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Abstract We analyzed 40 year data sets of daily average visibility (a proxy for surface aerosol concentration)
and hourly precipitation at seven weather stations, including three stations located on the Taihang Mountains,
during the summertime in northern China. There was no significant trend in summertime total precipitation at
almost all stations. However, light rain decreased, whereas heavy rain increased as visibility decreased over the
period studied. The decrease in light rain was seen in both orographic-forced shallow clouds and mesoscale
stratiform clouds. The consistent trends in observed changes in visibility, precipitation, and orographic factor
appear to be a testimony to the effects of aerosols. The potential impact of large-scale environmental factors,
such as precipitable water, convective available potential energy, and vertical wind shear, on precipitation was
investigated. No direct links were found. To validate our observational hypothesis about aerosol effects,
Weather Research and Forecasting model simulations with spectral-bin microphysics at the cloud-resolving
scale were conducted. Model results confirmed the role of aerosol indirect effects in reducing the light rain
amount and frequency in the mountainous area for both orographic-forced shallow clouds and mesoscale
stratiform clouds and in eliciting a different response in the neighboring plains. The opposite response of light
rain to the increase in pollution when there is no terrain included in the model suggests that orography is likely
a significant factor contributing to the opposite trends in light rain seen in mountainous and plain areas.

1. Introduction

An increase in the concentration of submicron aerosol particles, which serve as cloud condensation nuclei
(CCN), generally leads to an increase in the cloud droplet number concentration and a reduced cloud droplet
effective radius [Twomey, 1977]. This process suppresses coalescence and collision into raindrops and thereby
delays the growth of droplets and prolongs cloud lifetimes for warm clouds [Albrecht, 1989]. For deep mixed-
phase clouds, delayed warm-rain processes could lead to the freezing of a greater amount of cloud water lifted
above the freezing level, which could fuel the growth into deep convective clouds. This would substantially
change the precipitation regime [Li et al., 2011a; Rosenfeld et al., 2008b], which remains not well understood yet.
Aerosol particles such as dust may serve as effective ice nuclei to enhance ice crystal formation and increase
snow precipitation in orographic clouds below 0°C [Fan et al., 2013; Niemand et al., 2012].

For convective clouds, observations and model analyses have reported both enhanced [Koren et al., 2012; Lin
et al., 2006; Zhang et al., 2007] and suppressed [Givati and Rosenfeld, 2004; Jiang et al., 2008; Rosenfeld, 1999]
precipitation by aerosols, depending on environmental conditions [Khain, 2009; Fan et al., 2009; Tao et al.,
2007]. The overall effect of aerosols on precipitation depends on the dynamic balance between condensate
generation (droplet condensation and ice deposition) and condensate loss (evaporation and sublimation),
which can be modified by factors such as cloud type, air humidity, and wind shear [Khain, 2009]. In addition,
aerosol effects on precipitation have an opposite effect when the aerosol concentration is greater than an
optimal value [Koren et al., 2008; Rosenfeld et al., 2008b]. The buffering mechanism that exists in aerosol-
cloud-precipitation systems may make the estimation of the precipitation response to an aerosol
perturbation especially daunting and even controversial [Stevens and Feingold, 2009]. This demonstrates the
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necessity of further investigating aerosol indirect effects on precipitation through a combination of in situ
observations and model simulations.

Due to rapid economic development over the past few decades, China has become a major source of
anthropogenic aerosol particles in the world [Li et al., 2007, 2011b; Qian et al., 2006]. These aerosols have a
serious impact on air quality and climate [Feingold et al., 2005]. Analyzing half a century of meteorological
data, Qian et al. [2009] found that the precipitation pattern in China has undergone a drastic change with a
decreasing frequency of light rain, but increasing frequency of heavy rain, which was argued to be caused by
increasing aerosol loading in the region.

Due to the exceptionally high proportion of energy generated from coal burning, the black carbon (BC), or soot,
concentration is high over parts of China. Using a combination of satellite and surface measurements, Lee et al.
[2007] derived the distribution of the single-scattering albedo (SSA) across China. The lowest SSA is found in
northeast and central China, while the highest SSA is found in southeast (SE) China. Analyzing long-term surface
and satellite data of thunderstorms, opposite trends were found: a decrease in the number of thunderstorms
over central China [Yang et al., 2013a] and an increase in the number of thunderstorms over SE China [Yang and
Li, 2014] and south China [Wang et al., 2011]. This suggests two different effects due to two distinct types of
aerosols: radiative heating by BC and the invigoration effect by sulfate aerosols which tends to suppress and
enhance convection, respectively. Atmospheric heating and surface cooling by BC results in a more stable
atmosphere and thus suppresses convection and precipitation. This effect was simulated by models over China
[Wu et al., 2013; Zhang et al., 2012] and falls within the broad framework proposed by Wang et al. [2013].
However, evidence presented thus far has been circumstantial and awaits affirmation from different
perspectives and in different regions/seasons affected by different types of aerosols. A unique perspective is to
make use of topography [Alpert et al., 2008; Houze, 2012]. Due to topographic forcing, air in front of a mountain
is lifted and produces more rainfall than in the upwind plains. The ratio of annual precipitation amount at a
mountain station to that at a nearby upwind plain station, called the topographic enhancement factor (Ro),
tends to be reduced by aerosols because it leads to small cloud droplets and thus decreases precipitation, as
demonstrated by Rosenfeld et al. [2007] using long-term meteorological rainfall data from Hua Mountain and a
nearby plain station in central China. By virtue of such a contrast between mountain and plain stations, Yang
et al. [2013a, 2013b] extended the study to single out noticeable effects of aerosols on almost all meteorological
variables (temperature, wind, precipitation, thunderstorms, etc.) in central and SE China.

The North China Plain (NCP, a typical plain region) is a highly urbanized area where a severe degradation in air
quality has occurred in recent years [Guo et al., 2011]. The dominant role of urban pollution on precipitation in
downwind regions has been demonstrated [Carrió et al., 2010; Halfon et al., 2009; Russell and Hughes, 2012;
van den Heever and Cotton, 2007]. The Taihang mountain range (hereafter called Taihang) is located
downwind of urban areas under the influence of the Asian summer monsoon. The goal of the study is to
examine changes in precipitation caused by topographically produced clouds and to evaluate how air
pollution from the urban area, which is mainly composed of anthropogenic emissions, affects the downwind
mountainous area. To further verify our hypothesis about the impact of aerosols, we conduct cloud-resolving
model simulations using the Weather Research and Forecasting (WRF) model coupled with spectrum-bin
microphysics (SBM) [Fan et al., 2012a; Khain et al., 2004] for a case study over the study region.

Section 2 describes data sets used in this study, as well as model experiments performed and the general
methodology used. Trends in total rainfall amount and in different precipitation categories, as well as
modeling results from two sensitivity experiments using clean and polluted conditions are presented in
section 3. Conclusions are drawn in section 4.

2. Data and Methods
2.1. The Study Region

Taihang is a major mountain range in northern China, stretching more than 400 km from north to south. To
the east lies the NCP, which is one of the main hubs of China’s economic growth and one of the most densely
urbanized regions in the world. It includes metropolises like Beijing, Tianjin, Shijiazhuang, and Baoding.
Figure 1a shows the locations of the NCP and the seven rain gauge stations selected for the study (see
Table 1). Of the seven stations, four are located in urbanized areas in the plains while the remaining three
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stations are distributed across Taihang and are downwind of the urban areas during the summer.
Precipitation at themountain stations is presumably affected by both air pollution and orography. All stations
have long-term records of meteorological data. Our study is based on long-term measurements of visibility
reported every 3 h and hourly precipitation measurements made at these stations during the summer
seasons of 1966–2005.

Figure 1b shows mean 850 hPa vector wind and relative humidity (RH) fields from the latest European Centre
for Medium-Range Weather Forecasts global atmospheric reanalysis (ERA-Interim) [Dee et al., 2011] data over
the study area during the summers of 1966–2005. Based on RH and prevailing winds, two pairs of sites are
chosen: SJZ/YQ and YS/XT (outlined by rectangles in Figure 1b). RH conditions at the locations of each pair are
similar, and the mountain sites (YQ and YS) are located downwind of the plain sites (SJZ and XT) influenced
by the prevailing southeastern monsoon circulation. The distance between YQ and SJZ (YS and XT) is about
80 km (170 km). The elevation difference between YQ and SJZ (YS and XT) is roughly 600m (900m). These
two pairs of sites are singled out for further analysis regarding the decoupling of aerosol and orographic
effects in the long-term precipitation signal.

2.2. Observational Data

Visibility has been widely used as a surrogate for aerosols to characterize the ambient environment and to
study the impact of aerosols on precipitation even though it has large uncertainties [Hand et al., 2002; Qian
et al., 2009; Rosenfeld et al., 2007]. For the sake of long-term trend analyses, visibility is used because it has a
much longer record [Che et al., 2007] than other more direct measurements of environmental quantities, e.g.,
particulate matter and aerosol optical depth. Measuring the latter is a more recent scientific activity, and
these measurements have varying accuracies [Xin et al., 2007]. Long-term hourly precipitation and daily
horizontal visibility data sets, covering the period of 1966 to 2005 at more than 200 stations distributed

Figure 1. (a) Locations of the North China Plain (NCP) and the seven rain gauge stations selected for study (solid dots),
where the shaded background shows the terrain elevation. The two-way nested domains (1 and 2) have a horizontal
grid spacing of 12 km and 2.4 km, respectively. (b) White rectangle inserted indicates domain 2, namely the spatial range
shown in Figure 1a. Domain 1 represents the spatial range in Figure 1b Three (four) mountainous (plain) rain gauge stations
are shown in open (solid) dots and “mountain-plain” pairs of stations used for further analysis are enclosed within
rectangles in Figure 1a. Figure 1b is a composite of mean 850 hPa vector wind and relative humidity fields on the basis of
ERA-Interim reanalysis data during the summertime seasons of 1979–2005.

Table 1. Description of the Seven Weather Stations Selected for Analysis

Station Name Latitude (°) Longitude (°) Altitude (m) Geographic Location

Xinxiang (XX) 35.19 113.53 74 south of Taihang
Anyang (AY) 36.07 114.22 76 southeast of Taihang
Yushe (YS) 37.07 112.98 1042 in Taihang
Xingtai (XT) 37.07 114.50 78 east of Taihang
Yangquan (YQ) 37.85 113.55 743 in Taihang
Shijiazhuang(SJZ) 38.03 114.42 81 east of Taihang
Weixian (WX) 39.50 114.34 910 in Taihang
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throughout China, have been quality-controlled and archived by the National Meteorological Information
Center. Horizontal visibility measurements collected during nonfoggy and nonprecipitation days are selected
to ensure that only aerosols are the cause for any diminishment of visibility at a given station. Surface winds
and cloud-base heights measured at four local solar times (LST; 02, 08, 14, and 20 LST) are also used. Tests for
anomalous values and data continuity have been performed on all meteorological data. The summer period
(May, June, July, August, and September; MJJAS) has been chosen for analysis because it is the major rainy
season at most stations in the NCP and the adjacent Taihang.

Atmospheric data used in this study are from ERA-Interim reanalysis data set, including, among others,
temperature, vorticity, wind vectors, and humidity at 37 pressure levels ranging from 1000 hPa to 1 hPa.
ERA-Interim data currently available are from January 1979 to May 2013, and are archived at 1.5°� 1.5°
resolution. Monthly mean data are averaged from daily data. The horizontal wind is decomposed into zonal
(U) and meridional (V) components.

2.3. Methodology

Visibility measurements made before 1980 were recorded in terms of class, of which 10 were defined. After
1980, visibility was recorded as distance in kilometers. If precipitation or fog occurred at any time during a
particular day, the visibility data for that day is excluded. To remove the humidity influence on visibility, all
visibility data have been corrected for RH when RH is between 40% and 99%. Following Rosenfeld et al. [2007],
the correction formula is

VISdry ¼ VISmeasured

0:26þ 0:4285� log10 100� RHð Þ (1)

where the RH is expressed in percent.

Changes in precipitation are analyzed for different levels of rain intensity over the period of 1966–2005. It is
useful to study trends in different rain intensities, in addition to total rainfall, given their different roles in the
hydrological cycle and in extreme events such as floods and droughts [Goswami et al., 2006]. Similar to Yum
and Cha [2010], rain intensity is classified into four categories: very low (VL; ≤ 0.6mmh�1), low (LO; 0.6–2mmh�1),
moderate (MO; 2–8mmh�1), and high (HI; > 8mmh�1).

Rain frequency is computed from hourly rainfall data, unlikemany previous studies based onmonthly or daily
data [e.g., Qian et al., 2009]. For each category of precipitation, the summertime occurrence frequency is
calculated as the ratio of the total number of hours with rain in the category recorded during MJJAS divided
by the total number of hours during the entire summertime (153 days� 24 h/d). If the total number of hours
of missing data exceeds 100, the year is excluded from the time series.

Sumner [1988] demonstrated that annual precipitation records at a single station have variations that are
sometimes greater than the mean annual precipitation amount, leading to a coefficient of variation in
excess of 100%. This results in statistical difficulties in estimating precipitation trends due to the
asymmetry and the nonnormal distribution of annual precipitation measured over several decades at a
single station [Paldor, 2008].

Aerosol-cloud-precipitation interaction mechanisms may be different for different precipitation types. It is
highly likely that they might have different signs to offset each other when combined. Our study is focused
on light rainfall to investigate any influential mechanisms. In general, two distinct mechanisms can contribute
to long-term light rain changes. One is the light rain associated with the decaying stage, or stratiform portion,
of a mesoscale system (MSS). The other is associated with weak orographic lifting, either by stratus or by small
cumulus (ORO). The former mechanism is controlled strongly by synoptic-scale dynamics, and the latter
mechanism is related more to the local instability. Consequently, the MSS light rain is counted as long as the
following criteria are all met. (1) The rainfall belongs to long duration rainfall event; (2) There is at least one
maximum hourly rainfall amount above a threshold (0.86mm, i.e., the value corresponds to 65% of all the
rainfall cases) of the summertime hourly rainfall event during 1965–2005. Regarding the ORO light rain, if the
rainfall belongs to short-duration rainfall event and maximum hourly rainfall amount is 0.1mm, then one
ORO case is counted.

As proposed by Yu et al. [2007] and Guo et al. [2014], a short (long)-duration rainfall event that may be
intermittent is defined here as rain falling for 1–2 h (more than 3 h) with no more than a total of 1 h of no rain
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falling within the event. If the nonraining period lasts 2 h and subsequently, rain begins again, this is classified
as a new rainfall event. Also, in the presence of NCP air pollution, we visually check whether there is any
change in precipitation efficiency of orographic clouds (cf. section 3.3) at mountainous sites during the
investigation period. Weather observations taken 4 times daily at each site were closely examined to
determine if there were any orographic clouds present over the mountain station (YQ), and if at the same
time, clear weather and easterly winds prevailed over the plain station (SJZ). If these preliminary conditions
were met, the cloud-base height then had to be less than 1 km to minimize the impact of convective clouds.
This cloudiness might also include fog or rain. These criteria are expected to ensure that YQ is downwind of
SJZ and under the influence of orographic clouds.

Large-scale atmospheric conditions play important roles in precipitation. While numerous factors dictating
the impact of aerosols on precipitation have been identified [Tao et al., 2012], the twomost widely recognized
factors are water vapor and wind shear [e.g., Khain et al., 2008]. As the first step in determining if key
meteorological variables have experienced any long-term trends, we examine precipitable water (PW), or
total column water vapor in the atmosphere, along with wind shear. Both PW and wind shear data sets are
from the ERA-Interim reanalysis, PW is a significant factor that correlates well with precipitation [Zhai and
Eskridge, 1997]. It can be derived by integrating specific humidity at various pressure levels starting from
surface to the top of atmosphere (20 hPa) and is defined as follows

PW ¼ 1
g ∫

10 hPa

surface
qdp (2)

where g is the acceleration of gravity and q is the specific humidity. In this paper, for the mountainous area,
there is a mean surface pressure of 925 hPa, whereas the plain area has a mean surface pressure of 1000 hPa,
which is obtained from reanalysis data.

2.4. Model Experiments

To aid our understanding of the physical mechanisms governing aerosol-precipitation interactions over a
mountainous environment, model simulations were conducted. Simulations have been performed using
the WRF model version 3.2 coupled with the SBM [Fan et al., 2012a, 2012b] based on the Hebrew
University cloud model [Khain et al., 2004]. The size distributions of hydrometeors and CCN are resolved by
33 mass doubling bins, i.e., the mass of particle mk in the kth bin is determined as mk = 2 mk� 1. Details
about the version of SBM used in this study are described in many previous studies [Fan et al., 2012a,
2012b; Khain, 2009; Khain et al., 2010]. The Rapid Radiative Transfer Model for GCMs (RRTMG) shortwave
and longwave radiation schemes are used with the effective radius calculated in the cloud microphysics
module passed to the RRTMG radiation scheme.

A precipitation event that occurred over the Taihang mountain range and nearby plain regions on 13 July
2008, caused by the east-to-west passage of a cold front cloud system, is simulated. The system produced
some shallow, stratiform, and deep clouds, and precipitation was widespread over the region. Clouds were
mainly cold-based with cloud-base temperatures less than 8°C. Real-case simulations are performed with
two-way nesting over two nested domains (Figure 1a) using the SBM scheme for both outer and inner
domains. Simulations are run for 78 h (more than 3 days) with the first 6 h treated as a spin-up. Horizontal
resolutions of 12 km and 2.4 km are used for the two nested domains; horizontal grid points for Domain 1
(coarse-grid domain) and Domain 2 (fine-grid domain) are 110� 90 and 251� 251, respectively. National
Centers for Environmental Prediction Final global reanalysis data on a 1°� 1° grid for every 6 h are used to
provide initial and boundary conditions. Simulations are performed on 41 vertical levels, with a stretched
resolution in the range of 70–800m from the lowest to the highest levels. To examine aerosol effects, two
simulations were run by perturbing aerosols in both inner and outer domains from clean (CCN concentrations
of 280 cm�3) to polluted (CCN concentrations of 6� 280 cm�3) conditions. Because of lacking reliable
observations of CCN for the study region, we conducted these two simulations only for general clean and
polluted clouds. Grids with altitude > 300m and 10m < altitude < 100m in Domain 2 after excluding the
boundary points (Figure 1a) are considered as mountainous and plain areas, respectively. Most rain gauges
have a detection limit of 0.25mmh�1, so the threshold for a rainy grid is set to 0.25mmh�1 to be consistent
with observational analyses.
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3. Results and Discussion
3.1. Visibility and Total Precipitation Trends

Figure 2 shows time series of visibility and summertime precipitation from 1966 to 2005. Over the period of
four decades, visibility has reduced by about half (14 km or 45%), suggesting deteriorating air quality in this
region (Figure 2a). This decreasing trend coincides with an increasing trend in the number of aerosol particles
due to anthropogenic emissions such as SO2 [Gong et al., 2007; Qian et al., 2009]. This was extensively verified
by Moderate Resolution Imaging Spectroradiometer aerosol optical depth retrievals [Guo et al., 2011]. The
greatest reduction in visibility (~18.8 km) is seen at the mountain station WX, presumably due to increasing
pollution in the upstream urban area. There is no pronounced change in visibility at most stations after the
year 2000, as more emission control measures were taken.

A very weak increase in precipitation amount (0.4mm per decade) is seen over the period of 1995–2005
(Figure 2b). This is consistent with the broader trends observed in precipitation amount and frequency over
northern China [Zhai et al., 2005].

3.2. Variations and Trends in Different Precipitation Types

In light of the large year-to-year variation and no discernible change in summertime total precipitation amount
over time at all stations (Figure 2b), the frequency of rainfall occurrence, as defined in section 2.3, was analyzed
for the four categories of rainfall intensity (Table 2). All precipitation types at the mountain stations (except for
the HI precipitation type at station WX) show a decreasing trend over the period of 1966–2005. The VL
precipitation type shows the most pronounced reduction in terms of rainfall occurrence. At station YQ, for
example, the number of hours with VL precipitation decreased by about 57% over the period of four decades.
Trends are not consistent among the plain stations. All precipitation types at station XX show increasing trends
of varying degree over the period of 1966–2005, but trends are less clear at other plain stations.

Table 2. Slopes and Pearson’s Correlation Coefficients for Trends in Variations of Summertime Occurrence Frequencies of
Four Precipitation Categories During the Summer Seasons of 1966–2005

XX AY SJZ XT YQ YS WX

Slope (unit: mm/yr)
Very Low 0.38 0.14 �0.62 0.01 �0.57 �0.53 �0.51
Low 0.16 �0.08 �0.31 �0.28 �0.25 �0.29 �0.46
Moderate 0.15 �0.03 0.11 �0.06 �0.22 �0.46 �0.20
High 0.03 0.07 0.02 0.06 �0.05 �0.02 0.06
Correlation Coefficient
Very Low 0.73 0.66 �0.21 0.21 �0.69 �0.68 �0.57
Low 0.69 �0.05 �0.20 �0.21 �0.45 �0.46 �0.59
Moderate 0.35 �0.03 0.08 �0.06 �0.47 �0.36 �0.20
High 0.27 0.18 0.06 0.13 �0.14 �0.04 0.21

aNumbers in bold indicate statistical significance at the 5% confidence level.

Figure 2. Time series of (a) summertime average visibility and (b) summertime total precipitation at the seven stations.
Black lines represent mean trends.
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Figure 3 shows trends in rainfall frequency for VL and HI precipitation types at the mountain and plain
stations over the period of 1966–2005. Both light and heavy precipitation events have decreased at mountain
stations, but light rain events have decreased much more drastically. At the plain stations, heavy rain events
generally have an increasing trend, but this is not statistically significant, as shown in Table 2. This finding is
consistent with results from studies focused on precipitation over western central China [Rosenfeld et al.,
2007; Yang et al., 2013a]. They argued that the reduction in light rain was caused by increasing amounts of
aerosols and that this was more significant over mountainous regions than over plain areas. As for heavy rain
and storms, both observational and modeling studies have indicated that aerosols enhance such events
under weak wind shear conditions [Fan et al., 2012b, 2009; Li et al., 2012], but this seems to be the case for
plain stations and not for mountain sites. Storms over mountainous regions tend to have large wind shear
due to the effects of terrain height and topography, which could lead to the reduced rain rate [Fan et al.,
2009]. Therefore, the decreased heavy rain frequency observed over mountainous regions may be explained
by aerosol impacts. The intermediate precipitation types (LO and MO) are not as frequent as the VL and HI
precipitation types, and their variations over the time period under study are not as distinct (not shown here).

3.3. Aerosol Effect on Orographic Precipitation

Orographic precipitation is reportedly more susceptible to aerosol pollution [Rosenfeld et al., 2007; Yang et al.,
2013a, 2013b]. The physical mechanisms involved consist of a complex set of interactions between fluid
dynamics, thermodynamics, andmicron-scale cloudmicrophysical processes, as well as a dependence on the

Figure 3. Trends (in percent) in variations of occurrence frequency for the (a) VL and (b) HI precipitation types during the
period 1966–2005. The open circles indicate decreasing trend, and filled circles increasing trend. The significance test
results were shown in Table 2.

Figure 4. Summertime average light rain frequency/amount as a function of average visibility at stations (a) YQ, (b) YS,
(c) WX, (d) SJZ, (e) XT, and (f ) XX. Light rain refers to VL and LO precipitation types.
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atmospheric general circulation on a synoptic scale and the urban effect [Goldreich, 2003] at upwind plain
stations. Long-lasting moderate-to-heavy rainfall occurs frequently when large-scale synoptic processes pass
over the Taihang mountainous region, associated with the East Asia summer monsoon in northern China.
Moderate and heavy precipitation events are largely controlled by synoptic weather systems, so it is very hard
to separate the effect of aerosol particles from dynamic and thermodynamic factors. These events are
excluded in the subsequent analysis.

Figure 4 shows the frequency of occurrence of light rain and rainfall amount as a function of visibility at six
stations (plain station AY is not shown to simplify the graphical presentation). The number of light rain
events and precipitation amount are positively correlated with visibility over mountain stations
(Figures 4a–4c). No such consistent trends are seen at the four plain sites (except for SJZ). There is either a
slight increase or decrease in the number of light rain events and precipitation amount with increasing
visibility (Figures 4d–4f).

Ro [Givati and Rosenfeld, 2004; Rosenfeld et al., 2007] is used to overcome this inherently large variability in
summertime precipitation at a single station. The time series of summertime average Ro from 1966 to 2005 at
the twomountain-plain pairs of stations shown in Figure 2 is given in Figure 5. The summertime average total
precipitation amount decreases over time at the two mountain stations. Ro for the YQ/SJZ and YS/XT pairs of
mountain-plain stations decreased by 9% and 25%, respectively, suggesting a significant reduction in
precipitation over the mountain regions as pollution upwind worsened over the years.

Figure 5 reveals that Ro has decreased
over time. Increasing air pollution in the
NCP is likely one of the main factors
responsible for the observed decreasing
trends, especially for light rain over
Taihang. When the atmosphere is
pristine, the prevailing wind shown in
Figure 1b would force a parcel of
unsaturated air up and over Taihang,
resulting in adiabatic expansion and
eventual saturation. This would facilitate
precipitation over the windward side
of Taihang. As the upwind area of the
mountain region becomes increasingly
polluted, the prevailing wind would
transport air pollution and aerosols
toward the leeward side of Taihang. As a
result of the increase in aerosol loading,
the cloud droplet numberwould increase

Figure 5. Time series of summertime average Ro for (a) the YQ/SJZ station pair and (b) the YS/XT station pair. Regression
equations and correlation coefficients are shown in the left corner of each panel, and the p values from the F test for
linear trend regression are reported as well.

Figure 6. Time series of summertime occurrence frequencies of orographic
clouds (Fc) and precipitation (Fp), and their ratio at the mountain station
YQ. The ratio (Fp/Fc) acts as a proxy for the precipitation efficiency of
orographic clouds. The trends in Fp/Fc (0.003 year-1) and Fp (0.002 year-1)
are significant at the 0.05 confidence level in one sample t test.
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while cloud droplet effective radii would
decrease, resulting in a less efficient
warm-rain process. This would slow
down drizzle production and reduce the
precipitation efficiency [Albrecht, 1989].
This scenariowould explain the reduction
in light rain events over Taihang.

Yum and Cha [2010] proposed a
parameter called the precipitation
efficiency of orographic clouds for
better accounting for the suppression
of light rain by air pollution. It is defined
as the frequency of precipitation (Fp)
divided by the frequency of orographic
clouds (Fc). Light rain over mountain
regions is mainly from clouds with
weak convective strength, such as
cumulus or stratiform clouds of shallow
depth. Due to the lack of long-term

cloud observations for the XT/YS pair of weather stations, the following analysis is confined to the other pair
of weather stations (SJZ and YQ). To single out the impact of aerosols, a subset of data was selected to ensure
that the mountain site YQ was under the influence of orographic clouds and pollution from upper air winds.
Requirements for the plain station (SJZ) are that the sky is cloud-free and that winds are easterly.
Requirements for the mountain station (YQ) are that the sky is cloudy and that cloud bases are below 1 km
above ground level. Visibilities at these two stations have a similar decreasing trend when winds are easterly.
This helps strengthen the connection between pollution in the plain areas and precipitation over Taihang
through the orographic effect.

Figure 6 shows time series of Fp, Fc, and Fp/Fc at station YQ. There is no significant variation in Fc, except for
some high values during the 1980s. However, Fp has a significant decreasing trend. In turn, Fp/Fc decreases
noticeably over time as well. The mean precipitation intensity from these orographic clouds is
0.67 ± 0.32mmh�1, which is close to the upper limit of the VL precipitation type. If there is no systematic
variation in the summertime frequency of occurrence of weakly convective clouds, the decrease in Fp/Fc over
this mountainous region may serve as proof of the influence of air pollution on precipitation. This is verified by
means of modeling with a cloud-resolving model as described below.

We also investigated light rain types and their variation trends in terms of formation mechanism (MSS and
ORO). Figure 7 shows that both ORO and MSS light rain types have a decreasing trend during the study
period. The ORO light rain type has a relatively steeper slope than the MSS light rain type, but both linear

Figure 7. Temporal evolution of ORO (red open square) and MSS (blue
open square) light rain occurrence frequency at Yangquan site during the
period 1965–2005. Regression equations, correlation coefficients, and the
p values from the F test for linear trend regression are reported as well.

Figure 8. Time series of (a) precipitable water (PW) and (b) Convective Available Potential Energy (CAPE) over mountain
(blue dots) and plain (red dots) areas during summertimes of the period 1979–2005. ERA-Interim data are used. Regression
equations, correlation coefficients and the p values from the F test for linear trend regression are shown as well.
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regressions did not pass the significance test at the 5% confidence level. Therefore, we argue with high
confidence that light rain has been suppressed at station YQ due to aerosol pollution in the NCP, irrespective
of the light rain formation mechanism involved.

3.4. Trends in Atmospheric Environment Factors

The above inference may not be true if changes in meteorological factors could explain the aforementioned
phenomena. Figure 8a shows long-term (1979–2005) trends in summertime mean PW over Taihang and the
NCP. Qian et al. [2009] have conjectured that there may be a link between large-scale moisture in the
atmosphere and light rain. Both mountainous and plain regions (defined in the same way as in the model
experiment) show similar increasing trends even though the two regions have different light rain trends. So
the decreasing trend in light rain observed over Taihang during the past three decades is not likely caused by
changes in the large-scale moisture content. Moreover, atmospheric instability is one of the factors affecting
convection initiation, thus changing the precipitation occurrence. The Convective Available Potential Energy
(CAPE) exhibits an increasing trend in both mountainous and plain regions for the years investigated in this
study, as shown in Figure 8b. This does not favor the suppression of light rain observed here. Figure 9 reveals
long-term variations in wind speed over plain and mountain regions at 500 hPa and 800 hPa. Over Taihang,
wind speed has decreased steadily at both levels over time. Wind speeds over the plains have changed little
in the lower atmosphere but show a decreasing trend at 500 hPa. In general, aerosols originating from a land
surface located at an altitude lower than a neighboring mountain cannot be easily transported to the
midlevel atmosphere (500 hPa), so the decreasing wind at 500 hPa can only be attributed to changes in large-
scale circulation rather than to aerosols. The 850 hPa level corresponds roughly to the surface level over most
parts of Taihang. The weakening trend in wind speed over Taihangmay be partly connected to the increase in
aerosol pollution over the region.

Figure 9. Time series of wind speed over mountain (blue dots) and plain (red dots) areas at (a) 500 hPa and (b) 800 hPa.
ERA-Interim data from 1979–2005 are used. Regression equations, correlation coefficients and the p values from the F
test for linear trend regression are shown as well.

Figure 10. Profiles of mean (a) zonal (U) and (b) meridional (V) wind components over mountain (blue lines) and plain (red
lines) areas during MJJAS of 1979–2005. Wind shear is calculated as [max (u)/max (v)] minus [min (u)/min (v)] within 5 km
from the ground.
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Wind shear is a key factor dictating
aerosol-cloud-precipitation interactions
for convective clouds. We analyzed the
long-term variation in the wind speed
trend at various pressure levels in both U
and V directions (Figure 10). Wind shear
is calculated as max(U)/max(V) minus
min(U)/min(V) within 5 km from ground
in the U/V directions. Wind shear at
Taihang has a mean value of 8.08m/s
and 2.74m/s in the U and V wind
directions, respectively. Values in the
plain area are similar, i.e., 8.19m/s and
2.52m/s for U and V wind directions,
respectively. There is little difference in
the trend in wind shear formountainous
and plain areas. As such, the opposite
trends in light rain observed between
the two regions (Figure 3) are likely not
linked to changes in wind shear.

3.5. Model Results

During the 3 day simulation, clouds
over Taihang are mainly mixed-phase
stratiform clouds with cloud depths of
~2–5 km. These clouds are much
shallower than clouds over the plain
area, which are mainly deep clouds. We
use the same classification of rainfall
intensity as the observational analysis
in the modeling analysis. Mountainous
and plain areas are defined as grid
points with altitudes> 300m and 10m
< altitude < 100m in Domain 2 after
excluding the boundary points
(Figure 3), respectively. The total
numbers of rainy grid points for the 3
day simulation are 604,543 and 605,619
under clean and polluted conditions,
respectively, which are sufficient for
statistical analysis.

For a given rain category over
mountainous/plain areas, the sum of
grid points with a precipitation rate
falling in the category divided by the
total number of mountainous/plain

grid points during the 3 days of simulation after the first 6 h spin-up is calculated. Figure 11 shows differences
in the frequency of rain occurrence and rain amount for different rain categories over the mountainous and
plain areas. The frequencies of both VL and LO precipitation decrease with increasing aerosols over the
mountainous region (Figure 11a) but increase over the plain area (Figure 11b). This agrees with results from
the above observational analysis. However, the decreased occurrence frequency of heavy rain under the
polluted condition over plain (Figure 11b) is opposite to that from long-term observations (Table 2). This is likely
due to the choice of case study carried out here that may not reflect the long-term trend in heavy precipitation

Figure 11. Differences in (a and b) rain occurrence frequency and (c and d)
rain amount between polluted and clean simulations for the four precipi-
tation categories over mountain (Figures 11a and 11c) and plain areas
(Figures 11b and 11d). For a given rain category over mountain/plain areas,
the sum of grid points with a precipitation rate falling in the category
divided by the total number of mountain/plain grid points over the 3 days
of simulation after the first 6 h spin-up is calculated, then multiplied by 100
to get a percentage. The values shown in Figures 11a and 11b are the
differences in rain occurrence frequency between polluted and clean con-
ditions. The rain amount differences in Figures 11c and 11d are calculated as
(Polluted�Clean)/Clean *100 for each rain category. (e) The difference of rain
occurrence frequency is calculated over mountain during 03:00–09:00 UTC
on 13 July for shallow cumulus clouds. Results of (f ) rain occurrence
frequency and (g) rain amount are from the simulation without terrains.
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with aerosols. The main clouds are
MSS in our 3 day simulations, but the
precipitation during 03:00–09:00 UTC on
13 July (the first day of the simulation) is
associated with shallow cumulus clouds
(ORO). We examine the responses of
ORO separately (Figure 11e) and find
that the occurrence frequency of light
rain (VL and LO) also decreases from the
clean to polluted conditions, consistent
with the observational results. The
change in rain amount for each rain
category from the clean to polluted
condition over the mountainous area
corresponds well with the change in
occurrence frequency (Figures 11a and
11c). For the plain area, the modeled
changes in occurrence frequency and
rain amount for different precipitation
categories from the clean to polluted
cases are almost all opposite to those
for the mountainous area, particularly
for light and moderate precipitation
(Figures 11a and 11b). Although the
frequency and amount of light rain over
the mountainous region decreased due
to aerosol indirect effects, mean rain

rates increased under polluted conditions during most of the simulation period (Figure 12a). This increase is
mainly from themoderate precipitation type. Orographic enhancement along the windward slopemay explain
this feature. For the plain area, mean rain rates under polluted conditions appear to decrease during the
simulation period (Figure 12b). This is likely due to the significant reduction of moderate and heavy rain
(Figures 11b and 11d).

We also performed sensitivity simulations in which all terrains are removed in the WRF model to investigate
the orographic influences separately. Figures 11f and 11g show that without mountains, the occurrence,
frequency, and amount of VL/MO rain rate types increase/decrease from the clean to polluted conditions.
This is opposite to what is seen in the simulations for the mountainous area, which are shown in Figures 11a
and 11c. Therefore, the orographic influence is likely a key factor contributing to the opposite trend in light
rain seen in the mountainous and plain area.

Based on the simulations, clouds over the mountainous area are much shallower than those over the plains.
Aerosols presumably suppress warm-rain processes, leading to a longer cloud lifetime and reduced light rain
for warm and stratiform clouds. For some deep clouds, the delay of early rain by aerosols can result in very
heavy rain later on. The increase in MO precipitation events suggests that aerosols may shift precipitation
rates from light to moderate. This phenomenon has also been verified by previous observational [Rosenfeld
et al., 2008a; Li et al., 2011a] and model studies [Tao et al., 2007]. The change in light rain over the plain area is
opposite to that over Taihang; heavy rain increases over both areas. In plain regions where many urban cities
are located, the impact of aerosols also depends on factors such as the heat island effect, aerosol type, surface
roughness, cloud systems, etc., which deserve more investigation.

The cloud-resolving model results demonstrate that the occurrence frequencies of VL and LO precipitation types
decrease significantly over mountainous areas due to aerosol indirect effects, i.e., increasing cloud droplet
number concentrations and reducing droplet sizes which suppresseswarm-rain processes that produce light rain.

Several previous modeling studies [Wu et al., 2013; Zhang et al., 2012] have suggested that light-absorbing
aerosols can have a cooling effect on the surface. This, in turn, modulates the thermodynamical stability of

Figure 12. Time evolution of mean rain rate under polluted (red-dashed
lines) and clean (black solid lines) conditions for (a) mountain and (b)
plain areas. The mean rain rate is averaged over the grid points with rain
rates no less than 0.25mm/h, which is the detection limit of a rain gauge.
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the atmosphere, changes the atmospheric circulation pattern, and significantly alters the precipitation
mechanism in East China, especially during the summer monsoon season. In view of the high BC
concentration in northern China [Menon et al., 2002], this could be another possible reason for the observed
precipitation variation presented in this study.

4. Conclusions

In a similar manner as in previous studies [Qian et al., 2009] concerning the influence of aerosols on
precipitation in this study area, we applied long-term high-resolution (hourly) precipitation data, combined
with in situ visibility data, to infer the response of different precipitation mechanisms to aerosol loading,
based on observation and modeling.

Forty years (1966–2005) of summertime (May to September) meteorological records, hourly rain gauge data,
and daily horizontal visibility records collected at seven weather stations located across the NCP have been
examined. The summertime total precipitation in terms of frequency and amount at almost all stations shows
no significant trend as visibility decreases over time. However, the frequency of light rain events shows a
strong decreasing trend at the mountain stations downwind of the NCP. No clear trend in moderate and
heavy rainfall types is seen. Orographic enhancement factors at two pairs of mountain-plain stations (YS/XT
and YQ/SJZ) decreased by 25% and 9%, respectively. This may be due to the forced uplifting of the polluted
air mass which gives rise to a greater number of smaller cloud droplets that are unable to coalesce and rain
out as they pass over the mountains. The observational analysis of the precipitation efficiency of orographic
clouds at mountain stations also indicates a decreasing trend as pollution increases, suggesting the role of
aerosols in inhibiting light rain.

Considering the various possible influence of aerosol on light rain, we investigated the light rain variation trends
at mountainous stations in terms of formation mechanisms of light rain. Both orographic (ORO) rain and large-
scale system-induced (MSS) light rain have decreasing trends during the study period except that the ORO
mechanism has a relatively lower frequency value when compared with the MSS mechanism. Therefore, light
rain at Taihang is likely suppressed due to the aerosol pollution in the NCP, irrespective of the light rain formation
mechanisms involved. The increasing trend in atmospheric moisture content, CAPE, and the consistent
decreasing trend in wind shear over both mountainous and plain regions are excluded as potential causes.

High-resolution model simulations using clean and polluted conditions indicate that aerosols, by serving as
CCN only, contribute significantly to the observed decreases in light rain frequency and amount over the
mountainous area. No consistent trend is seen in simulation results for moderate and heavy rainfall types,
which is similar to the observational results. Sensitivity simulations in which terrain is removed show an
increase in light rain frequency from clean to polluted conditions, opposite to those in simulations with
terrain. This suggests that the orographic influence is likely a significant factor contributing to the opposite
trends in light rain seen in mountainous and plain areas.

Overall, both observational evidence and modeling tests indicate that aerosol pollution from upwind plain
areas could play a significant role in the reduction of light rain observed over the past few decades over
mountainous areas. Other factors, such as the urban heat island effect and mechanical convection caused by
moisture and roughness, could play important roles in modulating downwind precipitation amounts. Since
many cities are located in the NCP, the urban heat island effect is another factor to be considered for
precipitation over the plain regions. A better understanding of the link between air pollution and
precipitation requires further investigation into issues such as aerosol radiative effects, especially for black
carbon/soot aerosols, which lead to low-level wind changes [Alpert et al., 2009; Alpert and Shafir, 1991]. Both
aerosol radiative effects and the urban heat island effect will be considered in future modeling work to more
exclusively examine aerosol impacts on precipitation.
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