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Abstract 
Aircraft observations from three recent missions (STRAT, SUCCESS, SO-

NEX) are synthesized into a theoretical analysis of the factors controlling the 
concentrations of HOjc radicals (HOx = OH + peroxy) and the larger reser
voir family HO^ (HOy = HO^ + 2H2O2 + 2CH3OOH + HNO2 + HNO4) in 
the upper troposphere. Photochemical model calculations capture 66% of the 
variance of observed HOjc concentrations. Two master variables are found to 
determine the variance of the 24 h average HOĵ  concentrations: the primary 
HOjc production rate, P(HOjc), and the concentration of nitrogen oxide radicals 
(NOjc = NO + NO2). We use these two variables as a coordinate system to diag
nose the photochemistry of the upper troposphere and map the different chem
ical regimes. Primary HO^ production is dominated by the 0(^D) + H2O reac
tion when [H2O] > 100 ppmv, and by photolysis of acetone (and possibly other 
convected HO^ precursors) under drier conditions. For the principally northern 
midlatitude conditions sampled by the aircraft missions, the HO^ yield from ace
tone photolysis ranges from 2 to 3. Methane oxidation amplifies the primary 
HOjc source by factors of 1.1-1.9. Chemical cycling within the HO^ family has a 
chain length of 2.5-7, while cycling between the HOjc family and its HO^ reser
voirs has a chain length of 1.6-2.2. The number of ozone molecules produced 
per HOj molecule consumed ranges from 4 to 12, such that ozone production 
rates vary between 0.3 and 5 ppbv d~^ in the upper troposphere. Three chemical 
regimes (NOx-limited, transition, NO^-saturated) are identified to describe the 
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dependence of HOjc concentrations and ozone production rates on the two mas
ter variables P(HOjc) and [NOx]. Simplified analytical expressions are derived to 
express these dependences as power laws for each regime. By applying an eigen-
lifetime analysis to the HOx-NOjc-03 chemical system, we find that the decay 
of a perturbation to HO^ in the upper troposphere (as from deep convection) is 
represented by four dominant modes with the longest time scale being factors of 
2-3 times longer than the steady-state lifetime of HOy. 

1. Introduction 

The first measurements of HOjc radicals (HOj = OH + peroxy) in the up
per troposphere were obtained over the last five years in four aircraft 
missions: ASHOE/MAESA (Airborne Southern Hemisphere Ozone Experi
ment/Measurements of Atmospheric Effects of Supersonic Aircraft), STRAT 
(Stratospheric Tracers for Atmospheric Transport), SUCCESS (Subsonic Air
craft: Contrail and Cloud Effects Special Study), and SONEX (Subsonic 
Assessment: Ozone and Nitrogen Oxide Experiment) (Folkins et al., 1997; 
Wennberg et al., 1998; Brune et al., 1998,1999). These measurements revealed 
HOJC levels frequently 2-A times higher than expected from the commonly as
sumed primary source (Levy, 1971): 

03-\-hv^ 0(^D) + O2, (Rl) 

0(*D) H- H2O ^ OH + OH. (R2) 

Such elevated concentrations of HO^ imply a more photochemically active up
per troposphere than previously thought, with enhanced rates of ozone forma
tion through reactions (R3)-(R5), and thus a potentially more important role 
in ozone greenhouse forcing from anthropogenic emissions of nitrogen oxides 
(NO;c = NO + NO2) (Roelofs et al., 1997; Bemtsen et al., 1997; Haywood et 
al., 1998; Mickley et al., 1999): 

CO + OH (+O2) ^ CO2 + HO2, (R3) 

HO2 + NO -> OH -h NO2, (R4) 

NO2 -\-hv (+O2) ^ NO + O3. (R5) 

Another implication is faster oxidation of SO2 by OH, producing H2S04(g) 
which promotes the formation of new aerosol particles in the upper troposphere 
(Clarke, 1993; Raes, 1995; Arnold etal., 1997). 

Convective injection to the upper troposphere of HOĵ  precursors other than 
H2O, including acetone (Singh et al., 1995; Arnold et al., 1997), peroxides 
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(Chatfield and Crutzen, 1984; Prather and Jacob, 1997; Jaegle et al., 1997; 
Cohan et al., 1999) and aldehydes (Miiller and Brasseur, 1999), may provide 
the missing primary sources of HOjc in the upper troposphere. Inclusion of 
these sources in photochemical models improves the simulation of observed 
HO;, levels (McKeen et al., 1997; Folkins et al., 1997; Jaegle et al., 1997,2000; 
Wennberg et al., 1998; Brune et al., 1998). 

Fig. 1 schematically illustrates the chemistry of HO^ radicals in the upper 
troposphere as described in current models. Because of the cycling taking place 
between HOj, radicals and their non-radical reservoirs, we define the larger 
HO3; family as HO3; = HO^ + 2H2O2 + 2CH3OOH + HNO2 + HNO4. We 
do not include HNO3 in the HO^ family because its lifetime (a few weeks) is 
much longer than that of peroxides (a few days), and under most conditions 
in the upper troposphere its photolysis is a small source of HOj,. Four factors 
control the HOjc and HO^ concentrations: the primary HOjc sources, the am
plification of these primary sources through methane oxidation (Logan et al., 
1981), the chemical cycling between HOjc and its reservoirs, and the sinks of 
HOy. Primary sources in the upper troposphere are sources which are indepen
dent of local HOJC concentrations, such as (R2) and photolysis of short-lived 
HOJC precursors transported from the lower troposphere by convection. Sec
ondary sources depend on the presence of a preexisting pool of HOĵ . They 
include photolysis of locally produced peroxides and of CH2O produced from 
methane oxidation by OH. 

In this paper we synthesize the knowledge gained from the aircraft observa
tions into a theoretical analysis of HOx chemistry in the upper troposphere. We 
use the concentration of NOj, and the primary HOĵ  production rate, P(HOjc), as 
master variables to map out the chemical regimes, generalizing from our previ
ous work which showed that HOj, concentrations and ozone production in the 
upper troposphere can be largely described on the basis of these two variables 
alone (Jaegle et al., 1998a, 1999,2000). We show how [NOjc] and P(HOx) pro
vide a unified framework to interpret HOjc observations not only for individual 
aircraft missions, but across missions spanning several seasons and locations. 
We examine the following questions: (1) What is the relative importance of 
different HO^ precursors as primary HOjc sources? (2) To what extent does 
methane oxidation provide an autocatalytic source of HOjc? (3) What is the 
role of cycling within the HOj, and HO^ families? (4) What are the chemical 
regimes for HOjc and ozone production? (5) What are the time scales for the 
relaxation of HOy following episodic perturbations from convection? 

Our analysis focuses on daytime conditions outside of clouds. The chem
istry of HOJC at night and close to sunrise and sunset is still poorly understood 
(Brune et al., 1999; Wennberg et al., 1999; Jaegle et al., 1999). Cirrus clouds 
appear to provide an efficient sink of HOjc (Faloona et al., 1998; Jaegle et al., 
2000), but their overall importance is limited because of the small volume they 
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Figure 1. Schematic of the chemistry of HOjc radicals (= OH + peroxy radicals) and the 
HOy reservoir family (= HOjc + 2 H2O2 + 2 CH3OOH + HNO2 + HNO4) in the upper tro
posphere. The schematic illustrates the factors controlling HOjc concentrations: primary sources 
of HOJC, amphfication of the HO^ primary source by CH4 oxidation, cycling between HOjc 
and HOy, and loss of HOy. Depending on the levels of NOjc, three distinct chemical regimes 
exist for HOy loss: the NO^-Umited regime (dominant loss pathways through OH + HO2, 
OH + H2O2, and OH + CH3OOH), a transition regime (OH + HNO4) and the NOjc-saturated 
regime (OH + NO2 + M, OH -I- HNO3). These regimes in turn determine the dependence of HOjc 
concentrations and ozone production on NOjc concentrations. For a detailed discussion of the fac
tors controlhng NO^ radicals, see the review by Bradshaw et al. (2000). 

occupy in the upper troposphere and the short hfetime of HO^. It has been 
proposed that halogen radicals might play a role in the photochemistry of the 
upper troposphere (Borrmann et al., 1996; Crawford et al., 1996; Solomon et 
al., 1997), but there is no observational evidence for such a role. 

Faloona et al. (2000) report that models systematically underestimate the 
concentrations of HO^ observed under very high NOj, conditions ([NO^] > 300 
pptv). They suggest that this could reflect flaws in our understanding of the 
chemistry coupling HOjc and NO;, radicals. Very high concentrations of NO^ 
in the observations can usually be linked to lightning or convection (Thompson 
et al., 1999; Liu et al., 1999). Another possible explanation for the model un
derestimates of HOJC under such circumstances is the presence of unmeasured 
HOJC precursors transported by convection or produced by lightning (MuUer 
and Brasseur, 1999; Zuo and Deng, 1999; Jaegle et al., 2000), combined with 
the increased efficiency of these precursors at producing HO^ under high NOx 
conditions (Folkins and Chatfield, 2000). It remains unclear whether the re
sults presented in Faloona et al. (2000) imply major flaws in our understand
ing of chemistry in the high-NOjc regime or simply an insufficient accounting 
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of primary HO^ sources under these unusual conditions (Brune et al., 1999). 
Given this remaining uncertainty, we assume the latter here and use standard 
tropospheric chemistry. 

Section 2 begins by a presentation of the aircraft data sets providing the basis 
for our analysis and by an assessment of the ability of current photochemical 
models to simulate observed HOĵ  concentrations. In Section 3 we discuss the 
factors controlling the chemistry of HOx and HO^ in the upper troposphere. 
The chemical regimes defining the dependence of HOx concentrations and 
ozone production on NO^ and the primary HOĵ  source are analyzed in Sec
tion 4. In Section 5, the relaxation of HOy following episodic perturbations by 
convection is examined with an eigenlifetime analysis (Prather, 1994, 1996). 
Conclusions are in Section 6. 

2. Observations and models 

2,1, Aircraft data sets 

Extensive measurements of OH and HO2 concentrations by laser-induced flu
orescence (Stevens et al., 1994; Wennberg et al., 1995) were made in the upper 
troposphere (between 8 km and the local tropopause) during STRAT, SUC
CESS, and SONEX. Measurements of OH and HO2 concentrations were also 
obtained in the lower stratosphere during these missions, especially during 
STRAT where altitudes up to 21 km were sampled by the ER-2 aircraft, but 
few observations were made in the lower troposphere. Tropospheric HO^ mea
surements during ASHOE/MAESA were restricted to two profiles (Folkins et 
al., 1997) and we do not consider them in our analysis. 

The observations extend from 15°N to 65 °N latitude and cover different sea
sons. Median values (as well as 20th and 80th percentiles) observed between 
8 km and the local tropopause are summarized in Table 1. In addition to HO^, 
many other chemical species and meteorological parameters were measured. 
Observations at night and near the terminator (SZA > 80°), in stratospheric air 
([O3] > 100 ppbv with [CH4] < 1760 ppbv), inside clouds, and in fresh aircraft 
exhaust plumes were excluded from Table 1. 

STRAT took place over the North Pacific between California and Hawaii 
during 1995-1996 (Wennberg et al., 1998). The aircraft sampled the upper 
troposphere up to 17 km in tropical air, for a total of ten flights in three seasonal 
deployments (October-November 1995, January-February 1996, and August 
1996). Frequent influence of deep marine convection transporting clean surface 
air to the upper troposphere can be seen in the observed 20th percentiles in 
Table 1 (27 ppbv O3, 63 ppbv CO, and 24pptv NO;̂ ) (Jaegle et al., 1997). 

SUCCESS took place over the central United States from April 15 to May 15 
1996 (Toon and Miake-Lye, 1998). While OH measurements were available 



Table 1. Median observatii 

Observations 

Time period 
Number of observations '^ 
Latitude, °N 
E*ressure, hPa 
Temperature, K 
Ozone column, DU 
H2O, ppmv 
Relative humidity (ice), % 
OH, pptv 
HO2, pptv 

{OH)24t,''. pptv 
{OH)24h'', pptv 
H2O2, pptv 
CH3OOH, pptv 
CH2O, pptv 
NO, pptv 
NO.v ,̂ pptv 
HN04'=, pptv 
HNOa.pprv 
PAN, pptv 
NOv, pptv 
O3,ppbv 
CH4, ppbv 
CO, ppbv 
Ethane, pptv 
Propane, pptv 
C4_5 alkanes, pptv 

3ns in the upper troposphere 

Aircraft mission 

STRAT 
1995-1996" 
560 
22 (21-38) 
198 (163-240) 
217 (209-224) 
288 (257-317) 
38(9-72) 
40 (17-66) 
0.23(0.11-0.39) 
3.6 (2.5-5.3) 
0.12(0.095-0.15) 
1.6(0.93-3.7) 
N/A 
N/A 
N/A 
84 (20-158) 
99(24-179) 
21(11-33) 
N/A 
N/A 
217 (90-484) 
48(27-75) 
1768(1763-1774) 
72(63-83) 
444 (384-677) 
31(24-95) 
9(5-21) 

(8 km altitude to tropopause)'^ 

SUCCESS 

15 Apr.-15 May 1996 
468 
37 (36-^0) 
240 (209-302) 
219(213-231) 
333(329-339) 
80 (37-204) 
82(48-104) 
0.28 (0.17-0.51) 
10.3 (6.3-13.4) 
0.13 (0.072-0.26) 
5.2(4.1-6.9) 
N/A 
N/A 
N/A 
42(19-89) 
54(27-118) 
31 (19-53) 
N/A 
N/A 
317(212-461) 
64 (50-80) 
1774(1766-1786) 
105 (95-131) 
N/A 
N/A 
N/A 

SONEX 
13 0ct.-12Nov. 1997 
1741 
47 (39-54) 
290(242-331) 
229(222-235) 
283(251-301) 
148 (74-294) 
69 (35-105) 
0.092 (0.051-0.15) 
2.5(1.6-3.5) 
0.036 (0.022-0.054) 
0.95 (0.63-1.5) 
78(49-147) 
25 (< 25-66) 
< 50 (< 50-74) 
56(20-137) 
87 (38-202) 
56(37-81) 
106 (59-191) 
60(39-87) 
307(200-598) 
53 (38-66) 
1771 (1764-1780) 
86(75-99) 
677(590-810) 
84(55-144) 
26(12-63) 

Overall medians used in standard 
model calculation 

March 1 
2769 
41 
263 
225 
292 
114 

59 
84 

54 
1772 
87 
620 
71 
22 

00 

a" 
TO 

^ 
0 

p) 
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Table I. (Continued) 

Observations Aircraft mission 

STRAT SUCCESS SONEX 
Overall medians used in standard 
model calculation 

Acetone, pptv 
Aerosol surface area, jum cm~ 
/ (NO2/ , 10-3 5-1 
/ ( 03^0 ( 'D»f , 10-6 5-1 
/^(H0,c)S,pptvd-l 
HOj yield from acetone + feu 
HOi yield from CH4 + OH' 
Amplification factor ACH4-' 
H0_t chain length'' 
HOv chain length' 
HO^ lifetime, min 
HOj lifetime, d 
P ( O j r , ppbvd- ' 

N/A 
1.8(0.7-2,8) 
4.6 (4.0-5.7) 
11 (5.9-23) 
65 (48-103) 
2.9(2.1-3.0) 
0.52 (G.36--0.55) 
1.4(1.3-1.9) 
5.5 (2.8-7) 
1.7(1.6-2.2) 
37 (19-50) 
1.9(1.2-3.0) 
0.85 (0.6-1-1) 

N/A 
2.8 (0.56-13) 
6.4 (5.8-8.0) 
16 (14-20) 
212 (147-328) 

2.5 (1.9-2.9) 
0.41 (0.24-0.53) 
1.2(1.1-1.5) 
3.6 (2.5-5.2) 
1.8(1.6-2.1) 
25 (13-33) 
2.3 (1.1-3,4) 
2.3 (0,97-5) 

515(427-607) 
6.1(3,6-12) 
2.9 (2.4-3.6) 
3.0(2.1-6.1) 
54(34-105) 
2.8 (2.4-3.0) 
0.47(0.37-0.51) 
1.4(1.2-1.7) 
5.0 (3.7-6.3) 
1.8(1.7-2.1) 
36(20-51) 
4.6(2.7-8.1) 
0.54 (0.35-0,8) 

4.7 

83 

a a-

» • 

I 
ft. 
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^+ 
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Tahli L (Continued} 

^Thc values are medians. The 20th and 80th percentiles are listed in parentheses. Obseirations helow the limit of detection are included in the statistics. 
Ohsei^'stions in the lower stratosphere {[O3] > lOOppbv, [CH4] < 1760ppbvl, in clouds, in fresh airaaft exhaust, and outside daytime (SZA > 80°) are 
excluded. 
''Upper tropospheric flights during the STRATmission toot place on three deployments: October-November 1995,lanuairy-February 1996, and August 1996. 
'̂ Number of 1 min HOn observations in the upper troposphere. 
"̂ 24 h ari'erage concentrations of OH and HO2 are obtained by scaling observed HOj with a model derived die! factor (Appendix A). 
''Model calculated values for NOj (NO,- = observed NO + modeled NO2) and HNO4. 
PhotoSysis frequencies calculated from observed actinic fluxes and then a\Teraged over 24 h using a model scaling factor. 

^TTic primarv' HO,, production rate, P(HOt), is a 24 h average value calculated usine ohsaved HjO and acetone concentrations. During STflAT and SUC
CESS acetone was not measured, we use instead a correlation between acetone and CO derived from previous aircraft missions (McKeen et al., 1997). The 
HOjr yield from acetone photolysis is calculated for the observed conditions and ranges from 2 to 3 (see entry belorai' and Section 3.1). 
-''Nel number of HO.v molecules produced in the complete oxidation of acetone to CO, including conlributiotis from acetone photolysis and irom CH2O 
photolysis (Section 3.1). 

'Net number of HOt molecules produced in the oxidation of methane to CO (Section 3.2). 
JThe amplification factor for methane oxidation AQU is defined as the relative increase in the primary source of HOj due to oxidation of CH4 by OH 
(Eq. [4)}. 

''Ratio of HO2 to HO.y loss rates, measuring the efficacy of cycling within the HO.v family (Eq. [5) in Section 3.3). 
Ratio of HO., toHOy loss rates, measuring the efficacy of cycling between HO.̂  and its HOy reseri'oirs (Eq. (6) in Section 3.3). 

"^'The ozone production rate, P(Oi), is calculated using observed NO and HOj coticei:aalions and averaged over 24h using a model-derived diel factor 
(Appendix A). 
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throughout the mission, HO2 was only measured for the flights in May. The 
composition of the upper troposphere was strongly impacted by convective in
jection of continental air from the United States as indicated by measurements 
of high concentrations of CO and NO3; (Table 1) (Jaegle et al., 1998b), and of 
aerosols rich in crustal material (Talbot et al., 1998) and sulfate (Dibb et al., 
1998). 

SONEX focused on the North Atlantic region between 13 October and 
12 November 1997 (Singh et al., 1999). It included measurements of acetone, 
peroxides, and CH2O, which were missing in STRAT and SUCCESS. The at
mosphere sampled by SONEX was influenced by an ensemble of NOjc sources: 
lightning, convection and aircraft emissions (Liu et al., 1999; Thompson et al., 
1999; Koike et al., 2000). Photochemistry was less active than in STRAT or 
SUCCESS because of higher latitudes and the fall season. 

The composition of the upper troposphere has several features that distin
guish it from the rest of the troposphere. Levels of H2O are low (10-300 ppmv) 
because of the cold temperatures (210-235 K), and result in a primary source 
of HOjc radicals from 0(^D) -h H2O which is 1-2 orders of magnitude smaller 
than in the lower troposphere. Other primary sources of HO^ such as convec
tive injection of acetone, peroxides and aldehydes from the lower troposphere 
can play an important role in the upper troposphere. Concentrations of NOĵ  
are relatively high in the upper troposphere (typically 50-100 pptv. Table 1), 
due to high-altitude sources (lightning, convective transport of surface pollu
tion, transport from the stratosphere, aircraft emissions) combined with a long 
lifetime against oxidation to HNO3. The lifetime of NOjc is proportional to the 
NO;c/N02 ratio as NO2 is the reactant species for the conversion to HNO3: 

NO + O3 -> NO2 + O2, (R6) 

NO2 + OH -f M ^ HNO3 + M, (R7) 

NO2 + NO3 + M -> N2O5 + M, (R8) 

N2O5 + H2O (aerosols) -> 2 HNO3. (R9) 

The partitioning of NO^ in the daytime upper troposphere favors NO relative to 
NO2 ([NO]/[NOx] ^ 0.6-0.9, Table 1) because of the temperature dependence 
of reaction (R6) and the low O3 concentrations. The lifetime of NO;̂  in the 
upper troposphere is 5-10 d compared to '^1 d in the lower troposphere (Jacob 
et al., 1996; Jaegle et al., 1998b). 

The last column in Table 1 summarizes median upper tropospheric condi
tions across all three missions. These median conditions will be used as con
straints for our standard model calculations presented in Sections 2.2, 3, 4 
and 5. 
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2.2, Comparison between models and observations 

Fig. 2 and Table 2 show summary comparisons between observations and 
model calculations of HO2, OH, and the HO2/OH ratio for STRAT, SUC
CESS, and SONEX. Each point is a 1 min average. The calculations were 
done with the Harvard photochemical zero-dimensional (0-D) model (see Ap
pendix A) constrained with local observations of NO, O3, H2O, acetone, CO, 
CH4, C2H6, C3H8, C4_5 alkanes, aerosol surface area, pressure, temperature, 
and actinic flux. Concentrations of acetone in STRAT and SUCCESS are esti
mated on the basis of correlations with CO (McKeen et al., 1997); since ace
tone varies only over a narrow range this assumption is of little consequence. 
Peroxides and aldehydes are assumed to be in chemical steady state. We restrict 
the comparison to daytime, upper tropospheric observations (> 8 km altitude) 
in clear air and outside of aircraft exhaust plumes, following the criteria of 
Table 1. Comparisons for individual missions have been discussed previously 
(Brune et al., 1998,1999; Faloona et al., 2000; Jaegle et al., 1997,1998a, 2000; 
McKeen et al., 1997; Wennberg et al., 1998). 

As seen in Fig. 2c, the HO2/OH concentration ratio is generally reproduced 
by model calculations to well within the combined uncertainties of obser
vations (reported accuracy of ±20%) and rate coefficients (-1-120 to —70%, 
Wennberg et al. (1998)). The median model-to-observed ratio for HO2/OH is 
1.08 with a correlation coefficient r^ = 0.76 (Table 2). The cycling between 
OH and HO2 in the model takes place on a time scale of a few seconds and is 
mainly controlled by 

OH + CO (-h02) -> HO2 + CO2, (R3) 

OH -h O3 -^ HO2 + O2, (RIO) 

HO2 + NO -> OH + NO2, (R4) 

HO2 + O3 -^ OH + 2O2. (Rll) 

In the upper troposphere, loss of OH through reaction with CO (R3) largely 
dominates over its reactions with O3 (RIO), methane, and non-methane hy
drocarbons. Assuming pseudo-steady state for OH and HO2, and neglecting 
(RIO), we have the concentration ratio: 

[ H 0 2 ] ^ ^3 [CO] 

[OH] A:4[NO] + / : , , [03] ' 

where ki represents the rate constant for reaction (R/). Eq. (1) is generally ac
curate to within 25%. Reaction (Rll) dominates over (R4) only for very low 
NO concentrations ([NOĵ ] < 10-20pptv). Under most conditions in the upper 
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Figure 2. Comparison between observations and model calculations for (a) HO2 concentrations, 
(b) OH concentrations, and (c) the HO2/OH concentration ratio in the upper troposphere (8 km 
altitude to the local tropopause). One-minute averages corresponding to STRAT, SUCCESS, and 
SONEX are shown respectively by diamonds, triangles, and squares. Observations inside cirrus 
clouds, influenced by stratospheric air, in fresh aircraft exhaust, or at high solar zenith angle (SZA) 
(SZA > 80°) are excluded from this figure. The calculations were obtained with a diel steady-state 
photochemical model constrained with local observations of HOjc precursors (see Appendix A). 
The 1:1 line is shown as solid. The dashed lines represent the instrumental accuracies (± 40% for 
OH and HO2, ± 20% for HO2/OH). 

troposphere, A:4[NO] is the dominant term of the denominator. The observed 
[H02]/[0H] ratio varies between ^ 5 and 100 (Fig. 2); changes in [NO] and 
[CO] account respectively for 60 and 15% of this variability. As shown in Ta
ble 1, [NO] varies over almost one order of magnitude in the upper troposphere 
while [CO] varies by only a factor of 2. When the sources or sinks of HO^ com-
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Table 2. Comparison between observed and model-calculated 
HOjc concentrations in the upper troposphere (> 8 km altitude) dur
ing STRAT, SUCCESS, and SONEX^ 

Variable 

HO2 

OH 

HO2/OH 

R 
r2 
Â  

R 
r2 
N 

R 
r2 
Â  

STRAT 

0.97 
0.53 

330 

0.80 
0.84 

357 

1.15 
0.87 

313 

SUCCESS 

0.70 
0.61 

232 

0.78 
0.60 

635 

0.78 
0.61 

229 

SONEX 

1.20 
0.84 

1163 

1.20 
0.64 

1081 

0.96 
0.76 

1072 

All 

1.09 
0.66 

1725 

0.98 
0.63 

2073 

1.08 
0.76 

1614 

^R is the median model-to-observed ratio, r^ is the correlation co
efficient between the model and observations, and Â  is the number 
of points for which the comparison is conducted. 

pete with HOĵ  cycling reactions (for example, for [NOx] < lOpptv and large 
HOjc precursor concentrations, see Section 3.3) Eq. (1) no longer applies. 

The median ratios of model-to-observed concentrations (RuOj, = [HOjcJmodei 
/[HOxlobs) are 0.98 for OH and 1.09 for HO2 (Table 2). In addition to uncer
tainties in model calculations, the accuracy of observations (±40%) needs to 
be considered in evaluating /?HO2 and RQH • We find that 75% of the HO2 points 
and 60% of the OH points fall within the reported instrumental accuracies. The 
measurement precision is better for HO2 than for OH because of higher mixing 
ratios, which likely explains the smaller scatter between model and observa
tions. In some cases (10 and 14% of HO2 and OH observations, respectively), 
the calculations underestimate the observations by factors of 1.6-4. Many of 
these cases have been identified as fresh convective outflows where high lev
els of peroxides and aldehydes might have provided additional sources of HOjc 
(Brune et al., 1998; Jaegle et al., 1997, 1998a; Wennberg et al., 1998). As 
discussed in the Introduction, missing HOĵ  precursors could explain the sys
tematic model underestimates apparent at very high NO^. For the remaining 
observations (15% for HO2, and 26% for OH), the model overestimates the 
concentrations of HO^ by factors of 1.4-2. Such model overestimates were 
observed mostly during SONEX and could be due in part to the influence of 
evaporating cirrus clouds (Jaegle et al., 2000). 

The model accounts for 66% of the observed variance in HO2 concentra
tions (Table 2), meaning that most of this variance can be explained on the 
basis of current understanding. The concentration of HO^ depends strongly on 
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SZA (Ehhalt and Rohrer, 2000 and references therein). Once this dependence 
is taken into account by examining diurnal averages, we find that the variance 
in the model is mostly driven by changes in [NOjd and in the HO^ primary pro
duction rate, P(HOjc). As we will demonstrate in Section 4, the dependence of 
[HOx] on [NOjc] and P(HO;c) is non-linear and can be approximated by power 
laws of the form [HOjc] oc [NO;c]'' P{liOxf. For each point shown in Fig. 2, 
we calculate 24 h averages of the observed [HO2] and P(HO;c) following the 
methodology discussed in the Appendix A. P(HO;t) includes the contributions 
from (R2) and acetone photolysis (see Section 3.1). We find that a linear regres
sion with ln([NOjc]) and ln(P(HOx)) accounts for 57% of the variance of the 
observed ln([H02]24h) concentrations in Fig. 2. Individual regressions with 
ln([NOjc]) and ln(P(HOjc)) account for 30 and 38% of the variance, respec
tively. 

Fig. 3 shows the ensembles of NO^ concentrations (= observed NO -f 
modeled NO2) and 24 h average P(HOjc) for all three missions. The top panel 
of Fig. 3 shows the P(HOx) calculated from (R2) and acetone only, while the 
bottom panel also includes a hypothesized source from convection of addi
tional HOjc precursors as needed to match the HO2 concentrations (about 10% 
of observations are affected). Both [NOĵ ] and PiJAOx) vary across two orders 
of magnitude. As can be seen in Table 1 and Fig. 3, P(HOjc) during SUCCESS 
was three times higher than during STRAT or SONEX. This reflects the low 
amounts of UV radiation during SONEX (fall, northern midlatitudes) and the 
low levels of water vapor at the higher altitudes sampled in the tropical upper 
troposphere during STRAT. The NO;̂  concentrations in STRAT, SUCCESS, 
and SONEX varied over fairly similar ranges (Table 1 and Fig. 3). 

Fig. 4 plots observed values of HO2, OH and the HO2/OH concentration ra
tio, scaled to 24 h averages, in the coordinate system {[NOjc], P (HO^)}. Values 
of P(HOx) include the hypothesized contribution from convected precursors 
(bottom panel of Fig. 3). As noted above, we use 24 h averages to remove the 
obvious influence of the diurnal cycle of solar radiation. Photochemical model 
calculations for varying [NO^] and F(HOx), and otherwise median conditions 
(last column in Table 1), are shown as contour lines. In these calculations, 
P(HOjc) is varied by specifying a generic HO^ source with a solar zenith an
gle dependence assumed to be the same as photolysis of CH3OOH (see Ap
pendix A for further details). Model [OH] increases with [NOjd up to ^ 1 0 0 -
500pptv NO;c due to shift in the [H02]/[0H] ratio towards OH (Eq. (1)), and 
decreases with further increases of NO^ concentrations due to HO^ loss by 
reactions involving NO2, HNO4, and HNO3 (Fig. 1). Model [HO2] decreases 
with increasing [NO^] due to shift in the [H02]/[0H] ratio towards OH and 
thus faster HOy loss, since HO^ is lost by reactions involving OH (Fig. 1). The 
[H02]/[0H] ratio has a strong dependence on [NO^] and little dependence on 
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Figure 3. Ranges of [NOjc] and the primary HOjc production rate FCHO^) in the upper tro
posphere during STRAT (diamonds), SUCCESS (triangles), and SONEX (squares). Values of 
F(HOjf) are 24 h averages. In the top panel, F(HOj^) is calculated using observed concentrations 
of H2O and acetone only. In the bottom panel, an additional source from convective injection 
of other HOjc precursors is also added where necessary to match observed HO2 concentrations 
(see Appendix A). The cases where this additional source represents more than 50% of P(liOx) 
are flagged by open symbols. The threshold NOĵ  value for the transition from the NOx-limited 
regime to the NO^-saturated regime for ozone production (0F(O3)/9[NOjt] = 0) is indicated as 
a function of P(HOy) for otherwise median conditions in the upper troposphere (see Table 1 and 
Section 4). 

P(HOjc) as expected from Eq. (1). These model dependences are also found in 
the observations, as can be seen from inspection of Fig. 4. 

The rate of ozone production can be expressed as 

F(03)^^4[NO][H02], (2) 

where we neglect the contributions of organic peroxy radical which account for 
less than 15% of P(03) in the upper troposphere (Jacob et al , 1996; Crawford 
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Figure 4. Dependence of (a) HO2 concentrations, (b) OH concentrations, (c) the HO2/OH con
centration ratio, and (d) the ozone production rate P(03) on the concentrations of NOjc and 
PQiOx) in the upper troposphere for STRAT, SUCCESS, and SONEX. The contour Unes corre
spond to model calculations for median conditions in the upper troposphere (Table 1) with varying 
[NOjcl and P(HOj^;). Observations are shown with color-coded squares corresponding to concen
tration ranges. Both model and observations for OH and HO2 are 24 h averages (see Appendix A). 
Values of P(03) are computed from observed NO and HO2 and averaged over 24 h (see Appen
dix A). The dashed line in panel (d) corresponds to dP{02)/d[N0x] = 0. 

et al., 1997). Chemical loss of O3 (reactions (RIO), (Rll), (R7) and (R2)) gen
erally accounts for less than 20% of P(03) in the upper troposphere so that Eq. 
(2) effectively represents the ozone tendency (Davis et al., 1996; Folkins and 
Chatfield, 2000). We use Eq. (2) to calculate instantaneous values of P(03) 
from observed [NO] and [HO2], and then average P(03) over 24 h using 
a model-derived scaling factor (see Appendix A). For most observations in 
Fig. 4d, P(03) increases with increasing [NOx], representing the NOjc-liniited 
regime. However, a significant fraction of observations during SONEX lie in 
the transition regime where P(03) is independent of [NO^] (Section 4.2). By 
sampling P(03) at constant P(liOx) in SONEX, Jaegle et al. (1999) observed 
the transition from NOx-limited to NO^-saturated regime in a manner consis
tent with model calculations. Very few observations are in the NOx-saturated 
regime where P(03) decreases with increasing [NOjd. 

Fig. 4 demonstrates that the two master variables {[NOjc], PQrLOx)} can de
scribe the overall behavior of observed HO^ and ozone production rates across 
different seasons and regions. In the model calculations of Fig. 4 (contour 
lines) we vary only [NO^] and P(HOjc) while fixing all other variables to their 
median observed values. Where does this analysis fail in describing the obser
vations? Some discrepancies can be noted in Fig. 4. For P(HOjc) < 20pptvd~^ 
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the model overestimates the concentrations of both OH and HO2. These obser
vations were obtained at high latitudes during SONEX (> 50°N), where recy
cling of HOjc radicals by photolysis of peroxides is much slower than for the 
median conditions of Table 1. They are found to be well simulated by a model 
constrained with the appropriate local radiative environment. 

3. Chemistry of HO;c and HO ̂  

In this section we examine in a broader context the different chemical 
processes that affect HOjc and the reservoir HO^ family in the upper tro
posphere. 

3 J, Primary sources ofHOx 

As discussed above, the primary sources of HOjc in the upper troposphere are 
the photooxidation of water vapor (R2), the photolysis of acetone, and the pho
tolysis of other HOjc precursors such as peroxides and aldehydes transported 
to the upper troposphere by convection. The primary HOĵ  production rate can 
be expressed as: 

P (HOJ = 2/:2[0(^D)][H20] + ^ y / y / [ X , ] . (3) 

The sum on the right-hand side is over all HOjc primary precursors Xi with 
photolysis frequency 7/ and corresponding HO^ yield yi. 

An abbreviated version of the acetone oxidation chain following initial pho
tolysis is given in (R12)-(R21). The HO^ yield from photolysis of acetone in
cludes contributions from the initial photolysis step (R12), and the subsequent 
photolysis of CH2O by (R20a): 

CH3C(0)CH3 + hv (+2O2) -^ CH3CO3 + CH3O2, (R12) 

CH3CO3 + N0(+02) -> CH3O2 + CO2 + NO2, (R13) 

CH3CO3 + NO2 ^ CH3C(0)02N02, (R14) 

CH3CO3 + HO2 -^ CH3C(0)00H + O2 (R15a) 

-^ CH3COOH + O3, (R15b) 

CH3O2 + NO (+O2) -^ CH2O + HO2 + NO2, (R16) 

CH3O2 + HO2 -^ CH3OOH + O2, (R17) 

CH3OOH + hv (+O2) -> OH -h HO2 + CH2O, (R18) 
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CH3OOH + OH ^ OH + CH2O + H2O (R19a) 

-^CH302 + H20, (R19b) 

CH20+/ZI; (+2O2) -> 2HO2 H- CO, (R20a) 

CH2O + /zi; -> CO + H2, (R20b) 
CH2O + OH (+O2) -^ HO2 + CO + H2O. (R21) 

In addition to photolysis, acetone can be lost through reaction with OH. In 
the upper troposphere, this pathway represents on average less than 10% of 
acetone loss. It becomes important at lower altitudes, as OH concentrations 
increase, the temperature-dependent rate constant for OH + CH3C(0)CH3 in
creases, and the acetone photolysis quantum yield decreases (Gierczak et al., 
1998). 

We derive the HOjc yield from acetone photolysis (yacetone) using fractional 
reaction rates, in a manner similar to Arnold et al. (1997) and Folkins and 
Chatfield (2000). The yield increases with increasing [NOĵ ] and decreasing 
P(HO;c) (Folkins and Chatfield, 2000) (Fig. 5), and Hes generally between 
2 and 3. The theoretical maximum is 3.3. For very low [NO^] (< lOpptv) 
and high P(HOjc) (> 200 pptv d~^), jacetone can be negative: the dominant loss 
pathways for CH3CO3 and CH3O2 are then (R15) and (R17) followed by (R19) 
which lead to net loss of HOĵ . The median yields for the conditions of the air
craft missions ranged from 2.5 (SUCCESS) to 2.9 (STRAT). While concentra
tions of acetone are fairly uniform in the upper troposphere with a typical range 
from 300 to 1000pptv (Singh et al., 1995; Wohlfrom et al., 1999), the levels of 
water vapor show much more variability. A linear regression of 24 h average 
P(HO;c) with [H2O], [CH3C(0)CH3], latitude, ozone column, yields r^ corre
lation coefficients of 0.71, 0.03, 0.25, and 0.004, respectively. The importance 
of acetone relative to water vapor as a primary source of HOx thus largely 
depends on the abundance of H2O. Fig. 6 shows the relative contributions of 
H2O and acetone to P(HOx) for the ensemble of observations in SONEX. 
Acetone becomes a significant HOĵ  source when H2O drops below 200ppmv, 
and becomes dominant when H2O drops below lOOppmv. For air masses in 
the lowermost stratosphere ([O3] > lOOppbv, and [CH4] < 1760 ppbv), (R2) 
dominates again due to increasing ozone levels and decreasing acetone lev
els. During SONEX, acetone photolysis and H2O + 0(^D) were on average of 
comparable magnitude as sources of HO^. A more dominant role for acetone 
was inferred for SUCCESS and especially for STRAT due to lower H2O con
centrations (Brune et al , 1998; McKeen et al., 1997; Jaegle et al., 1997) (Table 

1). 
The contribution to PiYiOx) from convective transport of peroxides and 

aldehydes from the boundary layer was examined by Miiller and Brasseur 
(1999) using a 3-D global model. They find a contribution of more than 60% 
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Figure 5. 24 h average HOjc yields from acetone photolysis in the upper troposphere. Contour 
lines show results for the median conditions in Table 1 with varying [NOjc] and P(HOjc). The 
colored symbols represent the values calculated for individual points during STRAT, SUCCESS, 
and SONEX. 
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Figure 6. Ratio of the contributions from acetone and water vapor to 24 h average P(HOjc), as a 
function of H2O concentrations for the SONEX mission between 8 and 12 km altitude. Observa
tions in the lowermost stratosphere ([O3] > lOOppbv and [CH4] < 1760 ppbv) are shown by open 
circles. The HOjc yield from acetone photolysis varies mainly between 2 and 3 (Section 3.1). The 
YiOx yield from H2O photooxidation is 2. 

in the tropics at 10-14 km altitude, in agreement with the study of Prather and 
Jacob (1997), with peroxides dominating over oceans and aldehydes over con
tinents. In their model, this source increases HOjc concentrations in the upper 
troposphere by 10-20% on average. 

Enhancements of HOjc concentrations by factors of 2-5 were observed in 
convective outflows during STRAT and SUCCESS (Brune et al., 1998; Jaegle 
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et al., 1997, 1998a). The additional source of HOx necessary to account for 
these observations is 2-10 times higher than the local sources from H2O and 
acetone. During SONEX, less than 15% of upper tropospheric observations 
appeared to have been recently affected by convection (Jaegle et al., 2000). 
The lower altitudes and warmer temperatures during SONEX (10 K warmer 
compared to STRAT and SONEX, see Table 1) resulted in larger amounts of 
water vapor in convective outflows. A lOK increase in temperature from 220 
to 230 K results in ice saturation water vapor concentrations increasing from 
90 to SOOppmv. The high levels of H2O in convective outflows reduced the 
influence of other transported HOjc precursors during SONEX. 

3,2, Autocatalytic production through methane oxidation 

The atmospheric lifetime of CH4 is about lOyr, with oxidation by OH provid
ing the main sink. Because of its long lifetime, CH4 has a uniform concentra
tion of 1.7-1.8 ppmv in the upper troposphere (Table 1). The mechanism for 
oxidation of CH4 to CO is initiated by 

OH -h CH4(+02) -> CH3O2 + H2O (R22) 

followed by reactions (R16)-(R21). Methane oxidation by OH may either be 
a source of HO^ (through (R20a)) or a sink of HÔ c (through (R15) and (R19)) 
(Logan et al., 1981). We view the source of HO^ from CH4 as secondary rather 
than primary because it depends on the local supply of OH. Because of its 
autocatalytic character, it represents an amplifying factor for the primary HO^ 
sources. Similar to the case of acetone photolysis, the overall HOjc yield (ycYu) 
from oxidation of methane increases with increasing [NO^] and decreasing 
P(ROx) (Fig. 7a). The theoretical maximum of JCH4 (0.62) is determined by 
the pressure- and temperature-dependent quantum yield of (R20a). Under most 
conditions observed in the upper troposphere, JCH4 varies between 0.3 and 0.5. 

Formaldehyde is the key intermediate species for HOjc production from 
methane oxidation. Model concentrations of CH2O, from methane oxidation 
only, are shown by contour lines in Fig. 7b as a function of [NOjc] and P(Wdx) 
for the median upper tropospheric conditions of Table 1. The model depen
dence of CH2O on both parameters is similar to that of OH (Fig. 4b) as the 
source of CH2O is proportional to OH (through (R22)). Reaction of CH2O 
with OH (R21) represents typically 30-50% of the CH2O sink, buffering the 
dependence of CH2O on OH. The calculated concentration of CH2O varies 
between 10 and lOOpptv. Observations of CH2O, available from SONEX, are 
reported as the square symbols in Fig. 7b. A large fraction of the observations 
(55%) are below the limit of detection (LOD) of the instrument (50 pptv), con
sistent with model results. However, the remaining 45% of observations reach 
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Figure 7. Same as Fig. 5, but the contour lines are for model calculated (a) HOx yield from 
methane oxidation; (b) concentrations of CH2O due to methane oxidation only; (c) amplification 
factor associated with methane oxidation (see text for definition). Observations of CH2O obtained 
during SONEX are shown by the square symbols in panel b. Open symbols correspond to obser
vations below the 50 pptv LOD of the instrument. 

up to 300 pptv and do not exhibit any clear dependence on [NO^] or P(HOjc). 
Sources of CH2O from organic species other than CH4 (including in particular 
acetone and methanol) are calculated to be only 30% of the source from CH4 
oxidation during SONEX and cannot resolve the discrepancy between model 
and observations in Fig. 7b. Convective transport from the lower troposphere 
is not a satisfactory explanation either, as high CH2O is not correlated with 
tracers of convection. The only correlation of high CH2O in the observations 
is with methanol (Jaegle et al., 2000), suggesting a possible source from reac
tion of methanol on aerosols (Singh et al., 2000). In the case of SONEX, using 
the observed CH2O concentrations instead of steady-state model values leads 
to an increase in the calculated WOx by 30% (Jaegle et al., 2000). 

We define the amplification factor of P(HO.^) associated with methane oxi
dation as 

^r-u 

/^(HO^)+ycH/22[OH][CH4] 

/•(HOJ 
(4) 
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Values of ACH4 smaller than unity {ycYU < 0) correspond to quenching of 
P(HOjc), while values of ACH4 larger than unity (>̂ CH4 < 0) correspond to am
plification of P(HOjc). AcH4 is shown in Fig. 7c as a function of [NOx] and 
P(HO;c). The amplification is largest when P(HOjc) is low. The dependence of 
AcH4 on P(HOx) acts as a weak buffer for HOĵ  concentrations (Crawford et 
al., 1999): as PQiOx) decreases, ACH4 increases. For median SONEX condi
tions a doubling of P(HOjc) at constant [NO^] increases the actual HOjc source 
AcH4 P(llOx) by -- 70%. Similarly, for constant P(tiOx) and increasing [NO;̂ ] 
up to SOOpptv, the increase in ACH4 weakly offsets the effect of increasing HO^ 
loss. 

3,3. Loss ofHOx and recycling from HOy reservoirs 

Loss of HOjc occurs through self-reactions and reactions with NO^ species: 

HO2 + OH ^ H2O + O2, (R23) 

HO2 + HO2 + M -> H2O2 + M, (R24) 

CH3O2 + HO2 -^ CH3OOH + O2, (R17) 

NO2 + HO2 -H M -^ HNO4 + M, (R25) 

NO2 + OH + M -> HNO3 + M, (R7) 

NO + OH -f- M -> HNO2 + M, (R26) 

HNO3 + OH ^ H2O + NO3. (R27) 

The resulting lifetime of WOx in the upper troposphere is typically 30 min (Ta
ble 1). The HO;c reservoirs H2O2, CH3OOH, HNO2 and HNO4 regenerate HO^ 
through photolysis and (in the case of HNO4) thermal decomposition: 

H202 + / i i ; ->20H, (R28) 

CH3OOH + hv-> CH3O + OH, (R18) 

HNO4 + /i i; ^ OH + NO3, (R29) 

HNO4 -F M ^ NO2 + HO2 + M, (R30) 

HNO2 + /iu ^ OH + NO. (R31) 

However, reaction of these reservoir species with OH represents a permanent 
sinkofHOjc: 

H2O2 + OH -> H2O + HO2, (R32) 
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CH3OOH + OH ^ OH + CH2O + H2O, (R19a) 

CH3OOH + OH ^ CH3O2 + H2O, (R19b) 

HNO4 + OH ^ H2O + NO2 + O2. (R33) 

Typical upper tropospheric lifetimes of H2O2, CH3OOH, HNO4 and HNO2 
are 2-5 d, 1-4 d, 1-4 d, and 10-30 min, respectively. The lifetime of HNO2 
with respect to photolysis is short and it is thus not an important player in HO^ 
chemistry except as a nighttime reservoir, and for very high NOjc concentra
tions. In addition, nighttime heterogeneous production of HNO2 on aerosols 
might be an important source of HOjc at sunrise (Jaegle et al., 2000). 

The cycling within HOjc and between HOĵ  and its HO^ reservoirs play crit
ical roles in controlling the concentration of HO^. To illustrate their effect, we 
define two chain lengths. The HOjc chain length, n(HOjc), is the average num
ber of times that a HO2 radical cycles within the HOjc family before being lost, 
while the HO^ chain length, n(HOy), is the average number of times that a HOjc 
radical cycles within the HOy reservoirs before being lost through one of the 
HO3; sinks: 

mn ^ Loss(H02) ,.. 
n(HOjc) = - —-— (5) 

Loss(HOjc) 
m n ^ Loss(HOJ 

n (HOy) = ——- (6) 
LossCHO ;̂) 

where Loss(H02), Loss(HOjc), and LossCHO ;̂) represent the ensemble of re
action rates leading to the loss of HO2 (these reactions include (R4), (Rll), 
(R17), (R24) and (R25)), HO^ ((R7), (R17), (R23) and (R27)) and HO_y 
((R23), (R27), (R32), (R19) and (R33)), respectively. Fig. 8 shows the model-
calculated dependences of HOĵ  and HOy chain lengths on [NOx] and P(HOx). 
For [NOx] < lOOpptv, n(HOx) increases with increasing [NO^] due to cycling 
of HO;c via HO2 + NO (R4), while at higher NO^ concentrations n(HOx) de
creases because of loss of HO^ to HNO3 and HNO4 ((R7), (R25) and (R27)). 
At low [NOjc], n(HOx) decreases with increasing P(HOx) because the HO^ 
sinks are quadratic in [HOĵ ]. The highest values of n(HOx), exceeding 6, are 
for low P(HOx) and intermediate NOĵ  (50-200 pptv). For the conditions of the 
aircraft missions, n(HOx) ranges from 2.5 to 7 (Table 1). 

The dependence of n(HOy) on [NO^] is opposite to that ofn(HOx): n(HOy) 
decreases with increasing [NOx] for [NO^] < 100 pptv, and then it increases 
with further increases in [NOĵ ]. At low NOjc concentrations, HO^ cycHng 
with its HOy reservoirs occurs mostly through HO2 + HO2, while HOy loss 
is through HO2 + OH. As a result, and following Eq. (1), n(HOy) is inversely 
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Figure 8. Model-calculated chain lengths n(HOjc) and n(HOy) for HOjc and UOy cycling 
(Eqs. (5) and (6)) as a function of [NOjc] and P(HOj^). The contour lines show results for the 
median conditions described in Table 1. The colored symbols show values calculated over the 
ensemble of conditions during STRAT, SUCCESS, and SONEX. 

proportional to NO. For the range of conditions encountered in the upper tro
posphere, niUOy) varies between 1.6 and 2.2 (Table 1). 

The product /2(HOx)xw(HOy) represents approximately the ozone produc
tion efficiency per unit of primary HOĵ  produced, as for [NOx] > 10 pptv the 
cycling between HO2 and OH is mostly through reaction with NO (R4). For 
most conditions sampled during the three missions, n(tiOx)xn(tiOy) ranges 
between 4 and 12. 

Model-calculated steady-state concentrations of the peroxide reservoirs are 
shown in Fig. 9 as a function of [NOĵ l and P(HOjc) (contour lines) for the me
dian upper tropospheric conditions in Table 1. The dependences of H2O2 and 
CH3OOH on [NO;c] and PiUOx) follow that of HO2 (Fig. 4a). The concentra
tion of HNO4 increases with increasing NOjc to reach a maximum at 100 pptv 
NOx, beyond which it decreases. This decrease is due to depletion of HO2 by 
increasing NOĵ  (Fig. 4a). For the median upper tropospheric conditions in Ta-
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Figure 9. Steady-state concentrations of peroxides as a function of [NOjc] and P(HOĵ .) in the 
upper troposphere: (a) H2O2, (b) CH3OOH, and (c) HNO4. The contour lines show model re
sults for the median conditions of Table 1. Observations of H2O2 and CH3OOH obtained during 
SONEX are shown as square symbols on panels a and b. Open symbols correspond to observations 
below the LOD of the instrument (15 pptv for H2O2 and 25 pptv for CH3OOH). 

ble 1, HNO4 loss is 10% by thermolysis (R30), 30% by photolysis (R29) and 
60% by reaction with OH (R33). At the warmer temperatures and low P(HOx) 
of SONEX, HNO4 loss is equally divided between (R29), (R30) and (R33). 

Observed H2O2 and CH3OOH concentrations in SONEX (Snow et al., 
2000) are shown in Figs. 9a and b. The concentrations of H2O2 decrease with 
increasing NO^ as expected from the model calculations. The observations 
of H2O2 are reproduced by model calculations to within 50% if one allows 
for heterogeneous reaction of HO2 in aerosols producing H2O2 (Jaegle et al., 
2000). A large fraction (47%) of the reported CH3OOH values were below 
the 25 pptv LOD of the instrument. These observations generally fall below 
the 25 pptv contour line of the model (Fig. 9b). However, the remaining ob
servations exhibit much higher values (up to 340 pptv) than calculated. The 
model underestimate of CH3OOH by factors of 2-3 is systematic throughout 
SONEX and does not appear to be associated with recent convection (Jaegle 
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et al., 2000). It could reflect uncertainties in the rate constant for (R17) at low 
temperatures (Jacob et al., 1996; Schultz et al., 1999). Despite this lack of 
agreement on the absolute value of CH3OOH, the observations do show the 
expected trend of increase with decreasing [NOx]. 

The MarklV balloon-borne instrument measured HNO4 concentrations in 
the lowermost stratosphere which are a factor of 2 higher than expected. In
clusion of a speculated HNO4 photodissociative transition in the near IR rec
onciles models and observations for HNO4 and provides a missing source of 
HOx at high SZA (Wennberg et al., 2000). 

3,4, HOy sinks 

As we saw in the previous section, the sinks of HO3; are through reactions of 
HOy and NO^ species with OH ((R7), (R19), (R23), (R27), (R32) and (R33)). 
The lifetime of HO^ varies between 1 and 6 days (Table 1). The relative im
portance of the different HO3; sinks depends mostly on the levels of NO^, as 
shown by the model calculations in Fig. 10. There is usually not one single 
dominant pathway. For STRAT and SUCCESS, the observed ranges in [NOĵ ] 
and P(HOx) (Table 1 and Fig. 3) place the upper troposphere predominantly in 
a regime where OH + HO2 is the most important HO^ loss pathway, account
ing for 30-50% of total HO^ loss (Wennberg et al., 1998; Jaegle et al., 1998a). 
In contrast, for ASHOE/MAESA and SONEX, the low P{HOjc) and relatively 
high [NOjc] led to the sampling of a second regime where OH + HNO4 is the 
most important HOy loss pathway accounting for ^ 3 5 % of total HO^ loss 
(Folkins et al., 1997; Jaegle et al., 2000). At very high [NO;̂ ] (> 300pptv), 
HO3; is expected to be mostly lost through OH -h NO2 + M and OH + HNO3. 
Only very few observations have been obtained under those conditions. Con
sideration of the relative importance of the different HOy loss pathways lays 
the foundation for our analysis of chemical regimes in the next section. 

4. Chemical regimes for HOĵ  and ozone production 

Based on the dominant HOy loss pathways (Fig. 10), three main chemical 
regimes can be defined: (1) a low NOjc regime where the dominant sinks of 
HOy are reactions of OH with HO2, H2O2, and CH3OOH ((R23), (R32) and 
(R19)); (2) an intermediate NO^ regime where reaction of OH with HNO4 
becomes important (R33); and (3) a high-NO;c regime where reactions of 
OH with NO2 and HNO3 dominate ((R7) and (R27)). We refer to these 
three regimes as the NOjc-limited regime, the transition regime, and the NO^-
saturated regime, respectively. The NO^-saturated regime is conmionly known 
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Figure 10. Percentage contributions (%) of individual reactions to the HO3; loss rate as a function 
of [NOjc] and P(HOjc). Values are model results for the median upper tropospheric conditions of 
Table 1. 

as the hydrocarbon-limited regime in the lower troposphere, however "NOjc-
saturated" is a better terminology in the upper troposphere where non-methane 
hydrocarbons do not have the capacity to influence HO^ chemistry. We define 
the relative sensitivity of variable Y to variable X as 

S{Y, X) ain(y) _x dY 
ain(X) ~Y^' 

(7) 

5(F, X) represents the exponent in the local power law relating Y to X, i.e., 
Y = X^^^^^K Sensitivities of P(03) and [HO^] relative to [NO^] and PiHO^c) 
are shown in Fig. 11 as a function of [NOjd for the otherwise median conditions 
of Table 1. The values represent the partial derivatives for the data shown as 
contour lines in Fig. 4. In the NOj^-limited regime S(P(03), [NOx]) is positive; 
at very low [NOx] it has a value close to 1 and then decreases with increas
ing [NOxJ. In the NOj^-saturated regime S(P(03), [NOx]) becomes negative 
and it reaches a value close to —0.5 for very high [NOx]. We define the tran
sition regime as the region where P(03) is the least sensitive to changes in 
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Figure 11. Relative sensitivities S{Y, X) of PCOs), [HO2] and [OH] to [NOjc] and PCHO^^)' as a 
function of [NOjc] (Eq. (7)). Values are model results for the median upper tropospheric conditions 
of Table 1. The relative sensitivities were obtained by perturbing the standard model simulations 
by 10% increases in either [NOjc] or P(HOjt). 

NO;c: 1^(^(03), [NO;c])l < 0.25. The relative sensitivity of PCOs) to P(HO;c), 
S(P{02,), P(UOx)), is always positive and varies between about 0.3 and 1. In 
the NOjc-Hmited regime ^(03) is sensitive to changes in [NOĵ ], while in the 
NOx-saturated regime ^(03) becomes more sensitive to changes in P(ROx)\ 
\S(P{0^\ P(HO;c))l > \S{P{p3\ [NO;c])l (Fig. 11). As expected from equa
tion (2) and shown on Fig. 11, the relative sensitivities of [HO2] and P{0^) 
are such that 5([H02], [NOJ) = S{P{03\ [ N 0 J ) - 1 . 

In the following, we derive simple analytical expressions approximately de
scribing these sensitivities in each regime. Namely, we derive expressions de
scribing the variables [OH], [HO2], and ^(03) as power laws of the form 
[NOjc]̂  P(BOx)^ where the exponents a and b are regime-dependent and cor
respond to the relative sensitivities defined in Eq. (7). We begin by assuming 
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that the HO^ family is in chemical steady state: 

P(HO;,) + ycH4 /:22[CH4][OH] = [OH](2/:23[H02] + 2/:32[H202] 

+ 2/:i9[CH300H] + 2/:33[HN04] + /:7[N02][M] + /:27[HN03]). (8) 

The assumption of chemical steady state is not applicable in convective out
flows, where HO^ species can be enhanced or depleted relative to steady state. 
We will treat separately the effect of convection as a perturbation to the solu
tion of Eq. (8) in Section 5. 

Our approach for achieving simple analytical expressions describing the as
ymptotic behavior shown in Fig. 11, is to drastically simplify Eq. (8) in a 
manner that can characterize the different chemical regimes. Specifically we 
assume that each regime is characterized by a single dominant HO^ loss path
way and neglect all other terms on the right-hand side of (8). This is clearly 
an ovesimplification as there is always more than one significant pathway for 
HOy loss (Fig. 10), but it allows an analysis of the key differences between 
the regimes. We also neglect the methane amplification term on the left-hand 
side of (8). As methane oxidation acts as a weak buffer to changes in NOĵ  and 
P(HOjc) (see Section 3.2), this simpUfication will have for effect to sHghtly 
overestimate the dependence of HOjc on both variables. 

In addition to [NO^] and P(HO;,), the [NO]/[NO^] ratio is a third parameter 
controlling HOjc chemistry. We introduce it as a variable a, which we define 
by assuming NO-NO2-O3 photostationary steady state following (R5)-(R6): 

= iNO]_ ̂  h 
" [NOJ y5+^6[03]' 

Eq. (9) is accurate to within 10-30% in the upper troposphere, where the con
tribution of peroxy radicals to the conversion of NO to NO2 is relatively small 
(Crawford et al., 1996). 

4.1. NOx-limited regime 

At low NOĵ  concentrations (< lOOpptv), the loss of HOy occurs mainly 
through (R23), (R32), and (R19) (Fig. 10). Under the median conditions cor
responding to Fig. 11, (R23) is most important. Neglecting all other terms on 
the right-hand side of (8) and using the [H02]/[0H] ratio from (1), we obtain 

[OH] = 

[HO2] = 

/:4a[NO.] + . n [ 0 3 ] ^ ^ ^ ^ ^ V / ^ ^ (10) 

/'(HOJ 
2/:23(A:4«[NOJ + A:ii[03]) 

(11) 
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P(03) = /:4a[NO,] ; ^ ;* P(HO,) . (12) 
L2^23(^4a[NO;c] + A:ii[03]) J 

For very low NOjc concentrations (< 10 pptv), most of the cycling between OH 
and HO2 takes place through (Rll). As a result, both [OH] and [HO2] are in
dependent of [NOjc] and ^(03) is proportional to [NOjc] (Figs. 4 and 11). As 
[NOjc] increases above 10 pptv, (R4) dominates over (Rl 1) and [OH] increases 
as [NOjc]̂ , where a asymptotically increases towards 1/2; [HO2] is then pro
portional to [NOx]''"^ and ^(03) increases as [NOĵ ] .̂ The dependences of 
[HO;c] and P{0^) on P(HO;,) can be expressed by the functionality P(HO;,)^ 
with b = l/2 over the extent of the NO^-limited regime. The full model calcu
lation shows a smaller value for b (Fig. 11), reflecting the importance of other 
HOy losses, (R32) and (R19), which are cubic in [HO^]. 

4,2. Transition regime 

To describe the transition regime we assume in (8) that (R33) is the only sig
nificant contributor to HOy loss. As noted in Section 3.3, for the median upper 
tropospheric conditions in Table 1, HNO4 loss is dominated by reaction with 
OH (R33). Assuming steady state for HNO4, we have 

[OH] = r kfJ29 + ho) _^_ p(HO,)V'', (13) 
L2fe3^25*33[M][CO] 1 - a 

11/2 

[[NO;,] lUk25k^3{M\ a ( l - a ) J 

P(o„=r«^±^^-ii-P,„o,,T^ «i5, 
L 2^25^33 [M] 1 - a 

In the transition regime, [OH] is thus independent of [NO;,] while [HO2] is 
proportional to [NO^]"^. One important consequence is that ^(03) is inde
pendent of [NO;,] (Jaegle et al., 1999). Both [HO;,] and ^(03) increase as 
P(HO;,)^ with Z? = 1/2. 

43, NOx-saturated regime 

When the concentration of NO;, exceeds a few hundreds of pptv, loss of HO^ 
proceeds mainly by conversion to HNO3 (R7) and subsequent reaction of 
HNO3 with OH (R27). Photolysis of HNO3: 

HNO3 -H /i i; ^ OH + NO2 (R34) 
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becomes an important source of HOĵ . In this regime, we assume that HNO3 is 
in steady state and we treat it as another HO^ reservoir such that (8) is simpH-
fiedas 

P (HOJ = 2/:27[OH][HN03], (16) 

where we neglect the role of heterogeneous production of HNO3 on aerosols 
(R9) ((R9) represents 20-60% of HNO3 production for the median conditions 
of Table 1). For the median conditions of Table 1, the dominant HNO3 sink is 
photolysis (R34), such that 

• 1/2 

1 iHo.i.^gjr,f \ . . „.' .T°^'T^ (.8) 
k4 L2^7î 27[M] Q;2(l-Qf) [N0^]3 

1 P [O3] = ^3[CO] . (19) 
L 2^7^27 [M] 1 -a [NOjc] 

As seen in Figs. 4 and 11 and the above expressions in the NOj^-saturated 
regime, [OH] as well as [HO2] and ^(03) decrease with increasing [NOĵ ]. 
[OH] and P(03) decrease with the dependence [NO ]̂"̂  and [HO2] as [NO;^]''"^ 
with a = —1/2. The concentrations of HOĵ  increase as P(HOj^-) ,̂ with b = 
1/2. For very high [NO^] (> lOOOpptv), reaction (R9) can no longer be ne
glected as it becomes a large source of HO^, causing the upturn (downturn) of 
the NOx (P(HO^)) relative sensitivities shown in Fig. 11. 

As noted in the Introduction, observed [HOĵ ] appears to increase with in
creasing NOjc for [NOjc] > 300pptv (Brune et al., 1999; Faloona et al., 2000), 
contrary to the expected dependence of Eqs. (17) and (18). Enhanced P(HO^) 
associated with high [NOjc] due to convection or lightning could explain this 
increase, but one cannot exclude the possibility of major shortcomings in our 
understanding of chemistry in NOj^-saturated regime. 

5. Eigenlifetimes for relaxation of a HG^ perturbation 

A large fraction of the turnover of the upper troposphere may take place by 
deep convective injection of air from the lower troposphere, carrying with it 
high concentrations of HOjc precursors (Fig. 1). Prather and Jacob (1997) have 
suggested that with a lOd overturning rate of the tropical upper troposphere, 
deep convection could cause a persistent chemical imbalance in HO^. Such a 
chemical imbalance has indeed been observed a few days downwind of con
vective events (Cohan et al., 1999). 
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Figure 12. Temporal evolution of AH2O2, ACH3OOH, ACH2O, AHO2, and AHO^ following 
a lOOpptv convective injection of CH3OOH into the median atmosphere of Table 1. The species 
concentrations are initially at chemical steady state, and A represents the perturbations to the 
steady-state concentrations averaged over 24 h to remove the effect of diurnal variabiUty. 

We apply here our photochemical model to better understand the time scale 
for relaxation of the HO^ family to chemical steady state following an episodic 
perturbation such as convection. The coupling of the chemical reactions in the 
OB-NOJC-HOJC system makes the evaluation of the chemical cycling within 
the HO3; family a non-trivial problem. Let us consider for example a lOOpptv 
perturbation to CH3OOH applied to the median conditions of Table 1 with HO3; 
initially at chemical steady state. Fig. 12 shows the decay of this perturbation. 
Photolysis of CH3OOH to HO;c is followed by the formation of H2O2, CH2O, 
and HNO4. The decay of CH3OOH after the perturbation initially proceeds 
with a 2.1 d e-folding decay time, which is close to the steady-state lifetime of 
CH3OOH (1.9 d, defined as [CH300H]/Loss(CH300H) at steady state), but 
then approaches a 5.7d decay time. After its initial production, H2O2 decays 
with a time constant of 5.7 d, longer than its steady state lifetime of 4.5 d. This 
5.7 d time constant is more than twice as long as the steady-state lifetime of 
HO3; (2.6 d). Thus, the steady-state lifetimes of HO^ species do not describe 
accurately the decay time scales of a HOy perturbation. The decay time scales 
are longer because of cycling within the HO^ family. 

The true time scale for decay of a HO^ perturbation in the upper tro
posphere can be obtained with an eigenlifetime analysis (Prather, 1994, 1996) 
which identifies the independent modes of variability of the chemical sys
tem. For a system of n species, and corresponding concentration vector 
C{C\, C2 , . . . , Cn}, let C be a steady-state solution of the set of mass balance 
equations. 

dCi 
-± = Pi(C)-Li(C) = 0 
at 

for / = 1, (20) 
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where P/(C) and Li(C) are the production and loss rates of species /. Let J 
be the n X n Jacobian matrix of the functions dCt/dt, with elements Jtj = 
d(dCi/dt)/dCj calculated by perturbation to the steady-state solution. To first 
order, the decay of a perturbation AC about the steady-state solution C can be 
expressed by the first term of a Taylor series expansion (Prather, 1994): 

d(AC) 
-^—^ = JAC. (21) 

dt 

Each of the n eigenvectors, A^, of the Jacobian matrix J is associated with 
an eigenvalue, Ck. A perturbation to the concentration of a species can be ex
pressed by a unique linear combination of these eigenvectors: 

n 

AC(t) = J2'k^k^''' (22) 
k=\ 

where Sk are coefficients. The characteristic e-folding time constants with 
which the system responds to perturbations are thus the eigenlifetimes, — 1 / Q . 

We apply this analysis to our photochemical model for the median condi
tions of Table 1. We solve the steady-state Eq. (20) for n = 30 chemical species 
describing the Oa-NOjc-HOx system, and using 24 h average values of pho
tolysis frequencies. We calculate the corresponding value of the Jacobian and 
retrieve the ensemble of eigenvectors and eigenvalues. Seventeen eigenvectors, 
or modes, are relevant to the HO^ system; four have eigenlifetimes longer than 
one hour and are listed in Table 3 as dimensionless relative perturbations in 
the mixing ratios (expressed in percentage). Each mode (which corresponds to 
a column in the table) is labeled with its eigenlifetime. The longest time con
stant of the HO^ system is the 5.7 d mode (mode 1), which corresponds to a 
H2O2 perturbation, with a small CH3OOH component. Other modes include 
two degenerate 2.09 d CH3OOH-HNO4 modes (modes 2 and 3) and a 0.4 d 
CH2O mode (mode 4). On shorter time scales, there is a 28-min HNO2 mode, 
a 13-min OH-HO2-CH3O2 mode, and a 5 s OH mode. 

Let us consider again our example of a lOOpptv perturbation to CH3OOH 
from convective injection. We can use the eigenlifetime analysis to derive the 
exact time dependence of the response of HO^ species according to (22), as 
shown in Fig. 12 and expressed mathematically in Table 3 (we have neglected 
the modes with time scales shorter than 1 h). Modes 2 and 3 are degenerate and 
their terms have been combined. Each species responds as a superimposition of 
the same three exponential decay terms but the coefficients, SkAk, are species 
dependent. For CH3OOH, of the initial lOOpptv perturbation, 0.6pptv decay 
with the 5.7 d time scale, 96pptv with the 2.09d time scale, and 0.4 with the 
0.4 d time scale. For H2O2, the perturbation of 100 pptv of CH3OOH will result 
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Table 3. Eigenvectors (or modes) and eigenlifetimes for the decay of a HO^ perturbation in the 
upper troposphere^ 

Modes {A0 

i 
Eigenlifetime ( - 1/c^), d 5.70 
H2O2 100.00 
HNO4 9.9 
CH3OOH 28.2 
CH2O 13.7 
HNO2 14.2 
CH3O2 15.3 
HO2 14.5 
OH 15.0 

2 

2.09 
0.0 

47.8 
100.00 

7.2 
-2 .1 

1.9 
0.0 

-2 .1 

Decomposition of a perturbation ACH300H[f = 
AH2O2 W = 25e-^/5.70_26.8e-^/2.09 
AHNO4W =2.6e-^/5-'70-2.1e-^/2.09 

3 

2.09 
-4 .7 

-46.5 
100.00 

13.1 
4.3 
8.3 
4.1 
4.5 

0] = 100 
+ 2.4e-^/0-4 
+ 2.5e-^/0-4 

4 

0.40 
-2 .0 
-2 .0 
-4 .2 
100.00 

9.9 
9.6 

14.0 
10.2 

Steady-state hfetime, d^ 

4.55 
2.13 
1.93 
0.34 
1.86x10-2 
3.21x10-^ 
2.43x10-3 
6.35x10-5 

k 

pptv into modes (^SkAkQ*^ ^)^ 

ACH3OOHW = 0.61e-^/5'^^ + 95.9e-^/2.09 _^o.4e-^/^'^ 
ACH2OW = 0.74e-^/5.70 _̂  24.5e-^/2.09 _ 26.3e-^/0.4 
AHNO2W =0.005e-^/5-^0 +0.019e-^/2.09_o.oi7e-^/^-4 
ACH3O2W =0.007e-^/5-^^ +0.111e-^/2.09_oQ22e-^/0-4 
AHO2W = 0.068e-^/5-70 + 0.423e-^/2.09_o 3i8e-^/0-4 
AOH[t] = 0.002e-^/5-^^ + 0.006e-^/2.09 _ 4.o.006e-^/^-4 
AHO;c W = 0.08e-^/5.70 + o.54e-^/2.09 _ o.35e-^/0-4 
AHOyit] = 53.9e-^/5.70 + i36.6e-^/2.09 ^ j^g^-t/OA 

^Eigenlifetime analysis applied to perturbation of the 03-NOjc-HOjc chemical system for the me
dian upper tropospheric conditions of Table 1. The system of chemical steady-state equations is 
solved and the corresponding Jacobian matrix is calculated. Four principal modes with eigenlife
times longer than 1 h are identified for the HO^ system: Mode 1 (H2O2 mode), mode 2 (CH3OOH-
HNO4 mode), mode 3 (CH3OOH-HNO4 mode) and mode 4 (CH2O mode). These modes are 
listed in the table as relative perturbations in the mixing ratios of HOj species expressed as per
centages. 

'^The steady state Hfetime of a species is defined as the inverse of its 24 h average loss frequency 
at steady state. 
'̂ The time dependence of the decay of HOy species is obtained according to Eq. (22). Modes 
with time constants shorter than 1 h are neglected. Modes 2 and 3 are degenerate and have been 
combined. 

in the production of H2O2 with a time scale of 2.09 d, which will then decay 
mostly with the 5.7 d time scale. HOy as a result will first decay with the 2.09 d 
time scale, with increasing contributions from the 5.7 d time scale after the 
first few days. For the conditions of Table 3 and Fig. 12, the decay time of 
HOy following a perturbation is thus twice as long as the steady-state lifetime 
of HOy (2.6 d). The 5.7 d time scale reflects the cycling between HOjc and its 
reservoir species H2O2 and CH3OOH, effectively increasing the persistence 
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Figure 13. Eigenlifetimes, in days, for the four main HG^ modes (Table 3) as a function of 
[NGjc] and P(HO;,): (a) mode 1 (H2O2 mode), (b) mode 2 (CH3OOH-HNO4 mode), (c) mode 3 
(CH3OOH-HNO4 mode), (d) mode 4 (CH2O mode). These eigenlifetimes represent the e-folding 
decay times of a HOy perturbation in the upper troposphere for the median conditions of Table 1. 
The steady-state hfetime of H2O2 (defined as the loss frequency of H2O2 under steady-state con
ditions) is shown by the dashed line in panel a. 

of the perturbation. HO2 in turn will respond to the perturbations in the HOy 
reservoirs and decay with the same eigenlifetimes. When other perturbations 
are applied to the system in the form of any other HO3; species (H2O2, HNO4, 
HO2, OH), or of CH2O, the same long-lived modes control the decay of the 
perturbation. 

In this discussion, we have not taken into account the role of mixing with 
surrounding air which will also affect the evolution of HO^ concentrations 
following a perturbation. Mixing can be represented with its associated eigen-
lifetime, and will be an additional term in the decay equations of Table 3. 

The compositions of the four main HO^ modes and the associated eigenlife
times vary with [NO^] and P(HO^). Fig. 13 shows the eigenlifetimes of these 
four modes as a function of [NO^] and PiUO^^) for the otherwise median con
ditions of Table 1. The longest eigenlifetime (mode 1), which is dominantly 
a H2O2 perturbation, is always longer than the steady-state lifetime of H2O2 
(dashed Hne in Fig. 13a). At high [NOjc], this eigenlifetime asymptotically ap
proaches the H2O2 steady-state lifetime because the cycUng between H2O2 
and the other HO^ species becomes inefficient: OH produced from photolysis 
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of H2O2 is lost by reaction with NO2 or with HNO3 instead of regenerating 
H2O2. 

For a given perturbation, the fraction of HOj decaying with each eigenhfe-
time varies with [NOĵ ] and P(HO;^;). For the median conditions of Table 1, a 
perturbation to HO^ will decay principally with responses from the H2O2 mode 
(mode 1) and the coupled CH3OOH-HNO4 mode (modes 2 and 3). As [NOjcl 
increases, the role of H2O2 as a reservoir of HO^ diminishes and the domi
nant decay time is associated with the CH3OOH-HNO4 mode. For STRAT 
(low [NO;c] and P(HOjc)) we find that the decay times of a HO3; perturbation 
are 5-10 d (mode 1) and 2-3 d (modes 2 and 3), while for the higher P(HO^) 
conditions of SUCCESS these decay times are 4-8 d and 1-2 d. For the trop
ical Pacific conditions at 8-12 km altitude examined by Cohan et al. (1999), 
P(HO;^) is very high and the dominant decay time of a HO3; perturbation is 
2-3 d, consistent with their observations in aged convective outflows. In that 
case the decay time is still longer than the local steady-state lifetime of HO3; 
(1.4d). 

6. Conclusions 

We have presented a theoretical analysis of HO^ and HO^ chemistry in the 
upper troposphere using photochemical model calculations anchored by re
cent observations of HO ,̂ from the STRAT, SUCCESS, and SONEX aircraft 
missions. Model calculations along the flight tracks generally agree with the 
observed daytime concentrations of OH and HO2 to within the instrumental 
accuracy of ±40%. Cycling between OH and HO2 is understood to within the 
instrumental accuracy of the observed HO2/OH concentration ratio (±20%). 
The model can account for 66% of the variance in the observed concentra
tions of OH and HO2. After eliminating the diurnal dependence on solar UV 
radiation, we find that the variance is largely determined by two master vari
ables: the concentration of NOjc and the primary HO^ production rate, P(HOjc). 
Consideration of these two variables allows a synthesis of the aircraft data sets 
taken in different regions and in different seasons. It also provides a framework 
for examining other aspects of the photochemistry of the upper troposphere. 

The importance of acetone relative to water vapor as a primary HO^ source 
is determined by the abundance of H2O, which is far more variable than the 
abundance of acetone. Acetone photolysis dominates over H2O + 0 ( 1 D ) for 
[H2O] < lOOppmv. The HO;c yield from acetone photolysis varies between 2 
and 3 for observed conditions in the upper troposphere. Convective injection 
of peroxides and CH2O from the boundary layer can also provide important 
primary HOĵ  sources under low water vapor conditions, as often observed dur-
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ing STRAT and SUCCESS. Methane oxidation by OH followed by photolysis 
of amplifies the primary HO^ sources by a factor of 1.1-1.9. 

The HOjc chain length, defined as the average number of times that 
HO2 radicals cycle within the HO^ family before being lost to non-radical 
forms, varies between 2.5 and 7 for the conditions observed in the three air
craft missions. The HO^ chain length, defined as the average number of times 
that HOjc radicals cycle with their HO^ reservoirs before being lost to non-HO^ 
forms, varies between 1.6 and 2.2. The number of ozone molecules produced 
per HO3; molecule consumed (HO^-based ozone production efficiency) varies 
from 4 to 12. Ozone production rates derived from observed HO2 and NO 
concentrations range from 0.3 to 5 ppbv d~ ̂ . 

The pathways for HOy loss determine the forms of the dependences of HO^ 
chemistry and the ozone production rate, P(03), on [NOjd and P{ROx)\ i.e. 
the chemical regime. In the NOjc-limited regime (NOjc < 100 pptv) reactions of 
OH with HO2, H2O2 and CH3OOH dominate the HO^ sink; ^(03) increases 
with increasing NOĵ - In the transition regime (100 < NO^ < 300 pptv), reac
tion of OH with HNO4 becomes important; ^(03) is independent of NO^. 
Finally, in the NOj^-saturated regime (NOĵ  > 300 pptv), reactions of OH with 
NO2 and HNO3 are the strongest sinks of HO^; ^(03) decreases with in
creasing NOjf. Qualitative analytic expressions for each regime provide distinct 
power law dependences of [OH], [HO2L and ^(03) on [NO^] and P{Y{0^) of 
the form [NOjd^ P(HOj^.)^, where values of the exponents vary for the differ
ent regimes. 

Using an eigenlifetime analysis, we find that the time scale for the relaxation 
of HO^ following a perturbation (such as from convection) can be factors of 
2-3 longer than the steady-state lifetime of HOy because of cycling within the 
YiOy family, in particular between HOjc and H2O2. The time scale of decay of 
such a perturbation is 2-15 d depending on [NOĵ ] and P(HOj^.); it is longest 
for low [NOjc] and low /'(HOj^-), as was observed during the STRAT mission 
and which explains the high sensitivity of HO^ concentrations to convection 
more than a week upwind during that mission (Jaegle et al., 1997). In contrast, 
during the PEM-Tropics (A) mission over the tropical South Pacific, P(ROx) 
was high and the perturbation to HO^ from convection decayed after a few 
days (Cohan et al., 1999). 

It appears that HOĵ  chemistry and ozone production in the upper troposphere 
can be largely described on the basis of only two master variables, the NO^ 
concentration and P(HO;»;). A complete representation of upper tropospheric 
chemistry thus needs to accurately describe these two variables and the factors 
that control them. The sources of NOĵ  in the upper troposphere are difficult 
to characterize as illustrated by the differing interpretations of observations 
from the SONEX mission (Thompson et al., 1999; Liu et al., 1999; Koike et 
al., 2000). The factors controlling water vapor in the upper troposphere are 
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not entirely elucidated. Our understanding of acetone sources is unsatisfactory 
(Singh et al., 2000). The importance of scavenging on deep convective trans
port of soluble HOx precursors such as H2O2, CH2O and HNO3 needs to be 
better quantified (Mari et al., 2000). Further work on these issues is critical for 
improving our understanding of the chemistry of the upper troposphere and 
how it may change in the future. 
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Appendix A. Photochemical model 

Our calculations use the Harvard 0-D photochemical model (Jaegle et al., 
2000; Schultz et al., 1999). The photochemical mechanism is based on the 
recommendations of DeMore et al. (1997) and Atkinson et al. (1997), with 
a few updates including: temperature-dependent cross-sections and pressure-
dependent quantum yields for acetone photolysis (Gierczak et al., 1998), 
0(^D) quantum yields from ozone photolysis (Talukdar et al., 1998), rate 
constants for the OH + NO2 reaction (Dransfield et al., 1999), and for the 
OH + HNO3 reaction (Brown et al., 1999). Hydrolysis of N2O5 in aerosols is 
included with a reaction probability KN2O5 = 0 . 1 (DeMore et al., 1997). We 
also include reaction of HO2 in aerosols (Hanson et al., 1992; Cooper and Ab-
batt, 1996). Following the recommendation of Jacob (2000), we assume that 
the uptake of HO2 by the aerosols can be described by first-order kinetics with 
)4J02 = 0.2 and the stoichiometry HO2 + aerosol -^ ^H202 -f 5O2. 

The model solves the system of kinetic equations using the diel steady-
state assumption (i.e. by forcing the system to reach a periodic solution with 
a period of 24 h). We apply the model to calculate HOĵ  concentrations along 
the flight tracks for the STRAT, SUCCESS, and SONEX missions, and com
pare the results to Imin average observations (Jaegle et al., 1997, 1998a, 
2000). The model calculations are constrained by the ensemble of observa
tions along the flight tracks for species other than HOĵ . including NO, O3, 
H2O, CO, CH4, acetone, propane, ethane, and C4_5 alkanes, as well as temper
ature, pressure, actinic fluxes, and aerosol surface area. Peroxide and CH2O 
concentrations are calculated from chemical steady state. The concentration of 
NOr (= NO+NO2 + NO3 + 2N2O5 -h HNO4) is assumed constant and is calcu
lated in the model such that the calculated NO matches the observed NO at the 
time of day of observations. Acetone was not observed during either STRAT 
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or SUCCESS, and we infer its concentration from a relationship between CO 
and acetone obtained during PEM-West B (McKeen et al., 1997). Observa
tions of H2O2, CH3OOH and CH2O are available from SONEX (Snow et al., 
2000); comparisons to the steady-state model values are presented by Jaegle et 
al. (2000) and are discussed in Section 3.3 of the present paper. 

Comparisons of simulated and observed [HO2] and [OH] in Fig. 2 use in
stantaneous values [H02]inst and [OH]inst sampled in the model at the time of 
day of observation. Scaling of observations to 24 h averages (e.g., in Fig. 4) is 
done using the 24 h average concentrations from the model, for example: 

[H02]24h ,mode l .A IX 
[H02]24h,obs = [H02]inst,obs 777^— • ( A . l ) 

LtlU2jinst,model 

We use a similar approach to scale instantaneous rates to 24 h averages (such 
as for ozone production in Fig. 4): 

r» ^ n ^ Rate24h,model . . ^ . 
Rate24h,obs = Rateinst,obs :̂ — • (A.2) 

KatCinst, model 

The 24 h average values of the primary HOĵ  production rate P(HO;̂ .) along 
the aircraft flight tracks (e.g., Fig. 3) are derived from the local concentrations 
of water vapor and acetone (Section 3.1). In cases where the model underesti
mates the observed levels of HO2, we increase P(HO^) in the model to match 
the observations (Fig. 3, bottom panel). This additional P(liOj^) is intended 
to represent convective transport of other primary HOĵ  precursors to the up
per troposphere such as peroxides and aldehydes (Fig. 1; Muller and Brasseur 
(1999)). It is implemented as a HO^ source with the same diel dependence as 
photolysis of CH3OOH and with a stoichiometric OH: HO2 ratio of unity. 

The diel steady-state model is also used here to map HOjc concentrations 
and other parameters over the ranges of [NOĵ ] and PiHOj^) in the upper tro
posphere (e.g.. Fig. 3). These calculations use the median conditions described 
in Table 1, but with NO^ and P(HOx) varying over their upper tropospheric 
ranges (l-5000pptv for [NO^] and 5-5000pptvd~^ for P(HO^)). Similarly 
to above, the values of P(HOjc) are specified by a generic source with the same 
diel dependence as photolysis of CH3OOH and a stoichiometric OH: HO2 ra
tio of unity. 
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