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Abstract. In our companion paper (Woodward-Massey et al., 2022), we presented measurements of radical species and OH 

reactivity (k’OH) made in summer 2015 during the ICOZA (Integrated Chemistry of OZone in the Atmosphere) field campaign 20 

at the Weybourne Atmospheric Observatory, a site on the east coast of the UK. In the present work, we used the simultaneous 

measurement of OH, HO2, total RO2, and k’OH to derive experimental (i.e., observationally determined) budgets for all radical 

species as well as total ROx (= OH + HO2 + RO2). Data were separated according to wind direction: prevailing SW winds 

(with influence from London and other major conurbations), and all other winds (NW–SE; predominantly marine in origin). 

In NW–SE air, the ROx budget could be closed during the daytime within experimental uncertainty but OH destruction 25 

exceeded OH production, and HO2 production greatly exceeded HO2 destruction while the opposite was true for RO2. In SW 

air, the ROx budget analysis indicated missing daytime ROx sources but the OH budget was balanced, and the same imbalances 

were found with the HO2 and RO2 budgets as in NW–SE air. For HO2 and RO2, the budget imbalances were most severe at 

high NO mixing ratios.  

We explored several mechanistic modifications to the experimental budgets to try to reconcile the HO2 and RO2 budget 30 

imbalances: (1) the addition of generic radical recycling processes, (2) reduction of the rate of RO2 → HO2 conversion, (3) 

inclusion of heterogeneous HO2 uptake, and (4) addition of chlorine chemistry. The best agreement between HO2 and RO2 

production and destruction rates was found for option (2), in which we reduced the RO2 + NO rate constant by a factor of 5.  
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The rate of in situ ozone production (P(Ox)) was calculated from observations of ROx, NO, and NO2 and compared to that 

calculated from MCM-modelled radical concentrations. The MCM-calculated P(Ox) significantly underpredicted the 35 

measurement-calculated P(Ox) in the morning, and the degree of underprediction was found to scale with NO. 

1 Introduction 

The oxidation of volatile organic compounds in the troposphere is controlled by reaction cycles involving the hydroxyl radical 

(OH), hydroperoxyl radical (HO2), and organic peroxy radicals (RO2), collectively known as ROx. As a consequence of their 

high reactivities, ROx species have short chemical lifetimes, less than a second for OH and on the order of a minute for HO2 40 

and RO2, and are thus expected to be in photostationary steady-state, where their rates of production are equal to their rates of 

destruction (i.e., there is budget balance). Historically, measured ambient ROx concentrations have been compared to simulated 

concentrations obtained using chemical box models (Stone et al., 2012), which force budget balance. However, recently Tan 

et al. (2019) showed that, provided ROx observations are available along with simultaneous supporting measurements (trace 

gas mixing ratios, photolysis rates, etc.), experimental budgets can be derived for all measured radical species, previously done 45 

for OH only. Budget imbalances can be identified with such an approach, and would indicate problems with experimental 

input data, such as radical concentrations and rate constants, and/or an incorrect chemical mechanism. 

In most cases of field campaigns in which radical chemistry was a key focus and measurement-model comparisons were 

performed, only OH and HO2 radicals were measured (Stone et al., 2012; Griffith et al., 2013; Hens et al., 2014; Brune et al., 

2016; Feiner et al., 2016; Griffith et al., 2016; Mallik et al., 2018). In many campaigns, OH reactivity (k’OH, the inverse of the 50 

OH chemical lifetime) observations were also available, which were used to calculate the total OH loss rate and thus allowed 

for the experimental OH budget to be assessed (e.g., Whalley et al. (2011); Feiner et al. (2016)). However, such studies may 

also have been impacted by interferences in both OH (Mao et al., 2012; Novelli et al., 2014; Woodward-Massey et al., 2020) 

and HO2 (Fuchs et al., 2011; Whalley et al., 2013) detection. More recently, field campaigns have been conducted in which 

OH, HO2, RO2 (facilitated by the advent of the ROxLIF technique (Fuchs et al., 2008)), and k’OH measurements were all 55 

available (Tan et al., 2017; Tan et al., 2018; Whalley et al., 2018; Tan et al., 2019; Slater et al., 2020; Whalley et al., 2020). 

Tan et al. (2019) showed that such a complete measurement suite allows for the experimental budgets for all radical species to 

be assessed, and derived budget equations for the sum of ROx as well as each individual ROx species.  

In our companion paper (Woodward-Massey et al., 2022), we reported OH, HO2, RO2, and k’OH observations made during 

the ICOZA (Integrated Chemistry of OZone in the Atmosphere) field campaign, and compared these to simulations using an 60 

MCMv3.3.1 box model. We found significant discrepancies between measured and modelled radical concentrations, 

particularly under high NO conditions. In the present work, we apply the experimental budget approach of Tan et al. (2019) to 

the radical measurements. Interference-free measurements of OH were used (Woodward-Massey et al., 2020), and 

interferences in HO2 detection were minimised. We show that large imbalances exist between experimental radical production 
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and destruction rates, and suggest explanations for such differences. In addition, we use the measured radical data to calculate 65 

in situ ozone production rates, and compare these to those calculated from modelled radical concentrations. 

2 Methodology 

The ICOZA field campaign, described in more detail in our companion paper (Woodward-Massey et al., 2022), took place at 

the Weybourne Atmospheric Observatory (WAO), located on the North Norfolk Coast, UK (52°57’02” N, 1°07’19”E), 

approximately 180 km NE of London. A variety of instrumentation was involved in the measurement of trace gases, aerosols, 70 

and photolysis frequencies (see Table 1 in (Woodward-Massey et al., 2022)). OH radicals were measured using the 

fluorescence assay by gas expansion (FAGE) technique (Hard et al., 1984), where for approximately half of the campaign the 

instrument was equipped with an inlet pre-injector (IPI) for the measurement of OH interferences (Woodward-Massey et al., 

2020). HO2 and RO2 radicals were measured after chemical conversion to OH using the ROxLIF method (Fuchs et al., 2008; 

Fuchs et al., 2011; Whalley et al., 2013). OH reactivity (k’OH) was measured using the laser flash photolysis pump and probe 75 

technique (Jeanneret et al., 2001; Sadanaga et al., 2004), where details may be found in (Stone et al., 2016). Trace gas 

measurements included CO, NO, NO2, O3, SO2, HONO, HCHO, ClNO2, VOCs, and oxygenated VOCs (OVOCs). Aerosol 

number concentrations and surface areas were measured using an aerodynamic particle sizer (APS). Photolysis rates (J) were 

measured using a 2π spectral radiometer with J(O1D) also measured using a 2π filter radiometer (Bohn et al., 2008; Bohn et 

al., 2016). The chemical and meteorological conditions encountered during ICOZA are summarised in our companion paper 80 

(Woodward-Massey et al., 2022). As described in our companion paper, we have split all data according to wind direction: 

SW winds (180°–270°), and all other winds (NW–SE, <165° and >285°). All data were averaged to 15 minutes prior to 

performing the analyses featured in this work. 

2.1 Radical budget equations 

OH, HO2, RO2, and k’OH were all measured simultaneously along with relevant supporting measurements (e.g., O3, NO, 85 

HONO, photolysis frequencies, etc.). It is therefore possible to carry out experimental budget analyses for OH, HO2, and RO2 

as well as their sum, ROx. This approach was first described by Tan et al. (2019) for measurements made in the Pearl River 

Delta, China, although many previous studies have investigated the experimental budget of OH only (e.g., Whalley et al. 

(2011)). Given the short lifetimes of OH, HO2, and RO2 radicals (on the order of seconds to minutes), we can assume that their 

concentrations are in steady-state and hence expect their production and destruction rates to be equal at a location such as the 90 

WAO where incoming air is homogeneous. In this section, we describe the reactions involved in ROx initiation and termination 

as well as those that interconvert different ROx species (i.e., propagation). We then show how such reactions can be used to 

derive budget equations (i.e., production and destruction rates) for all radical species. All reaction rate constants and branching 

ratios were taken from the Master Chemical Mechanism, MCMv3.3.1 (http://mcm.leeds.ac.uk/MCM/; (Jenkin et al., 2003; 

Jenkin et al., 2015)). 95 
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 2.1.1 Total ROx = OH + HO2 + RO2 

ROx production is driven by the photolysis of O3, HONO, and OVOCs as well as alkene ozonolysis reactions: 

 

O3 + hv (λ < 340 nm) → O(1D) + O2 (R1a) 

O(1D) + H2O → OH + OH (R1b) 100 

O(1D) + M → O(3P) + M (R1c) 

HONO + hν (λ < 400 nm) → OH + NO (R2) 

OVOCs + hv → HO2, RO2 + products (R3) 

Alkenes + O3 → OH, HO2, RO2 + products (R4) 

 105 

Other photolabile radical reservoir species, such as H2O2, ROOH, HNO3, and RONO2 were not measured during ICOZA and 

therefore were not considered in ROx production. The total ROx production rate may therefore be approximated using: 

 

PROx = 2J(O1D)[O3] f + J(HONO)[HONO] + Σi(J(OVOCi)[OVOCi](YHO2
OVOCi + YRO2

OVOCi))  

+ Σj(kj
4[O3][ALKj](YOH

ALKj + YHO2
ALKj + YRO2

ALKj)) , (E1) 110 

 

where f is the fraction of O(1D) atoms that react with H2O to form OH, YHO2
OVOCi and YRO2

OVOCi are the HO2 and RO2 radical 

yields from the photolysis of OVOC i, respectively, and YOH
ALKj, YHO2

ALKj, and YRO2
ALKj are the radical yields from the 

ozonolysis of alkene (ALK) j. Of the OVOCs measured during ICOZA, those included in equation (E1) were formaldehyde 

(that photolyses to form HO2), acetaldehyde (HO2 and RO2), and acetone (RO2). All measured alkenes were included in 115 

equation (E1). 

ROx termination is controlled by radical loss to NOx and the self- and cross-reactions of peroxy radicals: 

 

OH + NO → HONO (R5) 

OH + NO2 → HNO3 (R6) 120 

RO2 + NO → RONO2 (R7) 

HO2 + HO2 → H2O2 + O2 (R8a) 

HO2 + HO2 + H2O → H2O2 + H2O + O2 (R8b) 

RO2 + RO2 → products (R9) 

RO2 + HO2 → ROOH + O2 (R10) 125 

 

The total ROx destruction rate is thus given by: 
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DROx = (k5[NO] + k6[NO2])[OH] + k7[NO][RO2] + 2(k8[HO2]2 + k9[RO2]2 + k10[RO2][HO2]) (E2) 

 130 

In this work, RO2 radicals are treated as a single species, with generalised rate constants taken from the MCMv3.3.1: at 298 K 

and 1 atm, k7 = β × 9.0 × 10−12 cm3 molecule−1 s−1, where β is the RONO2 yield which we have assumed to be a constant 5% 

for all RO2 species (Orlando and Tyndall, 2012; Tan et al., 2019); k9 = 3.5 × 10−13 cm3 molecule−1 s−1; and k10 = 2.3 × 10−11 

cm3 molecule−1 s−1.  

In line with Tan et al. (2019), we did not explicitly consider equilibrium reactions of the type HO2 + NO2 ⇌ HO2NO2 and 135 

RO2 + NO2 ⇌ RO2NO2 (e.g, peroxyacetyl nitrate (PAN) formation and decomposition) in the budget analyses, and assume 

these processes result in no net gain or loss of the radical species.  

 2.1.2 OH 

OH is formed by reactions (R1), (R2), and (R4) (primary production). In addition, there are secondary OH sources from radical 

recycling reactions of HO2: 140 

 

HO2 + NO → OH + NO2 (R11) 

HO2 + O3 → OH + 2O2 (R12) 

 

OH production rates are therefore given by: 145 

 

POH = 2J(O1D)[O3] f + J(HONO)[HONO] + k11[HO2][NO] + k12[HO2][O3] + Σi(ki
4 [O3][ALKi]YOH

ALKi) (E3) 

 

We do not consider the photolysis of hypohalous acids (HOX, e.g., HOI or HOBr) as a source of OH owing to the lack of IO 

or BrO measurements during ICOZA needed to quantify this. However, given the levels of NO at WAO, we expect the HOX 150 

source to only be very minor compared to reaction (R11) owing to the absence of exposed macroalgae and thus low inputs of 

I and Br. 

OH loss rates are obtained directly from measured [OH] and measured OH reactivity: 

 

DOH = [OH]k’OH (E4) 155 

 2.1.3 HO2 

As shown in Section 2.1.1, primary sources of HO2 are OVOC photolysis (of HCHO and CH3CHO, reaction (R3)) and alkene 

ozonolysis (reaction (R4)). Secondary HO2 sources are as follows: 

 

OH + CO + O2 → HO2 + CO2 (R13) 160 
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OH + HCHO → HO2 + CO + H2O (R14) 

RO2 + NO → RO + NO2 (R15a) 

RO + O2 → R’CHO + HO2 (R15b) 

 

The total HO2 production rate may therefore be calculated as: 165 

 

PHO2 = Σi(J(OVOCi)[OVOCi]YHO2
OVOCi) + Σj(kj

4[O3][ALKj]YHO2
ALKj)  

+ k13[OH][CO] + k14[OH][HCHO] + k15[RO2][NO] , (E5) 

 

where k15 = α × 9.0 × 10−12 cm3 molecule−1 s−1 at 298 K (α is the HO2 yield and equal to 0.95). 170 

HO2 is lost through reactions R8, R10, R11, and R12 (we do not consider the reactions of IO or BrO for reasons given in 

Section 2.1.2). Thus, the HO2 destruction rate is given by: 

 

DHO2 = (2k8[HO2] + k10[RO2] + k11[NO] + k12[O3])[HO2] (E6) 

 2.1.4 RO2 175 

Analogous to HO2, primary RO2 sources are OVOC photolysis (of CH3CHO and CH3COCH3) and alkene ozonolysis. The 

major secondary source of RO2 radicals is the reaction of OH with VOCs and OVOCs: 

 

OH + RH + O2 → RO2 + H2O (R16) 

 180 

The RO2 production rate from reaction (R16) (Psec.
RO2) may be calculated using measured VOC and OVOC concentrations, 

multiplied by their OH reaction rate constants and [OH] (i.e., Psec.
RO2 = [OH] × ∑i kOH + VOCi [VOCi]). However, given we 

showed that missing OH reactivity was significant in our companion paper (Woodward-Massey et al., 2022), this method 

would underestimate Psec.
RO2. Alternatively, we can calculate Psec.

RO2 from measured OH reactivity, after corrections for the 

contributions of inorganic reactants (i.e., NOx, CO, SO2, etc.) and organics that do not produce RO2 (i.e., HCHO): 185 

 

k'OH, corrected = k’OH − k’OH, inorganic − k’OH, HCHO (E7) 

Psec.
RO2 = [OH]k’OH, corrected (E8) 

 

The total RO2 production rate is then calculated as: 190 

 

PRO2 = Σi(J(OVOCi)[OVOCi]YRO2
OVOCi) + Σj(kj

4[O3][ALKj]YRO2
ALKj) + Psec.

RO2 (E9) 
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The reactions of the nitrate radical (NO3) and chlorine atoms (Cl) with VOCs and OVOCs could also constitute a source of 

RO2. NO3 radical concentrations were measured during ICOZA but data coverage was poor; we have therefore omitted NO3 195 

radical reactions in our budget analyses. We note that this limitation should only impact the nighttime results. The impact of 

Cl atom chemistry is discussed in Section 3.7. 

RO2 radicals are lost through reactions (R7), (R9), (R10), and (R15). From these reactions, the total RO2 destruction rate 

may be derived as: 

 200 

DRO2 = ((k7 + k15)[NO] + 2k9[RO2] + k10[HO2])[RO2] (E10) 

3 Results 

3.1 Experimental radical budget balance 

 3.1.1 Total ROx  

Figure 1 shows median diel profiles of the rates of ROx production and destruction calculated using equations (E1–E2), split 205 

according to wind direction. In NW–SE air, which was encountered for ~40% of the data, both P(ROx) and D(ROx) peak at 

~0.7–0.8 ppbv h−1 around 12:00 UTC with a fairly symmetrical profile either side of midday (solar noon ~12:00 UTC based 

on cloud-free days). Within uncertainty, P(ROx) and D(ROx) are equal for much of the day, indicating budget closure, apart 

from around midnight. In SW air (~60% of the data), P(ROx) and D(ROx) peak at ~1.2–1.4 ppbv h−1 around 10:00 UTC, where 

D(ROx) displays a broader profile than that in NW–SE air. P(ROx) is always smaller than D(ROx), by greater than the 210 

measurement uncertainty in the hours 06:00–09:00 UTC, late afternoon, and evening, suggesting missing ROx sources in SW 

air on the order of ~0.2–0.6 ppbv h−1 at these times. Since NO3 + VOC reactions were omitted from the budget analysis, it is 

suggested that NO3 radical reactions, acting as a net ROx source, would likely reduce the gap between P(ROx) and D(ROx) at 

night. 

 3.1.2 OH 215 

Figure 2 displays median diel profiles of OH production and destruction calculated using equations (E3–E4). In contrast to the 

ROx budget, in which production and destruction were in balance for most of the 24 h diel cycle in NW–SE air, P(OH) is 

almost always smaller than D(OH) in NW–SE air, which, since D(OH) is calculated directly from measured OH reactivity, 

indicates missing OH sources of up to ~2–3 ppbv h−1. In addition, D(OH) exhibits two diel peaks at ~10:00 UTC (~2.5 ppbv 

h−1) and ~16:00 UTC (~3.5 ppbv h−1), whereas P(OH) peaks only once at ~1.5 ppbv h−1 in the morning and then decreases 220 

through midday and over the course of the afternoon. It should be noted that the peak at ~16:00 UTC is the 1-hour median of 

many 15-minute data points, corresponding to different days, and is not driven by a single high value in the averaging. In SW 
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air, OH production and destruction are reasonably well balanced throughout the day, with P(OH) slightly smaller than D(OH) 

by ~0.2 ppbv h−1 on average, but differences of up to ~1 ppbv h−1 (~14:00 UTC) can be seen. 

 3.1.3 HO2 225 

In contrast to the ROx and OH budgets, the HO2 budgets calculated using equations (E5–E6) (Figure 3) are out of balance 

throughout the daytime in both NW–SE and SW air, with HO2 production greatly exceeding destruction by up to an order of 

magnitude in the morning. P(HO2) peaks around ~10:00 UTC at ~8 and ~14 ppbv h−1 in NW–SE and SW air, respectively. At 

this time, known HO2 sinks amount only to ~1 ppbv h−1. D(HO2) reaches diel maxima of only ~1 and ~2 ppbv h−1 in NW–SE 

and SW air, respectively. The imbalance between P(HO2) and D(HO2) cannot be accounted for by the measurement uncertainty 230 

in D(HO2) of ~44% (derived from calibration accuracy and reproducibility), and would imply the very rapid build-up of HO2 

to multi-ppbv levels, which was not observed. 

 3.1.4 RO2 

The diel profiles of RO2 production and destruction calculated using equations (E7–E10) (Figure 4) bear close resemblance to 

those of HO2 but with opposite sign imbalances, i.e., for RO2, destruction greatly exceeds known production processes. In 235 

NW–SE air, D(RO2) peaks at ~7 ppbv h−1 around ~10:00 UTC, at which time known RO2 sources amount to only ~0.6 ppbv 

h−1. Maximum P(RO2) occurs around midday at almost 1 ppbv h−1, which is a factor of three slower than D(RO2) at the same 

time. RO2 destruction is even faster in SW air, reaching ~13 ppbv h−1 around 09:00–10:00 UTC, at which time P(RO2) is only 

~0.6–1.5 ppbv h−1. RO2 production was almost twice as fast in SW air compared to NW–SE air, with a diel maximum of ~2 

ppbv h−1 around ~14:00 UTC. 240 

3.2 Dependences on NO mixing ratios 

To summarise thus far, in NW–SE air during daytime the total ROx budget is balanced but OH is missing a source, and HO2 

production rates greatly exceed HO2 destruction rates while the opposite is true for RO2. In SW air, evidence for missing ROx 

sources is found in the morning and late afternoon, while the daytime OH budget is balanced, and the same problems with the 

HO2 and RO2 budgets in NW–SE air are also found (i.e., calculated RO2 → HO2 conversion is perhaps too fast in both wind 245 

sectors). 

In our companion paper (Woodward-Massey et al., 2022), we show that radical levels and measurement-model ratios are 

strongly dependent on NO mixing ratios. It is therefore expected that the budget imbalances shown in Section 3.1 of the present 

work may also have been influenced by NO. As shown in Figure 5, this was indeed the case, with the difference between the 

rate of destruction and the rate of production displaying a strong dependence on NO for ROx, HO2, and RO2. 250 

D(ROx) – P(ROx) increases with NO in NW–SE air, from virtually zero (i.e., budget balance) at <600 pptv NO to almost 

1 ppbv h−1 at ~2000–3000 pptv NO. This suggests missing ROx sources and/or overestimated ROx loss rates under high NOx 

conditions. However, in SW air, the difference between destruction and production exhibits a U-shaped dependence on NO. 
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D(ROx) – P(ROx) is ~1 ppbv h−1 at ~100–200 pptv NO, scattered around zero in the ~300–600 pptv NO region, and increases 

again to ~0.5 ppbv h−1 at 1000–2000 pptv NO. This may suggest that in SW air, the radical chemistry is well-understood at 255 

moderate NOx, but that there are missing ROx sources and/or overestimated ROx loss rates at both low and high NOx. It is 

unclear why the budget is balanced at low NOx in NW–SE air, but not SW air, but may relate to differences in VOC 

composition between the two wind sectors (Woodward-Massey et al., 2022). 

For OH, the rate of destruction minus the rate of production does not exhibit any obvious trend with NO level, with values 

of ~0–2 ppbv h−1 across the entirety of NO space encountered during ICOZA, in both NW–SE and SW air. Since D(OH) is 260 

constrained by measured OH reactivity, this suggests the presence of missing OH sources, which are independent of NO. One 

possibility is that OH radicals were formed from the reactions of HO2 or RO2 with species other than NO, discussed in further 

detail in Section 3.4. In our companion paper (Woodward-Massey et al., 2022), we present evidence for missing OH sources 

at low NO that are not apparent at high NO. Although this contrasts with the lack of NO-dependence found for D(OH) – 

P(OH), their ratios D(OH)/P(OH) do show a decreasing trend with NO (data not shown), consistent with the presence of 265 

missing OH sources under low NOx conditions. 

For the HO2 and RO2 budgets, the NO trends are the same in NW–SE and SW air. D(HO2) – P(HO2) is close to zero at 

low NO, but becomes more negative with increasing NO, reaching –(12–15) ppbv h−1 at >1000 pptv NO. Similarly, for RO2, 

the budget is closed at low NO but D(RO2) – P(RO2) reaches up to +(13–16) ppbv h−1 at high NO. Thus, the HO2 and RO2 

budget balances show virtually the same trends with NO in magnitude, but with opposite sign. This is strong evidence that the 270 

rate of RO2 → HO2 propagation has been substantially overestimated and is discussed in further detail in Section 3.5. 

3.3 Radical sources and sinks 

 3.3.1 ROx initiation and termination 

Figure 6 displays diel profiles of the contributions of known ROx sources and sinks, split according to wind direction. Table 1 

summarises these data by presenting the median daytime (defined as J(O1D) > 5 × 10−7) percentage contributions of individual 275 

ROx sources and sinks in NW–SE and SW air. In NW–SE air, ROx initiation had roughly equal contributions from O1D + H2O 

and HONO photolysis (~37%) on average, where HONO photolysis dominated ROx initiation in the early morning (~05:00–

08:00 UTC) but was less important over the rest of the day. In contrast, HONO photolysis was dominant (median 44% vs 29% 

for O1D + H2O) in the more polluted SW air (Woodward-Massey et al., 2022) throughout the day. This might be expected 

based on the mixing ratios of HONO in each wind sector type, with median values of 52 and 97 pptv in NW–SE and SW air, 280 

respectively. The contributions from carbonyl (HCHO, acetaldehyde, and acetone) photolysis (~23–25%) and ozonolysis 

(~3%) were about the same in each wind sector type. 

In terms of ROx termination, the main contributors in both wind sector types were calculated to be alkyl nitrate formation, 

RO2 + HO2 reactions, and the reaction of OH with NO2 to yield HNO3. In NW–SE air, these three loss processes were of equal 

importance on average (~30%), with alkyl nitrate formation dominant around ~09:00 UTC and RO2 + HO2 reactions dominant 285 
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in the afternoon. The contributions from HO2 + HO2, RO2 + RO2, and OH + NO were all small on average (<4%). The 

contributions from alkyl nitrate and HNO3 formation were greater in SW air (almost 40% on average), whereas RO2 + HO2 

reactions were less important (~14%), driven by differences in NOx levels between the two wind sectors. Again, alkyl nitrate 

formation was most important in the morning, but also contributed substantially throughout the afternoon. HO2 + HO2 and 

RO2 + RO2 reactions were almost negligible (~1%), but the contribution from OH + NO (~6%) was greater than in NW–SE 290 

air (~3%). 

 3.3.2 OH production and k’OH 

The breakdown of OH production and its comparison to measured OH destruction ([OH] × k’OH) is given in Figure 7, again 

split by wind direction. These data are summarised in Table 2, which shows the median daytime contributions of the known 

OH sources. Similarly, Figure 8 gives the breakdown of OH reactivity and comparison to measured k’OH, also summarised in 295 

Table 2. 

OH production was dominated throughout the daytime by the secondary source HO2 + NO in both NW–SE (~50% on 

average) and SW (~70%) air. In NW–SE air, the next most important OH sources were the primary sources O1D + H2O and 

HONO photolysis, with average contributions of ~23% each. Similar to the ROx budget (Section 3.3.1), HONO photolysis 

(~18%) was more important than O1D + H2O (~12%) as an OH source in the more polluted SW air. Radical recycling from 300 

HO2 + O3 (<3%) and radical initiation from ozonolysis (<1%) were of only minor importance in both wind sector types. 

In terms of OH loss (Table 2), the most important OH reactant was CO (NW–SE daytime median: ~42% of calculated 

OH reactivity, SW: ~27%), followed by NO2 (~20%, ~26%), reflecting the overall dominance of inorganic reactants to 

calculated OH reactivity. In terms of organic OH reactivity, carbonyls (~13%, ~21%; mostly (~57%) HCHO) and alkenes and 

alkynes (~6–8%; mostly (~62%) propene) were the most important species. The dialkenes isoprene and 1,3-butadiene made 305 

small but significant contributions to OH reactivity (~4–6%), whereas the contributions from aromatics, alkanes, and methanol 

were all minor (≤3%). Missing OH reactivity was similar in magnitude in both wind sectors (~50%). Monoterpenes (MTs) 

were not included in the calculation of OH reactivity as their sum (measured using proton transfer reaction–mass spectrometry, 

PTR–MS) was generally below the LOD; if we use these data, the maximum contribution of MTs was only ~0.4 s−1 (median 

0.04 s−1, compared to measured k’OH ~ 4.7 s−1), using the rate constant for OH + limonene. 310 

3.4 Attempting to balance the radical budgets 

In this section, we describe various attempts to try and balance the radical budgets through making modifications to the 

calculation of experimental budgets. Such modifications include: (1) the addition of generic radical recycling processes, (2) 

reduction of the rate of RO2 → HO2 conversion, (3) inclusion of heterogeneous HO2 uptake, and (4) addition of chlorine 

chemistry. 315 
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 3.4.1 OH from RO2 + X and HO2 + Y 

The artificial species “X” has previously been invoked as a candidate to account for missing OH sources (Hofzumahaus et al., 

2009; Whalley et al., 2011; Lu et al., 2012; Lu et al., 2013; Rohrer et al., 2014; Tan et al., 2017; Tan et al., 2019). Here, X is 

a species that acts like NO, reacts with the same rate constant as NO, and yields an additional secondary source of OH from 

RO2 and HO2: 320 

RO2 + X → HO2 (R17) 

HO2 + X → OH (R18) 

However, unlike the analogous process for NO, reactions (R17–R18) do not result in the concomitant production of NO2 and 

hence ozone (reactions (R11) and (R15a)). Similarly, direct conversion of HO2 to OH using another artificial species “Y”, 

which does not react with RO2 radicals, was proposed by (Lu et al., 2012; Lu et al., 2013): 325 

HO2 + Y → OH (R19) 

In the present work, we have applied these two generic recycling mechanisms from species X and Y to test whether they 

are able to close the OH budget, using measured HO2 and RO2. Note that here, we have treated reactions (R17–R18) as a one 

step process in which RO2 is directly converted to OH by X (i.e., RO2 + X → OH). We have assumed the same rate constants 

for the reactions of X/Y with RO2/HO2 as for NO, and set the abundance of each hypothetical species X and Y to a constant 330 

100 pptv, a value used in a previous study in the North China Plain (Tan et al., 2017). These results are displayed in Figure 9. 

It can be seen that P(OH) is increased significantly after the incorporation of both the X and Y mechanisms. In NW–SE air, 

the X mechanism results in P(OH) being greater than D(OH) during nighttime and for much of the daytime, with the exception 

of ~09:00 UTC and ~16:00 UTC. The Y mechanism results in much more modest increases in P(OH), due to lower observed 

HO2 concentrations (Woodward-Massey et al., 2022). Neither mechanism is able to balance the OH budget, especially the 335 

afternoon peak in D(OH). However, it is likely that assumptions about the mixing ratios of X and Y are not correct, or that the 

assumption of constant concentrations is invalid. In SW air, the X mechanism again results in P(OH) being greater than D(OH) 

during nighttime and for most of the daytime. However, the Y mechanism results in reasonable balance between P(OH) and 

D(OH), apart from around 06:00 UTC when HO2 concentrations were lower. In both NW–SE and SW air, the X mechanism 

slightly improves the agreement between P(HO2) and D(HO2), but slightly worsens the agreement between P(RO2) and 340 

D(RO2); however, the changes are small overall compared with the imbalances in both HO2 and RO2 budgets. 

 3.4.2 HO2 + Z → RO2 

Considering that during the daytime, P(HO2) ≫ D(HO2) and P(RO2) ≪ D(RO2) simultaneously, it is possible that there is an 

unknown species “Z” that is able to recycle HO2 back to RO2:  

HO2 + Z → RO2 (R20) 345 

A candidate for species Z may be a carbonyl containing compound, which are known to undergo (reversible) HO2 addition. 

For example, HO2 has been shown to add to formaldehyde (Veyret et al., 1989), acetaldehyde (Tomas et al., 2001), acetone 
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(Grieman et al., 2011), and methylglyoxal (Orlando and Tyndall, 2020) experimentally, and equilibria of this type have been 

investigated theoretically (Niki et al., 1985; Hermans et al., 2005). These reactions have generally been shown to have 

negligible impacts on atmospheric chemistry, but it can be speculated that a higher order or more functionalised carbonyl 350 

compound may add HO2 to form a much more strongly bound complex. 

Regardless of the identity of species Z, such a mechanism is able to simultaneously reduce the HO2 and RO2 budget 

imbalances, as shown in Figure 10. Assuming a constant mixing ratio of 500 pptv and similar reactivity to NO, the Z 

mechanism is able to close the HO2 and RO2 budgets in the afternoon, but does not perturb the OH budget. Morning imbalances 

are still present, but this may be because the assumption of constant Z concentrations is invalid and that Z levels were higher 355 

in the morning. 

3.4.3 Reducing the rate of RO2 → HO2 conversion 

(Whalley et al., 2018) presented field measurements of HO2 and RO2 radicals in London. HO2 levels were significantly 

overpredicted by an MCM model during the daytime, particularly in air that had passed over central London. It was found that 

HO2 concentrations could be reasonably well simulated if the fraction of RO2 radicals that propagated to HO2 (i.e., the 360 

branching ratio α in reactions (R7) and (R15a)) was reduced. To achieve good agreement, α was reduced to 0.15, compared to 

α ~ 0.5 in the base model, a factor of ~3 reduction. 

In the present work, α was set to 0.95 based on literature values of the branching ratios for alkyl nitrate formation (β) of 

~5% (Orlando and Tyndall, 2012; Tan et al., 2019). However, even with such a low RONO2 branching ratio, P(RONO2) values 

of up to ~0.7 ppbv h−1 (Figure 6) are already very high considering previous measurements of RONO2 at Weybourne were on 365 

the order of tens of pptv (Worton et al., 2010). Therefore, it is not thought that changing the value of α is appropriate for 

ICOZA. Instead, we have artificially reduced the rate of RO2 → HO2 conversion by changing the total rate constant of reactions 

(R7) and (R15a) (originally 9.0 × 10−12 cm3 molecule−1 s−1 at 298 K). The impact of reducing the RO2 + NO rate constant by 

a factor of 5 on the HO2 and RO2 budgets is shown in Figure 11. It can be seen that the HO2 and RO2 budgets are now 

reasonably well balanced in the afternoon, but still P(HO2) > D(HO2) and P(RO2) < D(RO2) by ~1–2 ppbv h−1 in the morning. 370 

It should be noted that no evidence exists for such low RO2 + NO rate constants, with published k(298 K) values in the range 

~8–20 × 10−12 cm3 molecule−1 s−1 and associated uncertainties of ~15–35% (Orlando and Tyndall, 2012), although the kinetics 

of relatively few RO2 species with NO have been studied directly. 

3.4.4 Inclusion of heterogeneous HO2 uptake 

Up to now, the heterogeneous uptake of HO2 has not been considered in the HO2 budget, although it was included in the MCM 375 

models in our companion paper (Woodward-Massey et al., 2022). We have assessed the impact of this chemistry on the 

experimental HO2 budget in Figure 12. The heterogeneous loss of HO2 was parametrised using the following first-order loss 

rate (Ravishankara, 1997): 
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k’loss = ωAγ / 4 , (E11) 380 

 

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 in our companion 385 

paper (Woodward-Massey et al., 2022), the impact on the HO2 budget is negligible. 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). 

3.4.5 Inclusion of chlorine 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)) 390 

with VOCs during the morning were the source of the missing RO2, although the contribution was not sufficient to 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 13 shows 395 

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). 400 

3.5 Ozone production 

3.5.1 Calculated P(Ox) and comparison to MCM model predictions 

The gross in situ ozone production rate, p(O3), may be defined in terms of the rate of net NO → NO2 conversion (Cazorla et 

al., 2012), i.e., p(Ox) where Ox = O3 + NO2:  

 405 

p(O3) ≈ p(Ox) = k11[HO2][NO] + kRO2+NO[RO2][NO] × α (E12) 

 

Here, α is the branching ratio for HO2 + NO2 formation (reaction (R15)) and kRO2+NO is the total rate constant for reactions 

(R7) and (R15). The chemical loss rate of ozone, l(O3), may be derived from the rate of radical-NOx termination reactions and 

the loss of O3 to HO2, approximated by: 410 
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l(O3) ≈ l(Ox) = k6[OH][NO2][M] + kRO2+NO[RO2][NO] × β + k12[HO2][O3] , (E13) 

 

where β (= 1 – α) is the branching ratio for RONO2 formation (reaction (R7)). The net ozone production rate, P(O3), is then 

obtained from the difference between equations (E13) and (E14): 415 

 

P(O3) ≈ P(Ox) = p(Ox) – l(Ox) (E14) 

 

Calculation of P(O3) (≈ P(Ox)) from FAGE observations of HO2 and RO2 radicals was one of the main aims of the ICOZA 

project.  420 

Median diel profiles of the net ozone production, P(Ox), calculated from measured and modelled (Woodward-Massey et 

al., 2022) OH, HO2, and RO2 radical concentrations are shown in Figure 14. Here, P(Ox) was calculated from equations (E12–

E14) with the same values of kRO2+NO and α (= 0.95) applied to both observations and model predicted concentrations of total 

RO2 (i.e., model P(Ox) was not calculated from the rate constants and yields for individual RO2 species). kRO2+NO was set to 

the generic value used in the MCM (kRO2+NO = 2.7 × 10−12 exp(360/T) = 9.0 × 10−12 cm3 molecule−1 s−1 at 298 K; for reference, 425 

kCH3O2+NO = 7.7 × 10−12 cm3 molecule−1 s−1 at 298 K). 

In NW–SE air, FAGE-calculated P(Ox) peaks at ~16 ppbv h−1 at 09:30 UTC when NO and peroxy radical levels are both 

high (Woodward-Massey et al., 2022), before decreasing sharply in the afternoon to ~0.7–1.4 ppbv h−1. Model-calculated 

P(Ox) also peaks at 09:30 UTC but at a ten-fold lower value of ~1.6 ppbv h−1. The afternoon decrease is less severe than for 

FAGE-calculated P(Ox), resulting in good agreement between FAGE- and model-calculated P(Ox) in the afternoon. In SW air, 430 

FAGE-calculated P(Ox) displays a broader morning peak in the hours ~07:00–10:00 UTC of ~10–15 ppbv h−1. In comparison 

to NW–SE air, afternoon FAGE-calculated P(Ox) was greater with values of ~5–8 ppbv h−1. Daytime model-calculated P(Ox) 

is in the range 0.3–2.3 ppbv h−1, peaking at 14:30 UTC, and underpredicts the observations throughout the daytime, in contrast 

to NW–SE air. 

3.5.2 Ozone production regime – Ln / Q 435 

The ratio of the rates of radical loss to NOx (Ln, reactions (R5–R7)) to total radical initiation (Q = P(ROx) ≈ D(ROx)) has been 

proposed as a simple metric to assess whether ozone production is NOx or VOC limited (Kleinman et al., 1997; Kleinman et 

al., 2001). A ratio above 0.5 suggests that ozone production is VOC limited, while values below 0.5 indicate that ozone 

production is in the NOx limited regime. This metric has been used to assess ozone production sensitivity in previous urban 

campaigns (Mao et al., 2010; Griffith et al., 2016). 440 

In the present work, calculated D(ROx) was generally slightly greater than P(ROx) (Figure 1) and calculated Ln often 

exceeded P(ROx), leading to Ln / Q ratios of greater than 1. For this reason, we have used the ratio of radical loss to NOx to 

total radical destruction (Ln / D(ROx)) to assess ozone production sensitivity for the ICOZA campaign. Median diel profiles of 

https://doi.org/10.5194/acp-2022-213
Preprint. Discussion started: 4 April 2022
c© Author(s) 2022. CC BY 4.0 License.



15 
 

daytime (06:00–21:00 UTC) Ln / D(ROx) calculated from measured radicals in NW–SE and SW air are shown in Figure 15. 

In NW–SE air, ozone production was generally VOC limited (i.e., Ln / D(ROx) > 0.5), but with some NOx limited ozone 445 

production around midday. In contrast, ozone production was VOC limited throughout the daytime in the more polluted SW 

air. 

3.5.3 P(Ox) dependence on NO mixing ratios 

Considering the strong dependence of measured and modelled HO2 and RO2 radical concentrations on NO mixing ratios 

(Woodward-Massey et al., 2022), it is expected that P(Ox) should also exhibit a NO-dependence. Figure 16 shows that both 450 

FAGE- and model-calculated P(Ox) are strongly dependent on NO, with similar trends in NW–SE and SW air. FAGE-

calculated P(Ox) shows a consistent increase with NO in both NW–SE and SW air, with values of <1 ppbv h−1 below 100 pptv 

NO and up to ~17 ppbv h−1 at ~2–3 ppbv NO. In contrast, model-calculated P(Ox) starts to fall off a little above 1 ppbv NO in 

NW–SE air, but generally increases with NO in SW air. Below ~500 pptv NO, FAGE- and model-calculated P(Ox) are in 

reasonable agreement within combined uncertainties. However, above this threshold, FAGE-calculated P(Ox) is much greater 455 

than model-calculated P(Ox), with measurement-to-model ratios of up to ~5–15 for NO ~2–3 ppbv. NOx levels were not high 

enough to show any onset of a plateau in FAGE-calculated P(Ox). 

4 Discussion 

Overall, the results show that during the daytime, the budget of total ROx is virtually closed in both wind sectors (Figure 1), 

although there is evidence for relatively small missing ROx sources in the early morning and late afternoon in SW air. However, 460 

the budgets for individual ROx species are out of balance, most severely for HO2 (Figure 3) and RO2 (Figure 4). The 

dependence of these imbalances on NOx levels (Figure 5) implies that there are quantitative limitations to our understanding 

of the processes that interconvert ROx species, in particular those that convert RO2 to HO2. The worst agreement between 

experimental HO2 and RO2 production and destruction rates is found at high NOx, suggesting that it is under these conditions 

that our understanding is most incomplete. 465 

Various hypotheses were tested to see whether we could achieve budget closure for individual ROx species. First, it was 

assessed whether additional unknown recycling processes that convert HO2 (+ Y) or RO2 (+ X) to OH could reduce the budget 

imbalances for OH, HO2, and RO2. Under this hypothesis, there was some improvement to the agreement between OH 

production and destruction, but budget balance could not be achieved for all three species simultaneously (Figure 9).  

Second, another unknown species Z that facilitates the conversion of HO2 to RO2 was suggested. Incorporation of this 470 

mechanism did simultaneously reduce the budget imbalances for HO2 and RO2 (Figure 10), without affecting the OH budget. 

However, it is not clear what the identity of species Z could be, or at what concentration it may exist in the atmosphere, but 

certainly this candidate mechanism warrants further research. 
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Third, the RO2 + NO rate constant was reduced to assess the impact on experimental HO2 and RO2 budgets. Of all the 

hypotheses tested in the present work, this resulted in the best agreement between HO2 and RO2 production and destruction 475 

rates (Figure 11). However, the RO2 + NO rate constant had to be reduced by a factor of 5 to achieve this, for which no 

evidence exists, given that accepted laboratory measurements of these rate constants for specific peroxy species have not 

reported values as low and have uncertainties in the range ~15–35% (Orlando and Tyndall, 2012). It is therefore imperative 

that more laboratory studies are conducted to measure RO2 + NO rate constants with a wide variety of RO2 types. Given that 

organic OH reactivity was dominated by OVOCs and alkenes and alkynes (Table 2), it is perhaps here where efforts should 480 

focus. On the other hand, missing OH reactivity is also significant and it is unclear what species are responsible, although in 

our companion paper (Woodward-Massey et al., 2022) we show that the missing reactivity may be due to unmeasured OVOCs 

rather than BVOCs. Alternatively, previous experiments at the WAO have suggested that a multitude of aromatic species may 

be responsible for missing OH reactivity (Lee et al., 2009). We do note however, that different RO2 species have different NO 

rate constants, while in this work we were only able to treat RO2 radicals as a single species with a single NO rate constant, 485 

which introduces a bias in our analyses. Reduced RO2 + NO rate constants could help to reconcile measurement-model 

discrepancies seen for RO2 at high NO in other campaigns (Tan et al., 2017; Tan et al., 2018; Whalley et al., 2018; Slater et 

al., 2020). In addition, the reduced rate constants would result in longer RO2 lifetimes with respect to NO. This has implications 

for autoxidation chemistry (Bianchi et al., 2019): longer RO2 lifetimes would allow more time for unimolecular autoxidation 

reactions to compete with the bimolecular NO reaction, resulting in more efficient formation of highly-oxidised molecules 490 

(HOMs) under high NOx conditions. This may help to explain the lack of (complete) suppression of HOM signals at higher 

NOx seen in some laboratory experiments (e.g., Zhao et al. (2018); Mehra et al. (2020)). However, the only rate constant for a 

highly-oxidised RO2 radical with NO that has been measured (Berndt et al., 2015) was found to be ~3–4 times faster than the 

rate constant used in the present work. 

Finally, it was assessed whether HO2 heterogeneous uptake or chlorine chemistry could reconcile the budget imbalances 495 

for HO2 and RO2, respectively. In both cases, the impacts on calculated production and destruction rates were negligible, thus 

ruling them out as the sources of the budget discrepancies.  

The simultaneous measurement of ROx, NO, and NO2 allowed for the calculation of in situ ozone production rates (Figure 

14). Using FAGE-measured radicals, daily integrated (06:00–21:00 UTC) ozone productions of 38 and 80 ppbv in NW–SE 

and SW air, respectively, were calculated. The daily integrated ozone productions calculated from MCM-modelled radicals 500 

are much lower at 9 and 15 ppbv, respectively. These values may be compared to those calculated from measured ozone at 18 

and 20 ppbv, respectively. The large difference between FAGE-calculated ozone production and that calculated from measured 

ozone suggests that most of the ozone produced in situ was transported downwind of the WAO site. Daytime ozone production 

was shown to be close to the transition between NOx-limited and VOC-limited regimes in NW–SE air, which may be 

considered representative of the background conditions of northern Europe. Ozone production was generally VOC-limited in 505 

the more polluted SW air, although still relatively close to the transition point (Figure 15). It was also shown that FAGE-

calculated ozone production rates scaled with NO in both wind sectors (Figure 16). Taken together, these results suggest that 
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both NOx and VOC emissions reductions in source regions (e.g., London, Birmingham) would help to mitigate ozone pollution 

at this UK coastal receptor site. 

The results of our work may be compared to those of Tan et al. (2019), who first used the experimental budget approach 510 

for a campaign in the Pearl River Delta (PRD), China. Pollution levels were much higher during the PRD campaign compared 

to those encountered at the WAO – for example much greater OH reactivities of up to 80 s−1 were measured (c.f. 18 s−1 for 

ICOZA), and NO mixing ratios were higher (diurnal maximum of ~4 ppbv vs ~0.8–1.4 ppbv for ICOZA). Despite this, 

measured radical concentrations were fairly similar, with maximum diel median concentrations of 4.5 × 106 molecule cm−3 for 

OH (c.f. 2–4 × 106 molecule cm−3 during ICOZA), 3 × 108 molecule cm−3 for HO2 (c.f. 1–1.5 × 108 molecule cm−3), and 2 × 515 

108 molecule cm−3 for RO2 (c.f. ~5 × 108 molecule cm−3). In the PRD, maximum loss rates for OH, HO2, and RO2 reached up 

to 10–15 ppbv h−1, similar to the loss rates observed for RO2 in SW air during ICOZA (Figure 4). The loss rate of total ROx 

peaked at midday at ~3 ppbv h−1, compared with ~0.8–1.2 ppbv h−1 for ICOZA (Figure 1), where the difference is likely due 

to the higher pollution levels found in the PRD (i.e., increased radical loss to NOx). Within experimental uncertainties, the ROx 

budget was balanced, similar to that observed for ICOZA. Evidence for a missing afternoon OH source was presented (with 520 

an inferred source strength of 4–6 ppbv h−1), which was also the case for NW–SE air during ICOZA (up to ~2 ppbv h−1, Figure 

2). However, in the PRD, the HO2 budget was closed within experimental uncertainty, and the closure of the RO2 budget could 

be greatly improved when RO2 production was calculated from measured OH reactivity, although a missing afternoon RO2 

sink was still present. This is in contrast to our results, from which a significant missing HO2 sink (Figure 3) and a missing 

RO2 source (Figure 4) on the order of 10 ppbv h−1 may be inferred. In the PRD, the strongest differences between calculated 525 

RO2 production and destruction rates were found at low NO (<1 ppbv), with budget closure at high NO. However, during 

ICOZA, the difference between RO2 (and HO2) production and destruction rates was most severe at high NO (Figure 5). 

More recently, Whalley et al. (2020) also assessed the experimental radical budget for ROx and OH reactivity observations 

made in summertime Beijing. A missing OH source was identified under the low NO (<0.5 ppbv) conditions experienced in 

the afternoon, similar to that for ICOZA NW–SE air, but with a much higher inferred source strength on the order of ~15 ppbv 530 

h−1. Identical to ICOZA, their budget analysis indicated that the HO2 and RO2 budgets were both out of balance but with 

opposite sign, where the ratios of production to destruction rates displayed a strong dependence on NO concentration; under 

the highest NO (~100 ppbv) conditions, P(HO2) exceeded D(HO2) by ~50 ppbv h−1 (cf. ~10–15 ppbv h−1 for ICOZA at ~2 

ppbv NO), whilst D(RO2) exceeded P(RO2) by the same magnitude. The agreement between experimental production and 

destruction rates for HO2 and RO2 was much improved after reducing the rate of RO2 → HO2 propagation (by reducing α from 535 

0.95 to 0.10), similar to our approach of reducing the RO2 + NO rate constant (Figure 11). As discussed in our companion 

paper (Woodward-Massey et al., 2022), Whalley et al. (2020) suggested that some complex RO2 species (e.g., from BVOC or 

aromatic VOC oxidation) do not directly generate HO2 after reaction with NO, but instead the RO radicals formed autoxidise 

(via H-shifts) to form new RO2 species that undergo further reaction with NO before eventually forming HO2. This type of 

chemistry serves to reduce the rate of RO2 → HO2 propagation and could help to explain the differences between experimental 540 

production and destruction rates of HO2 and RO2 found for ICOZA. 

https://doi.org/10.5194/acp-2022-213
Preprint. Discussion started: 4 April 2022
c© Author(s) 2022. CC BY 4.0 License.



18 
 

5 Conclusions 

In our companion paper (Woodward-Massey et al., 2022), we presented measurements of radical species and k’OH made during 

the 2015 ICOZA field campaign that took place at a coastal site in North Norfolk, UK. In the present work, the simultaneous 

measurement of OH, HO2, RO2, and k’OH allowed for experimental (i.e., observationally determined) budgets to be derived for 545 

all radical species as well as total ROx. Data were separated according to wind direction: SW winds (180°–270°), and all other 

winds (NW–SE, <165° and >285°). In NW–SE air, the ROx budget could be closed during the daytime within experimental 

uncertainty but OH destruction exceeded OH production by ~2–3 ppbv h−1, and HO2 production greatly exceeded HO2 

destruction while the opposite was true for RO2. In SW air, the ROx budget analysis indicated missing daytime ROx sources 

on the order of ~0.2–0.6 ppbv h−1 but the OH budget was balanced, and the same behaviour was found with the HO2 and RO2 550 

budgets as in NW–SE air. Differences between radical destruction and production rates were found to exhibit species-

dependent trends with respect to NO mixing ratios; the budget imbalances were most severe for HO2 and RO2 at high NO (> 

1000 pptv), with differences of –(12–15) ppbv h−1 and +(13–16) ppbv h−1, respectively. 

In NW–SE air, the dominant daytime ROx sources were O1D + H2O and HONO photolysis (~37% each) with significant 

contributions from carbonyl photolysis (~23%), while the major ROx sinks were the reactions RO2 + NO → RONO2 (~28%), 555 

RO2 + HO2 (~33%), and OH + NO2 (~33%). The major OH source was the secondary source HO2 + NO (~50%) with significant 

contributions from O1D + H2O and HONO photolysis (~23% each), while in terms of OH loss, the most important reactions 

were OH + CO (~42%) and OH + NO2 (~20%). In the more polluted SW air, ROx initiation was dominated by HONO 

photolysis (~44%) with similar contributions from O1D + H2O (~29%) and carbonyl photolysis (~25%), while ROx termination 

was mainly controlled by the reactions RO2 + NO → RONO2 (~38%) and OH + NO2 (~39%). OH production was dominated 560 

by HO2 + NO (~70%), while OH loss was controlled by reactions with CO (~27%), NO2 (~26%), and carbonyls (~21%). 

After finding that the radical budgets were out of balance, most severely for HO2 and RO2, several modifications were 

made to the calculation of experimental budgets to try and reconcile this: (1) the addition of generic radical recycling processes, 

(2) reduction of the rate of RO2 → HO2 conversion, (3) inclusion of heterogeneous HO2 uptake, and (4) addition of chlorine 

chemistry. The best agreement between HO2 and RO2 production and destruction was found for (2), in which we reduced the 565 

RO2 + NO rate constant by a factor of 5. It is therefore recommended that more studies are conducted to measure RO2 + NO 

rate constants, in particular for more complex, functionalised RO2. 

The rate of in situ ozone production (P(Ox)) was calculated from observations of ROx, NO, and NO2 and compared to that 

calculated from MCM-modelled radical concentrations. The MCM-calculated P(Ox) significantly underpredicted the 

measurement-calculated P(Ox) in the morning by up to a factor of 10, and the degree of underprediction was found to scale 570 

with NO. Using the ratio of the rates of radical loss to NOx to total radical loss (Ln / D(ROx)), it was shown that in NW–SE air, 

daytime ozone production was close to the transition between NOx-limited and VOC-limited regimes. However, in the more 

polluted SW air, ozone production was generally VOC-limited. 
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The strong NO-dependences of the HO2 and RO2 budget imbalances reveal a systematic limitation to our understanding 

of peroxy radical cycling chemistry, which directly impacts our ability to calculate ozone production rates correctly. Future 575 

tropospheric ozone abatement strategies rely on the accurate simulation of ozone chemistry. It is therefore crucial that further 

studies seek to explain the budget imbalances found in this work. 
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Tables 

Table 1. Median daytime (defined as J(O1D) > 5 × 10−7 s−1, approximately 06:00–18:00 UTC) ROx source and sink contributions, split 
according to wind direction (NW–SE = <165° and >285°; SW = 180°–270°). 

ROx source NW–SE (%) SW (%) ROx sink NW–SE (%) SW (%) 
Ozonolysis 3.1 2.8 RO2 + NO → RONO2 28.1 38.2 
Jcarbonyls 22.9 24.5 HO2 + HO2 1.8 0.9 
JHONO 36.5 44.0 RO2 + HO2 32.6 14.2 
O1D + H2O 37.5 28.7 RO2 + RO2 1.5 1.1 
   OH + NO2 32.6 39.4 

   OH + NO 3.4 6.2 
 

 5 
Table 2. Median daytime OH source and sink contributions, split according to wind direction. OH reactivity contributions are derived from 
calculated OH reactivity, not measured. OH sink groupings are based on MCM classifications. 

OH source NW–SE (%) SW (%) OH sink NW–SE (%)a SW (%)b 

Ozonolysis 0.8 0.5 Aromaticsc 0.4 0.3 
O1D + H2O 23.2 11.5 HONOc 0.7 0.7 
JHONO 22.6 17.7 Methanolc 1.7 3.1 
HO2 + O3 2.4 0.9 Alkanesc 2.5 1.6 
HO2 + NO 51.0 69.4 NO 2.7 4.5 
   Unclassifiedc 2.7 1.8 
   O3

c 3.0 2.3 
   Dialkenes (isoprene + 1,3-butadiene) 4.2 5.5 
   Alkenes + alkynes 7.9 6.4 
   Carbonyls 13.0 20.9 
   NO2 19.5 26.2 
   CO 41.6 26.7 

aMedian missing reactivity = 2.2 s−1 (48% of measured). 

bMedian missing reactivity = 2.4 s−1 (49% of measured). 

cLumped together as “others” in Figure 8.  10 
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Figures 

  
Figure 1. Median diel profiles of ROx production and destruction, split according to wind direction (NW–SE = <165° and >285°; SW = 
180°–270°). Shaded area on D(ROx) corresponds to the estimated 1σ uncertainty of 35% (derived from calibration accuracy and 
reproducibility), not shown for P(ROx) for clarity. 

 5 

 

  
Figure 2. Median diel profiles of OH production and destruction, split according to wind direction. Shaded area on D(OH) corresponds to 
the estimated 1σ uncertainty of 24%, not shown for P(OH) for clarity. 
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Figure 3. Median diel profiles of HO2 production and destruction, split according to wind direction. Shaded area on D(HO2) corresponds to 
the estimated 1σ uncertainty of 32%, not shown for P(HO2) for clarity. 

 

 

  

Figure 4. Median diel profiles of RO2 production and destruction, split according to wind direction. Shaded area on D(RO2) corresponds to 5 
the estimated 1σ uncertainty of 32%, not shown for P(RO2) for clarity. 
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Figure 5. 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 6. Median diel profiles of known ROx sources (top) and sinks (bottom), split according to wind direction. Average daytime 
contributions are given in Table 1. For interpretation of colours, please see the figure legend. 
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Figure 7. Median diel profiles of known OH sources and comparison to measured OH destruction, split according to wind direction (left: 
NW–SE, right: SW). Average daytime contributions are given in Table 2. For interpretation of colours, please see the figure legend. 

 

 

  
Figure 8. Median diel profiles of the OH reactivity calculated from measured reactants and comparison to measured OH reactivity, split 5 
according to wind direction. Average daytime contributions are given in Table 2. For interpretation of colours, please see the figure legend. 
Reactants in the “others” class are listed in Table 2. The shaded area on measured k’OH corresponds to the 1σ precision of ~1 s−1. Model 
intermediates are not included here but their contributions may be found in our companion paper (Woodward-Massey et al., 2022). 
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Figure 9. OH, HO2, and RO2 budgets with inclusion of additional radical recycling from species "X" and "Y", where RO2 + X → OH and 
HO2 + Y → OH. In each case, X and Y were set to a constant 100 pptv and assumed to react with the same rate constants as RO2 + NO and 
HO2 + NO, respectively (“eq.” = equivalent).   
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Figure 10. HO2 (top) and RO2 (bottom) budgets with inclusion of additional radical propagation from species "Z", where HO2 + Z → RO2. 
Z was set to a constant 500 pptv and assumed to react with the same rate constant as HO2 + NO. 
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Figure 11. HO2 (top) and RO2 (bottom) budgets after artificially reducing the RO2 + NO rate constant by a factor of 5. 
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Figure 12. HO2 budget after inclusion of heterogeneous uptake using different γHO2. 

 

 

  
Figure 13. 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 5 
chlorine chemistry. 
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Figure 14. 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. 

 

 5 

 
Figure 15. Daytime (06:00–21:00 UTC) ozone production regime based on the ratio Ln / D(ROx) (left axis). J(NO2) is shown on the right 
axis. The dashed line corresponds to the transition between VOC and NOx limited ozone production (Ln / D(ROx) = 0.5). 
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Figure 16. P(Ox) as a function of NO for measured and MCM-base model HO2 and RO2. Error bars and shaded areas correspond to estimated 
1σ uncertainties of 40% and 70% for measured and model P(Ox), respectively. Note y- and x-log scales. 
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