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1. Summary

This document summarizes the mid-term scientific progress of the European Union (EU) Horizon 2020 project 
FORCeS (“Constrained aerosol forcing for improved climate projections”). It is based on the original peer-re-
viewed literature associated with the work conducted within the project, covering 59 articles in international 
scientific journals and in addition some conference presentations. Overall, FORCeS has progressed according to 
the original plan, and the scientific progress made has helped the project progress towards its objectives and 
goal, as specified in this report. For further information on the project, please see forces-project.eu.

2. Dissemination uptake

This report is aimed at scientists, policymakers and the general interested public. However, it is in the form 
of a scientific report, so some scientific literacy and knowledge of the basic concepts within atmospheric and 
climate science is needed. It is based on the body of peer-reviewed literature, and just briefly highlights the 
topics covered and key results obtained within these 59 scientific articles. Detailed descriptions of the studies 
conducted, the methodologies used, the results obtained and the conclusions drawn can be found in these 
articles – the grand majority of which are freely and openly available online (see the References section).

3. Background and FORCeS objectives

The challenge: The Paris Agreement (PA), adopted within the United Nations Framework Convention on 
Climate Change (UNFCCC) in December 2015, requires the majority of the world’s countries to limit global 
warming from anthropogenic activities within 2°C above pre-industrial levels. The actions needed to reach 
this goal, and the urgency and effectiveness of their implementation, rely crucially on accurately predicting the 
time-evolution of radiative forcing and the resulting climate response. Uncertainty in simulating the compo-
nents of the atmosphere, especially those related to aerosol, clouds and their interactions severely hampers 
our ability to understand the past and project future climate change. This is because anthropogenic aerosols 
exert a net cooling impact on climate that offsets – but with large uncertainty – part of the warming effect 
from greenhouse gas emissions. As a result, the time left for achieving the necessary greenhouse gas reduc-
tions to achieve the PA target, and our understanding of the expected regional impacts of climate change, are 
hampered by the inability to robustly quantify the anthropogenic climate forcing associated with aerosols. In 
particular, the anticipated large reductions in aerosol emissions in the coming decades will result in a warming 
effect that is currently very poorly quantified. It is therefore crucial to establish the extent to which aerosol 
changes, whether due to anthropogenic emissions or as a feedback induced by warming, offset greenhouse 
gas warming.

The goal of FORCeS is to resolve the above challenge and, in support of the Intergovernmental Panel on Climate 
Change (IPCC), substantially increase the confidence in estimates of aerosol radiative forcing and its impact on 
transient climate response. FORCeS will do this by bridging a crucial gap that currently exists between knowl-
edge on the process scale and model application on the climate scale. FORCeS will identify, observationally 
constrain and efficiently parameterize the most important processes driving aerosol radiative forcing. With 
this knowledge, FORCeS will produce more robust estimates of the overall aerosol contribution to past climate 
change, leading to tighter constraints on climate sensitivity, and ultimately more accurate projections of the 
near-term climate change. Observations, computational models and theoretical considerations will be used 
to constrain and predict the anthropogenic aerosol impact on climate. A novel combination of computational 
and data mining techniques, brought together for the first time within FORCeS, will aid in establishing a good 
balance between an accurate representation of aerosol processes with computational requirements and need 
for simplification within climate models. FORCeS will operate on a continuum of temporal and spatial scales, 
focusing on metrics and outcomes with direct relevance for policy and ultimately for the quality of life. Based 
on the scientific knowledge gained, FORCeS will inform decision and policy makers about the effect of aerosol 
emission changes on regional and global climate evolution and on emission pathways to meet the targets of 
the PA.



4

Figure 1. The knowledge gaps addressed in FORCeS, expected outcomes, and contribution to objectives. Figure by Tinja Olenius

To reach its goal, FORCeS will

• Identify the most important cloud and aerosol processes or components controlling radiative forcing 
and transient climate response. Make targeted improvements of the corresponding parameterizations 
for a set of leading European climate models, to obtain more reliable transient climate simulations. 
(OBJECTIVE 1).

• Exploit models, statistical methods, data mining and the recent wealth of observations to reduce the 
uncertainty in anthropogenic radiative forcing associated with aerosols and aerosol-cloud interactions 
from more than ±100% to closer to ±50%. (OBJECTIVE 2).

• Quantify the near-term climate impact and associated uncertainty ranges for a set of plausible 
combinations of near-term greenhouse gas and aerosol emission pathways, in support of the Paris 
Agreement. (OBJECTIVE 3).

In the following Sections, we will describe the approach and methods used to reach, and the scienfic progress 
towards, these Objectives.

4. Approach and methods used within FORCeS science

The key scientific bottlenecks that FORCeS targets, the scientific objectives (see Sect. 3) and the expected out-
comes of FORCeS are schematically outlined in Fig. 1. FORCeS deals with a large breadth of processes and 
scales – all the way from building fundamental understanding on molecular-scale phenomena (nanometer 

scale) to understanding their implications on regional and global scales (scales from tens to several hundreds 
of kilometers). Therefore, the associated time scales also range from less than seconds up to centuries. This is 
an exciting scientific and methodological challenge to address.

The key for successfully addressing the challenge of bridging over spatial and temporal scales is the smart 
combination and connection of the relevant theoretical and experimental techniques applied within and out-
side the field of atmospheric and climate science (see Fig. 2). To succeed with the overall goals of the project 
(see Sect. 3), all process-level investigations within FORCeS will be guided by and conducted with the ultimate 
aim of improving the climate models used within FORCeS. The overall concept is based on the following three 
pillars, where particularly pillars I and II are relevant for this report: 

Pillar I) Quantifying aerosol loadings and aerosol climate forcing through combining “bottom-up” process 
knowledge with “top-down” constraints; 
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Figure 2. The relevant scales and methods applied in FORCeS for moving between them, along with examples of time series of 
key variables needed for quantifying the effective radiative forcing caused by aerosol particles and aerosol-cloud interactions 
(ERFari+aci). Figure by Tinja Olenius

Pillar II) Targeted investigation of fundamental phenomena, their systematic up-scaling and climate model 
improvement using novel techniques such as machine learning; 

Pillar III) Active communication using metrics and approaches relevant for climate assessment groups and 
stakeholders.

The practical implementation of the work within FORCeS is structured in nine interlinked Work Packages (WPs, 
see Fig. 3). The scientific activities are primarily conducted within WPs 1-6, and hence the description of the 
scientific progress below has been structured according to these WPs and the Tasks within them.

Figure 3. Graphical representation of FORCeS Work Package structure, their interactions (black arrows) and contribution to the 
overall objectives (see Sect. 3). Figure by Tinja Olenius
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5. Scientific outcomes and progress within the FORCeS WPs during  
the first two years of the project

Overall, the work carried out in the first two years has progressed according to the plan within each of the sci-
entific WPs 1–6 (see Fig. 3). As also envisioned in the Description of Action (DoA), the work within the different 
WPs is somewhat unevenly distributed in time between the different scientific WPs: while all Tasks within WPs 
1–2 have been ongoing throughout the entire two-year period, this is not the case for WPs 3–6, where a large 
fraction of the Tasks has only just started or will start during the second half of the project. The significant 
progress achieved within WPs 1–2 provides important input for the other WPs, hence providing the basis for 
several of the Tasks within WPs 3–6 where intense efforts will be made now during the second half of the 
project. The scientific progress within WPs 1–6 is elaborated in detail below and the scientific progress towards 
the FORCeS objectives is summarized at the end of this Section.                   

5.1 Progress within WP1 “Critical aerosol forcing processes and factors”
The main objective of WP1 is the improvement of the representation of aerosol processes in the Earth System 
Models (ESMs) used within FORCeS (NorESM, EC-Earth, ECHAM-HAM) in an effort to increase the accuracy, and 
reduce the uncertainty, of the simulated aerosol effective radiative forcing (ERF). Based on recommendations of 
previous EU projects in this research area (particularly EUCAARI, PEGASOS, BACCHUS and ECLIPSE), and a series 
of dedicated FORCeS meetings, four key aerosol species and processes were selected for a deeper analysis: 
organic aerosol (OA), nitrate aerosol, brown carbon (BrC) and ultrafine aerosols. 

During the first two years, the work in WP1 has progressed according to the DoA and focused on the devel-
opment and initial testing of the first parameterizations related to the four key aerosol processes and compo-
nents. The parameterizations developed here are being provided to WP3 and WP5 where they are included and 
tested in the FORCeS atmospheric general circulation models (AGCMs) and ESMs. 

Task 1.1: Organic aerosol formation and chemical evolution

FORCeS is developing a reduced-form version of the complete ORACLE module developed by Tsimpidi et al. 
(2014), which is currently being tested within the FORCeS models. The module is based on the volatility basis 
set (VBS) framework proposed by Donahue et al. (2006). It uses fixed logarithmically-spaced saturation con-
centration bins to describe the OA volatility distribution and assumes formation of pseudo-ideal solutions in 
the organic aerosol phase. This framework blurs the distinction between the traditional primary (POA) and sec-
ondary organic aerosol (SOA), providing a more realistic picture of the behavior of atmospheric organic aerosol 
(see also Theodoritsi et al. 2021 for an application of the VBS scheme). The module simulates the gas-phase 
photochemical reactions of SOA precursors, and distributes the OA in the size modes used by the ESM. The 
parameters in this module can be easily updated by the latest laboratory findings regarding the formation of 
SOA, including detailed studies on the molecular evolution and volatility distributions of OA that are ongoing 
in the SAPHIRE chamber (see e.g. Wu et al., 2021 for such studies from FORCeS) and the field observations 
collected and analysed within the framework of FORCeS (e.g. Pasquier et al., 2021; Siegel et al., 2021 for such 
studies from FORCeS). 

The laboratory studies on OA formation have targeted particularly the SOA formation through oxidation of 
various biogenic precursors by the NO3 radical (Wu et al., 2021a, b; Bell et al., 2021), quantifying yields and 
volatility distributions of the formed aerosol (see Fig. 3 for an example from Wu et al., 2021a). 

As an example from the field observations, the result of applying the FIGAERO-CIMS setup for analysing sam-
ples collected in the  Arctic for the first time (see Siegel et al., 2021) reveals a potentially significant signal 
from organic and sulfur-containing compounds in the aerosol particles. These signals are indicative of marine 
aerosol sources, with a wide range of carbon numbers and O:C ratios – including a clear secondary component 
(see Fig. 5 from Siegel et al., 2021). Several of the sulfur-containing compounds were oxidation products of 
dimethyl sulfide (DMS), a gas released by phytoplankton and ice algae. These results highlight the importance 
of understanding the marine organics and DMS as a source of Cloud Condensation Nuclei (CCN) in this vulner-
able region (see also Schmale et al., 2021 and references therein).
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Figure 4. Figure from Wu et al. (2021a) comparing different approaches for determining saturation concentrations of 
oxidation products generated in the isoprene + NO3 system. Saturation  concentrations  (in  μg m−3,  at  298.15 K)  of isoprene  
organonitrates  estimated  by  using  experimental  and  parameterization  methods.  The  numbers  correspond  with  the  
compound  numbers  of  given  in  Table  S2 within Wu et al., (2021a)  (nos.  1–9,  10–18,  19–21,22–27, and 28–32 corresponding 
to 1N-monomers, 2N-monomers, 3N-monomers, 2N-dimers, and 3N-dimers, respectively).  Markershapes indicate different 
isomers, with their size scaled by carbonoxidation state (OSC). Reproduced under the Creative Commons 4.0 (CC 4.0) license.
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Figure 5. Adopted from Siegel et al. (2021), which illustrates the route of the MOCCHA cruise where aerosol samples were 
collected, along with a representative chemical composition of the samples and the key conclusions highlighted.  
Reproduced under the Creative Commons 3.0 (CC 3.0) license.

Molecular-level analysis of 
High Arctic aerosols sampled 
on a cruise to the North Pole 
shows:
• a wide range of semi-

volatile organic compounds
l

• no clear relationship 
between DMS oxidation 
products in the gas- and 
particle phase

Another aspect of organic aerosol evolution and fate receiving special attention within FORCeS is the wet re-
moval of OA and its precursors by clouds and precipitation (see also Sect. 5.2), given its important role in the 
overall OA budgets (see e.g. Holopainen et al., 2020). To investigate this process, Bardakov et al. (2021) used a 
framework coupling trajectories from a Large Eddy Simulation (LES) model MIMICA and a box model to investi-
gate the uptake of isoprene and its oxidation products onto the hydrometeors within convective clouds in the 
tropical atmosphere (see Sect. 5.2 for more details).

Task 1.2: Nitrates in fine and coarse particles

Even if our understanding of the formation of inorganic nitrate salts has advanced and the corresponding 
processes are reasonably well simulated in regional chemical transport models (CTMs), the computational cost 
has seriously limited, and in most cases prohibited, the simulation of this aerosol component in ESMs. Besides 
influencing the radiative forcing caused by the aerosol particles, it is a key player in the atmospheric acid-base 
chemistry, which has important implications also for air quality and deposition of nutrients as demonstrated 
by a series of FORCeS-publications (Nenes et al., 2021; Kakavas and Pandis, 2021; Karydis et al., 2021; Baker et 
al., 2021; Paglione et al., 2021 see Fig. 6 for an example of the processes studied by Nenes et al., 2021).
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Given the importance of simulating aerosol nitrate and acid-base chemistry accurately, we have in FORCeS 
explored ways to reduce the computational cost of the simulation of the formation and evaporation of ammo-
nium nitrate, reactions of nitric acid with coarse sea-salt and dust particles, and the competition of fine and 
coarse particles for the available nitric acid. This has resulted in the development of ISORROPIA-lite, which is a 
simplified and computationally more efficient version of the thermodynamic model ISORROPIA-II (Fountoukis 
and Nenes 2007; Nenes et al., 2021; Karydis et al., 2021) that can be used by ESMs with a small additional 
computational cost to simulate aerosol nitrates. This is a very timely contribution, as the simulation of aerosol 
nitrate is still at a development stage in the FORCeS ESMs within WP5. The evaluation of ISORROPIA-lite is 
ongoing within FORCeS and the first results are promising as they show good agreement with ISORROPIA-II.

Minerals present in dust, such as calcite, influence aerosol pH and thus the distribution of nitrate between 
the gas and particulate phases (see e.g. Karydis et al., 2021). ESMs typically assume a globally uniform dust 
composition. Within FORCeS, a new climatology of dust is being developed. It will be used by the FORCeS ESMs, 
allowing them to characterize regional changes in dust composition and its potential impact on aerosol pH and 
nitrate (see e.g. Myriokefalitakis et al., 2021). The development relies on simulations done with the Multiscale 
Online Nonhydrostatic AtmospheRe CHemistry (MONARCH) model (introduced by Pérez et al., 2011 and fur-
ther developed within FORCeS by Klose et al., 2021). The brittle fragmentation theory (Kok et al., 2011) has been 
applied to represent the size-resolved fractional dust mineralogy at emission in MONARCH, following Perlwitz 
et al. (2015a, 2015b). MONARCH describes the size distribution through a sectional approach, considering 8 
bins per mineral from 0.2 to 20 μm in diameter. The underlying soil composition information has been taken 
from two different sources: Claquin et al. (1999), with the modifications included by Nickovic et al. (2012), and 
Journet et al. (2014), which will ultimately provide a measure of mineral composition uncertainties and allow 
assessment of the sensitivity of ESMs to changes in mineral fractions. With these assumptions, MONARCH has 
been shown to be able to reproduce key features of the spatiotemporal variability of the global dust cycle (Klose 
et al., 2021, see Figs. 7 and 8).

Figure 6. Summary sketch of the interactions between 
aerosol pH and emissions of total ammonium and 
nitrate from Nenes et al., 2021. (a) Aerosol pH is 
low and liquid water content is moderate, as is 
characteristic of the SE United States. Here the 
partitioning of ammonium is mostly in the aerosol 
phase, and the relevant dry deposition velocity is low. 
The concentration of total ammonium is dictated by 
the aerosol deposition velocity limit; ammonia export 
to the free troposphere is favored and vice versa for 
total nitrate. (b) Aerosol pH is high and liquid water 
content is moderate (as is characteristic of northern 
Europe in the winter and China). Here the partitioning 
of total ammonia is shifted to the gas phase, and 
the relevant dry deposition velocity is rapid. Total 
ammonia does not accumulate considerably in the 
boundary layer, and export to the free troposphere 
is minimal. Nitrate partitions to the aerosol phase, 
deposits slowly, and accumulates rapidly in the 
boundary layer. These conditions favor haze events 
and nitrate export to the free troposphere. Reproduced 
under the Creative Commons 4.0 (CC 4.0) license.
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Figure 7. Seasonally averaged MODIS Deep Blue satellite Dust Optical Depth (DOD, left), MONARCH all-sky DODcoarse at 
satellite overpass times co-located with MODIS DOD (middle), and clear-sky DODcoarse at approximate satellite overpass times 
derived from 3-hourly model output from MONARCH (right). The model results were obtained for DODcoarse averaged across 
four model experiments. The seasonal averages were calculated with respect to the number of valid values per grid cell in the 
respective products. Area-weighted root mean square error (RMSE) and uncentered Pearson product-moment coefficient of 
linear correlation (r) between model and observations are indicated in the respective panels. Adopted from Klose et al. (2021). 
Reproduced under the Creative Commons 4.0 (CC 4.0) license.

Figure 8. Globally averaged monthly global DODcoarse (a) and FoO of DOD >0.2 (b) for MODIS (dashed green line) and MONARCH 
(DODcoarse all-sky co-located with MODIS observations) (green solid line). The shading indicates the range of DODcoarse across 
the four MONARCH experiments, which are also shown. Pearson correlation coefficients (r) and RMSE are given in the figure for 
both the experimental average as well as the individual runs. Adopted from Klose et al. (2021). Reproduced under the Creative 
Commons 4.0 (CC 4.0) license.



10

Task 1.3: Improved parameterizations of aerosol absorption

Three major types of aerosols have absorbing properties: black carbon (BC), brown carbon (BrC) and dust aer-
osols. BC is the type of aerosol that has the largest potential to warm the climate and it is currently considered 
in most climate models, including ESMs. Dust aerosol is partially absorbing. This is translated into dust aerosol 
having an imaginary part in its refractive index used in climate models. Dust aerosol is a mixture of different 
minerals, whose relative abundances, particle size distribution, shape, surface topography and mixing state 
influence their effect on climate. However, ESMs typically assume that dust is a homogeneous aerosol species, 
neglecting the known regional variations in the mineralogical composition of the sources. As described above 
(Task 1.2), a climatology considering the regional variation in the mineralogical composition of dust is being 
developed within FORCeS (see Kok et al., 2021a,b; Klose et al., 2021; Li et al., 2021) and will be implemented in 
FORCeS models. The work by Li et al. (2021) highlights particularly the need for an improved description of iron 
oxides (such as hematite and goethite) for capturing the radiative effects of dust. 

While BC and dust are explicitly treated in most ESMs, BrC, which is the absorbing fraction of OA, is still dis-
regarded by most climate models. This is despite its known impact on the effective radiative forcing due to 
aerosol-radiation-interactions (ERFari) and its potential impact on the snow albedo which may accelerate 
the melting of polar and glacial ice, similar to BC. Only recently has BrC attracted enough attention to start 
being incorporated in global climate models. Current climate models generally underestimate the absorbing 
properties of atmospheric aerosol although they reasonably estimate BC. As part of the AeroCom Phase III 
intercomparison of absorbing aerosol, Sand et al. (2021) evaluated the fraction of absorbing aerosol optical 
depth due to BC, dust, and organic aerosol and found it to be 57%, 30 and 10%, respectively (see also Figs. 9 
and 10 for a comparison of the per-species mass absorption coefficients from Sand et al., 2021 illustrating the 
relative strength and contribution of each of these absorbing components).

The scientific work ongoing within FORCeS focuses particularly on how to further improve the estimates of 
dust (see e.g. Kok et al., 2021a, b; Kakavas and Pandis 2021) and BrC sources (related to e.g. biomass burning, 
see e.g. Theodoritsi et al., 2020) and absorption in the models (e.g. Frey et al., 2010; Sand et al., 2021).  

Figure 9. Per-species mass absorption coefficient (MAC) as a function of wavelength from observations and radiative transfer 
calculations. BC, BrC, and dust can be seen to have separable properties, which underlie the usage of these species as emitted, 
transported, and radiatively active particle types in most global climate models. Size distributions for BC and BrC had a radius 
and sigma of 0.04 μm and 1.5 for BC and 0.05 μm and 2.0 for BrC, while, for mineral dust, they used observed sizes from the 
DABEX aerosol campaign (Osborne et al., 2008). Aerosol densities were 1.2, 1.8, and 2.6 g cm−3, for BrC, BC, and dust, respectively. 
Grey circles (triangles) illustrate MAC values for fresh (coated and uncoated) BC, where the Mie calculations have been scaled 
to achieve the recommended MAC of 7.5 m2 g−1 at 550 nm (Bond and Bergstrom, 2006). Adapted from Sand et al. (2021). 
Reproduced under the Creative Commons 4.0 (CC 4.0) license.
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Figure 10. Global mean absorption aerosol optical depth (AAOD) at λ= 440, 550, and 870 nm for each model split into BC (black), 
OA (orange), and dust (red), with absolute values on the left and relative values on the right. Adapted from Sand et al. (2021). 
Reproduced under the Creative Commons 4.0 (CC 4.0) license.

Task 1.4: Ultrafine aerosol formation and growth

There are several ongoing efforts (but not yet published) in FORCeS to improve the parameterizations currently 
used in ESMs for the simulation of the ultrafine particles and the corresponding aerosol number distribution. 
The work has been focused on the improvement of the simulation of the new particle formation/growth pro-
cesses based on both laboratory and field observations as well as on the treatment of number emissions. Our 
objective is once more to improve accuracy with a small computational cost for the ESMs. 

Task 1.5: Identification of microphysical processes related to aerosols that can be simplified

The goal of this Task is the identification of microphysics processes related to aerosols to which the global 
models are less sensitive. The emphasis of this work is on aerosol-cloud interactions and cloud microphysical 
processes. The work conducted during the first two years (but not yet published) has focused particularly on 
microphysical processes related to aerosol formation and growth, and ice hydrometeors. 

5.2 Progress within WP2 “Understanding of cloud processes  
and aerosol-cloud interactions” 
The work within WP2 aims at an improvement of cloud-, precipitation and aerosol processes within ESMs, 
targeting particularly the processes governing the effective radiative forcing caused by aerosol-cloud interac-
tions (ERFaci). WP2 focuses on aerosol-cloud interactions and cloud microphysics and interacts particularly 
closely with WPs 3 and 5 through providing input and recommendations for the ESMs used within these WPs, 
and complements the aerosol process-focused WP1. Overall, the work within WP2 has progressed as outlined 
within the DoA. Many of the Tasks within WP2 are highly interlinked (see below for detailed descriptions).

Two major campaigns, one at Ny Ålesund station in the Arctic (NASCENT campaign coordinated by Stockholm 
University, from fall 2020 onwards, see Pasquier et al., 2021) and another at Puijo SMEAR IV station at the semi-
urban environment (coordinated by the University of Eastern Finland, during fall 2021, see e.g. Väisänen et al., 
2020; Ruuskanen et al., 2021) were planned and performed during the first two years, and the third campaign 
at the San Pietro Capofiume in Italy (coordinated by the National Research Council, Institute of Atmospheric 
Sciences and Climate (CNR-ISAC), see e.g. Paglione et al., 2021) is currently ongoing.

Task 2.1: Droplet activation

Recent results investigating links between aerosols and cloud microphysics from satellite data have demon-
strated that the simple approaches typically used to derive the relationship between CDNC and aerosol particles 
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from observations of Aerosol Optical Depth (AOD) or Aerosol Index (AI) strongly underestimate the sensitivity, 
and that more elaborate ways to quantify the CCN concentration are required (Fig. 11, from Hasekamp et al., 
2019). 

Furthermore, a review with inputs from several FORCeS partners on the options to constrain the droplet acti-
vation from satellite observations has been conducted and published (Quaas et al. 2020). This review pointed 
out the general need to improve satellite-based methods to derive aerosol-cloud relationships. It emphasized 
the need to use Large Eddy Simulation (LES) to better assess the data requirements for CCN, updraft and cloud 
drop number (Nd) observations, and to analyse the impact of spatial aggregation scales (see Fig. 12).

Furthermore, FORCeS is conducting LES studies that couple cloud activation to the other relevant processes 
that simultaneously take place when a cloud is formed. As an example, a study on the factors controlling Arctic 
cloud sustenance reveals the important role of Aitken mode particles in cloud droplet activation and cloud 
droplet number concentrations, hence highlighting the need for understanding the sources and sinks of these 
nanoscale particles in the Arctic (see Fig. 13 from Bulatovic et al. 2021; see also Schmale et al., 2020; Siegel et 
al., 2021; Maahn et al., 2021).

Figure 11. Dependence of cloud droplet number concentration on aerosol. Cloud droplet number concentration (Nd) versus 
aerosol optical depth (AOD), aerosol index (AI), and cloud condensation nuclei (CCN) column number (Nccn), for the global ocean 
data set for 2006. Each point represents a bin median of Nd and CCN proxy, where each bin contains the same number of points 
(n points/20). The colors indicate the normalized histogram of Nd in each AOD/AI/Nccn-bin. The dashed lines show the linear 
regression through all data points and the solid lines using only data points for Nccn > 107cm−2, AI > 0.05, and AOD > 0.07, leaving 
out the lowest 15% of data for all 3 proxies. The quoted errors are 2σ errors on the regression slope. Adopted from Hasekamp et 
al., 2019. Reproduced under Creative Commons 4.0 (CC 4.0) license.

Figure 12. The sensitivity of Nd to CCN in the atmospheric column (β) as a function of the stochastic error in column CCN 
(absolute additive error) in an emulated analysis for the full range of data (a) and for the case when values of Nccn < 107 cm−2 are 
excluded. Figure from Quaas et al. 2020. Reproduced under Creative Commons 4.0 (CC 4.0) license.
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Figure 13. The influence of the varying Aitken mode particle concentrations on cloud droplet mixing ratios of simulations. The 
plots show differences in cloud droplet mixing ratios for Aitken mode concentrations of 200 vs. 20 cm-3 for a given accumulation 
mode concentration (from left to right 0, 3, 5, 10, or 20 cm-3)  Simulations run with 2 different LES models (MIMICA on the top 
row and RAMS  on the bottom row). Figure from Bulatovic et al. (2021). Reproduced under Creative Commons 4.0 (CC 4.0) license.

On the detailed process level, the work conducted so far within FORCeS on the CCN activation aerosol particles 
has focused in particular on the CCN activation of BC (Laaksonen et al., 2020; Lohmann et al., 2020), which 
has traditionally been considered non-hygroscopic and does not participate in CCN activation in many global 
models. Laaksonen et al. (2020) present a theory describing heterogeneous nucleation on soot particles with 
adsorption nucleation theory, and conclude that soot particles can activate as CCN, and any treatment (includ-
ing chemical ageing) that increases the number of adsorption sites will respectively increase their CCN activity. 
Lohmann et al. (2020), on the other hand, used ECHAM-HAM to conduct global simulations of past and future 
climate effects of both ozone-aged soot particles acting as cloud condensation nuclei and sulfuric acid-aged 
soot particles acting as ice-nucleating particles, and analysed the effects on structure and radiative effects 
of clouds (see Fig. 14 for a schematic of the studied processes). Under pre-industrial conditions, soot aging 
led to an increase in thick, low-level clouds that reduced negative shortwave effective radiative forcing by 0.2 
to 0.3 W m−2. In the simulations of a future, warmer climate under double pre-industrial atmospheric carbon 
dioxide concentrations, soot aging and compensating cloud adjustments led to a reduction in low-level clouds 
and enhanced high-altitude cirrus cloud thickness, which influenced the longwave radiative balance and ex-
acerbated the global mean surface warming by 0.4 to 0.5 K. These findings suggest that reducing emissions of 
soot particles is beneficial for future climate, in addition to air quality and human health.

Task 2.2: Condensational and coagulation growth of cloud particles, precipitation sink

The response of cloud liquid water path (LWP) and cloud fraction (CF) to altered cloud droplet number concen-
trations is among the most important and most uncertain adjustment mechanisms for aerosol-cloud interac-
tions (see e.g. Maahn et al., 2021). These responses depend on the details of the cloud microphysics, particularly 
condensation and coagulation (and coalescence) of the cloud droplets, which are typically heavily parameter-
ized in global models but also subject to large uncertainties in the process level. FORCeS uses in particular LES 
modeling, field observations and satellite data to understand these processes and improve their descriptions 
in ESMs (see e.g. Kim et al., 2020; Spill et al., 2021; Gryspeerdt et al., 2021; Zhang et al., 2021). Many of the first 
published studies have dealt with improving the methodologies used in using and interpreting satellite data 
(alone or in combination with other data sets). Gryspeerdt et al., 2021 used reanalysis wind fields and ship 
emission information matched to observations of ship tracks to measure the timescales of cloud responses 
to aerosol in instantaneous (or “snapshot”) images taken by polar-orbiting satellites. Besides highlighting the 
importance of the meteorological environment, this work demonstrated the importance of accounting for the 
time evolution of the cloud response and the aerosol source, especially in the case of an isolated aerosol source 
where there is no replenishment of the particle loadings. Kim et al. (2020), on the other hand, developed a novel 
machine-learning-based retrieval technique for obtaining LWP from satellite observations.
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Figure 14. a) Cloud microphysical properties for the simulation of unaged (left) and aged (right) soot particles, respectively, for 
1 × CO2 (top) and 2 × CO2 (bottom) concentrations. b) Qualitative change in ERFaci due to anthropogenic aerosol perturbations 
with and without accounting for the CCN and INP activities of aged soot particles. c) Soot particle aging types considered in the 
parameterizations. Figure from Lohmann et al., 2020. Reproduced under Creative Commons 4.0 (CC 4.0) license.

Task 2.3: Ice nucleation, secondary ice and freezing

Ice nucleation, secondary ice and freezing have been some of the key topics explored within the NASCENT 
campaign in the Arctic (see Pasquier et al., 2021; Schmale et al., 2020), and the analysis of the observations 
is ongoing. The new results from the dedicated campaigns related to FORCeS will be connected to previous 
observations on ice nuclei measurements in Ny Ålesund that are available since 2018, including the results 
from sample offline analysis (PM1 and PM10 using the membrane filter technique) discussed in Rinaldi et 
al. (2021). Rinaldi et al. 2021 discuss implications for ice nuclei origin from local terrestrial (dust), marine and 
distant (Artic haze pollution), also noting that the majority of the ice-nucleating particles (INP) on the site were 
fine particles, although the coarse INP contribution increased somewhat during the summer (Fig. 15). 

Sotiropoulou et al., 2021a discussed the importance of secondary ice processes as a source of ice crystals in 
Antarctic clouds and highlighted the need to understand this process better. Sotiropoulou et al. (2021b) used 
LES simulations to investigate the potential of ice multiplication from breakup upon ice–ice collisions could 
account for the observed cloud ice in a stratocumulus cloud observed during the Arctic Summer Cloud Ocean 
Study (ASCOS) campaign. The results from this work suggested that the overall efficiency of this process in 
these conditions is weak; increases in fragment generation were compensated for by subsequent enhance-
ment of precipitation and sub-cloud sublimation. The largest uncertainty in the simulations stems from the 
correction factor for ice enhancement due to sublimation included in the breakup parameterization. These 
results indicate that the lack of a detailed treatment of ice habit and rimed fraction in most bulk microphysics 
schemes is perhaps not detrimental for the description of the collisional breakup process in the examined 
conditions as long as cloud-ice-to-snow autoconversion is considered. On top of these Arctic-focused studies, 
Proske et al. (2021) have demonstrated a mechanism of natural cloud seeding of lower-level clouds by ice 
clouds over Switzerland, while Villanueva et al. (2021) have taken a global view and used satellite observa-
tions of the hemispheric and seasonal contrast in cloud top phase to assess the dust-driven droplet freezing 
in the ECHAM-HAM model. Quaas et al. (2021) investigated the impact of the COVID-19 recovery plans for 
aviation-induced cirrus clouds.
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Figure 15. Ambient nINP as a function of the activation T assessed for samples from Gruvbadet (GVB) during 2018 by Dynamic 
Filter Processing Chamber (DFPC) and West Texas Cryogenic Refrigerator Applied to Freezing Tests (WT-CRAFT). DFPC data are 
divided into spring (blue) and summer (red) samples, while WT-CRAFT data are color-coded according to the sampling date. (a) 
PM10 (DFPC) and TSP (WT-CRAFT) data. (b) PM1 data (available only for DFPC). For comparison purposes, the data from Wex et 
al. (2019b), which refer to PM10 samples, are also reported in panel (a) (Wex et al. (2019a). Adopted from Rinaldi et al., (2021). 
Reproduced under Creative Commons 4.0 (CC 4.0) license.
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To investigate the fundamental ice properties on the molecular scale, molecular dynamics and kinetic mod-
el studies of ice crystal growth, interactions between ice and organic molecules, and the dynamics of the 
Wegener-Bergerron-Findeisen (WBF) process have been conducted (Schlesinger et al. 2020). This study target-
ed particularly the accommodation of water molecules arriving from the gas phase to the crystal structure, and 
concluded the order parameter (instead of energy) to be the main factor differentiating the ice surface from 
the bulk crystal (Fig. 16). Figure 17 illustrates the time scales of the accommodation processes related to e.g. 
the time scales of the relevant atmospheric processes.

Task 2.4: Entrainment and mixing as cloud sink

Much of the work conducted within Task 2.4 is directly linked to work done for Tasks 2.1 and 2.2 – since LES 
simulations, satellite observations, and large-scale model evaluation typically give an integrated view on the 
cloud responses to aerosol perturbations. Entrainment and mixing are among the key processes playing into 
explaining cloud responses to various types of aerosol perturbations (Maahn et al., 2020; Gryspeerdt et al., 
2021; Christensen et al., 2021; Zhang et al., 2021) as well as long-term trends (Cherian and Quaas 2021).  

Figure 16. Medians of the distributions of tetrahedrality parameters (left) and interaction energies (right) as functions of 
temperature for the three topmost 3 Å layers. The hatched areas depict the width of the distributions as 25–75 quartiles.  
Figure from Schlesinger et al., 2020. Reproduced under Creative Commons 4.0 (CC 4.0) license.
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Figure 17. Schematic illustrating the time scales of different methods and phenomena of interest in the context of 
accommodation processes. Figure from Schlesinger et al., 2020. Reproduced under Creative Commons 4.0 (CC 4.0) license.

Task 2.5: Aerosol processing and scavenging

A key aspect related to the Puijo SMEAR IV campaign was the investigation of aerosol and vapour processing 
by clouds. The main measurement setup during the campaign included two sites: a ground-based site and 
in-cloud site allowing simultaneous investigation of the gas phase and aerosol phase constituents below the 
cloud and in the cloud. After the campaign, the data processing has been in an active phase. Long-term obser-
vations on cloud scavenging of absorbing aerosol components at the Puijo station were analysed (Ruuskanen et 
al. 2021). These observations provide an estimate on the partitioning of black carbon on different sized aerosol 
particles, and how efficiently those are scavenged by cloud droplets. This information is highly relevant for the 
evaluation of BC wet scavenging processes in large-scale atmospheric models. Aerosol wet deposition analysis 
based on long-term data for other aerosol components is ongoing. The results from Puijo will be contrasted 
and compared to the results collected during the NASCENT campaign, and to a pilot study conducted at the Åre 
mountain in central Sweden (Graham et al. 2020). While the scavenging of aerosol particles was clearly visible 
in the aerosol size distribution observations in this work, no indication of significant chemical processing in the 
form of e.g. aqueous-phase SOA formation was observed.

We have also investigated the processes that affect gas transport within deep convective clouds (Bardakov et 
al. 2021). Using LES, we have produced individual parcel trajectories within a simulated deep convective cloud. 
A box model has then been coupled to these trajectories to calculate e.g. gas condensation on hydrometeors, 
gas-phase chemical reactions, gas scavenging by hydrometeors and turbulent dilution. We find that the trace 
gas transport approximately follows one out of three scenarios, determined by a combination of the equi-
librium vapor pressure (containing information about water-solubility and pure component saturation vapor 
pressure) and the enthalpy of vaporization (see Fig. 18 for the ranges of molecular properties considered by 
Bardakov et al., 2021). In one extreme, the trace gas will eventually be completely removed by precipitation. In 
the other extreme, there is almost no vapour condensation on hydrometeors and most of the gas is transport-
ed to the top of the cloud. The results from Bardakov et al. (2021) on the isoprene system show that gas uptake 
to anvil ice is an important parameter for regulating the intensity of the isoprene oxidation and associated low 
volatility organic vapor concentrations in the outflow.

5.3 Progress within WP3 “Role of aerosol and cloud changes for aerosol radiative 
forcing between 1950 and 2050” 
FORCeS WP3 investigates the temporal development of key aerosol components, their physical characteristics, 
as well as cloud changes between 1950 and 2050 using different scenarios. The specific objectives of WP3 
include:

• Determining transient changes in aerosols and clouds and the corresponding ERF from 1950 to 
present day,

• Understanding and quantifying the key uncertainties in the aerosol forcing between 1950–2050,
• Providing plausible near-future projections of ERF.
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Figure 18. Volatility diagram for the compounds simulated by Bardakov et al. (2021). Reproduced under Creative Commons 4.0 
(CC 4.0) license.

The scientific work in WP3 has proceeded generally as described in the DoA.

This WP undertakes to determine aerosol-related changes from 1950 to the present day through coordinated 
FORCeS ESM model simulations. Transient aerosol records have been produced using three FORCeS ESMs using 
aerosol schemes of different levels of complexity and different host climate characteristics. All three models 
are well documented (Seland et al. 2020; Neubauer et al. 2019; van Noije et al. 2020). Relevant model data for 
the period 1950–present has been assembled and published under CMIP6 ESGF nodes. The three FORCeS ESMs 
have been diagnosed for aerosol composition and radiative property diagnostics based on their AeroCom and 
CMIP6 simulations (Gliß et al. 2021). The three models, altogether provide a rather representative spread of 
the wider CMIP6 and AeroCom ensemble. A corresponding comprehensive large observational data set of the 
aerosol physical properties and composition evolution has been assembled from in-situ data, wet deposition 
and ice core data and satellite remote sensing since 1979. The trends in models and observations 2000-2014 
have been found to be similar to the first order (Mortier et al. 2020). A comparison to incoming surface radia-
tion shows significant and unexplained bias in Asia which may hint at emission uncertainties (Onsum Moseid 
et al. 2020). 

Task 3.1: Determine aerosol and cloud changes 1950-present

Three types of experiments have been performed with the FORCeS ESMs which are crucial for the documenta-
tion and analysis of the historical aerosol forcing record: 

• AeroCom phase III control and historical atmospheric simulations nudged to reanalysed meteorology. 
These simulations have been conducted for the year 2010 and the period 1750–2014 using the same 
emissions as CMIP6. Note, that the three models cover the 1750–2014 period in differing levels of 
detail. 

• CMIP6 coupled ESM historical simulations and perturbations of that using pre-industrial aerosol 
emissions (hist-piAer). These simulations are part of the DECK (Eyring et al. 2016) and AerChemMIP 
model intercomparisons (Collins et al. 2017). These simulations are complete for the three FORCeS 
ESMs.

• CMIP6 AGCM simulations with sea surface temperature fields derived from the historical simulation 
(histSST) and the corresponding perturbed simulation with pre-industrial aerosol (histSST-piAer) are 
the basis for the calculation of the evolution of the aerosol ERF. These simulations are available from 
NorESM and MPI-ESM, and are in the process of being comprised for EC-EARTH as well. The analysis 
of these simulations will be done once all data are available.
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Extensive analysis and discussion on the various aspects of aerosol loadings in recent history based on the 
available simulations has been published within Mortier et al. (2020), Allen et al. (2020), Turnock et al. (2020), 
Lee et al. (2021), Gliß et al. (2021), Su et al. (2021) and Onsum Moseid et al. (2021); only very brief highlights 
will be provided here. 

Figure 19 shows the regional AOD trends for different aerosol components from the 11 different AeroCom 
and CMIP6 models compared to observational data as analysed for the period of 2000–2014 by Mortier et al., 
2020. The results reveal that the observations exhibit mostly negative trends of the extensive parameters in 
the different regions of the world. Significant decreases are found in Europe, North America, South America, 
North Africa and Asia. In Asia, the aerosol extinction (AE) increases in time and is consistent with increases 
in AODf (f referring to fine) and SO4, which reflects a regional increase in the anthropogenic aerosols in that 
region in the overall study period from 2000 to 2014. The models tend to capture observed AOD, AE, SO4 and 
particulate matter (PM) trends but show larger discrepancies regarding AODc (c referring to coarse). The rather 
good agreement of the trends across different aerosol parameters between models and observations, when 
co-locating them in time and space, implies that global model trends, including those in poorly monitored 
regions, are likely correct.

A comprehensive analysis and evaluation of various aspects of the aerosol life cycle, budgets and optical prop-
erties for the reference year 2010 from 14 different models participating in the AeroCom Phase III Control 
Experiment was conducted by Gliß et al. (2021). For instance, the analysis of aerosol budgets for sulfate, black 
carbon, organics, dust, sea salt and nitrate show significant differences in aerosol lifetime between the models 
(see Fig. 20 for an overview of the model intercomparison).

Figure 19. Regional trends in the aerosol properties computed with observations and models co-located in space and time with 
the observations. The error bars correspond to the uncertainty in the trend as calculated using both the uncertainty in the Theil–
Sen slope and the residuals. The bold font indicates that the trends are significant at a confidence level of 95 % (p-value < 0.05). 
For an explanation of the parameters, see Mortier et al., 2020. Reproduced under Creative Commons 4.0 (CC 4.0) license.
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Figure 20. Global annual averages for each aerosol species, grouped by aerosol emissions, lifetimes, burdens, optical depths 
(ODs), mass extinction coefficients (MECs), and mass absorption coefficients (MACs), for models participating in the AP3-
CTRL experiment, in the year 2010. Also shown in the OD section are total AOD for all-sky (AOD (AS)) and clear-sky (AOD (CS)) 
conditions as well as AOD due to water (H2O). The following columns show the median from all model values (MED) and 
associated diversities as interquartile range and standard deviation (δIQR, δstd). Colours illustrate the bias of individual model and 
AP1 (AeroCom Phase I) median values with respect to the AP3 (AerCom Phase III) median. Units of emissions and burdens are 
full molecular weight (for OA and POA, the total organic weight is used). Note that the “emissions” of SO4, NO3, and OA are really 
secondary chemical formation in the atmosphere plus primary particle emissions. They are computed using total deposition 
as a proxy (indicated with ). For BC, DU POA, and SS the provided emission data were used. For OsloCTM3 an additional 
OD of 0.0086 due to biomass burning was reported and is not included here. Further details are available in Gliß et al. (2021). 
Reproduced under Creative Commons 4.0 (CC 4.0) license.

Onsum Moseid et al. (2021) investigated global and regional aerosol radiative effects over the time period 
1961–2014 by looking at surface downwelling shortwave radiation (SDSR). They used observations from ground 
stations as well as multiple experiments from eight ESMs participating in CMIP6. The results showed that this 
subset of models reproduces the observed transient SDSR well in Europe but poorly in China (see Fig. 21). The 
likely explanation for this was associated with missing emissions of sulfur dioxide in China, highlighting the 
importance of accurate emission inventories for narrowing down uncertainties in aerosol-climate interactions.

Task 3.2: Provide transient ERFari+aci records 1950-present from the available FORCeS 
atmospheric global models constrained by observational data

The analysis is based on the same simulations as described under Task 3.1. Comparisons made against ob-
served radiative properties by Gliß et al. (2021), Mortier et al. (2020), Onsum Moseid et al (2020) suggest that 
the ERFari effect is underestimated in the FORCeS models – similarly to the majority of the other models ana-
lysed. Both optical depth and surface aerosol scattering are underestimated significantly as shown in Fig. 22 
(Gliß et al. 2021). Comparison with cloud properties and thus ERFaci estimates are ongoing. 
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Figure 21. Six-year averages of the SDSR anomaly at the surface for GEBA and eight Earth system models. Results are co-located 
at (a) all GEBA stations (1487), (b) European (503), (c) Asian (311), (d) Indian (15), (e) Japanese (100), and (f) Chinese (119) 
stations. Numbers in parentheses are the number of ground stations in the respective region. The entire 54-year period has been 
divided into intervals of 6 years and then averaged together to make nine data points as shown by the markers. The grey shading 
represents 1 standard deviation from the yearly total ensemble mean. Reproduced under Creative Commons 4.0 (CC 4.0) license.
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Task 3.3: Determine the main contributions to model uncertainty to the simulated transient 
ERF (1950-2050) using perturbed physics ensembles and emulators

The work towards this Task is ongoing using an open-source software for the emulator setup (Watson-Parris et 
al., 2021) but there are no publications directly from FORCeS on this work yet.

Task 3.4: Provide several likely near future (until 2050) aerosol composition  
and ERFari+aci trends

Although the work within this Task was scheduled to start only during the second half of FORCeS, the piloting 
work within e.g. Allen et al., 2020; Turnock et al., 2020 and Fiedler et al., 2021 already provide some first insights 
into the future trends.

5.4 Progress within WP4 “Novel constraints on aerosol radiative effects” 
Four of the WP4 tasks are targeted towards developing and applying novel ways of constraining models: pro-
cess scale-chains, natural analogues, long-term transient constraints and perturbed parameter ensembles (see 
Tasks 4.2–4.5 below). Another role of WP4 is to act as a “data-hub” for the project (see Task 4.1 below). Overall, 
the work within WP4 has progressed according to the plan laid out in the DoA.
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Figure 22. Summary of results from comparison of models with ground-based observation networks and MERGED-FMI satel-
lite AOD data set. The y axis indicates the retrieved biases (NMBs) for individual models (indicated as circles). The black boxes 
indicate results from the ensemble median (ENS-MED), together with the associated spread (δIQR). AOD: Aerosol optical depth, AE 
Angstrøm exponent, SC: surface scattering coefficient, AC: surface absorption coefficient (figure from Gliß et al. 2021). Repro-
duced under Creative Commons 4.0 (CC 4.0) license.

Task 4.1: Synthesis of in-situ and remote sensing observations

WP4 has conducted scoping work of the data used and produced within FORCeS, which includes data from 
laboratory studies, field observations, remote sensing and various kinds of model output datasets (see for e.g. 
Väisänen et al., 2020; Kim et al., 2020; Paglione et al., 2021; Pasquier et al., 2021; Wu et al., 2021; Gryspeerdt et 
al., 2021; Herbert et al., 2021; Gliß et al. 2021). Most of the work during the first two years has been directed 
towards facilitating the internal communication and data exchange within the project, but as new original 
results are being published as a result of FORCeS, more effort will be directed also towards dissemination of 
the results to outside of the consortium as well, in line with the principles outlined within the FORCeS Data 
Management Plan (DMP). 

Task 4.2: Observational constraints along the scale chain

The compilation and collection of data sets used and produced by FORCeS allows for the design of novel obser-
vational constraints that propagate over different scales – from process-level understanding to regional and 
global scale impacts. In addition, significant progress has already been made on the development of metrics 
and methodologies for observational constraints along the scale chain, including, but not limited to novel ap-
proaches to understand aerosol-cloud interactions and feedbacks in a regime-based context. In the following, 
we will give some highlights on the scientific work conducted so far within FORCeS that includes an element 
of moving over scale boundaries. 

A recent study by Yli-Juuti et al. (2021) combined long-term in-situ observations of meteorological parameters, 
aerosol size distribution and chemical composition to collated remote sensing observations on cloud and aer-
osol properties, in order to study and quantify the feedback between temperature, aerosol loadings and cloud 
properties in the boreal region (see Fig. 23). Summer time OA loadings showed a clear increase with tempera-
ture (see also e.g. Heikkinen et al., 2021), with a simultaneous increase in CCN concentration in a boreal forest 
environment. Remote sensing observations revealed a change in cloud properties with an increase in cloud 
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reflectivity in concert with increasing organic aerosol loadings in the area (see Fig. 24). The results provide 
direct observational evidence on the significance of this negative climate feedback mechanism. 

A new framework for the definition of dynamical regimes for cloud forcing and feedback studies has been de-
veloped (Douglas and Stier, 2021). This method is based on the analysis of global satellite datasets, objectively 
clustering cloud (parameter) controlling environmental factors derived from gradient boost regression and 
neural network machine learning models to determine the dominant combination of cloud controlling factors 
for each region. This approach provides a new way to control for confounding factors in the causal attribution 
of aerosol climate effects and feedback studies as well as a new way to evaluate the representation of clouds in 
ESMs. A complementary approach, attributing model-simulated ERFaci to objectively clustered cloud regimes 
(based on k-means clustering in cloud-top-height / cloud optical depth space) has been developed and applied 
to the model UKESM (Langton et al., 2021, see Fig. 25).

A review of our current understanding of observational constraints on the Twomey effect from satellite obser-
vations has also been conducted (Quaas et al. 2020, see also Sect. 5.2), highlighting underlying uncertainties 
in the quantification of (i) the cloud-active aerosol – the CCN concentrations at or above cloud base, (ii) cloud 
droplet number concentrations, (iii) the statistical approach for inferring the sensitivity of Nd to aerosol par-
ticles from the satellite data and (iv) uncertainty in the anthropogenic perturbation to CCN concentrations, 
which is not easily accessible from observational data. Such observational constraints, as illustrated in Fig. 26, 
can be used to constrain models across the scale chain (see also Section 5.2).

Task 4.3: Natural and anthropogenic analogues of aerosol-cloud interactions

This task strives towards establishing a set of observations representative of different natural and anthropo-
genic analogues from satellite and in-situ data. The work within this Task has only been ongoing for a year 
(since M12 of the project), but some scientific progress has already been made and results published. Some 
highlights from the work done so far are presented below.

Figure 23. In warmer conditions (on right), volatile organic compound (VOC) emissions from vegetation are higher compared 
to colder condition (on left). Consequently, more VOC are available for oxidation and forming BSOA. This leads to higher organic 
aerosol mass loading and higher cloud condensation nuclei (CCN) number concentration. These in turn lead to higher number 
but smaller size of the cloud droplets, increased cloud optical thickness, and consequently to stronger aerosol indirect effect on 
climate (adopted from Yli-Juuti et al., 2021). Reproduced under Creative Commons 4.0 (CC 4.0) license.
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Figure 24. a Cloud effective radius and b cloud optical thickness divided based on the level of cloud water path. Data are divided 
into low (<33rd percentile (1.59 μg m−3), blue) and high (>66th percentile (3.02 μg m−3), red) organic aerosol (OA) mass loadings. 
The box shows the quartiles of the dataset while the whiskers show the rest of the distribution, except for points that are 
determined to be “outliers” using a method that is a function of the inter-quartile range. The notch in the box displays the 
confidence interval around the median. The blue and red numbers above each figure indicate the number of data points in each 
box (adopted from Yli-Juuti et al., 2021). Reproduced under Creative Commons 4.0 (CC 4.0) license.

Figure 25. Decomposition of UKESM simulated effective radiative forcing from aerosol-cloud interactions of all regimes (lower 
right) into objectively clustered cloud regimes (Langton et al., 2021). Reproduced under Creative Commons 4.0 (CC 4.0) license.

Figure 26. Droplet number sensitivity to aerosol index as derived from the MODIS satellite sensor for daily temporal variability 
(adopted from Quaas et al., 2020). Reproduced under Creative Commons 4.0 (CC 4.0) license.
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The work by Maahn et al. (2021), Gryspeerdt et al. (2021) and Herbert et al. (2021) focused on analysing cloud 
responses to well-constrained aerosol perturbations in different types of environments: industrial emissions to 
the clean Arctic atmosphere, emissions from ships to the marine boundary layer and biomass burning plume in 
the Amazon (see also Sect. 5.2). As an example, Maahn et al., (2021) used anthropogenic emissions at the North 
Slope of Alaska as a natural laboratory to study relationships between aerosols and Arctic liquid-containing 
clouds. Averaging 14 years of MODIS satellite observations, a reduction in temporally averaged cloud effective 
radius (re) of up to 1.0 μm related to localized pollution was observed, with potentially significant implications 
for radiative forcing. Due to the frequent occurrence of liquid-containing clouds, this implies that enhanced 
local emissions in Arctic regions can impact climate processes.

Task 4.4: Constraints for the transient aerosol forcing record

The work within this Task has just started (M24 of the project) and hence there are no published results to 
report yet.

Task 4.5: Bottom-up observational constraint of modelled decadal changes in aerosols  
and radiative forcing

The work within this Task has just started (M24 of the project) and hence there are no published results to 
report yet.

Task 4.6: Community evaluation tools for aerosols and clouds in support of IPCC

The work within this Task has just started (M24 of the project) and hence there are no published results to 
report yet.

5.5 Progress within WP5 “Climate response and feedbacks within ESMs” 
Overall, the work within WP5 has progressed according to the plan, and WP5 collaborates closely with WPs 
3 and 6 (see Sects. 5.3 and 5.6). The specific objectives of WP5 are to analyze simulated climate response, 
feedbacks and sensitivities to aerosol and cloud forcing in ESMs, quantify the simulated responses to specific 
key processes and their effects in regional focus areas, and improve the simulation of processes relevant for 
regional and global sensitivities. During the first two years, the work within WP5 has focused on analyzing 
existing simulations in the CMIP6 archive (and other suitable archives, e.g. CMIP5, AeroCom) to assess the 
climate response, feedback and sensitivities to aerosol and cloud forcing. Some of the studies performed in 
WP5 have looked at the global response while others have had a more regional focus. The implementation of 
new and improved parameterizations into the FORCeS ESMs has started in M15 and is guided by the analysis 
done in T5.1 together with input from other WPs.

Task 5.1: Identification of relevant processes for response and feedbacks to aerosol  
and cloud forcing

The goal of this task is to analyse and better understand the role aerosols play in climate model simulations, in 
particular the CMIP6 experiments and with a special focus on the three FORCeS ESMs. There has been substan-
tial progress along these lines in the form of both multimodel studies (e.g. Wyser et al., 2020; Gliß et al., 2020; 
Sand et al., 2020; Turnock et al., 2020; Mortier et al., 2020; Cherian and Quaas, 2021; Su et al., 2021; Dagan et 
al., 2021) as well as detailed studies focusing on specific models (e.g. Frey et al., 2021; Krishnan et al., 2020; Spill 
et al., 2021; Langton et al., 2020; Lohmann et al., 2020; Zhang et al., 2021; Li et al., 2021; Villanueva et al., 2021; 
Fiedler et al., 2021) – the results from many of which have already been discussed above. In the following, some 
further highlights from this work conducted so far are presented.

Su et al. (2021) analysed biases in aerosol optical depths (AOD) and land surface albedos in the AeroCom models, 
which manifest themselves in the top-of-atmosphere (TOA) clear-sky reflected shortwave (SW) fluxes. Biases in 
the SW fluxes from AeroCom models were quantitatively related to biases in AOD and land surface albedo by 
using their radiative kernels. It was found that over ocean, AOD contributes to about 25% of the 60S–60N mean 
SW flux bias for the multi-model mean (MMM) result. Over land, AOD and land surface albedo contributed to 
about 40% and 30%, respectively, of the 60S–60N mean SW flux bias for the MMM result. Su et al. (2021) also 
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compared the AOD trend from three models with the observation-based counterpart. These models reproduce 
all notable trends in AOD except the decreasing trend over eastern China and the adjacent oceanic regions due 
to limitations in the emission data set (see also Onsum Moseid et al., 2021 and Section 5.3). 

Turnock et al. (2020) analysed the key air pollutants, specifically O3 and PM2.5 predicted for years 2000–2014 
and projected for the near-future of years 2015–2100 by 11 models participating in CMIP6. An evaluation 
of these models against surface observations of O3 and PM2.5 reveals that the CMIP6 models consistently 
overestimate observed surface O3 concentrations across most regions and in most seasons by up to 16 ppb, 
with a large diversity in simulated values over Northern Hemisphere continental regions. Conversely, observed 
surface PM2.5 concentrations are consistently underestimated in CMIP6 models by up to 10 μg m−3, particularly 
for the Northern Hemisphere winter months, with the largest model diversity near natural emission source 
regions (see Fig. 27). The biases in CMIP6 models when compared to observations of O3 and PM2.5 are similar to 
those found in previous studies. The projection of regional air pollutant concentrations from the latest climate 
and ESMs used within CMIP6 shows that the particular future trajectory of climate and air quality mitigation 
measures could have important consequences for regional air quality, human health and near-term climate 
(see also Allen et al., 2020 for a detailed discussion). Differences between individual models emphasize the 
importance of understanding how future Earth system feedbacks influence natural emission sources, e.g. re-
sponse of biogenic emissions under climate change.

Wyser et al., (2020) investigated the reasons behind warmer climate projections for the 21st century in CMIP6 
than in CMIP5 despite nominally identical instantaneous radiative forcing. The stronger warming in the CMIP6 
projections has typically been attributed to the higher climate sensitivity of the new generation of climate 
models. However, Wyser et al. (2020) demonstrate that changes in the forcing datasets also can play an im-
portant role, in particular the prescribed concentrations of greenhouse gases (GHG) that are used to force the 
models. In the EC-Earth3-Veg model the effective radiative forcing (ERF) was reduced by 1.4 W m−2 when the 
GHG concentrations from SSP5-8.5 (usedinCMIP6) are replaced by the GHG concentrations from RCP8.5 (used 
in CMIP5), and similar yet smaller reductions are seen for the SSP2-4.5/RCP4.5 and SSP1-2.6/RCP2.6 scenario 

Figure 27. Individual and multi-model (11 CMIP6 models) monthly mean surface PM2.5 concentrations across different world 
regions compared with the regional monthly values from the PM2.5 MERRA-2 reanalysis within the region for the period 2005–
2014. The number of reanalysis points within the region is shown in parentheses. The shading shows variability in the values of 
the MERRA-2 reanalysis products across the region. Adopted from Turnock et al. (2020). Reproduced under Creative Commons 4.0 
(CC 4.0) license.
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pairs. Wyser et al. (2020) also tested whether the additional forcing caused by the changes in GHG concentra-
tions from CMIP5 to CMIP6 is possibly compensated by other changes in the SSP forcing datasets, in particular 
a stronger cooling from CMIP6 aerosols. There was, however, only a minor impact on the ERF in EC-Earth3-Veg. 

Previous work using NorESM1-M has shown that decreases in regional SO2 emissions lead to three key re-
sponses – an enhanced temperature response in the Arctic, a weakening of the Atlantic Meridional overturning 
circulation (AMOC), and anomalous poleward heat transport from the sub-polar North Atlantic into the Arctic. 
To better understand the enhanced temperature response, we have analyzed simulations using NorESM1-M in 
a slab-ocean mode (Krishnan et al., 2020). These simulations show that the atmosphere plays the primary role 
in driving Arctic warming in response to European aerosol reductions (see Fig. 28). A key mediator of the tem-
perature response is a change in sea-ice extent, through modifications of turbulent flux exchanges and surface 
temperature. A good representation of Arctic sea ice is therefore vital for confident projections of future Arctic 
climate change. Further, the key to understanding this Arctic response is to constrain the specific atmospheric 
processes and feedbacks that drive the initial sea-ice melt.

Dagan et al. (2021), on the other hand, studied the impact of aerosol forcing on the North Atlantic Warming 
Hole (NAWH, i.e. the reduced warming, or even cooling, of the North Atlantic during an anthropogenic-driven 
global warming). A NAWH is predicted by climate models during the 21st century, and its pattern is already 
emerging in observations. Using output from CMIP6 simulations, Dagan et al. (2021) show that anthropogenic 
aerosol forcing opposes the formation of the NAWH (by leading to a local warming) and delays its emergence 
by about 30 years. In agreement with previous studies, we also demonstrate that the relative warming of the 
North Atlantic under aerosol forcing is due to changes in ocean heat fluxes, rather than air-sea fluxes. These 
results suggest that the predicted reduction in aerosol forcing during the 21st century may accelerate the 
formation of the NAWH.

Task 5.2: Implementation of revised parameterizations into ESMs

The work within this Task has started less than a year ago (M15 of the project) and hence there are no pub-
lished results to report yet, but the implementation work is ongoing based on the output from WPs 1,  2 and 4.

Task 5.3: Effect of updated or simplified aerosol/cloud processes in ESMs

The work within this Task has not started (starts M32 of the project) and hence there are no published results 
to report yet.

Figure 28. Spatial changes in surface temperature for (a) fully coupled, (b) modified atmosphere, (c) modified ocean, (d) modified 
atmosphere-ocean, and (e) zonal differences in surface temperature. Nonstippled regions are significant. Nonstippling indicates 
statistical significance at 95% for annual mean changes between the perturbed and the control simulations using a Student's t 
test. Adopted from Krishnan et al., 2020. Reproduced under Creative Commons 4.0 (CC 4.0) license.
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5.6 Progress within WP6 “Constraining climate sensitivity and near-term  
climate response” 
WP6 identifies and evaluates observable quantities that govern the transient climate response (TCR), which is 
the standard measure of transient climate sensitivity (TCS) in ESMs. WP6 also combines this work with statisti-
cal and simple/idealized modelling to arrive at a new central estimate and narrower uncertainty range for TCR/
TCS, as well as a re-evaluation of the emission reductions needed to meet the PA. Another important task of 
WP6 is to use existing and develop new emergent constraints to evaluate the FORCeS models. 

During the first reporting period, WP6 has analyzed TCR in CMIP6 models, with particular focus on the three 
FORCeS ESMs and their performance with respect to existing emergent constraints (D6.1). We have also started 
the work of developing new emergent constraints using e.g. network analysis. The work is progressing accord-
ing to plan and two of the four tasks within WP6 will not start until the next reporting period.

Task 6.1: Evaluate FORCeS ESMs at the beginning of the project (transient climate response 
and emergent constraints)

This task has been completed according to schedule, and a deliverable in the form of a report on the transient 
cliamte response (TCR) of FORCeS ESMs as well as their performance with respect to established emergent 
constraints has been finalized and shared with the consortium (see also Meehl et al., 2020; Schlund et al., 2020; 
Van Noije et al., 2021).

Of relevance for this task is also recent work following up on studies using previous generation models (CMIP5, 
as in Grose et al. (2018)) by investigating the relationship between different measures of climate sensitivity, 
primarily Equilibrium Climate Sensitivity (ECS) and TCR, in CMIP6 models, and their respective "predictive pow-
er" of future temperature projection. As in CMIP5, the sensitivity measures are correlated, and they correlate 
with the projected temperature anomaly, but for CMIP6 models the transient measure TCR is a better predictor 
of the model projected temperature change from the pre-industrial state, not only on decadal timescale but 
throughout much of the 21st century. For strong mitigation scenarios, the difference persists until the end of 
the century. Regional analysis shows a superior predictive power of ECS over TCR during the latter half of the 
21st century in areas with slow warming, illustrating that although TCR is a better predictor of warming on a 
global scale, it does not capture delayed regional feedbacks, or pattern effects. The transient warming at CO2 
quadrupling (T140) is consequently found to be correlated with temperature anomaly for a longer time than 
TCR. T140 also best describes the pattern of regional temperature anomaly at the end of the century. These 
results will be of use in the continued work on emergent constraints on climate sensitivity, as a guide to what 
measure of sensitivity is actually the most meaningful to constrain, depending on the time period in focus. The 
findings are summarized in Huusko et al. (2021).

Task 6.2: Develop new metrics for ESM evaluation with the goal of “getting the right answer 
for the right reason”

In a step towards new ways of evaluating, and constraining models and their cloud feedback and thereby sen-
sitivity, Task 6.2 has partly focused on the “too-few-too-bright” problem, i.e. that models tend to produce clouds 
that cover less area, and are more reflective than suggested by observations, and by compensating errors arrive 
at a reasonable TOA radiative effect. Using a compilation of several historical satellite data sets (CLARA-2A, 
Cloud_cci, PATMOS-x, MODIS and CERES) we find that this bias is present for clouds over ocean across latitudes, 
and persists in both CMIP5 and CMIP6 models. Preliminary results indicate that models with smaller combined 
biases in cloud fraction, and cloud brightness, and distributions therein, are at the higher end of the sensitivity 
range. These results were presented at EGU 2021 (Kuma and Bender 2021).

Another part of Task 6.2 has been dedicated to optimizing the usage of network analysis, specifically the δ-Maps 
method, as a “workhorse” to build climate networks from aerosol-cloud interaction and climate model simu-
lations and evaluate them using a series of network metrics. The method is complete and we have begun the 
evaluation of the CMIP5/CMIP6 historical runs simulated by the three FORCeS ESMs in order to get the “past 
performance” of the simulated sea surface temperatures (SST) against the “ground truth” from reanalysis. The 
purpose is to quantify model biases and to characterize the internal variability of simulations, by representing 
different metrics of simulated and observed networks in metric spaces. Preliminary results suggest that for 
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some of the ESMs examined (EC-Earth) there are distinct shifts in the model dynamics between CMIP5 and 
CMIP6 iterations that are outside the natural variability envelope of the model. The methodology is also being 
improved to include causal link inferences which will be very important to understand which aspects of the 
climate system and teleconnections are truly causal in nature. The results were presented at EGU 2020 (Ricard 
et al. 2020).

Task 6.3: Re-evaluate FORCeS ESMs with respect to climate sensitivity  
– what are the implications for near-term climate evolution?

This Task has started only six months ago (in M18 of the project) so there is nothing published yet.

Task 6.4: Link aerosol forcing to peak warming by using statistical  
methods/simplified models

This Task has started only six months ago (in M18 of the project), but some first piloting studies are applying 
the simplified methodologies for analysing the usefulness, costs and relevant metrics for a “two-basket” ap-
proach in emission climate change mitigation – where cumulative and long-lived climate pollutants could be 
accounted for separately in policy discourse and global stocktake (Allen et al. 2021; Cain et al., 2021).

5.7 Scientific progress contributing to the FORCeS objectives during  
the first two years of the project
The three objectives specified in the DoA and in Sect. 3 above have been guiding the work within FORCeS 
during the first two years. Overall, significant progress has been made towards all objectives as outlined below.

Scientific progress towards Objective 1: During the first two years, FORCeS has consolidated and re-evaluated 
the key processes and aerosol components identified in the DoA, and progressed towards targeted improve-
ments of these aspects within the FORCeS ESMs (see Sects. 5.1–5.3). In the case of aerosol (see Sect. 5.1), we 
have chosen to focus particularly on organic aerosol, aerosol nitrate, ultrafine aerosol dynamics and emissions, 
and absorbing aerosol. For clouds (see Sect. 5.2), the consortium is targeting all the relevant processes govern-
ing the evolution of a cloud: from the formation of cloud droplets or ice crystals to precipitation formation – in-
cluding aerosol and precursor processing and scavenging by clouds. In parallel with the targeted improvements 
of the aforementioned processes, analysis of model sensitivities, performance and observational constraints is 
ongoing to help simplify the process descriptions (see Sects. 5.3 and 5.4) where possible and rule out implausi-
ble model variants. Finally, to set the scene for evaluating the FORCeS ESMs after the process improvements, we 
have benchmarked various aspects of these models as it was within their contribution to the CMIP6 (Climate 
Model Intercomparison Project phase 6) project (see Sects. 5.5 and 5.6).

Scientific progress towards Objective 2: We have analysed the budgets of key aerosol components as simu-
lated by the FORCeS ESMs during the past decade, and started the analysis for the corresponding radiative 
forcing estimates and the most important factors causing uncertainty in these estimates (see Sect. 5.3). These 
analyses highlight e.g. the importance of understanding the factors controlling the lifetime of aerosol constit-
uents within the ESMs. We have collected and identified the data sets to be utilized for finding new constraints 
for the anthropogenic aerosol forcing, and started a process of finding observational constraints for the key 
processes targeted that span over all the relevant scales – from the molecular to the global scale. Planning 
of simulation and model evaluation strategies is in an intense phase within FORCeS, including also the use 
of approaches that allow for multidimensional model sensitivity analysis, with the aim to maximally use the 
observational constraints for narrowing the plausible range of anthropogenic aerosol forcing. 

Scientific progress towards Objective 3: First concrete recommendations for model improvements based on 
best available process-level knowledge (literature but also original new science from FORCeS) have been pro-
vided and ESM modification has started (see Sects. 5.5–5.6). Simulations and evaluation planning with the 
updated ESMs is ongoing. The work towards first estimates of near-term aerosol forcing using the FORCeS 
ESMs has started, and the features of the participating ESMs has been investigated before the planned process 
improvements (see Sects. 5.5–5.6) to pave the way for understanding the role of the targeted processes in 
governing, and potentially improving, transient climate simulations. 
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6. Summary and outlook 

Overall, FORCeS has progressed according to the plan laid out in the DoA, with some relatively minor deviations 
caused primarily by the COVID-19 pandemic. Progress has been made towards understanding and reducing 
the uncertainty in estimates of the radiative forcing associated with anthropogenic aerosol. Specifically, we 
have consolidated key aerosol components (organics, nitrate, absorbing components) and processes (ultraf-
ine aerosol dynamics, interactions with clouds) as well as cloud processes (interaction with aerosol particles, 
microphysics of precipitation formation, ice formation and updrafts) to target in the FORCeS Earth System 
Models (ESMs, i.e. EC-Earth, ECHAM/ICON and NorESM). We are in the process of updating and evaluating the 
descriptions of these key processes within the FORCeS ESMs based on a wealth of observational data over var-
ious scales, as well as to smaller-scale theoretical considerations, to ensure physical and chemical robustness 
of the climate-scale representation of these processes. We use the observational constraints together with 
sophisticated multidimensional analysis of the model response to narrow down the plausible range of aerosol 
and cloud evolution, as well as radiative forcing estimates. To fill key gaps in observational constraints, novel 
laboratory experiments and field campaigns are ongoing within FORCeS, and we are using detailed models to 
develop new and more process-based metrics and constraints for climate model evaluation. 

During the first two years, FORCeS has established an active, engaged and productive researcher community 
that brings together experts focusing on detailed aerosol- and cloud-related processes and those working on 
Earth system prediction. We have established the FORCeS stakeholder group, and first communications with 
the key stakeholders have included the production of a policy brief addressing the dual role of aerosol particles 
in the potential path towards the targets of the Paris agreement and as one of the most important factors 
deteriorating air quality. The work within FORCeS is envisioned to progress as originally planned also during 
the next half of the project. Per recommendation of the Scientific Advisory Group (SAG), specific attention 
during this critical time will be paid to carefully planning the coordinated simulations and their evaluation, 
and establishment of robust observational constraints throughout the multitude of relevant scales involved.
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