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We have developed a chemical ionization mass spectrometry technique for
precise in situ measurements of hydrochloric acid (HCl) from a high-altitude
aircraft. In measurements at subtropical latitudes, minimum HCl values found
in the upper troposphere (UT) were often near or below the detection limit of
the measurements (0.005 parts per billion by volume), indicating that back-
ground HCl values are much lower than a global mean estimate. However,
significant abundances of HCl were observed in many UT air parcels, as a result
of stratosphere-to-troposphere transport events. We developed a method for
diagnosing the amount of stratospheric ozone in these UT parcels using the
compact linear correlation of HCl with ozone found throughout the lower
stratosphere (LS). Expanded use of this method will lead to improved quanti-
fication of cross-tropopause transport events and validation of global chemical

transport models.

Ozone (O,) that is produced in the strato-
sphere and transported into the upper tropo-
sphere (UT) is a substantial but uncertain
contribution to the tropospheric O, budget
(I-5). The increase in tropospheric O, in the
industrial era is a key term in the radiative
forcing of climate change (7, 2). A variety of
chemical transport models (CTMs) predict a
range of total stratosphere-to-troposphere O,
transport that varies by more than a factor of
3 on a global annual basis (/, 3). The devel-
opment of an accurate description and
quantification of stratosphere-to-troposphere
transport in CTMs will be required before an
adequate accounting can be made of present
and future UT O, abundances. No experi-
mental technique has been able to reliably
quantify stratospheric O, in the UT, particu-
larly if significant mixing has occurred with
background tropospheric air.

TAeronomy Laboratory, National Oceanic and Atmo-
spheric Administration, Boulder, CO 80305, USA. 2Co-
operative Institute for Research in Environmental Sci-
ences, University of Colorado, Boulder, CO 80309,
USA. 3Jet Propulsion Laboratory, California Institute
of Technology, Pasadena, CA 91109, USA. “Atmo-
spheric Science Division, Lawrence Livermore Nation-
al Laboratory (LLNL), Livermore, CA 94550, USA. *Na-
tional Center for Atmospheric Research, Boulder, CO
80307, USA. ®NASA Ames Research Center, Moffett
Field, CA 94035, USA. "Harvard University, Cam-
bridge, MA 02138, USA.

*To whom correspondence should be addressed. E-
mail: tmarcy@al.noaa.gov

Long-lived gases (tracers) and correla-
tions between tracers are often used to iden-
tify air parcels that have recently crossed the
tropopause and to bound the net flux into the
troposphere and stratosphere of O, and other
gases (6—15). However, results from studies
with tracers such as carbon monoxide (CO)
or beryllium-7 to identify stratospheric O, in
UT air parcels have been limited generally to
being “semiquantitative” (6—9). The limita-
tions arise in part from variable tropospheric
sources of the tracer or from the lack of a
known, compact, and linear correlation of
the tracer with O, in the lower stratosphere
(LS). Here we demonstrate the suitability
of HCI as a quantitative tracer of strato-
spheric O, in the UT, using subtropical in
situ measurements made over the United
States in the summer of 2002.

HCI has four attributes that underlie the
quantification of stratospheric O; in the UT
and that, as a group, are not shared by any
other tracer currently being measured in situ
or remotely. These attributes are as follows:

1) HCI has no known, significant sources
in the UT, nor is the abundance of HCI
expected to be significant in the UT, apart
from what is transported from the strato-
sphere. However, short-lived organic species
transported from the surface may be a source
under some conditions (/6). There are impor-
tant sources of HCI in the lower troposphere
(17, 18), but wet scavenging of HCl in clouds
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makes it unlikely that appreciable amounts of
HCI reach the UT. The lack of a significant
upper tropospheric source is an important
attribute, because such a source would create
ambiguity as to the origin of HCI observed in
the UT.

2) HCI (as well as O,) has a photochem-
ical lifetime on the order of weeks in the UT
and LS (supporting online material), due in
part to low ultraviolet fluxes and the long
lifetimes of the primary halocarbon source
molecules for HCIL. With a long lifetime, HCI
will remain a good tracer of LS O, present in
the UT until precipitation scavenging results
in selective HCI removal from an air parcel.

3) HCI has a compact, linear correlation
with O, throughout the LS. The correlation
occurs because HCl is produced in the middle
and upper stratosphere in approximately the
same region where O, is produced. The lin-
earity of the correlation is the result of the
long photochemical lifetimes of HCI and O,
and of the transport and mixing that occurs in
the LS away from the production region (10,
11). A linear correlation is needed in the LS
in order to define and minimize the uncer-
tainty in the quantification of stratospheric O,
in the UT.

4) On the basis of our results, HCI can be
measured in situ with high precision [0.005
parts per billion by volume (ppbv)] and high
spatial resolution (<1 km). This precision
allows stratospheric O, amounts as low as 11
ppbv to be detected in the UT.

We measured HCI using a chemical ion-
ization mass spectrometry (CIMS) instrument
(19, 20) that was flown on the NASA WB-
57F high-altitude aircraft in July 2002. On
the flights of 29 and 31 July (hereafter re-
ferred to as Flt. A and Flt. B, respectively),
the CIMS was operated with a new ion chem-
istry scheme based on the SF.™ reagent ion.
The SF,~ scheme was developed to obtain
sensitive and selective measurements of HCI,
HNO;, and CIONO, in the atmosphere (sup-
porting online material). The detection limit
for HCI was 0.005 ppbv (1 s, 1o), with an
overall accuracy of *+25% for values above
the detection limit. Many other measure-
ments were made simultaneously on board
the aircraft. Those used here include O,
tropopause height, total reactive nitrogen
(NO,), CO, water vapor (H,0), condensation
nuclei, and potential temperature (27). The
observations were compared to results from a
three-dimensional global CTM, the Integrat-
ed Massively Parallel Atmospheric Chemical
Transport (IMPACT) model (3) (supporting
online material).

HCl in the stratosphere. Correlations of
the HCI and O, measurements from Flts. A
and B were plotted for altitudes between 11
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and 18 km, for latitudes between 24°N and
39°N (Fig. 1). The HCIL:O5 correlations are
compact and linear in the LS and extend into
the UT for both flights. Linear fits are shown
for the stratospheric data from each flight.
The linear correlations in the LS, which are
expected based on the long lifetime of each
gas, are produced by effective mixing be-
tween end-member air parcels (10, /7). The
most extreme end members in this overall
mixing process are located in the LS near the
tropopause and at altitudes well above the LS
observation region. End-member air parcels
near the tropopause are formed, in part, from
tropospheric air containing low O, (<200
ppbv) and low HCI, and entering the strato-
sphere primarily from low latitudes (<30°)
(22-24). Differing amounts of tropospheric
O, in the air that enters the LS will result in

small differences in the O, intercepts of the
extrapolated LS correlations. We found small
intercept differences between Flts. A and B
(Fig. 1, insets). The differences in the LS
correlation slopes between the two flights are
consistent with the latitude dependence found
in other observations and our model results.

The IMPACT model includes explicit treat-
ment of chemistry and transport processes in the
LS. The LS correlations in the model runs for
late July 2002 show low variability at latitudes of
26°N and 46°N (Fig. 1C). These correlations
include tropospheric values of O,, because re-
sults are shown for altitudes above 9 km (~300
hPa). For comparison to the flight results, the
IMPACT correlation fits are included in Fig. 1,
A and B. The excellent agreement found for
the LS portion provides essential validation
of the full stratospheric simulation in IMPACT.

Previously unpublished HCI:O; correlations
from the Halogen Occultation Experiment
(HALOE) satellite data set (25) (Fig. 1C) also
show that a linear correlation between HCI and
O, is ubiquitous in the LS. This data set, as well
as the IMPACT results, shows a weak latitude
dependence of the slope (supporting online ma-
terial). HCI in the UT/LS region has also been
measured in situ (26, 27) and remotely by in-
struments on balloons (28) and the space shuttle
(27). None of these data sets has been used to
examine the HCIL:O, correlation in the UT/LS or
LS-to-UT transport. The HALOE data set stands
out among the previous data sets because of its
global coverage over more than a decade. The
linear fits to the HALOE data are offset (to
higher HCI or lower O,) with respect to both the
IMPACT model results and the in situ observa-
tions (supporting online material).
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HCl in the troposphere. Significant
amounts of HCI were present in tropospher-
ic air parcels (Fig. 1, green and blue data
points). The tropopause height along the
flight track, which is used to distinguish
tropospheric from stratospheric air, is de-
rived from temperature soundings made on
board the aircraft (21, 29). Two features of
the tropospheric data are apparent. First,
many air parcels have minimum HCI values
that are at or near the detection limit of
0.005 ppbv, implying that background HCI
is very low in the UT. Average HCI for part
of Flt. B (Fig. 1, green points) is particu-
larly notable because average HCI is
0.007 = 0.005 ppbv, over a horizontal dis-
tance of 300 km at an altitude of 14 km.
These observations alone suggest that large
regions of the UT generally will have HCI
values much lower than 0.1 ppbv, which is
a current budget estimate for average free-
tropospheric HCI (/7). For our lowest HCI
values (<<0.02 ppbv), the associated O,
values were less than 150 ppbv, which is
consistent with values expected from ozone
sonde climatologies for the background UT
(30). The second data feature is that the
HCIL:O; correlations in the tropospheric
data set are compact and essentially linear
in both flights, with slopes comparable to
the LS correlations. These compact corre-
lations provide strong evidence that the UT
HCI values, which range up to nearly 0.1

ppbv, result from the transport of substan-
tial amounts of stratospheric air and O, into
the UT. In addition, the fact that no UT data
points fall above the extrapolated strato-
spheric fit line is a further indication of the
absence of a substantial HCI source in the
background UT, other than transport from
the stratosphere.

The IMPACT results (Fig. 1C) also show
that the HCI:O, compact correlation extends
below the tropopause (~200 ppbv O,) and
that low values (<0.02 ppbv) of HCI are
reached. The minimum model HCI values
reached in the observational area near Florida
were <0.005 ppbv. These UT model features
are highly consistent with those found in the
observations. IMPACT uses a constant sur-
face mixing ratio for HCI of 0.085 ppbv to
simulate the surface source. Vertical profiles
of HCI previously measured in the tropo-
sphere show elevated concentrations (up to
0.5 ppbv) near the surface, due to localized
sources, and much lower levels (near 0.05
ppbv) at the 7-km upper limit of the measure-
ments (/8). We conducted a separate IM-
PACT simulation in which we evaluated the
contribution of surface HCI to the free tropo-
sphere by doubling the imposed surface HCI
mixing ratio. The resulting change in HCl in
the UT was negligible (37). This test indi-
cates that wet deposition is very effective in
the model in preventing surface HCI from
reaching the UT.
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is evidence of a negligible tropospheric background of HCL
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The HCI:O, correlation on Flt. A is con-
trasted with the correlations of O, with NO,,
CO, H,0, and condensation nuclei (Fig. 2).
Several important points follow from this
comparison. First, these non-HCI tracers,
which are routinely measured in situ, also
show compact correlations with O, in the LS
(and therefore also with HCI). In the UT, the
compactness of these other correlations is
greatly reduced, with non-HCI tracer values
exceeding those found in the LS. These
changes are a result of the highly variable
tropospheric sources of NO,, CO, H,0, and
condensation nuclei, which create large val-
ues and spatial gradients of these tracers in
the UT that are unrelated to stratospheric
intrusions. The changes in these non-HCI
correlations exemplify, in part, why they can-
not be used routinely to quantify stratospheric
O, in the UT with useful accuracy. Second,
the HCI:O, correlation contrasts sharply with
those of the other tracers, showing essentially
no change in compactness between the LS
and UT. If significant HCl amounts were
produced in the UT or transported from the
surface to the UT, a less compact HCL:O,
correlation plot would be expected in the UT,
with data points that occur in the shaded
region in Fig. 2A. Third, the contrast in the
compactness of the UT correlations between
HCI and the other tracers provides strong
evidence that the UT parcels shown in Fig. 2
result from mixing of stratospheric and tro-
pospheric air; hence, the contrast also pro-
vides evidence that the transport of LS air to
the UT is irreversible in this case. Finally, the
compact LS correlations of the non-O, trac-
ers with HCI, as implied by the data in Fig.
2, could also be used to quantify strato-
spheric abundances of these non-O, tracers
in the UT in a manner similar to that de-
scribed below for O;.

Quantifying stratospheric O, in the
UT. When HCI measurements are used to
quantify the amount of stratospheric O trans-
ported to the UT or mixed into UT air parcels,
two key assumptions are required. First, the
HCI/O, ratio is conserved during transport of
stratospheric air into the UT. This follows
from the long photochemical lifetimes of
both tracers and the general absence of wet
scavenging of HCI in stratosphere-tropo-
sphere exchange events in the UT. Second, in
the UT parcels under consideration, the
amount of HCI from nonstratospheric sources
is negligible in comparison to that transported
from the LS. Here, the definition of strato-
spheric O, in the UT is O, that has recently
been above the thermal tropopause (29).

Based on these assumptions, the amount
of stratospheric O, in a UT parcel can be
expressed as

Stratospheric [O;] = [HCly] * [O55]/[HCIs]
(1

www.sciencemag.org SCIENCE VOL 304 9 APRIL 2004



264

RESEARCH ARTICLES

where brackets indicate abundance, [HCI,,]
is the measured HCI in the UT parcel, and
[O5 sJ/[HCIg] is the ratio of O, to HCI in the
air parcel(s) that are the source of the strato-
spheric O,. This expression reflects the fact
that HCl-containing air parcels sampled in
the UT are, in general, the result of a multi-
stage mixing process between parcel(s) of
stratospheric air and parcel(s) of background
tropospheric air (Fig. 1) (supporting online
material). The origin of the stratospheric air
in a particular UT parcel influences the
choice of the [O; J]/[HCIg] ratio used in Eq.
1 for that parcel. For example, meteorological
trajectory analysis for Flts. A and B shows
that stratospheric air entered the troposphere
over the Florida region throughout July
through isentropic transport from higher lat-
itudes (32). As a consequence, the average
[O; sJ/[HCIg] ratio of 2250 from Flt. B, the
higher latitude flight, is chosen here to calcu-
late the fraction of stratospheric O, for both
flights. One source of uncertainty in the
[O; sJ/[HCIg] ratio is associated with the as-
sumption of negligible background HCI in
the UT. Although the observational and mod-
el results suggest that background HCI values
as low as 0.005 ppbv are common in the UT,
the true range and distribution of background
values will not be known until more exten-
sive observations are made. A background
HCI value equal to the detection limit (0.005
ppbv) corresponds to a detection limit for
stratospheric O, in Eq. 1 of 11 ppbv. Based in
part on this background value, the overall

uncertainty in a stratospheric O, value is
estimated as the sum of *15% of the value
and =11 ppbv (supporting online material).

The stratospheric O, fractions for Flts. A
and B are shown as vertical profiles (Fig. 3).
The UT data separate into two cases. The first
case (Fig. 3, blue points) represents remnants
of recent intrusions of mid-latitude strato-
spheric air into the UT above Florida. The
fractions vary from 0.2 to 0.9, indicating a
wide range of irreversible mixing of UT and
LS air. The error bars are examples of the
estimated uncertainties in the fraction. The
second case (Fig. 3, green points) represents
UT air far from the mid-latitude intrusions
found over Florida, with fractions that vary
over a narrower range, from 0.0 to 0.4. This
group includes the 300-km (31°N to 33°N)
flight segment, over which the average HCl
amount was 0.007 ppbv. The vertical ranges
in the two cases are also distinct. In the first,
the intrusion affects several kilometers below
the tropopause. In the second, the influence
of stratospheric O, is negligible a kilometer
below the tropopause. The IMPACT model
also shows a UT disturbance over Florida
(supporting online material) (fig. S1), which
is nominally consistent with the large strato-
spheric O, values in the first case. Although
the model results are limited by low vertical
resolution, this comparison provides a first-
order example of how to use in situ HCI
observations to confirm stratosphere-to-
troposphere exchange events and the accu-
mulation of O, from such exchange in CTMs.
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Fig. 3. Vertical profiles of measured HCL, O, and the calculated stratospheric O, fraction for (A to
C) Flt. A and (D to F) Flt. B. The data set is identical to that used in Fig. 1. Each profile is shown
with calculated potential temperature (left axis) and the approximate corresponding altitude (right
axis). Potential temperature is derived from onboard temperature and pressure measurements.
Data are shown for the stratosphere (red points) and the troposphere (green and blue points). The
blue points in (C) and (F) are affected by a stratospheric intrusion, caused by flow around a
quasistationary anticyclone that was located over the south-central United States for most of the
preceding month (33). The green points in (D), (E), and (F) are from the second leg of Flt. B
(covering a horizontal distance of about 300 km between 33°N and 31°N and just more than 1 km
below the tropopause) and correspond to the green points in Fig. 1B. The error bars in (C) and (F)
are representative examples of the uncertainty in the calculated stratospheric O fractions.

Quantifying stratospheric ozone in UT air
parcels (as with Eq. 1) is distinct from, but
related to, quantifying the amount of strato-
spheric air that is transported to the UT or
mixed with UT air. A given amount of strato-
spheric O; in a UT air parcel can result from
mixing with a small fraction of stratospheric
air with high O, content or a larger fraction of
stratospheric air with a lower O, content.
Although the fraction of stratospheric air in a
measured UT parcel cannot be determined
from the HCI and O, measurements (because
the particular stratospheric end members in-
volved in the mixing are unknown), we can
derive an upper limit by assuming that the
stratospheric end-member parcel has the low-
est observed value of O,, which is ~160
ppbv in this study. Values near this upper
limit are more likely than lower values,
because stratospheric parcels with the low-
est O, values are near the tropopause and
hence are more likely to be involved in
cross-tropopause intrusion and mixing events.

Stratospheric HCI molecules irreversibly
mixed into the UT will be lost from an air
parcel after sufficient time through wet removal
processes. Stratospheric O, molecules in the
UT will participate in various photochemical
cycles that might lead to their destruction. The
independent loss of HCl and the production and
removal of O, from UT parcels represent a
limitation in the use of Eq. 1 for long periods
after an exchange event (33).

The ability of CTMs to resolve O trans-
port to the UT has improved considerably in
recent years (34, 35). For example, CTM
analysis of the low-latitude UT shows large-
scale intrusions of O, confirmed by lidar
soundings (34). Direct comparisons of model
results with estimates of stratospheric O, in
the UT obtained with high-precision HCI ob-
servations, in addition to other tracer mea-
surements, have great potential to describe
fine- and large-scale details of the exchange
process. These details will facilitate a resolu-
tion of the inconsistencies in global UT O,
budgets regarding the stratospheric source
(). Our observations constrain the UT HCI
budget and indicate that background values in
large regions of the UT are much lower than
published estimates. Global measurements of
HCI and O, in the UT will facilitate mean-
ingful tests of the representation of strato-
spheric intrusions in CTMs and will lead to
improved estimates of HCI source strengths
and transport and removal processes.
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Functional Conversion Between
A-Type and Delayed Rectifier K™
Channels by Membrane Lipids

Dominik Oliver,’* Cheng-Chang Lien,’* Malle Soom,?
Thomas Baukrowitz,? Peter Jonas,’ Bernd Fakler's

Voltage-gated potassium (Kv) channels control action potential repolariza-
tion, interspike membrane potential, and action potential frequency in
excitable cells. It is thought that the combinatorial association between
distinct « and B subunits determines whether Kv channels function as
non-inactivating delayed rectifiers or as rapidly inactivating A-type chan-
nels. We show that membrane lipids can convert A-type channels into
delayed rectifiers and vice versa. Phosphoinositides remove N-type inacti-
vation from A-type channels by immobilizing the inactivation domains.
Conversely, arachidonic acid and its amide anandamide endow delayed
rectifiers with rapid voltage-dependent inactivation. The bidirectional con-
trol of Kv channel gating by lipids may provide a mechanism for the dynamic
regulation of electrical signaling in the nervous system.

The action potential (AP) is the fundamen-
tal unit of information in the brain (7). Its
shape is of critical importance in many
forms of neuronal signaling (2—5). Voltage-
gated potassium (Kv) channels shape the
AP by controlling its repolarization phase
and determine the membrane potential and
duration of the interspike interval (7). De-
layed rectifier Kv channels keep single APs
short and permit high-frequency trains of
APs (6). Rapidly inactivating A-type chan-
nels help a cell fire at low frequency (7)
and promote broadening of APs during re-
petitive activity (6).

It is widely accepted that the functional
properties of Kv channels are determined
by their a- and B-subunits [Kva families 1
to 4 (8) and Kvf3 families 1 to 3 (9)]. Most
Kva subunits encode delayed rectifier
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channels with slow inactivation, whereas
only a few exhibit A-type behavior (§).
Inactivation is generated by two distinct
mechanisms. One is the N-type (or ball-
and-chain) inactivation, in which an N-
terminal protein domain of certain Kva or
KvB subunits plugs the open channel pore
from the cytoplasmic side (/0); the other is
C-type inactivation, which appears to result
from constriction or collapse of the chan-
nel’s selectivity filter (/7).

Membrane phospholipids and their me-
tabolites are implicated in regulation of
excitability and retrograde modulation at
synapses (/2, 13). Lipid molecules in plas-
ma membranes regulate the gating of ion
channel proteins. The phospholipid phos-
phatidylinositol-4,5-bisphosphate  (PIP,)
modifies the gating of inward rectifier (Kir)
K" channels (/4-16), KCNQ-type K™
channels (17), voltage-gated Ca®>* channels
(18), and transient receptor potential (TRP)
channels (/9). The polyunsaturated fatty
acid arachidonic acid (AA) and its amide
anandamide modulate two-pore—domain
K™* channels (20) and TRP channels (27).
Lipid effects on Kv channels, however,
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