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Text S1: Calculations of HONO sources 

For the homogeneous reaction between OH and NO (POH+NO), the high and low pressure limit JPL 

rate constants (cm3 molecules-1 s-1)1 are used along with measured OH (molecules cm-3) and the 

estimated NO obtained by scaling the measured NO2 (ppb) by the measured NO/NO2 ratio from 

2016.2 

POH+NO = kOH+NO[OH][NO]  (ES1) 

Direct vehicle emissions and soil emissions were not included in the model. The rural forest 

location (Fig. S1) was at least 5.5 km from the nearest town of Pellston, MI which has a small 

population. The photolysis of adsorbed particulate nitrate (PHNO3+ hv) was modeled by   

PHNO3+ hv = JHNO3[HNO3]EF  (ES2) 

where [HNO3] is the  F0AM  modeled concentration of  nitric acid, JHNO3 is the photolysis 

frequency of atmospheric HNO3 calculated by the NCAR TUV model and scaled by Jcorr, and EF 

is the enhancement factor for the photolysis frequency which was set to 30 due to the faster 

photolysis rate of particle phase HNO3 than gas phase.3,4  

Production of HONO from the heterogeneous conversion of NO2 on surfaces was divided into 

ground and aerosol surfaces along with photoenhanced versions of each. The production on ground 

surfaces (Pground) and its photoenhanced reaction (Pground+hv) are modeled by 

Pground = γNO2  νNO2
8
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[NO2]  (ES3) 

Pground+hv = Pground
γNO2,hν

γNO2
�JNO2

β
�
3
  (ES4) 



3 
 

where [NO2] is the measured NO2 concentration (ppb), γNO2is the uptake coefficient of NO2 on 

the ground surface (dimensionless), γNO2,hν is the photoenhanced uptake coefficient 

(dimensionless), JNO2is the measured photolysis frequency of NO2, β is the photohenhancement 

factor (dimensionless), RH is the measured relative humidity (%), and 
 Sground

V
, is the calculated 

surface area to volume ratio for ground surfaces (m−1) based on an estimated boundary layer 

height (m).5–7 The average pH at this site (5.98) indicated there would be minimal conversion of 

nitrite to HONO according to Henry’s Law. 

Production on aerosol surfaces (P aerosol) and its photoenhanced reaction (P aerosol+hv) are modeled 

by  

P aerosol = γNO2vNO2
4

 Saerosol
V

 [NO2]  (ES5) 

P aerosol+hv = Paerosol
γNO2,hν

γNO2

JNO2
β

  (ES6) 

where [NO2] is the measured NO2 concentration (ppb), γNO2is the uptake coefficient of NO2 on 

the ground surface (dimensionless), vNO2is the molecular speed of NO2 (m s-1), γNO2,hν is the 

photoenhanced uptake coefficient (dimensionless), JNO2is the measured photolysis frequency of 

NO2 (s-1), RH is the measured relative humidity (%),  and  Saerosol
V

 is the estimated constant surface 

area to volume ratio for aerosol surfaces (m−1). The dimensionless photoenhancement factor (β) 

is calculated by  

β = JNO2 max

JNO2 min
  (ES7) 
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Other minor production mechanisms including the hydroperoxyl-water complex (PHO2∙H2O+NO2), 

HO2NO2 decomposition (PHO2NO2), the photolysis of orthonitrophenols (PC6H5NO3+hv), and the 

hydrolysis of NOx on surfaces (PNOx) were modeled by 

PHO2∙H2O+NO2 = kHO2∙H2O+NO2[HO2 ∙ H2O][NO2]  (ES8) 

PHO2NO2 = kHO2NO2[HO2NO2]  (ES9) 

PC6H5NO3+hv = JC6H5NO3[C6H5NO3]  (ES10) 

PNOx = kNO+NO2+H2O[NO][NO2][H2O]  (ES11) 

where [NO2] is the measured NO2 concentration (ppb), [HO2 ∙ H2O] is the F0AM modeled 

HO2 ∙ H2O concentration (molecules cm-3), kHO2∙H2O+NO2is the rate constant for the reaction 

(2.1 × 10−25),8,9 [HO2NO2] is the modeled HO2NO2 concentration, kHO2NO2 is the upper limit rate 

constant for the decomposition of HO2NO2 (5 × 10−16),1  [C6H5NO3] is the constant 1 ppb 

concentration of the class of orthonitrophenols,10 JC6H5NO3 is the calculated photolysis frequency 

of orthonitrophenols scaled by Jcorr (s-1), kNO+NO2+H2O is the rate constant for the reaction between 

NO, NO2 and H2O to form HONO (6.06 × 10−38).11 These minor production pathways were 

combined in the main paper as Pother (ES12).  

Pother = PHO2∙H2O+NO2 + PHO2NO2 + PC6H5NO3+hv + PNOx + P aerosol + Paerosol+hv +

Pground+hv + Pground+hv + PHNO3+ hv  (ES12) 
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Text S2: Calculations of HONO sinks 

The major HONO sinks are described in detail in the main text. Here, the minor reaction pathways 

are further described.  

The heterogeneous loss of HONO by the deposition onto aerosol (ES13-14) surfaces was modeled 

by 

kHONO  + aerosol = γHONO νHONO
4

 Saerosol
V

RH
20

  (ES13) 

LHONO + aerosol = kHONO + aerosol[HONO]  (ES14) 

where γHONO is the calculated irreversible uptake of HONO onto ground surfaces (dimensionless), 

RH is measured the relative humidity (%), 
 Sground

V
 is the surface area to volume ratio for the ground 

surface (cm2 cm-3), and  Saerosol
V

 is the estimated surface area to volume ratio for the aerosol 

surface.5–7 

The vertical and horizontal transport loss processes (Ltrans) of HONO are represented by a dilution 

factor (kdil) set to 60-min.12 

Ltrans = kdil[HONO]  (ES15) 

Minor loss pathways through the oxidation of HONO by O3 (ES16) and reaction with itself (ES17) 

are modeled as  

LHONO+O3 = kHONO+O3[HONO][O3]  (ES16) 

LHONO+HONO = kHONO+HONO[HONO]  (ES17) 
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where LHONO+O3 is the loss of HONO by the oxidation by O3 (ppb h-1), kHONO+O3is the rate 

constant for the reaction between HONO and O3 (5.0 × 10−19 cm3 molecules-1 s-1),13  LHONO+HONO 

is the loss of HONO through the self-reaction (ppb h-1),  kHONO+HONO is the rate constant for the 

reaction between HONO and another HONO molecule (5.8 × 10−25 cm3 molecules-1 s-1),1 and 

[O3] is the measured O3 mixing ratio (ppb). These minor loss pathways were combined in the main 

paper as Lother (ES18). 

Lother = LHONO+aerosol + LHONO+OH + LHONO+O3 + LHONO+HONO (ES18) 
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Table S1: Measured compounds and parameters used as model constraints within F0AM and 
respective measurement methods and data sources. 
F0AM Model 
Designation 

Parameter Description Instrument or Data Source 

T Temperature Vaisala HMP60 
RH Relative humidity Vaisala HMP60 
JNO2 Photolysis rate constant of 

NO2 
Metcon 2π Actinic Filter Radiometer 

O3 Ozone Teledyne Model 400E 
NO Nitric oxide 2016 University of Houston 
NO2 Nitrogen dioxide Thermo Model 42C 
HONO Nitrous acid LP-LIF 
OH Hydroxyl radical IU-FAGE-LIF 
H2 Hydrogen gas Atmospheric background 
C5H8 Isoprene Agilent 7890B GC-FID; Markes International 

Unity Series 2 thermal desorber 
APINENE 𝛼𝛼-pinene 2016 PROPHET G5 Tower 
BENZENE Benzene 2016 PROPHET G5 Tower 
TOLUENE Toluene 2016 PROPHET G5 Tower 
MACR Methacrolein 2016 PROPHET G5 Tower 
MVK Methyl Vinyl Ketone 2016 PROPHET G5 Tower 
LIMONENE Limonene 2016 PROPHET G5 Tower 
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Table S2: Summary of heterogeneous chemistry parameters used in the F0AM modeling. 
Parameter Description Equation Value Units Reference 

γNO2 Uptake coefficient of 
NO2 

5.5 × 10−8 × RH + 7.4 × 10−7 ~10−6 Unitless 14,15 

γNO2,hv Photoenhanced uptake 
coefficient of NO2 

Constant 2 × 10−5 Unitless 16 

γHONO Uptake coefficient of 
HONO 

φpH + φRH ~5 × 10−4 Unitless This study 

φpH pH dependence of 
HONO uptake 

3.604 × 10−6pH2 − 4.21 × 10−5pH
+ 1.549 × 10−4 

~10−5 Unitless 17 

φRH Relative humidity 
dependence of HONO 
uptake 

2.0 × 10−4 × RH−0.043 ~10−4 Unitless 18–20 

β Photoenhancement 
factor 

JNO2 max

JNO2 min
 ~5 × 10−3 Unitless  

EF Nitric acid photolysis 
enhancement factor 

Constant 30 Unitless 3 

BLH Boundary layer height BLHday = 3BLHnight BLHday  =  600 m 21,22 
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νi Molecular velocity of 
species i (e.g. HONO, 
NO2) 

�
3RT
M𝑖𝑖

 
~390 m s-1 23 

 Sground
V

 
Surface area to volume 
ratio for ground 

2.2
BLH

 ~10-3 m−1 6,7 

 Saerosol
V

 Surface area to volume 
ratio for aerosols 

Constant 10−4 cm2 cm-3 6,7 
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Table S3: Production (P) and loss (L) reaction mechanisms included in the base model and new model. 

Reaction Name Model Name Equation Base 
Model 

New 
Model 

Homogeneous Gas Phase Production POH+NO kOH+NO[OH][NO] ✓ ✓ 
NO2 Conversion on Aerosol Surface P aerosol γNO2vNO2

4
 Saerosol

V
 [NO2] 

 
✓ 

Photoenhanced NO2 Conversion on Aerosol 
Surface 

Paerosol+hv Paerosol
γNO2,hν

γNO2

JNO2
β

 
 

✓ 

NO2 Conversion on Ground Surface Pground γNO2  νNO2
8

 Sground
V

RH
50

[NO2] 
 

✓ 

Photoenhanced NO2 Conversion on Ground 
Surface 

Pground+hv 
Pground

γNO2,hν

γNO2
�

JNO2
β �

3

 

 
✓ 

Photolysis of Adsorbed HNO3 PHNO3+ hv JHNO3[HNO3]EF  ✓ 

Hydroperoxyl-Water Complex PHO2∙H2O+NO2 kHO2∙H2O+NO2[HO2 ∙ H2O][NO2]  ✓ 

HO2NO2 Decomposition PHO2NO2 kHO2NO2[HO2NO2]  ✓ 

Photolysis of Orthonitrophenols PC6H5NO3+hv JC6H5NO3[C6H5NO3]  ✓ 

NOx Hydrolysis  PNOx kNO+NO2+H2O[NO][NO2][H2O]  ✓ 

Photolysis LHONO+hv JHONO[HONO] ✓ ✓ 
Transport/Dilution Ltrans kdil[HONO]  ✓ 
Ground Deposition LHONO+ground γHONO νHONO

8
 Sground

V
RH
20

[HONO] 
 

 
✓ 

Aerosol Deposition LHONO+ground γHONO νHONO
4

 Saerosol
V

RH
20

[HONO]  
 

✓ 
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Homogeneous Gas Phase Loss LHONO+OH kHONO+OH[HONO][OH] ✓ ✓ 
Oxidation by Ozone LHONO+O3 kHONO+O3[HONO][O3]  ✓ 
Self-Reaction LHONO+HONO kHONO+HONO[HONO]  ✓ 
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Table S4: Summary of descriptive statistics for the main measured species during the MOBCAT field campaign.  
Statistic HONO  

(ppt) 
OH  

(106 cm-3) 
NO2 
(ppb) 

O3 
(ppb) 

JNO2 
(10-4 s-1) 

RH 
(%) 

T 
(°C) 

pH 
 

Mean 19.8 0.83 2.25 20.3 1.35 78.1 19.7 5.98 
Minimum 6.7 0.01 0.19 4.1 0.00 33.7 8.8 5.52 
Maximum 51.9 2.98 7.18 45.4 14.36 99.7 31.2 6.19 
Standard 
deviation 
(1σ) 

8.6 0.76 1.10 10.0 2.06 17.2 4.5 0.22 

 

Table S5: Summary of the range of HONO measurements at various heights from previous field campaigns at the PROPHET site. 
Measurement Dates Measurement Height 

(m) 
HONO Range 
(ppt) 

Reference 

August 5-15, 1998 29.5 90-200 24 
July 29, 2000 34 ~75-300 25 
July 29, 2000 5 ~50-150 25 
July 30-August 6, 2007 Free troposphere (> 1 km) 4-17 26 
July 30-August 6, 2007 Boundary layer  

(< 1 km) 
8-70 26 

July 17-August 7, 2008 ~32 ~20-200 27 
July 25-Aug 12, 2022 0.45 6.6-51.9 This study 
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 Figure S1: Sampling set up for HONO and OH detection cell at the base of the PROPHET Tower 
along with supporting measurements.  
 

 
Figure S2: Comparison between the measured 2016 below-canopy NO (black, ±1σ) and the 2022 
below-canopy calculated photostationary state (PSS) NO (blue, ±30%).  
 



14 
 

 

 

Figure S3: Six soil sampling locations relative to the detection cell and the measured pH 
(average = 5.98). 
 

 

Figure S4: Comparison between measured the isoprene during the MOBCAT 2022 field campaign 
(black) and during the PROPHET-AMOS 2016 field campaign (blue).2 Errors bars represent one 
standard deviation of variability (±1𝜎𝜎). 
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Figure S5: Modeled OH reactivity based on the measured isoprene and previous measurements 
of monoterpenes and oxygenated VOCs. Relative and overall magnitudes are shown by stacking 
loss mechanisms for all field campaign data. The black line represents measurements from above 
the forest canopy (25.6 m) conducted previously at this site in 2016.2 The lifetime of chemical 
species (kdil) is set to 60 minutes. Error bars represent the standard error of the mean (SEM).  
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Figure S6: Comparison between the calculated HONO (left, black) and NO2 (right, blue) uptake 
coefficients based on the pH and relative humidity dependence. Note the difference in y-axis 
scales. 

 
Figure S7: Comparison between below canopy measurements of OH concentrations during the 
MOBCAT 2022 and the above canopy measurements during PROPHET-AMOS 2016.2 Error bars 
represent one standard deviation of variability (±1σ).  
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Figure S8: Panel (a) shows the measurements (black), base model (gas phase only, green), updated 
model with heterogeneous chemistry (red), and the updated model with a constant HONO soil 
emission rate of 180 nmol m-2 h-1 (blue). Panel (b) shows the hourly HONO emission rate (black) 
required to match the difference between the model and observation compared to previous 
measurements (dashed red). 
 
 

  
Figure S9: Measured (black) and modeled (red) HONO mixing ratios during rain events (blue 
shading) on August 1st (a), 2nd (b), 6th (c), and 7th (d).  
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Figure S2: HONO budget for the adjusted model with average daytime (08:00-20:00) and 
nighttime (20:00-08:00) contributions of each production (blue) and loss (red) reaction rates during 
precipitation events on August 1st (a), 2nd (b), 6th (c), and 7th (d). Other production and loss 
mechanisms were negligible. 
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