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In situ observations of OH and HO2 from the Airborne Southern Hemisphere Ozone Experiment/Measurements
for Assessing the Effects of Stratospheric Aircraft (ASHOE/MAESA), Stratospheric TRacers of Atmospheric
Transport (STRAT), and Polar Ozone Loss in the Arctic Region in Summer (POLARIS) NASA ER-2 field
campaigns are used to examine the partitioning of HOx in the lower stratosphere (tropopause to∼21 km) and
upper troposphere (∼10 km to tropopause). These measurements span a latitude range from 70°S to 90°N
and a variety of atmospheric conditions as a result of seasonal changes and altitude. The response of the
observed [HO2]/[OH] to changes in temperature, [O3], [CO], [NO], [ClO], and [BrO] is investigated. The
measured ratio is accurately described (∼(10%) by a steady-state model constrained by the measured mixing
ratios of O3, CO, NO, ClO, and BrO, where the model is valid for conditions of HOx cycling much faster
than HOx production and loss. The concentration of HO2 depends on [OH], which, to first order, has been
observed to be a simple function of the solar zenith angle in the lower stratosphere.1 The partitioning between
OH and HO2 is controlled by the local chemistry between the HOx radicals and O3, CO, NO, ClO, and BrO.
The response of [HOx] to changes in [NOx] and [O3] is demonstrated. Further observations are necessary to
illustrate the response of HOx to changes in halogen concentrations. A quantitative understanding of [HO2]/
[OH] is important, since many of the reactions that control this ratio are directly involved in catalytic removal
of O3 in the lower stratosphere and production of O3 in the upper troposphere.

Introduction

In both the lower stratosphere and upper troposphere, the
mixing ratios of HOx (OH + HO2) radicals are small, with OH
typically less than a few parts per trillion by volume (pptv) and
HO2 typically a factor of 4-5 larger. Despite their low mixing
ratios, the high reactivity of HOx radicals makes them central
to the photochemistry of both the stratosphere and troposphere.2,3

In particular, HOx plays an important role in the removal
mechanisms of O3 in the lower stratosphere and production
mechanism of O3 in the upper troposphere.

In the lower stratosphere, many of the reactions that cycle
HOx constitute pathways for the catalytic removal of O3. The
reaction of OH and HO2 with ozone constitutes a catalytic ozone
removal cycle

where R1 is the rate-limiting reaction in this cycle. Additionally,
HOx cycling causes removal of O3 by coupled reactions with
halogen species (X) Cl or Br) by the following cycles that
are catalytic in both halogen and hydroxyl radicals

Not all HOx cycles remove ozone. The principal HOx null cycle
with respect to ozone destruction is
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OH + O3 f HO2 + O2

HO2 + O3 f OH + 2O2 (R1)

Net: 2O3 f 3O2 (C1)

OH + O3 f HO2 + O2

HO2 + XO f HOX + O2 (R2)

HOX + hν f OH + X

X + O3 f XO + O2

Net: 2O3 + hν f 3O2 (C2)
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Reaction cycles C1-C3 are each initiated by the reaction of
OH + O3. This reaction depends on the OH production rate
(which is highly variable)1 and [O3]. Whether or not O3 loss
happens due to HOx partitioning depends on the branching
between C1, C2, and C3 after this initiation reaction. Funda-
mentally, for O3 loss from HOx cycling to occur, the initiation
reaction OH+ O3 is necessary. In the limit that [NO]f 0, all
HOx cycling results in ozone loss.

The reaction of HO2 + NO can also lead to ozone production
from the oxidation reaction of CO and other hydrocarbons.
Because the concentration of CO, CH4, and other hydrocarbons
is small in the lower stratosphere, O3 production by HOx cycling
reactions is significant only in the troposphere. Only the catalytic
cycle for CO oxidation will be considered because the produc-
tion of ozone from other hydrocarbons is typically small in the
upper troposphere.4 This cycle is catalytic in NOx and HOx:

Although cycling between OH and HO2 occurs by numerous
other reactions,5,6 the partitioning of HOx in the lower strato-
sphere and upper troposphere is essentially described by the
reactions found in the catalytic O3 loss and production cycles
listed above.7,8 At high halogen concentrations, the reaction OH
+ ClO f HO2 + Cl needs to be included in HOx interconversion
processes for completeness. The reactions representing HOx

partitioning are summarized in Table 1. Generally, intercon-
version of OH and HO2 in these reactions is rapid, occurring
much faster than either HOx production or loss.8,9 Thus, HOx

partitioning can be modeled accurately without considering
influences from HOx production and loss. An expression for
the ratio, utilizing the reactions in Table 1, is given by

Throughout most of the lower stratosphere, eq 1 can be
simplified to terms that only include reactions of HOx with O3

and NO. However, under conditions of a processed polar vortex,
as the concentration of halogen species increases, reactions of
HOx with halogens become much more significant, while reac-
tions with NO become less significant. Therefore, in the lower
stratosphere, reaction cycles C1, C2, and C3 along with OH+
ClO accurately describe HOx partitioning. In the upper tropo-

sphere, the nature of the chemistry that occurs because of HOx

cycling is completely different from that in the stratosphere.
High concentrations of CO and low concentrations of O3 cause
the oxidation of carbon monoxide to be the dominant HOx cy-
cling reaction. Therefore, reaction cycle C4 describes the ex-
change of OH and HO2 to a significant level of accuracy. The
HOx partitioning reactions switch from being a mechanism for
ozone removal in the lower stratosphere to being a mechanism
for the catalytic production of ozone in the upper troposphere.

One of the remarkable aspects of OH photochemistry in the
lower stratosphere is that [OH] depends, to first order, only on
solar zenith angle (SZA) and is largely independent of other
chemical and dynamical variables.1,3 In contrast, [HO2] shows
much greater variability with concentrations of other species
in the lower stratosphere. Thus, the ratio of [HO2] to [OH]
directly describes the coupling of HO2 concentrations to [NO],
[O3], [CO], [halogen], and (through the reaction rate constants)
temperature. The response of HOx to photochemical changes
in the lower stratosphere is observed in [HO2]/[OH]. Under-
standing the chemistry of OH and HO2, therefore, is crucial for
comprehending ozone loss in the lower stratosphere and ozone
production in the upper troposphere.

In this work, [HO2]/[OH] (in combination with the dynamic
range in the concentrations on the right-hand side of eq 1) is
utilized to show that the reactions involved in the partitioning
of OH and HO2 in both the upper troposphere and lower
stratosphere are accurately described by the mechanisms in the
above catalytic cycles. These mechanisms include the rate-
limiting steps for (1) the direct removal of O3 by HOx in the
lower stratosphere, (2) the indirect removal of O3 by HOx

reactions with halogens in the lower stratosphere, and (3) the
production of O3 in the upper troposphere. The quality of the
agreement between the measured and modeled ratios reflects
our current understanding of each of the terms in eq 1. In
addition, our ability to understand how perturbations to the
stratosphere affecting O3 loss through HOx is examined.

Measurements

The in situ measurements presented here were obtained during
the 1994 to 1997 NASA ER-2 aircraft field campaigns. The
Airborne Southern Hemisphere Ozone Experiment/Measure-
ments for Assessing the Effects of Stratospheric Aircraft
(ASHOE/MAESA) mission was deployed from Christchurch,
New Zealand (44°S, 172°E), in 1994. This series of flights
provided the first measurements of HOx in the Antarctic region
during winter. The Stratospheric TRacers of Atmospheric
Transport (STRAT) campaign was deployed from Barbers Point,
HI (21°N, 155°W), and Moffett Field, CA (37°N, 122°W), in
1996. These flights provided the first extensive measurements
of HOx in the upper troposphere (from 10 km to the tropopause).
Most of the tropospheric data between 10 km and the tropopause
was obtained within 5° latitude of Barber’s Point and Moffett
Field. The Polar Ozone Loss in Arctic Region in Summer
(POLARIS) mission was deployed from Fairbanks, Alaska

OH + O3 f HO2 + O2

HO2 + NO f OH + NO2 (R3)

NO2 + hν f NO + O

O + O2 f O3

Net: null (C3)

OH + CO98
O2

HO2 + CO2

HO2 + NO f OH + NO2

NO2 + hν f NO + O

O + O2 f O3

Net: CO+ 2O2 f CO2 + O3 (C4)

[HO2]

[OH]
≈

kOH+O3
[O3] + kOH+CO[CO] + kOH+ClO[ClO]

kHO2+O3
[O3] + kHO2+NO[NO] + kHO2+ClO[ClO] + kHO2+BrO[BrO]

(1)

TABLE 1: HO x Partitioning Reactions

conversion of OHf HO2 conversion of HO2 f OH

OH + O3 f HO2 + O2 HO2 + O3 f OH + 2O2

OH + CO98
O2

HO2 + CO2 HO2 + NO f OH + NO2

HO2 + ClO f HOCl + O2

HOCl + hν f OH + Cl

HO2 + BrO f HOBr + O2

HOBr + hν f OH + Br
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(65°N, 148°W), in 1997. Measurements of HOx, NOx, and ClO
in the Arctic summer provided a unique opportunity to examine
the photochemistry of the radicals responsible for both catalytic
destruction of O3 in the stratosphere and production in the upper
troposphere under constant solar illumination. Collectively, these
observations span large variations in atmospheric conditions,
having been obtained during all four seasons and over a wide
range of altitude (10-21 km) and latitude (from 70°S to 90°N).

The experimental measurement of OH and HO2 on the ER-2
research aircraft is described in detail by Wennberg et al.10 OH
is measured by laser induced fluorescence (LIF) with an
accuracy of(25% (2σ) and an instrument precision of(1 ×
104 molecules/cm3 (typically ∼1%) for a 1 min averaging
period. HO2 is measured by chemical conversion to OH using
NO, with the OH subsequently detected by LIF. The measure-
ment accuracy of HO2 is (30% (2σ), with an instrument
precision of(2 × 104 molecules/cm3 (typically ∼0.5%) for 1
min averaged data. Because HO2 is measured by chemical
conversion to OH, the accuracy of the measured [HO2]/[OH]
is insensitive to the calibration of the instrument to OH and
depends primarily upon the uncertainty in the conversion
efficiency of HO2 to OH within the instrument (approximately
(20%).7,10 The other molecular species in eq 1 that govern the
ratio of [HO2] to [OH] are also measured on the ER-2 flight
platform.10-16 These are summarized in Table 2 along with
pressure and temperature measurements. Rate constants were
obtained from DeMore et al.17 The more recent rate constant
evaluation18 was not utilized because we believe the prior
recommendation better represents the laboratory measurements
of the rates of the relevant kinetics.19 All reaction rates were
determined using measured concentrations of molecules and
atmospheric properties (temperature and air number density).
BrO is inferred from the empirical BrO-N2O relationship20

determined during the ASHOE/MAESA campaign. Because the
sampling rate for the ClO measurements is slower than the other
measurements, ClO concentrations are interpolated between
measurements to a 10 s time average.

Results

The contributions of the individual reaction rate constants
and concentrations of eq 1 are shown in Figures 1 and 2. Figure
1 plots altitude versus absolute reaction rate for the ER-2 flight
of February 12, 1996, from Barber’s Point, HI, consisting of a
series of flight legs at different altitudes. The figure shows the
transition in chemical reactivity from the stratosphere to the
troposphere. The first panel displays the reaction rates governing
the conversion of OHf HO2. The conversion of OHf HO2

is dominated (almost entirely) by the reaction rate of OH+ O3

f HO2 + O2 (rOH+O3) in the lower stratosphere and by the
reaction rate of OH+ CO f HO2 + CO2 (rOH+CO) in the upper
troposphere. The transition between the two reactions occurs
at approximately the local tropopause, which is indicated by
the dashed line in all three panels.

The second panel shows the reaction rates governing the
conversion of HO2 f OH. Only the reactions of HO2 + O3 f
OH + 2O2 and HO2 + NO f OH + NO2 are shown, because
halogen concentrations are insignificant in the lower tropical
stratosphere and throughout the upper troposphere. It is apparent
from Figure 1 that in the upper troposphere, conversion of HO2

f OH depends almost entirely upon the reaction rate of HO2

+ NO (rHO2+NO). Thus, for the upper troposphere the calculated
[HO2]/[OH] reduces to

Figure 1 demonstrates the effect of HOx partitioning on ozone
loss and production rates. The increase in rOH+O3 and rHO2+O3

above∼18 km corresponds to where ozone removal in the lower
stratosphere becomes significant. Similarly, rOH+CO and rHO2+NO

(the rate-limiting step in C3), the rates controlling HOx partition-
ing in the upper troposphere, determine the rate of O3 production
in the upper troposphere.21,22

The third panel in Figure 1 displays altitude versus the ratio
of [HO2] to [OH]. The ratio increases with decreasing altitude
in the upper troposphere. Most of this increase can be explained
by the increasing concentration of CO and the declining

TABLE 2: Measurements on NASA ER-2 Used for HO2/OH Analysis

species measurement technique uncertaintya ref

OH laser induced fluorescence (25%( 0.01 ppt (2σ) Wennberg et al.10

HO2 laser induced fluorescence (30%( 0.02 ppt (2σ) Wennberg et al.10

O3 UV absorption (5% Proffitt et al.11

NO chemiluminescence (6% ( 4 pptv (1σ) Fahey et al.12

CO tunable diode laser absorption spectroscopy (10% (1σ) Webster et al.13

ClO chemical conversion/resonance fluorescence (15% Brune et al.15

BrO chemical conversion/resonance fluorescence (15% Brune et al.14

pressure (mbar) (0.25 mbar Chan et al.16

temp (K) (0.3 K Chan et al.16

a When given, both the percentage and the value in pptv must be utilized to calculate the estimated systematic uncertainties.

Figure 1. Ten second averaged data from the ER-2 flight of February
12, 1996 out of Barbers Point Naval Air Station, HI. The flight included
a number of flight legs at staggered altitudes. (a) Altitude versus reaction
rate for reactions important in the conversion of OHf HO2. The control
of OH f HO2 conversion shifts from the reaction of OH+ O3 to the
reaction of OH+ CO with decreasing altitude. (b) Altitude versus
reaction rate for reactions important in the conversion of HO2 f OH.
Control of conversion in the troposphere depends on the reaction of
HO2 + NO. (c) Altitude versus [HO2]/[OH]. The tropopause for this
flight is indicated by the dashed line at∼17 km.

[HO2]

[OH]
≈ kOH+CO[CO]

kHO2+NO[NO]
(2)
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concentration of NO at lower altitudes. The abrupt change in
[HO2]/[OH] at the tropopause reflects the change in the
mechanism for conversion of OHf HO2 from the reaction of
OH + O3 in the lower stratosphere to the reaction of OH+
CO in the upper troposphere.

Figure 2 shows HOx partitioning from the ER-2 flight
platform as a function of latitude from 70°S to 90°N. The data
set was obtained from ASHOE/MAESA and POLARIS. STRAT
data were not utilized because ClO was not measured during
STRAT. Ascents and descents from Fairbanks, AL, during
POLARIS have been excluded from the data. The data are
restricted to air number densities (M) less than 2.5× 1018

molecules/cm3, limiting the data to the stratosphere. Ten second
data were sorted by latitude and then averaged into 20 data
points per bin. The top panel (a) displays [HO2]/[OH] versus
latitude, the middle panel (b) the rates for the total conversion
of OH f HO2 and HO2 f OH, and the bottom panel (c) the
fractional contributions of the individual reaction rates to the
total conversion of HO2 f OH. Only individual reactions for
HO2 f OH conversion are plotted because the only significant
OH f HO2 conversion process in the lower/middle stratosphere
in this data set is the reaction of OH+ O3 (Figure 1).

The latitudinal variations in Figure 2 are dominated by the
fractional contributions of rHO2+NO and rHO2+O3. In Figure 2c,
the boundary between rHO2+NO and rHO2+O3 represents the fraction
of HOx cycling that results in O3 loss. Above the boundary,
rHO2+NO represents a null cycle regarding O3 loss. Below the
boundary, the individual rates rHO2+BrO, rHO2+ClO, and rHO2+O3

are the rate-limiting steps for ozone removal by HOx cycling in
the lower stratosphere. The fractional contribution of rHO2+BrO

to the conversion of HO2 f OH is small over the whole latitude
space. The fractional contribution of rHO2+ClO to the conversion
of HO2 f OH is only important when the conversion of total
inorganic chlorine (Cly ) HCl + ClONO2 + HOCl + ClO +
Cl) to highly reactive chlorine radicals (Clx ) Cl + ClO) that
effectively destroy O3 becomes large near the polar winter
vortex.

The results in Figure 2 reveal a sampling bias from both
ASHOE/MAESA and POLARIS. The fractional contribution
of O3 plotted in Figure 2c reflects latitudinal changes in the
height of the local tropopause. The tropopause is at a higher
altitude in the tropics (∼17 km in Figure 1) and decreases in
altitude with increasing latitude, becoming less defined in the
polar regions (∼9-10 km). Because the ER-2 flies at roughly
a constant cruise altitude (∼20 km) in the lower stratosphere,
the ER-2 samples higher in the stratosphere in mid and high
latitudes and lower in the stratosphere in the tropics. The
decrease in the absolute reaction rate of HO2 + O3 in the tropics
represents the decrease in the [O3] near the tropical tropopause.
[HO2]/[OH] in the top panel mirrors these fractional changes
in O3 concentration with latitude.

The high-latitude data shows the effects of changes in the
partitioning of the nitrogen and chlorine families. In the lower
stratosphere, the N2O5 hydrolysis reaction on aerosols (N2O5

+ H2O98
SA

2HNO3) is an important sink for NOx
(NO+NO2).23,24 This conversion (dependent on the formation
of N2O5, which occurs primarily at night) competes with the
gas-phase conversion of HNO3 to NO2 by photolysis and reac-
tion with OH. Seasonal changes in the relative heterogeneous
and gas-phase conversion rates drive changes in NOx concentra-
tions. The smaller fractional contribution of rHO2+NO at high
southern latitudes reflects the dominance of the heterogeneous
process over gas-phase processes that result in the conversion
of NOx to NOy (total odd nitrogen species). In contrast, data
obtained at 60-90°N during the arctic polar summer show
enhanced NOx concentrations. During the conditions of nearly
continuous solar illumination experienced during POLARIS,
photolysis of NO3 reduces the formation of N2O5, decreasing
HNO3 formation and driving the NOy reservoir into NOx.

In the absence of polar processing, ClO and NOx concentra-
tions are strongly coupled through the formation of ClONO2.25

The observed fractional contributions of rHO2+NO and rHO2+ClO

are inversely correlated. The data obtained near 70°S latitude
during polar winter show relatively high halogen and low NOx

concentrations typical at the edge of the polar vortex. During
the conditions of nearly continuous solar illumination, high
levels of NOx drive ClO into ClONO2, resulting in the low ClO
concentrations observed during the polar summer.

The high [NOx] observed during polar summer results in
increased cycling of HOx. This is observed in Figure 2b by the
increased reaction rates for the total HO2 f OH conversion
and OHf HO2 conversion at high northern latitudes. While
Figure 2b shows the rate of HOx cycling, it gives no information
about the efficiency of O3 loss due to HOx cycling. The
efficiency of ozone loss depends on the relative importance of
each process in the conversion of HO2 f OH. When rHO2+NO

Figure 2. HOx partitioning as a function of latitude for stratospheric
flights during the ASHOE/MAESA and POLARIS NASA ER-2
campaigns. The data are restricted for air densities less than 2.5×
1018 molecules/cm3, limiting the data to the lower stratosphere, and
[HO2] > 8 × 105 molecules/cm3, removing scatter in the data due to
low concentrations of HOx at high solar zenith angles. Ten second data
are sorted by latitude over both ER-2 missions and then averaged into
20 data points per bin. (a) [HO2]/[OH] versus latitude. (b) Total
conversion of OHf HO2 (open squares) and HO2 f OH (circles).
The data were not normalized for SZA dependence. (c) Fractional
contributions of individual reaction rates to the total conversion of HO2

f OH. The following nomenclature is used: rHO2+NO refers to the
reaction of HO2 + NO f OH + NO2, rHO2+O3 refers to HO2 + O3 f
OH+2O2, rHO2+ClO refers to HO2 + ClO f HOCl + O2, and rHO2+BrO

refers to HO2 + BrO f HOBr + O2.
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controls the conversion of HO2 f OH, the efficiency for ozone
loss is low because rHO2+NO represents the null cycle regarding
ozone loss. In contrast, when rHO2+O3 controls the conversion
of HO2 f OH, the efficiency for ozone loss is high.

The middle panel in Figure 2 also shows that the conversion
of OH f HO2 is approximately equivalent to the total
conversion of HO2 f OH. It is important to note that OH and
HO2 are not constrained to be equivalent in Figure 2b. The
agreement between OHf HO2 and HO2 f OH is an indication
of how well the system is described and shows that the steady-
state approximation holds. While individual reaction rates vary
in magnitude with latitude, the total conversion of HO2 f OH
is relatively flat, only showing an increase during POLARIS at
high northern latitudes during summer when NO concentrations
are high.

Figure 3 shows the comparison between the calculated and
measured [HO2]/[OH] ratio in the upper troposphere (a) and
lower stratosphere (b). Tropospheric and stratospheric data sets
are averaged over a 1 min time interval. The tropospheric data
set was obtained from the STRAT mission. Tropospheric data
were restricted so that rOH+CO > 8 × rOH+O3. This ensures that
the data points are located in the upper troposphere. Data were
also restricted so that rHO2+NO > 8 × rHO2+OH, the primary loss
mechanism for HOx. This condition ensures that HOx cycling
is much faster than HOx production or loss in the upper
troposphere. Using this selection criteria retains∼90% of the
available data in the region from 10 km to the tropopause. The

stratospheric data set was obtained from the ASHOE/MAESA
and POLARIS missions. Stratospheric data were restricted to
M < 2.5 × 1018 molecules/cm3 and solar zenith angles less
than 85°. Shown as dashed lines in Figure 3 in both parts a and
b are the calculated ratios determined by adjusting the rate
constants for all the relevant terms to their 1σ uncertainty limits
at 215 K and then calculating the weighted root sum of the
squares on the uncertainties. For the tropospheric data in Figure
3a,∼83% of the uncertainty in the 1σ limits is due to uncertainty
in kOH+CO. For the stratospheric data∼80% of the uncertainty
in the 1σ limits is due to the uncertainty inkOH+O3.

The agreement between the calculated and measured ratios,
in both the upper troposphere and lower stratosphere, is
remarkable given the vast size of the data set. The mean value
of the calculated ratio divided by the measured ratio is 0.97(
0.17 in the upper troposphere and 1.11( 0.07 in the lower
stratosphere over a wide range of latitude, altitude, and season.
As discussed previously by Cohen et al.,7 the agreement between
the measured and calculated [HO2]/[OH] ratios is much better
than indicated by 1σ uncertainties in either the instruments or
the reported reaction rates. Data in the upper troposphere shows
more scatter than in the lower stratosphere, primarily because
of decreased precision in the observed mixing ratios of HO2

and OH in the upper troposphere. The decreased precision results
from low mixing ratios of OH and HO2 and increased
background noise in the measurement of HOx at lower altitude.

The small (∼10%) disagreement between the calculated and
measured ratio in the lower stratosphere suggests one or more
of the following: our understanding of HOx partitioning is
incomplete, there is an unexplained error in one or more of the
measurements, or at least one of the rate constants is incorrect.
The chemistry that controls HOx partitioning is extremely fast.
While missing chemistry from eq 1 cannot be excluded, it is
unlikely because it would have to compete on the same time
scale as the reactions in Table 1. An error in the HOx mea-
surement is possible; however, it would have to be offset by
either pressure or a corresponding error in one of the two mea-
surements or rate constants that control the HOx partitioning in
the upper troposphere. The accuracy of measuring [HO2]/[OH]
should not change with altitudesthe measurement uncertainties
take into account variations in temperature and pressure.
Regressions of the calculated to the measured [HO2]/[OH] versus
each of the different measurements does not show any correla-
tion that would account for the 10% shift. However, the dynamic
range of some of the measurements is small, so relationships
between certain variables may not be obvious in the correlation
plots. Other [HO2]/[OH] studies26 during the NASA SONEX
(SASS Ozone and Nitrogen Oxide Experiment) DC-8 aircraft
campaign show agreement between the calculated ratio and the
measured ratio with a mean value of 1.05( 0.30. Separate
analyses of [NO]/[NO2] show that the NO and O3 measurements
used in these calculations are consistent with two independent
measurements of NO2 and the appropriate rate constants.27,28

Uncertainties in the laboratory rate constant data can also
influence the observed offset. Regressions of the calculated-to-
measured ratio versus each of the rate constants in ref 17 does
not show any obvious correlation. This does not mean that errors
in those rate constants cannot exist; covariance between variables
(for example, O3 and temperature) can influence the regression
plots. Recent measurements ofkHO2+O3 indicate that this rate
constant may be slightly greater than the value given by DeMore
et al.17 at low temperatures.29 This result shifts the stratospheric
data∼5% closer to the 1:1 line while having essentially no
effect on the tropospheric data. Additionally, recent work by

Figure 3. Calculated versus measured [HO2]/[OH] in the upper
troposphere (a) and lower stratosphere (b). Both tropospheric and
stratospheric data sets are averaged over a 1 min time interval. The
tropospheric data set was obtained from the STRAT mission. Tropo-
spheric data was restricted so that rOH+CO > 8 × rOH+O3, ensuring that
the data points are from the upper troposphere. Data were also restricted
so that the rHO2+NO > 8 × rHO2+OH, the primary loss mechanism for
HOx. Stratospheric data points were restricted as in Figure 2. The dashed
lines in both a and b are the calculated ratios determined by adjusting
the rate constants for the relevant terms to their 1σ uncertainty limits
at 215 K and then adding the errors in quadrature. The solid data points
shown in Figure 3b represent where the conversion of HO2 f OH is
dominated by rHO2+NO (circles), rHO2+ClO (triangles), and rHO2+O3 (squares).
Data for these regions are averaged into 10 s bins. Further selection
criteria for these data are discussed in the text and below for Figure 4.
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Nizkorodov et al.30 measures the sum ofkOH+O3 and kHO2+O3

over the temperature range 190-315 K. ThekOH+O3 derived
by subtractingkHO2+O3 from the sum of the rates determined in
this study shifts the stratospheric data away from the 1:1 line,
increasing the discrepancy between the modeled-to-measured
ratio by∼10-15%, depending upon the value used forkHO2+O3.
These low-temperature studies by Herndon et al.29 and Nizko-
rodov et al.30 are not included in the recent reevaluation of the
Jet Propulsion Laboratory’s rate constants.18 It is likely that a
single factor is not responsible for the disagreement between
the measured and modeled [HO2]/[OH] and that a number of
small errors from multiple terms cause this discrepancy.

The solid data points shown in Figure 3b represent regions
of the lower stratosphere where the conversion of HO2 f OH
is governed by (a) rHO2+NO (C3), (b) rHO2+ClO (C2), and (c)
rHO2+O3 (C1). Data for these regions were restricted by atmo-
spheric number density and SZA, as in the larger stratospheric
data set. Additional restriction criteria were (1) rOH+O3 > 5 ×
rOH+CO as a further check that all data points came from the
lower stratosphere, (2) [OH]> 2 × 105 molecules/cm3 and
[HO2] > 8 × 105 molecules/cm3 were used to remove scatter
in the data due to low concentrations of HOx at higher solar
zenith angles, and (3) the dominant reaction for HO2 f OH
conversion was required to be a factor of 5 greater than
competing reactions. For example, the selection criteria for the
data dominated by rHO2+NO is rHO2+NO > 5 × rHO2+O3 and rHO2+NO

> 5 × rHO2+ClO. All data were averaged to 10 s.
These same three data regions in the lower stratosphere are

plotted versus temperature in Figure 4. Figure 4a illustrates how
well the effects of individual reactions on the ratio of [HO2] to
[OH] can be isolated. The measured data points are represented
by open symbols, modeled data points by black dots. The lines
through each of the data regions are model curves generated
using the median value of each chemical species as an input
parameter. The different slopes seen for each of the model
curves represent the effect of a change in temperature on the
different reactions that govern the HOx ratio in that region. The
error bars shown in the plot represent the uncertainty in the
precision of the HOx measurements.

When rHO2+ClO governs the conversion of HO2 f OH in the
lower stratosphere and HOCl is in steady state (the reaction
rate of HO2 + ClOfHOCl + O2 ≡ the reaction rate of HOCl
+ hν f OH + Cl), eq 1 is reduced to

The data set is very limited for this condition. Due to a sparse
data set, the selection requirements for rHO2+ClO were relaxed
to [OH] > 1 × 105 molecules/cm3, [HO2] > 1 × 105 molecules/
cm3, and rHO2+ClO > 3 × rHO2+O3. Even with relaxing the
selection criteria, the number of data points still remains small
and the scatter in the data is large. All of the data points where
rHO2+ClO controls the HO2 f OH conversion come from two
flights during ASHOE/MAESA; on July 28 and July 30, 1994.

When rHO2+O3 controls the conversion of HO2 f OH in the
lower stratosphere, eq 1 is reduced to only the terms present in
the HOx-catalyzed ozone removal cycle (C1):

This data set is also limited, indicating there is only a small
portion of the sampled atmosphere where HOx partitioning

depends primarily upon O3. The data for rHO2+O3, while having
more points and less scatter than that for rHO2+ClO, were obtained
from only one flight during ASHOE/MAESA, on June 3, 1994.

The discrepancy between the measured and the modeled
values for rHO2+ClO or rHO2+O3 is due, in part, to instrument
limitations at high solar zenith angles. Instrument precision plays
a large role in the measurement uncertainties when HOx

concentrations approach the detection limits. For the limiting
case where rHO2+ClO dominates conversion of HO2 f OH, the
uncertainty in the instrument precision is large because both
[HO2] and [OH] are small. The instrument precision for this
subset of data was calculated to be 21%. These data were
obtained in the winter polar regions where SZAs are large
(∼80°). For the limiting case where rHO2+O3 dominates conver-
sion of HO2 f OH, the uncertainty in the instrument precision
is large because the [OH] is low. The instrument precision when
rHO2+O3 governs HO2 f OH conversion was calculated to be
9.6%.

When rHO2+NO dominates the conversion of HO2 f OH in
the lower stratosphere, eq 1 reduces to

The data for this limiting case are tightly grouped at low values
of [HO2]/[OH] in Figure 4a. These data points come from

[HO2]

[OH]
≈

kOH+O3
[O3] + kOH+ClO[ClO]

kHO2+ClO[ClO]
(3)

[HO2]

[OH]
≈

kOH+O3
[O3]

kHO2+O3
[O3]

(4)

Figure 4. (a) [HO2]/[OH] is shown versus temperature for the limiting
cases where the conversion of HO2 f OH is governed by [ClO] (open
triangles), [O3] (open squares), and [NO] (open circles). Measured data
points are represented by open symbols, modeled data points by black
dots. The solid lines through each of the data regions are model curves
generated using the median value of each chemical species as an input
parameter with only temperature as a variable. The error bars shown
in the plot represent the uncertainty in the precision of the HOx

instrument (instrument precision was calculated by dividing the standard
deviation in the OH and HO2 signals by the mean observed signal in
OH and HO2 and then adding the errors in quadrature). The limiting
cases are determined by restricting each subset according to the
following criteria. For ClO, rHO2+ClO > 3 × rHO2+O3 and rHO2+ClO > 5 ×
rHO2+NO; for O3, rHO2+O3 > 5 × rHO2+NO and rHO2+O3 > 5 × rHO2+ClO; and
for NO, rHO2+NO > 5 × rHO2+O3 and rHO2+NO > 5 × rHO2+ClO. (b)
Expanded view of [HO2]/[OH] versus temperature for the limiting cases
where the conversion of HO2 f OH is governed by NO. The dashed
dot black lines in 4b correspond tokHO2+NO being adjusted to its 1σ
uncertainty limits for the modeled ratio generated using the median
value of each chemical species as an input parameter from 200 to 210K.
The dashed lines in 4b correspond tokOH+O3 being adjusted to its 1σ
uncertainty limits for the modeled ratio generated using the median
value of each chemical species as an input parameter from 200 to 210K.

[HO2]

[OH]
≈

kOH+O3
[O3]

kHO2+NO[NO]
(5)
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multiple flights from both ASHOE/MAESA and POLARIS. The
large number of points in this grouping is consistent with
HO2+NO being the primary reaction for the conversion of HO2

f OH over a broad latitude range (see Figure 2). For this
limiting case in the conversion of HO2 f OH, the uncertainty
in the instrument precision is negligible (∼1.6%) because both
[HO2] and [OH] are relatively large. In addition, over the
temperature range 200-210K [O3]/[NO] varies by only∼10%,
indicating that the concentrations of [O3] and [NO] are relatively
independent of temperature using the selection criteria in Figure
4. Because [O3] and [NO] are relatively independent of
temperature, and due to the high instrument precision, the effect
of a change in temperature can be seen directly in the observed
[HO2]/[OH].

Figure 4b shows an expanded view of [HO2]/[OH] versus
temperature for the limiting case where the conversion of HO2

f OH is governed by [NO] (eq 5 above). The dashed dot black
lines correspond tokHO2+NO being adjusted to its 1σ uncertainty
limits for the modeled ratio and the dashed lines correspond to
kOH+O3 being adjusted to its 1σ uncertainty limits for the modeled
ratio. Both uncertainties were generated using the median value
of each chemical species as an input parameter from 200 to
210K. For a constant value of NO and O3, Figure 4b is how
HOx responds to a change in temperature. The Arrhenius
expression (Ae-E/RT) for kHO2+NO has an activation energy-(E/R
( ∆E/R)/T of (250 ( 50)/T, while the expression forkOH+O3

has an activation energy of-(940( 300)/T.17 The majority of
the temperature dependence observed in the slope in Figure 4b
is due tokOH+O3. The activation energy for eq 5 using data from
ref 17 is-(E/R( ∆E/R)/T ) -(1190( 304)/T. The fit to the
calculated data (solid line) gives-(E/R( ∆E/R)/T ) -(1242
( 65)/T; the fit to the measured values gives-(E/R ( ∆E/
R)/T ) -(1045 ( 81)/T. The activation energies are all
reasonably close. The difference between the Jet Propulsion
Laboratory’s recommendation and the calculated fit shows that
our selection criteria are not exact. The difference between the
measured fit and calculated fit may be due to an error in one or
more of the rate constants or due to our use of a small data set
over a limited temperature range.

The response of [HOx] to a perturbation of [ClO] and [BrO]
is not well-determined because of the limited dynamic range in
the data set for halogen species. However, the data set for
showing the response of [HOx] to [NOx] is very good. Figure 5
shows the measured and modeled [HO2]/[OH] versus [NOx] for
different levels of ozone in the lower stratosphere. While the
variation in [HO2] is driven by [NO], the concentration of NO
as a function of [NOx] varies proportionally to [O3], allowing
Figure 5 to be made. [NO2] was determined from a steady-
state relation because [NO2] measurements were not available
for a large number of flights in the data set. The difference
between the [NO2] steady-state value and measured value is
less than 10%.28 Data were restricted for a given value of [O3]
with SZA < 77° and for low halogen concentrations. The
difference between the modeled curves and the measured points
shows the 10% error observed in Figure 3.

Because the concentration of OH is a simple function of SZA
in the lower stratosphere, OH concentrations do not vary with
[NOx] and [O3].1 In contrast, HO2 concentrations do vary with
the concentration of other chemical species. Plotting [HO2]/
[OH] reflects these variations in [HO2] and effectively removes
any SZA dependence. Thus, the response of catalytically active
[HO2] to changes in [NOx] and [O3] is observed directly in
Figure 5, and [HO2]/[OH] represents how [HOx] responds to
variations in [NOx] and [O3] in the lower stratosphere. For a

given value of [NOx], HOx concentrations are directly propor-
tional to [O3]. At low ozone concentrations, where rHO2+NO

dominates the conversion of HO2 f OH, [HOx] is extremely
sensitive to changes in [NOx]. In the limiting case where rHO2+NO

dominates the conversion of HO2 f OH (eq 5), the concentra-
tion of HOx is inversely proportional to the concentration of
NOx. Thus, the rate-limiting steps in cycles 1 and 2 are an
inverse function of [NOx].

Summary and Conclusions

We have shown that HOx partitioning is accurately described
in the lower stratosphere and upper troposphere (∼10 km to
tropopause) by [HO2]/[OH] expressed in eq 1, with the modeled
ratio overpredicting the measured ratio by 10% in the lower
stratosphere. This is true over changes in altitude, latitude, and
season. This ratio includes the rate-limiting steps for removal
of O3 by HOx in the lower stratosphere and production of O3 in
the upper troposphere. As exhibited in Figure 2, the dominant
HOx cycling reaction throughout most of the lower stratosphere
results in a null cycle regarding ozone loss. Comparison of the
measured to modeled HOx ratio shows that the in situ measure-
ments of OH, HO2, NO, CO, O3, ClO, and BrO as well as the
corresponding rate constants are consistent over a wide range
of atmospheric conditions.

The effects of temperature dependence on the regions of the
lower stratosphere where the conversion of HO2 f OH is
governed by predominantly one reaction have been examined.
When rHO2+ClO dominates HO2 f OH conversion, the data set
is sparse and exhibits scatter too great to obtain any relevant
information. The role of BrO has yet to be quantitatively
examined. SOLVE (SAGE III Ozone Loss Validation Experi-
ment), the ER-2 field campaign completed during the winter
of 2000, will be crucial in mapping out this reaction space of

Figure 5. Measured and modeled HO2/OH concentrations versus [NOx]
([NO]+[NO2]) for different levels of ozone in the lower stratosphere.
Data were restricted for SZA< 77° and low halogen levels ([ClO]<
1 × 108 molecules/cm3). The model curves are generated from eq 1
using the median values for temperature and of each chemical species
as input parameters. [NOx] was obtained from NO measurements and
a steady-state calculation for [NO2]: ([NO2] ) (kNO+O3[O3] + kNO+ClO-
[ClO])[NO] ÷ JNO2). The range of O3 values allowed for the
observations of each median O3 value is 0.25× 1012 molecules cm-3.
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the lower stratosphere. For the limiting case where O3 concen-
trations govern [HO2]/[OH] (eq 4), the agreement between the
calculated and measured ratio is poor, because there is a limited
portion of the sampled atmosphere where the ratio depends
solely on [O3] (see Figure 2). Agreement of measured to
modeled [HO2]/[OH] for the limiting case where rHO2+NO

governs HO2 f OH conversion shows how wellkHO2+NO and
NO concentrations are known. This is the only case for the lower
stratosphere where there is sufficient data to examine how a
change in temperature affects the ratio of HO2 to OH.

While HOx partitioning is, we believe, well-understood by
the measurements and rate constants in eq 1, the success of the
[HO2]/[OH] analysis to determine catalytic ozone loss through
C1 and C2 is mixed. [OH] depends primarily on SZA in the
lower stratosphere, while [HO2]/[OH] reflects the coupling of
[HO2] to the concentrations of other chemical species. Therefore,
the response of [HO2]/[OH] is representative of how HOx
concentrations respond to photochemical variations in the lower
stratosphere. At low halogen levels, Figure 5 demonstrates that
the response of [HOx] is established for changes in [NOx] and
[O3] to ∼10-20%. For the existing data, [HO2]/[OH] is
inversely proportional to [NOx] and directly proportional to [O3].
Further measurements are necessary in order to fully illustrate
the response of [HOx] to changes in halogen concentrations.
Figure 5 also reflects the branching among cycles 1 to 3 (for
low halogen) and shows the efficiency of O3 removal by HOx

cycling. When [NOx] is high, O3 removal by HOx is inefficient.
When [NOx] is low, O3 removal by HOx is more efficient.
Regardless of the branching among C1 to C3, the key step for
all of these HOx partitioning cycles is the initiation reaction of
OH+O3.
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