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Extensive measurement campaigns by the NASA ER-2 research aircraft have obtained a nearly pole-to-pole
database of the species that control,HOH + HO,) chemistry. The wide dynamic range of these in situ
measurements provides an opportunity to demonstrate empirically the mechanisms that contrglsysteh
Measurements in the lower stratosphere show a remarkably tight correlation of OH concentration with the
solar zenith angle (SZA). This correlation is nearly invariant over latitudes ranging frér8 #90 N and

all seasons. An analysis of the production and loss of iH@erms of the rate determining steps of reaction
sequences developed by Johnston and Podolske and Johnston and Kinnison is used to clarify the behavior of
the system and to directly test our understanding of the system with observations. Calculations using in situ
measurements show that the production rate of @roportional to @ and ultraviolet radiation flux. The

loss rate is proportional to the concentration and the partitioning gf(f@ctive nitrogen) and the concentration

of HO,. In the absence of heterogeneous reactions, the partitioning pfS\tontrolled by @ and HQ and

the concentration of HOis controlled by N@ and Q, so that the removal rate of OH is buffered against
changes in the correlation of;@nd NQ. The heterogeneous conversion of NO@ HNG; is not an important

net source of HPbecause production and removal sequences are nearly balanced. Changggartitiéning

resulting from heterogeneous chemistry have a large effect on the loss rates,dfuti@ttle or no impact

on the measured abundance of OH. The enhanced loss rates at hiHN@ are offset in the data set
examined here by enhanced production rates resulting from increased photolysis rates resulting from the

decreased ©column above the ER-2.

Introduction

The hydroxyl radical (OH) plays a central role in the
photochemistry that controls the;@ the lower stratosphere.
OH is involved directly in the hydrogen radical controlled

reaction sequences that are the dominant mechanism for th

removal of Q in the mid-latitude lower stratosphef@H plays
an additional role by altering the partitioning of the nitrogen
and halogen chemical families that controj @moval in the
high latitude summer and winter, respectivély.Because OH

[S)

the most predictable of the radicals in the lower stratosphere
(see Figure 1). Because of this fact, the concentration of OH in
most of the lower stratosphere can be accurately parametrized
as a function of SZA. Such parametrizations have been used
extensively in the analysis of the photochemistry of the lower
stratospheré:25~7 In this analysis we examine why the
concentration of OH is to first order a simple function of SZA.

While OH and the hydroperoxy radical (Hare tightly
coupled through fast photochemical reactions, the HIH +

is involved in such a large number of photochemical processes,HO2) system exhibits specific simplifying characteristics. Gen-

the expectation is that the concentration of OH would show

erally, the partitioning between OH and KHGccurs on a much

substantial variability depending on the state of the atmosphere.faster time scale than the production and loss ofHDowing

In fact, we find that the concentration of OH is nearly indepen-
dent of all photochemical parameters except thslént column,

which is a function of the solar zenith angle (SZA) and column
O3 above the aircraft. Surprisingly, the concentration of OH is
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these processes to be treated separately analytically. In addition,
the production and loss of HMccurs primarily through OH,

so that the production/loss of OH and the production/loss of
HOy are nearly synonymous. Thus it is straightforward to
examine the production and loss of H@sing measurements

of OH. Furthermore, the photochemistry that controlsyhO
fast, so that a large number of intermediates in the reactions
that produce and remove H@re in steady state. This enables
an analysis of the production and loss processes gfiti@rms

of the rate determining steps of reaction sequences described
by Johnston and Podolske and Johnston and Kinrfi8drhis
approach reduces the system to a small number of net sources
and sinks and dramatically clarifies the behavior of the system

© 2001 American Chemical Society

Published on Web 12/21/2000



1544 J. Phys. Chem. A, Vol. 105, No. 9, 2001 Hanisco et al.

6
x10
T J T T T T T T T H,O
3 | ! y | N205
—_ : 311;183 aerosol
« 1 e o 1 I o('D 4
: % : oo\ X || ko,
@ OH
L 2+ n Cl
=
2 5 [mvo
S ] OHZ2 HO, | =—= 3
é hv
ool -
o Figure 2. Primary sources and sinks of HQOntermediate steps are
| o  POLARIS not shown in the figure but are shown in equations in the text.
ASHOE/MAESA O(D) and CHO. The line is a fit to the data using a linear
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Figure 1. In situ measurements of OH obtained during ASHOE/ . — —5 — —
MAESA and POLARIS versus the solar zenith angle (SZA). The data it Jp=8x 107, £=22, 5=085% SZA
are restricted td < 2.5 x 10" molecules cm?® and averaged into 1 . o 5 - o
min bins. The line is a fit to the data using a linear combination of I Jp=6.4x107, £=0.67, y=0.86x SZA
secant functions used to parametrize the photolysis rates; @n@ -
H,CO. f(SZA)=cJ; t ¢l, )

and enhances our ability to directly test the system with wherec; = 1.5 x 10*° andc; = 1.75 x 10'° molecules cm?

observations. s. The standard deviation about the line, representing the mean
We present measurements of OH and other species obtainedor a given SZA, is+23% for all data and:15% for SZA <

by instruments flown aboard the NASA ER-2 high-altitude 70°. The measurement accuracy for OH#25% 2o, with an

research aircraft. The wide dynamic range of atmospheric instrument precision of=1 x 10* molecules cm? (~1%) for

conditions sampled by these measurements provides an opthe 1 min averaged datd.Much of the variability in the

portunity to gain insight into the mechanisms that control the observed OH can be reproduced by using the calculated

HO system. In this analysis, in situ measurements are usedphotolysis rates rather than parametrizations, f(&ZA) =

along with photolysis rates determined from in situ measure- CiJogp) + C2Jcm,0. At high SZA the abundance of OH is more

ments of overhead columns@o calculate the production and  difficult to parametrize because the variation is large40%

loss rates that govern the concentration of OH under a variety for data obtained at SZA 70°. Interpretation of the measure-

of atmospheric conditions. The results of these calculations arements of OH at these SZA'’s is discussed elsewfre.

used to show how production and loss rates of xHide

correlated and why concentrations of OH are buffered from Analysis

changes in individual sources or sinks of fF@ithin this data

set Sources and Sinks of HQ. The primary sources and sinks

of HOx are diagrammed in Figure 2. These are the most
significant individual reactions that participate in the sequences
that result in net production or loss of RO 'he reactions that
The measurements presented here were obtained aboard thimterchange OH and HQare significantly faster than any of
NASA ER-2 during two extensive campaigns: the 1994 these reactions, and the conversion of H to H&n be
Airborne Southern Hemisphere Ozone Experiment/Measure- considered instantaneous, so the production or removal of any
ments for Assessing the Effects of Stratospheric Aircraft hydrogen radical is equivalent. Less significant reactions are
(ASHOE/MAESA) deployed primarily in Christchurch, New not shown; their absence does not impact the results presented
Zealand (43S, 173 W) and the 1997 Polar Ozone Loss inthe here. Reactions that participate only in null sequences with
Summer (POLARIS) deployed in Fairbanks, Alaska (6§ respect to HQ such as the reactions that interconvert OH and
148 W).1011The aircraft payload included instruments measur- HO,, are not included. In some cases, the intermediates of the
ing most of the species necessary to test the chemistry f HO sequences are in steady state (instantaneoussteady state
OH, HO;, NO, NO,, NOy (the sum of reactive nitrogen: NO not diurnal steady state), and only the rate determining steps
+ HNO3; + HNO4 + CIONO; + 2N0s ...), CIO, HO, O3, are used to quantify the production/loss of H@rough that
CH,, CO, HCI, pressure, temperature, and spectrally resolved sequence. For example, the oxidation of Lills into this
radiation fields!! category. In other cases, the intermediates are not in steady state
Figure 1 shows in situ measurements of OH obtained during and production/loss terms must be determined explicitly. All
ASHOE/MAESA and POLARIS plotted versus SZA. The data sequences with HNas an intermediate fall into this second
are restricted td < 2.5 x 108 molecules cm?® (~17—21 km) category.
and averaged into 1 min bins. As will be shown, the diurnal ~ The primary source of HQIn the lower stratosphere is the
change of OH is controlled by the production of H@®om oxidation of HO by O{D). O(D) is generated from the

Measurements
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photolysis of Q primarily at wavelengths less than330 nm Gas Phase Heterogeneous
and is strongly dependent on the overhea@@umn and SZA.

NO;
NO N.O
0+ v —0O('D) + O, i b

O('D) + H,0 — 20H (R1) l OH leO/SA
net: Q,+ H,0—20H+ O, (S1) HNO;
OH / \hv 2hy / 20H
The rate of production of H(by this sequence is equal to twice
the rate of the rate determining step (R1). The rates of reactions { H,0 ] [ OH }
will be denoted byrat+g = ka+s[A][B]; e.g., the rate ofR1 is
ro@py+H,0. Additional production of HQ results from the loss: —20H wall production: 208 loss: —20H

reaction of O{D) + H; in a sequence similar to S1 and from

the oxidation of CH initiated by O QD): Sequence 4 Sequence 5 Sequence 6 Sequence 7

Figure 3. Gas-phase and heterogeneous sequences that involve HNO

O.+ hy — O(lD) +0 as an intermediate. OH is produced or removed by the formation and
3 2

subsequent removal of HNO

O('D) + CH, — CH, + OH (R2)

CH. + O. — CH.O but CHO is still produced, so that the net yield is roughly 0.7
3 2 82 HO per CH,. Because ChD is in steady state, the production
CH,0, + NO— CH,0 + NO, of HO through the combination of sequences 2 and 3, and the

analogous sequences involving Cl and OH, is given by the rate
NO, + v —NO + O of the initiation step multiplied by the yield of HQe.g.
O+0.,—0 2-7xr0(1D)+CH4: 0.7x [ OH+CHa» and O-Z(rCIJrCHm with the exact
2 3

yields depending on UV flux and temperature. In the event that
CH,0 + O,— CH,0 + HO, OH + HCl is not the primary sink of HCI, for example in the
polar winter when the reaction of HG1 CIONO; is significant,
net: CH, + 20,— OH + HO, + CH,0 (S2) the yield of OH from the chlorine initiated oxidation of methane
is higher.
The intermediates in this sequence are assumed to be in The primary net removal mechanism for kif® the reaction

photochemical steady state. In addition, the branching of the of NO; followed by reaction with HN@
intermediate steps is assumed to be unity. This assumption is

valid in the lower stratosphere where the competing reaction OH + NOZM> HNO, (R4)
of the methylperoxy radical, CiD, + HO,, is not significant.

In this data set, the rate of GB, + NO is at least 20 times OH 4+ HNO; —~ H,0 + NO, (R5)
greater than that of CiD, + HO,. NO, + hv — NO, + O

The production of CHO can lead to additional Hdpbroduc-
tion when the photolysis of Ci produces H atoms.

net: 20H—H,0+ O (S4)
CH,0+ hy —H + CHO (R3)
H+ O.— HO In the limit in which HNG; is in steady state, the rate of this
2 2 sequence is given by the rate of R5. In the middle and upper
CHO+ 0,—HO,+ CO stratosphere this simplification is generally valfddowever,
this condition is rarely met in the lower stratosphere due to the
net: CHO + O, — 2HO, + CO (S3) heterogeneous production and long lifetime of HNThis and

the competing sequences involving Hh@re diagrammed in
Figure 3.

An alternate pathway is the reaction of N@llowed by
photolysis of HNQ at wavelengths less than315 nm.

An alternate pathway for the photolysis of €bl is the

production of H and CO. In the lower stratosphere, the quantum

yield of this pathway is roughly twice that of R3, depending

on UV flux and temperature. The branching ratio of this step is M

equal tOJH—CHO/(JH—CHO + \JHZ—CO) = 0.35, Where]H_CHo and OH + NOZ - HNOB (R4)

Jn,—co correspond to the photolysis rates of £MHto produce .

H + HCO and H + CO, respectively. The net yield of HO HNO; + fw = OH + NO, (R6)

from the oxidation of CHinitiated by O¢D), sequences 2 and

3, is about 2.7 HQper CH,. net: null (SH)
Oxidation of CH, is also initiated by analogous reactions of

CH, with OH and ClI, but the yields for these sequences are This sequence is a net null for OH, but it is used to determine

smaller. In the case in which OH# CH; — CHz+H>0, one the rates of the heterogeneous sequences below.

OH is consumed and no OH is produced. In the case in which Heterogeneous reactions can convesOHo HQ, through

Cl + CHy — CHz + HCI, no OH is produced in the initiation  the production of HN@followed by photolysis. Likewise, the

step and one OH is lost through the subsequent reactiodr-OH heterogeneous formation of HNGollowed by reaction with

HCI — H,0 + CI. In these sequences the yield of OH is zero, OH will remove HQ.
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NO, + NO, M N,O; the nighttime heterogeneous reactions, these will be referred to

as the heterogeneous sequences.
aerosol Analogous heterogeneous reactions involving BrQNG

N,Os + H0 2HNG; CIONG;) + H,O — HOBr (or HOCI) + HNOs also convert

2 x (HNO, -+ hv — OH + NO,) (R6) H:0 to HO,.** Because photolysis of HOBr and HOCI produce
OH, the net effect of these sequences is always production of

NO, + O;— NO; + O, HO,. These reactions can be significant sources of, Btigh
SZA when production from primary sources is sniafts17

net: HO + O,— 20H+ O, (S6) Pernitric acid, HNQ, is formed from the reaction of HO

and NQ. The reaction of OH with @is the primary source of
HO; in the lower stratosphere, with this reaction accounting
M for ~95% of the HQ production in this data set. The sequence
NO, + NO; = N,O5 that produces and removes HM)N@so removes HQ

aerosol

N,O5 + H,O —— 2HNG, OH+ 0;,—HO,+ O,
2 x (OH 4+ HNO, — H,0 + NO,) (R5)
NO, + hv —NO, + O

HO, + NO, > HNO,
OH + HNO, — H,0 + NO, + O, (R7)

net: 20H—H,0+ 0O (S7) net: 20H+ O, — H,0 + 20, (S8)
The concentration of N@is negligible during the day; hence, . . .
N2Os is produced only after the sun sets, and the heterogeneousunl'ke ';'_':03’ Eernltrlc aC|d_ hasf lr_‘|° dl;nown heterogeper?us
production of HNQ occurs predominantly at night. As a result, Source. lLIJS' the conc%ntra}(lon ? hNdves no(; v?fryBat night
the intermediates in these sequences are not in steady state arBecquse all Sources and sinks o HNDe turned off. Because
the production and loss of H@rom reactions R6 and R5 must of this and a significantly shorter photochemical lifetimel(
. e : ~ i 0

be determined explicitly. Because these reactions compete, theday V‘:’j 1_0 day_sd),dHNQAls generallly E:]t olr neati?lo %) atﬁgdy
net effect of heterogeneous production of HN&n be either stateb uring mi t- dag' s at_reslg;, the OISS 0 J—M?a d'4t
production or loss of HQ depending on the relative rates of can be represented by reaction /. mso an imtermediate
reactions R6 and R5. in a null sequence S|m|_lar to S6, but since HN® in steady

When the heterogeneous conversion o NOHNO; occurs, state o_lurlng_the day, this sequence can be neglected._Note that
NO; is reduced below its gas-phase steady-state concentratiorﬁNOf‘ Isnotin steady state near sunrise or sunset. During these
and the rates of sequences 4 and 5 are limited by the rate ofconqmons, thelg)hotolyss of HNfXan be a significant source
OH + NO,. Since the primary loss processes for HN&e or%nk of HQ". i ik f h i .
photolysis and reaction with OH, the rates of these sequences e remaining significant sink for HJs the self-reaction

can be expres_sed as a branching ratio of the ph(_)tolysis rate, OH+ 0,—~HO,+ 0,
Junos, and the first-order loss ratkyn+Hno,[OH]. In this case,
the rate of sequence 4 is given by the fraction of HN@med OH+ HO,—H,0+ 0, (R8)
by OH + NO, that subsequently removes KO
kOH+HNO3[OH] net: 20H+ O;— H,0 + 20, (S9)
reg=1r (2)
s OH+N02kOH+HN03[OH] + ‘JHNO3 This sequence is the dominant sink for Hi® the tropics and

where the concentrations of HNCand HNQ are small.
The rate of the null sequence is the fraction of reaction R5 that Additional production and loss sequences of 4@ discussed

subsequently produces OH via reaction R6: in Johnston and PodolsRebut they are not of quantitative
3 importance in the lower stratosphere.
: HNO, 3) Production and Loss Rates.The differential equation for

HOy is given by (d[HQ]/dt) = P — L, where production and

loss rates are the sum of individual reaction rafess P
The rate of the heterogeneous removal sequence is equal t®ndL = 3jL;. Becausé® — L is much smaller than the largest

the remainder of the total removal rate of OH by HN@he term in P andL (i.e. the lifetime of HQ is short), HQ is in

=T
* OH+N02k0H+HNo3[OH] + JHNO3

factor of 2 is required for mass balance: steady state, d[H{/dt ~ 0. The reactions that interconvert O
and OH are significantly faster than the production rate ofHO
rg7= 1/2[rOH+H,\,03— rsd (4) thus the production of any HOspecies is equivalent. It is

important to note that (1) HQO's not conservetdincreases in
The rate of heterogeneous production sequence is completelyHO> do not occur at the expense of ©tdnd (2) changes in
analogous: HO, relative to OH are dominated by null sequences that are
L independent of the primary production and loss rates of.HO
Fsg= /2[rHNO3+hV —rgg (5) In this data set, the loss of HOs almost entirely through
reactions involving OH. Thus, the concentration of OH reflects
Note that the eq 3 and eq 4 are not identically equal to the rateschanges in production and loss, and the concentration of HO
of the heterogeneous steps. They are equal to the rate of HOreflects a combination of these changes and changes in HO
production and loss resulting from the MBNO; system not interconversion rates. For these reasons, it is more straightfor-
being in steady state. However, since this is mostly a result of ward to use measurements of OH to examine our understanding
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of the production and loss rates of KHO'he partitioning of TABLE 1: Uncertainties of Reaction Rate$

HO i's discus;ed separa.ltely in Lanzgndorf ettal. KIA][B] Okors o o ol
This analysis uses a highly constral_ned instantaneous steady- KO(D)JH:0] 1035 1042 0.05 1055
state model to determine the production and loss rates gf HO ~0.25 ~033 042
All rates are determined with the measured abundance of KoO(D)|[CH,] +0.35 +0.42 0.05 +0.55
chemical species and atmospheric properties, sughMsUV —-0.25 —-0.33 -0.42
flux, etc., when observations are available. The rate coefficients KOH][CH.] +8§3 0.25 0.05 +8§g
- i 9,20 _ . —0.
are t_aken from the JPL-97 an_d Jen eval_ua_tloné. Pho KCI[CH.] 40.32 0.44 005 4055
tolysis rates are calculated using the radiative-transfer model —0.24 ~0.50
described _by Prather et #l.and absorption _cross-sections and  JHNOj] +0.42 0.12 - 10.44
quantum yields from the JPL-97 compendium. Nfoncentra- —-0.33 -0.35
tions are determined from the mean of the two available KOH][HNOg] +8-§g 0.25 0.12 +8-gé
measurements or from a steady-state relation when measure- e e
ments of NQ are not available. The difference between the KOH]INO2] fg'gg 025 0.10 J_rg.gé
measured and calculated Hi® small (<10%) for this data sét K[OH][HNO.] +1.72 025  +16 +2.36
HNO:; is determined from HN@= NO, — NO — NO, — HNO4 —0.52 —0.38 —0.69
— CIONO.. k[OH][HO] +0.65 0.25 0.30 +0.76
When measurements of certain species are not available, —0.39 —0.55

concentrations are determined from steady-state relations or from 2All uncertainties in the rate constants are from JPL-97 except
tracer correlations: CIONQSs determined from a steady-state  Kkow+no, and Kon+hnos, Which are from JPL-00. The multiply/divide
relation23 HCI is determined by subtracting [CIONDfrom factors in JPL-97and JPL-00 have been converted to fractional
[Cl,] determined from an empirical G+N,O relation?* and uncertainties foil = 220 K andM = 2 x 10'® molecules cm?. The

L - - uncertainties in derived species, e.g!@)( include the uncertainties
CHa is inferred from the empirical CHNO relation> The of measurements, photolysis rates, and rate constants used in their

HCl and CH, determined in this manner are only used to fill in - getermination. Uncertainties in photolysis rates include an additional
missing data from certain flights and comprise a small fraction uncertainty of 0.3 to account for uncertainties in the radiative transfer
of the overall data set. The calculated CION® used for the code and the slant column of3OAIll uncertainties are added in
entire ASHOE/MAESA data set since measurements are quadrature.

unavailable. The analysis is restricted to SZA70° for two ) )

reasons: (1) to ensure that longer-lived species that must berates and absorption cross-sections used to calculate fHSIO
calculated (i.e., CIONg HNOy, and HCO) are at or near steady large (sge Tablg 1). The uncertalnty in the JPL-97 recommended
state and (2) to avoid the complexity and uncertainty ofHO photolysis rate |s'afactor' of 2. Sunrlse and sunset measurements
sources in sunrise and sunset conditions. This selection criteria® HOx are consistent with an increase 0f1107° s™*in the
exclude data obtained in the Antarctic vortex because SzA  Photolysis rate of HN@ independent of SZA during daytiné.

80° for these data. On the basis of these restrictions, the Also, the effects of the uncertainty in the equilibrium constant
uncertainties in the concentration of species derived from steady-Pe€comes significant in the high-latitude summer when temper-
state relations should be accurately represented by the combine@tures are high. For typical conditions experienced at latitudes
uncertainties of the measurements, rate constant, and photolysis 60" N, T = 225K andM = 2 x 10'® molecules cm?®, the
rates used in the calculation. The uncertainties of the individual JPL-97 recommended equilibrium constant for the thermal

production and loss terms are summarized in Table 1. decomposition of HN®is uncertain by a factor of 15. Using
the low uncertainty limit folKeq in the steady-state calculation
Results results in an 80% reduction in [HN{ Because of these and

other discrepancies, the overall agreemenP@fnd L should

In this analysis, the production and loss rates are calculatedbe taken as a figure of merit necessary to interpret the results
independently, so the agreementréndL is an indication of of this analysis, not as an indication that the photochemistry of
how well the system is described. Overall, production and loss HO, is entirely understood.
are well-balanced, with an average value and standard deviation HO, in Continuous Sunlight. The simplest case of HO
of P/L = 1.03+£ 0.22, indicating that the production and loss photochemistry occurs in continuous sunlight where the rates
terms adequately describe the k&ystem in general. Neverthe-  of the heterogeneous sequences are negligible. Figure 4 shows
less, there are systematic discrepancies that are concealed withithe relation of the production rate of H@ith the product of
this average. For example, there is a discrepancy between theloupy and [Qy] for observations made in continuous sunlight
ASHOE/MAESA and POLARIS data sets: for ASHOE/ (24 h day) during POLARIS. The produd$ap)x[Og] is equal
MAESA, P/L = 1.1+ 0.2, and for POLARISP/L = 0.8 + to the rate of the initiation step in sequences 1 and 2, not the
0.1. Some of the difference is possibly a result of the method rate limiting steps. The correlation is tight for a number of
used to infer the @column above the ER-2. The photolysis reasons. First, the primary sink of ) is quenching by @
rates in the ASHOE/MAESA data set were determined with and N into the ground-state atom, ). Thus, the removal of
overhead @ columns inferred from TOMS satellite measure- O(!D) is independent of the chemical composition of the lower
ments, while the rates in the POLARIS data set were constrainedstratosphere and its abundance is proportionaki)x [Og).
by remote observations obtained in situ aboard the ER-2. In Second, the concentrations of the source gas€® &hd CH
the POLARIS data set, where both methods of determining the that determine the rates of H@roduction are nearly constant,
Oz column above the ER-2 are available, differences of 20% [H,0] = (9.4 & 1.0) x 102 and [CH;] = (2.5+ 0.4) x 102
betweenJop) determined with the two inferred {acolumns molecules cmd. Third, the rates of the sequences that involve
are common. CH, are also proportional tdy-cHo and OH; both strongly

Another difference in the two data sets is the greater correlate withJoapy. Thus, the changes in H@roduction are
importance of HNQin the POLARIS data set. The concentra- driven almost entirely by changes ins@nd photolysis rates.
tion of HNOy is not measured, and the uncertainty in the reaction The result is a remarkably tight correlation between the



1548 J. Phys. Chem. A, Vol. 105, No. 9, 2001

2.5 * TOtal ': |
P | ° o(prHO : ]
"2 el 4 O('D)+CH, i

a  OH+CH Y 'S
| + cicH, ®s ]

4

Production (x10" molecules cm’s )

0.0 0.5 1.0 1.5 2.0 25
8 -3 -1
Jo(.D)xO3 (x10” molecules cm™s ™)

Figure 4. Individual and total production rates of H@ersus the
production rate of GP), Joep)x[O3]. The data are restricted td <

2.5 x 10 molecules cm?, SZA < 70°, and to air parcels exposed to
solar illumination for more than 90% of the time for the 5 days prior
to observation.

OH+HNO,
OH+HO,

e Total o
OH+HNO,

A A

Loss/OH (s™)

NOy (x1 0" molecules/cm3)

Figure 5. Individual and total first-order loss rates of H@rsus [NQ)].

The SZA dependence of the rates is removed by dividing by OH. The
data are restricted tM < 2.5 x 10'® molecules cm?, SZA < 70°,

and to air parcels exposed to solar illumination for more than 90% of
the time for the 5 days prior to observation.

production rate andogp)x [O3]. This correlation is not restricted
to continuous sunlight. A similar relation is obtained for all data
in this data set.
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Figure 6. O3 and NQ obtained during ASHOE/MAESA and PO-
LARIS for M < 2.5 x 10* molecules cm® and SZA < 70°. Data
obtained during continuous sunlight and in the tropics are highlighted.
The line represents the average valugNQ, ~ 335.

simple relation, [OH]O Joep)x[O3)/[NO,]. It is also tempting
to conclude that [OH] is a nearly constant function of SZA
because @ and NG generally correlate within the lower
stratosphere. However to do so would neglect the chemistry
that controls the production and loss of H@hen this
correlation breaks down.

Figure 6 shows the correlation og@nd NQ for all latitudes.
The data obtained in continuous sunlight, corresponding to the
data in Figures 4 and 5, are highlighted for reference. For most
of the data @and NG are correlated. On average/RNO, =
335+ 125, but this ratio ranges from 200 to 400 in mid-latitudes
and can reach 1000 in the trop®sThe data in continuous
sunlight are not particularly well-correlated. At a givensJO
[NO,] changes by a factor of 2, yet changes of this magnitude
are not observed in the OH data. Clearly, there is another process
in addition to the absolute abundance of \@at controls the
loss rate of HQ

In continuous sunlight, the partitioning of N®etween NO,
NO,, HNO3;, and HNQ is controlled by @Q and HQ. The
concentrations of N@ HNOs, and HNQ normalized to NQ
and the concentration of HOnormalized to OH are shown
versus Q/NOy in Figure 7a. Also shown is the expected trend
calculated from steady-state relations using the median values
of photolysis rates, rate constants, and chemical concentrations
of the data shown in Figures 4 and 5, with the exception of
[Oz], which is varied between 2 102 and 8x 102 molecules
cm3. For this calculation [OH]E 1.2 x 1C° molecules cm?
and [NQ] = 1.5 x 10'° molecules cm®. As a result, the

The loss rates for observations in continuous sunlight are calculation shows how the partitioning of a fixed amount of
shown in Figure 5. Because of the absence of heterogeneousNO, changes with increasingzOFor these data [NE/[NO] is

chemistry in these data, the NBINO3; system is at or near
(within 20%) steady state. The loss from sequence 4 is
represented by the rate limiting step, GHHNO;. The loss
rates show a fairly good correlation with NObut this

proportional to @; [HO,)/[OH] is proportional to [Q] and
inversely proportional to [NO]; [HNE] is proportional to [OH]
and [NQ)J; and [HNQy] is proportional to [HQ] and [NO,].
As Gz increases, the partitioning of N@s driven toward the

correlation is not nearly as tight as that seen in Figure 4 for the higher oxides of nitrogen that remove K@\t the same time

production terms. The loss rates are proportional tg bEgause
HNOz and HNQ correlate and H@anticorrelates with NQ It

higher G (and lower NQ) results in higher concentrations of
HO..1® Note that unlike N@, HO is not conserved; i.e., HO

is tempting to conclude that the processes that control OH aredoes not increase at the expense of OH. Thus, for a fixed amount

proportional to @ and NG and that OH can be described by a

of NOy, an increase in @results in increased loss rates.
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Figure 7. (a) Observed and calculated partitioning of NQeft -60 -30 0 30 60 90
ordinate) and H@OH (right ordinate) versus £NOy. The lines are Winter Latitude Summer

calculated from median values of the parameters used to calculate the_. . )
production and loss rates shown in Figures 4 aneld NO, = 1.5 x Figure 8. Fractional (a, top) production and (b, bottom) loss rates of
10° molecules cm?, Jogoy = 3 x 105 s, T = 229 K, ...). The HO, versus latitude. The data are restricted to SZA0® andM <

concentration of @is varied between % 101°and 8x 10 molecules 2.5 x 10" molecules cm* and averaged into bins of latitude using 20
cm 3. The fraction HNG/NO, is multiplied by 10 in the figure. (b) ~ data points per bin. OH NO,:HNO; refers to sequence 4, the gas-
Calculated and observed OH versug/ND,. The solid line is phase N@G-HNOs; removal sequence The data at high northern latitudes

determined using the calculated concentrations shown by the lines in\é\/_erhelob_tained predominantly in summertirr|1e,_ and those in the southern
a. The dashed line represents the OH obtained with the calculated"igh latitudes were obtained predominantly in wintertime.

concentrations determined at & 2 x 10% molecules cmd. The ; :
measured data are normalizetcsi to SZ/A5° using the fit in Figure 1. the sr_lape of the diurnal Ch"f‘”ge of OH. Th? IOSS. ofx HO .
described by only three reactions, all of them involving species

Figure 7b shows the effects of partitioning on the calculated that are proportional to OH, £ and NQ. The correlation
concentration of OH. The concentration of OH is calculated between @and NQ can generally result in the cancellation in
with the median values of the production terms from Figure 4 changes in production and loss rates. The correlation does not
(except for Q) and the loss rates determined from the calculated have to be perfect because repartitioning of the loss terms buffers
concentrations of HNg) HNO,, and HQ shown in Figure 7a. the system against changes igl/0O,. Though this example is
Also shown is the OH calculated with the concentrations of restricted to continuous sunlight where the calculation is simple,
HNOs, HNO4, and HQ held constant to the values determined the interpretation of the effects of repartitioning in Nénd
at O; = 2.0 x 10" molecules cm?, the low end of the range  HOx due to changes in 4NO; is applicable throughout this
in Os. The observed OH is normalized by the fit in Figure 1 data set. The introduction of heterogeneous reactions should
and multiplied by the median value of OH. The underestimate be viewed as a perturbation to this basic system.
of OH by 25% is typical of all data within the POLARIS data Role of HNOs. The production rate of HQs shown versus
set and is not restricted to the limit of continuous sunlight. The latitude in Figure 8a. The data are restricted to SZA0° and
large difference between the two model curves represents theaveraged in bins of latitude, with each data point representing
effect of the partitioning of the loss terms on the total loss rate. a 20 min average. The result reflects the sampling of the
With the concentrations of the loss terms held constant (i.e. the ASHOE/MAESA and POLARIS missions: the Southern hemi-
first-order loss rate is constant) the calculated concentration of sphere data are predominantly winter, and the Northern hemi-
OH increases by a factor of 4 with this 4-fold increase in O sphere data are predominantly summer. The data shown in
This reflects the nearly linear dependence of the production rateFigures 4 and 5 are limited to latitudes above® ™0 and
of HOx on [O5] (Figure 6). However, as shown in Figure 7a, comprise less than 10% of the overall data set. For most of the
there is a 7-fold increase in [Hand a factor of 4 increase in  lower stratosphere the production of Kifbom the photolysis
[HNO,]. Since these species contribute roughly 50% of the gas- of HNO;3 following the heterogeneous production of HpN® a
phase removal rate of H@Figure 5), the model that includes large fraction of the total production rate. The drop in production
these changes shows only a small change in the calculatedrom the photolysis of HN@in latitudes between 20S and
concentration of OH. 10° N reflects the change in 4NOy observed in the tropic®.

The relationships between the production rate ofk@h The fractional contributions of other species is fairly constant,
the product ofloep) and [G;] shown in Figure 4 and of the loss  a result of the nearly constant concentrations of the source gases
rate with [NQ] shown in Figure 5 form the basis for inthe lower stratosphere. In this data set, the average concentra-
understanding the factors that regulate,HChe production of tions are [HO] = (9.44 0.9) x 102 and [CH] = (2.74+ 0.5)

HOy is described by a small number of similar terms dominated x 10 molecules cm?.
by the production of GD). This and the smaller contribution The loss terms of HQare shown versus latitude in Figure
from the branching ratio for the photolysis 0b€lO determine 8b. The gas-phase removal of OH by sequence 4, denoted OH
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Figure 9. First-order rates of HN@removal via photolysisJinos,,

Figure 10. Difference between the heterogeneous loss and production

sequences normalized to the total loss rate of M&®sus NG/HNO;
for all data atM < 2.5 x 10'® molecules cm® and SZA< 70°. The
average value of this fraction is also shown.

and reaction with OHkon+Hno,[OH], plotted versus each other for all
data atM < 2.5 x 10'® molecules cm® and SZA< 70°.

+ NO,:HNO;3, dominates the loss of HOn the summertime

where the rate of the heterogeneous removal is smallest and'€l€rogeneous rates is largest at the lowesyNRO; values
concentrations of N@are largest. Similar to the heterogeneous where the heterogeneous rates are fastest. However, the differ-

production sequence, the removal of HBy HNO; via the ence rqrely exceeds 10% 01_‘ the overall rate, and on average is
heterogeneous sequence becomes a large component of the 10€r0 With a standard deviation of 0.04. ,

rate outside of regions in continuous sunlight. In the tropics, 1he net effect of all of the HN@sequences on OH is
the removal by OH+ HO, dominates because of the large essentlr?llly equal to the rate of 'sequence 4. Thus, the_ net
decrease in NQobserved at those latitudes. There is more Production terms of HQare nearly identical to those shown in
variability in the fractional contributions of the loss terms Figure 4. Likewise, the loss terms resemble those in Figure 5,

compared to the production terms, reflecting the combined but with one notable exception. In the case in which there is

effects of changes in the partitioning of N@esulting from
heterogeneous conversion of N© HNO3z and from changes
in the QJ/NOy in the tropics.

The heterogeneous conversion of N© HNO3z impacts OH
in three ways: (1) enhancing production, (2) enhancing loss,
and (3) reducing the rate of sequence 4 by reducing. N@e
first two are coupled and can be examined together. The relative
production and loss of HCfrom the heterogeneous sequences
is determined by the branching ratio of the removal of HNO
through photolysis versus reaction with OH (see Figure 3). This
branching ratio is defined by the relative magnitudes of first-
order loss rateslino, andkon+nno, /OH]. Figure 9 shows the
relation between these two pathways for all data at SZ20°.
The correlation is expected, since OH ahglo, correlate with
UV flux. However, the near equality is surprising since there is
no direct link betweerkon+nno,JOH] and the photolysis rate
of HNOs.

As a result ofkon+rnoJOH] ~ Junos, the branching ratios
of the heterogeneous production and loss sequences are nearl!
equal,

JHN03 kOH+HN03[OH]
kOH+HNO3[OH] * Jhino, k0H+HNo3[OH] * Jino,

(6)

and the net effect of the heterogeneous sequences qQnsHO
negligible. This is shown in Figure 10 for all data at SZA

heterogeneous conversion of NE&> HNO3, the loss rate of
sequence 4 is controlled by Nhot by HNG; as was the case

in continuous sunlight. Though the heterogeneous production
of HNO3 has no direct effect on OH, it has an indirect effect
through the removal of N® This can be seen in eq 2: since
Kor+rno{OH] =~ Junos, the changes in the rate of H@ss by
sequence 4 are driven entirely by the changesinno, and,
hence, changes in NMMHNO; driven by the heterogeneous
conversion of NQ — HNOs.

When the contributions of the heterogeneous sequences to
the production and loss rates are removed, the effect of
heterogeneous conversion of N©- HNO3; on the loss rates
can be examined. Figure 11 shows the production and loss rates
of the remaining terms plotted versus MBNO; for [HNO3]
= (1.1£ 0.2) x 10* molecules cm?, [O3] = (4.5 £ 1.0) x
10'2 molecules cm?® and SZA < 70°. In this case @is held
constant in order to separate the effects gff@m those of
heterogeneous chemistry on the partitioning of,NThe SZA
erendence of the production and loss rates is removed by
dividing by OH. The production terms are nearly constant
because [@g] is held constant. The change in rate of'DY +
H-O reflects the change in the photolysis rate of @bep))
resulting from changing overhead ozone (Figure 11a).

The loss rates are also tight functions of M@NO;. The
loss rateRon+Hno, and Row+Ho, are very compact in relation
to NO,/JHNO3 because [HNG} correlates and [Hg) anticor-
relates with [NQ]. For constant [@, [HOZ] is inversely

70°. The difference between the heterogeneous production andproportional to [NQ];8 thus,Ron++Ho, decreases with increasing
loss sequences is normalized to the total loss rate and plottedNO,/HNO3. However, the change in the loss rate due to,HO
versus NGQ/HNOs, which is inversely proportional to the rates only partially offsets the change in the rate of sequence 4. At
of the heterogeneous sequences. The net contribution of theconstant SZA, the concentration of H)@ proportional to the
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Figure 11. Oz column above the ER-2 and the net production and
loss rates of HQversus NG/HNOs. The heterogeneous production
and loss sequences of HN®ave been removed from the total rates.
These data are selected for [HYG= (1.1 + 0.2) x 10° molecules
cm 3, [O3] = (4.5+ 1.0) x 10 molecules cm?3, SZA < 70°, andP/L

= 0.85+ 0.15.

product of [HQ] and [NQ,]. Thus, the change in the loss of
HOx due to HNQ is more moderate than that of sequence 9.
The net effect of the changes in the loss rates of; ld@e to
changes in [HG and [HNQy] is small. The increase in the loss
rate of HQ due to sequence 4 is not offset by changes in the

J. Phys. Chem. A, Vol. 105, No. 9, 2001551

ous daylight. In general, thes@olumn does not correlate with
the partitioning of NQ, and it is the only parameter that
consistently correlates with the deviation of the concentration
of OH from the fit shown in Figure 1. This trend is driven by
the strong dependence &f¢py andJy-+co on the overhead ©
column and the resulting change in production rates. This trend
also correlates with altitude, and hence pressure, temperature,
etc. There is a slight asymmetry between am and pm in the
difference between the fit and the data in Figure 1 due to changes
in overhead @ The ER-2 generally departs in the morning and
returns in the afternoon. The return leg is usually at a higher
altitude and lower overheadsQresulting in 5% higher OH on
average in the afternoon compared to morning in this data set.

OH in the Tropics. The relative magnitudes of the production
and loss terms of HQN the tropics, roughly 10S to 10 N in
Figure 8, are distinctly different from those in the mid- and
high-latitudes. The primary difference is the smaller concentra-
tion of NO, relative to @, resulting in a smaller fractional
contribution of the HN@ sequences. The description of the
production of HQ in the tropics is thus greatly simplified. The
production of HQ is dominated by the oxidation of # and
CH,, with these sequences accounting for roughly 85% of the
total production rate.

The description of the loss terms is more complicated. The
reaction of OH with HQ accounts for roughly 40% of the total
removal rate, but there are significant contributions from the
other removal mechanisms. Though the role of HN®the
removal of HQ is smaller in the tropics, the simplifying
characteristics discussed in the previous section still hold. The
cancellation of the heterogeneous production and loss sequences
reduce the net removal rate of @om the four sequences
involving HNOs; to approximately the rate of removal by
sequence 4, identical to the previous discussion. However, there
is an additional simplifying condition in the tropics because the
lack of seasonal variability in the length of day precludes large
changes in N@HNO;3;, and hence, changes in the rate of
sequence 4. For tropical data, this ratio is essentially constant:
NOo/HNO; = 0.1 + 0.01.

Figure 12 shows how the net loss rates respond to changes

other loss terms but by the coincident increase in production in Oz and to the partitioning of N&NO and HQ/OH. The data

rates due to decreased overhead O
The anticorrelation between N(INOs and overhead ©

are selected for [HNg) = (1.5 0.3) x 10° molecules cm?,
SZA < 70°, albedo < 0.4, and [Q]/[HNO3] > 650. The

dampens the effect of the change in the rate of sequence 4 orfestriction on [HNGQ] limits variability in the loss terms and

[OH]. However, even if this anticorrelation were not observed,
the net perturbation to OH would be small. The net loss rate
shown in Figure 11 changes by only 50% between/NQO;

the restriction on @NOy limits the data to observations in the
tropics. The restriction on albedo reduces scatter introduced by
higher photolysis rates: the anomalously high concentrations

= 0.05 and 0.25 even though sequence 4 increases by a factopf OH in Figure 1 at SZA~ 25" correspond to observations
of 4 or 5. Expressed as a fraction, the net loss rate is constantabove high tropical clouds where the UV reflectivity is high.
to within £20% of the mean. This is because sequence 4 In this region the self-removal mechanism, sequence 9, domi-

contributes only 36:50% of the net loss without the heteroge-

nates the removal of HOThis results from the large decrease

neous removal sequence included. These data have been selectédthe concentrations of N(3pecies, not because of an increase
to obtain the greatest dynamic range in the perturbation to thein HO.. In fact, the HQ/OH ratio is observed to be lowest in

loss rate of HQ yet the net loss rate is constant to witHi20%.

the tropics where @concentrations are low, because the reaction

The same trend in the loss rates is seen with any constantOH + Oz is the primary source of HO

[HNO4] because the abundances of the other loss terms (HNO
and HQ) are influenced by the partitioning of NOIn the

The primary perturbation in the loss rate of ki®the tropics
is observed in the rate of OH HO,. A consequence of the

absence of some external perturbation, such as polar processingonstant NG’[HNOs and the restriction of the data to a constant

of chlorine compounds or denitrification, there will not be a

significant departure from the correlations shown in Figure 11.
The anticorrelation between thes ©@lumn and NGHNO;

shown in Figure 11 is not generally observed. This correlation

[HNOg] is that changes in the concentration of H&e driven
directly and indirectly by changes insQncreased @increases
HO; production from OH. At the same time, reaction with O
converts NO to N@ decreasing the conversion rate of O

results from the coincidence of the annual summertime decline OH by reaction with NO. As a result, increases ig 1€ad to

in the high-latitude @ column with the decrease in heteroge-
neous conversion of NO—~ HNOs resulting from near continu-

increased loss rates through GHHO,. Since the N@-HNO;3;
system is constant, changes in both production and loss rates
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column above the ER-2. The net effect is that OH concentrations

i T I 2 i v 1 T
|7, 4 e HO/OH ° NONO, ‘ are not significantly reduced.
° . © \° : In the tropics, the correlation between @nd NQ, changes,
g - and the fractional contribution of NCo the production and
~ loss rates decreases. Because of the lesser role ofad@
— 1 HNOs, the changes in the production and loss rates are driven
T 2 T . . . . T . mostly by changes in ©and HQ, similar to the limit of
S 104 ¢ Total o O(D)+H,0 4 O(D)+CH, - continuous sunlight where heterogeneous rates are negligible.
¥ v OH+CH, x CI+CH, 'W The changes naturally compensate, and the net effect on the
g ] . g ot ?o ,-“?f:‘" . observed abundance is small. In both the tropics and the higher
= e, 8.0 ;,,:q;-‘!'" "\ latitudes, these perturbations are small fractions of the total
R KL o e ] production and loss rate.
_‘:8;’ | M)&Wwom%wﬁ””"’3&6 o hT:le r|c])romi5[1ent role ﬁ)l%yﬁd by reacttlive ni'[roglgler:c EE th%xHO
e o G3pT photochemistry presented here is partly a result of the observa-
PR -l e tion strategy of the POLARIS mission. The mission was
o~ i * Total o OH+HO, x OH+NO_HNO, designed to obtain measurements during the period that NO
r;; 4 OH+HNO, . ;cgytrols ozone Ios? rates; hgln(t:)?, af large dlyngml_cr rr]angtfef;dftNOf
= I Y measurements is available for analysis. The effect o
L3 te, .‘M:""g‘“ﬂ"m’*ﬂ 7 chlorine partitioning on H@has not been addressed in detalil,
% hr lr* * P but it should play a significant role in the production and loss
ER  eon, w0 o T ] rates of HQ. The few measurements of OH in the Antarctic
3 S5 S ) winter polar vortex show that concentrations of OH are highly
0 oo e " ﬁWﬁfﬁWﬁW variable and strongly dependent on chlorine partitiodir@ther
T i ) " T j T " perturbations within the vortex, such as dehydrification, deni-
600 700 800 900 1000 trification, and decreased GHare also likely to have some
O/NO, effect on OH abundances. Extensive measurements of OH in

Figure 12. Ratios of NO/NQ and HGQ/OH and the net production
and loss rates of HOIn the tropics versus £ The heterogeneous
production and loss sequences of HNtve been removed from the
total rates. These data are selected for [HN© (1.5 £+ 0.3) x 1¢°

the winter Arctic vortex have been obtained in the SOLVE
(SAGE lll Ozone Loss Validation Experiment) campaign in the
winter of 2000 and will be discussed in forthcoming papers.

molecules cm?, SZA < 70°, and albedo< 0.4. Acknowledgment. We thank the pilots and crew of the
NASA ER-2 and the logistical support of NASA AMES. This
are driven entirely by changes ineOrhe other loss terms are  work was supported by the NASA Upper Atmospheric Research
small and essentially constant, so that the change in the lossProgram and the Atmospheric Effects of Aviation Project.

rate is offset by the corresponding change in the production

rate, similar to the case of continuous sunlight.

Summary and Conclusions

The remarkable relation of OH and UV flux, represented by

SZA in Figure 1, belies the complexity of the H€ystem. The

large number of reactions that result in production and loss of
HOy precludes a simple explanation for this relation. However,
the use of rate limiting steps in reaction sequences greatly
simplifies how we think of the HQsystem. Instead of dozens

of sources and sinks of HOthere are only a few: H{s pro-
duced from @, H,O, and CH and removed by N@and HQ.
In general, the production rate of H@ proportional to @
and UV flux and the loss rate is proportional to N®@he invari-
ability of H,O and CH and the correlation of £and NQ, com-
bined with control of the partitioning of N{Cby Os and HQ,

form the basis for the invariability of OH within this data set.
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