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S1 Description of measurements  
 

Table S1: Description of the measurements 

Station Coordinates Elevation a.s.l. 
/ above 
surrounding 
area 

Environment Data 
duration 
(aerosol 
data) 

Measurements 
of Nd and 
CCN 

Measurements 
updraft velocity 

Puijo  62° 54' 34" N, 
27° 39' 19" E 

306 m/ 230 m semi-urban 20.11.2009 – 
31.12.2015  

Two inlet 
system; 
interstitial and 
total aerosol; 
DMPS 
measurement 
(3-800 nm) 

Lidar, 3 s 
resolution, data 
duration: 
1.9.2020 - 
30.11.2020 

Pallas 67°58' N, 
24°07' E 

565 m /300 m Remote, sub-
Arctic 

12.8.2005 - 
25.12.2015 

Two inlet 
system; 
interstitial and 
total aerosol; 
DMPS 
measurement 
(7-500 nm) 

Lidar, 11 s time 
resolution, data 
duration: 
23.8.2022 - 
15.12.2023 

Zeppelin 78°54'29" N, 
11°52'53" E 

474 m /474 m Remote, 
Arctic 

27.11.2015 – 
4.2.2018 

CVI; interstitial 
and cloud 
droplet 
residuals; 
DMPS 
measurement 
(10-945 nm / 
5-809 nm) 

Wind 
Anemometer, 1 s 
resolution, data 
duration: 
27.11.2015 – 
10.01.2017  

S2 Global model descriptions 
ECHAM-HAM and ECHAM-SALSA  

ECHAM-HAMMOZ (ECHAM6.3-HAM2.3-MOZ1.0) is an aerosol-chemistry-climate model which 
couples the atmospheric model ECHAM6, aerosol model HAM, and the chemistry model MOZ. 
ECHAM6 is the sixth-generation atmospheric general circulation model which is the atmospheric 
component of Max Planck Institute for Meteorology Earth System Model (MPI-ESM). A comprehensive 
description of the model is given by Stevens et al.1. The model utilizes the spectral method to compute 
atmospheric circulation, incorporating a semi-Lagrangian transport scheme. In our specific model setup, 
the horizontal grid adopts T63 spectral truncation, complemented by 47 sigma-pressure vertical levels that 
conform to the terrain.  

The ECHAM6 simulation employed prescribed sea surface temperatures (SSTs) and sea ice cover (SIC). 
Land processes were computed using the JSBACH model2 coupled with ECHAM6. Large scale 
circulation is nudged towards ERA Interim reanalysis data3.  
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ECHAM-HAMMOZ includes two different aerosol modules to couple aerosols to radiation and clouds, 
the modal scheme M74,5 and the sectional scheme SALSA6. The modal scheme HAM7 describes the size 
distribution as a superposition of seven lognormal modes, while SALSA uses 17 size classes to describe 
the size distribution. As offline emissions, Community Emissions Data System (CEDS) were used for 
anthropogenic emissions, BB4MIPS were used for biomass burning emissions. Mineral dust, sea salt 
emissions, marine dimethylsulfide, biogenic volatile organic carbon emissions were calculated online (see 
Tegen et al., 20194 for details).  

Configurations of ECHAM6 for HAM7 and SALSA are otherwise identical except that they use different 
methods for describing size distributions, which leads to using different routines for cloud activation, 
aerosol microphysics, and wet deposition7.  

NorESM 

The Norwegian Earth System model version 2 (Seland et al.8, release 2.0.5, 
https://github.com/NorESMhub/NorESM ) is based on the Community Earth System Model (CESM2)9,  
but the ocean module is replaced by the Bergen Layered Ocean Model (BLOM, not online in these 
simulations), and large changes to the atmospheric component. 

The atmospheric component in NorESM is named CAM6-Nor, and shares many characteristics with the 
Community Atmospheric model version 6 (CAM6)10. However, the aerosol component is replaced by 
OsloAero6  (details in Kirkevåg et al.11 and below), and it also includes changes to the local dry and moist 
energy conservation, angular momentum conservation and in the computation of air-sea fluxes and deep 
convection. The cloud macrophysics scheme is the Cloud Layers Unified by Binomials model 
(CLUBB)10, as in CAM6. Cloud microphysics in shallow convection and stratiform clouds are treated 
with MG212, which is a two-moment bulk scheme. Microphysics in deep convective clouds is based on 
Zhang and McFarlane13. The activation of cloud droplets is calculated using the Abdul-Razzak scheme14. 
Please see Bogenschutz et al.3 for more information on the treatment of cloud physics in CAM6 and 
CAM6-Oslo.  

The aerosol scheme OsloAero6 is a production-tagged aerosol and chemistry scheme which tracks 
sources of origin of the aerosols throughout their atmospheric lifetime. The scheme differentiates between 
so called “background” and “process” tracers. The background tracers determine the number of particles 
and an initial particle number size distribution (log-normal modes with pre-set sizes), while the process 
tracers alter this initial distribution and chemical composition by a look-up-table approach produced from 
an offline sectional scheme  AeroTab11. The mass of each tracer is tracked and advected and in each time 
step, the optical properties and the size distributions for cloud activation are found using the look-up 
tables. 

The land model is as in CESM2, the Community Land Model version 5 (CLM5)15, and was run in BGC 
(bio-geo-chemistry) mode  and with prognostic crop. 

The simulations for this study were run with nudged meteorology (horizontal wind and surface pressure) 
to ERA-Interim3 using a relaxation time of 6 h16. The resolution was 1.9x2.5 degrees and the model was 
with prescribed sea surface temperatures and sea ice data based on the Hadley Centre Sea Ice and Sea 
Surface Temperature data set (HADISST)17 as described in Hurrell et al.18. 
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UKESM1 

The first version of the United Kingdom Earth System Model (UKESM1)19 was developed using the 
global coupled climate model HadGEM3-GC3.120,21 as its physical core atmosphere-land-ocean-sea ice 
model. The atmospheric and land components of HadGEM3-GC3.1 consist of the Global Atmosphere 7.1 
(GA7.1) configuration of the Unified Model (UM)22 and the Global Land 7.0 configuration (GL7.0) of the 
Joint UK Land Environment Simulator (JULES) land surface model22,23. UKESM1 is coupled to 
additional component models that describe earth system processes encompassing marine and terrestrial 
biogeochemical cycles and fully interactive stratospheric–tropospheric trace gas chemistry19. The 
chemistry-aerosol component model used in UKESM to simulate atmospheric composition is the UK 
Chemistry and Aerosol model (UKCA)24–27. The aerosol scheme within UKCA is referred to as the 
Global Model of Aerosol Processes, GLOMAP mode26,28,29. This aerosol scheme employs a two-moment 
pseudo-modal approach and simulates multicomponent global aerosol, which includes sulphate, black 
carbon, organic matter and sea spray. Dust is simulated separately using the scheme of Woodward 
(2001)30. The aerosol particle size distribution is represented using five log-normal modes, nucleation 
soluble, Aitken soluble, accumulation soluble, coarse soluble and Aitken insoluble. GLOMAP mode 
includes aerosol microphysical processes of new particle formation, condensation, coagulation, wet 
scavenging, dry deposition and cloud processing. New particle formation from the binary homogeneous 
nucleation of H2SO4 and water follows Vehkamäki et al.31 which occurs primarily in the free 
troposphere. New particle formation from boundary layer nucleation is not yet included29. The number of 
activated cloud droplets is simulated using the UKCA-Activate scheme32 which uses the activation 
scheme of Abdul-Razzak and Ghan14. Cloud droplet number concentration is diagnosed from CCN and 
the variance of updraft velocity using the UKCA-Activate scheme of West et al.32. The distribution of 
subgrid variability of updraft velocities in UKCA-Activate is calculated according to West et al.32 with 
updates as described in Mulcahy et al.26. 

Large-scale precipitation is modelled using a single-moment scheme based on Wilson and Ballard 33. 
Large-scale clouds use the prognostic cloud fraction and prognostic condensate (PC2) scheme34–36 and 
convection is based on the mass flux scheme of Gregory and Rowntree37 with various extensions as 
documented in Gregory and Allen38. 

In this study UKESM1 is configured for Atmospheric Model Intercomparison Project (AMIP) style runs 
in which UKESM1 is run in its atmosphere-only configuration with AMIP-style time-evolving sea 
surface temperature and sea ice taken from the unmodified dataset of Durack and Taylor39 and 
horizontally interpolated to the model resolution. The dynamic vegetation model40 is replaced by 
prescribed vegetation properties from a coupled historical simulation with the same base model to 
preserve consistency in the forcing due to land use change between the UKESM1 coupled and AMIP 
experiments. Similarly, seawater concentrations of dimethyl sulfide (DMS) and chlorophyll-a monthly 
climatologies are taken from the coupled historical experiment to obtain fluxes of DMS and primary 
marine organic aerosol to the atmosphere29.  

External forcing datasets are consistent with the CMIP6 implementation described in Sellar et al.41  
Specifically, anthropogenic emissions, biomass-burning emissions and transient greenhouse gas 
concentrations are taken from Hoesly et al.42, van Marle et al.43 and Meinshausen et al.44. UKESM1 can 
be run at different resolutions22 and in this study we use the N96L85 configuration, which is 
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1.875∘ × 1.25∘ longitude–latitude. In the vertical, the atmosphere has 85 levels up to an altitude of 85 km 
from the Earth's surface. These levels are divided such that there are 50 levels between 0 and 18 km and 
35 levels between 18 and 85 km.  

A nudged configuration was applied, where horizontal winds (but not temperature) in the model are 
relaxed towards fields from ERA-Interim reanalysis45,46 following the setup design for the Aerosol 
Comparisons between Observations and Models (AeroCom) phase III experiment47. The nudging is 
applied between model levels 12 and 80 with a relaxation time constant of 6 hours (which is equal to the 
ERA-Interim reanalysis temporal resolution fields). 

 S2.1 Droplet activation scheme descriptions 

Table S2: Droplet activation scheme in four investigated models. 

GCM/ESM   Activation 
scheme  

Reference  Any modifications 
from paper?  

Prognostic/
Diagnostic 
Nd?  

Lower limit for 
Nd (#/cm3) 

UKESM1  ARG 
modal 

Abdul-Razzak and 
Ghan (2000)14 

no  Diagnostic  5 

NorESM2  ARG 
modal 

Abdul-Razzak and 
Ghan (2000)14 

no  Prognostic  none 

ECHAM-
SALSA  

ARG 
sectional  

Abdul-Razzak and 
Ghan (2002)48  

no  Prognostic  10 

ECHAM-
HAM  

ARG 
modal  

Abdul-Razzak and 
Ghan (2000)14 

no  Prognostic  10 

 Table S3. Sub-grid scale vertical velocity in four investigated models. Note: for models giving w¯, 𝜎w is calculated 
based on Fountoukis and Nenes, 200549. 

GCM/ESM   Approach for calculation of w  Activation 
scheme: 𝜎w or w¯ 

Lower limit imposed 
for vertical velocity 
parameterisation 

Reference  

UKESM1 
Sub-grid scale variability in 
vertical velocity is 
represented using the 
probability density function 
(pdf)-based approach 
assuming a Gaussian 
distribution of vertical 
velocities (w) across the grid-
box with mean vertical 
velocity (w¯) and standard 
deviation (𝜎w)26,32. The 

𝜎w (20 bins) 𝜎w(min)=0.01 West et al., 
201432  
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expected number of activated 
droplets is calculated from the 
updraft pdf using 20 equally-
spaced updraft bins extending 
out from  w= 0 to 4𝜎w.  𝜎w is 
calculated following the 
method of Ghan et al., 199750: 

  𝜎௪ =

max ቆට
ଶ

ଷ
TKE, 𝜎୵(୫୧୬)ቇ  m 

s-1  

Where TKE is the turbulent 
kinetic energy and 𝜎w(min) is 
a prescribed minimum value. 

NorESM2  Calculated from Cloud Layers 
Unified By Binormals (CLUBB) 
cloud scheme and average 
between grid cell and grid cell 
below.  
Max value 10  
Min value .2  

w¯ w¯(min) = 0.2 ms-1 Bogenschu
tz, P.A. et 
al. (2013)51  
  

ECHAM-SALSA  TKE-based  
Large scale vertical velocity 
+turbulent vertical velocity  

wL+0.75TKE  

w¯  0 Neubauer 
et al., 2019 
5 

ECHAM-HAM Same as above  Same as above  Same as above Same as 
above  

Table S4. Calculation of aerosol activation in four investigated models. 

GCM/ESM   Standard / Kappa 
Köhler theory  

Method for calculation of CCN at SSmax from activation 
scheme (Nact)  

UKESM1  Standard  Abdul-Razzak & Ghan 200014  

NorESM2  Standard  Abdul-Razzak & Ghan 200014  

ECHAM-SALSA  Standard  Abdul-Razzak & Ghan 200248  

ECHAM-HAM  Standard  Abdul-Razzak & Ghan 200014  
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 S2.2 Aerosol description in UKESM1 

Table S5. UKCA GLOMAP-Mode aerosol scheme configuration: Properties of the aerosol size distribution in 
GLOMAP-Mode. Species represented are sulfate, black carbon (BC), organic matter (OM), sea salt (SS) and dust 
(DU). 

Mode Name  Geometric 
mean diameter 

range, (nm)  

Composition  Solubility  Mode 
width  

Production  

Nucleation 
soluble  

1 - 10 SO4, OM Yes  1.59  Nucleation  

Aitken soluble  10 - 100 SO4, BC, OM Yes  1.59  Growth of nucleation soluble, 
condensation (sol., insol. 
Aitken), primary SO4 
emission, coagulation 

Aitken 
insoluble  

10 - 100 BC, OM  No  1.59  Primary BC/OC emission 

Accumulation 
soluble  

100 - 500  SO4, BC, OM, 
SS, DU 

Yes  1.40  Growth of Aitken soluble, 
condensation, primary SS 
emission, coagulation  

Coarse soluble  500 - 10000  SO4, BC, OM, 
SS, DU 

Yes  2.0  Growth of accumulation 
soluble, primary SS emission  

Table S6. Properties of aerosol species in UKESM1. 

Species  Molar 
Masses (kg 

mol-1)  

Density mass 
(kg m-3)  

Number of 
dissociating ions used 

by UKCA-
ACTIVATE 

Soluble  

H2SO4 0.098 1769.0 3 yes 

BC 0.012 1500.0 0 no 

OC 0.0168 1500.0 0 no 

NaCl 0.05844 2165.0 2 yes 

DU 0.011 2650.0 0 no 

SO 0.0168 1500.0 0 no 

 
S2.3 Aerosol description in ECHAM-SALSA   

 Table S7. Aerosol size distribution description in ECHAM-SALSA. Species represented are sulfate, black carbon 
(BC), organic carbon (OC), secondary organic aerosol (SOA), sea salt (SS) and (DU). 
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Mode Name  Mean radius 
range (nm)  

Composition  Solubility  Mode 
width  

Production  

Subregion 1a  1.5 - 25  SO4, OC, SOA  Yes  variable  Nucleation, condensation, 
primary SO4 and OC 
emissions  

Subregion 2a  > 25   SO4, OC, SOA, 
SS, BC, DU  

Yes  variable  Growth of subregion 1a, 
condensation, primary SO4, 
OC, SS, emissions, 
coagulation   

Subregion 2b  > 25  SO4, OC, BC, 
DU  

Yes  variable  Primary BC, OC, DU 
emissions  

  Table S8. Properties of aerosol species in ECHAM-SALSA 

Species  Molar 
Masses (kg 

mol-1)  

Density mass 
(kg m-3)  

B term (eq. 4 in 
Abdul-Razzak & 

Ghan 200014)  

Number of 
dissociating ions  

Soluble  

BC  0.012  2000  0  0  no  

OM   0.180  1320  0.132  1  yes  

3xSOA 
species    

0.180  1320  0.132  1  yes  

DU  0.250  2650  0  0  no  

SO4  0.0961  1841  0.69  2  yes  

SS   0.05844  2165  1.333  2  yes  

  
S2.4 Aerosol description in ECHAM-HAM   

 Table S9.  Aerosol size distribution description in ECHAM-HAM. Species represented are sulfate, black carbon 
(BC), organic carbon (OC), secondary organic aerosol (SOA), sea salt (SS) and (DU). 

Mode Name  Mean radius 
range (nm)  

Composition  Solubility  Mode 
width  

Production  

Nucleation soluble  <5  SO4  Yes  1.59  Nucleation  

Aitken soluble  5 - 50  SO4, BC, OC  Yes  1.59  Growth of nucleation soluble, 
condensation, transfer from 
Aitken insoluble, primary SO4 
and OC emissions, coagulation   

Aitken insoluble  5 - 50  BC, OC  No  1.59  Primary BC/OC emission  
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Accumulation 
soluble  

50 - 500  SO4, BC, OC, 
SS, DU  

Yes  1.59  Growth of Aitken soluble, 
condensation, transfer from 
Accumulation soluble, primary 
SS, SO4, OC emissions, 
coagulation  

Accumulation 
insoluble  

50 - 500  SO4, BC, DU   No  1.59  Growth of Aitken insoluble, 
condensation, primary DU 
emissions, coagulation  

Coarse soluble  > 500  SO4, BC, OC, 
SS, DU  

Yes  2.0  Growth of accumulation soluble, 
transfer from Coarse insoluble, 
primary SS emissions, 
condensation, coagulation  

Coarse insoluble  > 500  SO4, BC, DU  No  2.0  Growth of accumulation 
insoluble, primary DU emissions, 
condensation, coagulation 

  Table S10. Properties of aerosol species in ECHAM-HAM. Species represented are sulfate, black carbon 
(BC), organic matter (OM), sea salt (SS) and (DU). 

Species  Molar 
Masses (kg 

mol-1)  

Density mass 
(kg m-3)  

B term (eq. 4 in 
Abdul-Razzak & 

Ghan 200014)  

Number of 
dissociating ions  

Soluble  

BC  0.012  2000  0  0  no  

OM   0.180  2000  0.2  1  yes  

DU  0.250  2650  0  0  no  

SO4  0.0961  1841  0.69  2  yes  

SS   0.05844  2165  1.333  2  yes  

 
 S2.5 Aerosol description in NorESM 

The aerosol scheme OsloAero6 is a production-tagged aerosol and chemistry scheme which tracks 
sources of origin of the aerosols throughout their atmospheric lifetime. The scheme differentiates between 
so-called “background” and “process” tracers (see e.g. Table 2 in Kirkevåg et al., 201811). The 
background tracers determine the number of particles and an initial particle number size distribution (log-
normal modes with pre-set sizes), while the process tracers alter this initial distribution and chemical 
composition by a look-up-table approach produced from an offline sectional scheme  AeroTab11. The 
mass of each tracer is tracked and advected and in each time step, the optical properties and the size 
distributions for cloud activation are found using the look-up tables. The modes used in the activation are 
the log-normal fits after the AeroTab lookup table approach is called and the new sigma is extracted. 
Finally the NMR is calculated.   
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Table S11.  Properties of aerosol species in NorESM 

Species  Molar 
Masses (kg 

mol-1)  

Density mass 
(kg m-3)  

B term (eq. 4 in 
ARG 2000)  

Number of 
dissociating ions  

Ammonium 
sulphate (SO4)  

0.132  1769  0.507  3  

BC  0.012  1800  5e-7  1  

OM (OM and SOA)  0.1682  1500  0.14  1  

Mineral dust (DST)  135  2600  0.069  2  

Sea salt (SS)   0.05844  2200  1.20  2  
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S3 Map of measurement locations with CCN concentrations 
 

 

Figure S1. A map showing the location of measurement sites and CCN concentration from ECHAM-
HAM. 
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S4 Sensitivity of the susceptibility to CCN proxy diameters 
 

 

 

Figure S2: Fitted value for the susceptibility with different size limits for CCN proxy (error bars indicate standard 
deviation of the results). Error bars represent 95% confidence bounds and number of data points (N) for each fit is 
given in Figures 3, S5 and S6. 
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S5 CCN and Nd histograms for observations and models 

 

Figure S3. CCN and Nd pdfs for Puijo (column 1), Pallas (column 2) and Zeppelin (column 3). Observations are 
shown in a row a and different models at rows b-e. 
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S6 Cloud parcel model results 

 

Figure S4 Cloud parcel model derived theoretical estimates for observations (panels a1-a2) and models (panels b1-
e2) of activated cloud droplet concentrations for different updraft velocities and aerosol concentrations. As an input 
for parcel model the mean aerosol size distribution is scaled with constant factors from 0.1 to 10 to derive different 
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CCN concentrations and the updraft velocity is selected to cover the corresponding values form observations or 
models. For simplicity composition and temperature are kept as constant. The agreement between the theoretical 
lines and the model/observational data confirms that the activation of cloud droplets is the main driver of the CCN-
CDNC-w relationship. Here the disagreement for example in the case of NorESM might be due to changing shape of 
aerosol size distribution as a function of CCN concentration, since we use the average aerosol properties as input to 
the parcel model. 
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S7 Join-histogram and updraft analysis for Pallas station  
 

 

Figure S5. For Pallas station, measurement and model based Nd -CCN joint-histograms with S values shown in 
panels a1-e1 (dot color indicates probability (blue=low, red=high), red edged circles are Nd mean values of at certain 
CCN bin), and the modeled pdfs for σw shown in panels a2-e2. The ratio of Nd to CCN is plotted as a function of  σw 
(panels a3-e3) and CCN concentration (panels a4-e4) (color indicates probability intensity: orange=low, 
black=high). The data points from the shaded area of figures b1 and c1 are omitted in the analysis showed in panels 
b3,c3,b4,c4.  
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When compared to Puijo data, there is substantial scatter in measured Nd -CCN joint-histogram in Pallas 
as can be seen in Fig. S3. a). Some of the scatter and especially the low Nd values in the Nd -CCN plot can 
be caused by foggy conditions where activation is known to be weaker than in clouds52. Although both 
Puijo and Pallas stations are located on top of the hill, Puijo observations are conducted in a 75m tower.  

S8 Join-thistogram and updraft analysis for Zeppelin station 

Note that in Zeppelin, the orography significantly affects the updrafts measured in the station. This can be 
seen in Fig. S6 a2, where the significant shift of σw to lower values can be seen when the investigation is 
limited to low wind speed (≤ 1 m/s). This is because at low wind speeds the effect of orography to σw is 
negligible. Hence, when modeled σw is compared to observations, the comparison should be done using 
the observations with wind speed limit of  ≤ 1 m/s as we want to compare the observations to modeled 
updrafts representing larger grid box area. 

Worth mentioning is the special characteristic seen with both ECHAM versions related to  σw, which gets 
an increasing amount of values very close to 0m/s when the analysis is conducted higher in the boundary 
layer as done in Zeppelin53. Due to this activation is more often in the updraft limited region, Nd gets very 
small values and susceptibility is decreased.  
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Figure S6.  For Zeppelin station, measurement and model based Nd -CCN joint-histograms with S values shown in 
panels a1-e1 (dot color indicates probability (blue low, red high), red edged circles are Nd mean values of at certain 
CCN bin), and the measured and modeled pdfs for σw shown in panels a2-e2. The ratio of Nd to CCN is plotted as a 
function of  σw (panels a3-e3) and CCN concentration (panels a4-e4) (color indicates probability intensity: 
orange=low, black=high). In a2, σw is also plotted with wind velocity of 1 m/s and lower in brown color. The data 
points from the shaded area of figures b1 and c1 are omitted in the analysis showed in panels b3,c3,b4,c4.  
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S9 Median size distributions and activation curves for ECHAM-SALSA and ECHAM-HAM 
outputs: Pallas and Zeppelin 

 

 

Figure S7.  Median size distributions and median activation curves for two ECHAM model versions (ECHAM-
SALSA in a and ECHAM-HAM in b for Pallas location. In a, the activation curves of three size bins (bins 3-5) are 
shown and in b the activation curve for accumulation mode (solid line) and Aitken mode (dashed line) are shown. 

 

 

Figure S8.  Median size distributions and median activation curves for two ECHAM model versions (ECHAM-
SALSA in a and ECHAM-HAM in b for Zeppelin location. In a, the activation curves of three size bins (bins 3-5) 
are shown and in b the activation curve for accumulation mode (solid line) and Aitken mode (dashed line) are 
shown. 
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