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Introduction

UAE-NATURE: Using Advanced Experimental – Numerical Approaches To Untangle Rain Enhancement

UAE-NATURE is sponsored by the UAE Research Program for Rain Enhancement Science (UAEREP)
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Introduction

BACIC is located in the Cloud Laboratory and 
Observational Utilities Deployment Base (CLOUD Base) 

of Beijing weather modification office.

BACIC chamber

Shape Cylinder

Size Diameter:   2.6 m  /  Height: 14  m

Volume / Surface 70 m3 / 118.4 m2

Surface to volume ratio 1.69 m-1

Wall material Stainless steel

Temperature 223.5 K- 303.15 K

Operating Pressure 1 hpa – 1013 hpa

BMWO Aerosol Cloud Interaction Chamber (BACIC)
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Hugh Morrison1 , Marcus van Lier‐Walqui2 , Ann M. Fridlind3 ,
Wojciech W. Grabowski1 , Jerry Y. Harrington4, Corinna Hoose5 , Alexei Korolev6 ,
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Abstract In the atmosphere, microphysics refers to the microscale processes that affect cloud and
precipitation particles and is a key linkage among the various components of Earth's atmospheric water
and energy cycles. The representation of microphysical processes in models continues to pose a major
challenge leading to uncertainty in numerical weather forecasts and climate simulations. In this paper, the
problem of treating microphysics in models is divided into two parts: (i) how to represent the population of
cloud and precipitation particles, given the impossibility of simulating all particles individually within a
cloud, and (ii) uncertainties in the microphysical process rates owing to fundamental gaps in knowledge of
cloud physics. The recently developed Lagrangian particle‐based method is advocated as a way to address
several conceptual and practical challenges of representing particle populations using traditional bulk and
bin microphysics parameterization schemes. For addressing critical gaps in cloud physics knowledge,
sustained investment for observational advances from laboratory experiments, new probe development, and
next‐generation instruments in space is needed. Greater emphasis on laboratory work, which has apparently
declined over the past several decades relative to other areas of cloud physics research, is argued to be an
essential ingredient for improving process‐level understanding. More systematic use of natural cloud and
precipitation observations to constrain microphysics schemes is also advocated. Because it is generally
difficult to quantify individual microphysical process rates from these observations directly, this presents an
inverse problem that can be viewed from the standpoint of Bayesian statistics. Following this idea, a
probabilistic framework is proposed that combines elements from statistical and physical modeling. Besides
providing rigorous constraint of schemes, there is an added benefit of quantifying uncertainty systematically.
Finally, a broader hierarchical approach is proposed to accelerate improvements in microphysics
schemes, leveraging the advances described in this paper related to process modeling (using Lagrangian
particle‐based schemes), laboratory experimentation, cloud and precipitation observations, and statistical
methods.

Plain Language Summary In the atmosphere, microphysics—the small‐scale processes affecting
cloud and precipitation particles such as their growth by condensation, evaporation, and melting—is a
critical part of Earth's weather and climate. Because it is impossible to simulate every cloud particle
individually owing to their sheer number within even a small cloud, atmospheric models have to represent
the evolution of particle populations statistically. There are critical gaps in knowledge of the microphysical
processes that act on particles, especially for atmospheric ice particles because of their wide variety and
intricacy of their shapes. The difficulty of representing cloud and precipitation particle populations and
knowledge gaps in cloud processes both introduce important uncertainties into models that translate into
uncertainty in weather forecasts and climate simulations, including climate change assessments. We discuss
several specific challenges related to these problems. To improve how cloud and precipitation particle
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Following the ideas outlined in this paper, we highlight six specific recommendations for advancing the
representation of microphysics in models:

1. Sustained support for laboratory facilities to study microphysical processes, addressing major gaps in cloud
physics knowledge and providing data to develop physically based parameterizations and to support or
refute cloud physics theories.

2. Sustained support for new airborne and ground‐based instrument development and next‐generation instru-
ments in space to provide the field data that are required to constrain microphysics in global as well as
regional models.

3. Increased emphasis on critical evaluation of model performance using field observations, including statisti-
cally robust sampling from in situ or remote‐sensing approaches and targeted data collection in
well‐defined regions where microphysical properties can be robustly characterized for model evaluation.

4. Development of new frameworks to facilitate rigorous model evaluation and constraint by observations,
leveraging statistical modeling tools and accounting for observational uncertainty characteristics. This
includes the use of machine learning, not as a replacement for microphysics schemes but as a tool to
understand scheme behavior (e.g., via emulation).

5. Increased focus on systematic quantification of parameter and structural uncertainty in schemes, which can
help direct efforts for scheme improvement and point to particular needs for observational constraint.

6. Continued development and use of new methods for microphysical modeling, especially Lagrangian
particle‐based schemes.

More broadly, we envision a hierarchical approach for microphysics scheme development that ties together
the various pieces advocated in this paper (Figure 17). This contrasts with the “traditional” approach for
scheme development that relies heavily on heuristics and (often ad hoc) tuning (Figure 8). A crucial element
of both approaches is the incorporation of advances in cloud physics knowledge gained from laboratory
experimentation, natural cloud and precipitation observations, and theory. The ultimate ideal is to develop
schemes entirely from a “complete” body of cloud physics knowledge, but it is not clear when that might be
achievable—likely decades into the future, if ever. This underlies our basic argument for why it may be use-
ful to incorporate a statistical element into scheme development.

In the proposed approach, centered on the idea of microphysics parameterization as an inverse problem,
scheme development is constrained by cloud and precipitation observations via Bayesian inference within
the confines of a physically based framework (the latter informed by fundamental cloud physics knowledge
and, for bulk schemes, detailed Lagrangian particle‐based and bin schemes). There is a two‐way street in
addressing this inverse problem, especially in a probabilistic framework: While observations constrain the
scheme, this approach could also provide a way to quantify rigorously what information is gained from par-
ticular measurements, helping to guide future observational efforts.

Incorporating these statistical elements does not have to be limited to the development of bulk schemes.
Natural cloud and precipitation observations could also be used to constrain detailed bin and Lagrangian
particle‐based schemes themselves, although solving this inverse problem is more challenging from a tech-
nical standpoint owing to the computational cost of these schemes. It may be worthwhile to explore the use
of much less costly surrogate models of these detailed schemes via emulation as a way to make the problem
computationally tractable. Leveraging advances in computing infrastructure, such as developing schemes
that can be run on GPUs, should also be pursued. There are other technical and practical challenges that
need to be worked out for this kind of hierarchical statistical‐physical approach. Nonetheless, it provides a
possible blueprint for accelerating progress in how microphysics is represented in models.

Data Availability Statement
All new data generated for this paper (shown in Figures 6, 9, and 14) and the accompanying metadata files
are stored in a repository and can be accessed online (10.5065/mn1v‐6a55).
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Meeting Summary

Workshop to Explore Science Opportunities and Concepts for a Large-Scale 
Aerosol–Cloud–Turbulence Research Facility
What: More than 60 scientists from a wide range of fields overlapping with the chemistry 

and physics of aerosols and clouds in turbulent flows gathered to discuss scientific 
questions, priorities, and concepts for future laboratory research facilities and 
associated instrumentation.

When: 21–22 November 2019
Where: Boulder, Colorado

AFFILIATIONS: Shaw, Cantrell—Michigan Technological University, Houghton, Michigan; Chen, Xue—Na-

tional Center for Atmospheric Research, Boulder, Colorado; Chuang—University of California, Santa Cruz, 

Santa Cruz, California; Donahue—Carnegie Mellon University, Pittsburgh, Pennsylvania; Feingold—NOAA 

Earth System Research Laboratory, Boulder, Colorado; Kollias—Stony Brook University, State University of 
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stitute for Tropospheric Research, Leipzig, Germany

D
ow

nloaded from
 http://journals.am

etsoc.org/bam
s/article-pdf/101/7/E

1026/4994940/bam
sd200009.pdf by Lulin X

ue on 13 N
ovem

ber 2020



Introduction

UAE Research Program for Rain Enhancement Science5th International Rain Enhancement Forum

History

Workshops related to laboratory work

• We planned to host this “Workshop on laboratory facilities for cloud 
research” in April 2020 as a in-person event in Beijing. A lot of planning 
have been worked on. Serve as a following up international workshop to the 
previous one in Boulder. Unfortunately, COVID-19 hit right before the event.

• The plan B was to host it in April 2021 if COVID is no longer a problem. 
But…

• We are now on plan C: A virtual workshop on gather.town for international 
participants and an online meeting platform for Chinese participants. 

• Thanks to Beijing Weather Modification Office for planning the workshop 
and working on the logistics continuously.

• Thanks to Ottmar, Raymond, Masataka, and Wojtek’s help in organizing 
this event. 
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H[SHULPHQWDO FKDPEHU (CPEC) LQ KRUHD  
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CKD/SHRQJ 

SRR <XP 

10�45-11�05 LDERUDWRU\ UHVHDUFK IURP B:MO (B:MO) 
MHQJ\X 

HXDQJ 

11�05-11�10 BUHDN  

11�10-11�40 
PUHGLFWLQJ WKH PRUSKRORJ\ RI LFH SDUWLFOHV LQ 

GHHS FRQYHFWLRQ XVLQJ WKH VXSHU-GURSOHW PHWKRG 

SKLQ-LFKLUR 

SKLPD 

11�40-12�00 DLVFXVVLRQ  

14�00-18�00 Local meetings  

2021/09/25 

0��30-10�00 
MRGHOLQJ VWXGLHV RI SULPDU\ DQG VHFRQGDU\ LFH 

SURGXFWLRQ LQ PL[HG-SKDVH FORXGV 
HXLZHQ ;XH 

10�00-10�30 
AWPRVSKHULF HXPLF-LLNH SXEVWDQFHV (H8LIS) 

AFW DV IFH AFWLYH EQWLWLHV 
=KLMXQ :X 

10�30-11�00 
OEVHUYDWLRQDO, NXPHULFDO DQG TKHRUHWLFDO 

AQDO\VLV RI EQWUDLQPHQW/DHWUDLQPHQW PURFHVVHV 

LQ LRZ-LHYHO CORXGV 

CKXQVRQJ LX 

11�00-11�30 
8VLQJ D QRYHO FKDPEHU WR LQYHVLJDWH WKH 

HYROXWLRQ RI VLQJOH SOXPH IURP ELRPDVV EXUQLQJ  
DDQWRQJ LLX 

11�30-12�00 CRQVWUXFWLRQ RI H[SDQVLRQ FORXG FKDPEHU  =KHQJMXQ SX 

12�00-12�05 BUHDN  

12�05-13�05 

DLVFXVVLRQ (KH\ VFLHQFH TXHVWLRQV DQG WHFKQLFDO 

GHYHORSPHQW RI ODE IDFLOLWLHV WR DGGUHVV WKHP. 

HRZ WR RUJDQL]H DQG FRRUGLQDWH LQWHUQDWLRQDO 

HIIRUWV: FDWHJRU\ RI ODE IDFLOLWLHV IRU FORXG 

UHVHDUFK DQG UHJXODU PHHWLQJV RU ZRUNVKRSV) 

OWWPDU 

M|KOHU DQG 

LXOLQ ;XH 

(PRGHUDWRUV) 

13�05-13�10 BUHDN  

13�10-13�30 SXPPDU\  LXOLQ ;XH 

 
Please visit 瀡KWWSV://JDWKHU.WRZQ/LQYLWH?WRNHQ=M9=E8XCK3G-4J[Q]H8:<MD0RBYS85JJ0瀢 
of our workshop space on gather.town. The space is shown in the following screenshot. 
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of our workshop space on gather.town. The space is shown in the following screenshot. 



Introduction

UAE Research Program for Rain Enhancement Science5th International Rain Enhancement Forum

Discussion

Key questions/Technology development/Future plans

A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y J U LY  2 0 2 0 E1031

Table 2. Example scientific questions in five cloud-related fields, organized by relevant spatial scale. Each of the five fields is 
color coded. The total number of topics in each scale is given in the second row of the table: the 10-m scale is adequate to ad-
dress a majority of the questions in the laboratory.

Research area Science questions <1 m 1 m 10 m 100 m 1,000 m

Number of science questions 9 12 22 15 5

Aerosol/cloud chemistry Aqueous photochemistry (particle scale) x

Aerosol/cloud interactions Do we know enough about heterogeneous ice nucleation? x

Aerosol/cloud interactions
Do we know enough about droplet activation? Influence of chemical 
(composition) and physical properties (charge, shape)? x

Mixed-phase/cold clouds
Rate of growth/evaporation of different types of ice crystals under con-
stant and varying environmental conditions including metamorphosis x

Radiative transfer Light scattering by single ice crystal and aggregates x

Turbulence-microphysics 
interaction

How does turbulence affect collision coalescence; sedimentation, ori-
entation, and rotation of non-sphere (ice crystal) particles; ice process, 
diffusional growth? x

Aerosol/cloud interactions
What is the relationship between cloud/turbulence properties and aerosol 
scavenging? x

Mixed-phase/cold clouds Aggregation–varying temperature and humidity conditions x

Mixed-phase/cold clouds Terminal velocity of hydrometeors x

Mixed-phase/cold clouds Secondary ice production x x x

Mixed-phase/cold clouds Primary ice formation and its dependence on turbulence x x

Radiative transfer Radiative cooling at Sc cloud top with droplet growth (interface chamber) x x

Radiative transfer RT through electric field oriented ice particles x x

Turbulence-microphysics 
interaction

How turbulence-induced fluctuation of concentration fields affects drop-
let size distribution (sedimentation/vertical velocity). Four main foci: 1) 
supersaturation, 2) fall speeds, 3) clustering, 4) collision–coalescence x x

Mixed-phase/cold clouds
Aggregation of ice under varying relative humidity and temperature 
conditions, including effect of charge x

Mixed-phase/cold clouds
Rate of partitioning of phase in mixed-phase clouds, conversion of ice 
phase to mixed-phase clouds due to convection x

Turbulence-microphysics 
interaction

Coarse-grain microphysics at the 10-m scale (for coupling to LES, sam-
pling measurements, etc.) x

Turbulence-microphysics 
interaction What scales of fluctuations are most important for diffusional growth? x x x x

Aerosol/cloud interactions
What are the optimal aerosol characteristics for inducing marine cloud 
brightening? x x x

Radiative transfer Exploring emerging remote sensing techniques x x x

Aerosol/cloud chemistry Aqueous photochemistry (cycling, parcel scale) x x

Aerosol/cloud chemistry Parcel scale dynamics of activation interacting with turbulence x x

Aerosol/cloud chemistry Interstitial scavenging x x

Aerosol/cloud interactions
How are aerosols entrained/detrained at the cloud interface? How does 
turbulence influence aerosol entrainment into the cloud? x x

Aerosol/cloud interactions What is precipitation susceptibility as a function of aerosol properties? x x

Radiative transfer Imaging through turbulent clouds x x

Radiative transfer Depolarization by particle shape and multiple scattering x x

Turbulence-microphysics 
interaction Measure entrainment rates x x x x x

Aerosol/cloud chemistry Precipitation scavenging x x x

Radiative transfer Particle correlation inducing deviations from Beer–Lambert x x x

Radiative transfer Aerosol effect on cloud albedo (e.g., given heterogeneity in drop distance) x x x

Radiative transfer Signal propagation through an optically thick cloud x x

D
ow

nloaded from
 http://journals.am

etsoc.org/bam
s/article-pdf/101/7/E

1026/4994940/bam
sd200009.pdf by Lulin X

ue on 13 N
ovem

ber 2020

A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y J U LY  2 0 2 0 E1031

Table 2. Example scientific questions in five cloud-related fields, organized by relevant spatial scale. Each of the five fields is 
color coded. The total number of topics in each scale is given in the second row of the table: the 10-m scale is adequate to ad-
dress a majority of the questions in the laboratory.

Research area Science questions <1 m 1 m 10 m 100 m 1,000 m

Number of science questions 9 12 22 15 5

Aerosol/cloud chemistry Aqueous photochemistry (particle scale) x

Aerosol/cloud interactions Do we know enough about heterogeneous ice nucleation? x

Aerosol/cloud interactions
Do we know enough about droplet activation? Influence of chemical 
(composition) and physical properties (charge, shape)? x

Mixed-phase/cold clouds
Rate of growth/evaporation of different types of ice crystals under con-
stant and varying environmental conditions including metamorphosis x

Radiative transfer Light scattering by single ice crystal and aggregates x

Turbulence-microphysics 
interaction

How does turbulence affect collision coalescence; sedimentation, ori-
entation, and rotation of non-sphere (ice crystal) particles; ice process, 
diffusional growth? x

Aerosol/cloud interactions
What is the relationship between cloud/turbulence properties and aerosol 
scavenging? x

Mixed-phase/cold clouds Aggregation–varying temperature and humidity conditions x

Mixed-phase/cold clouds Terminal velocity of hydrometeors x

Mixed-phase/cold clouds Secondary ice production x x x

Mixed-phase/cold clouds Primary ice formation and its dependence on turbulence x x

Radiative transfer Radiative cooling at Sc cloud top with droplet growth (interface chamber) x x

Radiative transfer RT through electric field oriented ice particles x x

Turbulence-microphysics 
interaction

How turbulence-induced fluctuation of concentration fields affects drop-
let size distribution (sedimentation/vertical velocity). Four main foci: 1) 
supersaturation, 2) fall speeds, 3) clustering, 4) collision–coalescence x x

Mixed-phase/cold clouds
Aggregation of ice under varying relative humidity and temperature 
conditions, including effect of charge x

Mixed-phase/cold clouds
Rate of partitioning of phase in mixed-phase clouds, conversion of ice 
phase to mixed-phase clouds due to convection x

Turbulence-microphysics 
interaction

Coarse-grain microphysics at the 10-m scale (for coupling to LES, sam-
pling measurements, etc.) x

Turbulence-microphysics 
interaction What scales of fluctuations are most important for diffusional growth? x x x x

Aerosol/cloud interactions
What are the optimal aerosol characteristics for inducing marine cloud 
brightening? x x x

Radiative transfer Exploring emerging remote sensing techniques x x x

Aerosol/cloud chemistry Aqueous photochemistry (cycling, parcel scale) x x

Aerosol/cloud chemistry Parcel scale dynamics of activation interacting with turbulence x x

Aerosol/cloud chemistry Interstitial scavenging x x

Aerosol/cloud interactions
How are aerosols entrained/detrained at the cloud interface? How does 
turbulence influence aerosol entrainment into the cloud? x x

Aerosol/cloud interactions What is precipitation susceptibility as a function of aerosol properties? x x

Radiative transfer Imaging through turbulent clouds x x

Radiative transfer Depolarization by particle shape and multiple scattering x x

Turbulence-microphysics 
interaction Measure entrainment rates x x x x x

Aerosol/cloud chemistry Precipitation scavenging x x x

Radiative transfer Particle correlation inducing deviations from Beer–Lambert x x x

Radiative transfer Aerosol effect on cloud albedo (e.g., given heterogeneity in drop distance) x x x

Radiative transfer Signal propagation through an optically thick cloud x x
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Introduction

UAE Research Program for Rain Enhancement Science5th International Rain Enhancement Forum

Discussion

Key questions/Technology development/Future plans

1. Droplet spectra broadening 
2. Collision-coalescence of small droplets (D<40mm) 
3. Coalescence coefficients of droplets 
4. Collective growth of droplets 
5. Primary ice nucleation (heterogeneous and homogeneous ice nucleation in cirrus 

formation for example)
6. Collective growth of ice 
7. Collective growth of cloud particles in mixed phase 
8. Aggregation of ice, sticking efficiency 
9. Necessary and sufficient conditions for secondary ice productions (6 

mechanisms) 
10.Entrainment and mixing (turbulent flow is needed)
11.Mechanisms of charge separation and electrification of clouds 
12.Effects of the global and local electric fields on cloud microphysics 
13.Chemical processes too.



Introduction

UAE Research Program for Rain Enhancement Science5th International Rain Enhancement Forum

Discussion

Key questions/Technology development/Future plans

• New chamber design and construction should be determined or driven by the key 
science questions.

• Need to understand the requirements and limitations of the instruments for the 
phenomenon being observed. Design and development new instruments if 
necessary.

• For existing facilities, key science questions suitable to be addressed should be 
identified and pursued. 

• Lab-scale numerical modeling tools and efforts should be an integrated 
component to all laboratory facilities (LACIS-T is a good example). 

• Increase and improve the accessibility of the chambers and lab facilities for 
external users to enhance collaborative research and to use these facilities as 
platform for instrument test and development (Europe has a great platform for 
this point).
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UAE Research Program for Rain Enhancement Science5th International Rain Enhancement Forum

Discussion

Key questions/Technology development/Future plans

• Share the recorded meeting video and presentation PDF files pending 
speakers’ approval.

• Try to submit a meeting summary to an appropriate journal.
• Organize another workshop in 2022 or 2023 on the technical aspects and 

details of the chamber engineering and science (following Seong Soo’s 
suggestion and request).

• Design one or more benchmark experiments to demonstrate the chamber 
interoperability and intercomparability (following Darrel’s suggestion, such as 
CCN activation experiments, chemical processes, aging, etc.).

• Meet in 2024 before or after next ICCP to share (following Alexei’s suggestion).
• Anything else? Need a working group focusing on instrumentation 

development for chamber observations such as the supersaturation 
measurements.

• Talk to Ottmar about international collaborations.




