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Comment: 
 
The revised manuscript is substantially improved. The authors have clarified the model 
configuration, the distinction between online and o5line calculations, and the 
diagnostic nature of the aerosol activation scheme. Most of my previous comments 
have been addressed satisfactorily. 
 
Two concerns remain partially addressed. First, the evaluation of aerosol mass fields 
remains limited. The added AOD, Angstrom exponent, AERONET size spectra, and TOA 
shortwave flux comparisons are useful, but they do not fully demonstrate that the 
aerosol mass fields, speciation, or vertical distributions are reliable in the exact cloudy 
regimes used for the (Nd) optimization. The optimized PSDs should therefore be 
described as e5ective parameters conditional on the model aerosol fields and 
diagnostic sampling method, rather than as physically unique aerosol size-distribution 
corrections. Second, the cloud-top activation issue remains only partly resolved. The 
revision now acknowledges that activation occurs near cloud base and includes useful 
InCloud, InCloudNoBC, and ClBase3 sensitivity tests. However, the main optimization 
still relies on aerosol sampled near cloud top. This is acceptable as a diagnostic 
approach, but the manuscript should frame it more cautiously and avoid implying that 
the InCloud-optimized PSDs represent a unique physical solution, as indicated by 
words like “physically informed representation”, “keeping the setup physically 
consistent”, and “interpreted as physically plausible”.   

 
Some minor changes can help resolve the issue. For example:  
 
Abstract:  
“We optimise aerosol size distributions” could be revised to “we infer e5ective aerosol 
size-distribution parameters”. This better reflects that the optimized PSDs are 
conditional on the aerosol fields, vertical sampling, and cloud-regime selection.  



“After optimisation, CAMS aerosols produce overall realistic Nd” could be revised to 
“After optimisation, CAMS aerosols produce more realistic large-scale Nd patterns”. 
This wording is safer given the remaining regional biases.  
“Representing ACI in a weather model enables Nd to constrain aerosol processes 
globally” could be revised to “Representing ACI in a weather model enables Nd to 
provide additional global constraints on aerosol number and related processes…” This 
leaves room for the fact that AOD/AE/AERONET comparisons help but do not fully prove 
that aerosol mass fields and vertical distributions are correct in the exact cloudy 
regimes used for optimization. 
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Abstract. Realistic cloud droplet number concentrations (Nd) are critical for simulating the Earth’s radiative budget, yet

remain challenging to represent in global models. One reason is that aerosol optical depth (AOD), commonly used for aerosol

validation and assimilation, only weakly constrains aerosol number concentrations relevant for cloud formation. We introduce a

physically informed representation of aerosol-cloud interactions (ACI) into the ECMWF Integrated Forecasting System (IFS),

restricted to aerosol activation and the first indirect effect, and use it as a diagnostic tool to relate aerosol properties to cloud5

observations in the Copernicus Atmosphere Monitoring System (CAMS). Using 18 years of MODIS Nd retrievals, we optimise

aerosol size distributions and validate
!!!!
infer

!!!!!!!
effective

!!!!!!
aerosol

!!!!
size

!!!!!!!!!!
distribution

!!!!!!!!!
parameters

!!!
and

!!!!!!!
evaluate

!
results using independent

observations of AOD, Angstrom exponent, size spectra, and top-of-atmosphere shortwave fluxes. After optimisation, CAMS

aerosols produce overall realistic
!!!!
more

!!!!!!!
realistic

!!!!!!!!!
large-scale

!
Nd !!!!!!

patterns, but exhibit regional biases: overestimation over sub-

Saharan Africa and underestimation at high latitudes. The African bias is consistent with carbonaceous aerosolsemissions10

from wildfires and can be partially mitigated through optimisation, while the high-latitude bias is likely linked to excessive

aerosol scavenging in mixed-phase clouds and cannot be resolved by size adjustments alone. We show that introducing phase-

dependent aerosol scavenging substantially improves all-sky shortwave fluxes over the Southern Ocean compared to the ACI

implementation in the standard CAMS system. This highlights a direct link between radiative biases and aerosol wet removal

processes. Representing ACI in a weather model enables Nd to constrain aerosol
!!!!!!
provide

!!!!!!!!!
additional

!!!!!!!!!!
constraints

!!
on

!!!!!!!
aerosol15

!!!!!!!
numbers

!!!
and

!!!!!!
related processes globally, revealing limitations in how ageing, vertical transport and wet removal are represented,

as these processes are only weakly constrained by standard AOD evaluation.

1 Introduction

The abundance of aerosols that act as cloud condensation nuclei (CCN) is a primary control on cloud droplet number concentra-

tions (Nd) during cloud formation; Nd in turn determines the cloud droplet effective radius (re). Anthropogenic or
!!!
and natural20

changes in aerosols can thereby modify Nd and re, altering the cloud albedo. This is referred to as the albedo (or Twomey)

1

Conclusion:  
“we showed that Nd can constrains aerosol number concentrations” should be revised to “we 
showed that Nd can provide additional constraints on aerosol number concentrations”. This 
is more accurate because Nd constrains aerosol number only conditionally through the 
model aerosol fields, activation scheme, and sampling assumptions.  
“bulk aerosol scheme can reproduce realistic Nd” could be revised to “a bulk aerosol scheme 
can reproduce broad large-scale patterns of Nd, within limits imposed by…”. The term 
“realistic” should be qualified because the manuscript shows persistent regional biases and 
sensitivity to the sampling setup.  
“The resulting PSDs substantially improve simulated Nd” could be revised to “The resulting 
effective PSD parameters substantially improve simulated Nd within this diagnostic 
framework…” More evidence needs to be provided if framed as physically unique aerosol 
size-distribution corrections.  
 



 
 
Response: 
 

 
 
 
Comment: 
 
I still see some grammar errors and typos in the revised manuscript, but I believe these 
issues can be resolved during copyediting.  
 
Overall, I recommend acceptance after minor revision, provided that the authors more 
explicitly state the conditional and diagnostic nature of the optimized PSDs and retain 
aerosol mass/vertical-distribution uncertainties as a clear limitation. 
 
Response: 
 
While we believe that the conditional nature of the optimisation was already present in the 
previous version, we agree that it is important to state this aspect more explicitly. We have 
introduced several punctual changes that should help and make this point even more visible 
and consistently reflected in the Methods, Discussions and Conclusions. In addition to all the 
changes integrated above, we added these: 
 
Methods section: 
 

 
 
Discussion section: 
 

found below cloud base , than inside the cloud. To illustrate this point, Figure 14 shows the amount of diagnosed Ssf particles

(represented with the prior PSDs) during the InCloud and ClBase3 setup
!
s. In principle, low Ssf number concentrations are

expected, as sea-spray is a secondary CCN provider (e.g. McFarquhar et al., 2021). However, coarse sea salt significantly

impacts Nd in pristine regions via activation competition mechanisms of heterogeneous aerosol populations (Fossum et al.,695

2020), making a realistic representation of marine aerosol profiles essential to predict Nd. While particle concentrations
!!
at

!!!!!
cloud

!!!!
level

!!!
are typically between → 7 cm

→3 and → 20 cm
→3 are found at cloud level in

!
at

!
subtropical latitudes, the concentrations

!!!!
these

!
sharply fall below 5 cm

→3 with increasing latitude. Such meridional contrast is not found when diagnosing Ssf CCN just

below the cloud base (with significantly higher values up to → 30 cm
→3), so that for ClBase3 their concentrations over the SO

are of similar or higher magnitude than subtropical values. As a result of this substantially different aerosol background, the700

optimisation for ClBase3 yields significantly better agreement,
!
although it does not guarantee physical consistency, highlighting

the need for independent observational constraints. Nonetheless, this makes the ClBase3 approach a viable workaround for

improved model Nd in IFS-COMPO until aerosol concentrations inside clouds are improved, with the important caveat of a

trade-off between correcting Nd biases and preserving consistency with optics and vertical transport of tracers.

8 Summary, outlook and conclusions705

In this study, we introduced an explicit representation of aerosol-cloud interactions (ACI), limited to aerosol activation and the

first indirect effect, in the ECMWF Integrated Forecasting System (IFS), enabling cloud droplet number concentrations (Nd)

to be used as an additional aerosol diagnostic. By combining a physically informed aerosol activation scheme with 18 years

of satellite Nd retrievals from MODIS, we showed that Nd can constrains
!!!!!!
provide

!!!!!!!!!
additional

!!!!!!!!!
constraints

!!!
on aerosol number

concentrations for the Copernicus Atmosphere Monitoring Service (CAMS). Using this framework, we illustrated that a bulk710

aerosol scheme can reproduce realistic
!!!!!
broad

!!!!!!!!!
large-scale

!!!!!!
patterns

!!!
of Nd, within limits imposed by the modelled aerosol particle

!!!!!!
aerosol size distributions (PSDs), vertical transport and wet removal

!!!!!!!!
processes.

We optimised the PSDs of CCN-providing aerosols using an offline diagnostic method, adjusting a small set of five free

parameters using MODIS Nd observations. This method accounts for the co-location of aerosol and cloud profiles by combin-

ing stored output of prognostic aerosol simulations with reanalysis data, and consistently filters the same cloud regimes as in715

the Nd observations. The resulting PSDs
!!!!!!
effective

!!!!!
PSD

!!!!!!!!!
parameters

!
substantially improve simulated Nd !!!!!

within
!!!
the

!!!!!!!!!
diagnostic

!!!!!!!!!
framework

!!!!
used

!!!!
here, while having only a limited impact on aerosol optical properties. The optimised PSDs were further

evaluated against independent observations of optical properties from AERONET and satellites.

The optimisation procedure was unable to correct low Nd at high latitudes over the ocean, especially over the Southern

Ocean, leading to a degradation in simulated top-of-atmosphere (TOA) all-sky shortwave (SW) fluxes in online simulations.720

By performing online sensitivity tests, we showed that the simulated Southern Ocean Nd are highly sensitive to the repre-

sentation of aerosol wet scavenging in mixed-phase clouds. Reduced scavenging efficiency in these regimes increases CCN

concentrations within the clouds, offsetting most of the TOA SW degradation.
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Figure 3. Offline-simulated mean Nd for the 18-year-period of
!!!!!!
18-year optimisation

!!!!!
period from prior (IFS-COMPO default) (a, d) and

optimised (b, c
!
e) aerosol PSDs, shown both in

!!
as relative differences in N1/3

d (RDND) maps (a, b, d, e) and zonal N1/3
d RMSE (c, f) with

respect to the MODIS Nd optimisation target, Q06. These are for the optimisation setups InCloud (aerosols diagnosed at cloud level - panels

a, b, c) and ClBase3 (aerosols diagnosed three model levels below cloud base - panels d, e, f). Positive differences
!!!!!!!
Negative

!!!!!!
RDND

!!!!!
values

indicate that MODIS Nd (Q06) values are higher than those
!!!!!
exceed

!!!
the simulated

!!!!
values.

!!!!!!
Labelled

!!!!!
boxes

!!!!!!
indicate

!!!!!!
regions

!!!!
used

!!
for

!!!!!!!
regional

!!!!!!!
evaluation

!!!
and

!!!
are

!!!!!!!
presented

!!!!
later

!!
in

!!!!
Table

!
3
!!!
and

!!!!!
Figure

!!
4.

!!!
For

!!!!
each

!!!!
map,

!!
the

!!!!!!!!!!!
corresponding

!!!
loss

!!!!!!
function

!!
L

!!!!
value

!!!!
(see

!!!!!!
Equation

!!
7)
!!
is

!!!!!!!
reported.

While aerosol and cloud data are spatially co-located, only monthly mean values are compared, so that L can be seen as a

statistical evaluation of the simulated Nd. This implies that the optimisation targets large-scale and seasonal Nd signals, with

variability on monthly or
!!
and

!
longer timescales. As a result, the sensitivity to the co-location in time and space of cloud fields

and satellite overpasses is reduced. At the same time, by considering a smaller number of samples within each month we can

substantially reduce the amount
!!!!!!
volume of data processed, keeping the procedure manageable.360

As a result, a collection of optimised median radii for each species x and year y is obtained, rmed,x,y. We finally define

the optimal PSD as the one using the optimal
!!!!
those

!!!!!
using

!!!
the

!!!!!!!
effective

!
median radius rmed,x → medy(rmed,x,y), i.e. the median

across the 18 years of the optimised median radii. Within this framework, the resulting optimised aerosol PSDs are constrained

by the cloud-top Nd observations and represent an effective description of aerosol number consistent with these observations;

their realism is conditioned by non-represented processes (e.g. diagnostic representation of Nd and absence of prognostic365

droplet microphysics) and aerosol biases (e.g. speciation and vertical structure), and is therefore evaluated a posteriori through

independent observations of aerosol optical properties.
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Figure 10. Boxplots of AOD (a, b) and Angstrom exponent (AE) (c, d) for high-latitude AERONET sites in the southern (a, c) and northern (b,

d) hemisphere, as in Figure 11.
!!!
Box

!!!!
edges

!!!!
mark

!!!
the

!!!!!!!!!
interquartile

!!!!!
range,

!!!
and

!!!
the

!!!!!!!
whiskers

!!!!!!
indicate

!!!
the

!!
0.1

!!!
and

!!!
0.9

!!!!!!!!
quantiles.

!!!
The AERONET

and MODIS (Aqua and Terra means) data cover the period 2003–2020. MODIS values are shown in panels (a, b) only where at least 10

months of valid retrievals are available. AERONET means are based on a limited number of valid daily observations, typically between

200–800 days per site, with substantially fewer observations for the Escudero site (47 days). The simulated values labelled ‘IFS 1y’ refer

to the 1-year simulation for the Control (CTRL), MOD1 and MOD2 setups. To facilitate the comparison across the different periods of

observational and simulation coverage, simulated values based on the stored aerosol fields used for the optimisation, covering 2003–2020

(‘IFS 18y’), are also shown.

and high latitudes towards increased aerosol burdens, with up to → 0.05 increase for MOD2. This results in the zonal RMSE

being significantly reduced
!!!!
leads

!!!
to

!
a
!!!!!!!!!
significant

!!!!!!!!
reduction

!!
in

!!!!!
zonal

!!!!!!
RMSE

!
for the summer hemisphere by up to →↑0.1, and

increased by the same amount over the winter hemisphere.540

7 Discussion

We open this section by discussing overall limitations and performance of the Nd optimisation, and the magnitude of observa-

tional biases relevant to the optimisation results. Next, we focus on two discussion streams: one concerns the tendency of the

model (partially mitigated with optimisation) to simulate Nd biased toward the upper bound of the uncertainty range; the other

deals with the systematically low Nd at mid- and higher latitudes in the Southern hemisphere, where the optimisation is unable545

to bring improvement, and how the outcome of the sensitivity tests compare with the optimisation results. In both cases, results

from the different setups (InCloud, InCloudNoBC, ClBase3), combined with independent observations, are used to clarify to
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Figure 12. Zonal mean (a, b) and zonal RMSE (c, d) of seasonal 550 nm AOD during the DJF 2023-2024 season (a, c) and the JJA 2024

season (b, d). The grey shaded region is bounded by the AOD values calculated from MODIS and VIIRS, while the solid, dashed and dotted

lines represent respectively the output of the control (‘Ctrl’) and the simulations with modified wet-scavenging MOD1 and MOD2. The

RMSE is calculated with respect to the mean of the MODIS and VIIRS AOD values. We included only points over the ocean, where the

MODIS pixel count for AOD was larger than 150 and VIIRS had at least 7 days of valid retrievals.

what extent each optimal PSD can be interpreted as physically plausible
!!
the

!!!!!!!
optimal

!!!!!
PSDs

!!!
are

!!!!!!!!!
consistent

!!!!
with

!!!!!!!!!!!
independent

!!!!!!!!!!!
observational

!!!!!!!!!
constraints, and when it compensates

!!!
they

!!!!!!!!!!
compensate

!
for non-tuned aspects such as speciation, ageing or poor

mass concentration representation
!!!!!!!!!!!
representation

!!
of

!!!!!!
aerosol

!!!!!
mass

!!!!!!!!!!!!
concentrations.550

7.1 Limitations and effectiveness of the Nd optimisation

While the magnitude of reduction of L by only 13% may raise doubts about the effectiveness of the optimisation, it actually

indicates that the prior (CAMS default) PSDs yield Nd values already close to the optimisation target. The intrinsic limits

!!!!
main

!!!!!!!!!
limitations

!
of the optimisation lie in the prescribed spatial aerosol patterns from the model fields, and the restricted

number of free parameters (the PSD rmed for five species). This is illustrated by the ClBase3 optimisation setup, where the555

prior Nd prediction has much larger errors throughout the tropics; in this setup, the improvement brought by the optimisation

is significantly stronger, with a reduction of L by 21%.

The optimised (InCloud) PSD
!!
SU

!!!!!!!
median

!!!!!
radius

!
rmed for SU is close to the prior 0.11 µm, keeping the increase in particle

number below 11% and the optical effect non-detectable. This PSD
!!!!!!!!!
description was independently updated in IFS-COMPO

CY49R1 (from rmed = 0.0355 µm and ω = 2.0) and we found that using the old PSD led to significantly larger number con-560

centrations of activated SU by up to a factor →2.7 (not shown), which the optimisation would then need to correct. While the

new prior SU performs fairly well globally, observations of tropical marine sulfate aerosol have indicated mass transfer from
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