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• Factors affecting the boundary layer
height (hmax) change in Sichuan Basin.

• The inversion layer in troposphere is the
main factor affecting hmax on cloudy
days.

• The vertical wind shear is the main fac-
tors affecting hmax on sunny days.

• The secondary circulation is much
weaker on cloudy days than on sunny
days.
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We investigated the factors influencing the daily maximum boundary layer height (hmax) and their relationship
with air quality in the SichuanBasin, China.We analyzed the factors influencinghmax on cloudy and sunny days in
winter using five years of observational data and a reanalysis dataset and investigated the relationship between
hmax and air quality. The inversion layer in the lower troposphere has a critical impact on hmax on cloudy days. By
contrast, the sensible heat flux andwind shear are themain influencing factors on sunny days, although the con-
tribution of the sensible heat flux to hmax is less than that of the wind shear. This is because the turbulence is
mainly affected by mechanical mixing induced by the topographic effect of the Tibetan Plateau to the west of
the Sichuan Basin. The secondary circulation over the Sichuan Basin is weaker on cloudy days than on sunny
days. These results are important for understanding the dispersion of air pollutants over the Sichuan Basin.
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1. Introduction

The Sichuan Basin is located in the center of the Sichuan–Chongqing
region of China, which includes Sichuan Province and Chongqing city.
The topography of the Sichuan–Chongqing region is complex. The Ti-
betan Plateau lies to thewest of the Sichuan Basin and the Panxi Plateau
lies to the southwest. The climate of this region shows wide variations
as a result of this varied topography. The Sichuan Basin is a region of
major haze in China due to large anthropogenic emissions and the
high population density (J. Li et al., 2016). Various atmospheric pollut-
ants are concentrated in high-intensity emissions and have led to a sig-
nificant deterioration in the local air quality. Haze, photochemical smog
and other types of atmospheric pollution frequently occur over the Si-
chuan Basin. The air pollution shows clear regional characteristics
(Ning et al., 2017) and is affected by the unique topography and climate
of the region. The environmental problems caused by the deterioration
in air quality cannot be neglected by industry (Cai et al., 2017; Sheehan
et al., 2014; Zhang et al., 2014; Zhang and Cao, 2015) because they affect
the lifestyle and health of the local population (Pope et al., 2002; Künzli
et al., 2005; Cohen et al., 2017). The environmental effects caused by the
deterioration in air quality have aroused widespread public concern.
The government has implemented strict air pollution control measures
in recent years and the air quality improved between 2013 and 2016 in
most areas of Sichuan and Chongqing.

The air quality is affected by both the emission sources and the me-
teorological conditions. Severe air pollution events are related to mete-
orological conditions with a poor capacity to disperse pollutants, the
structure of the planetary boundary layer, particular weather systems
and the atmospheric circulation (Bi et al., 2014; Deng et al., 2014; Gu
and Yim, 2016; Q. Li et al., 2016; Chen and Wang, 2015; Ye et al.,
2016; Zhang et al., 2003; Ning et al., 2018, 2019). Meteorological condi-
tions are the direct reason of dramatic short-term changes in air quality.
The characteristics of the atmospheric boundary layer are closely re-
lated to the dispersion and transport of pollutants and the boundary
layer height (BLH) is an important factor affecting air quality (Liao
et al., 2017; Zhang et al., 2016). The BLH varies day by day and com-
presses the volume in which pollutants can be dispersed. A decrease
in the BLH favors the accumulation of air pollutants,which leads to a de-
terioration in air quality. The diurnal variation of pollutants in the atmo-
spheric boundary layer involves various feedback processes and is
related to a number of different factors (Wang et al., 2016).

Many factors affect the thermodynamic and dynamic processes of
the atmosphere near the surface. These processes are the source of
Fig. 1. Topographic map (shading; units: m) of the Sichuan Basin (delineated in red) and su
heat and energy in the convective boundary layer (CBL) (LeMone
et al., 2007). Dynamic processes usually refer to wind shear (Moeng
and Sullivan, 1994; Huang et al., 2014) and thermal processes refer to
the buoyancy generated by heating of the underlying surface. Buoyancy
and wind shear are important mechanisms affecting the development
of turbulence and the spatio-temporal distribution of physical quanti-
ties in the CBL. The air in the CBL is fully mixed by heat bubble convec-
tion and wind shear. The effect of the sensible heat flux on the CBL has
been confirmed by large eddy simulations (Maronga and Raasch,
2013). Other factors, such as the scale of the heterogeneous surface
and the turbulent coherent structure, have a significant impact on the
local development and thickness of the CBL. In addition, a neutral resid-
ual layer covers the CBL in the desert areas of northwestern China and
the decreased surface heat flux determines the growth of the CBL
(Han et al., 2015), which varies between regions.

The most notable weather phenomenon in the Sichuan Basin is the
deep, strong inversion layer between about 3200 and 4200 m. This is
different from the inversion layer in the upper boundary layer, which
is at a height of about 1000–2000 m (Ning et al., 2018). This inversion
layer acts as a cover and affects the activity of the atmosphere within
the atmospheric boundary layer (Ning et al., 2018). The strong inversion
layer in the lower troposphere over the Sichuan Basin leads to the accu-
mulation of a large amount of water vapor below the inversion layer.
The inversion at the height of the plateau over eastern China is gener-
ated by the advection of warm air from the plateau, which provides fa-
vorable thermodynamic conditions for mid-level clouds (J. Li et al.,
2016). These clouds have a significant effect on the development of
the CBL (Jiang et al., 2009).

Previous studies have not taken into account the influence of differ-
ent factors on the BLH in the Sichuan Basin. When the cloud cover de-
creases from cloudy days to sunny days in winter, the mid-level
clouds disappear and the BLH is not affected by clouds at a height of
2000–4000 m (Jiang et al., 2009). On sunny days the BLH is determined
by the intensity of the wind shear (the dynamic factor) and the surface
sensible heat flux (the thermal factor) and other, as yet unknown, fac-
tors. It is therefore necessary to evaluate which factors determine the
growth of the CBL in the Sichuan Basin. This is important in studies of
the physical mechanisms of the development of the atmospheric
boundary layer. Few studies have explored the effect of the BLH on air
quality in the Sichuan Basin. We used observational data and a reanaly-
sis dataset to divide the weather conditions during the winter months
into cloudy and sunny days. We then investigated the factors affecting
the BLH on cloudy and sunny days and the relationship between the
rrounding areas showing the location of Chengdu and Chongqing stations (black dots).



Table 1
Root-mean-square errors (RMSE) between the ERA-Interim dataset and the observational
data.

RMSE Pressure level (hPa)

900 800 700 600 500

Temperature (°C) 2.1 2.8 2.3 3.2 4.3
Wind speed (m s−1) 1.3 1.5 1.5 2.4 3.4
Specific humidity (kg kg−1) 2.2 2.6 2.7 3.7 4.2
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BLH and air quality. It is very important for understanding the develop-
ment mechanism of boundary layer and the dispersion of air pollutants
under different weather conditions over the Sichuan Basin.

2. Data and methods

2.1. Location of the Sichuan Basin

Sichuan Province is located in southwest China. There are 22 cities in
this region, including Chengdu and Chongqing. Sichuan Province is
regarded as one of the most topographically complex areas in the
world (Liao et al., 2018). There are large differences in topographic
height across the region and the province can be divided into three
areas: the SichuanBasin, thewestern Sichuan Plateau and the Panxi Pla-
teau (Fig. 1). The region has experienced rapid economic development
in recent decades and has a high population density.

2.2. Meteorological data

We obtained the temperature, geopotential height, and the u and v
components of wind from the ERA-Interim daily dataset to analyze
the dynamic and thermodynamic conditions in the boundary layer.
The ERA-Interim dataset is a global atmospheric reanalysis dataset
from 1979 and is continuously updated in real time. The ERA-Interim
dataset includes both analyses (four times per day at 00:00, 06:00,
12:00 and 18:00 h UTC) and forecasts (from 00:00 and 12:00 in steps
of 3, 6, 9 and 12 h). The spatial resolution of the dataset is about
80 km (T255 spectral) on 60 vertical levels from the Earth's surface to
a height of 0.1 hPa. Surface and single-level field forecasts are available
to download from the web site (http://apps.ecmwf.int/datasets/data/
interim-full-daily/levtype=pl/). We obtained data for five winters
(from December to February of the next year) from December 2014 to
February 2019, including December 2014, 2015, 2016, 2017, 2018 and
Chengdu

Fig. 2. Distribution of the boundary layer height in the Sichuan Basin on (a) sunny and (b) clou
border of the Tibetan Plateau.
2019, and January and February 2015, 2016, 2017, 2018, 2019 (named
as Y1, Y2, Y3, Y4 and Y5).

The BLHwas obtained from the ERA-Interim daily dataset at the sur-
face with a 3 h temporal resolution (00:00, 03:00, 06:00, 09:00, 12:00,
15:00, 18:00 and 21:00 h UTC) (http://apps.ecmwf.int/datasets/data/
interim-full-daily/levtype=sfc/). This BLH is the level at which the
bulk Richardson number (Ricr) reaches the key value Ricr = 0.25
(Beljaars, 2006; Troen and Mahrt, 1986). The Ricr is calculated based
on the difference between quantities at that level and the lowest
model level. The bulk Richardson is computed from the following set
of equations:

ΔUj j2 ¼ uhbl−unð Þ2 þ vhbl−vnð Þ2 ð1Þ

svn ¼ cpTn 1þ εqnð Þ þ gzn þ 0:5K ð2Þ

svhbl ¼ cpThbl 1þ εqhblð Þ þ ghbl ð3Þ

Δs ¼ 8:5cpQ0v=ws ð4Þ

ws ¼ u3
� þ 0:6 g=Tð ÞQ0vhbl

� �1=3
unstable ð5Þ

ws ¼ u� stable ð6Þ

Rib ¼ hbl
2g svhbl−svn−Δsð Þ

svhbl þ svn−ghbl−gznð Þ ΔUj j2
ð7Þ

where index n indicates the lowest model level and hbl indicates the
boundary layer height where the level Rib = Ricr. The virtual dry static
energy from the lowest level svn is increased with a turbulent part Δs
and compared to the virtual dry static energy at boundary layer height
hbn. The boundary layer height is found by a vertical scan from the sur-
face upwards. If the boundary layer height is found to be between two
levels a linear interpolation is done to find the exact position. Since
the boundary layer height is needed for ws, the upward scan is done
twice. The first one uses hbl =1000m in the expression forws; the sec-
ond scan uses the result of the first scan.

Measurements from radiosondes launched at Chengdu (30.70° N,
103.83° E; elevation 541.0 m) (Fig. 1) and Chongqing (29.44° N,
106.37° E; elevation 464.7 m) stations at 00:00 and 12:00 h UTC
(08:00 and 20:00 h local time) were obtained from the University of
Wyoming website (http://weather.uwyo.edu/upperair/sounding.html)
and included the temperature, potential temperature and horizontal
wind profiles. Chengdu and Chongqing meteorological stations
Chengdu

dy days in winter 2014–2019. The oval outline is the Sichuan Basin and the red line is the

http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=pl/
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=pl/
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
http://weather.uwyo.edu/upperair/sounding.html


Fig. 3. Variation of (a) temperature (units: K), (b) specific humidity (units: kg kg−1) and (c) horizontal wind speed (units: m s−1) with time at Chengdu station using the ERA-Interim
reanalysis dataset from December13 to December 16, 2017. Time is UTC with four records on each day.
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provided the surface meteorological elements, including the wind
speed, temperature and cloudiness.

2.3. Air quality data

Haze pollution occurs more frequently in winter (Ning et al., 2018)
and we therefore studied the influence of the BLH on air quality in this
season. 95 and 18 stations were used to observe PM2.5 (i.e. particles
smaller than 2.5 μm) mass concentrations in Sichuan Province and
Chongqing city. The PM2.5 mass concentrations from December 2014
to February 2019were obtained from the China Air Quality OnlineMon-
itoring and Analysis Platform and were used to study the change in
PM2.5 characteristics and to investigate the relationship between air
pollution and weather conditions. The data available from each station
during the observation period were different as a result of the rapid de-
velopment of the observation networks. The 113 stations were divided
into 22 cities to compare air quality in different regions.

2.4. Methods

The total cloud fraction observed at Chengdu and Chongqingmeteo-
rological stations was used to divide the observations into clear and
cloudy days. A sunny day was defined as when the total cloud fraction
during the daytimewas b30%; otherwise, the daywas defined as cloudy
(CMA, 2017). Therewere about 70 sunnydays during thefivewinters of
the study period.

To compare the observations and the value in the ERA-interim, the
root-mean-square-error (RMSE) is used, which is defined as

RMSE ¼ M−1∑ f ob− f
� �2

� �1=2
ð8Þ
Fig. 4.Variation of (a) the boundary layer height and cloud fraction and (b) PM2.5 and PM10 and t
where the summation is made for M observations and fob and f are the
observations and the results of the ERA-interim, respectively.

To evaluate the correlation relationship between surface sensible
heat flux or turbulent shear stress and the maximum boundary layer
height (hmax), a correlation coefficient, denoted R2, is adopted,

R2 X;Yð Þ ¼ Cov2 X;Yð Þ
Var X½ �Var Y½ � ð9Þ

where Cov(X, Y) is the covariance between X and Y, Var[X] is the vari-
ance of X, Var[Y] is the variance of Y. X is the surface sensible heat flux
or the turbulent shear stress, and Y is the maximum boundary layer
height (hmax).

3. Results and discussion

3.1. Verification of the ERA-interim reanalysis dataset

Fig. S1 compares the temperature profiles of the ERA-Interim and ra-
diosonde datasets at Chengdu and Chongqing stations on cloudy and
sunny days. The air temperature from the ERA-Interim dataset agrees
well with the observations. There is a slight difference between the
ERA-Interim and observational data above a height of 800 hPa, but
they reflect the same trend. There is a temperature inversion between
650 and 500 hPa in both datasets. The height of the temperature inver-
sion on cloudy days (Fig. S1a) is lower than that on sunny days
(Fig. S1b) in both datasets.

Table 1 gives the root-mean-square errors (RMSEs) between the
ERA-Interim dataset and the radiosonde observations at different
heights over the five winters. The ERA-Interim data were close to the
observational temperature, wind speed and specific humidity and the
RMSEs increased with height.
he air quality indexwith time at Chengdu station fromDecember13 to December 16, 2017.



Fig. 5. Relation between the height of the base of the inversion layer and (a) the pressure at the base of the temperature inversion layer (PHi) and (c) the height of the base of the
temperature inversion layer (Hi), (b) the inversion temperature (Si) and (d) the thickness of the inversion layer (Ti) and the boundary layer height on cloudy days.
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The comparison of seasonally averaged BLHs derived from ob-
servations and ERA-interim reanalysis shows good agreement on
average (Guo et al., 2016). In addition, the BLH, is difficult to be
derived from soundings in the case of a weak inversion or a non-
perfectly mixed boundary layer, and at the time when the stable
boundary layer turn to the convective boundary layer (Seidel
et al., 2010). Furthermore, the radiosonde humidity sensor can in-
troduce systematic errors in clod and dry or cloudy conditions
(Seidel et al., 2012) which originate from changes in instruments,
observational practices, processing procedures, station relocations,
and other issues, resulting in many spurious changes and disconti-
nuities (Wang and Wang, 2014). Therefore, the ERA-Interim
dataset was suitable for use in our analyses. The focus of our
study was the daily maximum BLH (hmax), which represents the
final status of the CBL.
Table 2
Monthly distribution of elements on sunny and cloudy days at Chengdu.

Year Sunny days

AQI hmax

(m)
SSHF
(W m−2)

Wsh

(N m−2 s)
PHi

(hPa)
Hi

(m)

Y1 105 980 169 1812 644 3746
Y2 111 912 130 1993 664 3419
Y3 88 1228 303 4931 638 3770
Y4 90 1254 326 4643 604 3749
Y5 72 1378 389 4682 613 3770

AQI, air quality index; SSHF, surface sensible heat flux; Wsh, turbulent shear stress.
3.2. Influence of clouds and the inversion layer on hmax

Fig. 2 shows the distribution of hmax in the Sichuan Basin on
sunny (Fig. 2a) and cloudy (Fig. 2b) days during the winter from
2014 to 2019; hmax was higher on sunny days than on cloudy
days.

Fig. 3 shows the evolution of temperature, the water vapor mixing
ratio and the horizontal wind speed profiles during the transitional pe-
riod from December 13 to 16, 2017. December 13–14 were cloudy days
and December 15–16 were sunny days. There was an inversion layer
from 700 to 500 hPa on December 13–14, 2017. Jiang et al. (2009) sug-
gested that an inversion layer at this height is formed by the uplift of
surface heat from theQinghai–Tibetan Plateau and a prevailingwesterly
wind in winter. The inversion layer disappeared during the following
day (December 15, 2017).
Cloudy days

AQI hmax

(m)
SSHF
(W m−2)

Wsh

(N m−2 s)
PHi

(hPa)
Hi

(m)

205 908 160 1699 673 3230
204 892 127 1670 708 2962
172 1111 289 4484 680 3284
181 1123 238 4390 623 3123
172 1213 289 4362 664 3320



Table 3
Monthly distributions of elements on sunny and cloudy days at Chongqing.

Year Sunny days Cloudy days

AQI hmax

(m)
SSHF
(W m−2)

Wsh

(N m−2 s)
PHi

(hPa)
Hi

(m)
AQI hmax

(m)
SSHF
(W m−2)

Wsh

(N m−2 s)
PHi

(hPa)
Hi

(m)

Y1 118 951 178 1778 636 3920 241 908 143 1621 645 3348
Y2 124 936 142 1854 612 3365 229 892 136 1751 726 2864
Y3 98 1466 318 4459 659 3425 198 1335 245 4189 691 3248
Y4 105 1342 320 4642 641 3558 152 1284 271 4126 683 3367
Y5 122 1568 334 4581 626 3565 134 1356 236 4184 657 3369
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Fig. 3b shows that therewas an inversion layer in the specific humid-
ity between 700 and 500hPa onDecember 13, 2017,which disappeared
on December 15–16. The isohumidity line changed steadily with time.
Fig. 4c shows the variation inwind speedwith time. Thewind speed be-
tween 1000 and 850 hPawas low on December 13–14 and the distribu-
tion of isovelocity line was sparse. The wind speed increased on
December 15–16 and the distribution of isovelocity line became
dense. The inversion temperature disappeared, thewater vapor content
decreased, the wind speed increased and hmax increased when the
cloudy days changed to sunny days, in contrastwith the results reported
by Jiang et al. (2009) and Ning et al. (2018). The inversion temperature
therefore may not be the main factor affecting hmax on sunny days.

Fig. 4a shows the relationship between the cloud fraction and hmax.
The cloud fraction on December 13–14 was 8 and hmax gradually in-
creased from December 13 to 16. The formation of this type of cloud is
related to the inversion layer in the lower troposphere (J. Li et al.,
2016). The cloud fraction gradually decreased to 0 from December 14
to 16, indicating that the cloudy days changed to sunny days. Fig. 4b
shows the changes in PM2.5, PM10 (i.e. particles smaller than 10 μm)
and the air quality index over time. The air quality index decreased
from 115 on December 13 to 40 on December 16, the concentration of
PM10 decreased from 105 μg m−3 on December 13 to 70 μg m−3 on De-
cember 16, and the concentration of PM2.5 decreased from80 μgm−3 on
December 13 to 40 μgm−3 on December 16, indicating that the concen-
tration of pollutants decreased and the air quality improved. Therefore
when cloudy days turned to sunny days, the inversion temperature dis-
appeared and there was a decrease in the water vapor content and
cloud fraction, although hmax increased. These results led to a decrease
in the concentration of pollutants.

To analyze further the effect of the temperature inversion on hmax,
we selected all the cloudy days from the 2014–2019 winters and then
Fig. 6. Significance test of the correlation between the sensible heat flux and themaximumof th
leftmost red dot is Chengdu and the rightmost red dot is Chongqing. The oval shape reflects th
investigated the relationship between the height of the base of the tem-
perature inversion layer (Hi), the pressure at the base of the tempera-
ture inversion layer (PHi), the size of the temperature inversion (Si),
the thickness of the inversion layer (Ti) and hmax (Fig. 5). All the data se-
ries were normalized to facilitate the comparison, which was obtained
using the average value. There was a strong correlation between PHi

(Hi) and hmax with a correlation coefficient (R2 = 0.5) of 0.5, which
passed the salience test at the 95% confidence level. The correlation be-
tween Si and hmax was lower than that of PHi. There was a large gap be-
tween the height of the BLH and the height of the inversion layer, which
cannot be categorized as the atmospheric boundary layer. The existence
of the inversion layer significantly altered the stratification of the atmo-
sphere and affected the distribution ofwater vapor in the atmosphere. A
large amount of water vapor accumulated in the lower troposphere and
reached very high levels, contributing to the formation of mid-level
clouds in this region.

To further verify the accuracy of these results, we classified the days
into cloudy and sunny days (Figs. S2 and S3). We can see that the PM2.5,
maximum of boundary layer height (hmax), surface sensible heat flux
(SSHF) and turbulent shear stress (Wsh) in sunny day is smaller than
that in the cloudy day at Chengdu. During the sunny day, the PM2.5 de-
creases, but the hmax, SSHF and Wsh increase (Fig. S2a). The results at
Chengdu are similar with that in Chongqing (Fig. S3).

They are also classified by year (Tables 2 and 3). In the statistic re-
sults, there was little difference between the sunny and cloudy days in
different years, but the air quality index on cloudy days was larger
than that on sunny days, whereas PHi and the BLH on cloudy days
were lower than those on sunny days, further confirming the accuracy
of the statistical results. The inversion layer acted like a cover and hmax

decreased with an increase in the thickness of the cover, which was
not conducive to the diffusion of pollutants. hmax increased as the
e boundary layer height (hmax) on (a) sunny and (b) cloudy days in Sichuan Province. The
e outline of the Sichuan Basin.



Fig. 7. Significance test of correlation between thewind shear and the boundary layer height on (a) cloudy and (b) sunny days in Sichuan Province. The oval shape reflects the outline of the
Sichuan Basin.
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thickness of the cover decreased,which favored the dispersionof pollut-
ants. The results for Chongqing city were similar to those for Chengdu,
consistent with the results of Ning et al. (2018).

3.3. Influence of the sensible heat flux on hmax

Our study of the effect of the inversion layer showed that it is neces-
sary to determine the other factors that affect hmax on sunny days. We
Fig. 8.West–east vertical cross-sections of temperature (shading; units: °C) and wind vectors (
BST onDecember 12, 2019, (b) 08:00 BST onDecember 13, 2017 and on cloudy days at (c) 14:00
is multiplied by 100 when plotting the wind vectors. The gray shading represents the terrain. T
hmax.
therefore investigated the influence of the sensible heat flux on hmax.
Fig. 6 shows the results of the significance test for the correlation be-
tween the sensible heat flux and hmax on both cloudy (Fig. 6a) and
sunny (Fig. 6b) days in the Sichuan Basin during the study period.
There was a good correlation between hmax and the sensible heat flux
in the central Sichuan Basin on sunny days (shaded area) with a confi-
dence level N95%. By contrast, the correlation between hmax and the sen-
sible heatflux over the Qinghai–Tibetan Plateau inwestern Sichuanwas
synthesized by u andw) through the Sichuan Basin (30.75° N) on sunny days at (a) 14:00
BST onDecember 16, 2017 and (d) 14:00 BST on December 17, 2017. The vertical velocity
he solid line represents the base of the inversion layer and the red dotted line represents
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not significant at the 5% level. The significance tests showed that the
sensible heat flux was not an important factor in determining hmax on
cloudy days, which further confirms that the main factor influencing
hmax on cloudy days was the inversion layer.

Based on the spatial correlation between the sensible heat flux and
hmax in the Sichuan Basin, we selected sites in different regions and at
Chengdu and Chongqing (Fig. S4) stations for further investigation.
The results showed a clear linear correlation between the sensible
heat flux and hmax on sunny days at Chengdu and Chongqing
(Fig. S4a) that was larger than the correlation on cloudy days
(Fig. S4b). The value of hmax increased with the increase in the sensible
heat flux, indicating that the relationship between hmax and the sensible
heat flux was better than that on cloudy days.
3.4. Influence of wind shear on hmax

Fig. 7 shows the significance test for the correlation between the tur-
bulent surface stress and hmax on both sunny (Fig. 7a) and cloudy
(Fig. 7b) days in the Sichuan Basin during the study period. The turbu-
lent surface stress can be used to represent the wind shear. The correla-
tion between hmax and the turbulent surface stress in the central region
of the Sichuan Basin was excellent on sunny days, with a correlation co-
efficient close to 1, and passed the significance test at the 5% level. The
value of hmax increased with an increase in the turbulent surface stress,
indicating that thismade a profound contribution to the boundary layer.
By contrast, the relationship between hmax and the turbulent surface
stress passed the significance test in only a few regions on cloudy
days, indicating that the turbulent surface stress was not an important
factor in determining hmax on cloudy days. This result further confirms
that the inversion layer is themain factor affecting hmax on cloudy days.

Chengdu was selected as a representative station to further study
the relationship between wind shear (turbulent surface stress) and
hmax (Fig. S5). The correlation between hmax and wind shear was very
good on sunny days. The correlation coefficient was almost 1, and was
significant at the 5% level in sunny days. The correlation coefficient
was only 0.1 and was not significant at the 5% level in cloudy days.
The results at Chengdu were similar to those at Chongqing. The value
of hmax increased with an increase in the turbulent surface stress, indi-
cating that the turbulent surface stress made a key contribution to the
BLH.
3.5. Effect of terrain on hmax

Fig. 8 shows west–east vertical cross-sections of the temperature
and wind vectors (synthesized by u and w) through the Sichuan Basin
during both sunny and cloudy days to explain why hmax was closely re-
lated to the wind shear. Fig. 8a shows that there was a temperature in-
version at 650 hPa height on cloudy days and that a secondary
circulation occurred in the basin. Fig. 8c shows that the inversion layer
formed above 600 hPa on sunny days, higher than on cloudy days.
There was a normal vertical lapse rate at 750–700 hPa on cloudy days
(Fig. 8c). The secondary circulation was stronger than that on cloudy
days in the Sichuan Basin. The wind direction in Chengdu was from
the top to the bottom of the mountains.

The value of hmaxwas higher on sunny days than on cloudy days as a
result of the mechanical turbulence induced by the terrain. The second-
ary circulation in the boundary layer was stronger on sunny days than
on cloudy days. This secondary circulation was induced by the terrain
and was similar to a mountain valley breeze. This stronger secondary
circulation increased thewind shear and turbulentmixing and provided
the energy required to increase hmax, resulting in the transport of pollut-
ants between the city and the mountains, increasing pollution (Huang
et al., 2018). This is the reason why the wind shear makes a major con-
tribution to the increase in hmax on sunny days.
4. Conclusion

We used observational and reanalysis data for the winter months of
2014–2019 to investigate the effect of the BLH on both cloudy and
sunny days and the relationship between the BLH and air quality.

Our results show that the inversion layer in the lower troposphere
has a vital impact on the BLH on cloudy days. While on sunny days,
the inversion layer disappears as the amount of water vapor and cloud
fraction decrease and hmax increases. The sensible heat flux and wind
shear are themain influencing factors on sunny days, although the con-
tribution of the sensible heatflux is less than that of thewind shear. This
is largely due to the turbulence is mainly caused by mechanical mixing
of the secondary circulation. The secondary circulation induced by the
topographic effects of the Tibetan Plateau is weaker on cloudy days
than on sunny days.
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