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Abstract. This paper presents tower-based measurements of methane (CH4) and nitrous 
oxide (N20) exchange between a boreal aspen stand and the atmosphere. Boreal 
ecosystems are a priority trace gas research area, and the work was conducted as part of 
the Boreal Ecosystem-Atmosphere Study (BOREAS). Methane and nitrous oxide fluxes 
were measured continuously between April 16 and September 16, 1994, in the Prince 
Albert National Park, Saskatchewan. The fluxes were determined using a high-resolution 
tunable diode laser Trace Gas Analysis System (TGAS) together with micrometeorological 
techniques. Both the CH 4 and the N20 fluxes were small and required long averaging 
times to be resolved. Over the full experiment, small emissions of both CH 4 and N O 
were measured above the aspen stand. The mean flux of N20 was 1.4 + 0.7 ng m '• s -• 
or 1.9-2.5 ng m -2 s -• when an enhancement factor to compensate for the breakdown of 
similarity theory just above forest canopies is included. Low rates of nitrification and 
denitrification throughout the growing season may explain the consistently small N20 
fluxes. The CH 4 flux averaged 15.7 _+ 2.8 ng m -2 S -1, or 21-28 ng m -2 s -1, including the 
similarity theory enhancement factor. The CH 4 emissions were highest between late July 
and mid-September, and there was a strong correlation between the CH 4 flux and the soil 
temperature. Whereas CH 4 emission was measured from the above-canopy footprint, 
uptake was recorded close to the tower base. Overall, it appears that CH 4 emissions from 
anoxic wet patches located throughout the above-canopy footprint overwhelmed uptake 
from drier areas to produce a net emission of CH 4 from the aspen site. 

1. Introduction 

This paper describes a 5-month investigation of methane 
(CH4) and nitrous oxide (N20) exchange above a boreal aspen 
forest. Methane and nitrous oxide play significant roles in both 
the atmospheric chemistry and the radiative budget of the 
atmosphere, even though they are present in only trace quan- 
tities (1.72 parts per million by volume (ppmv) and 0.31 ppmv, 
respectively [Prather et al., 1996]). In particular, CH 4 and N20 
are greenhouse gases which, respectively, comprise 20 and 8% 
of the enhanced radiative forcing of the atmosphere [Dlugo- 
kencky et al., 1995]. Methane and nitrous oxide also participate 
in reactions which affect stratospheric ozone [Blake and Row- 
land, 1988; Wayne, 1991], although their overall influence is 
complex. In the case of N20 , Granli and BOckman [1994] 
speculate that a steadily increasing ambient N20 concentration 
may serve to reduce the total stratospheric ozone content, 
especially as chlorofluorocarbon emissions are reduced. 

The global budgets of CH 4 and N20 are only poorly con- 
strained, and several priority trace gas research areas have 
been specified [International Geosphere-Biosphere Program 
(IGBP), 1990]. The boreal regions are included partly because 
they are a major global ecosystem, covering roughly 6-8.5% of 
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the global land area [Houghton et al., 1983; Bouwman, 1988]. In 
addition, climate models predict an enhanced greenhouse 
warming effect in boreal regions [Hansen et al., 1988], with 
possible responses, including increased CO2 and CH 4 emis- 
sions from soils [IGBP, 1990]. The objectives of our research 
were to quantify the exchange of CH 4 and N20 at the aspen 
site and to better understand the factors that control their 

exchange. The research uses micrometeorological techniques 
coupled with high-resolution tunable diode laser Trace Gas 
Analysis System (TGAS) technology. The work was conducted 
as part of the larger Boreal Ecosystem-Atmosphere Study 
(BOREAS) (see Sellers et al. [1995] for details). 

2. Background 
2.1. Boreal Forests and CH 4 

Boreal forests have been reported as net sinks of CH4, al- 
though the uptake of CH 4 by soils has not been well charac- 
terized [Steudler et al., 1989; Tyler, 1991]. Schiller and Hastie 
[1996] measured mean monthly CH 4 fluxes of --5.0 to 3.1 and 
-6.4 to 2.2 ng m -2 s -• for lowland and upland boreal forest 
sites, respectively (ng = 10 -9 g; a positive flux denotes emis- 
sion). Potential CH 4 oxidation rates as high as 10/•g m -2 s -• 
also have been reported [Whalen et al., 1992] (/•g - 10 -6 g). 
Indeed, Whalen et al. suggest that CH 4 oxidation in moist soils 
may be a negative feedback on atmospheric CH 4 increases. 
Similarly, in preparing a CH 4 budget for Sweden, Svensson et 
al. [1991] suggest that uptake by boreal forest soils could re- 
duce the net emission from Swedish sources by about 10%. 
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Methane uptake has been reported in many other natural 
ecosystems, including tropical forest soils [Keller et al., 1983, 
1986], temperate forest soils [Keller et al., 1983; Steudler et al., 
1989; Born et al., 1990], and forests in Denmark [Ambus and 
Christensen, 1995]. Whalen et al. [1991] also report the domi- 
nance of soil consumption of atmospheric CH 4 from a range of 
floodplain and taiga sites (taiga and boreal forest are equiva- 
lent terms). In the taiga regions the authors specify point- 
source bogs and fens as the only major CH4-emitting areas. 
Indeed, boreal wetlands are believed to contribute half of the 
total global wetland CH 4 to the atmosphere [Cicerone and 
Oremland, 1988]. Crill et al. [1992] have estimated that the CH 4 
emissions from wet bogs and fens from all sites in Canada 
average 340 _+ 70 ng m-2 s- • 

2.2. Boreal Forests and N20 

Reports on N20 exchange from boreal ecosystems are very 
scarce. At boreal forest sites near Cochrane, Ontario, Schiller 
and Hastie [1996] report mean monthly N20 fluxes of -2.1 to 
0.9 ng m -2 s -•. In general, however, there has been a lack of 
N20 exchange measurements from almost all northern ecosys- 
tems [IGBP, 1990]. In addition, research in tropical forests has 
highlighted that much remains to be learned about the mech- 
anisms that control N20 emissions [Keller et al., 1986]. 

3. Site Description 
The CH 4 and N20 exchanges were measured above a 21-m 

aspen stand in the Prince Albert National Park, Saskatchewan 
(53037 ' N, 106012 ' W). Continuous measurements were made 
between April 16 and September 16, 1994. The site is located 
at the southern edge of the boreal forest, about 5 km north of 
the park boundary, and agriculture dominates the landscape to 
the south of the park. The above-canopy fetch extends several 
kilometers in most directions, and the site is relatively flat and 
was selected for its stand uniformity. 

Fire swept through the area around 80 years ago, and the 
primary stratum now consists of trembling aspen (Populus 
tremuloides) with some balsam poplar (?opulus balsamifera) 
[Sellers et al., 1994]. The aspen canopy architecture features an 
open trunk space with the crown concentrated at the top 5-6 
m of the trees. The maximum aspen leaf area index in 1994 was 
2.4 [Chen et al., 1996]. There is a rich understory comprising 
60% hazelnut (Corylus cornuta) and 15% wild rose (Rosa 
woodsii). The soil is classified as an Orthic Gray Aluvisol, 
featuring a well to moderately well drained loam to clay loam 
till and an organic layer depth less than 8 cm [Sellers et al., 
1994]. 

The 30-year annual temperature and precipitation normals 
from a nearby weather station at Waskesiu Lake (53055 ' N; 
106005 ' W) are -0.2øC and 462.6 mm, respectively [Environ- 
ment Canada, 1951-1980]. The predominant normal wind di- 
rections recorded at the Waskesiu Lake weather station are 

from the south, southeast, and northwest. 
The CH 4 and N20 exchange above the aspen stand was 

measured from a 36-m double-scaffold micrometeorological 
tower. The tower was located at the northeast corner of an 

elongated hill running southwest to northeast through the site. 
The gentle hill is about 4.5 km long by 2 km wide, with a rise 
of about 25 m above the adjacent valleys. 

4. Micrometeorological Principles 

4.1. A Flux-Gradient Approach 

The fluxes of CH4 and N20 were determined at the aspen 
site using an integrated flux-gradient approach based on Mo- 
nin-Obukhov similarity theory. By this technique the flux den- 
sity of a scalar (ng m -2 s -•) is given by 

- 1.3u,k(c[z•] - c[z•]) 
flux = (•) 

In - ½h[Zu] -{- ½h[ZL] 
Z L -- 

where 

u, friction velocity (m s-•); 
k von Karman's constant (taken as 0.4); 
c trace gas concentration (ng m-3); 

zu upper air intake height; 
z z• lower air intake height; 
d zero-plane displacement; 

Ca diabatic correction function for heat (also assumed 
equal for CH 4 and N20 ). 

In this paper, CH 4 and N20 fluxes expressed in ng m -2 s 
are understood to mean ng CH 4 m -2 s -1 and ng N20 m -2 s -•, 
respectively. 

Under stable atmospheric conditions the scalar diabatic cor- 
rection function is given by [Hicks, 1976] 

z-d 

½h -- --5 L (2) 

In turn, L is the Obukhov length, given by 
3 

= (3) # H• 
k 

Tv t9Cp 

where # is the gravitational acceleration at the Earth's surface 
(m s-2); T v is the virtual temperature (K); and Hv/t9Cp is the 
kinematic heat flux (m K 

Under unstable conditions, Ca is given by [Paulson, 1970] 

1 +x 2 

½h--' 2 In 2 (4) 

where 

I 16(z - d) 1 0.25 x: ß 

The diabatic correction functions have been determined 

from comparisons between eddy correlation and wind profile 
techniques. However, several micrometeorologists, including 
ourselves, have found that eddy correlation measurements 
over crops and forests routinely underestimate scalar fluxes 
when compared with energy balance estimates [Amiro and 
Corbett, 1993; Lee and Black, 1993; Simpson et al., 1995; T. A. 
Black, personal communication, 1997; J. Norman, personal 
communication, 1997]. We believe that the underestimate is 
systematic (see below), and in this case the diabatic correction 
functions used in the flux-gradient calculations are also ex- 
pected to give rise to erroneously low fluxes. 

One of the underlying assumptions of eddy correlation mea- 
surements is that the mean vertical windspeed ff• is zero over 
the measurement period [Webb et al., 1990]. However, local 



SIMPSON ET AL.' MICROMETEOROLOGICAL MEASUREMENT OF CH 4 AND N20 29,333 

spatial inhomogeneities are likeJy to cause convective circula- 
tion cells whereby air rising in one area tends to consistently 
fall in another. In this case, if, is nonzero over the measurement 
period, and the eddy correlation measurement misses the mass 
flow contribution to the flux. That is, the eddy correlation flux 
will be underestimated, regardless of whether the net vertical 
wind speed is up or down, because the eddy correlation will 
miss the contribution of flux with "infinite" frequency. Lee and 
Black [1993] also believe that energy imbalance is associated 
with the possible nonzero value of the average vertical velocity 
measured at a single point. 

A correction factor of 1.3 is introduced in (1) to compensate 
for the underestimate that we expect in our fluxes. Similarly, a 
correction factor of 1.35 gave excellent agreement among wind 
profile, eddy correlation, and energy balance measurements 
above an agricultural surface [Simpson et al., 1995]. We believe 
that by including the factor of 1.3 the fluxes will more closely 
approximate their true values. 

4.2. Investigating Validity of Similarity Theory 
Above Forests 

Eddy correlation and flux-gradient measurements are two 
popular micrometeorological techniques to measure surface- 
atmosphere exchanges. Over forests the TGAS yields a higher- 
resolution measurement using the flux-gradient approach than 
by eddy correlation (see section 5.3), and at BOREAS the 
small CH 4 and N20 fluxes were determined by using the flux- 
gradient approach. 

We recall that the flux-gradient technique is based on sim- 
ilarity theory (section 5.1). However, just above forests cano- 
pies, researchers have measured scalar transport coefficients 
enhanced 130 to 340% above those predicted by similarity 
theory [Thom et al., 1975; Raupach, 1979; Gattart, 1978; Den- 
mead and Bradley, 1985; Viswanadham et al., 1987; HOgstrOm et 
al., 1989]. That is, simila•rity theory appears to underestimate 
the transport coefficient near the forest canopy when com- 
pared with independent estimates of the flux, for example, 
eddy correlation or energy balance measurements. The rough- 
ness sublayer defines the layer in which similarity theory has 
been found to underestimate scalar fluxes; it extends from the 
ground to two or three canopy heights [Brunet et al., 1994; 
Kaimal and Finnigan, 1994; Simpson et al., 1997]. Although 
similarity theory works well in the inertial sublayer above, 
micrometeorologists are generally constrained to work within 
the roughness sublayer for three reasons. Firstly, the gradients 
become smaller and therefore more difficult to measure with 

increasing height; secondly, the fetch requirement increases 
with height; and thirdly, there are practical limitations con- 
cerning tower height and instrument accessibility. 

The underestimate of similarity theory fluxes, relative to 
independent flux estimates, is expressed as an enhancement 
factor -¾, which can be written as 

independent flux 
'¾ - similarity theory flux' (6) 

The independent flux estimate is believed to be correct, and -¾ 
expresses the correction that should be applied to the similarity 
theory flux so that it agrees with the independent flux. It was 
necessary for us to determine new enhancement factors appli- 
cable to the CH 4 and N20 fluxes at BOREAS for two reasons. 
Firstly, the enhancement factors from the literature were de- 
termined by using CO2, H20, and temperature, i.e., scalars 

with in-canopy sources and sinks. However, the exchange of 
CH 4 and N20 in the boreal forest is believed to occur exclu- 
sively at ground level, and no literature enhancement factors 
were available for scalars with ground-level exchange surfaces. 

Se•condly, the experiment allowed us to apply the latest high- 
resolution technology to similarity theory research. 

Therefore in support of our BOREAS research we con- 
ducted a second field campaign between June and November 
1995 above a mixed deciduous forest at Camp Borden, On- 
tario. The research represented a fundamental assessment of 
the similarity theory that was used to determine the CH 4 and 
N20 fluxes in Saskatchewan. The Borden investigation is fully 
described by Simpson et al. [1997], and a brief summary to- 
gether with the key results are presented here. 

A TGAS unit was modified for CO2 measurements, and CO2 
fluxes based on Monin-Obukhov similarity theory were deter- 
mined by using the flux-gradient approach. Carbon dioxide was 
selected, rather than CH 4 or N20 , since its larger fluxes are 
more easily resolved. A ground-level exchange surface was 
achieved by measuring the CO2 flux after the leaves had se- 
nesced. The laser-based TGAS fluxes were compared with 
CO2 fluxes determined by eddy correlation. The TGAS unit 
resolved the CO2 concentration difference to 300 parts per 
trillion by volume (pptv) in a half-hour sampling period. As a 
result, the CO2 gradient was measured with a much higher 
resolution than has been available in previous investigations of 
similarity theory. 

The results of the Camp Borden investigation are encour- 
aging: they suggest that similarity theory can be used to mea- 
sure scalar exchange in the roughness sublayer above forests 
with a greater confidence than generally has been believed. 
Enhancement factors of 1.35-1.80 were determined for heights 
comparable to the BOREAS measurements and with a 
ground-level exchange surface. That is, although corrections 
for similarity theory breakdown are still necessary in the rough- 
ness sublayer above forests, they are less than the enhance- 
ment factors that generally have been reported. At this point 
we emphasize that unless otherwise stated, the fluxes pre- 
sented in this paper do not include an enhancement factor. In 
addition, we stress that the similarity theory enhancement fac- 
tor of 1.35-1.80 is unrelated to the empirical correction factor 
of 1.3 (section 4.1). 

5. Experiment 
5.1. Equipment - 

A 20-cm path Kaijo-Denki DAT-310 sonic anemometer po- 
sitioned 39.1 m above the ground was used to collect the 
micrometeorological data (u,, T•,, H•,, etc.). The data were 
collected at i00 Hz and block averaged to 20 Hz. The covari- 
ances were output every half hour and were then subjected to 
a coordinate rotation transformation according to Tanner and 
Thurtell [1969]. 

The trace gas concentration differences c (zv) - c (zz•) 
were measured by using two TGAS units (Campbell Scientific 
Inc., Logan, Utah), one each for CH 4 and N20. The TGAS is 
designed for continuous 24-hour operation and yields spatially 
integrated concentration differences over a local to mesoscale 
area, without disturbing the natural airflow over the sampling 
area. These units feature a response time of 100 ms at a flow 
rate of 4.5 L s-•. 
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Figure 1. Schematic of the tunable diode laser Trace Gas 
Analysis System (TGAS). Grey arrows show the path of the 
laser beam; black arrows indicate the direction of airflow. Di- 
agram not to scale. 
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i 

5.2. Tunable Diode Laser Trace Gas Analysis 

Laser-based trace gas analysis is based on absorption spec- 
troscopy, whereby each molecule is known to absorb radiation 
in a characteristic spectrum. Infrared lasers are commercially 
available and correspond to the vibrational energies of mole- 
cules [Howarth, 1973]. In the TGAS unit, a lead-salt laser is 
housed in a liquid nitrogen cooled dewar (Figure 1). The laser 
beam is sent through a single path, 1.5 m sample tube, and then 
is split into sample and reference gas cells, each housing a 
Peltier-cooled cadmium-mercury-telluride detector. 

Air sampled from outside is pumped through the sample 
tube where it encounters the laser beam. The beam is virtually 
monochromatic, with a line width of the order of 10 -4 cm- 1 
(cm-• denotes wavenumbers, i.e., wavelengths per centime- 
ter). Individual gas absorption lines are easily and unambigu- 
ously resolved at low pressure since they are about 2 orders of 
magnitude wider than the laser beam. A good absorption line 
is selected based on its strength and the absence of interfer- 
ence by other absorbing gases. The laser emission frequency is 
tunable, and the laser is modulated to scan back and forth 
across the entire absorption feature 500 times a second. The 
area under the absorption feature is integrated to determine 
the concentration of the trace gas within the air sample. Con- 
centration readings are output at 10 Hz, and each reading is 
calibrated in real-time against a reference gas (CH 4 or N20 in 
this experiment) of known concentration. 

5.3. Sampling Procedure 
A suite of four concentration differences was measured be- 

tween five levels both above and within the aspen canopy 
(Figure 2). The concentration differences were determined in 
a 4-hour cycle, with emphasis on the above-canopy measure- 
ments ("A": z•: = 37.5 m; zz• = 26.8 m) which were used in 
(1) to determine the trace gas fluxes. Measurements at all 
levels were used to construct concentration profiles for both 
CH 4 and N20. The TGAS units operated 24 hours a day over 
the 5 months of measurement, with about 1 hour of data edited 
out each day during liquid nitrogen fills. 

A five-way Whitey ball valve (model SS-45ZF8-42ACZ) with 
an electric actuator (model MS-142ACZ) was used to switch 
the sampling among positions A, B, C, and D. For a given 
position, a Numatics solenoid valve (model 152SS-400K) lo- 
cated on the tower was used to alternately draw sample air 

• = sonic anemometer 
39.1 m_ = air intake for Trace 

•N A ß Gas Analyzer 37.5 m-- • I =•umatics valve 
fi %% I = air dryer 

26.8 -- • = Whitey valve 
21m 

18.1 

5.0 • analyzer 2m 0.5 m 

to N20 analyzer 

Figure 2. Air-sampling strategy at the aspen site. 

from the upper and lower intakes every 4 s. Rapid switching 
between the two levels acts as a high-pass filter and therefore 
reduces low-frequency noise. Minimizing noise is critical in 
cases where the trace gas fluxes are expected to be very small, 
and this is why gradient rather than eddy correlation measure- 
ments of the flux were made. 

Air sampled from either the upper or the lower intake 
passed through an equal amount of Y2 inch ID high-density 
polyethylene tubing to a common Perma Pure dryer (model 
PD-1000-SS48) located on the tower. A total of four dryers 
were installed on the tower, one each at layers A, B, C, and D. 
Drying is necessary to avoid corrections to the flux measure- 
ments for density effects caused by water vapor transfer [Webb 
et al., 1980]. 

The dried air then was pumped at low pressure through 
tubes from the tower to a hut housing the TGAS units. Travel 
through a common long tube ensured that the upper and lower 
air samples had a common temperature by the time they 
reached the TGAS units; mean gradient measurements that 
are brought to a common temperature do not require correc- 
tions for density effects caused by heat transfer [Webb et al., 
1980]. A Whitey needle valve (model SS-3NRM4) positioned 
at the end of each dryer was used to create a pressure drop, 
and the pressure in each TGAS unit was maintained at 75 
mbar. Low pressure minimizes the pressure broadening of the 
absorption line and hastens the travel time to the TGAS. The 
concentration readings recovered from the solenoid valve 
switch in 0.6-0.7 s, and the first 0.8 s of data were discarded 
following each 4-s switch. Delay times to account for the travel 
time down the tubes were also set in the TGAS units. 

The sample air was split and diverted through the two TGAS 
units in parallel. The air was then exhausted through a Busch 
pump (model RA-0040-A005-1002) at 22 actual ft 3 min-•. The 
concentration differences of CH 4 and N20 were calculated 
and displayed on screen in real time. An average concentration 
difference between the two sample levels was written to file at 
the end of the specified sampling time. 

6. Results 

The CH4 and N20 fluxes and concentration profiles were 
measured from the aspen tower site between April 16 and 
September 16, 1994. The CH4 and N20 TGAS units proved 
field-worthy and ran with no major interruptions over the full 
course of the experiment. 

6.1. Quality Assurance 

The following criteria were applied to assure the quality of 
the flux data: 
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6.1.1. Stability, -2 < [ < 2, where • = (z - d)/L. To- 
gether, (2) and (4) hold for -2 < • < 1 [Carl et al., 1973; Hicks, 
1976]. For this research the limits were relaxed to include data 
for 1•1 < 2. From a total of 2697 raw half-hour fluxes, 89% 
remained after the stability editing. 

6.1.2. Wind speed, u, uc•,•c > 1.5 m s -•. A calculated wind 
speed, u calc is given by 

II, z-d 

¾ (7) z0 

A program was written to iteratively solve for a value of d 
which best fit the logarithmic wind profile equation, assuming 
a roughness parameter Zo of 0.13 canopy heights. An average 
zero-plane displacement of 13.2 _+ 0.2 m was determined for 
the aspen stand using the micrometeorological data collected 
during neutral times. 

The wind speed editing criterion was introduced because 
sonic anemometers can give error at low wind speeds due to 
flow distortion around the transducers. In addition, low- 
frequency cutoff error in the eddy correlation measurement is 
greater at lower wind speeds. The threshold wind speed of 
1.5 m s-• was selected arbitrarily, and 76% data recovery was 
achieved with stability plus wind speed editing. 

6.1.3. Quality, 0.8 < (u/uc•,•) < 1.2. The deviation of 
(U/U ca,c) from unity is an indication that the measurements, 
the theory, or both are in error. The data recovery fell to 42%, 
with the inclusion of the "quality" editing, and it prompted us 
to investigate whether the imposed limits of 0.8 to 1.2 were too 
stringent. When the limits were relaxed to include 0.6 < 
(u/uca•) < 1.4, the data recovery increased to 65%. However, 
for both CH 4 and N20 the mean fluxes did not change signif- 
icantly, and the original editing criterion was used in the anal- 
ysis programs. 

6.1.4. Flux within three standard deviations of the mean. 

Both the CH 4 and N20 half-hourly fluxes were normally dis- 
tributed, with standard deviations •r of 144 and 22 ng m- 2 s-•, 
respectively. A few large outlyers (up to 23•r and -70- for CH 4 
and N20 , respectively) remained after the editing criteria sec- 
tions 6.1.1-6.1.3 were applied. We chose to discard the tails of 
the CH 4 and N20 flux distributions because large outlyers can 
have an overpowering influence on the mean seasonal flux. 
Sensitivity tests showed that the mean fluxes did not change 
significantly for cutoffs between 2 and 50- from the mean; for 
both CH 4 and N:O, half-hourly fluxes within three standard 
devations of their respective means were retained. 

6.2. Footprint Considerations 

Before presenting the CH 4 and N20 fluxes and concentra- 
tion profiles, we pause to consider the footprint represented by 

each of layers A, B, C, and D. A footprint denotes the spatial 
extent and relative importance of upwind sources to downwind 
fluxes [Leclerc and Thurtell, 1990]. In order to assess the fetch 
at which the peak "A" level footprint occurred, Monique 
Leclerc (University of Georgia) and Shaohua Shen (University 
of Quebec at Montreal) ran large eddy simulations (100,000 
particles) using characteristics appropriate for the aspen tower 
site (Table 1). 

At z - d - 30 m (roughly corresponding to the sonic 
measurement level) and under neutral atmospheric stability, 
90% of the measured trace gas flux is expected to originate 
from within a distance of 2 km upwind of the tower, with a 
peak influence distance of 200 m (Table 1). During unstable 
conditions ([z - d]/L < 0), strong vertical m_ ixing promotes 
the growth of the internal boundary layer and decreases the 
peak footprint position. Conversely, stable atmospheric condi- 
tions suppress vertical mixing, leading to a slower internal 
boundary layer growth and greater fetch requirements [Leclerc 
and Thurtell, 1990]. 

The footprint varies with measurement height in addition to 
stability, and with decreasing height the footprint peak will 
approach the tower. Therefore we may think of the measure- 
ments at layers A, B, C, and D as representing footprints whose 
peak area of influence originates successively closer to the 
tower. Thus the concentration profiles are a helpful tool to 
investigate the direction of trace gas exchange from different 
footprints surrounding the aspen tower. 

6.3. Methane and Nitrous Oxide Concentration Profiles 

During the experiment the CH 4 and N20 TGAS units re- 
solved the concentration differences to 100-400 ppt and 20 
ppt, respectively, based on half-hour sampling periods. How- 
ever, the measured concentration differences were very small, 
and a single profile was constructed for each of CH 4 and N20 
over the full experiment. The profiles were prepared on the 
basis of assumed concentrations at the highest level (37.5 m): 
respective CH 4 and N20 concentrations of 1715 and 310 ppb 
were prescribed for the 37.5 height. The mean concentration 
differences measured for layers A, B, C, and D were then 
successively added to the imposed concentration at 37.5 m to 
generate the profiles. 

The concentration differences were calculated as (upper 
level concentration measurement) - (lower level concentra- 
tion measurement). Therefore a positive concentration differ- 
ence represents trace gas uptake, and a negative concentration 
difference indicates trace gas emission. Negative N20 concen- 
tration differences were recorded at each layer A, B, C, and D 
(Figure 3), indicating emission of N20 from each of their 
footprints. For CH4, whereas the concentration differences 
indicate CH 4 emission from both the A and the B layer foot- 

Table 1. 

Regimes 
Contribution of Upwind Sources to a Point Flux Measurement at z - d = 30 m Under Various Stability 

( z - d)/L 
•-Unstable-• •-Stable-• 

-2.0 - 1.5 - 1.0 -0.5 -0.25 0 0.25 0.5 1.0 1.5 2.0 

Fetch at which footprint peak occurs, m 20 25 75 100 125 200 900 2k 8k n/a n/a 
Fetch containing 90% of the cumulative flux, m 160 375 550 750 lk 2k > 10k > 10k > 10k > 10k > 10k 

The model was run using conditions appropriate for the aspen site. Data, courtesy of Monique Leclerc (University of Georgia) and Shaohua 
Shen (University of Quebec at Montreal). 
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Figure 3. Average N20 concentration profile measured at 
the aspen tower site. Measurements were made between April 
16 and September 16, 1994; canopy height was 21 m. 

prints, the trend reversed as the footprint approached the 
tower, and layers C and D were characterized by a net uptake 
of CH 4 (Figure 4). 

6.4. Methane and Nitrous Oxide Fluxes 

Over the 5-month measurement period, the above-canopy 
N20 flux averaged 1.4 ___ 0.5 ng m -2 s- 1 (again, by convention 
an upward flux is designated as positive). That is, a very small 
emission of N20 was measured over the field season. When the 
Camp Borden enhancement factors were applied (section 4.2), 
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Figure 4. Average CH 4 concentration profile measured at 
the aspen tower site. Measurements were made between April 
16 and September 16, 1994; canopy height was 21 m. 
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Figure 5. N20 fluxes measured at the old aspen tower site, + 
standard error. The data presented are 2-week averages of 
half-hourly fluxes. 

the mean N20 flux increased to 1.9-2.5 ng m -2 s -1. The 
measured fluxes were very small and are presented as 2-week 
averages (Figure 5). Two-week averaging periods were se- 
lected as a compromise between minimizing the standard error 
and retaining a sufficient number of data points to reveal any 
trends. The magnitude of the N20 flux did not vary signifi- 
cantly over the course of the experiment. 

The flux of CH 4 above the aspen canopy averaged 15.7 + 2.8 
ng m -2 s -1 over the field season. That is, there was a net 
emission of CH 4 from the forest. Once again applying the 
Camp Borden enhancement factors, the mean emission of CH 4 
from the aspen site increased to 21-28 ng m -2 s -1. As with 
N20 , the measured CH 4 fluxes were very small and are pre- 
sented as 2-week averages (Figure 6). Peak emissions of 30-36 
ng m -2 s -1 were measured from late July to mid-September. 
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Figure 6. CH 4 fluxes measured at the old aspen tower site, + 
standard error. The data presented are 2-week averages of 
half-hourly fluxes. 
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6.5. Temperature, Precipitation, and Wetness 

Two-week averages of soil temperature measured near the 
aspen tower are presented in Figure 7, and precipitation re- 
corded by using a Belfort gage is presented in Figure 8. In 
addition, a color map of the wet areas surrounding the site was 
prepared on the basis of 1968 air photos and field work con- 
ducted in the mid-1970s (map not shown; copies are available 
upon request). The map resolves small wet areas to the north, 
southwest, and southeast of the tower within the unstable foot- 
print, and the landscape features moderate wet area coverage 
(wet herb and sedge, wet shrub, and/or black spruce) in most 
directions from the tower within the stable footprint. 
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Figure 8. Precipitation measured at the aspen tower site. 

7. Discussion 

7.1. Factors Controlling Nitrous Oxide Exchange 

Nitrous oxide is produced during nitrification and denitrifi- 
cation by soil bacteria. Nitrification is thought to be the major 
source of N20 in aerobic soils [Bremner and Blacknet, 1978; 
Sahrawat and Keeney, 1986], and high rates of nitrification are 
generally associated with strongly aerobic conditions [Focht 
and Verstraete, 1977]. Denitrification activity is generally asso- 
ciated with anaerobic soil conditions [Groffman, 1991]. 

The main controllers of N20 production include (1) the 
availability of ammonium (NH•-), nitrate (NOj), and nitrite 
(NOS-); (2) soil aeration and soil water content; (3) carbon 
availability; and (4) soil temperature [Goodroad and Keeney, 
1985; Groffman, 1991; Granli and Beckman, 1994]. In the sec- 
tions that follow, each of these controlling factors is discussed 
in relation to the N20 fluxes measured at BOREAS. 

7.1.1. Nitrate and ammonium availability. The initial 
flux measurements at the aspen site coincided with the tail end 
of snowmelt. Previous studies of annual N20 emissions from 
agricultural soils have recorded high N20 fluxes during the 
spring thaw [Goodroad et al., 1984; Cares and Keeney, 1987; 
Wagner-Riddle et al., 1997]. Proposed reasons for the high 
spring thaw emissions include rapid nitrification/denitrification 
at the soil surface and the release of N20 accumulated in the 
soil below the frozen layer [Cares and Keeney, 1987]. 

High spring thaw emissions were not measured at the aspen 
site (Figure 5). Similarly, Wagner-Riddle et al., [1997] did not 
observe high spring N20 emissions from alfalfa and bluegrass 
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Figure 7. Soil temperature at the aspen tower. Data courtesy 
of A. Black, Department of Soil Science, University of British 
Columbia. 

plots. They concluded that the absence of high springtime N:O 
fluxes was linked to low NOS- levels measured at the alfalfa and 
bluegrass sites. At the aspen site, very small NOS- levels (<1 
mg NO•- - N L -•) were measured almost consistently at the 
aspen site between May 29 and September 15, 1995, at a depth 
of 15 cm (P. Voroney, personal communication, 1996). (For 
comparison, safe drinking water levels in Ontario are 10 mg 
NO3- - N L-•). The availability of NH•- is also expected to be 
small at the aspen site (P. Voroney, personal communication, 
1996). 

Although it would appear that the low N20 emissions are 
linked with low NO• levels, it must be emphasized that the 
relationship between NOS- levels and N20 production is com- 
plex (E. Beauchamp, personal communication, 1996). Indeed, 
a relationship between NO• pool size and N20 emissions is 
difficult to establish since N20 is produced both during the 
nitrification that produces NO•- and the denitrification that 
consumes NO_•. Instead, Firestone and Davidson [1989] pro- 
pose a model whereby N20 flux is regulated by the rates of 
nitrification and denitrification and by the ratios of end prod- 
ucts. At the aspen site, low rates of nitrification and denitrifi- 
cation throughout the growing season may help to explain the 
consistently small N20 fluxes. 

7.1.2. Soil aeration and moisture. In general, denitrifica- 
tion rates increase with soil water content, and nitrification 
rates increase with water content until oxygen availability be- 
comes restricted; therefore N:O production tends to be great- 
est when soils are wet but not waterlogged [Granli and Beck- 
man, 1994]. At the aspen site, somewhat higher N20 emissions 
were recorded under stable than unstable atmospheric condi- 
tions (1.8 _+ 0.4 ng m -2 s -• versus 0.7 _+ 1.2 ng m -• s -•, 
respectively). From the footprint considerations it is possible 
that emissions from the greater wet area within the stable 
above-canopy footprint (section 6.5) contribute to a slightly 
higher N20 flux under stable atmospheric conditions. 

7.1.3. Soil carbon. The aspen site is a deciduous ecosys- 
tem, and a degradable supply of organic material is added to 
the soil each year. Although N20 emissions are expected to be 
small when decomposition takes place under aerobic condi- 
tions [Granli and Beckman, 1994], under wet conditions the 
input of organic matter can stimulate N20 production [Tietema 
et al., 1991]. At the aspen site, higher than average rainfall was 
measured in May and June, with lower than average rainfall in 
July and August (Figure 8). However, higher N:O fluxes were 
not observed in May and June, and it does not appear that wet 
litter decomposition affected the observed emissions. 

7.1.4. Soil temperature. Nitrous oxide emissions have 
been found to increase with soil temperature [Granli and Beck- 
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man, 1994]. However, at the aspen site the N20 flux did not 
vary significantly over the field season (Figure 5). Indeed, the 
coefficient of determination r 2 between 2-week means of N20 
flux and soil temperature ranged from r 2 = 0.09 at 2 cm to 
r 2 : 0.26 at 100 cm. Therefore temperature appears to have 
exerted only a very weak control over the N20 emissions. 

The 1 '2 values suggest that the fluxes agree better with a time 
lag corresponding to the 100 cm depth. At this point we pause 
to emphasize that the soil temperature was measured at the 
base of the tower, where the soil was drier than the surround- 
ing valleys. Therefore we expect the time lags for the deeper, 
drier soil close to the tower to be similar to lags for more 
shallow but wetter soil within the N20 flux footprint. 

7.2. Factors Controlling Methane Exchange 

Methane is produced during the microbial decomposition of 
organic matter [Mah et al., 1977; Cicerone and Oreroland, 
1988]. The bacteria involved are strict anaerobes and require 
reducing environments [Tyler, 1991]. Under aerobic condi- 
tions, CH4-oxidizing bacteria can both limit the flux of CH 4 
from many sources and may be a significant sink for atmo- 
spheric CH 4 [Rudd and Taylor, 1980; Keller et al., 1983; Hatriss 
et al., 1985; Sch•tz et al., 1989b]. Together, the balance between 
CH 4 production and CH 4 consumption determines the flux to 
the atmosphere [Rudd and Taylor, 1980; Sch•tz et al., 1989b]. 
In addition, factors including soil temperature, soilp H, and the 
availability of organic substrates control the surface- 
atmosphere exchange of CH 4 [Conrad, 1989]. The key control- 
ling factors of the CH 4 exchange at BOREAS are discussed 
below. 

7.2.1. Soil temperature. Significant correlations between 
soil temperature and CH 4 emissions have been reported from 
ecosystems, including rice paddies [Holzapfel-Pschorn and 
Seiler, 1986; Sch•tz et al., 1989a; Simpson et al., 1995] and 
peatlands [Crill et al., 1992]. 

At the aspen site, peak CH 4 fluxes were measured from late 
July to mid-September (Figure 6). Indeed, soil temperature 
appears to have exerted a strong control on the CH 4 emissions: 
the coefficient of determination r 2 between 2-week means of 

flux and temperature ranged from r 2 = 0.63 at 2 cm to r 2 = 
0.70 at 100 cm. As with the N20 results, the r 2 values suggest 
that the CH 4 fluxes agree better with a time lag corresponding 
to the 100 cm depth. Once again, this suggests a similarity 
between the time lags for the drier soil at depth near the tower 
and the wetter soil closer to the surface within the CH 4 flux 
footprint. 

7.2.2. Soil moisture and redox status. Previous investiga- 
tions at forest sites have reported both CH 4 uptake [Keller et 
al., 1986; Born et al., 1990; Crill, 1991; Whalen et al., 1992; 
Arebus and Christensen, 1995; Roulet et al., 1995; Born et al., 
1990] and emission [Keller et al., 1986; Roulet et al., 1995], 
generally depending on wetness. At the aspen site, the CH 4 
concentration profile provides some insight into the balance 
between CH 4 production and consumption. 

We recall that whereas CH 4 emission was recorded from 
both the A and the B layer footprints, the measurements at 
layers C and D indicated a net uptake of CH 4 (Figure 4). 
Again, since the tower was located on top of a gentle hill, the 
soil near the base of the tower is expected to be drier than in 
the neighboring valleys. That is, the C and D layer footprints 
appear to coincide with the drier soil immediately surrounding 
the tower. However, with increasing distance from the tower, 
wet patches were spotted throughout the field season: although 

the aereal map indicates wet areas to the north, southeast, and 
southwest of the tower within a 2-km radius, smaller wet 
patches beyond the resolution of the map were found within a 
few hundred meters of the tower, even in August following 
several weeks with little rain. Therefore CH4-producing areas 
appear to coexist with areas of CH 4 consumption at the aspen 
site. 

On the whole, it appears that there were sufficient CH 4- 
producing wet areas in the A and B layer footprints to over- 
whelm uptake from drier areas and produce a net emission of 
CH 4 from these larger footprints throughout most of the ex- 
periment. Similarly, in a BOREAS study on the controls of 
CH 4 emissions along moisture gradients in the Canadian bo- 
real zone, Moosari and Crill [1996] emphasized the importance 
of hot-spot CH 4 sources contained within wetlands against a 
background of small upland CH 4 sinks. 

Further, it appears that the seasonal warming of the wet 
areas favored an enhanced production of CH 4 and gave rise to 
the peak emission of CH 4 measured in the late summer. In 
addition, soil drying in other areas also may have contributed 
to the emission maximum. Arebus and Christensen [1995] re- 
port maximum rates of both CH 4 uptake and emission from 
grassland sites as the soils dried, presumably as diffusion was 
facilitated. 

The above-canopy fluxes featured significantly higher CH 4 
emissions under stable than unstable atmospheric conditions 
(21.0 _+ 2.7 ng m -2 s -• versus 8.0 _+ 5.7 ng m -2 s -•, respec- 
tively). It is likely that the larger fluxes under stable conditions 
were caused by a greater area of CH4-emitting wet surfaces 
within the stable above-canopy footprint (section 6.5). 

7.3. Comparison With Other Ecosystems 

The fluxes of CH 4 and N20 measured at the aspen site are 
summarized together with CH 4 exchange measurements from 
other BOREAS sites in 1994 (Table 2; it is noted that no other 
groups in BOREAS which we are aware of reported N20 
fluxes). For comparison, CH 4 and N20 measurements from 
two other forest ecosystems also have been included. 

The net emission of CH 4 measured at the aspen site in the 
southern study area (SSA) contrasts strikingly with uptake 
reported at both aspen and jack pine sites in the northern study 
area (NSA) (Table 2). While factors including ecosystem and 
climatic differences are expected to affect the direction and 
magnitude of the CH 4 fluxes, measurement technique is an- 
other possible contributing factor. The NSA jack pine and 
aspen measurements featured chambers, whereas the SSA as- 
pen fluxes reported in this paper used integrative micrometeo- 
rological techniques. We recall that the CH 4 concentration 
profile indicated a net uptake of CH 4 from footprints close to 
the SSA aspen tower (Figure 4). Had the micrometeorological 
measurements at the SSA aspen site been replaced by cham- 
bers placed close to the tower base, it is likely that a net uptake 
of CH 4 would also have been reported at this site. The profile 
results emphasize an awareness of spatial source and sink 
heterogeneity when comparing chamber and micrometeoro- 
logical results and when extrapolating measurements over 
larger scales. 

The mean emission of CH 4 reported in this study exceeded 
the magnitude of the uptake measured in Danish and tropical 
forest soils (Table 2). However, the CH 4 exchanges from the 
boreal, Danish, and tropical forests were all of much smaller 
magnitudes than the emissions from boreal fen sites. At the 
SSA aspen site, it is suggested that hot-spot CH4-emitting 
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Table 2. Methane and Nitrous Oxide Fluxes Measured From Various Forest Ecosystems 

Ecosystem Flux, ng m -2 s -1 Technique 

CH 4 Boreal aspen, SSA 21-28 a micrometeorology 
boreal aspen-mature, NSA b -8 chamber 
boreal aspen-intermediate, NSA b - 15 chamber 
boreal jack pine, NSA c -15-0 chamber 
boreal black spruce d -5.0-3.1 chamber 
boreal poplar/aspen d -6.4-2.2 chamber 
Danish beech forest ½ - 1.6 chamber 

tropical forest soils f -1.9 chamber 
boreal fen, SSA g 2250 micrometeorology 
boreal fen, NSA h 150-1300 chamber 

N20 boreal aspen stand 1. 9-2.5 • micrometeorology 
boreal poplar/aspen d -0.1-0.8 chamber 
boreal black spruce d -0.4-0.8 chamber 
Danish beech forest ½ 8 chamber 

tropical forest soils f 12 chamber 

Results from this study are presented in italics; a positive flux denotes emission, and a negative flux 
indicates uptake. Methane fluxes are reported in ng CH 4 m -2 s -1, and nitrous oxide fluxes are given in ng 
N20 m -2 s -1. NSA, northern study area; SSA, southern study area. 

•The means include an enhancement factor of 1.35-1.80 to compensate for the amount by which 
similarity theory is believed to underestimate the flux at the BOREAS measurement heights (section 4.2). 

bSavage et al. [1997]. 
CSavage et al. [1996]. 
dSchiller and Hastie [1996]. 
CAmbus and Christensen [1995]. 
fKeller et al. [1986]. 
gSuyker et al. [1996]. 
hBellisario et al. [1996]. 

areas occupying only a few percent of the footprint were suf- 
ficient to overwhelm uptake in the remaining areas. 

Whereas mean seasonal N20 emissions are reported in this 
study, Schiller and Hastie [1996] report both mean monthly 
emission and uptake at two boreal forest sites (Table 2). How- 
ever, all the boreal N20 fluxes were smaller than Danish and 
tropical forest emissions. Climate and ecosystem are expected 
to be the main contributors to the observed differences, and 
measurement technique may have partly contributed to the 
observed difference. In a detailed comparison, Smith et al. 
[1995] report that chamber measurements of N20 exchange 
above an agricultural grassland were greater than micrometeo- 
rological results. 

8. Summary and Conclusions 
Micrometeorological measurements of CH 4 and N20 ex- 

change were made over a 5-month period at a boreal aspen 
site. Nitrous oxide emission was measured from the aspen site, 

--2 
although the fluxes were very small, averaging 1.4 + 0.5 ng m 
s- • or 1.9-2.5 ng m -2 s-•, including an enhancement factor to 
compensate for the amount by which similarity theory under- 
estimates scalar fluxes at the heights of the BOREAS mea- 
surements. Low nitrification and denitrification rates may ac- 
count for the small N20 emissions. 

Keller et al. [1986] report that on the average, CH 4 is con- 
sumed by soils. In contrast to net uptake recorded at other 
upland BOREAS sites, a net emission of CH 4 was recorded 
above the aspen forest. The results draw attention to different 
measurement techniques as a possible contributor to the ob- 
served difference. The CH 4 flux averaged 15.7 _+ 2.8 ng m -2 
s -• over the experiment, or 21-28 ng m -2 s -•, including the 
enhancement factor, with peak emissions from late July to 
mid-September. A strong correlation was found between the 
CH 4 emissions and the soil temperature, such that this re- 

search raises the possibility of increased CH 4 emissions from 
this and other similar boreal sites in the case of future warming 
in boreal areas. 

Whereas CH 4 emission was recorded above the canopy, 
consistent uptake was recorded from footprints closer to the 
tower where the soil was drier. Overall, it appears that emis- 
sions of CH 4 from wet patches located throughout the above- 
canopy footprint overwhelmed uptake from drier areas and 
produced a net emission of CH 4 from the forest. Later in the 
season, it appears that warmed wet patches together with fa- 
cilitated diffusion of CH 4 from drying areas contributed to a 
seasonal maximum of emitted methane. 

Given the relative brevity of the BOREAS experiment, the 
results must be considered within the context of their overall 

representativeness. Indeed, 1994 was a record warm, frost-free 
year in the southern BOREAS study area [Sellers and Hall, 
1996], in which our site was located. Therefore rather than 
representing a current baseline of trace gas exchange at this 
site, the results from the 1994 field season are expected to 
foreshadow the behavior of the boreal forest in the case of 

global change [Sellers and Hall, 1996]. Continued monitoring 
of the trace gas exchanges at this site would serve both to help 
establish the baseline status quo and to detect and assess the 
possible impact of global change on the boreal forest biome. 
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