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Urbanized mountain valleys are usually prone to episodes of high concentrations of
air pollutants due to the strong interplay between mountain meteorology and synoptic
weather conditions. The mountain valley of Chiang Mai is engulfed by air pollutants
with particulate matter (PM) concentration remaining above 50 µg m−3 (PM2.5, 24-h
average) during approximately 13% days every year (mostly during February to April).
This study presents the first time continuous measurements of mini–micro pulse LiDAR
(MiniMPL) installed on the valley floor of Chiang Mai, providing vertical backscatter profile
of aerosols and clouds from April 2017 onward. This paper analyzes unique dataset
of mixing layer (ML) height measurements made during April 2017 to June 2018 with
a temporal resolution of 15 min. The ML heights derived from the backscatter profile
measurements are analyzed to understand the annual, monthly, and diurnal variations.
The ML height depicts distinct diurnal variations for all months of the year, evolving
up to <3.0 km during April to September. From October onward the ML evolution is
gradually inhibited, reducing to <2.0 km during October to December and <1.5 km
during January to March. The variations in the concentration of PM were found to be
partly modulated by the ML variations (Pearson coefficient ≈ –0.50) during dry season
(February, March, and April), possibly triggering the aerosol-boundary layer feedback
mechanism for high concentrations (100 µg m−3) of PM and low ventilation in the valley.
The inhibition of ML evolution due to feedback mechanism further escalates the high
concentrations of PM, resulting in severe haze conditions on many days during the
dry season.

Keywords: aerosols, MiniMPL, mixing layer height, aerosol layer height, particulate matter, mountain valley

INTRODUCTION

The mixing layer (ML) is the turbulent layer of atmosphere adjacent to the earth’s surface which
determines the vertical mixing of pollutants emitted at the surface by convective and mechanical
turbulence (Stull, 1988; Seibert et al., 2000). The ML responds to variations in frictional drag, evapo-
transpiration and sensible heat fluxes within the timescales of an hour or less. Development of the
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ML during the course of a day is governed by a variety
of parameters, such as cloud cover, water vapor content,
concentration of pollutants, strength of synoptic wind flow,
soil moisture, nighttime cloud cover, and stratification in the
free troposphere (Schween et al., 2014). During daytime the
ML top represents the entrainment zone, which controls the
mixing of air pollutants from the ML into the free troposphere.
Thus, the thickness of the ML tends to aptly control the
volume available for the dispersion of pollutants. Hence, an
understanding of the diurnal and seasonal variations in the ML
height is essential for discerning the mechanisms controlling the
air quality, chemical processes and numerical modeling of the
atmosphere (Monks et al., 2009).

The ML height can be determined with various indirect
methods based on profile measurements using radiosonde,
sodar, radar, LiDAR, ceilometers, etc (Seibert et al., 2000).
In addition, surface flux measurements (such as sensible heat
flux) can also be used to infer ML height (Haeffelin et al.,
2012). Furthermore, a more comprehensive understanding of
ML dynamics can be obtained by using an elastic LiDAR in
combination with microwave radiometers and Doppler lidars,
which can measure profiles of temperature and vertical wind
speed, respectively (de Arruda Moreira et al., 2018). The high
spatiotemporal resolution makes aerosol LiDAR techniques one
of the most suitable measurement techniques for understanding
ML evolution (Flamant et al., 1997). ML height detection from
LiDAR profiles, being an almost direct measure of variations
in aerosol concentration profiles, can reveal intricate features
about the vertical structure of the atmosphere in the context with
dispersal of pollutants (Yang et al., 2013). Using aerosols as a
tracer, LiDAR backscatter profiles can be utilized for extracting
the ML height, with a typical vertical resolution of meters and
temporal resolution of seconds to minutes. Such studies can be
very much useful in investigating the regional air quality issues
(Boyouk et al., 2010). However, the ML estimations using LiDAR
backscatter profiles assumes the main source of aerosols at the
underlying surface and related activities, with the aerosols being
uniformly mixed in the ML through turbulent mixing (Schween
et al., 2014). In general the ML estimations based on aerosol
backscatter work quite well during the daytime convective hours,
whereas being highly uncertain in the transition period during
the early morning and early evening hours due to the similar
strength of aerosol gradient at the top of the residual layer and
ground aerosol layer (Dang et al., 2019). During the night-time
hours the ML height estimations from the backscatter profile
correspond to either the top of the residual layer or the ML driven
by mechanical mixing near the ground surface.

A variety of techniques for ML height detection has been
suggested, which includes the application of a gradient technique
on the range corrected signal (RCS) (Flamant et al., 1997; García-
Franco et al., 2018) and the logarithm of the RCS (He et al., 2006),
maximum of the RCS temporal variance (Hooper and Eloranta,
1986), wavelet analysis of the RCS profile (Cohn and Angevine,
2000), extended Kalman filter method (Lange et al., 2014), and
the cubic root gradient of the RCS profile (Yang et al., 2017).
Although fully automated, ML height detection is restricted
by the limitations of various techniques (Yang et al., 2013;

Ware et al., 2016) in clearly identifying different features in the
lower troposphere. However, with more detailed studies on the
evolution of the lower troposphere through continuous LiDAR
measurements, the automated techniques have been advancing
significantly over the past decade (Haeffelin et al., 2012;
Dang et al., 2019).

For flat homogeneous terrain the ML variations have been
investigated in detail (Stull, 1988). However, over mountainous
terrain, the topography exerts its influence on the atmosphere,
thus affecting the transport and mixing processes trough
mountain waves, rotors, and thermally driven wind systems
(Whiteman, 2000; Zardi and Whiteman, 2013; De Wekker and
Kossmann, 2015). In context with a mountain valley, the role of
the ML in confinement of air pollutants is further strengthened as
a result of terrain induced restrictions on air flow and ventilation.
Since, the valley atmosphere is strongly under the influence
of valley and slope winds, thus continuous measurements of
ML height variations can provide detailed insight into the
processes controlling the valley atmosphere and forecasting air
quality. ML height being one of the controlling factors for
the dilution of the pollutants through vertical turbulent mixing
(Geiß et al., 2017), thus, simultaneous measurements of ML
height and atmospheric pollutant concentrations can provide
a useful insight into their inter-dependence. De Wekker and
Mayor (2009) investigated the various components of the valley
atmosphere through scanning LiDAR, thereby illustrating the
wide applicability of high resolution LiDAR measurements.
Due to the stronger mixing over mountainous topography the
aerosols are transported up to the aerosol layer (AL) height
which is usually above the ML height, hence AL height is also
an important parameter for air pollution studies in context with
mountains. According to De Wekker et al. (2004) the LiDAR
usually measures the AL height instead of ML height, depending
primarily on the assumption of the equality between ML and AL
which is prominently violated over mountainous topography. In
this study we investigate the simultaneous assessment of the AL
and ML height over the site based on the detailed analysis of
15 months of MiniMPL measurements.

Wang et al. (2015) investigated the aerosol vertical distribution
and columnar properties over northern Thailand during the
2014 spring season as part of the 7-SEAS campaign. The LiDAR
measurements obtained at the Doi Ang Khang station (1536 m
above mean sea level) illustrated large amplitude in aerosol
diurnal variations mainly dominated by ML height variations
extending up to 5 km above sea level in the daytime. Moreover,
during night-time the aerosol loading declined over the station as
a result of strong westerly winds. The measurement station, thus
being in the free troposphere during the nighttime, with aerosol
reaching the station as the ML evolves during the daytime hours.
Hence, ML height variations over the valley can have strong
influence on air pollutants concentration within the valley, thus
highlighting the need for continuous ML height measurements at
the valley floor.

The prime objective of this study is to investigate the
variations in ML height based on the analysis of continuous
MiniMPL measurements during April 2017 to June 2018 in
the mountain valley of Chiang Mai. Section “Observational
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Site and Instrumentation” provides a brief description
of the observational site, details on the MiniMPL and
PM measurements; section “Data Analysis” discusses the
methodology of the extraction of ML and AL height information
from continuous MiniMPL measurements; section “Results”
presents the results on variations in the ML and AL heights along
with its influence on the variation in the PM concentrations,
and finally the concluding remarks are provided in section
“Discussion.” Local time (LT) refers to UTC + 7:00 for the
analysis presented in this study.

OBSERVATIONAL SITE AND
INSTRUMENTATION

The observational site is located at 18.852◦N and 98.958◦E,
332 m AMSL at the Princess Sirindhorn AstroPark of the
National Astronomical Research Institute of Thailand (NARIT),
Chiang Mai. Chiang Mai is the largest city in Northern Thailand
located within a mountain valley as depicted in Figure 1. The
valley is oriented along the north-south direction surrounded
by mountains higher than 1 km on all sides. The observational
site is situated at the North-western side of the valley floor.
On a regional scale February, March, and April are the driest
months of the year with major events of crop residue burning
and forest fires resulting in polluted haze episodes in the valley.
The month of May and June are accompanied with the onset
of the southwest monsoon and some severe thunderstorms,
gradually transitioning into intermittent monsoon rain spells
from July to October. In the month of November, December and
January, mostly cloud free sky conditions are prevalent with few
instances of valley fog.

For this study, the active remote sensing measurements
were carried out with the Sigma Space Mini-Micropulse LiDAR
(MiniMPL) as shown in Figure 2. The MiniMPL was made
operational on April 11, 2017 and since then it has been
providing continuous measurements of backscatter profiles of
the lower atmosphere. The measurements for the current site
were conducted until October 24, 2018, and since then the
MiniMPL has been relocated to another locations in Chiang Mai
Province. The MiniMPL is the compact version of the standard
MPL which is part of the NASA MPLNET LiDAR network
(Ware et al., 2016). The system is provided with an automated
web switch regulated by the temperature of the enclosure of
the MiniMPL unit. The enclosure temperature is maintained
by the air-conditioning unit which maintains the continuous
monitoring of the atmosphere, but on a few occasions such as
power failure or high air temperatures during the noontime, the
instrument was switched off and later turned on under suitable
operating conditions.

The MiniMPL is incorporated with an Nd:YAG laser as
the light source, sending pulses of 532 nm LASER shots in
an expanded/collimated beam of 80 mm diameter vertically
propagating upward into the atmosphere at a pulse repetition
frequency of 2.5 kHz. The backscattered photon count profile is
recorded at every 30 s with a vertical range resolution of 30 m.
The backscattered signal is recorded along two perpendicular

FIGURE 1 | Topography of the region surrounding the valley of Chiang Mai in
Northern Thailand. The location of the MiniMPL measurements site is
highlighted by the star in white color.

FIGURE 2 | (A) Photograph of the complete MiniMPL unit installed at the
NARIT Astro Park in Chiang Mai. (B) Photograph of the MiniMPL transceiver
unit.

planes (co-polarized and cross-polarized) of polarization. The
MiniMPL uses a coaxial design with the transmitter and receiver
field of view (FOV) overlapping from range zero, the receiver
FOV being 220 µrad. The receiver uses a pair of narrowband
filters with bandwidth less than 200 pm to reject the majority of
solar background noise. More intricate details of the MiniMPL
are provided in enlisted in Table 1.

The particulate matter (PM) concentration data (PM2.5 and
PM10) along with the other meteorological measurements was
acquired from the Pollution Control Department (PCD) of
Thailand air quality monitoring station located at the City Hall
35T (18.841◦N and 98.970◦E), Chiang Mai (Macatangay et al.,
2017). At the PCD station, the PM concentrations are measured
with the tapered element oscillating microbalance (TEOM) Series
1400a (Rupprecht & Patashnick, United States) which utilizes the
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TABLE 1 | Operating characteristics of the MiniMPL at NARIT.

Transmitter

Wavelength 532 nm (Nd: YAG),
polarized

Pulse energy 3–4 µJ

PRF 2,500 Hz

Pulse width 10 ns (Bin size: 200 ns)

Divergence of
expanded beam

40 µrad

Range resolution 15, 30, and 75 m
(Programmable) (Maximum
range 30 km)

Receiver

Telescope type Galilean

Focal length 500 mm

Diameter 80 mm

Field of view 220 µrad

Detector Avalanche photodiode,
photon counting mode

Overall receiver
efficiency

20% (including detector
quantum efficiency: >10%)

Physical size of
MiniMPL

318 mm ×
216 mm × 495 mm

Physical weight of
MiniMPL

13 kg

inertial mass weighing principle (Chantara, 2012; Jeensorn et al.,
2018). The air quality monitoring station (City Hall 35T, Chiang
Mai) is located within an aerial distance of less than 2 km from
the MiniMPL site. The measurements of PM concentration are
available with a temporal resolution of 1 h.

DATA ANALYSIS

The analysis of the MiniMPL measurements is primarily
based on the normalized relative backscatter [NRB(r)] profiles
which are obtained from the raw MiniMPL profiles [Raw(r)]
after incorporating the dead time correction [D(r)], afterpulse
correction [AP(r)], background correction (B), range correction
(r2), overlap correction [O(r)] and energy normalization (E) as
summarized below:

NRB (r) =
[ (Raw (r) D (r)−AP (r)−B] r2

O (r) E

Despite of the MiniMPL being a coaxial system the overlap
corrections incorporates the over-attenuation by range square
correction on the near field signal. Since, in the near field
the raw signal does not attenuate as described by the inverse
range squared law, the overlap calibration file corrects for the
over corrected near field signal by range square correction.
The overlap calibration file is created by comparing the signal
from overlap corrected (Standard LiDAR) and uncorrected
(Test LiDAR) MiniMPL. The correction and calibration files
were provided by Sigma Space Corporation during the time of
installation of the instrument at the site.

For the analysis presented in this study the ML height is
estimated based on the maximum negative gradient in the NRB
profile along with a modified wavelet transform (Brooks, 2003;
García-Franco et al., 2018) technique for minimizing the noise.
In the algorithm, firstly the height of largest negative gradient
is estimated and assessed for the possibility of a floor or false
detection based on rapid change in ML height between two
adjacent time-steps. If the gradient method based ML height is
identified as false, a second estimate of ML height is made using
the wavelet transform method with iteratively narrowing dilation.
To increase the likelihood of correct ML detection, the retrieval of
ML heights was constrained between 120 and 4,000 m with rate of
change less than 2.4 km hr−1. The algorithm finally excludes the
floor or false detections and in case of rapid change in adjacent
ML estimations the arithmetic mean of two methods is calculated
as the ML height. The utilization of two methods in combination
for the ML detection is quite useful to overcome the shortcomings
of individual methods in the automated ML height analysis of
large datasets with complex signal structure conditions caused by
multiple aerosol layers, clouds, and noise (Dang et al., 2019). The
cloud layers are detected based on a Sigma Space Corporation
proprietary wavelet transform method partially based on a signal-
to-noise ratio (SNR) threshold method. If a cloud is detected
in the LiDAR profile, only values below the cloud base are
used in the estimation of ML height. The screening of cloud-
perturbed profiles and manual quality assurance to avoid upper
aerosol layers (such as residual layers and nocturnal stable
boundary layers) based on Yang et al. (2013) has also been
incorporated in the analysis. The Signal-to-Noise ratio (SNR)
was also incorporated in the analysis by screening out the data
bins with SNR < 1.3 within each backscatter profile (Schween
et al., 2014). The ML estimations during the period of fog,
clouds or precipitation within the ML were also excluded from
the analysis. Table 2 summarizes the number of observed and
screened-in datasets for each month, which has been analyzed
for understanding ML variations. Considering the dynamic state
of the ML over mountainous topography (Singh et al., 2016) the
backscatter profiles were averaged for every 15 min for extracting
the ML height. The AL height has been estimated based on semi-
objective method (De Wekker et al., 2004) for every 15 min
and compared with the ML height measurements on similar
temporal scales.

RESULTS

The analyzed MiniMPL aerosol profiles with successful detection
of the ML height were statistically investigated to further extract
a clearer picture of daily variations and monthly averaged
diurnal cycles of ML evolution during April 2017 to June
2018. Figure 3 depicts the MiniMPL derived ML and AL
height plotted over the range time intensity plot of NRB
co-polarized backscatter retrievals for four consecutive days
(February 28 to March 3, 2018). As clearly depicted, the
ML height estimations (with the methodology and screening
criterions described in section “Data Analysis”) are physically
reasonable, with distinct diurnal variations for each day. Since,
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TABLE 2 | Mini–micro pulse LiDAR 15 min average profiles statistics for the ML
height analysis during April 2017 to June 2018.

S. No.Month Total number of
observations

Total number of
screened-in

dataset

% of screened-in
dataset

1 April 1,805 1,007 55.8

2 May 2,910 1,645 56.5

3 June 2,820 1,467 52.0

4 July 2,945 1,484 50.4

5 August 2,875 1,429 49.7

6 September 2,845 1,594 56.0

7 October 2,945 1,433 48.7

8 November 2,805 1,548 55.2

9 December 2,780 1,440 51.8

10 January 2,920 1,683 57.6

11 February 2,595 1,700 65.5

12 March 2,806 2,286 81.5

13 April 2,592 1353 52.2

14 May 2,707 1009 37.3

15 June 2,445 560 22.9

Grand total (hours) 40,795 (10,198) 21.638 (5,409) 53.0

the AL represents the maximum vertical extent of aerosol
transport (De Wekker and Kossmann, 2015), whereas the ML
represents the extent of turbulent mixing, the ML and AL
heights are of similar magnitude during the afternoon hours,
however, ML estimations during the night-time hours are quite
low as compared with AL height. Further statistics of variations

over various temporal scales are discussed in the following
subsections.

Monthly Mean and Diurnal Variations
Figure 4 illustrates the monthly averaged diurnal cycles of ML
height variability from April 2017 to June 2018. On average
the ML height rises up to 2.5 km during the months of April
to September attaining peak magnitudes at around 15 LT.
A decrease of 0.5 km in the peak magnitude of ML height is
observed in the months of October to December with higher
ML heights in the night time. In the months of January and
February the amplitude of diurnal variations is further reduced
with the peak magnitude of the ML height being 1.5 km. From the
analysis of monthly average diurnal variations in the ML height,
the variations can be classified into three stages of evolution:

1. 09–15 LT time of gradual growth in ML thickness,
2. 15–19 LT time of rapid decrease in ML height, and
3. 20–09 LT time of small variations pertaining to stable ML

height during night time and morning hours.

Usually the ML height over flat terrain attains its maximum
height between 12 and 13 LT (Stull, 1988). However, in this
study of ML height evolution over a mountain valley, the growth
of the ML height is gradual and extended up to 15 LT. The
extended and gradual growth of ML thickness is due to the
delay in the reversal of slope and valley winds. Similar lag in
the ML maxima was also observed in the Kathmandu valley
(Mues et al., 2017). Also, the higher night time ML height during
October to February is due to the formation of stable valley

FIGURE 3 | Estimated ML height (cyan circles) and AL height (purple circles) from the MiniMPL measurements during four consecutive days from February 28 to
March 3, 2018 (00–24 LT). The background image is the normalized relative backscatter (NRB) of the co-polarized signal with 15 min temporal resolution (x-axis) and
30 m vertical resolution (y-axis).
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FIGURE 4 | Polar plot for monthly mean diurnal variations in the 15-min binned mean, median of ML and mean AL height measurements for from April 2017 to June
2018. The polar plot is sectioned angularly into 15 sectors of 24◦ each, thus providing a composite overview of the monthly mean diurnal cycle during April 2017 to
June 2018. The radial distance from the center represents the height above ground level in km.

inversions which results in the formation of a thicker residual
layer as compared to the ML over flat ground. In general, the
ML height evolution in mountain valleys is dominated by sources
of heat which are the turbulent heat flux from the valley floor,
the subsiding valley inversion (Kuwagata and Kimura, 1995), and
the heating from the valley sidewall by slope wind recirculation
(De Wekker and Kossmann, 2015).

Two distinct phases of ML height evolution are observed in
the months of January and February with the first evolutionary
phase from 06 to 09 LT and the second phase from 12 to 15
LT. The decrease in ML height from 09 to 12 LT is due to the
destruction of the night time inversion over the valley. Usually
during calm wind conditions of the morning hours, the down-
valley winds in the remaining elevated valley inversions are
eroded from the ground surface with the onset of up-valley winds,
which can result in the evolution of ML for a short period of
time (Eigenmann et al., 2009). During the month of March the
diurnal evolution of the ML is strongly inhibited, confining the
ML to 0.5 km from 06 to 15 LT; however, a weak evolutionary
phase is observed from 15 to 20 LT. The strong confinement of
ML during March could be due the formation of a thick haze
layer over the valley as a result of crop residue burning and forest
fires, despite the burning ban imposed by the local authorities

during the dry season. The haze layer usually becomes thicker
as a result of interplay between synoptic weather conditions and
mountain meteorology.

MLmax and MLmin Variations
To investigate the variations in ML height, the dataset (April 2017
to June 2018) of screened ML height was classified into daytime
(12–15 LT) and night time (00–03 LT) periods based on the
statistical analysis of ML height variations. Such a classification
can be useful to represent the characteristic maximum and
minimum ML height of each day (Yang et al., 2013). For each
day the daytime maximum ML height is stored as MLmax and
the night time minimum ML height is stored as MLmin. Figure 5
shows an overview of the MLmax (triangles) and MLmin (circles)
time series. To obtain an average picture of the variation in
MLmax and MLmin, a 5-day moving average was also estimated,
bringing out an interesting feature of periodic variations in
MLmax. The maximum ML height was found to undergo periodic
oscillations (approximate time period of 15 days) during April
to September, varying between 2.5 and 3.5 km. The periodic
oscillations in the MLmax could be associated with regular
variations in synoptic conditions (He et al., 2013) over the region,
and would be investigated in more detail in another study. The
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FIGURE 5 | Variations in the 15-min binned daytime maximum (triangles) and night-time minimum (circles) ML height measurement April 2017 to June 2018. The
solid line represents a 5-day centered moving average for the daytime maximum (solid red line) and night-time minimum (solid blue line) ML height measurements.

FIGURE 6 | Polar plot for monthly mean diurnal variations in the 15-min binned mean of wind speed and ventilation coefficient from April 2017 to June 2018. The
polar plot is sectioned angularly into 15 sectors of 24◦ each, thus providing a composite overview of the monthly averaged diurnal cycle during April 2017 to June
2018. The radial distance from the center represents the wind speed intensity (m s–1) and ventilation coefficient (1000 × m2 s–1).
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averaged MLmax reached maximum values of up to 4.0 km in the
month of June to August; decreasing gradually from September
until March. The few instances of almost equal magnitudes of
MLmax and MLmin in the months of December to March are
attributed to days with strong inversion layers forming over the
valley suppressing daytime evolution of ML height during this
cold period. As a result of the strong inversions, the residual
layer is detected as the ML height instead of the weaker surface
based inversion during night-time. Intense haze conditions over
Chiang Mai Valley are usually observed (in particular during the
burning/forest fire months of February and March) for the days
during which the evolution of ML is inhibited during daytime.

Rates of ML Growth and Decay
Based on the average monthly diurnal variations, the mean
hourly growth rate of the ML height is estimated for every three
consecutive months of the observational period. Usually positive
growth rates (of the order of 0.21 km hr−1) are observed from
06 to 15 LT. The ML decay starts always after 15 LT attaining
negative growth rate (typically of the order of 0.38 km hr−1)
from 15 to 21 LT. From the analysis, the distinct and consistent
transition from positive to negative growth rate of ML at 15 LT is
observed. Interestingly, from October to March the growth rate
oscillates between positive and negative values from midnight to
noontime hours (00–12 LT), representing the interplay between
mountain valley winds and subsiding valley inversions.

Ventilation Coefficient
Ventilation coefficient is an essential parameter for simultaneous
quantification of vertical dispersion and advection in context with
air pollution studies (Zhu et al., 2018). Based on the ML height
and wind speed measurements the monthly average ventilation
coefficient is calculated to gain further insight into the horizontal
and vertical mixing capacity of the lower atmosphere (Tang
et al., 2015; Mues et al., 2017). The monthly averaged yearly
variations of wind speed and ventilation coefficient are depicted
in Figure 6. The wind speed measurements were obtained from
the collocated weather station at the site along with the MiniMPL.
Due to a technical issue with the weather station the wind speed
measurements were unavailable after April 16, 2018, therefore the
ventilation coefficient for April 2018 was based on measurements
of wind speed and ML measurements up to April 15, 2018.
The ventilation coefficient is highest over the valley during the
months of April, May, and June with magnitudes above 3000 m2

s−1 during the afternoon hours, from July to December the
magnitudes of ventilation coefficient remain between 1000 and
3000 m2 s−1 in the afternoon hours. In the month of January
and February the ventilation coefficient is further reduced in the
daytime hours, with magnitudes marginally above 1000 m2 s−1

for 2–3 h of the day. Interestingly, the lowest magnitudes of
ventilation coefficient (below 1000 m2 s−1) are observed during
the month of March with the smallest amplitude of diurnal cycle.
On average the very low values of ventilation coefficient are
observed in the night-time hours due to the low wind speed
along with the low ML height, thus indicating the capacity of
local sources of air pollution within the valley in controlling the
concentration air pollutants.

Particulate Matter Concentration
Variations
The annual variations of the daily averaged PM concentrations
from air quality monitoring station 35T measured during January
2017 to June 2018 are depicted in Figure 7, along with the
monthly accumulated rainfall data, providing a clear overview
of the haze season in the valley during February to April. The
PM2.5 (PM10) concentrations remain below 20 µg m−3 (40 µg
m−3) from May to October, being primarily controlled by the
wash-out effect of the precipitation. From November onward the
PM concentrations escalate gradually to higher concentrations.
During the year 2017 and 2018, the PM2.5 concentration
exceeded the Thailand ambient air quality daily standard of 50 µg
m−3 (24-h average) on a total of 59 and 58 days, respectively at air
quality monitoring station 35T. The months of February, March
and April being the active months affected by forest fires and crop
residue burning and weaker ventilation of the valley atmosphere
result in sustaining PM2.5 (PM10) concentrations above 30 µg
m−3 (50 µg m−3) throughout the dry season. Specifically, lowest
ventilation coefficient and subsequently highest concentration
of PM2.5 and PM10, were observed in the month of March
2018 indicating the clear role of ventilation affecting pollutant
accumulation within the valley.

In order to understand the effect of the variations in the ML
height on the dilution of the PM concentrations in the valley
of Chiang Mai, the monthly averaged diurnal variations in PM
concentrations and ML height are analyzed. A clear reduction in
the PM concentration is observed at the time corresponding to
the increase in the ML height for the month of February, March,
and April 2018, as depicted in Figures 8A–C. To further quantify
the correlation between ML height and PM concentration, the
simultaneous hourly measurements of the PM concentrations
and the MiniMPL measured ML height are analyzed during the
daytime hours (0700 to 1800 LT). A strong anti-correlation was
confirmed during the dry season, with the Pearson correlation
coefficient for PM2.5 (PM10) being –0.31 (–0.27); –0.48 (–0.51)
and –0.56 (–0.55) during February, March, and April 2018,
respectively, as depicted in Figures 8D–F, thereby, confirming
the role of ML evolution in the dilution of PM concentration.
Similarly, anti-correlation was also observed during April 2017.
Interestingly the ML evolution was strongly inhibited on 21 days
in March 2018, with daytime average ML height below 1 km
and an average PM2.5 (PM10) concentration of more than
75 µg m−3 (100 µg m−3). Such high concentration of PM
could have resulted in the enhancement of the stability of ML,
thereby resulting in the suppression of ML evolution and further
intensification of PM concentrations near ground surface. In
contrast, during other months of the year (May to January) the
dependency of PM concentrations on ML height is disguised
(Pearson correlation coefficient < –0.10) as a result of regular
events of precipitation.

DISCUSSION

The ML characteristics primarily define the dispersion, transport,
transformation, and deposition of the air pollutants in the
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FIGURE 7 | Daily mean values of PM (PM2 .5 and PM10) concentrations and monthly accumulated rainfall measurements from the Pollution Control Department
(PCD) air quality monitoring station at City Hall (35T), measured from January 2017 to June 2018.

FIGURE 8 | (A–C) Monthly averaged diurnal variations of PM (PM2 .5 and PM10) concentrations along with the variations in mean and median of ML height for the
month of February, March, and April 2018; (D–F) scatter plots of the hourly measurements of PM (PM2 .5 and PM10) concentrations vs. the ML height for the month
of February, March, and April 2018.
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atmosphere. Lower ML heights are usually associated with higher
PM concentrations near ground surface and vice-versa, although
this relation is not always very significant and sometimes opposite
as well (Geiß et al., 2017). Based on continuous MiniMPL
measurements from April 2017 to June 2018, ML height
variations were investigated in context with PM concentration
variations over the valley of Chiang Mai. The analysis provided
an overview of monthly averaged diurnal variations in the
ML height, AL Height, MLmax, MLmin, ML growth rate, and
ventilation coefficient providing a qualitative insight into the
interplay of various processes controlling the valley atmosphere.
Distinct diurnal cycles of ML and AL height evolution were
observed from April to December with AL being always higher
than ML with minimum difference during the afternoon hours.
In the months of January and February, two phases of ML
height evolution were observed with the daytime ML height
remaining below 2 km. The consistent feature of the gradual
evolution of ML height extending up to 15 LT, and decaying
afterward is observed for all months except for March 2018. The
daytime evolution of ML and AL was least prominent during
March, along with the lowest magnitude of daytime ventilation
coefficient, thus resulting in the strongest confinement of
pollutants within the valley. The significant impact of the ML
height on PM concentrations was observed during the dry season
from February to April (Pearson coefficient ≈ –0.50), implying
the role of ML height in the vertical mixing of the pollutants
in the valley atmosphere during the dry season with highest
PM concentrations.

The remarkably low ML during the month of March
is possibly the outcome of aerosol-boundary layer feedback
mechanism (Ding et al., 2013; Petäjä et al., 2016), wherein the
higher concentration of PM can enhance the stability of the ML.
The higher stability of ML implies weaker mixing and shallow
ML which further confines the pollutants and enhances the
PM concentrations near ground surface. The aerosol-boundary
layer feedback was found to be effective for PM concentrations
above 200 µg m−3 over topographically flat urban city in China
(Petäjä et al., 2016), however, for the Chiang Mai valley the
triggering limit was observed to be relatively lower (100 µg m−3).
The strong inhibition of ML evolution during March requires
detailed investigation in future studies, incorporating the optical
properties of the haze layer and heat flux variation in the ML.

The dataset is of significant importance in further studies
on the variations in the concentration of air pollutants in the
mountain valley atmosphere and the mitigation of strong haze

events. With adequate calibration and quality screening of the
backscatter profile, the vertical aerosol distribution in the Chaing
Mai valley can be investigated in future studies through the
dataset presented in this study. Also, the forecasting of air
quality during haze conditions can be significantly improved by
incorporating the aerosol boundary layer feedback mechanism
by assimilating the profile measurements of aerosol-absorption
and vertical distribution in the lower troposphere. The MiniMPL
is usually operated in a fixed vertical profile mode. However,
to further investigate the dynamic valley atmosphere in detail,
scanning profile measurements can be carried out during
future measurements.
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