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Abstract Formaldehyde (HCHO) directly affects the atmospheric oxidative capacity through its effects on
HOx. In remote marine environments, such as the tropical western Pacific (TWP), it is particularly important
to understand the processes controlling the abundance of HCHO becausemodel output from these regions is
used to correct satellite retrievals of HCHO. Here we have used observations from the Convective Transport of
Active Species in the Tropics (CONTRAST) field campaign, conducted during January and February 2014, to
evaluate our understanding of the processes controlling the distribution of HCHO in the TWP as well as its
representation in chemical transport/climate models. Observed HCHO mixing ratios varied from ~500 parts
per trillion by volume (pptv) near the surface to ~75 pptv in the upper troposphere. Recent convective
transport of near surface HCHO and its precursors, acetaldehyde and possibly methyl hydroperoxide,
increased upper tropospheric HCHO mixing ratios by ~33% (22 pptv); this air contained roughly 60% less NO
thanmore aged air. Output from theCAM-Chemchemistry transportmodel (2014meteorology) aswell as nine
chemistry climate models from the Chemistry-Climate Model Initiative (free-running meteorology) are found
to uniformly underestimate HCHO columns derived from in situ observations by between 4 and 50%. This
underestimate of HCHO likely results from a near factor of two underestimate of NO in most models, which
strongly suggests errors in NOx emissions inventories and/or in themodel chemicalmechanisms. Likewise, the
lack of oceanic acetaldehyde emissions and potential errors in the model acetaldehyde chemistry lead to
additional underestimates in modeled HCHO of up to 75 pptv (~15%) in the lower troposphere.
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1. Introduction

Formaldehyde (HCHO) is a pervasive trace gas that provides insight into the dynamical and chemical pro-
cesses controlling atmospheric composition. The photolysis and subsequent photochemistry of HCHO is
an important source of the hydroperoxyl radical (HO2) in both urban (Volkamer et al., 2010) and remote
(Mahajan et al., 2010; Whalley et al., 2010) regions. In the upper troposphere (UT), HCHO is a precursor of
the hydroxyl radical (OH) (Jaegle et al., 1998), affecting the oxidative capacity of the atmosphere.
Knowledge of the distribution of HCHO thus aids in constraining production of HOx (HOx = OH + HO2) in che-
mical models. Because of its relatively short atmospheric lifetime, with a noontime minimum of ~2 h in the
tropics, and its vertical concentration profile with surface values almost an order of magnitude larger than
those in the UT, HCHO is also a suitable tracer for recent convection (e.g., Borbon et al., 2012; Fried et al.,
2016, 2008). To understand the atmospheric HOx budget, the chemistry and dynamical processes controlling
HCHO must be thoroughly characterized.

The global atmospheric budget of HCHO is dominated by in situ production, with methane oxidation provid-
ing ~970 Tg yr�1 and oxidation of other hydrocarbons contributing an additional 250 Tg yr�1 (Fortems-
Cheiney et al., 2012). There are minor primary emissions, on the order of 10 Tg yr�1, from biomass burning
(Akagi et al., 2011; Andreae & Merlet, 2001; Holzinger et al., 1999), industry (Friedfeld et al., 2002; Garcia
et al., 2006; Parrish et al., 2012), agriculture (Kaiser et al., 2015), automobiles (Grosjean et al., 2001; Lipari &
Swarin, 1982), shipping (Marbach et al., 2009), and vegetation (DiGangi et al., 2011). The short atmospheric
lifetime of HCHO prevents long-range transport of these primary emissions to remote regions (Vigouroux
et al., 2009). Oceanic emission has also been suggested as a primary source of HCHO in the remote marine
environment (Zhou & Mopper, 1997). While isoprene and other volatile organic compounds (VOCs) are sig-
nificant HCHO precursors in areas with large biogenic or anthropogenic emissions (Millet et al., 2006;
Palmer et al., 2003; Wolfe, Kaiser, et al., 2016), in the remote marine environment, atmospheric HCHO is
mainly produced by methane oxidation (Ayers et al., 1997), with minor contributions from acetone (Jaegle
et al., 2000), methanol (Jaegle et al., 2000), acetaldehyde (Singh et al., 2004), and glyoxal (Coburn et al.,
2014; Volkamer et al., 2015). This in situ production in remote regions typically results in HCHO mixing ratios
from 200 to 400 parts per trillion by volume (pptv) near the surface and significantly lower values, frequently
below 100 pptv, in the UT (Ayers et al., 1997; Fried et al., 2011, 2003; Frost et al., 2002; Heikes et al., 2001; Jones
et al., 2009; Still et al., 2006). Unless otherwise indicated, HCHO production is used to indicate formation, not
net HCHO production (i.e., formation minus loss).

Production of HCHO frommethane is generally initiated by reaction with OH, O(1D), or Cl, producing the per-
oxymethyl radical (CH3O2). In a low NOx regime, the peroxymethyl radical then reacts to form various species,
including methyl hydroperoxide (MHP: CH3OOH) and methanol (CH3OH), before generating HCHO. Chemical
sinks of HCHO include two photolytic pathways as well as reactions with OH, NO3, Cl, and Br. Oxidation of
HCHO by OH (R1) has no net effect on total HOx, as HO2 is converted to OH in the presence of sufficient
NOx. At low NOx concentrations, however, oxidation of HCHO effectively partitions OH to HO2, as the conver-
sion of HO2 to OH is inhibited (Gao et al., 2014). Photolysis is a significant source of H2 (R2) and HO2 (R3). Other
removal mechanisms include dry and wet deposition (Economou & Mihalopoulos, 2002; Thompson, 1980;
Tost et al., 2007) and processing in clouds (Amato et al., 2007; Barth, 2003; Tost et al., 2007). A schematic of
the major reactions controlling HCHO abundance is shown in Figure 1.

(R1) OHþ HCHO→COþ H2Oþ HO2

(R2) HCHOþ hυ→COþ H2

(R3) HCHOþ hυ þO2ð Þ→COþ 2HO2:

Formaldehyde observations are limited in the tropical western Pacific (TWP). Peters et al. (2012), using differ-
ential optical absorption spectroscopy (DOAS), found total column HCHO to be between 2 and 4 × 1015 cm�2

in the TWP during October 2009 as part of the TransBrom cruise. These observations provided a diurnal pro-
file of the HCHO column content but were limited to the narrow path of the ship track and provide no infor-
mation about altitudinal variations of HCHO concentration. In situ aircraft observations of HCHO have often
been limited by the low concentrations in the UT, frequently below the instrument detection limits (LODs).
Heikes et al. (2001) measured HCHO with an enzyme derivatization fluorescence technique with a LOD of
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50 pptv during the Pacific Exploratory Mission (PEM)-Tropics B campaign,
conducted in the central Pacific during March to April 1999 at altitudes
between the surface and ~12 km. More than 25% of observations were
below the LOD, with median values at 8 km on the order of 100 pptv.
Fried et al. (2003) measured HCHO with tunable diode laser absorption
spectroscopy, with an LOD primarily between 50 and 80 pptv, in the wes-
tern Pacific as part of the TRACE-P campaign (February to April 2001).
Between 8 and 12 km, median HCHO values were 51 pptv in the western
Pacific. While sampling the northern edge of the remote TWP, the
TRACE-P campaign did not heavily sample the deep tropics or the tropical
tropopause layer (TTL), located between about 14 and 18.5 km. The TTL
acts as a transition zone between the tropical troposphere and strato-
sphere and is the site of significant deep convective outflow (Fueglistaler
et al., 2009). Additional observations of HCHO in the deep tropics and UT
in this region are therefore needed to complement these previous studies.

Agreement between observations of HCHO and model output varies dra-
matically among studies that focused on the remote, marine environment.
Fried et al. (2011) showed that observations of HCHO over the eastern
Pacific Ocean from the INTEX-B campaign (April to May 2006) could be
reproduced by a photochemical box model from the surface to ~11 km
and that methane was the dominant precursor. Jones et al. (2009) deter-

mined that methane chemistry alone is insufficient to produce HCHO comparable to surface observations
in a remote New Zealand site as inferred from high-resolution Fourier transform infrared (FTIR) measure-
ments. Vigouroux et al. (2009) compared column HCHO measured by FTIR and DOAS instruments at
Réunion to output from the IMAGES global chemical transport model (CTM), finding that the model under-
estimated column HCHO by between 15 and 29%. These results, however, could have been affected by errors
in the HCHO line parameters used in the retrieval, potentially biasing the HCHO retrieval high (e.g., Franco
et al., 2015). Finally, Zeng et al. (2015) showed that four global chemistry models underestimated column
HCHO by approximately 50% in the Southern Hemisphere, as compared to FTIR observations, suggesting that
these models lack a significant source of HCHO. It is imperative to evaluate the vertical columns of these
CTMs, particularly in remote locations, as many satellite retrievals use output from these models to correct
for biases in the retrieval (e.g., De Smedt et al., 2015; González Abad et al., 2015, 2016; Li et al., 2015).

Here we use in situ observations of HCHO collected during the Convective Transport of Active Species in the
Tropics (CONTRAST) campaign to characterize, for the first time, the distribution of HCHO in the TWP from the
surface to approximately 15 km, the level of deep convective outflow. Back trajectories and satellite observa-
tions are used in conjunction with the in situ observations to determine the effects of convection on the
HCHO mixing ratio. We then use observations of a suite of VOCs and other species from CONTRAST and a
photochemical box model to evaluate our current understanding of HCHO chemistry and the oxidative capa-
city of the atmosphere. Finally, these observations are also compared to output from the CAM-Chem CTM
and a suite of models from the Chemistry Climate Model Initiative (CCMI) to assess the representation of
HCHO in global chemistry models.

2. Methodology
2.1. Campaign Description

The CONTRAST campaign consisted of 16 research flights conducted using the National Center for
Atmospheric Research (NCAR) Gulfstream V (GV) aircraft during January and February 2014. For a complete
description of CONTRAST, see Pan et al. (2016). Research flights (RF) were either based out of Guam
(13.5°N, 144.8°E) or conducted in transit between Broomfield, CO (39.95°N, 105.1°W), and Guam. Flights from
Guam spanned latitudes from the northern coast of Australia to Japan and altitudes from approximately 0.1 to
15 km. Vertical profiles of the tropospheric columnwere obtained onmultiple flights, withmost profiles span-
ning the full altitude range of the mission. While some profiles were obtained as spirals, most were ascents or
descents made in a straight line and covering several hundred kilometers in the horizontal. Here data from

Figure 1. Schematic for the production of formaldehyde from acetone
(CH3COCH3), acetaldehyde (CH3CHO), methane (CH4), methanol (CH3OH),
and glyoxal (CHOCHO). After Stickler et al. (2006).
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the transit flights (RF01, 02, and 16) and RF03, which lacked CO measure-
ments, are excluded. Flight tracks analyzed here are shown in Figure 2a.
2.1.1. Formaldehyde Measurements
Formaldehyde was measured by the In Situ Airborne Formaldehyde (ISAF)
instrument. A complete instrument description can be found in Cazorla
et al. (2015), and only a brief summary is given here. ISAF relies on the
laser-induced fluorescence technique. A pulsed UV fiber laser is tuned to
a HCHO rovibronic absorption line at 353.163 nm. A fraction of the excited
HCHO molecules relaxes to the ground state by fluorescence, and the
resultant photons are counted by a photomultiplier tube. Nonresonant
background signal is measured at a nearby wavelength (353.168 nm) with
no HCHO absorption. The difference between the measurements at these
two wavelengths is proportional to the mixing ratio of HCHO.

The instrument was calibrated before and after the campaign through
standard dilution of a ~500 ppbv primary HCHO standard (Scott specialty
gas) to zero air. The calibration factor is dependent on cell pressure, which
affects the number density, absorption line broadening, and quenching of
the sample. The concentration of the standard was determined through
both long-path UV absorption and FTIR. FTIR measurements were cor-
rected to the UV-determined value to tie the calibration to a literature
standard, as described in Cazorla et al. (2015). Instrument performance is
reliable over time, with the calibration factor varying by less than 10%
between the two calibrations. Data are sampled by ISAF at 10 Hz and
reported at 1 Hz. At 1 Hz, the 2σ LOD is 36 pptv, and the instrument preci-
sion is better than 20% above 100 pptv. For the upper tropospheric back-
ground observed in CONTRAST (between 50 and 75 pptv), instrument
precision is closer to 30%, as uncertainty at these mixing ratios is dictated
by variability in the nonresonant background signal. Overall measurement
accuracy (1σ) is 10% + 20 pptv.

ISAF has been deployed on multiple field campaigns and been compared
to observations from a difference frequency generation absorption spec-

trometer (DFGAS) (Weibring et al., 2006, 2007) during the DC3 campaign and a similar instrument during
the SEAC4RS campaign. For data from DC3, a regression of observations from the two instruments showed
high correlation (r2 = 0.98) with a slope and intercept of 0.86 and 63.4 pptv, with the ISAF observations higher
than the DFGAS measurements by ~50 pptv (G Chen, 2017). Because of the low HCHO abundance in the UT,
this difference was particularly notable at low pressures. Similar results were found for the SEAC4RS cam-
paign. The source of this disagreement is currently unknown, but the difference suggests a possible bias in
one or both instruments.

Possible sources of a high bias in the ISAF measurement are in situ production of HCHO in the inlet,
adsorption/desorption of HCHO on the inlet tubing, and possible contamination due to the inlet design.
As discussed in section 3.3.1, measurement artifacts from the decomposition of methylperoxynitrate
(CH3O2NO2: MPN) and reactions of VOCs with ozone were likely negligible (<5 pptv). The large volumetric
flow rate through the inlet, ~25 L min�1, is designed to prevent any significant adsorption and later deso-
rption of HCHO on the inlet tubing. Significant desorption of HCHO from the inlet tubing would result in
higher mixing ratios at lower flow rates. There is no discernable relationship between observed HCHOmixing
ratio and flow rate, with HCHO distributions at the same pressure but different flow rates being nearly iden-
tical (Figure S1 in the supporting information). While desorption cannot be completely excluded, this lack of
variation of HCHOwith flow rate suggests that the quantities desorbed are small. This is further supported by
observation of HCHO on the order of 25 to 30 pptv at the lowest pressures (Figure S1). Because, as discussed
in section 3.3.2, methane is the dominant HCHO precursor and it is ubiquitous in the atmosphere, a back-
ground of at least 10 to 15 pptv HCHO would be expected even in the tropical UT. This would suggest that
desorption could be a source of measurement interference of no more than 20 pptv of HCHO, on the order
of the measurement uncertainty.

Figure 2. (a) Sum of lightning flash counts for January and February 2014
from the lightning imaging sensor on board the TRMM satellite (Cecil et al.,
2014). Latitude and longitude for each lightning flash along the satellite track
were downloaded from https://ghrc.nsstc.nasa.gov/hydro/. Data from each
flight day and preceding day were sorted into a 0.5° × 0.5° horizontal grid
and summed over the entire campaign. The CONTRAST flight tracks for all
flights analyzed in this study are shown in purple. (b) Observed HCHO from
ISAF at pressures less than 300 hPa. Data are averaged over the TOGA
observation time and are limited to latitudes between 20°S and 20°N.
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Finally, after the campaign, it was discovered that a portion of the inlet Teflon tubing had melted at an
unknown time during CONTRAST. The inlet design, however, makes it unlikely that the HCHO observations
were contaminated by the melted Teflon. A schematic of the inlet is shown in Figure S2. The inlet was
mounted on the top of the plane with a portion of the air flow subsampled perpendicular to the flight direc-
tion. This section of the inlet (portion A in Figure S2) had been catheterized with stainless steel tubing that
was sealed from the Teflon tubing via an air-tight O-ring. Because the melted Teflon was downstream of
the stainless steel inlet and O-ring seal, contamination from cabin air and/or other air in the inlet is unlikely.
In addition, there was no significant difference in observed HCHO profiles over the course of the campaign,
suggesting that the melted Teflon did not influence the measurements.
2.1.2. Additional Trace Gas Observations
The NCAR GV aircraft was outfitted to measure various trace gases, meteorological parameters, and radiative
flux. Ozone and NO were measured by chemiluminescence (Ridley & Grahek, 1990). Total 2σ uncertainties,
averaged over 35 s, were 1.2 ppbv and 4.5 pptv for O3 and NO, respectively. Ozone and NO have been cor-
rected for quenching due to ambient water vapor (Ridley et al., 1994). Carbon monoxide was also measured
at 1 Hz, with an Aerolaser 5002 vacuum ultraviolet fluorescence instrument (Gerbig et al., 1999) with a 2σ
uncertainty of 3 ppbv ± 3%. Methane was measured by wavelength-scanned cavity ringdown spectroscopy
using a Picarro G1301-c analyzer (Crosson, 2008). Measurement uncertainty is 3 ppbv (2σ) for a 0.2 s aver-
aging time. Water vapor was measured by an open-path, laser hygrometer (Zondlo et al., 2010). Data were
reported at 1 Hz with a 2σ precision of <3%. Photolysis frequencies were calculated from actinic flux density
by the High-performance Instrumented Airborne Platform for Environmental Research (HIAPER) Airborne
Radiation Package (HARP) on board the GV aircraft during CONTRAST (Petropavlovskikh et al., 2007).
Estimated total, 1σ uncertainties in photolysis frequencies relevant to this study are ±25%, ±12%, and
±20% for jO1D, jNO2, and both HCHO photolysis pathways, respectively.

The Trace Organic Gas Analyzer (TOGA) instrument measured a suite of trace gases via gas
chromatography/quadrupole mass spectrometry (GCMS) with a sampling time of 35 s and 2 min between
sampling periods (Apel et al., 2010). Unless otherwise indicated, all data in this study have been averaged
over the TOGA sampling period so that all observations have the same time coordinate. Measured species
relevant to this study are acetone, acetaldehyde, propanal, butanal, benzene, methanol, acrolein, propane,
n-butane, i-butane, n-pentane, i-pentane, isoprene, and the isoprene decomposition products methyl vinyl
ketone and methacrolein. Measurement uncertainties and LODs for these species are listed in the supporting
information Table S1. Additional trace gas measurements were made by the Advanced Whole Air Sampler
(AWAS) instrument. AWAS acquires up to 60 samples of ambient air per flight in electropolished stainless
steel canisters. Sampling time is pressure dependent, with times ranging between about 10 and 60 s.
Canisters were analyzed postflight using GCMS. AWAS measurements used in this study are ethane, n-
butane, i-butane, n-pentane, i-pentane, ethyne, and benzene.

BrO was measured remotely with the Airborne Multi-Axis (AMAX) DOAS instrument (Baidar et al., 2013;
Volkamer et al., 2015) and in situ via chemical ionization mass spectrometry (CIMS) (D Chen et al., 2016;
Liao et al., 2012). The BrO LOD for a 60 s sampling time is ~0.3 pptv for AMAX DOAS. In addition to BrO,
the CIMS instrument measured HOBr and Br2. These two species were reported as their sum, however,
because of possible conversion of HOBr to Br2 in the sample inlet. Detection limits for BrO and HOBr + Br2
were 0.6 to 1.6 pptv and 1.3 to 3.5 pptv, respectively.

In addition to the measurements from the CONTRAST CIMS instrument, observations of inorganic halogens
from a CIMS instrument in the Coordinated Airborne Studies in the Tropics (CAST) campaign are also used
(Harris et al., 2016). CAST, also based out of Guam, was conducted simultaneously with CONTRAST and made
observations in the lower troposphere, primarily from 30 m above mean sea level to approximately 8 km. A
CIMS instrument with similar operating parameters as that used in CONTRAST measured, among other spe-
cies, BrO, Br2, HOBr, and HCl (Le Breton et al., 2017).

2.2. Box Model Setup

Formaldehyde mixing ratios were modeled with the Framework for 0-D Atmospheric Modeling version 3.1
box model (Wolfe, Marvin et al., 2016). The model was run with a subset of the Master Chemical
Mechanism (MCM) (Jenkin et al., 2003; Saunders et al., 2003) version 3.3.1 (Jenkin et al., 2015). Inorganic bro-
mine and chlorine chemistry from the Module Efficiently Calculating the Chemistry of the Atmosphere v 3.0
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(Sander et al., 2011) and the reaction of methane with O1D (Atkinson et al., 2006) were also included. The
model was run forward in time with amodel time step of 1 h, with all constrained concentrations andmeteor-
ology held constant but photolysis frequencies varying with time of day. The diurnal cycle was repeated for
4 days for each set of observations, which was found sufficient to bring HCHO into steady state.

The model was constrained with observations taken during CONTRAST of temperature, pressure, relative
humidity, O3, NO, CO, CH4, methanol, acetone, acetaldehyde, propanal, butanal, acrolein, isoprene, methanol,
propane, ethyne, and benzene. Observational constraints were averaged over the TOGA sampling interval,
and only intervals with simultaneous observations of CO, O3, NO, CH4, relative humidity, and HCHOwere used.
The modeled intervals were further restricted to aircraft sampling between 20°S and 20°N at a solar zenith
angle (SZA) less than 60°. Missing data for other species were linearly interpolated in time. Because of the high
frequency of observations by the TOGA instrument below the LOD in the UT, we estimate any TOGA observa-
tions below the detection limit at 30% of the LOD. Including the linearly interpolated data and the data points
with TOGA observations below the LOD increases the number of data points available for modeling from 342
to 612, providing more robust statistics. As discussed in section 3.3.1, including these data points does not
affect our results. The model was also constrained to estimates of ethene as described below and to various
halogen species (BrO, HOBr, Cl, Br2, and Br) as described in the supporting information Texts S1–S2.

Ethyne, which was measured only by the AWAS instrument and at a sampling frequency less than that of the
TOGA species, was linearly interpolated to the TOGA observation time. For times before and after AWAS
observations began as well as for flights without AWAS observations, ethyne mixing ratios were estimated
from the median, campaign-wide vertical profile. Ethene mixing ratios were not measured during
CONTRAST and are taken from the CAM-Chem model, described below. The ethene profile from CAM-
Chem (Figure S3) is comparable to that from previous field campaigns (Blake, 2003). When the box model
was run with double these ethene concentrations, modeled HCHO varied by 1–2%, on average.

Photolysis rates are allowed to vary with the diel cycle, and as such, parameterizations are used to calculate
the photolysis frequency at SZAs other than that at the observed time. To calculate the photolysis frequency
for a given species, we use reaction dependent parameterizations provided by the MCM, described by equa-
tion (1). Here χ is SZA and l,m, and n are species-specific coefficients. These modeled photolysis rates are then
multiplied by a scaling factor determined by calculating the ratio of the HARP observations to modeled
photolysis frequencies at the time of observation to take into account, as best as possible, variations in albedo
and overhead column O3 not considered in the MCM parameterization. For photolysis reactions of halogen
species, which are not included in the MCM, the terms l, m, and n for equation (1) were determined for each
halogen species by fitting SZA-binned observations of photolysis frequencies from all flights conducted in
the tropics to equation (1) as described in Jenkin et al. (1997). Photolysis frequencies were then calculated
and scaled as for the other reactions.

j ¼ l cosχð Þm exp �n� secχð Þ (1)

2.3. Convective Influence

To determinewhether an air parcel had been convectively lofted, a combination of back trajectories and satel-
lite data were used. Ten day kinematic back trajectories along the flight track were calculated using the NOAA
Hybrid Single-Particle Lagrangian Integrated Trajectory model (Stein et al., 2015). The trajectories allowed for
vertical displacement, using estimates of the vertical wind from assimilatedmeteorological fields. Trajectories
were initialized at each observation time corresponding with the TOGA instrument for all flights analyzed
here. Global Data Assimilation System meteorological fields at 1° latitude × 1° longitude drove the model.

To estimate when an air parcel was last convectively lofted, we combine these back trajectories with satellite
observations of precipitating convection, as discussed in Anderson et al. (2016), in which this approach was
used to determine the origin of high ozone low water structures in the TWP. Precipitation rates from the
Tropical Rainfall Measuring Mission (TRMM) multisatellite precipitation analysis product (Huffman et al.,
2007) were combined with cloud top heights calculated from geostationary satellite infrared measurements
to determine the location of convection as described in Bergman et al. (2012). The convective precipitation
product is available at 0.25° latitude × 0.25° longitude resolution with a time step of 3 h. Intersection of a tra-
jectory with precipitating convection was defined as a point on the trajectory being within 25 km of convec-
tion in the horizontal and being at or below the cloud top height. While any given trajectory likely has a large
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uncertainty that increases with distance from the initiation point, the number of trajectories used in this ana-
lysis (~400 for air parcels experiencing convection within 24 h of observation) acts to reduce this uncertainty.
As a result, as discussed in section 3.2, our results are relatively insensitive to this interception radius for radii
up to at least 100 km. In addition, because the satellite product only captures precipitating convection, it is
possible that this method fails to capture air parcels that have been convectively lofted in
nonprecipitating events.

2.4. Chemistry Transport and Chemistry Climate Models
2.4.1. CAM-Chem
The Community Atmosphere Model version 4.0 (CAM4) is the atmospheric component of the global
chemistry-climate model Community Earth System Model (CESM) (Lamarque et al., 2012). When run with
active chemistry, it is known as CAM-Chem. Here the model was run off-line, with meteorological fields spe-
cified by the NASA GEOS5 model (Tilmes et al., 2015), with a horizontal resolution of 0.94° latitude × 1.25°
longitude and 56 vertical levels. The model chemistry scheme includes a detailed representation of tropo-
spheric and stratospheric chemistry (~180 species and ~500 chemical reactions), including very short lived
halogens. Fernandez et al. (2014) provide details on surface emissions, wet and dry deposition, heteroge-
neous reactions, and photochemical processes of halogens used within CAM-Chem. Anthropogenic emis-
sions are from the Representative Concentration Pathway (RCP) 6.0 scenario (Meinshausen et al., 2011; van
Vuuren et al., 2011), and biomass burning emissions are from the Fire Inventory for NCAR (FINN)
(Wiedinmyer et al., 2011).
2.4.2. CCMI
CCMI is a model intercomparison project in which approximately 24 chemistry climate models (CCMs) are run
with the same set of anthropogenic emissions and climate forcers. See Morgenstern et al. (2017) for a com-
plete listing of the emissions inventories and climate forcers used as well as a high-level description of the
CCMI models. Model output has been archived by the CCMI project and maintained at the British
Atmospheric Data Centre (BADC, http://badc.nerc.ac.uk/, last accessed July 2017). Among the goals of
CCMI are understanding trends in tropospheric ozone and understanding the controlling mechanisms for
OH. Here we evaluate only the nine CCMs that archived monthly output of both HCHO and NO, a species
instrumental in HCHO production: CESM1-WACCM (Tilmes et al., 2016), CHASER (MIROC-ESM) (Watanabe
et al., 2011), CMAM (Scinocca et al., 2008), GEOSCCM (Oman et al., 2013), MOCAGE (Guth et al., 2016; Josse
et al., 2004), NIWA-UKCA (Morgenstern et al., 2013), SOCOL3 (Stenke et al., 2013), and two setups of EMAC
(Jöckel et al., 2010, 2016). Chemical mechanisms vary widely among the models. CMAM does not consider
the chemistry of nonmethane hydrocarbons (NMHCs), while the only NMHC source gas considered by
SOCOL3 is isoprene. The other models include a more expansive suite of NMHCs.

All model output, except for that from CHASER, is from the REF-C1 hindcast scenario, in which the models
simulate the atmosphere from 1960 to 2010 with free-running meteorology but are constrained to
prescribed sea surface temperatures and sea ice. CHASER output is, at the time of writing, only available
for the REF-C1SD scenario, which uses the same emissions and forcers as the REF-C1 scenario but is
constrained to a specified meteorology. As discussed in section 3.4.2, we use the hindcast scenario, and
not the forecast scenario (REF-C2), which includes 2014, because more model output is available for the
REF-C1 scenario and models show little interannual variability in either NO or HCHO during the years
examined here (2001–2010).

3. Results and Discussion
3.1. Formaldehyde Distribution

The vertical profile of all HCHO observations made in the TWP is shown in Figure 3. Near-surface values
(observations between the surface and 975 hPa) had a median mixing ratio of 506 pptv (Figure 3).
Formaldehyde was highest near Papua New Guinea, where isoprene and direct emission of HCHO from bio-
mass burning likely increase HCHO as compared to the TWP background. Formaldehyde mixing ratios decay
exponentially with decreasing pressure, reaching a median value of 74 pptv in the UT at pressures less than
300 hPa. Local, upper tropospheric maxima of HCHO, with values exceeding 140 pptv, were found north of
Guam and near Papua New Guinea (Figure 2b). The maximum north of Guam was observed during a flight
designed to measure fresh, convective outflow, suggesting that convective transport of near-surface air,
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rich in HCHO and its precursors, is a likely cause for these high upper tropospheric values. Convective
influence on the distribution of HCHO is explored more fully in section 3.2. Vertical profiles and the upper
tropospheric distribution of HCHO from flights not analyzed in depth in this paper (RF 01–03 and 16) are
shown in Figure S4. In general, upper tropospheric HCHO was slightly lower during these research flights,
driven by values on the order of 40–50 pptv measured between Hawaii and Guam. We do not analyze
these flights in more detail, however, because of the low frequency of sampling in these regions.

CONTRAST measurements of HCHO between 8 and 12 km were almost a factor of 2 higher than that
observed during TRACE-P, with medians of 97 and 51 pptv, respectively. This increased HCHO could result
from differences in spatiotemporal sampling as well as the phase of the El Niño–Southern Oscillation
(ENSO). Most TRACE-P observations were made north of the CONTRAST domain and in March through
April, while CONTRAST took place in January and February. In addition, during TRACE-P, ENSO was in a weak
La Niña phase, shifting convection westward (Fuelberg, 2003), as compared to during CONTRAST, which was
conducted during a weak El Niño. This shift in convection would result in less transport of HCHO and its pre-
cursors into the UT during TRACE-P. In addition, there is an offset between ISAF and the infrared absorption
technique used in TRACE-P, suggesting that instrumental differences could also account for the change in
HCHO values between the two campaigns.

Total tropospheric column HCHO was calculated for each profile with observations throughout the tropo-
sphere. See the supporting information for a description of the column calculation technique. The tropo-
spheric formaldehyde column ranged from 4.1 to 7.5 × 1015 cm�2, with a mean value of
5.6 ± 0.86 × 1015 cm�2 (1σ). While it is possible that horizontal heterogeneities may affect the calculation
of the HCHO columns, in general, as shown in Figure 3, there was little variation in HCHO mixing ratios at a
given pressure level. Three complete HCHO columns were obtained during RF06, in which the aircraft
sampled air masses on either side of a frontal system west of Guam. Air behind the front had consistently
higher mixing ratios of anthropogenic pollutants, while air ahead of the front wasmore representative of pris-
tine, marine air. Despite this difference in composition, there was only a 6% increase in column HCHO content
behind the front (5.5 × 1015 cm�2) compared to ahead of the front (5.2 × 1015 cm�2). This difference is well
within the variability of the observed columns in the tropics, suggesting that photochemical HCHO
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Figure 3. Measured (a) formaldehyde (HCHO) from ISAF averaged over the TOGA sampling interval and (b) acetaldehyde
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production in aged, anthropogenically influenced air masses is not sufficient to perturb the tropical back-
ground tropospheric HCHO column significantly.

3.2. Convection, Aldehydes, and Upper Tropospheric HOx

Convection and convective lofting of near surface species alters the chemical composition of the UT. Recent
convection shifted the distribution of HCHO in the UT upward, increasing the median by 33% (22 pptv) from
the aged air to air that had been convected within 24 h of observation (Figure 4). Here we define aged air as
that which has not been convectively perturbed within 100 h before observation. This definition of aged air is
consistent with the average time needed to advect air from Southeast Asia (5 ± 4 days) and allows for the
dissipation of any convective effects. In addition, the radius used to determine the intersection of a back tra-
jectory with convective precipitation has little effect on the results. (See section 2.3 for a description of the
convection product.) Figure S5 shows the same information as Figure 4 but assuming a 100 km radius of
interception. The change in HCHO between the convective and aged case, as well as the change for the other
species shown, is nearly identical when increasing the interception radius from 25 to 100 km.

The distribution of chemical tracers in the UT is also consistent with our method of determining time since an
air parcel encountered convection. Dimethyl sulfide is emitted from the ocean and has a lifetime on the order
of hours (e.g., Barnes et al., 2006), resulting in a vertical profile that decays exponentially with height
(Figure S6). During CONTRAST, only 12 observations above the LOD were made at pressures less than
300 hPa for the flights considered here. Consistent with its short lifetime, our method of determining time
since convection classifies 11 of these air parcels as having been convected within 24 h of observation.
Methyl iodide (CH3I), another short-lived marine air tracer (e.g., Ravetta et al., 2001), has a lifetime of ~4 days
(Bell et al., 2002). The ratio of the median CH3I in recently convected air to aged air is 1.24 (Figure S7). Because
our definition of aged air (100 h) is still within one lifetime of CH3I, some convective signature might still be
apparent in air we classify as aged. When we increase our definition of aged air to 150 h, the ratio of CH3I in
convected to aged air increases to ~1.75, consistent with Ravetta et al. (2001). While there is substantial over-
lap between the distributions for the aged and recently convected air, the near surface values (Figure S6) of
CH3I also showed significant variability, suggesting that there is no threshold mixing ratio of CH3I in the UT
that would indicate convection across the entire CONTRAST study region. Similar results are found for
CH3Br and CHBr3 (Figures S6 and S7). Finally, the distributions of ozone and water vapor further support
our determination of recently convected versus aged air. In the CONTRAST region, background marine air
is characterized by low O3 (~20 ppbv) and high relative humidity, while more aged air has the opposite sig-
nature (e.g., Anderson et al., 2016; Pan et al., 2016, 2015). Our analysis shows that the convectively controlled
air has almost a factor of 2 lower ozone than the more aged air, while the water vapor mixing ratio is a factor
of 3 higher in the recently convected air.

Because of the short atmospheric lifetime of HCHO in the UT, ~2 h, and the 33% higher HCHO in the recently
convected air, convection must promote additional photochemical HCHO production in the UT through the
transport of longer-lived HCHO precursors, such as acetaldehyde and MHP. Convection increases upper tro-
pospheric acetaldehyde, a short-lived species with a vertical profile similar to that of HCHO (Figure 3b), from
2 pptv to 24 pptv (Figure 4). In situ production of acetaldehyde in the TWP UT is minimal; in the absence of
deep convection, the upper tropospheric mixing ratio was frequently below the LOD. Box modeling analysis,
discussed below, suggests that convectively influenced air parcels with the median mixing ratio of acetalde-
hyde (24 pptv) or higher, can provide between 10 and 20 pptv of additional HCHO over the background. The
source of this acetaldehyde is uncertain, however. With an atmospheric lifetime on the order of 1 day, long-
range transport of direct emissions from fires or biogenic sources is unlikely, suggesting a possible oceanic
source (Millet et al., 2010) or significant in situ production (Read et al., 2012). Entrainment of acetaldehyde
and its precursors from the midtroposphere, which contained emissions from biomass burning (Anderson
et al., 2016), is a possible source of the higher CH3CHO in the recently convected air (see, for example,
Fried et al., 2016). Analysis of the biomass burning tracers HCN and CH3CN shows conflicting results, however,
with HCN lower in recently convected air and CH3CN higher (Figure S7). Further investigation into the
impacts of entrainment, though beyond the scope of this paper, is warranted.

As discussed in section 3.3.1, convective lofting of MHP and, to a lesser extent, glyoxal and ethene could also
increase upper tropospheric HCHO in the convective case, although none of these species was measured
during CONTRAST. Finally, calculated OH mixing ratios are 1.4 times lower in the freshly convected parcels
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than in the aged air parcels (Figure 4), resulting in an increase in the lifetime of HCHO with respect to OH
removal from ~24 to ~34 h. As discussed in section 3.3.2, in the UT, photolysis is responsible for ~90% of
HCHO removal and the lifetime of HCHO with respect to photolysis during CONTRAST was ~2 h,
suggesting that the lower OH values in the convectively lofted air likely have minimal influence on the
higher HCHO in the convected air parcels.

Both HCHO and acetaldehyde are sources of HO2, suggesting that increased upper tropospheric mixing
ratios promoted by convection could lead to increased HO2 production. Figure 5 shows the HO2 production
rates from photolysis of HCHO (squares) and acetaldehyde (diamonds) as calculated by the F0AM box model
run constrained to HCHO observations. In the lower troposphere, there is no significant difference in HO2

production between the convectively influenced and aged air parcels. At pressures less than 250 hPa,
HO2 production from HCHO and acetaldehyde is a factor of 2 and an order of magnitude larger, respectively,
in the freshly convected air than in the aged air. Total HO2 production from all sources is also shown in
Figure 5 (circles) but does not show a significant difference between the convective and aged cases.
Although convection significantly enhances the HO2 production rate from acetaldehyde as compared to
the aged case, the HO2 production rate from acetaldehyde at 150 hPa is only 1.7% and 0.23% of the total
HO2 production rate for the convective and aged cases respectively. Thus, production of HO2 from acetalde-
hyde photolysis is unimportant in the UT in either case. For HO2 production from HCHO, however, the con-
tribution to total HO2 production increases from 7.5% to 11% from the aged to the convective case. Previous
research in the TWP suggests that convective transport of MHP (Prather & Jacob, 1997) and H2O2 (Jaegle
et al., 1997) from the MBL was the dominant factors in controlling tropical, upper tropospheric HOx and that
contributions from HCHO were insignificant. Production of HO2 from HCHO photolysis is important during
the CONTRAST campaign, although, as discussed below, MHP oxidation contributes to HCHO production
in the UT.

The anthropogenic influence on the aged air alters the partitioning of HOx compared to convectively influ-
enced air parcels, driving HOx from HO2 to OH via reaction with NO. Calculated HO2 is a factor of 1.7 higher
in the convectively influenced air than in the aged air (Figure 4). Conversely, OH and NO are 1.4 and 2.6 times
higher in the aged air than the tropically controlled parcels, respectively. OH is produced through photolysis
of O3 and the subsequent reaction of the O(1D) radical with H2O as well as through the reaction of HO2 with
NO. The low NO mixing ratios in the pristine marine air lead to slow conversion of HO2 to OH by (R4).
Production of lightning NOx in the convectively influenced air is apparently negligible, as demonstrated by
the low NO mixing ratios and the low lightning flash count in the CONTRAST study region (Figure 2a).
Even though the water vapor mixing ratio is 3 times higher in the convectively influenced case, the median
value is still low in both cases because of the cold, upper tropospheric temperatures, resulting in slow primary
production of OH.
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Figure 4. Distribution of observed trace gases for convectively influenced air parcels, defined as those that have been
convectively lofted within 24 h of observation (blue), and aged air parcels, those that have not been convectively lofted
within 100 h of observation (magenta). The 5th, 25th, 50th, 75th, and 95th percentiles are shown for observations between
150 and 300 hPa. The ratio of the medians of the convectively influenced to aged air parcels is also indicated for each
species. OH and HO2 are output from the F0AM box model from a run in which, in addition to the parameters used in the
base case, the model was also constrained to HCHO observations. The low NO in convectively influenced air indicates the
lack of lightning NOx production in the TWP.
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(R4) HO2 þ NO→NO2 þ OH:

Elevated benzene, with an atmospheric lifetime on the order of 6 days,
suggests long-range transport of anthropogenic pollution in the aged air.
Anderson et al. (2016) show that in the midtroposphere (300 to 700 hPa),
the high abundances of NO observed during CONTRAST result from trans-
port of biomass burning emissions with the possible influence of lightning
generated NOx from outside of the TWP. Here as discussed above, it is
uncertain whether biomass burning has a strong influence on composition
in the UT, making the source of this high NO unknown. NO from this pollu-
tant source forces the equilibrium between the two HOx species to higher
OH and lower HO2 than in the tropically influenced air. This is in contrast to
the midtroposphere where the combination of high O3 and low H2O in the
polluted air actually leads to lower OH as compared to the convectively
controlled background (Nicely et al., 2016), and the high values of HCN
clearly point to a biomass burning origin (Anderson et al., 2016).

3.3. Box Model Results

In the previous section, we investigated the distribution of HCHO and how
it is affected by convection. We now transition to an evaluation of our
understanding of how this HCHO distribution is controlled chemically, by
using a photochemical box model. First, we evaluate the agreement
between the model and observations, and then we use the model to
determine the dominant species and processes controlling HCHO abun-
dance. Using the results of the previous section, we also determine how
convectively lofted species—like acetaldehyde, ethene, and MHP—affect
HCHO production.
3.3.1. Box Model Evaluation
We use the F0AM box model driven by the MCM to evaluate our under-

standing of the chemistry, sources, and sinks driving the distribution of HCHO in the TWP. The box model
generally captures mixing ratios of HCHO in the lower troposphere accurately. The results of the box model-
ing analysis (Figures 6 and 7) include only data points that had not experienced convection within the pre-
vious 24 h, to allow us to focus on air parcels for which HCHO production is likely under local
photochemical control (i.e., production and loss have sufficient time to achieve a balance). The high r2

(0.84) for a linear least squares regression between the box model output and the in situ observations
(Figure 7a) suggests that the model is able to capture variations in HCHO mixing ratios. At pressures greater
than 500 hPa, the observations and modeled HCHO agree within 10% (Figure 6c), indicating that the chem-
istry controlling HCHO abundance in the lower troposphere for the present marine environment is well char-
acterized. The ratio of measured to modeled near-surface HCHO (pressures >900 hPa) is slightly less than
unity (0.90). This overestimate of HCHO likely results from the lack of deposition in the model and also sug-
gests that direct oceanic emissions are not an important source of HCHO in the TWP. While the model and
observations agree on average, the accuracy of individual data points varies widely, with the absolute differ-
ence between measured and modeled HCHO ranging between �300 and 300 pptv. For pressures between
500 and 900 hPa (Figure 6a), the model slightly underestimates the HCHO mixing ratio, on average, but
values lie within the 1σ spread of the observations. The number of observations in each pressure bin is shown
in Figure 6c. These results are insensitive to the inclusion of modeled data points below the LOD and with
interpolated data to fill data gaps, as shown in Figure S8. We therefore include all modeled data points to pro-
vide more robust statistics.

At pressures less than 500 hPa, the box model underestimates the observed mixing ratios by 50 to 60 pptv,
suggesting inadequacies in the chemical mechanism for production of HCHO from known source gases,
missing loss processes, missing HCHO precursors, or possible measurement artifacts. Modeled HCHO ranges
from amean of 130 pptv at 450 hPa to 19 pptv at 150 hPa, which translates to measured to modeled ratios of
1.40 and 3.96, respectively. While this ratio increases with decreasing pressure, the absolute difference
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between the measured and modeled HCHO stays relatively constant,
ranging between 50 and 64 pptv (Figure 6b). This low bias in the
model is in disagreement with the results found in Fried et al. (2003),
who compared box modeled HCHO over the Pacific to observations
from TRACE-P. While results in the lower troposphere from TRACE-P
are similar to that found here, they found no systematic bias in box
modeled HCHO in the region, with differences between measurement
and model generally remaining within about 37 pptv.

Observational uncertainties could contribute to the difference between
the measured and modeled values. Multiple box model runs were con-
ducted in which observations of a given species were perturbed by its
2σmeasurement uncertainty in both the positive and negative direction
for RF11. Total uncertainty for NO and O3 were calculated for each mod-
eled data point. Although it is too computationally expensive to perform
this analysis for all modeled data, the results for RF11 can be considered
representative of the entire campaign. Figure 8 shows the percentage
change in HCHO from the base model run caused by these perturba-
tions for all species used to constrain the box model calculations, as well
as total uncertainty, found by adding the individual uncertainties in
quadrature. In the lower troposphere, where there is relatively good
agreement between observations and the model, the total uncertainty
(2σ) in modeled HCHO due to the measurement uncertainty is 21%
(Figure 8b). The dominant contributors to this uncertainty are NO (7%),
Cl (8%), jHCHO(HCO) (8%), jNO2 (9%), and jHCHO(H2) (13%), where
HCHO(HCO) and HCHO(H2) refer to the HCHO photolysis pathways in
reactions (R3) and (R2), respectively. This low uncertainty shows signifi-
cant improvement over earlier campaigns in remote regions, where
instrument uncertainties were often a limiting factor in understanding
HCHO chemistry (Wagner et al., 2002). In the UT, total uncertainty in
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modeled HCHO is 26%. As in the lower troposphere, Cl (8%), jHCHO(HCO) (9%), and jHCHO(H2) (17%) each
contribute significantly to the overall uncertainty. Uncertainty in acetaldehyde measurements leads to a
12% uncertainty in modeled HCHO.

In addition, the analysis here neglects heterogeneous chemistry. Aerosol observations during CONTRAST
were insufficient to model HCHO heterogeneous chemistry accurately, and the F0AM box model currently
does not have the capability to model heterogeneous reactions. Mechanisms to produce HCHO from species
dissolved in clouds, such as methanol (Tabazadeh et al., 2004), have been previously suggested. Because we
are only modeling air parcels that have not been convectively lofted within 24 h observations and convective
transport tends to remove HCHO (e.g., Fried et al., 2016), production within clouds is unlikely to have a large
effect on our modeling results. Further investigation into the effects of heterogeneous chemistry on HCHO
production in the TWP is clearly warranted, however.

Low mixing ratios of HCHO in the UT and their associated uncertainties could also contribute to the differ-
ences betweenmeasurement and the model. Despite the 25 L min�1

flow rate through the inlet, it is possible
that trace amounts of HCHO do adsorb and later desorb on the inlet tubing. In addition, decomposition of
thermally unstable species in the instrument inlet (i.e., measurement artifacts) could contribute to this differ-
ence. One such species, MPN could decompose to the methyl peroxy radical under the warm inlet conditions
and convert to HCHO. Based on an estimated 15 pptv of MPN, taken from the box model, we estimate an
upper limit of ~2 pptv HCHO production from MPN decomposition, a value well within the measurement
uncertainty. Recent laboratory studies also suggest a possible ozone interference at high O3. For a typical
UT value of 20 ppbv, however, this interference is also on the order of 2 pptv.

Total formaldehyde measurement uncertainty in the UT is on the order of 30 pptv (20 pptv + 10%), suggest-
ing that any measurement/model differences less than 30 pptv could be attributed to measurement uncer-
tainty. Further, as described in section 2.1.1, observations from ISAF are systematically higher with respect to
observations from the DFGAS instrument, in some cases by more than 30 pptv in the UT, indicating that there
could be some instrumental bias. Because there were frequently observations on the order of 20 to 40 pptv in
the Southern Hemisphere and between Guam and Hawaii (see Figure S4), it is unlikely that this potential high
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bias is greater than 20 pptv. The measurement uncertainty, combined with this possible bias, and the 26%
uncertainty in modeled HCHO yield a total uncertainty of ~40 pptv, which is insufficient to explain the 50–
60 pptv difference between observed and modeled values.

The reaction of CH3O2 with OH has been suggested as a potentially important CH3O2 sink in the remote
atmosphere (Fittschen et al., 2014) and is not included in the MCM. Including the various production
pathways described by Fittschen et al. (2014) with the kinetics described by Assaf et al. (2016), we find
that this reaction has no effect on HCHO formation in the UT (Figure S9) and cannot explain the
model/measurement discrepancy shown in Figure 6. These results are in agreement with those found by
Muller et al. (2016).

Another potential reason for disagreement between observations and the model is a HCHO source not well
constrained in the box model. Prather and Jacob (1997) suggest that convective transport of MHP can signif-
icantly alter upper tropospheric composition. The atmospheric lifetime of MHP allows it to persist in the UT in
comparatively high concentrations for days after convection. To determine the possible impact of convective
transport of MHP on HCHO production, we performed an additional box model run in which we constrain the
model to average values of all the input parameters from the base run for observations at pressures less than
200 hPa. In addition, the model is then constrained to various mixing ratios of MHP, which was not measured
during CONTRAST, ranging from near 0 to 1,000 pptv. The results are shown in Figure S10a and reveal a linear
relationship betweenmodeled HCHO and constrained MHP. Themeasured mean of HCHO at these pressures
(72.8 pptv) suggests an upper tropospheric MHPmixing ratio of 105 to 235 pptv, assuming a total uncertainty
of 40 pptv. The upper end of this range is consistent with the upper tropospheric (~14 km) MHP values found
in the PEM-West campaign and used by Prather and Jacob (1997). In the DC3 campaign conducted over the
Central U.S., however, mean values of MHP at these pressure levels were ~100 pptv, consistent with the lower
range of the estimate derived here. Further in situ observations of MHP in this region are needed. For the base
F0AMmodel run, themeanMHPmixing ratio at pressures less than 200 hPa is only 5 pptv, with amaximum of
25 pptv. Ambient, photochemical production of MHP from precursors appears to be insufficient to explain
the quantities of MHP necessary to reproduce the HCHO observed during CONTRAST. Convective transport
of MHP from the lower troposphere is likely one of the driving mechanisms for HCHO production in the UT.

Additional HCHO could also be produced from photolysis of glyoxal (HCOHCO), another species not well con-
strained in the box model. In the tropical free troposphere, 3 to 20 pptv glyoxal has recently been observed
over the tropical eastern Pacific (TEP), where about half of the glyoxal column (2.6 × 1014 cm�2) resides at
altitudes above 2 km (Volkamer et al., 2015). The box model, however, only yields an average of 0.1 pptv
glyoxal in the UT. While the AMAX DOAS instrument has, in principle, the capability to measure glyoxal,
the spectra were not evaluated for that substance during CONTRAST. We have constrained the F0AM box
model to glyoxal mixing ratios from 0 to 20 pptv, with the same setup as described above for MHP, finding
that 10 pptv of glyoxal in the UT can provide an additional 5 pptv of HCHO (Figure S10b). Production of HCHO
from glyoxal cannot explain the entire discrepancy between observations and the model but could provide
as high as ~10% of the total observed HCHO in the UT, assuming a similar distribution as seen in the TEP.
Convective transport, as with MHP, could be a mechanism to increase glyoxal mixing ratios in the UT. The
high solubility of glyoxal, with a Henry’s law constant on the order of 105 M atm�1 or higher (Sander,
2015), along with its short atmospheric lifetime of ~1 h in the tropics (Fu et al., 2008), suggests the need
for transport of its precursors as well. Further, vertically resolved observations of glyoxal in the TWP are
needed to clarify its role in HCHO production.

Finally, it is possible that the box model is not well constrained to ethene. We use output from CAM-Chem to
constrain the box model runs, but it has been suggested that ethene, like acetaldehyde, is emitted by the
oceans (Horowitz et al., 2003). Convective transport of ethene, which has a lifetime on the order of 1–2 days,
could therefore perturb UT HCHO. Using a box model analysis analogous to that done with MHP and glyoxal,
200 pptv of ethene in the UT, a value consistent with surface observations from previous campaigns, would
produce an additional 15 pptv of HCHO, suggesting that this species, along with MHP and to a lesser extent
glyoxal, could explain the measurement model difference.
3.3.2. Chemical Sources and Sinks of HCHO
To determine the relative importance of a given compound to HCHO formation, additional zero-out box
model runs in which the model was not constrained to a given species were also performed. The percent
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change in HCHO mixing ratio between these runs and the base runs are shown in Figure 9a. In the case of
acetaldehyde, the model was also not constrained to the higher-order aldehydes, propanal, and butanal,
which can form small concentrations of acetaldehyde photochemically. In the halogen case, all halogen
chemistry was omitted. Nonlinearities in the model chemistry prevent exact determination of the contribu-
tions for each species using this method, but the relative importance can be determined. This is particularly
true at pressures greater than 500 hPa, where the box model accurately captures HCHO mixing ratios to
within ~10%. In the UT, where observations can be a factor of 4 (50–60 pptv) higher than the model, the per-
centage contributions for individual species are less certain, but nonetheless, important information can still
be inferred.

In agreement with previous studies, CH4 oxidation is the primary contributor to HCHO production, account-
ing for between 55 and 65% of total HCHO throughout the tropospheric column. As discussed in section 3.3.1,
MHP convectively transported from the surface is a potential contributor to upper tropospheric HCHO, sug-
gesting that the contribution from CH4, a MHP precursor, at these pressures is even greater than indicated in
Figure 9. MHP has an atmospheric lifetime on the order of several days, so even in the absence of recent con-
vection, it could still contribute to HCHO production. Despite the remote location, HCHO production from
VOCs is also significant. Acetaldehyde is responsible for 10 to 15% of total production of HCHO in the lower
troposphere. At pressures less than 200 hPa, contributions to HCHO by acetaldehyde can still be substantial,
reaching as high as 20 pptv, a significant fraction of total HCHO. Acetaldehyde is primarily removed by
photolysis and OH oxidation and has an atmospheric lifetime on the order of 1 day in the UT, implying that
the observed acetaldehyde must be produced locally, likely from photochemical production in the ocean
surface layer and the subsequent transport to the UT through deep convection or from in situ production
in the atmosphere. While a significant portion of acetaldehyde would be removed after 1 day of convection,
the observed mixing ratios in the UT suggest that at least some of this species could remain after 24 h.
Contributions from methanol and acetone are generally on the order of 5%, while production of HCHO from
isoprene is negligible, except in air parcels observed near Papua New Guinea. Finally, as described in the pre-
vious section, glyoxal could contribute as much as 10 pptv of HCHO.

Halogens both produce and remove HCHO but act as a net source, generating between 10 and 50 pptv of
HCHO throughout the tropospheric column, primarily from methane oxidation. This translates to less than
10% of HCHO production in the lower troposphere but is the second most important source after CH4 at
150 hPa. This increase in the halogen impact on HCHO is dependent on the relative importance of the reac-
tion of Cl with CH4 as compared to OH oxidation. At pressures between the surface and 450 hPa, Cl only
accounts for between 6 to 7% of the loss of CH4 (Figure 9c). In the UT, however, this fraction doubles to
13%. The low abundance of OH in the UT, driven by cold temperatures and the resultant low water vapor,
increases the importance of methane oxidation by Cl. This trend is in agreement with Saiz-Lopez and
Fernandez (2016), who determined that the cold temperatures and low ozone abundances in the UT enhance
the atmospheric impacts of atomic chlorine, bromine, and iodine within the tropical rings of atomic halogens.

In contrast, halogen chemistry is relatively unimportant for HCHO removal, accounting for only 1 to 2% of
HCHO destruction throughout the tropospheric column (Figure 9b), in agreement with previous studies
(Sherwen et al., 2016; Wagner et al., 2002). In the lower troposphere, the remaining chemical removal of
HCHO is almost evenly distributed among the two photolytic pathways and reaction with OH. As with CH4

removal, the reaction of HCHO with OH decreases in importance with decreasing pressure as OH concentra-
tions decrease. At 150 hPa, this reaction accounts for only 8% of total HCHO removal, while the photolysis
reactions (R2) and (R3) account for 55% and ~35%, respectively.

3.4. Formaldehyde in Global Models

We now evaluate the representation of the HCHO distribution in both a CTM and models that participated in
the CCMI experiment. Using the results from the previous sections, we compare the modeled distribution to
the CONTRAST observations and use the results from the box modeling analysis to determine the major dri-
vers in any discrepancies between measurement and model.
3.4.1. CAM-Chem
Figures 7b and 10 compare observed HCHO and that modeled by CAM-Chem run in specified dynamics
mode (i.e., the model was nudged by the analyzed meteorological field for the time period of the
CONTRAST experiment). As with the photochemical box model, CAM-Chem consistently underestimates
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HCHO throughout the tropospheric column. In contrast with the box model results, however, several
modeled values at low pressures lie above the 1:1 line. In the UT, at pressures less than 300 hPa, the model
underestimates observed HCHO by ~34 pptv, or approximately a factor of 2 (Figure 10). This is on the
order of the ISAF measurement uncertainty at these low mixing ratios. At pressures greater than 500 hPa,
however, this difference increases to between 100 and 200 pptv, suggesting errors in the model. A
thorough analysis of the HCHO sources and sinks in CAM-Chem is needed to discern the cause of this
consistent underestimate in the lower troposphere.

First, we investigate the representation of the HCHO precursors acetaldehyde, methane, methanol, and acet-
one in CAM-Chem (Figures 11c–11f). CAM-Chem significantly underestimates acetaldehydemixing ratios, the
second most important HCHO precursor in the TWP, with a modeled to measured binned ratio of 0.11 ± 0.17.
CAM-Chem shows little variation in acetaldehyde mixing ratio throughout the tropospheric column, likely
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from a combination of omission of oceanic acetaldehyde emissions and misrepresentation of secondary pro-
duction (Nicely et al., 2016; Read et al., 2012). The mean modeled to measured binned ratios of methane,
methanol, and acetone are 0.96 ± 0.004, 1.32 ± 1.05, and 1.64 ± 1.11, respectively. The 4% low bias in
methane, resulting from methane emissions being taken from the RCP6.0 forecast, cannot explain the factor
of 2 underestimate by CAM-Chem. While the difference between observations and the model are larger for
methanol and acetone, the box model analysis described earlier shows that both species contribute less than
10% to total HCHO formation at most pressure levels. It is unlikely that the errors in these species can explain
the consistent underestimate of HCHO within CAM-Chem.

Comparisons between observations and model output of the two HCHO photolytic pathways are shown in
Figures 11a and 11b. For jHCHO(H2), CAM-Chem only slightly underestimates lower tropospheric values for
observed rates between 5 and 12 × 10�5 s�1. At photolysis frequencies greater than this value, modeled
jHCHO remains relatively constant, while the observations increase to almost 20 × 10�5 s�1 in some cases.
This leads to an average modeled to observed binned ratio of 0.90 ± 0.22. Local maxima in jHCHO likely result
from observations over clouds below the GV and the resultant increase in upwelling radiation associated with
backscatter from these clouds. The model resolution and convective parameterizations likely preclude CAM-
Chem from accurately modeling photolysis frequencies in these instances. Uncertainty in the observed HCHO
photolysis rates could further add to this disagreement. Similar results are found for jHCHO(HCO). This under-
estimate in jHCHO, most pronounced in the UT, suggests that the model is removing HCHO too slowly, poten-
tially compensating for other model errors.

To determine the relative impacts of errors in methane, methanol, acetaldehyde, acetone, and the two for-
maldehyde photolysis pathways on CAM-Chemmodeled HCHO, additional runs of the F0AM boxmodel were
performed. Here values of species from CAM-Chem were interpolated to the CONTRAST flight track for all
flights. Individual box model runs were performed in which observed values of one of these species were
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swapped with the CAM-Chem values. In addition, CAM-Chem significantly
underestimates NOx mixing ratios throughout the troposphere in the
CONTRAST domain (Nicely et al., 2016). Formaldehyde formation is
strongly influenced by NO, both through its role in converting HO2 to
OH and in converting CH3O2 to HCHO (Wolfe, Kaiser, et al., 2016). We
therefore performed an additional run constrained to CAM-Chem NO.
The difference between these runs and the base F0AM run are shown in
Figure 12.

Our box model simulations suggest underestimates in NO and acetalde-
hyde within CAM-Chem drive the underestimation of HCHO by this CTM.
Replacing observed NO with that from CAM-Chem results in reductions
of HCHO between 70 and 190 pptv at pressures greater than 500 hPa;
replacing observed acetaldehyde results in reductions of HCHO between
20 and 75 pptv. At these pressures, CAM-Chem underestimates HCHO by
between 64 and 190 pptv (Figure 10), suggesting that the combination
of underestimates of NO and acetaldehyde mixing ratios are more than
sufficient to explain the difference between CAM-Chem and observed
HCHO. In the UT, the impact on box modeled HCHO of the NO and acetal-
dehyde swaps, while smaller (between 6 and 45 pptv), still explains a large
portion of the model underestimate. Swapping the observations with the
CAM-Chem values of other HCHO sources (methane, methanol, and acet-
one) results in changes in HCHO of less than 10 pptv. Despite the large dis-
crepancies between CAM-Chem and observed HCHO photolysis
frequencies in the UT, photolysis swaps only show changes in the lower
troposphere. At 950 hPa, box-modeled HCHO increases by 58 and 34 pptv
for the H2 (R2) and HCO (R3) pathways, respectively.

3.4.2. CCMI
While CAM-Chem consistently underestimates HCHO mixing ratios
throughout the troposphere, it is important to determine whether this is
an issue singularly important to CAM-Chem or if it is a more pervasive pro-

blem. The CCMI effort provides an opportunity to evaluate multiple models with monthly averaged output
driven by the same set of emissions and climate forcers Morgenstern et al. (2017). As discussed below, the
consistent underestimate of HCHO is also found in most of the CCMI models.

Figure 13a shows the vertical profile of HCHO from CONTRAST and 9 CCMI models. Monthly mean output for
January and February from the CCMI models has been averaged over the CONTRAST study region (0 to 20°N
and 137 to 160°E). Because with the exception of the CHASER model, the other CCMI models are driven by
free-running meteorology (i.e., the meteorology of a model year does not necessarily reflect the meteorology
of the actual year), we use an average of model years 2001–2010. Total column HCHO in all the models shows
little interannual variability (Figure S11), with mean values generally differing by less than ±0.25 cm�2, well
within the standard deviation of the observed columns.

As with CAM-Chem, the majority of CCMI models underestimate HCHO mixing ratios in the lower tropo-
sphere (Figure 13a). Near the surface, CMAM, CESM1-WACCM, and GEOSCCM are more than a factor of 2
lower than the observations. Also in the lower troposphere, the two setups of EMAC, which are distinguished
by the number of vertical levels in the model, are higher than observations near the surface, while CHASER
output is nearly indistinguishable from the in situ data. At lower pressures, however, these models tend to
underestimate HCHO as well. As discussed below, agreement between GEOSCCM and observations in the
midtroposphere likely results from the high lightning NOx emissions in that model. In the UT, there is gener-
ally better agreement between the models and the CONTRAST HCHO, with only CMAM, CESM1-WACCM, and
NIWA-UKCA outside of the observed distribution.

When compared to column values, the CCMI models underestimated HCHO by between 4 and 50%. In situ-
derived tropospheric column HCHO is compared to the total column HCHO from each of the models in
Figure 14. In the region analyzed here, the in situ mean was 5.1 ± 0.76 × 1015 cm�2, showing little
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variation over the domain. Column HCHO from CCMI varied from 2.5 × 1015 cm�2 for CESM1-WACCM to
4.9 × 1015 cm�2 for the two setups of EMAC. As with the in situ observations, the majority of models have
relatively uniform HCHO distributions in the region, with the exception of MOCAGE and CESM1-WACCM.
Both these models demonstrate a strong north/south gradient, with much lower values in the southern
portion of the domain, possibly due to influences from Southern Hemispheric air. For CESM1-WACCM, this
strong gradient drives the low average over the CONTRAST domain, with average values in the northern
portion more in line with the other models.

The lack of NMHC chemistry in some of the models likely contributes to the underestimate of observed
HCHO. We have shown that oxygenated VOCs, such as acetaldehyde and glyoxal, can produce 10–20% of
the HCHO in the TWP; omitting the emissions and chemistry of these species would therefore lead to model
underestimates. CMAM does not include NMHC chemistry, while the only NMHC included in SOCOL3 is iso-
prene, a species that does not contribute to HCHO production in the TWP. Consistent with this idea, CMAM
has the second lowest tropospheric column HCHO of the CCMI models and has significantly lower HCHO over
Southeast Asia and the Maritime Continent (Figure 14). Both the distribution of HCHO and the total column
HCHO in SOCOL3, however, are comparable to the models with more comprehensive NMHC chemistry.
Further, CESM1-WACCM, which includes the chemistry of 17 primary NMHCs and their related oxygenated
products, has the lowest total column HCHO of all themodels over the CONTRAST study region. This suggests
that there are additional drivers to this underestimate than the model chemical mechanisms.

Because the analysis of CAM-Chem shows that low NO in the model is the most likely cause of the model
underestimate of HCHO, we also investigate the representation of NO in the CCMI models. Other potential
contributors to this error—acetaldehyde, photolysis frequencies, acetone, and methanol—were, at the time
of this analysis, not archived by most of the models so cannot be analyzed here. Figure 13b compares the
vertical profile of NO from CONTRAST to the various CCMI models. Because of its strong diurnal variability,
CONTRAST data are 24 h averaged values, calculated by the Dynamically Simple Model for Atmospheric
Chemical Complexity (DSMACC) box model as described in Nicely et al. (2016). Most models underestimate
NO throughout the tropospheric column by approximately a factor of 2. This model underestimate is in
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contrast to previous model comparisons in the region, which found that a majority of CCMs overestimate
total NOx in the region (Brunner et al., 2003). In the lower troposphere, only SOCOL3 overestimates NO
near the surface. As was shown with CAM-Chem, underestimates in NO of this magnitude can lead to
differences in HCHO on the order of 100 to 200 pptv, suggesting that the low values of NO in the CCMI
models could be a cause for the disagreement between the measured and modeled HCHO. For EMAC,
which only underestimates observed HCHO columns by ~4%, there must be additional errors in the
model, such as a low bias in HCHO photolysis, that compensate for the low NO, which is comparable to
that of the other models. To evaluate the drivers of the low HCHO biases in these models more
thoroughly, HCHO sources and sinks should be consistently output for all models in future
intercomparison projects.

In the UT, CMAM, GEOSCCM, NIWA-UKCA, and the two setups of EMAC show a sharp rise in NO between 200
and 300 hPa. This suggests that the good agreement between measured and modeled HCHO in these mod-
els could result from this high NO in the UT. Potential sources of this high NO could be erroneously large pro-
duction of NOx from lightning in the CONTRAST domain or incorrect tropopause heights in the model. There
was no observational evidence of significant lightning NOx production over the TWP during CONTRAST
(section 3.2). Multiple models, particularly EMAC and GEOSCCM, show production of NOx from lightning
throughout the troposphere. The pronounced increase in upper tropospheric NO in these models likely
results from this overproduction of NOx by lightning. The parameterizations used for lightning NOx produc-
tion in these models should be investigated. NO at 150 hPa is also overestimated by the NIWA-UKCA model,
although lightning NOx emissions were several orders of magnitude lower than those in GEOSCCM and

Figure 14. Total column HCHO, averaged over January and February for model years 2001–2010, for each CCMI model analyzed here is shown. The HCHO column
(ΩHCHO) averaged over the CONTRAST study region is also indicated. Values have been divided by 1015 to increase readability. For comparison to the CCMI models,
we limit the CONTRAST study region analyzed to latitudes between 0° and 20°N and longitudes between 137° and 160°E (outlined by the black box) to prevent
influence from regions potentially affected by isoprene emissions, such as Papua New Guinea. Tropospheric column HCHO calculated from in situ observations by
ISAF are shown as circles. The in situ derived column mean for this region is 5.1 × 1015.
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EMAC. In this case, the tropopause height, as determined by the relationship between CO and O3 (Pan et al.,
2004), was significantly lower for NIWA-UKCA (115 ± 0.14 hPa) than for the other CCMI models (multimodel
mean without NIWA-UKCA: 80 ± 5.5 hPa). This suggests that the slightly high NO from NIWA-UKCA could
result from stratospheric influence due to the low tropopause.

The consistent underestimation of HCHO by all models, both those that participated in CCMI and CAM-
Chem, suggests that there are significant shortcomings in the NOx emissions inventories, VOC emissions,
and/or in the chemical mechanisms used in these models. Anderson et al. (2016) showed that biomass
burning contributes to high NOx in the midtroposphere (300 and 700 hPa), while we suggest here
(section 3.2) that high NO in the UT likely originates from other anthropogenic sources. Emissions inven-
tories for both these sources should be evaluated to determine their accuracy. Low NOx emissions would,
of course, have implications for the models beyond their effects on HCHO production, including affecting
the atmospheric oxidative capacity and ozone production efficiency. The low NO bias could also be a
result of the models incorrectly apportioning reactive nitrogen species to long-lived, reservoir species,
such as peroxyacetyl nitrate (PAN), which would decrease NOx abundance. Future field campaigns in
the TWP should measure a wider suite of reactive nitrogen compounds to further evaluate these models.
In addition, we have shown that the lack of oceanic emissions of acetaldehyde is another likely source of
model underestimates of HCHO in the lower troposphere for CAM-Chem. The CCMI models also lack this
source and, in some cases, acetaldehyde chemistry altogether. Ethene emissions are potentially underes-
timated in the models as well, suggesting a need for the implementation of better VOC emissions
schemes from oceans in global models.

4. Conclusions

We have used observations from the CONTRAST field campaign, conducted during January and February
2014, to evaluate our understanding of the processes controlling the distribution of HCHO in the TWP.
Observed HCHO ranged from ~500 pptv near the surface to ~75 pptv in the UT, exhibiting larger mixing
ratios than observed in previous studies in the TWP. Air parcels that had been convected within 24 h of obser-
vation had a shift in HCHO distributions, with the median of the convectively influenced air 33% (22 pptv)
higher than the aged air and a factor of 10 (~25 pptv) higher acetaldehyde than aged parcels, suggesting that
convection in the West Pacific warm pool perturbs upper tropospheric HCHO composition through transport
of HCHO and through transport of precursors, such as acetaldehyde. The aged air parcels, which have higher
concentrations of anthropogenic pollutants, such as NO and benzene, shift the HOx balance in the UT,
increasing OH by a factor of 1.4. Remarkably low NO mixing ratios were observed in air that had seen recent
convection, indicating little or no influence from lightning.

A photochemical box model, constrained to observations made during CONTRAST, generally agreed with
observations within 10% at pressures greater than 500 hPa, suggesting that HCHO chemistry is well under-
stood and that convective outflow does not significantly perturb HCHO in the lower half of the troposphere.
In the UT, however, observations of HCHO were a factor of 4 (50 to 60 pptv absolute difference) higher than
box model output. Thirty to 40 pptv of this difference could be explained by a combination of model and
HCHOmeasurement uncertainties, including potential measurement artifacts on the order of 20 pptv, a value
consistent with the measurement uncertainty. Convective transport of various HCHO precursors, including
MHP, ethene, and glyoxal, can also reasonably explain the disagreement between measurement and model.
Further observations with multiple HCHO instruments and measurements of these missing precursors are
needed to definitively determine the source of this discrepancy. Box model analysis shows that CH4 and acet-
aldehyde are the dominant HCHO precursors in the TWP, with minor contributions from acetone
and methanol.

Observations of HCHO in the remote Pacific in future campaigns, such as the Atmospheric Tomography mis-
sion, are needed to determine the seasonality of the HCHO distribution as well as its spatial variability across
the Pacific basin. In situ measurements of MHP in the region would provide additional evidence of the
impacts of convective transport in the region and further constrain the HCHO budget in the UT.
Measurements of glyoxal, throughout the tropospheric column in the TWP but particularly in the UT, are also
needed to determine whether the species is abundant enough to contribute significantly to the
HCHO budget.
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Output of HCHO from the CAM-Chem model and nine additional models that participated in CCMI was com-
pared to CONTRAST observations, and it was shown that all models underestimate HCHO throughout the tro-
posphere. For CAM-Chem, consistent underestimation of NO and acetaldehyde is the primary driver of the
difference between the observations and the model. Underestimates in NO, as well as limitations with the
model chemical mechanisms, likely drive errors in the CCMI models as well.

Additional model runs including oceanic emissions of acetaldehyde are needed to determine whether this
increases agreement between measured and modeled HCHO in the lower troposphere. Observations of
NO, NO2, and other reactive nitrogen species, such as PAN and alkyl nitrates, in the TWP are needed to eval-
uate the partitioning of nitrogen in CCMs and to determine whether potential errors in this partitioning are
the cause of the nearly universal underestimate in tropospheric NO. The NOx emissions inventories used in
these models, both for biomass burning and fossil fuels, should be evaluated to determine their accuracy,
as the underestimate in NO could also be the result of incorrect emissions. Lightning NOx parameterizations
in those models that suggest significant emissions in the TWP during winter, particularly EMAC and
GEOSCCM, should also be investigated, since observations during CONTRAST suggested minimal lightning
NOx production. Finally, evaluation of HCHO in futuremodeling intercomparison projects would be facilitated
by the requirement that all models output global fields of HCHO precursors and sinks, allowing a more thor-
ough investigation with a box modeling analysis similar to that performed here with CAM-Chem.
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