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Abstract

Fifty-six years (1961 — 2016) of daily surface downward solar irradiation,
sunshine duration, diurnal temperature range and the fraction of the sky covered by
clouds in the city of Sdo Paulo, Brazil, were analyzed. The main purpose was to
contribute to the characterization and understanding of the dimming and brightening
effects on solar global radiation in this part of South America. As observed in most of
the previous studies worldwide, in this study, during the period between 1961 up to the

early 1980°s, more specifically up to 1983, a negative trend of about -0.40 kJm per

decade, with a significance level of p = 0.101 in surface solar irradiation was detected in

Sdo Paulo, characterizing the occurrence of a dimming effect. A similar behavior, a
negative trend, was also observed for sunshine duration and the diurnal temperature
range, the three variables in opposition to the trend in the sky cover fraction of 2.9 %

e 7

per decade (p = 0.013). However, a brightening effect, as observed in western

industrialized countries in more recent years, was not observed. Instead, for surface

downward irradiation, the negative trend persisted, with a trend of -0.39 kJm? per

decade (p = 0.003) and stiH-in consonance to the cloud cover fraction increasing trend

of 0.8 % per decade (p = 0.075). The trends for sunshine duration and the diurnal

temperature range, by contrast, changed signal. Some possible causes for the
discrepancy were discussed, such as the frequency of fog occurrence, urban heat island

effects, horizontal visibility (as a proxy for aerosol loading variability)aeresel-changes

and greenhouse gas concentration increase. Future studies on aerosol effect are
eneouragedplanned, particularly with higher temporal resolution as well as modeling

studies, to better analyze the contribution of each possible causes.
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1 Introduction

Ultimately, the downward solar radiation at the surface is the main source of
energy that drives Earth’s biological, chemical and physical processes (Wild et al.,
2013, Kren et al., 2017), from local to global scales. Therefore, the assessment of the
variability of the downward solar radiation at the surface is a key step in the efforts to
understand Earth’s climate system variability. Before reaching the surface, solar
radiation can be attenuated mainly by aerosols and clouds, through scattering and
absorption processes, and to a lesser extent, through Rayleigh scattering by atmospheric
gases, absorption by ozone and water vapor, for example. In this context, during the last
half-century, long term changes in the amount of surface solar radiation{SSR} have
been investigated worldwide (Dutton et al., 1991, Stanhill and Cohen 2001, Wild et al.
2005, Shi et al., 2008, Wild, 2009, 2012, Ohvril, et al., 2009). At least two trends have

been well established and documented over wide regions of the world, a decline in

surface solar radiation between 1950s and 1980s, named “Global Dimming” and an
increase, from 1980s to 2000s, termed “Brightening ” (Stanhill and Cohen, 2001; Wild,

2009, 2012).

The global dimming definition, according to Stanhill and Cohen (2001), refers to
a widespread and significant reduction in global irradiance, that is the flux of solar
radiation reaching the earth’s surface both-trcomprising the direct solar beam and #-the
diffuse radiation scattered by the sky and clouds. However, among these studies, while
the dimming phase has been a consensus for all locations analyzed, the brightening

phase was not (Zerefos et al., 2009, Wild, 2012). Over India, for example, the dimming

phase seems to last throughout the 2000s (Kumari and Goswami, 2010). The continuous
dimming in India and the renewed dimming in China from 2000s, opposing to a

persistent brightening over Europe and the United States, have been linked to trends in
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atmospheric anthropogenic aerosol loadings (Wild, 2012). By contrast, other studies
suggested that changes in cloud cover rather than anthropogenic aerosol emissions
played a major role in determining solar dimming and brightening during the last half
century (Stanhill et al., 2014). Therefore, the drivers of dimming and brightening are a

matter of ongoing research and debate (Manara et al., 2016, Kazadzis et al., 2018,

Manara et al., 2019, Yang et al. 2019). The role of these trends in the masking of

temperature increase due to the-increasing greenhouse gases (GHG) concentration has
been discussed (Wild et al., 2007). Furthermore, a comprehensive assessment of the
spatial scale of both dimming and brightening is critical for a conclusive analysis of the
likely drivers and implications for the current global climate variability. Large portions
of the globe are still lacking any evaluation on this matter, such as Africa (Wild, 2009),
which is a challenge for the spatial characterization of both dimming and brightening

trends.

-Among the rare studies focusing on the South American subcontinent, Raichijk
(2012) discussed the trends over South America, analyzing sunshine duration (SD) data
from 1961 to 2004. The author divided South America in five climatic regions. In three
of them, also the one where the city of S8o Paulo is located, statistically significant
negative trends were observed on an annual basis, from 1961 up to 1990. From 1991 to
2004 a positive trend was observed in four of the five regions with a significance level

higher than 90%.

The alternative use of SD is mainly due to the lack of a consistent long-term

network for the monitoring of SSR-surface solar radiation across the continent, therefore

alternative proxies have to be found in order to provide an estimate of SSR-surface solar
radiation long term trends. Another variable commonly used to investigate SSR-surface

solar radiation trends is the diurnal temperature range (DTR), the difference between
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daily maximum (Tmax) and minimum (Tmin) air temperature measured near the surface

(Bristow and Campbell, 1984, Wild et al. 2007, Makowski et al. 2008).

The present study takes advantage of fifty-six years of a unique high quality
concurrent records of surface solar irradiation (SSR), sunshine duration (SD), diurnal
temperature range (DTR) and sky-cloud cover fraction (SCCF), i.e., the fraction of the
sky covered by clouds, from 1961 to 2016, in the city of S&o Paulo, Brazil, to provide a

perspective on dimming and brightening trends with an extended database.

Thus—we-propese-to-answertwo questions are addressed in this study: 1) How

was the decadal- variability of SSR over the 56 years of data?; 2) Can SD and DTR be
adopted as proxies to infer SSR variability in Sdo Paulo? To answer to these questions,
we organize the manuscript as follows: in part—section 2 we present the data and

methods of analysis; section 3 is divided in 3 parts. In the first part of that section, we

discuss the annual trends in SSR, SD and DTR; in the second, we focus the analysis on

horizontal visibility and the number of foggy days; and eleud-free-days:in the third part

of section 3 we discuss the trends in the maximum and minimum air temperatures near
the surface. Section 4 summarizes the main conclusions and discusses possible future

work on the subject.

2 Observational Data and Methods

The long term measurements used in this study were collected at the
meteorological station operated by the Instituto de Astronomia, Geofisica e Ciéncias
Atmosféricas from the Universidade de S&o Paulo (IAG/USP), located at latitude

23.65°S and longitude 46.62°W, 799 m above sea level. Figure 1 shows the
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geographical location of the meteorological station. The site is surrounded by a

vegetated area due to its location inside a park.

IEM-IAG

Figure 1 — S&o Paulo state and a zooming in view of Sdo Paulo Metropolitan Area and
the location of the meteorological station of Instituto de Astronomia, Geofisica e
Ciéncias Atmosféricas from Universidade de Sdo Paulo (EM-1AG). Adapted from ©
Google Earth (US Dept. of State Geographer — Data SIO, NOAA, U. S. Navy, NGA,
GEBCO - Image Landsat/Copernicus).

The downward solar irradiation has been measured since 1961 using an

Actinograph Robitzsch-FuessFuess model 58d, with 5% instrumental uncertainty

(Plana-Fattori and Ceballos, 1988). Long-term variation of the sensor calibration of -

1.5 % per decade was taken into account. This trend was estimated by comparing one
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year of data collected in parallel and at the same site with a brand new Actinograph

Robitzsch-Fuess model 58dc, in 2014 and agrees with previous estimation performed by

Plana-Fattori and Ceballos (1988) (See supplementary information for details of the

comparison). Sunshine duration data was collected with a Campbell-Stokes sunshine
recorder (Horseman et al., 2008) from 1933 to the present, while daily maximum and
minimum air temperatures started to be monitored in 1935. Daily maximum and
minimum temperatures were used to estimate the diurnal temperature range as it is

simply the difference between the maximum and minimum daily temperatures. Diurnal
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sky-cloud cover fraction was determined from visual inspection made every hour from

7:00 AM to 6:00 PM (local time) (Yamasoe et al. 2017).

Annual mean values of downward solar irradiation data at the surface were used
to characterize dimming and brightening trends while sunshine duration and diurnal
temperature range measurements at the same site were used to provide independent

information.

In order to detect possible temporal changes, avoiding autocorrelation in the
data, the modified Mann-Kendall trend test proposed by Hamed and Rao (1998) was
applied to the variables, while the regression coefficient was estimated based on Sen
(1968). A statistically significant trend at the 95% confidence level was detected if the

absolute value of Z was above 1.96.

According to the meteorological station records, completely cloud free days are
extremely rare in S&o Paulo, being more common from June to the beginning of
September, corresponding to the southern hemisphere winter time, when dry conditions
prevail in the region (Yamasoe et al., 2017). The number of days without clouds per

year, from sunrise to sunset, varied from 1 to 23. This extremely low number of clear

sky days restricted the analysis in such conditions, mainly at aiming to evaluate the

exclusive role of aerosol variability in the long-term trends.

To complement the analysis and help interpreting the findings, we included data

about the occurrence of fog and horizontal visibility. The first information was analysed

in terms of the number of foggy days (NFD). If fog was observed on a given day, the

day received the number 1, otherwise, the number is 0. Horizontal visibility, or simply

visibility, is recorded every hour, from 7:00 A.M. till midnight, at the meteorological

station. Visibility can be affected by haze and fog conditions but is less sensitive to

cloud variability. Thus, all-sky visibility data was used as a proxy for aerosol loading

[ Formatado: Nao Realce

[ Formatado: N&o Realce




162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

77

178

179

180

181

182

183

(Zhang et al., 2020). However, to avoid the effect of fog on the horizontal visibility, we

limited the data from 10:00 AM to 03:00 PM, as, at the location, fog is usually observed

either early in the morning or late in the afternoon, when low temperature and high

humidity scenarios are more likely to occur in Sdo Paulo. Therefore, the reduction in

visibility from 10:00 AM to 03:00 PM is expected to be related to the atmospheric

turbidity. The impact of aerosol in SSR is higher from August to October, when

advection of smoke plume from long range transport can reach Sdo Paulo, summing up

to the typical increase in the local pollution associated with the dominance of low

dispersion scenarios during this time of the year (Yamasoe et al., 2017). This is also

when low temperatures and stable atmospheric conditions favour fog formation. Thus,

the analysis of both variables is limited to the months of July to October.

To verify if the effect of visibility on SSR and SD could be detected, data

measured on clear sky days were analysed normalizing SSR by the expected jrradiation

at the top of the atmosphere (TSR), determining the solar transmittance and minimizing

the seasonal variability. Sunshine duration (SD or n) was normalized to the day-length
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(N). Top of the atmosphere irradiation and the day-length were estimated using

formulas proposed by Paltridge and Platt (1976), which also include the variation of

Sun-Earth distance.
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3 Results

3.1 SSR, SD, DTR and SCF annual mean variability and trends
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Figure 2 illustrates the time series of the annual mean values for SSR, SD, DTR

and SCF, showing that all the analyzed variables exhibited a large variability from year

to year. SSR, SD and DTR presented a decaying trend up to the beginning of the

1980’s, in opposition, therefore consistent, to the SCF trend. According to Rosas et al.

(2019), who analyzed the same cloud fraction database from the meteorological station,

focusing on the climatology for different cloud types and base heights, all cloud types,

except for middle level clouds, presented a positive trend, which is confirmed by this

study. A statistically significant trend, at the 95% level, was observed for stratiform

cloud fraction of 4.8 % per decade and for cirrus of 1.4 % per decade, from 1958 to

19868.
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Figure 2 — Annual mean variability of surface solar irradiation (SSR), sunshine duration
(SD), diurnal temperature range (DTR) and sky-cloud cover fraction (SCCF). Gray
curves represent 5 years moving averages and dotted lines are the result of trend
analysis from 1961 to 1983 and from 1984 to 2016.

Returning to Figure 2, the gray curve represents the 5years moving average,
while the dotted line indicates the result of the modified Mann-Kendall trend analysis,
discussed ahead. The year of 1983 was the one presenting the lowest annual mean value
for SSR, SD and DTR, clearly as a response to the peak of SCF-CCF observed in that
year, which is worth to mention, was characterized by a strong El Nifio event.
According to the Earth System Research Laboratory from the National Oceanic and

Atmospheric Administration (ESRL/NOAA), it is listed amongst the 24 strongest El

14
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Nifio events, in the period from 1895 to 2015, and lasted from April 1982 up to

September 1983
(https://www.esrl.noaa.gov/psd/enso/climaterisks/years/top24enso.html). This 1983 El
Nifio effect was also detected in rainfall data over the S&o Paulo Metropolitan Area
(Obreg6n et al., 2014), although the authors claim that such influence, at least on
rainfall variability, is detectable but is multifaceted and depends on the life cycle of
each ENSO event. Xavier et al. (1995), trying to identify a possible influence of ENSO
on precipitation extremes in the month of May, classified both May 1983 and May 1987
as exceptional extremes of precipitation. Their conclusion was that strong El Nifio
events can affect the spatial organization of rainfall around S&o Paulo city. A more
recent study performed by Coelho et al. (2017), using daily precipitation data from 1934
to 2013 from the same meteorological station analyzed in this research, concluded that
El Nifio conditions in July tend to increase precipitation in the following spring, also
anticipating the onset of the rainy season. No study was found about the possible effect
of ENSO on cloud cover over S&o Paulo. According to Rosas et al. (2019), middle and

high level clouds presented high positive anomalous cloud amount in 1983.

After 1983, the trend behavior of al-some variables changed, consistent with the

findings of Reid et al. (2016), who observed a regime shift in land surface temperature

in South America in 1984. Their results motivated what-roetivated-us to separate the

time series analysis in two periods, the first from 1961 to 1983 and the second from
1984 up to 2016. The results of the modified Mann-Kendall trend test for each period
are presented in Table 2, considering both annual and seasonal variabilities. Bold values
indicate trends that are statistically significant at the 95% confidence level. From the
table, in the first period, SSR, SD and DTR presented a decreasing trend, while

SCFCCEF a positive one, increasing at a rate of 2.9% per decade. Except for SSR, all

15
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trends were statistically significant, with daily SD decreasing at a rate of 0.37 hours per
decade and the diurnal temperature range declining at a rate of 0.49°C per decade.
Looking at the seasonal variability, southern hemisphere autumn (MAM) and winter
(JJA) presented statistically significant decreasing trends for SSR, SD and DTR.
Springtime (SON) presented statistically significant decreasing trends also for SD and
DTR. For SCFCCEF, statistically significant positive trends were observed for JJA and

SON only.

Table 2 - Modified Mann-Kendall trend test results for Pperioderied 1, from 1961 to
1983, and Peperiod 2, from 1984 to 2016, considering each season and in an annual
basis for the surface solar radiation (SSR), sunshine duration (SD), diurnal temperature
range (DTR) and sky cover fraction (SSFCCF). The trend was estimated as the slope of

the linear fit between the variable of interest and year.

SSR
Period 1: 1961-1983 Period 2: 1984-2016
Time Trend? z p Trend? z P
interval
Annual 04240  -17464 008110 -0.394%  -3.0248  0.003%
1
DJF -0.646 -1.053+ 0.29167  -0.543 -2.5662 0.01009
MAM -0.768 -2.48 0.013 -0.2625 -1.6672  0.885097
JIA -0.4847 -1.9893 0.05448 -0.178 -1.9787  0.849061
SON 02524  -0.9689 0.33537 -0.5857  -2.4640  0.014016
3
SD
Period 1: 1961-1983 Period 2: 1984-2016
Time Trend® z p Trend® V4 Pp
interval
Annual -0.37 -3.41 0.001 0.11 2.13 0.033
DJF -0.41 -1.06 0.291 -0.01 -0.12 0.905
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299

MAM -0.53 -2.27 0.023 0.22 161 0.107
JIA -0.54 -3.38 0.001 0.20 2.06 0.039
SON -0.47 -2.31 0.021 0.03 0.20 0.840
DTR
Period 1: 1961-1983 Period 2: 1984-2016
Time Trend® z p Trend® z Pp
interval
Annual -0.49 -3.33 0.001 0.16 1.84 0.065
DJF -0.32 -1.61 0.107 0.15 1.72 0.085
MAM -0.58 -2.54 0.011 0.16 1.53 0.125
JJA -0.61 -2.91 0.004 0.14 1.38 0.171
SON -0.58 -2.64 0.008 0.02 0.17 0.865
SCFCCE
Period 1: 1961-1983 Period 2: 1984-2016
Time Trendd z p Trendd Z Pp
interval
Annual 2.9 2.48 0.013 0.8 1.78 0.075
DJF 0.5 0.42 0.673 0.3 0.38 0.700
MAM 2.9 1.58 0.113 0.6 0.76 0.448
JJA 35 2.54 0.011 0.8 0.57 0.566
SON 38 2.12 0.034 15 1.22 0.221

Units of trend: a) kJm? per decade; b) hours per decade; c) °C per decade; d)

% per decade

In the first period, SSR and its proxies presented trends consistent with SFC

features, i.e., as SFC increased over time, the others decreased. In the second period,

from 1984 to 2016, this behavior combination changed. While SSR still presented, on

17
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an annual basis, a statistically significant decreasing trend, of -0.41 kim2 per decade,
SD and DTR trends changed from negative to positive, being statistically significant
only for SD, with a trend of 0.11 hours per decade. SFE-CCF continued to present a
positive trend, but not statistically significant. It is worth noting that, even though the
trends are not statistically significant, the pattern between SSR and SFS-CCF observed
in the first period remained in the second, and in all seasons. According to Rosas et al.
(2019), statistically significant trends, positive for low clouds (3.2% per decade) and
negative for mid level clouds (-5.5% per decade), were observed in the last 30 years,
from 1987 to 2016. Such analysis indicated that changes in cloud types also influenced
the variability of SSR and proxies. However, other factors, rather than only cloud
changes, were also responsible for the variability of SD and DTR, as analyzed in the

next sections.

3.2 Long term variability of horizontal visibility and of the number of foggy days <«

Analysis-of-cloudfree-days

To verify how effectively the horizontal visibility acts as a proxy for aerosol

optical depth, Fig. 3 shows the solar transmittance (SSR/TSR) and the normalized

sunshine duration (n/N) for clear sky days, from July to October, as a function of daily

mean visibility. The correlation coefficients are 0.57 and 0.52 for (SSR/TSR) and (n/N),

respectively, as indicated in the figure, and for this reason, the visibility data will be

analysed next as a proxy for aerosol optical depth. As mentioned in the methodology

section, we excluded visibility data from early morning and late afternoon to minimize

the influence of fog.
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Figure 3 — Daily solar transmittance and the normalized sunshine duration as functions

of the mean horizontal visibility recorded from 10:00 AM to 03:00 PM on clear sky

days in the months of July to October.

Figure 4 presents the mean visibility from July to October and registered

between 10:00 AM to 03:00 PM, and the number of foggy days in the same months,

from 1961 to 2016, both for all sky conditions. July to October are the months with

lower cloud cover fraction and with higher probability of long-range transport of

biomass burning aerosol particles towards Sdo Paulo, contributing to higher aerosol

optical depth in the city (Castanho and Artaxo, 2001, Landulfo et al., 2003, Freitas et

al., 2005, Castanho et al., 2008, Yamasoe et al., 2017). Since clear sky days are rare in

Sao Paulo, here we discuss the long-term variability of visibility, trying to infer aerosol

loading variations.

From the figure, we see that the highest visibility was observed during the first

half of the 1960’s, with a gradual degradation till early 1970’s. From that, visibility

increased again but never recovered to the values of the 1960’s. A significant reduction

in visibility was observed in 1963. One hypothesis for the lower visibility in 1963 worth

investigating was a sequence of vegetation fires reported in August and September in
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the state of Parana affecting 128 municipalities (Paixao and Priori, 2015). Soares (1994)

stated that about 10 % of Parana state was affected by the fires, being responsible for

the beginning of fire monitoring in Brazil due to its large proportion. Parand is located

to the south-southwest of Sdo Paulo state. Cold front systems frequently advect air

masses from the region towards S&o Paulo.

Considering local pollution sources, the reduction of the visibility data at the

beginning of the series could be associated with the industrialization process in Séo

Paulo, and with the vehicular fleet and changes in the fuel composition, at the end.

According to Silva (2011), during 1956 to 1961, a national development plan was

implemented in Brazil, to enhance the economic growth, what benefited particularly the

city of Sdo Paulo, attracting industries, mainly from the automobile sector. This

contributed to increasing the city’s population and to the concentration of industries,

boosting the economy of Sao Paulo city. In the 1970’s, the high rate of urbanization,

with many traffic jams, caused air quality and environmental degradations (Silva,

2011). As one of the consequences, federal government promoted incentives to move

industries to other Brazilian states, especially in the north and northeast regions of the

country, but part remained in the Metropolitan Area of Sao Paulo. Still according to the

author, this industrial decentralization process lasted till around 1991.

Andrade et al. (2017), discussing changes over time in air quality conditions at

the Metropolitan Area of Sdo Paulo, showed that SO, frequently exceeded the air

quality standards in the 1970’s and 1980’s. According to the authors, the Brazilian

government started a program to control its emission due to the complaints of the

population. At the beginning, the program focused on stationary sources (industries)

and, in the 1990’s, the sulfur content in diesel fuel was also targeted. Nonetheless,

during that decade, the Metropolitan Area of S8o Paulo still experienced severe air
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pollution problems with increasing concentration of aerosol particles, which might

explain the reduction in visibility at the beginning of the decade (Fig. 4). Over time,

SO, emission control and other measures helped decreasing the concentration of SO»

and of particulate matter with diameter less than 10 um (PM10) near the surface.

However, according to Oyama (2015), also due to a political decision to stimulate the

economy, the annual number of registrations of new gasoline fuelled vehicles increased

exponentially, from about 3000 vehicles in 1988, peaking in 2000 with 150000

registrations, and decreasing slowly after that, to about 60000 in 2012. Despite the

effort to reduce vehicular emission, the concentration of particulate matter with

diameter less or equal 2.5 um is not yet controlled. In the recent years, vehicular

emission is the main local source of air pollution in the Metropolitan Area of Sdo Paulo

(Andrade et al., 2017).
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Figure 4 — Time series of the mean visibility recorded from 10:00 AM to 03:00 PM and

the number of foggy days (NFD) per year in all sky conditions. Data are limited to the

months of July to October.

Since both SSR and SD presented positive correlation with visibility, another

factor might be responsible for the opposite trends observed in the second period for

those variables. Changes in the number of foggy days are explored to verify if its

variability can help to explain part of the variability observed in the SD trends,

particularly after 1983, when CCF only could not explain it. As shown in Fig. 4, the

number of days with fog, in the months of July to October each year, is decreasing in

Séo Paulo. The highest numbers were observed during the 1970’s with a sharp decrease

in the end of the decade and the beginning of the next, followed by a long period of

stable conditions up to 2011 when another decrease was observed. This could be the

reason for the positive trend of SD under all sky scenarios in the second period (Fig. 2),

when the CCF increase was not significant. A decrease in the annual number of foggy

days was also observed in China (Li et al., 2012), which the authors attributed to the

urban heat island effect. Sdo Paulo, throughout the analysed period in this study,

experienced a significant change in its spatial domain, which contributed to the

intensification of the urban heat island effect. More on this effect will be discussed in

the next section.
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3.3 Long term trends in daily maximum and minimum temperatures

Figure 4 presents the temporal variation of the annual mean of the daily
maximum and minimum temperatures registered at the meteorological station, used to
estimate DTR. As discussed in the last paragraphs, if the increasing trend in SD over the
last years could be possibly attributed to the decreasing number of days per year with

fog occurrence, we now hypothesize on the possible reasons for the increasing trend of
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DTR in the second period. According to Dai et al. (1999), +DTR should also respond to
cloud cover and precipitation and thus to SSR variations. As discussed by the authors,
clouds can reduce Tmax and increase Tmin, Since they can reflect solar radiation back to
space during daytime and emit thermal radiation down to the surface during the night,
respectively. Such behaviors can be clearly seen in Figure 4, in the first period, and
confirmed by the trend analysis presented in Table 3. During the dimming period, Tmax
presented a negative trend, while Tmin an increasing one, statistically significant at 95%
confidence level for the last variable. Similar behavior was observed by Wild et al.
(2007) who argued that the decreasing trend of Tmax is consistent with the negative trend
of SSR, demonstrating that solar radiation deficit at the surface presented a clear effect
on the surface temperature. Looking at the second period, from 1984 to 2016, both
maximum and minimum temperatures presented increasing trend, statistically
significant at the 95% confidence level, in the annual basis, of 0.25 °C per decade and
0.16 °C per decade, respectively. In this period, Tmin trend was still in line with the
increasing SFC trend, but as pointed out by Wild et al. (2007) could also be a response

to the increasing levels of greenhouse gases as also pointed by de Abreu et al. (2019).

Table 3 - Modified Mann-Kendall trend test results for period 1, from 1961 to 1983, and
period 2, from 1984 to 2016, considering each season and in an annual basis, for the
daily maximum (Tmax) and minimum (Tmin) temperatures. The trend was estimated as

the slope of the linear fit between the variable of interest and year.

Tmax
Period 1: 1961-1983 Period 2: 1984-2016
Time Trend z p Trend z P
interval
Annual -0.11 -1.33 0.184 0.25 2.15 0.031
DJF 0.20 1.06 0.291 0.33 2.07 0.038
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514
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MAM -0.15 -0.79 0.430 0.03 0.23 0.816
JIA 0.02 0.26 0.795 0.33 2.68 0.007
SON -0.26 -0.63 0.526 0.36 1.72 0.085
Tmin
Period 1: 1961-1983 Period 2: 1984-2016

Time Trend z p Trend z P

interval

Annual 0.56 2.54 0.011 0.16 2.15 0.031
DJF 0.53 2.96 0.003 0.13 2.68 0.007
MAM 0.52 2.71 0.007 -0.07 -0.79 0.429
JIA 0.62 1.58 0.113 0.26 1.78 0.075
SON -0.03 0.63 0.526 0.26 2.43 0.015

Units of trend: °C per decade
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Figure 4 - Annual mean variability of daily maximum and minimum air temperatures at
1.5 meters. Gray curves represent 5 years moving averages and dotted lines are the
result of trend analysis from 1961 to 1983 and from 1984 to 2016.
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The urban heat island effect could also be responsible to the observed increasing

trend of Tmax, particularly after 1980. The Metropolitan Area of S8o Paulo experienced

a fast growth rate from 1980 to 2010. There were nearly 12 million inhabitants in 1980,

and the population grew to about 21 million inhabitants in 2010 (Silva et al., 2017).
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According to the authors, the urban area increased from 874 km? to 2209 km?, from

1962 to 2002. According to Kim and Baik (2002), the maximum UHI intensity is more

pronounced in clear sky conditions, occurs more frequently at night than during the day,

and decreases with increasing wind speed. However, Ferreira et al. (2012) reported that,

in S8o Paulo, the urban heat island maximum effect was observed during daytime,

around 03:00 PM, and was associated with downward solar radiation heating the urban

region in a more effective way than the rural surrounding areas.

the—observed-increasing-trend—of Trmax—particularlyafter1980—Finally, as pointed by

Wild et al. (2007), the increasing atmospheric concentration of greenhouse gases (GHG)
can be another reason for the observed trend of Tmax, Which was masked by the
dimming effect in the first period. Modeling studies can help verify the real causes and
disentangle the contribution of each effect, which is, however, out of the scope of this

work.

4 Conclusions

This analysis of 56 years of surface solar irradiation (SSR) and proxies (SD and
DTR) data helped to show that from about 1960 to early 1980, named as first period, a
dimming effect of surface solar radiation was observed in the city of Sdo Paulo,
consistent to other parts of the world. The positive trend of SEFCCF in the first period
indicates that cloud variability could be one important driver of the dimming period.
The dimming effect was also confirmed by SD and DTR trends in the mentioned
period. However, the consistency between SSR, SD and DTR trends ended in 1983,
when SCFCCF presented the highest value throughout the entire series and which
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coincided with a strong El Nifio year. Thus, answering our first question, SSR presented
a decreasing trend, throughout the 56 years of data, though not statistically significant at
the 95% confidence level in the first period, while it decreased at a rate of -0.41 kJ m™

per decade in the second one, from 1984 to 2016.

In the second period, the negative SSR trend was still consistent with the slight
positive trend of SCFCCF, while the opposite behavior of SD and DTR indicated that
other factors besides the cloud cover variability might have affected their distinct
patterns. In order to understand the possible causes of the SD trends, a—restrict-analysis
of-alternative parameters (fog frequency and horizontal visibility) focusing on eloud

free-days—for-the dry months of July to October, were analyzed—in-spite-ef-the-Hmited
. The

results indicated that the decreasing trend of the number of foggy days per year is—a

potential—candidate—to explains part of the increasing trend of SD—and—herizental

Moreover, on clear sky days, both SSR and SD presented correlation coefficients

above 0.5 with visibility for the period when fog is unlikely to occur, indicating that this

variable could be used as a proxy for aerosol loading variations. Changes in visibility

during the 1960s and 1970s could be associated to the dynamics of the industrialization

process of Sdo Paulo Metropolitan Area and the consequent urbanization, with

population growth, traffic jams and the degradation of the air quality. Long-range
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transport of biomass burning products towards Sdo Paulo is also an important source of

aerosol during the dry season. However, the long-term contribution of the different

regions, as sources of pollutants to the atmosphere of the Metropolitan Area of Sao

Paulo is unclear. The role of biomass burning, in the state of Sdo Paulo and the

neighbour states of Minas Gerais, Parana and Mato Grosso, is yet to be clarified.

Further research is needed to improve our historical perspective on the role of other

regional air pollution sources on the SSR.

In the case of DTR, since it was obtained from the difference between the daily
maximum and minimum air temperatures close to the surface, the trends of the annual
mean values of these temperatures were separately determined and analyzed. The Tmin
positive trends followed the SCFCCF ones, with also possible influence of the
increasing levels of greenhouse gases, noticing that the decay observed in SGFCCEF, in
the beginning of the second period, is absent in the Tmin time series. The increasing
trend of SCFCCF, in the first period, resulted in a decreasing trend in Tmax, as more
solar radiation reaching the surface was attenuated from year to year due to the presence
of clouds. ©reSome hypothesies for the increasing trend of Tmax during the second

period w
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the urban heat island effect and the increasing concentrations of GHG. Of course,

changes in the wind pattern and consequently in the advection of air masses with

distinct properties can also affect the air temperature locally.

As the resultant trends of SD and DTR, compared with the SSR trend, diverged
in the second period for Sdo Paulo, in all sky conditions, caution might be taken when
those variables are used as proxies to downward surface solar radiation in the context of
dimming and brightening analyses. This study revealed that different factors may act on

each variable, leading to a distinct behavior, as also mentioned by Manara et al. (2017).

For future studies, modeling efforts may be able to help evaluate each hypothesis
raised in the present study, either those related to climate natural variability, such as El
Nifio, or to those arising from anthropogenic activities as the increase of greenhouse gas
concentrations, land use changes, particularly through the imperviousness of soils,
affecting the partitioning of latent and sensible heat fluxes. Also, higher temporal
analysis and simultaneous monitoring of aerosol optical properties will help to better
evaluate the aerosol effects on downward solar radiation in this region, including via the

indirect effect.
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Access to IAG meteorological station database (sky cover fraction, sunshine duration,
daily maximum and mimimum air temperatures, number of foggy days, visibility and

irradiation data) for education or scientific use can be made under request at

http://www.estacao.iag.usp.br/sol_dados.php. Fhe-multi-senser-abserbing-aerosoindex

hitps//giovannigsfe-nasa-gov/giovannt—All processed data used in the manuscript such

as annual and seasonal mean values, as well as data from cloud free days can be found

at https://www.iag.usp.br/lraa/index.php/data/cientec/weather-station-climatology/.
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