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ABSTRACT 

 
Hanoi, Vietnam, is usually ranked as one of the most polluted capital cities in terms of air quality, 

particularly PM2.5. However, there has not been enough data to determine the main source of this 
pollution. In this study, we utilized the rare opportunity of the COVID-19 social distancing to 
assess the contribution of traffic emission to PM2.5 and CO levels when traffic volume was reduced 
significantly in Hanoi. Hourly PM2.5 and CO concentrations were measured from nine urban and 
traffic monitoring stations during pre-, soft, hard, and post-social distancing periods. As a result, 
we observed large reductions in both PM2.5 and CO levels during social distancing periods. PM2.5 
concentrations were 14–18% lower during the social distancing than before this period, while CO 
concentrations had a more considerable drop by 28–41%. It is known that meteorological 
conditions can have significant effects on the ambient levels of air pollutants. To overcome this 
challenge, weather normalized concentrations of those pollutants were estimated using the 
random forest model, a machine learning technique. The normalized weather concentrations 
showed smaller reductions by 7–10% for PM2.5 and 5–11% for CO, indicating the presence of 
favorable weather conditions for better air quality during the social distancing period. In further 
analysis, the apparent improvement of air quality in Hanoi during the social distancing period 
was in line with reducing traffic emissions while emissions from coal-fired power plants remained 
relatively stable. 
 
Keywords: COVID-19, Air quality, Hanoi, Southeast Asia, Weather normalization 
 

1 INTRODUCTION 
 

The severity of the COVID-19 outbreak has urged governments to take strong measures to  
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protect public health and stem the transmission of the virus (Abdullah et al., 2020). As one of the 
most effective measures, lockdown/social distancing has been enforced in various countries to 
reduce human contact and reduce contagion. The restriction on the movement of the population 
and sometimes industrial activities would subsequently affect air quality. 

The influences of the lockdown/social distancing on air pollution have been studied around 
the world (Chauhan and Singh, 2020; Dantas et al., 2020; Jain and Sharma, 2020; Otmani et al., 
2020; Tobías et al., 2020; Xu et al., 2020; Zhu et al., 2020). PM2.5 concentrations from stations in 
major cities (New York, Los Angeles, Zaragoza, Rome, Dubai, Delhi, Mumbai, Beijing, and Shanghai) 
that suffered from COVID-19 severity declined (Chauhan and Sighn, 2020). NO2 concentrations 
observed by satellites in Europe and Asia also apparently reduced due to COVID-19 lockdown 
(Agency, 2020; Patel and Stevens, 2020). Various reductions in CO concentrations have been 
reported in different Asian urban areas during the lockdown period in 2020, e.g., 22.7% in Wuhan-
China (Lian et al., 2020), 16% in Bangalore, 25% in Chennai, 29% in Kolkata, and Delhi, 46% in 
Mumbai-India, (Jain and Sharma, 2020) or 1–27% in many towns of Malaysia (Suhaimi et al., 2020). 
Besides the decreasing trends, there were occasions where such trends were either unclear or 
reversed. In such cases, proposed explanations included increasing local burning activities (Nadzir 
et al., 2020) and unfavorable meteorological conditions, or both (Wang et al., 2020). 

Weather conditions are well-known as key factors affecting air quality levels due to their strong 
impacts on both physical and chemical processes such as dispersion, deposition, and evaporation 
of air pollutants in the atmosphere. Therefore, to assess the changes in air quality, the methods 
should account for meteorological effects. Accordingly, Carslaw (2009) first introduced the 
method called weather normalization in 2009 using boosted regression tree. It was then modified 
by Grange et al. (2018) using a random forest algorithm. In this study, we applied the method 
from Grange’s work with a modification by Vu et al. (2019). In this method, the random forest (RF) 
model, a machine learning technique, randomly generate new sets of input data (including time 
variables (except for Epoch time) and meteorological parameters) and then fed into the previously 
developed RF algorithm to predict pollutant concentrations at a target hour. This step is repeated 
thousands of times to aggregate the final predicted pollutant concentration (the normalized 
weather concentration). The RF model constructs the relationship of air pollutant concentrations 
and meteorological conditions, which has several advantages in predicting air pollutant concentration 
and has been applied in evaluating the trend of air quality in different areas (Grange et al., 2018; 
Vu et al., 2019) or determining the effect of COVID-19 social lockdown on air quality (Shi et al., 
2021).  

Vietnam recorded its first positive COVID-19 case in late January 2020. Due to the rapid spread 
of the virus, on 30 March, the Vietnamese Government signed a directive implementing the hard 
social distancing policy from 1 to 15 April 2020 and subsequently extending a further seven days 
in 12 provinces, including Hanoi (Nhu, 2020). During the hard social distancing period, traffic 
density reduced as schools, universities were closed, and citizens were encouraged to practice 
social distancing by staying home and avoiding crowded places (Ha et al., 2020). By 23 April, 
Hanoi eased the social distancing and resumed most of the activities, including transportation 
except schools, which gradually enhanced residential mobilities (Anh,2020). This social distancing 
period presented an opportunity for a natural experiment to evaluate the impact of human 
activities on Hanoi air quality. We hypothesized that transportation is the main emission source 
for air pollutants in Hanoi (Cohen et al., 2010; Ly et al., 2020; Sakamoto et al., 2018; Truc and Kim 
Oanh, 2007). The reduction in population mobility could lead to an improvement in air quality. 
Because of the insufficient input data and validation measurement for complex modeling in 
Vietnam, which may be similar to other developing countries, using statistical modeling and this 
rare natural experiment can create useful results to better understand air pollution and support 
policy formation. 

The study investigated variations of PM2.5 and CO in Hanoi in the pre-, during, and post-social 
distancing periods with considerations of the impacts of meteorological parameters and long-
range transport. Those effects were assessed using the weather normalization approach, which 
normalizes meteorological and long-range transport factors through a thousand RF prediction 
times. Besides, the variations of emission strength of transportation and coal power plants are 
under discussion to obtain insights into the potential influences of those emission sources on 
Hanoi’s air quality. 
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Fig. 1. Map of nine monitoring stations included in this study. 
 

2 METHODS 
 
2.1 Monitoring Sites, Instruments, and Monitoring Data 

Hourly concentrations of PM2.5 and CO from nine monitoring stations operating by the Hanoi 
Natural Resources & Environment Department (Hanoi DONRE) were obtained in this study. Fig. 1 
and Table S1 presented the location and characteristics of the selected stations categorized as 
urban (U) and traffic (T). The measurement instruments in those sites were divided into two 
groups: standard instruments equipped for the U-1 and T-1 stations and sensors for the other 
stations. The U-1 and T-1 use the beta attenuation monitors for PM2.5 (U.S.-EPA Automated 
Equivalent Method - MP101M, Environment S.A (ENVEA)) and non-dispersive infrared spectrometry 
method for CO (US-EPA Automated Reference Method - CO12M, ENVEA) (Hanoi, DONRE, 2018). 
Other stations use the optical scattering method for PM2.5 and the electrochemical method for 
CO (Cairsens® micro-sensors, ENVEA) (ENVEA, 2021). Those instruments are maintained and 
calibrated periodically by Hanoi DONRE. 

The research acquired data from 1 March to 30 May 2020 to cover different periods; 1–21 
March 2020 denoted as ‘pre-social distancing period’; 22–31 March 2020 as ‘soft social distancing 
period’; 1–22 April 2020 as ‘hard social distancing period’; 23 April–31 May 2020 as ‘post-social 
distancing period’. 
 
2.1.1 Additional data sources 

The source of meteorological parameters (wind speed/direction, temperature, pressure, and 
relative humidity) at Noibai airport were from NOAA Integrated Surface Database (12-melevation) 
via the “worldMet” R-package. Precipitation and radiation were obtained from nine Hanoi 
Natural Resources & Environment Department monitoring stations. 

Transportation data were obtained from the COVID-19 Community Mobility report by Google 
(Google, 2020) and the COVID-19 Mobility trend report by Apple (Apple, 2020). 

Electricity production data were obtained from Vietnam National Energy Efficiency Programme 
(VNEEP), the National Load Dispatch Center (NLDC), and the Electricity Regulatory Authority of 
Vietnam (ERAV). Assessments of existing coal power plants were provided by courtesy of the 
United States Agency for International Development-Vietnam Low Emission Energy Program 
(USAID V-LEEP). 

 
2.2 Data Processing 
2.2.1 Concentration weighted trajectory (CWT) approach 

In the concentration weighted trajectory (CWT) model, the concentration of air pollutant at 
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each grid cell is estimated by the sum of pollutant concentration measured upon arrival of all air 
mass trajectories and weighted with the residential time of each trajectory and the total number of 
trajectories come to that grid cell. The heat map of CWT during a period shows the most potential 
source areas of long-range transports of that pollutant in that period. In this study, backward 
trajectories were computed based on wind data derived from twice-daily radiosonde balloon 
measurements (Stein et al., 2015) with the HYSPLIT4 model using NCEP/NCAR reanalysis gridded 
meteorological data (set-up back time: –96 h with a receiving height of 120 m). Air trajectory to 
Hanoi every hour was applied. The analysis was done based on the “openair” R-package. 

 
2.2.2 Random forest (RF) model and weather normalization of PM2.5 and CO 
concentrations 

In addition to sources, other factors were demonstrated to contribute to the variations of 
PM2.5 concentrations in Hanoi. Those factors are meteorological conditions, long-range transport 
of air masses, and secondary particle formation (Cohen et al., 2010; Hai and Kim Oanh, 2013; 
Hien et al., 2002; Hien et al., 2011; Kim Oanh et al., 2006; Ly et al., 2019). 

The RF model was applied to describe the relationship between hourly pollutant concentrations 
(PM2.5, CO) and the predictor variables as regression decision trees (Vu et al., 2019). These predictor 
variables included temporal variables (Unix Epoch time (ttrend), hour (0–23), weekday (Monday–
Sunday), meteorological parameters (wind speed, wind direction, pressure, precipitation, 
temperature, relative humidity, and radiation), and air mass trajectory clusters. The effect of long-
range transport was considered by inputting the air mass trajectory clusters in the model. However, 
those clusters demonstrated categorical information rather than a quantitative measurement of 
air mass trajectory.  

In this study, a training data set (80% of total available data, which was randomly selected) 
constructed for the RF model, and then an unseen data set (20% left of all data points) would 
validate predicted results. Air mass trajectory clusters were determined by the HYSPLIT model 
using similar conditions as in the CWT model. The method to construct RF and calculate normalized 
weather concentrations is similar to the method used in Vu et al. (2019). Generally, the weather 
normalizing method also includes the impact of both seasonal and weather variations. In the 
method used in Vu et al. (2019), to improve the algorithm, meteorological variables of only the 
same hour in other days within two weeks before and after the investigated hour were selected 
(Vu et al., 2019). 

 

3 RESULTS AND DISCUSSION 
 
3.1 PM2.5 and CO Concentrations during Studied Periods in 2020 
3.1.1 PM2.5 concentrations 

Fig. 2(a) illustrates the daily mean PM2.5 concentrations in urban and traffic areas. During the 
study period, daily PM2.5 concentrations ranged widely from 10 to 130 µg m–3. The concentrations 
of PM2.5 recorded in 2020 varied in the same range as in 2019. The detailed statistics and 
confidential intervals (CI) in 2019 and 2020 by each period are provided in Table S2. In 2020, 
PM2.5 concentrations were 48 (95% CI: 45.7, 50.5) and 62 (95% CI: 59.3, 65) µg m–3 for urban and 
traffic sites in the pre-social distancing period. During soft and hard social distancing periods of 
2020, PM2.5 concentrations declined by 18% and 13% in urban sites and by 15% and 14% in traffic 
sites in soft- and hard- distancing periods. The concentration declined further by 29% and 30% in 
the post-social distancing period, at urban and traffic sites, respectively. Because pollutant 
concentrations can be affected by meteorological conditions, discussion about trends without 
meteorological effects is presented in Section 3.3.1. 

Fig. S1 (Supplementary Material) presents the correlation coefficients (r) of PM2.5 concentrations 
at nine stations in the studied periods are. High correlation, r > 0.80 for all sites, demonstrated 
the strong effects of regional sources on PM2.5 levels. No clear traffic rush-hour peaks were observed 
for PM2.5 even at roadside sites. However, the PM2.5 levels at traffic sites were consistently higher 
than in urban sites in 2020 during pre-, soft, hard, and post-social distancing periods, respectively 
(at 14.2, 13.3, 11.6, and 9.6 µg m–3) (Fig. 2(b)). This fact indicated an influence of traffic on PM2.5  
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Fig. 2. (a) Daily concentrations of PM2.5 during pre-, soft, hard, post social distancing periods in 
2020: Pink shade denotes the soft social distancing period. Orange shade denotes the hard social 
distancing one. (b) Diurnal variations of PM2.5 concentrations. 

 

levels at the roadside sites and strong impacts of weather on the dispersion, dilution, and elevation 
of fine particles at the urban scale. Explanation of these complex atmospheric processes of PM2.5 
is out of the scope of this research. 

 
3.1.2 CO concentrations 

Fig. 3(a) shows large variations of daily CO concentrations. Its concentrations at urban stations 
fluctuated from approximately 400 to 1500 µg m–3, while those levels at roadside stations varied 
from approximately 500 to 2500 µg m–3, with the highest peaks happening in mid-March. The detailed 
statistics and CIs in 2019 and 2020 by each period are provided in Table S2. CO concentrations in 
this study are in agreement with the previous field measurements by Sakamoto et al. (2018) and 
Hien et al. (2002) who reported the annual levels of CO in Hanoi were around 1.3 ppm (~1.5 mg m–3). 
Concentrations of CO during soft and hard social distancing periods decreased by 41%, 29% at 
urban sites, and 28% during both periods at traffic sites.  

The correlation coefficients (r) between CO levels from nine stations in the investigated 
periods were shown in Fig. S2(b). These r values were in the range of 0.34–0.80 which were lower 
than those for PM2.5, demonstrating that CO was more predominantly affected by local sources 
than PM2.5. 

The observed CO concentrations at traffic sites were double those at urban sites in median 
(2.2, 1.8, 2.4 times in soft, hard, and after the social distancing, respectively) (Fig. 3(a)). In addition, 
the diurnal pattern (Fig. 3(b)) shows two distinct peaks coinciding with the traffic rush hours in 
Hanoi. At traffic peak hours, CO concentrations were approximately double those in the midnight  
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Fig. 3. (a) Daily concentrations of CO during pre-, soft, hard, post social distancing periods in 2020. 
Pink shade denotes the soft social distancing period. Orange shade denotes the hard social 
distancing one. (b) Diurnal variations of CO concentrations. 

 

and midday concentrations. It indicated a stringent relation of CO concentrations with road traffic 
emissions. In addition, the diurnal pattern (Fig. 3(b)) shows two distinct peaks coinciding with the 
traffic rush hours in Hanoi. The effects of traffic emissions on both CO trend and concentrations 
are much clearer than on PM2.5. 

 
3.2 Impact of Meteorological Factors on PM2.5 Concentrations 

The following section illustrates the impact of important meteorological factors (wind speed, 
wind direction) and long-range transport on PM2.5. The information on meteorological conditions 
during the study period is provided in detail in Section S1 (Supplementary Material). 

 
3.2.1 Impact of wind speed and direction 

Wind speed plays a key role in the dispersion of air pollutants as demonstrated in previous 
studies (Hien et al., 2002; Ly et al., 2018., 2020). Fig. 4(a) shows most episodes of high PM2.5 
concentrations associated with the low wind speed (v < 2.05 m s–1). The windrose profile of PM2.5 
concentrations in Fig. 4(b) also confirmed such association. Low wind speed may associate with 
circle wind, and the measured wind direction is more affected by nearby terrain. At the high level 
of wind speed (v > 5 m s–1), concentrations of PM2.5 were higher when the wind came from the 
eastern and southeastern directions (Fig. 4(b)), suggesting the impact of the sources of fine 
particles outside Hanoi city. 

 
3.2.2 Impact of air mass trajectories 

Fig. 5 illustrates the 6-hour average concentrations of PM2.5 and backward air mass trajectory 
clusters in 2020. Those clusters include C1: originated from the northeast, passing ocean before 
reaching Vietnam (26.0%); C2: originated from north, northeast, passing land before reaching  
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Fig. 4. Effects of wind speed on PM2.5 concentrations: (a) PM2.5 concentrations by wind speed; (b) Heat map of PM2.5 
concentrations in relation to wind rose at traffic site. 

 

 

Fig. 5. Effects of backward air mass trajectories: (a) PM2.5 concentrations in relation to air mass trajectory clusters in 2020; (b) Air 
mass trajectory clusters in March-May 2020; (c) CWT in the pre-, during, and post social distancing periods. 
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Vietnam (24.7%); C3: Originated from the southeast (25.7%); C4: Originated from the southwest 
(23.6%). Accordingly, Hien et al. (2004) demonstrated that the different contributions of long-
range transport and secondary formation on PM2.5 concentrations associate with different 
trajectory clusters. In short, the contributed percentage of long-range transport on PM2.5 was in 
the order of C2 > (C1, C3) > C4. The contribution of secondary formation was highest with (C1, 
C3). Fig. 5(a) shows that all four clusters came to Hanoi quite evenly before the social distancing 
(pre-social distancing) period. During the soft social distancing period, the main air mass trajectory 
cluster was C3, from the southeast, then during the hard social distancing period, the C2 from 
north-northeast, land originated trajectory got the largest shared. Fig. 5(a) also shows the 
relationship of the backward trajectory with the highest PM2.5 events during those periods. The 
second event was related to the trajectory C3 from the southeast. The third major event of PM2.5 
during the hard social distancing period relates to the first half of C2 from the mainland, north-
northeast, and then C1 northeast from the sea. In the post-social distancing, the southeast (C4) 
trajectory cluster got the largest share in May. It corresponded with moderately low PM2.5 
concentrations in May, notwithstanding its relation to a higher level of PM2.5 in April and the 
highest in March. The reason might be the biomass burning events during spring in the southeast 
area along the trajectory. 

The CWT map (Fig. 5(c)) also shows a wide area of potential sources from north, northeast, 
southeast, and a small portion from the west to Hanoi in the pre-social distancing. During the 
social distancing, the potential source areas were mainly from the northeast to the south. In the 
post-social distancing, potential sources were enlarged to the southwest than those during the 
social distancing. 

 
3.3 Weather Normalized PM2.5 and CO Concentrations in Pre-, during, and 
Post-social Distancing 
3.3.1 Weather normalized PM2.5 concentrations 

As presented in Section 3.1.1, during the pre-social distancing, urban and traffic sites had 
average PM2.5 concentrations of 48 and 62 µg m–3, respectively. As Hanoi observed noticeable 
precipitation and strong wind at the beginning of March, PM2.5 concentrations remained low, the 
minimum approximately 20–30 µg m–3. Wind speed decreased shortly afterward, leading to a 
rise in PM2.5 concentrations with a daily peak of 123 µg m–3. Observed concentrations of PM2.5 
dropped in the social distancing period and even further after that. 

To understand the influence of meteorological factors, we conducted weather normalization 
to estimate the hourly weather normalized PM2.5 concentrations as shown in Fig. 6. 

Table S3 and Fig. S2(a) provide the performance metrics of our RF models. After normalizing 
the effects of meteorological factors, the variability of PM2.5 decreased largely compared to the 
original observed data. The corresponding weather normalized concentrations were 48 and 
64 µg m–3 in the pre-social distancing. The decreases under the period of soft social distancing 
were recalculated to be 8%, 7% for urban and traffic stations. Afterward, weather normalized 
concentrations during hard social distancing decreased by 10% and 9% at urban and transportation 
stations.  

Those reductions after de-weathering were quite less than the observed concentrations of 
PM2.5 (14–18%), indicating the favored weather contributes significantly to the reductions of fine 
particles during soft and hard social distancing. Interestingly, in the post-social distancing, a 
further reduction of weather normalized PM2.5 concentrations were 17% and 21% at urban and 
traffic sites, respectively. Several reasons could be explained for those drops, especially the 
seasonality of primary, secondary, and long-range transport sources of aerosols. We note that 
summertime began in the post-social distancing period. Firstly, though the contribution of road 
traffic emission rose again in the post-social distancing period, other main primary sources of 
PM2.5 such as residential or agricultural emissions may continue to decrease. As discuss above 
biomass burning in the region (Thailand, Laos, Cambodia, Myanmar, Vietnam) occurs more 
frequently in spring (March–April) rather than in May when the social distancing ends (Bukowiecki 
et al., 2019; Sirimongkonlertkun, 2018). In another study, Vu et al. (2019) showed primary 
emissions of PM2.5 from the residential sector in Beijing decreased significantly during summertime 
during 2013-2017. The second reason could be the decrease in secondary aerosols.  
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Fig. 6. Hourly concentration of weather normalized: (a) PM2.5, (b) CO. The blue text represents 
the number at traffic sites, the orange text represents the number at urban sites. 

 

Because of the higher mixing layer height in summer, secondary aerosols precursors such as 
SO2 and NOx were more elevated, hence reducing their concentrations. A lower concentration of 
secondary aerosols in summer could lead to a smaller amount of secondary aerosols formed. In 
addition, extremely hot temperatures and lower humidity in summer could reduce concentrations 
of secondary aerosols. Since the temperature in the period of the post-social distancing (at 28oC) 
was higher than in previous periods (22–24oC), the secondary particles (NH4NO3) have been 
volatilized partially, and the formation rate was slower as relative humidity was also low (< 80%) 
(Dawson et al., 2007; Stelson and Seinfeld, 1982). Although we included the temperature and 
relative humidity as input variables in our random forest model, however, chemistry in secondary 
particle formation and sinks in Hanoi are very complex. Therefore, it requires a chemical transport 
model to investigate that since the random forest model by itself can hardly explain these 
phenomena. The third reason for the reduction of PM2.5 in the post-social distancing period could 
be the less contribution of regional transport of PM2.5 in summer. The transboundary of PM2.5 to 
Hanoi in the winter and spring have been highlighted significantly in the research of Hien et al. 
(2011), Ly et al. (2021). In our model, several air mass clusters only represent the origins of air 
masses but did not account for the contribution of individual air masses to PM2.5 concentrations 
quantitatively (Shi et al., 2021). Similar trends of weather normalization PM2.5 reduction toward 
summer were also found in 2019 as shown in Table S2. The reductions of PM2.5 in Hanoi in 
summer have been demonstrated in previous research (Cohen et al., 2011, Ly et al., 2018). 

Strong impacts of meteorology, long-range transport, and atmospheric chemistry that contribute 
to the level of PM2.5 during COVID-19’s lockdown period also be agreed upon by other studies. 
Those studies in the region also elucidated the unexpected pollution events that occurred during 
the lockdown time. Using a similar de-weather technique, Shi et al. (2021) observed an increase 
of PM2.5 in Bejing after the lockdown began. The unfavorable weather (high relative humidity, 
low wind speed, and boundary layer height) in Beijing-Hebei-Tianjin promotes the increase of 
heterogeneous aerosol chemistry (Chen et al., 2020). Long-range transport plays a crucial role in 
enhancing the fasting of the particular nitrate formation, the main factor contributing to the high 
atmospheric particle concentration in Shanghai (Chang et al., 2020). Otherwise, in Thailand, 
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Dejchanchaiwong and Tekasakul (2021) explained the increase of PM2.5 under business areas in 
the lockdown period by identifying sources via calculating the ratio of organic carbon and elemental 
carbon (OC/EC) and backward trajectory simulation. The finding shows that the significant effects 
of local aerosol transport from open biomass burning in Thailand, Myanmar, Cambodia, Laos, 
and Vietnam affected the PM2.5 increase in Bangkok. Effectively controlling PM2.5 in any place in 
the region may require the co-effort from the neighborhood. 
 
3.3.2 Weather normalized CO concentrations 

The trend of daily concentrations of CO after de-weathering is shown in Fig. 6(b). Similar to 
PM2.5, re-examining the weather normalization shows smaller changes in CO levels than those 
observed concentrations at both two stations. Such reduction amounts were converted to 9% 
(soft social distancing), 11% (hard social distancing), and 9% (post-social distancing) at urban 
sites. It gradually decreased by 5%, 8% in the soft and hard social distancing, and then reverse 
the increase in the post-social distancing (8%) at the traffic sites. It noted that the increasing trends 
of CO levels in the post-social distancing period were in contradiction with those for PM2.5. Those 
results point out much strong impact of road traffic emissions on CO levels, especially in traffic 
areas. The large contribution of transportation on CO emission has been proved in previous research 
(Duc and Duy, 2018). In addition, CO is a primary pollutant, therefore, its concentration is not 
heavily affected by secondary formation as PM2.5. Moreover, previous studies pointed the seasonal 
impacts due to emission changes have less impact on CO than PM2.5 (Sakamoto et al., 2018). 

In the post-social distancing period, the de-weathered CO level at traffic sites was 16% higher 
than those in the social distancing period, whereas there was little increase (2%) at urban sites. 
It suggested that the main sources of CO at roadside sites were from traffic emissions, while 
sources of CO at urban background sites were not only from the road traffic emissions but also 
come from other sources in Hanoi such as residential (i.e., cooking) and industrial sectors and 
power plants as well (Amnuaylojaroen et al., 2014; Ellegård, 1997). 

Other research in the region also presented a decrease in CO levels in Asian urban areas during 
the lockdown period in 2020, such as 22.7% in Wuhan–China (Lian et al., 2020), 16% in Bangalore, 
25% in Chennai, 29% in Kolkata and Delhi, 46% in Mumbai - India (Jain and Sharma, 2020), 40.5%–
47.5% in Petaling Jaya–Malaysia (Mohd Nadzir et al., 2020), 1%–27% in several places–Malaysia 
(Suhaimi et al., 2020). Since CO is mainly derived from anthropogenic sources such as fuel 
combustion and automobile exhaust emissions (incomplete combustion process) (Kumar et al., 
2013), the traffic stagnation highly influenced CO levels while governmental responses to COVID-
19 were implemented. 

 
3.4 Changes in Primary Emissions from Road Traffic and Coal-fired Plants 

Traffic emissions and coal-fired plants are two important sources of air pollutants, which have 
been received much attention from the public, researchers, and policy decision-makers. However, 
there is very limited information on the emission inventory of these sources in Hanoi. In this section, 
we investigated changes in primary emissions from these sources and possible effects among 
these changes on the ambient concentrations in pre/during/post social distancing periods. 

 
3.4.1 Potential effects of the changing of electricity production on pollutants’ 
concentrations 

Coal-based electricity production in Vietnam has increased significantly from 11.9 billion kWh 
in 2008 (Vietnam National Energy Efficiency Programme, 2011) to nearly tenfold at 119.1 billion 
kWh in 2019 (Vietnam National Load Dispatch Center, 2020). During that period, the number of 
coal-fired power plants has increased from six plants with a total generation capacity of 1.5 GW 
to 29 plants of around 20 GW (V-LEEP, 2020). There are seven coal power plants at the northeast 
of Hanoi, and the nearest is the Pha Lai coal power plant in Hai Duong province (about 50 km 
away), and the farthest is the Na Duong coal power plant in Lang Son province (about 140 km 
away), and the remaining plants in the provinces are Thai Nguyen, Bac Giang, and the northern 
Quang Ninh provinces. Coal power plants emit PM, SO2, and NOx. The effects of coal power plants 
on PM in Hanoi are in two ways: the dispersion of PM; and the secondary aerosol formation, e.g., 
the reaction of SO2 and NOx with NH3 in the atmosphere. Previous studies demonstrated that  
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Fig. 7. Coal-fired electricity production time series during pre-, soft, hard, and post-social 
distancing in 2020. 

 

coal-fired power plants in Vietnam contribute to PM2.5 concentrations in Hanoi at a magnitude of 
up to 3 µg m–3 of PM2.5 in Hanoi in 2011 (Koplitz et al., 2017). In other researches, the concentrations 
of average coal power plant (from both China and Vietnam) contributed PM2.5 during the period 
2001–2008 was estimated at 9.3 µg m–3 (median of 6.7) out of 54 µg m–3 (median of 43), with 
local Vietnamese power plants contributed to 15% of extreme coal events (Cohen et al., 2010). 

Fig. 7 shows that coal-fired electricity production increased by 25% in March 2020 compared 
to the same month in 2019, while a 15% increment was under observation between April 2019 
and April 2020 (V-LEEP, 2020). The average production of coal-fired electricity was increased by 
3% during the soft social distancing period but reduced by 3% under a hard social distancing 
condition. Those small variations implied that coal power plants might have little effect on the 
PM2.5 and CO trend. There was some evidence for a slight reduction in the industrial sector, 
through the labor market (Vietnam General Statistics Office, 2020), the electricity consumption 
may increase in the residential settings, compensating for the industrial decrease. 
 
3.4.2 Potential effects of the changing of transportation volume on pollutants’ 
concentrations 

The transportation sector is the third-highest energy consumer in Vietnam, at approximately 
22% of the total primary energy consumption (Dieu-Ha, 2010). This implies that transportation 
can be one of the main anthropogenic sources causing air pollution. CO emission of the transportation 
sector accounted for 85% of the air pollutants emission total in big cities, including Hanoi (Duc 
and Duy, 2018). The contribution of transportation to PM2.5 calculated by receptor modeling was 
40% from April 2001 to December 2009 (Cohen et al., 2010) and 10% from January to February 
2007 (Hai and Kim Oanh, 2013). In addition, 46% of nanoparticles in Hanoi come from the transport 
sector (Nghiem et al., 2020). Therefore, the mobility trends during the COVID-19 social distancing 
period could strongly affect the air quality trend at this time, particularly CO and PM2.5 emission. 

In this study, the mobility data were the counts of requests for directions in Vietnam from 
users using the Apple Maps app as presented in Fig. S4. According to Apple, the gaps will appear on 
the mobility trend profile if Apple does not have enough data to bring forward a confident estimation 
(Apple, 2020). Fortunately, there is no gap in the mobility trend profile of Vietnam from March 
2020 to May 2020. As shown in Fig. S4, from January to May 2020, there are two troughs on the 
graph of mobility trends in Hanoi. The first trough corresponded to the Lunar New Year holiday 
period in January 2020, the second one corresponded to the period of hard social distancing in April 
2020. Those facts showed that the mobility trend data were considerably reliable. 

Fig. 8 presents the variation of community mobility in Hanoi by Google (Google, 2020). As 
shown in Fig. 8., during the social distancing period, most of the mobility demands declined acutely 
in contrast to the accelerating mobility in the residential area (an increment at approximately 
30%). The mobility demand in workplaces, transit stations, retails and recreation, parks, grocery, 
and pharmacies reduced gradually during the soft social distance and reached the maximum 
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Fig. 8. Time series of community mobility in Hanoi from Google during pre-, soft, hard, and post- 
the social distancing in 2020. 

 

reduction at the starting time of the hard social distance period. The maximum reduction was in 
the range of approximately 60-80%. Reducing mobility demand in the social distancing period means 
reducing the traffic flow. Among the road vehicle fleets in Hanoi, motorcycles have the highest 
share of 92.6%, then personal cars of 4.8%, passenger cars of 0.5%, trucks and buses of 2.1%. All 
motorcycles and 93% of personal cars consume gasoline; up to 71% of passenger cars, 80% of 
trucks, and 99% of buses use diesel (Vietnamese Register, 2019). Section S2 in Supplementation 
Material provides the emission reductions estimated based on the transportation fleet reduction of 
motorcycles and buses and emission factors. During the hard social distance period, transportation-
related emission was estimated to reduce 60% and 49% of the total transportation-related 
emissions in the pre-social distancing period for PM2.5 and CO, respectively. Those reductions 
were 37% and 33% in the soft social distancing period. Previously, Section 3.3.1 and 3.3.2 describe 
those reductions partly explain the reduction of weather normalized trend of PM2.5 and CO. 

Those findings showed the potential of reducing PM2.5 and CO concentrations by almost 10% 
when reducing the volume of traffic by 60% and restricting 100% bus operation with some 
uncertainty. In fact, this scenario cannot apply in the future because reducing transportation 
volume is difficult without increasing public transportation (e.g., buses). Nevertheless, other 
solutions for mitigating emissions from traditional bus fuels can be under consideration. A recent 
study convinced that the efficiency of changing bus fuel from diesel to CNG and LPG or standard 
tightening can reduce the emission from buses of PM10 (an equal value for PM2.5 can be reasonably 
assumed) by 99% (Nguyen et al., 2020). Strengthening the emission standard for buses from 
current EURO 2 to EURO 4 will also reduce PM2.5 by 83%. 
 

4 CONCLUSIONS 
 
In conclusion, our results showed that both emission sources and meteorology play an 

important role in the reductions of PM2.5 and CO in Hanoi during the COVID-19 social distancing 
periods. After weather normalization, PM2.5 concentrations declined by only 7%–10% during the 
soft and hard social distancing period. A continuous drop of PM2.5 de-weathered concentrations 
after lifting social distancing indicated the level of PM2.5 in Hanoi is not only affected by traffic 
emission but strongly influenced by other sources, secondary aerosols, or long-range transport. 

Weather normalized concentrations of CO declined by 5%–11% during the soft and hard social 
distancing periods. After those periods, CO concentrations increased strongly at traffic sites and 
moderately at urban sites, resulting in 16% and 2 % increase, respectively, compared to the level 
observed during the hard social distancing periods. It confirms that traffic emissions have clear 
effects on CO levels than PM2.5 in Hanoi. 
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The calculated reductions of traffic primary emissions during social distancing periods in Hanoi 
were 37–60% and 33–49% for PM2.5 and CO, respectively. The results also showed the potential 
of reduction by almost 10% in ambient levels of PM2.5 and CO if the volume of transportation 
reduced by 60% and in the absence of bus operation. 
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