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Abstract: Ice nucleating particles active at −8 ◦ C or warmer (INP−8 ) are produced by plants and
by microorganisms living from and on them. Laboratory studies have shown that large numbers
of INP−8 are produced by decaying leaves. At three widely dispersed locations in Northwestern
Eurasia, we saw, from an analysis of PM10 filter samples, that seasonal median concentrations of
INP−8 in the boundary layer doubled from summer to autumn. Concentrations of INP−8 increased in
autumn soon after the normalized differential vegetation index had started to decrease. Whether the
large-scale phenological event of leaf senescence and shedding in autumn has an impact on ice
formation in clouds is a justified question.
Keywords: biological particles; seasonal pattern; land-atmosphere interactions

1. Introduction
Ice nucleating particles active at −8 ◦ C or warmer (INP−8 ) are produced by a range of
microorganisms. Pseudomonas syringae was the first such organism discovered [1]. Occurring throughout
the water cycle, it has sparked the bioprecipitation hypothesis [2,3]. However, at mixed-phase cloud height,
P. syringae probably constitutes only a minor fraction of the total INP−8 population [4]. Several other
potential contributors of INP−8 to the atmosphere are meanwhile identified, including other bacteria,
fungi, lichens, pollen, algae, and plankton (summarized by [5]). They produce macromolecules capable of
remaining ice-nucleation active after cell death [6], or even when detached from the cell [7]. Although we
know increasingly more about which organisms produce INP−8 , we know very little about their impact
on atmospheric concentrations of INP−8 .
Here, we approach the issue top-down, from the atmospheric side, to see whether we can detect
signals of vegetated land in the concentration of INP−8 above it. The first hypothesis is that vegetated
land emits INP−8 to the lower troposphere. If this is true, INP−8 concentrations should be highest
directly above a large area of vegetated land and decrease with increasing height above it. The second,
more exciting hypothesis relates to a discovery made half a century ago, where Russ Schnell and Gabor
Vali [8,9] investigated leaves as potential sources of atmospheric INP active at temperatures warmer
than −10 ◦ C. They found that large numbers of such INP were generated during decomposition of
the studied material. Great amounts of leaves are shed in the northern mid-latitudes during autumn,
for example around 300 g m−2 (dry matter) by deciduous forests in Switzerland [10]. If they are “indeed
[ . . . ] an important source of atmospheric ice nuclei” [9], we should see an increase of atmospheric
INP−8 concentrations during autumn.
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Figure 1. Locations where INP−8 were measured over the course of 12 months. The background
Figure 1. Locations where INP−8 were measured over the course of 12 months. The background image
image shows the distribution of green vegetation. The darkest green areas are the lushest in
shows the distribution of green vegetation. The darkest green areas are the lushest in vegetation [11].
vegetation [11].

2.1. Altitudinal Gradient
2.1. Altitudinal Gradient
We analyzed sections of PM filters from three stations of the Swiss National Air Pollution
We analyzed sections of PM10
10 filters from three stations of the Swiss National Air Pollution
Monitoring Network (https://www.empa.ch/web/s503/nabel). Payerne (46◦ 480 4700 N, 06◦ 560 40” E,
Monitoring Network (https://www.empa.ch/web/s503/nabel). Payerne (46°48′47″ N, 06°56′40″ E, 489
489 m.a.s.l.) is a rural station on the Swiss Plateau, which is a flat, low-elevation plain between
m.a.s.l.) is a rural station on the Swiss Plateau, which is a flat, low-elevation plain between the Jura
the Jura Mountains and the Alps. The plateau extends about 300 km through all of Switzerland,
Mountains and the Alps. The plateau extends about 300 km through all of Switzerland, from
from southwest to northeast, and is on average about 50 km wide. Twenty-six kilometers north of
southwest to northeast, and is on average
about 50 km wide. Twenty-six kilometers north of Payerne
Payerne lies the station Chaumont (47◦ 020 5800 N, 06◦ 580 4500 E, 1136 m.a.s.l.) on a hilltop, about 700 m
lies the station Chaumont (47°02′58″ N, 06°58′45″ E, 1136 m.a.s.l.) on a hilltop, about 700 m above the
above the Swiss Plateau and 400 m above the Ruz valley, separating it from the rest of the Jura
Swiss Plateau and 400 m above the Ruz valley, separating it from the rest ◦of the
Jura Mountains.
Mountains. Around 85 km east-southeast of Payerne lies Jungfraujoch (46 320 5300 N, 07◦ 590 0200 E,
Around 85 km east-southeast of Payerne lies Jungfraujoch (46°32′53″ N, 07°59′02″ E, 3580 m.a.s.l.),
3580 m.a.s.l.), the station at the highest altitude in the network (Figure 2). Aerosol filter samples are
the station at the highest altitude in the network (Figure 2). Aerosol filter samples are collected
collected routinely at these stations for 24 h every day, starting at midnight. We selected 26 days within
routinely at these stations for 24 h every day, starting at midnight. We selected 26 days within the
the period from 14 May to 18 September 2016 (Table S1), when wind directions at all three stations
period from 14 May to 18 September 2016 (Table S1), when wind directions at all three stations were
were from western or northern directions, i.e., when all three stations probably were influenced by the
from western or northern directions, i.e., when all three stations probably were influenced by the
same air masses.
same air masses.
We analyzed each filter by punching 54 or, when INP 8 concentrations were low, 108 small circles
We analyzed each filter by punching 54 or, when −INP
−8 concentrations were low, 108 small
from it, immersing each circle in a 0.5 mL tube with ultrapure water and exposing the lot for 5 min
circles ◦from it, immersing each circle in a 0.5 mL tube with ultrapure water and
exposing the lot for 5
to −5 C in a cooling bath before lowering the temperature at a rate of 0.3 ◦ C min−1−1. The number
min to −5 °C in a cooling bath before lowering
the temperature at a rate of 0.3 °C min . The number
of frozen tubes was observed visually at 1 ◦ C temperature steps. The method has been described
of frozen tubes was observed visually at 1 °C temperature steps. The method has been described
previously in full detail [12,13].
previously in full detail [12,13].
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Figure 2. Location of the three stations constituting the altitudinal gradient. The distance between
Figure 2. Location of the three stations constituting the altitudinal gradient. The distance between
Chaumont and Payerne is 26 km; between Payerne and Jungfraujoch, it is 85 km. The background
Chaumont and Payerne is 26 km; between Payerne and Jungfraujoch, it is 85 km. The background
shows a satellite (Landsat) image mosaic of the western half of Switzerland [14].
shows a satellite (Landsat) image mosaic of the western half of Switzerland [14].

2.2. Time Series
2.2. Time Series
The time series from Chaumont (47°02′58″
N, 06°58′45″ E, 1136 m.a.s.l.) and Birkenes (58°23′ N,
The time series from Chaumont (47◦ 020 5800 N, 06◦ 580 4500 E, 1136 m.a.s.l.) and Birkenes (58◦ 230 N,
8°15′
E, 219 m.a.s.l.) have already been published and discussed in detail elsewhere [13,15] (data in
8◦ 150 E, 219 m.a.s.l.) have already been published and discussed in detail elsewhere [13,15] (data in [13]
[13] is available at: http://www.bacchus-env.eu/in/; data in [15] is in its supplement). The time series
is available at: http://www.bacchus-env.eu/in/; data in [15] is in its supplement). The time series
from Novosibirsk is, however, new (Table S2). Birkenes and Novosibirsk are always within the
from Novosibirsk is, however, new (Table S2). Birkenes and Novosibirsk are always within the
boundary layer, whereas Chaumont at daytime is within the boundary layer and at nighttime within
boundary layer, whereas Chaumont at daytime is within the boundary layer and at nighttime within
the residual layer.
the residual layer.
The time series at Novosibirsk was obtained by operating a portable PM10 sampler (BGI PQ100,
The time series at Novosibirsk was obtained by operating a portable PM10 sampler (BGI PQ100,
Mesa Labs, Butler, NJ, USA) on top of a six-storey building on the campus (Akademgorodok)
of the
Mesa Labs, Butler, NJ, USA) on top of a six-storey building on the campus (Akademgorodok) of the
Siberian Branch of the Russian Academy of Sciences (54°51′
N,
83°06′
E,
150
m.a.s.l.),
30
km
south
of
◦ 060 E, 150 m.a.s.l.), 30 km south
Siberian Branch of the Russian Academy of Sciences (54◦ 510 N,−383−1
Novosibirsk. The sampler operated at a flow rate of about 1.0 m h . Between
29 February 2016 and
of Novosibirsk. The sampler operated at a flow rate of about 1.0 m−3 h−1 . Between 29 February
23 February 2017, 57 samples were collected on quartz-fiber filters (Pallflex® Tissuequartz,
effective
2016 and 23 February 2017, 57 samples were collected on quartz-fiber filters (Pallflex® Tissuequartz,
diameter 38 mm, Pall Corporation, Port Washington, NY, USA). Sampling duration was mostly
effective diameter 38 mm, Pall Corporation, Port Washington, NY, USA). Sampling duration was mostly
around 10 h during the warmer part of the year, when we expected higher concentrations of INP−8,
around 10 h during the warmer part of the year, when we expected higher concentrations of INP−8 ,
and around 24 h during colder periods (Table S2), when INP−8 were likely less abundant. INP
−8
and around 24 h during colder periods (Table S2), when INP−8 were likely less abundant. INP−8
concentrations were determined in the same way as described
for the other two sites. Counts on
concentrations were determined in the same way as described for the other two sites. Counts on blank
blank filters (field blanks) were either zero or negligibly small, thus no background correction was
filters (field blanks) were either zero or negligibly small, thus no background correction was necessary.
necessary.
The normalized differential vegetation index (NDVI) is a proxy for green vegetation. It starts
The normalized differential vegetation index (NDVI) is a proxy for green vegetation. It starts to
to decrease as soon as leaf senescence begins at the end of summer and deciduous trees start to
decrease as soon as leaf senescence begins at the end of summer and deciduous trees start to shed
shed their leaves [16,17]. We retrieved 16-day NDVI values from MODIS/Terra observations (https:
their leaves [16,17]. We retrieved 16-day NDVI values from MODIS/Terra observations
//lpdaac.usgs.gov/) in a circle with a 1 km radius around Chaumont, Birkenes, and Novosibirsk for
(https://lpdaac.usgs.gov/) in a circle with a 1 km radius around Chaumont, Birkenes, and
the years for which time series of INP−8 were obtained.
Novosibirsk for the years for which time
series of INP−8 were obtained.
3. Results and Discussion
3.1. Altitudinal Gradient
Relative to the concentration of INP−8 at Chaumont, concentrations on the same day at Payerne
and at Jungfraujoch were 2.0 and 0.24 times as large, respectively (Figure 3). Roughly, concentrations
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Relative to the concentration of INP−8 at Chaumont, concentrations on the same day at Payerne
and at Jungfraujoch were 2.0 and 0.24 times as large, respectively (Figure 3). Roughly, concentrations
seemed to decrease by 50% with every additional kilometer in altitude of the station above the
seemed to decrease by 50% with every additional kilometer in altitude of the station above the Swiss
Swiss Plateau. Relative concentrations of INP in this gradient were similar to those observed on
Plateau. Relative concentrations of INP in this gradient were similar to those observed on 08 October
08 October 2013 above the Manitou Experimental Forest Observatory, Colorado, USA [18]. There,
2013 above the Manitou Experimental Forest Observatory, Colorado, USA [18]. There, INP were
INP were collected on two filters on an aircraft: one (6A) primarily in the free troposphere, while the
collected on two filters on an aircraft: one (6A) primarily in the free troposphere, while the aircraft
aircraft was spiralling down from 3638 m to 897 m above ground level (a.g.l.), and on a second filter
was spiralling down from 3638 m to 897 m above ground level (a.g.l.), and on a second filter (6B)
(6B) while it was cruising at 1067 m a.g.l. Two other samplers collected aerosol particles simultaneously
while it was cruising at 1067 m a.g.l. Two other samplers collected aerosol particles simultaneously
at 1 m and 14 m a.g.l. The activation temperatures for which INP were reported at all four altitudes
at 1 m and 14 m a.g.l. The activation temperatures for which INP were reported at all four altitudes
cover a common range from −17 to −22 ◦ C. Concentrations on Filter 6B were “about the same to
cover a common range from −17 to −22 °C. Concentrations on Filter 6B were “about the same to
about a factor of 4 lower than at the forest canopy top (14 m)” [18], which brackets the factor 2.0 we
about a factor of 4 lower than at the forest canopy top (14 m)” [18], which brackets the factor 2.0 we
saw between Chaumont and Payerne (4 m a.g.l.). Filter 6A showed about a factor of 5 lower INP
saw between Chaumont and Payerne (4 m a.g.l.). Filter 6A showed about a factor of 5 lower INP
concentrations than Filter 6B, which is again similar to the difference we saw between Jungfraujoch
concentrations than Filter 6B, which is again similar to the difference we saw between Jungfraujoch
and Chaumont (Factor 4). Such similarities despite different climate and vegetation in the two regions
and Chaumont (Factor 4). Such similarities despite different climate and vegetation in the two
may surprise, but could well be by chance, given the profile in Colorady is based on observations
regions may surprise, but could well be by chance, given the profile in Colorady is based on
on a single day. We conclude that a vegetated landscape is clearly a source of biological INP for the
observations on a single day. We conclude that a vegetated landscape is clearly a source of biological
atmosphere above it.
INP for the atmosphere above it.
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Concentrations of INP−8 at Novosibirsk increased in the beginning of September, and about a
month later at the two other sites with milder climates. This lag corresponds to a similar lag in the
Concentrations of INP−8 at Novosibirsk increased in the beginning of September, and about
onset of a decrease in the NDVI. At Novosibirsk, the NDVI started to decrease by the end of August;
a month later at the two other sites with milder climates. This lag corresponds to a similar lag in the
the large step change in NDVI in October is due to snow cover. At Chaumont, the NDVI started to
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At Birkenes, no delay is visible (Figure 4). A possible reason could be that forests around Birkenes are
less dense than at the other two sites. There, INP−8 produced by decaying leaves on the ground could
be transported above the canopy layer already before a larger fraction of leaves has been shed and
canopy resistance has been markedly reduced [21]. Another explanation could be moister conditions at

Atmosphere 2017, 8, 202

6 of 9

Birkenes, favoring both the microbiological as well as physico-chemical decay of shed leaves. However,
these speculations would need further investigations to be supported.
No other season than autumn exhibited a prolonged period of persistently enhanced INP−8
concentrations. Still, the continental sites Novosibirsk and Chaumont also saw enhanced
concentrations from the end of spring to the beginning of summer. This feature was not found
at the coastal site Birkenes. Prominent features in the record from Novosibirsk were the largely
reduced INP−8 concentrations when the ground was covered by snow (second half of October to
middle of April).
To quantitatively address the question whether concentrations of INP−8 increase in autumn, we can
compare median values by season (Table 1)—median because the data are log-normally distributed.
The log-normal distribution also calls for using the multiplicative standard deviation [22,23]. At all
three locations, the median was twice as large in autumn as compared to summer. Large multiplicative
standard deviations within each meteorological season prevent this difference from being statistically
significant at any of the sites individually (t-test on log-transformed data). However, all three sites taken
together, the probability of being wrong when saying that meteorological autumn has a larger median
than meteorological summer is only 9% (paired t-test of three summer/autumn pairs). This error is
a conservative estimate. Defining seasons phenologically would lead to a smaller error probability.
It might be possible to define the beginning of autumn by a certain decrease in the NDVI and its
end by the appearance of a closed snow cover. However, this would involve a number of subjective
judgements, such as the magnitude of change in the NDVI, whether and how to interpolate between
the 16-day observations, or how to define a closed snow cover in a forested area. Overall, phenological
transitions between seasons are not abrupt enough to be clearly and unequivocally defined. Therefore,
we content ourselves with applying one standard to all, which are the meteorologically defined seasons,
although phenological changes differ in extent and timing between the three stations.
Table 1. Seasonal summary of the data shown in Figure 4. Seasons are defined following the
meteorological convention: Spring begins on 1 March, summer on 1 June, autumn on 1 September,
and winter on 1 December. The multiplicative standard deviation (s*) is justified by the multiplicative
processes driving the abundance of biological particles in the atmosphere [22,23]. We can estimate s*
from the upper (q3) and lower (q1) quartiles of a distribution as (q3/q1)0.741 [22]. Together with the
geometric mean (or the median), the interval of confidence is indicated (68.3%: from median/s* to
median × s*; 95.5%: from median/(s*)2 to median × (s*)2 ).
Station

Novosibirsk

Chaumont

Birkenes

sampling period
(MM.YY)

02.16–02.17

06.12–05.13

01.14–12.14

season
spring
summer
autumn
winter

number of samples
24
14
11
7

18
18
18
18

14
13
13
12

median INP−8 (m−3 )
spring
summer
autumn
winter

3.4
10.5
21.8
1.6

3.4
2.9
7.4
0.4

1.0
1.4
2.9
2.0

multiplicative standard deviation (s*)
spring
summer
autumn
winter

4.6
2.2
7.9
2.1

3.9
4.0
2.3
8.2

1.8
2.1
3.2
4.5
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A large standard deviation of INP−8 concentrations within a meteorological season does not
necessarily mean a seasonal median is an unreliable value that varies much between years. A large
standard deviation might result from large synoptic variations around a relatively stable seasonal
median. The summertime median at Chaumont in 2012 (2.9 INP−8 m−3 ; Table 1) was 0.67 times
the median observed in summer 2016 (4.3 INP−8 m−3 , n = 18; data in Table S1). At Birkenes,
median INP−8 m−3 for the last 14 weeks of the years 2013 and 2014 were within a similar range,
3.6 and 4.8 INP−8 m−3 , respectively (Figure 4). Therefore, we conclude with more confidence than that
implied by large within-season variations that atmospheric concentrations of INP−8 in Northwestern
Eurasia increase during autumn.
The seasonal pattern in INP−8 probably contrasts with that of INP active at colder temperatures.
For activation temperatures below −20 ◦ C, Saharan dust contributes a major fraction of INP above
Europe [24,25]. Saharan dust inflow does not follow the same seasonal pattern as leaf senescence.
Based on simulations of Saharan dust generation and transport to Europe, the largest seasonal median
concentrations of INP−20 (immersion mode freezing) is estimated for spring, a somewhat smaller
value for winter, and a factor of 3 and 5 smaller values for autumn and summer, respectively [26].
4. Conclusions
In summary, INP−8 are emitted from vegetated landscapes to the atmosphere and concentrations
of INP−8 seem to increase when leaves are shed in autumn (NDVI starts to decrease).
Moderately supercooled clouds are more likely to contain ice above central Europe than above regions
more influenced by oceanic sources or by desert dust [27]. The larger fraction of ice containing clouds
above central Europe could be explained by the emission of INP−8 from vegetation, but also by other
factors. A novel test for the hypothesis that ice formation in clouds is influenced by vegetation emerges
from our investigation. It is the test of whether the fraction of ice containing clouds at moderate
supercooling is larger in autumn than in other seasons.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4433/8/10/202/s1.
Table S1: Altitudinal gradient; Table S2: Time series Novosibirsk.
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