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Supplementary Tables S1 to S3. 

 

Table S1. Median trace gas mixing ratios and meteorological parameters, split according to wind direction (NW–SE = <165° 
and >285°; SW = 180°–270°). 

Species or meteorological parameter NW-SE air SW air 

NO (pptv) 142 233 

NO2 (pptv) 1854 2766 

HONO (pptv) 52 97 

CO (ppbv) 113 106 

O3 (ppbv) 39 31 

HCHO (pptv) 925 1127 

Isoprene (pptv) 27 34 

MVK+MACR (pptv) 40 88 

PM2.5 (μg/m3) 3.8 4.4 

Temp (°C) 15.7 17.4 

RH (%) 82 72 

J(O1D) (s−1)a 1.7 × 10−5 1.4 × 10−5 

   

 

a Reported as the maxima in Figure S3. 
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Table S2. Fit parameters obtained from power law fits (y = y0 + Axpow) to the OH vs J(O1D) data shown in Figure S6, split 
according to wind direction (NW–SE = <165° and >285°; SW = 180°–270°). 

 NW-SE SW 

- Observed MCM-base Observed MCM-base 

y0 1.2 × 105- 1.4 × 104 1.8 × 105- 1.0 × 105- 

A 7.2 × 1011 3.7 × 109 1.1 × 1010 5.2 × 1010 

pow 0.86 0.61 0.67 0.80 

 

 

 

Table S3. Fit parameters obtained from linear fits (y = mx + c, with number of points, N, and Pearson correlation coefficient, 
R) to the RO2 vs HO2 data shown in Figure 4 of the main paper, split according to wind direction (NW–SE = <165° and >285°; 
SW = 180°–270°). 

 NW-SE SW 

- Observed MCM-base a Observed MCM-base a 

m 1.3 0.67 1.8 0.63 

c 1.6 × 108 9.6 × 106 1.20 × 108 −3.50 × 106 

N 373 113 451 122 

R 0.63 0.96 0.81 0.97 

 

a Nighttime data not included. 
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Supplementary Figures S1 – S5. 

 

 

 

Figure S1. Location (red pin) of the Weybourne Atmospheric Observatory (WAO) on the North Norfolk coast (52°57’02” N, 
1°07’19”E, 16 m above sea level). © OpenStreetMap contributors 2022. Distributed under the Open Data Commons Open 
Database License (ODbL) v1.0. 
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Figure S2. Wind rose plot for the entire campaign. Air originated from the SW sector (180°–270°) for approximately 50% of 
the time. 
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Figure S3. Diel profiles of trace gases and meteorological parameters, split according to wind direction (NW–SE = <165° and 
>285°; SW = 180°–270°). Data were only included if radical measurements were also available. Shaded areas correspond to 
25th and 75th percentiles of the data in each time bin. 
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Figure S4. Hourly median diel profiles of “simple” (sRO2) and “complex” RO2 (cRO2), defined in text, and comparison to 
MCM-base model predictions, split according to wind direction (left NW–SE, right SW). 
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Figure S5. Daytime median RO2 contributions predicted by the MCM-base model, split according to wind direction (left: 
NW–SE, right: SW). For clarity, only the top five RO2 species are shown, otherwise the RO2’s are lumped together as “others”. 
MCM nomenclature used, definitions are HYPROPO2 (CH2(OH)CH(CH3)O2, formed from OH addition to propene) with a 
contribution of ~9%, followed by acetylperoxy (CH3CO3, ~7%), BUTDBO2 (CH2(OH)CH(O2)CH=CH2, formed from OH 
addition to 1,3-butadiene, ~2%), and HOCH2CH2O2 (CH2(OH)CH2O2, formed from OH addition to ethene, ~2%). Other RO2 
radicals contribute ~22% in total. In SW air, the contributions are fairly similar: HYPROPO2 ~6%, acetylperoxy ~8%, 
BUTDBO2 ~2%, and HOCH2CH2O2 ~2%. Other RO2 radicals are slightly more important than in NW–SE air, with a total 
contribution of ~25%. Isoprene-derived peroxy radicals (with the most important being ISOPBO2 and ISOPDO2) contribute 
only ~2% and ~5% in NW–SE and SW air, respectively. 
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Supplementary Text S1-S3, Table S4 and Figures S6 – S11 

S1. Comparison to previous coastal field campaigns 

Table S4 summarises previous measurements of OH, HO2, HO2+RO2 and OH reactivity at the WAO site, and also at other 

selected locations in the MBL. A more detailed summary up until 2012 can be found in Stone et al., 2012. For other ground 

and ship-based campaigns in the MBL, measured noontime OH concentrations were mostly in the range ~4–6 × 106 molecule 

cm–3, and generally the observations have been found to agree with model predictions to within ~30% on average during the 

daytime in the MBL (Sommariva et al., 2004; Sommariva et al., 2006; Whalley et al., 2010; Beygi et al., 2011; Van Stratum 

et al., 2012). During the NASA airborne Atmospheric Tomography study (ATom), OH concentrations in the MBL were on 

the order of ~1–4 × 106 molecule cm−3 and a model was able to reproduce them to generally within 40% (Brune et al., 2020). 

In NAMBLEX HO2 levels were overpredicted by up to a factor of 2 (Sommariva et al., 2006). These results are almost identical 

to the findings of ICOZA despite the substantial differences in chemical conditions (e.g., the much lower anthropogenic 

influence and the role of halogen species during NAMBLEX). For other campaigns, HO2 concentrations were generally above 

~2 × 108 molecule cm−3 (Sommariva et al., 2004; Whalley et al., 2010; Beygi et al., 2011), higher than the range observed 

during ICOZA (~0.5–2 × 108 molecule cm−3), and the observations have mostly been overpredicted. During ATom, HO2 

concentrations in the MBL were on the order of ~1–5 × 108 molecule cm−3 and were well captured by a model (agreement 

within 40%) (Brune et al., 2020). The mean missing OH reactivity in terms of the difference between measured OH reactivity 

and that calculated using trace gases only was 1.9 s−1 (39%) during TORCH 2 (cf. 2.1 s−1, 42% for ICOZA). A box model 

using MCMv3.1 chemistry (Bloss et al., 2005) was used to simulate OH reactivity, reducing the missing reactivity to 1.4 s−1 

or 29% (cf. 1.7 s−1, 36% for ICOZA). Lee et al. (2009) speculated that the missing reactivity may be due to a potentially large 

number of unmeasured, high molecular weight aromatic compounds, but that this could also be due to missing OVOCs, as we 

have suggested based on the data in Figure S9. To date, only a handful of studies have measured OH reactivity at coastal 

locations (examples in Table S4) but there have been airborne campaigns conducted in the marine boundary layer. An airborne 

OH reactivity instrument was deployed during flights over the Pacific Ocean for the Intercontinental Chemical Transport 

Experiment-B (INTEX-B) campaign (Mao et al., 2009). In the boundary layer (i.e., < 2 km altitude), measured OH reactivity 

was ~4 s−1 on average, while that calculated from measured reactants was only ~1.5–2 s−1 (i.e., ~50–60% missing), similar to 

ICOZA. During the NASA Atmospheric Tomography (ATom) campaign involving flights over the Atlantic and Pacific 

Oceans, measured OH reactivity at < 2 km was on the order of ~2 s−1, with missing reactivity on the order of ~0.5–1 s−1 (~25–

50% missing) (Thames et al., 2020). The authors suggested that, based on correlations of missing OH reactivity with HCHO, 

DMS, butanal, and sea surface temperature, there were unmeasured/unknown VOCs/OVOCs associated with oceanic 

emissions, in agreement with our findings. 
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Table S4. Previous measurements of OH, HO2, sum of HO2+RO2 and OH reactivity at WAO and other selected locations in the MBL. 

 

Campaign, 
location and 

date 

Concentration 
of NO 

OH peak 
concentration / 
molecule cm-3 

HO2 peak 
concentration 
/ molecule cm-

3 

HO2+RO2 
peak 

concentration/ 
molecule cm-3 

OH 
reactivity 

/ s-1 

References 

ICOZA, 
WAOa, June/July 

2015 

mean 0.38 ppbv 
range ~0–7.5 

ppbv 

~4 × 106 
(noon) 

1 × 108 (~2 
pm) 

~4-6 × 108 
(noon) 

2 × 108 
(night) 

5.0 s−1 
(mean) 

17.6 s−1 
(max) 

This work 

TORCHb 2, 
WAO, May 2004 

mean 0.62 ppbv 
range ~0–50 
ppbv 

~4 × 106 
(noon) 

~8 × 107  4.9 s−1 
(mean) 

9.7 s−1 
(peak) 

Smith, 
2007; Lee et al., 
2009 

WAO, 1995  ~4–7 × 106 
(measured using 

DOAS) 

~4–7 × 106 
(measured using 

DOAS) 

  Forberich 
et al., 1999; 
Grenfell et al., 
1999 

NAMBLEXc, 
Mace Head, 2002 

Range 7-70 pptv ~4 × 106 0.9–2.1 × 
108 

  Heard et 
al., 2006 

DOMINOd, 
SW Spain, Nov–

Dec 2008 

  1.5 × 108 ~2–12 × 108 
(day) 
~20 × 108 

(nighttime spikes) 
(PERCA) 

 Van 
Stratum et al., 
2012; Andres-
Hernandez et al., 
2013; Sinha et 
al., 2012 

Various at 
WAO, including 
INSPECTRO f, 

Sept 2002 

   ~2–5 × 108 
(day) 
~5–7 × 107 

(night) 
(PERCAe) 

 Penkett et 
al., 1999; 
Fleming et al., 
2006; Green et 
al., 2006 

EASE 97, 
Mace Heard, Apr-

May 1997 

Range 75 –400 
pptv 

2-6 × 106 
(noon) 

0.5– 3.5 ×  
108 (noon) 

~1 × 108 
(night) (PERCA) 

 Salisbury 
et al., 2001; 
Creasey et al., 
2002; Carslaw et 
al., 2002 

TexAQS, 
Ship-based off 

coast near Houston 
2006 g 

   ~30 × 108 
(nighttime, 
polluted) 
~2–10 × 108 

(nighttime, clean) 
(PERCA) 

 Sommariva 
et al., 2011 

Corsica, 
Summer 2013 

    ~5 s−1 
(mean), 

~17 s−1 
(max) with 

CRMh 

Zannoni et 
al., 2017 

 
a Weybourne Atmospheric Observatory 
b Tropospheric ORganic photoCHemistry experiment  
c North Atlantic Marine Boundary Layer Experiment 
d Diel Oxidants Mechanisms In relation to Nitrogen Oxides 
e peroxy radical chemical amplification 
f Influence of clouds on the spectral actinic flux in the lower troposphere 
g Texas Air Quality Study 
h Comparative reactivity method 
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S2. Further discussion of the results for the different MCM model runs 

The carbonyls HCHO and MVK+MACR were not constrained in the MCM-base model because of several gaps in the time 

series of these measurements. The MCM-base model performance in simulating these carbonyls was assessed, where it was 

found that there was reasonable agreement for MVK+MACR on a diel average basis, but that HCHO concentrations were 

significantly overpredicted in the afternoon (data not shown). The differences in the calculated concentrations of these OVOC 

compounds is the cause of the differences between the MCM-base and MCM-carb simulations of radical species (Figure 3). 

Similarly, HO2 concentrations were generally overpredicted by both the MCM-base and MCM-carb models, and therefore 

constraining to HO2 (MCM-hox model) has impacts on the model OH and RO2 concentrations (Figure 3). Since the MCM-

base model also underpredicted OH reactivity, there are additional differences between the PSS calculation of OH and the 

MCM model predictions. 

For OH, differences between the MCM-base and MCM-carb runs are relatively minor and both positive and negative 

(Figure 3). There are two competing effects here: HCHO is a minor OH sink (~6% and thus an overprediction of HCHO would 

lead to lower OH in MCM-base relative to MCM-carb. In contrast, the base model overprediction of HCHO leads to a greater 

HO2 source strength that would drive higher OH levels in MCM-base relative to MCM-carb. Similarly, HO2 was overpredicted 

in MCM-base and MCM-carb such that constraining the model to HO2 (MCM-hox) resulted in lower model OH levels. Finally, 

due to the MCM model underprediction of OH reactivity, PSS calculated OH levels were lower than the MCM model 

concentrations. At low NO (Figure S7), the better agreement found for the OH/MCM-base case compared to the OH/PSS case 

is driven by the MCM overprediction of HO2, i.e., the agreement for OH does not necessarily mean the OH chemistry is well 

understood at low NO. Peak afternoon RO2 concentrations were similar for the MCM-base and MCM-carb simulations (Figure 

3). However, the reduced OH in MCM-hox results in reduced afternoon RO2 levels. 

 

S3. Observed and modelled OH versus J(O1D) 

Since OH is formed photochemically with ozone photolysis as a major source (Reaction (R1); OH levels are known to display 

a strong dependence on J(O1D). Strong correlations between OH and J(O1D) have been found for many field campaigns in a 

range of different environments (Ehhalt, 1999; Brauers et al., 2001; Creasey et al., 2003; Rohrer and Berresheim, 2006; Smith 

et al., 2006; Bloss et al., 2007; Emmerson et al., 2007; Smith, 2007; Furneaux, 2009; Lu et al., 2012; Vaughan et al., 2012; Lu 

et al., 2013; Tan et al., 2017; Tan et al., 2018). In the present work, observed and modelled OH concentrations are plotted 

against J(O1D) for NW–SE and SW air in Figure S6. Here, the data were split into 12 bins with the same number of points, to 

spread data evenly across the full range of J(O1D). Power law fits (y = y0 + Axpow) were applied to the datasets for comparison 

of fit parameters to previous work. The fit parameters may be interpreted as follows: (1) the intercept (y0) is a measure of OH 

production which does not require the presence of light, for example alkene ozonolysis (but which can also occur during the 

day); (2) the scaling factor (A) reflects the dependence of OH on other species such as NOx and VOCs; (3) the power term 
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(pow) represents the combined effects of photolytic processes (Rohrer and Berresheim, 2006). The fit parameters obtained are 

summarised in Table S2. In NW–SE air, measured OH concentrations exhibit an almost linear dependence on J(O1D), with a 

power term of 0.86. The fit to modelled OH exhibits more curvature, close to a square root dependence, and an intercept 

smaller than that for the measurements by a factor of 10. In SW air, the measured dependence is less linear (power term = 

0.67) but the intercept is similar to that for NW–SE air. In contrast to NW–SE air, the measurement and model curves are 

similar such that either can describe the data reasonably well. Overall, the power terms are amongst the lower values of 

previous reports, which ranged from 0.61–1.3 (Stone et al. (2012) and references therein). These power terms are most similar 

to those found for other coastal campaigns such as at Mace Head, Ireland (0.84; (Smith et al., 2006)) and Finokalia, Crete 

(0.68; (Berresheim et al., 2003)). 

 

 

                NW–SE                   SW 

  
 

Figure S6. Observed and modelled OH binned against J(O1D) using 12 bins with approximately the same number of points, 
split according to wind direction (left NW–SE, right SW). Data are shown as means, where error bars on measurement points 
correspond to one standard deviation (SD, not shown for model data for clarity). Solid lines are power law fits to OH vs 
J(O1D), and shaded areas give 95% confidence intervals of the fits to observed data (not shown for model data for clarity). 
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         NW–SE           SW 

 

 
Figure S7. Caption on next page. 
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Figure S7 (cont’d). Dependence of observed and modelled OH (normalised to average J(O1D)), HO2, total RO2, and OH 
reactivity on NO mixing ratios. Only daytime data were included, using the filter J(O1D) > 5 × 10−7 s−1. Data are shown as 
means ± 1 SD, and split according to wind direction (left NW–SE, right SW). Data were separated into 8 NO bins with 
approximately the same number of points. 
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        Observations         MCM-base 

 

Figure S8. Contribution of sRO2 to total RO2 (= sRO2 + cRO2) as a function of NO (measurements left, model results right). 
Data are shown as means ± 1 SD. Data were separated into 8 NO bins with approximately the same number of points. 
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Figure S9. Dependence of missing OH reactivity (defined as the difference between measured and modelled OH reactivity) 
on acetaldehyde, acetone, HCHO, methanol, MVK+MACR, and temperature. Data are shown as means ± 1 SD. In each plot, 
data were separated into 10 x-bins with approximately the same number of points. 
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Figure S10. Destruction minus production (i.e., budget imbalance) as a function of NO for ROx (top left), OH (top right), HO2 
(bottom left), and RO2 (bottom right) in NW–SE and SW air. Daytime points only, with daytime defined as J(O1D) > 5 × 10−7 
s−1. Data were separated into 8 bins with an approximately equal number of points. Data points are shown as means ± one 
standard deviation (SD). Note x-log scale. 
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     NW–SE       SW 

  

 

Figure S11. HO2 (top) and RO2 (bottom) budgets after artificially reducing the RO2 + NO rate coefficient by a factor of 5. 
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Supplementary text S4-S5, Figures S12-S15 

S4. Inclusion of heterogeneous uptake on the HO2 budget calculations 

Up to now, the heterogeneous uptake of HO2 has not been considered in the HO2 budget calculations. The heterogeneous loss 

of HO2 was parametrised using the following first-order loss rate (Ravishankara, 1997): 

 

k’loss = ωAγ / 4 , (E1) 

 

where ω is the mean molecular speed of HO2 (43725 cm s−1 at 298 K), A is the aerosol surface area measured by the 

aerodynamic particle sizer (APS), and γ is the aerosol uptake coefficient. Using γ = 0.1, a value consistent with previous 

laboratory experiments (Mozurkewich et al., 1987; George et al., 2013; Lakey, 2014; Lakey et al., 2015; Lakey et al., 2016; 

Moon, 2018) and the same value used in the MCM model, the impact on the HO2 budget is negligible, as shown in Figure S12. 

Even increasing γ to unity has virtually no effect on D(HO2), due to the low particulate matter loading observed during ICOZA 

(A ~ 0.6–4.2 × 10−7 cm2 cm−3). 

 

Figure S12. HO2 budget after inclusion of heterogeneous uptake using different γHO2. 

 

S5. Inclusion of chlorine atom initiated oxidation chemistry 

A missing primary RO2 source has been invoked previously to help explain model underpredictions of RO2 (Tan et al., 2017) 

in which it was hypothesised that reactions of chlorine atoms (e.g., from the photolysis of Cl2 or ClNO2 (Osthoff et al., 

2008)) with VOCs during the morning were the source of the missing RO2, although the contribution was not sufficient to 
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explain the magnitude of the RO2 underprediction (inclusion of Cl chemistry accounted for only ~10–20% of the missing 

RO2). Cl2 and ClNO2 were both measured during ICOZA (Sommariva et al., 2018), such that their impact on the RO2 budget 

can be assessed. Assuming that all photolysed Cl atoms react with VOCs, rather than with inorganic species, i.e., P(Cl-RO2) 

≈ P(Cl) = 2J(Cl2)[Cl2] + J(ClNO2)[ClNO2], an upper limit of the impact of chlorine chemistry can be derived. Figure S13 

shows that even this upper limit contribution has negligible impacts on the RO2 budget, ruling out chlorine chemistry as the 

source of the RO2 budget discrepancy. In NW–SE air, the upper limit contribution from chlorine chemistry (P(Cl-RO2)) 

peaked in the morning at ~0.08 ppbv h−1, but peaked in the afternoon in SW air at ~0.12 ppbv h−1, in comparison to P(RO2) 

and D(RO2) values of up to ~2 and ~14 ppbv h−1, respectively These results are consistent with a previous report of the small 

impact of chlorine oxidation at the WAO (Bannan et al., 2017). 

 

 

Figure S13. RO2 budget after inclusion of chlorine chemistry. All photolysed Cl atoms are assumed to react with VOCs to 
yield RO2, i.e., Cl2/ClNO2 → nCl → nRO2, where n = 2 for Cl2 and n = 1 for ClNO2. This assumption therefore yields an upper 
limit for the impact of chlorine chemistry. 
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Figure S14. Median diel profiles of P(Ox), defined in equations (E12–E14), as calculated from measured and MCM-base 
model HO2 and RO2, split according to wind direction. Shaded areas correspond to estimated 1σ uncertainties of 40% and 70% 
for measured and model P(Ox), respectively. 
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Figure S15. A time series of the experimentally determined radical budgets for the ICOZA campaign, which demonstrates the 
variability of the total rate of production (P) and the total rate of destruction (D) for OH, HO2, RO2 and ROx (=sum of OH, 
HO2 and RO2). 
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