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Abstract

Rates for large-scale vertical transport of air in the Tropical Tropopause Layer (TTL)
were determined using high-resolution, in situ observations of CO, concentrations in
the tropical upper troposphere and lower stratosphere during the NASA Tropical Com-
position, Cloud and Climate Coupling (TC4) campaign in August 2007. Upward move-
ment of trace gases in the deep tropics was notably slower in TC4 than during the
Costa Rica AURA Validation Experiment (CR-AVE), in January 2006. Transport rates
in the TTL were combined with in situ measurements of chlorinated and brominated or-
ganic compounds from whole air samples to determine chemical loss rates for reactive
chemical species, providing empirical vertical profiles for 24-h mean concentrations of
hydroxyl radicals (OH) and chlorine atoms in the TTL. The analysis shows that impor-
tant short-lived species such as CHCl;, CH,Cl,, and CH,Br, have longer chemical
lifetimes than the time for transit of the TTL, implying that these species, which are
not included in most models, could readily reach the stratosphere and make significant
contributions of chlorine and/or bromine to stratospheric loading.

1 Introduction

Inputs of trace gases into the stratosphere are controlled by transport processes and
chemistry in the Tropical Tropopause Layer (TTL). Most stratospheric radicals are de-
rived from the breakdown of tropospheric source gases including a wide variety of
natural and anthropogenic halocarbons, N,O, and CH,. The efficiency with which a
tropospheric source gas is transported through the TTL into the stratosphere depends
on the relative rates for chemical removal versus the time required to transit the TTL.
Source gases from the lower troposphere are detrained into the TTL in the outflow from
deep convective storms; if subsequent transport to the stratosphere in the TTL is suffi-
ciently rapid these compounds will enter the stratosphere where they break down and
add to the burden of lower stratospheric bromine, chlorine, etc. But if these species
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react within the TTL, the inorganic products are subject to scavenging by clouds (e.g.
convective anvils and sub-visual cirrus) or aerosols, and the associated halogen atoms
may never reach the stratosphere.

In this paper, we use detailed measurements of trace gases in the TTL with a wide
range of chemical lifetimes, from a few days to infinite (nonreactive), to empirically
constrain both the chemical lifetimes and the transport time scales for key species,
emphasizing the precursors of stratospheric inorganic halogens. The observations
were carried out over Costa Rica and adjacent ocean areas using the NASA WB-
57F high-altitude aircraft during the Tropical Composition, Cloud and Climate Coupling
(TC4) campaign in August 2007 (Toon et al., 2010). Results from TC4 are compared
to similar observations made during the Costa Rica AURA Validation Experiment (CR-
AVE) in January 2006.

We first use high-resolution in situ observations of CO, to constrain the age spec-
trum and associated vertical transport rates and residence times for air in the TTL, as
we have done previously for the lower stratosphere (Andrews et al., 1999, 2001a, b;
Boering et al., 1996). In the wintertime TTL, during CR-AVE, air was advected up-
ward rapidly, and the seasonal variation of CO, allowed us to define a CO, tracer clock
(Park et al., 2007). For TC4, due to the slower rates of vertical advection, we use
a one-dimensional (1-D) advection-diffusion transport approach equivalent to the age
spectrum concept of Hall and Waugh (1997, 2000; e.g., Gettelman et al., 2009), and
we apply this result to CR-AVE data as well.

Next we use the transport properties of the TTL obtained from CO, to evaluate ob-
servations of reactive species, in order to infer rates of photochemical removal and
to understand the efficiency with which these tracers propagate into the stratosphere.
The Whole Air Sampler on the WB-57F (WAS; see Sect. 2 for instrumental details)
(Flocke et al., 1999; Schauffler et al., 1999, 2003) provided a comprehensive suite of
measurements of chlorinated and brominated organic compounds, non-methane hy-
drocarbons and alkyl nitrates. We analyze data for selected gases representing a wide
range of photochemical lifetimes in the TTL. Most of these species are removed pri-
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marily by photolysis and reaction with hydroxyl radical (OH), allowing us to deduce
empirically the 24-h mean OH vertical distribution in the TTL from an optimal fit of the
photochemical transport simulation to the observations. A few short-lived species have
significant loss rates due to reactions with chlorine (Cl) atoms, e.g. ethane (C,Hg) and
tetrachloroethene (C,Cl,), allowing us to empirically determine atomic chlorine con-
centrations as well, although the constraints are somewhat weaker. The OH radical
and Cl atom concentrations derived here can be used to determine the lifetimes of a
wide range of chemicals in the TTL and as a check on photochemical models. Con-
centrations of OH calculated from photochemical models may be underestimated, due
mainly to failure in simulating high concentrations of OH near sunrise and sunset (e.g.,
Salawitch et al., 1994; Wennberg et al., 1998), leading to uncertainties in the model
predictions of the amounts and distributions of organic and inorganic halogenated com-
pounds.

Information on the measurements is provided in Sect. 2. The conceptual framework
used in our analysis is described in Sect. 3. In Sect. 4, we present the simulation
results and discuss the derived vertical profiles for air transport rates and reactive
agents. The implications of the estimates of local lifetime for major long- and short-
lived halogenated compounds are also considered. Conclusions follow in Sect. 5.

2 Measurements

Measurements of CO, mixing ratios on the NASA WB-57F aircraft were made using
a nondispersive infrared absorption analyzer flown in many previous experiments (see
Daube et al., 2002 for details). The instrument was calibrated every ~10min in flight,
with demonstrated long-term precision of 0.1 ppmv (Boering et al., 1995). Flight stan-
dards were calibrated against CO, world standards from the National Oceanic and At-
mospheric Administration/Earth System Research Laboratory (NOAA/ESRL), and thus
are directly comparable to surface data from the ESRL global network, with accuracy
better than 0.2 ppmv.
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Air samples were collected with the Whole Air Sampler (WAS) (Flocke et al., 1999;
Schauffler et al., 1999, 2003), consisting of 28 to 40 1.6-liter electropolished stainless
steel canisters, a 4-stage metal bellows pump, a stainless steel manifold, motor-driven
valves, and an electronics package for valve and pump control. The metal bellows
pump pressurized the instrument manifold to 40 psia (2.7 bar), resulting in a sample
volume of ~4.5 standard liters (STP). The filling time varied between 15 and 180s,
depending on flight altitude. Filled canisters were transported to University of Miami for
analysis. Mixing ratios of approximately 50 different species were measured, including
CFCs, HCFCs, HFCs, halons, other halogenated compounds, and alkyl nitrates on the
WAS samples by gas chromatography with mass selective detection (GC-MS) (Hewlett
Packard models 5890 and 5971) using electron impact ionization. Calibrations were
based on in-house prepared standards and on commercial halocarbon mixtures that
were calibrated using gas chromatography with atomic emission detection (GC/AED)
versus various NIST standards or standards referenced to NIST mixtures. The detec-
tion limits and measurement accuracy varied due to different individual responses and
background noise, but are generally better than 0.1 pptv and 15%, respectively.

A large number of other tracer and meteorological measurements were made on the
aircraft, providing important information on the chemical and dynamical context of the
sampled air. Air temperature and pressure were measured by the Meteorological Mea-
surement System (MMS) on board the aircraft, with precision and accuracy of £0.1 K
and +0.3K, respectively, for temperature, and £0.1 hPa and £0.3hPa, for pressure
(Scott et al., 1990). These parameters were used to derive potential temperate with
an uncertainty of ~2K. In situ ozone measurements were made by the NOAA Dual-
Beam UV Absorption Ozone Photometer (Proffitt and McLaughlin, 1983). At a 1-s data
collection rate, measurement precision is £0.6 ppbv (STP) and average uncertainty is
~ +5%.
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3 Analysis
3.1 CO, of the TTL in NH summer

There are a number of definitions of the TTL in the literature. Here we consider the
top of the TTL to be the tropopause, and the bottom to be the level below which we
observe a sharp increase in both the variance of the CO, concentration and of the Frac-
tion of Convectively Influenced air mass computed from diabatic trajectories mapped
onto satellite data for convective cloud tops (see Fig. 1; refer to Pfister et al., 2001,
2010; and Park et al., 2007 for details). The dynamical and chemical properties of
the atmosphere (e.g., upward mass flux; temperature lapse rate; the balance between
convection and slow radiatively driven ascent; the mixing ratios of ozone, water va-
por and other chemical tracers) change from tropospheric at the base of the TTL to
stratospheric at the top.

During TC4, the influence of convection subsided noticeably above the ~360-K level,
as indicated by the sharp reduction both in the variance of the CO, concentration and
in the computed Fraction of Convectively Influenced air. Thus, we set the base of
the TTL at 8=360K (~14.8 km altitude), somewhat above the lower bound of the TTL
recently defined by Fueglistaler et al. (2009) (355K, ~150 hPa, 14 km), but similar to
their determination of the level of zero radiative heating under clear-sky conditions.

Park et al. (2007) analyzed the wintertime TTL observed in the CR-AVE mission in
2006. They found that the CO, seasonal trend at the surface (CO, increasing with
time) is preserved in a compact form throughout the TTL above 360K, indicating that
air in this region aged monotonically with altitude with near-zero age at 360 K. A simple
“CO, tracer clock” can be defined during this season that gives a good constraint on
TTL ascent rates and a good approximation to the mean age. The seasonal curve in
January has no extremum, making it difficult to determine dispersion rates and a full
age spectrum using CO, data from CR-AVE.

However, the CO, clock is inapplicable in August, during TC4, because the sea-
sonal maximum in May—June makes the CO, profile non-monotonic in TC4 (Fig. 1)
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(cf. Boering et al., 1994), and, as we shall see, the vertical transport times are slower.
Nevertheless the seasonal cycle at the surface is faithfully traced out in the vertical
dimension within the TTL, with its amplitude attenuated. We approach this problem by
solving for the full age spectrum using the one-dimensional advection-diffusion equa-
tion, as envisioned by Hall and Waugh (2000) and described in detail in Sect. 3.2.
The observed monotonic progression of mean age implies that the ensemble mean
transport of trace gases can be assessed using a simple one-dimensional column ap-
proach, even though atmospheric motions are complex and 3-dimensional (Hall and
Waugh, 2000; Gettelman et al., 2009); clearly, though, this simplified approach has
limitations.

Data from TC4 tropical flights are best presented in potential temperature coordi-
nates (Fig. 1), in order to remove the variance associated with reversible adiabatic dis-
placements of the atmosphere. However, when we analyze reactive species we must
use height as the vertical coordinate since the photochemical properties of the atmo-
sphere (e.g., reaction rate coefficients with OH radical, photolysis rate constants, etc)
are functions of altitude and pressure, not potential temperature. Hence in this paper
we use mean tracer concentrations versus altitude for the analysis of rates of transport
and chemistry in TC4 (e.g., see Fig. 3a for CO,; note the artificial variability introduced
by using altitude instead of potential temperature as the independent variable).

The latitude range selected as “tropics” was 2° N to 10° N, limited on the southern
end by the range of the WB-57F. We noted however that the 8 August CO, profile was
clearly very different from the other two days. There is evidence that the air on the
vertical descent profile on this day was influenced by very deep convection over Lake
Maracaibo upstream of the point of observation, as shown by trajectory calculations
using the method of Pfister et al. (2010). This convective influence extended well above
the cold point tropopause. Observations of such convection may provide insight into
the mechanism of rapid direct injection of boundary layer air to the upper part of the
TTL, but they were excluded from our analysis in order to focus on the integrated mean
distribution of transit times that characterize the bulk of the observations.
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We derived a CO, index to describe zero-age air entering the TTL using the sea-
sonally varying weighted average of ground data from stations within the ITCZ (rep-
resented by solid lines in Fig. 2). All stations within the seasonal varying ITCZ were
considered and the weight of a station at a given time is determined by the station’s
position relative to the ITCZ at that time. The resulting values correspond more closely
to observed CO, mixing ratios at the base of the TTL from tropical aircraft missions
spanning more than 12 years, as shown in Fig. 2. This index represents an improve-
ment from the monthly average of concentration data for CO, at Mauna Loa (MLO,
19°N) and Samoa (SMO, 14° S) (Fig. 2; denoted by gray dashed lines) used by Boer-
ing et al. (1996) and Park et al. (2007), as needed to describe the small age differences
observed within the TTL.

3.2 One-Dimensional advection-diffusion model

The equation for our 1-D column model describes mass continuity of tracer with mole

fraction ¢ in a column,

c-cC
9N -0 koS L wn2E NarSC0 -
ot 0z 0z 0z Teonv

| I Il \% Vv (1)

P-L

where N is the number density (m‘3) of the atmosphere at height z; N(z) = Noe’Z/H
and H is the scale height (H =5808 m for TC4), w is the ascent rate in m s, K, is the
effective diffusion coefficient along the vertical direction in m? s'1, f is the fraction of air
injected by deep convection over time scale 7., [Gettelman et al., 2009], «a is the effi-
ciency of convective transport, and P — L is the net photochemical rate (m_3 s™'; =0 for
CO,; = -k N for reactive species, k, is the loss frequency). Convective injection (term
IV) is included for completeness. The influence of term IV cannot be distinguished from
vertical advection (see discussion below) in TC4 or CR-AVE.

The domain extends from z = 14.8 km (equivalent to ~360K) to z = 25 km, which is
given zero flux for CO,. Time zero (t,) was set to be two years prior to the observa-
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tion, since the air in the TTL and lower tropical stratosphere turns over on timescales
of months. The initial CO, profile at ¢, was represented by subtracting from the pro-
file observed during TC4 (i.e., Fig. 3) the CO, concentration difference between the
modified CO, index at f, and the CO, index at the mission time. The lower spatial
boundary (i.e., z=14.8 km) corresponds to zero age, with CO, given by the modified
CO, index (see Sect. 3.1). The final time point in the integration of term | gives the
derived profile at the mission time. The time step is 0.5 days and the z interval is 50 m,
to create a high-resolution profile. We represent w as an unknown exponential function
with altitude, w = ay x exp[-(z — z,)/(by x H)] with a5 and b, as inputs to be adjusted.
K is assumed an unknown constant with height, since there is only one seasonal ex-
tremum which characterizes K on average through the TTL. Results are similar if a
simple quadratic polynomial is used to represent w. The model-generated profile can
then be compared to in situ CO, measurements to determine the optimal representa-
tion of the w and K functions by minimizing the root mean square error (RMSE), with
the additional constraint that there be a close match to the altitude of the CO, seasonal
maximum. The age spectrum for the TTL is derived by superposition of the solutions
to the 1-D equation with unit input, using the optimized coefficients w and K (Hall and
Waugh, 2001).

Twenty-four-hour mean photolysis rate constants (J) for the selected tracers were
calculated as functions of altitude using the Harvard two-dimensional model (Schnei-
der et al., 2000), with temperature dependent absorption cross sections from Sander et
al. (2006). The radiation field is calculated using a six-stream approximation for clear-
sky conditions assuming a multiple scattering atmosphere and representative albedo
for the underlying atmosphere and surface. Temperatures from TC4 were used in the
calculation of photolysis cross sections. Ozone profiles, needed for the full height range
above the measurement region, were based on the results of Parrington et al. (2008)
for August 2006, obtained through assimilation of ozone observations from the Tropo-
spheric Emission Spectrometer (TES) into the GEOS-Chem model for 100 hPa and be-
low. Above 100 hPa the ozone field was determined by linearized stratospheric ozone
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The loss frequencies for oxidation were derived from the reaction rate constants
given by Sander et al. (2006) multiplied by [OH] profiles adjusted from the base profiles
calculated by both the Global Modeling Initiative (GMI) model (Considine et al., 2008)
for July 2007 and the Geos-Chem model (Wang et al., 2008) for August 2003. The scal-
ing function for OH was defined as a 2nd-order polynomial function with altitude and ad-
justed to optimize agreement with measured tracer profiles, solving Eq. (1) numerically.
We considered 9 short- and long-lived tracers, selected to be representative of the pri-
mary organic source gases of chlorine and bromine to the upper troposphere and lower
stratosphere, with a broad range of lifetimes from a few weeks to several years: CFC-
11 (CClI;F), Halon-2402 (CBrF,CBrF,), carbon tetrachloride (CCl,), methyl chloroform
(CH3CCl3), methyl chloride (CH3ClI), methyl bromide (CH3Br), chloroform (CHCly), di-
bromomethane (CH,Br,), and bromoform (CHBr3). The lower boundary condition for
the mixing ratio of each species was determined as the mean of observations at isen-
trope 360-K (~14.7—-14.8 km). The upper boundary condition was an extrapolated flux
(=LH, where L is the loss rate (m_3 s_1) at 25km).

Reaction with chlorine (Cl) atoms is a dominant sink for some short-lived species
in the TTL and lower stratosphere, e.g. ethane (C,Hg) and tetrachloroethene (C,Cl,).
We estimated the vertically averaged 24-h mean Cl concentration by estimating the
required Cl loss rate to account for the difference between the observed profiles for
C,Hg and C,Cl, and its modeled fit using the optimum OH from the other species.
Since these species are all short-lived, there were too few tracer data points dependent
on Cl to allow us to derive a profile for Cl.
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4 Results and discussion
4.1 CO, and Vertical transport properties

The CO, data obtained on 5 and 6 August were binned to 50-m altitude and the mean
for each altitude bin was calculated. The means were then smoothed using locally
weighted least squares (“lowess”, smoothing window 0.075) to give representative pro-
files for the TTL. The optimized profile of w was 5 x 10_4exp[—(z—zo)/(0.44 x H)] ms™"
between the bottom of the TTL (i.e., zy = 14.8 km) and the cold point (~17 km), cor-
responding to 0.50 mm s~ and 0.20mms™" at the lower and upper boundaries, re-
spectively. Above 18 km altitude, w of 0.14mm s~' was found to accomplish the best
fit (Fig. 3b). The average in the TTL (14.7-19km) was w =0.25+0.11 mms~' and K
was 0.063m?s™" throughout the profile. The resulting RMSE between the generated
profile and the empirical observations is only 0.08 ppmv. Using other functional forms
for w gives similar results; the mean value and decrease with altitude by a factor of 2-3
are robust.

It is notable that the ascent rate decreases with altitude, implying detrainment of
most of the upwelling air into the extratropics (if there were no detrainment, w would
increase exponentially as N(z)’1). This result is consistent with recent findings from
trajectory analysis (Levine et al., 2007) that quasi-isentropic transport into the extrat-
ropical lowermost stratosphere is significant. The TTL age spectrum derived from the
advection-diffusion equation is consistent with the results for the lower tropical tropo-
sphere presented by Andrews et al. (1999). The results are also consistent with the
analysis of satellite data by Gettelman et al. (2009), although these authors attribute
much of the vertical transport in the lower TTL to convective influence (see discussion
below).

We tested this 1-D advection-diffusion model framework for the CO, data obtained
in the boreal winter during the CR-AVE. The observations on 21 and 22 January
were selected, representing the middle of the mission period with relatively frequent
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WAS samples. We obtained a best-fit of w =1.1 x 10‘3exp[—(z—zo)/(4 x H)] ms™"
between 13.5km and 17.6km (i.e., near the cold point) and above the altitudes,
w=0.9x 10_3exp[—(z—zo)/(0.085 x H)] ms™" throughout the lower stratosphere, which
correspond to 1.1 mm s and 0.4mms™" at the bottom of the TTL and at 18 km, re-
spectively. The vertical diffusion coefficient K for an optimal fit was 0.1 m?s™' but it
was not well constrained due to the linear character of the CO, profile. The RMSE of
the best fit was also quite small, only 0.07 ppmv. These estimates of vertical diffusion
coefficients for summer and winter are compatible to the values in the range of 0.03
and 0.1m?s™", proposed for the tropical lower stratosphere by Andrews et al. (1999).

The calculated vertical ascent velocity w in the TTL in winter is smaller if K is in-
cluded compared to the estimate using the tracer clock, which combines transport
from advection and from non-conservative dispersion. The winter time vertical velocity
was much larger than the summer velocity at the same level. When our altitude-varying
w’s for winter are averaged throughout the altitude range of 13.5 km and 19 km, we ob-
tain 0.8£0.3mms™", comparable to the value estimated by Schoeberl et al. (2008) for
CR-AVE. These authors re-analyzed the same CO, data set from the CR-AVE to con-
strain an ascent rate with the following modification: (1) since the variability at 360K is
too large to derive statistically significant time-varying trend, the data only from 370K to
390 K were considered. (2) The altitude gradient (ACO,) between 370 K and 390 K was
coupled with the actually observed trend at 370 K during the mission period of 24 days,
instead of the trend from the CO, index. (3) Therefore, they introduce larger uncertain-
ties from the observed gradient and the observed time trend into the calculation. Then
they computed the ascent rate of 0.6+0.3mm s~ in the altitudes of 16.0-17.8 km and
suggested that the apparent ascent rate can be estimated down to corrected value of
~0.3mm s'1, accounting for both vertical and horizontal eddy diffusion terms, which
they argued contributes nearly half of the transport.

Note a rigorous estimate of the uncertainty in our values of w and K is difficult to ob-
tain because several non-statistical uncertainties are linked together including together
(e.g., imperfect knowledge of the CO, boundary condition). It's especially difficult to
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accurately quantify the error associated with our assumption that transport in the TTL
and lower stratosphere can be adequately represented using the 1-D advection diffu-
sion equation without accounting for quasi-horizontal mixing between the tropics and
extratropics, the major process invoked by Schoeberl et al. (2008). We note that the
observed compact structure of both CO, and Og profiles (not shown here) indicates
that the effect of midlatitude air entrainment is relatively small.

The error analysis in the apparent ascent and diffusion rates related with horizontal
mixing is limited due to lack of information to specify a representative profile of CO,
in the extratropics and the amount of air entering from the extratropics. In order to
investigate how much mixing of older extratropical air into the tropics might alter CO,
profiles and thus change the values of w and K, we assumed that the observations
between 25° N and 35° N for two transit flights on 3 and 9 August were representative
of extratropical CO, (green symbols and line in Fig. 3c). If we further assume that
the maximum of a tropical profile in the absence of isentropic exchange cannot be
larger than the seasonal peak (384.5 ppmv CO,) of the modified CO,, index (see Fig. 2)
in May 2007, the percentage of air in the TTL that originated from the extratropical
stratosphere cannot be more than ~30%. The hypothetical CO, profile before 30%
dilution by the extratropical CO, is shown in Fig. 3c (orange line), for which the ascent
rate would be 0.24+0.10mms™" on average and statistically same as the rate derived
from our model analysis. The vertical diffusion coefficient (K) would be significantly
reduced, to 0.008 m? s‘1, the horizontal exchange carries on the role of vertical eddy
diffusion. These w and K values will also be tested with the WAS species below.

We also investigated the inclusion of term IV in Eq. (1), representing direct injection
by deep convection that penetrates to the TTL in a profile that dies off rather rapidly
above 360K (Fig. 1; cf. Gettelman et al., 2009). We assumed that f was given by the
fraction of air affected by convection (Fig. 1) over the trajectory time scale (7,,,, = 14
days). With a =1, the air was too young below 365K, the lowest part of the TTL, and
there was no way the model could fit the data. There were not sufficient constraints
from CO, data to optimize a(< 1) along with w and K in this region. Thus the effects
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of 1-D advection-diffusion and convective influence on CO, are indistinguishable in
the lowest part of the TTL. The influence of convection was very small above 370K,
comprising the upper half of the TTL. This result is confirmed by our analysis of reactive
species (see below).

The effective equivalence between the 1-D advection-diffusion approach and more
detailed models that incorporate convective inputs and/or isentropic exchange reflect
the fundamental characteristic of the CO, profiles observed in the TTL in both TC4 and
CR-AVE: in both seasons, the observed profiles are only moderately modified from the
time history obtained using the CO, index in the tropics. This basic characteristic
implies that air in the TTL ages monotonically, covering a period of weeks from bottom
to top, and also that the age spectrum is relatively sharply peaked. The measurements
do not reveal exactly how atmospheric motions create the age spectrum, e.g. there
might be a small mode representing older air from mid latitudes that is missing from
our formulation. But these details are not essential to simulate the major features of net
vertical transport of CO, or other tracers that originate near the surface in the ITCZ.

4.2 Photochemistry for long- and short-lived species

The vertical distributions of in situ measurements obtained on 5 August are presented
in Figs. 4 and 5. We focus on 6 chemical species first: CFC-11, Halon-2402, CCl,,
CH3ClI, CHCIl3, and CH,Br, in Fig. 4a—f (denoted by black filled circles). The mixing
ratios of CFC-11, Halon-2402, and CCl, started decreasing above ~17 km (near cold
point level), while for CH3Cl, CHCI5, and CH,Br,, strong altitude gradients in the mixing
ratios started lower, near ~14 km, and then decline steadily above that level, implying
additional photochemical losses.

The mixing ratios of CFC-11, Halon-2402, and CCl, decreased by ~7%, 18% and
12%, respectively at 19 km, the upper limit of the data, relative to the values at the base
of the TTL, whereas CH;CI, CHCl3, and CH,Br, decreased by 15%, 63% and almost
85%, respectively. The difference is a measure of the difference in their photochemical
lifetimes; for instance, the longer photochemical lifetime of CCl, relative to CHCl3, and
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CH,Br, (Clerbaux et al., 2007; Law et al., 2007). The influence of OH chemistry causes
the concentrations of reactive species (with negligible photolysis rates) fall off quickly
with altitude.

Figure 4 shows the comparison of in situ measurements for photolytic and OH-
reactive species compared to results from the 1-D model, using photolysis rates alone
in the photochemical loss terms of Eq. (2), coupled with CO,-derived air transport rates
(pink lines). The model agrees very well with the observed profiles for CFC-11, Halon-
2402, and CCl, (Fig. 4a—c) consistent with their dominant chemical loss process being
photolysis, mostly above the TTL. This result implies that the influence of older air from
midlatitudes is small and/or well simulated in the 1-D framework, since these gases
are severely depleted in old stratospheric air. Indeed, profiles for WAS species at
midlatitudes (see data points binned by 11-25° N (green squares) and 25-36° N (blue
asterisks) in Fig. 5d—f) were nearly identical with tropical data in TC4 (in contrast to
CR-AVE). Hence the model runs with w and K estimated using midlatitude CO, data,
assuming small K and horizontal mixing with extratropics (see orange dashed lines in
Fig. 5a—c) were indistinguishable from results of the 1-D model. These results support
the application of our transport model to assess the processes that influence trace gas
transport through the TTL, were indistinguishable from the w — K model for the reactive
tracers.

To simulate the observed profiles of the OH-reactive species, CH;Cl, CHCl;, and
CH,Br,, we first used the monthly mean concentrations of OH in July derived from
GMI run for 2007 (Considine et al., 2008) as shown in Fig. 5 (green dash-dot lines).
This OH profile significantly improves the shape of the computed vertical profile, but
the vertical gradient is not steep enough for any of the tracers. Horizontal mixing would
have little effect, just as for the photolyzed tracers, discussed above, and convective
inputs would tend to add more tracers, not less. We conclude that the results in Fig. 5a—
¢ imply higher OH concentrations than given in the GMI model run. To determine
OH concentrations that produce the best matches of the mixing ratio simulation to the
observations, we multiplied the GMI OH profile by a scaling factor assumed to be a 2nd
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order polynomial function of altitude, and adjusted the 3 coefficients until a best fit was
obtained. We extensively tested different combinations of scaling profiles but did not
find significantly different optimal profiles. Figure 5a, b, and ¢ show our optimal fits (in
blue solid lines) for the species using the optimized 24-h mean OH profiles. The blue
dashed lines represent the uncertainty range, corresponding to £30% uncertainties in
[OH] (denoted by blue dotted lines in Fig. 6), which have generally been considered as
OH field-related error range in chemical transport models (Wang et al., 2008).

The empirically adjusted [OH] profile (blue solid line in Fig. 6) spans the range 1.6—
2.7x10° molecule cm™ between 14km and 18.5 km, the top altitude of WAS data
points. The average over the altitude range was 2.2+0.3x10° moleculecm™. For
the purpose of testing the optimizing process, we repeated the same simulation with
Geos-Chem-derived OH base profile (denoted by red dash-dot line in Fig. 6), yielding
a nearly identical profile (in red solid line). Figure 6 also presents the actual vertical
profiles of [OH] (not 24-h means) measured during the SPADE campaign (Wennberg
et al., 1995, 1998), for comparison. Note that, despite their dependence on the solar
zenith angle (SZA), the observed OH concentrations vary little with altitude, as does
our derived OH profile. Our derived OH profile was consistent with the observations,
lower than high-sun values and higher than low-sun data, but slightly decreasing with
altitude.

To test the calculated OH profile, we computed model results and compared to in situ
measurements for three different compounds, CH;Br, CH3;CCl;, and CHBr3, spanning
a range of photochemical lifetimes of a couple of weeks to a few years in the TTL. The
data conformed closely to the model without further adjustment, as shown in Fig. 7,
providing confidence in the OH concentrations derived from our model simulation. Note
particularly the ~0 values of CHBr; above ~16 km. This result provides strong support
for the framework using our w — K 1-D formulation, versus a formulation relying on
convective injection. If a major fraction of air at, say, 16.5km, had been injected by
convective storms, we would expect highly variable concentrations of this gas.

To derive an atomic Cl concentration in the TTL, we examined the profiles of two
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trace gases which are removed by reactions with both OH radicals and Cl atoms, but
predominantly with Cl atoms: ethane and tetrachloroethene (C,Cl,). Both have rate
constants for the reaction with Cl atoms 200-300 times higher than with OH radicals
and neither has other significant sinks (e.g., Gupta et al., 1998; Rudolph et al., 1996).
Figure 8 shows the model runs (represented by blue solid lines) for C,Cl, and ethane
performed using transport rates from our analysis of CO, data, reaction constants for
OH reaction, and OH concentrations derived above from the analysis for CH;Cl, CHCl;,
and CH,Br,. We note that the OH profile derived from the species that do not react
rapidly with Cl gave a model result with excess concentrations of C,Cl, and ethane in
the middle and upper TTL. Addition of reactions with Cl atoms was first tested with the
Cl atom profiles from the GMI model calculation (Considine et al., 2008) for July 2007,
but loss rates were still insufficient to explain the measured profiles of C,Cl, and ethane
(see green dotted lines in Fig. 8). We then scaled the GMI CI atom profile with a 1st
order polynomial function with altitude to produce an optimal fit to the observations. The
resulting Cl atom concentration profile, however, reveals some intrinsic features shown
in the derived OH concentration profile like high Cl concentration near the bottom of
the TTL and decreasing trend with altitude. These features seem less realistic for the
atmospheric Cl distribution, suggesting cross-talk with errors from the OH-loss model.
In order to obtain a more robust result, we derived a 24-h average Cl concentration
for the altitude range between 14km and 18.5km instead of a profile b3y simulating
the best fits to the measurements. The best-fit result was 2.4+0.6x10" atom cm'3,
which is about two times larger than 1.321.0x10%atomem™, the average of GMI-
derived CI concentrations. The derived concentration is also more than 2—20 times
larger than an average tropospheric chlorine concentration of the order of 0.1 x10°—
1x10° atoms cm™, which was estimated using the budgets of ethane and C,Cl, by
Rudolph et al. (1996).

Finally, to examine whether our transport rates and OH radical and Cl atom concen-
trations which were empirically derived from 5 August observations, are unambiguous
for other flight data, we generated the vertical profiles for the chemical species stated
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above (shown in Fig. 9) by using their mixing ratios observed at the base of TTL on 6
August as the initial boundary values. Agreement between the data and the computed
profiles with a set of input parameters determined above from the analysis on 5 August
data is reasonably good, capturing overall features of the observations, although the
data set is more limited on this day.

4.3 Age spectra and chemical lifetimes for long- and short-lived species

The most often used time scale for atmospheric gases is the average global lifetime
which is defined as the total burden of a compound divided by its globally, annually
integrated loss rate. In steady state this burden divided by the lifetime is equal to the
source emission needed to maintain current abundances. The global mean lifetime is
thus useful for projecting the future mixing ratios (e.g., Clerbaux et al., 2007; Law et al.,
2007).

However, it can not represent a fundamental time constant of the chemical system
in the TTL and lower stratosphere, particularly for the gases with a range of local loss
frequencies, such as photodissociation of halogenated compounds. The local loss
frequencies correspond to spatial and temporal variations in the reactive radical con-
centration (e.g., OH, O(1 D), and Cl) and solar flux in both regions. Hence, in order
to estimate the contribution of the tropospheric source gases to stratospheric chlo-
rine/bromine loading and thus to evaluate model schemes for stratospheric chemistry,
a local chemical lifetime should be considered and determined at the primary entry
point for the stratosphere. The local lifetimes are defined as ('r)'1 = (’I'OH)_1 + ('rb,)'1
where 7oy and 7, are the lifetimes due to reactions with OH and photolysis, respec-
tively. (Note for ethane and C,Cl, in our analysis, (T)_1 = ('[OH)_1 +(TC|)_1, where 7
is the lifetime due to reactions with Cl atoms). We estimated the local lifetimes for the
species examined above using the derived vertical profiles of OH radicals and Cl atoms
and altitude-varying photolysis rates. The calculated chemical lifetimes at 18 km, ap-
proximately equivalent to the top boundary of the TTL are 8.7, 2.2, 2.9, 3.2, 3.9, 2.0
years, 9.8, 6.2 months, and 17.4 days for CFC-11, Halon-2402, CCl,, CH;CCl3, CH;ClI,

6077

ACPD
10, 6059-6095, 2010

Transport rates and
concentrations of OH
and Cl radicals in the

TTL

S. Park et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/6059/2010/acpd-10-6059-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/6059/2010/acpd-10-6059-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

CHzBr, CHCI3, CH,Br,, and CHBr3, respectively. We note that the estimated local life-
times at the 18 km level for the long-lived species, of which the main loss process is
photolysis in the stratosphere, such as CFC-11, Halon-2402, CCl,, and CH;CCl; are
significantly reduced by 40-90% compared with the global mean lifetimes provided in
WMO report due most likely to geographic proximity to their sink region. Most impor-
tantly, for the relatively short-lived species destroyed dominantly by reaction with OH
radicals, such as CH3Cl, CH;Br, CHCI;, and CH,Br, the local lifetimes are 1.5—4 times
longer than the average global lifetimes. This is due to the fact that extremely low tem-
peratures in the TTL and the lower stratosphere slow down the reaction of OH with
these compounds. These results imply that these gases have a greater probability to
reach the stratosphere through the TTL than might be expected based on their global
lifetimes.

Figure 10a shows the age spectra for both non-reactive (CO,) and reactive species
at different altitudes in both TC4 and CR-AVE, and Fig. 10b shows the associated
vertical profiles of fraction remaining in the atmosphere, as for gases of various mean
lifetimes. The age spectra are sharper, and the transit times shorter, for CR-AVE as
compared to TC4. During CR-AVE, air entering the stratosphere would have more
than 20% of the boundary layer concentration of a halogen precursor whose lifetime
longer than 30 days, and more than 60% would survive transit of the TTL if the lifetime
exceeded 60 days. Even during TC4, more than 20% of the input concentration would
survive for gases with lifetimes >60 days.

Here, the species CHCl3, CH,Br,, and CHBr3, which are in general classified as the
“very short-lived species” (with atmospheric lifetimes of less than 6 months), can con-
tribute significant Cl and Br to the stratosphere; CHCIl; and CH,Cl, contribute the most
very short-lived organic chlorine (20 and 40 ppt Cl, respectively) to both the marine
boundary layer and the upper troposphere. Similarly, CH,Br,, and CHBr5 represent
more than 80% of the very short-lived organic bromine in both regions, accounting
for 3—4 ppt of Br. Our estimates of the local lifetimes at 18-km altitude for CHClIj,
CH,Cl,, CH,Br,, and CHBr5 were 9.8, 9.1, and 6.2 months, and 17.4 days, indicat-
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ing that all of these can contribute their halogen payload to the stratosphere, possibly
excepting CHBr;. An important implication of these results is that the organic chlo-
rine and bromine in “very short-lived source gases” could reach the stratosphere even
before chemical breakdown to product gases, and make contributions to total strato-
spheric halogen and their effect on ozone depletion. Their delivery into the strato-
sphere through the TTL does not require the rare deep convection events directly
to levels above 380K, but instead can occur via vertical advection through the TTL.
The reported difference between bromine delivered to the stratosphere by “long-lived”
source gases, and estimates of total stratospheric bromine derived from observations
of bromine monoxide (BrO) (denoted “additional” stratospheric bromine in WMO report,
Law et al., 2007), may be explained by the contribution determined here of shorter-lived
gases through the TTL (e.g. CH,Br,).

5 Conclusions

This study has investigated the distributions and lifetimes of radiatively and chemically
important long- and short-lived reactive species in the TTL and lower stratosphere,
using empirical air mass transport rates characterized by CO, data and empirically
derived profiles of radical concentrations from a set of tracers with a large span of
photochemical lifetimes. We have derived altitude-dependent ascent rate profiles and
a mean diffusion coefficient for the TTL and lower stratosphere from in situ observa-
tions of CO, mixing ratios, collected during the TC4 campaign in August 2007 and the
CR-AVE campaign in January 2006, aboard the NASA WB-57F aircraft. The derived
air transport properties in combination with well-defined photochemical loss processes
can represent net transport and photochemical loss of the reactive species. Precise
measurements of organic chlorine and bromine containing compounds from whole air
samples were used to constrain the chemical parameters for the TTL and tropical lower
stratosphere, i.e., the 24-h mean altitude profile of OH radical and 24-h average of
atomic Cl concentration for the altitude range between 14km and 18.5km. The ob-

6079

ACPD
10, 6059-6095, 2010

Transport rates and
concentrations of OH
and Cl radicals in the

TTL

S. Park et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/6059/2010/acpd-10-6059-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/6059/2010/acpd-10-6059-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

served altitude profiles of the species examined here, together with the determined
transport and chemical conditions for our model, were shown to accurately simulate
the local photochemical lifetimes.

The empirically-derived vertical distributions of OH radical and atomic Cl concentra-
tions in the TTL and lower stratosphere should provide new tests of model inputs for
photochemical model calculations in the regions, of which the unique dynamical and
chemical properties have not, to date, been addressed well in most models. Although
OH concentrations were ~2 times higher than computed by models, the inferred local
chemical lifetimes of long- and short-lived species were significantly longer than cor-
responding mean global lifetimes. Our analysis indicates that very short-lived species
such as CHCI;, CH,Cl,, and CH,Br, can readily reach the stratosphere even under
normal dynamic conditions (i.e., not solely in deep convective events that enter the
stratosphere directly). This result shows that the chlorine- and bromine-containing very
short-lived organic compounds should be included models because they can contribute
significant amounts of chlorine and/or bromine to stratospheric loading.

In view of the importance of air transport mechanisms on the stratospheric loading,
the uncertainties in the role of short-lived halogen precursors need to be addressed,
with particular attention to observations that define the role of quasi-horizontal mixing
with the extratropics and convective inputs into the TTL or the midlatitude stratosphere.
The present analysis has been focused on just one period in August 2007. Systematic
tracer measurements over a period of years, covering more of the seasonal cycle,
are needed to investigate seasonal variations in the derived parameters above and
eventually to help predict impacts of halogens originated from the surface on future
column ozone depletion. Additionally the tropospheric distributions of the short-lived
chemical species are highly variable in time and space due to the short lifetimes, which
leads to the uncertainty in the input values at the base of the TTL.

Even with these limitations, this study demonstrates that in situ, high resolution mea-
surements of CO, and long-/short-lived chemical species provide unique signals for
defining air transport rates and chemical conditions governing the distributions of the
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chemical compounds in the TTL and lower stratosphere, and it is clear that short-lived
precursor gases survive transit of the TTL to enter the stratosphere in the tropics.
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Fig. 1. Vertical profiles of CO, from two science flights in the tropics (<11°N) on 5 August (denoted by blue empty
circles) and 6 August (by black empty squares) during TC4. The line is a fit (locally-weighted least squares, “lowess”)
to averages in 1-K intervals of potential temperature. Fraction of air cluster points with non-zero convective influence,
which was calculated by back trajectory analyses to convective systems, based on the method of Pfister et al. (2001,
2010). The dashed line shows the 1-K averaged fraction of air clusters influenced by convection for 14 day trajectories,
which is concentrated mainly below the TTL, reducing to low values above 360 K. For the higher levels (near 400 K),
the occasional impact of convection seems to appear in the convective influence fraction and short lived species, but
not in the CO, profile. Two horizontal dotted lines denote the bottom of the TTL and cold point temperature altitude.
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Fig. 2. Boundary condition for CO, entering the TTL. Solid curve is the weighted average of
surface data from NOAA ESRL stations located in the ITCZ (Conway et al., 1994). The previous
CO, index defined as average data for CO, at Mauna Loa (MLO) and Samoa (SMO) is plotted
as gray dashed curve. Filled diamonds represent data obtained near 360K (~15km) during
ASHOE, STRAT, CRAVE, and TC4: Airborne Southern Hemisphere Experiment (ASHOE) from
March to November 1994; Stratospheric Tracers of Atmospheric Transport (STRAT) from May
1995, October to November 1995, January to February 1996, July to August 1996, September
1996, December 1996; CR-AVE in January to February 2006; TC4 in August 2007.
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Fig. 3. (a) Vertical profiles of CO, obtained on 5 and 6 August. All values are same as shown
in Fig. 1, but are plotted against altitude. The gray line denotes the smoothed CO, profiles.
The black solid line corresponds to the best fit to the observations with the optimum w(z) and
K. The lack of compactness found in the altitude profile between 14.7 km and 16 km unlike
the B8-space profile in Fig. 1 is due to vertical, reversible fluctuation of air particles. (b) Vertical
profile of ascent rate, w(z) derived from the 1-D advection-diffusion model. (¢) Observations
between 25° N and 35° N for two transit flights on 3 and 9 August are plotted with green cross
symbols. When assuming that the observed profile (a) is a result of dilution by horizontal mixing
along the isentropic levels and 30% of air mass in the profile is originated from the extratropics,
the hypothetical CO, profile before the dilution is given in the orange line. Note the maximum
of the profile corresponds to the seasonal peak (384.5 ppmv CO,) of the modified CO, index
that occurred in May 2007.
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Fig. 4. Vertical distributions of (a) CFC-11, (b) Halon-2402, (c) CCl,, (d) CH;Cl, (e) CHCl;, and
(f) CH,Br,. Plotted are individual data points (solid circles) measured by WAS on 5 August and
the 1-D model results using photolysis rates alone as photochemical input (pink solid lines).
Note that all calculations are based on the transport rates determined by CO,.
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Fig. 5. Vertical distributions of (a) CH5Cl, (b) CHCI;, and (c) CH,Br,. Shown are the simulated profiles of 1-D model
using combined inputs of photolysis and reaction with OH radicals. Dash-dotted green lines represent the base case
using the OH estimate derived from the GMI model. The dashed orange lines denote the resulting simulation with the
GMI-derived OH estimate, and the w and K values determined from the hypothetical profile (orange line in Fig. 3c).
An adjusted OH profile with a scaling term of 2nd polynomial function from the base OH give the best fits to the all
three observations. The simulation results using the optimal OH concentration profile are shown in blue solid lines.
The blue dashed lines around the solid one correspond to uncertainties in the simulation that +30% uncertainties in
[OH] (blue dotted lines in Fig. 6) can produce. Photolysis-only runs are plotted as pink dotted lines. Vertical profiles of
(d) CH5Cl, (e) CHCl3, and (f) CH,Br, in the TTL (<11° N) are compared with observations both from 11-25° N (green
empty squares) and from 25-36° N (blue asterisks) on 3 and 9 August, without showing any significant separation from
the extratropical observations.
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Fig. 6. Optimum OH concentrations to produce the best matches of the mixing ratio simulation
to the observations are plotted against altitude, denoted by blue solid line. The base profile is
the OH estimate from the GMI run (green dash-dotted line). The two blue dotted lines denote
uncertainty range for £30% of the [OH]. The optimization process was tested by repeating the
analysis with the OH profile derived from Geos-Chem model run; base and resulting profiles
are given in red dash-dotted line and red solid line, respectively. For comparison, the observed
OH concentrations (Wennberg et al., 1995, 1998) are plotted as gray line and empty symbols,
respectively. Shown is the solar zenith angle (SZA) of each observation profile.
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Fig. 8. Vertical distributions of (a) C,Cl, and (b) ethane. The 1-D model results using the
optimum OH profile shown in Fig. 6 (blue solid lines) overestimate the observations denoted by
black solid circles. The difference between the simulation and observation should correspond
to the reaction with Cl atoms, but the GMI-derived Cl atoms are not sufficient (gray dotted
lines). The best matches are generated by adjusting 24-h average value for Cl concentrations
between 14 km and 18.5 km and are represented by black solid lines.
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Fig. 9. Vertical distributions of (a) CFC-11, (b) Halon-2402, (¢) CCl,, (d) CH;CCl;, (e) CH4CI,
(f) CH4Br, (g) CHCIj, (h) CH,Br,, (i) CHBrj, (j) C,Cl, and (k) ethane. Plotted are individual
data points (solid circles) measured by WAS on 6 August and the 1-D model results (solid lines)
with a set of input parameters determined from the analysis on 5 August data.
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Fig. 10. (a) Age spectra for species with different lifetimes, in Northern summer (TC4) and winter (CR-AVE). (b)
Surviving fraction of gases transiting the TTL, plotted versus altitude, for different lifetimes within the TTL.
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