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[1] Measurements of formaldehyde (CH,O) from a tunable diode laser absorption
spectrometer (TDLAS) were acquired onboard the NASA DC-8 aircraft during the
summer 2004 INTEX-NA campaign to test our understanding of convection and CH,O
production mechanisms in the upper troposphere (UT, 6—12 km) over continental North
America and the North Atlantic Ocean. The present study utilizes these TDLAS
measurements and results from a box model to (1) establish sets of conditions by which to
distinguish “background” UT CH,O levels from those perturbed by convection and other
causes; (2) quantify the CH,O precursor budgets for both air mass types; (3) quantify
the fraction of time that the UT CH,O measurements over North America and North
Atlantic are perturbed during the summer of 2004; (4) provide estimates for the fraction of
time that such perturbed CH,O levels are caused by direct convection of boundary layer
CH,0 and/or convection of CH,O precursors; (5) assess the ability of box models to
reproduce the CH,O measurements; and (6) examine CH,O and HO, relationships in the
presence of enhanced NO. Multiple tracers were used to arrive at a set of UT CH,O
background and perturbed air mass periods, and 46% of the TDLAS measurements fell
within the latter category. In general, production of CH,O from CH,4 was found to be the
dominant source term, even in perturbed air masses. This was followed by production
from methyl hydroperoxide, methanol, PAN-type compounds, and ketones, in descending
order of their contribution. At least 70% to 73% of the elevated UT observations were
caused by enhanced production from CH,O precursors rather than direct transport of
CH,O0 from the boundary layer. In the presence of elevated NO, there was a definite trend
in the CH,O measurement—model discrepancy, and this was highly correlated with HO,
measurement—model discrepancies in the UT.
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1. Introduction

[2] The companion paper by Fried et al. [2008] discusses
the role and importance of formaldehyde (CH,O) throughout
the troposphere. That paper also provides an overview of
CH,0O measurements and modeling approaches employed,
the modeling constraints, and measurement—model compar-
isons during the Intercontinental Transport Experiment-
North America (INTEX-NA). As described in the overview
paper by Singh et al. [2006], the INTEX-NA study was
carried out during the summer of 2004 (1 July to 15 August
2004) over North America and the Atlantic Ocean on the
NASA DC-8 airplane. The present study utilizes the results
presented by Fried et al. [2008] to further examine the role
of convection in transporting CH,O and its precursors to the
upper troposphere (UT, defined here as pressure altitudes
extending from 6 to 12 km) during the summer of 2004.

[3] There is a growing body of evidence that photolysis
of additional HO, (OH + HO,) precursors, such as CH,0,
H»0,, and CH;00H (methyl hydroperoxide, MHP) are
more important in producing HO, radicals and ultimately
O; in the upper troposphere than previously thought. These
precursors are thought to be transported from lower altitudes
[Wennberg et al., 1998; Jaeglé et al., 1997; Prather and
Jacob, 1997; Brune et al., 1998; Jaeglé et al., 1998a,
1998b, 2000; Faloona et al., 2000; Miiller and Brasseur,
1999; Cohan et al., 1999; Ravetta et al., 2001; Wang and
Prinn, 2000; Crawford et al., 1999]. These studies revealed
the importance of deep tropical convection, as well as deep
convection from the continental boundary layer on upper
tropospheric HO, levels. As Os production in the UT is
almost directly proportional to the HO, mixing ratio [Jaeglé
et al., 1998a; Miiller and Brasseur, 1999], a comprehensive
knowledge of upper tropospheric HO, sources is thus
essential for understanding UT Os.

[4] Although UT measurements of CH,O, H,O,, and
MHP have recently been acquired and examined over the
Mediterranean basin during the MINOS study [Kormann et
al., 2003; Lelieveld et al., 2002] and over central Europe
and the Mediterranean basin during the UTOPIHAN study
in the summer [Colomb et al., 2006; Stickler et al., 2006],
there is a paucity of similar measurements and analyses over
North America during summer months. These four papers
clearly showed that continental convection of polluted
boundary layer sources can significantly affect upper tro-
pospheric HO, levels. While airborne measurements have
been acquired for these same three gases over North
America and over the North Atlantic Ocean on various
platforms [Kleinman et al., 2005; Dasgupta et al., 2005;
Fried et al., 2002; Lee et al., 1998; Nunnermacker et al.,
2004; Wert et al., 2003, and references therein], these
studies have not focused on UT chemistry and the role of
convection; all the measurements were acquired below 7 km
and more typically at much lower altitudes below ~4 km
over urban areas. In fact, with the exception of the Jaeglé et
al. [2000] study during the SONEX campaign, to our
knowledge, there are no comparable UT data to the Euro-
pean studies prior to the INTEX-NA campaign for CH,O,
H,0,, and CH;00H focusing on North America and the
role of convective transport. Moreover, as the SONEX
study primarily focused on the North Atlantic during the
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fall, there is only partial coverage over the continental
United States and no coverage during the summer months
when photochemical activity is high and deep convection
from severe thunderstorm activity can be significant.

[5] This study is the last in a series of four papers, based
upon observations and model results during the INTEX-NA
study examining UT convection of CH,O. The first paper
by Millet et al. [2006], discussed CH,O distributions over
North America and implications for satellite retrievals. The
second paper by Snow et al. [2007] showed the importance
of convection in transporting the aforementioned gases to
the UT and compared and contrasted these results with two
other airborne campaigns. The third paper by Fried et al.
[2008] discussed two airborne CH,O instruments onboard
the NASA DC-8 aircraft during INTEX-NA: a tunable
diode laser absorption spectrometer (TDLAS) from the
National Center for Atmospheric Research (NCAR), and
an automated coil enzyme (CENZ) fluorometric method
from the University of Rhode Island. That paper also
presented an overview of the comparison between the two
instruments, a description of the NASA Langley box model
and the GEOS-Chem 3D global transport model [Millet et
al., 2006], and an overview of the box model-TDLAS
comparisons. The present study utilizes the TDLAS and
box model results of the third paper by Fried et al. [2008] to
(1) establish sets of conditions by which to distinguish
“background” UT CH,O levels from those perturbed by
convection and other causes; (2) quantify the CH,O pre-
cursor budgets for both air mass types; (3) quantify the
fraction of time that the UT CH,O measurements over
North America and the North Atlantic are perturbed during
the summer of 2004; (4) provide estimates for the fraction
of time that such perturbed CH,O levels are caused by
direct convection of boundary layer CH,O and/or convec-
tion of CH,O precursors; (5) assess the ability of box
models to reproduce the CH,O measurements given initial
conditions supplied by the measurement suite; and (6)
examine CH,O and HO, relationships in the presence of
enhanced NO.

2. Modeled Temporal Dependence for Different
Injection Scenarios in the UT

[6] Understanding the cause of elevated CH,O in the UT
(4th goal above) is of more than academic interest, as can be
seen by the model runs of Figures 1 and 2. The Langley
model was run forward in a time-dependent mode with
chemical evolution of all species allowed after being ini-
tialized with median conditions observed from 8.5 to 9.5 km
during INTEX-NA. The figures show resulting time-
dependent CH,O mixing ratios calculated from this “base”
box model run (black curve) and for additional model runs
assuming various injection scenarios of NO,, CH,O and its
precursors starting at 12 noon (day 0.5). The initialization
conditions for these perturbed runs are kept identical to
those for the base run other than the injected species
themselves. The blue curves in Figures 1 and 2 show results
for direct injection of median observed continental bound-
ary layer CH,O (2065 pptv). The dashed red curves show
the results for injection of a suite of CH,O precursors (CHy,
MHP, CH;0H, Acetone, and PAN) also based on median
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Figure 1. Box model runs for different scenarios at 9 km. In the base run in all cases the model was run

forward in a time-dependent mode for 7 days using observed median conditions and mixing ratios for
9 km (8.5-9.5 km) as the initial conditions. The time-dependent CH,O mixing ratios were then
calculated. The box model was then run using different injection scenarios starting at 12 noon based upon
median mixing ratios from the continental boundary layer ([CH,O] = 2065 pptv, [CH4] = 1832 ppbv,
[MHP] = 606 pptv, [CH30H] = 3931 pptv, [Acetone] = 1808 pptv, [PAN] = 330 pptv). A median
observed 9 km [NO,] mixing ratio of 345 pptv was input.

boundary layer mixing ratios, while the solid red curves
show results for simultaneous injection of both CH,O and
its precursors. The lower panel in each figure shows the
results normalized to the base model run. Figure 1 shows
simulations that assume an initial NO, mixing ratio of
345 pptv (obtained from median observed NO of 250 pptv
and a steady state calculation of NO,). Figure 2 shows
results for the identical injection scenarios described in
Figure 1, but with an additional initial NO, injection source
from lightning assumed here to equal 1 ppbv. In all cases,
the model allows for photochemical decay of NO, and the
CH,O0 precursor species. The companion paper by Fried et
al. [2008] discusses the importance of nitric oxide (NO)
from sources such as lightning in accelerating the produc-
tion of CH,0O in the UT. This can be seen by comparing the
precursor-only curves (dashed red lines) for the median and
enhanced NO, scenarios in Figures 1 and 2, respectively.
One-half day after initialization (corresponding to 1 day in
the plots), the CH,O is photochemically enhanced by 60%
and 90% for the median and enhanced NO, scenarios,
respectively. Such enhanced NO accelerates the reaction
of methylperoxy radicals (CH;0,), and more generally RO,
radicals, in forming CH,0 and HO, in the process (Figure 3).
As can be seen, the base case yields an initial CH,O mixing
ratio of 195 pptv in both figures and this rapidly decays with
each diurnal cycle to mixing ratios ~75 pptv in 1 week. The

direct injection of boundary layer CH,O decays to the base
case ~1 day after the initial injection for both NO, scenar-
ios, after which it decays identically with the base case. By
contrast, injection of CH,O precursors, either with CH,O or
precursors alone yields elevated CH,O for up to one week
in all cases. The injection of CH,O with precursors
approaches injection of CH,O precursors alone after
~1 day in both NO, scenarios. The effects of the additional
NO, on the CH,O plus precursor case is not realized until
~1 day downstream of the convective event, whereupon the
elevated NO, curve starts to diverge from the background
NO, case. After 1 week the elevation relative to the base
case is ~20% for the median NO, simulations and 40% for
the elevated NO, simulations. Thus understanding the exact
mechanism responsible for elevated CH,O in the UT is
important for understanding its integrated influence and the
extent of that influence downwind of convection. The base
case plots in both NO, scenarios also indicate that back-
ground CH,O in the UT over North America and the
Atlantic Ocean should reside in the range between 75 pptv
and 195 pptv range for air masses up to one week old.
Comparisons of these expectations with measurements will
be presented in a later section. Throughout the rest of this
paper all NO mixing ratios refer to calculations derived
from measurements of NO, [Bertram et al., 2007] assuming
photostationary state. Although direct measurements of NO
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