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Motivations
DJF MAM

2009 AQS PM2.5

Recurrent cold weather PM2.5 
episodes greatly influence 
regional air quality. 

DJF MAM

Similarities to California’s Central 
Valley (Pun and Seigneur 1999; 
McMurry  Shepherd et al  2004)  McMurry, Shepherd et al. 2004), 
Northwestern Europe and the Po 
Valley of Italy (Schaap, van Loon 
et al  2004; Putaud  Van 

JJA SON

et al. 2004; Putaud, Van 
Dingenen et al. 2010).  

Limited process studies to date  Limited process studies to date  
- Basic conceptual model from LADCO (2009):

Episodes tightly coupled with meteorological conditions

A i   it t   i    l  f ti   f th  PM  d i   i d  (Ch    

2

- Ammonium nitrate comprises a large fraction of the PM2.5 during episodes (Chu 2004; 
McMurry et al. 2004; Blanchard & Tanenbaum 2008; Klatzman et al. 2009; LADCO 2009; 
Pitchford et al. 2009)
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1 km SNODAS snow melt strongly 
l d  i h PM   i d  i icorrelated with PM2.5 episode intensity





Daily meteorology
Temperature (ºC) Wind Direction (degrees)

Relative Humidity (%) Wind Speed (m/s)



Performance statistics by episode

J-I J-II J-III J-IV J-V F-I F-II F-III F-IV M-I M-II M-III M-IV M-V
Temperature Observed -3.6 -4.0 -8.2 -4.8 -13.0 -11.7 -1.0 2.3 2.9 2.8 7.0 4.5 10.3 7.1

WRF -5.0 -5.2 -9.3 -7.5 -14.0 -12.1 -5.6 -3.5 -0.1 -0.3 2.0 0.9 0.0 4.2
Bias -1.4 -1.1 -1.1 -2.7 -1.0 -0.4 -4.6 -5.8 -3.1 -3.1 -5.0 -3.7 -10.3 -2.9
RMSE 3 9 1 7 1 5 3 1 1 3 1 0 6 3 6 9 3 2 5 1 6 2 6 3 10 3 6 2

Milwaukee

RMSE 3.9 1.7 1.5 3.1 1.3 1.0 6.3 6.9 3.2 5.1 6.2 6.3 10.3 6.2
Wind Direction Observed 229.8 284.9 247.2 234.7 293.2 318.6 178.8 207.1 179.2 179.5 180.8 163.3 192.7 178.9

WRF 234.2 281.7 238.0 238.4 293.8 309.4 185.8 212.1 163.4 186.5 207.3 175.8 187.8 177.7
Bias 4.40 -3.27 -9.23 3.74 0.56 -9.20 7.08 4.95 -15.80 6.96 26.55 12.46 -4.84 -1.22
RMSE 71.8 7.5 44.0 34.7 46.6 10.9 20.4 23.3 16.1 65.3 106.7 27.8 16.6 107.5

Wind Speed Observed 3.1 3.8 2.2 2.0 1.5 2.6 2.4 2.4 2.8 2.7 2.3 1.4 2.0 2.1
WRF 4.2 4.5 2.6 3.3 1.8 2.9 3.3 3.4 3.3 4.2 3.4 2.5 2.8 2.8
Bias 1.1 0.7 0.5 1.3 0.3 0.2 0.9 1.0 0.5 1.6 1.0 1.1 0.8 0.7
RMSE 1.7 0.9 0.8 1.4 0.4 0.4 1.2 1.3 0.8 2.0 1.6 1.3 0.8 0.9

RH Observed 62.6 73.1 78.8 77.0 48.7 67.2 76.0 76.1 74.5 70.3 79.2 58.9 66.1 57.9
WRF 75 9 89 1 90 1 90 1 57 8 85 4 80 1 85 1 88 9 79 0 88 8 72 5 98 4 72 2WRF 75.9 89.1 90.1 90.1 57.8 85.4 80.1 85.1 88.9 79.0 88.8 72.5 98.4 72.2
Bias 13.3 16.0 11.3 13.1 9.1 18.2 4.2 9.0 14.4 8.7 9.6 13.6 32.2 14.3
RMSE 20.3 16.8 11.9 14.8 12.7 18.6 13.6 15.8 16.1 15.8 16.4 21.0 32.3 22.5

PM2.5 Observed 13.1 33.6 36.1 50.3 28.9 31.4 37.6 35.4 30.3 31.3 33.8 35.5 31.6 29.4
CMAQ 16.6 30.7 29.2 24.8 38.8 31.2 36.4 25.6 27.5 25.9 22.5 38.4 19.6 28.3
Bias 3.5 -2.9 -6.8 -25.5 9.9 -0.2 -1.2 -9.8 -2.8 -6.2 -11.3 2.9 -12.0 -1.1
RMSE 9.5 11.0 7.9 27.0 11.6 5.3 11.4 17.8 5.4 16.9 16.8 9.9 12.7 13.4

Nitrate Observed 1.6 - 5.7 6.6 2.8 3.0 3.8 4.8 3.5 3.5 3.5 2.8 4.5 2.8
CMAQ 1 3 1 3 2 7 4 1 0 9 0 8 3 0 2 0 2 9 2 6 2 5 1 7 3 2 2 3CMAQ 1.3 1.3 2.7 4.1 0.9 0.8 3.0 2.0 2.9 2.6 2.5 1.7 3.2 2.3
Bias -0.2 - -2.3 -2.4 -1.9 -2.2 -0.7 -2.8 -0.6 -0.9 0.2 -1.1 -1.4 -0.5
RMSE 1.2 - 5.6 3.6 2.0 2.2 1.6 2.9 0.6 1.1 0.8 1.3 1.4 0.6

Ammonium Observed 3.0 14.3 - 19.3 10.7 12.1 10.9 11.1 8.8 9.4 5.9 11.8 6.0 8.2
CMAQ 3.5 11.2 7.3 6.0 10.4 8.9 9.6 5.8 6.0 5.6 4.1 14.3 4.6 6.8
Bias 0.4 -4.2 - -13.3 -0.3 -3.2 -1.5 -5.3 -2.8 -3.9 0.1 2.4 -1.4 -1.7
RMSE 2.3 4.4 - 14.2 0.9 4.0 4.0 7.9 3.0 6.2 3.8 4.6 1.6 3.9

Sulfate Observed 1.6 6.2 - 7.4 3.7 3.9 4.3 5.1 4.3 4.2 4.1 4.5 3.7 3.5
CMAQ 1.5 3.7 3.1 3.2 3.4 2.9 3.7 2.5 2.9 2.7 2.0 4.8 2.6 3.2
Bias -0.1 -2.5 - -4.2 -0.3 -1.0 -0.6 -2.6 -1.4 -1.6 -1.6 0.3 -1.1 -0.5
RMSE 0 9 2 7 - 4 5 0 5 1 4 1 3 3 4 1 5 2 3 2 5 1 4 1 1 1 7RMSE 0.9 2.7 4.5 0.5 1.4 1.3 3.4 1.5 2.3 2.5 1.4 1.1 1.7

EC Observed 0.3 0.7 0.4 4.0 - 0.6 0.8 0.5 - 0.5 0.5 0.8 0.6 -
CMAQ 0.7 1.0 1.2 0.7 1.7 1.3 1.6 0.9 0.8 1.2 0.8 1.4 0.7 1.1
Bias 0.3 0.3 0.6 -3.2 - 0.6 0.9 0.5 - 0.3 0.5 0.5 0.1 -
RMSE 0.6 0.6 0.7 3.2 - 0.6 1.4 1.0 - 0.4 0.7 0.6 0.2 -

OC Observed 3.3 3.4 3.1 - - 4.7 5.9 3.6 - 7.8 4.1 5.1 6.3 -
CMAQ 1.7 2.8 2.8 2.1 5.2 3.8 4.1 2.4 2.6 2.9 2.0 3.3 1.6 2.8
Bias -1.7 -0.6 -0.7 - - -0.9 -1.2 -1.0 - -5.3 -1.6 -1.0 -4.7 -
RMSE 2.5 1.6 0.7 - - 1.0 2.0 2.1 - 5.4 2.3 1.8 4.8 -

Suggests a correlation matrix…



Focus on fog & snow cover
RH the strongest predictor of episode intensity &model skillRH the strongest predictor of episode intensity &model skill

Highest R2 Explained by
PM2.5 Observed 23% RH Obs

CMAQ 29% RH WRF
Bias 53% RH WRF
RMSE 43% WS Bias

Nitrate Observed 40% RH Obs
CMAQ 36% WD WRF

✔
✔
✔

✔

✓

CMAQ 36% WD WRF
Bias 40% T WRF
RMSE 35% T WRF

Ammonium Observed 23% WD RMSE
CMAQ 19% WD RMSE
Bias 25% RH Obs ✔

✓RMSE 27% WS Bias, RH Obs
Sulfate Observed 25% RH obs

CMAQ 18% WD RMSE
Bias 45% RH Obs
RMSE 45% RH Obs

EC Ob d 9% WS Bi

✔
✔

✔
✔

EC Observed 9% WS Bias
CMAQ 44% RH WRF
Bias 13% WS Bias
RMSE 18% RH Obs

OC Observed 28% WD WRF
CMAQ 46% RH WRF

✔

✔

✔CMAQ 46% RH WRF
Bias 25% - 31% 5 variables
RMSE 40% - 45% 3 variables

✔
✔
✔



Multiple WRF settings
to identify the role of snowto identify the role of snow

RPO 2007/2008 SIP configuration with NARR 
analysis nudging

Snow cover included as base case — too persistent

Test without snow coverTest without snow cover

WI DNR WRF – identical physics & dynamics, but 
5‐day restarts from NCAR FNL analysis  Snow still 5 day restarts from NCAR FNL analysis. Snow still 
too persistent.



Meteorology evaluation:
Milwaukee

S     ff i l   d  bi  d i   ll i  Snow cover effectively reduces bias during pollution 
events, but only slightly improves RMSE or R2



Meteorology evaluation:
M illMayville

Snow cover improves performance over Mayville during Snow cover improves performance over Mayville during 
episodes more than under normal conditions



Comparison at WNS Sitesp
Milwaukee Mayville

• Snow more important for simulating concentrations 
during Mayville episodes, Milwaukee during non‐episodesg y p , g p

• Neither WRF simulation definitively better 



Aerosol mass & composition
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Milwaukee Hourly PM2.5

Snow cover degrades 
performance during cold performance during cold 
periods in January, but 
then leads to stronger late 
season episodes



Mayville Hourly PM2.5

Nearly all episodes 
simulated, with few 
f l   lfalse alarms

Observations often 
fall between the two fall between the two 
simulations



PBL dynamics are crucial to model skill

20

30

40  
Jan
Feb
Mar

1.5

2

2.5

g)

 
Jan
Feb
Mar

as s

-10

0

10

PM
2.

5 
bi

as

0

0.5

1

EC
 b

ia
s 

(2
4 

hr
 a

vg

P
M
2.
5 
bi
a

EC
 b
ia
s

40

0 500 1000 1500 2000 2500 3000 3500
-30

-20

 0 500 1000 1500 2000 2500 3000 3500
-0.5

0

 

WRF PBLH (m)WRF PBLH (m)

10

20

30

40

as

Jan
Feb
Mar Shallow model mixed layer and 

low bias in wind speed drive 
overprediction in primary &  b

ia
s

-20

-10

0PM
2.

5 
bi overprediction in primary & 

secondary PM2.5 concentrations 
during wintertime fine particle 
events  RH bias also a factor

P
M
2.
5

-1 0 1 2 3 4 5 6
-30

wind speed bias (m/s)

 
events. RH bias also a factor.

Wind speed bias (m/s)



Regional Average ConcentrationsRegional Average Concentrations

• WRF + CMAQ + LADCO inventory + 36 km BCs perform as 
e pected for secondar  inorganics and total PMexpected for secondary inorganics and total PM2.5

• Regional daily R2 for No Snow >2x Base
• No obvious winner at individual sitesNo obvious winner at individual sites



Midwest average PM2 5 @ STN sitesg 2.5 @



ConclusionsConclusions
1 Results suggest meteorology (PBL height & RH) the 1. Results suggest meteorology (PBL height & RH) the 

limiting factor for model skill in episode intensity, followed 
by emissions, with few indications of missing or erroneous 
processes of importance

2. From observations, snow melt & sublimation critical to 
improving RH & PBL height during episodes—but 
interactive snow effects not currently in common use for air 
quality modelingquality modeling

3. Frequent snow cover updates at high resolution necessary 
as modeling moves toward finer and finer scales: SNODASas modeling moves toward finer and finer scales: SNODAS

23



Ongoing effortsOngoing efforts
Additional refinement forAdditional refinement for

- RH: interactive snow effects in WRF

- daily SNODAS fields: snow cover  snow depthdaily SNODAS fields: snow cover, snow depth

- observational nudging at surface sites & tall towers

- higher resolution: vertical (75 layers) & horizontal (4 km  1 33 km)higher resolution: vertical (75 layers) & horizontal (4 km, 1.33 km)

2009 WNS period as primary test case for Uiowa’s Midwest 
forecasting and model evaluationg

- Emissions, especially NH4

- Chemical transport: CMAQ 5.0 & WRF‐Chem

online photolysis, sectional aerosols, aerosol‐cloud interactions
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