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Abstract: Black carbon (BC) is of concern due to its contribution to poor air quality and its adverse
effects human health. We carried out the first real-time monitoring of BC in Malaysia using an
AE33 Aethalometer. Measurements were conducted between 1 January and 31 May 2020 in a
university area in a suburban location of the Klang Valley. The measurement period coincided
with the implementation of a movement control order (MCO) in response to COVID-19. The mean
concentration of BC before the MCO was 2.34 ug/m? which decreased by 38% to 1.45 pg/m? during
the MCO. The BC is dominated by fossil-fuel sources (mean proportion BCg = 79%). During the
MCO, the BCy; concentration decreased by more than the BCy,, concentration derived from biomass
burning. BC and BC¢ show very strong diurnal cycles, which also show some weekday—weekend
differences, with maxima during the night and just before noon, and minima in the afternoon. These
patterns indicate strong influences on concentrations from both traffic emissions and boundary layer
depth. BC was strongly correlated with NO; (R = 0.71), another marker of traffic emission, but
less strongly with PM; 5 (R = 0.52). The BC absorption Angstrém exponent (AAE) ranged between
1.1 and 1.6. We observed pronounced diurnal cycles of lower AAE in daytime, corresponding to BCy
contributions from traffic. Average AAE also showed a pronounced increase during the MCO. Our
data provides a new reference for BC in suburban Malaysia for the public and policy-makers, and a

baseline for future measurements.
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1. Introduction

The rapid development of economies in middle-upper income countries has re-
sulted in expanded transport, industrial and agricultural activities, and consequently
to increased levels of air pollutants. Black carbon (BC) is a critical light-absorbing carbona-
ceous aerosol component in the atmosphere [1,2] with impacts on air pollution haze [3,4],
human health [5] and radiative forcing [6]. BC can penetrate the lungs because of its
small size (<100 nm) and thereby increase the risk of cardiovascular and respiratory dis-
eases [7]. It is also a carrier of co-emitted harmful organic compounds (e.g., polycyclic
aromatic hydrocarbons (PAHs) and their derivatives) [7-10]. BC sources in urban areas
are dominated by combustion processes, such as transportation, industry, and residential
combustion [1,11]. It has been assessed that, globally, 24% and 60% of anthropogenic
BC emissions are from transportation and residential combustion fuels, respectively in
sub-urban areas [12].
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Many countries worldwide use criteria pollutants such as particulate matter (PM),
carbon monoxide (CO), nitrogen dioxide (NO;), sulphur dioxide (SO,), and ozone (O3) to
provide information regarding on air quality status. However, carbonaceous particles, such
as BC, currently lack ambient quality standards and monitoring, especially in emerging
economic countries [13,14]. Southeast Asia is a significant source of BC due to a large
population (approximately 650 million) and associated anthropogenic activities in the
region, as well as biomass burning emissions (wild forest, transboundary haze pollution
and peat fires, crop residue open burning and indoor cooking using biofuels) [15-17].
There has been growing interest in measuring BC in Southeast Asian countries, including
to investigating diurnal effects in Bangkok [18], personal exposure assessment in Singa-
pore [19], emissions from the busiest street in Manila [20], and evaluation of local sources
contribution in Jakarta [21]. However, such measurements are still lacking in Malaysia.
Given the dynamic physical and social conditions of Malaysia’s urban and rural environ-
ments, understanding the carbonaceous particle profiles and their distribution is a pressing
challenge to address. This study set out to measure BC in the Klang Valley, south of Kuala
Lumpur, in the Southern Peninsula of Malaysia. Malaysia has been experiencing local
traffic air pollution [22]. The metropolitan area in the Klang Valley had a high growth
rate of transportation per year, which estimated the number of private vehicles to reach
7 million by the year 2020 [23]. It was also estimated that public and private transportation
on the roads completed between 1.24 and 6 million trips per day.

BC is defined through measurement by optical absorption techniques [24-26]. The
spectral dependence of BC emitted from fossil fuel and biomass burning sources has
made methods utilizing multi-wavelength light absorption instruments a useful approach
to apportioning BC from these source categories. For example, the multi-wavelength
Aethalometer measures aerosol light absorption in the wavelength range of 370-950 nm
and has been used to assess the contribution of BC from fossil fuel and biomass burning
sources [27-30]. The optical methods also provide very high time resolution that can be
used to explore sub-diurnal patterns and high temporal correlations.

The aim of this work was to characterize concentrations and diurnal profiles of BC
and its source apportionment in a suburban area of Klang Valley (Malaysia) from January
to May 2020. By chance, our study coincided with the implementation on 18 March of a
movement control order (MCO) for COVID-19, which remained in place for the rest of the
measurements reported here. We explored the concentrations and contributing fractions
to BC, and their diurnal variations, before and during the MCO. We also investigated
associations of BC with other air pollutants (NO, and PMj ), traffic mobility data and
meteorological variables. To our knowledge, this is the first study of BC and its source
apportionment in Malaysia.

2. Materials and Methods
2.1. Monitoring Site

The BC measurements were carried out at the campus of the Faculty of Medicine and
Health Science, Universiti Putra Malaysia (UPM) (2.9998° N, 101.7121° E) from 1 January
to 31 May 2020. This campus is located at a suburban site in the Serdang town of Klang
Valley (Figure 1). It is surrounded by private forest property of UPM, agriculture park
and a hospital. There are also commercial buildings such as malls, hotels, offices, and
research institutes nearby. Local background activities that are a source of BC include road
traffic and may include burning garden waste from the agriculture park. The campus
is located 500 m to the west of the South Klang Valley Expressway (SKVE) via Hospital
Serdang interchanges. The campus sampling site is located approximately 28 km southeast
from the Kuala Lumpur City Centre. Another highway, the Maju Expressway E20/16, is
located 6 km northwest of the campus, and carries a greater annual vehicle flow of trucks,
cars, and two-wheelers. Serdang is regarded as the southern gateway into Kuala Lumpur
for motorists traveling from southern Selangor, Negeri Sembilan, Malacca, or Johor. The
Expressways will be major sources of BC. The Klang Valley experiences a tropical climate
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characterized by relatively uniform high temperatures (22-34 °C), high relative humidity
(60-90%), high annual rainfall (2500 mm), and moderate monthly average wind speeds
(2.7 m/s) throughout the year.
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Figure 1. Location of the monitoring site, marked as a red circle, in the Klang Valley, 28 km southeast
of central Kuala Lumpur, Malaysia. The government air monitoring station for PM; 5 and NO, (DOE
PUTRAJAYA) and meteorology station (MET KLIA) are respectively marked as a green rectangle and
a green triangle. (Source: ESRI).

2.2. Determination of BC Concentrations

Concentrations of BC were measured using the AE33 7-wavelength Aethalometer
(Magee Scientific, Berkeley, CA, USA). The AE33 instrument has been widely used to mea-
sure light-absorbing aerosols in city, industrial, rural, and remote areas, globally [29,31,32].
The AE33 in our study was set to operate at a flow rate of 5 L/min with a sampling time
base of 1 min.

The AE33 instrument collects two aerosol samples simultaneously with differing
accumulation rates combined to eliminate nonlinearity. The BC concentration is calculated
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from optical attenuation (absorption) changes at the near-infrared 880 nm wavelength
and the corresponding mass absorption cross-section of 7.77 m?/g [33]. To evaluate the
contributions of BC from fossil fuel (BC¢) and biomass burning (BCy},) we used the source
apportionment model developed by Sandradewi et al. [29]. This is based on different
sources of BC aerosols absorbing differently at different wavelengths [34]; specifically,
that aerosols from biomass burning absorb effectively in the UV-blue region whilst those
from traffic emissions (fossil fuel) do not [33]. In the model, total sample light absorption
babs(BCtotal) 18 the sum of the absorptions by particles from fossil fuel (ff) and biomass
burning (bb) (Equation (1)).

babs(BCtotal) = Pabs(BCEf) + babs(BCbb). 1)

The wavelength dependence of the absorption is expressed through the absorption
Angstr'(’)m exponent (AAE) (Equation (2)),

AAE = In(aps1 /babs2)/In(a1/22), @

where b.ps1, baps2 are the absorption coefficients at wavelengths 51 and »», respectively.
Although the AAE can be derived from fitting an exponential curve through the absorp-
tion coefficients at several wavelengths, in practice, it is usually determined using two
absorptions at 950 nm and 470 nm [33]. We followed the practice of determining AAE as
the negative slope of a double logarithmic plot of Equation (2) [34]. The absorption coeffi-
cients b,p,g are determined from compensated BC values at the two distinct wavelengths
via Equation (3),

baps(M/m) = BC (ng/m3) X o (m2 /g) /1000 ®)

where o, the specific mass absorption coefficient, has the values 14.54 m? /g and 7.19 m? /g
at 470 nm and 950 nm, respectively. The AE33 instrument’s in-built ‘Aethalometer model’
computes the concentrations of the BC¢s and BCy, components using default AAE values
of 1.0 for the former and 2.0 for the latter [33,35]. The percent biomass burning (BB%) is
computed via Equation (4) [29,35].

BB% = babs(950 nm)(BB) /babs(950 nm). (4)

2.3. Data Processing and Analysis

The AE33 instrument used in this study was factory-calibrated and used directly when
received from the manufacturer [35]. Previous studies have shown that the Aethalometer is
subject to errors associated with scattering and shadowing effects of particles embedded in
the filter. These artifacts lead to uncertainties in light-absorbing aerosol mass concentration
measurements [36,37] and have been estimated to be +20%, overall [31,32,38]. In this
study, the AE33 filter strip was changed every month to avoid dysfunction in the in-
built compensation process for filter-loading effects [35]. All raw measurement data were
checked for anomalous values. Negative and zero values were regarded as invalid and
discarded, as were occasional single extreme values.

Statistical analyses were performed using the R software [39] and the Openair R
package [40,41].

2.4. PM; 5, NO,, Meteorological and Mobility Data

Hourly mean PM; 5 and NO; concentrations were obtained from the nearest govern-
ment monitoring station, located in Putrajaya, 12 km from the BC monitoring site (these
data were available for 1 February to 16 May 2020). The private company, Transwater API
Sdn Bhd (Selangor Darul Ehsan, Malaysia), operates a Thermo Scientific TEOM 1405-DF
and Thermo Scientific Models 42i for the Department of Environment Malaysia, which
maintains the readings of PM; 5 and NO; respectively. Hourly mean temperature, relative
humidity, precipitation, and wind speed were obtained from the Department of Meteo-
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rology for Kuala Lumpur International Airport (KLIA), situated 20 km away (Figure 1).
Both the pollutant and meteorological data are collected under national or international
data assurance procedures for these sorts of measurements. Monthly calibration was
performed on each instrument to ensure the accuracy and precision. Every data point
has gone through pre-processing treatment, which includes the detection of errors and
missing values.

We also obtained Apple’s mobility data, which is based on counting number of
direction requests by Apple Maps users and is classified into driving, walking, and public
transit [42,43]. The mobility parameter from public transit was selected due to its potential
impact on outdoor air quality. The mobility trend is expressed as a relative percentage.

3. Results and Discussion
3.1. Summary and Time Series of BC Concentrations

Table 1 summarizes the distributions of the measured concentrations of BC and its
BC¢ and BCy, components. The mean (+1 standard deviation of 1-min values) BC for the
full period 1 January to 31 May 2020 was 1.90 & 0.70 ug/m? (5th to 95th percentile range
0.84-3.56 ng/m?3). The mean concentrations from biomass burning (BCyy,) and fossil fuels
(BCgs) were 0.38 + 0.06 pg/m?> and 1.52 + 0.32 pg/m?, respectively. The mean percentage
of biomass burning (BB%) was 20.9 & 9.9, but 1-min values of BB% ranged from 0.1%
(completely fossil fuel) to 99.9% (completely biomass burning. The source apportionment
shows that BC in the Klang Valley is dominated by fossil-fuel sources, which other evidence
presented indicates is associated with traffic.

Table 1. Summary of the mean (£ standard deviation), 5th and 95th percentiles, and maximum
(max) concentrations of 1-min BC (i.e., total BC), BC (fossil-fuel BC) and BCyy,, (biomass burning
BC), and of percentage biomass burning (BB%), between 1 January 2020 and 31 May 2020 (150 days,
216,000 min). Summary data are also subdivided into measurements before the Movement Control
Order (MCO) and during the MCO that was imposed on 18 March 2020.

5th 95th

Pollutants Mean + S.D. Percentie Percentile Max ***
Entire period:

BC (ug/m3) 1.90 &+ 0.70 0.97 3.56 37.6
BCy (ug/m3) 1.52 +0.32 1.08 2.09 33.6
BCpp, (ug/m3) 0.38 + 0.06 0.29 0.48 9.75

BB (%) 20.9 +£9.9 15.1 24.2 99.9

Before MCO:

BC (ug/m3) 2.34+0.18 1.28 3.11 14.4
BCq (ug/m3) 1.90 +0.10 1.02 2.52 7.71
BCyp (ug/m3) 0.43 + 0.02 0.22 0.58 9.75

BB (%) 18.6 4.8 14.6 21.6 98.7
During MCO:

BC (ug/ms) 1.45 4+ 0.52 0.84 1.84 37.6
BCy (ug/m3) 1.13 £ 0.21 0.64 1.40 33.6
BCpp, (ug/m3) 0.32 + 0.05 1.16 0.41 8.15

BB (%) 229440 15.9 27.0 99.9

*** All minimum values are < 0.1.

The data in Table 1 show that mean BC concentrations and BB% were significantly
different before and during the movement control order (MCO) imposed for COVID-
19 lockdown in Malaysia. Mean BC concentrations before and during the MCO were
2.34 +0.18 and 1.45 £ 0.52 pg/ m3, respectively, which is a decline in BC of 38% following
the introduction of the MCO. The mean proportion of biomass in the BC during the MCO
period increased to 22.9 + 4.0% from its pre-MCO proportion of 18.6 & 4.8%, which is a
23% increase in the proportion of BC derived from biomass burning.
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In the Supplementary Material, Table S1 we compare our measurements of BC concen-
trations in Malaysia with a selection of BC studies in other suburban areas globally from
the last five years. The mean BC concentration in this study is similar to those reported in
Italy [44], India [45], Nanjing [46], Beijing (when not in a haze period) [47] and Xianghe
(noting that this is an older study) [26], but greater than those in Londrina, Brazil [48]; the
latter location is, however, a much smaller urban area than the Klang Valley Malaysia. As
in our study, it has been reported that fossil-fuel combustion activities are the predominant
sources of BC, which mainly include transportation sources, coal combustion in power
plants and cooking sources; for example in the suburban areas of Beijing and Milan. In
rural areas of India, however, the dominant source of BC was agricultural stubble burning.

Figure 2 shows the 1-min temporal variations of equivalent BC and BB% for the full
period January to May 2020. The 1-min BC concentrations ranged from 0.02 to 37.6 pg/m3,
with a mean of 1.90 jig/m3 as presented in Table 1. The 1-min average BC concentrations
apportioned to fossil fuels varied from zero to 33.6 pg/m?3, with a mean of 1.52 pug/m3.
The biomass burning BCy, varied from zero to 9.75 pg/m?3, with a mean of 0.38 pg/m3. As
Table 1 shows, all of BC, BCy and By, concentrations were, on average, greater in January
to March, before the MCO, and lower during April and May. Since the MCO had focus on
reducing movement, and hence traffic flow, it is not surprising to observe that fossil-fuel
derived BC decreased relatively more than the biomass-burning BC, by 41% for BC¢ and
by 26% for BCpp,. The increase in BB% at the end of April was affected by local burning
activities from the nearby agricultural park (https://www.maeps.com.my/, accessed on
3 June 2021).
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Figure 2. Time series of 1-min BC concentrations (ug/ m°) (upper panel) and BB% (lower panel) between 1 January and
31 May 2020. The MCO for COVID-19 lockdown came into force on 18 March (shown by the vertical dotted line) and
remained in place for the remainder of the time series.

The nature of the variability in the BC at our monitoring site is captured in the
frequency histogram of the AAE values presented in Figure 3. The AAE for 470 and 950 nm
is commonly used for evaluating the BC source [49-51]. Itis regarded that AAE in the range
0.8 to 1.3 shows fossil fuel-related aerosols from traffic emissions and domestic/industrial
fuel combustion [49,52]. An AAE of 1.8-3.5 suggests the contributions of light-absorbing
particles from wood and agricultural waste burning [51,53,54]. In our study, we observed
AAE predominantly within the range 1.1-1.6, indicating the predominance of soot-like
BC from traffic and other fossil-fuel emissions, mixed to a lesser or greater difference with
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Figure 3. Frequency distribution of the aerosol absorption Angstrém exponent (AAE) derived from absorptions at 470 nm

and 950 nm.

3.2. Diurnal Variations of BC Concentrations and AAE

The concentrations of BC and of its BCpp, and BCg components have substantial
diurnal variations, as revealed in Figure 4. Each day of the week has a similar diurnal
cycle in BC concentrations with two maxima, one around 03:00 and the other around
11:00, and a minimum for a few hours at around 13:00 to 15:00. The diurnal pattern in
BCy follows the same relative trend, driven by the finding noted above, that BCy is the
dominant component of BC.

On most days the maximum that occurs before noon is the greatest of the two max-
ima in BC and BC¢ concentrations. This is due to more BC emitted into the air during
the daytime because of enhanced fossil-fuel combustion activities (particularly vehicle
emissions) [56]. On Sundays, the daytime peak is substantially lower than the daytime
peak on the other days, again reflecting that traffic is the dominant source of BC¢ and BC
at this location and that traffic activity, particularly of diesel-fuelled trucks, is lower on
Sundays than the other days. This is supported by the fact that both BC and BCy are also
lower throughout the whole diurnal cycle on Sunday than on the other days of the week.
Furthermore, we can observe that the reduced BC emissions from traffic at the weekend
also lead to slightly lower BC and BC¢ concentrations on Mondays compared with the
other weekdays, particularly for the early part of Mondays. The reason that BC and BCy;
are still high on Saturdays, even though traffic (particularly truck traffic) is also lower on
a Saturday compared with weekdays, is because emissions from the end of the ‘working’
week still persist within the boundary layer overnight into Saturday.
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Figure 4. Mean day-of-the-week diurnal variations in concentrations of BC (red line), BCy}, (green line), and BCy (blue line).

The range in the diurnal variation of BC is large, at around 1.7 pug/m3. The average
diurnal maximum in BC concentration is around 3.0 pg/ m?3, whilst the diurnal minimum
in BC concentration is around 1.3 pg/m?3. The consequence is that the concentrations of BC,
and hence human exposure to it, vary by more than a factor 2 on average each day. The
average diurnal maximum and minimum concentrations of BCy are around 2.5 pg/ m3 and
1.0 ug/m?, respectively, meaning a slightly greater diurnal factor range for BC¢ than for
total BC. The diurnal trend for BCy}, does not show the dominance of a peak around noon.
As a broad pattern, BCy, is highest between midnight and noon, falling to a minimum at
around 18:00 before rising again in the late evening. It is also relevant to note that the BCy,
concentrations do not show strong weekday versus weekend differences in magnitude, in
contrast to the BC and BC¢ concentrations that are strongly influenced by the weekday
versus weekend differences in their sources.

The diurnal patterns in BC are driven by the combination of emissions and boundary
layer depth. The substantial diurnal range in BC indicates substantial sensitivity to mete-
orology [57]. Overnight, the boundary layer becomes shallower than during the day so
the concentration of pollutants remaining in the boundary layer increases, particularly for
non-reactive pollutants such as BC. Lower dispersion at night is also caused by lower wind
speed at night. A similar observation of higher PMj; 5 levels in the morning in southern
Peninsular Malaysia was found by Dahari et al. [58].

In the equatorial region of this study location, sunrise (and sunset) are rapid and the
strong insolation leads to the rapid increase in boundary layer height at sunrise. This
leads to the decrease in BC concentrations in the earliest part of the morning. However,
since most BC is derived from anthropogenic activities, from traffic in particular, the initial
decline in BC during the day from increasing boundary layer depth is more than offset
by the increased BC emissions in the morning. The boundary layer height, and boundary
layer ventilation, reach a maximum during the early afternoon, which explains the rapid
decrease in BC concentrations at this time. At sunset, the boundary layer decreases, and
atmospheric stability increases, so BC concentrations increase again. The BCy,, component
is less impacted by diurnal cycles in its emissions than the BC¢ component, so the diurnal
pattern of BCyy, is even more strongly coupled to the diurnal pattern in boundary layer
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depth than BCy and BC. The biomass burning BCy,, concentration is consistently in the
range 0.21-0.49 pg/m3 on all seven days.

Figure 5 shows the diurnal variation of AAE values before and during MCO by day of
week, and for all days together. Some striking observations emerge. Both before and during
the MCO the AAE is lower during the daytime and higher during the night-time. For the
pre-MCO period the AAE decreases from about 1.26 at night to 1.22 during the day. Since
AAE is independent of concentration (and hence of boundary layer depth) this further
supports the interpretation above that emissions of fossil-fuel derived BC, which has lower
AAE than biomass burning BC, are greater during the day than at night. The highest AAE
peak (~1.27) occurs at 21:00 to 03:00, coinciding with the least traffic on the Expressways and
elsewhere. The AAE values decrease sharply at about 06:00 and then increase sharply again
at 18:00, corresponding to the start and end of the major traffic periods. This interpretation
is also consistent with the slightly higher AAE values on Sundays compared with other
days of the week, reflecting the somewhat lower contribution of traffic-derived fossil-fuel
BC on Sundays, compared with weekdays.

(a)
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Figure 5. Mean diurnal variations of aerosol absorption Angstrém exponent (AAE) derived from absorptions at 470 and
950 nm before (red line) and during (blue line) the movement control order (MCO) for (a) each day of the week and (b) all
days together.

Another clear feature of Figure 5 is the persistently higher AAE values during the MCO
compared with before. This confirms that BC during the MCO was less influenced by traffic-
related fossil-fuel combustion BC and consequently more influenced by biomass-burning
BC than before. The AAE during MCO is higher, on average, by about 0.04-0.05. This
finding is in line with recent studies on the impact of Athens lockdown on carbonaceous
particle concentrations [59]. Interestingly, the difference in AAE during MCO compared
with before MCO is least on Sunday. This is because traffic was already a less important
source on Sundays pre-MCO so the implementation of the MCO has lowest relative impact
on Sundays thereafter.

3.3. Relationship with Mobility Data, NO,, PM, 5 and Meteorological Variables

The daily concentrations of BCy, NO;,, PM; 5 and mobility trend (%) are shown in
Figure 6. During this study, an increase of 30-50% in mobility on the road is associated
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with an increase of 0.3 ug/m?> BCg concentrations, 8-10 pg/m3 PM; 5 concentrations and
2.5 ppb NO, mixing ratio before the MCO, and a reduction of 40-50% in mobility during
the MCO is associated with a decrease of 1.2 ug/ m?3 BCy concentrations, 6-9 ng/ m3 PM; 5
concentrations and a 3.25 ppb NO, mixing ratio. The transit on the Klang Valley roads
was drastically reduced during MCO and the changes in the air pollutant concentrations
indicate the influence of vehicle emissions. The results are in line with similar observations
made by Carcel-Carrasco et al. (2021) in a number of European countries during their
lockdown periods [60]. Their study also utilized Apple’s mobility data [43] to illustrate
the vehicle movements and the reduction of PM; 5. It is noted that different vehicles have
different engine types and exhibit varying BC emission factors, so changes in mobility
trends have to be viewed as an indirect measure of changes in BC concentrations.
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Figure 6. Time series of concentrations of daily mean BCff (ug/ m?), PMy 5 (ng/m3), NO; (ppb), rainfall (mm) and relative
mobility trends (%). The MCO for COVID-19 lockdown came into force on 18 March (shown by the vertical dotted line) and

remained in place for the remainder of the time series.

Concentrations of BC were positively correlated with NO; (R =0.71) and PM;5
(R=0.52). The full correlation matrix is shown in SI Figure S1. The stronger correla-
tion of BC with NO, than with PMj; 5 is consistent with combustion, and particularly traffic
emissions, being a common source for these two pollutants. Whilst a proportion of PM; 5
also derives from primary anthropogenic emissions (and BC is itself a component of PM, 5),
the secondary components of PM; 5 will not be linked so strongly to the same primary
sources of combustion emission which explains the somewhat weaker correlation of BC
(and NO,) with PM, 5.

Some correlation between the air pollutants is also driven by the strong effect of diurnal
boundary layer depth on pollutant concentrations (as discussed above) and synoptic-scale
meteorology. The pollutants are, however, only very weakly correlated, if at all, with the
meteorological variables. Although there is a low correlation between BC concentration
and amount of rainfall (R = 0.04), precipitation can contribute to the washing process on
particulate matter, which includes BC. There are small, negative correlations with wind
speed (R in the range —0.08 to —0.20). Whilst higher wind speed enhances dilution of
air pollutants [61], the moderate range of wind speed at this tropical monitor location
means the wind effect is not strong. The general lack of correlation with all meteorological
variables similarly reflects the relatively moderate range of variation in these variables in
the tropics.
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4. Conclusions

We present the first time series of continuous measurements of black carbon (BC) for
Malaysia. Our measurements coincided with the implementation of a Movement Control
Order (MCO) in Malaysia in response to COVID-19, providing us with an unexpected
opportunity to analyze the impact of the MCO on BC.

The mean concentration of BC before the MCO was 2.34 pig/m? which decreased by
38% to 1.45 ug/m? during the MCO. From analysis of the absorption Angstrém exponent
(AAE) we show that BC at our suburban location in the Klang Valley near Kuala Lumpur
is dominated by fossil-fuel BC, which, supporting evidence suggests, is associated with
traffic. The BC and BC¢ show very strong diurnal cycles, which also show some weekday-
weekend differences, with maxima during the night and just before noon and minima
in the afternoon. These patterns indicate strong influences from both traffic emissions
and boundary layer depth on the concentrations. The BC was strongly correlated with
NO; (R = 0.71), another marker of traffic emission, but less strongly with PM; 5 (R = 0.52).
The diurnal range in BC concentration exceeded 1.5 pg/m? or approximately a factor of
2 range in exposure to BC. Although BC was correlated with other air pollutants, pollutants
were not strongly correlated with standard meteorological variables (a weak positive and
negative association with precipitation and wind speed respectively).

During the MCO the concentration of BC¢ decreased by more than the concentration
derived from biomass burning (BCy,,). Before the MCO the average proportion BCy, was
18.6% (0.43 ug/m?), whilst during the MCO the proportion increased to 22.9% (0.32 pg/m?).

The AAE values ranged from 1.1 to 1.6. Pronounced diurnal variations of AAE values
were observed, with higher values during night-time and rapid decreases/increases at
around 06:00/18:00, respectively, corresponding to emissions of BC from traffic during the
day which has lower AAE. The average AAE also showed pronounced increase during the
MCO compared with before, again emphasizing the lower contribution from fossil fuel
(traffic) in the latter period.

Although measurements were made at only one site, these first measurements of light-
absorbing carbon concentration in Malaysia act as a baseline reference against which future
studies can be compared. The knowledge gained from characterizing BC sources in our
study will provide tools for better decision-making, such as source emission restrictions,
particularly from vehicles, and will aid in better planning for low-carbon city projects in
Malaysia. Given that BC emissions are linked to nearby anthropogenic activities, future
research should focus on how spatial and temporal variations from combustion-related
emissions (traffic and biomass burning) can cause health effects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12060784 /s1, Figure S1: Correlation coefficient matrix between hourly BC, PM, 5, NO,
concentrations and the meteorological variables temperature, wind speed, relative humidity and
rainfall. Table S1: Mean BC concentrations (pg/ m3) measured in this and other recent studies.
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