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Supplemental Information 

Table S1 Summary of evaluation data sources 

Data sets Variables Data 
frequenc

y 

Station
s 

Data sources 

CISL 
Research 
Data 
Archive 

T2, WS10, 
Q2 

Hourly 550 http://rda.ucar.edu/datasets/ds472.0/ 

Atmospheri
c sounding 

T, RH 12 hours 1 http://weather.uwyo.edu/upperair/sounding.ht
ml 

EPA SO2 Daily 97 http://views.cira.colostate.edu/fed/DataWizard
/ 

EPA CO Daily 35 http://views.cira.colostate.edu/fed/DataWizard
/ 

EPA O3 Daily 303 http://views.cira.colostate.edu/fed/DataWizard
/ 

IMPROVE PM2.5, SO4
2-, 

BC 
Every 3 
days 

20 http://views.cira.colostate.edu/fed/DataWizard
/ 

AERONET AOD Hourly 1 http://aeronet.gsfc.nasa.gov/new_web/data.ht
ml 

WBI, IA Particle 
number 
concentration
s (10-63 nm) 

Hourly 1 Field campaign 

MODIS AOD Daily  N/A http://ladsweb.nascom.nasa.gov/data/search.ht
ml 

 

 



                  Table S2 Bin boundaries (Bin 6 – Bin 9) of NPF-explicit WRF-Chem (nm) 

Bin 6  Bin 7 Bin 8  Bin 9 

10 – 15.8 15.8 – 25.1 25.1 – 39.8 39.8 – 63.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3 Measured and predicted meteorological and chemical species 

 Case Mean 

obs 

Mean 

model 

FB FE MB ME RMSE R 

T2 (K) N01A1 295.50 295.90   0.40 0.89 1.16 0.91 

N00A1  296.20   0.68 0.88 1.20 0.91 

WS10 

(m/s) 

N01A1 3.85 4.28   0.43 0.48 0.62 0.84 

N00A1  4.40   0.55 0.55 0.66 0.90 

WD10 (o) N01A1 210.86 210.44   -0.42 11.52 16.80 0.96 

N00A1  214.78   4.33 12.14 16.14 0.97 

Q2 (g/kg) N01A1 11.76 11.83   0.07 0.46 0.55 0.95 

N00A1  11.74   -0.02 0.55 0.65 0.93 

SO4
2- 

(µg/m3) 

N01A1 2.21 3.39 0.35 0.55 1.19 1.59 2.64 0.76 

N00A1  3.32 0.34 0.56 1.13 1.56 2.83 0.74 

BC 

(µg/m3) 

N01A1 0.27 0.20 -0.23 0.53 -0.07 0.13 0.22 0.41 

N00A1  0.19 -0.25 0.53 -0.08 0.12 0.21 0.45 

PM2.5 

(µg/m3) 

N01A1 9.15 7.14 -0.34 0.56 -2.00 4.24 6.36 0.51 

N00A1  6.72 -0.39 0.55 -2.43 4.05 6.20 0.55 

SO2 (ppb) N01A1 3.09 3.87 0.24 0.73 0.78 2.52 3.76 0.30 

N00A1  4.05 0.27 0.73 0.96 2.61 3.92 0.29 

CO (ppb) N01A1 272.16 220.66 -0.16 0.42 -51.50 107.29 140.59 0.28 

N00A1  225.84 -0.15 0.43 -46.32 109.39 141.61 0.29 

O3 (ppb) N01A1 35.10 44.45 0.21 0.26 9.35 10.55 13.39 0.49 

N00A1  44.84 0.22 0.26 9.74 10.78 13.74 0.49 



 

a These statistical metrics are defined as follows:  
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Table S4 Summary of investigation and conclusion 

Investigation 
(comparisons are N11A1 
vs. N01A1 unless 
otherwise stated) 

Observed Result Conclusion 

Column integrated SO4
2- 

and SO2  
Decreases in SO4

2- similar to 
increases in SO2 (Fig. 5) 

Decreased oxidation of SO2 to 
SO4

2- in N11A1  
Compare PBL NPF effect 
on SO4

2- and PM2.5 with 
and without aqueous 
chemistry on 

Effect of N11A1 on PM2.5 is 
much smaller when aqueous 
chemistry is off (Table 6, Fig. 7) 

Most of the decreased 
SO2→SO4

2- conversion is due 
to a combination of NPF and 
aqueous chemistry 

OH decrease (due to PBL 
NPF) with and without 
cloud chemistry 

Decrease is similar and doesn’t 
seem to depend on cloud 
chemistry (Fig. S8) 

A fraction of the decreased 
SO2→ SO4

2- oxidation change 
is due to lower OH 

Water vapor 
concentrations  

With N11A1 there is a 5% 
decrease in water vapor in the 
east (Fig. S8) 

The decreased water vapor in 
part explains the decreased OH 

Isoprene emissions  With N11A1 there is a 10-20% 
increase in isoprene emissions 
over the east, due to more 
sunlight and higher temperatures 
(Fig. S8) 

Increased sink for OH explains 
part of the OH decrease 

Cloud liquid water 
concentration  

With N11A1 there is a 30% 
reduction in monthly averaged 
cloud water content (Fig. S9 ) 
from changes in both cloud 
frequency and cloud LWC 

There is less cloud water for 
oxidation to take place in. This 
explains the majority of the 
reduced aqueous oxidation. 

Comparing NPF effect on 
cloud water concentration 
with and without aqueous 
chemistry 

The effect with cloud chemistry 
on is larger; the effect without 
cloud chemistry is spatially 
similar but smaller in magnitude 
(Fig. 7) 

The shift in the size distribution 
from NPF changes cloud 
properties, and this is increased 
in a feedback if aqueous 
chemistry is on 

Fraction of clouds with 
pH > 5  

3.9% with pH>5 N11A1 
2.8% with pH>5 N01A1  

pH-dependent reactions are not 
responsible for the SO4

2-  mass 
reduction in the N11A1 case 
since that case has more basic 
clouds, not less 

 

 

 

 



Table S4 Continued 

Investigation 
(comparisons are N11A1 
vs. N01A1 unless 
otherwise stated) 

Observed Result Conclusion 

Gas phase H2O2  In the area of the largest 
SO4

2-  reduction with 
N11A1, there is also an 
H2O2 reduction (Fig. 6) 

In addition to reduced OH (for gas phase 
oxidation) with N11A1, and reduced 
cloud water concentration for aqueous 
processing, there is also (with N11A1) 
less H2O2 for oxidation in some areas 

Timing of precipitation 
vs. timing of differences 
in SO4

2- as a test of 
sensitivity to wet 
deposition 

SO4
2- started to decrease 

before the first 
noticeable precipitation 
event (Fig. S6) 

Wet deposition cannot explain SO4
2- 

differences between N11A1 and N01A1 

∆SO4
2- at the surface and 

at 850m above ground as 
a test of  sensitivity to dry 
deposition 

∆ SO4
2- is similar at both 

elevations (Fig. 6a) 
Dry deposition only acts at the surface, 
but SO4

2- changes are similar at both 
elevations; therefore, dry deposition is 
not a cause of the differences between 
N11A1 and N01A1 

Comparing SO4
2- change 

with Smax fixed at 1% 
SO4

2- increased over 
most areas of the domain 
(Fig. S10) 

The change in Smax is significant. 

  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Fig. S1. Modeling domain. The boxed area represents the Midwestern US subdomain used for 
analysis. 

 



 

Fig. S2. Monthly average of observed and modeled vertical temperature (T) and water vapor 
mixing ratio (Q) profiles in Davenport, IA. 

 

 

 

 

 

 

 



 

 

Fig. S3. AOD comparison. Maps: comparison with MODIS Terra (left) and Aqua (right) AOD at 
550 nm (Upper panel: Satellite  Lower panel: WRF-Chem). Time series plot shows observed 
(Aeronet) and modeled AOD at 550 nm in Bondville, IL. 

 

 



 

Fig. S4 Monthly average of CN20 and CN50 (a: N11A1 CN20; b: N11A1 CN50; c: N01A1 CN20; 
d: N01A1 CN50) 



 

 

Fig. S5. Monthly average of cloud variables. (a-c) boundary layer cloud droplet number 
concentration (CDNC), (d-f) cloud liquid water path (LWP), (g-i) COD. From left to right: 

N11A1, N01A1, N11A1 – N01A1. 

 

 

 

 

 

 

 

 



 

 

Fig. S6. Accumulated precipitation and SO4
2- in N11A1 (red) and N01A1 (black) simulations. 

 

 



 

Fig. S7. Model predicted precipitation and the absolute differences (mm). 

First row: convective (a) N11A1 (b) N01A1 (c) N11A1 – N01A1 

Second row: nonconvective (a) N11A1 (b) N01A1 (c) N11A1 – N01A1 

 

 

 



 

Fig. S8.  Percentage changes due to enabling NPF for (a) OH, (b) OH, (c) isoprene emissions, 
and (d) water vapor.  Panels (a), (c), and (d) include aqueous chemistry (N11A1 – N01A1) while 

(b) does not (N11A0 – N01A0).   

 

 



 

Fig. S9. Mean liquid cloud water (LWC) in the lower troposphere (0 -2 km) in (a) N11A1 (g/m2), 
(b) N01A1 (g/m2), and (c) absolute change (N11A1-N01A1).  

 

 

 

 

 

 

 

 

 



 

 

Fig. S10 Normailized Smax frequency (drawn from model layers 1-10) and percentage change of 
surface SO4

2- due to NPF at Smax = 1% 

 

 



 

Fig. S11. Integrated cloud droplet concentration in the lower troposphere (0 -2 km): (a)N11A0 
(10E6 cm-2), (b) N01A0 (10E6 cm-2), (c) N11A0 - N01A0. Integrated cloud water in the lower 
troposphere (0-2 km): d) N11A0 (g/m2), (e) N01A0 (g/m2), (f) N11A0 - N01A0. 

 

 

 

 

 



 

Fig. S12. SO4
2- concentrations and changes at different resolutions (analysis period: 06/23 - 

06/30), top panel: 36 km; bottom panel: 9 km. (a)(e): PBL nucleation on (µg/m3); (b)(f): PBL 
nucleation off (µg/m3); (c)(g): absolute change (µg/m3); (d)(h) percentage change 

 

 

 

 



 

Fig. S13. Cloud droplet concentrations and changes in the lower troposphere (0–2 km) at 
different resolutions (analysis period: 06/23 - 06/30), top panel: 36 km; bottom panel: 9 km. 
(a)(d): PBL nucleation on (10E6 cm-2); (b)(e): PBL nucleation off (10E6 cm-2); (c)(f): absolute 
change (10E6 cm-2) 

 

 



 

Fig. S14. Cloud water concentrations and changes in the lower troposphere (0–2km) at different 
resolutions (analysis period: 06/23 - 06/30), top panel: 36 km; bottom panel: 9 km. (a)(d): PBL 

nucleation on (g/m2); (b)(e): PBL nucleation off (g/m2); (c)(f): absolute change (g/m2 ) 

 



 

Fig. S15. Total accumulated precipitation and changes at different resolutions (analysis period: 
06/23 - 06/30), top panel: 36 km; bottom panel: 9 km. (a)(d): PBL nucleation on (mm); (b)(e): 
PBL nucleation off (mm); (c)(f): absolute change (mm) 

 

 

 

 

 



 

Fig. S16. Period-averaged surface OC concentrations (µg/m3) from the N11A1 (Left) and 
N11A1_Org (Right) cases which investigated sensitivity to secondary biogenic organic aerosol 
formation. 

 

 

 



 

Fig. S17. Surface SO4
2- concentrations and changes: (a) N11A1_Org (µg/m3); (b) N01A1_Org 

(µg/m3); (c) absolute change (µg/m3); (d) percentage change 

 

 



 

Fig. S18. (a)-(c): Cloud droplet concentrations and changes, unit in 10E6 cm-2; (d)-(f): Cloud 
water concentrations and changes, unit in g/m2, in the lower troposphere (0-2km). From Left to 
right: N11A1_Org, N01A1_Org, N11A1_Org - N01A1_Org. 

 


