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Abstract. We describe a fast response methane sensor based on the absorption of radiation generated 
with a near-infrared InGaAsP diode laser. The sensor uses an open path absorption region 0.5 m long; 
multiple pass optics provide an optical path of 50 m. High frequency wavelength modulation methods 
give stable signals with detection sensitivity (SIN = 1, 1 Hz bandwidth) for methane of 65 ppb at 
atmospheric pressure and room temperature. Improvements in the optical stability are expected to 
lower the current detection limit. We used the new sensor to measure, by eddy correlation, the CH4 
flux from a clay-capped sanitary landfill. Simultaneously we measured the flux of CO2 and H20. 
From seven half-hourly periods of data collected after a rainstorm on November 23, 1991, the average 
flux of CH4 was 17 mmol m -2 hr-1 (6400 mg CH4 m -2 d - l )  with a coefficient of variation of 25%. 
This measurement may underrepresent the flux by 15% due to roll-off of the sensor response at high 
frequency. The landfill was also a source of CO2 with an average flux of 8.1 mmol m -2 hr -1 (8550 
mg CO2 m-2 d-l)  and a coefficient of variation of 26%. A spectral analysis of the data collected from 
the CH4, CO2, and H20 sensors showed a strong similarity in the turbulent transfer mechanisms. 
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1. Introduction 

Levels  of  a tmospher ic  methane are increasing at a rate near  1% per year  (Bolle et 

at., 1986). To understand more  fully the causes for this rise, marly studies have been 
under taken to quantify the global sources and sinks of  methane,  but uncertainties 

in the methane budget  remain large (Cicerone and Oremland, 1988; Khalil  and 
Rasmussen ,  1990; Crutzen, 1991). The sources of  methane are many: anaerobic 

decay of  organic matter  generates CH4 in a diversity of  environments.  Most  o f  the 
research has focused on assessing CH4 fluxes and associated processes for natural 
wetlands, tundra, rice paddies,  b iomass  burning and enteric fermentation. 

Landfills have been identified as significant anthropogenic sources of  atmo- 
spheric CH4 and are bel ieved to account  for 6 to 18% of  the total CH4 emis-  
sions (Bingemer  and Crutzen, 1987). Quantitatively, this amounts to approximate-  
ly 30 x 106 T / y r  to 70 × 106 T/yr,  with the majority of  methane produced in the 
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industrialized nations because they generate a disproportionate amount of waste. 
The large uncertainty in the CH4 emissions from landfills stems from uncertainties 
in the estimates of the type and amount of waste material, past and present landfill 
practices, and the role of CH4 oxidizing microbes (Cicerone and Oremland, 1988). 
Few direct measurements of CH4 emission rates from landfills have been reported 
in the open literature (Bogner and Vogt, 1991; Tohjima and Wakita, 1993). 

The methane produced at landfills need not be released to the atmosphere. 
Landfill gas, chiefly methane and carbon dioxide, can be recovered from landfills 
for use directly in local electrical generators or as feedstock for producing natural 
gas. Estimates of CH4 recovery rates range from 30 to 90% for systems in use today 
(Senior and Kasali, 1990). Landfill gas recovery can be economical, especially at 
more recent facilities. Recovery represents a possible method for significantly 
reducing global CH4 emissions. 

Even at strong sources such as landfills, methane is present in the atmosphere 
only in trace amounts, and the measurement of its flux is experimentally challeng- 
ing. Both micrometeorological and chamber methods have been used to measure 
methane fluxes from natural sources. Soil diffusion and plume dispersion methods 
have been used to measure methane flux at landfills. In the soil diffusion experiment 
(Bogner and Vogt, 1991), gas samples were drawn at various depths in the soil and 
analyzed for methane content. Using the soil diffusion properties, the profile of con- 
centration vs. sampling depth was modeled to extract a methane flux. This method 
gives detailed information about where in the soil the methane is generated (and 
where it is consumed), but it samples gas from a very small area. It is very sensitive 
to variations in soil transport and other inhomogeneities in the system under study; 
Bogner and Vogt (1991) report a wide range of methane fluxes as determined by 
this method. In a recent study (Tohjima and Wakita, 1993), atmospheric methane 
concentration profiles were measured by a flame ionization detector at distances 
of several kilometers downwind from a large landfill in Tokyo bay. Atmospheric 
plume dispersion models were used to compute the very high source emission rate, 
which averaged 200 g m -2 d -1. 

The widely used chamber methods have advantages that include low cost, high 
sensitivity, relative ease of implementation, and the variety of surfaces over which 
this technique can be applied. Disadvantages include intermittent measurements, 
suppression of the effects of atmospheric turbulence on gas exchange, and alteration 
of radiation, temperature, and humidity within the enclosure. Chambers measure 
the flux through a well defined surface, typically of the order of one square meter. 
Unfortunately, some methane sources are very inhomogeneous on this length scale. 
The landfill we studied exhibited large variations in emissions; after a rainstorm, 
we saw gas bubble out of numerous small vents. Because so many measurements 
are required, using chambers to determine the average flux from an inhomoge- 
neous source quickly becomes tedious. Moreover, the possible measurement bias 
introduced by using chambers to assess fluxes has yet to be evaluated. Recently, 
Moore and Roulet (1991) compared CH4 emission rates from a static chamber 
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with those from a co-located dynamic enclosure. From their comparison, the fluxes 
derived from the static chambers were on average 20% lower than those obtained 
from dynamic chambers. Despite these drawbacks, until recently only chamber 
techniques were used to measure  CH4 emission rates. 

Eddy correlation is a micrometeorological method which can provide continu- 
ous, direct measurement of unperturbed CH4 exchange rates. By rapidly measuring 
both the instantaneous concentration, ci, and vertical wind velocity, wi,  the vertical 
turbulent flux can be determined as 

- - - ¢)). 
F c  ----~ Tt .__ 75 

(1) 

The bracketed quantities denote an average which is subtracted from the instanta- 
neous values. Atmospheric turbulence naturally provides an integrated average of 
the flux from a 'footprint' upwind of the sensors, with dimensions of hundreds of 
square meters. For methane, as with many other trace species, the application of 
this method has been limited by the availability of fast response sensors. Recently, 
three research groups have devised fast methane sensors using mid-infrared lasers. 
Instruments using lead salt lasers have been applied to measure fluxes in a suburban 
research park (Zahniser et al., 1987; Anderson and Zahniser, 1991) and a northern 
peatlands (Verma et al., 1992; Hastie et al., 1983), and in airborne measurements 
as part of the NASA GTE/ABLE experiment in Alaska (Sachse et al., 1991; Ritter 
et al., 1992). A Zeeman-split helium neon laser at 3390 nm has been reported by 
McManus et al. (1989) and used in ground based measurements during GTE/ABLE 
(Fan et al., 1992). 

Near-infrared absorption features can also be used for fast response monitor- 
ing of methane concentrations (Mohebati and King, 1988; Shimose et al., 1991; 
Uehara and Tai, 1992). These features, which arise due to vibrational overtones 
or combinations, have smaller cross sections for absorption than mid-infrared 
fundamentals, but this drawback is offset by several practical advantages unique 
to this wavelength region. Single frequency near infrared diode lasers and high 
quantum efficiency detectors have been engineered for fiber optic communication 
applications. These components feature room temperature operation, small size 
and weight, low power requirements, and high reliability. Commercial InGaAsP 
distributed feedback (DFB) near-IR diode lasers can be fabricated in the 1200 to 
1700 nm wavelength region; single mode output power of several mW is typi- 
cal. Detection techniques based on high frequency modulation of the laser current 
yield sensitivities for measuring 1 part in 106 absorbance or smaller (Bomse et al., 
1992). 

At Southwest Sciences, we have developed a fast response methane sensor 
based on the absorption of radiation from a 1650 nm single mode InGaAsP diode 
laser. With low power requirements, and free from cryogenic coolants, this sensor 
is well suited for field use. High frequency wavelength modulation methods were 
used to lock the laser to the absorption feature while continuously measuring 
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the absorbance. We evaluated the accuracy and stability of the instrument in our 
laboratory. We then tested the instrument in the field in a one week experiment to 
measure the methane flux from a landfill near the NOAA laboratory in Oak Ridge, 
Tennessee. Although measurements were made on the last two days, the calibrated 
data presented here were obtained only on the last day. As expected, the landfill 
was a strong source of methane, emitting an average flux of 17 mmol m -a hr - l  
(6400 mg m -2 d- l ) .  Simultaneously we measured the flux of sensible heat, H20, 
and CO2. Power and co-spectral statistics are presented to evaluate the sensitivity 
and response characteristics of the CH4 sensor. Statistical methods are also used to 
estimate the lowest CH4 flux that can be detected with the current sensitivity and 
noise characteristics. 

2. Experimental Procedures 

2.1. SITE DESCRIPTION 

A one week experiment (18-23 November, 1991) was conducted at a sanitary 
landfill located near the U.S. Department of Energy's (DOE) Y-12 facility in Oak 
Ridge, Tennessee, U.S.A. The landfill is generally rectangular area with dimensions 
of 350 m by 190 m. The landfill is uniformly covered with at least 45 cm of 
native soil-clay mixture. The waste buried in the landfill consists mostly of paper 
products, packaging material, and food waste from plant cafeterias. At the time 
of the experiment, the area was covered with biologically dormant grasses. The 
instrumentation was located on a telescoping mast at a height of 2.5 m, situated 
roughly in the middle of the landfill. A mobile home unit equipped with a 5 kW 
generator was located approximately 35 m north of the tower. At times during the 
week, wind shifts brought generator exhaust to the tower, resulting in spikes in 
the CO2 and H20 levels, but this did not occur during the measurement period we 
report here. 

2.2. METHODOLOGY AND INSTRUMENTATION 

The eddy correlation method was employed to measure the turbulent exchange of 
sensible heat, H20, CO2, and CH4 between the atmosphere and the landfill. The 
application of the eddy correlation method requires fast response instrumentation 
to measure the three components of the wind vector and the scalars of interest (see 
Businger, 1986; Baldocchi et al., 1988). A three-dimensional sonic anemometer 
(Kaimal et al., 1990) was used to measure the components of the wind vector 
and virtual temperature. Fast response measurements of H20 and CO2 were made 
with an open-path, infrared absorption gas analyzer (Auble and Meyers, 1992); the 
methane instrument is described below. Other standard meteorological measure- 
ments included wind speed and direction, air temperature, relative humidity, solar 
and net radiation, soil temperatures at three depths (2, 4, and 6 cm), and the ground 
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surface temperature. The heat conduction rate into the soil was determined with 
ground heat flux plates inserted at a 1 cm depth. 

2.3. DIODE LASER METHANE SENSOR 

The methane sensor was designed to provide fast response with ~ 1% accuracy for 
ambient methane, in a lightweight, low power package. The instrument consists 
of a diode laser and control electronics, the optical probe, detection/demodulation 
electronics, and a portable computer. A near infrared distributed feedback diode 
laser operating at 1650 nm was selected due to its low power, room temperature 
operation, and single mode output. The laser wavelength can be tuned by controlling 
the temperature (dA/dT = 0.1 nrrdK) and current (dA/dI = 6 × 10 -3 nm/mA). The 
bandwidth for current tuning is near 1 GHz. To achieve the required sensitivity, 
we used high frequency wavelength modulation methods (Silver, 1992; Bomse, 
1991; Bomse et al., 1992). The optical probe was a Herriott style multiple pass cell 
(Herriott etal., 1964) open to the atmosphere. The open path approach for eddy flux 
measurements permits the use of large mirrors, and hence a large number of passes, 
without introducing time delays or time response limitations that occur when air is 
sampled through a closed cell, and without the need for vacuum pumps. 

2.3.1. Theory 

The near infrared diode laser sensor measures methane by absorption of the R(2) 
rotational line in the 2u3 overtone band of 12CH4 near 1650 nm (Shimose et al., 
1991; Uehara and Tai, 1992). Spectral parameters for this band are well known 
(Varanasi, 1971; Bobin, 1972; Darnton and Margolis, 1973; Margolis, 1973; Saran- 
gi and Varanasi, 1974; Fox et al., 1980). At atmospheric pressure, this line is 
Lorentzian with a width of approximately 0.03 nm. The laser sensor is based on 
the use of high frequency wavelength modulation techniques to quantify small, 
wavelength dependent power changes due to this spectrally narrow absorption fea- 
ture. We briefly review those aspects important to understanding the sensitivity 
and accuracy of the methane flux results. From Beer's law, the absorbance may be 
written 

I(A) = 

~o ' (2) 

where the optical depth c~ is given by 

o~ = cr(A)r~g + baseline(A) (3) 

= S G(A)ng  + baseline(A). (4) 

Multiple pass optics were used to achieve an optical path length g of 50 m. The 
methane number density n is the quantity to be determined. In Equation (4), the 
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cross section o- is shown as the product of the line strength, S, and a normal- 
ized lineshape function, G(A), that contains the wavelength dependence. Pressure 
broadening dominates G(A), which can be approximated as a Lorentzian with half- 
width at half maximum 7Ptotal (7 is the pressure broadening coefficient). Both S 
and G(A) are temperature dependent, and G(A) depends also on gas pressure and 
composition. In the absence of modulation effects, the peak absorbance depends 
only on the mixing ratio of methane, and is about 2 x 1 0  - 3  for ambient methane; 
increasing the pressure of all gases increases only the spectral width of the feature, 
but not the peak absorbance. Finally, we include an explicit wavelength dependence 
for the baseline transmission even in methane-free air. 

In order to determine the methane concentration, we must estimate the back- 
ground function and measure the laser power, I0. In addition, the laser power is 
contaminated by excess ' l / f '  noise. We reduce the effects of excess noise and 
slowly varying background terms by modulating the wavelength of the laser at two 
frequencies (Bomse, 1991): 

A(t) = A0 + A sin(ftt) + 6 sin(wt),  (5) 

then stepwise demodulating at 4~  = 20 MHz, then 2a; = 20 kHz to measure the 
methane concentration. The resulting signals-  our measurement of c~ - are pressure 
dependent. The pressure dependence has not yet been investigated experimentally 
for our instrument, and a theoretical expression for the doubly demodulated signal 
has not been presented in the literature. However, for the corresponding case where 
only a single modulation frequency w is applied, the theory was worked out by 
Arndt (1965). The singly demodulated signal is given by a Chebychev integral that 
depends on the ratio of the wavelength modulation amplitude, 6, to the pressure 
dependent line width, "),P. This integral must be evaluated numerically, but two 
cases are worth noting: when 6/7P << 1, the signal at kcJ is proportional to 
( 6 / 7 P )  k, and the signal reaches a maximum for 6/7P = 2.2 (if k = 2) or 3.9 
(k = 4) (Silver, 1992). 

We expect that the results of Arndt (1965) can be generalized to describe the 
dual modulation and demodulation used here. We have observed that the signal 
amplitude behaves approximately as the product of the amplitudes expected for 
each one dimensional demodulation step. We therefore estimate the effects of small 
modulation induced changes on the measured value of c~ by expanding each of the 
one dimensional Chebychev integrals, C1 and C2, in a Taylor series in m = 6/~P 
or M = A/TP. Keeping the linear terms only gives 

/kO~exp _ d log C~ A m  + d log C2 A M  (6) 
C~exp d l o g m  m d l o g P  M 

The required derivatives can be found from a log-log plot of signal vs. modulation 
index (Figure 1). The slope varies from +4  to - 1  for the 4ft demodulation, and 
from -t-2 to - 1 for the 2cJ demodulation. 
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Fig. 1. Maximum demodulated harmonic signals calculated for a Lorentzian pressure- 
broadened absorption line. The horizontal scale is the ratio of the modulation amplitude to the 
linewidth, see text. The vertical scale is normalized by the peak absorbance of an unmodulated, 
optically thin Lorentzian. 

Although laser power changes of 3 × 10 - 7  in a 1 Hz bandwidth have been 
detected in our lab by high frequency wavelength modulation methods, instabilities 
in the baseline function in many cases limit the sensitivity that can be achieved. This 
baseline arises in part from inherent nonlinearities in the laser output power (Uehara 
and Tai, 1992), and in part from weak interference fringes from stray reflections 
in the optical path. Such fringes are difficult to eliminate, since a stray reflection 
with power of 10 .8  of the main beam will produce an etalon of 10 -4 amplitude, as 
is easily verified by remembering that optical power is proportional to the square 
of the electric field. Several schemes for reducing interference effects have been 
developed (Cassidy and Reid, 1982; Webster, 1985; Cooper and Carlisle, 1988; 
Silver and Stanton, 1988). We did not use etalon suppression in our preliminary 
test. Instead we observed that lower values of the modulation amplitude gave the 
optimum signal/background ratio, so we simply reduced the modulation amplitudes 
below those which gave maximum signals. Further development of the instrument 
is aimed at reducing or stabilizing the optical interferences to permit the use of 
a higher modulation amplitude, and hence optimum sensitivity, without baseline 
drift. 
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Fig. 2. Physical configuration of the methane sensor. The upper mirror is mounted on a 
translation stage. Small beam steering mirrors, not labeled in the figure, direct the laser into 
the multiple pass region, and focus the output onto the photodetector. A clamp at the top of the 
vertical rods holds the sensor on the meteorological tower. 

2.3.2. Physical Configuration 

Figure 2 shows the methane sensor. A vertical open path multiple pass cell (Herriott 
et al., 1964) consisting of two 10 cm diameter mirrors defined the sample volume. 
The mirrors were ground with a 60 cm radius of curvature, dielectric coated for 
high reflectivity, and spaced about 50 cm apart to give 106 passes through the 
sample region. The number of passes was determined by measuring, for several 
settings of the Herriott cell, both the mirror spacing and the optical path induced 
phase shift of the 5 MHz modulation carrier frequency. The base path length was 
chosen to give good high frequency response for moderate vertical wind speeds. 
A hole in the lower mirror (5 mm diameter, 1 cm from the mirror edge) was used 
to couple the laser beam into and out of the cell. An RF shielded box mounted 
25 cm below the lower mirror housed the laser. The 1 mm diameter InGaAs 
detector and its transimpedance preamplifier were mounted 10 cm below the lower 
mirror; a 25 mm focal length mirror directed the light onto the detector. The DC 
and high frequency components of the photocurrent were both available from the 
preamplifier. 
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The multipass cell, laser and detector were mounted on an open frame of 3/8 H 
steel rods; this package was 110 cm high, less than 30 cm wide, and weighed 7 
kg. Commercial optical breadboard mounting hardware was used to position the 
laser and mirrors. The upper mirror was mounted on a translation stage to permit 
fine adjustment of the mirror spacing; sub-millimeter adjustments were necessary 
to obtain large numbers of passes. A photograph of the instrument has appeared 
elsewhere (Stanton and Hovde, 1992). 

The electronic layout is shown in Figure 3. The laser was powered by a low 
noise current supply, ILX Lightwave model LDX 3620. The laser temperature was 
stabilized by two stages of thermoelectric cooling to about 0.01 °C. Active locking 
of the laser wavelength to the center of the methane transition was accomplished 
using the integrated error from the atmospheric methane signal, with the techniques 
described by B omse (1991). The error signal was summed with a 10 kHz sine wave 
modulation and impressed onto the laser current through the modulation port of the 
current supply. High frequency wavelength modulation at 5 MHz, generated from 
the internal oscillator of a Palo Alto Research model PAR 100 lock-in extender, 
was coupled via a Pi-type filter directly onto the laser. A portion of the 5 MHz 
sine wave was upconverted to 20 MHz and used as the local oscillator in the PAR 
100 for the first demodulation step. The PAR output was sent to two commercial 
lock-ins for demodulation, one set at 10 kHz to provide the line-locking signal, 
and the other referenced to 20 kHz to provide the signal proportional to methane 
concentration times laser power (Bomse, 1991). Support electronics were located 
remotely at the base of the tower and in a trailer 30 m downwind. The power 
consumption for the instrument, including all support electronics and the laptop 
computer, was about 200 W at 120 Vac, 60 Hz. Significant reduction in power 
consumption will be possible through the use of custom detection electronics. 

The 0.1 s, 6dB/octave time constant on each of the lock-ins filtered the error and 
concentration data prior to 16 bit digitization at 10 Hz. A portable computer (Toshi- 
ba T3200SX) equipped with an analog interface (Data Translation DT2805/5716A) 
logged the data for later analysis, integrated the wavelength locking error signal, 
and formed the ratio of the 20 kHz demodulated signal to the DC photocurrent. 
This ratio, which represents our estimate of the instantaneous methane concentra- 
tion, was put out as an analog voltage to the micrometeorological data acquisition 
system described below. Our choice of time constant limited the high frequency 
response. We have since implemented analog division with a bandwidth of 50 
Hz that should improve the high frequency phase and amplitude response of our 
sensor. 

2.4. CALIBRATION AND SENSITIVITY OF THE METHANE SENSOR 

When testing or calibrating the sensor, we enclosed the 4g sample region and flowed 
known mixtures of methane diluted in dry air (36 ppm in the lab, 2 ppm in the 
field) and dry, zero air at a total flow rate of 10 g min -1 . The work-up of these data, 
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Fig. 3. Electrical schematic for laser control and signal processing, showing the laser current 
and temperature control units (I, T), high frequency modulation source (F) and frequency qua- 
drupling (4F), low frequency modulation source (f), laser (L), multipass cell (MP), photodiode 
detector (D), transimpendance preamplifier (A), mixer (M), wavelength feedback lock-in at 10 
kHz (LI 1), methane amplitude lock-in at 20 kHz (LI 2), and portable computer and A/D-D/A 
interface (C). The computer monitors the DC photocurrent and the output of the two lock-ins, 
and generates a correction to the laser current. 

Figure 4, demonstrates that the signal is linear in concentration, but with a non- 
zero offset. This offset is due in part to nonlinearities in the laser power response 
(Uehara and Tai, 1992) and in part to broad optical interference fringes, and it is 
associated with the relatively large wavelength modulation amplitude needed for 
optimum detection sensitivity of atmospheric pressure broadened signals. 

Data acquired in the lab with a constant methane composition were used to 
determine the Allan variance of the system (Allan, 1966; Werle et al., 1991). The 
noise showed a minimum at 0.1 Hz averaging bandwidth, but appeared fairly flat 
out to 0.03 Hz, the lowest frequency analyzed. No changes in the noise level were 
noted in the field. Our eddy correlation results indicate that frequencies in the range 
0.008 to 0.3 Hz contribute most of the flux. Noise in this bandwidth is about 65 ppb 
and is roughly independent of bandwidth. The sensitivity of our field instrument 
approaches that expected by scaling the laboratory results of Uehara and Tai (1992) 
up to our 50 m pathlength. They obtained a S / N  -- 1 detection limit of 0.3 ppm-m 
over a path of a few meters. 

Eddy correlation provides good rejection for any noise source that is uncorrelat- 
ed to vertical wind. However, measurement errors in the methane concentration that 
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Fig. 4. Laboratory calibration of the methane flux sensor, obtained by flowing dry, methane 
free air and a 36 ppm methane/dry air standard. A significant intercept is evident, which may 
be due to optical effects (see text). Eddy correlation measurements are sensitive to changes in 
concentration and so depend on the slope of the line. 

correlate with vertical wind speed will appear as systematic errors in the observed 
flux. These error sources should be distinguished from the corrections for humidity 
and temperature that are applied even to an ideal sensor (Webb, t980). Because 
temperature, water vapor and carbon dioxide concentrations also correlate with 
vertical wind, possible systematic errors include the effects of temperature on the 
line strength, effects of Lorentzian wings of nearby H20 or C Q  lines, changes 
in the methane pressure broadened linewidth due to changes in temperature, pres- 
sure, or gas composition, and instrumental factors such as wind or temperature 
dependence of optical alignment. When the spectral parameters are well known, 
the effects of  some of these changes can be estimated from Equation (6). Table I 
collects our estimates for systematic methane flux errors due to changes in the line 
strength and line width due to temperature. These systematic errors are of the same 
order of  magnitude as tile ideal gas correction for mass flux, shown for compari- 
son. To estimate the flux error we have assumed constant pressure, typical values 
of cr T --- 0.5 K and cr~ = 0.5 r~s, and the temperature flux FT ~ 0.35CrTcrw. 
Increases in temperatm'e decrease the integrated line strength, S, but also decrease 
the linewidth, ~yP. The change in the observed signals depends on the modulation 
amplitude. In the limit of small modulations (A, 6 << ~/p), the linewidth depen- 
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TABLE I. Systematic errors due to temperature dependence of line width and strength, 
and ideal gas correction for mass transport. The linewidth term is evaluated for both 
small and optimum modulations, using the approximate theory of Section 2.3 

Systematic flux errors [mg m =2 d - t ]  Low modulation Optimum modulation 

Line width 140 0 

Line strength -32 -32 

Ideal gas -28 -28 

Total 80 -60 

dence dominates, but its contribution goes smoothly to zero when A and ~5 are set 
to their optimum values. The proper choice of modulation amplitude can eliminate 
(to first order) systematic errors introduced by temperature fluctuations. We used 
modulation amplitudes somewhat below the optimum values, and so may have 
obtained partial cancellation of the temperature dependent errors. 

The linewidth of the methane transition also is a function of gas composition, 
due to the different efficiencies of various gases for pressure broadening (Darn- 
ton and Margolis, 1973; Varanasi, 1971). The importance of this effect on eddy 
correlation measurements was studied by Lubken et aI. (1991), who measured the 
broadening of several mid-infrared methane absorption lines by various gases. For 
small methane flux and large water flux, this effect was expected to cause system- 
atic errors from 1 to 10% of the true methane flux. The pressure broadening of the 
methane 2u3 band by water has not been measured, so we are not able to estimate 
the effect on the large flux we measured. 

The HITRAN compilation of infrared line parameters lists several weak H20 
and CO2 lines in the region of the methane R(2) rotational transition. Calculations 
based on these tables indicate that our false signals from water vapor are 5 × 
10 .5 smaller than the methane peak. Consistent with this, preliminary lab tests 
showed no effect by water or CO2 lines on the amplitude of the methane signal, 
at least for the large fluxes measured at a landfill. For measuring smaller methane 
fluxes, more extensive tests are needed to quantify this possible systematic error 
and, if necessary, to identify which methane absorption lines are least affected. 
Alternatively, the output of last response temperature and water vapor sensors, 
e.g. Auble and Meyers (1992), could be used to make real time corrections to 
the methane concentration. Such instrumentation is needed anyhow to make the 
corrections described by Webb (1980). 

2.5. DATA ACQUISITION 

Data from the fast response sensors were sampled and digitized at 10 Hz using 
a 12 bit analog to digital system associated with the sonic anemometer, and then 
transmitted to a portable microcomputer (separate from the computer associated 
with the methane instrument) housed in the mobile home unit via RS-232 serial 
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communication protocols. The computer continuously displays the incoming raw 
data in a strip-chart like fashion. All data were written to portable storage media 
for post-processing. 

The mean values of the wind speed and scalars (the bracketed quantities in 
Equation (1)) were estimated in real time using a digital recursive filter (200 s time 
constant). A 30 min averaging period was used in the computation of the flux which 
resu Its in 1.8 × 104 samples acquired at 10 Hz. At the end of each 30 min run, 
the average vertical velocity at perfectly flat sites should be approximately zero 
and the covariance of the vertical velocity with the measured concentrations is a 
turbu lent flux that is normal to the mean wind streamline. For experimental sites 
that are not perfectly flat, the measured w is not always equal to zero. However, 
the coordinate system of the sonic anemometer can be mathematically rotated to 
obtain a zero mean vertical and transverse velocity (~  = ~ = 0). This is the usual 
practice to correct for small misalignment errors of the sonic anemometer as well 
as to determine the mean vertical turbulent flux normal to the horizontal streamlin 
es of airflow, which generally follows the contours of the land. The vertical rotation 
angle was about 3 ° for the data reported here. 

3. Results 

3.1. SURFACE ENERGY BUDGET 

For all eddy flux measurements, several criteria are used to assess whether the 
measured fluxes at some specified height above the surface are representative of 
the surface itself (Hicks e t  al . ,  1989). The closure of the surface heat budget is most 
often used to assess the adequacy of a site for interpretation of micrometeorological 
measurements. If the measurements made at some height above the surface are  

representative of the surface, then the local measurements of net radiation (P~), 
ground heat flux (G), and heat storage (S) should equal the sum of sensible (H) 
and latent heat (LE) fluxes measured above the surface. The ground storage terms 
were determined from known heat capacities and changes in soil temperature for 
each averaging period. Figure 5 compares the available energy (Rn - G - S) with 
the measured sensible and latent energy fluxes. The agreement is good, with a bias 
of the regression line that is not significantly different from zero. This indicates that 
the fluxes measured at 2.5 m above ground level are representative of the surface 
below. 

3.2. METHANE AND CARBON DIOXIDE EMISSION RATES 

Time lost to poor weather and spent in initial testing and setup allowed for only 
seven half-hourly periods of calibrated data to be processed from the prototype 
CH4 sensor, all collected on November 23, 1991. Figure 6 represents a typical time 
series of the H20, CO2, and CH4 measurements. The high degree of con*elation 
is indicative of the similarity of the respective turbulent transport processes. The 
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mean eddy fluxes along with other meteorological measurements are presented in 
Table II. For the seven consecutive periods, the average emission rates for CH4 and 
CO2 were 17 and 8.1 mmol m -2 hr - t ,  respectively. The measured emission rate 
of CH4 is twenty times greater than the fluxes measured over a northern peatland 
(Verma et al., 1992), rice fields (Sass et al., 1990) and subarctic boreal fens (Moore 
and Roulet, 1991; Moore and Knowles, 1990). When compared to recent eddy 
fluxes over subarctic tundra (Fan et al., 1992), our measured CH4 emission rates 
are ~ 200 times larger. However, our measured fluxes fall at the low end of the wide 
range (1 to 14 000 mmol m -2 hr-1) determined by subsurface diffusion at a landfill 
in Illinois (Bogner and Vogt, 1991). The estimates from the soil diffusion studies 
have associated uncertainties that span nearly two orders of magnitude because of 
uncertainties in the soil diffusion properties. In their plume dispersion study of a 
landfill in Tokyo bay, Tohjima and Wakita (1993) determined methane emissions 
to be in the range 390-650 mmol m -2 hr -1, or about 30 times the flux measured 
in this work. This higher flux might be due to the warmer season (August for the 
Tokyo measurements, November for our own), or the amount or type of refuse. 

The CH4/CO2 mole ratio of landfill gas resulting from anaerobic decomposition 
of biochemically degradable carbon is estimated to be 1 : 1 (Bingemer and Crutzen, 
1987). Using measurements of gas concentrations at different soil depths within 
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Fig. 6. A one minute time series showing similarity of the vertical wind velocity (w) and the 
concentrations of CH4, CO2, and H20. 

a sanitary landfill area, Bogner and Vogt (1991) reported CH4/CO2 mole ratios 
ranging from 1.3 : 1 to 1.8 : 1. In the emitted gas, the ratio will be higher if CO2 
dissolves in the ground water. Soil moisture was not lacking during the time of 
our measurements because the ground was nearly saturated after receiving five 
centimeters of rain. The measured CH4/CO2 flux mole ratio of 2: 1 is consistent 
with that expected of the emitted gases under these conditions. 

3.3. POWER AND CO-SPECTRA 

A spectral analysis was conducted on a segment of the continuously recorded 
data time series to evaluate possible noise contributions and assess the frequency 
response of the CH4 sensor. A discrete Fourier transform was applied to four 
data segments, each consisting of 4096 samples. The resulting power- and co- 
spectral statistics from the CH4 time series were averaged and compared against 
the simultaneous results from the time series of the H20 signal from the infrared 
gas analyzer. The spectral estimates in Figure 7 were normalized by the associated 
variance for comparison. The CH4 power spectral estimates are in close agreement 
with the spectral estimates from the H20 signal from n = 0.001 Hz to n = 0.8 
Hz. Low frequency baseline drift is absent from the methane signal. Above 0.8 



A FAST RESPONSE DIODE LASER SENSOR 157 

Hz, the methane power spectral estimates decline faster than the expected -2/3 
slope which is observed in the H20 spectra. Likewise the computed normalilzed 
co-spectral estimates (Figure 8) are in good overall agreement with the H20 and 
CO2 co-spectra out to a frequency of n = 0.2 Hz. At higher frequencies, the 
normalized CH4 co-spectra are systematically lower than the estimates from the 
infrared gas analyzer. In part this roll-off of the power and co-spectra is due to the 
effects of the 0.1 s time constant on the phase and amplitude of the instantaneous 
methane concentration. In addition to the electronic roll-off, the larger sampling 
volume of the CH4 sensor and greater displacement from the sonic anemometer 
(compared to the infrared gas analyzer) will cause roll-off at high frequencies. 
Using the methodology outlined by Moore (1986), an estimate of the flux loss as a 
result of path averaging and lateral sensor separation can be made. The fractional 
flux loss (AF/F) is determined as 

A F  _ 1 - f°°° Twc(r~)Cwc(r~)dr~ 

F fo °° Cwc(r~)dr~ ' (7) 

where r~ is the frequency, Cwc is the co-spectral density, and Twc is the transfer 
function with values between 0 and 1 that characterizes the effect of path averaging 
(for the velocity and scalar sensors) and the resulting flux loss due to lateral 
separation of the sensors. Equations describing the transfer functions for these 
effects are described in detail by Moore (1986). With a physical path length of 0.5 m, 
a lateral separation of 0.7 m from the vertical velocity sensor, and a measurement 
height of 2.5 m above ground level, the estimated flux loss is 18% for the CH4 
sensor. At a measurement height of 10 m, the expected flux loss would be 7%. 
A measurement height of 2.5 m was chosen at this site to keep the expected flux 
'footprint' within the landfill area (Schuepp et al., 1990). 

Since the area under the co-spectral curves in Figure 8 represents the flux, an 
estimate of flux loss can also be obtained by comparing integrated co-spectra in 
a specified frequency range with results from the H20/CO2 sensor. Assuming the 
H20 and CO2 co-spectra approximate those for an ideal sensor, the normalized 
spectral fractions ( f /F) are computed as 

f f~J Cwc(n)dn 
= fo c~ Cwc(r~)dr~ " (8) 

A higher spectral fraction of CH4 compared to that from an ideal sensor indicates 
some flux loss. A value of 0.2 was selected for rq because of the good agreement 
in all the co-spectral estimates to a frequency of n = 0.2. The computed spectral 
fractions for H20  and CO2 were nearly identical. For CH4, the spectral fraction was 
higher, indicating some flux loss. To make the CH4 spectral fraction equal to that 
obtained for the H20 and CO2 fraction, the total flux had to be increased by 15%. 
This method of estimating the flux loss includes both geometric and electronic 
filtering effects, and is consistent with flux loss as estimated from the measurement 
geometry. 
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Fig. 7. Power spectra (Sxx) of H20 (B) and CH4. (z~). Power spectra are multiplied by 
frequency (r0 and divided by the variance to make the area under the curve equal to 1. 

3.4. c~t4 FLUX RESOLUTION 

Random instrument noise can increase the variance of scalar fluxes measured for 
a finite sampling period. This is in addition to the normal run-to-run variability 
experienced using ideal sensors under the best conditions. Lenschow and Kris- 
tensen (1985) determined that the error variance of a scalar flux (Fs) for typical 
atmospheric turbulent variations over a period T is 

2 2 min(I?s, £~,) 
o.2(F, T) ~ 4crso- w T ' (9) 

where £s and F~ are the integral time scales of scalar 8 and vertical velocity w; the 
noise free variance of the scalar is given by (o-2). Using the expressions derived by 
Lenschow and Kristensen (1985), Ritter et  al. (1990) assessed the percentage of 
the error variance due to sensor noise. They estimate the total error variance as 

2 
o-w 2 ~zxt)  (10) dr2(F, T )  ~ -~-(4o-~r~ + 

where cr~ is the sensor noise variance and At  is the sampling interval. Our sensor 
has a noise level of about 65 ppb C I t  4. For a methane emission rate of t0 mmol 
m -2 hr-1, the noise variance constitutes 20% of the total error variance for the 
flux. For a flux of 0.1 mmol m - 2  hr -  1, the noise variance comprises nearly 95 % of 
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Fig. 8. Co-spectra (Cwx) for H20 (In), CO2 (+), and CH4 ({X) as a function of frequency, 
The co-spectral estimates are multiplied by frequency and normalized by the flux so that the 
area under the curve is equal to 1. 

the total error variance. After integrating data for one hour, the standard deviation 
when measuring small fluxes (< 0.1 mmol m -2 hr -1) is expected to be 0.05 mmol 
m -2 hr -1 (20 mg m -2 d-I) .  

4. Summary 

In laboratory tests, the prototype methane sensor demonstrated adequate sensitivity 
for measuring by eddy correlation fluxes greater than 0.05 mmol m -2 hr-  1 Higher 
sensitivity can be achieved by reducing the effects of baseline offsets in the optical 
path. In field tests, the CH4 sensor showed both adequate frequency response 
and sensitivity. The estimated flux loss due to path averaging when operated at 
a height of 2.5 m above ground level was about 15%. Systematic errors due to 
the effects of temperature fluctuations on the spectroscopic properties of methane 
were estimated. Proper choice of the modulation amplitude should reduce these 
systematic errors to 0.025 mmol m -z hr -1 . Ongoing work is aimed at quantifying 
various error sources, developing a more rugged instrument, stabilizing the optical 
alignment, and simplifying the electronic signal processing circuitry. 

On November 23 1991, we measured CH4 emission rates from a clay-capped 
sanitary landfill near Oak Ridge. TN, at which no gas recovery system was imple- 
mented. The average uncorrected flux, 17 mmol m -2 h -1 (6400 mg m -2 d- l ) ,  
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falls within the range reported for landfills as determined by soil diffusion, and is 
about 30 times smaller than the flux reported from a landfill in Tokyo bay. Our 
reported flux is 20 to 200 times larger than that expected from natural methanogenic 
ecosystems; the improvements outlined above should permit us to quantify fluxes 
from many such ecosystems. The flux mole ratio of CI-I4/CO2 was about 2 : 1 and 
is consistent with biogas mole ratios measured elsewhere. Exercise caution when 
evaluating the role of landfills in the global CH4 budget based on this study: the 
test runs reported here reflect a small sampling in space and time. However, the 
large fluxes reported here do affirm the significance of landfills as an important 
source of atmospheric methane. 
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