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J. Rudolph
Chemistry Department and Centre for Atmospheric Chemistry, York University, Toronto, Ontario, Canada

Received 16 July 2002; revised 12 February 2003; accepted 19 February 2003; published 12 July 2003.

[1] Measurements of the atmospheric mixing ratios of 10 nonmethane hydrocarbons
(NMHC) and four halocarbons (methyl chloride, dichloromethane, trichloroethene, and
tetrachloroethene) were conducted between January 1989 and July 1996 at Alert (Canadian
Arctic, 82�270N, 62�310W). About 270 canister samples were analyzed covering the 7-year
period with an average frequency of about one sample every 9 days. The mixing ratios of
these volatile organic compounds (VOC) exhibit considerable variability, which can
partly be described by systematic seasonal dependencies. The highest mixing ratios were
always observed during winter. During spring, the mixing ratios decrease for some
compounds to values near the detection limit. The amplitudes of the seasonal variability, the
time of the occurrence of the maxima, and the relative steepness of the temporal gradients
show a systematic dependence on OH reactivity. The steepest relative decrease is less
than 1% d�1 for methyl chloride, increasing to about 4% d�1 for highly reactive VOC.
Similarly, the highest relative increase rates vary between 0.5% d�1 for VOC with low
reactivity to 4% d�1 for reactive VOC. With the exception of ethyne, toluene, and methyl
chloride the concentrations of all measured VOC decrease during the studied period,
although this decrease is not always statistically significant. In general, the largest changes
were found for the most reactive VOC, although the seemingly random overall variability
observed for these compounds results in substantial uncertainties. For the less reactive
VOC (ethane, benzene, and propane) the average relative annual decrease rate is in the
range of a few percent per year. Dichloromethane and tetrachloroethene showed a decrease
of 4 and 14% yr�1, respectively. The average decrease rate for the other alkanes is in the
range of some 10% yr�1, indicating a substantial change of emission rates during this
period. A likely explanation is a reduction in VOC emissions in the area of the former
Soviet Union, most likely Siberia, as a consequence of the recent major economic changes
in this region. The measurements were compared with the results of chemical transport
models’ simulations using the Emission Database for Global Atmospheric Research
NMHC emission inventory. Although the model captures most of the main features of the
shapes of the seasonal cycles of the NMHC, the results clearly show that model estimates
are consistently too low compared to the observations. Most likely this is the consequence
of an underestimate of the NMHC emission rates in the emission inventory. INDEX
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1. Introduction

[2] Measurements of organic trace gases, particularly
nonmethane hydrocarbons (NMHC), have become increas-
ingly valuable to understand important tropospheric pro-

cesses, both for transport and chemistry. Especially, long-
term measurement series at remote locations have been
instrumental in improving our knowledge on tropospheric
sources and sinks of organic trace gases [Ehhalt et al., 1991;
Rudolph et al., 1992; Montzka et al., 1996; Derwent et al.,
1998; Khalil and Rasmussen, 1999]. However, the number
of measurement series that allow determination of repre-
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sentative seasonal cycles or trends is still very limited. Trace
gases with short atmospheric residence times (less than a
few months) show high temporal and spatial variability. In
combination with the limited available data sets this results
in substantial uncertainties of quantitative information
derived from ambient observations.
[3] One of the problems that plague the interpretation of

volatile organic compounds (VOC) measurements at remote
locations is differentiating between large-scale and local
effects. Especially for compounds with short atmospheric
residence times and no secondary formation processes, even
very small local emission rates can have a substantial impact
on the observations. The temporal, and consequently also the
spatial scale, that is relevant for the interpretation of VOC
concentrations obviously depend on the atmospheric life-
times and thus the reactivity of the studied compound. The
rate constants for the reaction of VOC with OH-radicals, the
most important removal process for nearly all VOC, cover
several orders of magnitude [cf. Atkinson et al., 1997a,
1997b], the corresponding lifetimes range from several
months or longer to less than an hour. As a consequence,
observations of VOC at a given location will, depending on
the individual VOC, represent spatial scales ranging from
some hundred to several thousand kilometers. This compli-
cates the interpretation of seasonal variations and secular
trends, but also presents an opportunity to derive insight into
the different temporal and spatial regimes that determine the
trace gas levels at the measurement location.
[4] In this paper we present results of NMHC mixing

ratios determined during a period of 7 years at Alert, a
remote location in the Canadian Arctic. We also include
measurements of some halocarbons since their atmospheric
lifetimes often are somewhat longer, but still in the same
range as those of most NMHC.

2. Experiment

2.1. Sampling Site

[5] The samples were collected at the Baseline Observa-
tory of the Global Atmospheric Watch Station at Alert,
Canada (82�270N, 62�310W) between 1989 and 1996. Sam-
ples were only collected outside the so-called arctic tropo-
spheric ozone depletion episodes, which are characterized by
a strong reduction of ozone concentrations in the lowest
troposphere. The station is located 6 km south of the
Canadian Forces Station at Alert at the northern rim of the
Hazen Plateau at an altitude of about 200 m above sea level.
Figure 1 shows the location of Alert in the Canadian Arctic
and a detailed map of the surroundings of the sampling site.
The area is covered with snow for almost 10 months of the
year. During summer time the land is sparsely covered with
polar desert vegetation. Alert experiences 106 days of full
darkness (30 October to 13 February), 153 days of 24-hour
daylight (7 April to 7 September) and two 53-day transition
periods. The mean annual temperature is �18�C and only in
July and August the monthly mean temperatures are above
the freezing point. Details of the climatology for Alert can be
found in the Canadian Baseline Program [1999].

2.2. Sampling Procedure

[6] Whole air grab samples were collected in evacuated 2
l electropolished one-valve stainless steel canisters. All

canisters were carefully conditioned and leak tested before
being sent to Alert. Only canisters with a leak rate of less
than 5 � 10�8 hPa l s�1 were used for sampling. This leak
rate results in a maximum total leakage of less than 0.5% of
the sample volume for the typical storage and transportation

Figure 1. Location of Alert in the Canadian Arctic (82�N,
62�W). The samples were collected at the Baseline
Observatory of the Global Atmospheric Watch (GAW)
station. The station is located 6 km south of Alert at the
Hazen Plateau (see solid circle in upper map).
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time of 6 months. This leak rate is valid for a pressure
difference of 1 atm (1013 hpa). Since after sampling the
pressure difference will be very small our estimate is a
conservative upper limit. Even if the hydrocarbon mixing
ratios of the contaminant air are 2 orders of magnitude
higher than those in the sampled air, this leak rate would
result in a contamination that is less than 0.5% of the sample
mixing ratios.
[7] The conditioning procedure consisted of four steps.

(1) Evacuation with a turbomolecular pump to a final
pressure of <1 � 10�6 hPa for 15 hours at 403 K,
(2) filling the evacuated canister with nitrogen of high
purity (>99.999%), humidified at 298 K with high-purity
water (Milli-Q Water), (3) baking the filled canister for at
least 6 hours at 353 K, and (4) evacuation with a turbomo-
lecular pump to a final pressure of about 1 � 10�6 hPa for
more than 6 hours at ambient temperature.

2.3. Sample Analysis

[8] The samples were analyzed for NMHC and halocar-
bons with two different gas chromatographic systems both
equipped with a flame ionization detector and an electron
capture detector. The samples were preconcentrated at
liquid nitrogen temperature on a stainless steel sample loop
(150 mm length, ID 2 mm) packed with glass beads (60/
80 mesh). The samples taken between January 1989 and
January 1995 were analyzed using a dual oven gas chro-
matograph (Sichromat II, Siemens, Germany) with a com-
bination of different columns to separate the VOC in the
sample into a light (C2-C4) fraction, which also included
water and carbon dioxide, and a higher molecular weight
(C5 and heavier) fraction. This separation into two fractions
was done on a 10-m DB-PS column (J&W, L = 10 m, ID =
0.32 mm), which at 283 K retained the heavy fraction.
Water, carbon dioxide, and the light VOC fraction were
transferred to and subsequently separated on a packed
column (L = 6 m, ID = 0.8 mm, Porapak QS 100/
120 mesh). The temperature of this column was initially
held at 283 K for 20 min and then increased to 448 K at a
rate of 5 K min�1. Carrier gas is nitrogen with a flow rate of
19 cm3 min�1. The heavy fraction was transferred to a
capillary column (RTX-1, L = 105 m, ID = 0.32 mm). To
reduce peak broadening this capillary column was cooled
during transfer to a temperature of 173 K. After completion
of the transfer, the capillary column was rapidly heated to
303 K, held at this temperature for 20 min and then the
temperature was increased to 423 K at a rate of 1.5 K
min�1. Finally, the capillary column temperature was rap-
idly (20 K min�1) increased to 503 K. Carrier gas for the
capillary column is helium with a flow rate of 1.3 cm3

min�1. The time for a complete GC run is 3 h 30 min. This
measurement technique is similar to the one described by
Ramacher et al. [1997]. Samples from the last two mea-
surement series (March 1995–July 1996) were analyzed on
a GasPro GSC column (L = 60 m, ID = 0.32 mm) at a
helium carrier gas flow rate of 3.8 cm3 min�1. The initial
temperature of 275 K was held for 6.5 min, then the column
temperature was increased to 503 K with a rate of 5 K
min�1, and finally raised to 533 K with 10 K min�1. The
time required for this type of analysis was 1 h 45 min.
Further details of this system are described by Ramacher et
al. and Gautrois and Koppmann [1999].

[9] The atmospheric mixing ratios were determined rela-
tive to a reference air with known VOC mixing ratios. The
VOC mixing ratios in the reference air ranged from several
parts per trillion (ppt) to a few parts per billion (ppb),
comparable to typical nonurban levels. The VOC mixing
ratios in the reference air were calibrated by comparison
with ppb or ppt level mixtures prepared by a three-step
static dilution of pure VOC with synthetic air.
[10] In order to determine the electron capture detector

response function for the individual halogenated hydrocar-
bons, different volumes of a well-characterized air mixture
were analyzed. For methyl chloride, a reference air of known
composition was used. For the other halogenated com-
pounds (dichloromethane, trichloroethene, and tetrachloro-
ethene) mixtures with defined composition were prepared
using a diffusion chamber [Gautrois and Koppmann, 1999].
The injected amounts of analyte were comparable to the
typical range used for analysis of atmospheric air samples.
[11] Blank values were determined by following the

analytical procedure used for measurements but without
injection of a sample. For the studied compounds no blank
peaks could be detected. Thus the theoretical detection
limits can be calculated from the baseline noise. The 3s
theoretical detection limits as well as the reproducibility
determined from repeat analysis of ambient background
samples are given in Table 1 for the NMHC and in Table 2
for the halocarbons.

2.4. Rejection of Potentially Contaminated Samples

[12] For each of the samples, the mixing ratios were
checked for indications of contamination by local anthro-
pogenic sources such as evaporation of fuel, exhaust from
power generators, snowmobiles, and air traffic. Indeed,
some canisters showed signs of contamination with elevated
mixing ratios of carbon monoxide, ethyne, and higher
molecular weight NMHC. Also, occasionally high levels
of halogenated hydrocarbons such as dichloromethane,
trichloroethene, and tetrachloroethene were observed. In
very few of the samples, the mixing ratios of some com-
pounds were up to a factor of 30 higher than the average
from all samples. Contamination by local anthropogenic
emissions with a similar pattern has also been observed by
Ramacher et al. [1999] during field measurements on
Spitsbergen.
[13] To minimize the impact of local contamination

effects, we eliminated all samples showing unusually high
mixing ratios for any of the compounds mentioned above. A
mixing ratio was considered to be unusually high if it
exceeded the average of the previous and the following
sample by more than a factor of 2. Based on this criterion, in
total 15 of the 284 samples, corresponding to about 5% of
all samples, were excluded. Thus 269 whole air samples
remained covering the 7-year study period. This corre-
sponds to an average of nearly 40 samples each year.

3. Results and Discussion

3.1. Time Series

[14] Figure 2 shows time series of the hydrocarbon and
halocarbon mixing ratios. The red line is a fit to the data
obtained by the parameterization given below. In all the
time series a clear periodic seasonal cycle can be seen.
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Furthermore, there is some indication for a secular trend.
However, due to the random variability, which is super-
imposed on the systematic components of the time series, a
clear identification of the details of the seasonal periodicity
and the secular trend is not trivial.
[15] We therefore fitted our data to a function that allows

a quantitative description of the periodic behavior and a
systematic linear trend. In order to minimize the covariance
between the fit parameters, Y(t) was normalized to an
average of one by division through the average of Y(t),
hY(t)i.
[16] The shape of the seasonal cycles is described by the

following function:

YN tð Þ ¼ Y tð Þ=hY tð Þi ¼ 1þ bZ�1 � C1 þ C2 cos wt þ fð Þð Þ: ð1Þ

We used a fixed w = 2p/365.25 d�1, corresponding to a
1-year periodicity. The inverse Fisher�Z transformation
(tanh) Z�1(X) maps [+1, �1] into [�1, +1]: Z�1(X) =
(e2x � 1)/(e2x + 1). The parameters b, j, C1, and C2 are
determined by the fit procedure. The time t is given relative
to the reference date of 1 January 1994, approximately the
midpoint of the study period.
[17] This function allows to describe different periodic

behaviors for a given cos(wt + j)) by varying only three
parameters: With C1 = 0, C2 < 1, and b > 1 a nearly cosine
shape is obtained, while using C1 < 1, C2 > 1, and b = 1
results in a nearly rectangular function. Setting C1 = C2 < 1
and b = 1 provides periods of high and low values with
different length.

[18] Using C0 as the mixing ratio on the reference date
(1 January 1994) and a linear long-term trend given by 1 +
at, we obtained the following function:

M tð Þ ¼ C0YN t;C1;C2;f; bð Þ 1þ atð Þ: ð2Þ

Equation (2) represents a six-parameter function of t. We
fitted this function to the observations using a nonlinear
least squares fit minimizing

c2 ¼
X

C tið Þ �M tið Þð Þ2:

The fit results (Table 3) show a wide range of different
values for the trend and seasonal variation. Figure 3
compares the derived annual variation of the NMHC and
the chlorinated compounds with the monthly averages of the
observations. All compounds show an increase in October/
November and a decrease between March and May. Details
of the seasonal variability will be discussed below.

3.2. Bootstrap Analysis

[19] Since day-to-day variations cannot be parameterized
with equation (1), we applied a Bootstrap analysis to derive
an estimator of the errors of the fit parameters, most impor-
tantly, the trend parameter a. Bootstrap (resampling) techni-
ques were first introduced byEfron [1982]. It was shown for a
number of problems that this allows the calculation of
consistent estimators for the statistical errors of fitted parame-
ters [Efron and Tibshirani, 1983; Davison and Hinkley,
1997; Press et al., 1992]. The basic idea of a bootstrap
procedure is to generate a large number (N > 100) of new
data setsD1 . . .DN of the same size as the original data setD0.

Table 2. Detection Limits (3s) and Reproducibility of Chlorocarbon Measurements

Compound

Mixing Ratios and
Uncertainties of
Reference Air
Sample, ppt

Reproducibility
of Air Mixture
(ALU49965)
Based on Five
Measurements
(1782 ml), %

Reproducibility
Based on

Repeat Analysis
of Samples, %

Detection
Limit at Mean
Volume of

Measurement
(1110 ml), ppt

Methyl chloride 361 ±18% 2 28 4
Dichloromethane 312 ±30% 2 7 9
Trichloroethene 38 ±4% 3 22 0.2
Tetrachloroethene 53 ±6% 3 10 0.02

Table 1. Detection Limits (3s) and Reproducibility of Nonmethane Hydrocarbons Measurements

Compound

Mean and Standard
Deviation of Mixing

Ratios of the Reference
Air Sample Based on

Three to Five
Calibrations Over a Period

of 3.5 Years, ppt

Reproducibility
Derived From 58

Repeat
Measurements of
the Reference Air

Sample, %

Reproducibility
Based on Repeat

Analysis of
Samples, %

Detection Limit
Based on Mean
Sample Volume
(1110 cm3), ppt

Ethane 2885 ±5% 3 2 4
Ethyne 1045 ±6% 4 17 5
Propane 1485 ±3% 3 4 7
i-Butane 575 ±6% 3 18 4
n-Butane 1081 ±3% 4 10 4
i-Pentane 940 ±5% 3 26 5
n-Pentane 585 ±5% 5 18 3
n-Hexane 257 ±15% 27 29 4
n-Heptane 84 ±8% 22 18 2
Benzene 423 ±8% 8 12 2
Toluene 1127 ±7% 10 26 5
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These resampled data sets are created by randomly drawing
from the original data set without removing the selected data
point from the original data set. Thus every bootstrap data set
consists of a random number of points which are missing
from the original data set, and a random number of points
occurring once, twice, etc., with the overall number of data
points being identical to that in the original data set.
[20] Each bootstrap data set is then evaluated by the same

fitting procedure as the original data set and the estimator
for the fitted parameter vector is saved. Finally, the distri-
bution of different fit parameters is evaluated by calculating
the mean and standard deviation, the latter representing the
estimated error of the fitted parameter.
[21] For the time series analyzed here, the number of

resampled data sets, N, was set to 200 and we studied the
frequency distribution of the trend parameter a. For all
compounds this frequency distribution showed a nearly
normal distribution and thus can be characterized by its
mean and standard deviation (Table 4). The obtained mean
values of the 200 fits to the resampled data sets match the
slope value obtained in the fit of the original data, which
means that the bootstrap method is a consistent way to
estimate the value of the slope.

3.3. Comparison With Other Data Sets

[22] Our measurements also included carbon dioxide,
carbon monoxide, and methane. However, for these three
compounds very detailed measurements series are available

[Blake and Rowland, 1988; Steele et al., 1992; Dlugokencky
et al., 1994, 1995; Khalil and Rasmussen, 1984, 1987,
1988, 1990, 1994; Trivett et al., 1989; Novelli et al., 1992,
1994, 1998] and therefore little can be learned for these
three compounds from our limited data set. Our results for
carbon dioxide and methane show excellent agreement with
the available published values (Table 5). The global trend
for carbon monoxide is significantly smaller than that
derived from our observations at Alert. Obviously, for
compounds with atmospheric residence times of a few
months or less trends derived from our observations at Alert
are not representative on a global scale.
[23] The published data sets on seasonal cycles of VOC at

midnorthern latitude and high northern latitude only cover
time periods of 1 or 2 years and therefore are of limited
value to determine representative, average seasonal cycles.
Nevertheless, a comparison of the most prominent features,
e.g., average summer and winter mixing ratios, seems
justified (Table 6). In general, our summer and winter
averages agree with most of the published average values.
However, there are two data sets that differ significantly
from our results. Except for ethane and the summer average
mixing ratio of propane, all values reported by Lindskog
and Moldanová [1994] are significantly higher than our
averages. This is most likely the consequence of the impact
of local or regional emissions since their sampling site was
located close to major urban areas. In contrast to this, the
values reported by Boudries et al. [1994] are at the lower

Figure 2. Time series of the mixing ratios of selected nonmethane hydrocarbons (NMHC) and
chlorocarbons at Alert between 1989 and 1996. (See color version of this figure in the HTML.)
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Figure 2. (continued)
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end of the range of our data. Especially, their winter values
are significantly lower than nearly all other wintertime
observations. Since their measurements were made at the
southernmost of the locations included in Table 6, this

might be interpreted as an indication for a latitudinal
gradient of VOC mixing ratios. Indeed, the results of
Rudolph [1995] show a strong, systematic latitudinal gra-
dient of the wintertime ethane mixing ratios at midnorthern
latitude and high northern latitude. The summertime gradi-
ent derived by Rudolph is very weak, compatible with the
better agreement of the summertime mixing ratios reported
by Boudries et al. with other data sets. However, the spatial
and temporal coverage of the available data sets is too
limited to allow firm, general conclusions.
[24] It should be noted that the mixing ratios reported for

the least reactive VOC generally differ by less than 10–20%
whereas the highly reactive VOC often vary by a factor of 2
or more between the individual measurement series. This
most likely reflects the more pronounced impact of local or
regional sources on mixing ratios of short-lived trace gases.
But also the generally higher variability of the mixing ratios
of highly reactive trace gases might contribute in the case of
data sets with limited temporal coverage.

3.4. Secular Mixing Ratio Trends

[25] Obviously, the available data set is not yet sufficient
to develop a truly representative climatology of NMHC and

Table 3. Parameters Derived From the Fit of Observed Mixing

Ratios to Equation (2)

C0, ppt a, % yr�1 � b C1 C2

Ethyne 239.0 1.60 5.59 0.93 �0.69 1.03
Ethane 1684.1 �3.31 5.50 1.00 �4.68 0.31
Propane 654.3 �0.61 5.68 1.00 �5.64 0.50
i-Butane 137.2 �8.22 5.68 1.00 �5.81 0.36
n-Butane 275.3 �9.57 5.83 1.00 �5.45 0.37
n-Pentane 85.5 �16.59 5.83 1.01 �0.99 0.89
n-Hexane 29.9 �22.90 5.87 0.98 �1.85 1.04
Benzene 101.6 �3.75 5.48 0.86 �0.57 1.19
n-Heptane 11.8 �7.97 5.88 0.80 �1.26 1.90
Toluene 25.8 2.52 5.64 0.70 �0.93 2.41
Methyl chloride 493.7 �0.37 5.40 0.24 �0.23 1.93
Dichloromethane 45.4 �4.04 5.53 0.48 �0.04 2.12
Trrichloroethene 3.2 �2.79 5.78 0.88 �0.43 1.74
Tetrachloroethene 7.3 �13.52 5.71 0.80 �0.80 1.16
Methane 1.84 � 106 0.25 5.99 10.6 1.49 0.09
Carbon monoxide 153 � 103 �5.72 5.53 0.48 0.19 0.75
Carbon dioxide 361.8 � 106 0.37 5.23 7170 2.22 0.43

Figure 3. Annual cycle of organic compounds at Alert during 1989–1996. The symbols denote monthly
binned data (blue diamonds, mean monthly mixing ratio; red, 5, 25, 50, 75, and 95% percentiles). The line
represents the periodic part of the fit function (equation (2), linear term trend removed). (See color version
of this figure in the HTML.)
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chlorocarbons concentrations at Alert. Nevertheless, a
7-year observation period is qualified to study the possibility
of systematic trends and to look for possible changes that
might have occurred during this period.

[26] There are several ways to calculate an average trend.
Due to the very substantial seasonal variation of concen-
trations observed for most of the substances results can be
somewhat different if the trends depend on season. The
average change rates calculated by four different methods
are listed in Table 7. One method is based on the fit
procedure to a combination of a periodic function and a
linear trend as described above. The second method, which
uses a fit to the same function but a bootstrap procedure to
determine the statistical uncertainty of the derived trend, has
also been described previously. The other two are linear
regressions of the data for each month of the year versus the
year. In other words, individual rates of change are calcu-
lated from all measurements made in January, February, etc.
This avoids bias resulting from the substantial seasonal
variations and the not necessarily random selection of the
measurement periods. Since the number of data points per
month is very small, the uncertainty of these change rates
often is substantial. To reduce random variability the change
rates for the individual months are combined to an annual
average. This is done for the absolute and the relative
increase rates (ratio of trend for a given month of the year
over the monthly mean mixing ratio). Thus both procedures
give different weights to the different months, depending on
the monthly means of the mixing ratios. Although none of
the differences between the results from different proce-
dures are significant on a 2s significance level, for ethyne,
propane, the butanes, and trichloroethene the results differ
on a 1s significance level. This is an indication for a
seasonal dependence of the trend. Indeed, for NMHC the
largest relative decrease rates are found for late spring and
summer, whereas the relative trend observed for fall and
winter is nearly always close to zero. The only exception is
ethyne where the rates of change are very close to zero for
all 12 months of the year. However, due to the limited
number of data points for each month, these differences are
generally only significant at a 1s level. Nevertheless, the
consistent finding of higher relative decrease rates in
summer indicates this summer/winter difference in secular
trends for NMHC is most likely systematic. No indication
for such a systematic difference in trends between seasons
could be found for the chlorocarbons.
[27] For a substantial number of components the annual

average change rates are consistently different from zero
at a 1s confidence level, for few components the signifi-
cance level exceeds 2s, but only for tetrachloroethene,
ethane, i-butane, n-butane, and n-hexane the trends are

Figure 3. (continued)

Table 4. Result of Bootstrap Analysis of Uncertainties of the

Trend Parameter a in Equation (2)

Least
Squares

Fit, % yr�1
Average Bootstrap
Analysis, % yr�1

Standard Deviation
From Bootstrap
Analysis, % yr�1

Ethyne 1.60 1.61 1.22
Ethane �3.31 �3.40 0.519
Propane �0.607 �0.638 1.21
i-Butane �8.22 �8.27 1.54
n-Butane �9.57 �9.55 1.60
n-Pentane �16.6 �16.8 2.40
n-Hexane �22.9 �22.9 2.34
Benzene �3.75 �3.83 1.34
n-Heptane �7.97 �7.86 3.05
Toluene 2.52 2.33 2.04
Methyl chloride �0.367 �0.324 0.714
Dichloromethane �4.04 �4.15 1.02
Trichloroethene �2.79 �2.65 2.76
Tetrachloroethene �13.5 �13.5 1.27
Methane 0.254 0.257 0.0284
Carbon monoxide �5.72 �5.71 0.783
Carbon dioxide 0.366 0.364 0.0278

Table 5. Comparison of Observed Trends of Mixing Ratios With

Literature Data

Compound Trend
Relative
Trend Literature

Methane +4.8 ± 0.5 ppb yr�1 +0.25% +4 to +10 ppb yr�1a,b

0.65%c

Carbon monoxide �8.8 ± 1.2 ppb yr�1 �5.72% �2.0 to �2.7 ppb yr�1c

�0.8 ± 1.2%d

Carbon dioxide +1.3 ± 0.1 ppm yr�1 +0.37% +1.5 ppm yr�1e

aEhhalt [1999].
bDlugokencky et al. [1994].
cNovelli et al. [1998].
dZander et al. [1989].
eTrivett et al. [1989].
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significant on a 3s confidence level. Since our data cover
only a limited number of years, and the data exhibit a
considerable interannual variability, the trend parameters
cannot be interpreted as a regular and constant, annual
change rate. However, they are very strong indicators for
significant changes occurring during our observation period.
[28] Variations in atmospheric transport patterns can

cause very significant changes in the atmospheric mixing
ratios of reactive trace gases. However, this generally results
in interannual variability, a systematic trend in tropospheric
transport over a 7-year period, which would be sufficient to
cause the observed substantial trends in NMHC mixing
ratios seem unlikely. Similarly, an increase in the tropo-
spheric OH-radical concentrations can cause a decrease in
NMHC mixing ratios. However, although it is possible that
the tropospheric OH-radical concentration changes as a
consequence of changes in the mixing ratios of important
atmospheric trace gases, the expected rates of change [Krol
et al., 1998; Spivakovsky et al., 2000; Prather and Ehhalt,
2001; Prinn et al., 2001] are much lower than the changes
in NMHC mixing ratios we found.
[29] Another possibility is the decrease in emission rates.

Although to our knowledge there are no direct data on the
temporal development of the global emissions of NMHC,
there is information on trace gases with significant emis-
sions for source types similar to that of NMHC. Novelli et
al. [1998] reported a decrease of the tropospheric mixing
ratio of carbon monoxide for the period between 1990 and
1996, and mentioned a decrease in emission rates as the
likely explanation. There are also reports of declining
carbon monoxide emission rates from sources in industrial-
ized countries [U.S. Environmental Protection Agency,
1998; Mylona, 2000].
[30] Similarly, for dichloromethane and tetrachloroethene

there are reports that man-made emissions decreased
between 1988 and 1996 [McCulloch et al., 1999]. The
emissions of tetrachloroethene changed drastically from
0.42 Tg yr�1 in 1988 to 0.24 Tg yr�1 in 1996, the reduction
in dichloromethane emissions was somewhat less
pronounced, it changed from 0.59 Tg yr�1 in 1988 to
0.48 Tg yr�1 in 1996. These emission reductions are fully
compatible with trends we observed at Alert. In total we
therefore believe that decreases in emissions is the main,
although not necessarily the only factor, which has been
driving the observed decrease in NMHC and chlorocarbon
mixing ratios at Alert.

3.5. Seasonal Cycles

[31] The time series in Figure 2 exhibit clear periodic
seasonal cycles for all compounds studied. There is substan-
tial scatter of the data and also some interannual variability.
Nevertheless, since our record covers 7 years for most of the
studied substances, averaged seasonal cycles will be reason-
ably representative. Monthly averages for the whole period
are shown in Figure 3. On average, there are more than
20 data points for each month of the year; the difference in
the number of samples between different months does not
exceed the uncertainty expected for a random process
(21 ± 4 measurements per month). Table 8 summarizes
the annual means, medians, maximum, and minimum
mixing ratios of the average seasonal cycles together with
their uncertainties.T
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[32] There are several features that all seasonal cycles
have in common. The mixing ratios maximize in spring and
have a minimum in summer or early fall. For nearly all
substances the summer minimum is rather broad, which
combined with the random variability prevents the precise
determination of the period with the lowest mixing ratio. In
contrast to this, the occurrence of the wintertime maximum
is clearly visible for most compounds and in general well
defined within a window of about 2 weeks. Exceptions are
methyl chloride and dichloromethane. These are, apart from
methane, the least reactive substances we studied. Although
it is evident that both compounds exhibit the highest mixing
ratios between January and early April, the exact occurrence
of the seasonal maximum is somewhat uncertain. For the
more reactivechlorocarbons, tetrachloroethene, and trichloro-
ethene, the seasonal maximum is better defined, although
still with a slightly higher uncertainty than for the NMHC.
[33] The results indicate a systematic dependence

between the time of the occurrence of the maximum and
the reactivity of the compounds.

[34] Qualitatively the dependence between rate constant
and the main characteristics of the shape of the seasonal
cycle can be explained by the seasonal variability of the
OH-radical concentration. However, quantitatively the
results demonstrate a complex interaction between transport
and atmospheric loss mechanisms. At the time of the
occurrence of the NMHC concentration maxima, the OH-
radical concentration at the latitude of Alert is effectively
zero [Spivakovsky et al., 2000]. Similarly, the relative
decrease rates require OH-radical concentrations that cannot
be explained by the OH-radical concentrations at the lati-
tude of Alert. Obviously, exchange with lower latitudes
plays a major role in determining the wintertime maxima.
Indeed, north of 45�N even for the most reactive of the
studied NMHC (toluene, hexane, and pentane) the atmo-
spheric lifetime during the occurrence of their maximum
exceeds 1 month. This is more than sufficient to allow
effective transport from latitudes with high emission rates of
NMHC. However, for summer we calculate from the
reaction rate constants and the OH-radical concentration

Table 7. Trend of Volatile Organic Compounds Mixing Ratios at Alert for the Period From 1989 to 1996a

Compound C0, ppt

Fit According to
Equation (2) Bootstrap

Average of Absolute
Monthly Change Rates

Average of Relative
Monthly Change Rates

% yr�1 ppt yr�1 % yr�1 ppt yr�1 % yr�1 ppt yr�1 % yr�1 ppt yr�1

Methyl chlorideb 494 �0.37 �1.8 �0.32 ± 0.71 �1.6 ± 3.5 �1.4 ± 1.5 �7.0 ± 7.3 �1.6 ± 1.5 �8.2 ± 7.5
Dichloromethaneb 45.4 �4.0 �1.8 �4.2 ± 1.0 �1.9 ± 0.5 �3.2 ± 1.9 �1.5 ± 0.9 �2.8 ± 1.9 �1.3 ± 0.9
Tetrachloroetheneb 7.3 �13.5 �1.0 �13.5 ± 1.3 �1.0 ± 0.1 �15.0 ± 2.9 �1.1 ± 0.22 �15.8 ± 1.5 �1.2 ± 0.1
Ethane 1684 �3.3 �55.6 �3.4 ± 0.5 �57.3 ± 8.4 �3.6 ± 0.9 �65.7 ± 16.9 �3.6 ± 0.8 �66.0 ± 13.8
Ethyne 239 1.60 3.8 1.6 ± 1.2 3.8 ± 2.9 0.2 ± 1.3 1.0 ± 3.3 �0.9 ± 1.6 �2.2 ± 4.1
Propane 654 �0.6 �3.9 �0.64 ± 1.2 �4.2 ± 0.8 �1.9 ± 1.8 �16.7 ± 12.5 �5.0 ± 2.5 �35.8 ± 17.9
Benzene 102 �3.8 �3.9 �3.8 ± 1.3 �3.9 ± 1.3 �3.6 ± 2.2 �4.8 ± 2.3 �4.5 ± 2.6 �5.0 ± 2.9
i-Butane 137 �8.2 �11.2 �8.3 ± 1.5 �11.4 ± 2.1 �10.3 ± 2.3 �14.9 ± 3.3 �16.4 ± 3.4 �23.6 ± 4.9
n-Butane 275 �9.6 �26.4 �9.6 ± 1.6 �26.4 ± 4.4 �12.2 ± 2.9 �37.5 ± 9.0 �18.3 ± 3.6 �56.0 ± 10.9
Trichloroethene 3.2 �2.8 �0.1 �2.6 ± 2.8 �0.1 ± 0.1 �6.3 ± 2.7 �0.2 ± 0.1 �10.7 ± 3.6 �0.4 ± 0.1
n-Pentaneb 85.5 �16.6 �14.2 �16.8 ± 2.4 �14.4 ± 2.1 �14.4 ± 5.0 �12.7 ± 4.4 �13.1 ± 5.5 �11.6 ± 4.9
n-Hexaneb 30 �22.9 �6.9 �22.9 ± 2.3 �6.9 ± 0.7 �19.2 ± 7.7 �6.5 ± 2.3 �17.3 ± 5.0 �5.2 ± 1.5
Toluene 25.8 2.5 0.6 2.3 ± 2.0 0.6 ± 0.5 0.8 ± 3.1 0.3 ± 0.9 �2.8 ± 4.5 �0.8 ± 1.4
n-Heptaneb 11.8 �8.0 �0.9 �7.9 ± 3.1 �0.9 ± 0.4 �1.1 ± 7.3 �0.3 ± 0.7 2.5 ± 9.3 0.3 ± 0.8

aResults from different calculation procedures are compared.
bBased on data from 1991 to 1996.

Table 8. Summary of Median, Average, Maximum, and Minimum Mixing Ratios for the Average Seasonal Cycles of Several

Nonmethane Hydrocarbons and Halocarbons at Alert

Compound
OH Rate Constant �
1014, mol cm�3 s�1a

Median,
ppt

Average,
ppt

Maximum,
ppt

Minimum,
ppt

Carbon dioxide 360 360 ± 8 365 ± 6 354 ± 6
Methane 1843 1845 ± 30 1873 ± 20 1822 ± 22
Carbon monoxide 157 163 ± 56 198 ± 53 127 ± 44
Methyl chloride 3.17 497 500 ± 15 636 ± 18 384 ± 8
Dichloromethane 10.1 45.8 47.2 ± 2 71.6 ± 1.9 24.2 ± 0.9
Tetrachloroethene 12.9 7.2 7.6 ± 0.6 15.3 ± 0.9 2.7 ± 0.4
Ethane 20.1 1800 1813 ± 70 3245 ± 74 832 ± 28
Ethyne 74.0 243 256 ± 18 586 ± 24 44 ± 4
Propane 97.7 695 714 ± 52 1807 ± 83 93 ± 13
Benzene 114 107 112 ± 9 244 ± 14 23 ± 2
i-Butane 203 131 144 ± 16 345 ± 18 14 ± 3
n-Butane 222 285 306 ± 34 732 ± 45 26 ± 5
Trichloroethene 245 3.3 3.5 ± 0.3 7.8 ± 0.5 0.5 ± 0.1
n-Pentane 368 83 89 ± 11 239 ± 28 8 ± 1
n-Hexane 526 28.2 30.3 ± 4.2 82 ± 10 4.5 ± 0.7
Toluene 663 25.6 29.8 ± 3.5 59.5 ± 7.3 6.1 ± 1
n-Heptane 687 11.7 12.5 ± 1.4 31.1 ± 1.9 3.8 ± 0.5

aRate constants are taken from Atkinson [1986] and Atkinson et al. [1997a, 1997b]. Rate constants are given for 280 K if temperature dependence is
known.
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Figure 4. (a–h) Comparison of measured (solid circles) and modeled (squares) monthly mean
nonmethane hydrocarbons (NMHC) mixing ratios at Alert. The open squares represent model results
based on the Emission Database for Global Atmospheric Research (EDGAR) emission inventory; the
open circles are based on emission rates scaled to generate the observed annual mean NMHC mixing
ratios. Shown are also model results including an additional high latitude emission of 0.03 Tg yr�1

(triangles).
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that the atmospheric lifetime of the most reactive NMHC is
about 1 week at the latitude of Alert and less than 1 day
south of 60�N. For the less reactive NMHC such as ethane,
benzene, and propane during summer the lifetime for the
latitude of Alert is still in the range of months, but decreases
rapidly with decreasing latitude. Clearly, the footprint area
for the studied NMHC and chlorocarbons depends not only
on atmospheric transport and OH reactivity, but also on
season.

4. Comparison With Model Calculations

[35] In order to gain more detailed insight into the factors
determining the concentrations of NMHC at Alert, we
conducted numerical model simulations. In Figure 4 the
observed seasonal cycles are compared with the results of
model calculations. The model calculations are performed
with the Harvard/GISS/University of California, Irvine
Chemical Tracer Model (CTM) described by Prather et
al. [1987]. Meteorological parameters such as wind speed,
pressure, temperature, and dry and wet convection fluxes
were adopted from the GISS Global Circulation Model
(GCM II) [Hansen et al., 1983] with a time resolution of
6 hours. In the present study the horizontal resolution was
4� in latitude and 5� in longitude. The vertical resolution
was nine levels up to 10 hPa, seven of them located in the
troposphere. The chemical system of the CTM was kept as
simple as possible. Each NMHC was treated separately
allowing only emission and transport of a single NMHC
during each run. The chemistry of this NMHC was de-
scribed by its reaction with OH radicals using reaction
parameters given by Atkinson [1986] and Atkinson et al.
[1997a, 1997b]. The global field of OH was prescribed
using three-dimensional monthly means provided by Spi-
vakovsky et al. [2000].

[36] The NMHC emission rates for the model calculations
were taken from the Emission Database for Global Atmo-
spheric Research (EDGAR), which was established by TNO
(Netherlands Organization for Health and Environment) and
RIVM (National Institute for Public Health and the Envi-
ronment, Netherlands) [Olivier et al., 1996]. Oceanic emis-
sions and vegetation sources are neglected which might
result in a systematic underestimate of the NMHC source
strength. However, biogenic emissions of the substances
studied here are generally small [Rudolph, 1995, 1996] and
consequently such a bias should be negligible compared to
the man-made emissions included in the EDGAR database
(Table 9).
[37] The results of the model calculations strongly depend

on the transport field, the OH-radical concentrations, the
rate constant and its temperature dependence for the reac-
tion of the studied NMHC with OH, and the source strength
and source distribution. Spivakovsky et al. [2000] estimates
the uncertainty in the OH radical concentration field to be
10–15% and the uncertainty in the rate constants and their
temperature dependence are typically in the range of 15–
30% [Atkinson, 1986; Atkinson et al., 1997a, 1997b]. The
consequences of uncertainty in transport or emission dis-
tributions are difficult to quantify. Nevertheless, in general
the model calculations give a reasonable description of
some of the relative features of the measured seasonal
variability, e.g., time of the occurrence of the maxima and
minima (Figure 4). However, for most compounds the
model results are systematically lower than the observa-
tions. To some extent this can be explained by an under-
estimate of the emission rates in the model. For example,
the EDGAR emission inventory gives a global ethane
emission rate of 8.2 Tg yr�1, only about half the emission
rate required to balance the atmospheric budget, which was
derived by Rudolph [1995] from atmospheric observations.

Table 9. Emission Inventories of Nonmethane Hydrocarbons From Different Sources for 1990 (Based on the Emission Database for

Global Atmospheric Research Database)

Source

Emission Rates of Nonmethane Hydrocarbons in kg compound yr�1

Ethane Ethyne Propane Butanes Pentanes
Hexanes and

Heavier Alkanes Benzene Toluene

Use and burning of fossil fuel
Industry 8.52 � 106 4.26 � 106 1.96 � 107 4.81 � 107 5.21 � 107 8.92 � 107 1.97 � 107 4.10 � 107

Power plants 1.81 � 106 9.11 � 105 7.62 � 106 1.92 � 107 2.47 � 107 2.25 � 107 7.65 � 106 1.11 � 107

Refineries 2.51 � 108 2.96 � 106 8.88 � 108 8.87 � 108 1.11 � 109 8.87 � 108 1.03 � 108 1.35 � 108

Domestic use
(heating, cooking, etc.)

1.51 � 108 5.26 � 107 1.21 � 108 9.60 � 107 8.12 � 107 1.21 � 107 7.44 � 107 2.32 � 107

Transport: road traffic 3.04 � 108 9.88 � 108 1.94 � 108 4.37 � 109 5.65 � 109 6.88 � 109 1.05 � 109 2.51 � 109

Transport: rail and ship 9.33 � 106 2.14 � 107 4.93 � 106 2.84 � 107 3.14 � 107 1.25 � 108 2.08 � 107 4.86 � 107

Transport: aircraft 4.45 � 105 2.11 � 106 9.10 � 104 1.06 � 105 2.66 � 106 9.81 � 105 2.63 � 105

Oil production 1.36 � 109 4.25 � 109 6.87 � 109 3.89 � 109 6.22 � 109 2.26 � 107

Gas production 1.84 � 109 6.21 � 108 7.12 � 108 1.60 � 108 7.20 � 107

Use and burning of biomass
Industry 4.45 � 107 2.87 � 107 1.50 � 107 3.03 � 106 6.66 � 106 6.06 � 106 4.12 � 107 1.82 � 107

Domestic use
(heating, cooking, etc.)

1.79 � 109 1.21 � 109 5.69 � 108 1.33 � 108 2.92 � 108 2.66 � 108 1.81 � 109 7.97 � 108

Industrial processes
Chemicals 7.81 � 106 5.33 � 106 3.60 � 106 1.70 � 106 4.42 � 105 1.05 � 105

Solvents 7.13 � 109 1.71 � 109

Agriculture
Deforestation and
harvesting practices

1.18 � 109 8.74 � 108 3.25 � 108 1.02 � 108 2.24 � 108 2.03 � 108 1.38 � 109 6.10 � 108

Waste management 1.27 � 109 8.18 � 108 6.05 � 108 7.85 � 108 7.94 � 108 1.31 � 109 1.28 � 109 7.69 � 108

Sum 8.22 � 109 4.01 � 109 7.63 � 109 14.1 � 109 12.3 � 109 23.2 � 109 5.80 � 109 6.67 � 109
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It should be noted that the impact of emissions at mid-
latitude and low latitude strongly depends on the atmo-
spheric lifetime of the studied compound (see below), and
emissions in the Southern Hemisphere only have a marginal

impact on the atmospheric mixing ratios of NMHC at Alert.
Nevertheless, increasing the emission rates in the model by
a factor that is independent of latitude or longitude reduces
the discrepancy between observations and model (Figure 4).
In Table 10 the NMHC emission rates based on the EDGAR
emission inventory and the modified emission rates are
compared. For ethane, propane, the butanes, and benzene
the factor is approximately 2. It should be noted that in the
case of n-pentane and n-hexane a direct comparison is not
possible. In the case of pentane the EDGAR database only
gives emissions for the sum of all pentanes. However, a
distribution between the different isomers can be made on
the basis of the ratio of pentane emissions. McLaren et al.
[1996] report that the ratio of n-pentane to i-pentane
emissions from transportation related sources is 0.5. The
emissions of the third pentane isomer are negligible. Based
on the emission ratios of McLaren et al. the EDGAR
database pentane emissions correspond to an n-pentane
emission of 4.1 Tg yr�1, again a factor of 2 lower than
the emission rates required for optimum agreement between
modeling results and observations. The emission rates for

Table 10. Comparison of Global Annual Emission Rates

According to the Emission Database for Global Atmospheric

Research (EDGAR) Emission Inventory and the Emission Rates

Modified to Generate Optimum Agreement for Annual Average

Mixing Ratios Modeled and Observed at Alert

Compound
EDGAR Emissions,

Tg yr�1
Modified Emissions,

Tg yr�1

Ethane 8.2 17.1
Propane 7.6 18.4
n + i-Butane 14.1 22.7
n-Pentane 12.4a 8.2
n-Hexane 23.3b 4.4
Ethyne 4.0 8.8
Benzene 5.8 13.6
Toluene 6.7 7.3

aEDGAR emission inventory for sum of all pentanes.
bEDGAR emission inventory for sum of all hexanes and heavier alkanes.

Figure 5. Modeled mixing ratios at Alert in (a) July and (b) January for an emission rate of 1 Tg yr�1 in
the specified latitude band.
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hexane in the EDAGR database include all C6 and heavier
alkanes, our results are for n-hexane only. It is therefore not
surprising that the EDGAR emission rates are higher than
the emission rates required to explain the observed n-hexane
mixing ratios.
[38] For the less reactive NMHC (ethane, propane, eth-

yne, and benzene) uniformly increasing the emission rates
in the model without changing the relative geographical or
temporal distribution of the sources results in a reasonable,
although not perfect, agreement between model and obser-
vations. For ethane and ethyne the differences between the
model with adjusted emission rates and observations is on
average less than 20%, for propane, butane, and benzene
around 30%. As mentioned above, the mixing ratios at Alert
are predominantly influenced by emissions from mid-
northern latitude and high northern latitude and consequently
the conclusions about required source strength are only
valid for these latitudes.
[39] For the more reactive NMHC the agreement is less

favorable. For hexane and toluene the average differences
increase to more than 80% and a factor of 6.7, respectively.
Moreover, for these compounds the model seriously over-
estimates the relative change in mixing ratios between sum-
mer and winter. With increasing reactivity of the studied
NMHC the extent of the latitude range that has a visible
impact on the NMHC mixing ratios decreases, especially in
summer when the OH-radical concentrations have their
maximum (Figure 5). Thus the substantial underestimation
of the mixing ratios of reactive NMHC in summer points
toward too low emission rates at higher latitudes in themodel.
[40] In order to quantify the magnitude of the emission

rates required to explain the discrepancy between model
results and observations we conducted model calculations
with NMHC emissions limited to bands of 8�–10� latitude.
Within these latitude belts the relative spatial distribution of
the sources was kept identical to that in the EDGAR
database, outside of the latitude band all NMHC emissions
were set to zero. The emission rates of each individual
NMHC inside the specified latitude band was set to 1 Tg
yr�1. Figure 5 shows the calculated contribution of emis-
sions from different latitude ranges on NMHC mixing ratios
at Alert for January and July.

[41] These modeling results clearly predict that for reac-
tive NMHC such as hexane and toluene during summer
emissions at midlatitudes will not have any visible impact
on the atmospheric mixing ratios at Alert. For example, an
increase of toluene emissions of 1 Tg yr�1 in the latitude
range of 48�–56�N will increase the toluene mixing ratios
at Alert in July by about 0.1 ppt. The same increase in
emission rates would increase the wintertime toluene mix-
ing ratios at Alert by more than 30 ppt (Figure 5b).
[42] Based on the calculations shown in Figure 5, it is

easy to determine the additional emission rates for different
latitude bands, which would be required to explain the
discrepancies between model results and observations.
[43] It is obvious that emissions, from below 64� northern

latitude, are unlikely explanations for the summertime
difference between measurements and model. First, this
would require unidentified sources with emission rates of
nearly 100 Tg yr�1, orders of magnitude higher than the
source strength of all identified sources together. Second,
our model calculations predict that such high emission rates
would result in wintertime mixing ratios of several hundred
ppt, which is not compatible with the observations.
Although a strong seasonal variability of the emission rates
of such an unknown source cannot be ruled out, the
existence of unidentified NHMC sources with emission
rates in the range of 100 Tg yr�1 and a strong seasonal
variability is extremely unlikely.
[44] A more plausible explanation is the existence of

unaccounted emissions at high latitudes. The required
emission rates are only a fraction of a Tg yr�1, a small part
of their total global emission rates. To study the impact of
such a high latitude source, we added high latitude emis-
sions of 0.03 Tg yr�1 to the ‘‘modified emissions’’ in our
model calculations. The results are included in Figure 4. As
can be seen, the addition of such a source drastically
reduces the discrepancy between model and observations
for the more reactive NMHC in summer, but has only a
small impact on the mixing ratios of less reactive NMHC.
Similarly, the resulting relative change in wintertime mixing
ratios is marginal. Possible sources for such emissions are
oil and natural gas exploitation in Alaska, Siberia, and
northern Canada or boreal forest fires at high northern

Figure 6. Relative decrease in hydrocarbon mixing ratios at Alert calculated for a 20% relative decrease
in high latitude nonmethane hydrocarbons (NMHC) emissions.
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latitudes. The dominance of high latitude emissions for the
summertime mixing ratios of reactive NMHC at Alert has
also an important consequence for the possible origin of the
secular trend of the NMHC mixing ratios. Since the relative
decrease rate of mixing ratios for many of the NMHC is
more pronounced in summer than in winter, this strongly
points toward a decrease of high latitude emissions. In
Figure 6 the model predictions of the relative changes in
NMHC mixing ratios at Alert resulting from a 20% decrease
in high latitude NMHC emisions are presented. There is a
strong impact on the summertime mixing ratios of reactive
NMHC, whereas the predicted relative decrease for less
reactive NMHC or during winter is significantly lower. This
is fully compatible with our observations.
[45] Dlugokencky et al. [1994] mentioned that the drastic

economic changes in the area of the former Soviet Union
have resulted in a significant reduction of methane emis-
sions due to reduction in fossil fuel exploitation and use for
these regions, including Siberia. Since most of these meth-
ane sources are also sources for NMHC, it is plausible that
the economic changes in the area of the Former Soviet
Union resulted in reductions of NMHC emissions at high
northern latitudes. The observed changes are most pro-
nounced for saturated NMHC, which is fully compatible
with reductions in emissions from oil and natural gas
production. However, it has to be remembered that our
results do not allow differentiating between reductions of
emissions from the Former Soviet Union and other oil and
gas producing high latitude regions such as Alaska, northern
Canada, or Scandinavia.

5. Conclusions

[46] The differences in the relative shape of the seasonal
cycles of the mixing ratios of individual NMHC or halo-
carbons at Alert systematically depend on their atmospheric
residence times, specifically the reactivity toward the OH-
radical. The systematic dependence between key descriptors
of the shape of the seasonal cycles, such as the occurrence
of maximum concentrations or relative amplitude of the
seasonal cycle, and the rate constant for reaction with OH-
radicals is fully consistent with the concept that the response
of atmospheric concentrations to the seasonal variations in
OH-radical concentration is faster for compounds with
higher reactivity. The very low summertime values for
reactive compounds are consistent with the short residence
times in summer and the remoteness of the sampling
location. However, the comparison between model calcu-
lations and observations also strongly suggests the existence
of emissions from high latitude sources.
[47] The numerical model simulations describe several of

the most prominent features of the observed seasonal
cycles, but they fail in two important aspects. First, the
modeled concentrations are in many cases significantly
lower than the observations. This discrepancy points toward
an underestimation of the sources in the model by approxi-
mately a factor of 2. Second, for the more reactive com-
pounds the model calculations consistently underestimate
the measured summertime concentrations by far more than
a factor of 2. This indicates that at high latitudes the
emissions of reactive NMHC are underestimated in the
model by far more than a factor of 2. However, the absolute

strength of regional sources required to maintain the small
measured summertime mixing ratios of reactive NMHC is
very small compared to the total global emissions rates for
these NMHC.
[48] Our results show a significant decrease in the atmo-

spheric concentrations of several NMHC during the study
period. They are higher for more reactive NMHC, and there
is evidence that the trends are more pronounced in summer
than in winter. The most likely explanation is a decrease in
emission rates at high latitudes. However, as mentioned
above, present NMHC emission inventories for high lati-
tudes are inadequate to model our observation and we
therefore have to accept that our understanding of high
latitude NMHC sources is incomplete. Nevertheless, our
study period overlaps with the period of major economic
changes in Russia and the former Soviet Union. Changes in
industrial activities as well as in oil and gas exploitation in
Siberia may therefore be one of the possible reasons for
changes in NMHC emission rates at high northern latitudes.
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