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ABSTRACT
The impact of air pollution particles, i.e aerosols, on clouds is the most uncertain mechanism of anthropogenic climate forcing. It is especially uncertain
what happens to cloud thickness, coverage and lifetime when additional
aerosols, on which water vapour condenses, are added to clouds due to anthropogenic activities, and more numerous smaller cloud droplets are formed. We
can answer these questions by comparing the properties of polluted clouds at air
pollution hot spots to nearby unpolluted clouds. Here, we show that large-scale
polluted cloud areas, which cover hundreds by hundreds of kilometres, exist
around the world. Large-scale anthropogenic cloud perturbations behave
similarly to smaller-scale ship-track-like polluted cloud tracks, and cloud water
response to anthropogenic aerosols is weak on average. Strong anthropogenic
cloud perturbations occur intermittently and only in the case of favourable
meteorological conditions. Our results help to better quantify the aerosol
radiative forcing and will ultimately lead to more reliable climate projections.
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1. INTRODUCTION
1.1 Aerosol forcing of Earth’s climate
Aerosols, fine solid and liquid particles suspended in the atmosphere, exercise a
major impact on Earth’s climate, smaller but comparable to the impact of
anthropogenic greenhouse gases. The net effect of anthropogenic aerosols on
climate is cooling, but the extent to which it offsets the warming effect of
greenhouse gases is still very uncertain (Bellouin et al., 2020). Both greenhouse
gases and aerosols alter Earth’s energy budget at the top of the atmosphere,
which in turn triggers climate system responses. Such perturbations in the
energy budget are called radiative forcings. Other anthropogenic radiative
forcings result e.g., from land surface changes and ozone depletion. Variability
in solar irradiance is an example of natural radiative forcing. Effective radiative
forcing (ERF) is a measure of energy imbalance after atmospheric temperatures,
water vapor and clouds have been allowed to adjust to the forcing (Myhre et al.,
2013). The total anthropogenic ERF over the industrial period 1750-2019 is
+2.72 (±0.76) W/m2 according to the 6th Intergovernmental Panel on Climate
Change (IPCC) assessment report (Forster et al., 2021). Positive forcing means
that more energy is trapped within the atmosphere, which leads to a warming
effect. Anthropogenic emissions of greenhouse gases contribute +3.84 (±0.38)
W/m2 to the total ERF, while the impact of anthropogenic aerosols is -1.3
(±0.7) W/m2 (Forster et al., 2021). The uncertainty associated with the cooling
effect of aerosols is therefore nearly two times larger than the uncertainty of the
warming effect from greenhouse gases. This means that the uncertainty
associated with the cooling effect of aerosols dominates the uncertainty of the
total anthropogenic climate forcing.
Aerosols have both direct and indirect impacts on Earth’s energy budget.
The direct effect concerns the absorption and scattering of both shortwave and
longwave radiation by aerosol particles (Bellouin et al., 2005). Here, the exact
radiative response depends on the aerosol type, but the overall direct radiative
effect of aerosols is negative forcing, which is in the magnitude of -0.3
(±0.3) W/m2 (Forster et al., 2021).
The rest of aerosol forcing comes from aerosol-cloud interactions, which is
the most poorly understood mechanism of anthropogenic climate forcing.
Forcing by aerosol-cloud interactions is estimated to be -1.0 (±0.7) W/m2
(Forster et al., 2021). Aerosols modulate cloud properties by acting as cloud
condensation nuclei on which water vapour condenses, which leads to a variety
of indirect aerosol effects on Earth’s climate. Twomey effect or cloud
brightening is a well-understood indirect effect that contributes to negative
forcing: aerosols raise the cloud albedo by increasing cloud droplet number
concentration (CDNC) and decreasing the size of cloud droplets (Twomey et
al., 1974). Other aerosol indirect effects concern the changes in cloud thickness,
cloud coverage, and lifetime (e.g. Albrecht, 1989), which in turn can further
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modulate cloud albedo and in some cases lead to overall positive forcing
(Forster et al., 2021), despite the brightening which comes from Twomey effect.
If, however, these further indirect effects substantially add to the initial negative
forcing that comes from the Twomey effect, then aerosol can have a very strong
cooling effect on the climate. Each scenario leads to a drastically different
future climate for a given scenario of greenhouse gas and aerosol emissions, and
strong present-day aerosol forcing would mean that strong future warming is
expected (Andrae et al., 2005, Stevens et al., 2016).
Uncertainty in aerosol radiative forcing also hinders improvements in estimates of climate sensitivity and transfers into uncertainty in the global warming
level that results from rising levels of greenhouse gases (Stevens et al., 2016). If
the anthropogenic radiative forcing was known more accurately, we could better
estimate the climate sensitivity for projecting future climate based on the
observational record (Bellouin et al., 2020). As reliable climate projections are
needed for policy- and decision-making for climate change mitigation and
adaptation, better constraining the anthropogenic aerosol forcing of Earth’s
climate is of great importance.

1.2 Research goals
In liquid-phase clouds, the cloud brightening through the Twomey effect can
lead to the emergence of so-called pollution tracks (Fig. 1, 2), quasi-linear
polluted cloud lines, which are detectable from satellite images in the nearinfrared (NIR) spectral region. Such tracks were first spotted as trails from the
ships and for that reason were named “ship tracks” (Coakley et al., 1987).
Pollution tracks occur more easily over oceans, where the air is less polluted
and clouds are therefore more susceptible to aerosol pollution. However,
pollution tracks are detectable also over land, especially if there is an isolated
pollution source in an otherwise pristine area, where polluted cloud tracks can
stand out against the background of non-polluted clouds with larger droplets
(Toll et al., 2019).
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Figure 1. Example MODIS images of polluted clouds near Norilsk. In these composite
images, polluted clouds appear in in grey-white colors, while unpolluted clouds appear
in yellow-brown colors. Green color signifies vegetation and red color indicates the
presence of ice or snow. The location of Norilsk factories is marked with a red dot.
Image (a) was taken on August 26, 2006 and image (b) was taken on June 27, 2000 [I].
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Figure 2. Examples of non-Norilsk large-scale polluted clouds. In these MODIS composite images, polluted clouds appear in grey-white colors and unpolluted clouds in
yellow-brown colors. The approximate locations of aerosol sources are marked with red
dots. Image (a) shows pollution downwind of urban and industrial sources in Europe,
March 19, 2016 and image (b) shows clouds polluted by wildfire smoke in Russia,
September 30, 2016 [I].

The major advantage of studying these perturbations is the possibility to directly
compare the properties of polluted clouds to the nearby unpolluted clouds with
certainty in the causality of the observed changes, thereby overcoming the
limits of merely correlative studies (Toll et al., 2019). However, we do not
know how well the pollution tracks represent the global aerosol effect. Aerosols
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can have an impact on the radiative properties of clouds without forming visible
tracks, and this impact may be different from that of tracks alone (Possner et al.,
2018; Glassmeier et al., 2021). Weak tracks often go undetected and tracks are
too small to be included directly in climate models (Yuan et al., 2019).
Toll et al. (2019), using observational evidence from pollution tracks, invalidated the common postulation that aerosols initiate only a strong increase of
cloud water amount in polluted clouds. However, the average width of studied
pollution tracks was only tens of kilometres, leaving open the question of the
representativeness of the results. This dissertation aims to tackle the question of
polluted cloud tracks’ representativeness of the global average cloud responses
to aerosols. To evaluate the global representativeness, we:
1) study large-scale cloud perturbations similar to pollution tracks to tell if the
cloud responses in large-scale perturbations are similar to small-scale tracks
(study [I]);
2) study the occurrence frequency and meteorological conditions favourable for
pollution track formation (study [II]).

1.3 Theses
• Satellite observations confirm aerosol-induced decreases in cloud droplet
size in large areas compared to nearby less polluted areas [I].
• Aerosol-induced cloud water increases and decreases compensate each other
at large spatial scales, similarly to ship-track-like perturbations [I].
• On average, the Twomey effect is more important than the effect of cloud
water changes for the aerosol radiative forcing of the Earth’s climate [I].
• Strong perturbations tend to form in less polluted and thin clouds under
stable and dry conditions [II].
• Strong continental anthropogenic cloud perturbations occur on 20 to 37 % of
days with liquid-phase clouds [II].
• Large-scale atmospheric circulation largely determines the occurrence of
conditions favouring the formation of polluted cloud tracks [II].
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2. METHODS
2.1 Detection of pollution tracks
Pollution tracks can be detected due to their elevated near-infrared reflectance,
as described by the Twomey effect (Twomey et al., 1974, Toll et al., 2017). We
searched for pollution tracks visually by examining composite Terra Moderate
Resolution Imaging Spectroradiometer (MODIS) satellite images. The composition of MODIS channels 3, 6 and 7 (corresponding to wavelengths 0.459–
0.479 μm, 1.628–1.652 μm, and 2.105–2.155 μm) creates suitable images for
the visual detection of tracks [I-II]. MODIS is on board the Terra and Aqua
satellites, launched respectively in 1999 and 2002.
We sampled pollution tracks mainly for three sites, where we had determined beforehand that tracks form frequently enough to collect enough data,
although tracks from various other regions were also analysed (Fig. 3). The
three main sites were Norilsk and Cherepovets in Russia and Thompson in
Canada. In these locations, there is an isolated pollution source in an otherwise
unpolluted environment. The sulfur dioxide (SO2) emissions from Norilsk have
been estimated to be over 2 Mt per year by Carn et al. (2004), which is about
2% of global anthropogenic SO2 emissions (Smith et al., 2011). This makes
Norilsk an extraordinarily strong localised source of SO2. The polluted cloud
tracks originating from the Norilsk factory are often very large, covering
hundreds by hundreds of kilometres.

Figure 3. The locations of analysed polluted clouds (adapted from [I]).

Besides Norilsk, there are other isolated pollution sources around which pollution tracks regularly form, although in general, these tracks are not as large as
they are in Norilsk. In Thompson, as in Norilsk, emissions from the smelting
and concentrating of nickel cause pollution tracks. In Cherepovets, iron and
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steel production processes are the primary pollution source (Table 1). Besides
Norilsk, we found individual examples of large-scale tracks worldwide, including major industrial regions in Europe, Eastern United States, and Eastern
Asia (Fig. 3).
Table 1. The three main pollution hot spots used for the analysis [II].
Site of study

Coordinates

Elevation
above sea level

The main source of air
pollution

Norilsk

69.33°N, 88.22°E

90 m

The smelting and
concentrating of nickel

Thompson

55.74°N, 97.85°W

224 m

The smelting and
concentrating of nickel

Cherepovets

59.12°N, 37.9°E

130 m

Processes of iron and steel
production

The MODIS instrument can be used to get snapshots of clouds during various
times of the day, depending on the geographical location [III]. These various
times can be converted to a normalised time coordinate, where 0 is the local
sunrise, 0.5 is the local noon, and 1 is the local sunset. In this way, we studied
the diurnal evolution of cloud responses to aerosols, using MODIS data from
Toll et al. 2019 [III]. However, MODIS data can give only the average temporal
characteristics of multiple different pollution tracks, and it can’t be used to
study the temporal evolution of any single pollution track. To do the latter,
geostationary instruments such as Spinning Enhanced Visible and Infrared
Imager (SEVIRI) are needed [III].

2.2 Analysing the water path changes in polluted clouds
Large-scale tracks from Norilsk, sampled from years 2000 to 2017, were the
main source for studying water path changes in polluted clouds, in order to
confirm whether they behave similarly to smaller-scale tracks. Studying pollution tracks enables us to directly compare aerosol-induced perturbations in
cloud properties to the properties of nearby unperturbed clouds. In order to
utilize this possibility, each large-scale polluted cloud area was sampled from 4
intercardinal directions. For each direction, a line was drawn from unpolluted
clouds into polluted clouds, and the pixels in a 60 km wide segment around the
gradient-line were classified as polluted or unpolluted using NIR reflectance,
following Toll et al., (2019) (Fig. 4).
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Figure 4. Classification of pixels as polluted and unpolluted. (a) A line was manually
drawn on the 2.1-µm reflectance image from area with lower reflectance into area with
elevated reflectance. A 60-km wide segment around the line was chosen for analysis.
(b) Pixels in this segment were classified as polluted (red) or unpolluted (blue). The
pixels which were not classified either way are shown here in green and they are not
included in the analysis. (c) The blue line is the mean reflectance within the first 20% of
the line length from the starting point, where unpolluted clouds are situated. The red
line is two standard deviations above the blue line. Pixels are classified as polluted (red)
if their reflectance is above the red line and situated in the last 40% of the track, and
classified as unpolluted (blue), if their reflectance is under the red line and in the first
40% of the track [I].

After classifying satellite pixels as polluted or unpolluted for each segment, we
calculated segment-average cloud properties for polluted and unpolluted clouds
[I]. To exclude weak cloud perturbations, we only retained cases where the
cloud droplet effective radius was decreased by more than 2 µm in the polluted
clouds. This is a relatively strong decrease in cloud droplet size, compared to
the average cloud droplet effective radius of 16 µm observed in unperturbed
clouds.
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2.3 Analysing the relationship between track occurrence
and environmental conditions
In order to analyse the impact of environmental conditions on the track occurrence, we only studied whether a track exists or not, and the size of the track
was not taken into account. We worked out a three-part classification of zero
days (no cloud or an ice or mixed-phase cloud), only cloud days (suitable liquid
cloud, but no track), and track days (Fig. 5). For each of these three main sites
(Norilsk, Thompson and Cherepovets), we classified all days from 2000 to 2019
as zero, only-cloud or track day. It means for Norilsk, some additional tracks
were included besides the ones that were analysed for the water path changes.

Figure 5. Classification of days. Zero day indicates that track could not have formed,
because no suitable cloud is present. Only cloud day means a track could have formed
because there is a suitable cloud present, but it didn’t form. Track day means that a
pollution track has formed in a suitable cloud. These images depict the surroundings of
Thompson, Canada, which is marked with a red “x”. The pollution track appears in
white colour on the rightmost image [II].

Four sources of environmental data were used in subsequent analysis (Table 2).
First, we used data from synoptic stations near each location. We chose the
times for the meteorological observations to align as closely as possible with the
average passing time of the Terra satellite: 06 UTC for Norilsk, 18 UTC for
Thompson, and 09 UTC for Cherepovets. Besides in-situ measurements from
synoptic stations, we used ERA5 atmospheric reanalysis data (Hersbach et al.,
2020) as a second source. The third source was the cloud properties derived
from MODIS data. Using the standard 2.1μm retrievals, we averaged six
selected properties over an area covering 150 km times 150 km around each
location (Platnick et al., 2016). As a fourth source, we calculated the vorticity
and atmospheric circulation type around each location for each day, using
software cost733class (Philipp et al., 2016). We calculated different classifications, which produced similar results. Therefore, here we present only the
Jenkinson Collison types (JCT), which assigns one of 10 classes to each day
(Fig. 6). Lastly, we derived other variables from the data we received from the
four sources (Table 2).
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2m dewpoint temperature
10m u component of wind
10m v component of wind
2m temperature
Boundary layer height
Cloud base height
Convective available potential energy
Convective inhibition
Low cloud cover
Mean sea level pressure
Total precipitation
Zero degree level

Air Temperature
Dewpoint temperature
Wind speed
Wind direction
Mean sea level pressure
Cloud ceiling
Visibility

Derived variables
Cloud droplet number concentration (CDNC, from MODIS data)
Lower tropospheric stability (LTS, from reanalysis data)
Relative humidity (from station data)

ERA5 reanalysis single level
variables

Synoptic stations

ERA5 reanalysis variables on
500 hPa, 700 hPa, 1000 hPa
pressure levels
Temperature
Potential vorticity
Geopotential
U component of wind
V component of wind
Vertical velocity
Vorticity
Relative humidity

Cloud droplet effective radius
Cloud fraction
Cloud optical thickness
Cloud top pressure
Cloud top temperature
Liquid water path

MODIS

Table 2. Analysed meteorological variables and cloud properties. ‘Derived variables’ were calculated using the variables from the other
columns [II].

Figure 6. The distributions of Jenkinson Collison circulation types in the right column
and wind directions at 700 hPa in the left column for Norilsk. (a) and (b) show the total
number of days (zero, only-cloud and track days) for each circulation type and wind
direction. (c) and (d) show the proportion of liquid-phase cloud days (only-cloud and
track days) out of all days in each circulation type/wind direction. (e) and (f) show the
fraction of track days out of liquid-phase cloud days. (g) and (h) show the total number
of track days for each circulation type and wind direction [II].
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3. RESULTS
3.1 Frequency of track occurrence
We collected 1164 observations from large-scale polluted clouds in the Norilsk
area. Here observation means the sample line that was manually drawn from
unpolluted clouds into polluted clouds, meaning that the number of actual
polluted clouds is about a quarter of all observations. In addition, we collected
99 large-scale observations for various regions for the period 2012 to 2018 (Fig.
3).
We also measured the frequency of occurrence of all tracks for Norilsk,
Thompson and Cherepovets, and also of days with liquid-phase clouds, where
tracks could potentially form. These frequencies were different for each
location. If liquid-phase clouds were present, then tracks formed on 20-37 % of
such days [II], depending on the location, but liquid-phase clouds themselves
formed on only about 12 % of days (Table 3). On average, we detected 10-13
tracks per year, depending on the location.
Table 3. Occurrence frequency of cloud and track days [II].

Norilsk
Thompson
Cherepovets

Total number of days
in years 2000-2019
Zero Only Track
days cloud
days
(Z)
days
(T)
(C)
6664
403
237
6324
781
199
6349
700
255

Percentages
𝐶+𝑇
𝐶+𝑇+𝑍

𝑇
𝐶+𝑇

𝑇
𝐶+𝑇+𝑍

8.7 %
13.5 %
13 %

37 %
20.3 %
26.7 %

3.2 %
2.7 %
3.5 %

3.2 Cloud water responses
In the large-scale tracks detected at Norilsk, the radius of cloud droplets
dropped on average 50% [I], from 15.9 µm in unpolluted clouds down to
7.9 µm in polluted clouds (Table 4). The frequency distributions of cloud
droplet effective radii (Reff) for polluted and unpolluted clouds are nearly
distinct (Fig. 7). This signals that the observed perturbations were very strong
and were caused by aerosol impacts, not by natural variability. Likewise, cloud
optical depth (COD), which is proportional to cloud albedo, increased 80% on
average (Table 4). The changes in cloud albedo are influenced both by changes
in Reff and changes in liquid water path (LWP).
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Reff
LWP
COD

Norilsk cases (1164)
Unpolluted
Polluted area Fractional
area
change
15.9 (4)
7.9 (2)
−0.5
142.0 (80)
125.6 (74)
−0.1
14.1 (8)
25.6 (15)
+0.8

Non-Norilsk cases (99)
Fractional
Unpolluted
Polluted
area
area
change
14.4 (3)
8.4 (2)
−0.4
184.5 (79)
141.0 (71)
−0.2
21.6 (12)
26.8 (12)
+0.2
Unpolluted
area
15.8 (4)
145.3 (81)
14.6 (8)

All cases (1263)
Fractional
Polluted
area
change
7.9 (2)
−0.5
126.8 (74)
−0.1
25.7 (15)
+0.8

Table 4. Average cloud droplet effective radius (Reff), liquid water path (LWP) and cloud optical depth (COD) of polluted and unpolluted
clouds for large-scale pollution tracks. All cases include observations both from Norilsk and non-Norilsk cases (Fig. 4). Standard deviation is
given in the parenthesis [I].

Figure 7. Frequency distributions of cloud droplet effective radius (Reff), liquid water
path (LWP) and cloud optical depth (COD) for polluted and unpolluted clouds in
Norilsk [I].

If the changes in the liquid water path were averaged over all analysed tracks,
we saw a marginal decrease of cloud water in polluted clouds. However,
dramatic changes were observed in individual clouds: LWP could both increase
or decrease in the polluted cloud up to 8 times. This is in agreement with Toll et
al. (2017) and Toll et al. (2019), where it is explained that whether LWP increases or decreases in an individual cloud is determined by meteorological
conditions. For example, in precipitating clouds LWP tends to increase in
response to aerosol pollution, and LWP tends to decrease in non-precipitating
clouds.
The relative contributions of logarithmic LWP and Reff changes to the
relative change in COD are given by
∆ ln 𝐶𝑂𝐷 = ∆ ln 𝐿𝑊𝑃 − ∆ ln 𝑅

.

(1)

The changes in R are always negative, meaning that the cloud droplet radius
always decreases as a result of aerosol pollution and therefore increases the
cloud optical depth, but the changes in LWP are bidirectional, therefore sometimes increasing and sometimes decreasing the optical depth of the cloud. The
scale of changes in LWP is much broader than it is in Reff. Therefore, the
changes in LWP dominate the change in COD in individual clouds. While the
average COD was increased in the polluted clouds, in 16% of cases it was also
decreased, because the decrease in LWP was so strong that it surpassed the
increase of COD that the decrease in Reff brought about.
Both in terms of frequency and magnitude, the LWP increases and decreases
compensate and therefore cancel each other out ([I], Fig. 8). Therefore, while
the changes in LWP dominate the cloud albedo changes in individual clouds,
then on average the changes in Reff are more important, because these changes
always only increase the cloud albedo. The frequency distribution of −Δln
(COD)/Δln (Reff) (Equation 1) shows that the relative contribution of LWP
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changes to COD changes can be up to four times stronger than the relative
contribution of the changes in Reff (Fig. 9). However, the average value of −Δln
(COD)/Δln (Reff) is 0.97, which signifies only a marginal change in LWP and its
impact on COD on average.

Figure 8. (a) Frequency distribution of Δln (LWP). (b) Susceptibility of cloud optical
depth (COD) to liquid water path (LWP) changes in Norilsk. The logarithmic changes
in cloud droplet effective radii (Reff) for individual tracks are given in color. The dashed
line is the COD susceptibility to LWP changes if there were no changes in Reff [I].
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Figure 9. Frequency distribution for −Δln (COD)/ Δln (Reff) in Norilsk. COD means
cloud optical depth and Reff means cloud droplet effective radius. The bin width is 0.5.
The mean value is 0.97. Liquid water path is increased in polluted clouds if this ratio is
larger than 1 and decreased otherwise. If this ratio is less than than 0, then the COD and
the cloud albedo is decreased in the polluted clouds. The values of zero and one are
marked with the blue dashed lines.The cloud albedo was decreased in 16.4% of cases.
44% of cases are right of the 1 line [I].

3.3 Meteorological dependence of track formation
Norilsk, Thompson and Cherepovets are all located in the middle to higher
latitudes of the Northern hemisphere, where western airflow prevails. However,
each site has some local variations in the dominant wind directions [II]. Cyclonic circulation dominates in Norilsk, while anti-cyclonic circulation dominates
in Cherepovets.
The occurrence of liquid-phase clouds and tracks is strongly dependent on
the large-scale atmospheric circulation type in each studied location [II]. This
dependence is also largely similar in all three sites. Liquid phase clouds tend to
form in cyclonic flows and under wind directions that are shifted clockwise
from the wind directions that generally prevail. Therefore, while western
airflows prevail in general, liquid-phase clouds form more under NW winds
(Fig. 6).
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Track days are a subset of liquid-phase cloud days, but have different
meteorological dependence from only-cloud days. While liquid-phase clouds
themselves tend to form under cyclonic flows, track formation in these clouds is
clearly supported more by anti-cyclonic conditions in all three locations (Fig.
6). This finding came out not only from circulation type analysis, but is also
supported by the fact that there is stronger large-scale descent and higher mean
sea level pressure on track days, compared to only-cloud days (Fig. 10). The
wind direction under which tracks tend to form is shifted even more strongly
clockwise from the general climatology, compared to the directions which
favour only-cloud conditions. The most track-favourable winds are NW to NE
in Norilsk, N and E in Thompson and N to E in Cherepovets. Eastern flows are
very rare in the analysed locations, but when liquid-phase clouds occur under
easterly flow, then tracks are also very likely to occur.

Figure 10. (a) Distributions of the vorticity of the airflow for track days (red) and only
cloud days (blue). The units of vorticity Z are gpm per 10° at the latitude of the central
point of the grid, per 10° latitude. The bin width is 8 gpm. The negative values of Z
signify anti-cyclonic airflow and positive values signify cyclonic airflow. (b) Vertical
velocity distributions at 700 hPa level for track days (red) and cloud-only days
(blue). Negative values of vertical velocity indicate upward motion. The bin width is
0.06 Pa ∙ s . (c) Mean sea level pressure distributions for track days (red) and only
cloud days (blue). Station data is used for this figure. Bin width is 5 hPa. The dashed
lines show the median values of respective distributions on each image [II].
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There are also other relationships between track formation and meteorological
conditions besides large-scale circulation [II]. Tracks tend to form in less
polluted clouds with larger cloud droplet radii as such clouds are more sensitive
to aerosol pollution (Fig. 11). Also thinner clouds, with higher cloud bases,
lower cloud tops and smaller liquid water path are more susceptible to aerosol
pollution (Fig. 12). Another factor to consider is whether the aerosols can reach
the clouds. On days with lower boundary layer height, which limits the vertical
height to which pollution disperses, fewer tracks were seen to form (Fig. 13).
Generally, tracks are more likely to form under stable conditions. However, not
under extremely stable conditions, when vertical transport is more limited.

Figure 11. (a) Distribution of cloud effective radius for track days (red) and only cloud
days (blue). Bin width is 1 μm. (b) Cloud droplet number concentration distributions for
track days (red) and cloud-only days (blue). Bin width is 29 cm . Dashed lines show
the median values of respective distributions on each image [II].
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Figure 12. Cloud base height (a), cloud top pressure (b) and liquid water path (c)
distributions for track days (red) and only cloud days (blue). Reanalysis data are used on
(a), and MODIS data are used on (b) and (c). The bin width is 100 m on (a), 50 hPa on
(b) and 50 g ∙ m on (c). Dashed lines show the median values of respective distributions on each image [II].
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Figure 13. (a) Boundary layer height distributions for track days (red) and only cloud
days (blue), bin width is 100 m. (b) Distributions of the gap between cloud base and
boundary layer for track days (red) and only cloud days (blue), bin width is 100 m. (c)
Lower stratospheric stability (LTS) distributions for track (red) and only cloud (blue)
days. No tracks form when LTS values are over 29 K. The bin width is 4 K. Dashed
lines show the median values of respective distributions on each image [II].

Track days were also characterised by lower relative humidity both at the surface and above clouds, compared to only cloud days (Fig. 14). This trend was
most visible at the 700 hPa level. A similar relationship has been observed over
oceans (Gryspeerdt et al., 2019). Dry air leads to stronger cloud-top radiative
cooling and in-cloud updraughts (Zheng et al., 2016), which increases cloud
sensitivity to aerosol perturbation (Twomey, 1959) and could explain the
dependence of track formation on relative humidity (Gryspeerdt et al., 2019).
Dry air above cloud tops also leads to lower LWP and thinner clouds, where
large relative increases in CDNC occur more easily (Chen et al., 2012). However, the occurrence of low relative humidity conditions is correlated to the
direction of the large-scale airflow along with other track favouring conditions
(Fig. 15), obscuring the exact nature of the causal relationship.
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Figure 14. Relative humidity distributions for track days (red) and only cloud days
(blue). (a) shows station data and (b) reanalysis data at 700 hPa. The bin width is 10 %
in both figures. Dashed lines show the median values of respective distributions on each
image [II].

Most of the analysed meteorological variables had a similar distribution on
track days and on days with NW winds (defined here as the direction between
270 degrees and 360 degrees). In the latter case, we didn’t use the classification
depicted in Fig. 3, and data from zero-days were included in addition. The
distributions were also close to each other on only-cloud days and on days with
SW winds (defined here as the direction between 180 degrees and 270 degrees).
From the circulation type analysis, we saw that NW flow is more typical for
tracks and SW flow for only-cloud days in terms of the absolute number of
days. This signifies that wind direction is strongly correlated to the meteorological factors that support track formation, suggesting that the synoptic
dependence of track formation can be explained by the cloud type correlated to
each meteorological situation.
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Figure 15. (a) Mean sea level pressure (bin width 5 hPa), (b) relative humidity at 700
hPa (bin width 5.5 %), (c) boundary layer height (bin width is 100 m) and (d) cloud
droplet number concentration (bin width 50 cm ) distributions for north-west (red) and
south-west (blue) winds. Dashed lines show the median values of respective distributions on each image [II].

3.4 Diurnal evolution of pollution tracks
The MODIS data that had been previously sampled by Toll et al. (2019)
included 8,379 different pollution track segments over Russia, Australia, and
Canada. Time-binned MODIS data shows that in the sunlight hours, there is
almost always a slight decrease in the cloud water of polluted clouds. However,
no diurnal cycle is visible in the LWP response to aerosol (Fig. 16). The datapoints were not distributed evenly over the normalized time coordinate, with the
majority of cases being around noontime. Therefore we can’t rule out that in the
early morning or evening, the cloud water may on average increase or decrease
more strongly in the polluted clouds [III].
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Figure 16. The ratio −

distributed over normalised time coordinate from

sunrise (0.0) to sunset (1.0). The time coordinate value of 0.5 represents the local noon.
Total counts of data points are given in black with relative occurrence in blue (at the top
of each column) and graphically on the second (right) y-axis. There is no clear diurnal
evolution in the liquid water path (LWP) response [III].

30

4. DISCUSSION AND CONCLUSIONS
We analysed strong aerosol-induced cloud perturbations at air pollution hot
spots. The droplets in the polluted clouds were on average 50% smaller than in
the nearby unpolluted clouds [I]. The analysed polluted clouds cover much
larger areas than the polluted cloud tracks analysed in previous studies, which
usually extend only to tens of kilometres (Toll et al., 2019). MODIS satellite
images show that polluted clouds which extend to hundreds by hundreds of
kilometres exist in various places in the world. The track-based studies have
been challenged by the difficulty of including narrow ship-track like cloud
perturbations in climate models (Mülmenstädt & Feingold, 2018; Possner et al.,
2018). However, cloud perturbations on the spatial scale that was used in our
study could be modelled directly, because they cover the area of several grid
boxes of a typical climate model [I].
Our work doesn’t directly address the question of how the radiative effects
of tracks compare to weak aerosol perturbations, which cause radiative forcing
without forming visible tracks (Possner et al., 2018; Glassmeier et al., 2021). In
order to have a strong global effect, the perturbations in cloud properties need to
cover a large area. Hence the commonly studied narrow tracks themselves
probably do not cause a strong global forcing, and the impact of weak perturbations may be more important. However, our work demonstrates the existence of
large-scale strongly-polluted cloud areas, suggesting that strong cloud perturbations may cause a substantial fraction of the global indirect aerosol forcing.
With respect to the changes in cloud water, we determined that these largescale polluted cloud areas behave similarly to the narrow tracks: there is close
compensation between aerosol-induced cloud water increases and decreases
([I], Toll et al., 2019). Our results show that the average decrease in LWP
offsets 3% of the radiative forcing through the Twomey effect, meaning that the
Twomey effect dominates over the effect of cloud water changes in the radiative
forcing on average [I]. This is in agreement with previous analysis on smallerscale pollution tracks, and invalidates the assumption of universally increased
LWP used in climate models.
We have, for the first time, captured the track formation frequency over land
[II]. We did it for three locations. Only narrow tracks were observed in Thompson and Cherepovets. In Norilsk, tracks were predominantly large. We determined that on days with liquid clouds, tracks are a rather common phenomenon,
forming on 20–37% of such days, depending on the location (Table 3). Norilsk
is the only place where we have so far observed the formation of large-scale
pollution tracks regularly, although we have analysed individual examples
of large-scale pollution tracks in Europe, Asia, North-America and Africa.
Detecting large-scale tracks is more difficult than detecting narrow tracks, for
the latter can be more easily linked to a single pollution source. It is common in
most industrial regions that the distinction between unpolluted and polluted
clouds is not as clear as in more pristine locations. It does not indicate, however,
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that large-scale tracks, which are more important with respect to global aerosol
forcing, are less probable to form than narrow tracks. The formation of large
tracks in Norilsk was as frequent as the formation of narrow tracks in Cherepovets and Thompson, and the conditional probability of track formation on
days with liquid clouds was even higher (Table 3). However, this may also be
due to the much higher pollution level in Norilsk.
In mid-latitudes, the large-scale atmospheric circulation is the most important factor that determines whether tracks form on days with liquid-phase
clouds or not. Other supporting factors are pristine or only weakly polluted
background cloud decks, thin clouds, stable boundary layer and possibly lower
relative humidity, although each of these factors is correlated with certain types
of circulation. Anti-cyclonic conditions and northerly, north-westerly and
easterly flows are most favourable for track formation in the studied locations.
Specifying the relationship between meteorological conditions and the
occurrence of tracks identifies the conditions under which we can expect strong
aerosol impacts and also helps to quantify the frequency at which we may
expect them (Mülmenstädt and Feingold, 2018). The intermittent occurrence of
strong aerosol impact on clouds must be reflected in climate forcing estimates
instead of using long-term averaged values, which may lead to biased forcing
estimates.
The total number of sampled large-scale cloud perturbations is still relatively
limited, but will hopefully be expanded in the future using machine learning
methods (Yuan et al., 2019). Our results regarding water content changes in
polluted clouds indicate that the cooling effect of aerosols on climate might not
be as strong as has been assumed before. However, future work on aerosolinduced changes in cloud coverage and lifetime may still reveal a strong aerosol
cooling effect. Despite a weak average change in LWP, a strong increase in
cloud fraction is still possible (Rosenfeld et al., 2019). In future work, tracks
can be used in the analysis of cloud coverage and lifetime effects in order to
further reduce the uncertainty associated with aerosol-cloud interactions.
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SUMMARY IN ESTONIAN
Tööstusheitmetest tugevalt saastunud pilved aitavad
mõista inimtegevuse kliimamõju
Antud väitekirja eesmärk oli uurida, kuidas mõjutavad aerosoolid, õhku pihustunud vedelad ja tahked osakesed, pilvi ja Maa kliimat. Inimtekkelistel aerosoolidel on jahutav kliimamõju, mis tasakaalustab teadmata osa kasvuhoonegaaside soojendavast kliimamõjust. Aga selle jahutava efekti määramatus on
ligi kaks korda suurem, kui kasvuhoonegaaside soojendava efekti määramatus,
ning see domineerib kogu inimtekkelise kliimamuutuse määramatust. Suurima
osa sellest määramatusest moodustab omakorda aerosoolide ja pilvede vastastikmõjuga seotud määramatus. See määramatus kandub üle ka kliimatundlikkuse
määramatusesse ja seekaudu tuleviku kliimaprojektsioonide määramatusesse.
Aerosoolid muudavad pilvede omadusi, käitudes kondensatsioonituumadena,
mille ümber veeaur saab kondenseeruda pilvepiiskadeks. See viib pilve albeedo
kasvuni: mida rohkem kondensatsioonituumasid, seda rohkem pilvepiiskasid.
Eeldades, et pilves on fikseeritud hulk vett, peavad need piisad olema väiksemad, kui aerosoolidega mittesaastunud pilvedes, seega saastunud pilvedes on
päikesekiirgust tagasipeegeldav pind suurem. Sellel efektil on Maa kliimale
jahutav mõju, kuna see suurendab maailmaruumi tagasikiiratava päikesekiirguse hulka. Seda nimetatakse Twomey efektiks, mis on aastakümnete jooksul
leidnud eri töödes korduvalt kinnitust. Suur määramatus valitseb aga selle osas,
mis juhtub samal ajal pilvede paksuse, eluea ja hulgaga. Kui näiteks pilvede
paksus peaks aerosoolisaaste tulemusel drastiliselt vähenema, oleks sellel Maa
kliimale soojendav mõju, vaatamata esialgsele albeedo suurenemisele Twomey
efekti tõttu. Kui veehulk peaks saaste tulemusel pilvedes aga kasvama, siis
võimendaks see veelgi õhusaaste jahutavat mõju.
Isoleeritud saasteallikate puhul on võimalik inimtekkeliste aerosoolidega
saastunud pilvi tänu Twomey efektile satelliidipiltide pealt tuvastada. See võimaldab otseselt võrrelda aerosoolidest saastunud pilvede ja nende kõrval
asuvate saastumata pilvede omadusi. Sel moel saame me kindlad olla leitud
seoste põhjuslikkuses ega pea toetuma pelgalt korrelatiivsetele andmetele.
Selliseid saastunud pilvi nimetatakse ka laevajälgedeks, kuna kõigepealt
märgati neid ookeanide kohal, kus pilved on vähem saastunud ja seega aerosoolide suhtes tundlikumad. Laevajäljed on väga kitsad ja nende kogupindala on
väike, seetõttu ei mängi nad iseenesest olulist rolli Maa kiirgusbilansis. Antud
töös näitame me aga, et mitmel pool maailmas eksisteerivad laevajälgede sarnased saastunud pilved, mis katavad sadade kilomeetrite laiuseid alasid. Nii
suured saastunud pilvedega alad võivad mängida olulist rolli Maa kiirgusbilansis. Analüüsisime suuremastaapseid aerosoolidest põhjustatud häiritusi
pilvedes Norilski tehase ümber Venemaal ja leidsime, et veehulga muutuste
poolest käituvad nad sarnaselt kitsamate saastejälgedega. Kinnitades varasemaid tulemusi, mis saavutati väikeste saastejälgede uurimisel, leidsime, et
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individuaalsetes pilvedes võib veehulk nii kasvada kui kahaneda. Kõiki juhtumeid keskmistades selgus, et need erisuunalised efektid kompenseerivad üksteist, ning veehulga keskmine muutus osutus marginaalseks. See lükkab ümber
kliimamudelites kasutatud eelduse, mille kohaselt veehulk pilvedes saaste
tulemusena üksnes kasvab.
Samuti uurisime jälgede esinemise sagedust ja nende sõltuvust meteoroloogilistest tingimustest. Analüüsides saastejälgede tekkimist Norilskis ja Cherepovetsis Venemaal ning Thompsonis Kanadas, leidsime, et saastejäljed tekivad
sõltuvalt asukohast 20–37% vedela faasiga pilvedega päevadest. Suuremastaapne tsirkulatsioon on olulisim tegur, mis määrab, kas saastejälg antud päeval
tekib või ei teki. Saastejäljed tekivad rohkem antitsüklonaalsetes tingimustes
ning loode-, põhja-, kirde- ja idavoolude korral. Saastejälgede tekkimiseks sobivate tingimuste väljaselgitamine on tähtis, et määrata täpsemini, kui sagedasti
võime eeldada aerosoolide tugevat mõju pilvede omadustele ja sellest lähtuvat
kliimamõju. Arvutades aerosoolide kiirguslikku mõju, peame arvestama saastunud pilvede esinemise katkendlikku loomust, mitte kasutama ajas keskmistatud väärtuseid.
Analüüsitud saastunud pilvede hulk oli suhteliselt väike, aga tulevikus saab
seda kasvatada masinõppe meetodite abil. Meie tulemused pilve veehulga
muutuste kohta viitavad sellele, et aerosoolidel ei ole nii tugevat jahutavat mõju
pilvede veesisalduse kasvu tõttu nagu on varem eeldatud. Aga ei saa välistada,
et aerosoolidel on tugev jahutav mõju pilvede eluea või katvuse muutuste tõttu.
Tulevikus on võimalik saastunud pilvi kasutada ka nende efektide uurimiseks ja
seeläbi vähendada aerosoolide kliimamõju määramatust veelgi.
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