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Abstract. Our knowledge is still poor regarding the response
of the precipitation vertical structure to aerosols, partly due
to the ignorance of precipitation occurring at different spatial scales. A total of 6 years of collocated ground-based
PM10 and satellite-based (Tropical Rainfall Measuring Mission, TRMM) radar data, along with ERA-Interim reanalysis, are used in this study to investigate the aerosol effects
on three localized rain regimes (shallow, stratiform, and convective rain) over the Pearl River Delta region of China. A
subjective analysis method is proposed to discriminate between the localized and synoptic-scale precipitations based
on weather composite charts where daily averaged wind field
at 850 hPa is overlaid with the geopotential height at 500 hPa.
In general, average rain rate tends to be greater under polluted conditions than under clean conditions. But such potential aerosol effects are regime dependent: as the atmosphere
becomes slightly polluted (PM10 ≤ 38 µg m−3 ), the top 1 %
radar reflectivity (Z) for all regimes initially increases, followed by continued increases and weak decreases for convective and stratiform/shallow rain regimes, respectively. As
the atmosphere becomes much more polluted, such regime

dependences of aerosol effects are more significant. From
a perspective of the vertical Z structure, comparisons between polluted conditions (days with the highest third of
PM10 concentration) and clean conditions (days with the
lowest third of PM10 concentration) show that the convective rain regime exhibits a deeper and stronger Z pattern,
whereas a much shallower and weaker Z pattern is observed
for stratiform and shallow precipitation regimes. In particular, the top height of the 30 dBZ rain echo increases by
∼ 29 % (∼ 1.27 km) for the convective regime, but decreases
by ∼ 10.8 % (∼ 0.47 km) for the stratiform regime. However,
no noticeable changes are observed for the shallow precipitation regime. Impacts of meteorological factors are further
studied on both rain top height (RTH) and the center of gravity of Z, including vertical velocity, vertical wind shear, convection available potential energy, and vertically integrated
moisture flux divergence (MFD). The possible invigoration
effect on convective precipitation seems dependent on wind
shear, in good agreement with previous findings. Overall, the
observed dependence of the precipitation vertical structure
on ground-based PM10 supports the notion of aerosol invig-
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oration or suppression effect on cold or warm rain and adds
new insights into the nature of the complex interactions between aerosol and various localized precipitation regimes.

1

Introduction

Clouds and their interactions with aerosols (solid or liquid particles suspended in the atmosphere) have been documented as one of the largest sources of uncertainty for climate (Boucher et al., 2013). Therefore, a better understanding of aerosol–cloud interactions will not only help us to understand and forecast our climate much better, but also enable
us to simulate the weather systems more accurately (Seinfeld
et al., 2016; Jiang et al., 2017). Despite many challenges and
uncertainties, there are increasing observational evidences
for the aerosol-induced changes on clouds and precipitation
properties (e.g., Koren et al., 2005; Rosenfeld et al., 2008; Li
et al., 2011; Guo et al., 2014; Altaratz et al., 2014; Lee et al.,
2016; Fan et al., 2016, 2018), as recently reviewed by Tao et
al. (2012) and Li et al. (2017). On one hand, by absorbing
and scattering solar radiation, aerosols can cool the surface
and heat the atmosphere nearby, which leads to a more stabilized lower atmosphere and much suppressed clouds and precipitation (Hansen et al., 1997; Liu et al., 2018). This effect
is termed as the aerosol radiative effect. On the other hand,
by acting as cloud condensation nuclei (CCN) and ice nuclei
(IN) (Andreae et al., 2009), aerosols can initiate clouds with
more but smaller cloud droplets and a narrower size distribution (Squires et al., 1958; Twomey et al., 1977), which affects
the subsequent cloud microphysical processes, changes the
thermodynamic and dynamic conditions, and thus influences
precipitation (Koren et al., 2005; Rosenfeld et al., 2008; Fan
et al., 2018; Lin et al., 2018). This effect is also termed as
aerosol microphysical effects.
Convective invigoration has been suggested in ample studies that both the height (Williams et al., 2002; Andreae et
al., 2004; Koren et al., 2005; Jiang et al., 2008; Rosenfeld
et al., 2008; Li et al., 2011; van den Heever et al., 2011;
Fan et al., 2013) and fraction (Fan et al., 2013; Yan et al.,
2014) of deep convective clouds increase with aerosol loading, thereby leading to stronger storms in polluted environments. At the same time, the inhibition of light precipitation
by aerosols has also been reported in different regions of the
world (Kaufman and Fraser, 1997; Rosenfeld and Lensky,
1998; Rosenfeld and Givati, 2006; Wang et al., 2011; Guo
et al., 2014). The invigoration theory was recently generalized by Fan et al. (2018) and can also occur for shallower
water clouds under extremely clean conditions, under which
ultra-fine mode aerosol particles may be nucleated to release
latent heat to fuel cloud development. While we have come
a long way in understanding the mechanisms behind various
observation-based findings, the impacts of aerosol on precipitation remain a daunting task (Tao et al., 2012). Failure in
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fully understanding and accounting for these effects may not
only undermine our understanding of the earth’s climate and
its changes (IPCC, 2013), but also impair the accuracy of
rainfall forecast by a numerical weather model (Jiang et al.,
2017).
The net effects of aerosols on precipitation are strongly influenced and confounded by atmospheric dynamic and thermodynamic conditions, such as updraft strength (Koren et
al., 2012; Tao et al., 2012; Guo et al., 2016a), wind shear
(Fan et al., 2009), and atmospheric instability (Khain et al.,
2004). Consequently, aerosols can indirectly modify the vertical profiles of hydrometeors and cloud phases, which can,
in turn, alter the dynamics and thermodynamics of a precipitating cloud system through latent heat release (Heiblum et
al., 2012). Also, the relationships between aerosols and precipitation vary significantly on seasonal and spatial scales
(Huang et al., 2009a, b). It has been a great challenge to single out the aerosol effects, largely due to various processes
influencing precipitation, radiation, and even the state of the
atmosphere that is induced by aerosols.
The three-dimensional (3-D) structures of radar echoes,
which are determined by a combination of dynamic, thermodynamic, and cloud microphysical processes, are known
as a good way to represent details inside precipitating systems (Zipser and Lutz, 1994; Yuter and Houze, 1995; Min
et al., 2009; Chen et al., 2016). Any systematic changes in
precipitation vertical structure as aerosol varies may provide
new insights into the mechanism underlying the aerosol–
cloud–precipitation interaction (Koren et al., 2009; Heiblum
et al., 2012; Chen et al., 2017). Indeed, the deployment of
the cloud profiling radar onboard CloudSat has led to new
insights into the response of clouds to aerosols (e.g., Nakajima et al., 2010; Suzuki et al., 2010; Chen et al., 2016; Peng
et al., 2016). To the best of our knowledge, however, few
studies have ever used the precipitation radar (PR) to analyze
the association of the vertical structure of precipitation with
aerosol in China.
Given the dominant effects of atmospheric dynamics
on synoptic-scale precipitation systems, only precipitation
events occurring on a local scale are examined in detail in
the following sections. This consideration is largely due to
the point-based nature of ground aerosol measurements and
the strong susceptibility of the localized precipitating system
to aerosol pollution (Fan et al., 2007; Lee et al., 2012; Guo
et al., 2017). The goal of this study is to investigate the influence of aerosols on the vertical structure of different localized precipitation regimes by examining a large amount
of collocated measurements from the precipitation radar onboard the Tropical Rainfall Measuring Mission (TRMM) and
ground-based in situ aerosol measurements made in the Pearl
River Delta (PRD) region of southern China. We will examine differences in the vertical structure of precipitation between clean and polluted atmospheric environments to determine whether they are consistent with some previously
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proposed mechanisms governing aerosol invigoration or suppression of precipitation.
The rest of this paper proceeds as follows. The study area,
datasets, and methods used here are described in Sect. 2. How
to discriminate between synoptic-scale and localized precipitating systems, the potential aerosol-induced changes in the
vertical structure of different precipitation regimes, and their
dependences on meteorological conditions are discussed in
Sect. 3. Finally, the main findings of this study are summarized in Sect. 4.
2

Data and methods

2.1

Study area

The study area is mainly over the PRD region (bounded by
113 and 115◦ E, 22 and 24◦ N, red rectangles in Fig. 1), including many populated cities with relatively high emissions
(e.g., Guangzhou, Shenzhen, Zhuhai, and Hong Kong). The
PRD has a humid subtropical climate, which is strongly influenced by the Asian monsoon circulation and tropical cyclones originated in the western Pacific Ocean (Ding, 1994).
In recent decades, the PRD region experienced rapid economic development, which caused heavy air pollution associated with human activities, including the increasing fossil
fuel combustion due to industrialization (Deng et al., 2008;
Guo et al., 2009; Guo et al., 2016b). In addition, another main
reason for us to take the PRD region as our region of interest (ROI) is the well-documented significant positive correlations between air pollution and the occurrence frequency of
precipitation over this area (e.g., Wang et al., 2011; Yang and
Li, 2014).
2.2

Data

The datasets used here are listed in Table 1 and are briefly
described here. Notably, 6 years (from 1 January 2007 to
31 December 2012, unless noted otherwise) of precipitation measurements from the TRMM PR (version 7, Huffman et al., 2007), combined with collocated aerosol data
collected at ground surface, and meteorological data from
the European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-Interim reanalysis (Dee et al., 2011) are analyzed here. Prior to further explicit observational analyses,
the spurious signals likely resulting from measurement uncertainties should be firstly considered, such as the misclassification of rain profiles, abnormal observations, and so on.
To minimize such uncertainties, we screen the aerosol and
precipitation observational data very carefully, which will be
detailed as follows.
2.2.1

TRMM PR and 3B42 data

The precipitation properties are obtained from the TRMM
PR products 2A25 and 3B42 (Huffman et al., 2007). For
www.atmos-chem-phys.net/18/13329/2018/

Figure 1. Spatial distributions of (a) ground-based mean PM10 (in
µg m−3 ) and (b) the ratio of mean PM2.5 to mean PM10 simultaneously measured for the period from November 2013 to October 2014. The red box outlines the PRD region; the dots show the
locations of the PM measurement sites.

each rain profile, the information of the category, attenuationcorrected reflectivity (Z), and rain rate (R) are provided by
2A25 with a vertical/horizontal resolution of ∼ 250 m/∼ 4–
5 km, depending on the satellite orbit height and the PR offnadir view angle. The profile ranges from the near-surface to
20 km altitude. The 2A25 products classify each rain profile as convective or stratiform rain with different confidence levels. Here we obtain rain profiles identified as stratiform or convective precipitation based on the 2A25 products
alone and further extract the shallow isolated echo category
from convective precipitation as shallow regimes for better
characterizing the precipitating system. The classification is
done for each profile, so different rain regimes could come
from the same precipitation event. Their possible dynamic
and thermodynamic connections, therefore, likely cause certain uncertainties in the following analyses, which will be
discussed later. Additionally, two criteria are used to ensure that each profile contains a reliable precipitation event:
(1) Z ≥ 15 dBZ (the minimum detectable Z for the TRMM
PR, Kummerow et al., 1998); and (2) at least four consecutive levels with Z ≥ 15 dBZ are required for each profile.
The horizontal distribution of R is provided by 3B42 with
a spatial/temporal resolution of 0.25◦ × 0.25◦ /3-hourly over
the global belt between 50◦ N and 50◦ S. The 3B42 product merges precipitation radar and microwave rainfall estimates with infrared-based precipitation estimates from multiple satellites, as well as measurements from rain gauges
(Huffman et al., 2007).
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Table 1. Specifications from TRMM-PR-retrieved precipitation, China National Environmental Monitoring Center (CNEMC) in situ measured PM10 , and ECMWF reanalysis meteorological data used in this study for the period of 1 January 2007 to 31 December 2012. Criteria
for selecting data for further comprehensive analysis are provided in the footnote.
Source
TRMM

2A25

3B42
CNEMC
ECMWF

Criteria

Variables

Horizontal resolution

Vertical resolution

Temporal resolution

Rain type
Reflectivity
Rain rate
Precipitation
PM10
Vertical velocity
Convective available potential energy
U component of wind
V component of wind
Specific humidity

5.0 km
5.0 km
5.0 km
0.25◦ × 0.25◦
–
0.125◦ × 0.125◦
0.125◦ × 0.125◦
0.125◦ × 0.125◦
0.125◦ × 0.125◦
0.125◦ × 0.125◦

–
0.25 km
0.25 km
–
–
–
–
–
–
–

Daily∗
Daily∗
Daily∗
Three-hourly
Hourly
Six-hourly
Six-hourly
Six-hourly
Six-hourly
Six-hourly

(1) PM10 ≤ 200 µ g m−3 .
(2) Precipitation fall measured by TRMM PR.
(3) There must be at least four consecutive levels with Z ≥ 15 dBZ for a given profile.

∗ Calculated from the times of the TRMM PR swath overpassing the PRD region.

2.2.2

Ground-based PM10 measurements

Given the difficulties in obtaining large-scale CCN concentration information, we have to resort to any CCN proxy
such as satellite-derived aerosol optical depth (AOD) and
the aerosol index (AI), or ground-based particulate matter
(PM) measurements. Sound correlations have been extensively documented between (i) satellite retrievals of AOD
and (ii) cloud and precipitation properties (e.g., Koren et al.,
2005, 2012; Huang et al., 2009b). Such correlations, however, are susceptible to various uncertainties arising from
cloud contamination and the dependence of AOD on certain atmospheric components like water vapor (e.g., Li et
al., 2009; Boucher and Quaas, 2013). Moderate Resolution Imaging Spectroradiometer (MODIS) AOD products are
available for less than 30 % of the time over the PRD region
(Wang et al., 2015). AI, defined as the product of AOD and
the Ångström exponent, has been reported as a better proxy
than AOD to quantify CCN concentration due to its ability
to weight AOD measurements towards the fine mode (Nakajima et al., 2001). The Ångström exponent is restricted over
oceans because of its large uncertainties over land (Levy et
al., 2010), so large uncertainties will arise when using AOD
or AI as a proxy for CCN (Andreae, 2009). These uncertainties can be reduced by applying the method proposed by Liu
and Li (2014). However, the most serious problem in using
AOD as a proxy for CCN lies in the fact that AOD is only
measurable under cloud-free conditions and is subject to various retrieval errors, as critically reviewed by Li et al. (2009).
Given the aforementioned considerations, we choose to
use the rich dataset of ground-based PM10 observations in
the PRD region, which are available from 1 January 2007 to
31 December 2012. While it would be better to use aerosols
Atmos. Chem. Phys., 18, 13329–13343, 2018

with an aerodynamic diameter less than 1 µm (PM1 ) and
those with a diameter less than 2.5 µm (PM2.5 ) as proxies
of CCN (Seinfeld and Pandis, 1998), much fewer such data
are available for matching with TRMM data during the period selected for this study. Using a recent year of coincident PM2.5 and PM10 measurements at the region studied
here, we found most megacities in the PRD (e.g., Guangzhou
and Shenzhen) are characterized by a large ratio (> 0.7) of
PM2.5 / PM10 (Fig. 1). This indicates that the pollution over
the PRD region is largely generated by anthropogenic activities. Because this study is concerned with establishment
of the contemporaneous association of radar echo reflectivity with various aerosol loadings, using PM10 (available under all-sky conditions) as a proxy for CCN is sufficient for
our needs. Vertical profiles of aerosols and clouds over the
PRD region obtained from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations mission show that
aerosol particles are generally well mixed in the boundary
layer (Wang et al., 2015). PM10 data can then indicate major
aerosol episodes over the relatively small domain in the PRD
region (∼ 200 km ×200 km). Additionally, according to Anderson et al. (2003), the variability in aerosol properties at
such a spatial scale is not very large.
2.2.3

Reanalysis data

Due to the meteorological factors influencing simultaneously
aerosol concentration and precipitation, it will be more feasible if the investigation of the co-variation of aerosol and
precipitation is considered under similar meteorological conditions. A variety of meteorological variables will be used
here for scaling out the aerosol effect on precipitation, including vertical velocity (ω, Koren et al., 2012), vertical wind
shear between 850 hPa (∼ 1.5 km) and 500 hPa (∼ 5.5 km)
www.atmos-chem-phys.net/18/13329/2018/
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(Fan et al., 2009; Guo et al., 2016a), moisture flux divergence
(MFD) from 1000 hPa (near surface) to 400 hPa (∼ 7 km)
(Khain et al., 2008), and convective available potential energy (CAPE, Dai et al., 1999). These variables are calculated
or directly obtained based on the ECMWF ERA-Interim reanalyses, which are available four times a day, with a horizontal resolution of 0.125◦ × 0.125◦ at pressure levels equaling to 1000, 975, 950, 925, 900, 875, 850, 825, 800, 775, 750,
700, 650, 600, 550, 500, 450, and 400 hPa. The definition of
MFD in units of g/(cm2 s) is as follows:






∂ VH q
∂ VH q
VH q
=
+
,
(1)
MFD = ∇P ·
g
∂x
g
∂y
g
VH = U + V ,
(2)
where VH represents the horizontal wind vector, U and V
represent the U and V components of wind (in units of
m s−1 ), q represents specific humidity (in units of g kg−1 ),
P represents pressure (in units of hPa), and g represents the
acceleration due to gravity. MFD was calculated at 18 standard pressure levels: 1000, 975, 950, 925, 900, 875, 850, 825,
800, 775, 750, 700, 650, 600, 550, 500, 450, and 400 hPa. A
negative MFD means convergence of water vapor and a positive MFD divergence of water vapor.
2.3
2.3.1

Methods
Stratification of precipitation using PM10
measurements

As mentioned above, three precipitation regimes (i.e., shallow, stratiform, and convective) are directly derived from
the TRMM 2A25 product. We only consider cases with simultaneously available measurements of both PM10 and rain
measurements. This study attempts to differentiate the data
corresponding to the lowest and highest terciles of PM10
concentration, which are used to denote the cleanest and
most polluted conditions, respectively. The PM10 dataset is
therefore divided into three terciles with each tercile containing an equal number of localized precipitation events.
As such, a sufficient contrast can be obtained between clean
and polluted subsets while retaining good sampling statistics (Koren et al., 2012). The samples are evenly distributed
across the four seasons (Fig. S1 in the Supplement), likely
due to the dominant convection nature of the localized precipitation events analyzed here. Table 2 summarizes the
total number of profiles; occurrence frequency (in %) of
profiles; and the critical threshold of PM10 used to distinguish between the clean and polluted categories for shallow, stratiform, and convective precipitation regimes, respectively. In particular, the clean conditions correspond to average PM10 concentration of 25.4/23.6/24.4 µg m−3 for shallow/stratiform/convective precipitation regimes, while polluted ones correspond to 111.5/99.9/97.6 µg m−3 . It seems
that PM10 is higher during the periods with occurrence of
shallow convection than the other two precipitation regimes.
www.atmos-chem-phys.net/18/13329/2018/
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This likely implies that heavy pollution tends to inhibit deep
convection development sometimes, although it will invigorate deep convection once the negative impacts of aerosols
are overcome. Considering the huge range of convective rain
intensity and the possible severe influence of extreme rain,
we further divided the convective rain regime into three subgroups, based on hourly R, as light (R < 10 mm h−1 ), moderate (10 ≤ R < 20 mm h−1 ), and heavy (R ≥ 20 mm h−1 ) rain
for details.
2.3.2

Normalized contoured frequency by altitude
diagram

To highlight the aerosol effect on the vertically evolving
process of precipitation, TRMM-PR-observed Z profiles are
used to construct the contoured frequency by altitude diagram (CFAD, Yuter and Houze, 1995), which ignores variation in time and location and retains only variation in Z for
different vertical layers. There may be times when there are
few occurrences of Z in a particular range of H . To overcome
this problem, an improved statistical technique known as the
normalized CFAD (NCFAD) has been widely used (e.g., Fu
et al., 2003). The improvement comes from normalizing the
frequency at each altitude level to the total number of points
at all levels. Therefore, the normalized occurrence frequency
of the j th Z at the ith level (NCFADij ) is expressed as
R Hi +1H R Zj +1Z ∂ 2 N(H,Z)
NCFADij =

Zj

Hi

1Z1H

∂H ∂Z

R Htop R ∞
0

−∞

dZdH

∂ 2 N(H,Z)
∂H ∂Z dZdH

,

(3)

where N (H, Z) is the frequency distribution function defined
as the number of observations of Z in the range of Z to Z+Z
at a height above ground ranging from H to H + H . The
index i goes from 1 to 80 (in intervals of 0.25 km) and the
index j goes from 1 to 60 (in intervals of 1 dBZ).
2.3.3

Reflectivity center of gravity

The bulk precipitation system parameter called the reflectivity center of gravity (ZCOG) is used to represent the vertically weighted reflectivity distribution (Chen et al., 2016).
The ZCOG can cancel out any systematic reflectivity biases
throughout the vertical profile, indicates the height where the
great Z value tends to concentrate, and is highly sensitive to
precipitation microphysical and dynamical processes (Koren
et al., 2009). It is defined as
P
i Zi Hi
ZCOG = P
,
(4)
i Zi
where Z is the measured radar reflectivity in dBZ; H is the
height above ground in km; and i is an index from 1 to
80, representing different levels in the atmosphere. A larger
magnitude of ZCOG means that the precipitation system has
developed to a higher level in the atmosphere, indicating
stronger convection system.
Atmos. Chem. Phys., 18, 13329–13343, 2018
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Table 2. Statistics describing the three precipitation regimes analyzed in the study. The critical PM10 thresholds discriminating between
clean (bottom 1/3) and polluted (top 1/3) conditions and their corresponding mean PM10 concentrations are also listed, so are the number
of precipitation profiles. Data are from TRMM PR retrievals made over the PRD region.
Precipitation
regime

No. of
profiles

Shallow
Stratiform
Convective

3
3.1

840
5360
1912

Frequency
(%)

Clean PM10
(µg m−3 )
Critical
threshold

Mean
± SD

No. of
profiles

Critical
threshold

Mean
± SD

No. of
profiles

≤ 38
≤ 35
≤ 34

25.4 ± 10
23.6 ± 10
24.4 ± 9

570
1998
572

≥ 76
≥ 60
≥ 59

111.5 ± 30
99.9 ± 38
97.6 ± 30

207
797
930

10.4
66.0
23.6

Results and discussion
Discrimination between synoptic-scale and
localized precipitating systems

Generally speaking, synoptic-scale precipitation involves
frontal passages or low-pressure systems, as compared with
localized precipitation characterized by thermal-driven convective clouds fed by the boundary layer air (aerosol). Our
recent study (Guo et al., 2017) indicates that localized precipitation events are more closely linked to aerosol compared
with synoptic-scale precipitation. In order to make sure that
only precipitating systems more susceptible to the boundary layer aerosol were considered, all the satellite scenes
with synoptic-scale precipitation were excluded. The discrimination between localized and synoptic-scale precipitation events for a given day largely relies on the weather composite charts, where the daily averaged wind field at 850 hPa
was overlaid with the geopotential height at 500 hPa. Particularly, the localized precipitation event for a given day was
subjectively determined as follows: (1) there exist favorable
atmospheric conditions for the initiation and development of
localized precipitation events through visual interpretation of
the weather composite plot for the day analyzed, (2) the minimum rainfall greater than 0.1 mm d−1 was recorded at any
gauges in the study area (red box in Fig. 1), and (3) there are
ground-based PM10 measurements collocated with precipitation measurements from TRMM in an attempt to obtain a pair
of valid aerosol–precipitation data. As such, the total number
of collocated samples reached up to 253 for localized precipitation events, whereas they were 194 for synoptic-scale precipitation events. Given the fact that deep convections sometimes develop from shallow convections (Houze, 1993; Li
and Schumacher, 2011; Yang et al., 2015), it is possible that
the subjective composite method will divide one precipitation event into different types, which will lead to large uncertainties in determining precipitation regimes from TRMM
data alone. This deserves more explicit analyses aided by
geostationary satellite data in the future, which is beyond the
scope of this study.

Atmos. Chem. Phys., 18, 13329–13343, 2018

Polluted PM10
(µg m−3 )

Figure 2 illustrates two typical weather plots, corresponding to synoptic-scale and localized precipitation events. On
26 June 2008, the PRD region lies at the bottom of the weak
low pressure at 500 hPa level (Fig. 2a). At 850 hPa level,
there is a weak cyclone on the left-forward side of PRD,
where a southwestern to northeastern low-level jet stream
overpasses at the same time, leading to strong water vapors
advected over PRD from the South China Sea. More importantly, the wind shear observed at 850 hPa is most favorable
for the formation and evolution of precipitation. Overall, the
weather patterns at both 500 and 850 hPa help the onset and
development of large-scale convection, so this precipitation
event that occurred over PRD can be thought of as a typical synoptic-scale precipitation event. In contrast, PRD is
largely controlled by the subtropical high-pressure areas, in
combination with the anticyclone systems at low levels on
2 July 2008, as shown in Fig. 2b. This precipitation event can
be attributed to localized thermal convection with high confidence. As such, all of the localized precipitation events have
been retrieved using these visual assessment methods, which
are then used for further aerosol–precipitation interaction below.
3.2

The contemporaneous link between radar
reflectivity of precipitation and aerosol

In this section, the possible aerosol effect on localized precipitation is investigated. Precipitation enhancement or inhibition by aerosols is examined by comparing R under polluted
and clean atmospheric conditions. Daily mean R is first calculated over the PRD region. Figure 3 shows the geographical and frequency distributions of differences in R, which
are calculated as R under polluted conditions minus that under clean conditions. Caution must be exercised in the interpretation of the TRMM 3B42 precipitation product because
a droplet size distribution affected by the presence of pollution (producing more and smaller drops) would lead to a
different Z–R relation, which also depends on the microphysical, dynamical, and topographical context of the precipitating clouds (Rosenfeld and Ulbrich, 2003). This may
be what is happening in Fig. 3a, which shows a few grid
www.atmos-chem-phys.net/18/13329/2018/
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Figure 2. Spatial distribution of the wind field at 850 hPa pressure level (black arrows, vector), superimposed by geopotential height at
500 hPa pressure level (blue lines) averaged on 26 June 2008 (a) and 2 July 2008 (b). All data are from the ECMWF ERA-Interim reanalysis
data, and the red rectangle denotes the study area.

boxes where precipitation enhancement occurs during polluted conditions. The frequency distribution of differences in
R (Fig. 3b) further shows that negative differences in R can
be seen over roughly 30 % of the study area under polluted
conditions compared with clean conditions. In other words,
∼ 70 % of the study area has an increased R when aerosol
loading increases. These statistical results appear to support
in some way the notion of precipitation enhancement by increases in aerosol pollution, but at this stage the effect of meteorological factors described in Sect. 2.2.3 on precipitation
cannot be excluded.
A few recent studies (Koren et al., 2014; Wang et al.,
2015) have shown that less developed cloud and precipitation are very sensitive to aerosol when the atmosphere transitions from pristine to slightly polluted conditions. Therefore, more focus is on the initial stage of atmospheric pollution, and then on seeing how the occurrence frequency covaries with aerosol and Z, which is limited to the lowest tercile (≤ 38 µg m−3 in Table 2) of PM10 concentrations. Figure 4 shows the average occurrence frequency (OF) in each
PM10 –Z concentration bin for shallow, stratiform, and convective regimes. There is little systematic change in mean
Z with aerosol loading for all precipitation regimes (solid

www.atmos-chem-phys.net/18/13329/2018/

black lines). The top 1 % OFs for convective precipitation,
however, has an increasing trend in Z as the aerosol loading changes from pristine to slightly polluted; i.e., PM10
concentration varies from 0 to roughly 38 µg m−3 , as highlighted by the dashed black line of Fig. 4c. The trend stabilizes at relatively high PM10 concentrations. Given that
meteorological variables are not correlated with PM10 (cf.
Figs. S2–S3), aerosols are assumed to be able to invigorate precipitating convective clouds with larger reflectivity
when the aerosol loading is relatively low, which is the same
as in the stratiform precipitation case to some extent. For
stratiform precipitation, as aerosol loading continuously increases, the top 1 % OF for each bin of radar reflectivity goes
up sharply then levels off. In other words, the aerosol invigoration effect is observed for stratiform precipitation, which
largely occurs as the atmosphere becomes slightly polluted
(PM10 < 38 µg m−3 ). By contrast, there is no distinct variation in reflectivity with aerosol loading for shallow precipitation.
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Figure 3. (a) Differences in precipitation intensity (polluted minus
clean conditions, mm h−1 ) over the PRD region. The black dots
show grid boxes for which the difference exceeds the 95 % significance level (p < 0.05) according to the two-tailed Student’s t test.
(b) Histogram showing the occurrence frequency (OF) and its cumulative distribution frequency (CDF) of precipitation intensity differences between polluted and clean conditions. The threshold value
used to discriminate between clean and polluted atmospheric conditions corresponds to the lowest and highest third of the PM10 concentration averaged over the PRD region, respectively. The points
where blue and red dashed lines cross correspond to cumulative
probabilities of 29 %.

3.3

Changes in the vertical structure of precipitation
associated with aerosols

The vertical structure of precipitation (in the form of radar
reflectivity) to some extent represents the convective intensity and precipitation microphysics of a precipitation system
(Zipser and Lutz, 1994; Yuan et al., 2011). Due to the intrinsic dependence of R on Z (Fig. S4), changes in the vertical
structure of Z as a function of aerosol concentration, if any,
can indicate aerosol effects on convective intensity and precipitation formation. Differences in Z profiles between polluted and clean conditions for shallow, stratiform, and convective regimes are examined next.
Figure 5 shows the differences in vertical profiles of the
frequency of occurrence (OF) of Z between polluted and
clean cases for shallow, stratiform, and convective precipitation regimes. The most striking finding is the well-defined
feature of positive and negative differences dominant in different parts of the plotting domain, irrespective of seasons
(Fig. S5). If aerosols had no effect, we would see mixed
Atmos. Chem. Phys., 18, 13329–13343, 2018
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colors without such distinct patterns. As explained below,
not only are the patterns well defined, but the robust statistics are also well behaved, which is consistent with the
well-established theories of aerosol–cloud interactions (e.g.,
Rosenfeld et al., 2008; Li et al., 2011; Tao et al., 2012).
As expected, convective precipitation is more vertically
developed than shallow and stratiform precipitation regimes.
For shallow precipitation (Fig. 5a), the Z values less than
25 dBZ are more frequent under polluted conditions below
3 km, which could be due to the aerosol suppressing effect
that leads to a reduced frequency on the right (blue) and an
enhanced frequency on the left (red). By comparison, for Z
greater than 25 dBZ, negative frequency values dominate. In
general, the pattern of 1NCFAD for stratiform precipitation
(Fig. 5b) is similar to that of shallow precipitation, except for
its development to relatively higher altitudes.
Convective precipitation has a totally different 1NCFAD
pattern (Fig. 5c). For the radar echoes above 5 km and those
larger than 40 dBZ, both of which are mostly mixed-phase or
ice processes, the overwhelming warm colors indicate that
precipitation echoes in the presence of heavy aerosols tend
to be invigorated. Below the freezing level where the reflectivity is less than 40 dBZ, the color is virtually all blue,
meaning that precipitation is weaker under polluted conditions than clean ones. This could also be due to a large number of smaller sizes of rain drops within polluted environment. The reversal behavior of radar echo intensity around
the freezing level for stratiform and convective clouds can
hardly be explained by any meteorological factors unless
they are correlated with PM10 , which seems not to be the
case (Figs. S2–S3). A more plausible, but not necessarily the
sole explanation, is rooted on aerosol microphysical effects,
which leads to the invigorated cloud and precipitation above
the freezing level at the expense of lower levels (Rosenfeld et
al., 2008; Li et al., 2011). Aerosol microphysical and radiative effects on precipitation usually interact and sometimes
cancel each other out, leading to either invigoration or suppression (Rosenfeld, 2000; Zhang et al., 2007; Rosenfeld et
al., 2008), with both effects being found from such long-term
measurements as the ARM (Li et al., 2011). Aerosols have an
invigorative or suppressive effect depending on various factors, such as wind shear, humidity, cloud water amount, and
precipitation intensity (Fan et al., 2009; Li et al., 2011; Guo
et al., 2014).
Given the relatively huge intensity of convective precipitation and its severe socioeconomic impact, further analyses
are performed for the convective precipitation regime by separately considering three different precipitation intensities
associated with convective precipitation (light, moderate, and
heavy convections defined in Sect. 2.3.1). Figure 6 shows the
1NCFADs of Z for light, moderate, and heavy convections.
Similar to Fig. 5, positive frequency for the radar echoes
above the freezing level (roughly 5 km) in the presence of
aerosols can be seen for convective precipitation regardless
of precipitation intensity. Interestingly, negative frequency
www.atmos-chem-phys.net/18/13329/2018/
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Figure 4. Joint occurrence frequency of PM10 –Z pair for (a) shallow, (b) stratiform, and (c) convective rain regimes, respectively. Z is
acquired from TRMM 2A23 products for altitudes ranging from 1 to 5 km during the period 2007–2012. The top 1 % (mean) with respect to
occurrence frequency for each PM10 concentration bin is represented by dashed (solid) black lines. The total number of Z values (N) used
for the calculation of frequency is shown in the upper-right corner of each panel.

Figure 5. The differences of normalized contoured frequency by
altitude diagram (1NCFAD) showing the differences in occurrence frequency for detected rain echoes (polluted minus clean)
for (a) shallow, (b) stratiform, and (c) convective regimes. Data are
from TRMM PR retrievals made during 2007–2012. The horizontal
red dashed lines show the freezing level and the black crosses mark
grid points where the difference exceeds the 95 % significance level
(p < 0.05) according to the Pearson’s χ 2 test.

Figure 6. NCFAD showing the differences in the occurrence frequency for detected convective precipitation echoes (polluted minus clean) for (a) light precipitation, (b) moderate precipitation,
and (c) heavy precipitation. Data are from TRMM PR retrievals
made during 2007–2012. The horizontal black dashed lines show
the freezing level and the black crosses mark grid points where the
difference exceeds the 95 % significance level (p < 0.05) according
to the Pearson’s χ 2 test.

dominates below about the 5 km level for light convective
precipitation, but the magnitude is much smaller compared
with moderate to heavy convective precipitation. For radar
precipitation echoes < 30 dBZ; NCFAD patterns are similar
in all categories of convective precipitation.

The enhancement of 30 dBZ reflectivity above the freezing level is often associated with larger ice particles and more
supercooled liquid water contents (Zipser, 1994). Therefore,
another way of ascribing internal Z differences in convec-
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Figure 7. Occurrence frequencies (OF) of top height that the 30 dBZ radar echo can reach of (a) shallow, (b) stratiform, and (c) convective precipitation. Data are from TRMM PR retrievals made during 2007–2012. Red and blue colors represent polluted and clean cases,
respectively. Vertical lines represent the corresponding average value of the top heights.
Table 3. Statistics describing the mean top height that 30 dBZ radar echoes can reach under polluted and clean conditions for different
precipitation regimes. The numbers in italics indicate that the differences between polluted and clean conditions are statistically significant
at the 95 % confidence level according to the two-tailed Student’s t test.
Precipitation
regime
Shallow
Stratiform
Convective

No. of clean
profiles

No. of polluted
profiles

Ave. top height
of clean 30 dB
Z echoes (km)

Ave. top height
of polluted 30 dBZ
echoes (km)

Abs. (T ) for
a = 0.05

165
1089
483

31
351
816

2.39
4.34
4.36

2.6
3.87
5.63

1.55 (×)
√
12.37 ( )
√
11.29 ( )

tive echoes to differences between polluted and clean conditions is to consider the maximum height of the 30 dBZ echo.
Figure 7 shows that the 30 dBZ echo heights of convective
(stratiform) precipitation are on average elevated (decreased)
from 4.36 km (4.34 km) under clean condition to 5.63 km
(3.87 km) under polluted conditions. In other words, an increase of 29.0 % is observed in the presence of aerosols for
the 30 dBZ echo height of stratiform regime, as opposed to a
decrease of −10.8 % in the 30 dBZ echo height. However, no
any significant increase or decrease can be seen in the 30 dBZ
radar echo height for shallow precipitation. This means that
the convective (stratiform) precipitation regimes under polluted conditions are generally developed deeper (shallower)
under polluted conditions than those under clean conditions
for all 30 dBZ maximum heights, as indicated in Fig. 7b
(Fig. 7c). These generally agree with the results shown in
Figs. 4–5. Overall, the difference is statistically significant in
terms of average height between the polluted and clean cases,
except for shallow precipitation (Table 3).
The results shown in Figs. 4, 5, and 7 along with Table 3
all point to a possible invigoration (suppression) effect for
convection (stratiform) precipitation regimes, which may be
partly due to the aerosol radiative, microphysical, or combined effect on the vertical development of various precipitation systems (Liu et al., 2018). But at this stage, such influence cannot be attributed to aerosols alone. Therefore, further analyses on the dependence of aerosol–precipitation in-
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teractions on meteorology will be performed in the following
section.
3.4

The aerosol–meteorology–precipitation dilemma

The aerosols and precipitating systems are reported to be simultaneously influenced by the meteorology, which is also
dubbed as a buffered system due to the complex feedback between them (Stevens and Feingold, 2009). Therefore, the aerosol microphysical effects may not entirely account for the systematically 1NCFAD observed before, and
possible influence of meteorological conditions on aerosol–
precipitation interactions should be further investigated. In
this section, responses of the precipitation vertical structure
to aerosol concentrations are further associated with four
main dynamic and thermodynamic conditions (ω, vertical
wind shear, MFD, and CAPE). In addition, the role of rain
top height (RTH, defined as the maximal height with Z ≥
18 dBZ) has been well recognized in describing the intensity of convections (Houze and Cheng, 1977), while ZCOG
is representative of the internal structure of Z to some degree
(Koren et al., 2009; Chen et al., 2016). As a result, both RTH
and the ZCOG are used to examine the vertical structure of
convective echoes in association with aerosol pollution. The
aerosol indirect effect may not entirely account for the systematically different NCFADs observed under polluted versus clean atmospheric conditions.
www.atmos-chem-phys.net/18/13329/2018/
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Figure 8. The differences of rain top height (1RTH) and ZCOG (1ZCOG) between polluted and clean conditions as a function of different
meteorological conditions. (a) ω at 825 hPa pressure level, (b) MFD, (c) CAPE, and (d) vertical wind shear for shallow regime; (e) ω at
600 hPa pressure level, (f) MFD, (g) CAPE, and (h) vertical wind shear for the stratiform regime; (i) ω at 400 hPa, (j) MFD, (k) CAPE, and
(l) vertical wind shear for the convective regime. Data are from 2007–2012. Note that negative ω refers to upward motion. Red and blue
colors represent polluted and clean cases, respectively. The vertical error bars represent 1 standard deviation. Each bin in a particular panel
is equally spaced and labeled by its average value.

Figure 8 shows the difference of RTHs and ZCOGs between clean and polluted conditions as functions of ω, vertical wind shear, CAPE, and MFD for the three different precipitation regimes. To make the statistics more robust, each
bin in a particular panel is equally spaced. The standard deviations of RTH and ZCOG are calculated for each bin as well.
As shown in Fig. 8i–k, both RTH and ZCOG of convective
precipitation under polluted atmospheric conditions are located at higher altitudes than those under clean atmospheric
conditions, except for those with high wind shear (Fig. 8l).
This trend is generally opposite to what is seen for shallow
and stratiform precipitation, which further corroborates the
notion of an aerosol invigoration effect on convective precipitation and a suppression effect on shallow and stratiform
precipitation regimes as shown in Fig. 5. More interesting is
that unstable atmospheric, weak vertical wind shear, and relatively humid conditions tend to favor more convective precipitation invigoration, as evidenced by the relatively large magnitudes in Fig. 8i–k, which is highly consistent with previous
observational and modeling studies (Khain et al., 2008; Fan
et al., 2009; Gonçalves et al., 2015). Notably, both RTH and
ZCOG of convective precipitation tend to develop to higher
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(lower) altitudes in the presence of aerosols when the vertical
wind shear is smaller (larger), as opposed to the responses of
echo top heights and ZCOGs for the same wind shear conditions for shallow precipitation (Fig. 8c). This is consistent
with previous findings reported by Fan et al. (2009), who
pointed out that increasing the aerosol loading suppresses
convection under strong wind shear conditions but invigorates convection under weak wind shear conditions.
A closer look at Fig. 8 reveals that stratiform and convective regimes have larger differences in terms of RTH and
ZCOG, as compared with shallow precipitation. In addition,
the differences in RTH can be easily detected for both stratiform and convective precipitation regimes, unlike the observed differences in ZCOG under polluted and clean conditions. No obvious positive difference can be observed in
shallow precipitation, except for a subtle elevated RTH and
ZCOG observed under high CAPE conditions.
When the atmosphere becomes thermodynamically stable
(positive ω in Fig. 8a and smaller CAPE values in Fig. 8c),
the negative difference in the RTH of shallow precipitation
between polluted and clean conditions becomes more evident, likely indicative of the aerosol suppression effect in this
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case. This effect is facilitated by the less vertically integrated
MFD (Fig. 8b). This could be due to the fact that, in the dry
environment characteristic of the study area, the inhibitive
effect of aerosols on shallow precipitation easily stands out
in the presence of a thermodynamically stable atmosphere.

4

Concluding remarks

Most of the previous observational studies analyze the impact of aerosol on the bulk properties of cloud and precipitation based on the cloud or precipitation properties chiefly
from passive sensors, along with meteorological data. This
study establishes some contemporaneous relationships between radar echo and aerosol over the Pearl River Delta
(PRD) region using TRMM precipitation radar (PR) reflectivity (Z) profiles and precipitation estimates, in combination
with ground-based PM10 measurements. In particular, the association of the changes in the vertical structure of precipitation with aerosols is investigated in an attempt to figure out
the possible aerosol effect on precipitation for shallow, stratiform and convective regimes, respectively, which are all restricted to localized precipitating systems.
Concerning the mean joint frequency of occurrence for
each PM10 –Z bin, there are almost no systematic changes in
mean Z as PM10 concentrations change, irrespective of precipitation regime. Z increases as aerosol loading increases
for stratiform and convective precipitation regimes in the top
1 % of OFs as the atmosphere transitions from pristine to
slightly polluted conditions. There is no distinct variation
in reflectivity with aerosol loading for shallow precipitation.
Given the closer link between aerosol and localized precipitation, our analyses are further limited to the response of
localized precipitation systems, especially in the vertical direction, to aerosol particles in the atmosphere. The discrimination between synoptic-scale and localized precipitations
is conducted through a subjective analysis, which is largely
based on wind field at 850 hPa and pressure field at 500 hPa.
The possible aerosol effects, as evaluated by contrasts in the
normalized contoured frequency by altitude diagram (NCFAD) of Z, are shown to systematically discriminate between
different vertical structures associated with shallow, stratiform, and convective precipitation regimes. Overall, convective precipitation tends to develop at much higher altitudes compared with shallow and stratiform precipitation.
Above the freezing level (∼ 5 km), the occurrence frequency
of radar reflectivity < 40 dBZ is enhanced, which is achieved
at the expense of decreased frequency in reflectivity below
the freezing level.
Due to the fundamental role of convective precipitation
in the hydrological cycle, the aerosol microphysical effect
on convective precipitation has been further examined with
regard to convective precipitation intensity (i.e., light, moderate, and heavy convective precipitation). As expected, the
1NCFADs of Z were similar, irrespective of precipitation inAtmos. Chem. Phys., 18, 13329–13343, 2018
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tensity. The relationships between aerosols and bulk precipitation parameters such as rain top height and ZCOG, stratified by specific ω, vertical wind shear, CAPE, and MFD,
were also examined in an attempt to disentangle aerosol impacts on the vertical structure of precipitation from meteorology. There is no systematic signal of aerosol or meteorology on the development of shallow and stratiform precipitation. In contrast, under certain meteorological conditions,
an apparent difference in the response of RTH and ZCOG
for stratiform and convective precipitation regimes to the
aerosols can be seen. But under some extreme conditions,
the observed difference in response was confounded by the
meteorology, partly due to the fact that meteorology simultaneously affects aerosol and precipitation systems. For instance, weak vertical wind shear, and relatively humid conditions typically come with the possible aerosol-induced invigoration of convective precipitation observed in this study, in
good agreement with previous model simulation (e.g., Khain
et al., 2008; Fan et al., 2009; Dagan et al., 2015).
The results presented here provide some sound but not
unequivocal evidence of the possible impact of aerosol
on the vertical structures of three different precipitation regimes, due to the inherent aerosol–meteorology–
precipitation dilemma. The relationships between changes in
TRMM PR reflectivity and aerosol perturbations are statistically significant and generally consistent with the existing
theories, but they may be subject to different interpretations
concerning the underlying physical processes. Confirming or
negating any causes with confidence would require a much
more detailed knowledge of the cloud processes than the
satellite observation used here and should be further aided
by model simulations of aerosol–cloud–precipitation interactions.
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