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Abstract. The measurement of OH reactivity, the inverse ity calculated from assuming that OH was in steady state
of the OH lifetime, provides a powerful tool to investigate (3.3+0.8s1), and even higher than the OH reactivity that
atmospheric photochemistry. A new airborne OH reactivity was calculated from the total measurements of all OH reac-
instrument was designed and deployed for the first time ortants (1.6:0.4s™1). Model calculations show that the miss-
the NASA DC-8 aircraft during the second phase of Inter-ing OH reactivity is consistent with the over-predicted OH
continental Chemical Transport Experiment-B (INTEX-B) and under-predicted HCHO in the boundary layer and lower
campaign, which was focused on the Asian pollution out-troposphere. The over-predicted OH and under-predicted
flow over Pacific Ocean and was based in Hawaii and AlaskaHCHO suggest that the missing OH sinks are most likely
The OH reactivity was measured by adding OH, generated byelated to some highly reactive VOCs that have HCHO as an
photolyzing water vapor with 185 nm UV light in a moveable oxidation product.

wand, to the flow of ambient air in a flow tube and mea-
suring the OH signal with laser induced fluorescence. As
the wand was pulled back away from the OH detector, the;
OH signal decay was recorded; the slope-afin(signal)/A

time was the OH reactivity. The overall absolute uncer-The hydroxyl radical (OH) and the hydroperoxyl radical
tainty at the 2 confidence levels is about I% at low al- (HOZ), C0||ective|y called HQ, are central p|ayers in atmo-
titudes (for decay about 63), and 0.7s* at high altitudes  spheric chemistry. OH acts as the most important oxidizer
(for decay about 2s"). From the median vertical profile and cleansing agent in the atmosphere on local to global
obtained in the second phase of INTEX-B, the measuredscales. Its close chemical relative, ki@ a major precursor
OH reactivity (4.6:1.0s™1) is higher than the OH reactiv- of tropospheric 0zone in the presence of,NBIOy initiates

and participates in almost all of the complex chemical path-
ways in the atmosphere. OH levels are dependent on atmo-
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measurements are typically compared to OH calculated byreactants remain constant). Assumiagy is constant dur-
models that are constrained by simultaneous measuremeniisg the decay, the OH reactivity can be determined from the
of other atmospheric constituents. When measured and modequation:
eled OH disagree, the completeness of the measurement suite

i i OH
often comes into question. o — In [[OH]]O 3
The completeness of the measurement suite can be testé@" =~ A; ©)

directly for atmospheric constituents that react with OH by
measuring the OH reactivity, the inverse of the OH lifetime.
The OH reactivity is the sum of the products of the concen-
trations and their reaction rate coefficients for all gases thal
react with OH. It is defined as:

where [OH} represents the initial OH concentration, and
[OH] represents the OH concentrations after a reaction time
ét between OH and its reactants.

The OH reactivity is measured by adding OH, which is
generated by photolyzing water vapor with 185 nm ultravio-
let light in a moveable wand, to the flow of ambient air and

_ measuring the OH signal with laser induced fluorescence.
kon = k [VOC;] + k CQOl + & ; ) -

OH Z OH+voG; [ i] + kot co[COJ + kokno The aluminum flow tube is 7.5 cm in diameter and 40 cm long
[NO] + kor+no, [NO2] + kor+s0, [SO2] + ... (1) petween the inlet and the aluminum block that attaches to the

. i . OH detection system (Fig. 1a). The movable wand, which is
Kovacs and Brune (2001) designed the first version OHZ.O cm in diameter, is attached through a slot in the flow tube

reactivity instrument with the flow tube technique and SUC- 14 4 lead screw, which is turned by a stepper motor. As the

gessfully measured the.amblent O'H reactivity for .the flrstwand is pulled back, the OH signal decay is recorded:; the
time on the ground. This first version of OH reactivity in- [OH]

strument was also deployed in several other ground camslope of— " 270 is the OH reactivity. Nine steps of 1.0cm
paigns (Kovacs et al., 2003; Ren et al., 2003, 2004, 2006are used for each complete decay. The air flow velocity is
Di Carlo et al., 2004; Shirley et al., 2006). The flash pho- approximately 0.5 ms', so that each step is equivalent to
tolysis technique was developed by Jeanneret et al. (2001)\7=0.02 s. The wand stays at each step for 20 s before mov-
and Sadanaga et al. (2004) for measuring the ambient OHhg in less than 0.5s to the next step. Measuring the whole
reactivity. Sadanaga et al. (2005) successfully made fieldlecay takes about 3.5 min. A sample decay obtained on the
measurements in an urban area. These studies have demdtight of 23 April 2006 shows the nine steps and the good
strated general agreement between measured and calculatkearity over three decay lifetimes (Fig. 1b). The linear re-
OH reactivity for some urban environments and a surprisinggression algorithm is based on unweighted linear squares fit-
temperature dependent missing OH reactivity in forests (Diting and improved to remove the outliers in the decay, which
Carlo et al., 2004). More recently Sinha et al. (2008) devel-could be due to the fast changing air mass the aircraft en-
oped a new method to measure OH reactivity by monitoringcountered within each single decay of 3.5 min. The collected
the change of OH reactants within the range of OH reactivityOH reactivity data shows very few decays were affected by
at 6~300st. Moreover, the OH reactivity measurements the fast changing air mass during flight.
have proved valuable for examining OH sources using the The OH signal is detected by Laser Induced Fluorescence
assumption of the balance between OH production and loss(LIF) in a low pressure chamber (Faloona et al., 2004). OH
This paper presents a new airborne version of the Peniis excited and emits fluorescence by the following process:
State OH reactivity instrument and the first airborne mea-
surements of OH reactivity. The measurements were mad&?I1(v" = 0) - AT (' = 0) - X2I1(v" = 0) (4)
during the NASA Intercontinental Chemical Transport Ex-
periment — B (INTEX-B) mission in April/May 2006, The Where X°T1(v"=0) is the ground state of OH, and
.. . .o 25+ (. H H H H
analysis includes comparisons of the measured OH reactivityd“ > " (v'=0) is the excited state. After absorbing laser light

with OH reactivity calculated by two independent methods asWith a wavelength around 308 nm, the excited OH transits
discussed later. to the ground state spontaneously and emits fluorescence

in the wavelength range from 307 nm to 311 nm simulta-

neously. The laser consists of a dye laser that is pumped
2 Instrumentation by a diode-pumped Nd:YAG laser (Spectra-Physics, X30SC-

1060A) at 3 kHz pulse frequency. The output of this dye laser
The OH reactivitykow, can be directly acquired by measur- is 308 nm UV light. Adjustment of laser wavelength can be

ing OH decay rate as follows achieved by an etalon.
J[OH] The etalon is tuned on-line with OH fluorescence for 15 s
= —kon[OH] (2 and then off-line for 5 s to measure the background. The

difference in the average on-line and average off-line signals
If the reactant concentrations change little when exposed tds the OH fluorescence. The OH fluorescence is proportional
OH, the OH decay rate is assumed to be pseudo-first ordeio the OH mixing ratio. Because of this proportionality, the
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Fig. 1. Schematic diagram (a) and sample decay (b) of the OH reactivity instrument. In the schematic da@gthm left part is the
aluminum flow tube with the linear transmission system sitting below the tube. The right part is the cubic aluminum block with conic inlet
for OH detection. The sample air flows in from the left side of the flow tube, reacts with the OH injected out from the wand, and flows out
from the right side of the cubic aluminum block. The sample d€bayvas obtained on the 23 April 2006 flight when flying through the
boundary layer. In this case, the measured OH reactivity is about 6.8s5 s~ minus wall loss of 2.031).

OH reactivity measurement does not require knowledge of The reaction time depends critically on the velocity of the
the OH concentrations, although the OH detection system isir flow in the tube. The velocity is measured at the center
calibrated and indicates typical OH and p@oncentration  of the flow tube just downstream of the OH detection system
is about 100pptv in the flow tube. inlet with a hotwire anemometer (TSI 8455-03 Air Veloc-

The air sample is pulled into the vacuum detection systemty Transducer). All the in situ velocity measurements from
(from 3~12 hPa) through an orifice on a conical inlet (orifice the hotwire anemometer need to be corrected by the ambient
ID is about 0.56 mm). This inlet sits 5cm downstream of pressure and temperature to calculate the actual velocity in-
the flow tube. Inside the detection system, the laser beanside the flow tube. This anemometer comes calibrated only
crosses the detection axis that includes a gated microchannédr pressures near 1 atmospheric pressure, while the pressure
plate (MCP) detector (Hamamatsu R2024U-06), which is seinside the flow tube, which is equal to the ambient pressure,
perpendicular to the airflow and the laser beam to detect th@aried from 200 hPa1000 hPa. Thus, the anemometer was
fluorescence emitted by the OH. calibrated for low pressures.

The OH reactivity instrument was installed in a rack in
the forward cargo bay on the NASA DC-8. The inlet tube To mimic the flow conditions during flight, the instrument
(1.5cm dia.) protruded 10cm below the aircraft skin. Thewas connected on the ground to a mass flow controller at
end of the tube was cut at a 4&ngle, facing forward, to the upstream end and to a vacuum pump at the downstream
create a ram force. This inlet was connected to the OH reend. It was found that the reading of the transducer indi-
activity instrument with a 1 m long, 2.5cm diameter stain- cates the standard mass flow and shows no dependence on
less steel flexible line. The air flowed through the instrumentthe pressure (from 20 kRd.00kPa). Since the reading of
and down another line that was connected to an exhaust pothe anemometer is a good indicator for the standard mass
downstream of the inlet. flow, tests were conducted to investigate the relationship be-

tween the anemometer reading and the actual mass flow. The

www.atmos-chem-phys.net/9/163/2009/ Atmos. Chem. Phys., 917832009



166 J. Mao et al.: Airborne measurement of OH reactivity during INTEX-B

Table 1. Measurements on NASA DC-8 air plane during INTEX-B.

Chemicals Methods Organization
photolysis frequencies  Actinic Flux Spectroradiometer NCAR
OH, HO, Laser Induced Fluorescence Penn State University
H>0 chilled mirror hygrometer NASA Langley Research Center
NO Chemiluminescence Georgia Tech
NO»> Laser Induced Fluorescence UC-Berkley
03 Chemiluminescence NASA Langley Research Center
H>0,,CH300H HPLC-flourometry University of Rhode Island
CO,CH; Tunable Diode Laser NASA Langley Research Center
Absorption Spectrometry
HCHO Tunable Diode Laser NCAR
Absorption Spectrometry
SO, Chemical lonization Georgia Tech
Mass Spectrometry
HNO3 Mist chamber/GC-IC University of New Hampshire
NMHC?2 Whole air sample collection UC-Irvine
GC-FID/EC/MS analysis
OVOCb,NitriIes,PANs GC-ECD/PID/RGD NASA Ames Research Center

& NMHC includes ethane, ethene, propane, propene, i-butane, n-butane, ethyne, i-pentane, npentane, n-hexane, isoprene, benzene, a
toluene.P OVOC includes acetaldehyde, propanal, acetone, MEK, methanol, and ethanol.

reading of the anemometer at the farthest step of the wanéength for the development of the parabolic velocity profile
has an excellent linear response to the mass flow. is given by/=0.065 d*Re under the laminar flow condition
The temperature increases by more than 30K as the aitGerhart et al., 1992), where d is the diameter of the flow
speed relative to the aircraft decreases from+B60 ms?t tube and Re is the Reynolds number. The entrance length
aircraft speed to less than a few m/s in the flow tube.in the OH reactivity instrument flow tube is estimated to be
This “stagnation” temperature increase can be calculated byt least 100 cm, which is twice the length in the flow tube.

Eq. ). Therefore, the flow velocity profile was fairly flat in the
) center and the velocity decreases near the walls. The instru-
VE=2c,(T —1) (5)  ment was frequently calibrated in flight to verify that the air

flow in the flow tube is well understood. A mixture of 1%
perfluoroethylene s Fg) in air was further diluted in zero
air and added to the ambient air upstream of the flow tube.
The C3Fg reaction rate coefficient used for this calibration
is  (6.0£0.8)x 10 13exp[(37QL40)/T] cm® molecule 1 s~1
(Dubey et al., 1996). Calibrations were performed at all

L Ititudes, sometimes frequently (Fig. 2a). The median ratio
study, the lowest temperature inside the flow tube was 270 l@ 9 y (Fig. 2a)

. f the measured-to-calculated OH reactivity f6gFs is
when the outside was about 220K. To calculate the OH re- 1,5, § 35 - ic independent of altitude (Fig. 2b). The in-

_act_|V|ty, both the ambient tempera_ture a_nd the temperatur%reased scatter in the ratio at lower altitudes probably comes
|n3|de'the ﬂ.OW tube are us.ed., as will be discussed below. from increased variability in the ambient OH reactivity,
Dur_lng_fllght, the flow |nS|d_e the tube was force_d by a hich must be subtracted from the OH reactivity measured
comblnathn of ram pressure in the vv_gdge_-shaped inlet ané/uring the calibration to get the measured OH reactivity due
the venturi effect on the outlet. An orifice inside the down- to CsFs alone. These calibrations verify that the flows in the

streabm Imel ste:js fthe v;er:ocnty n thﬁ rovxE)tutbe. The flo:/vbtut?eOH reactivity instrument are well understood for the entire
can be isolated from the atmosphere by two manual butter; ... 4o range of the DC-8.

fly valves (Key High, ISO-KF Interface), which are upstream

and downstream of the flow tube respectively. The OH reactivity instrument was also calibrated in
The flow inside the flow tube was laminar, with the the laboratory. Flight conditions were simulated by con-

Reynolds number between 200 and 2000 depending on theolling the flow of zero air into the instrument with a

altitude. However, the laminar parabolic profile was not fully mass flow controller and by controlling the pressure in

developed. From entrance length theory, the characteristithe flow tube with a vacuum pump downstream of the

wherec, is the specific heat capacity at constant pressure,
is the aircraft velocity,I' is the stagnation temperature, and
t is the static temperature. If the DC-8 aircraft flies at Mach
0.8, which is about 270738, ¢, is about 1000 Jkgt K1,

the air will be heated up by 3T when it gets into the OH
reactivity instrument flow tube. During the entire INTEX-B

Atmos. Chem. Phys., 9, 163+3 2009 www.atmos-chem-phys.net/9/163/2009/
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Fig. 2. In situ C3Fg calibration on the flight of 23 April 2006 during the INTEX-B field campaidgia) Measured OH reactivity without
C3Fg added (blue points and lines), witty Fg added (black circled points), and altitude (red dashed lifi®). The ratio of the measured-
to-calculated OH reactivity due 103 Fg calibrations (blue points) and the median ratio for each kilometer of altitude (red line with points).
The dashed line is the one-to-one line and the dotted lines arerthacrtainties.

instrument. Four different calibration gases were added 15

to the zero air upstream of the instrument at three differ- | = ) |
ent pressures. The measured OH reactivity was compared bt R=0.82
F =1.03x+2.94 Pressure=47kpa -

to the OH reactivity calculated from the well-known re- 5 y

action rate coefficients and the known gas concentrations.s ‘ ‘

These calibration gases were ¥®ppmv carbon monox-  § 15 5 10 15
ide, 10.3t0.5 ppmv propane, 0.920.05 ppmv propene (MG § 1ol . 20,68 |
Industries), 1.0220.021 ppmv isoprene (Apel-Riemer En- & = e
vironmental, Inc.). The reaction rate coefficients are from g 5/ y=0.92x+3.90 Pressure=75kpa
Atkinson et al. (2006) and Sander et al. (2006). The com- § 0 ‘ ‘

parison of the measured OH reactivity to the calculated re- £ 150 > 10 . 15
activity is excellent for the three pressures (Fig. 3). This test ol §2=o 92 |

indirectly validates the reaction rate coefficients for CO, iso- g

prene, propane, and propene. Most importantly, it gives con- 57 y=1.01x+2.93 Pressure=9%kpa 1

fidence in the OH reactivity instrument behavior at different 0 ‘ ‘

pressures. ° cilculation(per seconld(; *
In regions where NO levels are greater than a few

ppbv, the OH decaY c_an be affected by the reaction OfFig. 3. Laboratory calibration for the OH reactivity instrument us-
HO2+NO—OH+NG; inside the flow tube (Kovacs et al., ing gifferent gases at different pressures. The measured OH reactiv-
2003). The observed upward curvature in the decay curvey is plotted versus the calculated OH reactivity. Calibration gases
can be corrected if Hodecays are also measured and thisinclude CO (hollow square), isoprene (plus sign), propane (star) and
correction is accurate even with NO is 100 ppbv (Shirley propene (triangle).

et al., 2006). When NO is 2:510%cm2 (1 ppbv at the

ground), the calculated decay is about 10% less than the ac-

tual decay. However, during the second phase of INTEX-B,

the NO was less than 2@m~3 for all but a few measure- The wall loss of OH increases the effective decay of mea-
ments is at most a few percent. that OH gets lost due to wall reactions. Wall loss could be

reduced by using Teflon or another coating, but the wall loss
could then change in unknown ways with the changes in the

www.atmos-chem-phys.net/9/163/2009/ Atmos. Chem. Phys., 917832009
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The uncertainty in the OH reactivity measurement consists
of an absolute uncertainty and the uncertainty associated with
the wall loss subtraction. The absolute uncertainty of OH
reactivity measurement ¢3 mainly depends on following
factors: (1) uncertainty of the anemometer, which is 2% of
reading from the manufacture specification for Model 8455-
03 Air Velocity Transducer and 10% for the temperature and
pressure correction; (2) uncertainty of the regression coeffi-
cients , which is 15% when the decay is less than’2 and
5% when the decay is about 's (3) the statistical preci-
sion of the fluorescence signals, which are about 100¢éts s
for 15s at the furthest point, for an uncertainty of 4%; and
(4) uncertainty of the measured position of the wand, which
is less than 1%. Considering the uncertainty of the wall loss
is 0.3s! throughout the troposphere, the overall absolute
uncertainty at the @ confidence levels is about T5at low
altitudes (for decay about 68), and 0.7 s1 at high altitudes

ALT(km)

9
8
2
6
5
4
3
2
1

0 0.2 0.4 0.6 0.8 1
Percentage

Fig. 4. The median vertical profile of fractional contribution from Lo
the main OH losses through the troposphere during the secon((Jfor decay about 231)' The uncertainty in the wall loss sets

phase of INTEX-B field campaign. The OH losses include the reac-2 MNIMumM for the ‘,’r!ce,”a'”ty n thée measured OH reactivity

tions between OH and its reactants, including COxNOHj, Os, Whe_n the OH reactivity is _below Is. Thus, t_he limit of de-

HO,, HpO,, NMHC, and OVOC. tection for the OH reactivity measurement in INTEX-B was
0.3s1, atthe & confidence level.

composition of the sampled ambient air. We prefer to have

a steady and slightly larger wall loss that comes with an un-3  Results

coated metal wall, for which OH is generally lost on each

collision with the wall. Thus, the flow tube was not coated intercontinental transport and transformation of chemicals

with any chemicals to reduce wall loss. o . . .
. and aerosols and their impacts on air quality and climate
The wall loss must be subtracted from the ambient mea- P q y

; . L (Singh et al., 2009). The platform of INTEX-B included
surement in order to obtain the measured OH reactivity. Wall % ¢ "t 0 NASA DC-8, the NSF C-130, the NASA
loss can be estimated by finding the intercept of linear regre

S_
. 2 -31 and the NASA B-200. The Penn State,-H#bd OH re-
sion (_)f_the measured O.H reactivity Versus the calgulateql OH;Lctivity instruments were installed in the front cargo bay of
reactivity or by measuring the OH decay in pure air or nitro-

en carrier gases. The intercept method gives a median wawe NASA DC-8 aircraft. The whole campaign lasted for 10
I%ss of 2 th 3§1. while the L?re carrier gas method gives weeks (from 1 March 2006 to 15 May 2006) and was split
an interc'ept 'of 21}10 3¢l goth of thesg methods sgr]]ow in'to two phases. The first phase was focused on the Mexico

hat th I - d ' ndent of pr. ; is expect §|ty pollution outflow (from 1 March to 21 March, 9 flights)
that the wall loss Is independent of pressure, as Is expecteq, o pased in Houston, TX. The second phase was fo-

by theory (Howard etal., 1979). cused on the Asian pollution outflow (from 23 April to 15

Hov.vever,. Fhe .wall loss measurement can be affected bBf\/lay, 9 flights) and was based in Hawaii and Alaska.
trace impurities in the carrier gas for both methods. Thus a These OH reactivity measurements were the first ever

:ir\]/'it[d xaﬁ togln?ntg:env;/alilrloi IS E}{rm?iisutrrl]ng thle IOT :jegcé made from on an aircraft. During the first phase of INTEX-B,
y In cleah ambient air and subtracting he caicuate many adjustments had to be made to the instrument, particu-

reactivity due to measured atmospheric constituents fromth?arly the air flow in the flow tube. After some tests and modi-

measur_ed OH react|v!ty. Under _certam conditions the air atfications, the instrument made measurements successfully in
high altitude over Pacific Ocean is clean enough to act as th

clean carrier gas and the wall loss is independent of flow tub(?ne second phase of the INTEX-B mission. The flight tracks

A re. The lowest val t high altitudes will be the w IIof the second phase of INTEX-B were over the relatively
I%sesss$hee. OHeWZII ﬁ)sss gbljnlzin: d fr?)maamltjjieerft mea:urefneitglean Pacific Ocean with some flights over Alaska and the
is 2 0L0.3sL This value is lower than that obtained from continental United States (Singh et al., 2009). The flight alti-

tude was frequently changed, giving frequent scans over alti-

the other two methods, suggesting that the pure air and r“trot'udes from 300 m to almost 12 km above the surface. These

gen do contain some impurities that react with OH. We use
the value of 2.8:0.3s ! as the wall loss.

INTEX-B was a NASA project that aimed to understand the

light profiles allowed for a significant sampling of OH re-
activity over the Pacific Ocean and near the western coast of
North America.

Atmos. Chem. Phys., 9, 163+3 2009 www.atmos-chem-phys.net/9/163/2009/
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3.1 Comparing measured and calculated OH reactivity

12 | [shEKe
The measured OH reactivity is compared to OH reactivity 11 -CH300H+hV
that is calculated using two different methods. The first 49 | R0,
method is to determine the sum of the products of the mea- [Ho,+No
sured concentrations of OH reactants and their reaction rateE -H02+o3
coefficients with OH. The second method is to assume that%
OH is in steady state; one then calculates the OH production, 3 |
and finds the OH reactivity that balances the calculated OH =
production. In this paper, the OH reactivity calculated with
the reactants is called “OHRreactants”; and the OH reactivity
calculated from OH steady-state is called “OHRrecycling”.
The first method to calculate OH reactivity is to sum the
products of all OH reactants concentrations and their reaction
coefficients with OH, as in Eq. (1). This calculated OH reac-
tivity should agree with the measured OH reactivity if all OH
reactants have been measured. Comparing calculated angly 5 Fractional contribution of different kinds of OH sources
measured OH reactivity examines the current understandinghrough troposphere in INTEX-B field campaign. OH sources
of OH sinks in the atmosphere. include O ¢D)+H,0, HO,+NO, HO,+0O3, the photolysis of
The measured OH reactants mainly include non-methan&€H3OO0H, H,O, and HNG;.
hydrocarbons (NMHC), oxygenated volatile organic com-
pounds (OVOC), CO, Ci HCHO, NO, NQ, SO, HNO;3,
and HO,. NMHC was measured by UC-Irvine and includes median values are calculated based on all measured OH re-
26 alkanes, alkenes, alkynes, aromatics, nitrates, and hal@&ctivity in each 1km layer through the whole troposphere.
genated compounds. OVOC was mainly measured by NASAMedians, interquartile range (25%-75%), and 1.5 times in-
Ames Research center and includes acetaldehye, propandgrquartile range (12.5%—87.5%) are all presented for each
methanol, ethanol, acetone, and methyl ethyl ketone (MEK)level.
The large OVOC component formaldehyde was measured by The measured OH reactivity, OHRecycling, and OHRre-
the NCAR tunable diode laser absorption spectrometer (TD-actants have similar trends from low altitude to high alti-
LAS). CO altitude (Fig. 5). The median values are calculatedtude — they decrease to values less than'la the highest
based on all available measurements for each 1km layer fronaltitudes. However, in the-02 km layer, the median mea-
the surface to 12 km. sured OH reactivity (481.0s 1) is greater than the median
The OED)+H,0 reaction is a dominant contributor in the OHRecycling (3.3:0.8s 1), and even greater than the me-
lower troposphere, which contributes more than 50% of OHdian OHReactants (1460.4 s™1). The uncertainty of OHRe-
production in the marine boundary layer over the Pacificcycling is calculated based on the uncertainties of measured
Ocean. Meanwhile the HENO reaction dominates the OH HO,/OH ratio and the OH concentration. The uncertainty of
production in the upper troposphere, where water vapor mix-OHReactants is based on the uncertainties of all measured
ing ratios are relatively low and NO mixing ratios are rela- OH reactants and their reaction coefficients with OH. The
tively high. In addition, the H@+Og3 reaction also plays an differences between OHReactans and the other two methods
important role for OH production throughout the whole alti- are statistically significant because the OHReactants falls out
tude range. of the observation uncertainties range in the lowest layer. If
The measured OH reactivity is compared to the OH re-the wall loss is 2.5-2.9% as suggested by laboratory tests,
activity that is calculated with the reactants using the laterthen the measured OH reactivity and OHRcycling would
method (OHRreactants) and the OH reactivity that is cal-agree, although the difference between with the measured
culated from OH steady-state is (OHRrecycling) in Fig. 6. OH reactivity and OHReactant would still be significant. The
There are periods when the measured and calculated OH reneasured OH reactivity is also greater than both OHRrecy-
activity values all agree to within uncertainties, especially atcling and OHReactants above 2 km.
lower values of OH reactivity. However, when the measured To verify this conclusion, a two-sample t-test is conducted
OH reactivity exceeds a few 8, the measured OH reactiv- between the OHReactant and OHRrecycling and the results
ity is typically greater than OHRcycling, which is typically show that these two variables are significantly different with
greater than OHRreactants. These differences can be quitlkie 99% confidence interval. The significance is also proved
large (e.g., at day-of-the-year time 135.93 in Fig. 6). between the measured OH reactivity and OHReactant. The
To study the dependence of the measurement with altitudedlifference between the measured OH reactivity and OHRre-
the median vertical profile (1 km each level) of the measuredactants suggests the presence of unknown OH reactants in the
OH reactivity is plotted against the altitude in Fig. 7. The boundary layer that can affect the OH reactivity up to 4 km

0.2 0.4 0.6 0.8 1
Normalized OH Production
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Fig. 6. OH reactivity measurement during the second phase of INTEX-B. Each panel is for one single flight. In each panel, the X-axis
is Julian day and the Y-axis is the three types of OH reactivity discussed in the text, the measured OH reactivity (red), the calculated OH
reactivity based on cycling (blue) and the calculated OH reactivity based on all measured reactants (yellow). The measured OH reactivity
has been smoothed with a 3-point running average.
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Fig. 7. Measured OH reactivity (left) and the comparison (right) of the three types of OH reactivity through the troposphere during the
second phase of INTEX-B field campaign. In the left panel, the two ends of the box show the lower quartile, and upper quartile values. The
line inside the box shows the median value. The lines extending from each end of the box shows the extent of the rest of the data (1.5 times
the interquartile range). In the right panel, the black dash-dotted line with circles is the median measured OH reactivity, the red dotted line
with squares is the median OHRrecycling, and the green solid line with diamonds is the median OHRreactants. The horizontal bar indicates
the uncertainties () of the observations.
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Fig. 8. Comparison of median altitude profiles for measured and modeled OH,ad® HCHO during the second phase of INTEX-B.
The median measurements are shown as a solid line with circles and the median model calculations are shown as a dashed line. Individua
INTEX-B 1-min measurements are also presented (blue dots).

or so. This difference also suggests that about half of the OH 1>
reactivity is missing at these lower altitudes. Although the
difference between the measured OH reactivity and OHRre- -
actants extends higher than 2 km, it becomes less and statis
tically insignificant.

I
o

Some unmeasured oxidation products of hydrocarbons
and other atmospheric constituents can react with OH. These
were not in the list of atmospheric constituents used to
calculate OHReactants. Quite a few intermediate and end
products, including HCHO, $0D,, CH3OO0H, acetaldehyde,
propanal, methanol, ethanol, acetone, have been measure
and constrained in the box model. Therefore the oxidation ‘
products generated in the model other than these species hav 3 ‘ ‘
fairly small contribution to OH reactivity considering the low -500 0 500 1000
VOC level. These intermediate reaction products cannot ac- HCHO(pptv)
count for the missing OH reactivity.

Measurement-OHRreactants(sl)
D

1500 2000

he diff b h d .. ig. 9. Dependence of difference between OH reactivity measure-
The differences between the measured OH reactivity an ent and OHRreactants on HCHO below 2km and when NO is

OHRreactants should be reflected in the differences betweepeoy 100 pptv.

measured and modeled OH because the modeled OH uses the

same OH reactants and reaction rate coefficients as OHRre-

actants. A chemical box model is used by NASA Langley

Research Center to calculate the OH ancbHi€alled “LaRC  is constrained by the observations 0§,GCO, NGO, NO,
model” in this paper). The model detail is described else-NMHC, acetone, methanol, dew point, temperature, pres-
where (Crawford et al., 1999; Olson et al., 2004). The modelsure, and photolysis frequencies. Diurnal steady-state means
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that the model is run repeatedly over an entire day using thealculations show that the total OH reactivity increases by
observed conditions until the concentrations of longer lived40%, OH decreases 65%, HCHO increases 65% and HO
species like HO, do not change for any given time of day. decreases 15%. HQs less sensitive than OH and HCHO
The advantage of this method is to ensure the long-livedn the model responding to the extra acetaldehyde. Qualita-
species are eventually in balance with other species. tively these model outputs agree well with the over-predicted
Figure 8 presents the vertical profile of measured andOH and under-predicted HCHO for the missing OH reactiv-
modeled OH, H@ and HCHO during the second phase of ity. This result will shed some light on finding the missing
INTEX-B. The measured and modeled OH and Hdis- species and thus reconciling the model and measurements.
agree the most below 2 km altitude and then gradually come
into agreement above 4 km altitude (Fig. 8). Below 2km, the
model calculation of OH is about 30% higher than the mea-

surement. Meanwhile, the model calculation of H&yrees . . L
A new airborne version of OH reactivity instrument was de-

very well W'Fh the measurgment. Sln.ce OH and Heere veloped and tested on the NASA DC-8 aircraft. OH reactiv-
measured simultaneously in ATHOS instrument (Faloona et L ,

R : : . ity was successfully measured for the first time above Earth’s
al., 2004), this difference is unlikely from absolute instru-

ment artifacts only. If OH reactivity were missing from the surface during the second phase of the INTEX-B aircraft

model below 2km, as Fig. 8 suggests, then there would panission. The in situ and laboratory calibrations indicate good

less OH loss in the model because the model uses only thresponse of this new instrument under different pressure con-

. ) ditions. For INTEX-B Phase I, which was conducted mainly
measured atmospheric species. These are the same reactants

with OH that go into the OHRreactants. This observation of 2ver Pac'.f'f: Ocean, the QH reactivity measurements, the
. L : ; . OH reactivity calculated with the measured OH reactants,
missing OH reactivity is consistent with the over-predicted

and the OH reactivity calculated from OH steady-state all
OH. show the trend of OH reactivity decreasing with altitude
As an intermediate product from VOC oxidation, Y 9 )

formaldehyde (HCHO) is a good indicator for hydrocarbon Howgver, a _dn‘ference. between the measurements and cal
. o 7 culations exists at altitudes below 4km and is most pro-
photochemistry because it is a product of oxidation of hy- : )
X . " _nounced in the 82km layer. The measured OH reactiv-
drocarbons by OH. Moreover, HCHO is not constrained in . (4.041.05°) is larger than the calculated OH reactivit
the LaRC model simulation. It is worthwhile to compare the y & . 9 y

; 1
modeled and measured HCHO. This comparison will test th from cycling (323#0'8 §), and even larger than the calcu

. . . ted OH reactivity from the total measurements of all OH

understanding of the photochemistry using the measuremen 1 . .

X . . . reactants (14£0.4s ). Model calculation shows the miss-

of another atmospheric constituent from an independent in-

strument. As shown in Fig. 8, the most under-predictedmg OH reactivity is qualitatively consistent with the over-

HCHO appears at altitudes from the surface to 2km height]par egr'Ct_?geon::SZ;:]d lén: erggéﬁsilf teig c|_c|)$rZI<a)telg \:\:ﬁ}zﬁQH o
Could this extra amount of HCHO be from some atmospheric. yer. 9 y

constituents that contribute to the missing OH reactivity?m. this Iayer,. suggesting that it is Imc.)st I|.kely related to some
S - . .~ " highly reactive VOCs that are missing in the measurements
Could this missing OH reactivity come from highly reactive

VOCs, or some other sulfuric, halogenated species? Fro gnd have HCHO as a product of oxidation. The missing
the ar;alysis of individual ﬂigh,ts Weg have not?ced tHat thean reactivity in the boundary layer indicates the shorter OH
' lifetime, and thus implies the longer lifetimes for gHCO

difference between measurement and OHRreactants appears :
A ) and NG than in current models. Future assessments of at-

when HCHO reaches a peak. As shown in Fig. 9, the differ- . .

ence between the OH reactivity measurement and OHRrer-nOSph.e”C reactivity should be made by measurement rather

actants is correlated with HCHO concentration below 2 kmthan either of the calculated methods performed here

Wge” NO is_below 10_0 pptv, _With a cqrrelation coeffici_ent AcknowledgementsThis research was supported by the

_R =0.58. Thl_s_correlatlon indicates |nd|_rectly that_the MisSS- NASA Tropospheric Chemistry Program through NASA grant

ing OH reactivity could be from some highly reactive VOCs NNG06GA94G. We also would like to thank machine shop staff

that have HCHO as a product of oxidation. of the College of Earth and Mineral Sciences for their major
From all the analyses above, the over-predicted OH andontributions to the development and fabrication of this instrument.

under-predicted HCHO are consistent with the missing OHWe thank the NASA DC-8 crew for their generous help for putting

reactivity, which is the measured OH reactivity — OHRreac- the instrument on the aircraft. J. Mao also thanks R. E. Shetter for

tants. Since 1000 pptv HCHO contributes less than 012 s the _frequent opportunities to fly on the DC-8 to test and improve

OH reactivity in the boundary layer, it is more likely that 1€ instrument performance.

HCHO serves as an |nd|catqr.|nstead of contributing a b'gEdited by: S. Madronich

part to the missing OH reactivity. On the other hand, if we

assume the missing OH reactivity is from some other oxy-

genated VOCs and we increase the current acetaldehyde con-

centration by a factor of 10 in the boundary layer, model

4  Summary
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