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Abstract: This work examines the photochemistry of the lower troposphere for clean high latitudes in spring 2000 during the Tropospheric 
Ozone Production about the Spring Equinox (TOPSE) experiment. TOPSE measurements included the short-lived quantities [OH], [HO2] + [RO2], 
and [NO]/[NO2] as well as those slow varying ones that, according to photo-chemical theory, control them, e.g. [H2O], [O3], [NOx], [CO], 
temperature T, pressure p, and photolysis rate coefficients (J-values). We examine this control using a simple scaling equation, which we term 
local sensitivity function (LSF), to correlate simultaneous measurements:  

[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]βα γ δ ε φ χ

2 3 xX H O O NO CO J T p∝  

where X = OH, HO2 + RO2, or NO/NO2 ratio, and the exponents α, β, γ, δ, ε, φ, and χ are estimated with box model. We first test this correlation 
using the output from a regional chemistry-transport model (CTM) and find a remarkable improvement in the correlation between X and the 
LSF, compared to correlations of X with any single parameter (e.g., J values). When using actual observations, the correlations for OH remain 
unchanged, those for HO2 + RO2 improve significantly, but the correlation of the observed NO/NO2 ratio with its LSF is sharply worse than simple 
correlations (e.g. vs. J value). This surprising result suggests that neither the box model nor the CTM are representing the chemistry of NO and 
NO2 correctly in the polar troposphere, and points to the importance of other reactions, e.g., BrO + NO → Br + NO2 and aerosol heterogeneous 
chemistry ones, that are not currently in the models. 
 
Keywords: TOPSE experiment, polar troposphere, photochemistry, box model Master Mechanism, chemistry-transport model HANK. 
 

INTRODUCTION 
HE photochemistry of the troposphere links many time 
scales, from microseconds to decades. These links are 

inherent in bimolecular reactions, e.g. for the reaction of 
hydroxyl radicals (OH) with carbon monoxide (CO) with rate 
constant k, 

 2 2 2OH CO ( O ) HO CO+ + → +  (1) 

where one can define two complementary lifetimes,  
τOH‒1 = k[CO] and τCO‒1 = k[OH]. Typically, τOH ~ 1 s while  
τCO ~ several weeks, so that short-term fluctuations in OH 
are controlled by CO (among other factors), but the life-
times and concentrations of CO are controlled largely by 
time-integrated OH. While much of the interest in 

atmospheric chemistry focuses on large-scale (temporal or 
spatial) impacts, it is equally necessary to understand the 
local and instantaneous behaviors because precisely the 
same processes may be involved. 
 The Tropospheric Ozone Production about the 
Spring Equinox 2000 (TOPSE) experiment, with its airborne 
measurements of key radicals and their controlling 
chemical and physical factors, generated a rich data set for 
testing known photochemical theory. In this work, we 
consider a subset selected for studying the response of 
short-lived species to changes in longer-lived species and 
photolytic radiation. Specifically, we examined the 
concentration of hydroxyl radicals [OH], the total 
concentration of peroxy radicals (sum of hydro-peroxy 
[HO2] and organic peroxy [RO2] radicals, [HO2] + [RO2]) and 
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the ratio of nitric oxide to nitrogen dioxide [NO]/[NO2]. 
The production and destruction rates of these radicals, as 
well as the NO‒NO2 partitioning, should be mostly in 
balance on short time scales, while tracking the slower 
changes in local physical and chemical conditions. In 
practice, such environmental drivers include photolytic 
radiation (hν), temperature (T), water (H2O), ozone (O3), 
carbon monoxide (CO), nitrogen oxides (NOx = NO + NO2), 
and volatile organic carbon species (VOCs, including 
methane (CH4), non-methane hydrocarbons (NMHCs), and 
hetero-substituted organics).[1‒3] Many of these quantities 
were measured simultaneously during TOPSE. 
 Analytic expressions that describe how these 
radicals depend on longer-lived species are difficult to 
derive even with steady state approximations, and in 
practice numerical solution methods are employed.[4] 
Simple empirical correlations, e.g. between OH and NOx 
concentrations, are usually poor and difficult to interpret 
because of the simultaneous and more or less independent 
changes in the other driving factors (e.g. ambient 
concentrations of H2O, O3, and CO). 
 Here, we propose a simple expression, which we 
term the local sensitivity function (LSF), to capture the 
simultaneous variations in the aforementioned driving 
factors of photochemistry: 

[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]2 3X H O O NO COα γ δ ε φ χ
X J T p∝ β  (1) 

where ambient concentrations of X = OH, HO2 + RO2, 
or NO/NO2 are measured during TOPSE, as are those of 
H2O, O3, NOx, CO, and values of J, temperature (T), and 
pressure (p). The exponents α, β, γ, δ, ε, φ, and χ are 
estimated for each measured parameter by sensitivity 
studies with a photo-chemical box model. To the extent 
that the TOPSE measurements can be correlated in this 
way, it could be argued that local photochemistry is 
understood at least as to the relative importance of these 
controlling variables. On the other hand, the lack of such 
correlation, or any significant deviations from it (e.g., in 
linearity and zero intercept), could be due to instrumental 
scatter and possible artifacts, but also to important 
processes (e.g., heterogeneous chemistry) and quantities 
(e.g., other gas-phase species) that are not considered in 
our model. 

MEASUREMENTS AND MODELS 

Measurements of Chemical Species and 
Meteorological Parameters 

Perhaps the simplest chemical regime to study and  
validate the understanding of atmospheric photochemical 
processes is under the clean background conditions found 

in the remote free troposphere. The aircraft-based TOPSE 
measurements used in initializing the box model 
simulations in this work are shown in Table 1, with detailed 
descriptions of the analytical techniques used in 
measurement in the references listed in Table 1. To select 
a representative TOPSE data set for clean background 
conditions we used the following filtering criteria:  
1) aircraft measurements altitude between 1 and 6 km 
(where most of OH data is available), 2) latitude between 
55°N and 85°N, 3) NO mixing ratio less than 20 pptv, 
4) CO mixing ratio less than 150 ppbv, 5) n-butane mixing 
ratio less than 175 pptv, and 6) availability of OH data. 
These selection criteria were used to filter out the direct 
influence of stratospheric air intrusions and local surface 
emissions. Table 2 lists basic statistics for the data points 
thus selected. Measurements below detection limit were 
set at half the detection limit for the purpose of averaging. 
This filtered ambient data set is characterized by cold 
temperatures (median 243 K), low water vapor (median 
0.96 g kg‒1) and low NOx conditions (median 23 pptv). 
Photolysis frequencies are highly variable depending on the 
time and location of the measurement, with maximum and 
minimum J(O3) for reaction O3 + hν → O2 + O(1D) of  
3.3 × 10‒5 sec‒1 and 1.3 × 10‒6 sec‒1, respectively. Nighttime 
measurements were not used. 

Table 1. TOPSE measurements. 

Measurment Technique 
Principal 
Investigator Reference(a) 

O3 Chemiluminescence B. Ridley [5] 

NO Chemiluminescence B. Ridley [5] 

NO2 
NO2 Photolysis / 
Chemiluminescence 

B. Ridley [5] 

PAN, PPN 
Gas Chromatography / 
Electron Capture 
Detector 

F. Flocke [6] 

HNO3 
Mist Chamber / Ion 
Chromatography 

R. Talbot [7] 

H2O2, 
CH3COOH 

High Performance 
Liquid 
Chromatography 

B. Heikes [8] 

HCHO Tunable Diode Laser A. Fried [9] 

CO Tunable Diode Laser M. Coffey [b] 

NMHCs Canister Sampling/ Gas 
Chromatography 

D. Blake [10] 

H2O Tunable Diode Laser B. Gandrud [11] 

OH 
Chemical Ionization 
Mass Spectrometry 

F. Eisele [12] 

RO2 
Chemical Ionization 
Mass Spectrometry C. Cantrell [13] 

Photolysis 
rate 

Scanning 
Spectroradiometer R. Shetter [14] 

(a) [5] Ridley et al., 1996; [6] Flocke et al., 2005; [7] Talbot et al., 1999; 
[8] Lee et al., 1995; [9] Fried et al., 1998; (b) M. Coffey, pers. comm.; 
[10] Blake et al., 1997; [11] Jensen et al., 2001; [12] Tanner et al., 1997; 
[13] Cantrell et al., 2003; [14] Shetter et al., 1999. 
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 The above selection procedure yielded 859 sets of 
simultaneously observed concentrations and conditions 
(i.e., data points). These points were then used in two 
distinct ways: 1) their median values were used as initial 
conditions for box model simulations (described in Sections 
3.1 and 3.2); and 2) the individually measured 
concentrations were used to develop correlations with the 
LSF (described in Section 3.3). For this second purpose, the 
selection of individual points was further narrowed as 

follows: a) for correlations involving OH, we used only 
points from the last two TOPSE missions (6 and 7) for which 
the accuracy has been established (F. Eisele, pers. comm.) 
(112 points remaining); b) for the correlations with  
HO2 + RO2, points with missing HO2 + RO2 were excluded 
(494 points remaining); and c) for correlations with NO/NO2 
ratio, we only used data with NO values at least five times 
above the detection limit and NO2 values at least twice the 
detection limit (111 points remaining). 

Table 2. Selected background conditions.(a) 

Variable  Mean ± St dev Median Maximum Minimum 

Latitude / ° 70 ± 8 
 

73 85 55 

Longitude / ° ‒80 ± 10 ‒81 ‒53 ‒97 

Altitude / m 4400 ± 1500 5200 5997 1004 

Pressure / mbar 570 ± 130 510 892 443 

Temperature / K 245 ± 11 243 272 228 

Julian day / days 63 ± 10 64 81 40 

Water vapor / g kg‒1 0.49 ± 0.67 0.22 3.70 0.01 

GOME O3 / DU 360 ± 30 356 480 295 

O3 / ppbv 68 ± 14 66 125 33 

NO / pptv 10 ± 5 10 20 DL 

NO2 / pptv 13 ± 8 12 39 DL 

NOx / ppzv 23 ± 11 23 55 1 

NOy / pptv 340 ± 102 338 671 106 

PAN / pptv 248 ± 83 238 464 89 

PPN / pptv 36 ± 12 36 79 11 

HNO3 / pptv 68 ± 48 62 383 4 

HCHO / pptv 76 ± 63 70 311 DL 

H2O2 / pptv 194 ± 132 174 1550 DL 

CH3OOH / pptv 157 ± 93 144 588 DL 

CO / ppbv 143 ± 6 145 150 119 

CH4 / ppmv 1.83 ± 0.01 1.83 1.87 1.79 

Ethane / pptv 1490 ± 250 1400 2386 958 

Propane / pptv 310 ± 190 210 974 115 

n-Butane 61 ± 62 29 284 6 

n-Pentane 9 ± 12 4 67 DL 

Benzene / pptv 55 ± 32 38 188 21 

Ethyne / pptv 304 ± 117 242 838 180 

i-Pentane / pptv 11 ± 5 3 78 DL 
(a) Median values from the above table were chosen to initialize model for altitude range of 1‒6 km, high latitudes of 55-85°N and values of NO < 20 pptv and  

CO < 150 ppbv, with the following addition: [H2] = 600 ppbv. 
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The Approximation of Linear 
Superposition in log-log Space 

A short-lived quantity X (where X = OH, HO2 + RO2, or 
NO/NO2) is typically a complex function of several long-
lived parameters Yi (where Yi = J, O3, H2O, NOx, CO, T, and 
p). Here we approximate its local response near X0, Yi,0 by a 
linear superposition of independent logarithmic terms: 

 
,0

i
i

o i

x Y
α

x Y
≈ ∑ln ln  (2) 

where higher order and cross terms are ignored. The 
coefficients αi represent the slopes in the lnYi direction of 
the plane tangent to the lnX surface near lnX0, lnYi,0, and 
are constant in the sense that they don’t depend on any of 
the driving variables Yi,0. Exponentiating both sides of Eq. 2 
leads to the working Eq. 1, after identifying and assigning X 
for the short-lived quantities and Yi for the long-lived 
drivers. 
 We posit that the superposition in Eq. 1 should 
explain more of the X / X0 variance than any individual 
parameter Yi / Yi,0. The coefficients αi can be estimated 
from a chemical kinetic model representing the main 
chemical processes thought to be occurring for the TOPSE 
conditions. The next section describes the chemical kinetic 
model which was used to estimate the coefficients αi. 

Description of the Box Model 
The 0-dimensional (or box) model used in this study is the 
NCAR Master Mechanisms[15‒16] with updates.[17] Inorganic 
reactions were updated with the recommendations of 
DeMore et al.[18] Additional updates to the kinetic data 
since 2000 are relatively minor and do not affect our main 
results. The hydrocarbon chemistry is treated explicitly and 
includes the photo-oxidation of intermediate partly 
oxygenated organics. Alkanes up to C8, alkenes up to C4, 
aromatics up to C8 and two biogenic compounds, isoprene 
and α-pinene, are considered as initial hydrocarbons 
reagents in the gas-phase mechanism. Integrations were 
carried out for five simulation days, starting at midnight, 
with constant temperature and pressure and the full 
diurnal light cycle. Photolysis rate coefficients were 
calculated using the Tropospheric Ultraviolet Visible (TUV) 
radiative transfer model[19,20] for one day at 15 min 
increments and then duplicated for the remaining four 
days. 
 The photo-chemical budgets for OH, ROx and Ox 
were simulated over a 5 day cycle under the selected 
pristine conditions (described in Section 2.1). Photolysis 
frequencies were calculated for May 22, 2000 (which 
corresponds to TOPSE Mission 7 dated May 15‒23, 2000) 
using an O3 column = 356 DU, latitude and altitude from 
Table 2, and an assumed snow surface albedo = 0.75. 
The model was initialized with the measured median 

temperature, pressure and chemical species mixing ratios. 
The simulations were made with constant CO, CH4, NMHCs, 
HCHO, O3, PAN, PPN, HNO3, H2O2 and CH3OOH so that 
short-lived species (OH, HO2, RO2) could approach steady 
state, using the measured median mixing ratios of the 
longer-lived gases. NOx was also held constant throughout 
the simulations. However, the NO/NO2 ratio was allowed to 
vary. A Gear solver was used to calculate all remaining time-
dependent concentrations, reaction rates, and various 
budgets (e.g. Ox, NOx, HOx) used in the discussion of the 
results. 
 The box model was used for the calculation of the 
exponents of the LSF, which are essentially normalized 
sensitivity coefficients calculated here as: 

 0

0

ln

ln

X
X
Y
Y

α =  (3) 

 The coefficients give the response of a short-lived 
quantity X = [OH], [HO2] + [RO2], or the ratio [NO]/[NO2], to 
changes in Y = photolysis coefficients, J, temperature T, and 
longer-lived species [H2O], [O3], [CO], and [NOx]. 
We examined these changes relative to a reasonably 
representative central state x0, y0. Again, we used mostly 
the median values from Table 2 to initialize the model, with 
however constant CO, H2O, O3, NOx, HCHO, H2O2 and 
CH3OOH. J values were calculated for May 22, 2000 using 
O3 column = 356 DU, latitude = 55˚N, altitude = 2 km, and 
surface albedo = 0.75. 
 This simulation served as the reference, or central 
point (X0, Y0) in Eq. 3. Then [H2O], [O3], [CO], [NOx], J, T, and 
p were changed, one at the time, by factors of 2 (factor of 
4 range), ±10K for T and ±100 mbar for p. The results at 
noon of the third day were then compared with the 
reference run to calculate the sensitivity coefficients using 

Table 3. Model sensitivity coefficients (×100) for back-
ground conditions.  

 OH HO2 RO2 HO2 + RO2 NO/NO2 

H2O 33 ± 5(a) 25 ± 3 33 ± 5 26 ± 3 ‒5 ± 1 

O3 29 ± 13 19 ± 1 67 ± 14 26 ± 4 ‒82 ± 5 

NOx 15 ± 4 0 ± 0 ‒12 ± 3 ‒2 ± 1 ‒1 ± 0 

CO ‒58 ± 8 16 ± 2 ‒67 ± 6 4 ± 1 0 ± 0 

J(b) 107 ± 6 54 ± 1 31 ± 2 51 ± 1 89 ± 2 

T 237 ± 67 191 ± 11 637 ± 51 253 ± 7 ‒525 ± 6 

p ‒56 ± 0 ‒36 ± 0 48 ± 1 ‒37 ± 0 7 ± 1 
(a) Error estimates are range of variation when doubling or halving the 

central values of H2O, O3, NOx, CO, or J; ± 10K and ± 100 mbar in the 
cases of T and p, resp. 

(b) Photolysis coefficient for O3 → O2 + O(1D) is used in radical correlations, 
and for NO2 → NO + O(3P) in NO/NO2 correlations. 
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Eq. 3. These coefficients are summarized in Table 3 and 
their physical interpretations are discussed in Section 3.2. 
We note that, because a simple power relation (Eq. 3) 
cannot capture the complexity of the full chemical system, 
slightly different coefficients were obtained depending on 
whether an independent variable Y was increased or 
decreased relative to Y0. The average of these two values is 
given in Table 3, while half of their difference is given as an 
estimate of the associated error. 

RESULTS AND DISCUSSION 

Photo-chemical Budget 
Box model simulations of gas-phase chemical species in the 
pristine atmosphere conditions were performed to gain an 
understanding of behavior of species studied in this work. 
Diurnal evolutions and budgets of key gas-phase species 
HO, ROx (OH + HO2 + RO2) and Ox (O3 + NO2) computed by 
box model are shown in Figure 1. The budgets are shown 
for the fifth day of the simulation so as to give other non-
fixed intermediates enough time to reach near steady state 
conditions. 
 Detailed description of modeled mechanism for 
production and loss of radical species is given in 
Supplementary Information section (SI Section S1). Briefly, 
the budget analysis shows that a few parameters and long-
lived chemicals play a critical role in controlling the fast 
radical photochemistry. These include CO, CH4, H2O, NOx, 
O3 and photolysis frequencies. Since CH4 variability is 
minimal, its variability will not play a critical role in short-
term fluctuations in measured levels of radicals (OH and 
HO2 + RO2) and NO/NO2 ratio. However CO, H2O, NOx, O3 
and photolysis frequencies can be quite variable in space 

and time and thus should be considered as important 
controls on radical photochemistry. Note that direct 
evaluation of the modeled HOx, ROx, and Ox budgets with 
 observations is difficult because production and loss rates 
are not measured directly. We note that the small net 
production of Ox is consistent with the observation that O3 
concentrations were relatively steady during TOPSE.[21] 

Sensitivity Coefficients 
The model-calculated sensitivity coefficients, given in  
Table 3, are mainly less than unity, can be negative, and 
have fairly small ranges (shown as errors in Table 3) even 
over the large variations explored. The detailed sensitivities 
depend on the complexity of the entire chemical system, 
but some major features can be understood easily. 
 The primary production of OH occurs from the ozone 
photolysis reaction (R1): 

 1
3 2 2 2O O O( D)( H O) O 2 OHhν+ → + + → +  (R1) 

hence OH is expected to scale approximately linearly with 
the photolysis coefficient J(O3) (sensitivity coefficient of 
1.07 in Table 3). The formation of OH initiates the HOx cycle 
(HOx = OH + HO2) via the reactions (R2‒3): 

 2 2 2OH CO( O ) HO CO+ + → +  (R2) 

 2 2HO NO OH NO+ → +  (R3) 

The main loss of HOx is the production of hydrogen 
peroxide (R4): 

 2 2 2 2 2HO HO H O O+ → +  (R4) 

 

 

Figure 1. Gas phase reaction rates for the selected TOPSE conditions (Table 2), calculated with a box model. Panels show the 
major reactions affecting: (a) OH; (b) ROx (ROx = OH + HO2 + RO2); and (c) Ox (Ox = O3 + NO2). Legends in Figure 1 panels use the 
following notation: HV is the photon in photolysis reactions (Figs. 1a‒1b); HC and Oxy Rxns are non-methane hydrocarbons and 
oxygenated organic intermediates reactions (Fig. 1a); Net HNO4 is the total reactivity of ROx with Peroxynitric acid, HNO4 (Fig. 
1b); and Acyl RO2 are acyl peroxy radicals (Fig. 1c). 
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 Steady state HOx levels are determined by the 
balance between formation and loss (R1 vs. R4), the latter 
being quadratic in HO2, thus steady state HO2 
concentrations are expected to scale with the square root 
of the primary production rate (see Ridley et al.[22] for a full 
discussion), consistent with the sensitivity exponent of 0.54 
(Table 3) found from the box model. 
 Concentrations of OH and HO2 are not sensitive to 
NOx (small exponents in Table 3) since NOx affects the 
OH/HO2 partitioning via reaction R3, but not the total HOx 
levels. Carbon monoxide tends to decrease OH via reaction 
R2 (negative sensitivity coefficient, ‒0.58, Table 3), but the 
effect on HO2 is more complex due to the competition with 
CH4 for OH. 
 The NO/NO2 ratio in both the box model and the 
chemistry-transport model (CTM) is controlled mostly by 
the reactions (R3, R5‒R6): 

 2 2 3NO ( O ) NO Ohν+ + → +  (R5) 

 3 2 2NO O NO O+ → +  (R6) 

 2 2NO HO NO OH+ → +  (R3) 

Thus the NO/NO2 ratio is expected to be insensitive to CO, 
H2O, and NOx (as also seen in Table 3) and depends mainly 
on J(NO2) (R5) and O3 (R6). The strong dependence on T 
(sensitivity coefficient of ‒5.25 in Table 3) is noteworthy, 
and is due to the rate constant of reaction R6, which has a 
large activation energy of 12500 J mol‒1.[23] Detailed 
overview of the known photochemistry occurring in the 
pristine troposphere pertaining to LSFs sensitivity 
coefficients in this work is given in Supplementary 
Information (SI Section S2). 

Photochemical Dependencies of Data 
Produced by Regional Model HANK 

We applied the LSF methodology to the concentration 
fields of investigated species and quantities calculated for 
TOPSE conditions by a regional CTM HANK.[24] The model 
output is by definition free of instrumental scatter, and 
stems entirely from known processes and chemical 
mechanisms that are included in the model. The results are 
shown in Figure 2. HANK model results already show good 
correlations between OH and HO2 + RO2 vs. J(O3), and 
NO/NO2 vs. J(NO2) (left panels of Figure 2), yet in all cases 
the correlations are significantly improved when using the 
LSF (right panels of Figure 2). The improvement for the 
NO/NO2 ratio implies that the variability of this ratio is 
quantitatively ascribed to the variability of the LSF, which is 
dominated by T, O3, and J(NO2) (see Table 3). 
 The success of our simple LSF-based correlation 
applied to HANK regional mode output indicates that both 

the box model and regional CTM (HANK) have similar 
photochemical drivers, despite many differences in details 
of the chemistry, and the complex role of transport in the 
3d HANK model. Obviously such details have not degraded 
the excellent correlations for the model results, so it is 
natural to ask if this remains true with actual observations. 

Photochemical Dependencies of TOPSE 
Observations 

The sensitivity coefficients given in Table 3 show that 
photolysis rate coefficients are the most important factors 
affecting OH, HO2 + RO2 and NO/NO2 ratios. This is 
confirmed for the observations by direct correlations with 

 

Figure 2. Correlations for the concentration fields during 
TOPSE campaign for modeled values calculated by a 
regional model. Left panels show correlations of modelled 
HANK results with J values, specifically OH and HO2 + RO2 vs. 
J(O3) in top two left panels (O3 + hν → O2 + O(1D)) and 
NO/NO2 ration vs. J(NO2) in bottom most left panel (NO2 + 
hν → NO + O(3P)). Right panels show correlations of 
modeled HANK results applied in the local sensitivity 
function (LSF, using the same exponents as for measured 
results, see Table 3 and Figure 3 caption), specifically: [OH] 
vs. LSF(OH) = H2O0.33 O30.29 NOx0.15 CO–0.58 J(O3)1.07 T2.37 p‒0.56 
(top right panel); [HO2 + RO2] vs. LSF(HO2 + RO2) = H2O0.26 

O30.26 NOx‒0.02 CO0.04 J(O3)0.51 T2.53 p‒0.37 (middle right panel); 
and [NO]/[NO2] vs. LSF(NO/NO2) = H2O‒0.05 O3‒0.82 NOx‒0.01 
CO0.00 J(NO2)0.89 T‒5.25 p0.07 (bottom right panel). 
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measured J values, shown by the left panels of Figure 3, and 
by the correlation coefficients summarized in Table 4. 
Other individual correlations shown in Table 4 and Figures 
S1‒S3 (Supplementary Information section) are rather 
poor, and are in some cases opposite to simple 
expectations based on Table 3 (e.g., the negative 
correlation observed between HO2 + RO2 and CO). Such 
differences can arise because individual concentrations 
(e.g., of CO) may be correlated with other confounding 
factors (e.g., for stratospheric air, low CO would be typically 
associated with high O3). The positive correlation of  
HO2 + RO2 with temperature (r2 = 0.44) is not expected from 
our sensitivity analysis. 
 When the major driving factors of photochemistry 
are combined as part of the local sensitivity function LSF 
(Eq. 1), the correlations of species measured during TOPSE 
are expected to show less scatter, better linearity, and 
smaller intercepts. These new correlations are shown in the 
right panels of Figure 3, with their r2 values also 
summarized in Table 4. The LSF correlation for OH shows a 
slight degradation, to r2 = 0.56 from 0.58 vs. J(O3) alone 
(Figure 3 and Table 3). Its LSF includes contributions spread 
across many different factors (see Table 3), and if our 
sensitivity coefficient for any one of them were seriously in 
error, further degradation of r2 would have been expected. 
It is likely that instrumental scatter of OH measurements 
which is significant, is limiting the correlation.  
For HO2 + RO2, the LSF provides a substantial improvement, 
with r2 = 0.55, a value not reached by any individual 
correlation. As for OH, it is likely that instrumental scatter 
is an important part of the unexplained variance. The 
observed NO/NO2 ratio correlates moderately with J(NO2) 
(r2 = 0.49), but poorly with the LSF (which does contain 
J(NO2) among other factors). Instrumental scatter in the 
measurements of J(NO2) is already implicit in the direct 

correlation with J(NO2), and is clearly not the reason for the 
collapse of the correlation when the LSF is used. This result 
is even more surprising in view of the HANK results, for 
which the LSF led to near perfect correlation (r2 = 0.998). 
The sharp contrast between these results indicates that 
something is fundamentally wrong in our models, be they 
box or 3d CTM. 
 Examination of Table 3 shows that NO/NO2 is 
expected to be sensitive not only to J(NO2), but also to O3 
and especially T. The sensitivity to T arises from the 
assumption that NO → NO2 conversions are dominated by 
reaction R6 which, as mentioned above, has a very large 
activation energy. If this is wrong, i.e., if a different less  
T-sensitive reaction is the main cause of NO → NO2 

conversions, then our application of the LSF with the 
overestimated sensitivity to T might indeed be expected to 
degrade the correlation. 

 

Figure 3. Correlations of OH, HO2 + RO2 and NO/NO2 ratio 
measured during TOPSE. Left panels show correlations 
against measured J values, specifically OH and HO2 + RO2 vs. 
J(O3) in top two left panels (O3 + hν → O2 + O(1D)) and 
NO/NO2 ration vs. J(NO2) in bottom most left panel  
(NO2 + hν → NO + O(3P)). Right panels show correlations 
with the local sensitivity function (LSF, see text), specifically: 
[OH] vs. LSF(OH) = H2O0.33 O30.29 NOx0.15 CO–0.58 J(O3)1.07 T2.37 
p‒0.56 (top right panel); [HO2 + RO2] vs. LSF(HO2 + RO2) = 
H2O0.26 O30.26 NOx‒0.02 CO0.04 J(O3)0.51 T2.53 p‒0.37 (middle right 
panel); and [NO]/[NO2] vs. LSF(NO/NO2) = H2O‒0.05 O3‒0.82 
NOx‒0.01 CO0.00 J(NO2)0.89 T‒5.25 p0.07 (bottom right panel). 

Table 4. Correlation coefficients (r2) for selected TOPSE 
measurements at background conditions. 

 OH HO2 + RO2 NO/NO2 

H2O 0.01(a) 0.23 0.00 

O3 0.07 0.00 0.07 

NOx 0.01 0.03 0.00 

CO 0.06 0.21 0.00 

J(b) 0.58 0.19 0.49 

T 0.00 0.45 0.03 

P 0.00 0.32 0.01 

LSF(c) 0.56 0.55 0.05 
(a) Italics indicate negative correlations. Bold font indicates values larger than 

0.1. 
(b) Photolysis coefficient used for OH and HO2 + RO2 correlations is J(O3) 

(O3 → O2 + O(1D)), and for NO/NO2 ones is J(NO2) (NO2 → NO + O(3P)). 
(c) Local sensitivity function, see text. 
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 One possibility is the rapid reaction of bromine oxide 
(R7): 

 2BrO NO Br NO+ → +  (R7) 

 Using rate constants for reactions R6 and R7 of k(R6) 
= 3 × 10‒12 exp (‒1500/T) and k(R7) = 8.8 × 10‒12 exp(260/T), 
both in the units of cm3 molec‒1 s‒1, and median O3 (66 ppb) 
and T (243 K) from Table 2, we estimate that the two 
reaction rates become comparable for BrO concentrations 
of approx. 15 ppt. Measurements of BrO were not available 
during TOPSE, but Volkamer et al.[23] found concentrations 
of 3 ppt or lower, suggesting at best only a partial role for 
reaction R7. Other processes missing in the models, e.g., 
heterogeneous chemistry on the surface of aerosols, may 
be determining the NO/NO2 ratios. Our simple analysis 
clearly shows that, whatever the answer, the chemistry of 
the polar troposphere is not fully understood. 
 While the improvements in correlations using the 
LSF for OH and HO2 + RO2 are modest compared to using J 
values only, their significance should not be 
underestimated. Each of the additional factors in the LSF 
(H2O, O3, CO, NOx, T, and p) is itself highly variable within 
the selected data set (e.g., see range of values in Table 2), 
and its inclusion could potentially worsen rather than 
improve the correlation. When we purposely randomized 
the H2O, O3, CO, NOx, T, and p data (so that simultaneously 
measured data points were no longer co-associated), we 
indeed found that correlations degraded sharply compared 
to those using J values alone. Only the use of 
simultaneously measured values led to improved 
correlations. 
 We also examined correlations with the same 
functional form (LSF, Eq. 1), but this time estimating the 
sensitivity exponents (α−χ) using a least squares 
optimization procedure, rather than deriving them from 
the box model simulations. Although the values of the 
exponents were in some cases significantly different than 
the model-derived ones, improvements in r2 were only 
minor. This lack of improvement suggests that the 
physically-based sensitivity coefficients (i.e., those derived 
from the chemical model) do indeed capture much of the 
photochemically driven variability within the data set, and 
are therefore more applicable to clean tropospheric 
conditions in general than sensitivities derived with a 
purely empirical fitting approach. 

CONCLUSIONS 
We used a simple semiempirical parameterization (the LSF) 
to correlate photochemically relevant species measured 
during the TOPSE field campaign. Some of these 
correlations were in agreement with the expectation from 

box and 3d models, but not for the NO/NO2 ratio which 
appears to be controlled by factors not in the current 
models. 
 The methodology developed here is generally 
applicable when evaluating correlations among species 
having very different lifetimes. The sensitivity coefficients 
are essentially a generalization of the notion of reaction 
order in chemical kinetics, extended to include also 
dependence on environmental factors such as T, p, and J 
values. Accurate calculation of these sensitivities and their 
validation with observations, such as attempted here, are 
critical to demonstrate predictive ability in atmospheric 
chemistry. 
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S1 Box model simulations of photo-chemical budgets for OH, ROx and Ox  


Computed diurnal evolutions of key species are shown in Figure 1 of the main text.  Box model 


simulations of gas-phase chemical species in the conditions of remote atmosphere were 


performed in order to gain an understanding of behavior of species studied in this work. The 


model-calculated budgets for HO, ROx (OH + HO2 + RO2) and Ox (O3 + NO2) are shown in 


Figure 1. The budgets are shown for the fifth day of the simulation so as to give other non-


fixed intermediates enough time to reach near steady state conditions. The loss of OH averaged 


over the fifth diurnal cycle is dominated by CO (75%) with a minor contribution from CH4 


(13%). Less than 5% of the OH loss is due to NMHCs and oxygenated organic intermediates 


in this pristine environment. In most cases, these OH losses produce peroxy radicals, HO2 and 


RO2. The OH production terms include HO2+NO (35%), HO2+O3 (34%), and O1D+H2O 


(26%), with only a minor contribution from hydrogen peroxide (H2O2) photolysis (3.7%). The 


loss of ROx averaged over the fifth diurnal cycle is dominated by HO2 self-reaction (64%) with 


a minor contribution from CH3O2+HO2 (26%). The production of ROx is dominated by 


O1D+H2O (57%) with contributions from HCHO photolysis (20%) and H2O2 photolysis 


(8.1%). The production of Ox over the fifth diurnal cycle is dominated by HO2+NO (73%) and 


RO2+NO (24%). Loss of Ox is dominated by HO2+O3 (63%) with contributions from O1D+H2O 


(24%) and OH+O3 (12%). The net rate of change over the fifth simulation day is small, with 


near balance between production and loss (-0.12 ppbv/day).  


Direct evaluation of the modeled HOx, ROx, and Ox budgets with observations is 


difficult because production and loss rates are not measured directly. We note that the small 


net production of Ox is consistent with the observation that O3 concentrations were relatively 


steady during TOPSE. However, we also note that the calculated budget of HO2 radicals is 


problematic vis-à-vis H2O2 measurements (see Table 2), which are well below 1 ppb with 


average ~ 320 ppt and medians considerably lower, near 100 ppt. The model (see Fig. 1b) 
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suggests stronger H2O2 production, approx. 2.5 ppb/day at noon or, taken over a diurnal cycle, 


about 1 ppb per day. With this large production, the low measured concentrations point to an 


H2O2 lifetime of approx. 1/3rd of a day, much shorter than the diurnally averaged lifetimes 


estimated for H2O2 loss by photolysis (approx. 2 days) and by OH (approx. 13 days). This may 


be pointing to the importance of heterogeneous losses of H2O2 being dominant under these 


selected TOPSE conditions. The fact that measured CH3OOH levels are comparable to H2O2 


levels, while the gas-phase model predicts much smaller CH3OOH/H2O2 ratios, is consistent 


with this explanation, given the higher solubility of H2O2. An alternative interpretation is that 


the box model overestimates HO2 radical concentrations, the predicted H2O2 production of 


course being proportional to [HO2]2. 


S2 Box model calculations of sensitivity coefficients used for LSFs 


The model-calculated sensitivity coefficients are given in Table 3, can be negative, and have 


small ranges (shown as errors in Table 3) over the large variations explored. The detailed 


sensitivities can be understood easily, at least qualitatively, in terms of the known 


photochemistry occurring in the pristine troposphere, as detailed below.  


 


J values: Photolysis reactions are the sources of most HOx radicals. Based on Fig. 1c, the most 


important of these are:  


 H2O2 + h  OH + OH       (RS1) 


O3 + h  O2 + O(1D) (+H2O)  O2 + 2 OH    (RS2) 


CH3OOH + h  OH + CH3O (+ O2)  OH + HO2 + CH2O  (RS3) 


CH2O + h  H + HCO (+ 2 O2)  2 HO2 + CO    (RS4) 


Two HOx radicals are produced in each case. This production is balanced (see Fig. 1c) by 


peroxy radical reactions (RS5-6) and to a lesser extent the OH termination reaction (RS5): 


 HO2 + HO2  H2O2 + O2       (RS5) 
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 HO2 + CH3O2  CH3OOH       (RS6) 


 OH + NO2  HNO3        (RS7) 


Neglecting the organic terms, the HOx rate equation is 


ௗ[ுைೣ]


ௗ௧
= 2𝐽ଵ[𝐻ଶ𝑂ଶ] + 2𝐽ଶ[𝑂ଷ]𝑓[𝐻ଶ𝑂] − 2𝑘ହ[𝐻𝑂ଶ]


ଶ − 𝑘଻[𝑂𝐻][𝑁𝑂ଶ]  (Eq. S1) 


where f is related to the probability of O(1D) reacting with water rather than being quenched. 


In low NOx conditions, the last term is relatively small, so at steady state: 


[𝐻𝑂ଶ] = ට
௃భ[ுమைమ]ା௃మ[ைయ]௙[ுమை]


௞ఱ
      (Eq. S2) 


This square root dependence is well borne-out for peroxy radicals in Table 3. However, the 


stronger, nearly linear increase in OH is due to the increase in another photolysis reaction,  


NO2 + h  NO + O(3P) (+O2)  NO + O3    (RS8) 


Table 3 shows that increasing J values result in an almost linear increase in the NO/NO2 ratio, 


with the higher NO levels (at constant NOx) then leading to OH reformation via the reaction: 


NO + HO2  NO2 + OH       (RS9) 


Water (H2O): Increased water concentrations lead to a larger fraction of O(1D) reacting to form 


OH:  


H2O + O(1D)  2OH        (RS10) 


This reaction is a significant but not unique source of HOx radicals, with photolysis of 


peroxides being at times comparable or even more important. Thus, the effect on HO2 and RO2 


(the major HOx constituents) falls below the square root dependence found, e.g., for J values, 


as is also clear from Eq. S2. The small negative effect on the NO/NO2 ratio results from the 


reaction of NO with increased peroxy radical amounts. 


Nitrogen oxides (NOx): Increases in NOx are seen to have little effect on the NO/NO2 


partitioning, or, conversely, model-predicted NO/NO2 ratios are insensitive to the exact NOx 


level. The availability of more NOx does lead to more OH production, e.g., if added as NO:  
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NO + HO2  OH + NO2       (RS11) 


but this is also a loss for HO2, which is closely coupled to OH by the CO reaction: 


 OH + CO (+ O2)  HO2 + CO2      (RS12) 


To the extent that these two reactions contribute to HOx partitioning, the HO2/OH ratio should 


scale as CO/NO. Thus, higher NOx levels lead to higher OH, to constant HO2 values, and to 


negative RO2 changes. This last effect results from the reaction: 


 NO + RO2  products       (RS13) 


being more important for RO2 than for HO2, due to the absence of the organic analogue to the 


reaction: 


HO2 + O3  OH + 2 O2       (RS14) 


Adding NOx as NO2, provides some additional reactivity through ozone formation. 


Ozone (O3): Ozone affects radical production via direct photolysis (as already discussed for 


H2O and J sensitivities), and affects the NOx photostationary state: 


[ேை]


[ேைమ]
=


௃ఱ


௞ర[ுைమ]ା௞ఱ[ோைమ]ା௞ల[ைయ]
       (Eq. S3) 


Of the three terms in denominator, HO2 and RO2 are negligible compared to O3 for these 


conditions (see model simulations in Fig. 1). Thus the NO/NO2 ratio is nearly proportional to 


J5/O3. 


Carbon monoxide (CO): Increases in CO are seen to decrease OH substantially, in accord with 


Fig. 1 that shows their direct reaction to be a major part of the total OH budget. The decrease 


in OH results in lower oxidation rates for hydrocarbons, and thus fewer RO2’s produced. The 


increase in the number of HO2 is equal to the number (not the percent) decrease of RO2 


produced, at least within the rough approximations that OH losses are always accompanied by 


production of either HO2 or RO2, and these having similar lifetimes. Therefore, the total, 


HO2+RO2, remains constant, as does the NO/NO2 ratio. Little if any additional ozone 


production or destruction would be expected by addition of CO. 
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Temperature (T): The rate constants for the important reactions OH + CH4 and for NO + O3 


both increase strongly with temperature, resulting in faster RO2 production and smaller 


NO/NO2 ratios.   
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Figure S1. Correlations of OH with TOPSE-measured species (H2O, O3, NOx and CO) and 
meteorological parameters (T and p) used in LSF. Also given are correlations of OH with J 
value (O3 + h  O2 + O(1D)) and LSF (bottom two panels) shown in Figure 3 of the main 
text, for the ease of direct comparisons.  
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Figure S2. Correlations of HO2 + RO2 with TOPSE-measured species (H2O, O3, NOx and CO) 
and meteorological parameters (T and p) used in LSF. Also given are correlations of HO2 + 
RO2 with J value (O3 + h  O2 + O(1D)) and LSF (bottom two panels) shown in Figure 3 of 
the main text, for the ease of direct comparisons. 
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Figure S3. Correlations of NO/NO2 ratio with TOPSE-measured species (H2O, O3, NOx and 
CO) and meteorological parameters (T and p) used in LSF. Also given are correlations of 
NO/NO2 with J value (NO2 + h  NO + O(3P)) and LSF (bottom two panels) shown in 
Figure 3 of the main text, for the ease of direct comparisons. 





