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1 Summary 

 

Aircraft emissions increased in the last 30 years and are expected to continue growing in the coming decades. 

Yet, our understanding of their impact on cloud formation and the subsequent effect on radiative forcing is 

still poorly understood. Here, we show, through a series of sensitivity studies, how on the one hand soot 

particles impact cirrus cloud formation, and on the other hand how the radiative and microphysical response 

changes once we remove aircraft emissions. Natural cirrus clouds are known to exert a warming impact on 

our climate. Allowing soot particles to enable ice crystal formation in our model leads to a warming of 

0.018 ± 0.004 Wm-2, highlighting the warming potential of additional emissions through aerosol-cloud 

interactions. Enabling soot to act as an ice nucleating particle increases heterogeneous nucleation, while 

reducing homogeneous nucleation. This confirms our knowledge of the competition between different ice 

nucleation modes in cirrus clouds. The impact of aviation is only weakly notable in slight changes of the 

prevalence of the nucleation modes. It appears that the aircraft emissions have a cooling impact on our 

climate, as removing them from our simulation leads to a net radiative forcing of – 0.011 ± 0.004 Wm-2. 

Given that previous studies reached similar still ambiguous results, we anticipate our findings to be a next 

step in evaluating the impact of aviation-induced clouds and their impact on our climate. Our findings can 

provide a useful basis for formulating mitigation strategies in the form of air traffic management or the 

usage of alternative fuels.    
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2 Introduction 

 

When the COVID-19 pandemic hit the world in 2020, the aviation industry experienced an unprecedented 

decline in traffic, with AIRBUS transporting 2’700 million less people compared to 2019 (AIRBUS GMF, 

2021). However, within one year the industry slowly started to recover and increase its traffic volume again. 

Current market forecasts indicate a steady growth over the next years with a two-year lag compared to 

growth forecasts from 2019 (AIRBUS GMF, 2021). The quick recovery during the pandemic and after 

previous crises (e.g., the 2008 financial crisis) shows the resilience of the industry (AIRBUS GMF, 2019).  

Today, air traffic constitutes 2.6 % of the annual global CO2 emissions (Staples et al., 2018), and contributes 

4 % to the total anthropogenic radiative forcing (Kärcher, 2018), and hence to the warming of the climate. 

In view of the continued growth of this sector in the coming decades, the need to understand the climate 

impacts of aviation, especially the indirect effects via cloud formation and modification, is becoming more 

crucial. Identifying and quantifying the aviation-induced effects on clouds may introduce new mitigation 

strategies next to reductions in CO2 emissions from aviation to achieve negative emissions required for 

fulfilling the climate goals of the 2015 Paris Climate Agreement (Lee, 2018; IPCC, 2021). However, these 

indirect effects are still highly uncertain (Grewe et al., 2017), especially for aircraft-induced clouds (AIC), 

such as cirrus and contrail cirrus (Kärcher, 2018), which are the focus of this study. 

  

Clouds have either a warming or cooling impact on the atmosphere that depends on their microphysical 

properties, altitude, thickness, and the surface albedo. Their net radiative forcing is the sum of two effects: 

the albedo and greenhouse effects. The former describes the ability of a cloud to reflect incoming solar 

radiation, and thus determines the magnitude of shortwave radiation that reaches Earth’s surface. The latter 

effect describes the trapping of longwave radiation emitted by the surface and/or the lower lying atmosphere, 

reducing the radiative transmission to space (Lohmann et al., 2016). A large albedo effect leads to a cooling 

as less shortwave radiation enters the atmosphere, while a large greenhouse effect results in a warming as 

the longwave radiation is kept in the atmosphere. Natural cirrus clouds exert a large greenhouse effect 

through the absorption of upwelling longwave radiation by numerous small ice crystals (ICs), (Kärcher, 

2018). As these clouds are colder than the surface and the underlying atmosphere, they re-emit longwave 

radiation at a much lower magnitude. Simultaneously, they are transparent to incoming solar radiation 

giving them a low albedo effect. As a net response, natural cirrus exert a positive radiative effect, i.e., a 

warming effect, on climate (Lohmann et al., 2016).  It is still an open question whether AIC possess similar 

microphysical properties and thus behave in a similar way to natural cirrus (Heymsfield et al., 2010).  

 

Recent studies remain ambiguous on the sign of the radiative forcing, i.e., if AIC induce a warming or 

cooling effect on climate (Zhou and Penner, 2014; Penner et al., 2018; McGraw et al., 2020; Lee et al., 

2020). One factor that introduces wide uncertainty is the formation of ice crystal via a nucleation process. 

Nucleation describes the formation and growth of a thermodynamically stable cluster within a metastable 

parent phase. For ice crystals, this is the emergence of the ice phase (stable phase) within a liquid or vapor 

phase (metastable phase), (Lohmann et al., 2016). There are two modes by which ice can form by nucleation: 

homogeneous and heterogeneous nucleation. The former refers to the freezing of aqueous solution droplets 

or cloud droplets at temperatures below -38 °C and at high supersaturations with respect to ice. The latter 

process occurs on the surface of an ice nucleating particle (INP), which lowers the energy barrier for ice 

formation (Cziczo et al., 2013; Kanji et al., 2017). Thus, heterogeneous nucleation can occur at higher 

temperatures and lower ice supersaturations than homogeneous nucleation. A variety of aerosols can act as 

INPs, including, most prominently, dust particles (Kanji et al., 2017) and, as especially relevant for aircraft 

emissions, soot particles (Mahrt et al., 2018; Mahrt et al., 2020; Lee et al., 2020; Lohmann et al., 2020). 

Introducing additional INPs (e.g., via aircraft emissions) in a low-aerosol environment such as at high 

altitudes can lead to the inhibition of homogeneous nucleation as the INPs consume the water vapor for ice 

formation, and thus reduce the supersaturation and inhibit the onset of homogeneous nucleation (Zhou and 

Penner, 2014; Jensen et al., 2016).  Hence, a direct competition between the two nucleation processes exists 
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that strongly governs the microphysical properties, and thus radiative properties, of cirrus clouds (Jensen et 

al., 2016; Kärcher, 2018). 

 

The ice nucleation ability of soot remains highly uncertain (Kärcher et al., 2007; Marcolli, 2017; Mahrt et 

al., 2018). Mahrt et al. (2018) showed that soot particles can induce ice formation in cirrus well below the 

saturation needed for homogeneous freezing of solution droplets. Köhler et al. (2009) and Cziczo et al. 

(2009) found a decrease in nucleation efficiency once the soot particles were coated with sulphate. However, 

Mahrt et al. (2020) showed that additional aging of soot particles by sulphuric acid, which is also a 

constituent of aircraft emissions, leads to an enhanced ice nucleation ability of soot when compared to 

freshly emitted samples. 

 

Once the aircraft emissions mix with the environmental air and favourable conditions for cirrus clouds exist, 

so-called condensation trails (contrails) form that may evolve into contrail cirrus, which do not have any 

line shape anymore and are then indistinguishable from natural cirrus (Kärcher, 2018). The occurrence of 

these AIC may lead to shifts in the radiative forcing, thus impacting the temperature structure of the 

atmosphere (Kärcher, 2018), which highlights the need to better understand AIC formation and their effects 

on the climate.  

 

In this study, we aim to identify regions of cirrus formation and assess the competing and complementing 

cloud processes, especially to quantify the relevance of the ice nucleation modes on cirrus cloud properties, 

in the general circulation model (GCM) ECHAM-HAM. A new parameterization for the ice nucleating 

ability of soot allows us to quantify the effect of soot particles on cirrus formation, with a special focus on 

aircraft emissions and their impact on cloud processes. With the aviation sector projected to continue its 

growth over the next years, emissions are expected to increase (Lee et al., 2009; Lee et al., 2010, AIRBUS, 

2021). The assessment of non-CO2 effects of aviation may provide mitigation options that can be readily 

employed and, thus, contribute to the reduction of climate impacts. Hence, we aim to reduce the scientific 

uncertainty associated with AIC, their spatial distribution, and their radiative forcing with this study.  

 

3 Data and Methods 

 

We use the aerosol-climate model ECHAM6.3-HAM2.3, which is the sixth generation of the atmospheric 

circulation model ECHAM coupled to the second-generation aerosol microphysics module, HAM (Stevens 

et al., 2013; Mauritsen et al., 2019; Neubauer et al., 2019; Tegen et al., 2019). The horizontal resolution is 

1.875 x 1.875 ° on a Gaussian grid (T63) with 47 vertical levels (L47) up to 0.01 hPa, which results in a 

vertical resolution of around 1 km in the upper troposphere at typical cirrus altitudes. The model time step 

is 7.5 minutes. Monthly mean sea surface temperature, sea ice coverage, and emissions data from the CMIP6 

data set are prescribed (McDuffie et al., 2020).  

 

We use an updated microphysics scheme (Dietlicher et al., 2018; Dietlicher et al., 2019) that describes ice 

under a single category, called the Predicted Particle Properties (P3) by Morrison and Milbrandt (2015). 

The P3 scheme removes unrealistic conversion rates between ice hydrometeors of different sizes and 

supersedes the two-moment scheme by Lohmann et al. (2007). In addition, a new parameterization Lohmann 

et al. (2020) was implemented by into ECHAM-HAM to allow black carbon (soot) to act as an INP in cirrus 

clouds. They parameterized the number of soot particles suitable for INPs as a function of temperature and 

ice supersaturation ratio (Si) based on laboratory measurements (Mahrt et al., 2018, 2020). Their simulations 

show that the soot INPs are in competition for water vapor with pre-existing ice crystals, mineral dust INPs, 

and solution droplets. The newly introduced soot INPs are now an additional freezing mode in the cirrus ice 

nucleation scheme that is coupled to the P3 scheme. We use this new parameterization to determine the 

impact of aircraft emissions on the competition of the different nucleation modes. 
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We perform three simulations with 21 ensemble members each using the model setup described above. Each 

simulation was computed for the years 2000 to 2010 (inclusive), with three months of model spin up from 

October to December 1999. We were only able to capture 20 ensemble members for our ACOFF simulation 

for this report due to an unknown computational error.”  Nudging is applied for all model runs, i.e. the 

vorticity, divergence and surface pressure of the model are adjusted using reanalysis data to realistically 

represent the atmosphere at a given time. The results are calculated as annual monthly-weighted means. We 

test the impact of soot particles by prohibiting soot to act as an INP (REF), allowing it to act as an INP 

(SOOT), and by excluding all aircraft emissions (ACOFF). The simulations are performed in full nucleation 

competition between homogeneous, heterogeneous, and pre-existing ice crystals. The different ensemble 

members allow us to assess the statistical significance of the results.  

4 Results 

4.1 Radiative forcing 

 

The change in net radiative forcing between two simulations is shown below in Table 1. We first compare 

the SOOT simulation with the REF simulation, where the only difference in model setup is the inclusion of 

the soot parameterization by Lohmann et al. (2020). The change in net radiative forcing amounts to 

0.018 ± 0.004 Wm-2 indicating an additional warming by soot particles and their role in ice nucleation. 

Allowing soot to act as an INP significantly impacts the radiative forcing budget. In a second step, we 

compare the SOOT simulation with the ACOFF simulation. Removing all aircraft emissions from the 

emissions inventory (ACOFF) appears to lead to an additional warming of the climate compared to the 

SOOT simulation with a net negative forcing of -0.011 ± 0.004 Wm-2. The aircraft emissions and their 

subsequent effects on cirrus cloud formation result in a cooling of the climate.  

 
Table 1: Change in net radiative forcing (∆Fnet) given in Wm-2 between the simulations SOOT and REF, and SOOT 

and ACOFF. The uncertainty corresponds to the 95 % confidence interval based on the assumptions of two independent 

samples and a t-distribution.  

 ∆Fnet [Wm-2] 

SOOT – REF 0.018 ± 0.004 

SOOT – ACOFF    -0.011 ± 0.004 

 

Comparing our results to research conducted so far, we note that, e.g., Zhou and Penner (2014) conducted 

a series of sensitivity tests by varying the background concentration of dust and sulphate and showed the 
magnitude and sign of the radiative forcing can be altered. While the soot parameterization by Lohmann et 

al. (2020) assumes the aging of soot particles with sulphate leads a higher INP activity, Zhou and Penner 

(2014) restrict the ability of soot particles to form ice as soon as they are coated by three monolayers of 

sulphate. As discussed in the introduction, the INP potential of soot particles needs further investigations in 

the laboratory under conditions as close as possible to reality. McGraw et al. (2020) concluded that the 

inclusion of aircraft emissions and soot as an INP leads to a negative radiative forcing of -0.11 Wm-2, which 

is an order of magnitude larger than what we find with our model. We note here that the study was conducted 

with a different model (CESM2.0.1) for only 5 years of simulations, and aircraft emissions were only 

considered in one sensitivity test, excluding it from all other tests. In contrast to Zhou and Penner (2014) 

and Lohmann et al. (2020), they parameterize the nucleation ability of soot particles according to Ullrich et 

al. (2017), which only considers freshly emitted soot particles as INPs.  

 

It is important to note, that ECHAM-HAM does not differentiate contrails and contrail cirrus, but only 

shows the impact of soot particles on cirrus cloud formation in general. Hence, when comparing to literature 

values for contrails and contrail cirrus, we note this difference. However, we take the opportunity here to 

discuss current research and put our results into broader perspective. Kärcher (2018) computed a radiative 

forcing of 0.02 Wm-2 to 0.15 Wm-2 for contrail cirrus using modelling and observational data. Bock and 
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Burkhardt (2016) found a value of 0.056 Wm-2 based on one year model simulation. They emphasise the 

large uncertainties introduced by radiative transfer calculations. A recent study by Lee et al. (2021) showed 

that the radiative forcing increased from 2011 to 2018 reaching a value of 0.111 ± 0.078 Wm-2.  While our 

SOOT simulation agrees reasonably well with these studies, we find that aircraft emissions have a small 

cooling impact on a global scale.   

 

4.2 Nucleation modes 

 

Next, we examined the impact of soot particles on the two nucleation modes: homogeneous and 

heterogeneous nucleation. Figures 1, 2, and 3 show the difference in nucleation modes, and microphysical 

properties for the two simulations SOOT and REF, while Figure 4 shows the differences in nucleation modes 

on a global scale for the simulations SOOT and ACOFF.  

 

In Figure 1 we present ICNC source anomalies at 200 hPa as this is a representative level for cirrus clouds 

and coincides with aircraft cruise altitude. Introducing soot as an INP into the model results in a change 

from homogeneous nucleation (ICNC_HOM) to heterogeneous nucleation (ICNC_HET). The increase in 

ICNC_HET is dominated by soot particles forming ice as seen in Figure 1d). Note, the sum of the anomalies 

in Figure 1c) and 1d) amount to the total ICNC_HET anomaly (Figure 1b). Here the competition between 

the two nucleation modes is evident, in line with previous studies (e.g., Spichtinger and Gierens, 2009; 

Jensen et al., 2016). The introduction of more INPs leads to the increased competition for the consumption 

of the same amount of water vapor. As already mentioned in the introduction, INPs require lower Si, and 

thus can initiate ice crystal formation earlier by nucleating first and continuing to reduce the Si as water 

vapor is consumed. In addition, pre-existing ice crystals lead to further reduction in Si through vapor 

deposition (Zhou and Penner, 2014). Therefore, the required Si for homogeneous nucleation may not be 

reached as often as in REF and thus total ice crystal number concentration originating from homogeneous 

nucleation may be partly reduced. Note, the regions with increases in heterogeneous nucleation correspond 

to regions with decreases in homogeneous nucleation, further highlighting the competition of these two 

nucleation modes. Further investigating the response in ICNC from soot particles (Figure 1d), we note that 

the strongest signals appear over continents reasonably close to their sources, such as industry, biomass 

burning, and aircraft emissions (Bond et al., 2013). Especially in the northern hemisphere the two prominent 

regions are North America and China. In the southern hemisphere the main source for soot particles is 

biomass burning that can be transported via large-scale circulation towards the higher latitudes. However, 

the transport towards the poles in ECHAM may be too efficient as noted by Schacht et al. (2019) and lead 

to an overestimation of the soot impact on ice crystal formation. In addition to the competition between the 

two nucleation modes, we can see a competition between dust and soot particles. It appears that the 

formation of ice crystals on dust particles is partly inhibited in the tropical regions and the southern 

hemisphere. It may be that the soot particles become dominant in these regions and consume all the available 

water vapor for ice nucleation, and thus prohibit dust particles to act as INPs. In the northern hemisphere 

we see an opposite response, however, these changes do not appear to be significant. These changes we 

observed on the 200 hPa level in Figure 1 are also visible in an annual zonal mean (Figure 2). The increase 

in ICNC_HET is, thus, not only limited to the 200 hPa level, but extends over the entire upper troposphere 

and across all latitudes, where heterogeneous nucleation may occur. 

 

Figure 3 shows the change in zonal mean for effective ice crystal radius (Figure 3a), ice water content (IWC, 

Figure 3b), total ICNC in-cloud (Figure 3c), and the vertical velocity (Figure 3d) for the two simulations 

SOOT and REF. In the extratropical regions, we note a decrease in effective radius, which is consistent with 

our understanding of the competition of the nucleation modes. If more INPs are introduced into an 

environment with the same water vapor content, ice growth can be limited. Thus, additional soot INPs lead 

to a reduction in radius (Jensen et al., 2016). At the same time, we have an increase in IWC and slight 

increase in total ICNC. Hence, we have more numerous smaller ice crystals that remain longer in the cloud 
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as they do not sediment as readily as before and lead to a higher IWC (Lohmann et al., 2008).  The increase 

in vertical velocity is due to the release of latent heat upon formation of ice crystals on dust and soot particles. 

This may lead to a regeneration of Si and, thus, allowing further formation and growth of ice crystals.  

 

Figure 4 shows the ICNC for the different nucleation modes on 200 hPa as in Figure 1 but for the difference 

between the SOOT and ACOFF simulations. While we find a strong response in ICNC for the SOOT – REF 

anomaly, the signal for SOOT – ACOFF is much weaker and not significant. We only see significant 

changes in the North Atlantic for the ICNC formed on soot particles (Figure 4d). Hence, less soot particles 

for ice nucleation are available, which is due to completely turning off aircraft emissions in our emissions 

inventory. This outcome was expected and given that the largest activity of air traffic is in the North Atlantic, 

the result agrees well with aircraft flight tracks. We do observe an increase in ICNC_HOM over the east 

coast of North America, which might be due to enhanced vertical motions in the SOOT simulation from a 

larger amount of latent heat release of ice crystal formation. However, the responses in homogeneously 

nucleated ICNC, total heterogeneously nucleated ICNC and ICNC nucleated on dust particles does not show 

any significant changes, and thus remain inconclusive. Bickel et al. (2020) even had to substantially increase 

the aviation density to produce a significant result (factor of 12). We do not observe any significant zonal 

changes for the nucleation modes and ice crystal radius, ice water content, total ICNC, and vertical velocity 

(analogous to Figure 2 and 3; not shown).  

 

 

 
Figure 1: Ice crystal number concentration in L−1 on 200 hPa for the difference between the simulations SOOT and 

REF (SOOT - REF). Shown are homogeneously nucleated ice crystal number concentration (ICNC_HOM, a), 

heterogeneously nucleated ice crystal number concentration (ICNC_HET, b), heterogeneously nucleated ice crystal 

number concentration on dust (ICNC_DU, c), and heterogeneously nucleated ice crystal number concentration on 

black carbon (i.e. soot) (ICNC_BC, d). The grey hatched areas show the data points with insignificant differences at a 

significance level of 5 %. 
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Figure 2: Annual zonal means of ice crystal number concentrations in L−1 for the difference between the two 

simulations SOOT and REF (SOOT - REF). Shown are homogeneously nucleated ice crystal number concentration 

(ICNC_HOM, a), heterogeneously nucleated ice crystal number concentration (ICNC_HET, b), heterogeneously 

nucleated ice crystal number concentration on dust (ICNC_DU, c), and heterogeneously nucleated ice crystal number 

concentration on black carbon (i.e. soot) (ICNC_BC, d). The grey hatched areas show the data points with insignificant 

differences at a significance level of 5 %. 

 

 

Figure 3: Annual zonal mean of the effective ice crystal radius in μm (a), ice water content in mg/m3 (b), total in-cloud 

ICNC in L−1 (c), and the vertical velocity in m/s (d) for the differences between the simulations SOOT - REF. The grey 

hatched areas show the data points with insignificant differences at a significance level of 5 %. 
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Figure 4: Ice crystal number concentration in L−1 on 200 hPa for the difference between the simulations SOOT and 

ACOFF (SOOT - ACOFF). Shown are homogeneously nucleated ice crystal number concentration (ICNC_HOM, a), 

heterogeneously nucleated ice crystal number concentration (ICNC_HET, b), heterogeneously nucleated ice crystal 

number concentration on dust (ICNC_DU, c), and heterogeneously nucleated ice crystal number concentration on 

black carbon (i.e. soot) (ICNC_BC, d). The grey hatched areas show the data points with insignificant differences at a 

significance level of 5 %. 

 

  



   
 

D3.2 May 2022 11 of 13 

ACACIA 

5 Conclusions 

 

The aviation industry will continue to grow in the coming decades despite global crises. Introducing aircraft 

emissions into the atmosphere is known to have an impact on our climate. However, we do not fully 

understand their true effect due to difficulties in gaining observations of their interactions with ambient air. 

In the recent years, this topic gained more attention shedding light on the radiative impact of aircraft 

emissions. Nevertheless, we still face unknowns regarding occurrence-frequency of aircraft-induced clouds 

and their microphysical properties. While the number of studies investigating this specific topic increased, 

discrepancies between the findings remain, rendering an unambiguous assessment difficult. This study aims 

to reduce this ambiguity by employing the global circulation model ECHAM-HAM with a new a state-of-

the-art ice microphysics scheme. 

 

Based on a global analysis of soot particles acting as INPs (Mahrt et al., 2018; 2020; Lohmann et al. 2020) 

in ECHAM-HAM, we quantify the radiative forcing for three different simulations: REF, SOOT, and 

ACOFF. We take a closer look at the competition between the two nucleation modes acting in cirrus clouds, 

homogeneous and heterogeneous nucleation, with the latter comprising nucleation on mineral dust and soot 

particles.  

 

We find that introducing soot particles as INPs (SOOT) leads to an increased radiative forcing on a global 

scale compared to the reference simulation without ice active soot particles, which is in line with previous 

studies (e.g., Zhou and Penner, 2014; Kärcher 2018). The additional INPs lead to a shift from homogeneous 

nucleation to heterogeneous nucleation, with the dominant mode being the ice nucleation on soot particles. 

This change is most pronounced in regions close to emissions sources for soot. This is mainly due to the 

additional INPs consuming the available water vapor, and thus prohibiting the high ice supersaturations 

from occurring, which are required for homogeneous nucleation. In addition to the direct competition 

between the two nucleation modes, we note decreases in ice crystal number concentration (ICNC) formed 

on dust particles. This indicates an additional competition between dust and soot particles, that compete for 

the available water vapor to form ice crystals. These differences are not only noticeable on a specific 

pressure level, but also across the upper troposphere as shown in the zonal mean (Figure 2). We clearly 

increase the number of ice crystals formed by heterogeneous nucleation due to the addition of soot particles. 

At the same time, we observe changes in microphysical properties, such as ice crystal effective radius, ice 

water content, and total ICNC. Adding INPs leads to a slight increase in ice water content, while the resulting 

ice crystals are smaller due to enhanced competition for water vapor, which limits their size. This leads to a 

slight increase in total ICNC.  

 

Removing aircraft emissions (ACOFF) does not result in a significant response as we found for the 

simulation SOOT. It even appears that aircraft emissions lead to a cooling effect as the net radiative forcing 

anomaly relative to the SOOT simulation is negative. While this change is significant, it is rather weak being 

of the order of mW-2. Comparable results were found by McGraw et al. (2020) with a negative forcing an 

order larger than our result. While we do see less ICNC formed on soot particles for ACOFF, all other 

changes remain insignificant. This shows that the impact of aircraft emissions on a global scale remain 

difficult to capture.  

 

In conclusion, this study highlights the impact of soot particles on ice crystal formation on a global scale. 

To unambiguously quantify the specific impact of aircraft emissions on cirrus cloud formation, a more 

detailed analysis needs to be conducted. One such examination may comprise a regional analysis of the 

North Atlantic flight corridor, where we already observed significant changes in ICNC on soot particles. 

Understanding these effects in an improved manner may result in new measures for reducing the climate 

impact of aircraft-induced clouds by air traffic management or alternative fuel compositions.  
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