microscopy. J. Atmos. Chem. 56, 259–273 (2007).
	34.	 Rosenfeld, D. & Lensky, I. M. Satellite-based insights into precipitation formation processes in continental and maritime convective 

clouds. Bull. Am. Meteorol. Soc. 79, 2457–2476 (1998).
	35.	 Hill, A. A., Feingold, G. & Jiang, H. The influence of entrainment and mixing assumption on aerosol-cloud interactions in marine 

stratocumulus. J. Atmos. Sci. https​://doi.org/10.1175/2008J​AS290​9.1 (2009).
	36.	 Wood, R. & Bretherton, C. S. Boundary layer depth, entrainment, and decoupling in the cloud-capped subtropical and tropical 

marine boundary layer. J. Clim. 17, 3576–3588 (2004).
	37.	 Bretherton, C. S. & Wyant, M. C. Moisture transport, lower-tropospheric stability, and decoupling of cloud-topped boundary 

layers. J. Atmos. Sci. 54, 148–167 (1997).
	38.	 Wood, R. Stratocumulus clouds. Mon. Weather Rev. https​://doi.org/10.1175/MWR-D-11-00121​.1 (2012).
	39.	 Zhou, X., Kollias, P. & Lewis, E. R. Clouds, precipitation, and marine boundary layer structure during the MAGIC field campaign. 

J. Clim. 28, 2420–2442 (2015).
	40.	 Costantino, L. & Bréon, F. M. Aerosol indirect effect on warm clouds over South-East Atlantic, from co-located MODIS and 

CALIPSO observations. Atmos. Chem. Phys. 13, 69–88 (2013).
	41.	 Harikishan, G., Padmakumari, B., Maheskumar, R. S., Pandithurai, G. & Min, Q. L. Aerosol indirect effects from ground-based 

retrievals over the rain shadow region in Indian subcontinent. J. Geophys. Res. https​://doi.org/10.1002/2015J​D0245​77 (2016).
	42.	 Carslaw, K. S. et al. Large contribution of natural aerosols to uncertainty in indirect forcing. Nature 503, 67–71 (2013).
	43.	 Grandey, B. S. & Stier, P. A critical look at spatial scale choices in satellite-based aerosol indirect effect studies. Atmos. Chem. Phys. 

https​://doi.org/10.5194/acp-10-11459​-2010 (2010).
	44.	 Grosvenor, D. P. et al. Remote sensing of droplet number concentration in warm clouds: A review of the current state of knowledge 

and perspectives. Rev. Geophys. 56, 409–453 (2018).
	45.	 Douglas, A. & L’Ecuyer, T. Quantifying variations in shortwave aerosol-cloud-radiation interactions using local meteorology and 

cloud state constraints. Atmos. Chem. Phys. https​://doi.org/10.5194/acp-19-6251-2019 (2019).
	46.	 Norris, J. R. Has Northern Indian Ocean cloud cover changed due to increasing anthropogenic aerosol?. Geophys. Res. Lett. 28, 

3271–3274 (2001).
	47.	 Dagan, G., Koren, I. & Altaratz, O. Aerosol effects on the timing of warm rain processes. Geophys. Res. Lett. https​://doi.

org/10.1002/2015G​L0638​39 (2015).
	48.	 Sato, Y. et al. Aerosol effects on cloud water amounts were successfully simulated by a global cloud-system resolving model. Nat. 

Commun. https​://doi.org/10.1038/s4146​7-018-03379​-6 (2018).
	49.	 Seinfeld, J. H. et al. Improving our fundamental understanding of the role of aerosol-cloud interactions in the climate system. Proc. 

Natl. Acad. Sci. USA. https​://doi.org/10.1073/pnas.15140​43113​ (2016).
	50.	 Levy, R. C. et al. The collection 6 MODIS aerosol products over land and ocean. Atmos. Meas. Tech. 6, 2989–3034 (2013).
	51.	 Platnick, S. et al. MODIS cloud optical properties: User guide for the Collection 6 Level-2 MOD06/MYD06 product and associated 

Level-3 Datasets. Version 1, 145 (2015).
	52.	 Yuan, T., Li, Z., Zhang, R. & Fan, J. Increase of cloud droplet size with aerosol optical depth: An observation and modeling study. 

J. Geophys. Res. 113, D04201 (2008).
	53.	 Várnai, T. & Marshak, A. MODIS observations of enhanced clear sky reflectance near clouds. Geophys. Res. Lett. https​://doi.

org/10.1029/2008G​L0370​89 (2009).
	54.	 McComiskey, A. & Feingold, G. Quantifying error in the radiative forcing of the first aerosol indirect effect. Geophys. Res. Lett. 35, 

L02810 (2008).
	55.	 Nakajima, T., Higurashi, A., Kawamoto, K. & Penner, J. E. A possible correlation between satellite-derived cloud and aerosol 

microphysical parameters. Geophys. Res. Lett. 28, 1171–1174 (2001).
	56.	 Winker, D. M. et al. Overview of the CALIPSO mission and CALIOP data processing algorithms. J. Atmos. Ocean. Technol. 26, 

2310–2323 (2009).

https://doi.org/10.1038/s41586-019-1423-9
https://doi.org/10.1029/2011JD017355
https://doi.org/10.1029/2006JD008023
https://doi.org/10.1029/2006JD008023
https://doi.org/10.1029/2007JD009118
https://doi.org/10.1016/j.atmosenv.2013.11.018
https://doi.org/10.1175/2008JAS2909.1
https://doi.org/10.1175/MWR-D-11-00121.1
https://doi.org/10.1002/2015JD024577
https://doi.org/10.5194/acp-10-11459-2010
https://doi.org/10.5194/acp-19-6251-2019
https://doi.org/10.1002/2015GL063839
https://doi.org/10.1002/2015GL063839
https://doi.org/10.1038/s41467-018-03379-6
https://doi.org/10.1073/pnas.1514043113
https://doi.org/10.1029/2008GL037089
https://doi.org/10.1029/2008GL037089


8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18360  | https://doi.org/10.1038/s41598-020-74897-x

www.nature.com/scientificreports/

	57.	 Diamond, M. S. et al. Time-dependent entrainment of smoke presents an observational challenge for assessing aerosol-cloud 
interactions over the southeast Atlantic Ocean. Atmos. Chem. Phys. 18, 14623–14636 (2018).

	58.	 Klein, S. A. & Hartmann, D. L. The seasonal cycle of low stratiform clouds. J. Clim. 6, 1587–1606 (1993).
	59.	 Bennartz, R. & Rausch, J. Global and regional estimates of warm cloud droplet number concentration based on 13 years of AQUA-

MODIS observations. Atmos. Chem. Phys. https​://doi.org/10.5194/acp-17-9815-2017 (2017).
	60.	 Chen, Y. C., Christensen, M. W., Stephens, G. L. & Seinfeld, J. H. Satellite-based estimate of global aerosol-cloud radiative forcing 

by marine warm clouds. Nat. Geosci. 7, 643–646 (2014).
	61.	 Christopher, S. A. & Zhang, J. Shortwave aerosol radiative forcing from MODIS and CERES observations over the oceans. Geophys. 

Res. Lett. 29, 0–3 (2002).

Acknowledgements
This study is carried out under the Aerosol Radiative Forcing over India (ARFI) project of ISRO-GBP. SJ 
acknowledges ISRO and the Department of Science and Technology (DST), Govt. of India, SERB (Fellowship 
no PDF/2017/001392) for the post-doctoral fellowships. We are grateful to the two anonymous reviewers for 
their constructive comments and suggestions. Authors acknowledge principal investigators (PI) and science 
teams of NASA A-Train satellite constellation for providing data used in this study.

Author contributions
V.S.N., S.J. and S.S.B. designed the experiment. S.J. and V.S.N. analysed the data. S.J. wrote the manuscript. V.S.N. 
and S.S.B. reviewed and edited the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https​://doi.org/10.1038/s4159​8-020-74897​-x.

Correspondence and requests for materials should be addressed to S.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.5194/acp-17-9815-2017
https://doi.org/10.1038/s41598-020-74897-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Anthropogenic emissions from South Asia reverses the aerosol indirect effect over the northern Indian Ocean
	Results and discussions
	Methods
	References
	Acknowledgements


