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2019‒2020 Australian bushfire air 
particulate pollution and impact 
on the South Pacific Ocean
Mengyu Li, Fang Shen* & Xuerong Sun

During late 2019 and early 2020, Australia experienced one of the most active bushfire seasons that 
advected large emissions over the adjacent ocean. Herein, we present a comprehensive research 
on mixed atmospheric aerosol particulate pollution emitted by wildfires in the atmosphere and 
the ocean. Based on a wide range of physical and biochemical data, including the Aerosol Robotic 
Network, multi-satellite observations, and Argo floats, we investigated the spatio-temporal variations 
and mixed compositions of aerosol particles, deposition in the coastal waters of eastern Australia 
and the South Pacific Ocean, and biogeochemical responses in the water column. Four types of 
wildfire-derived mixed particles were classified by using the optical properties of aerosols into four 
types, including the background aerosols, mineral dust, wildfire smoke particles, and residual smoke. 
The coarse particles accounted for more than 60% of the mineral dust on 22 November 2019 in the 
Tasman Sea; afterwards, during the wildfire smoke episode from December 2019 to January 2020, the 
particles affected large areas of the atmosphere such as eastern Australia, the South Pacific Ocean, 
and South America. The maximum value of the aerosol optical depth reached 2.74, and the proportion 
of fine particles accounted for 98.9% in the smoke episode. Mineral dust and smoke particles from the 
fire emissions changed the particle composition in the surface ocean. Particle deposition accounted 
for increases in chlorophyll-a concentration (Chla) standardized anomaly up to maximum of 23.3 
with a lag time of less than 8 days. In the vertical direction, float observations showed the impact of 
exogenous particles on the water column could up to 64.7 m deep, resulting in Chla of 1.85 mg/m3. The 
high Chla lasted for a minimum period of two months until it returned to normal level.

Massive bushfires fuelled by record-breaking high temperatures and months of extreme drought raged in eastern 
Australia during the summer of 2019–20201. The fires destroyed 3113 houses, claimed 33 lives, and generated an 
estimated economic impact of up to 20 billion dollars2. The pyrocumulonimbus generated by the wildfire lifted 
enormous amounts of particles into the atmosphere, significantly impacting air quality, visibility3,4, and human 
health5–7. Field measurements suggest that intense bushfires could provide a source of other nutrients, including 
nitrogen and phosphorus, and especially iron, which may be associated with biomass-burning smoke particles8–11 
and dust particles entrained by pyro-convection6,12. The mixing of dust and smoke particles can significantly 
increase aerosol loading and modify the optical properties of the background atmosphere13.

Furthermore, the entry of nutrients-containing particles into the marine environment may potentially alter 
ocean primary production, thereby exerting significant influence on marine ecosystems14,15, controlling the 
exchange of carbon to the deep ocean via bio-pumps16,17, and even driving climate change14,15. Previous studies 
have shown that iron-containing particle deposition can induce phytoplankton growth because of the addition 
of nutrients to oligotrophic regions18–21. Compared to mineral dust particles, the results of a number of studies 
pointed toward an elevated solubility of iron in aerosols produced by the combustion of fossil fuels and bio-
mass, which can potentially provide more bioavailable Fe to the surface ocean9,22–24. Atmospheric mineral dust 
contained approximately 3% Fe by mass and a tiny fraction of soluble Fe, which is usually considered Fe (II) 
(although other forms of Fe may also be bioavailable)25,26. Bioavailable Fe derived from direct emissions from 
combustion sources and processes by anthropogenic atmospheric pollutants in mineral dust play a vital role in 
ocean fertilisation over various surface ocean areas, where primary production and nitrogen fixation are limited 
by Fe scarcity9,27,28. Thus, biomass-burning particles may play a significant role in regional ocean fertilisation.

The South Pacific Ocean is isolated from most continental sources, has low chlorophyll-a concentrations 
(Chla, see Table 1 for a full list of symbols, terms, definitions, and units), and thus represents an end-member 
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of oceanic hyper-oligotrophic conditions29. Due to nutrient limitations, oligotrophic areas are likely to respond 
significantly to changes in atmospheric deposition25. Analyses of Australian continental waters have shown that 
ocean primary productivity responded to dust deposition in the coastal ocean30,31. However, comprehensive stud-
ies on mixed particulate pollution in both the atmosphere and the ocean are relatively scarce10,25. The hypothesis 
is that bushfire-derived particulate air pollution may have a significant impact on regional oligotrophic ocean 
fertilisation and primary productivity.

In this study, we utilised multi-sourced and multipurpose datasets to present a detailed analysis of the 
2019‒2020 Australian air particulate pollution and its impact on coastal and open ocean waters. Detailed com-
positional analyses of atmospheric pollutants and spatio-temporal variations from fire combustion were con-
ducted. The impacts of particle deposition on the surface ocean were evaluated and found to change the water 
composition. Finally, we investigated the ocean biological responses in the water column to different atmospheric 
particulate pollution types to evaluate their impact on marine ecology. This study highlights the significance of 
bushfire-derived dust in the marine carbon cycle in the context of climate change.

Results
Bushfire‑derived air particulate pollution.  The MODIS active fire products showed that the 2019–2020 
Australian bushfire season was unprecedented compared to years of moderate fire points (e.g., 2012–2013 bush-
fire season) and years of low fire activities (e.g., 2014–2015 bushfire season). Table 2 shows the numbers of fire 
points for each typical bushfire season compared to climatology. It can be seen that the overall anomalies of 
active fire points for the 2019–2020 bushfire season were higher compared to the typical years. The number 
of fire point anomalies for the 2019–2020 bushfire season reached a maximum in December 2019 exceeding 
the 20-year average by over 1000 counts. And the 2019–2020 bushfires in Australia unleashed 8500.3 Gg and 
17,319.2 Gg carbon into the atmosphere on 9 November 2019, and 5 January 2020 respectively (Supplementary 
Fig. 1).

Table 1.   Symbols, terms, definitions and units.

Symbols and abbreviations Description

δ Residual scattering coefficient

ΔX Standardized anomalies of variables, X can be Chla, bbp_443, aph_443, UVAI, or SST

Δσθ Change in potential density, in kg/m3

α (443), β (443) Regression coefficients at 443 nm for δ

AE Angstrom exponent

AERONET Aerosol robotic network

AOD440 Aerosol optical depth at 440 nm from AERONET site, dimensionless

aph_443 Absorption coefficient of phytoplankton at 443 nm on the ocean surface, in m-1

Argo An international program that uses profiling floats to observe oceans

bbp_443 Particulate backscattering coefficients at 443 nm on the ocean surface from MODIS, in m-1

bbp_700 Particulate backscattering coefficients at 700 nm in the water columns from Argo floats, in m-1

BGC-Argo Biogeochemical Argo

Chla Chlorophyll-a concentrations, in mg/m3

dV(r)/dlnr Volume particle size distribution in air, in µm3/µm2

GAMSSA Global Australian Multi-Sensor SST Analysis

GHRSST The Group for High Resolution Sea Surface Temperature

GIOP Generalised Inherent Optical Property

MLD Mixed Layer Depth

MODIS Moderate Resolution Imaging Spectroradiometer

NASA National Aeronautics and Space Administration

OMI Ozone Monitoring Instrument (OMI) on board the Aura satellite

r Equivalent spherical radius of air particulate, in µm

rVF Median radius for fine particles

SDA Spectral Deconvolution Algorithm

SOCCOM Southern Ocean Carbon and Climate Observations and Modeling project

SST Sea Surface Temperature

TROPOMI Tropospheric Monitoring Instrument

UVAI Ultraviolet Aerosol Index from OMI

VC Volume concentrations of coarse particles

VF Volume concentrations of fine particles
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Satellite images provide detailed information on pollution. In addition to the small number of particles 
released in September in New South Wales and Queensland, satellites also recorded a large number of particles 
released by bushfires in the coastal area of southeastern Australia in November 2019 and January 2020. A Hov-
moller latitude-averaged graph (Fig. 2a, the study area is showed in Fig. 1, 20°S–45°S, 45°E–45°W) Fig. 1 was 
plotted for ultraviolet aerosol index (UVAI) over an area from 20°S, 45°E to 45°S, 45°W. The chart shows that fire 
emissions primarily affected the atmosphere on the east coast of Australia in late November 2019 and the South 
Pacific Ocean from January to early February 2020. Figure 2b,c show the fire-driven air particulate pollution 
process observed by MODIS-Aqua on 19 November 2019. The particle plumes extended over the southeastern 
coast sea, following the prevalent wind. Detailed trends of the emissions covering the southeast coast of Australia 
and the Tasman Sea from 6 November to 14 December 2019 are provided in Supplementary Figure 2. Figure 2d‒f 
show that on 1 and 5 January 2020, the uncontrolled bushfire emissions in Victoria dramatically increased, spread 

Table 2.   Monthly average anomalies active fire points for the typical months in Australia.

Bushfire season November December January February

2012–13 (moderate bushfire) 784.60 400.01 158.89 19.39

2014–15 (normal year) − 26.57 − 71.54 − 115.79 4.46

2019–20 (this study) 209.90 1017.14 438.40 31.25

Figure 1.   (a) Map of areas of interest (generated using MATLAB 9.9.0.1570001 R2020b Update 4, https://​www.​
mathw​orks.​com/​produ​cts/​matlab.​html). The black rectangle (20°S–45°S, 45°E–45°W) indicates the Hovmoller 
latitude-averaged plot in Fig. 2a. The red star represents the location of the AERONET site (Tumbarumba, 
Australia). The white boxes represent P1 (33°S–43°S, 155°E–165°E) and P2 (20°S–45°S, 180°–80°W), which 
contains 4 subparts of the same size (i.e., S1–S4). (b) Position and trajectory of No. 5905108 BGC-Argo float. (c) 
Position and trajectory of No. 5904843 BGC-Argo float.

https://www.mathworks.com/products/matlab.html
https://www.mathworks.com/products/matlab.html
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to the coast of southeastern Australia, and covered the Tasman Sea and New Zealand. The satellite images (Sup-
plementary Fig. 3) indicated that pollution was transported from the bushfire regions in southeastern Australia 
to the South America from 26 December 2019 (Australia local date) to 20 January 2020. By mid-January 2020, 
emissions were carried across the Southeast Pacific to Chile and Argentina. 

Temporal variation of aerosol types from AERONET.  Atmospheric fine, coarse, and total aerosol 
optical depth (AOD) and the particle size distribution data of the station (marked with the red star in Fig. 1) are 
illustrated in Fig. 3a,b. Coarse particulate emissions on 22 November 2019 temporarily reached a total AOD at 
440 nm (AOD440) value of 0.54, with a coarse particle contribution of more than 60%, compared to 14.2% in the 
median during the non-biomass burning episode. By mid-December 2019, the dominant particle size changed 
from coarse to fine. The total AOD440 increased significantly, reaching a maximum of 2.74 on 2 January 2020, 
while the proportion of fine-mode particles accounting for 98.9%. 

Figure 4 shows a detailed, colour-coded classification of the aerosol type identification for each observation. 
According to the identification method described in “Aerosol types identification”, both AOD440 and angstrom 
exponent (AE) were used to classify aerosol types. When AOD increased significantly, aerosol types were clas-
sified according to AE value. Aerosol types were classified by the values of AE in the presence of a significant 
increase in AOD. Compared with the usual situation, AE in the dust period was lower, while the AOD was 
slightly higher than that in previous years. During the smoke period, both AE and AOD increased significantly. 
We found four types of aerosols according to the dominant particles based on AOD and AE observations: (1) 
background aerosols before 22 November 2019 (blue in Fig. 4); (2) dust particulate pollution on 22 November 
2019 (red-brown); (3) wildfire smoke from 8 December 2019 to 13 January 2020 (red); and (4) residual subsid-
ence after 17 January 2020 (black). AOD440 < 0.1 and AE ~ 1 indicated the local background aerosols before the 
air particulate pollution event. AOD440 > 0.15 and AE rapidly decreasing to less than 0.5 suggested a dust episode 
(Fig. 4a,b). Mineral dust particles primarily influence the coarse mode of the size distribution by enhancing 
AOD440 (comparison between background and non-fire year in Fig. 4). The volume concentrations of the coarse 
particles (VC) were 10 and 20 times higher than the background values. During the smoke episode, AE ~ 1.5 and 
AOD440 varied between 0.15 and 2.76, indicating the dominance of fine particles, such as smoke plumes (Fig. 4). 
Smoke observations showed a bimodal size distribution. As expected for biomass burning particles, the volume 
concentrations of the fine particles (VF) substantially increased with AOD440 (comparison between background 
and smoke in Fig. 4). The median radius for fine particles rVF varied between 0.14 μm and 0.25 μm and agreed 
with reported biomass burning worldwide. Finally, aerosol conditions gradually returned to the previous state 
in the residual smoke episode.

Figure 2.   The Hovmoller latitude-averaged UVAI in the range of the black box in Fig. 1. MODIS Aqua 
reflectance images (true colour) of the atmospheric pollution observed by MODIS (b,c) on 19 and 22 November 
2019 and (d–f) heavy particulate plumes covering the Tasman Sea and beyond. The coastline is shown in red 
lines. MODIS Aqua images were downloaded from the NASA Worldview website (https://​world​view.​earth​data.​
nasa.​gov).

https://worldview.earthdata.nasa.gov
https://worldview.earthdata.nasa.gov
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Sea surface particle changes.  Similar to the changes in atmospheric properties, the optical properties of 
the surface ocean were also greatly altered by atmospheric particles (Fig. 5). It illustrates that the 8-day standard-
ized anomalies of particulate backscattering coefficients at 443 nm (Δbbp_443) increased sharply on 17 November 
2019 and fluctuated at 1 until the end of January 2020; thus, the content of total suspended particles was higher 
than the average level in the last 16 years. The standardized anomalies of absorption coefficient of phytoplankton 
at 443 nm (Δaph_443), a proxy for phytoplankton particulate matter, also showed a higher than average level on 9 
November 2019 at 3.3 before gradually decreasing to the mean level. The variation in Δaph_443 indicates that the 
content of phytoplankton particles increased.

Figure 5b shows the residual scattering coefficients δ and standardized anomalies of UVAI (ΔUVAI). Before 
the arrival of the particles, the δ value was zero owing to the absence of atmospheric particle deposition; and the 
scattering coefficient was dominated by phytoplankton particles. δ reached 0.001 m−1 on 9 November 2019 and 
remained at approximately 0.0012 m−1. ΔUVAI increased significantly to 9.9 on 8 November 2019 and abruptly 
reached 52.6 on 31 December 2019. The time consistency between changes in optical proxies and bushfire emis-
sions indicated that extraneous-source particle deposition altered the sea surface particulate compositions on 
the southeast coast of Australia.

Response of phytoplankton biomass.  Figure 6 shows the relationships between ΔUVAI and standard-
ized anomalies of chlorophyll-a concentrations (ΔChla) at five study sites from 28 July 2019 to 30 March 2020; 
the standardized anomalies of sea surface temperature (ΔSST) is included as the background for comparison. In 
the entire study area, no significant correlations were found between ΔSST and ΔChla (p > 0.05), indicating that 
ΔSST was not a major factor of ΔChla. And it is obvious that compared with the data in 2014–2015, there were 
significant impacts on both ΔUVAI and ΔChla in all study areas.

In P1, ΔChla began increasing on 9 November 2019, peaked at 6.4 on 3 December 2019 (Fig. 6a), and 
decreased rapidly to average levels approximately one month after peaking. ΔUVAI fluctuated considerably on 8 
and 22 November 2019 and rose rapidly to a maximum in early January 2020. After another peak on 1 February 
2020, ΔUVAI in P1 quickly returned to normal levels. ΔChla in S1 did not show significant changes (Fig. 6b) 
but increased slightly after the pollution event and peaked at 2.3 on 3 December 2019. ΔUVAI remained at high 
levels from 22 December 2019 to 3 January 2020 and peaked at 32.2 on 2 January.

The variations between ΔUVAI and ΔChla in S2‒S4 were similar (Fig. 6c–e), with noticeable correlations 
between ΔChla and ΔUVAI (S2: r = 0.48, p < 0.01; S3: r = 0.56, p < 0.01; S3: r = 0.62, p < 0.01) and a time lag of less 
than 8 days. The values of ΔChla in S2‒S4 all increased in late November 2019, with maximum values 14.7, 23.3, 
and 9.6 in January; values did not return to average levels in S2‒S4 until the end of March 2020. A comparison 
of the variations of ΔUVAI and ΔChla in the five study areas (Fig. 6a–e) revealed that atmospheric influence 
decreased from west to east (P1‒S4). Maximum ΔUVAI values in the smoke stage decreased from 52.6 to 30.8 
in the easterly direction.

The relationship between δ and ΔChla in the five areas is plotted in Fig. 6f. Except for a few outliers in the P1 
and S1 areas, the particle deposition and the corresponding ΔChla were well-correlated across the study area, 
showing an exponential increase with the δ. The slopes of the exponential relationship can be classified into two 
types: the lower slopes in P1 and S1 which were relatively close to fire source (r = 0.73, p < 0.001, N = 32) and the 
higher slopes in S2-S4 which were far from bushfire (r = 0.76, p < 0.001, N = 48).

Response of biochemical properties.  To further explore the impact of particulate pollution on the bio-
chemical properties of the seawater column, we analysed the biogeochemical Argo (BGC-Argo) data in the 
study area. Because buoy No. 5905108 (Fig. 7) was closer to the coast of Australia, the mineral dust stage had a 
greater impact on the upper water column. From 5 November 2019, Chla in the water began to increase from 
the surface layer and peaked on 15 November. The average Chla within 20 m of the surface layer was 2.45 mg/

Figure 3.   (a) Aerosol particle size distribution from September 2019 to February 2020 at the Tumbarumba site. 
(b) Daily SDA retrievals of the total, fine, and coarse mode AOD440 values from October 2019 to February 2020 
at the Tumbarumba site.
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m3 (Fig. 7e). From August to October, particle optical backscatter at 700 nm (bbp_700) changed little throughout 
the water column; however, the concentration of surface particulates gradually increased from 5–15 Novem-
ber 2019 (Fig.  7d). After January 2020, the concentration of surface particulates decreased and returned to 
average levels. Figure 7c shows that the atmospheric inputs represented by δ were detected during this period 
from 15 November 2019 with δ at 0.001 m−1. Compared with BGC-Argo Chla data, the MODIS Chla in Fig. 7f 
showed the average Chla on 9 to 16 November 2019 was extremely higher than the non-fire years average and 
mean + standard deviation.

Similarly, for buoy No. 5904843 (Fig. 8) which was located in the Southeast Pacific, smoke particle deposition 
impacted Chla and the surface particulate concentration; however, the impact was less than that of buoy No. 
5905108. The smoke stage had a greater effect on the water column in the S4 region. Chla in the surface water 
increased from 5 January 2020 and peaked at 1.85 mg/m3 at a depth of 64.7 m on 15 January 2020 (Fig. 8e); 
bbp_700 showed a similar pattern. Figure 8c showed that the atmospheric inputs represented by δ were detected 
on 26 November 2019 and 15 January 2020. In the meanwhile, the MODIS Chla in Fig. 8f showed the average 
Chla on 25 November to 2 December 2019 and 9 to 16 January 2020 reached peaks that were extremely higher 
than the non-fire years average and mean + standard deviation.

Discussion
Aerosol particle pollution and influence on the ocean.  The particles released by the bushfires first 
affected the regional atmospheric conditions. Observations of different particle types, such as dust and smoke 
(“Temporal variation of aerosol types from AERONET”), suggested that the air particulate pollution derived 
from the 2019‒2020 Australian bushfires was complex. Convective updrafts in the combustion zone can carry 

Figure 4.   AERONET observations from November 2019 to late February 2020: AE (a) and total AOD440 (b) 
and aerosol particles size distributions for the aerosol types of the study time: background (c), dust (d), smoke 
(e), and residual smoke (f) according to the method in Gómez-Amo et al. (2017).

Figure 5.   (a) bbp_443 and aph_443 surface ocean anomalies in P1 between December 2019 and mid-February 2020, 
(b) residual scattering coefficient δ in surface water and ΔUVAI in P1.



7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12288  | https://doi.org/10.1038/s41598-021-91547-y

www.nature.com/scientificreports/

large quantities of soil particles into the atmosphere5,32. The mobilised dust particles might be lifted by the 
updraft motion and mixed with the biomass burning aerosols6. Combining atmospheric particle size and com-
position with spatial variations (Figs. 2, 3, 4) revealed an impact concentrated primarily in the South Pacific 
marginal seas due to the dominance of coarse mineral dust particles and the potentially faster settling rate33,34. 
The fine smoke particles had a longer and more widespread influence, even across the South Pacific Ocean; this 
was consistent with the detailed backward trajectory analysis and TROPOMI observations35,36. According to the 
ΔUVAI in Fig. 6a–e, the particle load in the atmosphere decreased with increasing distance from the bushfire, 
perhaps due to continuous wet and dry deposition during atmospheric transport34,37.

The influence of aerosols on suspended particle composition in water is complex. On the one hand, the 
inorganic particle concentration increases due to particle deposition38. The responses of Δbbp_443 and δ—which 
are the optical proxies of total particle concentration and exogenous particles, excluding the influence of phyto-
plankton—provided evidence obtained from remote sensing (Fig. 5) for the deposition of atmospheric particles 
on the sea surface. δ returned to zero by the end of January 2020 (Fig. 5b), likely due to supply disruption, dis-
solution, sinking of atmospheric particles, and rapid uptake by phytoplankton39.

The low correlation between ΔSST and ΔChla in Fig. 6 indicates that ΔSST was not the primary factor of 
phytoplankton blooms in the oligotrophic area when compared to the input of exotic nutrients. Variations in 
ΔChla in the five study areas (Fig. 6a–e) reveal that phytoplankton in both coastal Australia and the South Pacific 
Ocean responded to atmospheric particle deposition. The highest increase in Chla was observed in P1 (0.45 mg/
m3, Fig. 6a), indicating that coarse mineral dust was mostly settled in the P1 region, where potentially higher Fe 
inputs might cause an increase in phytoplankton biomass. In comparison, the relatively weak responses of ΔChla 
to fine smoke particle deposition in the S1–S4 areas (Fig. 6b–e) were likely due to longer atmospheric transport 
distance and less particle deposition. On the contrary, the different slopes of the exponential relationship revealed 
that despite the distances of S2-S4 were far from the fires, little atmospheric deposition could lead to significant 
phytoplankton increases due to the extreme oligotrophic states. The utilisation of unit atmospheric deposition 
in P1 and S1 was lower compared to the hyper-oligotrophic areas.

The high correlation between aerosol particle deposition and the increase in ΔChla (Fig. 6f) suggested that the 
uptake of extraneous nutrients led to the rapid growth of marine phytoplankton within 8 days; this was consistent 
with previous research21,38. However, the deviation points of P1 and S1, which are closer to the bushfire, indicated 
that ΔChla did not respond to particle deposition, likely due to reduced Fe solubility for a shorter residence time 
of insoluble Fe40. The increases in the content of total suspended particles and phytoplankton observed in the 

Figure 6.   (a–e) ΔChla and ΔUVAI data from P1 to S4. (f) relationship between δ and ΔChla from 1 November 
2019 to 26 February 2020. Light red and blue lines represented the ΔUVAI and ΔChla in the 2014–2015 non-fire 
season, respectively. Red and blue lines represented the ΔUVAI and ΔChla in the 2019–2020 bushfire season, 
respectively. Areas of interest from P1 to S4 are shown in Fig. 1.
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water column at a maximum depth of 64.7 m (Figs. 7 and 8) agreed with in-situ observations38 and suggested a 
further influence on the biochemical and optical properties of the water column.

Limitations and potential of this study.  We acknowledge the limitations and potential of this study. 
The response of ΔChla to particle deposition was not perfectly synchronous, as this study used 8-day average 
Chla products. A more detailed time-lag analysis for the response of phytoplankton biomass to air particle depo-
sition can be obtained by using a dataset with higher temporal resolution. The use of passive remote sensing for 
the high spatio-temporal resolution detection of atmospheric aerosol components and trace element monitoring 
for air pollution also presents limitations. In future work, the use of satellite-based lidar will facilitate the study 
and monitoring of atmospheric aerosol particle types and trace element pollution with high resolution and 
quality35,41.

The response of ΔChla in our study showed the potential influence of bioavailable Fe deposition carried by 
different atmospheric components (Fig. 6). However, due to the lack of in-situ data for both atmospheric com-
ponent analysis and iron contents in surface water, we were unable to obtain quantitative data of bioavailable 
iron in fire emissions. Therefore, further studies of the iron flux of mixed aerosols are necessary to help evaluate 
the impact of exogenous particles on marine ecology. We believe that the future deployment of additional Argo 
floats has the potential to provide more in-situ data on large-scale particle flux to fill the observation gap of the 
flux variation of particulate matter in the centre of the ocean.

As indicated by Harris and Lucas42, the long-term upward trend in fire weather in Australia is due primarily 
to anthropogenic activities and climate change (Supplementary Fig. 4a), which may increase the frequency and 
severity of drought and bushfire dust (Supplementary Fig. 4b) and the input of bushfire-derived particles and 
nutrients to the adjacent oceans. Although the 2019‒2020 wildfire season was episodic, this study indicated that 
Australian combustion-source particle pollution and its associated nutrition might have significant impacts on 
regional marine ecology.

Conclusion
In this study, a comprehensive dataset (including AERONET, BGC-Argo, and multi-satellite observations) was 
used to study the spatio-temporal distribution of air particulate pollution during the 2019‒2020 Australian bush-
fires and their impacts on the ocean after particle deposition. Satellite-derived UVAI indicated that large-scale 
pollution lasted from the end of November 2019 until February 2020, leading to extensive optical and ecological 
impacts on the southeast coast of Australia and New Zealand, and across the South Pacific to South America.

Based on the analysis of atmospheric optical properties, four components of the aerosol pollution were identi-
fied, including background aerosols, dust particulate pollution dominated by coarse particles (more than 60%), 
wildfire smoke with a maximum AOD of 2.74, and residual subsidence. During the 2019–2020 bushfire season, 
both dust and smoke particles settled in the water and caused changes in the optical properties of water with δ 
reached 0.0012 m−1, which maintained for approximately 3 months.

Figure 7.   SOCCOM BGC-Argo float (No. 5905108) data and MODIS Aqua 8-day average Chla in the same 
area. (a) temperature; (b) salinity; (c) δ; (d) bbp_700; (e) Chla; (f) MODIS 8-day average Chla. No. 5905108 float 
was located in the northeast sea of New Zealand, which is shown in Fig. 1b. The dashed black lines indicate the 
mixed layer depth (MLD). The white dashed lines indicate the date when surface Chla reached its maximum.
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The Chla in both surface and water columns from coastal Australia to the South Pacific Ocean increased due 
to particle deposition and gradually decreased with the increase of distance from the location of bushfires for 
more than 3 months. ΔChla in the Southeast Pacific Ocean reached a maximum value of 23.3 half of a month 
after the occurrence of atmospheric particle pollution. The high correlation between aerosol particle deposition 
and the increase in ΔChla suggested rapid uptake of extraneous nutrients and growth of marine phytoplankton 
within 8 days; ΔChla peaked at 6.4 in the Tasman Sea. In the water column, increases in the content of total 
particles and phytoplankton were observed with a maximum depth of 64.7 m. Such long-term continuous spati-
otemporal remote sensing observations with extensive space coverage, in coordination with in-situ atmospheric 
and marine monitoring procedures, should be beneficial to further understand the bushfire pollution processes 
and detailed mechanisms of atmospheric deposition.

Data and methods
The investigated regions of this study are illustrated in Fig. 1, which covers 20°S–45°S, 45°E–45°W, and most of 
the South Pacific Ocean. This section provides a detailed description of the datasets (including in-situ datasets), 
remote sensing observations, and methodology.

AERONET data.  Long-term and continuous aerosol optical, microphysical, and radiative properties were 
provided by the Aerosol Robotic Network (AERONET) website (https://​aeron​et.​gsfc.​nasa.​gov). The atmospheric 
sounding station with a Cimel CE-318 Model T installed at the ‘Tumbarumba’ site (35.70830°S, 147.94990°E, 
776.0 m, marked with the red star in Fig. 1) is operated by the Commonwealth Scientific and Industrial Research 
Organization. For this study, AERONET level 1.5 aerosol inversion data (Version 3) was used to show detailed 
in-situ particle characteristics of the fire emissions. The fine, coarse, and total modes of AOD440 and the AE were 
obtained from the spectral deconvolution algorithm (SDA)43,44. The volume particle size distribution (dV(r)/
dlnr, µm3/µm2) were retrieved for 22 logarithmically equidistant discrete points (ri) and provided the percentage 
of aerosol particles with the observed aerosol equivalent spherical radius in the range of 0.05 µm ≤ r ≤ 15 µm45. 
More AERONET operational inversion algorithm information is described in detail by O’Neill, et al.46.

Biogeochemical Argo data.  The Argo project is an international program that observes the oceans from 
within using robotic profiling floats that drift with ocean currents47. The extensive array of biogeochemical Argo 
profiling floats are equipped with sensors collecting optical properties and biogeochemical parameters of the 
water48–50. Real-time float data were accessed online at ftp://​ftp.​ifrem​er.​fr/​ifrem​er/​argo. The two floats (amol 
5905108 and amol 5904843, Fig. 1b,c) selected for this study in S1 and S4 were deployed by the Southern Ocean 
Carbon and Climate Observations and Modelling project (SOCCOM) in 2017. This study considered tempera-

Figure 8.   SOCCOM BGC-Argo float (No. 5904843) data and MODIS Aqua 8-day average Chla in the same 
area. (a) temperature; (b) salinity; (c) δ; (d) bbp_700; (e) Chla; (f) MODIS 8-day average Chla. No. 5904843 float 
was located in the Southeast Pacific, which is shown in Fig. 1c. The dashed black lines indicate the MLD. The 
white dashed lines indicate the date when surface Chla reached the maximum.

https://aeronet.gsfc.nasa.gov
ftp://ftp.ifremer.fr/ifremer/argo
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ture, salinity, Chla, and bbp_700, which was used as a proxy for particle concentration from August 2019 to Febru-
ary 2020. Temperature and salinity profiles were used to compute the potential density of the seawater and to 
determine the depth of the mixed layer. Following de Boyer Montégut, et al.51, the mixed layer depth (MLD) was 
computed as the depth at which the change in potential density (from its value at 10 m, Δσθ) exceeded 0.03 kg/
m3.

Satellite data.  Optical properties of particles.  The marine particulate optical constituents in this research 
refer to the composition of optically important marine particles in sea surface waters, specifically suspended par-
ticles, including marine phytoplankton and exogenous particulate matter. The optical properties of the particles 
are characterised by the particulate absorption and backscattering coefficients of light52–54. Moderate resolution 
imaging spectroradiometer (MODIS) Aqua ocean colour level-3 data, such as bbp_443 and aph_443 calculated using 
the Generalised Inherent Optical Property (GIOP) model55, were selected for this study. bbp_443 and aph_443 are de-
termined by the concentration and physical properties of the total suspended particles and phytoplankton par-
ticle properties, respectively52,54,56. Level 3 mapped 8-day average data were freely downloaded from the NASA 
website (http://​ocean​color.​gsfc.​nasa.​gov/), with a resolution of 4 km from 1 January 2003 to 10 February 2020.

Phytoplankton and its appendants dominate the optical scattering properties with variations in bbp_443, which 
are highly correlated with Chla54,57. Thus, the residual scattering coefficient δ (defined in Eq. (1)) is approxi-
mately zero38. Here, δ was used to describe the change in the sea surface particle composition, excluding the 
phytoplankton particle contribution and their appendants:

where α (443) and β (443) are the regression coefficients54. The impacts induced by dust particles deposited from 
the dust storm could be clearly revealed by eliminating the contribution of phytoplankton to the water optical 
scattering coefficient38.

Sea surface temperature.  The SST product was downloaded from the Group for High Resolution Sea Sur-
face Temperature (GHRSST) website. The Global Australian Multi-Sensor SST Analysis (GAMSSA) Level-4 
data (derived from Level-2 pre-processed products) are generated from multiple satellite datasets, including 
the Advanced Very High Resolution Radiometer, the Advanced Along Track Scanning Radiometer, and the 
Advanced Microwave Scanning Radiometer-EOS; in-situ data from ships; and drifting and moored buoys from 
the Global Telecommunications System58,59 using optimal interpolation60,61. In this study, daily SST data were 
obtained at https://​www.​ghrsst.​org, with a resolution of 0.25° × 0.25° from 1 January 2003 to 10 February 2020.

Chlorophyll‑a concentration.  The chlorophyll-a concentration parameter, a proxy for phytoplankton biomass 
and ocean primary production, was used in this study to investigate the influence of pollution on biological and 
ecological systems in continental and open oceans62,63. The MODIS-Aqua 8-day average Chla products with a 
spatial resolution of 4 km from 1 January 2003 to 31 March 2020 were downloaded from the NASA Ocean Color 
website (http://​ocean​color.​gsfc.​nasa.​gov/). The Chla products were generated using the default chlorophyll algo-
rithm, which employs the standard OC3/OC4 band ratio algorithm with the colour index from Hu, et al.64.

Aerosol index.  The UVAI observations were derived from the Ozone Monitoring Instrument (OMI) onboard 
the Aura satellite, which is a contribution of the Netherlands’s Agency for Aerospace Programs in collaboration 
with the Finnish Meteorological Institute. Positive AI values generally represent absorbing aerosols (dust and 
smoke), whereas small or negative values represent non-absorbing aerosols and clouds65. Level-3 daily global 
total column ozone gridded products (OMTO3d) with a 1° × 1° resolution were obtained from the Giovanni 
platform (https://​giova​nni.​gsfc.​nasa.​gov/​giova​nni/) from 1 January 2005 to 31 March 2020. Compared to the 
AOD retrieved from MODIS, UVAI inversion takes full advantage of the well-documented sensitivity of ultra-
violet measurements to aerosol absorption66.

Active fire detection.  The MODIS active fire products were used in this study between 2001 and 2020 for the 
analysis of the intensity of the bushfires. The global monthly fire location products (MCD14ML) contained the 
geographic location, date, and some additional information for each fire pixel detected by the Terra and Aqua 
MODIS sensors on a monthly basis. To ensure the quality of the product, the pixels with detection confidence 
over 70% were selected for the fire point detection in this study. The products are available from the University 
of Maryland fuoco SFTP server: fuoco.geog.umd.edu and detailed information can be found from the website 
https://​modis-​fire.​umd.​edu/​af.​html.

Standardized anomaly calculations.  To show the significant and important variations of the data, the 
standardized anomaly was calculated as the difference between the current period and the reference period and 
then divided by its reference period standard deviation. In this study, standardized anomalies (ΔA) for Chla, 
bbp_443, and aph_443 were calculated using Eq. (2) to evaluate the impact of pollution:

where A is the 8-day observations of Chla, bbp_443, and aph_443 of each region between August 2019 and February 
2020; Amean is the average of Chla, bbp_443, or aph_443 calculated over the same period each year from 2003‒2018. σ 
is the standard deviations of annual Chla, bbp_443, or aph_443 in each region. Standardized anomalies of UVAI and 

(1)δ=bbp_443 − α(443) · Chlaβ(443)

(2)�A = (A− Amean)/σ

http://oceancolor.gsfc.nasa.gov/
https://www.ghrsst.org
http://oceancolor.gsfc.nasa.gov/
https://giovanni.gsfc.nasa.gov/giovanni/
https://modis-fire.umd.edu/af.html
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SST were calculated using Eq. (2) as well, to remove the seasonal influence of UVAI and to exclude the abnormal 
influence of SST on Chla, bbp_443, and aph_443, respectively.

Aerosol types identification.  Aerosol classification from column-integrated observations is usually based 
on AOD440 and AE measurements13,67. Classification of background aerosols, mineral dust, and smoke is based 
on the method described by Gomez-Amo, et al.13, where AOD440 and AE are qualitative indicators of the air 
particle size. Aerosol types were classified by the values of AE in the presence of a significant increase in AOD. 
Therefore, for AE < 1, aerosol particle size distributions are mostly dominated by coarse models, such as sea 
salt and mineral dust. For AE > 1.5, fine particles associated with biomass burning emissions are dominant68–70. 
Mixed cases result for AE between 1 and 1.5, where the aerosol type cannot be identified69. The median radius 
for fine particles (rVF) varies between 0.12 and 0.25 of climatological values for biomass burning worldwide67,70,71.

It should be noted that this method was established on the statistical data. This method can only do the 
approximate classification of aerosol types by optical detection. If precise classifications of aerosol types are 
required, further analyses by biochemical methods are needed.

Received: 14 April 2021; Accepted: 27 May 2021

References
	 1.	 Australian Government. Annual climate statement 2019. http://​www.​bom.​gov.​au/​clima​te/​curre​nt/​annual/​aus/. (2020).
	 2.	 Filkov, A. I., Ngo, T., Matthews, S., Telfer, S. & Penman, T. D. Impact of Australia’s catastrophic 2019/20 bushfire season on com-

munities and environment. Retrospective analysis and current trends. J. Saf. Sci. Res. 1, 44–56. https://​doi.​org/​10.​1016/j.​jnlssr.​
2020.​06.​009 (2020).

	 3.	 Albrecht, B. A. Aerosols, cloud microphysics, and fractional cloudiness. Science 245, 1227–1230. https://​doi.​org/​10.​1126/​scien​ce.​
245.​4923.​1227 (1989).

	 4.	 Lohmann, U. & Feichter, J. Global indirect aerosol effects: A review. Atmos. Chem. Phys. 5, 715–737. https://​doi.​org/​10.​5194/​acp-
5-​715-​2005 (2005).

	 5.	 Nisantzi, A., Mamouri, R. E., Ansmann, A. & Hadjimitsis, D. Injection of mineral dust into the free troposphere during fire events 
observed with polarization lidar at Limassol, Cyprus. Atmos. Chem. Phys. 14, 12155–12165. https://​doi.​org/​10.​5194/​acp-​14-​12155-​
2014 (2014).

	 6.	 Wagner, R., Jahn, M. & Schepanski, K. Wildfires as a source of airborne mineral dust—revisiting a conceptual model using large-
eddy simulation (LES). Atmos. Chem. Phys. 18, 11863–11884. https://​doi.​org/​10.​5194/​acp-​18-​11863-​2018 (2018).

	 7.	 Yu, P., Xu, R., Abramson, M. J., Li, S. & Guo, Y. Bushfires in Australia: A serious health emergency under climate change. Lancet 
Planet. Health 4, e7–e8. https://​doi.​org/​10.​1016/​s2542-​5196(19)​30267-0 (2020).

	 8.	 Reid, J. S., Koppmann, R., Eck, T. F. & Eleuterio, D. P. A review of biomass burning emissions part II: intensive physical properties 
of biomass burning particles. Atmos. Chem. Phys. 5, 799–825. https://​doi.​org/​10.​5194/​acp-5-​799-​2005 (2005).

	 9.	 Ito, A. Mega fire emissions in Siberia: potential supply of bioavailable iron from forests to the ocean. Biogeosciences 8, 1679–1697. 
https://​doi.​org/​10.​5194/​bg-8-​1679-​2011 (2011).

	10.	 Ito, A. et al. Evaluation of aerosol iron solubility over Australian coastal regions based on inverse modeling: Implications of bush-
fires on bioaccessible iron concentrations in the Southern Hemisphere. Prog. Earth Planet. Sci. 7, 1–17. https://​doi.​org/​10.​1186/​
s40645-​020-​00357-9 (2020).

	11.	 McEachern, P., Prepas, E., Gibson, J. & Dinsmore, W. Forest fire induced impacts on phosphorus, nitrogen, and chlorophyll a 
concentrations in boreal subarctic lakes of northern Alberta. Can. J. Fish. Aquat. Sci. 57, 73–81. https://​doi.​org/​10.​1139/​f00-​124 
(2000).

	12.	 Gaudichet, A. et al. Trace elements in tropical African savanna biomass burning aerosols. J. Atmos. Chem. 22, 19–39. https://​doi.​
org/​10.​1007/​BF007​08179 (1995).

	13.	 Gomez-Amo, J. L. et al. Impact of dust and smoke mixing on column-integrated aerosol properties from observations during a 
severe wildfire episode over Valencia (Spain). Sci. Total Environ. 599–600, 2121–2134. https://​doi.​org/​10.​1016/j.​scito​tenv.​2017.​
05.​041 (2017).

	14.	 Bopp, L., Kohfeld, K. E., Le Quere, C. & Aumont, O. Dust impact on marine biota and atmospheric CO2 during glacial periods. 
Paleoceanography 18, 1046. https://​doi.​org/​10.​1029/​2002p​a0008​10 (2003).

	15.	 Jickells, T. D. et al. Global iron connections between desert dust, ocean biogeochemistry, and climate. Science 308, 67–71. https://​
doi.​org/​10.​1126/​scien​ce.​11059​59 (2005).

	16.	 Parekh, P., Follows, M. J., Dutkiewicz, S. & Ito, T. Physical and biological regulation of the soft tissue carbon pump. Paleoceanography 
21, 3001. https://​doi.​org/​10.​1029/​2005p​a0012​58 (2006).

	17.	 Bressac, M. et al. Quantification of the lithogenic carbon pump following a simulated dust-deposition event in large mesocosms. 
Biogeosciences 11, 1007–1020. https://​doi.​org/​10.​5194/​bg-​11-​1007-​2014 (2014).

	18.	 Harrison, P. J. et al. Comparison of factors controlling phytoplankton productivity in the NE and NW subarctic Pacific gyres. Prog. 
Oceanogr. 43, 205–234. https://​doi.​org/​10.​1016/​S0079-​6611(99)​00015-4 (1999).

	19.	 Boyd, P. W. & Law, C. S. The Southern Ocean Iron RElease Experiment (SOIREE)—introduction and summary. Deep Sea Res. Part 
II: Top. Stud. Oceanogr. 48(11–12), 2425–2438. https://​doi.​org/​10.​1016/​S0967-​0645(01)​00002-9 (2001).

	20.	 Lenes, J. M. et al. Iron fertilization and the Trichodesmiumresponse on the West Florida shelf. Limnol. Oceanogr. 46, 1261–1277. 
https://​doi.​org/​10.​4319/​lo.​2001.​46.6.​1261 (2001).

	21.	 Bishop, J. K., Davis, R. E. & Sherman, J. T. Robotic observations of dust storm enhancement of carbon biomass in the North Pacific. 
Science 298, 817–821. https://​doi.​org/​10.​1126/​scien​ce.​10749​61 (2002).

	22.	 Sholkovitz, E. R., Sedwick, P. N. & Church, T. M. Influence of anthropogenic combustion emissions on the deposition of soluble 
aerosol iron to the ocean: Empirical estimates for island sites in the North Atlantic. Geochim. Cosmochim. Acta 73, 3981–4003. 
https://​doi.​org/​10.​1016/j.​gca.​2009.​04.​029 (2009).

	23.	 Sedwick, P. N., Sholkovitz, E. R. & Church, T. M. Impact of anthropogenic combustion emissions on the fractional solubility of 
aerosol iron: Evidence from the Sargasso Sea. Geochem. Geophys. Geosyst. 8, 1006. https://​doi.​org/​10.​1029/​2007G​C0015​86 (2007).

	24.	 Baker, A., Jickells, T., Witt, M. & Linge, K. Trends in the solubility of iron, aluminium, manganese and phosphorus in aerosol 
collected over the Atlantic Ocean. Mar. Chem. 98, 43–58. https://​doi.​org/​10.​1016/j.​march​em.​2005.​06.​004 (2006).

	25.	 Mahowald, N. M. et al. Atmospheric global dust cycle and iron inputs to the ocean. Global Biogeochem. Cycles 19, 4025. https://​
doi.​org/​10.​1029/​2004g​b0024​02 (2005).

	26.	 Marcotte, A. R., Anbar, A. D., Majestic, B. J. & Herckes, P. Mineral dust and iron solubility: Effects of composition, particle size, 
and surface area. Atmosphere 11, 533. https://​doi.​org/​10.​3390/​atmos​11050​533 (2020).

http://www.bom.gov.au/climate/current/annual/aus/
https://doi.org/10.1016/j.jnlssr.2020.06.009
https://doi.org/10.1016/j.jnlssr.2020.06.009
https://doi.org/10.1126/science.245.4923.1227
https://doi.org/10.1126/science.245.4923.1227
https://doi.org/10.5194/acp-5-715-2005
https://doi.org/10.5194/acp-5-715-2005
https://doi.org/10.5194/acp-14-12155-2014
https://doi.org/10.5194/acp-14-12155-2014
https://doi.org/10.5194/acp-18-11863-2018
https://doi.org/10.1016/s2542-5196(19)30267-0
https://doi.org/10.5194/acp-5-799-2005
https://doi.org/10.5194/bg-8-1679-2011
https://doi.org/10.1186/s40645-020-00357-9
https://doi.org/10.1186/s40645-020-00357-9
https://doi.org/10.1139/f00-124
https://doi.org/10.1007/BF00708179
https://doi.org/10.1007/BF00708179
https://doi.org/10.1016/j.scitotenv.2017.05.041
https://doi.org/10.1016/j.scitotenv.2017.05.041
https://doi.org/10.1029/2002pa000810
https://doi.org/10.1126/science.1105959
https://doi.org/10.1126/science.1105959
https://doi.org/10.1029/2005pa001258
https://doi.org/10.5194/bg-11-1007-2014
https://doi.org/10.1016/S0079-6611(99)00015-4
https://doi.org/10.1016/S0967-0645(01)00002-9
https://doi.org/10.4319/lo.2001.46.6.1261
https://doi.org/10.1126/science.1074961
https://doi.org/10.1016/j.gca.2009.04.029
https://doi.org/10.1029/2007GC001586
https://doi.org/10.1016/j.marchem.2005.06.004
https://doi.org/10.1029/2004gb002402
https://doi.org/10.1029/2004gb002402
https://doi.org/10.3390/atmos11050533


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:12288  | https://doi.org/10.1038/s41598-021-91547-y

www.nature.com/scientificreports/

	27.	 Graham, B. et al. Composition and diurnal variability of the natural Amazonian aerosol. J. Geophys. Res. Atmos. 108, 4765. https://​
doi.​org/​10.​1029/​2003j​d0040​49 (2003).

	28.	 Martin, J. H. et al. Testing the iron hypothesis in ecosystems of the equatorial Pacific Ocean. Nature 371, 123–129. https://​doi.​org/​
10.​1038/​37112​3a0 (1994).

	29.	 Claustre, H. & Maritorena, S. Ocean science. The many shades of ocean blue. Science 302, 1514–1515. https://​doi.​org/​10.​1126/​
scien​ce.​10927​04 (2003).

	30.	 Gabric, A. J. et al. Australian dust storms in 2002–2003 and their impact on Southern Ocean biogeochemistry. Glob. Biogeochem. 
Cycles 24, 2005. https://​doi.​org/​10.​1029/​2009g​b0035​41 (2010).

	31.	 Gabric, A. J. et al. Tasman Sea biological response to dust storm events during the austral spring of 2009. Mar. Freshw. Res. 67, 
1090–1102. https://​doi.​org/​10.​1071/​Mf143​21 (2016).

	32.	 Clements, C. B., Zhong, S. Y., Bian, X. D., Heilman, W. E. & Byun, D. W. First observations of turbulence generated by grass fires. 
J. Geophys. Res. Atmos. 113, D22102. https://​doi.​org/​10.​1029/​2008j​d0100​14 (2008).

	33.	 Dolske, D. A. & Gatz, D. F. A field intercomparison of methods for the measurement of particle and gas dry deposition. J. Geophys. 
Res. Atmos. 90, 2076–2084. https://​doi.​org/​10.​1029/​JD090​iD01p​02076 (1985).

	34.	 Gao, Y. et al. Particle-size variability of aerosol iron and impact on iron solubility and dry deposition fluxes to the arctic ocean. 
Sci. Rep. 9, 16653. https://​doi.​org/​10.​1038/​s41598-​019-​52468-z (2019).

	35.	 Ohneiser, K. et al. Smoke of extreme Australian bushfires observed in the stratosphere over Punta Arenas, Chile, in January 2020: 
Optical thickness, lidar ratios, and depolarization ratios at 355 and 532 nm. Atmos. Chem. Phys. 20, 8003–8015. https://​doi.​org/​
10.​5194/​acp-​20-​8003-​2020 (2020).

	36.	 Torres, O., Jethva, H., Ahn, C., Jaross, G. & Loyola, D. G. TROPOMI aerosol products: evaluation and observations of synoptic-scale 
carbonaceous aerosol plumes during 2018–2020. Atmos. Meas. Tech. 13, 6789–6806. https://​doi.​org/​10.​5194/​amt-​13-​6789-​2020 
(2020).

	37.	 Gao, Y., Fan, S. M. & Sarmiento, J. L. Aeolian iron input to the ocean through precipitation scavenging: A modeling perspective 
and its implication for natural iron fertilization in the ocean. J. Geophys. Res. Atmos. 108, 4221. https://​doi.​org/​10.​1029/​2002j​d0024​
20 (2003).

	38.	 Chen, S. et al. Instantaneous influence of dust storms on the optical scattering property of the ocean: a case study in the Yellow 
Sea, China. Opt. Express 24, 28509–28518. https://​doi.​org/​10.​1364/​OE.​24.​028509 (2016).

	39.	 Bowie, A. R. et al. Biogeochemical iron budgets of the Southern Ocean south of Australia: Decoupling of iron and nutrient cycles 
in the subantarctic zone by the summertime supply. Global Biogeochem. Cycles 23, 4034. https://​doi.​org/​10.​1029/​2009g​b0035​00 
(2009).

	40.	 Hand, J. L. et al. Estimates of atmospheric-processed soluble iron from observations and a global mineral aerosol model: Biogeo-
chemical implications. J. Geophys. Res. Atmos. 109, D17205. https://​doi.​org/​10.​1029/​2004j​d0045​74 (2004).

	41.	 Ansmann, A. & Müller, D. in Lidar 105–141 (Springer, Berlin, 2005).
	42.	 Harris, S. & Lucas, C. Understanding the variability of Australian fire weather between 1973 and 2017. PLoS ONE 14, e0222328. 

https://​doi.​org/​10.​1371/​journ​al.​pone.​02223​28 (2019).
	43.	 O’Neill, N. T., Eck, T. F., Smirnov, A., Holben, B. N. & Thulasiraman, S. Spectral discrimination of coarse and fine mode optical 

depth. J. Geophys. Res. Atmos. 108, 4559. https://​doi.​org/​10.​1029/​2002j​d0029​75 (2003).
	44.	 Suman, M. N. S., Gadhavi, H., Kiran, V. R., Jayaraman, A. & Rao, S. V. B. Role of Coarse and Fine Mode Aerosols in MODIS AOD 

Retrieval: A case study over southern India. Atmos. Meas. Tech. 7, 907–917. https://​doi.​org/​10.​5194/​amt-7-​907-​2014 (2014).
	45.	 Holben, B. N. et al. AERONET’s version 2.0 quality assurance criteria. in Remote Sensing of the Atmosphere and Clouds. 64080Q. 

https://​doi.​org/​10.​1117/​12.​706524 (International Society for Optics and Photonics, India, 2006).
	46.	 O’Neill, N., Eck, T., Smirnov, A. & Holben, B. Spectral Deconvolution Algorithm (SDA) Technical memo. https://​aeron​et.​gsfc.​nasa.​

gov/​new_​web/​PDF/​tauf_​tauc_​techn​ical_​memo.​pdf (2007).
	47.	 Roemmich, D. et al. The argo program observing the global ocean with profiling floats. Oceanography 22, 34–43. https://​doi.​org/​

10.​5670/​ocean​og.​2009.​36 (2009).
	48.	 IOCCG. Bio-Optical Sensors on Argo Floats. 89 (International Ocean-Colour Coordinating Group (IOCCG), Canada, 2011).
	49.	 Organelli, E. et al. A novel near-real-time quality-control procedure for radiometric profiles measured by bio-argo floats: Protocols 

and performances. J. Atmos. Ocean. Technol. 33, 937–951. https://​doi.​org/​10.​1175/​Jtech-D-​15-​0193.1 (2016).
	50.	 Claustre, H., Johnson, K. S. & Takeshita, Y. Observing the global ocean with biogeochemical-argo. Annu. Rev. Mar. Sci. 12, 23–48. 

https://​doi.​org/​10.​1146/​annur​ev-​marine-​010419-​010956 (2020).
	51.	 de Boyer Montégut, C., Madec, G., Fischer, A. S., Lazar, A. & Iudicone, D. Mixed layer depth over the global ocean: An examina-

tion of profile data and a profile-based climatology. J. Geophys. Res. Oceans 109, C12003. https://​doi.​org/​10.​1029/​2004J​C0023​78 
(2004).

	52.	 Morel, A. & Bricaud, A. Theoretical results concerning light absorption in a discrete medium, and application to specific absorp-
tion of phytoplankton. Deep Sea Res. 28, 1375–1393. https://​doi.​org/​10.​1016/​0198-​0149(81)​90039-X (1981).

	53.	 Stramski, D., Boss, E., Bogucki, D. & Voss, K. J. The role of seawater constituents in light backscattering in the ocean. Prog. Oceanogr. 
61, 27–56. https://​doi.​org/​10.​1016/j.​pocean.​2004.​07.​001 (2004).

	54.	 Huot, Y., Morel, A., Twardowski, M. S., Stramski, D. & Reynolds, R. A. Particle optical backscattering along a chlorophyll gradient 
in the upper layer of the eastern South Pacific Ocean. Biogeosciences 5, 495–507. https://​doi.​org/​10.​5194/​bg-5-​495-​2008 (2008).

	55.	 Franz, B. A. & Werdell, P. J. in Proceedings of Ocean Optics, Anchorage, Alaska Vol. 27, 1–13 (2010).
	56.	 Neukermans, G., Reynolds, R. A. & Stramski, D. Optical classification and characterization of marine particle assemblages within 

the western Arctic Ocean. Limnol. Oceanogr. 61, 1472–1494. https://​doi.​org/​10.​1002/​lno.​10316 (2016).
	57.	 Brewin, R. J. W., Dall’Olmo, G., Sathyendranath, S. & Hardman-Mountford, N. J. Particle backscattering as a function of chlorophyll 

and phytoplankton size structure in the open-ocean. Opt. Express 20, 17632–17652. https://​doi.​org/​10.​1364/​OE.​20.​017632 (2012).
	58.	 Martin, M. et al. Group for High Resolution Sea Surface temperature (GHRSST) analysis fields inter-comparisons. Part 1: A 

GHRSST multi-product ensemble (GMPE). Deep Sea Res. Part II: Top. Stud. Oceanogr. 77–80, 21–30. https://​doi.​org/​10.​1016/j.​
dsr2.​2012.​04.​013 (2012).

	59.	 Minnett, P. J. et al. Half a century of satellite remote sensing of sea-surface temperature. Remote Sens. Environ. 233, 111366. https://​
doi.​org/​10.​1016/j.​rse.​2019.​111366 (2019).

	60.	 Reynolds, R. W. & Smith, T. M. Improved global sea surface temperature analyses using optimum interpolation. J. Clim. 7, 929–948. 
https://​doi.​org/​10.​1175/​1520-​0442(1994)​007%​3c0929:​IGSSTA%​3e2.0.​CO;2 (1994).

	61.	 Beggs, H. in Proc. 9th GHRSST-PP Science Team Meeting. 9–13.
	62.	 Cullen, J. J. The deep chlorophyll maximum: comparing vertical profiles of chlorophyll a. Can. J. Fish. Aquat. Sci. 39, 791–803. 

https://​doi.​org/​10.​1139/​f82-​108 (1982).
	63.	 Morin, A., Lamoureux, W. & Busnarda, J. Empirical models predicting primary productivity from chlorophyll a and water tem-

perature for stream periphyton and lake and ocean phytoplankton. J. N. Am. Benthol. Soc. 18, 299–307. https://​doi.​org/​10.​2307/​
14684​46 (1999).

	64.	 Hu, C. M., Lee, Z. & Franz, B. Chlorophyll a algorithms for oligotrophic oceans: A novel approach based on three-band reflectance 
difference. J. Geophys. Res. Oceans 117, C01011. https://​doi.​org/​10.​1029/​2011j​c0073​95 (2012).

	65.	 Kaskaoutis, D. G. et al. The Aura-OMI Aerosol Index distribution over Greece. Atmos. Res. 98, 28–39. https://​doi.​org/​10.​1016/j.​
atmos​res.​2010.​03.​018 (2010).

https://doi.org/10.1029/2003jd004049
https://doi.org/10.1029/2003jd004049
https://doi.org/10.1038/371123a0
https://doi.org/10.1038/371123a0
https://doi.org/10.1126/science.1092704
https://doi.org/10.1126/science.1092704
https://doi.org/10.1029/2009gb003541
https://doi.org/10.1071/Mf14321
https://doi.org/10.1029/2008jd010014
https://doi.org/10.1029/JD090iD01p02076
https://doi.org/10.1038/s41598-019-52468-z
https://doi.org/10.5194/acp-20-8003-2020
https://doi.org/10.5194/acp-20-8003-2020
https://doi.org/10.5194/amt-13-6789-2020
https://doi.org/10.1029/2002jd002420
https://doi.org/10.1029/2002jd002420
https://doi.org/10.1364/OE.24.028509
https://doi.org/10.1029/2009gb003500
https://doi.org/10.1029/2004jd004574
https://doi.org/10.1371/journal.pone.0222328
https://doi.org/10.1029/2002jd002975
https://doi.org/10.5194/amt-7-907-2014
https://doi.org/10.1117/12.706524
https://aeronet.gsfc.nasa.gov/new_web/PDF/tauf_tauc_technical_memo.pdf
https://aeronet.gsfc.nasa.gov/new_web/PDF/tauf_tauc_technical_memo.pdf
https://doi.org/10.5670/oceanog.2009.36
https://doi.org/10.5670/oceanog.2009.36
https://doi.org/10.1175/Jtech-D-15-0193.1
https://doi.org/10.1146/annurev-marine-010419-010956
https://doi.org/10.1029/2004JC002378
https://doi.org/10.1016/0198-0149(81)90039-X
https://doi.org/10.1016/j.pocean.2004.07.001
https://doi.org/10.5194/bg-5-495-2008
https://doi.org/10.1002/lno.10316
https://doi.org/10.1364/OE.20.017632
https://doi.org/10.1016/j.dsr2.2012.04.013
https://doi.org/10.1016/j.dsr2.2012.04.013
https://doi.org/10.1016/j.rse.2019.111366
https://doi.org/10.1016/j.rse.2019.111366
https://doi.org/10.1175/1520-0442(1994)007%3c0929:IGSSTA%3e2.0.CO;2
https://doi.org/10.1139/f82-108
https://doi.org/10.2307/1468446
https://doi.org/10.2307/1468446
https://doi.org/10.1029/2011jc007395
https://doi.org/10.1016/j.atmosres.2010.03.018
https://doi.org/10.1016/j.atmosres.2010.03.018


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12288  | https://doi.org/10.1038/s41598-021-91547-y

www.nature.com/scientificreports/

	66.	 Torres, O., Bhartia, P., Herman, J., Ahmad, Z. & Gleason, J. Derivation of aerosol properties from satellite measurements of back-
scattered ultraviolet radiation: Theoretical basis. J. Geophys. Res. Atmos. 103, 17099–17110. https://​doi.​org/​10.​1029/​98JD0​0900 
(1998).

	67.	 Eck, T. F. et al. High aerosol optical depth biomass burning events: A comparison of optical properties for different source regions. 
Geophys. Res. Lett. 30, 2035. https://​doi.​org/​10.​1029/​2003g​l0178​61 (2003).

	68.	 Eck, T. F. et al. Wavelength dependence of the optical depth of biomass burning, urban, and desert dust aerosols. J. Geophys. Res. 
Atmos. 104, 31333–31349. https://​doi.​org/​10.​1029/​1999j​d9009​23 (1999).

	69.	 Pace, G., di Sarra, A., Meloni, D., Piacentino, S. & Chamard, P. Aerosol optical properties at Lampedusa (Central Mediterranean) 
1 Influence of transport and identification of different aerosol types. Atmos. Chem. Phys. 6, 697–713. https://​doi.​org/​10.​5194/​acp-
6-​697-​2006 (2006).

	70.	 Sayer, A. M., Hsu, N. C., Eck, T. F., Smirnov, A. & Holben, B. N. AERONET-based models of smoke-dominated aerosol near 
source regions and transported over oceans, and implications for satellite retrievals of aerosol optical depth. Atmos. Chem. Phys. 
14, 11493–11523. https://​doi.​org/​10.​5194/​acp-​14-​11493-​2014 (2014).

	71.	 Dubovik, O. et al. Variability of absorption and optical properties of key aerosol types observed in worldwide locations. J. Atmos. 
Sci. 59, 590–608. https://​doi.​org/​10.​1175/​1520-​0469(2002)​059%​3c0590:​Voaaop%​3e2.0.​Co;2 (2002).

Acknowledgements
This work is supported by National Natural Science Foundation of China (NSFC) projects (41771378 and 
42076187) and WLKXJ2019-006. We acknowledge OMI Aerosol Science Teams for aerosol index data. Satellite 
data used in this study were produced with the Giovanni online data system, developed and maintained by the 
NASA GES DISC. We thank the PIs of the AERONET sites used in this study for maintaining their stations and 
providing their data to the community. Biogeochemical Argo data were collected and made freely available by 
the SOCCOM project that contributes to it. The authors also thank GHRSST and Australian Bureau of Meteor-
ology for providing sea surface temperature data. The authors greatly appreciate Fang Cao for her constructive 
comments and suggestions. Figures in this study are available at https://​figsh​are.​com/s/​81341​1cfcc​3ea1e​12016, 
and datasets are available at https://​figsh​are.​com/s/​d3611​d8867​011f7​07409.

Author contributions
All authors reviewed and approved the manuscript. F.S. and M.L. conceived and directed the project. M.L. and 
X.S. did the data analyses and data interpretations. M.L. wrote the first version of the manuscript. F.S., M.L and 
X.S. all contributed to the final version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​91547-y.

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

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) 2021

https://doi.org/10.1029/98JD00900
https://doi.org/10.1029/2003gl017861
https://doi.org/10.1029/1999jd900923
https://doi.org/10.5194/acp-6-697-2006
https://doi.org/10.5194/acp-6-697-2006
https://doi.org/10.5194/acp-14-11493-2014
https://doi.org/10.1175/1520-0469(2002)059%3c0590:Voaaop%3e2.0.Co;2
https://figshare.com/s/813411cfcc3ea1e12016
https://figshare.com/s/d3611d8867011f707409
https://doi.org/10.1038/s41598-021-91547-y
https://doi.org/10.1038/s41598-021-91547-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	2019‒2020 Australian bushfire air particulate pollution and impact on the South Pacific Ocean
	Results
	Bushfire-derived air particulate pollution. 
	Temporal variation of aerosol types from AERONET. 
	Sea surface particle changes. 
	Response of phytoplankton biomass. 
	Response of biochemical properties. 

	Discussion
	Aerosol particle pollution and influence on the ocean. 
	Limitations and potential of this study. 

	Conclusion
	Data and methods
	AERONET data. 
	Biogeochemical Argo data. 
	Satellite data. 
	Optical properties of particles. 
	Sea surface temperature. 
	Chlorophyll-a concentration. 
	Aerosol index. 
	Active fire detection. 

	Standardized anomaly calculations. 
	Aerosol types identification. 

	References
	Acknowledgements


