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• Clouds are a big component in Earth‘s atmosphere.
• Their formation and evolution are governed by meteorological 

conditions (aerosol, water vapor, vertical wind)
• There are multiple processes shaping cloud macro- and 

microphysics and thermodynamics.



Warm clouds

clean polluted

2) Drizzle suppression 
(Albrecht, 1989, Rosenfeld, 1999)

3) Enhanced mixing at CB
(Albrecht, 1989)

4) Faster evaporation
     (Ackermann et al., 2004)

5) More entrainment
     (Ackermann et al., 2004)

Convective and cold clouds

clean polluted

8) Updrafts invigorated
     (Koren et al., 2005, Zang et al., 2023)

9) WBF process
(Wegener, 1911; Bergeron, 1935; Findeisen, 
1938)

7) Freezing starts higher
     (Lohmann, 2016)

6) Combined INP-CCN Twomey effect
 (MPC, Lohmann, 2017, Maciel et al., 2023)

(Forster et al., 2007)

(Boucher et al., 2013)

(Arias et al., 2021)

Complexity and not-well 
understood processes involving 
clouds and aerosol-cloud 
interactions call for research.

Cloud radiative effect (-50 + 30 =-20)

•The complexities and less well-understood processes involving high-altitude cirrus clouds mean that the report calls for more research i this area.
•Research Needs: The report underscores the need for further investigation into the interactions between aerosols and cirrus clouds, especially regarding their longwave radiative 
effects. This area is identified as an important research frontier to reduce uncertainties in climate models. 

  
Total cloud effect

Anthropogenic aerosol 
contribution

Maciel at al.,  ACP, 2023:
 a competition for available water vapor 
between heterogeneous nucleation on INPs and 
homogeneous freezing of liquid aerosols often 
occurs. They found that heterogeneous 
nucleation can deter the activation of 
homogeneous freezing as well as reducing the 
number of ice crystals formed via homogeneous 
freezing. Many unknowns still exist regarding the 
dominance and competitions between these 
two nucleation mechanisms. The previous work 
by Cziczo et al. (2013) s

Introduction: aerosol-cloud interactions

 

Water vapor

The rest come from the latent heat release by 
condensation and freezing and cooling

Atmosphere and atmospheric processes

Total radiative effect
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(Forster et al., 2007)

(Boucher et al., 2013)

(Arias et al., 2021)

7) Even higher if INP have

     soluble coatings    -
     (Hoose et al., 2008)

Warm clouds

Complexity and not-well 
understood processes involving 
clouds and aerosol-cloud 
interactions call for research.

clean polluted

(Morrison et al. 2020)

•The complexities and less well-understood processes involving high-altitude cirrus clouds mean that the report calls for more research i this area.
•Research Needs: The report underscores the need for further investigation into the interactions between aerosols and cirrus clouds, especially regarding their longwave radiative 
effects. This area is identified as an important research frontier to reduce uncertainties in climate models. 

Maciel at al.,  ACP, 2023:
 a competition for available water vapor 
between heterogeneous nucleation on INPs and 
homogeneous freezing of liquid aerosols often 
occurs. They found that heterogeneous 
nucleation can deter the activation of 
homogeneous freezing as well as reducing the 
number of ice crystals formed via homogeneous 
freezing. Many unknowns still exist regarding the 
dominance and competitions between these 
two nucleation mechanisms. The previous work 
by Cziczo et al. (2013) s1) Increase cloud albedo

     (Twomey, 1959) 

2) Drizzle suppression 
(Albrecht, 1989, Rosenfeld, 1999)

3) Enhanced mixing at CB
(Albrecht, 1989)

4) Faster evaporation
     (Ackermann et al., 2004)

5) More entrainment
     (Ackermann et al., 2004)

Convective and cold clouds

clean polluted

Aerosol-cloud interactions

8) Updrafts invigorated
     (Koren et al., 2005, Zang et al., 2023)

9) WBF process
(Wegener, 1911; Bergeron, 1935; Findeisen, 
1938)

7) Freezing starts higher
     (Lohmann, 2016)

6) Combined INP-CCN Twomey effect
 (MPC, Lohmann, 2017, Maciel et al., 2023)

The rest come from the latent heat release by 
condensation and freezing and cooling
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Cloud processes       vs

We need observations 
of aerosol and cloud 
microphysics



Ice-nuclei / ice-crystal life cycle
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 Lidar products
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information

Microphysical properties of 
aerosol particles

Overview of analysis flow at TROPOS
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 Lidar products
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Microphysical properties 
of clouds

Overview of analysis flow at TROPOS
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Single scattering

Multiple scattering

 

  

Geometrical
cross section

 

extinction 
efficiency

extinction 
cross section

Depends on size and
 number density!

Particle extinction coefficient

Type 🡪 constrain a size distribution 
and efficiency

Poliphon ( Mamouri & Ansmann 2016), 
Inversion (Veselovskii et al 2002)

Some insights into particle microphysics

 

 

 



Light scattering at particles
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(d)

Scattering phase function

(a) (b)

(c)

Phase function



PollyXT Lidar aboard FS Polarstern
(MOSAIC campaign)

[ Ansmann, 2025 ]



[ Ansmann, 2025 ]
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Some insights into multiple scattering

Forward 
scattering

Backward 
scattering

Leipzig, MARTHA system 2017
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Some insights into multiple scattering

 

 

Example of 
double scattering

 

FOV
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Modeling of lidar multiple scattering

 

 

 

 

 

 

 

 
 

  

 

 



Multiple scattering to assess liquid-cloud microphysics

There are different approaches to solve lidar multiple 
scattering problem (since the 1970s):

• Monte Carlo, Stochastic methods, semi-analytical 
methods.
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  Methods have been proposed to use multiple scattering to 

retrieve  cloud microphysical properties, most of them 
based on Dual-FOV lidars.

• Multiple FOV lidar (since 1990s).
• Dual-FOV Raman lidar (at TROPOS since 2010).
• Dual-FOV polarization lidar (at TROPOS since 2017).
• Dual-FOV high-spectral-resolution lidar (since 

2020s).



Schmidt et al., 2015

1. Dual-FOV Raman lidar
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ACI studies 2010-2015 at TROPOS, Schmidt et al., 2013, 2014, 2015.

Multiple
scattering

  

   

(a) (b)

(c)

(d)Phase function (e)

CLOUD

Aerosol layer

Leipzig, 2 April 2017

 

 

• Multiple-scattering  problem is much more simple 🡪 Fast multiple-scattering model (Malinka and Zege, 2003)

• Iterative procedure. No assumptions about the vertical structure.
• Needs large averaging periods (15-30 minutes) and works only during nighttime!
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Microphysical relations  

Extinction coefficient

Liquid water content

 

Effective radius

 

 

Droplet number concentration 
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CLOUD

Aerosol layer

Leipzig, 2 April 2017

• Multiple-scattering  problem is much more simpler 🡪 Fast multiple-scattering model (Malinka and Zege, 2003).
•  Iterative procedure. No assumptions about the vertical structure.
• Needs large averaging periods (15-30 minutes) and works only during nighttime!

1. Dual-FOV Raman lidar - example
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(a) (b)

(c)

(d)

Phase function

  

Air
molecules

2. Dual-FOV high-spectral-resolution lidar (DFOV-HSRL)

• Pros:
• Fast multiple-scattering model (Malinka 

and Zege, 2003). No assumptions about the 
vertical structure.

• No need of large averaging periods and 
can potentially works during daytime.

• Cons: 
• HSRL is technically challenging.
•  Expertise on the topic not so spread 

over the community.

Most & Leipertz 
(2001)

(Wang et al., 2022)



 

3. Dual-FOV polarization lidar
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Jimenez et al.,  ACP 2020a, 2020b (since 2017)

 
3.6 μm 
5.8 μm 
7.9 μm 
14.4 μm

 

Subadiabatic cloud

75 m

Retrievable parameters
• Extinction coefficient
• Effective radius
• Liquid water content
• Droplet number concentration

As lookup table



Instruments
1) MARTHA: Three-signal approach

• Agreement with DFOV-Raman
(Jimenez et al., SPIE 2017)

• Agreement with ICON-model outputs
(Costa-Suros et al., ACP 2020)

Polly XT
(as Workhorse)

MARTHA
(as Testbed)

Instrumental upgrade and evaluation with measurements
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P. Seifert

Jimenez et al.,  AMT 2019

[P. Seifert]

LACROS mobile platform
DACAPO-PESO campaign
Punta Arenas, Chile
Nov 2018 – Nov 2021

 

 



 

Punta Arenas, Chile
22 Mar 2019
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Measured parameters

lookup table

Cloud base

Cloud extinction coefficient

Cloud effective radius

Liquid water content

Cloud droplet number concentration

Retrieved information

A measurement example
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Liquid-cloud microphysics –
Dual-FOV polarization lidar 

 Ice-cloud microphysics –
Lidar-radar synergy

 

 

  

size  Number 

size  
Number 

 
 

Multiple-scattering-based method

Aerosol cloud microphysical research capabilities at TROPOS

(Mamouri and Ansmann, ACP, 2015, 2016.
Ansmann et al., ACP,  2019, 2021)



[J. Hofer]

[D. Althausen]
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Long-term results of aerosol and clouds: Pristine vs Polluted

Dushanbe

[ P. Seifert]

[ H. Kalesse-Los]

Punta Arenas

[M. Radenz]

 

-2
 



25

Where are we with DFOV-polarization lidar

Adapted from NASA GEOS-5 Nature Run collection
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 Arctic (1year) 
30 – 150 cm-3 

Dushanbe, Tajikistan
(since June 2019)

100 – 400 cm-3 

Limassol, Cyprus
(since Oct 2020)

50 -300 cm-3

Punta Arenas 
(3 years) 

10 – 180 cm-3

5 – 100 cm-3  

(since Nov 2022)

Mindelo, Cabo Verde

(since July 2021)

While the aerosol burden of the clean, pre-industrial 
atmosphere has been demonstrated as a key uncertainty
for the aerosol forcing, here we show that the behaviour of 
clouds under these clean conditions is of equal
importance for understanding the spread in radiative 
forcing estimates between models and observations. This
means that the uncertainty in the aerosol impact on clouds 
is, counterintuitively, driven by situations with little
aerosol. Discarding clean conditions produces a close 
agreement between different model and observational
estimates of the cloud response to aerosol but does not 
provide a strong constraint on the RFaci. This makes
constraining aerosol behaviour in clean conditions an 
important goal for future observational studies.

Gryspeerdt acp et al 2023

Where are we with DFOV?

Leipzig

(every now and then)



Lidar plots “polluted” vs. “clean”
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Long-term results of aerosol and clouds: Pristine vs Polluted

(ss=0.2%)
Mamouri and Ansmann, 2016

Aerosol properties (by means of Poliphon)
Cloud properties (75m above CB)
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Aerosol-cloud-interaction index (monthly basis)

Punta Arenas, ChileDushanbe, Tajikistan
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(Schmidt, 2014)

Obtained from MERRA-2

Relevance of these results for the radiative effect

Obtained during this work

 

 

(Ackerman et al., 2000)

(Jimenez, 2021)
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Arctic-winter case 

• Feeder-seeder and multilayering at the initial phase.
• Liquid and ice phases strongly correlated.
• MPS dominated by strong cloud-top cooling and large-scale lofting. 

Continuous activation of new droplets keep the cloud system alive.

(Jimenez et al., 2025, in preparation)

Lifecycle of mixed-phase clouds
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• Feeder-seeder and multilayering at the initial phase.
• Liquid and ice phases strongly correlated.
• MPS dominated by strong cloud-top cooling and large-scale 

lofting. Continuus activation of new droplets keep the cloud 
system alive.

Lifecycle of mixed-phase clouds
Arctic-summer case

• More CCN and INP as well as water vapor available
• Liquid and ice phases
• External forcing alter the liquid-ice balance (likely from a gravity 

wave) 
• Ice phase dominated during perturbation. Liquid phase recovered 

and dominated evolution in the next hours until cloud system 
vanishes as water vapor is consumed.

(Jimenez et al., 2025, ACP, accepted)



Summary
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Thank you

• Aerosol and clouds are  key aspects for weather and climate 
research

• TROPOS is deeply involved in the developments of instruments 
and methods to characterize aerosol and clouds.

• Lidar multiple scattering is and issue but also an advantage in 
liquid water clouds.

• Several methods have been introduced to assess cloud 
microphysics using the multiple scattering effect:

• Dual-FOV Raman (only nighttime, no high resolution)
• Dual-FOV HSRL (daytime and high resolution, instrumentally challenging)
• Dual-FOV polarization (daytime and high resolution, cloud assumed 

subadiabatic)

• Combined cloud and aerosol information can help to address 
aerosol-cloud interactions and study cloud processes.

• 1st order aerosol-cloud interaction (Twomey effect)
• In-cloud interplay between liquid and ice phases.

FOV in

FOV out


