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Pristine ice crystals, 
grown by diffusion of 
water vapor (water 
vapor between ice- 
and water-saturation) 

Snowflakes, grown by 
aggregation 



Rimed ice crystals 
(accretion of 
supercooled cloud 
water) 

Graupel (heavily 
rimed ice crystals) 

Hail (not to scale) 



Magono and Lee (1966) classification of ice 
crystals and their growth regimes 



Gunn and Marshall JAS 1958 



Fundamentals of cloud 
thermodynamics modeling 



Water vapor is a minor constituent:  
mass loading is typically smaller than 1%; thermodynamic 
properties (e.g., specific heats etc.) only slightly modified; 

Suspended small particles (cloud droplets, cloud ice):  
mass loading is typically smaller than a few tenths of 1%, 
particles are much smaller than the smallest scale of the flow; 
multiphase approach is not required, but sometimes used 
(e.g., DNS with suspended droplets, Lagrangian Cloud Model) 

  
Precipitation (raindrops, snowflakes, graupel, hail):  
mass loading can reach a few %, particles are larger than the 
smallest scale the flow; multiphase approach needed only for 
very-small-scale modeling 



Continuous medium approach: density (i.e., mass in the 
unit volume) is the main field variable (density of water 
vapor, density of cloud water, density of rainwater, etc…) 

In practice, mixing ratios are typically used. Mixing 
ratio is the ratio between the density (of water 
vapor, cloud water…) and the air density. 



Mixing ratios 
versus specific 
humidities… 





Modeling of ice microphysics 



Ice processes: 
Ice initiation is the main problem: 

Primary ice nucleation -  freezing of cloud droplets 
homogeneously for temperatures colder than about -40 deg C 
and heterogeneously by contact with ice-forming nucleus 

Secondary ice nucleation - the ice multiplication. 

 

Unlike warm-rain microphysics, where cloud droplets and 
rain/drizzle drops are well separated in the radius space, 
growth of ice phase is continuous in size/mass space. Both 
diffusional and accretional growth are important. 

 

Complexity of ice crystal shapes (“habits”). 
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J. Atmos. Sci. Equilibrium approach: a simple extension 
of the warm-rain scheme) 

G98 



Equilibrium approach 
(a simple extension of 
the warm-rain scheme) 



Grabowski JAS 1998 



Grabowski JAS 1998 



Grabowski JAS 1998 



precipitation (rain or snow), 
N0=const 

precipitation particles 
mass-size and terminal 
velocity-size relationships: 

raindrops: 

snowflakes: 

Grabowski JAS 1998 



Grabowski JAS 1998 



Autoconversion: Berry’s (1968) parameterization 

RAIN: 

Grabowski JAS 1998 



Autoconversion: Kogan (JAS 2013) parameterization 

RAIN: 



SNOW: 

Grabowski JAS 1998 



Grabowski JAS 1998 



Grabowski JAS 1998 
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Single-moment schemes: 
q – mass mixing ratios  
(3rd moment of particle size 
distribution; PSD) 
 
 
Double-moment schemes: 
q – mass and number mixing 
ratios  
(3rd and 1st moments of PSD) 
 
… 
 



Lin et al. 1983 
Rutledge and Hobbs 1984 



Lin et al. JCAM 1983, Rutledge and Hobbs JAS 1984  

Warm-
rain part 

Ice 
part 

Traditional approach to bulk cloud microphysics 
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The main problem with such an approach to ice microphysics 
parameterization is that the ice scheme should produce 
various types of ice  (cloud ice, snow, graupel) just by the 
physics of particle formation and growth. 
 
 Partitioning ice particles a priori into separate categories 
introduces unphysical “conversion rates” and may involve 
“thresholding behavior” (i.e., model solutions diverge 
depending whether the threshold is reached or not). 
 
Unfortunately, the schemes designed in the 1980ies (with the 
logic taken from the warm rain physics…) are the mainstream 
of ice parameterization methods today… 



Alternative approaches focusing on ice initiation and 
growth: 
 
Koenig and Murray (JAM 1976) and its simplified 
version (Grabowski AR 1999) 
 
Morrison and Grabowski (JAS 2008) and ongoing 
development by Morrison and his colleagues 
(Prediction of bulk ice Particle Properties, P3, scheme) 



mass 
mixing 
ratios 

mass and number 
mixing ratios 



Ice initiation: 
 
Ice A- initial source of ice 
(can be more complicated 
than “sorption nucleation”) 
 
Ice B – collisions between 
drizzle/rain drops and ice 
A 
 
Physics of ice growth is 
the same for A and B:  
 
-  growth by diffusion of 

water vapor (based on 
laboratory experiments) 

-  growth by riming 
(collection of cloud 
droplets and drizzle/rain 
drops by ice crystals) 



Follows the logic of Koenig and Murray 
approach with (some important) differences;  
ice A and B apply prescribed ice distributions 
based on observations in tropical anvils (ice 
A) and an exponential distribution (ice B). 

G99 





See Appendix A in Grabowski 1999 for details of each term formulation. 



Grabowski JAS 1998 

Kinematic 
(prescribed-
flow) model 

G98 
G99 



Grabowski JAS 1998 

G99 



Grabowski JAS 1998 

G98 warm rain 



Grabowski JAS 1998 

G99 

G98 

warm rain 



How to quantify the impact of 
microphysics on cloud dynamics?  



Because of the nonlinear fluid 
dynamics, separating physical impacts 
from the effects of different flow 
realizations (“the butterfly effect”; Ed 
Lorenz) is nontrivial.  

The separation is 
traditionally done by 
performing parallel 
simulations where each 
simulation applies 
modified model physics. 

Evolution of cloud cover in 5 simulations of shallow 
cumulus cloud field. The only difference is in random 
small temperature and moisture perturbations at t=0. 

Grabowski J. Atmos. Sci. 2014 



The novel piggybacking methodology is being applied in modeling studies that investigate the 
impact of cloud microphysics on cloud dynamics, see references below. 
 
Grabowski, W. W., 2014: Extracting microphysical impacts in large-eddy simulations of shallow convection. J. Atmos. Sci. 71, 4493-4499.  
Grabowski, W. W., 2015: Untangling microphysical impacts on deep convection applying a novel modeling methodology. J. Atmos. Sci., 72, 2446-2464. 
Grabowski, W. W., and D. Jarecka, 2015: Modeling condensation in shallow nonprecipitating convection. J. Atmos. Sci., 72, 4661-4679. 
Grabowski, W. W., and H. Morrison, 2016: Untangling microphysical impacts on deep convection applying a novel modeling methodology. Part II: Double-
moment microphysics. J. Atmos. Sci. (in press). 

Novel modeling methodology: the piggybacking 



sensible 

latent 



Grabowski (JAS 2015) simulations: 
 
Extended to 12 hrs 
50 x 50 km2 horizontal domain, 400 m gridlength 
24 km deep domain, 81 levels, stretched grid 
 
1. Contrasting simulations applying different microphysical 
schemes: separating dynamical and microphysical effects. 

2. Contrasting  simulations assuming clean and polluted conditions 
(with droplet concentration of 100/1,000 per cc for pristine/
polluted) and the same microphysical scheme: exploring 
dynamical basis of deep convection invigoration in polluted 
environments. 



 
Two microphysics schemes: 

 Grabowski 1998 (G98) – simple ice: SIM 
 Grabowski 1999 (G99) – more complex ice: IAB 

 
 



qc – cloud condensate 
qp – precipitation 
 
freezing/melting not 
considered: saturation 
adjustment applies always 
latent heat of condensation, 
even at cold temperatures 

qc - cloud water 
qr - rain 
qiA - ice A 
qiB - ice B 
 
freezing/melting included 
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 G99	
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Single-moment bulk schemes with saturation adjustment…  
Warm-rain representation the same in both… 



 
Two microphysics schemes: 

 Grabowski 1998 (G98) – simple ice: SIM 
 Grabowski 1999 (G99) – more complex ice: IAB 

 
 
Two collections of simulations: 
 
C1: 12 piggybacking simulations with SIM and IAB: 
  3 pristine ensemble members for D-SIM/P-IAB and 3 for D-IAB/P-SIM 
  3 polluted ensemble members for D-SIM/P-IAB and 3 for D-IAB/P-SIM 
 
C2: 12 piggybacking simulations with polluted and pristine: 
  3 SIM ensemble members for D100/P1000 and 3 for D1000/P100 
  3 IAB ensemble members for D100/P1000 and 3 for D1000/P100 
 



Example of model 
results: maps of the 
total water path (liquid 
plus ice); 
a single simulations 
from IAB ensemble 

10 hr	



6 hr	



2 hr	



12 hr	



8 hr	



4 hr	



contour interval: 0.1 x maximum	





Example of model 
results: cloud fraction 
profiles from IAB 
ensemble	



pristine	



polluted	





Example of model 
results: cloud fraction 
profiles from IAB 
ensemble	



pristine	



polluted	



Droplet concentration seems to have an insignificant effect…	





Piggybacking with different schemes: D-IAB/P-SIM versus D-SIM/P-IAB	



P-SIM	


D-SIM	



D-IAB	


P-IAB	





Piggybacking with different schemes: D-IAB/P-SIM versus D-SIM/P-IAB	



P-SIM	


D-SIM	



D-IAB	


P-IAB	



IAB produces almost twice as much surface rain as SIM…	





Piggybacking with different schemes: D-IAB/P-SIM versus D-SIM/P-IAB	



P-SIM	


D-SIM	



D-IAB	


P-IAB	



Differences between left and right panel suggest modified 	


dynamics between SIM and IAB driving…  	





SIM	



IAB	



pristine	

 polluted	



Standard deviation between 
3-members of the ensemble	





SIM	



IAB	





SIM	

 IAB	



IAB produces significantly more surface rain than SIM… 	


Pristine simulations still produce more rain…	


Differences (D-P and P-D) are similar (except for the sign)…	



D100	


P1000	

 D1000	



P100	

 P100	


P1000	



D100	



D1000	
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Lin et al. JCAM 1983, Rutledge and Hobbs JAS 1984  

Warm-
rain part 

Ice 
part 

Traditional approach to bulk cloud microphysics 
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Cloud water 
 
Cloud ice 
 
 
Rain 
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Graupel 
(or hail) 



 
 
- 

TRADITIONAL ICE MICROPHYSICS: 
 
          cloud ice:    qi  
                snow:    qs  
  graupel / hail:    qg  



 
 
- 

EXTENDING TRADITIONAL APPROACH TO  
2-MOMENT ICE MICROPHYSICS: 
 
          cloud ice:    qi , Ni 
                snow:    qs , Ns 

  graupel / hail:    qg , Ng 

Is such an approach justified? 



WRF model V3.2 schemes… 



 

       Not really! 
 
The ice scheme should produce various types of ice (cloud 
ice, snow, graupel) just by the physics of particle growth. 
Partitioning ice particles a priori into separate categories 
introduces unphysical “conversion rates” and may involve 
“thresholding behavior” (i.e., model solutions diverge 
depending whether the threshold is reached or not). 

 
 
- 



Number concentration of ice crystals, N 

Mixing ratio of ice mass grown by diffusion of 
water vapor, qdep 

Mixing ratio of ice mass grown by riming 
(accretion of liquid water), qrim 

Morrison and Grabowski  (JAS 2008) 

A two-moment three-variable ice scheme: 







Ice particles assumed to follow gamma 
distribution (3 parameters: No, µ, λ) 

Diagnostic relationship based 
on cloud observations 
(Heymsfield 2003) 

Morrison and Grabowski  (JAS 2008) 



Ice particle mass-dimension (m-D) and 
projected-area-dimension (A-D) 
relationships are based on observed 
characteristics of ice crystals, aggregates, 
and graupel particles (from aircraft and 
ground-based observations). 

Morrison and Grabowski  (JAS 2008) 



Morrison and Grabowski  (JAS 2008) 



Ice crystals/snowflakes grown by diffusion of water vapor and 
aggregation 

Morrison and Grabowski  (JAS 2008) 



Ice crystals/snowflakes grown by diffusion of water vapor/
aggregation and by riming 

Morrison and Grabowski  (JAS 2008) 



Parameterization 
of ice mass 
fallspeed. Note 
gradual increase 
with the rimed 
fraction Fr 

1 g/kg; 3 1/L 

0.1 g/kg; 3 1/L 

Morrison and Grabowski  (JAS 2008) 



Example of the application of the new ice scheme: precipitation 
development in a small convective cloud [2D (x-z) prescribed-flow 
framework with a low-level convergence, upper-level divergence, 
evolving-in-time updraft, and weak vertical shear]  

Morrison and Grabowski  (JAS 2008) 



Example of results: 
evolutions of horizontal 
maximum at each level 

Morrison and Grabowski  (JAS 2008) 



Morrison and Grabowski  (JAS 2008) 







Many tests can be run at a very small cost… 

“thermodynamics” 

“microphysics” 

“dynamics” 





sensible 

latent 



Simulations with double-moment bulk microphysics of Morrison and 
Grabowski (JAS 2007, 2008a,b): 
 

Nc , qc  -  cloud water 
Nr , qr  -  drizzle/rain water 

Ni , qid , qir  -  ice 
 
Important differences from single-moment bulk schemes: 

  
 1. Supersaturation is allowed. 

            2. Ice concentration linked to droplet and drizzle/rain  
 concentrations. 



Simulations with double-moment bulk microphysics of Morrison and 
Grabowski (JAS 2007, 2008a,b): 
 

PRI: pristine case, CCN of 100 per cc 
POL: polluted case, CCN of 1,000 per cc 

 
The same IN for POL and PRI 

 
Piggybacking: D-PRI/P-POL: PRI drives, POL piggybacks 
                        D-POL/P-PRI: POL drives, PRI piggybacks 
 

Five-member ensemble for each 



POL drives, 
PRI piggybacks 

PRI drives,  
POL piggybacks 

   solid lines: driving set  
dashed lines: piggybacking set 



   solid lines: driving set  
dashed lines: piggybacking set 

impact on the cloud dynamics? 



Local supersaturation, QE supersaturation, and activated CCN 

Sqe ~ w τ 
 
τ ~ (Ncrc + Nrrr) -1 



1% supersaturation ≈ 0.1 K density temperature reduction 

Comparing Θd with finite supersaturation with Θd at S=0, Θd
b 

Grabowski and Jarecka ( JAS, 2015) 



Vertical velocity statistics for D-PRI and D-POL at 9 km, 
measure of statistical significance of the D-PRI and D-POL difference 



Vertical velocity statistics for D-PRI and D-POL at 3 km, 
measure of statistical significance of the D-PRI and D-POL difference 



Conclusions for this part: 
 
The piggybacking methodology clarifies the dynamic basis of 
convective invigoration in polluted environments. 
 
 - single-moment bulk schemes: no dynamical effect, 
5-15% more surface rain in pristine cases; 
 
 - double-moment bulk scheme: small modification of the cloud 
dynamics in the warm-rain zone due to differences in the 
supersaturation field, ~10% more rain in polluted cases; significant 
microphysical impact on convective anvils. 
 
Bulk schemes with saturation adjustment are likely inappropriate 
for deep convection. 



Bin ice microphysics? 



Traditional approach to bin cloud microphysics 



Does this approach make sense? 



Does this approach make sense? 

Can the approach applied in the 2-moment 
scheme of Morrison and Grabowski (2008) 
be expanded to the bin ice microphysics? 



Can the approach applied in the 2-moment 
scheme of Morrison and Grabowski (2008) 
be expanded to the bin ice microphysics? 



New trend: Lagrangian treatment of the 
condensed phase:  



Eulerian dynamics, energy and 
water vapor transport: 

Lagrangian physics of “super-
particles” 

a single “super-particle” represents a number of 
the same airborne particles (aerosol, droplet, ice, 
etc.) with given attributes  

Coupling 

mid – mass of the super-particle 
 
Mid – concentration of super-particles 
 
ΔV – volume of the gridbox 

Andrejczuk et al. 2008, 2010  



Why Lagrangian SD approach is appealing?  
 
- no numerical diffusion due to advection;  
 
 - but sampling errors: one needs ~100 particles per gridbox for 
simple problems, many more with a longer list of attributes for 
appropriate sampling of the parameter space; 
 
 - straightforward for condensational growth of cloud  droplets 
(initial sampling of the CCN distribution, growth/activation/
evaporation of aerosol/droplet) – ideal for entrainment/mixing! 
 
 - more complex for collisions (collision of two SDs creates a new 
SD: two methods in the literature to deal with this…); 
 
 - seems ideal to couple with sophisticated subgrid-scale models  
to represent effects of turbulence (e.g., randomly choose 
thermodynamic environment within a gridbox, use LEM 
approach, etc); 
 
- easy representation of ice particle habits and diffusional varsus 
accretional growth. 



Andrejczuk et al. 2010  

CCN of 190 cm-3  

CCN of 1295 cm-3  

9 hr 

3 hr 



Summary of the warm-rain and ice lectures: 
 
A wide range of modeling approaches exists that one can use in 
modeling various aspects of cloud dynamics and microphysics. 
Most of them are within the framework of Eulerian modeling, but 
use of Lagrangian microphysics is rapidly expanding. 
 
The selection of specific method needs to be tailored to the 
specific problem one would like to study. If multiscale dynamics 
(e.g., convectively coupled waves in the Tropics) is the focus, 
application of as simple microphysics as possible makes sense 
(to use the computer time to widen the range of spatial scales). If 
small-scale dynamics–microphysics interactions is the focus, 
more emphasis on microphysics is needed. 
 
The multiscale nature of clouds (the range of spatial scales), 
difficulties of cloud observations (in-situ and remote sensing), 
and increasing appreciation of the role of clouds in weather and 
climate make the cloud physics an appealing area of research. 


