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Colorado Headwaters simulations of 

snowfall (2 km resolution)
Full Domain

Sub-domain



Nov. 2007-May 2008

Monthly Sim. Period

November December January February March April 11/1-5/1

Difference in accumulative 

precipitation between WRF 

and OBS (WRF-SNOTEL)

Mean of 4-grid points -1.70 7.10 23.43 -1.44 4.24 -18.32 14.76

Inverse distance weighted 

mean of 4-grid points 
-1.66 7.48 23.90 -1.15 4.29 -18.27 16.16

Absolute difference in 

accumulative precipitation 

between WRF and OBS 

(WRF-SNOTEL)

Mean of 4-grid points 6.82 27.54 30.43 21.57 16.11 21.75 88.95

Inverse distance weighted 

mean of 4-grid points 
6.82 27.39 30.26 21.51 16.03 21.72 87.67

Full Water Year Simulation



Total Precipitation: January 2008

(mm)

WRF simulation SNOTEL observations



TTƐƐMESMESTTƐƐMESMES

ESSL

4-Year Comparison between average SNOTEL 

and PRISM observations and WRF Simulations

NOV DEC JAN FEB MAR APR 6-mo.

2001-2002 13.7 -1.1 17.8 12.0 11.4 34.4 13.4

2003-2004 17.4 4.5 3.5 10.3 -3.7 8.2 8.4

2005-2006 -15.1 6.6 20.4 1.9 37.3 39.7 15.1

2007-2008 7.8 5.2 15.0 -1.6 6.1 -24.8 2.7

Percent Difference : (model ïobs)/obs



CO Headwaters: microphysics sensitivity



The next frontier: ñaerosol impactsò

The bulk scheme now appears to match observations relatively well, so 

we proceed on a ñjourney to aerosol impactsò

Crawl:

Constant cloud droplet number that influences precipitation

Ice formation depends on temperature and/or ice supersaturation (not 

aerosols)

Walk:

Creating ice and droplet number based on simple, but realistic aerosols

Run:

Full integration with WRF-Chemand multiple aerosol species



Ship tracks: spectacular 

example of indirect effects 

caused by ship exhausts 

acting as CCN

(long-lasting, feedback on 

cloud dynamics?) 



IPCC 2008

Aerosol Direct and Indirect Effects on Clouds , Precipitation and Raddiation



Introduction

ÅObservations showed that aerosol 
chemical and hygroscopic features 
are modified by clouds.

ÅCloud-processed aerosol particles 
affect the radiation.

ÅCloud-processed aerosol particles 
impact secondary cloud/precipitation 
development.

ÅNumerical representation of the 
cloud processing of aerosol particles 
is difficult.

Those aerosol particles forming cloud droplets

are called Cloud Condentation Nuclei (CCN)



Model. . .
END

Curvature and solute effects 
are considered in diffusional 
growth.

Geresdiand Rasmussen, 2005, JAS









Typical Aerosol Size Distributions

Maritime, 
remote 
continental 
and urban 
backgrounds

Internal 
mixture of 
(NH4)2SO4

and SiO2







Liquid microphysics ïKessler (1969)

ÅSeparate liquid into cloud water and rain

N(D)

N(D)

N(D)

Droplet mass distribution 

evolution during rain 

formation using a detailed bin 

model.

Grabowski and Wang 2009

Time



Aerosol lognormal size 

distribution

Integration of Aerosols into WRF Microphysics
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Motivation for the Use of Lookup Tables

Could use: 

NCCN = aSb

Å Supersaturation difficult to accurately estimate in bulk 

model simulations

Å Does not explicitly account for aerosol concentration

Å Parcel model simulations easy to run with bin microphysics 

and create look up table

Å Vertical velocity now the most important model calculated 

variable that needs to be estimated accurately 
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Two-moment cloud water number sources/sinks currently 

being implemented in the Thompson et al. Scheme

ñAutoconversionò (collision/coalescence to form rain)

number loss calculated from a characteristic diameter

Freezing into cloud ice

consistent with mass ïvolume/temp dependence from Bigg, 1953

number from lookup table created using 5 to 3000 droplets per cm3

Collection by rain, snow, graupel (accretion)

proper collection equation for number done similar to mass including variable collection efficiency

Evaporation/Condensation

number evaporated determined from all drops small enough to evapin single timestep(lookup table)

condensation  on aerosols  the main source of cloud droplets.  Next Thompson scheme  update uses 

parcel model lookup table to calculate the cloud droplet number concentration depending on updraft 

speed,  aerosol concentration, temperature, mean aerosol size, and hygroscopicity

Sedimentation of mass and number

only lowest 500 m (for fog applications)

Aerosol number sink:

Impaction scavenging by rain/snow/graupel and Brownian diffusion capture by cloud 

droplets neglected, but coming soon.



Aerosols in Thompson microphysics scheme:

Droplet activation

ω GOCART 2.5o (lon) x 2.0o (lat) global monthly avg data, 20 sigma levels 

ω Will update to 1.5o (lon) x 1.0o (lat) 



Sulfates:
Mass content in 6 size bins provided

Converted to number concentration per kg

Sea salts:
Mass content in 4 size bins provided

Converted to number concentration per kg

Currently added to sulfates, not treated separately

Dust:
Mass content in 7 size bins provided

Converted to number concentration per kg

We use an external WRF-Chem program (mozbc) to modify wrfinput_dn and 

wrfbdy files

We increase aerosols at WRF-designated ñurbanò  land use by factor of 10 

at lowest level decreasing exponentially to 1 km AGL.

Input Aerosols: Sulfates and Sea salt



Sample columns of aerosol: ocean, rural, urban

KLA

X

ocean rural

KPDX



Droplet activation look-up tableDroplet activation

Na (cm-3) w (m/s) T ( oC) k r (ɛm)

10 0.01 ī30 0.2 0.01

31.6 0.0316 ī20 0.4 0.02

100 0.1 ī10 0.6 0.04

316 0.316 0 0.8 0.08

1000 1 10 0.16

3160 3.16 20

10000 10 30

31.6

100

Look-up table of fraction of activated aerosols created using 

parcel model of Feingold and Heymsfield, 1992 and changes 

by T. Eidhammer & S. Kreidenweis

Look-up table of activated fraction of 

aerosols created using parcel model by 

Feingold and Heymsfield (1992) and 

changes by T. Eidhammer & 

S. Kreidenweis

1) aerosol concentration

2) updraft velocity

3) temperature

4) hygroscopicity (kappa)

5) aerosol mean radius

6) Standard deviation of 

size distribution

7) Condensation 

coefficient



Droplet activation look-up table
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Radius (um)

Na (cm-3) w (m/s) T ( oC) k r (ɛm)

10 0.01 ī30 0.2 0.01

31.6 0.0316 ī20 0.4 0.02

100 0.1 ī10 0.6 0.04

316 0.316 0 0.8 0.08

1000 1 10 0.16

3160 3.16 20

10000 10 30

31.6

100



Prelim Results: 2001Dec13 (IMPROVE-2)

High-res (9, 3, 1-km spacing), 71 levels, 36-hour forecast

Constant cloud droplet concentration (1-moment cloud): Nc=750 & 25 cm-3

Low (control) versus high (polluted) variable aerosols (w/ 2-moment cloud)

Domain1: 9-km spacing (435x330)

Domain2: 3-km spacing (331x271)

Domain3: 1-km spacing (343x343)



Constant cloud droplet concentration (1-moment cloud): Nc=750 & 25 cm-3

30-hour precip accumulation (mm) and difference (clean minus polluted)

Prelim Results: 2001Dec13 (IMPROVE-2)



Variable droplet concentration from aerosols

30-hour precip accumulation (mm) and difference (clean minus polluted)

Prelim Results: 2001Dec13 (IMPROVE-2)


