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Development of physics algorithms 

 Theoretical development (concept ) : Step 1
- Systematic deficiency
- LES study/ theory
- Numerical discretization
- Idealized experimentsp

 Balance with nature (module) : Step 2
R l i t- Real case experiments

- Process study
- Refinement/reformulation 

 Evaluation at real-time testbed (package) : Step 3
Sh t f t- Short-range forecast

- Medium-range forecast
- Long-range forecast



Local (Louis 1979) vs. non-local (Troen and Mahrt 1986)

LocalLocal

Non-Non
Local



Local vs. non-local (Hong and Pan 1996) : Step 1 and 2

b is critical, 
but Ribcr isbut Ribcr is 
little sensitive
counter-
gradient termgradient term 
is crucial
 consistent 
with previous p
PBL studies



Step 2: Heavy rain case (Hong and Pan 1996)

LD OBS ND



Step 3: Parallel run (Hong and Pan 1996)

ND improves both ETS and bias 

ETS

p
scores for parallel run for the 
month of August 1995

The MRF PBL (non-local diffusion)
Bias became operational since October 

1995



PBL and precipitation interaction (Hong and Pan 1996)PBL and precipitation interaction (Hong and Pan 1996)

In contrast to the dry case the resulting rainfall is significantlyIn contrast to the dry case, the resulting rainfall is significantly 
affected by the critical Ri, which is due to the fact that the 
simulated precipitation is more sensitive to the boundary layer 
structure when the PBL collapses than when it developsstructure when the PBL collapses than when it develops. 

PBL determines the location of convective overturning, which 
further affects the grid-scale large-scale rainfall downstream

Overall, the increase of Ri_cr reduces the weak precipitation 
and increases heavy precipitation



The MRFPBL (Hong and Pan 1996)

Known problems and  analysis of Stevens (2000)

Based on the Troen and Mahrt (1986)

Explicit representation of the entrainment process

Based on Noh et al. (2003)

Improvement of the K-profile model 

for the PLANETARY BOUNDARY LAYER

Too much mixing when wind is strong

Too early development of PBL for the PLANETARY BOUNDARY LAYER

based on LARGE EDDY SIMULATION DATA

`Y. Noh*, W.G. Cheon and S.Y. Hong

S. Raasch

Too early development of PBL 

Too deep and dry moisture in PBL

Too high PBL height
Step 1: 
Systematic 
deficiencydeficiency

Step 1:
LES study

YSUPBL (Hong et al. 2006)



YSUPBL YSUPBL -- developmentdevelopment
To formulate a theory 

(LES a new conceptual model)
To formulate a theory 

(LES a new conceptual model)
2000.9-
2001.3 ( p )( p )

To develop a new numerical schemeTo develop a new numerical scheme

00 3

2001 3

Step1
p

(PDE  FDE)
p

(PDE  FDE)
2001.3-
2002.7

To  evaluate the scheme and balance with nature
(A new package)

To  evaluate the scheme and balance with nature
(A new package)2002.9-

2003.6

To revised the scheme based on the various evaluations 
(A revised new package)

To revised the scheme based on the various evaluations 
(A revised new package)

2003.7-
2004.2

Step2
Step3 2004.2

Further revisions
(A finalized new package)

Further revisions
(A finalized new package)2006 2

Step3

(A finalized new package)(A finalized new package)2006.2



Step 1: Generalization and reformulation ofStep 1: Generalization and reformulation of 
the explicit entrainment (N2003)
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- Alleviate resolution dependency (staggered)

- Inclusion of moisture, tracers, and hydrometeors

- Conservation of fluxes

- Matching with free convection diffusion



M d l t : BAMEX 2002M d l t : BAMEX 2002

( )

Model setup : BAMEX 2002Model setup : BAMEX 2002

• Cold front (10-11 Nov 2002 )

• 4 km grid (cloud-resolving)

• YSU PBL compared to MRF PBL• YSU PBL compared to MRF PBL

• WSM6 microphysics

• NOAH land surface 

• No cumulus parameterization scheme

Initial time : 12Z 10 November 2002

Initial and boundary data : EDAS analyses 

Focus : Precipitation response due to the differences

in YSU and MRF PBL



Sounding profile at 18Z in the pre-frontal regions
(near Nashville Tennessee)

YSU MRFOBSYSU OBS

H(870mb) H(865mb) H(720mb)

Warmer & drierCooler & moister

H(870mb)

• PBL structure is better reproduced by YSU than MRF in the 
pre-frontal region  Improved the inversion above hp g p



AMaximum radar reflectivity (dBz)

YSU MRF OBS

18Z 
10

Frontal region

10
Noon

Pre-frontal region

00Z 
11
Even
ing



Time series of domain averaged precipitationTime series of domain averaged precipitation

Pre-frontal region Frontal region

OBS
YSUYSU

MRF

• Why precipitation with the YSU is better than with MRF PBL ?

See Hong et al. (2006)



RemarksRemarks

Impact of PBL on precipitation processes is intimately related with not        
only the onset of convection, but also the type of convection 

( shallow vs deep ; local vs synoptic forcing)( shallow vs. deep ; local vs. synoptic forcing)

The environmental structure in the lower troposphere indirectly affects    
the intensity of precipitating convection

(dry PBL enhances the evaporation of falling hydrometeors, which        
results in the weakening of surface precipitation and storm intensity)



St bl b d l i i i ti lStable boundary layer mixing in a vertical 
diffusion package



Step 1 : Systematic deficiency

• YSU underestimates the chemical species in

Step 1 : Systematic deficiency

YSU underestimates the chemical species in 
stable conditions ( over water)
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Stable BL in YSU PBL (WRF 2.2) : Local approach
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May be inappropriate



Step 1 : Systematic deficiency

Dear Dr. Hong,

Step 1 : Systematic deficiency

This is Fred. I started to use the fully coupled chemistry
within the WRF (WRF/Chem) since I came to Los Alamos to examine 
hthe

transport and transformation of gaseous and particulate pollutions
emitted by megacities such as Mexico City on local and regional

l O thi I h ti d i th t th t l PBL h i ht iscales. One thing I have noticed is that the nocturnal PBL heights in
WRF using YSU scheme are nearly constant between 0 and 20 meters.
Lidar data from the recent Mexico City field campaign reveal
nocturnal PBL heights actually vary between 20 and 500 meters withnocturnal PBL heights actually vary between 20 and 500 meters with
strong winds corresponding to large PBL heights. I just attended a
workshop in Boulder related with the Mexico City field campaign in
which many people expressed their concerns for the nearly constantwhich many people expressed their concerns for the nearly constant
PBL heights in WRF since realistic PBL heights are important for
capturing the transport of chemical species.



Step 1 : Systematic deficiencyp y y

Cold and wet biases



Step 1 : Form a new conceptp p

Vickers and Mahrt (2004, BLM, 1736-1749)
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Step 1 : Design a new algorithm

Bulk Ri number approach
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Over water  
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Step 1 : Idealized case
One-d test : dz = 25 m, sunset = 18 h

PBL Theta (STBL-CNTL)PBL Theta (STBL-CNTL)

CNTL
STBL Cooler & moister

Warmer & dryer



Step 2: Real case – Validation with IOP

Black : OBS
Blue : old_STBL
Red : New_STBL

Kim et al. (2008)
WRF workshopWRF workshop



Step 2: Real case-3D

CNTL : Ribcr = 0 (local Ri dependent mixing),  WRF 2.2
STBL  : Ribcr > 0 (parabolic shape diffusivity), WRF 3.0

Offline test : idealized surface flux forcing
WRF : Cloud resolving resolution (4km)
RSM : Regional climate simulation (50km)
GSM : Seasonal simulation (T62 ~ 200 km)



RCM simulation in July 2006: RSM 50 km
Step 2: Interaction with precipitation – regional 
RCM simulation in July 2006:  RSM 50 km

OBS (TRMM) STBLCNTL (PC = 0.47) (PC = 0.57)

850 hPa WP (STBL) STBL-CNTL

Nighttime rainfall is 
h d

STBL CNTL

enhanced
Oceanic rainfall is 
enhanced

Hong ( 2010 QJRMS) 



Step 2: Interaction with other physicsStep 2: Interaction with other physics

Seasonal simulation (T62; about 200 km) 

M d l GRIM 2 (Gl b l/R i l I d M d l )Model : GRIMs-v2 (Global/Regional Integrated Model system)

Period : 1996. 5 – 8 (JJA), 1996.11-1997. 2 (DJF)

Ensemble : 5 members

Experiments: CNTL : Hong et al. 2006

STBL  : Hong 2010 (enhanced mixing)



S l i l ti f JJA 1996 ( i f ll)
Step 2: Interaction with other physics

cmap

Seasonal simulation for JJA 1996 (rainfall)

CNTL

Scheme is stable !!!
Skill is comparable

STBL stable - cntl

Skill is comparable



Zonal averaged zonal wind (96/97 DJF) :
Step 2: Harmony

 RA2
Zonal-averaged zonal wind (96/97 DJF) : 

 GWD-KA

Contour : Zonal averaged  
zonal wind

Shaded: Deviations from 
h RA2the RA2

 NOGWD  GWD-KA-STBL

Kim and Arakawa  
Improves upper level jets
Improves the sea level 
pressurepressure

(Kim and Hong, 
GR-letter, June 2009 )



Step 3: A statistical evaluation – July 2006

T-bias T-RMSE Solid  : CNTL-OBS
Dashed: STBL-OBS

Cold start run : 00 UTC  48 
hr forecasts ( 31 cases)
Cold start run : 00 UTC  48 
hr forecasts ( 31 cases)hr forecasts ( 31 cases)

WRF , 50 km over East Asia

OBS : Radiosonde data

hr forecasts ( 31 cases)

WRF , 50 km over East Asia

OBS : Radiosonde dataOBS :  Radiosonde data

(grey : 12 UTC, black : 00 UTC) 

OBS :  Radiosonde data

(grey : 12 UTC, black : 00 UTC) 

q-bias q-RMSE

30Hong 2010
(QJRMS, in press)



Step 3: Medium-range forecast : December 2006Step 3: Medium-range forecast : December 2006
( 10 day run every 00, 12 UTC ) 

SLP RMSE 500 GH ACSLP RMSE 500 GH AC

CNTL+KAGWD

STBL+KAGWD Hong et al. 2008
(Wea Forecasting )



YSU PBL finished ???

An apparent systematic bias : appa e t syste at c b as
Too strong surface wind in nighttime



AFWA : WRF 6Z Run, 24 Hour Fcst (mid night)
Wind Speed >= 10kts



Stable mixing in nighttime

Collaboration with Peggy LemoneCo abo at o t eggy e o e

: Ws = u*/phim, phim= (1+5z/L)



YSU PBL revisions : from V3.3 (2011 ) to v 3.4.1 (2012)

WRF 3.3



Development strategy

Physically based

Simplicity

Physically based

Harmony



“Gray zone” in modeling turbulent PBLs
(see Hong and Dudhia 2012, BAMS for review)

RS SGS

“∆x ~ l”
“Gray zone” of a physical process
a range of model resolution
the process is partly resolved by modelthe process is partly resolved by model 
dynamics
and partly subgrid

κ∆x

l/ 1l/ 1l/∆ 1l/∆ 1

l
~ O(1km) in CBL

κ∆x
∆x >> l ∆x << l

l/∆x >> 1
(∆ in the inertial subrange)

• resolving: large eddies
Two broad classes 

of methods

l/∆x ~ 1

none of two are valid
“T i it ”

l/∆x << 1

• resolving: mean flows

l/∆x << 1

• resolving: large eddies
• parameterizing: 

small eddies

of methods
for modeling 

turbulent PBLs

“Terra incognita”
(Wyngaard 2004)

“Gray zone”

• resolving: mean flows
• parameterizing: 
all the turbulence

(domain sizes over 1 km)
• Resolved fields: laminar

• Parameterization:
one-dimensional

transition to turbulence

three-dimensional

turbulent

three-dimensional

“3DLES”“1DPBL”



3-km heavy rainfall simulation 
OBS Without CPS With CPS

No-CPS run looks better, but on the other hand we may say that 
the current-state of CPS cannot handle the grey-zone physics



0.75 km heavy rainfall simulation 

OBS With PBL scheme Without PBL scheme

A th i lik i iti l diti h ld i t i thi l tiAnother issue like initial condition should exist in this resolution, 
but we may say that column turbulence physics do not work 
properly in this resolution  



Derivation of TKE from the YSU PBL Parameterization 
(Shin, Hong, Noh, and Dudhia 2013, JAS, in press)

TKE equation
dissipation

(Shin, Hong, Noh, and Dudhia 2013, JAS, in press)

1e u v gw e w p u w v w w
t z z z

 
 

                             
transport shear production buoyant production

p
(DIS)

transport
(TR)

shear production
(SP)

buoyant production 
(BP)

31
h

e zw e w p K w e               TR consistent with the YSU PBL algorithmhe ew e w p K w e
z h




        
TR consistent with the YSU PBL algorithm
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  Therry and Lacarrère (1983)
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for neutral BLs Mellor and Yamada (1982)

by matching Kprof,CBL and KMY,NBL
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for convective BLs Nakanishi (2001)



TKE profiles with hθ profiles with h

Derivation of TKE from the YSU PBL Parameterization 
(Shin, Hong, Noh, and Dudhia 2013, JAS, in press)

TKE profiles with h

CTL

θ profiles with h

Experiments
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Experiments

1 0

1 1 1     
KPl C kz l


 



Local timeLocal time

ML2

ML3

1 0

2 0

1 1 1            

1 1 1 1

KP

l
l kz l




 



  
Derived TKE matches well with 

mixed-layer development.

ML3
3 0

    
S Bl l l l

  


/h Length scale (l) ↑

z/

DIS → TKE dissipation (∝1/l) ↓
→ TKE ↑

TKE/w
*
2l (m)



Analysis on Resolved and Parameterized Vertical Transport in Convective 

Boundary Layers at Gray-Zone Resolution

Hyeyum Hailey Shin and Song-You Hong

(under review in J. Atmos. Sci.)





Testbeds for WRF/MPAS physics modules 
written by myself






