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Abstract: Cities may have local weather and climates that are significantly different from their
surrounding rural areas due to the different physical characteristics of urban surfaces and emissions
of substances, with the latter being modulated by the rhythm of the urban ecosystem. Radiative,
thermal, moisture and aerodynamic properties of the urban surface influence cloud formation as
well as their characteristics. By using in situ measurements as well as data from remote sensing
instruments (ceilometers) located in the city center and its outskirts, urban impact on cloudiness over
the city of Sofia is evaluated. It is found that the cloud base height over the city center reaches more
than 200 m higher than that over the rural area. It is shown that clouds over the rural area are more
persistent in cold months as well as in the afternoon in spring.
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1. Introduction

Clouds are an important parameter of Earth’s climate as they determine surface net
radiation by the modification of incoming and outgoing radiation. Clouds are also part
of the water cycle, so they are involved in water and energy transport. Clouds hanging
over cities control shortwave energy that can be harnessed by solar panels and exploited
by the population, and so clouds directly influence human life. Although cloud formation
is the result of natural processes, there are reports about urban effects on clouds and
precipitation [1]. Cloud base height (CBH) is found to be higher over cities [2]; changes
in cloud cover have been identified as well [3]. The observed urban impact on clouds
and precipitation is hypothesized to be due to increased turbulent mixing and thermally
driven convection [4] because of urban heat islands. Another possible cause is forced
updraft due to the surface convergence that is observed over urban areas with increased
roughness [5]. Some of the emitted pollutants in urban atmospheres may act as cloud
condensation nuclei which affect cloud formation and precipitation [6]. Confirming the
sought-after urban effects on cloudiness is hindered by the constantly moving atmosphere,
which may lead to cloud detection that is far away from the cloud’s origin. Often, cities
are located around the borders of natural landscapes with contrasting physical properties
(e.g., sea-land, mountain—valley); this leads to natural inhomogeneities in cloudiness that
overlap with urban ones [7].

Detecting urban influence requires precise quantification of the cloud characteristics
of interest, making human cloud observations with questionable usefulness. Near surface
measurements of air humidity and temperature can be used to estimate the lifting conden-
sation level (LCL) that serves as a proxy for cloud base height [8], although its applicability
is limited to convective clouds. Reference instruments for cloud base height measurement
are the ceilometers [9] that are routinely used to ensure cloud base information for air
traffic safety at many airports. Ceilometers are low-power lidars that determine CBH by
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emitting laser pulses and measurements of their two-way (to the cloud and back) flight time.
Nowadays, ceilometers’ popularity is growing due to the diverse applications developed
within some pan-European initiatives [10,11].

The main goal of this work is to test whether the cloudiness over Sofia is influenced
by the urban surface. A better understanding of the seasonal and daily variations in urban
influence is also among the goals of this work.

2. Materials and Methods

A combination of in situ and remote measurements of air and cloud parameters over a
10-year period (2011-2020) for two locations were used in this study. The first location, Sofia
Airport (hereafter LBSE, it is located northeast of the city, 42.696° N; 23.417° E, Figure 1), is
equipped with instruments providing important parameters for aviation safety. The airport’s
automatic system records meteorological data every 30 min in the METAR reports. Air
temperature and humidity (used in LCL estimation) as well as cloud base height (derived by
the Vaisala CL31 ceilometer) are the chosen parameters that are analyzed in this study. The
second location is a large park in the city center (hereafter SU, it has coordinates 42.682° N;
23.345° E, Figure 1), where an automatic weather station (AWS) and the ceilometer Lufft
CHM15k are situated. Data from the instruments are logged every 10 and 1 min, respectively.
As atmospheric boundary layer height over Sofia in summer is on average approximately
2500 m [12], all higher clouds were filtered out since they are quite unlikely to be associated
with urban area influence.

Legend
@ LBsF
N O su

Figure 1. Locations of SU (cyan) and LBSF (green) stations. Both stations are equipped with an AWS
and a ceilometer (Source of the map is Google LLC).

3. Results and Discussion

To determine whether urban areas affect cloudiness, we focus on two macrophysical
cloud characteristics—cloud base height and cloud persistence. The first can be approxi-
mately evaluated by LCL or routinely measured by ceilometers; the second is the ratio of
the time when a ceilometer detects a cloud to the total measurement duration. To verify
whether the urban influence on the cloud parameters exhibits diurnal and annual cycles,
we present the mean values for each hour and month on heatmap plots.

LCL heatmaps (Figure 2) reveal two maxima in the afternoons (15LT) of April and
August. The absolute maximum is approximately 2150 m and 1740 m at the LBSF (airport)
and SU (city center). While surprising at first, it looks reasonable if the local climate of
AWS is considered. Though being in the city center, the SU station is in a park, where air
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humidity is expected to be higher, and so LCL is lower. In contrast, despite being situated
outside of the city, LBSF AWS is likely to be exposed to the local effects of large areas
covered by asphalt and concrete, resulting in lower humidity (due to reduced evaporation)
that leads to higher LCL. The local minimum in May for both stations is related to more
rainy weather.
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Figure 2. Seasonal variation in the daily LCL cycles at LBSF (airport) and SU (park in the city center)
stations. LCL is used as a proxy of CBH.

A heatmap plot of the CBH (retrieved by the ceilometers) over each location (Figure 3)
reveals similar bimodal distribution. Again, the two maxima are in April and August but
are delayed by approximately two hours. However, the larger values are registered over
the city center (maximum 1880 m), not over the airport (maximum 1600 m), in contrast
to what is found for LCL. The duration of the relatively high CBHs (if compared against
LCLs) is longer for both stations, so that CBHs > 1500 m are measured even at night and in
the early morning in summer months. That may be related to intensive turbulent fluxes
and updraft over the city accompanying the heat island.

Regarding the percentage of time, a ceilometer detected low clouds (CBH < 2500 m),
i.e., cloud persistence; they were found to be greater over the airport and less over the
city (Figure 4). This is most likely a consequence of higher temperatures and lower air
humidity in the boundary layer over the city compared to that over the rural area. Also, for
both stations, as one can expect, the winter months are characterized by more frequent low
clouds. The seasonal variation in the diurnal cycle of cloud persistence is also worth noting.
The afternoon persistence is higher in the summer as well as in the morning hours of the
winter months. The first can be explained by the development of convective fair-weather
clouds, the second by the presence of low clouds and even fog, which are more typical for
the airport (LBSF station) than the city center (SU station).
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Figure 3. Seasonal variation in daily CBH cycles at LBSF (airport) and SU (park in the city center)
stations. CBH values were measured by a ceilometer at each location.

month

LBSF

persistence (%] NN T
0 25 50

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 23
local time

75 100

Figure 4. Seasonal variation in daily cloud persistence cycles at LBSF (airport) and SU (park in the
city center) stations. Persistence is expressed as a ratio of the number of low clouds registered by the
ceilometer (CBH < 2500 m) to the total number of measurements.

4. Conclusions

Urban areas were confirmed to affect cloud formation and some cloud parameters.

It was shown that LCL-based estimates of CBH should be used with caution due to the
lack of representativeness of the measurement site. Over Sofia, CBH showed a bimodal
distribution with maximum values in the afternoon hours in April and August. The
highest CBH above the center is more than 200 m higher than that outside the city. Cloud
persistence showed seasonal changes in the diurnal cycle. Winter morning and summer
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afternoon maxima were recorded over both stations. It turned out that over the city the
clouds are less persistent than outside the city, contrary to previous studies carried out over
megacities [3].
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