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Variability of urban fog during the last 50 years in Anhui Province (China) and its possible
underlying mechanisms are analyzed based on daily meteorological records from 78
stations. The effects of urban development and aerosols on fog formation are discussed
through an analysis of trends in fog frequency and comparison with a number of meteo-
rological parameters, coal consumption and vehicle usage as indicators of economic
development and aerosol production, and visibility as an indicator of aerosol load. The
impact of urbanization on fog is different at various stages of urban development. The
number of annual fog days in most cities studied has increased since the 1960s but
decreased after the mid 1980s in large, old cities. New cities, on the other hand, are
characterized by still increasing fog frequency. During the last thirty years, fog dissipation
time occurred later, average fog duration increased and visibility decreased at most urban
stations. The annual total coal combustion of Anhui Province correlates negatively with the
average visibility within fog and average annual fog frequency in old cities. The difference
in minimum temperature between cities and towns is negatively (positively) correlated
with fog frequency in old (new) cities. Our study therefore supports previous findings that
the number of fog days in cities is influenced by increased (i) temperatures associated with
urban development and (ii) aerosol concentration due to urban development and indus-
trial activity.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Urban areas and their associated anthropogenic and
industrial activities have a profound influence on the local
climate affecting the thermal, hydrologic and wind envi-
ronment near the surface and throughout the lowest part of
the atmosphere within and beyond city limits. The prob-
ably best-investigated feature is the urban heat island
(UHI), which refers to the increased warmth of the city
compared to its undeveloped, rural surroundings often
observed at night (e.g. Oke, 1982). Cities and their built
x: þ86 551 2290306.
hi@gmail.com (C. Shi).

. All rights reserved.
structures also exert a profound influence on atmospheric
turbulence and local mean wind (e.g. Roth, 2000), the
removal or sealing of evaporative surfaces affects humidity
(e.g. Lee, 1991) and the injection of cloud condensation
nuclei (CCN) associated with industrial activities, possibly
helped by the presence of a UHI, impacts precipitation
under certain conditions (e.g. Rosenfeld, 2000; Crutzen,
2004; Kaufmann et al., 2007). Dewfall within cities has
been observed to be reduced (e.g. Richards, 2005) and
other studies have reported decreasing fog frequency in
urban agglomerations. For example, Sachweh and Kocpke
(1995) found that fog events decreased by about 50%
between 1949 and 1990 in the metropolitan area of Munich
(Germany). They ascribe this change to the growth of the
city and the resulting decrease of natural surfaces. The
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corresponding increase in the UHI and moisture deficit
correlates with the changing difference in fog days
observed between the urban center and suburban areas. In
Los Angeles (USA), climate records also show that dense fog
has reduced by a factor of two at two busy, coastal airports
during the last 50 years (Steve, 2005).

China is currently going through a period of unprece-
dented urban growth and industrialization. This rapid
economic development during the last two decades has not
only resulted in significant impacts on natural resources,
environment and air quality, but has also affected the local
climate. The present study focuses on the urban effects on
fog frequency and duration. Some of the earliest and most
comprehensive studies have been carried out in Shanghai
(Chow, 1981, 1992; Chow and Zheng, 1987; Chen et al.,
2003). Between 1961 and 1980 the annual number of fog
days at a central urban station decreased by about 20%
while data from a number of surrounding rural stations
showed a slight increase (Chow, 1992). During the same
period, the UHI showed a moderate increase, mean urban
wind at 12 m above ground and relative humidity
decreased and annual coal consumption and atmospheric
turbidity increased in the city. Much more research has
been published in the Chinese literature and the findings
from some of the papers are summarized in the following.
Wang et al. (2004) analyzed the yearly variation of fog days
in China utilizing monthly fog data collected at 604 urban
and rural stations between 1962 and 2000. They found that
the number of fog days decreased after the 1960s in the
plateau region of Yunnan and Guizhou Province (repre-
sented by Simao in Yunnan) and in the middle drainage
area of the Yangtze River (represented by Suining in
Sichuan Province). In East Gansu and West Shanxi (repre-
sented by Xi’an) annual fog days initially decreased after
a maximum in the middle of the 1970s followed by a strong
decrease during the 1980s. Liu et al. (2005) analyzed the
basic climatic characteristics of fog days across China using
observational data from 679 stations, including urban and
rural stations. They found that during the last 50 years the
number of fog days has decreased in most areas, especially
in large cities such as Beijing, Nanjing, Shanghai and
Chengdu. A positive correlation was noted between
decreasing number of fog days and relative humidity in
most of the cities investigated. He et al. (2004) studied the
climate characteristics of fog days in Shanxi Province and
found that between 1970 and 2000, annual fog days
decreased in the provincial capital city Xi’an, while it
increased in the adjacent smaller city of Xianyang. All
studies reviewed above report decreasing fog frequency,
especially so in large cities during the last 20 years.

Urbanization and human activity affect fog formation
through a variety of mechanisms in complex ways. Most
studies ascribe the decrease in fog frequency to a change in
the urban climate, specifically the intensification of the UHI
brought about by urbanization. Some authors mentioned
a decrease in humidity as another contributing factor
(Sachweh and Kocpkc, 1995; Li, 2001; Liu et al., 2005).
Aerosols have been suggested to promote fog formation
(Sachweh and Kocpkc, 1995) and where decreasing
concentrations have been observed dense fog has also
disappeared (Steve, 2005). On the other hand aerosols may
inhibit fog formation because they provide a source of
condensation nuclei in the city which results in greater
competition for vapor and a larger number of smaller
droplets which do not produce the very dense type of fog
(Oke, 1987). Aerosols can also absorb long-wave radiation
thereby reducing radiative cooling at night promoting
conditions which are less favorable for fog production (Li,
2001; Liu et al., 2005). Finally, Sachweh and Kocpkc (1995)
conclude that the atmospheric effects which decrease fog,
such as increasing temperature or moisture deficit,
outweigh those that promote fog, such as increasing
aerosol concentration or decreasing winds.

The objective of the present study is to examine long-
term variation of fog frequency in Anhui Province (China)
using meteorological data recorded during the last
approximately 50 years and demonstrate the impact of
urbanization and industrialization on fog frequency and
duration. Specifically, we examine the spatial distribution
of decadal averages of fog days and investigate the effect of
urban development on the temporal changes of annually-
averaged number of fog days recorded in towns and cities
at different development stages. Changes in parameters
characterizing fog occurrence (duration and time of dissi-
pation), related meteorological parameters (temperature,
humidity and visibility), and coal consumption and vehicle
usage as indicators of aerosol production, are analyzed.

2. Study region and data

Anhui Province is located in east China (Fig. 1a). It
borders on Jiangsu (to the east), Shandong (north), Henan
and Hubei (west), and Jiangxi and Zhejiang (south) (Fig. 1b).
Two rivers (Huaihe River in the north and Yangtze River in
the south) cross Anhui from west to east and divide the
province into three parts, which are a mountainous area in
the south (Huangshan Mountain, 1864.7 m ASL), large
plains in the north and the foothills in the center. Another
mountain range (Dabieshan Mountain, 1729 m ASL) is
located in the western region of the central part. The total
population was about 65 million in 2004. The provincial
capital city Hefei, located in central Anhui, had a population
of 1.5 million in 2005 and is the largest city in Anhui. The
area around Hefei and further to its east is the economically
most developed region in China, the Yangtze Delta.

The data used in this paper is from routine surface
observations taken at 78 meteorological stations spread
throughout the province (Fig. 1b), most of which were set
up in the 1950s. The average distance between the closest
neighboring stations is 29 km (6–63 km). The stations were
divided into two categories of which 17 are located on the
outskirts of large district capital cities (0.13–1.5 million
inhabitants in 2005) and are called city stations below. The
other 61 stations are located on the outskirts of towns that
are characterized by less urbanization (30,000–50,000
inhabitants) compared to the district capitals and are
denoted as town stations below. It is customary to use
urban–rural station pairs to gauge the urban effect on the
local climate and exclude effects of large-scale climate
change (Lowry, 1977; Sachweh and Kocpkc, 1995). In the
absence of stations clearly classified as rural and as a first
approximation, differences between city and town stations
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Fig. 1. (a) Land use of Anhui Province and (b) locations of urban meteorological stations used in present study. Small dots are small county towns, large open
circles are large cities (district capitals) and cities mentioned in the paper are denoted by a solid triangle (new cities) or large solid circles (old cities).
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averaged throughout the province are used to investigate
the urban thermal influence on fog frequency.

By definition, a fog day is recorded when fog is observed
at a certain time of a day or during a longer time span
during a day which is referred to as fog event. In the
statistics presented below, the duration of a fog event is
calculated as the time span from its beginning to end. If the
fog is discontinued and the interval exceeds 1 h, a new fog
event is registered. Most fog occurring in Anhui Province is
radiation fog, caused by radiative cooling after sunset
usually during calm conditions and clear skies (Chen and
Fang, 2005). It often has its maximum occurrence in the
early morning, as can be seen from its typical daily course.
To illustrate the rate of urbanization, urban population for
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the capital city (Hefei) published in the Anhui Statistical
Yearbook is used. Provincial coal consumption (data avail-
able since 1988) and number of civil vehicles (available
since 1978) are used as indicators of aerosol production and
visibility is used as an indicator of aerosol load.

To assess the influence of urban development on fog
frequency, the cities have been further divided up. Estab-
lished cities such as Hefei, which have reached a mature
state of development by the 1980s, will be referred to as old
cities below. Most cities (13 out of 17) belong to this group.
They grew little in size before 1978 because of the ‘‘Great
Cultural Revolution’’ during 1966–1976. After 1978 and
especially 1990, they developed rapidly both spatially and
economically. For example, the built-up area of Hefei was
only 5, 56 and 69.5 km2 in 1949, 1980 and 1990, respec-
tively, but it expanded quickly after 1990 and reached
125 km2 in 2000 and 225 km2 in 2005. At the same time, its
population increased from about 60,000 in 1949 to 518,000
in 1980, 730,000 in 1990, 1.1 million in 2000 and 1.5 million
in 2005. The second type of city includes original county
towns, such as Chizhou, which became district capitals in
the 1990s. Before the 1990s, they developed slowly in
social, economic and population terms. After 1990s, they
developed at an accelerated pace and are referred to as new
cities below. Only a few cities (4 out of 17) belong to this
type. For example, the population of Chizhou was only
66,400 in 1990, but it increased to 117,900 in 2001 and in
2005 to 130,000 with spatial extent of 15 km2.

3. Changes in number of annual fog days and related
fog characteristics

3.1. Spatial and temporal variation of annually-averaged
number of fog days

The spatial distribution and temporal variation of
number of fog days in Anhui Province averaged over four
consecutive decades are presented in Fig. 2. The highest fog
frequencies (>50 days per year) are observed in a large,
contiguous area over the mountainous region of southern
Anhui centered over Huangshan Mountain and in a smaller
area over the Dabieshan Mountain in western Anhui. The
central foothills located between the two rivers are char-
acterized by relatively few fog days (<20 days per year) and
fog frequency increases again in the plains of Anhui north
of the Huaihe River (20–40 days per year).

Annual fog frequency in most areas is lowest between
1966 and 1975 and largest between 1976 and 1985 when 11
out of 17 cities and 29 out of 61 town stations experience
maximum values. Exceptions occur in the plain of north
Anhui and the mountainous area in south Anhui where fog
frequency reaches a maximum and minimum, respectively
during the most recent decade.

The average number of fog days per year for the three
types of stations increases after the late 1960s and reaches
a maximum in the early 1980s for old cities and towns
(Fig. 3). After the 1980s the number of annual fog days
keeps increasing in the case of new cities but decrease for
old cities and lesser extent towns. Interestingly, absolute
differences between data from old cities and towns are
small before 1980 but increase afterwards with old cities
having systematically lower values. Most city stations used
in the present study belong to this type, which represent
cities constructed early and attained considerable size by
the 1980s. The new cities, which only started to grow
rapidly in the 1990s, are characterized by a small maximum
before 1980, a larger maximum around 2000.

3.2. Temporal variations of visibility within fog and fog
duration

Observations in many areas of China have shown that
the number of fog droplets, which are part of aerosols, has
increased sharply in the recent 20 years (Li, 2001). The
present data show a strong decrease in visibility within fog
(measured at 08:00) between the late 1980s and mid 1990s
in old cities (Fig. 4) with a lesser decrease observed in new
cities and towns (not shown).

The duration of fog events has increased during the last
40 years as demonstrated by data from selected cities shown
in Fig. 5. Whereas the time of fog formation has not changed
much and remained constant between 5:00–6:00 LT, the
time of fog dissipation has occurred later by at least 1 h from
initially about 7:00 LT for the period 1966–1975 until past
8:00 LT for the period 1996–2005 (not shown). The change is
most obvious between the last couple of decades.

4. Discussion

4.1. Decadal changes of meteorological variables

Previous studies have shown that decreasing fog
frequency in cities is associated with an increase in
temperature and decrease in relative humidity (Steve,
2005; Sachweh and Kocpkc, 1995; Li, 2001). Average,
maximum and minimum temperatures increased during
the last 4 decades in two locations that were selected to
represent old and new cities, respectively (Table 1). The
increase is strongest during the last 2 decades. This
temperature trend is not only due to global warming but
probably also because of urban development (Shi et al.,
2000). The larger increase in minimum temperatures
suggests an intensification of the urban heat island asso-
ciated with the rapid urbanization experienced in these
cities. Absolute humidity also increases which is interesting
since urbanization is often thought to result in drier
conditions associated with the removal of vegetation and
other evaporating surfaces. On the other hand increasing
temperatures (caused by large-scale climate change or local
UHI) result in higher humidity by inhibiting condensation
and promoting evapotranspiration and there is also the
possibility of additional anthropogenic vapor from the
burning of fossil fuels (Oke, 1987).

4.2. Effects of urbanization on fog

We use provincial coal consumption and civil vehicle
usage as indicators of urban and economic development.
Previous studies (Chen et al., 1996; Zhang et al., 1998; Liu
et al., 2001; Song et al., 2002; Zhu et al., 2005; Tao et al.,
2006) have shown that coal combustion was the major
source of particulate matter (PM) at the beginning of the



Fig. 2. Spatial distribution of yearly number of fog days in Anhui Province averaged for four consecutive decades. (a) 1966–1975, (b) 1976–1985, (c) 1986–1995
and (d) 1996–2005. Interval of isolines are 5 and 10 when values are smaller or larger than 40, respectively.
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1990s and has always been one of the major sources of PM
in recent years in the atmosphere of Chinese cities. Other
studies (Song et al., 2002; Zhu et al., 2005) show that
mobile emission has gradually became another major
Fig. 3. Yearly number of fog days for different types of cities and coal
consumption in Anhui Province (China).
source of PM in urban areas. Therefore, annual coal
consumption and vehicle usage can be used as indicators of
aerosol production. Fig. 6 shows the annual number for
civil vehicles and coal consumption based on data
Fig. 4. Average visibility at 08:00 LT on fog days for old cities and coal
consumption in Anhui Province (China).
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published in the Anhui Statistical Yearbook. Coal consump-
tion increased quickly at the beginning of the 1990s, while
civil vehicle usage began to increase rapidly 10 years later.
Both variables are highly correlated (with a correlation
coefficient r of 0.84) and we therefore only correlate coal
consumption with other parameters related to fog in the
following. Because regional transport of aerosols from and
to surrounding provinces can also affect the total aerosol
concentration we analyzed the corresponding data and
found little difference in the trends amongst the individual
provinces.

In the absence of true urban–rural station pairs, differ-
ences in fog frequency between a particular city and the
average over all town stations have been computed to
obtain a preliminary assessment of urbanization on fog
development. For old cities the differences in fog days start
to decrease markedly around 1980 until a minimum is
reached in the late 1990s before increasing again (Fig. 7).
The start of the overall decrease coincides with the
implementation of the end of the ‘‘Great Cultural Revolu-
tion’’ in 1976. The negative trends are hypothesized to be
caused by a combination of increasing UHI and aerosol
concentrations associated with rapid urbanization and
industrial development which is indicated in Fig. 6 by the
annual provincial coal consumption and vehicle usage. No
direct UHI data are available and therefore differences in
minimum temperature between city and average over all
town stations are used as an indicator of the nocturnal
increase in warmth of cities (Fig. 8). Provincial coal
Table 1
Average meteorological variables measured in Hefei (old city) and Chizhou (new

City Periods Variables name

Tmax (�C) Tmin (�C) Tmean (�C

Old city (Hefei) 1966–1975 20.18 11.85 15.61
1976–1985 20.12 11.96 15.59
1986–1995 20.39 12.33 15.95
1996–2005 21.04 13.06 16.63

New city (Chizhou) 1966–1975 20.53 12.42 16.02
1976–1985 20.52 12.59 16.08
1986–1995 20.63 13.01 16.35
1996–2005 21.36 13.66 16.99

Tmax – maximum temperature, Tmin – minimum temperature, Tmean – mean temp
08:00 LT, VIS14 – visibility at 14:00 LT.
combustion is also indicated in Fig. 8. For old cities there is
a clear negative relationship between the differences in
number of fog days (decreasing) and minimum tempera-
tures (increasing) or population growth (increasing) for
much of the period analyzed. The results in Figs. 7 and 3 are
similar to those observed in European cities, which have
also been explained by rapid urbanization leading to an
increase in the UHI and associated decrease of urban fog
(Sachweh and Kocpke, 1995, 1997).

In contrast to the decreasing trend observed for old
cities, differences in fog days for new cities which are
developing rapidly, generally increase after the early 1980s
(Fig. 7). These relatively new cities are at the beginning of
their urban development, do not have a pronounced UHI
yet (Fig. 8), but are centers of large industrial and human
activity and therefore sources of a range of pollutants
which may promote fog formation. We hypothesize that in
these cities the UHI effect is smaller than the aerosol effect
which promotes fog during the initial stages of urban
development (Sachweh and Kocpke, 1995). Therefore, the
difference in annual fog days between new cities and towns
is strongly positive correlated with the provincial coal
consumption (Fig. 7) but less so with the difference in
minimum temperatures (Fig. 8). With increasing urban
development the UHI influence will become more impor-
tant, resulting in decreasing fog frequency.
4.3. Impacts of aerosol on fog

Aerosols have complex direct and indirect effects on fog
formation and dissipation. They act as nuclei for water vapor
to condense onto and therefore fog is more likely to occur in
an environment with high concentrations of hygroscopic
aerosols (Kokkola et al., 2003). The indirect effect is caused by
scattering and absorption of solar radiation, sometimes
referred to as the ‘‘umbrella effect’’ (Sasano,1996), which was
first put forward by Angstrom (1929). Aerosols can therefore
help to cool the lower atmosphere during daytime which
consequently delays fog dissipation (Nkemdirim and Truch,
1978; Chen et al., 2003). On the other hand, a numerical
modeling study has shown that aerosols in the urban envi-
ronment at night increase long-wave radiation to the earth’s
surface and therefore reduce radiative cooling of the city,
which might decrease fog formation (Tu and Li, 1994).
city) during the past 4 decades

) AH08 (g m�3) RH08 (%) VIS14 (km) Annual number
of fog days

11.67 82.78 16.05 13.6
11.63 84.01 16.26 22.1
11.57 83.14 15.02 16.2
11.93 82.70 11.44 17
12.05 87.29 12.6
12.06 85.69 18.9
12.09 85.01 20.92 20.9
12.32 83.24 17.22 28

erature, AH08 – absolute humidity at 08:00 LT, RH08 – relative humidity at
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In the absence of direct aerosol measurements we use
visibility as a proxy. To reduce contamination caused by high
humidity the value at 14:00 LT when relative humidity is
lower than 80% is used (Fig. 9, Table 1). Many studies have
shown a strong negative correlation of visibility with
atmospheric aerosol concentration (Dzubay et al., 1982;
Colbeck and Harrison, 1984; Li and Lu, 1997). Visibility in
Hefei has decreased by about 25% between the periods
1976–1985 and 1996–2005 and by about 15% in Chizhou
during the last two decades (Table 1). The assumed rela-
tionship between visibility and aerosol concentration is
supported by the increasing coal consumption since about
1990 and visibility is highly negatively correlated with the
province-wide coal combustion (Fig. 9). The visibility data
track fog frequency in both cities suggesting that aerosols
associated with urbanization and industrial activities can
have an important influence on fog formation. For example,
the annual total coal combustion of Anhui Province corre-
lates negatively (in particular during the late 1980s and early
1990s) with the average visibility within fog (r¼�0.37)
(Fig. 4) and average annual fog frequency (r¼�0.44) (Fig. 3)
in old cities, while it correlates positively with average
annual fog frequency (r¼ 0.38) (Fig. 3) and difference of
annual fog days (r¼ 0.80) (Fig. 7) in new cities.
Fig. 7. Difference in annual number of fog days between town and city
stations in Anhui Province (China).
To further illustrate the relationship between fog
frequency, UHI and aerosol, we calculated the correlation
coefficients among fog difference (DF), UHI, and VIS14 for
Hefei and Chizhou as examples of an old city and new city,
respectively. The results are presented in Table 2. DF is the
annual fog frequency difference between the selected city
and the average of two nearby stations. VIS14 is the average
visibility at 14:00 shown in Table 1, used as proxy of aerosol
concentration. DTmin is the difference of the annual average
minimum temperature between the selected city and the
average of two nearby town stations, used as a proxy for the
UHI. For both old and new cities, all the variables are highly
positively or negatively correlated. All pass the 99% confi-
dence level test. As shown in Table 2 UHI (DTmin) is nega-
tively correlated with VIS14. This means that the UHI
increased with decreasing (increasing) visibility (aerosol
load) in both old and new cities, that is, too many aerosols
are conducive to UHI. However, the relationship between
fog frequency difference and aerosol and UHI are different
in old and new cities. DF at Hefei is positively (negatively)
correlated with VIS14 (DTmin). This means that DF is
Fig. 9. Annual average of visibility at 14:00 for different categories of cities
and coal consumption in Anhui Province (China).



Table 2
Correlation coefficients between different variables measured in Hefei
and Chizhou

City DF-VIS14 DF-DTmin VIS14-DTmin

Hefei 0.51 �0.56 �0.65
Chizhou �0.66 0.66 �0.71

DTmin – Difference in minimum temperature between city stations and
nearby town stations, DF – Fog frequency difference. Calculations are for
the period 1970–2005 except for DF-VIS14 and VIS14-DTmin in Chizhou.
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negatively correlated with both aerosol load and UHI sug-
gesting that both variables inhibit fog formation in old
cities. In the case of Chizhou, DF is negatively (positively)
correlated with VIS14 (DTmin) suggesting that aerosol is
conducive of fog formation in new cities, while the strength
of the UHI is not enough to prohibit its formation.

Aerosols potentially reinforce the UHI at night but prevent
the lower atmosphere to warm up in the morning thereby
delaying the dissipation of fog, as shown in above mentioned
increasing fog duration and delayed fog dissipation.

5. Summary and conclusions

The present dataset is from a region that has undergone
dramatic urbanization and industrialization during the last
few decades. It represents a relatively long time period
including various urbanization phases and the analysis
contributes to the better understanding of the atmospheric
environment in China. Urban effects on fog are complex,
and with the available data it was not possible to
unequivocally distinguish the influence of various meteo-
rological and anthropogenic factors on fog production or
dissipation. Similar to past studies, the present results
show that urbanization influences fog frequency and
duration. The results are broadly consistent with a number
of urban factors, which are unfavorable for fog formation.
The UHI increases nighttime temperatures and causes the
urban atmosphere to be more unstable, relative humidity
has decreased and the addition of buildings and other
urban structures promotes mechanical turbulence. The
main findings of the present study are:

(1) Annually-averaged number of fog days in most cities (old,
towns) was highest during the period 1976–1985 and
decreased thereafter during a period which was char-
acterized by rapid urbanization and industrialization
after the end of the ‘‘Great Cultural Revolution’’ in 1976.

(2) The impact of urbanization on fog is obvious and
different at various stages of urban development. At the
initial stage of urbanization, fog formation is promoted
by the abundance of hygroscopic aerosols acting as
condensation nuclei. The relatively weak UHI at this
stage will not significantly prevent fog formation as
shown for the new cities in the present study. At a more
mature development stage, data from the old cities
point towards an UHI effect which is strong enough to
inhibit fog development.

(3) Overall visibility measured at 14:00 LT decreased
noticeably from the 1970s to 1990s which is a period
characterized by strongly increasing provincial annual
coal consumption. A similar but weaker relationship
was found for visibility within fog measured at 08:00 LT
in old cities but not in new ones.

Our study supports previous findings that the observed
decrease of urban fog associated with urbanization is the
complex result of an increasing UHI effect resulting in
higher nocturnal temperatures and increasing aerosol load
in the urban atmosphere.
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