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[1] The Tropospheric Ozone Production about the Spring Equinox (TOPSE) experiment
was designed to follow the role of photochemistry in the evolution of the springtime
maximum of tropospheric ozone (O3) in the Northern Hemisphere (NH) at high latitudes.
Determination of the composition and seasonal evolution of volatile organic carbon (VOC)
species, which take part in and are good indicators for photochemical processes in the
troposphere, was an important part of this study. We report measurements of a large number
of C2–C10 nonmethane hydrocarbons (NMHCs), selected C1–C2 halocarbons, and C1–C4

alkyl nitrates. These gases were quantified in whole air samples collected aboard the
National Center for Atmospheric Research (NCAR) C-130 aircraft at altitudes between 30
m and 8 km. Seven TOPSE sampling trips were flown between early February and mid-
May 2000 covering the region from Colorado (40�N) to Churchill (in Manitoba, Canada),
Thule (in northern Greenland), and as far north as 85�N. These measurements represent the
most comprehensive spatial characterization of the North American Arctic to date and
revealed strong latitudinal, vertical, and temporal NMHC gradients. In the midtroposphere
north of Churchill (58�N), �NMHCs decreased by �6.2 ppbC between February and May
(1.6 ppbC month�1) and the magnitude of this change diminished with altitude. Over
the same period, midtropospheric O3 levels increased by �16 ppbv (4.2 ppbv month�1).
Free tropospheric NMHC decreases were consistent with removal by hydroxyl (OH)
radicals at an average mixing ratio for mid-March to mid-May of 4.1 � 105 mol cm�3. The
alkyl nitrates, which are a reservoir species for tropospheric reactive odd nitrogen (NOY),
revealed similar latitudinal, vertical, and temporal gradients to their parent NMHCs.
Their total decreased by�4 pptv month�1, representing 10% or less of NOY. In conjunction
with meteorological trajectory analysis, different trace gas signatures provided significant
clues to the origins of individual polluted air masses. Several of these air masses were
rapidly advected over the Pole from source regions in northeastern and western Europe as
well as an air mass that originated over the southwestern United States/Baja California that
contained unusually high levels of alkanes. In addition, episodes of low boundary layer
(BL) O3 associated with low NMHC mixing ratios and trajectories from over the Arctic
Ocean were frequently sampled toward the latter part of the experiment. The TOPSE data
described here provide a unique picture of NH trace gas evolution from winter to summer
that will be invaluable to models investigating the role that anthropogenic emissions play
in high latitude O3 chemistry. INDEX TERMS: 0322 Atmospheric Composition and Structure:

Constituent sources and sinks; 0345 Atmospheric Composition and Structure: Pollution—urban and regional
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1. Introduction

[2] Volatile organic carbons (VOCs) provide fuel for
ozone (O3) production, and nitrogen oxides (NOX = NO +
NO2) act as photochemical catalysts. Therefore, nonme-
thane hydrocarbons (NMHCs) are key species in the photo-
chemical production of tropospheric O3, and directly
influence hydroxyl (OH) radical concentrations. Along with
dynamic processes, photochemical oxidation dictates the
rate at which the large variety of trace gases emitted from
natural and anthropogenic sources are transformed.
[3] Springtime is a particularly interesting and challenging

time to study how the atmosphere reacts to rapid changes of
sunlight and temperature. During this period NMHC life-
times change from several months to days, making the
composition of VOCs particularly useful for evaluating
radical sources and contributions to tropospheric O3 produc-
tion. Because of their importance to atmospheric photo-
chemistry, airborne measurements of NMHCs over a wide
range of altitudes, latitudes, and photochemical conditions
were an essential component of the Tropospheric Ozone
Production about the Spring Equinox (TOPSE) experiment.
[4] Previous atmospheric measurements indicate the

buildup of a wide range of NMHCs in late winter to early
spring in the lower, middle, and even in the upper Northern
Hemisphere (NH) troposphere [e.g., Singh and Salas, 1982;
Hov et al., 1984; Blake and Rowland, 1986; Anderson et al.,
1993; Penkett et al., 1993; Blake et al., 1997]. This buildup
appears to prime the atmospheric chemical system for a
burst of photochemical oxidant production when insolation
and temperatures increase, and circulation patterns change
in early spring. Therefore, it may contribute to the spring
maximum in O3 that lags the maximum in NMHC by
several months [e.g., Penkett et al., 1993].
[5] The main sink for hydrocarbons and halocarbons with

abstractable hydrogen atoms, denoted below as RH, is
through oxidative reaction with OH radicals (�OH):

RHþ � OH ! R � þ H2O ð1Þ

Because the rate of (1) differs significantly among the various
NMHCs, their tropospheric lifetimes vary widely. Relative
mixing ratios of the different gases offer important informa-
tion about their sources [e.g., Blake et al., 1994] and can
provide insight into photochemical processing and mixing
[e.g., McKeen et al., 1996; Wingenter et al., 1996, 1999].
[6] Abundant sunlight and high humidity favor the photo-

chemical production of OH, so its concentration varies
diurnally, seasonally, and spatially. Minimum OH levels
are found at high latitudes during winter, causing signifi-
cantly reduced removal rates for many trace gases. The
primary driving force for radical chemistry is photolysis of
O3 and the subsequent reaction of O(1D) and H2O, which
benefits not only from the increasing insolation but higher
H2O content of the warming air. Consequently, those gases
with substantial emissions maintained throughout the year
exhibit maximum background levels in late winter, with
minimum levels occurring during late summer. This sea-
sonal variation in boundary layer (BL) concentrations has
been reported for many NMHCs and C2Cl4 [e.g., Singh and
Salas, 1982; Hov et al., 1984, 1991; Blake and Rowland,
1986; Singh et al., 1988; Lightman et al., 1990; Penkett et

al., 1993; Jobson et al., 1994a; Goldstein et al., 1995; Wang
et al., 1995; Blake et al., 1997; Gupta et al., 1998].
Relatively few seasonal airborne, or nonboundary layer,
measurements have been made [Ehhalt et al., 1985, 1991;
Lightman et al., 1990; Anderson et al., 1993; Penkett et al.,
1993; Blake et al., 1997].
[7] NMHCs are important precursors of secondary

CH2O, which is largely produced during the OH oxidation
of hydrocarbons. The photolysis of CH2O makes a partic-
ularly large contribution to HOX sources during TOPSE
[Fried et al., 2002; Wang et al., 2002]. Relative to the total
HOX source, CH2O makes a larger contribution at higher
altitudes and latitudes where the decrease of H2O vapor
concentrations with temperature reduces the source from the
reaction O(1D) and H2O.
[8] Many trace gases are entirely anthropogenic and are

released predominantly in urban areas, so that their levels
can be used to estimate recent anthropogenic influence on
an air mass. Industrial activity is indicated by elevated
concentrations of gases such as C2Cl4 [Crutzen, 1980;
Rasmussen et al., 1982; Blake et al., 1994, 1996, 1997].
Natural gas emissions are associated with elevated levels of
methane, ethane, and other light alkanes, with no accom-
panying halocarbons [Blake et al., 1994]. Liquefied petro-
leum gas (LPG) leakage is likely the largest source of
atmospheric propane and the butanes [Blake and Rowland,
1995], and petroleum refining activities emit mostly ethane,
propane and other alkanes [Sexton and Westberg, 1979].
[9] Alkyl nitrates originate from both continental and

marine sources [Roberts, 1990; Atlas et al., 1993; Ridley
et al., 1997; Blake et al., 1999, 2002]. Ocean waters are the
principle source of methyl nitrate (MeONO2) [Blake et al.,
2002]. The heavier alkyl nitrates (>C1) are photochemically
produced from the oxidation of parent hydrocarbons follow-
ing the OH radical initiated oxidation of alkanes in the
presence of NOX [Darnall et al., 1976; Atkinson et al.,
1982; Roberts, 1990]. The light alkyl nitrates (<C4) are
removed principally by photolysis, with OH reaction play-
ing a progressively more important role as the hydrocarbon
chain length increases [Clemitshaw et al., 1997]. Alkyl
nitrates have atmospheric lifetimes ranging from about 1
month to several days, depending on alkyl chain length,
thus long-range transport plays an important role in their
remote tropospheric distributions [Atherton, 1989; Bertman
et al., 1995]. Until recently, few alkyl nitrate measurements
had been made, especially from aircraft [e.g., Ridley et al.,
1997; Blake et al., 2002]. Marine measurements of alkyl
nitrates and multifunctional alkyl nitrates have been recently
summarized by Fischer et al. [2000]. They are an important
class of atmospheric trace gases, in part because they have
relatively low reactivity compared to other components of
reactive odd nitrogen (NOY) so can serve as a reservoir for
the long-range transport of nitrogen oxides (NOX). As a
result, alkyl nitrates have been of interest as a possible
explanation of the lack of closure in the NOY budget
[Roberts et al., 1995, and references therein]. Alkyl nitrates
can also be used as tracers of photochemical O3 production
from anthropogenic precursors [e.g., Bertman et al., 1995;
Flocke et al., 1998; Fischer et al., 2000].
[10] This paper presents the most spatially extensive

measurements of the temporal trends in the composition
of tropospheric NMHCs and light alkyl nitrates at high
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latitudes ever reported. The temporal trends in the compo-
sition of volatile organic trace gases provide significant
clues to the origins of air masses in the TOPSE region.
Since NMHCs and light alkyl nitrates have both natural and
anthropogenic emission sources and a wide range of atmos-
pheric lifetimes, these data will be invaluable to the global
modeling community in validating emissions, photochem-
istry, and transport in 3-D models. All TOPSE data are
archived in a standard format and are publicly available at
http://topse.acd.ucar.edu/data/.

2. Experiment

[11] During TOPSE, we collected more than 2500 whole
air samples in 2 L stainless steel canisters. Canisters were
filled on the National Center for Atmospheric Research
(NCAR) C-130 aircraft, transported to our home laboratory
where the samples were assayed, and then the canisters were
evacuated and sent back to the field. We sampled every 6–7
min during the horizontal flight legs, and every 1–3 min
during selected vertical profiles, filling a maximum of 96
canisters per flight. During horizontal flight legs our sam-
pling duration was usually adjusted to about 1 min, corre-
sponding to an approximate sampling distance of 8 km.
Typical vertical sampling distances were about 150 m.
[12] Details of the analytical procedures employed by the

UCI laboratory are given by Sive [1998], Colman et al.
[2001], and Blake et al. [2002] but are outlined as follows.
For each sample 1520 ± 1 cm3 (STP) of air was preconcen-
trated in a liquid nitrogen-cooled loop. This sample was
directed to five different gas chromatographic column/detec-
tor combinations. Electron capture detectors (ECD, sensitive
to halocarbons and alkyl nitrates), flame ionization detectors

(FID, sensitive to hydrocarbons), and quadrupole mass
spectrometers (MSD, for unambiguous compound identifi-
cation and selected ion monitoring) were employed. The first
column–detector combination (abbreviated as ‘‘DB5ms/
MSD’’) was a DB5ms column (J&W; 60 m, 0.25 mm I.D.,
0.5 mm film thickness) output to a MSD (HP-5973). The
second combination (‘‘DB1/FID’’) was a DB-1 column
(J&W; 60 m, 0.32 mm I.D., 1 mm film thickness) output to
a FID (HP-6890). The third combination (‘‘PLOT-DB1/
FID’’) was a PLOT column (J&W GS-Alumina; 30 m,
0.53 mm I.D.) connected in series to a DB-1 column
(J&W; 5 m, 0.53 mm I.D., 1.5 mm film thickness) and output
to an FID. The fourth combination (‘‘Restek1701/ECD’’)
was a RESTEK 1701 column (60 m, 0.25 mm I.D., 0.50 mm
film thickness), which was output to an ECD. The fifth
combination (‘‘DB5-Restek1701/ECD’’) was a DB5 (J&W;
30 m, 0.25 mm I.D., 1 mm film thickness) column connected
in series to a RESTEK 1701 column (5 m, 0.25 mm I.D., 0.5
mm film thickness) and output to an ECD. The DB5ms/MS,
DB1/FID, PLOT-DB1/FID, Restek1701/ECD, and DB5-
Restek1701/ECD combinations received 10.1%, 15.1%,
60.8%, 7.2%, and 6.8% of the sample flow, respectively.
[13] Our analytical accuracy ranges from 2% to 20%. The

precision of the measurements varies by compound and by
mixing ratio. For example, the measurement precision is 1%
or 1.5 pptv (whichever is larger) for the alkanes and
alkynes, and 3% or 3 pptv (whichever is larger) for the
alkenes [Sive, 1998]. By comparison, the lines connecting
the points in Figures 1 and 2 are approximately 5–20 pptv.
The precision for the alkyl nitrates was better than 2% at the
levels observed during TOPSE [Colman et al., 2001]. The
precision for C2Cl4 at 5 pptv is ±0.05 pptv [Colman et al.,
2001]. The limit of detection (LOD) is 3 pptv for the
NMHCs. The alkyl nitrate detection limit was 0.02 pptv

Figure 1. Latitude profile for propane. Each point is the
mean value for a 5� latitude increment, altitudes 1–6 km,
for each deployment (early February (1) to mid-May (7)).
Error bars represent the 95% confidence level of the mean.

Figure 2. Latitude profiles for ethane, propane, ethyne,
and n-butane. Each point is the median value for a 5�
latitude increment, altitudes 1–6 km, for each deployment
(early February (1) to mid-May (7)).
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(except 0.01 pptv for methyl nitrate) [Colman et al., 2001].
C2Cl4 was present at mixing ratios well above its detection
limit at all times. The canister air was also analyzed for CO
using GC with FID, as described by Hurst [1990] and Lopez
[2002] using a packed column GC separation of CO
followed by reduction to methane on a nickel catalyst and
detection by FID. The absolute accuracy of the CO meas-
urements calibrated against NIST standards was ±7%, with
a DL of 5 ppbv [Lopez, 2002].
[14] TOPSE made experimental observations over a very

wide range of environmental and dynamic conditions during
the entire winter-to-spring transition. The altitude range of
the NCAR C-130 flying laboratory was 30 m to 8 km.
Sampling took place at approximately biweekly intervals
from early February to mid-May 2000 in a series of 7 round
trip deployments from Colorado (40�N) to Churchill, Canada
(58�N); Thule (77�N) in northern Greenland; and as far north
as 85�N (Atlas et al., The TOPSE experiment: Introduction,
submitted to Journal of Geophysical Research, 2002, here-
inafter referred to as Atlas et al., submitted manuscript,
2002). The trips were as follows: deployment 1, 4–9 Febru-
ary (Flights 5–8, Julian Days (JDays) 35–40); deployment 2,
21–27 February (Flights 9–13, JDays 52–58); deployment
3, 5–8 March (Flights 14–17, JDays 65–68); deployment 4,
19–26 March (Flights 18–23, JDays 79–86); deployment 5,
2–7 April (Flights 24–30, JDays 93–102); deployment 6,
23–30 April (Flights 31–36, JDays 114–121); and deploy-
ment 7, 15–23 May (Flights 37–42, JDays 136–144). Most
of these deployments got far enough north to land at Thule,
but deployments 1 and 3 were limited to local flights out of
Churchill (Atlas et al., submitted manuscript, 2002).

3. Large-Scale Seasonal Evolution

3.1. Latitudinal Variation

[15] To get a ‘‘big picture’’ view of the seasonal evolution
of trace gases during the 7 TOPSE deployments the mid-
troposphere data (1–6 km) for each deployment are divided
by latitude into 5� bins (BL concentration trends are dis-
cussed by B. C. Sive et al., (Non methane hydrocarbon and
halocarbon measurements made over the Arctic and high
northern latitudes: Impact of halogen chemistry on Arctic
tower tropospheric ozone, submitted to Journal of Geo-
physical Research, 2002, hereinafter referred to as Sive et
al., submitted manuscript, 2002). Table 1 shows that the
number of samples in each latitude division varied between 3
and 63, with most bins containing at least 20 samples. The
mixing ratio variability in each bin is indicated for propane
in Figure 1 by error bars that represent the 95% confidence
level of the mean, which is a useful quantity because it
reflects both the variability of the measured air masses and

the number of samples in each bin. For example, the large
error bars for the deployment 4 data collected between 60�N
and 70�N not only reflect the large variability in atmospheric
mixing ratios encountered (see later), but also the relatively
small number of samples collected in this region. Ideally we
would include error bars for each gas, but unfortunately the
plots look too crowded. In Figure 2, the median mixing
ratios for each bin are plotted to reduce the impact of
individual pollution plumes and stratospheric intrusions.
[16] In general, the NMHCs show a strong latitudinal

gradient, with consistently lower median mixing ratios south
of approximately 45�N for all gases (Figure 2). The rate of
seasonal decrease in mixing ratios is proportional to OH
reactivity, i.e., ethane, which is the longest-lived NMHC
with a summer lifetime of about 70 days (much longer in
winter) shows very little decrease until late in the project. In
early April (deployment 5), ethane still manifested high
mixing ratios at all latitudes north of about 50�N. The levels
were reduced somewhat from early April to mid-May
(deployment 7), but ethane maintained a slight latitudinal
gradient, with higher northerly values. This is consistent
with what we know from other projects [e.g., Penkett et al.,
1993; A. L. Swanson et al., Seasonality of C2–C4 NMHC
and C1–C4 alkyl nitrates on the Arctic ice-sheet at Summit,
Greenland, in review, 2002, hereinafter referred to as Swan-
son et al., in review, 2002], i.e., that long-lived ethane
typically decreases relatively slowly in spring, and does
not reach its summer minimum until August.
[17] Ethyne, the next longest-lived gas shown (summer

lifetime �18 days), also did not change significantly until
after the early April trip (deployment 5), and its mixing
ratios at the highest latitudes remained elevated into late
April (deployment 6) (Figure 2). By contrast, levels of
propane (summer lifetime �13 days) decreased faster and
were depleted over a wider latitude range by deployment 6.
In fact, by the end of the TOPSE period the latitude gradient
for propane became slightly negative, consistent with the
strong midlatitude NH continental source of propane com-
bined with a short summer lifetime relative to transport
times to remote high latitudes.
[18] n-Butane is removed more rapidly at all latitudes and

is reduced to quite low levels (compared with deployment 1)
by early April (Figure 2). Its initially strong latitudinal
gradient is almost gone by late April (deployment 6) except
at the highest latitudes. By mid-May (deployment 7), n-
butane mixing ratios also established a negative latitude
gradient, with even lower median levels in the Arctic tropo-
sphere than near Colorado. This is because the Arctic region
late in the spring is relatively remote, i.e., the travel time of
air masses from midlatitude source regions is long compared
to butane’s summer atmospheric lifetime (about 5 days).

Table 1. Number of Samples per 5� Latitude Range for Each Deployment for the Altitude Range 1–6 km

Deployment

Latitude Range (�N)

40–45 45–50 50–55 55–60 60–65 65–70 70–75 75–80 80–85

1 28 43 49 37 27 25
2 49 36 29 45 34 44 21 19
3 27 33 20 26 22
4 29 40 27 36 15 4 44 40 33
5 23 28 27 63 44 3 30 31 10
6 21 26 23 53 21 19 30 47 29
7 16 22 27 45 24 21 29 37 36
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[19] The change in total carbon over all C2–C9 NMHCs
(mixing ratio � number of carbons in molecule) between 1
and 6 km as a function of latitude illustrates the composite
picture of the winter reactive carbon reservoir being grad-
ually depleted further and further north (Figure 3). In
general, highest concentrations were sampled in early Feb-
ruary and gradually decreased as the season progressed.
Median total NMHC levels at 60�–70�N decreased from
about 10.5 to 4 ppbC over the TOPSE period, with the most
rapid change (approx. 60% of the total) taking place
between deployments 4 and 7.
[20] The sum of the light alkyl nitrates maintained

remarkably constant levels and latitudinal gradient through-
out deployments 1–5, with generally highest levels (about
25 pptv) to the north of 50�N (Figure 4). However, these
levels were significantly diminished by deployment 6, and
minimum mixing ratios (about 10 pptv at 60�–70�N) with a
slightly negative latitudinal gradient were observed for
deployment 7. This temporal change is comparable to that
observed for propane and n-butane (Figure 2). The negative
gradient is again consistent with the strong NH midlatitude
continental source of the precursor NMHCs, combined with
short summer lifetimes for the C3 and C4 alkyl nitrates
(which are similar to their parent alkanes). 2-butyl nitrate (2-
C4H9ONO2) makes the largest contribution (diminishing
from about 9 to about 1.5 pptv at 65�N) to the temporal
mixing ratio change in total C2–C4 alkyl nitrates at high
northern latitudes (Figure 5). By contrast, methyl nitrate
changes very little (by about 1.5 pptv) and not significantly
until the final deployment (Figure 5). This is in accord with
the observations of Swanson et al. (in review, 2002) made
atop the Greenland ice sheet. Although methyl nitrate has
only weak continental sources (unlike the longer-chain alkyl
nitrates VOC reactions are very inefficient secondary sour-
ces of methyl nitrate) [Roberts et al., 1998; Blake et al.,
2002], this gas exhibits a negative latitudinal gradient

during deployment 7 similar to that of the longer-chain
alkyl nitrates (Figure 5).
[21] Back-trajectories for air sampled in the free tropo-

sphere during deployment 7 (Flight 37) at about 45�N over
the northern central United States and containing a rela-
tively high average mixing ratio of 3 pptv of methyl nitrate,
indicate that the air was transported from near Hawaii
during the previous 10 days (Figure 6). The equatorial

Figure 3. Same as Figure 2, but for total C2–C9 NMHCs. Figure 4. Same as Figure 2, but for total light (C1–C4)
alkyl nitrates.

Figure 5. Same as for Figure 2, but for methyl nitrate,
ethyl nitrate, 2-propyl nitrate, and 2-butyl nitrate.
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Pacific is known to be an important source of methyl nitrate
[Atlas et al., 1997; Blake et al., 2002]. This air mass then
traveled over populated areas of the western United States
(Figure 6), where it could have been augmented with
continental emissions of long-chain alkyl nitrate precursors.
The tropical tropospheric lifetime of methyl nitrate is close
to 1 month (longer at higher latitudes) so the molecule
would easily survive the transit time over the Pacific and the
western United States. Therefore, long-range transport from
low latitudes is likely to account for the observed methyl
and other alkyl nitrate gradients during deployment 7.

3.2. Vertical Trends

[22] The strong latitudinal gradients presented above,
especially during the early part of the TOPSE period, promp-
ted us to segregate out the low latitude samples for the
following analysis of vertical trends. We arbitrarily chose to

focus on the data to the north of Churchill (58�N) and further
divided these data into 1 km altitudinal bins. Table 2 shows
that the number of samples in each altitude division varied
between 3 and 79, with most containing at least 10 samples.
Deployment 3 has relatively few samples in each altitude
division except for below 1000 m. This is reflected in the
relatively large 95%confidence error bars for this deployment
(except at low altitude) illustrated for propane in Figure 7.
[23] The early part of the TOPSE period (early February

to mid-April) was characterized by strong vertical gradients
for ethane, propane, ethyne, and n-butane north of 58�
(Figure 8). The high mixing ratios at middle to low altitudes
gradually diminished during TOPSE until the gradient was
gone for all gases by mid-May. As with the latitudinal
gradients described earlier (Figure 2), the vertical gradients
disappeared faster for the shorter-lived gases such as
propane and n-butane (Figure 8).

Figure 6. Back-trajectories for air arriving between 5 and 7 km at 45�N over the north central United
States during Flight 37 (15 May 2000).
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[24] Low median mixing ratios were observed below 1 km
compared to the 1–2 km range for all four gases, ethane,
propane, ethyne, and n-butane during deployments 4–6
(Figure 8). BL O3 was also sharply lower below 1 km (Figure
9). Separate analysis of the NMHC and halocarbon data by
Sive et al. (submitted manuscript, 2002) [see also Ridley et
al., 2002] reveal that these BL NMHC and O3 losses are
consistent with chlorine and bromine atom chemistry during
the frequently encountered O3 depletion events (ODEs), as
reported previously for springtime Arctic studies [e.g., Job-
son et al., 1994b]. By contrast, median benzene mixing ratios
were similar or higher in the BL for these same deployments
(Figure 9). Benzene has relatively low reactivity with both Cl
and Br radicals. For example, for OH oxidation, benzene’s
lifetime is about half that of ethyne, but ethyne reacts 20
times faster with Cl than benzene. Propane has a similar OH
lifetime to that of benzene, but reacts nearly 40 times faster
with Cl [Atkinson et al., 1992]. In addition, ethyne reacts
many times faster with Br radicals than benzene. This
explains why benzene’s vertical distribution (Figure 9) was
relatively unaffected by the chemistry associated with ODEs.

[25] For low altitudes (1–3 km), total carbon contributed
by the NMHCs gradually declined over the TOPSE period,
from an average of approximately 15 ppbC in mid-February,
to about 3.5 ppbC in mid-May (Figure 10). The upper
tropospheric change (3–6 km) was much less pronounced,
going from about 9.5 to about 4 ppbC during the same period.
At the highest altitudes (above 6 km), very little change was
observed for any NMHCs during the TOPSE period.
[26] The vertical gradients of total C1–C4 alkyl nitrates

were less pronounced during the early deployments com-
pared to those for total NMHCs (Figure 11). For example
during deployment 2 (which was unaffected by any ODEs)
there was a less than 20% drop between the median of total
alkyl nitrates for the 0–1 km bin and that for the 5–6 km
bin, compared to an approximately 45% decrease for total
NMHCs (Figure 10). There was only a 35% drop for 2-
butyl nitrate (Figure 12) compared to a nearly 70% drop for
n-butane (Figure 8).
[27] The key to explaining the different vertical gradients

for alkyl nitrates and their parent NMHCs lies in under-
standing the influence of air mass age combined with the

Table 2. Number of Samples Collected in 1000 m Altitude Intervals for Each Deployment for the Latitude Range 58�–
85�N

Deployment

Altitude Range (m)

0–1000 1000–2000 2000–3000 3000–4000 4000–5000 5000–6000 6000–7000 7000–8000

1 25 12 12 15 11 23 3
2 41 21 21 15 20 72 14 14
3 23 5 7 4 6 15 3 7
4 73 29 32 17 30 45 22 11
5 62 31 21 25 47 35 25 10
6 79 27 40 25 37 55 9 9
7 56 40 31 30 33 40 15 5

Figure 7. Seasonal evolution of the vertical distribution
propane at high latitudes (58�–85�N) for each deployment
(early February (1) to mid-May (7)). Each point is the mean
value calculated for 1000 m altitude increments. Error bars
represent the 95% confidence level of the mean.

Figure 8. Vertical profiles for ethane, propane, ethyne,
and n-butane. Each point is the median value for a 1000 m
altitude increment, latitudes 58�–85�N, for each deploy-
ment (early February (1) to mid-May (7)).
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long winter/spring Arctic lifetimes. A useful indicator of air
mass age that has previously been used as an ‘‘index’’
against which to reference the atmospheric trends of the
NMHCs and halocarbons is the ethyne/CO ratio [e.g., Smyth
et al., 1996; Blake et al., 1997, 1999]. CO is relatively long-
lived, with a similar lifetime to that of ethane. Atmospheric
VOC oxidation contributes a significant secondary source
of CO (40% over North America) [Chin et al., 1994], but
the principal source of both CO and ethyne in the NH is
combustion, so typically they are tightly correlated. How-
ever, the different atmospheric lifetimes of the two gases
mean that ethyne/CO ratios decrease with time compared to
initial ratios near the source, or more accurately, with
advancing ‘‘photochemical age’’ of an air mass. The long
winter lifetime of both ethyne and CO explains the obser-
vation that ethyne/CO ratios in Figure 13 are close to values
that are typical of initial emissions (approximately 4 pptv/
ppbv) for deployment 1. The ratios tend to decrease with
time, i.e., with increasing strength of sunlight and increasing
temperatures as the troposphere is subject to increasing
levels of OH (and therefore photochemical processing)
(Merrill et al., Air mass origins during TOPSE, manuscript

submitted to Journal of Geophysical Research, 2002). Over
the TOPSE period, the lifetime of ethyne gradually
decreases until the ethyne/CO ratio indicates well pro-
cessed/photochemically aged air at all altitudes by the final
(mid-May) deployment (7).
[28] In photochemical alkyl nitrate evolution, the ratio of

a daughter alkyl nitrate to its parent hydrocarbon increases
as an air mass ages because the daughter alkyl nitrate is
produced at the expense of its parent hydrocarbon. For
example, we can see from the ethyne/CO plot in Figure 13
that air in the 5–6 km bin during deployment 2 is (on
average) relatively aged compared to that at 0–1 km. It

Figure 9. Same as for Figure 8, but for benzene and
ozone.

Figure 10. Same as for Figure 8, but for total NMHCs.

Figure 11. Same as for Figure 8, but for total light alkyl
nitrates.

Figure 12. Same as for Figure 8, but for 2-butyl nitrate.
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follows that the ratio 2-butyl nitrate/n-butane (Figure 14)
aloft is greater than at low altitude (0.055 compared to
0.03). Therefore, even though the levels of n-butane aloft
are so much lower than at low altitude, the mixing ratios of
the corresponding daughter alkyl nitrate fall off with altitude
at a much slower rate. Following the same logic, 2-butyl
nitrate/n-butane ratios at low altitudes during deployment 7
(Figure 14) are considerably enhanced because photochem-
ical processing is occurring at a much faster pace in these
relatively warm moist altitudes.

3.3. Temporal Trends

[29] Temporal trends north of 58� and between 1 and 6 km
are shown in Figures 15, 16, and 17. These plots exclude data

collected below 1 km (in order to avoid direct influence from
ODEs) [Ridley et al., 2002; Sive et al., submitted manuscript,
2002], as well as above 6 km (to reduce the direct impact of
stratospheric air [Browell et al., 2002; Dibb et al., 2002]).
[30] The average free tropospheric temporal trends in

Figure 15 further illustrate that the rates of decrease of the
C2–C4 NMHCs proceed in order of their OH lifetimes, with
ethane declining at the slowest pace, and n-butane mixing
ratios diminishing at a considerably faster rate. This point is
investigated more fully below.
[31] Total NMHC mixing ratios decreased by �6.2 ppbC

(1.6 ppbC month�1), while O3 increased by �16 ppb (4.2
ppbv month�1) (Figure 16). Depending on conditions,
roughly 1 ppb of carbon from the photochemical consump-
tion of light NMHCs can produce 1 ppbv of O3, provided that
sufficient NOX is available (see F. Flocke et al., Measure-

Figure 13. Same as for Figure 8, but for ethyne/CO.

Figure 14. Same as for Figure 8, but for 2-butyl nitrate/
n-butane.

Figure 15. Temporal midtropospheric (1–6 km) trends at
high latitudes (58�–85�N) for ethane, propane, ethyne, and
n-butane. Individual samples are shown as dots. Crosses
represent the median values for each of the 7 deployments.
Error bars are ±1s. The lines are polynomial fits to the
median values and are shown as a guide.

Figure 16. Same as for Figure 15, but for total NMHCs
and ozone.
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ments of PAN and PPN, and the budget of reactive oxidized
nitrogen during TOPSE, submitted to Journal of Geophys-
ical Research, 2002, hereinafter referred to as Flocke et al,
submitted manuscript, 2002). Therefore, in simplistic terms,
this NMHC–O3 comparison indicates that the processes
associated with the spring photochemical NMHC consump-
tion may be responsible for a substantial fraction of the O3

increase between 1 and 6 km (see A. Klonecki et al., Seasonal
changes in the transport of pollutants into the arctic tropo-
sphere: Model study, submitted to Journal of Geophysical
Research, 2002, hereinafter referred to as Klonecki et al.,
submitted manuscript, 2002). Detailed analysis of tropo-
spheric and stratospheric O3 transport into the TOPSE
region is presented by Allen et al. [2002], Browell et al.
[2002], Dibb et al. [2002], and Wang et al. [2002].
[32] During the early part of the experiment, the individual

NMHC variations with time show very little general trend,
especially for the longest-lived gases such as ethane (Figure

15). In addition, the mixing ratio variations during this
period tend to be larger for the first four deployments (to
approximately JDay 90), as evidenced by the larger 1-SD
error bars in Figure 15. Jobson et al. [1994b] also noticed
more day-to-day fluctuations during the dark period at Alert
(before 25 March). They attributed this observation to long-
range advective transport of air masses with differing histor-
ies of exposure to sources into the region. This is plausible,
considering that local OH levels before the spring equinox
are so low [Spivakovsky et al., 2000; Mauldin et al., 2002]
that relatively little oxidation is expected to occur between
emission and sampling.
[33] Plots of the ratios of ethyne/CO and ethyne/benzene

versus JDay shown in Figure 18 both illustrate the influence
of chemical aging on the free tropospheric air masses over
time. They confirm that chemical aging is very slow for the
first 3 deployments (to approximately JDay 75) but
becomes more rapid after the spring equinox, i.e., during
the final three deployments.
[34] As we saw earlier with the vertical distributions,

average levels of the alkyl nitrates 2-propyl nitrate (2-
C3H9ONO2) and 2-butyl nitrate start to decline later than
their parent hydrocarbons propane and n-butane (Figures 17
and 15). They also tend to peak later in the winter, however,
once they start to diminish their rate of decline is quite fast
and follows the same trend as the NMHCs where the
shortest-lived species decline at the fastest rate.
[35] Because the longer-chain alkyl nitrates are secondary

products of HC oxidation, it follows that any oxidation of
propane and n-butane that does occur over the winter period
will contribute to increased levels of 2-propyl nitrate and 2-
butyl nitrate. However, when the rate of photochemical
reactions starts to increase rapidly after the spring equinox,
the balance of photochemical production and loss is tipped in
favor of net alkyl nitrate destruction. Then, due to their shorter
photochemical lifetimes (relative to the shorter-chain alkyl
nitrates), 2-propyl nitrate and 2-butyl nitrate decay rapidly.
[36] Levels of total light (C1–C4) alkyl nitrates peaked at

an average of about 26 pptv (Figure 17). This total was
dominated by 2-propyl nitrate and 2-butyl nitrate, which at
8 and 9 pptv, respectively each contributed about one third
(Figure 17). The winter dominance of C3–C4 alkyl nitrates
compares well with previously published surface data.
During the 1992 Alert campaign (PSE92) in northern
Canada, Muthuramu et al. [1994] measured nearly 35 pptv

Figure 17. Same as Figure 15, but for methyl, 2-propyl,
2-butyl, and total (C1–C4) light alkyl nitrates.

Figure 18. Trend of the ratios of ethyne/CO and ethyne/benzene versus JDay for latitudes 58�–85�N.
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total of C3 and C4 alkyl nitrates during peak winter
concentrations, totaling roughly 50% of the light organic
nitrate contribution. Swanson et al. (in review, 2002)
measured peak C1–C4 alkyl nitrate levels between 30 and
42 pptv at Summit, Greenland, with 2-propyl nitrate and 2-
butyl nitrate, comprising about 60% of the total.
[37] Total C1–C4 alkyl nitrates decreased by approxi-

mately 16 pptv during the latter part of TOPSE (JDays
83–142) (Figure 17) compared with a corresponding
increase of about 50 pptv for NOY [Flocke et al., submitted
manuscript, 2002; Ridley et al., 2002]. As a result, the
contribution of alkyl nitrates to NOY decreased from about
12% to only 3% from late March to late May. We note that
tertiary nitrates (and multifunctional nitrates) are not meas-
ured with this technique, so the reported alkyl nitrate sum is a
lower limit (by perhaps 20–30%) [e.g., Fischer et al., 2000].

3.4. Estimation of Average OH

[38] Wintertime Arctic horizontal circulation is more vig-
orous, with many 10-day back-trajectories reaching back to
Asia or Europe [e.g., Kahl et al., 1997]. Summertime trajec-
tories tend to be shorter as the Arctic air mass shrinks back to
the north of most major pollution sources in North America
and Eurasia. Thus, we would expect lower mixing ratios of
NMHCs in summer due to much weaker transport from
source regions alone, as demonstrated by the analysis of
Klonecki et al. (submitted manuscript, 2002), whose chem-
ical transport model uses hypothetical short-lived and long-
lived tracers to mimic the spring decrease in the NMHCs.
However, the strong seasonal trendswithin the source regions

themselves [e.g., Goldstein et al., 1995; Hagerman et al.,
1997; Sharma et al., 2000], indicate that the winter–spring
buildup at high latitudes is not solely a result of transport, but
also a consequence of increased summertime photochemistry.
[39] In order to examine influences affecting seasonal

variations of the NMHCs during TOPSE, we have applied
an analysis using hydrocarbon ratios in a manner similar to
that used previously by Rudolph and Johnen [1990] and
Jobson et al. [1994b]. The analysis is based on the assump-
tion that the changing ratios of the concentrations of hydro-
carbon species can be used to characterize the average
photochemical exposure of an air mass over time. This
requires that the species be removed by photochemical
reactions that follow second-order or pseudo-second-order
(ethyne) kinetics as follows:

HC½ 
f¼ HC½ 
i exp �kHC OH½ 
avet
� �

ð2Þ

where [HC]i and [HC]f are the initial and final hydrocarbon
(HC) concentrations, respectively, kOH is the bimolecular rate
constant for reaction of the hydrocarbon with OH, [OH]ave is
the time averagedOH concentration, and t is the time between
initial and final HCmeasurements. Dilution by nonnegligible
concentrations of the longer-lived species will bias the
determination of age as has been shown by Mckeen and Liu
[1993]. However, the calculation still offers useful insight
into the NMHCs removal processes when several different
gases with a range of chemical lifetimes are employed.
[40] In Figure 19, the natural log of the ratio of hydro-

carbon concentrations over the period JDays 79–143

Figure 19. Correlation between hydrocarbon concentration change over the period JDays 79–143
(deployments 4–7) and hydroxyl rate constant at 243 K). Slope = �

R
[OH]dt. Average [OH] calculated

from this slope = 4.1 � 105.
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(deployments 4–7) for the free troposphere (1–6 km) is
plotted versus the OH rate constant (at 243 K) for each of
the six HCs whose lifetime was long enough to be present at
mean mixing ratios above their detection limit. Equation (2)
can be manipulated to show that the slope of this plot
represents �

R
[OH]dt. The resulting correlation between the

six HCs is very strong, indicating that OH chemistry
dominated the seasonally decreasing NMHC levels. Aver-
age [OH] over the period JDays 79–143 calculated from
this plot is 4.1 � 105 mol cm�3.
[41] This OH calculation is not meant to imply that

photochemical loss of NMHCs occurred in a single air mass
that was located over the Arctic during the entire late March
to late May period. Rather, this loss is likely the combined
influence of local OH removal plus dilution with photo-
chemically aged air masses from further south. The calcu-
lated value of OH is remarkably similar to that obtained by
the model calculations of Wang et al. [2002], which were
constrained by measured peroxide values.Wang et al. [2002]
found that photochemical activity, as measured by sources of
HOX, increased rapidly at middle and high latitudes and that
photolysis of CH2O (a secondary product NMHC oxidation)
makes a particularly large contribution to HOX during
TOPSE. They also found that relative to the total HOX

source, CH2O makes a larger contribution at higher altitudes
and latitudes where H2O vapor concentrations are low.

4. Comparison With Previous Work

[42] Our results are in general agreement with surface
seasonal NMHC studies reported by Blake and Rowland

[1986], Jobson et al. [1994a], Goldstein et al. [1995], and
Swanson et al. [2002]. In Figure 20 we directly compare our
lower altitude results with aircraft-borne measurements
reported by Penkett et al. [1993] and by Anderson et al.
[1993]. Penkett et al. collected samples over the North
Atlantic, north of the Arctic Polar front up to altitudes of
about 3 km in 1988–1989. Anderson et al. reported
measurements made during late winter 1992 as part of the
Airborne Arctic Stratospheric Expedition (AASE II) cam-
paign. The results agree remarkably well, indicating similar
ethane levels and a relatively wide mixing ratio range
during the period before the summer equinox, over a large
portion of the NH. The Penkett et al. BL data tend to be at
the high end of the free tropospheric TOPSE data during the
early period to approximately JDay 80 (corresponding to
deployment 4). This is consistent with the initially strong
then diminishing vertical NMHC gradient discussed above.
The comparison (Figure 20) also suggests that there has
been no significant large-scale temporal trend for light
NMHCs at high northern latitudes during the past decade.
[43] Our alkyl nitrate results compare well with measure-

ments made at Alert [Muthuramu et al., 1994] and on the
Greenland ice sheet [Swanson et al., in review, 2002]. Early
April total C2–C6 alkyl nitrate mixing ratios at a surface site
in interior Alaska [Beine et al., 1996] were approximately 15
pptv higher than reported here (Figure 17), but were similar
by mid-May. The contribution from the C5 and C6 alkyl
nitrates, which can be quite large in winter [Muthuramu et
al., 1994] but decay at a fast rate during the winter–spring
transition, accounts for much of this early spring difference.

5. Case Studies

5.1. Flight 22 (Deployment 4)

[44] The previous sections have shown the large-scale
changes encountered during the course of the TOPSE experi-
ment. However, there is also a wealth of information to be
obtained by scrutinizing the details of the many individual
flights. Companion papers by Sive et al., (submitted manu-
script, 2002), Ridley et al. [2002], and others document
individual flights focused on such features as BL ODEs
during TOPSE.
[45] Even employing median values, Figure 2 (and

others) reveals evidence for individual pollution plumes.
The most obvious example is observed in deployment 4
between 60�N and 65�N (Figure 2), where ethane, propane,
and n-butane mixing ratios are elevated as the result of very
high mixing ratios encountered on Flight 22. By contrast,
ethyne levels were not unusually high. We have also chosen
this flight to illustrate the power of combining our trace gas
analysis with meteorological back-trajectory analysis. Fig-
ure 21 displays the mixing ratios of selected NMHCs,
methyl nitrate and 2-butyl nitrate during Flight 22, which
flew south from Thule to Churchill on 24 March. Two air
masses with very different trace gas composition were
encountered in the midtroposphere (approximately 2–6
km) and are highlighted in Figure 21 as a and b.
[46] Very high levels of ethane and propane were

observed over the western shore of Hudson Bay (Figure
21, air mass b), and were accompanied by elevated levels
of n-butane (not shown). This chemical signature is similar
to that observed for cities such as Mexico City, which has

Figure 20. Comparison between TOPSE data (mean ± 1
SD) north of 58�N and in the altitude ranges 2–3 and 1–2
km data collected over the North Atlantic in the Free
Troposphere (FT, <3 km) and the Boundary Layer (BL,
<150 m) [Penkett et al., 1993] and measurements made to
the north of 58�N and between 1 and 3 km during AASEII
[Anderson et al., 1993].
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high LPG usage, but surprisingly, the combustion tracers
such as ethyne remained very close to background levels,
not what would be expected for a mixed urban plume. This
indicates an origin associated more closely with oil/gas
production [Sexton and Westberg, 1979; Blake et al., 1992].
Consistent with this, 5-day back-trajectories for air mass
(b) originate at low altitude over SW coastal United States/
Baja California, the location of both natural gas and oil
fields.
[47] High levels of 2-butyl nitrate (Figure 21) suggest that

air mass b had been subject to significant photochemical
processing in order to have produced so much of this
secondary alkyl nitrate from its parent hydrocarbon.
Because measured OH levels (and thus photochemical
processing) were low in the Arctic during deployment 4
[Mauldin et al., 2002], most of the n-butane is likely to have
been added close to the southerly origin of air mass b
(Figure 21), where photochemistry would be active.

[48] If we contrast this plume with the mixing ratio
signature from a similar altitude range earlier in the flight
(Figure 21, air mass a), we find much lower levels of ethane
and propane. Ethyne and benzene (not shown) are again
close to background levels, but there is a slight enhance-
ment in methyl nitrate. Ethyl nitrate (not shown) is slightly
elevated, but 2-butyl nitrate is not. The back-trajectories for
this small section of the flight show that the air masses have
circulated over the North Pacific, including a period at low
altitude, near 40�N for the past 10 days or so. Therefore, the
methyl nitrate (and ethyl nitrate) is likely to reflect a small
contribution from ocean sources.
[49] We note that the back-trajectories shown for Flight

22 are not meant to be representative of the TOPSE period
(or of TOPSE as a whole). They instead represent some of
the diverse conditions that were sampled. In fact, air masses
that had been advected across the Arctic Ocean were more
typical of the TOPSE period. Indeed, model analysis

Figure 21. Altitude, propane, ethyne, ethane, C2Cl4, methyl nitrate, and 2-butyl nitrate versus time for
Flight 22, Thule to Churchill, 24 March 2000 (deployment 4). Also shown are back-trajectories showing
the origins of the air masses sampled during the highlighted sections (a) and (b) of the flight.
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suggests that there was greater influence from the European
continent than North America [Merrill et al., 2002].

5.2. Flight 34 (Deployment 6)

[50] Flight 34 (north from Thule on 27 April 2000) was
chosen to illustrate further the range of air mass transport
conditions that contributed to the trace gas trends observed
during TOPSE, including air masses advected across the
Arctic Ocean and exhibiting influence from the European
continent.
[51] The first two highlighted sections of the flight were

sampled exactly 1 hour apart and at 5.5 and 7.5 km altitude,
respectively (Figure 22, air masses a and b). Both are
characterized by high levels of the reactive combustion
tracer ethene, as well as by enhancements in the other
combustion and fossil fuel-related NMHCs ethyne, ethane,
and propane. The fact that the industrial tracer C2Cl4 is not
elevated in either plume indicates that they originate from
nonindustrial combustion sources such as biomass fires or
vehicle traffic. The trajectories for both plumes (Figure 22,
trajectories a and b) have similar low altitude origins over
northeastern Europe from where they were transported
within about 4 days, consistent with maintaining high levels
of reactive ethene so late in the campaign. In fact, fast air
mass transit clear across the Arctic Ocean occurred in less
than 2 days.

[52] The third plume, sampled between 4 and 1 km was
very different in chemical character, with low ethene and
ethyne but relatively high C2Cl4, as well as ethane and
propane (Figure 22, air mass c). The elevated C2Cl4 is
consistent with trajectories that originate closer to industri-
alized western Europe (Figure 22, trajectory c). The high
propane and ethane suggest that the air may have mixed
with emissions from oil refining operations.
[53] The fourth highlighted section of the flight was

sampled at low altitude in the Arctic BL. It is very different
again but typical of many air masses that were sampled
during deployments 4–7. This air mass is characterized by
very low mixing ratios of all trace gases shown (Figure 22,
air mass d). The trajectories remained at low altitude over
the Arctic Ocean for at least the past 10 days (Figure 22,
trajectory d). The very low O3 associated with this air mass
makes it one of the ODEs that are studied in depth in several
companion papers [Ridley et al., 2002; Sive et al., submitted
manuscript, 2002].

6. Summary

[54] Strong latitudinal, vertical, and temporal gradients
were observed for NMHCs and alkyl nitrates as part of the
most comprehensive airborne survey of the Arctic tropo-
sphere accomplished to date. The low altitude measure-

Figure 22. Altitude (gray line), propane, ethane, C2Cl4, ethyne, and ethene versus time for part of
Flight 34, Thule-Thule, 27 April 2001. Four flight sections a, b, c, and d are highlighted and the trajectory
plots for each of these sections are shown.
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ments compared well with previous work. We note that the
mixing ratios of most gases were quite different near the
surface from that in the free troposphere, so measurements
over a wide altitude range are important for understanding
their behavior at middle and high latitudes.
[55] Vertical and latitudinal gradients of all the measured

NMHCs and alkyl nitrates diminished as photochemistry
and dynamics increased during the winter–spring transition,
in contrast to the observed increase in O3 and NOY con-
centrations. The incidence (and sampling) of ODEs resulted
in low median mixing ratios for ethane, propane, ethyne,
and n-butane below 1 km.
[56] Over the TOPSE period, the winter reactive carbon

reservoir was gradually depleted further and further north.
In the northern part of the study region (>58�N) and
between 1 and 6 km, median total NMHC levels decreased
by �6.5 ppbC from approximately 10.5 to 4 ppbC. Most of
this loss occurred after the spring equinox, with the most
rapid change (approx. 60% of the total) taking place
between late March and late May. The upper tropospheric
decrease (3–6 km) was much less pronounced, falling from
about 9.5 to about 4 ppbC during the entire TOPSE period.
At the highest altitudes (above 6 km), very little change was
observed for any NMHC.
[57] The rates of decrease observed for a suite of indi-

vidual NMHCs over the late March to late May period were
in accord with their OH radical reaction rates, implying
primary removal by OH rather than different source types,
being principally responsible for the observed seasonal
NMHC trends. Further, they were consistent with the
sampled air having been exposed to average OH levels
equivalent to 4.1 � 105 mol cm�3.
[58] Total C1–C4 alkyl nitrates decreased by approxi-

mately 16 pptv during the latter part of TOPSE. 2-butyl
nitrate makes the largest contribution (diminishing from
about 9 to about 1.5 pptv at 65�N) to the temporal mixing
ratio change in total alkyl nitrates at high northern latitudes.
By contrast, methyl nitrate changes very little (by about 1.5
pptv) Average levels of the alkyl nitrates 2-propyl nitrate
and 2-butyl nitrate peak later in the winter so start to decline
later than their parent hydrocarbons. However, once they
start to diminish their rate of decline is quite fast and in
order of their atmospheric lifetimes.
[59] Several examples of long-range transport of plumes

with different trace gas signatures from sources that influ-
enced the Arctic troposphere during TOPSE were illustrated.
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