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Abstract

Nearly 40 years of aerosol optical thickness (AOT) climate data record (CDR) from AVHRR
satellite observations over the global ocean is used to study the impact of COVID-19
lockdowns and Australian bushfires on aerosol loading over downwind oceanic regions.
Recent similar impact studies, by contrast, were mainly focused on the urban and suburban
areas near the emission sources. AOT is used as a proxy for aerosol loading in our study. We
found that AOT variations due to anthropogenic emission reduction during the lockdown
period are complex and non-linear. AOT reduction was observed over China’s east coastal
oceans due to emissions reduction during the stringent lockdown period in China. However,
an unexpected surge of AOT occurred over the coastal oceans of India during the tight
lockdown period in the pre-monsoon season. Moreover, inter-annual variations of AOT, along
with a long-term decreasing trend, may conceal the lockdown-related AOT changes over the
US east coastal ocean and the Mediterranean Sea due to relatively relaxed lockdown
measures. By contrast, AOT increases in @ monotonic way due to the emissions from severe
Australian bushfires in the 2019/2020 fire season. The AOT surge is evident not only over the
Australian coastal ocean but also extends to the entire southern ocean. This comparative
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study of two opposite extreme emission scenarios in natural conditions could be a benefit in
creating effective mitigation strategies for future anthropogenic emissions and air pollution.

Keywords
Satellite observation; climate data record (CDR); aerosol optical thickness (AOT); Australia;
anthropogenic emission; coronavirus disease 2019 (COVID-19); bushfire

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic resulted in a disaster for global public health
and human life [1]. In order to effectively contain the spread of the coronavirus, confinement polices
of varying stringency and extent have been implemented in affected countries and regions.
Unintentionally, pollution emissions associated with anthropogenic activities were reduced during
the period of lockdown [2-4]. As a result, air quality was also altered unexpectedly, especially in
countries or regions plagued by both heavy anthropogenic pollution and COVID-19 [2, 5-10]. Recent
studies on the impact of COVID-19 lockdowns on air quality are mainly focused in the urban and
suburban areas near emission sources. For example, Le et al. (2020) [11] studied the aerosol loading
changes in northern China during the initial lockdown period. Their study indicated that extreme
particulate matter levels unexpectedly occurred in northern China due to favourable meteorological
conditions for heterogeneous chemistry, non-linear gas-phase chemistry, and titration of ozone in
winter. Wang et al. (2020) [12] further found that some severe air pollution events may not be
avoided by reduced anthropogenic activities during COVID-19 lockdowns in China when
meteorological conditions are unfavourable.

On the other hand, Australian bushfires occurred at nearly the same time as the initial COVID-19
outbreak in China, severely damaging the air quality of Australia[13, 14]. The smoke plumes reached
the entire southern ocean as well as the lower stratosphere [15, 16]. The severe bushfires and
associated emissions created serious environmental and health consequences [17, 18]. These two
opposite extreme cases of surface emissions related to human and natural disasters provide us a
unique opportunity for a comparative study of the impact of surface emissions on air pollution in
natural conditions, which will benefit mitigation strategies for air pollution emissions. In this paper,
we use the long-term satellite climate data record (CDR) of aerosol optical thickness (AOT) as a proxy
for aerosol loading to study the impact of COVID-19 lockdowns and Australian bushfires on AOT in
the downwind oceanic regions influenced by offshore airflows originating from the lockdown
continents and Australian burning grounds. Long-term satellite AOT CDR is introduced in section 2;
the analysis approach is described in section 3; the impact of COVID-19 lockdowns and Australian
bushfires on downwind aerosol loading in five selected coastal oceanic regions is investigated in
section 4; summary and conclusions are given in the closing section.

2. Data

Version 3 of the Advanced Very High Resolution Radiometer (AVHRR) aerosol optical thickness
CDR [19, 20] from National Oceanic and Atmospheric Administration (NOAA) operational satellites
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is used in this study. AVHRR AOT CDR is derived over the global ocean surface for 0.63um channel
from AVHRR clear-sky daytime reflectance based on a two-channel retrieval algorithm [21]. A weak
absorption aerosol model with a bimodal lognormal size distribution is used in the algorithm to
account for accumulation and coarse modes. Please refer to Zhao et al. (2004) [21] for more
information on the retrieval algorithm and performance. The AVHRR AOT CDR product had been
used to study AOT long-term trends and aerosol cloud interactions [19, 20, 22, 23]. AOT CDR spans
from 1981 to present and operationally forward updated on a quarterly basis. Both daily and
monthly products in a spatial resolution of 0.1° x 0.1° degree are available
(http://doi.org/10.7289/V5BZ642P), but only the latter is used in the current study. We also use the
reanalysis surface wind speed at 10m and 850mb altitude in our analysis to examine the possible
airflow transport effect. The wind speed data is obtained from the National Centers for
Environmental Prediction (NCEP) climate forecast system reanalysis (CFSR) [24] monthly mean
product (ftp://nomads.ncdc.noaa.gov/CFSR/HP _monthly means/).

Five downwind oceanic regions that are often influenced by offshore pollutants from the
continents, and that were also under the influence of COVID-19 lockdowns or Australian bushfires,
are selected in our study and listed in Table 1. The latitude and longitude coverage and the months
in which we are interested are also provided in the table. Two big cities located on the coastal line
of each of the five coastal regions are also selected for our study. A square area of 5° latitude and
longitude around the big cities is used in our analysis.
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Table 1 Five oceanic regions along with two associated coastal cities and the months selected for study.

Region
8 Regions and Cities Longitude, Latitude Month Notes

Number
East oceans of China 115°E - 135°E, 20°N - 40°N

1 ] | 5020 Influenced by
Shanghai 31.2304°N £ 5°, 121.4737°E + 5° anuary-june lockdown
Tianjin 39.3434°N £ 5°,117.3616°E £ 5°
Mediterranean Sea -15°W - 30°E, 30°N - 45°N

5 March— 2020 Influenced by
Barcelona 41.38510N +5°, 2.1734°E £ 5° arch=June lockdown
Rome 41.9028°N +5°, 12.4964°E + 5°
East ocean of USA -80°W - -70°W, 30°N - 45°N inl db

nfluenced by

3 New York City 40.7128°N + 5°, -74.006°W * 5° March-June 2020 lockdown
Charleston 32.7765°N £5°,-79.9311°W £ 5°
Coastal oceans of India 65°E — 90°E, 10°N - 25°N

4 March— 2020 Influenced by
Mumbai 19.0760°N + 5°, 72.8777°E £ 5° arch=lune lockdown
Chennai 13.0821°N +5°, 80.2707°E £ 5°
East coastal ocean of Australia 140°E - 155°E, -40°S - -20°S

c November 2019 Influenced by
Melbourne -37.8136°S £ 5°, 144.9631°E £ 5° —-February 2020 bushfires

Sydney -33.8688°S + 5°, 151.2093°E + 5°
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3. Approach

Offshore airflows may travel hundreds to thousands of kilometres from the emission source
regions over land to downwind oceanic areas, where AOT changes are not necessary linearly
correlated with the emission changes in source regions. This is due to the complex chemical and
microphysical changes of aerosol particles during the transport, along with the effects of
meteorological conditions. Thus, two types of monthly AOT difference are computed for the five
selected regions and two associated big cities to assess the impact of lockdowns (or bushfires) on
the aerosol loading in our study. The first type is the monthly AOT difference between selected
months of 2019/2020 with the influence of the COVID-19 pandemic (or Australian bushfires) and
the corresponding months of 2018/2019 without these influences. Similar difference analyses were
widely used recently in assessing the lockdown’s impact on air quality near urban emission source
regions.

The second type of AOT difference is the monthly AOT anomaly for selected months of
2019/2020 with the influence of the COVID-19 pandemic (or Australian bushfires) relative to their
corresponding monthly climatology, which is barely used in the other impact studies of COVID-19
lockdowns even though anomaly computation had been widely used for detecting other
atmospheric phenomena. Thirty-five years of monthly AOT CDR, from January 1981 to December
2015, are used to compute AOT climatology for individual months. For example, the AOT
climatology value of January at a spatial grid point is the arithmetical mean of 35 January values
from 1981 to 2015. Even though emission changes due to the lockdown may be one of the major
causes of AOT variations near the emission sources, this is not necessary the case for downwind
coastal oceans, where AOT variation due to the lockdown is relatively weak in comparison to the
urban areas near emission sources. Thus, other AOT variations, such as the inter-annual variation
(including long-term trends), may conceal the AOT change due to the lockdown and make it
indiscernible in satellite observations over the coastal oceans.

Consistent results obtained from the above two types of monthly AOT differences for the cases
with and without lockdowns (or bushfires) should be more useful in assessing the impact of
lockdowns (or bushfires) than the results based solely on either one of them. Figure 1 shows
examples of the two types of monthly AOT differences over the global oceans for January and
February 2020. The two types of AOT differences are presented in a relative percentage. It is seen
that the two types of AOT differences show consistent AOT enhancement (> 90%) over the entire
southern ocean due to the strong emissions from severe Australia bushfires in both January and
February 2020. Even though inconsistencies exist evidently and broadly in the two types of AOT
differences over the northern oceans, consistent AOT reduction in both AOT differences are also
evident in some specific regions, such as over the Mediterranean Sea and the Chinese Yellow Sea.
Since the COVID-19 lockdown started in later January 2020 in China, it is interesting to study
whether the emissions reduction due to the lockdown contributes to the AOT reduction noticed in
the downwind east oceanic regions of China. Therefore, we selected five offshore downwind
oceanic regions along with two big coastal cities in each of the five regions (see Table 1) to examine
the signature of COVID-19 lockdowns or the Australian bushfires contained in the change of AOT.
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Figure 1 Distributions of relative monthly AOT anomaly (in percentage) over the global oceans
for the lockdown/bushfire months of (a) January and (b) February 2020 and the distributions
of relative monthly AOT difference (in percentage) between the lockdown/bushfire months of
(c) January and (d) February 2020 and the corresponding months without lockdown/bushfire
in 2019.

4. Results
4.1 AOT and COVID-19 Lockdown

The outbreak of COVID-19 pandemic in Wuhan occurred in December 2019 and the lockdown
started being implemented in late January 2020 in China in order to prevent the spread of the
coronavirus. The lockdown was gradually lifted from March to June 2020 based on the status of the
coronavirus in individual provinces. Air quality was improved unintentionally in urban areas of China
due to the reduction of gas and particle pollutants (e.g., CO, NOz, SO,, PM.5, and PM1g) from
anthropogenic activities during the lockdown period [25, 26]. Figure 2 shows the relative difference
of monthly AOT during the lockdown period of 2020 from their corresponding monthly climatology
and the corresponding monthly AOT of 2019 over the east oceans of China. Capital letters S(hanghai)
and T(ianjin) in Figure 2a mark the positions of the two selected coastal cities. The dashed or solid
contour lines mark the areas where negative or positive AOT difference is above the 5% significance
level, which is defined as when the negative or positive difference is larger than two times the
standard deviation. The standard deviation of AOT difference for a grid point is calculated from the
AOQT difference at surrounding 5 x 5 grid points. Both types of monthly AOT difference show that
AOT can be reduced up to 60% or with a reduction significance above the 5% level in January and
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February over the east oceans of China. In March, the two types of monthly AOT differences show
consistent reductions only in the central part of the east oceans since the lockdown was somewhat
eased and industrial production was partially restored in China. Inconsistence in the two types of
monthly AOT differences over the east oceans appears in April, May, and June when the lockdown
was lifted gradually, which suggests that meteorological conditions may have changed and
associated AOT inter-annual variabilities probably become dominant, thereby concealing the AOT
changes induced by the confinement measures when the lockdown was eased.
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Figure 2 Distributions of relative monthly AOT anomaly (%) over the east oceanic regions
of China (left panels) for the lockdown months of 2020 along with the distributions of
relative monthly AOT difference (%) between lockdown months in 2020 and the
corresponding months without lockdown in 2019 (right panels). Blue capital letters
S(hanghai) and T(ianjin) in panel (a) mark the positions of the two selected coastal cities.
The dash and solid contour lines mark the areas where the AOT difference is above
negative and positive 5% significance level, respectively.
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To support our interpretation, we further plot out AOT distribution overlaid with CFSR reanalysis
surface wind speed at 10m altitude for January-June 2020 in Figure 3. We can see that an anti-
cyclonic type of airflow resides on the east oceans of China from February to April 2020. There is a
westerly wind component in the northern branch of the anti-cyclonic airflow, especially in February
and March of 2020. This westerly wind component becomes dominant and stronger at 850mb
altitude and covers much broader east coastal regions (see Figure S1). Anthropogenic pollutants
emitted and uplifted over the land are transported offshore to the downwind oceanic regions by
this westerly airflow. Thus, the effect of emission reduction due to the lockdown over China may be
brought to the downwind oceanic regions by the offshore transport, resulting in AOT reduction. In
fact, Kanazawa University Wajima Air Monitoring Station (KUWAMS), located in western Japan and
downwind of mainland China, is constantly under the influence of polluted air masses originating
from China in the cold season. The concentration of particulate polycyclic aromatic hydrocarbons
(PAHs) observed at KUWAMS decreased by 52.6%, 36.6%, and 36.7%, respectively, in February,
March, and April 2020 compared with the same months in the previous year [27], which is consistent
with our AOT reduction. Airflow changes to a very different monsoon flow pattern in May and June
and associated AOT inter-annual variabilities probably become dominant. For example, a similar
anti-cyclonic type of flow is also observed over the east oceans of China from January to March 2019
(see supplemental Figure S2). However, a change to monsoon flow pattern started earlier in 2019
(April) than in 2020 (May) but with a slower pace. AOT values over the downwind oceanic regions
in April and May 2020 were higher rather than lower than the corresponding AOT values of 2019,
which was due to the stronger offshore transport in springtime 2020 compared to springtime 2019,
especially in April.
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Figure 3 AOT distribution overlaid with wind speed (m/s) at 10m altitude for January-June
2020 in the downwind east oceanic regions of China.
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The two types of relative monthly AOT differences in percentage for two coastal megacities,
Shanghai and Tianjin, are summarized in Table 2 along with the result for the east coastal oceans of
China defined in Table 1. The two types of monthly AOT differences over the water surface around
the two coastal megacities and over the east coastal oceans of China show consistent negative
values in the stringent lockdown months from January to March. The consistent negative values
disappear in April, May, and June when the lockdowns are lifted gradually and AOT inter-annual
variations in the Chinese monsoon season become dominant and obscure the AOT variation
resulting from the relaxed confinement measures.

Table 2 Percentage changes of monthly AOT during the lockdown period of the COVID-
19 pandemic relative to their corresponding monthly values in 2019 (first number) or
climatology values (in parenthesis) over the east oceans of China and two megacities on
the east coastal line.

Month East Coastal Oceans of China Shanghai Tianjin
2020.1* -21.41 (-31.32) -37.53 (-39.34) -8.40 (-3.17)
2020.2 -7.28 (-24.36) -31.54 (-27.37) -9.33 (-12.41)
2020.3* -9.20 (-22.31) -7.26 (-25.42) 12.65 (-27.88)
2020.4 28.84 (-9.23) 27.06 (-13.94) 14.74 (-17.11)
2020.5 11.17 (-25.35) 31.38 (-19.12) 19.97 (-22.71)
2020.6 -3.65 (-27.80) 8.19 (-22.83) 16.39 (7.80)

Note: Superscripts * and * mark the month that stringent lockdown started and ended,
respectively.

Europe was the second continent hit hard by the COVID-19. Two Mediterranean countries, Spain
and Italy, were the most severely impacted in Europe and confinement measures were
implemented to prevent the spread of the coronavirus. Limited lockdowns started at the beginning
of March 2020; more restricted lockdowns became effective from the middle of March to the end
of April, and the lockdowns were gradually lifted starting in May. For normal years before the
COVID-19 pandemic, the anthropogenic pollutants (e.g., NO2, Os, PMas, and PMig) are generally
higher over the northern and central parts than over the southern part of Italy [8]. Since the
coronavirus infection cases were mainly concentrated in the northern and central parts of Italy [8],
the lockdown measures were also more stringent in northern and central cities than in southern
cities. Even though the air quality improvement appeared mainly in the urban areas of northern and
central parts of Italy during the lockdown period, reduced NOx along with increased Os and a minor
reduction in particulate matter (PM2s and PM1g) were also observed in the urban areas of southern
Italy [7]. Unlike what was observed over the east coastal oceans of China in Figure 2 for the lockdown
period, the two types of AOT monthly differences did not show consistent changes over the coastal
waters of Mediterranean Sea (MS) for the lockdown period of southern Europe (not shown here).
This result corroborates the findings of the in-situ measurements that the air quality impact due to
the lockdown is mainly concentrated on the northern and central parts of Italy [8]. Thus, AOT inter-
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annual variations and long-term trends over MS are probably dominant and can conceal the AOT
variation induced from the lockdown, which were not as stringent as in China (especially in the
southern part of Europe). For example, there is an evident decreasing trend of AOT over MS in the
past four decades (see supplemental Figure S3), which results in negative anomaly as shown by the
negative values in the parenthesis of Table 3. For the AOT difference between 2020 and 2019, inter-
annual variations other than the long-term trend may play a more important role on the AOT change,
which results in the inconsistency in the AOT changing tendency of Table 3.

Table 3 Similar to Table 2 but for the Mediterranean Sea and two megacities on the
Mediterranean coastal line during the lockdown period of the COVID-19 pandemic.

Month Mediterranean Sea Barcelona Rome

2020.3* 26.35(-21.30) 32.58 (-14.01) 27.82 (-26.05)
2020.4* -4.85 (-28.76) 42.42 (-28.78) 4.20 (-28.86)
2020.5 40.36 (-34.48) 38.55 (-36.38) 18.83 (-10.21)
2020.6 -9.82 (-39.42) 7.31(-39.45) -23.39 (-45.16)

Similar to the Mediterranean Sea, the two types of monthly AOT differences over the east coastal
ocean of the United States show inconsistent changes (not shown here) for the confinement period
of COVID-19 from March to June. In fact, even for the inland urban areas of big cities, whether the
coronavirus confinement makes air cleaner is still inconclusive [28]. However, the two types of
monthly AOT differences show evident negative values consistently only over the water surface
around New York City in April (see Table 4) when the most stringent confinement was implemented.
Similar to the MS, there is an evident decreasing trend of AOT over the east coastal ocean of USA in
the past four decades (see supplemental Figure S3), which results in negative anomaly listed in the
parenthesis of Table 4. For the AOT difference between 2020 and 2019, the inter-annual variations
of AOT other than the negative long-term trend may be the dominant source of the variation, which
conceal the variation of AOT over the downwind east coastal ocean caused by the relatively lose
confinement measures of COVID-19 in the USA.

Table 4 Similar to Table 2 but for the US east coastal ocean and two cities on the coastal
line during the lockdown period of the COVID-19 pandemic.

Month East Coastal Ocean of USA New York City Charleston
2020.3" 8.82(-22.27) 3.05 (-38.51) 19.08 (-15.90)
20204 9.17 (-37.72) -4.07 (-36.70) 10.01 (-36.35)
2020.5 4.44 (-33.57) 3.92 (-33.32) 9.33 (-34.23)
2020.6* -2.45 (-37.93) -0.73 (-37.54) 10.73 (-22.44)
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The Indian government ordered a nationwide lockdown in early March and lifted it gradually in
early May, with a conditional relaxation after April 20 for the regions where the spread of
coronavirus had been contained effectively. Unintentionally improved air quality in urban areas,
especially in northern India, was observed during the lockdown period due to the reduction of
anthropogenic emissions [5, 6]. A recent study by Sharma et al. (2020) [10] using surface observation
found that even though most of the ambient pollutants were reduced in India during the lockdown
period, PM2s could still increase due to unfavourable meteorology. Figure 4 shows the two types of
monthly AOT differences during the lockdown period over the Indian coastal oceans. Interestingly,
monthly AOT was enhanced unexpectedly over the coastal water surface in March and April 2020
relative to both their climatology and to the same months in 2019. If we look at Figure 5, in
springtime, wind blows mainly along the coastal line of the Arabian Sea except over the northern
coastal ocean, where wind blows mainly from ocean to land. Airflow from ocean to land is the major
characteristic over the coastal ocean of the Bay of Bengal. Similar wind field (not shown here) is also
observed at 850mb altitude except the magnitude is larger than near the surface. Thus,
meteorological condition is unfavourable for the AOT change related to the lockdown over the
coastal oceans. Moreover, there is an evident increasing trend of AOT over the Indian coastal oceans
in the past four decades (see supplemental Figure S3), which may also result in the positive AOT
anomaly and enhancement noticed in Figure 4. Similar AOT enhancement was also noticed during
the winter lockdown period in the suburban areas of northern China, where air quality is generally
poor in winter due to heavy anthropogenic pollution. Observational analysis and model simulation
performed over northern China by Le et al. (2020) [11] for the initial lockdown period indicated that
proper meteorological conditions, non-linear heterogeneous chemical production, and secondary
aerosol formation together contributed to the unexpected AOT surge. Similar mechanisms may be
involved in the unexpected AOT enhancement over the Indian coastal oceans during the stringent
lockdown period in the pre-monsoon season since both countries are plagued with heavy
anthropogenic pollution and the Indian population is much denser in the coastal regions. In fact,
both in-situ and satellite measurements did indicate enhanced SO, (the major precursor of
secondary aerosols) in some urban/suburban areas of southern India during the lockdown period
[5, 6], which indirectly supports our interpretation of the mechanism of AOT enhancement over the
coastal oceans of India during the stringent lockdown period in the pre-monsoon season. Future
modelling simulations are needed to confirm and separate the above causes of AOT enhancement
during the pre-monsoon season of 2020.
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In May, negative values appeared in both types of monthly AOT differences over the coastal
ocean in the Bay of Bengal and propagated to the coastal ocean in the Arabian Sea in June. This
is probably associated with the onset of the Indian monsoon in May and June, respectively, for
the Bay of Bengal and the Arabian Sea [29-31], which may alter gas and heterogeneous
chemistries along with aerosol formation and removal in the wet monsoon season. Actually,
there are more missing AOT observations (see Figures 4d and 4h) in June due to persistent
overcast skies in the Indian monsoon season. Thus, the AOT variation due to the inter-annual
variability of the Indian monsoon in May and June 2020 is probably larger than the AOT variation
induced from the lockdown that was already relaxed in May and June. In summary, the two-types
of monthly AOT percentage differences for the Indian coastal oceans and two big cities, Mumbai
and Chennai, on the coastal line are listed in Table 5.

Table 5 Similar to Table 2 but for the Indian coastal oceans and two big coastal cities
during the lockdown period of the COVID-19 pandemic.

Month Indian Coastal Oceans Mumbai Chennai

2020.3" -0.77 (6.74) 1.80 (1.51) 5.72 (6.88)

2020.4 6.41 (7.68) 24.72 (11.63) 0.812 (-4.36)

2020.5* -19.54 (-14.37) 5.45 (-5.72) -35.77 (20.33)

2020.6 -4.91 (-12.75) -13.80 (-13.48) 2.65 (-15.03)
4.2 AOT and Bushfires

The bushfires in Australia at the end of 2019 and the beginning of 2020 were the worst blaze in
the past 25 years due to high temperatures and a prolonged drought in the region [14, 15]
(https://www.statista.com/topics/6125/bushfires-in-australia/). The fires produced serious
environmental and health consequence [17, 18]. Air quality was heavily damaged not only over the
Australian continent but also over the entire southern ocean. Figure 6 shows AOT distribution
overlaid with wind speed (m/s) at 10m altitude over the 10°S - 50°S latitude belt of the southern
hemisphere (SH) for the four months of the 2019/2020 fire season in Australia. Strong westerly and
easterly winds prevail over the latitude belt below and above 40°S, respectively, for all four months.
Westerly flow transported the smoke particles over the Australian continent from the burning areas
in eastern Australia to the southern ocean in November and December 2019. In January 2020,
higher AOT plumes transported eastward covered the whole latitude belt of westerly wind and even
recycled back over Australia, causing an impact for a second time. Moreover, smoke plumes
dispersed into the latitude belt of easterly wind above 40°S also were blown to the whole latitude
belt of easterly wind in January 2020. Smoke plumes diluted greatly in February 2020.
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(a) AOT and Wind (m/s): 2019.11 (b) AOT and Wind (m/s); 2019.12

(c¢) AOT and Wind (m/s); 2020.1 (d) AOT and Wind (m/s); 2020.2
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Figure 6 AOT distribution overlaid with wind speed (m/s) at 10m altitude over the 10°S
- 50°S latitude belt of the southern hemisphere for the four months of the 2019/2020
fire season in Australia.

Figure 7 further displays the two types of relative monthly AOT differences (%) during the burning
season over the 10°S - 50°S latitude belt of the southern hemisphere. AOT surge is most evident
over the southeast coastal oceans of Australia due to heavy offshore smoke, which extends to the
whole 10°S - 50°S latitude belt, and the enhancement is above 90%. AOT enhancement in
magnitude and spatial spread reached a maximum in January 2020, the peak month of the fire
season. Even though smoke plumes diluted greatly in February 2020 (see Figure 6d), the AOT
enhancement is still significant and covers a broad area (see Figures 7d and 7h). The two types of
monthly AOT differences in percentage over the water around two big coastal cities, Melbourne
and Sydney, are provided in Table 6 along with the result for the east coastal ocean of Australia for
the 2019/2020 fire season. AOT values are doubled in magnitude, which is much more significant
than the AOT changes due to the lockdowns of the COVID-19 pandemic discussed above in
subsection 4.1. Moreover, AOT values are monotonically augmented by the burning emissions over
the Australian coastal oceans, while AOT changes due to the emissions reduction of the COVID-19
lockdowns discussed above are more irregular and relatively small over the downwind coastal
oceans.
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(a)AQT DifF(%); 2019.11-Climatelogy.11 (B)AOT DiffX); 2019.12-Climatelogy.12 (c)AQT Diff(%); 2020.1-Climatolagy.! (a)AQT Diff(X); 2020.2-Climatology.2

(e)AQT Diff(%); 2019.11-2018.11 (FAQT Diff(%); 2019.12-2018.12 (9)AQT Diff(%); 2020.1-2019.1 (h)AOT Diff(%); 2020.2-2019.2

Figure 7 Distributions of relative monthly AOT anomaly (%) over the 10°S — 50°S latitude
belt of the southern hemisphere (top panels) for the four months of the 2019/2020 fire
season in Australia and the distributions of relative monthly AOT difference (%) for the
same region (bottom panels) between the four months of the 2019/2020 and
2018/2019 fire seasons in Australia.

Table 6 The percentage augmentation of monthly AOT during the 2019/2020 fire season
relative to the 2018/2019 fire season (first number) and their corresponding climatology
values (in parenthesis) for the east coastal ocean of Australia and two big cities on the
southeast coastal line.

Month East Coastal Ocean of Australia  Melbourne Sydney
2019.11 63.90 (61.14) 29.30(19.99) 111.16 (114.08)
2019.12 97.93 (101.26) 61.05 (20.88) 228.95 (172.18)
2020.1 111.67 (105.54) 162.38 (133.28) 161.68 (184.28)
2020.2 15.75 (13.39) 36.91 (44.99) 50.05 (36.12)

5. Summary and Conclusions

Long-term AVHRR operational satellite AOT CDR is used to study the impact of COVID-19
lockdowns and Australian bushfires on aerosol loading over downwind oceanic regions influenced
by offshore airflows. The coastal oceanic regions of five countries that were hit hard by the COVID-
19 pandemic and the east coastal ocean of Australia, which was plagued by the 2019/2020 bushfires,
are selected for our contrast study on the AOT response to the natural scenarios of emission
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reduction due to the pandemic lockdowns and the enhancement due to the intensive bushfires. We
found that AOT reduction is noticeable in the east coastal oceans of China during the stringent
lockdown period of January, February, and March 2020 due to significant reduction of
anthropogenic emissions. An unexpected surge of AOT also occurred in the pre-monsoon lockdown
period over Indian coastal oceans, which is plagued regularly by offshore anthropogenic pollutions.
This AOT surge may be due to complex and non-linear pollution chemistry and secondary aerosol
formation under the favourable meteorological conditions of pre-monsoon season along with AOT
inter-annual variations (including long-term trends) and needs to be confirmed in future studies
with model simulations.

For the coastal oceanic regions with limited industrial pollution, and where confinement
measures implemented for preventing the spread of the coronavirus in upwind countries were not
strict, AOT changes due to the lockdown emission reduction may be concealed by the AOT inter-
annual variation and long-term trends. In-depth studies based on model simulations are needed in
the future for these observed vague impact scenarios. By contrast, AOT is significantly enhanced in
a monotonic way due to the emissions from severe Australian bushfires, and the impact is not
limited to the coastal oceans but affects the entire southern ocean, which may have important
climate implications and deserves further study in the future through combined observations and
model simulations. Because long-term AOT CDR based on heritage AVHRR satellite observation is
available only over water surface, we can perform the analysis only on the selected mega-cities on
the coastal line. In future work it would be worthwhile to study the other cities with less influence
from the COVID-19 lockdown as a comparison by using other satellite observations and in-situ
measurements. However, this impact study, which is based on long-term satellite observation in
natural condition for two opposite emission scenarios associated with nature and human disasters,
is still helpful in identifying effective mitigation strategies for future anthropogenic emissions and
air pollution.
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