University of Rhode Island

DigitalCommons@URI
Graduate School of Oceanography Faculty
Publications

Graduate School of Oceanography

2009

Airborne Measurement of OH Reactivity During
INTEX-B
J. Mao
X. Ren
See next page for additional authors

Creative Commons License

This work is licensed under a Creative Commons Attribution 3.0 License.

Follow this and additional works at: https://digitalcommons.uri.edu/gsofacpubs

Citation/Publisher Attribution
Mao, J., Ren, X., Brune, W. H., Olson, J. R., Crawford, J. H., Fried, A., Huey, L. G., Cohen, R. C., Heikes, B., Singh, H. B., Blake, D. R.,
Sachse, G. W., Diskin, G. S., Hall, S. R., and Shetter, R. E.: Airborne measurement of OH reactivity during INTEX-B, Atmos. Chem.
Phys., 9, 163-173, doi:10.5194/acp-9-163-2009, 2009
Available at: http://dx.doi.org/10.5194/acp-9-163-2009

This Article is brought to you for free and open access by the Graduate School of Oceanography at DigitalCommons@URI. It has been accepted for
inclusion in Graduate School of Oceanography Faculty Publications by an authorized administrator of DigitalCommons@URI. For more information,
please contact digitalcommons@etal.uri.edu.

Authors

J. Mao, X. Ren, W. H. Brune, J. R. Olson, J. H. Crawford, A. Fried, L. G. Huey, R. C. Cohen, B. G. Heikes, H. B.
Singh, D. R. Blake, G. W. Sachse, G. S. Diskin, S. R. Hall, and R. E. Shetter

This article is available at DigitalCommons@URI: https://digitalcommons.uri.edu/gsofacpubs/135

Atmos. Chem. Phys., 9, 163–173, 2009
www.atmos-chem-phys.net/9/163/2009/
© Author(s) 2009. This work is distributed under
the Creative Commons Attribution 3.0 License.

Atmospheric
Chemistry
and Physics

Airborne measurement of OH reactivity during INTEX-B
J. Mao1,* , X. Ren1,** , W. H. Brune1 , J. R. Olson2 , J. H. Crawford2 , A. Fried3 , L. G. Huey4 , R. C. Cohen5 , B. Heikes6 ,
H. B. Singh7 , D. R. Blake8 , G. W. Sachse9 , G. S. Diskin9 , S. R. Hall10 , and R. E. Shetter10
1 Department

of Meteorology, Pennsylvania State University, University Park, PA, USA
Directorate, NASA Langley Research Center, Hampton, VA, USA
3 Earth Observing Laboratory, National Center for Atmospheric Research, Boulder, CO, USA
4 School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA, USA
5 Department of Chemistry and Department of Earth and Planetary Science, University of California Berkeley,
Berkeley, CA, USA
6 Graduate School of Oceanography, University of Rhode Island, Narragansett, RI, USA
7 NASA Ames Research Center, Moffett Field, CA, USA
8 Department of Chemistry, University of California, Irvine, CA, USA
9 Science Directorate, NASA Langley Research Center, Hampton, VA, USA
10 Atmospheric Chemistry Division, National Center for Atmospheric Research, Boulder, CO, USA
* now at: School of Engineering and Applied Sciences, Harvard University, Cambridge, MA, USA
** now at: Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, FL, USA
2 Science

Received: 1 July 2008 – Published in Atmos. Chem. Phys. Discuss.: 24 July 2008
Revised: 9 December 2008 – Accepted: 9 December 2008 – Published: 12 January 2009

Abstract. The measurement of OH reactivity, the inverse
of the OH lifetime, provides a powerful tool to investigate
atmospheric photochemistry. A new airborne OH reactivity
instrument was designed and deployed for the first time on
the NASA DC-8 aircraft during the second phase of Intercontinental Chemical Transport Experiment-B (INTEX-B)
campaign, which was focused on the Asian pollution outflow over Pacific Ocean and was based in Hawaii and Alaska.
The OH reactivity was measured by adding OH, generated by
photolyzing water vapor with 185 nm UV light in a moveable
wand, to the flow of ambient air in a flow tube and measuring 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 of −1ln(signal)/1
time was the OH reactivity. The overall absolute uncertainty at the 2σ confidence levels is about 1 s−1 at low altitudes (for decay about 6 s−1 ), and 0.7 s−1 at high altitudes
(for decay about 2 s−1 ). From the median vertical profile
obtained in the second phase of INTEX-B, the measured
OH reactivity (4.0±1.0 s−1 ) is higher than the OH reactiv-
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ity calculated from assuming that OH was in steady state
(3.3±0.8 s−1 ), and even higher than the OH reactivity that
was calculated from the total measurements of all OH reactants (1.6±0.4 s−1 ). Model calculations show that the missing OH reactivity is consistent with the over-predicted OH
and under-predicted HCHO in the boundary layer and lower
troposphere. The over-predicted OH and under-predicted
HCHO suggest that the missing OH sinks are most likely
related to some highly reactive VOCs that have HCHO as an
oxidation product.

1

Introduction

The hydroxyl radical (OH) and the hydroperoxyl radical
(HO2 ), collectively called HOx , are central players in atmospheric chemistry. OH acts as the most important oxidizer
and cleansing agent in the atmosphere on local to global
scales. Its close chemical relative, HO2 , is a major precursor
of tropospheric ozone in the presence of NOx . HOx initiates
and participates in almost all of the complex chemical pathways in the atmosphere. OH levels are dependent on atmospheric constituents emitted by biogenic and anthropogenic
processes. To test the understanding of atmospheric OH, OH

Published by Copernicus Publications on behalf of the European Geosciences Union.

164

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

measurements are typically compared to OH calculated by
models that are constrained by simultaneous measurements
of other atmospheric constituents. When measured and modeled OH disagree, the completeness of the measurement suite
often comes into question.
The completeness of the measurement suite can be tested
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 concentrations and their reaction rate coefficients for all gases that
react with OH. It is defined as:
X
kOH =
kOH+VOCi [VOCi ] + kOH+CO [CO] + kOH+NO
(1)
[NO] + kOH+NO2 [NO2 ] + kOH+SO2 [SO2 ] + .......
Kovacs and Brune (2001) designed the first version OH
reactivity instrument with the flow tube technique and successfully measured the ambient OH reactivity for the first
time on the ground. This first version of OH reactivity instrument was also deployed in several other ground campaigns (Kovacs et al., 2003; Ren et al., 2003, 2004, 2006;
Di Carlo et al., 2004; Shirley et al., 2006). The flash photolysis technique was developed by Jeanneret et al. (2001)
and Sadanaga et al. (2004) for measuring the ambient OH
reactivity. Sadanaga et al. (2005) successfully made field
measurements in an urban area. These studies have demonstrated general agreement between measured and calculated
OH reactivity for some urban environments and a surprising
temperature dependent missing OH reactivity in forests (Di
Carlo et al., 2004). More recently Sinha et al. (2008) developed a new method to measure OH reactivity by monitoring
the change of OH reactants within the range of OH reactivity
at 6∼300 s−1 . Moreover, the OH reactivity measurements
have proved valuable for examining OH sources using the
assumption of the balance between OH production and loss.
This paper presents a new airborne version of the Penn
State OH reactivity instrument and the first airborne measurements of OH reactivity. The measurements were made
during the NASA Intercontinental Chemical Transport Experiment – B (INTEX-B) mission in April/May 2006. The
analysis includes comparisons of the measured OH reactivity
with OH reactivity calculated by two independent methods as
discussed later.
2

Instrumentation

The OH reactivity, kOH , can be directly acquired by measuring OH decay rate as follows
d[OH]
= −kOH [OH]
dt

(2)

If the reactant concentrations change little when exposed to
OH, the OH decay rate is assumed to be pseudo-first order
Atmos. Chem. Phys., 9, 163–173, 2009

(reactants remain constant). Assuming kOH is constant during the decay, the OH reactivity can be determined from the
equation:
kOH = −

[OH]
ln [OH]
0

(3)

1t

where [OH]0 represents the initial OH concentration, and
[OH] represents the OH concentrations after a reaction time
1t between OH and its reactants.
The OH reactivity is measured by adding OH, which is
generated by photolyzing water vapor with 185 nm ultraviolet light in a moveable wand, to the flow of ambient air and
measuring the OH signal with laser induced fluorescence.
The aluminum flow tube is 7.5 cm in diameter and 40 cm long
between the inlet and the aluminum block that attaches to the
OH detection system (Fig. 1a). The movable wand, which is
2.0 cm in diameter, is attached through a slot in the flow tube
to a lead screw, which is turned by a stepper motor. As the
wand is pulled back, the OH signal decay is recorded; the
ln

[OH]
[OH]

slope of − 1t 0 is the OH reactivity. Nine steps of 1.0 cm
are used for each complete decay. The air flow velocity is
approximately 0.5 m s−1 , so that each step is equivalent to
1t=0.02 s. The wand stays at each step for 20 s before moving in less than 0.5 s to the next step. Measuring the whole
decay takes about 3.5 min. A sample decay obtained on the
flight of 23 April 2006 shows the nine steps and the good
linearity over three decay lifetimes (Fig. 1b). The linear regression algorithm is based on unweighted linear squares fitting and improved to remove the outliers in the decay, which
could be due to the fast changing air mass the aircraft encountered within each single decay of 3.5 min. The collected
OH reactivity data shows very few decays were affected by
the fast changing air mass during flight.
The OH signal is detected by Laser Induced Fluorescence
(LIF) in a low pressure chamber (Faloona et al., 2004). OH
is excited and emits fluorescence by the following process:
X2 5(v” = 0) → A2 6 + (v 0 = 0) → X2 5(v” = 0)

(4)

where X2 5(v”=0) is the ground state of OH, and
A2 6 + (v 0 =0) is the excited state. After absorbing laser light
with a wavelength around 308 nm, the excited OH transits
to the ground state spontaneously and emits fluorescence
in the wavelength range from 307 nm to 311 nm simultaneously. The laser consists of a dye laser that is pumped
by a diode-pumped Nd:YAG laser (Spectra-Physics, X30SC1060A) at 3 kHz pulse frequency. The output of this dye laser
is 308 nm UV light. Adjustment of laser wavelength can be
achieved by an etalon.
The etalon is tuned on-line with OH fluorescence for 15 s
and then off-line for 5 s to measure the background. The
difference in the average on-line and average off-line signals
is the OH fluorescence. The OH fluorescence is proportional
to the OH mixing ratio. Because of this proportionality, the
www.atmos-chem-phys.net/9/163/2009/
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).
the OH concentrations,
although the OH detection system is
air flow in the tube. The velocity is measured at the center
calibrated and indicates typical OH and HO2 concentration
is about 100pptv in the flow tube.
The air sample is pulled into the vacuum detection system
(from 3∼12 hPa) through an orifice on a conical inlet (orifice
ID is about 0.56 mm). This inlet sits 5 cm downstream of
the flow tube. Inside the detection system, the laser beam
crosses the detection axis that includes a gated microchannel
plate (MCP) detector (Hamamatsu R2024U-06), which is set
perpendicular to the airflow and the laser beam to detect the
fluorescence emitted by the OH.
The OH reactivity instrument was installed in a rack in
the forward cargo bay on the NASA DC-8. The inlet tube
(1.5 cm dia.) protruded 10 cm below the aircraft skin. The
end of the tube was cut at a 45◦ angle, facing forward, to
create a ram force. This inlet was connected to the OH reactivity instrument with a 1 m long, 2.5 cm diameter stainless steel flexible line. The air flowed through the instrument
and down another line that was connected to an exhaust port
downstream of the inlet.

www.atmos-chem-phys.net/9/163/2009/

of the flow tube just downstream of the OH detection system
inlet with a hotwire anemometer (TSI 8455-03 Air Velocity Transducer). All the in situ velocity measurements from
the hotwire anemometer need to be corrected by the ambient
pressure and temperature to calculate the actual velocity inside the flow tube. This anemometer comes calibrated only
for pressures near 1 atmospheric pressure, while the pressure
inside the flow tube, which is equal to the ambient pressure,
varied from 200 hPa∼1000 hPa. Thus, the anemometer was
calibrated for low pressures.
To mimic the flow conditions during flight, the instrument
was connected on the ground to a mass flow controller at
the upstream end and to a vacuum pump at the downstream
end. It was found that the reading of the transducer indicates the standard mass flow and shows no dependence on
the pressure (from 20 kPa∼100 kPa). Since the reading of
the anemometer is a good indicator for the standard mass
flow, tests were conducted to investigate the relationship between the anemometer reading and the actual mass flow. The
Atmos. Chem. Phys., 9, 163–173, 2009
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Table 1. Measurements on NASA DC-8 air plane during INTEX-B.
Chemicals

Methods

Organization

photolysis frequencies
OH, HO2
H2 O
NO
NO2
O3
H2 O2 ,CH3 OOH
CO,CH4

Actinic Flux Spectroradiometer
Laser Induced Fluorescence
chilled mirror hygrometer
Chemiluminescence
Laser Induced Fluorescence
Chemiluminescence
HPLC-flourometry
Tunable Diode Laser
Absorption Spectrometry
Tunable Diode Laser
Absorption Spectrometry
Chemical Ionization
Mass Spectrometry
Mist chamber/GC-IC
Whole air sample collection
GC-FID/EC/MS analysis
GC-ECD/PID/RGD

NCAR
Penn State University
NASA Langley Research Center
Georgia Tech
UC-Berkley
NASA Langley Research Center
University of Rhode Island
NASA Langley Research Center

HCHO
SO2
HNO3
NMHCa
OVOCb ,Nitriles,PANs

NCAR
Georgia Tech
University of New Hampshire
UC-Irvine
NASA Ames Research Center

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

reading of the anemometer at the farthest step of the wand
has an excellent linear response to the mass flow.
The temperature increases by more than 30 K as the air
speed relative to the aircraft decreases from the ∼200 m s−1
aircraft speed to less than a few m/s in the flow tube.
This “stagnation” temperature increase can be calculated by
Eq. (5).
V 2 = 2cp (T − t)

(5)

where cp is the specific heat capacity at constant pressure, V
is the aircraft velocity, T is the stagnation temperature, and
t is the static temperature. If the DC-8 aircraft flies at Mach
0.8, which is about 270 m s−1 , cp is about 1000 J kg−1 K−1 ,
the air will be heated up by 37◦ C when it gets into the OH
reactivity instrument flow tube. During the entire INTEX-B
study, the lowest temperature inside the flow tube was 270 K
when the outside was about 220 K. To calculate the OH reactivity, both the ambient temperature and the temperature
inside the flow tube are used, as will be discussed below.
During flight, the flow inside the tube was forced by a
combination of ram pressure in the wedge-shaped inlet and
the venturi effect on the outlet. An orifice inside the downstream line sets the velocity in the flow tube. The flow tube
can be isolated from the atmosphere by two manual butterfly valves (Key High, ISO-KF Interface), which are upstream
and downstream of the flow tube respectively.
The flow inside the flow tube was laminar, with the
Reynolds number between 200 and 2000 depending on the
altitude. However, the laminar parabolic profile was not fully
developed. From entrance length theory, the characteristic
Atmos. Chem. Phys., 9, 163–173, 2009

length for the development of the parabolic velocity profile
is given by l=0.065 d*Re under the laminar flow condition
(Gerhart et al., 1992), where d is the diameter of the flow
tube and Re is the Reynolds number. The entrance length
in the OH reactivity instrument flow tube is estimated to be
at least 100 cm, which is twice the length in the flow tube.
Therefore, the flow velocity profile was fairly flat in the
center and the velocity decreases near the walls. The instrument was frequently calibrated in flight to verify that the air
flow in the flow tube is well understood. A mixture of 1%
perfluoroethylene (C3 F6 ) in air was further diluted in zero
air and added to the ambient air upstream of the flow tube.
The C3 F6 reaction rate coefficient used for this calibration
is (6.0±0.8)×10−13 exp[(370±40)/T ] cm3 molecule−1 s−1
(Dubey et al., 1996). Calibrations were performed at all
altitudes, sometimes frequently (Fig. 2a). The median ratio
of the measured-to-calculated OH reactivity for C3 F6 is
1.12±0.36 and is independent of altitude (Fig. 2b). The increased scatter in the ratio at lower altitudes probably comes
from increased variability in the ambient OH reactivity,
which must be subtracted from the OH reactivity measured
during the calibration to get the measured OH reactivity due
to C3 F6 alone. These calibrations verify that the flows in the
OH reactivity instrument are well understood for the entire
altitude range of the DC-8.
The OH reactivity instrument was also calibrated in
the laboratory. Flight conditions were simulated by controlling the flow of zero air into the instrument with a
mass flow controller and by controlling the pressure in
the flow tube with a vacuum pump downstream of the
www.atmos-chem-phys.net/9/163/2009/
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to the zero air upstream of the instrument at three different pressures. The measured OH reactivity was compared
to the OH reactivity calculated from the well-known reaction rate coefficients and the known gas concentrations.
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In regions where NO levels are greater than a few
ppbv, the OH decay can be affected by the reaction of
HO2 +NO→OH+NO2 inside the flow tube (Kovacs et al.,
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the NO was less than 109 cm−3 for all but a few measurements. As a result, the error in these INTEX-B measurements is at most a few percent.
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The wall loss of OH increases the effective decay of measured OH and must be carefully characterized. It is inevitable
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
Atmos. Chem. Phys., 9, 163–173, 2009
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composition of the sampled ambient air. We prefer to have
a steady and slightly larger wall loss that comes with an uncoated metal wall, for which OH is generally lost on each
collision with the wall. Thus, the flow tube was not coated
with any chemicals to reduce wall loss.
The wall loss must be subtracted from the ambient measurement in order to obtain the measured OH reactivity. Wall
loss can be estimated by finding the intercept of linear regression of the measured OH reactivity versus the calculated OH
reactivity or by measuring the OH decay in pure air or nitrogen carrier gases. The intercept method gives a median wall
loss of 2.9±0.3 s−1 , while the pure carrier gas method gives
an intercept of 2.5±0.3 s−1 . Both of these methods show
that the wall loss is independent of pressure, as is expected
by theory (Howard et al., 1979).
However, the wall loss measurement can be affected by
trace impurities in the carrier gas for both methods. Thus a
third way to find the wall loss is by measuring the OH reactivity in clean ambient air and subtracting the calculated OH
reactivity due to measured atmospheric constituents from the
measured OH reactivity. Under certain conditions the air at
high altitude over Pacific Ocean is clean enough to act as the
clean carrier gas and the wall loss is independent of flow tube
pressure. The lowest values at high altitudes will be the wall
loss. The OH wall loss obtained from ambient measurements
is 2.0±0.3 s−1 . This value is lower than that obtained from
the other two methods, suggesting that the pure air and nitrogen do contain some impurities that react with OH. We use
the value of 2.0±0.3 s−1 as the wall loss.

Atmos. Chem. Phys., 9, 163–173, 2009

3

Results

INTEX-B was a NASA project that aimed to understand the
intercontinental transport and transformation of chemicals
and aerosols and their impacts on air quality and climate
(Singh et al., 2009). The platform of INTEX-B included
four aircraft: the NASA DC-8, the NSF C-130, the NASA
J-31 and the NASA B-200. The Penn State HOx and OH reactivity instruments were installed in the front cargo bay of
the NASA DC-8 aircraft. The whole campaign lasted for 10
weeks (from 1 March 2006 to 15 May 2006) and was split
into two phases. The first phase was focused on the Mexico
City pollution outflow (from 1 March to 21 March, 9 flights)
and was based in Houston, TX. The second phase was focused on the Asian pollution outflow (from 23 April to 15
May, 9 flights) and was based in Hawaii and Alaska.
These OH reactivity measurements were the first ever
made from on an aircraft. During the first phase of INTEX-B,
many adjustments had to be made to the instrument, particularly the air flow in the flow tube. After some tests and modifications, the instrument made measurements successfully in
the second phase of the INTEX-B mission. The flight tracks
of the second phase of INTEX-B were over the relatively
clean Pacific Ocean with some flights over Alaska and the
continental United States (Singh et al., 2009). The flight altitude was frequently changed, giving frequent scans over altitudes from 300 m to almost 12 km above the surface. These
flight profiles allowed for a significant sampling of OH reactivity over the Pacific Ocean and near the western coast of
North America.

www.atmos-chem-phys.net/9/163/2009/
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Comparing measured and calculated OH reactivity

The measured OH reactivity is compared to OH reactivity
that is calculated using two different methods. The first
method is to determine the sum of the products of the measured concentrations of OH reactants and their reaction rate
coefficients with OH. The second method is to assume that
OH is in steady state; one then calculates the OH production,
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 reactivity should agree with the measured OH reactivity if all OH
reactants have been measured. Comparing calculated and
measured OH reactivity examines the current understanding
of OH sinks in the atmosphere.
The measured OH reactants mainly include non-methane
hydrocarbons (NMHC), oxygenated volatile organic compounds (OVOC), CO, CH4 , HCHO, NO, NO2 , SO2 , HNO3 ,
and H2 O2 . NMHC was measured by UC-Irvine and includes
26 alkanes, alkenes, alkynes, aromatics, nitrates, and halogenated compounds. OVOC was mainly measured by NASA
Ames Research center and includes acetaldehye, propanal,
methanol, ethanol, acetone, and methyl ethyl ketone (MEK).
The large OVOC component formaldehyde was measured by
the NCAR tunable diode laser absorption spectrometer (TDLAS). CO altitude (Fig. 5). The median values are calculated
based on all available measurements for each 1km layer from
the surface to 12 km.
The O(1 D)+H2 O reaction is a dominant contributor in the
lower troposphere, which contributes more than 50% of OH
production in the marine boundary layer over the Pacific
Ocean. Meanwhile the HO2 +NO reaction dominates the OH
production in the upper troposphere, where water vapor mixing ratios are relatively low and NO mixing ratios are relatively high. In addition, the HO2 +O3 reaction also plays an
important role for OH production throughout the whole altitude range.
The measured OH reactivity is compared to the OH reactivity that is calculated with the reactants using the later
method (OHRreactants) and the OH reactivity that is calculated from OH steady-state is (OHRrecycling) in Fig. 6.
There are periods when the measured and calculated OH reactivity values all agree to within uncertainties, especially at
lower values of OH reactivity. However, when the measured
OH reactivity exceeds a few s−1 , the measured OH reactivity is typically greater than OHRcycling, which is typically
greater than OHRreactants. These differences can be quite
large (e.g., at day-of-the-year time 135.93 in Fig. 6).
To study the dependence of the measurement with altitude,
the median vertical profile (1 km each level) of the measured
OH reactivity is plotted against the altitude in Fig. 7. The
www.atmos-chem-phys.net/9/163/2009/
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median values are calculated based on all measured OH reactivity in each 1km layer through the whole troposphere.
Medians, interquartile range (25%–75%), and 1.5 times interquartile range (12.5%–87.5%) are all presented for each
level.
The measured OH reactivity, OHRecycling, and OHRreactants have similar trends from low altitude to high altitude – they decrease to values less than 1 s−1 at the highest
altitudes. However, in the 0∼2 km layer, the median measured OH reactivity (4.0±1.0 s−1 ) is greater than the median
OHRecycling (3.3±0.8 s−1 ), and even greater than the median OHReactants (1.6±0.4 s−1 ). The uncertainty of OHRecycling is calculated based on the uncertainties of measured
HO2 /OH ratio and the OH concentration. The uncertainty of
OHReactants is based on the uncertainties of all measured
OH reactants and their reaction coefficients with OH. The
differences between OHReactans and the other two methods
are statistically significant because the OHReactants falls out
of the observation uncertainties range in the lowest layer. If
the wall loss is 2.5–2.9 s−1 as suggested by laboratory tests,
then the measured OH reactivity and OHRcycling would
agree, although the difference between with the measured
OH reactivity and OHReactant would still be significant. The
measured OH reactivity is also greater than both OHRrecycling and OHReactants above 2 km.
To verify this conclusion, a two-sample t-test is conducted
between the OHReactant and OHRrecycling and the results
show that these two variables are significantly different with
the 99% confidence interval. The significance is also proved
between the measured OH reactivity and OHReactant. The
difference between the measured OH reactivity and OHRreactants suggests the presence of unknown OH reactants in the
boundary layer that can affect the OH reactivity up to 4 km
Atmos. Chem. Phys., 9, 163–173, 2009

170

J. Mao et al.: Airborne measurement of OH reactivity during INTEX-B
10

10

10

8

8

6

6

4

4

4

2

2

2

0

0

cycling
measurement
reactants

8
6

10

114

114.1

114.2

10

0
115.9

116

116.1

10

8

8

8

6

6

6

4

4

4

2

2

2

0

0

10

121.3

121.4

121.5

121.6
124.8
10

0
124.9

125

125.110

8

8

8

6

6

6

4

4

4

2

2

2

0

0
129.9

130

130.1

118.95 119 119.05 119.1 119.15 119.2

127.9 127.95 128 128.05 128.1 128.15

0
132.9

133

133.1

135.7

135.8

135.9

Figure 6: OH reactivity measurement during the second phase of INTEX-B. Each panel

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
single
In each
panel,
the discussed
x-axis isinthe
year and
the y-axis
is the
is Julian day is
andfor
theone
Y-axis
is theflight.
three types
of OH
reactivity
the day
text, of
thethe
measured
OH reactivity
(red),
the calculated OH
three
types (blue)
of OHandreactivity
discussed
in the
text,
measured
OH reactivity
(red),
the OH reactivity
reactivity based
on cycling
the calculated
OH reactivity
based
on the
all measured
reactants
(yellow). The
measured
has been smoothed
with a 3-point
running average.
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.
12

12
11
10
10
9
8
Altitude (km)

Altitude(km)

8
7
6

6

5
4
4
3
2
2
1
0

2
4
6
OH Reactivity(s-1)

8

0

0

2
OH reactivity(s-1)

4

Figure 7: Measured OH reactivity (left) and the comparison (right) of the three types of OH
Fig. 7. Measured OHreactivity
reactivitythrough
(left) and
comparison
(right)theofsecond
the three
types
OH reactivity
through theIntroposphere during the
thethe
troposphere
during
phase
ofof
INTEX-B
field campaign.
second phase of INTEX-B
field
campaign.
the left
panel,
two the
endslower
of thequartile,
box show
theupper
lowerquartile
quartile,values.
and upper quartile values. The
the left
panel,
the twoInends
of the
boxthe
show
and
line inside the box shows
linesthe
extending
each
end
of the
box shows
theeach
extentend
of of
thethe
rest of the data (1.5 times
The the
linemedian
inside value.
the boxThe
shows
medianfrom
value.
The
lines
extending
from
the interquartile range).
the right
dash-dotted
line
with
circles
the median range).
measured
the red dotted line
boxInshows
thepanel,
extentthe
of black
the rest
of the data
(1.5
times
the isinterquartile
InOH
the reactivity,
right
with squares is the median
and the green
solidcircles
line with
diamonds
the medianOH
OHRreactants.
Thered
horizontal bar indicates
panel,OHRrecycling,
the black dash-dotted
line with
is the
medianis measured
reactivity, the
the uncertainties (2σ )dotted
of the line
observations.
with squares is the median OHRrecycling, and the green solid line with

diamonds is the median OHRreactants. The horizontal bar indicates the uncertainties (2σ) of
the observations.

Atmos. Chem. Phys., 9, 163–173, 2009

www.atmos-chem-phys.net/9/163/2009/

J. Mao et al.: Airborne measurement of OH reactivity during INTEX-B
12

12
measured OH
median measured OH
median modeled OH

Altitude(km)

10

measured HCHO
median measured HCHO
median modeled HCHO

8

10

6
4
8

0
0

1

2
3
4
OH Conc(molecule/cm3)

5

6
x 10

6

12

Altitude(km)

2

6

measured HO2

10
Altitude(km)

171

median measured HO2

4

median modeled HO2

8
6

2
4
2
0
0

1

2
3
4
HO Conc(molecule/cm3)
2

5

0
0

6
x 10

8

100

200
300
HCHO Conc(pptv)

400

500

Figure 8: Comparison of median altitude profiles for measured and modeled OH, HO2 and
Fig. 8. Comparison
medianthe
altitude
profiles
forof
measured
and modeled
OH, HO
during
the second
phase of INTEX-B.
2 and HCHO are
HCHOofduring
second
phase
INTEX-B.
The median
measurements
shown
as a solid
The median measurements
are shown
as a median
solid linemodel
with circles
and the median
modelas
calculations
shown
as a dashed line. Individual
line with circles
and the
calculations
are shown
a dashed are
line.
Individual
INTEX-B 1-min measurements are also presented (blue dots).
INTEX-B 1-min measurements are also presented (blue dots).

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, H2 O2 , CH3 OOH, acetaldehyde,
propanal, methanol, ethanol, acetone, have been measured
and constrained in the box model. Therefore the oxidation
products generated in the model other than these species have
fairly small contribution to OH reactivity considering the low
VOC level. These intermediate reaction products cannot account for the missing OH reactivity.
The differences between the measured OH reactivity and
OHRreactants should be reflected in the differences between
measured and modeled OH because the modeled OH uses the
same OH reactants and reaction rate coefficients as OHRreactants. A chemical box model is used by NASA Langley
Research Center to calculate the OH and HO2 (called “LaRC
model” in this paper). The model detail is described elsewhere (Crawford et al., 1999; Olson et al., 2004). The model
www.atmos-chem-phys.net/9/163/2009/
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Fig. 9. Dependence of difference between OH reactivity measurement and OHRreactants on HCHO below 2 km and when NO is
below 100 pptv.

is constrained by the observations of O3 , CO, NO2 , NO,
NMHC, acetone, methanol, dew point, temperature, pressure, and photolysis frequencies. Diurnal steady-state means
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that the model is run repeatedly over an entire day using the
observed conditions until the concentrations of longer lived
species like H2 O2 do not change for any given time of day.
The advantage of this method is to ensure the long-lived
species are eventually in balance with other species.
Figure 8 presents the vertical profile of measured and
modeled OH, HO2 and HCHO during the second phase of
INTEX-B. The measured and modeled OH and HO2 disagree the most below 2 km altitude and then gradually come
into agreement above 4 km altitude (Fig. 8). Below 2 km, the
model calculation of OH is about 30% higher than the measurement. Meanwhile, the model calculation of HO2 agrees
very well with the measurement. Since OH and HO2 were
measured simultaneously in ATHOS instrument (Faloona et
al., 2004), this difference is unlikely from absolute instrument artifacts only. If OH reactivity were missing from the
model below 2 km, as Fig. 8 suggests, then there would be
less OH loss in the model because the model uses only the
measured atmospheric species. These are the same reactants
with OH that go into the OHRreactants. This observation of
missing OH reactivity is consistent with the over-predicted
OH.
As an intermediate product from VOC oxidation,
formaldehyde (HCHO) is a good indicator for hydrocarbon
photochemistry because it is a product of oxidation of hydrocarbons by OH. Moreover, HCHO is not constrained in
the LaRC model simulation. It is worthwhile to compare the
modeled and measured HCHO. This comparison will test the
understanding of the photochemistry using the measurement
of another atmospheric constituent from an independent instrument. As shown in Fig. 8, the most under-predicted
HCHO appears at altitudes from the surface to 2 km height.
Could this extra amount of HCHO be from some atmospheric
constituents that contribute to the missing OH reactivity?
Could this missing OH reactivity come from highly reactive
VOCs, or some other sulfuric, halogenated species? From
the analysis of individual flights, we have noticed that the
difference between measurement and OHRreactants appears
when HCHO reaches a peak. As shown in Fig. 9, the difference between the OH reactivity measurement and OHRreactants is correlated with HCHO concentration below 2 km
when NO is below 100 pptv, with a correlation coefficient
R 2 =0.58. This correlation indicates indirectly that the missing OH reactivity could be from some highly reactive VOCs
that have HCHO as a product of oxidation.
From all the analyses above, the over-predicted OH and
under-predicted HCHO are consistent with the missing OH
reactivity, which is the measured OH reactivity – OHRreactants. Since 1000 pptv HCHO contributes less than 0.2 s−1
OH reactivity in the boundary layer, it is more likely that
HCHO serves as an indicator instead of contributing a big
part to the missing OH reactivity. On the other hand, if we
assume the missing OH reactivity is from some other oxygenated VOCs and we increase the current acetaldehyde concentration by a factor of 10 in the boundary layer, model
Atmos. Chem. Phys., 9, 163–173, 2009

calculations show that the total OH reactivity increases by
40%, OH decreases 65%, HCHO increases 65% and HO2
decreases 15%. HO2 is less sensitive than OH and HCHO
in the model responding to the extra acetaldehyde. Qualitatively these model outputs agree well with the over-predicted
OH and under-predicted HCHO for the missing OH reactivity. This result will shed some light on finding the missing
species and thus reconciling the model and measurements.
4

Summary

A new airborne version of OH reactivity instrument was developed and tested on the NASA DC-8 aircraft. OH reactivity was successfully measured for the first time above Earth’s
surface during the second phase of the INTEX-B aircraft
mission. The in situ and laboratory calibrations indicate good
response of this new instrument under different pressure conditions. For INTEX-B Phase II, which was conducted mainly
over Pacific Ocean, the OH reactivity measurements, the
OH reactivity calculated with the measured OH reactants,
and the OH reactivity calculated from OH steady-state all
show the trend of OH reactivity decreasing with altitude.
However, a difference between the measurements and calculations exists at altitudes below 4 km and is most pronounced in the 0∼2 km layer. The measured OH reactivity (4.0±1.0 s−1 ) is larger than the calculated OH reactivity
from cycling (3.3±0.8 s−1 ), and even larger than the calculated OH reactivity from the total measurements of all OH
reactants (1.6±0.4 s−1 ). Model calculation shows the missing OH reactivity is qualitatively consistent with the overpredicted OH and under-predicted HCHO in the 0∼2 km
layer. The missing OH reactivity is correlated with HCHO
in this layer, suggesting that it is most likely related to some
highly reactive VOCs that are missing in the measurements
and have HCHO as a product of oxidation. The missing
OH reactivity in the boundary layer indicates the shorter OH
lifetime, and thus implies the longer lifetimes for CH4 , CO
and NO2 than in current models. Future assessments of atmospheric reactivity should be made by measurement rather
than either of the calculated methods performed here
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