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Abstract: Variations in Guangzhou's aerosol optical characteristics and their possible causes are studied against the

large-scale background of South China Sea summer monsoons

(SCSSM) using aerosol data derived from Panyu

Atmospheric Composition Watch Station in Guangzhou and the National Centers for Environmental Prediction/National
Center for Atmospheric Research (USA). The data is reanalyzed to develop a composite analysis and perform physical
diagnoses. Analysis of the results shows that aerosol extinction in Guangzhou first increases then decreases during the
active period of a SCSSM, with variations in the stratification of the planetary boundary layer (PBL) and environmental
winds playing important roles in affecting Guangzhou's aerosol optical characteristics. Regional diabatic heating and
anomalous cyclonic circulations excited by monsoon convection induce environmental wind anomalies that significantly

modify the stratification of the PBL.
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1 INTRODUCTION

The term “atmospheric aecrosol” generally refers to
solid or liquid particles suspended in the atmosphere,
which can come from natural processes or human acti-
vities and range from nanometers to tens of microns in
diameter. Natural particle sources include volcanic ash,
cosmic dust, pollen, seawater droplets, soil dust, and so
on. Since the age of industrialization, human activities
have directly discharged a large number of particles and
pollution gas into the atmosphere, the latter also trans-
forming into aerosol particles such as sulfate, nitrate,
ammonium salt, organic carbon, elemental carbon, and
mineral elements through heterogeneous chemical reac-
tions. Aerosol research began in the middle of the 19th
century with Tyndall’s aerosol optical experiment in
1869 and Rayleigh’s light scattering theory in 1871. As
aerosols have a significant influence on climate change,
cloud physics, visibility, environmental quality, cycling
of atmospheric trace elements, and human health, re-
search in the field developed rapidly through the 20th
century, gradually becoming a multi-interdisciplinary re-
search field in the 1970s. More recently, scientists not
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only revealed a correlation between atmospheric
aerosols and climate change (Babu and Moorthy M
Meinrat ; Menon et al.”; Houghton et al.™), but also
proved atmospheric aerosols’ radiation effect on climate
change through numerous experiments (Ramanathan et
al.l; Won et al.™; Lau et al.!), observation and data
analysis (Jacobson®™; Lohmann and Lesins®; Cao et al.';
Penner et al.!'"), and numerical simulation (Su et al.l';
Deng et al.™). As an essential constituent for global
change, the effects of aerosol radiation has become an
important topic of wide concern by scientists and one of
the hot issues of current global change research (Reddy
and Venkataraman"¥; Wang et al.'’; Chen et al. ")
Monsoon-induced floods, droughts, and other natu-
ral disasters threaten more than 60% of the global popu-
lation. As a result, the effects of aerosol radiative forc-
ing on large-scale monsoon systems have received con-
siderable attention in the last 10 years. Previous studies
have shown that aerosol radiative forcing can affect the
rainfall or rainband distribution in the South Asian mon-
soon (Zhou et al.™; Devara et al.['%; Chen et al.l;
Wang et al.l'), the East Asian monsoon (Gu et al.™;
Huang et al.”?), the African monsoon (Siknib et al.™;
Huang et al.”), and the South American monsoon (Lin
et al.?¥). While there has been a considerable amount of
research studying this relationship between aerosol ra-
diative forcing and monsoons, there is still a lack of ob-
servational data. Many of these studies use model
aerosol distributions to simulate radiative forcing, which
leads to more uncertainty in the analysis. On the other
hand, different aerosol distributions can cause a signifi-
cant difference in radiative effects due to large spatial
and temporal variations. Therefore, it is very important
to fully define the spatial and temporal variations of an
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aerosol based on observational data.

In recent years, aerosol pollution over the Pearl
River Delta region has become increasingly serious,
leading to a worsening in visibility. Analysis of the
aerosol optical thickness distribution from EOS/MODIS
satellite remote sensing data indicates that atmospheric
aerosol pollution over the Pearl River Delta urban areas
is getting more serious than the aerosol pollution over
surrounding areas (Wu ). Therefore, to study the cli-
matic effects of aerosols in the Pearl River Delta, we
must understand the spatial and temporal distribution
characteristics of the aerosols and the reasons for these
differences. Previous research in the topic has often
used local weather conditions to explain this distribution
of aerosols. From a climatology viewpoint, however, we
also do not know much about the variations occurring
within the large-scale climatic background of the area.
Thus, this paper uses the aerosol data collected at Panyu
Atmospheric Composition Watch Station (AC-Watch) in
Guangzhou to study the variation and its possible causes
in Guangzhou’s aerosol optical characteristics over the
large-scale regions affected by South China Sea summer
monsoons (SCSSM).

2 DATASETS

In this paper, the daily aerosol absorption coeffi-
cient (532 nm) and scattering coefficient (525 nm) were
calculated from instrument observations at AC-Watch in
Guangzhou. The absorption coefficient was derived by
substituting the black carbon density measured into Eq.
(3) of Wu et al.®using an aethalometer(Magee scientific,
AE31), while the scattering coefficient was measured by
a turbidimeter (Ecotech, M9003). Variables describing
the monsoon background—consisting of « and » winds,
air temperature, specific humidity, net longwave and
shortwave radiations, and sensible heat flux—came
from the National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research
(NCAR) reanalysis data (Kalnay et al.). Moreover,
GPCP Satellite-Derived  (IR) GPI Daily Rainfall
(Janowiak and Arkin®) is also used in the paper. All of
the data span from May to September in 2008 and
2009. A 5-d running mean has been made in all the da-
ta to remove, to some extent, high-frequency signals.
According to Zheng et al.”, we define a circulation in-
dex (CI) using Egs. (1) and (2) to describe monsoon ac-

tivity
],, = Uy =~ Ugs0, (1050 to 1200 E mean) (1)
Iv = Va0 = Vgs0, (1050 to 1200 E mean) (2)

The circulation conditions of SCSSM activity are
reached when both 7, and I, are less than zero and there
are opposite signs for winds in the upper and lower tro-
posphere, respectively. We define a period of SCSSM
activity as having a positive precipitation departure av-
eraged over the region bounded by 105°-120°E and 5°
-20°N, maintained over one or more pentad (5 days).
Note that the SCSSM activity can be described more

accurately by defining the SCSSM activity using both
circulation and convection (Zheng and Meng®”). In ad-
dition, an obvious CI center near 5° N during the peri-
od of SCSSM activity indicates significant activity. The
South China Sea (SCS) region in this paper is the re-
gion 105°-120°E, 5°-20°N, where SCSSMs are active
and the activity conditions are met in all other regions
which are affected by the SCSSM.

3 DATA ANALYSIS

3.1 SCSSM actwity and aerosol optical characteristics in
Guangzhou

Figure la shows the average change in precipita-
tion in the SCS region over time through the observed
period of 2008. Note that there are 5 periods of continu-
ous positive departures corresponding to areas of a CI
less than zero (Fig. 1b). Within these 5 periods, signifi-
cant SCSSM activities occur in the three periods of 9 to
17 May, 22 July to 11 August, and 6 to 30 September,
as defined by their high center of CI values near 5°N.
The maximum CI values for these periods occur on 15
May, 3 August, and 25 September, respectively. These
data indicate that the SCSSM was very active during
these three periods. On the other hand, there are no evi-
dent CI centers for the two periods of 20 to 24 June and
2 to 8 July, even though the precipitation changes are
positive, thus indicating that the SCSSM activity in
these periods was relatively weaker. Fig. lc shows the
standardization of the Guangzhou aerosol absorption co-
efficient (solid line) and the scattering coefficient (dot-
ted line). Standardization is defined as the original value
divided by its standard deviation, which provides a unit
less standardized value with a variance of 1. We can
see from Fig. lc that the optical characteristics of
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Figure 1. (a) Precipitation changes (mm) averaged in the South
China Sea region (105° to 120°E, 5° to 20°N); (b) South China
Sea summer monsoon circulation index (m/s), where shaded ar-
cas denote both meridional and zonal circulation indices that
are less than zero; and (c) standardized aerosol absorption (sol-
id line) and scattering (dash line) coefficients. All data is over
the period from May to September 2008.
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Guangzhou aerosols possess significant intraseasonal
variations, especially during SCSSM’s active period.
Following the start of each typical SCSSM activity,
Guangzhou aerosol extinction properties increase and
reach the maximum on the most active day of the SC-
SSM before weakening again.

Figure 2 shows the 4 active periods of the SCSSM
in 2009, corresponding to 9 to 21 July, 28 July to 4 Au-
gust, 30 August to 14 September, and 20 to 30 Septem-
ber, respectively. Corresponding CI centers occur on 15
July, 3 August, 8 September, and 25 September, respec
tively. Fig. 2c¢ shows that the Guangzhou aerosol extinc-
tion between May and September of 2009 first increases
then decreases during each active SCSSM period. In or-
der to highlight this change, we made a composite anal-
ysis using the reference date according to the active CI
center. Although aerosol extinction has an interannual
variation, this extinction has little effect on intraseasonal
time scales because the aerosol extinction is a change
relative to the mean of each SCSSM period. Since there
is a lack of aerosol extinction characteristics in late
September 2008, the composite analysis excludes the
period of 6 to 30 September. Both Fig. 1 and Fig. 2
show that the CI center occurs in the mid- and late-peri-
od of each active SCSSM, so each composite consists
of data from 10 days before the reference day to 5 days
after it (Fig. 3).

We can see from Fig. 3a and 3b, which shows the
active SCSSM period from -7 days to +5 days, that
there is a period of high precipitation over the SCS re-
gion when the CI reaches its extreme, then decreases as
the absolute value of the CI decreases. Fig. 3c and 3d
illustrates that both the composite Guangzhou aerosol
absorption coefficient and the scattering coefficient
weaken after an initial increase. However, the absorp-
tion coefficient reaches the maximum a few days before
the reference date, while the maximum scattering coef-
ficient appears several days after the reference date.

€ -45
s ~N
0 P \ A
i Y
5
TMAY 16MAY TJUN 16JUN 1JUL 16JUL 1AUG 16AUG 1SEP 165EP
2009

Figure 2. Same as Fig.1 but for the period encompassing May
to September 2009.
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Figure 3. (a) composites of the precipitation changes averaged
in the SCS region (mm); (b) 105° to 120°E, 5° to 7.5°N aver-
aged SCSSM circulation index (m/s); (c) Guangzhou aerosol
absorption coefficient departure (mm™); and (d) scattering co-
efficient departure (mm™). Time zero denotes the reference
date corresponding to the circulation index center, where a
negative time represents the days before the reference date and
a positive time the days after.

3.2 SCSSM effects on the optical characteristics of
Guangzhou aerosols

3.2.1 STRATIFICATION VARIATIONS OF THE PLANETARY
BOUNDARY LAYER

Aerosol extinction coefficients are prone to in-
crease over time when subjected to bad diffusion due to
stable stratification of the planetary boundary layer
(PBL). Fig. 4 shows the rate of change in temperature
(averaged over the 115°-120°E, 22.5°-25°N region).
When the SCSSM is active, PBL stratification tends to
stabilize. The stratification starts to become unstable 3
days prior to the reference date, a result consistent with
an evident curve in temporal variations of the extinction
coefficients (see Fig. 3¢ and 3d) even though the scat-
tering coefficient increases until to 2 days after the ref-
erence date. This result reveals the evident effects of
stratification variation on aerosol absorption and scatter-
ing coefficients, as well as the latter being affected by
other important factors in the early active stages of the
SCSSM. Moreover, Fig. 4 shows that stratification of
the PBL becomes more and more stable up to the day
when the SCSSM is most active. However, the absorp-
tion coefficient still decreases during this same period,
while the scattering coefficient also begins to decrease 1
day after the reference date. This implies that there are
other more important factors than the stratification of
temperature impacting the extinction coefficient in the
late active stage of SCSSM.

The following analysis focuses on understanding
the reason why extremum appear on the relative days -5
and -1; the extremum on date +2 is neglected since the
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stratification is not a key factor of the extinction coeffi- time is mainly due to advection, adiabatic, and diabatic
cient at this stage. The variation in the temperature over heating (see Fig. 5).
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Figure 4. Composite of the rate of change in temperature (10°x K/s) averaged over 15° to 120°E, 22.5° to 25°N. Time zero de-
notes the reference date corresponding to the circulation index center, where a negative time represents the days before the refer-
ence date and a positive time indicates the days following it.
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Figure 5. Composite analysis of the rate of change in local temperature (10°x K/s), averaged over the region of 115° to 120°E: (a)
925 hPa and (b) 700 hPa. The left image is for the day -5, while the right image is for the day -1. Here, AT/A: is the local change
in temperature over time, HA is the horizontal advection, VA is the vertical advection, AH is the adiabatic heat flux, and DH is the
diabatic heat flux.

The horizontal advection can be written as is averaged from 1 May to 30 September in 2008 and
2009. The vertical advection is
OT T —9oT -9oT

HA =—-u(——-v—+u——-+=+v —) A3)
ox Oy Ox Oy VA——wZ—T )
P

“_»

where denotes the time average. In this paper, time
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while the adiabatic heat flux is written as

AH =—w RT 5)

c,p
and the diabatic heat flux as
DH=AT/At—HA-VA—-AH ()

The left panel of Fig. S5a illustrates the rate of
change in temperature over the time averaged over 115°
-120°E, 22.5°-25°N at 925 hPa on day -5. The signs for
the advection and diabatic terms of the local tempera-
ture change express the positive impact with the larger
contribution coming from the vertical advection term.
The right image of Fig. 5a shows that both the adiabatic
and diabatic heat have the same sign as the shift in lo-
cal temperature on day -1 at 925 hPa, and the adiabatic
heat term almost balances that for advection. Fig. 5b
displays very little local temperature change at 700 hPa
five days and one day before the CI maximum (-5 and
-1), but significant amount of advection, adiabatic, and
diabatic heat flux. In addition, Fig. 5 indicates that the
vertical advection term is always negative while the adi-
abatic heat flux is always positive. Note that, on these
two days, the pressure vertical velocity in the PBL is
positive, resulting in sinking motion and adiabatic heat-
ing. Meanwhile, the vertical mean temperature gradients
are downwards while anomalous temperatures are
climbing, leading to little negative vertical advection.

Our calculations of the net surface longwave radia-
tion, shortwave radiation, and sensible heat flux (figure
omitted), indicate that the net heat flux cooled the sur-
face air on day -5, a result consistent with the diabatic
term in the left panel of Fig. 5a. On the other hand, the
net heat flux on day -1 warmed the surface air, resulting
in the positive diabatic term shown in the right image of
Fig. Sa.

The above analysis shows that the rate of change
in temperature is a key factor affecting variations in the
stratification of the PBL. From the initial active phase
to 1 day before the mature active phase, the advection
contribution on temperature rate of change, averaged
over the region of 115°-120°E, 22.5°-25°N, shifted from
a positive effect to a negative one, while the adiabatic
term shifted in the opposite way. Note that the diabatic
term was positive throughout this entire period.

3.2.2 CHANGE OF HORIZONTAL WINDS

Winds are composed of mean winds and variations
in those winds. Fig. 6 shows the mean winds at 925
hPa, which consists of a weak leaning south wind over
the region of 115°-120°E, 22.5°-25°N and a strong
southwesterly wind over the SCS during the SCSSM.
Therefore, the winds of the 115°-120°E, 22.5°-25°N re-
gion are derived from the SCS southwesterly and the
southeasterly of the western Pacific high. The evolution
of the composite wind changes is shown in Fig. 7.

B
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Figure 6. Winds (m/s) averaged over the period 1 May to 30
September in 2008 and 2009 at 925 hPa.

Fig. 7a indicates the presence of a non-active SC-

SSM in the 2 pentads (10 days) before the mature ac-
tive phase. As a result, the cyclonic anomalous circula-
tion does not appear over the SCS, but instead over the
western North Pacific. There are also weak southerly
anomalous winds over the region of 115°-120°E, 22.5°
-25°N, which enhances the mean wind speed. The mean
wind is 1.83 m/s, while the strengthened wind speed is
2.98 m/s. At this stage, both the anomalous winds and
the stratification of the PBL (Fig. 4) benefit the aerosol
diffusion, which consequently weakens the total aerosol
extinction characteristics (Fig. 4c and 4d).

In the pentad before the mature active phase of the
SCSSM, the monsoon becomes more and more active.
At this point, the vortex center is east of the Philippines,
with anomalous cyclonic vorticity occurring over the
SCS (Fig. 7b). The northwest of the cyclonic circulation
covers the region of 115°-120°E, 22.5°-25°N with an
anomalous wind opposite of the mean wind direction,
resulting in a generally decreased wind speed that de-
creases aerosol diffusion.

SCS convection is strongest in the active period of
the mature phase of the SCSSM when the formed
anomalous cyclonic vorticity is maximum (Fig. 7c). In
this period, the region of 115°-120°E, 22.5°-25°N lies to
the north of the circulation, where the anomalous wind
vigorously competes against the mean wind, resulting in
a wind speed of 4.66 m/s that favors increased aerosol
diffusion. This explains why the aerosol absorption co-
efficient begins to decrease at this stage and why the
scattering coefficient displays an evident step in the few
days before the SCSSM active mature phase. This anal-
ysis also explains, at least in part, the question of why
the aerosol extinction coefficient is still small at this
stage, since the stratification of the PBL tends to stabi-
lize after the active mature phase of the SCSSM.

In the first pentad after the active mature phase of
the SCSSM, the monsoon marches northwards and af-
fects the north region of the SCS. At this point, its con-
vective center and cyclonic circulation shift northwards
and the region of 115°-120°E, 22.5°-25°N is now situat-
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Figure 7. Composite changes in anomalous winds (m/s) at 925 hPa: (a) day -10, (b) day -5, (c¢) day 0, and (d) day +5.

ed at the edge of the circulation center. Although in
some areas the anomalous wind is weak, the average re-
gional wind is still relatively strong, continuously accel-
erating aerosol diffusion.

4 CONCLUSIONS AND DISCUSSIONS

(1) During the active period of the SCSSM, the
Guangzhou aerosol extinction coefficient first increases
and then decreases, with the transition date occurring
during the active mature phase of the SCSSM. The ab-
sorption coefficient reaches its maximum value 2 days
before the mature phase, while the scattering coefficient
achieves its maximum value 1 day after the mature
phase.

(2) In the active period of the SCSSM, diabatic
processes play a continual important role in affecting
PBL stratification. The advection term positively con-
tributes to the change of PBL stratification in the early
active stage of the SCSSM but restrains its change in
the mature phase. The effect of the adiabatic term is
contrary to the effect of the advection term.

(3) In the early active stage of a SCSSM, the
anomalous and mean flows have opposite directions of
approximately the same magnitude over the region of
115°-120°E, 22.5°-25°N, which decreases overall wind
speed. In the mature and late stages, however, convec-
tion lies in the SCS and gradually moves northward. At
this point, the anomalous flows in the northern circula-
tion are significantly stronger than the mean flows,

which increases wind speed over the region.

(4) In the early and mature active stages of a SC-
SSM, the regional PBL stratification changes from a
stable to an unstable state, while wind speed increases.
These environmental conditions cause acrosol changes
in the region to shift from accumulation to diffusion,
while the extinction coefficient changes from an in-
creasing value to a decreasing one. In the late active
phase of the SCSSM, the regional PBL stratification
tends to stabilize, but the strong wind speed continues
to enhance aerosol diffusion. Therefore, the aerosol ex-
tinction coefficient continues to decrease, or at best re-
mains static, during this late active phase.

Large regional wind speeds generally play a more
important role than PBL stratification in affecting
aerosol distribution. When the wind is not strong e-
nough and as PBL stratification stabilizes, these two ef-
fects can balance one another. As shown in Fig. 3¢ and
3d, Fig. 4, and Fig. 7, wind speed has a significant ef-
fect on aerosols after the mature active phase of the SC-
SSM. However, around day +5, the PBL stratification
increasingly stabilizes and the wind speed weakens,
which can cause the aerosol extinction coefficient to re-
main static or perhaps even slightly increase. Determin-
ing the exact nature of this change in the extinction co-
efficient during this stage requires more research into
the quantitative relationship between these two factors.

Note that the absorption coefficient has a good re-
lationship between wind speed and PBL stratification in
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the active period of the SCSSM. However, under the
condition of the unstable PBL stratification and very
strong wind speeds during the period of day -2 to +1,
the scattering coefficient continues to increase, which
contradicts with the analysis above. The specific humid-
ity over the region of 115°-120°E, 22.5°-25°N increases
starting at day -1 (Fig. 8b), which corresponds to in-
creased precipitation during the same period (Fig. 8a).
This increase in specific humidity and resultant hygro-
scopic growth could reinforce the aerosol scattering a-
bility (Wu et al.”™). Fig. 8c shows a remarkable increase

in aerosol scattering properties during the period from
day -1 to +1, which we tentatively attribute to the above
aerosol hygroscopic growth. However, the strengthening
rainfall and resultant wet deposition clearly reduces the
aerosol particles, which causes the aerosol scattering co-
efficient to decrease after the mature active phase of the
SCSSM. Thus, it follows that there is some relationship
between the aerosol scattering properties in Guangzhou
and the aerosol hygroscopic growth and wet deposition.
This aspect of our results also deserves attention and fu-
ture research.
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Figure 8. Same as Fig. 3, but for (a) precipitation changes (mm) averaged over 115° to 120°E, 22.5° to 25°N, (b) specific humidi-
ty changes (g/g) averaged in the same region, and (c) single scattering albedo in Guangzhou (525 nm).
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