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“Perhaps some day in the dim future it will be 
possible to advance the computations faster than 
the weather advances ... But that is a dream.”

– Lewis Fry Richardson, Weather Prediction by 
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Goals/Motivation
Develop an efficient and observations-based 
bulk microphysical parameterization:

• improves quantitative precipitation forecasts
when compared to similar, existing schemes

• improves forecasts of water phase everywhere
aloft=aircraft icing; surface=FZDZ/RA/SN

• incorporates recent microphysical observations
AIRS / IMPROVE / ICE-L / NASA-SLDRP

• is sufficiently optimized/fast
real-time needs (WRF-Rapid Refresh)

• uses clean, well-documented code
can be modified rapidly to increase complexity and 
perform sensitivity studies



Hydrometeor characteristics
Cloud water

gamma distribution with shape factor 
dependent on droplet concentration
N(D) = N0 Dµ e–λD

does not sediment

“autoconverts” to rain using Berry & 
Reinhardt (1974) formulation with correct 
diameters 

Cloud ice
gamma distribution

pristine (no riming) diameter < 200 µm

initiation temperature-dependent (Cooper)

predicted Ni (2-moment)

slowly sediments (10–30 cm s–1)

Rain
gamma distribution

predicted Nr (2-moment)

accurate fallspeed relation

Snow
sum of 2 gamma distributions 
(Field et al, 2005)

size distribution depends on ice 
content and temperature

non-spherical geometry 
(m = aD2)

variable density (1/D)

Graupel / Hail
gamma distribution

variable y-intercept parameter 
depends on mixing raio (simulate 
both hail and snow-like graupel):

1 x 106 m–4 (graupel)
1 x 104 m–4 (hail)
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New
heterogeneous freezing on dust/
mineral > 0.5 microns

homogeneous freezing of 
deliquesced aerosols following 
Koop et al (2000)

New
explicit CCN from aerosols 
(sulfates + sea salts)

predicted Nc (2-moment)



Snow (details)

Snow density varies 1/D

Temperature = –10oC
Snow content = 0.2 g m–3



Graupel (details)

Riming:Deposition

5 30

%
 P

rg
_
sa

cw


to
 g

ra
u
p
el


5

75

Rimed Snow
converts to graupel more smoothly than other schemes
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Collection equation
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Physical process and code improvements
Property or
source/sink

Deficiency in
prior scheme(s)

Improvement

Cloud water Monodisperse or exponential distribution Generalized gamma with variable shape 
parameter

Rain Single-moment assumes exponential distrib 
with constant y-intercept

Double-moment (warm-rain vs. melted snow/
graupel); improve size-sorting sedimentation

Snow Constant density, spherical snow assumes 
exponential distrib with constant y-intercept

Variable density (based on size) and realistic 
size distributions

Graupel/hail Exponential with constant intercept 
parameter

Variable y-intercept parameter attempts to 
mimic graupel and hail

Autoconversion Simple threshold Follows results of bin model

Collision/collection
Oversimplified with 100% collection 
efficiency and improper mathematical 
simplification of true double-integral

Explicit size-dependent collection efficiency 
and explicit bin-model solution of collection 
equation double-integral

Graupel production Snow riming threshold to create all graupel Snow riming to form graupel is less abrupt, 
more continuous

Sedimentation Melting snow/graupel mathematically 
correct not physically correct

Snow/graupel fall faster as they melt, not 
slower

Saturation adjust Ice nucleation RH(ice)=100% & aggressive 
ice production

Explicit vapor deposition, no auto-adjust & 
much less aggressive ice initiation
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Comparisons to explicit/bin model
Maritime (25 cm–3) Continental (300 cm–3)



Bin vs. bulk rain fallspeeds

Geresdi (bin) Thompson

WSM6 Lin



Bin vs. bulk snow fallspeedsBin vs. bulk snow fallspeeds

Geresdi (bin) Thompson

WSM6 Lin



Bin vs. bulk graupel fallspeeds

Geresdi (bin) Thompson

WSM6 Lin



Tests:  “Hole cloud” simulation



Science magazine, July 2011



Science magazine, July 2011
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Colorado Headwaters project

WRF simulations by Changhai Liu
preliminary analysis by Kyoko Ikeda

• Predict Colorado mountain snowfall and 
resulting stream runoff

• High-resolution, 2 km grid spacing, excellent 
terrain representation, NARR forcing

• Four seasons, 6-month duration:
‣ 01 Nov 2007 – 30 Apr 2008 (above average)
‣ 2005 – 2006 (average year)
‣ 2003 – 2004 (average year)
‣ 2001 – 2002 (below average)

• Verified against SNOTEL observations

• Sensitivity experiments:
‣ 2oC warmer & constant RH (2005–2006)
‣ CCSM year 2050
‣ microphysics: Thompson et al, 2008 vs. other

• Extended 8-year run @4km spacing
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8 year WRF simulation vs. Obs.



Microphysics sensitivity



Resolution sensitivity
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Forecasting convection

Thompson Milbrandt & Yau Observations

Morrison WDM6 Observations

NSSL Spring Experiment Program - 25 members mostly WRF (4-km)
• Thompson, Morrison, Milbrandt & Yau, WDM6 microphysics comparison
• Other ensemble members (PBL, initialization data, WRF_NMM, etc.)



Forecasting convection
Microphysics comparison, reflectivity histograms:
• Nearly same pattern seen all season long

Thompson
(with 4 different
PBL schemes)

Milbrandt & Yau

Observations

WDM6

Morrison

Comments:
•Observations expected too few high values 
due to resampling

•Milbrandt & Yau believed to have too frequent 
very high dBZ

•Strange plateau seen 39-43dBZ in Thompson, 
also not enough highest dBZ

•WDM6 almost always too low dBZ

Comment:
•Pleim/Xu PBL scheme is outlier



Forecasting convection

Thompson Milbrandt & Yau Observations

Morrison WDM6 Observations

Microphysics comparison, synthetic IR satellite:
• Nearly same pattern seen all season long

Comments:
•Milbrandt & Yau too much high cloud ice
•WDM6 - low bias of high cloud
•Thompson, Morrison similar, but more upper-
level cloud ice in Morrison
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Icing - comparison to pilot reports
 Objectives
•Can the model explicitly predict icing?
•Does model LWC and/or MVD correlate with icing PIREP severity?

Data
•8.25 years WRF model simulations
•01 Oct 2000 – 31 Dec 2008
•Very high resolution but limited region
•Corresponding icing PIREPs
for each PIREP, retrieve 36 neighboring
WRF grid cells (3 rings, approx 20km region)
match vertical level plus one WRF model level below
match to nearest hour WRF time
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Comment:
•constant droplet concentration 
(100 per cc)



Icing - comparison to pilot reports

Trace Light Moderate Severe All

237 / 422 2211 / 4303 1491 / 2611 64 / 94 3998 / 7430

55% 51% 57% 68% 54%

Reference: Wolff and McDonough, 2010

Probability of Detection

A significant increase over prior RUC & Rapid Refresh results 
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Icing - ground icing case (Finland)

Courtesy of Bjorn Egil Nygaard

Predicted v. observed liquid water content Mean absolute error, different microphys.



Summary

• Numerous updates/improvements from “legacy” Lin, Farley, Orville (1983) 
scheme(s) that keep getting duplicated

• Well-tested, flexible, documented code

• Many applications: QPF, icing, winter weather, summer convection

• First steps of aerosol-cloud-precipitation feedbacks

✦ initial indications are successful - primary effects working



NWP road ahead:  mostly sunny or partly cloudy?



NWP road ahead:  mostly sunny or partly cloudy?

Thank you!!
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