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A B S T R A C T

As a southeast neighbor of the heavily industrialized and urbanized region of the Pearl River Delta (PRD), Hong
Kong, China, has been susceptible to aerosols transported from the PRD in winter when the prevailing flow is
from the west. The decadal trend in pollution during recent decades has likely indicated a difference in aerosol
loading between winter and summer when different winds dominate. The surface air temperature shows a
wintertime cooling trend during recent decades in Hong Kong, particularly during the midday hours. Differently,
the surface air temperature shows a summertime warming trend during recent decades in Hong Kong. By ex-
amining the distinct winter versus summer trends in midday hour temperature under low cloud cover conditions
in Hong Kong from 1979 to 2014, we found a close relationship between the temperature reduction during
midday hours and increased aerosol loading in winter but not in summer. The consistency in turning point for
both the increase in aerosol loading and the variation in winter-summer temperature differences in the late
1980s also supports the strong association between aerosol and temperature changes. Further analysis shows
that there was a significant negative correlation between downwelling solar radiation (DSR) and aerosol loading.
Quantitatively, aerosols over Hong Kong during the study period reduced surface DSR and midday temperatures
by approximately 30Wm−2 and 2.1 °C for low cloud cover cases.

1. Introduction

A decreasing trend in surface solar radiation during recent decades
has been reported over many regions in China (Qian et al., 2003, 2007;
Che et al., 2005; Shi et al., 2008). Regions with reduced downwelling
solar radiation (DSR) have often had heavy aerosol loading, pointing to
the effect of aerosols on surface DSR (Li, 1998; Li et al., 2007, 2010; Cao
et al., 2006; Xia et al., 2006; Cao et al., 2007; Tang et al., 2011; Wang
et al., 2015). The reduction of DSR by aerosols cools the surface and
weakens the vertical turbulence, slowing surface winds subsequently
(Jacobson and Kaufman, 2006; Yang et al., 2013a). The reduction of
surface DSR can also prevent the vertical development of the boundary
layer (Quan et al., 2013, 2014; Du et al., 2013; Li et al., 2017). These
effects of aerosols on surface DSR and winds near surface can further
increase the particulate mass concentration by confining aerosols to a
lowered boundary layer (Dong et al., 2017). Higher aerosol con-
centration in turn blocks solar radiation more effectively and intensifies
the reduction of surface DSR more efficiently (Yang et al., 2016a). The
decrease in surface DSR caused by aerosol pollutants has contributed

significantly to temperature decreases in China (Liu et al., 2004; Wang
and Dickinson, 2013; Li et al., 2016a). The land surface is heated by
DSR and this heat is transferred to the overlying air. Near-surface air
temperatures then rise, gradually reach a maximum value in the early
afternoon. This is the physical relationship between DSR and air tem-
perature during daytime hours. The reduction in daily maximum tem-
perature (Tmax) caused by reduced surface solar radiation has been
reported in many regions (Liu et al., 2004; Makowski et al., 2009) and
an association with anthropogenic aerosols has been proposed (Wild
et al., 2007). Based on model simulations, Qian and Giorgi (2000)
suggested a connection between observed declining temperature trends
and increasing anthropogenic aerosol loading in China. The lack of
warming so far this century has been attributed to surface cooling ef-
fects by aerosol pollution, especially in Asia where aerosol emissions
have grown rapidly (Wild et al., 2007; Kaufmann et al., 2011; IPCC,
2013; Wang et al., 2015).

Few studies have examined the cooling contribution of aerosol
pollution to the temperature variability on a decadal timescale as well
as the competing warming effects by greenhouse gases (GHGs) (Yang
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et al., 2013a). As a close neighbor of the Pearl River Delta (PRD) region,
Hong Kong has been subject to air pollution transported from the west
in recent decades, which is especially heavy in winter due to the
northwest monsoon wind in the region (Yuan et al., 2006; Jiang et al.,
2007; Deng et al., 2008; Garland et al., 2008; Li et al., 2016a, 2016b).
By comparing aerosol loading, temperature variations, and related
meteorological factors between summer and winter in Hong Kong, this
study investigates the possible relationship between midday surface air
temperature and aerosol amount on a decadal timescale. We then ex-
amine the hypothesis that variations in pollution aerosols are an im-
portant contributing factor to local climate change, including the ob-
served cessation of warming during the last 10 years.

2. Dataset and methodology

It is challenging to distinguish the impacts of aerosols on near-sur-
face temperature from those of GHGs, urban heat islands, and natural
variability. Examining the daily maximum changes in near-surface air
temperature is one approach to investigate aerosol surface cooling ef-
fects (Gong et al., 2006; Yang et al., 2013a). This approach strongly
limits the influence from GHGs and urban heat islands since their ef-
fects have a weak diurnal variation. The effect of aerosols on near-
surface air temperature has a strong diurnal variation. Besides, Yang
et al. (2013a) took advantage of the topography of mountain and plain
and found that aerosol cooling is much more evident in the plain than
in the nearby mountain. The contrast is a sound indicator of the aerosol
cooling effect whose long-term trends also differ considerably between
the two locations, which has little to do with the greenhouse effect.

In this paper, we examine the decadal changes in diurnal tem-
perature cycles to explore aerosol impacts on temperature. The study
region and locations of the stations are shown in Fig. 1a. The longest
continuous dataset for hourly temperature obtained from NOAA's Na-
tional Climatic Data Center (ftp://ftp.ncdc.noaa.gov/pub/data/noaa/)
covers 1979 to 2014, although observations started in 1950s. Limited
by the availability of datasets, four nine-year periods (1979 to 2014) of
observations of hourly near-surface air temperature, horizontal atmo-
spheric visibility (VIS), relative humidity (RH), winds, and clouds at the
Hong Kong Observatory were used to examine the variation in tem-
perature with respect to aerosol loading. Other data used in this study
include particulate matter with aerodynamic diameters < 2.5 μm
(PM2.5, and surface DSR). DSR data are only available from 2009 to
2014. PM2.5 mass concentrations have been measured since 1999 at
Central station of Hong Kong by the Environmental Protection De-
partment of Hong Kong (http://epic.epd.gov.hk/EPICDI/air/station/).
To analyze the relationship between DSR and aerosol loading, PM2.5

and VIS data from 2009 to 2014 were used in this study. The impact of
RH on VIS was largely reduced by using the equivalent visibility under
dry conditions (VIS(dry)) when RH was> 40% (Rosenfeld et al., 2007).
The correction formula is expressed as VIS/VIS(dry)= 0.26+ 0.4285
log (RH×100). This correction formula is first put forward by
Rosenfeld et al. (2007) and has since been extensively used to study
aerosol effects in many regions across China including PRD region
(Qian et al., 2009; Yang et al., 2013a, 2013b; Yang et al., 2016a,
2016b). This RH-corrected visibility is not always more than the mea-
sured visibility, such as the cases when RH > 40% and RH < 46%
(Yang et al., 2016a). RH-corrected visibility has been widely used in
previous studies (Wang et al., 2009; Yang et al., 2013b; Yang et al.,
2016a, 2016b). According to the weather record, instances of fog and
precipitation were excluded from the visibility trend analysis.

Fig. 1b and c show the different prevailing winds between summer
and winter in the monsoon climate of Hong Kong. Stemming from the
nearby west Pacific Ocean surface, moist and clean summer air con-
tributes to more frequent precipitation and thus more efficient aerosol
wet deposition. By contrast, stronger westerly winter winds transport
more aerosols from the upwind of the western PRD region, leading to
more aerosols in winter than in summer. The contrast in aerosol

concentration has also been reported in other studies (Yuan et al.,
2006b; Li et al., 2016a, 2016b).

Fig. 2a further shows the different temporal trends in aerosol
loading in summer and winter inferred from atmospheric visibility in
Hong Kong, which is presumably associated with different aerosol
sources caused by the shift in prevailing winds as demonstrated in
Fig. 1b and c. As the source region of aerosol loading, Pearl River Delta
megacity area of Guangdong had experienced a steady increase in
pollution emission (Wu et al., 2005; Deng et al., 2008; Wang et al.,
2011) until a few years ago when air quality began to improve (Tao
et al., 2015). According to Fig. 2a, summertime visibility is much better
than wintertime visibility and this distinct seasonal difference has an
increasing trend with time. Similarly, the temporal variations of daily
PM2.5 in Fig. 2b also suggest the large difference between summer and
winter in Hong Kong. This allows us to examine the impacts of aerosol
concentration on near-surface temperature and surface DSR. Note that
atmospheric visibility instead of PM2.5 is used in this study due to the
fact that PM2.5 observations are not available until 1999. Instead, we
examined the relationship between PM2.5 and atmospheric visibility in
both summer and winter over Hong Kong since 1999, shown in Fig. 2c
and d. They are closely correlated, which indicates that atmospheric
visibility could serve as valid proxy for aerosol loading. Similar re-
lationships have also been found by Yang et al. (2016b).

The cloud cover is estimated by an observer on the roof of the Hong
Kong Observatory Headquarters building, an open area from where the
whole sky can be seen. Dividing the whole sky into eight equal parts,
the observer estimates the proportion of the sky covered by clouds. For
example, the cloud cover is recorded as “8/8” or 100% when the whole
sky is covered by clouds and the cloud cover is recorded as “4/8” or
50% when half of the sky is covered by clouds. Criteria used to estimate
nine specific cloud cover values (0%, 13%, 25%, 38%, 50%, 63%, 75%,
88%, and 100%) are shown in Table 1. Considering that completely
clear skies (cloud fraction=0%) are rare in Hong Kong, especially
during summer, we conducted the analysis for low cloud cover (0%,
13%, 25%), and high cloud cover (75%, 88%, 100%) scenarios, re-
spectively. This rough classification according to cloud cover helps to
limit the influence of clouds on surface radiation and to ensure suffi-
cient data samples in the analysis.

3. Results and discussion

3.1. Distinct temperature trends between summer and winter

Fig. 3 shows the diurnal variation in average temperature during
four nine-year periods (1979–1987, 1988–1996, 1997–2005, and
2006–2014) in both summer and winter months (June to September
and November to February, respectively) for low cloud cover and high
cloud cover scenarios. The increasing trend in summer temperature in
Hong Kong is significant for all time. When the cloud cover is high
(Fig. 3b), the rise in near-surface air temperatures in each of the four
nine-year periods is evenly distributed throughout the day, while under
low cloud cover scenarios (Fig. 3a), the midday temperature increase is
larger in magnitude compared to other times of the day. More clouds
seem to reduce daily maximum temperature (Tmax) but do not change
the temporal increasing variation of average temperature in summer
seen over the past few decades. Temporal changes in average tem-
perature are similar for both cloud cover scenarios. The general in-
creasing trend in summer average temperature in Hong Kong is con-
sistent with the widespread rise in surface temperature across China,
which has been largely attributed to the buildup of GHGs (Meehl et al.,
2003; IPCC, 2013). The observed gradual warming trend during the
summers of 1979–2014 in Hong Kong also agrees well with changes in
global mean surface temperature during the past three decades, each of
which has been successively warmer than any preceding decade since
1850 (IPCC, 2013).

Although global mean surface temperatures continue to rise, the
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Fig. 1. (a) Location of the study area, i.e., Hong Kong in southeast China. Locations of the Hong Kong Observatory, the PM2.5 observation station in Central, and the
Kings Park radiosonde station are also shown on the map. Distributions of wind speed (knot, 1 knot= 0.5144m s−1) and direction (degrees azimuth) in Hong Kong
in (b) summer and (c) winter. Each point in panels (b) and (c) represents the mean 700–800 hPa wind vector at 2000 Local Time.

Fig. 2. (a) Temporal variations in seasonally-averaged equivalent visibility at Hong Kong during the summer (June–July–August–September, in red) and winter
(November–December–January–February, in black) seasons of 1979–2014. (b) Temporal variations in the daily averaged PM2.5 during the period of 1999–2014. (c)
Scatter plot of hourly equivalent visibility and PM2.5 at Hong Kong during the summer (June–July–August–September) seasons of 1999–2014. (d) The same as (c)
but for winter season. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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warming trend might be compromised by the cooling effect of anthro-
pogenic aerosols at certain locations or regions (Jacobson and Kaufman,
2006; Huang et al., 2007; Yang et al., 2013a). Associated with the lo-
cation and monsoon climate background, aerosol loading in Hong Kong
is much higher in winter than in summer. Fig. 2 shows the clear dif-
ference in both the magnitude and trend in RH-corrected visibility
between winter and summer. Aerosol loading in winter is greater than
in summer and the difference between them has increased with time
during the last four decades, except for the last few years when visi-
bility has improved somewhat thanks to the exceptional effort in
combating air pollution in China with the most dramatic changes in the
Pearl Delta Region (Zhao et al., 2013; Wang et al., 2014). Winter
temperatures in Hong Kong are therefore more susceptible to aerosol
surface cooling effects. Similar results have also been found by using
uncorrected atmospheric visibility data, which is not shown here. As
shown in Fig. 3d, the rise in winter temperature for the low cloud cover
scenario during the second nine-year period (1988–1996) compared to
that during the first period (1979–1987) is ~2 °C, which is much larger
than the summer warming (< 1 °C) during the same period. This sea-
sonal characteristic of warming is consistent with the reported temporal
heterogeneity in GHG-induced warming, which is most significant in
winter, followed by spring, fall, and summer (IPCC, 2013). However,

this winter warming for the low cloud cover scenario has ceased since
the second nine-year period, i.e., Tmax in winter have fallen since the
second nine-year period. For the other hours of the day, winter
warming lasted until the third nine-year period, i.e., temperatures
started to decrease only in the last nine-year period (2006–2014).
Midday near-surface air temperatures during the last nine-year period
are lower than that during the first nine-year period for the low cloud
cover scenario in winter. This decreasing temperature trend is only seen
for the low cloud cover scenario in winter. Winter warming for the high
cloud cover scenario lasted throughout the four nine-year periods
(Fig. 3e). The variation in temperature for the high cloud cover scenario
is similar in winter to that in summer when the warming is evenly
distributed between day and night. All-sky average wintertime tem-
peratures during midday hours change in a similar way as those for the
low cloud cover scenario, while the average wintertime temperature
variation at other hours of the day is more like that for the high cloud
cover scenario (Fig. 3f). These comprehensive changes in near-surface
air temperatures indicate that air temperatures at midday hours are
more sensitive to the effects of clouds and aerosols because there is
more solar shortwave radiation arriving from space at this time. Near-
surface air temperatures at other hours of the day are more controlled
by longwave radiation, which is more sensitive to the influence of GHGs

Table 1
Criteria for estimating cloud cover.

Cloud Cover 0% 1/8≈ 13% 2/8=25% 3/8≈ 38% 4/8=50% 5/8≈ 63% 6/8=75% 7/8≈ 88% 8/8=100% 9/8

Description Clear Almost clear Nearly clear Sparsely
cloudy

Partly cloudy Broken
cloudy

Thick cloudy Cloud covers almost the
whole sky

Cloud covers the
whole sky

Cannot
observe

Symbol

Fig. 3. Diurnal variations in average temperature for
the four nine-year periods in Hong Kong. Panels (a)
to (c) show results for low cloud cover (CC), high CC,
and all-sky scenarios, respectively, in the summer
(June–July–August–September). Panels (d) to (f)
show results for low CC, high CC, and all-sky sce-
narios, respectively, in the winter
(November–December–January–February). The four
nine-year periods are: 1979–1987 (magenta),
1988–1996 (blue), 1997–2005 (red), and 2006–2014
(black). Low, and high CCs are defined as 0–25%,
and 75–100%, respectively. The time is local time.
For all the changes among the four nine-year periods,
the difference in midday hours (1000–1600 Local)
temperature for low CC scenarios is statistically sig-
nificant at the 0.05 level based upon a Student's t-
test. Other temperature changes in midday pass the
Student's t significant test at 0.05 level expect for the
changes between 1988 and 1996 and1997–2005 for
low CC scenario in summer, high CC scenario in
winter and all-sky scenario in winter. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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and cloud bases (Garrett and Zhao, 2006; Zhao and Garrett, 2015).
Fig. 4 shows the diurnal variation in relative temperature change

during the last three nine-year periods with respect to the first nine-year
period. The changes are almost all positive in summer for the two cloud
cover scenarios (Figs. 4a–c) and in winter for the high cloud cover
scenario (Fig. 4e), confirming a similar fundamental warming trend
during the two seasons. By contrast, winter temperatures for the low
cloud scenarios show a clear drop during midday hours in the last nine-
year period (Fig. 4d). Fig. 4f shows that the winter temperature change
for the all-sky scenario is similar to that for the all-sky scenario in
summer except for midday (Fig. 4c), suggesting the dominating influ-
ence of aerosols on winter temperature during midday.

Fig. 5 shows the temporal variation in seasonally-averaged midday
(10:00 Local Time, or LT, to 16:00 LT) temperatures in Hong Kong from
1979 to 2014. Midday temperatures in summer show a significant up-
ward trend for all two cloud cover scenarios and the all-sky scenario
(Fig. 5a–c). The correlation coefficient R is> 0.5 for the temporal trend
of temperature in Fig. 5a–c, indicating the midday warming is sig-
nificant. Similarly, P value is all below 0.01 for Fig. 5a–c, suggesting the
warming trend passes the 95% confidence significance test. But in
winter (Fig. 5d–f), midday temperatures for all but the high cloud cover
scenario (Fig. 5e) show a strong cooling shift starting from the begin-
ning of the third nine-year period (1997). These changes are consistent

with the decadal changes in the diurnal variation of temperature shown
in Fig. 3.

3.2. Possible links between temperature variation and aerosol cooling effects

The distinct trends in temperature between summer and winter in
Hong Kong presented in Section 3.1 are closely linked to the different
aerosol loadings in several ways. First, the turning point seen in both
the increase in aerosol loading (represented by visibility in Fig. 2) and
the opposite changes in temperature between summer and winter in
Hong Kong (Figs. 3, 4, and 5) in the late 1980s are consistent. The PRD
region upwind of Hong Kong has experienced heavy aerosol emissions
accompanied by rapid economic growth during recent decades
(Andreae et al., 2008; Garland et al., 2008). Stronger northwesterly
winter winds transport substantially more aerosols from the upwind
PRD region than southeast summer winds. Consequently, the heavy
aerosol loading since the late 1980s could have substantially cooled the
surface in winter in Hong Kong, causing a clear winter temperature
reduction after the late 1980s (Figs. 3, 4, and 5). One thing we should
note is that the winter time cooling trend keeps in the period from 2000
to 2010 (Fig. 5d), while the atmospheric visibility (PM2.5) only shows
clear decreasing (increasing) trend till 2004 and no clear (slight de-
creasing) temporal trend from 2004 to 2010. This could result from

Fig. 4. Same as Fig. 3, but for the relative change in average temperature diurnal variations of the last three nine-year periods with respect to the first nine-year
period in Hong Kong. The periods shown are: 1988–1996 (blue), 1997–2005 (red), and 2006–2014 (black) with respect to 1979–1987. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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uncertainties associated with the vertical distribution of aerosol parti-
cles, the variation of boundary layer height and relative humidity, the
aerosol types, and so on. By contrast, the increasing trend of visibility in
summer should also contribute to the summer warming trend
throughout the study period, along with the GHGs warming effect.
Thus, the large difference in temporal variations of atmospheric visi-
bility between summer and winter in Hong Kong, could help explain the
corresponding differences in temporal variations of near surface tem-
perature.

Second, the diurnal cycle of the winter temperature reduction in
Hong Kong seems consistent with the aerosol radiative effects: the
strong reduction in temperature occurs at midday hours when the
aerosol cooling effect is the strongest. According to the temperature
changes for both the low cloud cover scenarios shown in Fig. 3d, winter
cooling in the last two nine-year periods (1997–2005 and 2006–2014),
compared to the second nine-year period (1988–1996), occurred during
the day time only. Another noticeable feature is that there is a delay in
the time of occurrence of the Tmax in winter for low cloud cover sce-
nario: 14:00 LT during the first two nine-year periods versus 16:00 LT
during the last two nine-year periods. The delay in the time of occur-
rence of Tmax in winter may be related to the interaction and feedback
between aerosols and radiation. Summertime temperatures con-
tinuously rise at a nearly uniform rate during the day and night. These
distinguishing features in the changes in diurnal temperature variation
suggest that aerosol negative radiative forcing is the most likely cause
for the winter temperature decrease in recent decades in Hong Kong.

The observed surface cooling associated with aerosol loading in
Hong Kong is similar to that in the Sichuan Basin, the Guanzhong Plain,
and East Asia (Qian and Giorgi, 2000; Kim et al., 2010; Yang et al.,
2011, 2013a; He et al., 2013). Surface cooling related to aerosols is
usually reported in the summer for most regions but is observed in

winter in Hong Kong. This is associated with the uneven distribution of
aerosol pollution in space and time. Aerosol emissions directly reduce
the surface radiation and consequently the regional temperature in
many regions (He et al., 2013; Wu et al., 2015; Yang et al., 2016a,
2016b). In Hong Kong, surface DSR for the low cloud cover scenario is
also significantly correlated with summertime and wintertime aerosol
loading (Fig. 6a-d). The sensitivities of surface DSR to RH-corrected
visibility for the low cloud cover scenario are 12.63 and
15.08Wm−2 km−1 in summer and winter, respectively. The sensitivity
of surface DSR to RH-corrected visibility in winter time is similar to the
value of 15.42Wm−2 km−1 found in Beijing in November 2014 in a
study that did not consider the impact of clouds (Yang et al., 2016a).
The linear sensitivities of surface DSR to PM2.5 are 7.49 and
5.12Wm−2 μg−1 m−3 for the low cloud cover scenario in summer and
winter, respectively. Fig. 6e–h is the same as Fig. 6a–d except that a
logarithmic scale is used for the x-axes. This is done to remove the ef-
fects of the difference in units between visibility and PM2.5. The mag-
nitudes of the slopes for both aerosol loading proxies are similar when
using a logarithmic scale, especially in winter, i.e., 561.00 for using
visibility and 535.19 for using PM2.5. This shows that both atmospheric
visibility (Fig. 2) and PM2.5 can be used to represent aerosol loading in
this study.

Fig. 7 shows monthly mean near-surface air temperature as a
function of the total surface DSR from 10:00–16:00 LT under low cloud
cover condition in Hong Kong. As expected, a significant increasing
trend in near-surface air temperature as the surface DSR increases is
seen in both summer and winter under low cloud cover conditions. Note
that the daily DSR from 10:00–16:00 LT in Fig. 7 is the average of the
total DSR during these hours, which makes the daily DSR sometimes
higher in winter than in summer. According to the results shown in
Fig. 6, surface DSR decreases as aerosol loading increases, i.e., if

Fig. 5. Annual variations in daily-averaged
(1000–1600 Local Time) temperature in Hong Kong.
Panels (a) to (c) show results for low cloud cover
(CC), high CC, and all-sky scenarios, respectively, in
the summer (June–July–August–September). Panels
(d) to (f) show results for low CC, high CC, and all-
sky scenarios, respectively, in the winter
(November–December–January–February). Low,
and high CCs are defined as 0–25%, and 75–100%,
respectively. The black line through the points is the
linear best-fit line. Connecting red lines show the
trends in each of the four nine-year periods. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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visibility decreases or PM 2.5 increases. As a consequence, the near-
surface air temperature also decreases (Fig. 7). This reasonable link
between the temperature decrease and the aerosol surface cooling effect
explains well the reduction of temperature drop and increase of pol-
lution during winter in Hong Kong.

3.3. Variations in cloud cover

During the past several decades, total cloud fraction has sig-
nificantly decreased over much of China, including the PRD region
adjacent to Hong Kong (Kaiser and Qian, 2002; Qian et al., 2006; Xia,
2012). It is necessary to examine if the variation in cloud fraction is
responsible for the temperature trend seen in Figs. 3 and 5. Considering
that both the wintertime temperature decrease and the possible surface
cooling effect by aerosols are strongest at midday, we examined the
variation in cloud cover from 10:00 LT to 16:00 LT for the two cloud
cover scenarios. Fig. 8 shows the occurrence frequency of low and high
cloud covers from 10:00–16:00 LT in summer and winter seasons of the

years 1979–2014. As shown in Fig. 8a–b, the high cloud cover scenario
occurred more frequently in summer, followed by the low cloud cover
scenario. The occurrence frequency of high cloud cover during midday
hours ranges from 0.53 to 0.82 and has no clear trend throughout the
study period. In terms of the four nine-year periods, the occurrence
frequency of high cloud cover has a slight upward trend in the first
three periods then a decreasing trend in the last nine-year period. These
occurrence frequency changes in high cloud cover cannot explain the
significant increasing trend in temperature for the summertime high
cloud cover scenario seen in Fig. 5b. Similarly, temporal temperature
variations for low cloud cover scenario in summer cannot be inter-
preted as the result of the occurrence frequency changes in low cloud
cover. As shown in Fig. 8c–d, there are no discernible trends in the
occurrence frequencies of the two cloud cover scenarios during the
study period. Therefore, cloud cover changes are not likely the reason
for the temperature variation found in winter. However, it is worthy
noting that changes in aerosol loading could affect the cloud properties
including cloud cover (e.g., Zhang et al., 2010; Forkel et al., 2012).
However, it is not discernible in our study and not considered here.

3.4. Contribution of aerosols to surface DSR and decadal temperature
variability

The quantitative contribution of aerosol radiative forcing to atmo-
spheric temperature during the study period can be estimated using the
sensitivity of surface DSR to RH-corrected visibility (Fig. 6a and b) and
PM2.5 (Fig. 6c and d). Based on the linear regression equation in Fig. 6b,
the natural sensitivity of surface DSR to RH-corrected visibility is
15.08Wm−2 km−1 in winter. According to the linear regression lines
shown in Fig. 2, atmospheric visibility decreased from ~14 km in the
initial years of the study period to nearly 12 km in the last years of the
study period. The average visibility decreased nearly 2 km over the
study period. Based on these two parameters, the contribution of
aerosols to surface DSR is ~30Wm−2 over the 36 years studied. Note
that the contribution of aerosols to surface energy includes the impacts
from direct radiative forcing and from complicated aerosol-climate
feedbacks. Assuming that the temperature differences in Fig. 3e are
caused by the interaction between aerosols and surface DSR, the change
in midday temperature relative to aerosol surface cooling is approxi-
mately 2.1 °C during the last three nine-year periods. This temperature
reduction is ~0.66 °C for all cloud cover scenarios. Note that this

Fig. 6. Hourly mean surface downwelling solar radiation as a function of hourly mean visibility (panels a and b) and PM2.5 (panels c and d) for the low cloud cover
(0–25%) scenario. Hourly averages during the day are calculated from 1000 to 1600 Local Time. Panels (e) and (f) are the same as (a) and (b) except that the x-axes
are now logarithmic. Panels (g) and (h) are the same as (c) and (d) except that the x-axes are also now logarithmic. The top panels are for summer and the bottom
panels are for winter.

Fig. 7. Monthly mean temperature as a function of surface direct downwelling
solar radiation for the low cloud cover (0–25%) scenario in summer (red) and
winter (black). Averages during the day are calculated from 1000 to 1600 Local
Time. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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cooling could be offset to some degree by the impacts of GHGs and the
urban heat island effect.

Wang and Dickinson (2013) estimated the contribution of changes
in solar radiation to the decadal temperature variability using the for-
mula 0.5×DTR (the daily temperature range), which was established
based on the relationship between radiation and DTR. According to
their assumption that surface DSR does not change the daily minimum
temperature, surface DSR reduces Tmax by ~0.4 °C. This estimated re-
duction in globally-averaged Tmax by surface DSR during the 1960s and
1970s is much lower than the value we obtained in Hong Kong during
the midday hours under low cloud cover conditions (2.1 °C) and even
slightly lower than the value obtained when not considering cloud
cover (0.66 °C). The larger reduction in temperature associated with
surface DSR in Hong Kong found in this study may be related to the
heavy aerosol loading and the strong absorbing character of aerosols in
this region.

The large negative aerosol forcing at the surface found in this study
is consistent with many previous studies such as those from the Indian
Ocean Experiment (INDOEX) (Ramanathan et al., 2001) and the East
Asian Study of Tropospheric Aerosols: an International Regional Ex-
periment (Li et al., 2007, 2010). Both showed a negative surface forcing
in the order of −20Wm−2 due to heavy pollution in south and east
Asia. The strong surface cooling by aerosols is a dominating climate
forcing agent in Asia which has contributed significantly to the changes
of the monsoon climate in the region over the last a few decades (Li
et al., 2016a, 2016b). This study helps us further understand the ra-
diative effect of aerosol on temperature changes in a conjuncture zone
affected both the eastern and southern monsoons that may have impede
upon the monsoon circulation and regional climate. Further studies are
needed to investigate temperature changes at different altitudes in-
duced by the inhomogeneous distribution and layers of aerosols which
may have a strong feedback with the boundary-layer meteorology (Li
et al., 2017).

4. Summary

In recent decades, Hong Kong has experienced serious aerosol
transport from the Pearl River Delta region of China, especially in
winter. The contrast in aerosol loading and the consequent difference in

surface cooling between summer and winter could explain the distinct
temperature variations between the two seasons observed in Hong
Kong. Cloud fractions had no clear temporal trends in the summer and
winter seasons of the study period (1979–2014) and are thus not likely
a factor behind the different temperature trends seen in summer and
winter. Our observational study shows a significant positive relation-
ship between surface downwelling solar radiation (DSR) and atmo-
spheric visibility, a consistent negative relationship between surface
DSR and PM2.5 and a positive relationship between temperature and
surface DSR. These relationships support a likely increasing trend in
aerosol surface cooling effect observed in winter and a decreasing trend
in summer in Hong Kong. Based on the linear regression analysis, the
sensitivity of surface DSR to aerosol amount was ~15.08Wm−2 km−1.
The contribution of aerosols to midday surface DSR was estimated to be
~30Wm−2 during the 36 winters (from 1979 to 2014) in Hong Kong,
which could result in a reduction of about 0.66 °C in midday tem-
peratures (2.1 °C for the low cloud cover scenario only).
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