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Abstract: During the winter period (October to March), air quality in northern Vietnam is strongly 12 

impacted by the northeast monsoon cycles, that create periodic changes in the air masses pathways 13 

and the meteorological conditions. In this work, an original approach is proposed to identify the 14 

main sources contributing to the degradation of air quality in Hanoi and quantify the share of local 15 

and imported pollution under the influence of the northeast monsoon. Firstly, semi-climatic trends 16 

in particle emissions in East Asia and mainland Southeast Asia were studied using outputs from the 17 

NAAPS model, that assimilates space-borne Aerosol Optical Depth (AOD) observations. From 18 

winter 2006/07 to winter 2010/11, the pollution plumes were most frequently located over the 19 

Indochina Peninsula, and the smoke partial AOD showed biomass burning activities (natural and 20 

anthropogenic) to be responsible. From winter 2011/12 to winter 2019/20 however, the pollution 21 

plumes were mostly observed over eastern China and to a lesser extent, Northern Vietnam, and the 22 

sulfate partial AOD indicated they came from coal-based industrial activities. Secondly, the impact 23 

of the northeast monsoon on the air masses origin was studied using HYSPLIT back-trajectories 24 

with clustering over the 14 winter periods. During regular winters, northeastern air masses 25 

predominated, which can bring pollution from eastern China and the industrial region surrounding 26 

Hanoi (Red River Delta). However, the existence of El Niño perturbed the air masses trajectories 27 

during three winters (2014/15, 2015/16 and 2018/19), bringing more western air masses and thus, 28 

causing a temporary decrease of the sulfate AOD and simultaneous increase of the smoke AOD 29 

over Hanoi. Thirdly, a method to classify the winter days and highlight the influence of cold surges 30 

on PM2.5 variability was built, relying only on Hanoi local wind and NAAPS AOD value. This 31 
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 2 

classification allowed to estimate that long-range transport from China during the onset of cold 32 

surges caused an average increase of around 30 % of the PM2.5 level in Hanoi. Additionally, the 33 

contribution of local pollution to the most severe pollution episodes, occurring during the 34 

persistence of cold surges, was estimated to be around 40 % of the average PM2.5. 35 
 Keywords: Air pollution; AOD; cold surge; meteorology; PM2.5  36 
 37 
Abbreviations: 38 

AOD: Aerosol Optical Depth OC: Other Conditions 

AERONET: Aerosol Robotic Network PM: Particulate Matter 

HYSPLIT: Hybrid Single-Particle Lagrangian 

Integrated Trajectory 

SC: Stagnant Condition 

LRT: Long-range transport TTPs: Thermal Power Plants 

NAAPS: U.S. Navy Aerosol Analysis and 

Prediction System 

WD: Wind Direction 

NEHA: Northeast high AOD WS: Wind Speed 

NELA: Northeast low AOD WRF/CMAQ: Weather Research and 

Forecasting/Community Multiscale Air 

Quality Modeling  

1. Introduction 39 
Over the last decade, severe pollution episodes with high level of PM tended to be observed 40 

frequently over the Red River Delta (RRD) plain, Northern Vietnam, especially during the 41 

winter period (October to March) during which the Northeast monsoon is predominant. Due to 42 

rapid economic development, urbanization, and industrialization, the RRD has long been 43 

recognized as one of the most polluted regions in Vietnam (Bac and Hien, 2009; Le et al., 2020). 44 

In addition, most of the key industrial zones, along with most of the thermal power plants (TPPs) 45 

of Northern Vietnam are concentrated over the RRD region (Huy and Kim Oanh, 2017). The 46 

consumption of large amounts of coal and fossil fuels in these TPPs in order to meet the growing 47 

electricity demand over the last decade released an enormous amount of gaseous and particulates 48 

compounds. Industrial zones and TPPs are major sources of local pollution and regional 49 

transport, and are partly responsible for the degradation of air quality in the RRD. However, 50 

local pollution and regional transport may not be the only sources as the RRD area has been 51 
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stated as a potential receptor for transboundary long-range transport (LRT) from East-Asia under 52 

the impact of the Northeast monsoon during the winter period. Concerning the daily variability 53 

in this period, an increase in air pollutant levels over the couple of days that follow a cold surge 54 

was observed in areas located downstream of China such as Taiwan, Malaysia and Northern 55 

Vietnam (Ashfold et al., 2017; Chen et al., 2014; Cohen et al., 2010a; Junker et al., 2009). 56 

Within RRD area, Hanoi, Vietnam's capital has suffered bouts of repeated and continuous 57 

air pollution with high ambient levels of particulate matter in the last decades. The high levels of 58 

PM2.5 observed in Hanoi, in particular, often exceed the national ambient air quality standards 59 

(daily PM2.5 > 50 μg m-3) during the winter period. In fact, many studies on the air environment 60 

have been carried out with the aim of giving a picture of the current status of the air environment 61 

in Hanoi. Nevertheless, most of these studies were limited to a short-term period of investigation 62 

(from a month to a few months) and there was no analysis bearing on the whole winter period, 63 

nor on long-term variations of ambient pollutants’ concentrations in Hanoi. For example, Nguyen 64 

et al. (2020) used the Weather Research and Forecasting/Community Multiscale Air Quality 65 

Modeling (WRF/CMAQ) system to simulate the contribution of different sources to the total 66 

PM2.5 concentration in December 2010. Although, they reported that local and non-local sources 67 

accounted respectively for 57% and 43% during high pollution events, and 42% and 58% during 68 

lower pollution periods, this conclusion stood only for one month of the winter period. On the 69 

other hand, some studies have a longer study period but are based on older data from years when 70 

air pollution was not as explosive as it is nowadays. For instance, using Positive Matrix 71 

Factorization/PMF analysis, Hai and Kim Oanh. (2013) stated that the LRT was likely to 72 

represent a smaller part of the total PM2.5 (about 27%) compared to local pollution from 73 

December 2006 to February 2007. One of the longest studies conducted by Cohen et al. (2010a, 74 

2010b), they reported the fingerprint source and contribution of fine particles (PM2.5) in Hanoi, 75 

however, these studies were based on measurement results from 2001 to 2008, which is a very 76 

long time compared to the current state of the air quality.  77 

Thus, in order to evaluate the air pollution trend in Hanoi, it is imperative to obtain a detailed 78 

dataset, based on long-term and continuous observations and modeling of airborne pollutant trends 79 

and their variability. Besides, information is lacking about the inter-annual variations of air 80 

pollutants in Northern Vietnam, in relation with changes in the Northeast monsoon. This hinders 81 

the possibility to detect trends in specific emission sources, quantify the local and remote sources’ 82 
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contributions, and fully understand the mechanisms of pollution events in Hanoi. To address the 83 

above-mentioned shortcomings, our goal in this study is to answer the following questions: 84 

(i) What are the main aerosol sources region in winter in East and South-East Asia and what 85 

are their trends over the 2006 - 2020 period?  86 

(ii) Which sources are actually susceptible to impact northern Vietnam through long-range 87 

transport, and what is the influence of the monsoon inter-annual variability on their 88 

contributions?  89 

(iii) What is the contribution rate of the various sources to the air pollution issue in Hanoi at 90 

daily scale? 91 

In detail, as long time series of PM2.5 concentrations in Vietnam are lacking, AOD retrieved 92 

from U.S. Navy Aerosol Analysis and Prediction System (NAAPS) model is chosen as a proxy 93 

for PM2.5. 14-years database of AOD from 2006 to 2020 was built up in order to identify the 94 

pollution sources areas and their inter-annual evolution over East Asia and Southeast Asia, 95 

allowing question (i) to be addressed. In addition, a combination was made between long-term 96 

AOD database and backward trajectories conducted from the Hybrid Single Particle Lagrangian 97 

Integrated Trajectory (HYSPLIT) model in order to analyze long-term AOD trends and the inter-98 

annual variability of the Northeast monsoon under the influence of El-Niño events. From this, 99 

the potential emission sources impacting Hanoi from question (ii) will be assessed, with the goal 100 

to explore the adverse effects of meteorological conditions on air quality in Hanoi. At last, to 101 

solve the question (iii), we will finally propose a systematic procedure for identifying the impact 102 

of the cold intrusions on the air quality in Hanoi at a daily scale, by fully combining backward 103 

trajectories, NAAPS-AOD data, in-situ PM2.5 and weather observations.  104 

2. Material and Methods 105 

2.1 Study area and in-situ observations 106 
Hanoi is located on the plain of the RRD (Fig. 1 a - b) which is the most densely populated 107 

region of Northern Vietnam. Hanoi, during the winter, often annually receives 10 to 15 Northeast 108 

monsoons taking place from October to March of next year, not only directly affecting to the weather 109 

conditions of Hanoi but also causing the change in air quality. For investigating potential sources 110 

impacting air quality in Hanoi, pollution sources are classified into local pollution, regional transport 111 

and LRT corresponding respectively to sources within Hanoi (transport, construction, cooking, etc.), 112 
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sources within a radius below 200 km from Hanoi and above 200 km, respectively. The location of 113 

industrial zones and thermal power plants in the RRD is shown in Figure 1(c); these sources, located 114 

not far away from Hanoi, are expected to be the main contributors for the regional sources. In more 115 

details, the coal-based electricity production in Vietnam grew from 11.9 billion kWh in 2008 to 116 

nearly tenfold at 119.1 billion kWh in 2019. Additionally, the of number of coal-fired TPPs across 117 

Vietnam increased from 6 to 29 between 2009 and 2019 in order to meet the national electricity's 118 

growing (Le et al., 2021). The nearest coal-based power plant is located only 50 km away from 119 

Hanoi and has been recorded as the highest SO2 emitter among TTPs in Northern Vietnam. Last but 120 

not least, LRT is considered as an atmospheric transport over distance larger than 200 km, which 121 

mainly comes from transboundary sources in China or in other countries of the Indochina Peninsula. 122 

Regarding in-situ observations over Hanoi, this study relies on local meteorological data obtained 123 

from the Vietnam Meteorological and Hydrological Administration and PM2.5 data from the 124 

monitoring station installed at the US Embassy have been analyzed. The meteorological data cover 125 

the full study period (2006 - 2021) but the PM2.5 time series only starts in December 2015 only.  126 

2.2. Northeast monsoon definition 127 
Northeast monsoon, which also named as cold surge or cold intrusions, has been variously 128 

defined according the research scope. For example, Hien et al., 2011 studied it by coupling of 129 

synoptical weather patterns with terrain effect according to temperature, while Chen et al., 2002 130 

who identify a cold surge event by the following changes of meteorology within 24 ∼ 48 h: (a) 131 

surface pressure increases more than 5 mb, (b) surface temperature drops higher than 4°C, (c) 132 

surface prevailing wind is stronger than 3 m s-1. Previous observations at Hanoi (Phung Ngoc et 133 

al., 2021) demonstrated that the changes in local wind were very well correlated with the abrupt 134 

drop in temperature and relative humidity occurring at cold surge onsets. Thus, in the present 135 

study, all cold surges are selected when the daily temperature drops by more than 4oC and the 136 

prevailing wind is northerly/northeasterly (directions in the 0° to 90° range) with a wind speed 137 

stronger than 3.1 m s-1. 138 

2.3 Aerosol Optical Depth (AOD) data 139 
NAAPS is an operational aerosol transport model produced by the U.S Navy that produces 140 

forecasts of three-dimensional aerosol concentrations on a global scale, combining the current 141 

satellite data with global aerosol simulations (https://www.nrlmry.navy.mil/aerosol/). This model 142 
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operates with a 6-hour temporal resolution, a 1° × 1° horizontal resolution, 25 vertical sigma-143 

pressure levels and Navy Global Environmental Model/NAVGEM meteorological fields produced 144 

by the U.S Navy (Hogan et al., 2014). The model provides the total AOD values and their 145 

components including smoke, dust and sulfate AOD values.  146 

With the aim of validating the AOD retrieved from NAAPS, the daily average of ground-147 

based Level 2.0 AOD from Aerosol Robotic Network (AERONET) (http://aeronet.gsfc.nasa.gov) 148 

was extracted for the winter period (October - March) from 2010 to 2019 at Nghia-Do AERONET 149 

station (21.04°N, 105.79°E) located within Hanoi urban area, in a residential and urban area 150 

characterized by large traffic emission from a ring road and several other busy-roads. For 151 

NAAAPS model, the AOD in the pixel covering Hanoi was extracted over the same time period 152 

and daily averaged by considering only days with available AERONET observations. Finally, the 153 

6-month winter mean AOD in Hanoi was computed from both NAAPS and AERONET data, from 154 

winter 2010/11 to winter 2018/19 (Fig. 2). 155 

Figure 2 (a) shows that the simulated AOD is largely underestimated compared to ground-156 

based observations, as was already found by previous studies (Chew et al., 2016; Maciszewska et 157 

al., 2010). Part of the discrepancy between the observations and the model can be explained by 158 

the difference of wavelength between AERONET (AOD at 500 nm) and NAAPS (AOD at 550 159 

nm). Assuming an Angstrom exponent of 1, the AERONET AOD values would decrease by 10% 160 

if the wavelength correction was applied. However, it was chosen not to apply the correction in 161 

this study in order not to add an extra cause of uncertainty. The AERONET AOD values can also 162 

be higher because they are measured in the center of Hanoi, while the spatial scale of NAAPS 163 

model (1°×1°) is not fine enough to resolve such a pollution hot-spot. A third reason for 164 

discrepancies could be the difference in satellite and ground-based observations data availability. 165 

AERONET delivers a daily AOD value provided that there was at least one observation, i.e. at 166 

least one few-minute clear-sky period of a few minutes at any time during the day. On the 167 

contrary, the satellite AOD observations used to constrain NAAPS are recorded at precise times 168 

of the day (around 11 a.m. and 1 p.m. for the MODIS instruments) so that NAAPS will not be 169 

constrained on a given day if the sky is cloudy at the times the satellites pass over. It is therefore 170 

possible to have points in the comparison corresponding to unconstrained, i.e. lesser quality 171 

model data. However, in spite the large underestimation of the AOD by NAAPS, the model 172 

accurately reproduces the AOD trend and inter-annual variability over Hanoi. Therefore, 173 
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NAAPS AOD is considered to be reliable proxy to study the evolution of particle sources in SEA 174 

and EA over 14 years (Section 3.1) and the impact of the inter-annual variations of air mass 175 

origin on air pollution in Hanoi (Section 3.2).  176 

In order to assess the ability of NAAPS model to reproduce the day-to-day variability of the 177 

AOD, Figure 2 (b) presents the scatter plot of the NAAPS-AOD model results versus the 178 

AERONET-AOD from Hanoi station. The correlation coefficient between the model and the 179 

ground-based observations was moderate (0.66); the slope of the linear regression was far below 180 

1 (0.52), in agreement with the large underestimation of the AOD by the model that was already 181 

pointed from Figure 2 (a), but the intercept was very small (0.08), meaning the model has no 182 

systematic bias compared to the observations. In this study, single-day NAAPS-AOD values 183 

were used in a binary way (i.e. the AOD higher or lower than the average value) in order to 184 

discriminate between days impacted or not by long-range transport. Therefore, to qualify 185 

NAAPS AOD for this purpose, the scatter plot was split into four quadrants using the mean of 186 

values of NAAPS-AOD and AERONET-AOD computed from all the coinciding data from the 187 

winters 2010/11 to 2018/19. 73 % of the points fall in the first quadrant (N1) and the third 188 

quadrant (N3), meaning they are correctly attributed to the low/high AOD category, which is a 189 

pretty good score for such a global-scale model. Therefore, NAAPS model was considered to be 190 

good enough to detect LRT pollution in this study (Section 3.3 and 3.4).  191 

2.4 HYSPLIT data 192 
The HYSPLIT model (Stein et al., 2015) has been used for generating air mass backward 193 

trajectories and highlight potential sources for transported emissions into Hanoi. The Global 194 

Data Assimilation System/GDAS1 data with a 1° × 1° resolution was selected as meteorological 195 

input to calculate 4-days backward trajectories for every day during the winter period from 196 

winter 2006/07 to winter 2019/20. All backward trajectories were then grouped into 6 clusters by 197 

the HYSPLIT integrated tool, which minimizes the total spatial variance using k-means 198 

clustering. 199 

In a similar way with other backward-trajectory models, HYSPLIT has some computational 200 

uncertainties with the horizontal uncertainty of the trajectory location being around 10 to 20% 201 

(Draxler and Hess, 1998). Moreover, the uncertainty on the coordinates of trajectories computed 202 

from wind fields was as assessed to be of the order of 20% of the travel distance (Stohl, 1998). In 203 
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order to enhance the accuracy of this model, the use of a large number of trajectories can be 204 

combined in a statistical analysis (Cabello et al., 2008). Thus, for this study, the cluster analysis 205 

was performed on the 30,926 backward trajectories computed over the 14 winter periods. In 206 

addition, the time-step has been kept short (one hour) in spite of the number of trajectories to 207 

compute, in order to improve the model accuracy. 208 

2.5 Classification of winter days in Hanoi 209 
The classification method is illustrated in Figure 3 and used for identifying the contribution 210 

of local pollution, regional transport and LRT on air quality in Hanoi during the winter period. 211 

The proposed method is followed as below: 212 

(i) Wind speed (WS): This first parameter is used to discriminate between days that 213 

correspond to stagnant condition and strong wind conditions. WS higher than the average value 214 

in Hanoi (3.1 m/s) is used as a threshold for detecting strong wind episodes. The remaining cases 215 

are assigned to “Stagnant conditions” days or SC. 216 

(ii) Wind direction (WD): During strong wind days, WD is a key parameter for determining 217 

the days under monsoon’s impact. As a result, the WD within 0o and 90o is used as the indicator of 218 

Northeast monsoon’s days. The remaining cases are assigned to “Other conditions” or OC. 219 

(iii) Sulfate AOD: Among the days under the impact of the Northeast monsoon onset, sulfate 220 

AOD from NAAPs model is used as a tracer to discriminate the days during which a large-scale 221 

pollution plume from China was present. As the meteorological conditions were similar during 222 

all the onset days, the local and regional emissions and their transport can be considered to be the 223 

same. And the emissions can also be considered to be similar, so that the only difference is the 224 

presence, or absence, of a large-scale pollution plume from mainland China. When a plume is 225 

present (or respectively absent), the sulfate AOD from NAAPS is higher (or respectively lower). 226 

The average sulfate AOD value of 0.63 is used as a threshold for determining how the Northeast 227 

monsoon affects Hanoi's air quality. The days which are accompanied by relatively high sulfate 228 

AOD values (> 0.63), are classified as “Northeast high AOD” (NEHA) and considered to 229 

correspond to cases when the large-scale plume from China is present. On the contrary, the days 230 

with lower values of sulfate AOD (< 0.63) are classified as "Northeast low AOD" (NELA) and 231 

considered to represent cases when no large-scale plume is present.    232 
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3. Results 233 

3.1 Spatial and temporal distribution of AOD in East Asia 234 
Figure 4 shows the spatial distribution of the 6-months averaged-total AOD retrieved from 235 

the NAAPS model during the winter period in EA and mainland SEA from winter period 236 

2006/07 to period 2019/20. With the aim of investigating the characteristics of AOD sources for 237 

the studied area, not only the total AOD but also its components (sulfate, smoke and dust partial 238 

AOD) were further analyzed. The dust partial AOD distribution did not show any interesting 239 

feature over the study area, but the smoke and sulfate partial AOD maps are presented in Figures 240 

A.1 and A.2 respectively. By looking at the maps, the 14-years study period can be divided into 241 

2 stages. During the first stage, from the winter period 2006/07 to period 2010/11 (Fig. 4a – e, 242 

green square), high value of total AOD (> 0.7) were observed frequently over the Indochina 243 

Peninsula regions (northern Laos, near the Myanmar boarder, northern Thailand and Northern 244 

Vietnam). According to previous studies, a dominant influence of biomass burning activities 245 

originating from both natural (forest fires) and anthropogenic sources (agriculture) in this region 246 

was demonstrated (Nguyen et al., 2021; Reid et al., 2013). This point is confirmed by the fact 247 

that high smoke partial AOD values (> 0.7) were retrieved by NAAPS model over the same 248 

regions of the Indochina Peninsula region (Fig. A.1a - f).  249 

Over the northern part of inland China, moderate AOD values (from 0.4 to 0.6) were 250 

retrieved during the first stage (Fig. 4a - e, purple square). However, during the second stage of 251 

the study period, from winter 2011/12 to winter 2019/20, the AOD values observed over the 252 

North China Plain, Eastern China, and Sichuan Basin areas started to rise steeply (Fig. 4f - n). 253 

High (> 0.7) and even very high (> 1.0) AOD values were observed over inland China, 254 

especially during the last four winter periods (Fig. 4k - n, purple square). The high AOD values 255 

observed over these areas are consistent with results from previous studies about the spatial 256 

distribution of AOD in the interior of China (Kuerban et al., 2020; Li, 2020). These regions of 257 

China are known as dense industrial regions including numerous refineries, factories and thermal 258 

power plants (Cohen et al., 2010b; Pu et al., 2015). Indeed, Figure A.2(f - n) show that the high 259 

values of total AOD observed over inland China mainly consisted of sulfate AOD, indicating 260 

that these aerosols were formed in an environment rich in SO2, a pollutant mainly emitted by 261 

coal-based industrial activities. 262 
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Besides the interior of China, high values of total AOD started to be observed in the RRD 263 

since winter 2016/17 (Fig. 4k - n, blue square) that were also composed mainly of sulfate AOD 264 

(Fig. A.2k - n) following the rapid development of industrial activities in the RRD. Therefore, 265 

there were three main aerosol sources in East Asia that may have impacted air quality in Hanoi 266 

during the study period: first, biomass burning sources in the Indochina Peninsula from the 267 

winter period 2006/07 to period 2011/12, then industrial sources in inland China since the period 268 

2011/12 and finally, closer industrial sources in the RRD from the period 2016/17. 269 

3.2 Origin of air masses ending at Hanoi from 2007 - 2020 270 
The large number of backward trajectories calculated for the winter period (6 months) with 271 

the HYSPLIT model can cause overlapping issues (Fig. A.3), leading to difficulty in determining 272 

the exact direction of air masses. In order to investigate the aerosol sources that actually 273 

impacted the Hanoi’s air quality, the clusters analysis method was used. Figure 5 presents the 274 

mean back-trajectory for each of the 6 clusters that were computed from all the 96-hour back-275 

trajectories ending at 100m a.g.l in Hanoi every hour during 14-winters from 2006/07 to 276 

2019/20. 277 

In agreement with past studies (Ly et al., 2021; Phung Ngoc et al., 2021), the cluster analysis 278 

in this study shows that the main air masses arriving in Hanoi during the winter period originated 279 

from the northeast direction, with cluster C1, C2 and C3 accounting for approximately 70% of 280 

the total number of back-trajectories. These air masses were divided into three groups: Clusters 281 

C3 come from Siberia and passed directly through inland China, bringing dry and cold air to 282 

Northern Vietnam. In contrast, the air masses from cluster C2 also originated from Siberia but 283 

travelled a longer pathway over the East Sea before reaching Northern Vietnam via the Gulf of 284 

Tonkin. These air masses carry humid and cold air and sometimes bring heavy rain to the North 285 

of Vietnam (Minh, 2007). Cluster C2 occurs when the Siberian high-pressure system shifts 286 

towards the East. In general, the altitude of all northeast clusters was lower than 2000 m (Fig. 287 

5b). Previous studies about the depth of boundary layer in China and Vietnam found heights 288 

between 900 and 1500 m in winter (Leng et al., 2016; Miao et al., 2018; Phung Ngoc et al., 289 

2021) so that these northeast air masses may travel within the boundary layer and catch the 290 

pollutants emitted along the trajectory. At last, C1 clusters also originated from South China but 291 

over a much a shorter distance, due to lower wind speed. These trajectories probably occur 292 

during prolonged anticyclonic episodes, which will be further explained in the next section. 293 
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Furthermore, Figure 5(a) shows that these northeast air masses passed over the densely populated 294 

and densely industrialized areas mentioned in section 3.1. Therefore, these clusters are likely to 295 

be associated with a transfer of the pollutants accumulated above the interior of China and the 296 

Red River Delta plain toward Hanoi. 297 

Otherwise, the cluster C4 corresponds to southeast air masses originating from the South 298 

China Sea (Fig. 5a), which were considered as clean flow in this study and represented ~15 % of 299 

the total number of back-trajectories. At last, there were also some westerly air masses coming 300 

from North of India and the Bengal Bay (clusters C5 and C6) that accounted for ~14 % of the 301 

total. The latter air masses moved from a higher altitude than the northeast air masses, especially 302 

cluster C6 that come from an approximate altitude of 5000 m (Fig. 5b). This can be explained by 303 

the geographical conditions, with mountains being on these cluster trajectories. Usually, westerly 304 

flows are recorded frequently only after the southwest monsoon starts, at the end of March or 305 

beginning of April (Co et al., 2014). The appearance of clusters C5 and C6 during the winter 306 

period might therefore correspond to anomalous activities of the air masses in Northern Vietnam. 307 

As a matter of fact, biomass burning aerosols from Indochina have been proven to occasionally 308 

impact air quality in the Northern Vietnam and South China during the studied period (Huang et 309 

al., 2013). However, the western air masses were not dominant during the studied period since 310 

they only account for around one seventh of the total (Fig. 5a). 311 

3.3 Analysis of AOD variability with sources and transport pathway 312 
With the aim of highlighting the relationship between the semi-climatic oscillations and the 313 

air quality in Hanoi, the frequency of occurrence of clusters was computed for each of the 14 314 

winters, along with the winter-averaged AOD values from the NAAPS model, for the pixel 315 

covering Hanoi. The time series of the clusters frequency and AOD values (total AOD along 316 

with the smoke, sulfate and dust partial AODs) are presented in Figure 6. The air masses 317 

originating from the northeast direction (clusters C1, C2 and C3) were always dominant over 318 

southeast and western air masses, but their frequency varied widely from year to year, between 319 

44 and 88 %. The western air masses (cluster C5 and C6) experienced even wider year-to-year 320 

variation, oscillating between 3 and 39 %, while the contribution of the southeast air masses 321 

(cluster C4) was more regular (10 to 18 %). In detail, clearly larger contribution of western 322 

clusters was observed during two winters 2014/15 and 2015/16 (Fig. 5). Some studies indicate 323 

that the high-pressure system in Siberia was weakened during these winters along with the 324 
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existence of a strong El-Nino episode, which led to less cold air being transported from Siberia 325 

toward the south during these years (Chang et al., 2016; Zhao et al., 2018). Moreover, the same 326 

studies indicate that cyclonic anomalies near the Bay of Bengal were produced, then transported 327 

warm and moist air from the Bay of Bengal to the continental regions of South China and the 328 

Indochina Peninsula. Therefore, it appears that western clusters tended to be more frequent – and 329 

northeastern clusters less frequent – in winter periods occurring during strong El Niño episodes. 330 

The winter-averaged total AOD varied widely, between 0.19 and 0.79, with the strongest 331 

values being observed during the last three winters (2017/18 and onwards, Fig. 6). The dust 332 

AOD can vary widely in relative terms (from 0.04 to 0.12), but it always represented a very 333 

minor part of the total AOD and showed no remarkable trend over the study period. The smoke 334 

partial AOD experienced a general decrease over the study period, from 0.52 during winter 335 

2006/07 to 0.10 or less during the last four winters. Conversely, the sulfate partial AOD went 336 

through a very strong increase, from 0.04 during winter 2006/07 to 0.68 during the last two 337 

winters. Consequently, the smoke partial AOD was dominant until winter 2012/13, while the 338 

sulfate partial AOD became dominant from winter 2013/14 and onwards, which correspond 339 

approximately to stage one and stage two defined in the time series of AOD maps from Figure 4. 340 

It should be noticed, however, that the above-mentioned trends in sulfate and smoke partial 341 

AODs were interrupted during the winters 2014/15 and 2015/16; during those winters, the sulfate 342 

AOD suddenly fell down and the smoke AOD increased simultaneously. This interruption could 343 

be explained by the perturbation of air masses trajectories induced by El-Nino: with the 344 

increased frequency of western air masses, Hanoi received more smoke originating from biomass 345 

burning activities in the Indochina Peninsula. In contrast, the frequency of the northeast clusters 346 

was reduced, corresponding to a decrease in the LRT and RT of sulfate particles from China and 347 

the Red River Delta, respectively. The very high sulfate AOD values and very low smoke AOD 348 

values observed during the last three winters (2017/18 and onwards), can be explained firstly by 349 

the rapid growth of industrial development in the area. However, meteorology was also 350 

competing with emissions for explaining the rapid increase in sulfate partial AOD from winter 351 

2013/14 onwards. The variation of AOD values and its components seem to be changed by the 352 

particularly high contribution of northeast air masses prevailing during these winters (78 to 87 353 

%) and by the particularly low contribution of western air masses (only 3 to 4 %). This indicates 354 
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that the dominant air masses (e.g. Northeast monsoon) dramatically affects the type of aerosol as 355 

well as aerosol load over Hanoi during the winter period by the effect of RT and LRT. 356 

The growth of sulfur compounds emissions in the RRD and the China mainland likely played 357 

a role too. As mentioned in Section 2.1, the number of coal-fired TTPs in Vietnam has increased 358 

from 6 to 29 between 2009 and 2019. Specifically, 10 TPPs were located in the RRD, with the 359 

nearest one and largest SO2 emitter being located only 50 km away from Hanoi. The rise of sulfate 360 

AOD may therefore also result from this increase in local pollution and regional transport 361 

following the rapid industrialization and coal consumption growth in Hanoi and its surrounding 362 

areas. Regarding China’s coal consumption, from 2004 to 2017, it experienced significant 363 

variability, from a rapid increase (2004 - 2013) with an  annual growth rate of 8.3 % to a slowly 364 

falling stage after 2014 (Yuan, 2018). Furthermore, coal-based electricity production still accounts 365 

for 60 % of total energy consumption in China in 2015 (Cui et al., 2021). Previous studies 366 

indicated that secondary sulfate-rich compounds (products of the oxidation of SO2) from coal-fired 367 

power stations or industrial emissions could be transported to the downwind regions including 368 

Vietnam by LRT process, and subsequently transformed into an aerosol. Furthermore, sulfate was 369 

one of the most abundant species among all water-soluble ions in aerosols found in China during 370 

winter (Chuang et al., 2018; Ding et al., 2019). In the end, the growth of sulfate AOD since the 371 

winter 2013/14 results from a combination between more sulfur compounds emissions in the RRD 372 

and in China and more favorable wind paths for regional transport and LRT of these pollutants 373 

towards Hanoi. The sulfate partial AOD, therefore, that was shown to associate to the share of 374 

northeastern air masses, was used in the rest of the study as a tracer of RT and LRT in order to 375 

investigate the impact of the Northeast monsoon on air quality in Hanoi. 376 

3.4 Diurnal variation of PM2.5 in Hanoi under the impact of cold surges 377 
Table 1 displays the mean of meteorological parameters and of PM2.5 during the last four 378 

winter periods in Hanoi, for which the PM2.5 data were available. There was no significant 379 

change of temperature, humidity and wind speed over these winter periods. Regarding WD, the 380 

predominance was southeast, which accounted for half of the total frequency of WD. In addition, 381 

the contribution of northeast winds varied from 27.4 to 34.6 %. In the case of sulfate AOD, the 382 

trend was still upward in winter 2016/17 during which a lower value (0.46 ± 0.27) was observed. 383 

For the last three years, the mean sulfate AOD value was pretty constant. 384 
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Each day from the 4 winters was classified among three stages owing to the Northeast 385 

monsoon effect (Fig. A.4). To better introduce these stages, a zoom was made on a typical 386 

winter period, from December 19th 2019 to February 05th 2020 (Fig. 7). The onset of cold 387 

surges was ascribed to phase 1 (red areas from December 19th, 26th, January 11th, 16th, 26th and 388 

February 06th on Figure 7). This phase lasted generally between 2 and 4 days, however, the 389 

characteristic changes occur during the first two days of phase 1. In detail, the daily 390 

temperature decreased rapidly (≥ 4°C) (Fig. 7a), combined with a sharp increase in WS (≥ 391 

3.1 m s-1) (Fig. 7d). Due to the rise in WS, dispersion and transport of local pollution were 392 

greatly enhanced, resulting in a relatively low-level of PM2.5 (< 50 μg m-3) throughout phases 1 393 

(Fig. 7g). The sulfate AOD witnessed a general increase upon the cold air arrival during the 394 

four winter periods (Fig. 7g), possibly due to LRT from the China in elevated aerosol layers 395 

that did not impact ground-level concentrations. Therefore, there was no major correlation 396 

between sulfate AOD and ground-based PM2.5 during phases 1. 397 

Phase 2 referred to the period during which the high-pressure system persisted and engulfed 398 

Northern Vietnam, which lasted commonly from 5 to 8 days (grey areas in Fig. 7d, from 399 

December 23th, 28th, January 12th, 20th and February 28th). The surface air pressure tended to rise 400 

in phase 1 due to the effect of the anticyclone, then it started decrease in phase 2, as shown in 401 

Figure 7(b). Moreover, wind speeds were also significantly attenuated because of the impact of 402 

the high-pressure system, resulting in stagnant conditions and severe pollution episodes: as the 403 

PM2.5 level rose (Fig. 7g), the visibility decreased (Fig. 7f). Unlike phase 1, the variations of 404 

PM2.5 and sulfate AOD seemed to be more correlated during phase 2 (Fig. 7g), suggesting that 405 

aerosols in the boundary layer represented most of the AOD. At the end of phase 2, there were 406 

two possible scenarios: (i) a new cold surge was observed, resulting in a new circulation with 407 

phases 1 and 2 repeated, or (ii) southeast trade winds from the ocean arrived, bringing warmer 408 

and more humid air (Fig. 7a and c, from January 02nd, 15th, 23rd and February 03rd). This last case 409 

not influenced by cold surge, was called phase 3 and was associated with low level of PM2.5 and 410 

sulfate AOD values (Fig. 7g) as it brought clean marine over Hanoi; it lasted normally from 4 to 411 

6 days. In addition to phase 2, the pressure in phase 3 continued to decrease significantly (Fig. 412 

7b). 413 

Table 2 displays the key aspects of meteorology, sulfate AOD, and ground-based PM2.5 during 414 

each phase, computed over the whole 4 winters. As said above, phases 1 (onset of the cold 415 
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intrusions) were the coldest with an average temperature that was generally below the monthly 416 

average temperature (-2.16 ± 3.03 oC). WS values above the monthly average were observed 417 

during both phase 1 and 3 while they were clearly lower during the stagnant phase 2. PM2.5 418 

concentration in phases 2 (persistence of the anticyclone) was beyond the monthly mean; and 419 

phases 1 or phases 3 (trade winds episodes) showed an opposite result. Phases 3 had the lowest 420 

sulfate AOD (-0.09 ± 0.19 against ~ 0.03 for phases 1 and 2) as was expected for marine air 421 

masses. Phase 1 might seem shorter but it still represented 21 % of the winter days and occupied 422 

34 days in average during a winter. Phase 2 was dominant and represented 55 % of the winter 423 

days, it lasted 87 cumulated days in average. Phase 3 accounted for 24 % of the days and occupied 424 

38 days in average. 425 

Figure 7(g) and A.4 also depicts the types of days mentioned in Figure 3, including NEHA, 426 

NELA, SC and OC. According to the classification, the NEHA (red bars) and NELA (blue bars) 427 

days were mostly seen in phase 1 as they correspond to strong wind condition with NE wind 428 

direction, which is typical for the cold surge onset. On these days, local pollution was substantially 429 

diluted while regional transport and LRT played a direct role in the formation of PM2.5. Figure 8 430 

presents the average PM2.5 concentration for the different types of days and the four winters. In 431 

spite of the inter-annual variability in the overall level of PM2.5, the relative variations of 432 

concentrations between the different types of days exhibited the same behavior during the 4 433 

winters. The lower concentrations observed in all types of day over the winter 2018/19 can be 434 

explained by the El-Nino phenomenon that occurred during this winter. According to Wang et al., 435 

2006, the peak in the inter-annual sea surface temperature anomalies across the South China Sea 436 

occurs during the month of February following the El-Nino onset. In February 2019, as a 437 

consequence of the anomaly, the trade winds (phase 3) were dominant, and only one weak cold 438 

surge was reported for the whole month (Fig. A.4c). Furthermore, the PM2.5 levels were generally 439 

lower during winter of 2018/19 than during the other three winters (fig. 8 and A.4); as a result, not 440 

a single day during winter 2018/19 had PM2.5 concentrations surpassing the national regulatory 441 

threshold. 442 

Figure 8 also indicates that, for the four winter periods from 2016 to 2020, the average PM2.5 443 

concentration was higher during the high-AOD days (NEHA) by about 9 to 17 μg m-3 (30 to 35 444 

%) compared to the low-AOD days (NELA). This indicates that the transported pollutants can 445 

remain at high altitude instead of mixing down to the ground, at least for some time, leading to 446 
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higher AOD value on NEHA days. In contrast, the ground-based PM2.5 concentration were 447 

attenuated due to higher wind condition. Therefore, even though AOD is difficult to relate to 448 

ground-level concentrations, it can be used as a proxy to distinguish between air masses 449 

impacted or not by RT and LRT during the cold surges. 450 

Besides, the SC days, which corresponding to stagnant conditions, occurred mainly during 451 

phase 2 (Fig. 7g), after the onset of cold surges. During these days, the impact of the Northeast 452 

monsoon decreased and, as less pollutants were imported from China, the formation of PM2.5 453 

resulted from a complex mix between local emissions and transported precursors from closer areas 454 

like the RRD. Indeed, pollutants from Southern China and the Red River Delta could still be 455 

brought to Hanoi via trajectories belonging to cluster C2. The winter means of PM2.5 concentration 456 

(55.9 to 74.6 μg m-3) were significantly higher during SC days compared to all the other types of 457 

days (Fig. 8). In particular, the rise of mean PM2.5 level between SC and NEHA was approximately 458 

24 - 29 μg m-3. Finally, the OC days (strong wind from other directions than NE) mostly occurred 459 

during phase 3, out of the influence of cold surges with the appearance of trade winds originating 460 

from the ocean. Because these easterly air masses did not pass over any land before arriving to 461 

RRD, LRT will be negligible on these days. As the Northeast monsoon, the trade winds also 462 

enhanced the local wind speed, resulting in a considerable dilution of local pollution. However, the 463 

trade wind path covers the RRD region so that regional transport probably played a major role in 464 

the formation of PM2.5 in Hanoi during OC days. Besides, high humidity conditions in this phase 465 

were favorable for the formation of secondary aerosols by heterogeneous reactions and their 466 

hygroscopic growth in ambient air. As a result, Figure 8 shows that the mean of PM2.5 467 

concentrations in OC days and NEHA had no significant difference and were even higher than in 468 

NELA itself. 469 

4. Discussion 470 
This study is not the first to use AOD data to track air pollution changes over the RRD plain. 471 

The high values of AOD across the RRD plain confirmed in this investigation are in agreement 472 

with earlier studies (Bui et al., 2021; Luong et al., 2021). Our findings highlight the AOD 473 

increase may be associated with the growing number of coal-based TPPs over the RRD plain 474 

between 2011 and 2020. Besides, a relation between the change of AOD in Hanoi and semi-475 

climatic oscillations during the winter was revealed in a long-term analysis. During El Niño 476 

phases of the southern oscillation, the Northeast monsoon impact was found to be reduced and 477 
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western air masses became more frequent, leading to an increase of the smoke AOD from fires in 478 

the western Indochina Peninsula and northern India, and a relative decrease of sulfate AOD 479 

provided by LRT from China and regional transport from the RRD. 480 

Regarding short-term variability, the results in this study seem to be different compared to 481 

the previous study by Hien et al., 2011. However, the difference comes from the definition of 482 

cold surges: Hien et al. (2011) defined cold surges only as the onset of cold intrusions (i.e. phase 483 

1 only) while in this study, the term “cold surge” gathers the onset and prolongation of the cold 484 

intrusions (phase 1 and 2). Generally, the results from both studies indicate a similar behavior in 485 

which the ground-based PM2.5 concentration drops significantly with the arrival of a cold 486 

intrusion, then reaches its maximum level in the middle of the Northeast monsoon circulation. 487 

This drop of surface PM2.5 is mainly attributed to the dispersion of local pollution dominated by 488 

the higher wind accompanying the cold surge onset, though it is difficult to quantify precisely the 489 

rate of dilution. 490 

The mean PM2.5 concentration was higher by about 30 % or about 9 to 17 µg.m-3 on NE-wind 491 

high-AOD (NEHA) days compared to NE-wind low-AOD (NELA) days. This concentration 492 

difference between NEHA and NELA days can be considered to represent the contribution of LRT 493 

from mainland China. Of course, the exact value of PM2.5 concentration increase that we obtained 494 

depends on the threshold of Sulfate AOD that was chosen. However, one can note that this result is 495 

very close from the 27% of LRT contribution that Hai and Kim Oanh, 2013 found using elemental 496 

analysis on aerosol filter sampling. Indeed, when the monsoon air mass did not actually catch 497 

pollution from China, which resulted in a lower sulfate AOD value, the observed PM2.5 498 

concentration represented only the local pollution and regional transport contributions. Conversely, 499 

when the monsoon air mass did transport the Chinese plume to Hanoi, the PM2.5 concentration 500 

cumulated the local pollution and regional transport, plus the LRT contribution, which also 501 

resulted in a higher sulfate AOD value. Following this reasoning, LRT from China represents a 502 

significant, but minor part of the PM2.5 level observed in Hanoi under the Northeast monsoon 503 

impact. Our analysis is that, as the higher winds associated with the cold surge onset disperse the 504 

local emissions, regional transport is possibly the dominant cause of air pollution in Hanoi under 505 

the impact of the Northeast monsoon. Moreover, the role of regional transport was also proven 506 

during the trade wind episodes (OC days), when the local wind is also enhanced, resulting in the 507 

considerable dilution of local pollution. As the contribution of LRT is negligible when air masses 508 
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come from the ocean, regional transport combined with high humidity conditions are the main 509 

factors enhancing the formation of PM2.5 in Hanoi during OC days (phase 3). 510 

During the middle of a monsoon episode (phase 2), the stagnant conditions (SC) make that 511 

local pollution, plus pollutants from regional transport and LRT brought during the onset of the 512 

cold surge, all remains trapped in Hanoi boundary layer. The air quality is further worsened as the 513 

air subsidence associated with the anti-cyclone limits the boundary layer growth, resulting in the 514 

most severe pollution episodes. The difference of average PM2.5 concentrations between SC and 515 

NEHA days can be interpreted as the contribution of local pollution, from 33 to 46 % or about 24 516 

to 29 µg.m-3. This result is lower than the range of values obtained by Nguyen et al., 2020 using 517 

the WRF/CMAQ model (42 to 57% of local pollution contribution) but their study concerned only 518 

the month of December 2010, during which a strong El Niño episode was ongoing. Consequently, 519 

there was likely a lesser contribution of LRT from China during this month, which in return 520 

increased the share of local pollution. To sum up, the local pollution and regional transport within 521 

Northern Vietnam are found to contribute by a large part in the fine particle pollution in Hanoi. 522 

LRT from China is taken into account but only contributes in a minor part to these polluted 523 

episodes. 524 

5. Summary 525 
This study combined a long-term dataset of AOD from the NAAPS model with back-526 

trajectory clustering using the HYSPLIT model. During the first 5 winters (2006/07 to 2010/11), 527 

the highest AOD values were observed over the Indochina Peninsula region, and this was mainly 528 

due to anthropogenic and natural biomass burning. For the rest of the studied period, the AOD 529 

map series indicated a very sharp increase in eastern China and northern Vietnam (the RRD 530 

plain) following the rapid economic development of the area. Although this increasing trend 531 

broke off during the last three winters of the study (from 2017/18 to 2019/20), the AOD in Hanoi 532 

remained high. As a result, the major source of particles in Hanoi shifted from biomass burning 533 

until 2011, to industrial activities for the rest of the studied period. 534 

During El Niño events (winters 2014/15, 2015/16 and 2018/19), the share of northeastern 535 

clusters, that correspond to the monsoon air masses, clearly decreased while western clusters were 536 

more frequent. This was associated with a temporary decrease of the sulfate partial AOD, and to a 537 

lesser extent, with an increase of the smoke partial AOD. Following the sources identified in the 538 
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first part of the study, this result was expected as northeastern air masses transiting over mainland 539 

China as well as Red River Delta are more susceptible to carry industrial pollution over Hanoi; 540 

conversely, western air masses from the Indochina Peninsula and Northern India are more likely to 541 

bring biomass burning aerosols over Hanoi. As a result, the change in air mass origin resulted in 542 

changes of the aerosol load and of the type of aerosols in Hanoi. 543 

At last, in order to determine the contributions of the local, regional and transboundary 544 

sources of particles, a classification of the winter days was developed, combining meteorological 545 

features (wind speed and direction) with sulfate AOD, and this classification was applied to the 546 

four last winters (from 2016/17 to 2019/20). The discrepancy in the average level of PM2.5 547 

between the different types of days allowed to estimate the contribution of transboundary LRT 548 

from mainland China to be around 30 %. Transboundary LRT from mainland China is thereby 549 

not the dominant contributor to Hanoi’s air pollution; instead, the regional transport may be the 550 

main contributor to air pollution in Hanoi under the impact of the Northeast monsoon. During the 551 

stagnant condition days, the estimated fraction of local pollution was about 40 %. As the 552 

contribution of transboundary LRT can be neglected during these days, the regional transport 553 

from the RRD thus also contributed to a large extent to the fine particle pollution in Hanoi in this 554 

case. 555 

In the future, the source apportionment could be improved using observations from an 556 

Aerosol Chemical Speciation Monitor (ACSM) bringing information on PM2.5 chemical 557 

composition. As the monsoon cycle phases are associated with different boundary layer depth 558 

values, it would also be interesting to discriminate the effects of pollution advection and vertical 559 

dilution, which could be done using lidar or ceilometer boundary layer depth observations.   560 
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Figure 1. The geographical map of Vietnam and neighboring areas (a) showing the locations of the studied site in Hanoi (base 

map: ground altitude) (b) and industrial zones and thermal power plants over Red River Delta, Northern Vietnam (c). The 

outer circle with a 200 km radius in Figure 1(b) illustrates the distance threshold used to discriminate regional and long-range 

transport; it corresponds to the approximate distance from Hanoi to the Vietnam - China and Vietnam - Laos borders. The red 

star in Figure 1 (c) represents the city of Hanoi. 

  



 

 

 
Figure 2. Comparison of the total AOD daily average values at 550 nm from the NAAPS model and at 500 nm from the 

Nghia-Do AERONET station: (a) 6-month winter averages from 2010/11 to 2018/2019 (the error bars represent the ±1σ 

standard deviation) and (b) point-to-point comparison. On panel (b), the plain red line represents the linear regression, while 

the blue dashed lines represent the all-point average AOD values. N is the total number of points included in the comparison, 

while N1 to N4 are the number of points falling in each quadrant. N1 = 168, N2 = 18, N3 = 105 and N4 = 83. 



 

 

 
Figure 3. The schematic diagram of the classification of winter days. The winter days include “Stagnant conditions” - SC, 

“Northeast high AOD” - NEHA, "Northeast low AOD" - NELA and “Other conditions” – OC. 
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Figure 4. Time-averaged total AOD distribution during the winter periods from 2006/07 to 2019/20 (a – n) over Red River 

Delta, northern Vietnam (blue square) and the neighboring areas (mainland China - purple square, Indochina Peninsula region 

– green square and Cambodia – cyan square). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 5. a) Mean 96-h backward air mass trajectories ending at Hanoi resulting from the clustering from October to March 

during the winter period of 2006-2020 and b) mean altitudes for each of these mean trajectories  

 

 

 

 

 



 

 

 
 

Figure 6. Frequency of occurrences for each cluster and variation of AOD over Hanoi during 14 winter seasons from period 

2006/07 to period 2019/20. 

 

 

 

 



 

 

 
Figure 7. The daily average (a) temperature (T, oC), (b) pressure (P, Pa), (c) relative humidity (RH, %), (d) wind speed (WS, 

m/s), (e) wind direction (WD), (f) visibility (Vis, km), (g) PM2.5 concentration (μg m-3) and Sulfate AOD from 19th December 

2019 to 05th February 2020. Black triangles on the horizontal axis mark the cold surges. The winter days include “Stagnant 

conditions” - SC, “Northeast high AOD” - NEHA, "Northeast low AOD" - NELA and “Other conditions” – OC. Phase 1, phase 

2 and phase 3 were marked as red, grey and blue areas, respectively. 

 



 

 

 
 

Figure 8. The averaged PM2.5 concentration for the different types of winter days during the four winter periods (from period 

2016/17 to period 2019/20). Error bars represent +/- 1 standard deviation of uncertainty. 

 

 

 

 



Table  
 
 Number 

of cold 
surges 

Temperature 
(oC) 

Humidity 
(%) 

Wind 
speed 
(m s−1) 

Wind direction 
Sulfate 
AOD Northeast 

(%) 
Southeast 

(%) 
Other  
(%) 

2016 - 2017 14 22.1 ± 4.0 74.9 ± 15.1 3.0 ± 0.9 27.4 51.1 21.5 0.46 ± 0.27 

2017 - 2018 10 20.5 ± 4.1 73.4 ± 12.8 2.9 ± 0.8 26.1 56.2 17.7 0.64 ± 0.27 

2018 - 2019 16 21.5 ± 4.1 80.6 ± 10.5 3.1 ± 0.9 34.6 54.9 10.5 0.65 ± 0.24 

2019 - 2020 15 21.5 ± 3.6 76.9 ± 11.1 3 ± 0.9 29.7 51.9 18.4 0.65 ± 0.26 

Average  21.3 ± 4.1 76.6 ± 12.7 3.1 ± 0.9 29.5 53.4 17.1 0.63 ± 0.28 

Table 1: The mean and standard deviation of meteorological data and sulfate AOD data in each winter period from 

the winter period 2016/17 to period 2019/20. 

 

 
Averaged 
days per 

winter (days) 
∆ WS (m/s) ∆ T (oC) ∆ RH (%) ∆ PM2.5 

(μg m-3) 
∆ Sulfate 

AOD 

Phase 1 ~ 34 0.94 ± 0.68 -2.16 ± 3.03 -1.41 ± 13.05 -22.29 ± 18.31 0.02 ± 0.26 

Phase 2 ~ 87 -0.61 ± 0.45 -0.33 ± 2.59 -0.72 ± 12.21 13.32 ± 32.66 0.03 ± 0.25 

Phase 3 ~ 38 0.73 ± 0.54 2.34 ± 2.47 2.56 ± 10.25 -13.95 ± 19.27 -0.09 ± 0.19 

Table 2: Mean and standard deviation of meteorological data, ground-based PM2.5 and sulfate AOD in each phase 

during the 4-winter periods from 2016/17 to 2019/20. The mean and standard deviation are calculated after 

computing the delta between the actual values and the monthly average for each month of the 4-winter periods. 

 



 

 




