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During the 1997 Photochemistry of Ozone Loss in the Arctic Region in Summer (POLARIS) mission,
simultaneous in situ observations of N@d HQ radicals, their precursors, and the radiation field were
obtained in the lower stratosphere. We use these observations to evaluate the primary mechanisms that control
NO,—HNO; exchange and to understand their control over the partitioning betwegeaMHNQ in regions

of continuous sunlight. We calculate N@roduction Pno,) and loss ino,) in @ manner directly constrained

by the in situ measurements and current rate constant recommendations, using approaches for representing
albedo, overhead{and [OH] that reduce model uncertainty. We find a consistent discrepancy of 18% between
modeled rates of NQproduction and losd (o, = 1.18n0,) Which is within the measurement uncertainty of
+27%. The partitioning between N@roduction processes is [HNG- OH (41 + 2)%; HNG; + hv (59 +

2)%] and between NQoss processes is [NOF OH, 90% to>97%; BrONQ + H,0, 10% to<3%]. The
steady-state description of NOHNO; exchange reveals the significant influence of the tight correlation
between the photolysis rate of HYy@nd [OH] established by in situ measurements throughout the lower
stratosphere. Parametrizing this relationship, we find (1) the steady-state value pffNQ/[HNO3] in the
continuously sunlit, lower stratosphere is a function only of temperature and number density, and (2) the
partitioning of NQ production between HNO+ OH and HNQ + hv is nearly constant throughout most of

the lower stratosphere. We describe a methodology (functions of latitude, day, temperature, and pressure) for
accurately predicting the steady-state value of N a.f/[HNO3] and the partitioning of N@production

within these regions. The results establish a metric to compare observations H5NCQ/[HNO3] within

the continuously sunlit region and provide a simple diagnostic for evaluating the accuracy of models that
attempt to describe the coupled NEHO, photochemistry in the lower stratosphere.

1. Introduction

The odd-nitrogen radicals (NO= NO + NO,) play an
important role in the chemistry controlling the abundance of
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stratospheric ozone. N@adicals directly remove ozone through
the catalytic cycling of NO and Ng32 Through the coupling
between the radical families, N@nd NO indirectly buffer the
catalytic destruction of ozone by the halogen and hydrogen
radicals, respectivel§.” The abundance of NO and N@ the
lower stratosphere is largely determined by the partitioning
between N@ and HNQ, the dominant reservoir for odd-
nitrogen (NQ = HNOz + NO + NO, + NO3z + 2N,Os +
HNO, + CIONG, + BrONO, + ..). In situ and remote
observations of the nitrogen species from ground stations,
balloons, aircraft, and satellites have contributed to improving
and evaluating our quantitative understanding offMO3 (or
NO/NOy) using a variety of analytical approaches [e.g., refs
8—12 and references therein].

Figure 1 summarizes the predominant chemical reactions that
determine the partitioning of NOn the lower stratosphere. The
fast photochemistry that interconverts NO andN§Stablishes
a steady-state NO/NGatio on the time scale of seconds. The
diurnal average partitioning between plénd HNG is estab-
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Recently, a combination of observational and laboratory
=~ 00 studies have led to significant improvements in model-measure-
ment agreement under conditions where,NBINO3; exchange
A is dominated by gas-phase chemistry. Several studies using
observations from the NASA ER-2 aircraft and balloon payloads
! obtained during the Photochemistry of Ozone Loss in the Arctic

Region in Summer (POLARIS) mission found significant
OH o discrepancies in model-measurement comparisons QNG
1
HNO;

@Noy

Clo
hv
HO,
05, BrO, CIO, O3
hv

IN02 }

when using reaction rate constants recommended by DeMore
et all? (JPL 1997):218-21 Since the completion of the JPL 1997
compilation, new laboratory studies on the rate of N®
hvy OH?2223 and HNQ + OH?* have been published, showing
substantial differences between the measured rates and recom-
- D% @ mended rates at stratospheric temperatures and pressures. At
230K and 55 mbar, the rate of HNG OH recommended by
Figure 1. Schematic of primary species and reactions determining NO Brown et al**is 33% faster thar! JPL 1997. The rates of NO
partitioning in the lower stratosphere. During extended periods of + OH recommended by Dransfield et®&land Brown et af®
continuous sunlight, the chemistry controlling the partitioning between are 20% and 17% slower than JPL 1997, respectively. In a study
NO, and HNQ is greatly simplified with the minor reaction pathways  of in situ observations from the ER-2, Gao ef&found that
(dashed lines) accounting for8% of NO, to HNO; conversion. while measured N@NO, exceeded modeled NIO, by 35%
TABLE 1: NO , < HNOs Exchange Processes using JPL 1997 recommer!de_ltior_\s, this value was lowered to
11% using the new rates; similar improvements were observed

H

hv

HNO; — NO; processes in the other studies. New recommendations for the rates of these
HNO; + hv — OH + NO; (1) two reactions are provided in the JPL 2000 supplerfent.
Hgojrtvo_"f EON%S Hz0 (2a) Observations from the NASA ER-2 aircraft acquired during
NO. -+ hy — NO + Oy: NO + O3 — NO, + Os (2b) POLARIS provide a unique opportunity to examine the chem-
istry controlling the partitioning between NCand HNG.
NO, — HNO; processes During POLARIS, the instrument payload from previous ER-2
M 3 campaign&2” was augmented to include in situ observations
NO, + OH—HNO; @) of NO; by direct laser-induced fluorescence (LA%gand of
NO, + NO;, M N,Og (4a) CIONG; by resonance-fluorescence detection of CIO following
aerosol the thermal decomposition of CION@P These new measure-
N2Os + HZOM 2HNO; (4b) ments improve our ability to assess the photochemistry of NO
BrO + NO, — BrONG, (5a) by (1) increasing confidence in our ability to accurately measure
aerosol NO, as evidenced by the strong agreement between the
—_— 5b
BrONO, + HNfO HOBr + HNO, (5b) measurements of NQby LIF and those by the NOAA NO/
ClO + NO, — CIONO, (6a) NO2/NOy, chemiluminescence instrumefitand (2) reducing
CIONO, + H,0 aerosol L oC] + HNO, (6b) uncertainty associated with inferences of CIONO

In a recent analysis of N©O-HNO3 chemistry using ER-2
lished by the slower reactions or series of reactions that Observations from POLARIS, Cohen et'&lused a chemical
exchange between N@nd HNQ. These exchange processes Ccoordinate approach to evaluate the observations, concluding
are summarized in Table 1. Throughout most of the lower that the relative rate of HN§formation through N@ + OH
stratosphere, the nighttime formation of®$ coupled with the ~ @nd N:Os hydrolysis is accurate when the new reaction rates
heterogeneous hydrolysis of,8 on sulfate aerosols is an ~are used. In addition, the study found that the fractional
important pathway for conversion of N@ HNO;.13-15 At high contribution of HNQ + OH to total NQ production Ernos+oH)
latitudes during summer, the presence of continuous sunlightSpanned a very narrow range within the POLARIS data set
inhibits the formation of NOs, so that exchange between NO  and thus provided little information about the accuracy of our

and HNGQ is dominated by three gas-phase reactions: knowledge of the rate of HN§+ OH relative to the photolysis
of HNOs. Funoston Will vary with altitude; using the high-
HNO; + hv — NO, + OH (R1) latitude, springtime measurements by the balloon-borne FIRS-2
instrument, Jucks et &.found thatFuno,+on dropped from
HNO, + OH— NO; + H,O (R2a) ~0.4 t0 <0.1 at the highest altitudes of 380 km. The study
examined the ratio of measured to modeled [HN&3 a function
NO,+ OH+ M — HNO; + M (R3) of the fractional contribution of HN® photolysis to total

production Eunos+hw) and found a tendency for measured/
simplifying the photochemical description of the system. Under Mmodeled HNQ to decrease from~1 to ~0.8 asFunos+hw

these conditions, we find that the hydrolysis of BrON®,Os, increases from 0.6 to 0.9, indicating a possible error in the
and CIONQ on sulfate aerosols typically accounts for less than calculation of the HN@ photolysis rate.

5%, 3%, and 0.002% of the conversion of N@ HNO;, Our analysis focuses on evaluating the primary mechanisms
respectively. Other potential sources of N6uch as alkyl controlling NO—HNO3; exchange in the continuously sunlit

nitrates and PAN, which can be important in the troposphere lower stratosphere and understanding their control over the
and “lowermost” stratosphere, are not important at the altitudes partitioning between N@and HNGQ in this region. Thus, we
being considered here, 15:20.5 km (potential temperatures effectively eliminate uncertainties associated witOhforma-

of 418-542 K)16 tion and hydrolysis and examine the gas-phase chemistry in
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isolation. Using in situ measurements of MO, NG, OH, TABLE 2: Summary of Measurements

HO;, CIO, s, CIONO,, particle surface area, overhead, O flight date no. of observations latitude rangal)
temperature, and pressure, we develop an observationally 970506 =4 732734
constrained model of NQproduction and loss. This approach 970513 303 724825
improves precision and accuracy in our analysis, helping to 970626 637 64.777.1
elucidate the factors controlling the behavior of the system in 970704 304 65.271.1
this region. Calculated production and loss, which should be 970707 1206 66.289.8

equal in this model, are used to characterize (1) the overall

accuracy of the model, (2) the precision with which the model directlaser-induced fluorescence (LIF) detection technigefhis
captures atmospheric variation, and (3) the relative importanceinstrument measured the concentration ofNI®O,]HRVP) with

of the NQ, production and loss processes. By evaluating these an estimated systematic uncertaintytef0% =+50 pptv and an
observed characteristics in the context of a general steady-average precision at40 pptv for data reported at 10 s intervals,
state description of N@-HNOs; exchange, we show that the ~demonstrating that this technique is a sensitive and selective
system is largely controlled by the relationship between the method for the in situ measurement of N@n the discussion
photolysis rate of HN@ (Juno,) and the concentration of OH of systematic errors, the notatianA% +B pptv is used where
([OH]). In situ measurements obtained throughout the lower A indicates a multiplicative error andl indicates an additive
stratosphere reveal a tight correlation betwégg, and [OH]. error as would be representative of a zero offset.) The abundance
We parametrize this relationship, developing a description of of NO, was also measured using an NO chemiluminescence
the NQ, partitioning which is fully consistent with the in situ  instrument designed to measure NO, N@nd NQ; NO, was
observations. Using this parametrized chemistry, we create mapgneasured by first converting NQo NO through photolysis
describing the average distribution of [M@in-avgf[HNO3] in and then detecting NO by chemiluminescefft&.During the

the region of continuous sunlight and the fractional contribution POLARIS mission, this instrument measured the concentration
of HNO; + OH to NO, production throughout most of the lower ~ of NO, ([NO,]NO*4) with a systematic uncertainty af10—
stratosphere. These maps provide metrics useful for comparing30% and an average precision50 pptv for data reported at
observations across platforms, for evaluating the output of 1 s sample periodsH{16 pptv when averaged to 10 s). In our
2D and 3D chemical-transport models, and for exploring the analysis, we average the [NJ3°* measurements to 10 s.

variability in Funos+on in the lower stratosphere. The [NG"RYP and [NQNO* measurements are in excellent
agreement throughout the POLARIS mission, with a linear fit
2. Observations and Derived Quantities of the measurements giving [NPRYP = 1.07[NGN°** and

' ' . an R?2 = 0.95 where the intercept is fixed at zéfoNo
During POLARIS, the ER-2 aircraft completed 25 flights  improvement in this fit is observed when the intercept is allowed
between April and September 1997 with the majority of these to vary. For the purposes of this analysis, we combine the two

flights originating from Fairbanks, Alaska (65, 150 W). In sets of data by splitting the difference between the measurements
this paper, we restrict our analysis to observations obtained inand defining an average N@oncentration, [Ng = (0.965x
regions of continuous sunlight and for which the N®INO3 [NO2]HRVD + 1.035x [NO,]NOA4)/2 when both measurements

system is expected to be in diurnal steady state (DSS), i.e., noare available, or [Ng = 0.965 x [NO,]HRYP or [NO,;] =
net exchange between N@nd HNQ integrated over a day.  1.035 x [NOZ]N°** when only one is available. For both
In continuous sunlight, the DSS partitioning between,N@d measures of N@ the systematic uncertainty is smallest at the
HNO;z is predominantly a function of temperature and pressure highest altitudes where the mixing ratio of N@® greatest. The
(section 4). In section 4, we show that this partitioning is typical systematic uncertainty for [N{YRVP (including the+50
independent of latitude provided the solar zenith angle (SZA) pptv additive error) is£13.5% at 20.3 km;£16% at 18.3 km,
is less than approximately 74t local noon and does not exceed and +£20% at 15.5 km [or at air number densities ([M]) of
94°. Air parcels recently advected from latitudes outside of this (1.7, 2.3, and 3.5} 10'8 moleculescm3]. For [NO,]NOAA,
region are not expected to be in DSS. Since thgNENO3 the corresponding systematic uncertaintiesdaté.5%,+16%,
system approaches DSS on a time scale roughly equal to theand +20%. Where both measures of N@re available, the
lifetime of NOx (Tno, ~ 3—8 days with a median value of 5 systematic uncertainty in the average J@ill be less than
days), we limit our analysis to observations that have satisfied that due to either measurement alone. (Throughout this analysis,
these restrictions on SZA over the preceding lifetime ofiNO  systematic uncertainties in the measurements and rates are
In addition, the potential temperatur@)(at the time of  assumed to be independent and random and are added in
measurement is required to be in excess of 400 K to eliminate quadrature.) However, because both measures are not always
measurements in the upper troposphere and “lowermost” strato-available, we use the systematic uncertainty for JN®P as
sphere; this requirement effectively restricts the mixing ratio an upper limit to the uncertainty in this average [NO
of O3 to be greater than 0.8 ppm. We also require SZ&80° Other In Situ Observations. In addition to the N@
at the time of measurement so that the concentration of OH is gbservations, this analysis uses simultaneous observations of
sufficiently large as to not introduce excessive uncertainty into NO, NQ,, OH, HQ,, CIO, CIONG,, Os, H20, N;O, pressure,
the determination of [OH] throughout the day ([OH(time)] as temperature, and particle surface area density. The detection
described below). Approximately 2500 observations from five technique, reporting interval, systematic uncertainty)(hnd
different flights satisfy these criteria. These observations range precision (b) for these species are summarized in Table 3. We
in altitude from 15.2 to 20.5 km¢(from 418 to 542 K) and infer the measurement precision for the reporting interval by
temperature from 224 to 234 K. The flight date and latitude analyzing the scatter about a running median filter through the
coverage of these observations are provided in Table 2. reported flight data. While these estimates are representative
NO, Observations. Two independent measures of pére of the short-term precision of the instruments, they provide only
available for the POLARIS mission. A new instrument designed a lower limit on the long-term precision of the measurements
for the in situ detection of Ng CIO, and CIONQ from the which will be influenced by systematic errors that vary flight-
NASA ER-2 aircraft provided measurements of N@sing a to-flight or over the duration of a flight. All observations are
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TABLE 3: ER-2 In Situ Observations

reporting estimated systematic  averagé

species detection technique reference interval (s)  uncertainty (&) precision (b)
NO,HRVD laser-induced fluorescence Perkins etal. 10 +10%+50 pptv +40 pptv
NONOAA photolysis/chemiluminescence Del Negro etal. 1 +10-30% +50 pptv
NO chemiluminescence Fahey etdl. 1 +6% 44 pptv +13 pptv
NOy catalytic conversion/chemiluminescence Fahey &t al. 1 +10%+100 pptv  £80 pptv
OH laser-induced fluorescence Wennberg éf al. 2 +13%+0.01 pptv  +0.03 pptv
HO; reaction with NO/ laser-induced fluorescence Wennberg ¥t al. 2 +15%+0.01 pptv  £+0.15 pptv
H.O photofragment fluorescence Hintsa et'al. 4 +5% +0.11 ppmv
Clo resonance fluorescence Bonne efal. 35 +15% +3 pptv
CIONG; thermal dissociation/ resonance fluorescence  Bonne®@t al. 35 +20% +10 pptv
O3 UV absorption Proffitt et a¥? 1 +5% +6 ppbv
N,OATLAS laser absorption spectroscopy Podolske and Loewefstein 1 +2.5% +1.8 ppbv
N,OALIAS laser absorption spectroscopy Webster &t al. 3 +5% +1.3 ppbv
Oscolumn  spectroradiometer MCcEIr8y 132 +3% +1DU
over ER-2
pressure pressure sensor Scott &t al. 1 +0.3 mbar +0.06 mbar
surface area  aerosol spectrometer JonssorPet al. 30 +60% +0.03um?/cm?
temp temp sensor Scott et®l. 1 +0.3K +0.25K

a Average precision at the reporting interval.

averaged to 10 s prior to analysis. For the species reported lesss calculated to bet17% (including the+100 pptv additive
frequently ([CIO], [CIONQ], and particle surface area density), error in NG) for the typical mixing ratio of HNG.
linear interpolation is used to infer the concentration between Diurnal Variation in NO ,, OH, and BrONO,. Under
measurements. The CIO and CION@ata are smoothed using  conditions of continuous sunlight, the diurnal variations in [NO
a running median filter with a time interval of 3 and 1.5 min, and [HNG;] are negligible, approximately 3% and 1%, respec-
respectively, prior to interpolation. tively. With [NO,] constant, the diurnal behavior of [NDis

Photolysis RatesThe photolysis rate for a chemical species controlled by the diurnal variation in the partitioning between
depends on the absorption cross section of the species, theNO and NQ. This partitioning is established by the dominant
quantum vyield for dissociation, and the actinic flux. For this exchange processethe photolysis of N@ and the reactions
paper, local radiative conditions are determined using a radiativeof NO with Oz and CIO. The contribution from the other
transfer model described by Prather ef%ahnd used in the NO—NO, exchange processethe reactions of NO with BrO
analysis of stratospheric observatidhd%3® The radiative and HQ—is negligible <2%). Thus, the SZA dependence of
transfer model accounts for the principle factors influencing the NO/NO; is determined by the SZA dependencegs, and CIO
radiative conditions-SZA, ozone column above the ER-2 and is well described by the instantaneous steady-state relation-
(overhead @), albedo, cloud height, and local temperature. ship; for POLARIS, Del Negro et &P report an average
Absorption cross sections and quantum yields are based on thaliscrepancy of 6% between observations of NOfN@d the
JPL 1997 recommendatiok&For the production of GD) from steady-state relation. Specifically, the diurnal variation in fNO
the photolysis of @ the quantum yields recommended by is given by
Michelsen et aP*are used. The JPL 2000 supplement provides
a new recommendation for the quantum yield of@)( for the ) [NO,]
calculation of HQ production discussed in the next section, [NO,(time)] =
the impact of this new recommendation is smat506). [NO] 1
Photolysis rates are calculated at3 min intervals along the [NO,]
ER-2 flight track and linear interpolation is used to infer
photolysis rates between these points. At each of these points, [NOJ
the diurnal behavior of the photolysis rates is characterized by = I (time) ()

: o Y e NO

running the radiative-transfer model from midnight to midnight 2 +1
at 15 min intervals. Kno+o,[03] + Kuo+ciolClO(time)]

HNOs. The concentration of HN@is calculated from
measurements of NONO,, NO, and CIONQ as

where [NQ] and [Gs] are measured directly and a parametriza-
[HNOJ] = Fion of ClO with SZA, con.strained to match the measurement,

is used to describe the diurnal behavior of CIO.

[Noy] — [NO,] — [NO] — [CIONG,] — [HNO g5 (1) This method of determining the concentration of N@er a

24 h period is based only on in situ observations and the well-
where [HNQ]ssis the calculated steady-state concentration and understood NO/N@ratio; thus, the systematic uncertainty in
[BrONO;] is negligible. For the data included in this analysis, [NOy(time)] is close to that of the measurements themselves.
the typical partitioning of NQis 14% NGQ, 10% NO, 3% The systematic uncertainty of [N@ime)] is estimated to
CIONO,, and 3% HNQ. The remaining 70% is assumed to be be £13%, £14%, and+16% for [M] equal to (1.7, 2.3, and
HNOs;. Since the formation of pOs is inhibited by continuous ~ 3.5) x 10'® moleculescm=3 given the corresponding uncer-
solar illumination, these air parcels tend to hau@3% of NG, tainty in the concentration of N©-+8%, +10%, and+12%
present as bOs. Using a systematic uncertainty &f16% for at these values of [M}and that estimated for the quantity
NO; and those given in Table 3 for NONO, and CIONGQ, (INOJ/[NO,] + 1), £10%. The percentage uncertainty in NO
estimating a possible error 6f1.3/~3 for HNO,4, and assuming is less than that of N©because of the accuracy of the NO
the errors are independent, the systematic uncertainty in HNO measurements.
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The concentration of OH is important to the calculation of the error in our calculation. This discrepancy may arise from
NOy production and loss rates. Despite the complexity offHO errors in the observations, the calculated photolysis rates, or
photochemistry, the concentration of OH in the lower strato- the rate constants, as well as through omissions in the chemical
sphere is observed to be tightly correlated with solar zenith description of the system. We note that any small deviations
angle3>36 The SZA dependence of [OH] observed during from DSS would tend to be random, increasing the scatter in
POLARIS is used to describe [OH] as Pno/Lno, but not introducing a bias.

Factors that degrade the accuracy and precision of our analysis
[OH(time)] = [OH],(94 — SZA(time))/(94— SZA) (3) can significantly influence our interpretation of the N&ystem
or mask characteristics that provide insight into the behavior
where [OH} and SZA are the values at the time of measure- of NO,—HNO;3 partitioning. Poor precision creates scatter in
ment. the data, but does not affect the average valu®aj/Lno,

The concentration of BrONgbver the 24 h integration period  (because of the large number of observations). Any systematic
is calculated from estimates of total inorganic bromine)XBr  error, however, will shifPno/Lno, from the expected value of
and the instantaneous steady-state partitioning of the major1. We first focus on identifying and minimizing the effect of
inorganic bromine species (BrO, BrONCHOBr, and HBr) these factors. Specifically, we show that albedo, overhead O
constrained by in situ measurements where possible. The valueand OH exert sufficient control over the NOHNO3 system
of Bry is estimated using measurements gDNogether with that inaccuracy or imprecision in these terms can introduce
an N;O—Bry relationship?” For the data considered here, the enough uncertainty or scatter to hamper our analysis.

calculated concentration of BrON@nd the concentration found Factors Influencing Precision and Accuracy of NQ—
using the full photochemical steady-state model of Salawitch HNO3; Models. A. Albeda The calculated photolysis rate of
et al33 agree well, with an average difference of only-14%. NO; is sensitive to albed® Often, the albedo below the air
The estimated systematic uncertainty in [BrOfjiS +35% and parcel at the time of measurement, the “instantaneous albedo”,
is dominated by the uncertainty in Br is used to assess NGhemistry. While the observed partitioning

For this analysis, calculations are performed using JPL 1997 of NO, between NO and N©will reflect this albedo, the
recommendationt$ with updates provided in the JPL 2000 observed partitioning between N@nd HNQ reflects average
supplemeri for all rate constants and reaction probabilities. NO, to NO partitioning conditions, rather than instantaneous

conditions. Thus, N@HNO; depends on the albedo history of

3. Evaluating the Model of NO,—HNO3 Exchange the air parcel over a period of days (on the order-eB83iays).

Processes We capture this history by integrating daily TOMS reflectivity
In this section, we present a detailed analysis of our datawith 10 day back trajectories calculated using the Goddard

understanding of the processes that control,NBNO; ex- Space Flight Center (GSFC) Isentropic Trajectory Model. These

change in regions of continuous sunlight, providing a framework trajectories_ are available for air parcels at 7 min intervals along
in which to examine the behavior of the system from the more the ER-2 flight track. .
general approach taken in section 4. We use calculations of the We define an “effective albedo” for the NOHNO3 system

production and loss of NQintegrated over the dayyo, and as a ngghted average of the albedo alon'g the back trajectory.
Lno, to quantify (1) the accuracy of our model of NEHNOs Assuming that the diurnal steady-state ratio of,N®OHNO:; is
exchange through the agreement betwBgs, and Lno,, (2) established on a time scale equivalent to the lifetime of NO

the precision of our model (e.g., its ability to capture atmospheric @nd that this ratio will reflect the albedo over the most recent
variation) through the scatter Pyo/Lno,, and (3) the relative  history more strongly than the albedo experienced days prior
importance of the various N@roduction and loss mechanisms. 0 observation, we define the effective albedo as

Through the strict selection criteria, we specifically isolate

the system of gas-phase NEHNO3 exchange processes and f Y0 expl/tyo) dt
limit the analysis to observations for which we expect thgNO Atrective = 0 (6)
HNOs system to be in diurnal steady state. For these conditions, /;) " expt/zyg) dt

only the reaction&Runos+oH, Rinos+hw, Rno,+on, aNdRerono,+H:0

are important. (Throughout this paper, we will use the abbrevia-
tion Rx+v to refer to the reaction of species X with Y. Similarly,
the rate constant for the reaction of species X with Y and the
photolysis rate of species X will be written &gy and Jx,
respectively.Pno, andLyo, are calculated directly from the in
situ observations and the expected diurnal behavior of the
participating species (section 2):

where A(t) is the albedo along the back trajectory. An un-
weighted average of the albedo along the back trajectory is
typically within £0.05 of this method; the instantaneous albedo
differs from the effective albedo by up to 0.6. Linear interpola-
tion is used to estimate the effective albedo between back-
trajectory calculations. For photolysis rates calculated using
effective albedo, an average cloud height of 590 mbar is used.
. In the calculation 0Py, andLyo,, we determine [Ng] from
PNOx - f24h JHNOs[HNO3] dt + the direct measuremen%f N@ngx the steady-state relation for
NO/NO; (eq 2), using the effective albedo to calculdg,.
=/;4h Ko, +or[OHI[HNO] dt (4) This deS((:ri%es) the pgrtitioning between NO and,N@er the
time period in which the exchange between N&bd HNQ
Lo, = j; ah kNOZ +oulOH]INO,] dt + established a steady state. The result of using the effective albedo
is seen in Figure 2 where we plot the percent deviation from
f24h kBrONOZ+HZO[BrONOZ] dt (5) the mearPno /Lo, Versus the difference between the effective
and instantaneous albedo. In panel a, the instantaneous albedo
Because we select for parcels in DSS, we exprel, = Lo, is used to determine the partitioning between NO and,..NO
and Pno/Lno, = 1. The discrepancy between the computed When the instantaneous albedo is much less than the effective
values ofPyo,/Lno, and the expected value of 1 is a measure of albedo, the calculated [N will be higher than actually



1526 J. Phys. Chem. A, Vol. 105, No. 9, 2001 Perkins et al.

e ! = = TABLE 4: HO , Production and Loss Processés
30 | @) Instantaneous Albedo R
HOy production HQloss

20 | | reaction yield % oPyo, reaction yield % oLuo,
1 H.O + O(*D) 2 34+ 4 HNOs; + OH 1 15+ 1
1 CH,+ O(*D) 2 6.1+ 0.9 HNQ,+ OH 1 12+ 1
. H. + O('D) 2 17+£02 NO+OH 1 40+3
1 HNO; + hy 1 30+ 3 HCI+ OH 1 5.8+ 0.6
” 1 HNO,; + hv 1 12+ 2 HO, + OH 2 57+ 1.6
1 H,CO+ ? 2 1242 HO, + NO, 1 214+ 3
h CH; + Cl 1 50+ 24

8 a Percentages reported for calculations using JPL 200Q0&/aY.
1 5Only the HCO + hv — H + HCO channel is counted as a KO
20 o source.

B. Overhead Q. Because HN®@ photolyzes primarily in
the UV, uncertainty in the calculation of NQroduction is
introduced through uncertainty in overheag Studies of NQ
chemistry using aircraft measurements use a variety of tech-
niques to determine overhead.On this section, we evaluate
N ;- o, two common techniques, isolating and quantifying the uncer-
04  -02 0.0 0.2 0.4 0.6 tainty in Pno, associated with imprecision in overheagl ®his
Effective Albedo - Instantaneous Albedo analysis provides a measure of the uncertainty introduced by
Figure 2. Percent difference from mean valueRifo/Lno, versus the overhead @ in prior analyses using these techniques and
difference between effective and instantaneous albedo, where thehighlights the importance of a precise measure of overhgad O
instantaneous albedo (panel a) or effective albedo (panel b) has beerfor analyses relying on high precision to isolate errors ingNO
e v s v o s s v e (01 HO) photochemisty (6. ref 12). We consider the
equally spaced intervals along the abscissa. following m(_athods of determining overhead:O
(1) Satellite measurements of the total ozone column may
experienced over the preceding few days and N€s through be combined with a vertical distribution of;@ infer overhead
NO, + OH will be overestimated, resulting in an artificially ~Os. For POLARIS, a latitude-dependent climatology for the
low value for Pyo/Lno,. Similarly, when the instantaneous Vertical distribution of Q for each POLARIS deployment is

Percent difference from mean NO_ Production/Loss

albedo is much greater than the effective albedo, NGl be developed based on local profiles provided by ozonesondes
lower than average, NQ@oss will be underestimated, afgo/ deployed from Fairbanks, AK, in situdneasurements obtained
Lno, will be artificially high. This trend is observed in the data. during ascent, descent, and vertical dives of the ER-2, and a
The use of effective albedo reduces the dependendgf satellite-based climatology for profiles of;® that is used for

Lno, on the difference between effective and instantaneous altitudes above those accessible by ozonesondes. These clima-
albedo by a factor of 3. tological G; profiles are multiplied by a constant factor to scale

While some of the other factors influencing the partitioning them to match measurements of total ozone column by the Earth

between NO and N§namely Q, temperature, CIO, BrO, and  Probe TOMS instrument. The estimated total uncertainty in these
HO,, vary significantly within the data set due to the range in Overhead @ calculations is+=20 DU, and photolysis rates
altitude, location, and time of the observations, the changes alongcalculated using overhead; @ferred in this manner are denoted
the back trajectory of the air parcel are relatively small and we JiéEE.LELQ .
use the conditions at the flight intercept in assessing the (2) Spectrally resolved measurements of the radiation field
partitioning between NO and NOThe difference between the  from an on-board radiometer may be used to infer overhead
temperature at the time of measurement and the weightedOs. During POLARIS, the Composition and Photodissociative
average along the back trajectory<$® K for 90% of the data ~ Flux Measurement (CPFM) instruméfon board the ER-2
(3.6 K max), corresponding to a difference ©2% in NG, for measured the radiation field from 300 to 800 nm, providing a
these points (4.4% max). The use of a weighted-average simultaneous measure of overhead ®@ith an estimated
temperature in eq 2 would account for this effect, but does not systematic uncertainty o3% and a precision of=1 DU.
alter the conclusions of this analysis; i© expected to be largely  CPFM estimates of overheac @r large solar zenith angles,
invariant over the period of a few days; Fahey et°akport a i.e., SZA>80°, are not used due to a significant decline in the
maximum net ozone loss rate of 15%/month. Finally, ClO, BrO, precision and accuracy of the measurement. Photolysis rates
and HQ are sufficiently minor contributors that even relatively calculated using CPFM estimates of overheada@ denoted
large changes are insignificant. I o

Figure 2 demonstrates that the use of instantaneous albedo To evaluate these measures of overhegds@ combine the
in assessing NE-HNO; partitioning may either introduce  analysis of the NQsystem described above with an analogous,
additional scatter or a bias into an analysis (e.g., in cases wherebut distinct, analysis of the HQOH + HO,) system that is
all of the data are collected over an ice sheet, the instantaneousonstrained by in situ measurements. Hanisco &t ekamine
albedo will be systematically larger than the effective albedo). the chemistry controlling the production and loss of Hi®the
Using the effective albedo reduces this source of error and islower stratosphere. In Table 4, we summarize the relative
more appropriate for assessing NHNO; partitioning. These importance of the primary reactions controlling Htboduction
results are in agreement with a recent study by Voss #tial. and loss in the high-latitude, lower stratosphere during summer.
which use of a climatological average albedo reduces scatter inUnder these conditions, HOs in instantaneous steady-state.
model-measurement comparisons of CIONECI where the We use the model of HOchemistry described by Hanisco et
time constant for the system is 5 to 10 days. al 3% together with the in situ measurements, photolysis rates
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(1l ' +‘JPLI199LJ? ai Satellite Inferred | influence over both systems. Both the Hend NQ systems
O —e—JPL2000| Overhead O, (TOMS) are sensitive to overheada.(_)Whlle the large number of
toll % Aveage 3 > production and loss terms in the K@ystem reduces the
c sensitivity ofPno, andLpo, to errors in any single rate constant
or photolysis rate, all HQproduction processes are directly
dependent upon UV flux and thus upon the estimate of overhead
O3 used in calculating the photolysis rates. In addition,xNO
] production has a strong dependence on UV flux through the
o photolysis of HNQ. Intra- or interflight precision of roughly
+15 DU overhead @would be necessary to account for the
4 extent of the correlation. The determination of overheaft@n
satellite observations (TOMS) is based on limited information
g . on the ozone profile. Because the difference between the actual
——t— and assumed ozone profile can vary over the spatial range of
L1E b) In Situ Observations off an ER-2 flight or from flight to flight, the direction and
Overhead O, (CPFM) magnitude of the systematic bias in the overhega@€imates
LOF ' 5 O g 7 using this method are variable, probably degrading the long-
' N : ] term precision to that of the systematic uncertaint2@ DU)
and accounting for the correlation observed in panel a. Because
the correlation of errors is absent when in situ based estimates
of overhead @ provided by CPFM are used, this analysis
demonstrates that in situ based estimates of overhgaareO
] = o ] significantly more precise than that based on satellite measure-
0.6 TR & —LJPL o571 ments of the tota] @column and chmgtologpal Qprofllt'es..
] While the CPFM instrument has participated in ER-2 missions
© —e—JPL 2000 .
05k ¥ Aveiage i since 1993, the CPFM measure of overheach@ not been
. . . extensively used in analyses of ER-2 observations, at least in
0.5 0.6 0.7 0.8 0.9 1.0 part because the value of its more precise representation of
NO, Production/Loss overhead @ was under appreciated. In this analysis, we use

Joetits where available, reducing the standard deviation ex-

ments in regions of continuous sunlight. The production and loss rates pressed as a percent of the mean (a measure of the scatter) from

are determined for both JPL 199Z%,(a) and JPL 2000, ®) rate 11.1% to 7.5% foiPuo,/Lro, and 8.2% to 6.5% foPno /Lo,

constants. Satellite-inferred (TOMS) and in situ based (CPFM) overhead We note that variations in overheads; @long the back

Os estimates are used to calculate photolysis rates for the results intrajectory should not significantly affect the NOHNO; system

panels a and b, respectively. For each set of calculations, the averagq,nder conditions of continuous sunlight. While both the

value and standard deviation of the measurements are CaICUIatedphotonsis rate of HN@and the concentration of OH are im-

for equally spaced intervals along the abscissa as well as the overall . .

average £). portant in NQ—HNO; exchange and both quantities are affected
by overhead @ we show in section 4 that it is the ratio

calculated using instantaneous albedo, and the recommended2«9HNos//2,{OH] that drives the N@-HNOs partitioning
reaction rate constants to directly calculate the instantaneous?nd that this ratio is nearly constant in regions of continuous

09+
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Figure 3. Puo/Lto, versusPno/Lno, inferred from in situ measure-

production and loss rates for HQPno, and Lyo,). Pho, and sunlight.
Lio, are only calculated for measurements at SZA0° where C. OH. Throughout the lower stratosphere, OH exerts
HO, modeling is more accuraé.As with the NQ analysis,  significant control over the partitioning between Neahd HNGQ

systematic errors in any of the inputs will shfto /Lo, away _such that _differences in the treatm(_ant of OH can afft_ect the
from the expected value of 1, while imprecision in an input interpretation of analyses of N@hemistry. In our analysis of

will introduce scatter intd®Puo/LHo,. the HQ, system, we use the in situ measurements to directly
In the lower stratosphere, the photochemistry of the, BiG constrain the calculation oPyo, and Luo, which allows

NO, systems are highly coupled, e.g., through the reactions assessment of the accuracy of;—_ﬁhotochemls_try. The average

RnOy+0H, Ranos+or, andRanos+n- These calculations @ /Lo, value of Pho/LHo, calculated using the reaction rate constants

and Pyo/Lno, are constrained by the same reaction rates, recommended by JPL 2000 and the in situ based estimates of
photolysis rates, and in situ measurements. The advantage oPverhead @is 0.76- 0.06 compared to the expected value of
this analysis is that these calculations are independent so thafl. We note that while the use of JPL 2000 instead of JPL 1997
errors in the HQ photochemical model are not propagated to significantly shifts Pno/Lno, toward the expected value of
our assessment of N@nd vice versa. The analyses will both 1, no improvement is observed in the rat®uo/Lio,
reflect imprecision or errors in common terms. (Pro/LHo, = 0.74 £ 0.05 for JPL 1997). In the HOsystem,

In Figure 3,Pro/Lho, is plotted againsPyo/Lo, Using either the updates in JPL 2000, an increas&ko,+on and a decrease
satellite-based (panel a) or in situ-based (panel b) estimates ofin kno.+on, tend to cancel because both reactions arg ld€s
overhead @to calculate photolysis rates. In panel a, the results Processes. The value ¢to/Luo, is near the limit of the
using the satellite-based overheaglgdtimates show a positive ~ €stimated & uncertainty associated with the in situ measure-

correlation betweeRyo/Lno, andPho /Lo, The ratios calcu- ~ ments alone<{30%).
lated using in situ based estimates of overheadsi@wn in Using this same model, calculations of [OH] constrained by
panel b are more compact in bd®o,/Lno, andPro/Lio, and the in situ measurements would underestimate [OH] by 30%

exhibit no significant correlation. A correlation between these when compared to the measured [OH] ([QEL= 1.3[OHca).
ratios occurs when there is imprecision in a term with significant This level of discrepancy between measured and modeled
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[OH] can influence our interpretation of the accuracy of Approximate Pressure (mbar)
NOx chemistry. For instance, using [O4} in our analysis of
Pno/Lno, would lead to a value of about 1.0, compared to the ,
value of 0.85 that is found using measured [OH]. In a recent 3 o JPL2000 --~- Fit al
analysis of the POLARIS data using a trajectory model to ' Expected e meady-viat: .
examine the radical species, Pierson ét &dund modeled [OH]

to be 22% lower than measured when using JPL 1997 rates
and 30% lower than measured when using the new rates
recommended by Brown et 24 The authors attribute the
change in the model-measurement agreement of [OH] to the
chemical coupling between H@nd NQ within the trajectory
model. The discrepancy between calculations of [OH] and
measured [OH] varies significantly within the observational data
set of the ER-2; in the 1994 ASHOE/MAESA mission with
the bulk of observations in the mid-to-high latitudes of the
southern hemisphere from fall through spring, [@H]=

(1.1 & 0.2)[OH]meas®® In our analysis of NQ chemisty, we
eliminate the influence of errors in HQhemistry and the
influence of the feedback between KHénd NQ by using the

in situ measurements of OH which are reported to be accurate
to +13% (Table 3).

Assessing the N@-HNO3; Photochemical Model. The
values ofPno/Lno, calculated using the recently revised JPL
2000 rate constants are plotted versus [M] in Figure 4a. The
average value oPno/Lno, is 0.85+ 0.06, compared to an
expected value of 1. Equivalently,no, = 1.18Pno,. The
combined uncertainties in [Nf@ime)] (£13% to+16%), [OH-
(time)] (£13%), and HNQ (£17%) result in a systematic — S R —
uncertainty foPyo /Lo, of about27% over the range of [M] 2.5 3.0 3.5 4.0
presented. On the basis of current JPL recommendations, the M] (x10"* molecules-cm™)

E;(;esr/tcejlilvnigis j'_“;-NE_?z;gg a}l.ng\]?gzzpitc?isce)l? %rsl_eszt(;n(;gt?gptgrg ean Figure 4. (a) Pno/Lno, versus [M] inferred from in situ measurements

) ' s : obtained in continuous sunlight and JPL 2000 rate constants. The black
uncertainty factor of 1.15 fokuno,+on at 298 K? we use @  dashed line is a linear least-squares fit to the data and the solid line
factor of 1.3 to account for the added uncertainty at 230 K. marks the expected value of 1. The black error bars represent the total
These uncertainties increase the total systematic uncertainty inestimated systematic uncertainty from uncertainties in OH, gjidod
Pno/Lno, to +37%/—34%. Using a linear least-squares fit to  NOz The gray error bars indicate additional uncertainty associated with
the data, we find thao, /Lo, exhibits almost no trend with uncertainties in the rate constants and photolysis rates. (b) Fractional

. 8 s contribution of HNQ photolysis ) and reaction with OH (light
[M]; the observed change Po/Lno, for a 13* moleculescm gray circles) to total NQ@production for the measurements included

change in [M] is—1.3%. Thus, both the primary exchange in panel a. (c) Fractional contribution of the reaction NOOH (O)
reactions between NOand HNG and their combined [M] and the hydrolysis of BrON©(light gray circles) to total NQloss
dependence using the JPL 2000 recommendations are consisterfier the measurements included in panel a.

with the observations under conditions dominated by gas-phase

processes. loss of OH show considerable variation, including among others
In Figure 4, panels b and c, we present the fractional con- HNO; [(5.9-16.8) x 10° moleculescm™3], O3 [(2.9-6.4) x
tribution of the four principal reaction®Runos+oH, RaNos+hws 102 moleculescm], H,0 [(7.6—15.7) x 102 moleculescm™3,
Rno,+om and Rerono,+H,0, t0 the production and loss of NO  and NQ [(5.7—32.5) x 108 moleculescm3]. The partitioning
This measure of the partitioning between the foduction between the N@production processes remains constant despite
and loss processes in this region is directly constrained by in this variability due to a strong correlation betwegmo, and
situ measurements of the principle species involved, i.e3,NO [OH] combined with the narrow range of observed temperatures
OH, and NQ. Partitioning between the two production reactions (224-234 K). This correlation is central to generalizing the
is remarkably constant in the summertime high latitudes with behavior of the N@-HNOs system which is discussed in
HNOs photolysis accounting for (5& 2)% and HNQ + OH section 4. In a detailed analysis of KlGhemistry, Hanisco et
accounting for (41 2)% of the production. This consistency  al36 present the processes which combine to make [OH] in the
persists despite the significant variability in the terms influencing lower stratosphere primarily a function of SZA and overhead
the photolysis rate of HN@and the concentration of OH that  Oa.
results from sampling over a large spatial (latitudinal and  During periods of continuous sunlight, the N@ss rate is
vertical) and seasonal extent. These air parcels experienced aominated by the recombination of OH and NO form HNG;.
range of solar exposure conditions from cases where the SZAThe fraction of NQ loss through BrON@hydrolysis is small,
remained almost constant near°@® cases where the SZA  decreasing from 5 to 10% at [M} 3.5 x 10'® moleculescm™3
varied between #land 92 over the course of the day. In  to less than 3% at [MK 2 x 10'® moleculescm™3. This trend
addition, the overhead £n this data set varies by a factor of is primarily related to a decrease in aerosol surface area density
2, ranging from 150 to 300 DU, with a corresponding change with increasing altitude. Surface area density decreases from
in Juno, (Normalized to a SZA of 67% of (2.9-5.0) x 1077 about 2 to 0.5um?cm® over the range of altitudes represented
s, Finally, many other factors involved in the production and in Figure 4c. The fractional contribution of BrON@ydrolysis
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to the total loss rate separates into two distinct populations atunder these conditiorf§ there is strong experimental evidence
[M] > 3 x 10" moleculescm™3. This separation is related to  that the predictions of Golden and Sniitlare correct at 298
SZA exposure throughout the day and is present, although notK.4” Since Cohen et &f found that the ratio of HN@formation
obvious, throughout the data set. Because Br@R@irolysis through NOs hydrolysis to the formation through NO- OH

proceeds throughout the day while the reaction of,Nith is accurate, a 20% change in the rate of NOOH would also

OH slows significantly as [OH] decreases at larger SZA, imply an error in the NOs chemistry.

observations for which SZA at local midnight exceeds &nd Through the direct use of in situ measurements and the strict
to exhibit a larger fractional contribution from BrONQ®y- selection criteria, the present analysis provides a highly con-
drolysis than those for which SZA is less tharf 8 roughout strained assessment of the accuracy of;[d@btochemistry; it

the day. specifically isolates the system of gas-phase ,NEANO3

The use of effective albedo and in situ based overhead O ©€xchange processes and minimizes uncertainties introduced by
contributes to the precision of the results in Figure 4. The use @r parcel history, the photochemistry of other chemical systems
of measured OH contributes to their accuracy; since ap- (6-9-, HQ), and the loss of NQ through heterogeneous
proximately 40% of NQ production proceeds through hydrolysis of NOs. In summary, this analysis provides the
HNO; + OH and [OH}ac ~ 0.77[OHneas the use of calculated ~ following context in which to evaluate the NGystem using
OH would result in a~15% higher value for averag@o/Lno, a more general approach as is done in the next section:
with a much greater uncertainty. Uncertainty in calculated OH (1) Pno/Lno, is remarkably consistent, indicating that the
can obscure errors in the NGhemistry; the difference between ~ Present model of NOchemistry adequately accounts for the
measured and calculated [OH] is of the same order as the recenfange of conditions observed in this data set;
changes to the rate constart§e, on andkioy ok (2) the fractional contribution of the reaction HNG- OH
to total NQ, production Ennos+on) IS invariant throughout the
data set; and

(3) Rvo,+on dominates NQ@loss, indicating that neglecting
Rerono,+H,0 does not significantly affect the accuracy of the
NO, model.

Overall, the new JPL 2000 rate constant recommendations
significantly improve the photochemical description of
NO,—HNO;3 exchange; the JPL 1997 rates result in an average
Pno/Lno, Of 0.65+ 0.05 and introduce an [M] dependence of
(—7%)/(10® moleculescm™3). While the improvement in the
average value dPyo/Lno, is attributable to changes kno,+on _
and kunos+om, the reduction in the observed [M] dependence LFlz.elI\;(t)ig:s’\rll%& Fhnog+on, and the Juno,~[OH]
is due to the change in the recommended reaction probability

for the heterogeneous hydrolysis of BrONQ/sono+H,0)- In this section, ‘we e_zxamine th_e general _behavior of
Consistent with the laboratory studies of Hanson et?alPL  [NO2l2an-avd[HNO3] in regions of continuous sunlight and the
2000 modelsysrono,+H,0 @s a function of HSO, wt % (w) partitioning between the N(production processe&nos+on

whereygono,+h,0 €quals about 0.8 at < 70%, but decreases ~ and Runoy+m, throughout the lower stratosphere. Through a
sharply at highew. For the present data set, ranges from simplification of the kinetic equations governing these terms,
74.6% to 80.2% with a corresponding ranngONOZ+HZO of we show that the partitioning between h@&nd HNG in this
0.41 to 0.16, significantly less than the value of 0.8 recom- region is predominantly a function of temperature and pressure
mended by JPL 1997. Since the fractional contribution of and that the fractional contribution &nos+on to total NG
BrONO, hydr0|ysis increases with [M] (Figure 40)’ an over- prOdUCtion is between 0.4 and 0.6 thrOUghOUt most of the lower

estimate of this term will produce an [M] dependence in the Stratosphere. These results are largely a consequence of the
ratio Pnoy/L o, strong correlation between the photolysis rate of HN@d the
While we cannot rule out measurement error as the Sourceconcentration of OH observed throughout the lower stratosphere.

of the remaining discrepancy between calcul&gg, andLyo,, Neglecting the conversion of N@o HNG; through BrONQ

the discrepancy could result from errors in the rate constants,hydmes's' the diurnal steady-state expression for MO
the photolysis rates, or the description of the system, requiring

either a 30% increase ikuno,+on, @ 45% increase in the f24h kNOZ+OH[OH][N02] dt=

photolysis of HNQ@, a 15% reduction irkyo,+oH, OF some

combination for the photochemical description to be in exact Soan Jhno, 1 Kino,+orlOHDIHNO] dt (7)
agreement with the measurements. There is some evidence that

kno,+on may be lower than the JPL 2000 value used here. First, This expression may be rearranged to solve for {NM-avd
the functional fit to the laboratory measurements of,NOOH [HNOg:

suggested by Dransfield et%lis approximately 6% lower than

the current JPL 2000 recommendation for the present data set. f 3

This difference increases with decreasing temperature, reaching 24h"HNO, +k,

15% at 200 K, and reasonably reflects the residual uncertainty NO f h[OH] NO;+OH

in the rate constant under stratospheric conditions. Second, the [ 2]24Wavgz 24 (8)
analysis presented here assumes that the N@H reaction [HNOg EkNoz+0H

produces nitric acid with unit yield. This may not be the case.

Recently, Golden and Smithand Matheu and Greéninde-  yhere the concentration of HNGs taken to be constant over
pendently presented theoretical studies suggesting that they 24 1 period. The symbd represents a correction factor to
HOONO isomer may be a major product of the N® OH account for the difference between the integral of the convolu-

reaction under some conditions. For the conditions typical of tjon of OH and NQ and the integral of OH multiplied by a 24
the present data set, Golden and SHiifitedict a yield of nitric h average N@concentration

acid of only 0.8. Assuming that any HOONO produced is short-
lived and returns to N@ this yield would effectively reduce _
Lno, by 20%. While HOONO has not been observed directly f24h [OH]NO,] dt = E[N02]24h—avg f24h [OH]dt  (9)
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Figure 5. (a) [OH] versuslino, for POLARIS and ASHOE/MAESA
measurements satisfying the requiremers> 400 K, T > 195 K,
and SZA < 80° at local noon.Ji5" photolysis rates are only
available for POLARIS data obtained at SZ80°. For other data,

JneH'E photolysis rates are used. The median valud &nd

Perkins et al.
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Figure 6. Latitude—day coverage of the OH measuremenit$ $hown
in Figure 5 superimposed on the climatological mean temperatures at
55 mbar.

TABLE 5: Juno,—[OH] Relationship
JHN03/OH functional fit

100

350

OH vsJino, parabolic fit

o —3.126x 10 a —5.591x 10°1°
p 1.748x 10'? b 8.420x 10713
X 1.904x 10 c 4.852x 10713
d 83.49
e 2.025

photolysis and the concentration of OH compféhowever,

the empirical relationship between these terms has been well

established with in situ measurements of [OH] from the ER-2.
Junos and [OH]. Figure 5a shows measurements of [OH]

innerquartile range of the measurements are shown for equally spacedplotted against calculated HNhotolysis rates for all data
intervals along the abscissa. The black line is a least-squares fit of the gphtzined during the POLARIS and ASHOE/MAESA ER-2

equation, [OH]= OL\]ﬁNO3 + BIuno, T+ i, to the average values. The
parameter values are reported in Table 5.3)b,/[OH] versus SZA

for the data plotted in (a) with measurements in continuous sunlight

differentiated (light gray circles). The median value) (and inner-

campaigns. The data are restricted to observatiofis-a400 K.
We also require the temperature to exceed 195 K and the SZA

at local noon to be less than 8Q\b,~ photolysis rates are

quartile range of the measurements are shown for equally spacedonly available for POLARIS observations at SZA80°. For

intervals along the abscissa. The thin black line is a fit to the median other dataJino,

PN TE photolysis rates are used. With this large

text. The thick black line is the instantaneous steady-state value of

[NO2J/[HNO3] at 230 K and 1.73x 10'® moleculescm™2 (55 mbar).
The residuals are plotted in panel ¢, and the median val)eatid

between Ji\o,~ and Jino, = characterized in section 3

should not significantly affect the average relationship between

inner-quartile range of the measurements are shown for equally spacedOH] and Juno,. These data have good latitudinat{0 S to

intervals along the abscissa. The 586th percentile range is also
included.

For this data& is 0.96+ 0.03. Thus, in regions of continuous
sunlight, the [NQ]2sn-avd[HNO7] ratio is dependent upon the
rate constantskno,+on and kanos+on, @and the relationship
between HNQ@ photolysis and the concentration of OH.

Similarly, the fractional contribution dRno,+on to total NG
production can be written as

f24thNo3+0H[OH] dt
‘[;4h‘JHNO3 dt + L4thNO3+OH[OH] dt

Frno,ron =

kHNO3+OH
./;4hJHN03

JoufOH]

and is also dependent upon the teymJunos [ ,4[OH]. The
concentration of OH is controlled by a large number of

(10)

NO,+OH

90 N) and seasonal (mid-February through October) coverage
as shown in Figure 6. The observations show a strong, almost
linear correlation between the concentration of OH and the
photolysis rate of HN@ This correlation is well characterized

by the equation, [OH= aJiyo, + Bdnos + %, Where the
parameters are calculated using a least-squares fit to the median
values and are reported in Table 5. Figure 5b shiws,/[OH]

as a function of SZA. This ratio varies slowly between the
SZA value of 0 to 8, falling off rapidly at SZA> 80°. At
these high sun angles, the photolysis rate of HNi@creases
more rapidly than the concentration of OH, which continues to
be produced through the photolysis of HN&hd HOBr*8 The

SZA dependence aluno,/[OH] is modeled with a piecewise
continuous function:

: O:'j’f —a(SZA)+b (SZA < 63.8)

JHNO3 _ c
[OH] - 1 + ((SzA-dye

(SZA < 63.98) (11)

where the parameters are calculated using a least-squares fit to

processes, making the theoretical relationship between HNO the median values and are reported in Table 5. The residuals
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(Figure 5c) show that for SZA< 80° nearly 50% of the
Juno/[OH] measurements are within 10% of the fit and nearly
90% of the measurements are within 20% of the fit. Observa-
tions obtained in the region of continuous sunlight are high-
lighted and are slightly larger~10%) on average than the
parametrization.

The tight correlation betweeduno, and [OH] observed
throughout the lower stratosphere influences the term,
Saudrnod [, JOH]. This term can be equivalently expressed as

j;AhJHNos dt

prH] dt

and represents the diurnal averagel@o/[OH] weighted by

the instantaneous concentration of OH. The concentration of
OH is tightly correlated with SZA throughout the lower
stratospheré?3¢For the POLARIS and ASHOE/MAESA data
shown in Figure 5, the concentration of OH is well approximated

by

‘]HNO3

[OH]

—_— 12
24h'[;4h[OH] dt [OH] ( )

[OH] = 2.9 x 10°(94 — SZA)/94 (13)
Combining egs 11 and 13,,,Junod/ S, [OH] can be expressed
as a function of SZA only. The value of this term is most
strongly influenced by the value dfino/[OH] near local noon
(when [OH] is greatest); thus, the value of [N&@n-ad[HNO3]
and of Funos+on is strongly influenced by the noontime
conditions.

The parametrization afyno,/[OH] as a function of SZA can
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Figure 7. (a) [NOy]24n-avf[HNO3] as a function of [M] for measure-
ments in continuous sunlight where [M@n-ay is determined from
measured NQusing the effective albedo along the back-trajectory to
define the diurnal partitioning between NO and NDhe average value

be used to calculate the instantaneous steady-state (ISS) valugg) ang standard deviation of the measurements are shown for equally

of NOo/HNO3, (NO/HNO3) ss, the ratio toward which the NO
system is driving at a given time of day. Analogous to eq 8,
this ratio is equal toJuno/[OH] + Kunos+ror)/Knoy+on and is
included in Figure 5b for representatiieand [M] values of
230 K and 1.73x 10'® moleculescm™3, or equivalently a
pressure of 55 mbar. The shapeJpfo,/[OH] is reflected in
(NO2/HNOg)iss, but the percent change in (MBINOg)ss is
only about half that ofJuno/[OH] because the fractional
contribution ofJyno,/[OH] to the numerator of (NGHNO3)ss
is only about 60%. From Figure 5b, we conclude that when
heterogeneous processes are negligible, thg Bi@tem is
driving toward one value, [N&/[HNO3] ~ 0.2, over a large
range in SZA.

Since Juno/[OH] changes slowly for SZA< 80°, increas-
ing by only about 20% between 8Gand 40, air parcels
in continuous sunlight conditions that spend a large frac-
tion of the day at SZA< 80° will have nearly constant
Soadrnod [, {OH]. For these conditions, eq 8 becomes

[NOZ] 24h—avg constant kHNOerOH
[HNO4] 3 kNOZ+OH

and the steady-state value of [N@n-av/[HNO3] becomes
simply a function ofT and [M] determined by the rate constants,
Kno,+on andkunos+on. Similarly, eq 10 predict&uno,+on Will
be constant as is observed in the measurements (Figure 4b).
[NO2]24n-avg/[HNO 3] Ratio as a Function of T and [M].
Under conditions of continuous solar illumination, the diurnal
behavior of NQ and HNG is well understood and the diurnal
average N@HNO; ratio can be inferred directly from the
instantaneous in situ measurements with little increase in
uncertainty beyond that of the original measurements; for the
POLARIS data, the inferred value of [Nfan-avg[HNO3]

(14)

spaced intervals along the abscissa. The gray error bars represent the
estimated total systematic uncertainty. The modeled steady-state
[NO2)24n-avf[HNO3] ratio is calculated at 230 K using JPL 2000
(= — —) rate constants and2anJunoy/S24{OH] calculated from the
Juno,—[OH] relation established in Figure 5. The gray shading indicates
the estimated total systematic uncertainty in this model derived from
uncertainties iduno,, OH, kno,+on, andkanos+on- This shading accounts

for the systematic difference iduno/[OH] observed between the
continuous sunlight measurements and the average relation. A least-
squares fit to the binned averages of the observations is also shown
(—). (b) [NOJ/[HNOg] versus [M] for measurements in continuous
sunlight.

has a systematic uncertainty of approximatei®2%. These
values of [NQJosn-avf[HNO3] are plotted versus [M] in
Figure 7a and provide an opportunity to directly test eq 14. The
data reveal a compact relationship between {MR-a,¢/[HNO3]
and [M]. Variation in the temperature history of these measure-
ments is small; mean temperatures along the back trajectory
range from 223 to 232 K, with a mean and standard deviation
of 230 +£ 1 K. At a fixed [M], we expect a & spread of
£0.002 in [NQ)J24n-avg[HNO3] as a result of differences in the
history of temperature and [M]. With the spread observed in
[NO2]24n-avg[HNO3] being roughly+0.015, the variation due
to temperature is too small to detect.

In Figure 7a, we compare observations of fj{¥ah-avg[HNO3]
to the values calculated using eq 8. The expected ratio is
calculated for JPL 2000 rate constants evaluated at a temp-
erature of 230 K and in combination with the average
value of [, Junod [, JOH] predicted from eq 12 using the SZA
parametrization ofuno/[OH] and [OH] (egs 11 and 13). For
the data in this analysis, the average valu¢,Qinno,/ /.. JOH]
is calculated to be (4.9 0.1) x 10713 cm®-molecule’ls™1.
On average, the measurements of HNGh-ad[HNO3] ex-
ceed the model by 24%, larger than the 18% difference expected
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from the Pno,/Lno, @analysis shown in Figure 4a. This discrep- 90
ancy arises because the average valug ,Q8nnod/ /.. [OH]

for the continuous sunlight measurements, (6.8.6) x 10713
cm-molecule’ s, is approximately 10% larger than the value 85 1
predicted using eq 12.

The temperature dependence of [Nah-af[HNO3] is
determined by that dfino,+on andkno,+on. Both of these rate
constants increase with decreasing temperature. Since these
reactions are split between production and loss of,,N@e i |
temperature dependence in the ratio is significantly less than | 0217
that of the individual reactions. For an increase of 20 K, the I L ' §0.207 1

i

80 - INO,1,,.. . /THNO,1+

0.237

0.227
[ \ !!

Latitude

percentage change in [NRan-av/[HNO3] transitions from a 70 - i 0.197 4
7% increase near 1.6 10'® moleculescm™2 to almost no 0.187
change at 3.5 10'® moleculescm™3. For a decrease of 20 K, 0.177
the percentage change in [M@in-ag[HNOg] transitions from 65 e LU
only a 1% increase near 1:6 10'8 moleculescm—3 to a 13% T-Climatological Mean
increase at 3.5 10'® moleculescm™3. P L L L
Measurements of [N/[HNOg3] are plotted versus [M] in 0 50 100 150 200 250 300 350

Figure 7b. The increase in the spread of the data for fixed values Day of Year

of [M] (relative to Figure 7a) is due entirely to variability in Fi . .
. R gure 8. Modeled behavior of steady-state [N&@n-agf[HNO3] in
[NO]. NO acts_as a reservoir of N@hat may fluctuate in size 4 region of continuous sunlight. [NPanav J[HNOJ‘ViS estimated
without affecting the diurnal average abundance of2NO  using eq 15 with the climatological mean temperature at 55 mbar shown
[NO2]2an-avf[HNO3] is determined solely by NE-HNO3 in Figure 6. The calculations are restricted to regions where the SZA
exchange processes. The variability in [NO] is primarily caused at local midnight is less than 82nd at local noon is less than 80
by changes in [g] that alter the abundance of NO relative to . ) .
NO,. The particularly distinct set of data where [NEHNO3] fur)cthn of SZA defined by Iat_|tude and d_ay of year. The
falls below 0.3 originates from the two flights in May (970506 |titudinal and seasonal behavior of the diumal steady-state
and 970513) where thezdevels were higher by 400 to 600 [NOzl24n-avf[HNO3] ratio derived from this approximation
ppb (~20% at [M] = 2 x 10t moleculescm3), reducing the is shown in Figure 8 for zonally averaged temperatures on
fraction of NO present as NO ' the 55 mbar pressure surface (Figure 6). This mapping of
Generalizing to a Global Picture. Experimental confirmation [NOzl24n-avf[HNO3] is consistent with the in situ measure-
of the [M] dependence (at constaRtof [NO2]zun-avg[HNO3] ments obtained from the ER-2. The uncertainty in this ratio is
avi - . . .
supports the validity of using the simple model described by ipproxtlrr]nated by thg esltlmatefd systematf”tljgcertatﬁge%,
eq 8 to predict the seasonal evolution of [N ag[HNO3] 0) in the measured values of [NDan-ag[HNOs].
during polar summer. Rearrangement of eq 8 shows that the In a S|mllar analysis, the fractlongl cqntnbutlon of HAO
diurnal, steady-state value of [NRsn_ad[HNO3] is a weighted reaction with OH to total N@production integrated over the
average of the instantaneous, steady-state;JlfdNO3] ratio: day may be expressed as

+ Observations |

Kiino,+0H
INOloan-avg j;4h(‘]HNO3 + Kino,+on[OH]) dt Frno+on = (16)

=124 [OH]  Juno,
[HNO,] 5/;‘”1 Kno,+onlOH] dt f24hf JOH] it [OH] dt + Kino,+oH
24

Jhno, kHN03+OH[OH]
Kno,+orlOH]

where we observe that the 24 h average partitioning is also
weighted by the concentration of OH. In contrast to eq 15, this
j;4t1[OH] dt calculation does not require continuous sunlight conditions and
is generally applicable throughout most of the lower strato-

1'24f [OH] ( INO,] ) i (15) sphere. Thus, with botBino/[OH] and [OH] parametrized as

& 24hf;4h[OH] dt [HNOJ] | ss a function of SZA, the partitioning between the two NO

production processeBiino,+h andRunog+on, May be estimated
given the temperature and pressure dependenggefion and
where the weighting function is the concentration of OH. the daily function of SZA defined by latitude and day of year.
In this equation, we include a correction factor of 1.24 to In Figure 9, we present the calculated distributior~afio,+on
account for the discrepancy between measured and modelecdbn the 55 mbar pressure surface. For these calculations, we
[NO2]24n-av/[HNO3] shown in Figure 7a. The value of require the noontime SZA to be less thari.8bhis requirement
[NO2]24n-av[HNO3] is primarily determined by the instanta- guarantees that the partitioning betw&efo,+on andRunos+hw
neous, steady-state [NJJHNOg] ratio near local hoon when is mostly determined by the relationship betwégio, and [OH]
the concentration of OH is greatest and the instantaneous timewhere it is well constrained by measurements (at SZ85°)
constant for the NQsystem is shortest. as seen in Figure 5.

Both the concentration of OH and the value of ([NO In Figure 9, we see that throughout most of the day-latitude
[HNOg])iss are well parametrized as functions of SZA. The phase space, the partitioning between the twg Ni@duction
parametrizations for [OH] and ([NED[HNO3])issare presented  processes is close to 50:50. In regions where the temperatures
in eq 13 and Figure 5, respectively. are cold and the sun remains low in the sky (e.g., near the polar

For continuous sunlight conditions, [NRn-avf/[HNO3] winters), the fractional contribution &no,+on to the produc-
may be estimated given temperature, [M], and the daily tion of NOyincreases becau&gno,+on increases and the [OH]-

1.24 [OH]
= ? L/;A,h
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=55 mbar [NO2]24n-avf[HNO3] inferred directly from in situ N@ and
s solgiea) NOy measurements is shown to be only a function of [M], with

- a value of~0.23 at 55 mbar. Using the results of these detailed
analyses together with a general steady-state description of the

NOx—HNO;3; system, we find that the N©&-HNO; system is

[IRLH]

i 0.85 controlled by the relationship between the photolysis rate of
E g{jfs’ HNOj3 and the concentration of OH and that the behavior of
i P the system is greatly simplified by the tight correlation between
063 these terms in the lower stratosphere. Characterizing the
JUA 2 functional dependence @ko,/[OH] and [OH] on SZA, we
0.50 develop a fully parameterized description of the NGINO3
3:; system which predicts the observed feattitt® simple de-
035 pendence of [Ng)2an-avg[HNO3] on [M] and the invariance in

the partitioning between the N@roduction processes.

This analysis provides a new perspective on the behavior of
) ) ) o NOy in the lower stratosphere. That atmospheric processes
Figure 9. Modeled behavior of the fractlonal contribution of  ghaould conspire to produce the tight correlation observed
HNO; + OH to total NQ production as a function of season and betweenino, and OH is not obvious, but knowledge of its

latitude. The fractional contribution is estimated using eq 16 and the ~ . . lto b loited. Thi lati imolifi
climatological mean temperature at 55 mbar. The calculations are EXISENCE is a tool to be exploited. This correlation simplifies

restricted to regions where the noontime SZA is less than 80 the relationship among the gas-phase NBNO; exchange
processes and fixes the concentration of the, M&lical in
weighted average afino/[OH] is lower than for most other  regions of continuous sunlight, defining the baseline from which
regions. In the polar summer, the warmer temperatures decreaséhe atmosphere will respond to natural or anthropogenic
kunos+on With a corresponding decrease in the fractional perturbations. In addition, the correlation applies equally to the

1 50 100 150 200 250 300 350
Day of Year

contribution ofRunos+0H- gas-phase reactions underlying the NGINO; system in
The results presented in Figures 8 and 9 provide a valuablef€gions where heterogeneous reactions constitute a dominant
benchmark of the magnitude and character of N@.af[HNO] loss process. We provide new diagnostics useful in the inter-

and Frnos+on Which may be used for evaluating the accuracy comparison of measurements and the assessment of uncertainties

of complex 2D and 3D chemical transport models and for Within 2D and 3D chemical-transport models, including an
comparing observations obtained by different platforms. A average distribution of [N&an-avd[HNO] in the region of
significant deviation from these results indicates that the relative ¢Ontinuous sunlight and a mapping of the fractional contribution
value 0fJino, to the concentration of OH is not well represented Of HNOs + OH to total NG production throughout most of
in the model. An error of this sort will not only affect the the lower stratosphere.
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