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a b s t r a c t

We report on methane (CH4) concentrations and efflux densities that were measured over a drained
and grazed, peatland pasture in the Sacramento-San Joaquin River Delta of California over a three
year period. The site was ideal for micrometeorological flux measurements due to its very flat
topography, its exposure to vigorous winds and its extended fetch along the predominant wind
direction. Nevertheless, the interpretation of methane fluxes with eddy covariance proved to be
extremely complicated by a number of geographical, biophysical, biogeochemical and site management
factors.

Initial inspection of the data revealed unexpected results—methane concentrations and efflux densities
were greatest during the night rather than during the day. To explain this odd diurnal behavior in methane
efflux densities and concentration, we tested two hypotheses. The prime hypothesis presupposed that
the stable stratification of the nocturnal boundary layer elongated the flux footprint and enabled the
flux tower to sense wetter fields at the western edge of the pasture, flooded drainage ditches, and/or
a tidal marsh upwind of the pasture—these land forms emitted methane at rates 10–100 times greater
than the drained portion of the peatland. And, this methane was emitted into a shallower volume of the
atmosphere due to the collapse of the nocturnal boundary layer, causing methane concentrations to rise
faster. The alternative hypothesis attributed the higher nocturnal methane fluxes to cattle, as they may
have congregated near the tower at night.

We investigated these hypotheses with: (1) a series of micrometeorological field measurements at
companion sites upwind and downwind of the pasture; (2) a series of chamber-based flux measurements
on the representative land classes; (3) through the lens of a one-dimensional planetary boundary layer
(pbl), box model; and (4) via inspection of digital camera images for the presence or absence of cattle.

Together, these pieces of data suggest that elevated methane fluxes and concentrations at night were
due to the combined correlation between: (1) the collapse of the nocturnal boundary layer; (2) the
elongation of the flux and concentration footprints; and (3) the preferential sampling of an elevated
methane source, be it the cattle, wet proportions of the field or some combination. On the other hand,
our flux measurements were not perturbed by methane emanating from the tidal marsh that was several

peat
kilometers upwind of the

. Introduction

The atmosphere’s methane burden plays a major role in deter-
Please cite this article in press as: Baldocchi, D., et al., The challenges of me
Agric. Forest Meteorol. (2011), doi:10.1016/j.agrformet.2011.04.013

ining the atmosphere’s climate and chemistry (Crutzen and
elieveld, 2001; Khalil et al., 2007; Ramanathan et al., 1985); it
s a greenhouse gas whose concentration has doubled since pre-
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land pasture site.
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industrial times and whose warming potential is more than twenty
times carbon dioxide.

Single-celled archaea are the dominant sources of methane.
They inhabit anaerobic microsites in the soil and water-saturated
zones laden with carbon (C), like freshwater marshes, peatlands,
rice paddies and the stomachs of cows and termites. Archaea
produce methane via two major routes (Conrad, 1996; Schimel,
2004; Whalen, 2005). One group of methanogens produces CH4
by using hydrogen (H2) as an electron donor to reduce the CO2
asuring methane fluxes and concentrations over a peatland pasture.

that evolves from fermented organic matter. Another major group
of methanogens uses acetate (CH3COOH), formed from fermented
organic matter, as a source of energy and splits it into CH4 and
CO2. Conversely, methane is consumed under aerobic conditions

dx.doi.org/10.1016/j.agrformet.2011.04.013
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y methanotrophic bacteria. Factors governing CH4 production and
onsumption in freshwater marshes, peatlands and rice paddies
nclude climate (temperature, light), biogeochemistry (plant pro-
uctivity, carbon pool, soil oxygen concentration, and the presence
r absence of alternative electron acceptors like iron, sulfate and
itrate), plant functional type (absence or presence of plants with
onductive xylem, aerenchyma), soil physical properties (texture,
orosity, bulk density, water filled pore space) and hydrology (soil
oisture, water table depth, lateral flow rate) (Brinson et al., 1981;
olden, 2005; von Fischer and Hedin, 2007; Whalen, 2005; Whiting
nd Chanton, 1993). Methane transport between soil sediments
nd the atmosphere can be facilitated by ebullition (e.g. bubble
ransport) and xylem transport (Chanton et al., 1989; Holzapfel-
schorn and Seiler, 1986). Conversely, methane transport can be
indered by slow diffusion across the water–air interface, through
he tortuous soil column and via consumption by aerobic methan-
trophs in aerated soil and water layers (Conrad, 1996), and by
naerobic methane oxidizers in anoxic conditions (Knittel and
oetius, 2009; Oremland and Culbertson, 1992).

The Sacramento-San Joaquin River Delta region is an ideal
enue for studying CH4 fluxes because it is replete in marshes
nd drained, agricultural peatlands. High CH4 effluxes are expected
rom marshes in the Sacramento-San Joaquin River Delta because
hey overlay C-rich and anaerobic soils, the region experiences

long and warm growing season, and the ecosystem experi-
nces high rates of net primary productivity (Brinson et al., 1981;
iller et al., 2001; Zhao et al., 2009). Drained peatlands cre-

te a complex landscape with methane-emitting hot and cold
pots. This is because they overlay shallow water tables with
ethane-producing anaerobic zones, they are flooded periodically

or irrigation, the fields are crossed with flooded drainage ditches
Teh et al., 2011) and many fields are grazed with cattle (Detto et al.,
010).

There are societal and policy-based reasons for studying
ethane exchange in the Delta, too. The Delta is a major con-

uit of water to the agricultural fields of the San Joaquin Valley
nd the burgeoning population of southern California. The future
f Delta, however, is very uncertain and a subject to great debate.
urrent land management practices are not sustainable in the Delta
s drainage over the last 130 years has caused more than 10 m of
eat to be lost via subsidence, respiration and erosion (Drexler et al.,
009; Miller et al., 2008). Consequently, this landscape is vulnerable
o sea level rise and flooding if the system of levees fail (Mount and
wiss, 2005; Syvitski et al., 2009). Efforts are underway to restore
hese drained peatlands to their native state with the reintroduc-
ion of wetland vegetation. While pilot studies show that ecological
estoration is successful in sequestering carbon and building peat
oils, it also produces methane at enhanced rates (Miller et al.,
008). Hence, baseline information on methane fluxes from drained
eatlands is needed to advise how methane fluxes may change if
eatland pastures and farmland are restored to native vegetation
nd wetlands.

We are entering a new era where quasi-continuous, eddy
ovariance measurement of methane exchange are possible over
eatlands and wetlands (Detto et al., 2010; Hendriks et al., 2008;
inne et al., 2007). This ability is associated with recent techno-

ogical advances in commercially-available and affordable, tunable
iode laser spectrometers that are suitable for measuring methane
oncentrations at sufficiently high sampling rates (Baer et al., 2002).
n this light, we have been measuring methane concentration and
ux densities with the eddy covariance technique over a peatland
asture in the Sacramento-San Joaquin River Delta of California,
Please cite this article in press as: Baldocchi, D., et al., The challenges of me
Agric. Forest Meteorol. (2011), doi:10.1016/j.agrformet.2011.04.013

SA since April, 2007. The overarching objective of this paper is to
eport on the interpretation of temporal variability in CH4 fluxes
nd concentrations measurements, across hourly, daily, seasonal,
nd annual time scales. Our ultimate goal is to produce data that
 PRESS
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are relevant to the science, land management and policy issues we
articulated above.

In conducting this study, we found that the interpretation of
methane fluxes by eddy covariance measurements was much more
complicated than measurements of carbon dioxide and water vapor
fluxes (Baldocchi, 2003) even though this site was ideal from a
micrometeorological perspective (Detto et al., 2010). This compli-
cation was produced by the presence of a heterogeneous field of
methane sources upwind of the flux tower (Detto et al., 2010; Teh
et al., 2011). To interpret the three-year time series at the peatland
pasture site, we found it necessary to augment our eddy covariance
flux measurements at the anchor site by: (1) conducting a series of
flux density and concentration measurements at two companion
sites—a rice paddy that was downwind and a tidal marsh that was
upwind; (2) making a series of chamber-based flux measurements
over the representative land forms; (3) interpreting our methane
flux and concentration data through the lens of a one-dimensional
planetary boundary layer (pbl), box model; and (4) inspecting a cor-
responding time series of digital images for the presence or absence
of cattle.

2. Materials and methods

2.1. Site

The primary air sampling and flux measurement site was over
a drained, peatland pasture on Sherman Island. This site is located
on the west side of the Delta and at the confluence of the Sacra-
mento and San Joaquin Rivers (lat: 38.0373N; long: 121.7536W;
Elevation −12.1 m), near Antioch, CA (Fig. 1). The field sampling
site was below sea-level (−10 m). The air sampling started in April,
2007, and continued until September, 2010. A second sampling site
was established 11.6 km downwind on Twitchell Island in April,
2009 over a rice paddy (38◦6.524′N; 121◦39.181′W). We estab-
lished a third sampling site during the spring of 2010 that was
downwind from a tidal marsh (38◦1.946′N; 121◦46.332′W) and
1.62 km upwind of the peatland pasture.

The climate is Mediterranean, with wet cool winters and dry
hot summers; mean annual rainfall is 325 mm and mean annual
air temperature is 15.6 ◦C. And predominant winds come from
the west. In general, we sampled air that passed over an exten-
sive and very flat fetch (over 3000 m) of peatland pasture after
it entered the Delta from the Pacific Ocean and crossed a large
(∼3–5 km) tidal marsh (Fig. 1), a potential source of methane
(Hirota et al., 2007; Wang et al., 2009). The predominant flux foot-
prints for daytime and nighttime conditions are shown in Fig. 2.
The typical extent of daytime flux footprint was on the order
of 250 m and confined to the well drained portions of the pad-
dock. In comparison, the nighttime flux footprint extended about
750 m upwind of the tower and crossed drainage ditches and a
wetter portion of the pasture (Detto et al., 2010). A set of cor-
responding flux measurements made with chambers found that
the drained crowns within the daytime flux footprint emitted
methane at a mean rate of 0.96 ± 0.19 nmol m−2 s−1 (Teh et al.,
2011). The presence and absence of drainage ditches in our flux
footprint is important because they are known to be hot-spots for
methane production; the ditches emitted methane at a mean rate
of 449 ± 75 nmol m−2 s−1 (Teh et al., 2011).

The pasture was vegetated with pepperweed (Lepidium lati-
folium), a perennial herb, and foxtail barley (Hordeum murinum),
an annual grass; both are non-native, invasive species and com-
asuring methane fluxes and concentrations over a peatland pasture.

mon throughout the region. The soil was a silt loam, with 5–10%
carbon, in the upper 60 cm. It overlaid a deep organic peat layer,
which was over 20 m thick (Drexler et al., 2009). The water table
ranged between 0.50 and 0.70 m below the soil surface and kept

dx.doi.org/10.1016/j.agrformet.2011.04.013
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ig. 1. Map of the sampling sites at the drained-peatland pasture on Sherman Islan
enote the location of the flux towers.

he remnant peat in a saturated and anaerobic state, which favored
ethane production. The upper portion of vadose zone remained

rained and aerobic by a system of drainage ditches.

.2. Instrumentation

Methane concentrations were measured with a Los Gatos tun-
ble diode laser spectrometer (DLT-100 Fast Methane Analyzer).
ir was pulled through a 40 micron and two 2 micron filters with a
ry scroll pump at a rate of 35 L min−1 before entering the 0.408 L
ampling cell. The instrument interrogated the air stream 10 times
er second and 30 min averages were produced. Methane concen-
rations were sampled at a height of 3 m above the drained peatland
asture, and the rice paddy. And, we sampled air on the levee over-

ooking the tidal marsh at a height of 6.98 m with a second methane
Please cite this article in press as: Baldocchi, D., et al., The challenges of me
Agric. Forest Meteorol. (2011), doi:10.1016/j.agrformet.2011.04.013

nalyzer during the spring of 2010.
The CH4 sensor used off-axis integrated cavity output spec-

roscopy (Baer et al., 2002; O’Keefe et al., 1999). A mid-infrared
uantum cascade laser was tuned across the 6057 cm−1 wavenum-

ig. 2. Flux footprints along the predominant wind direction at the Sherman Island
eld site. The larger ellipse represents the nocturnal footprint and the smaller one is
he daytime footprint. The nocturnal footprint overlays poorly drained areas of the
asture (noted by the dark spots, representing surface water) and drainage ditches,
oth which represent methane hot spots. The footprint model was computed using
he model of Detto et al. (2008).
his figure was adapted from Detto et al. (2010) and Teh et al. (2010).
rice paddy on Twitchell Island and the marsh site upwind of the pasture. The stars

ber (1651 nm) CH4 absorption band. The laser light was reflected
between two curved mirrors multiple times to produce an optical
path-length that was several km long. Light attenuation was mea-
sured directly and CH4 concentrations were computed using Beer’s
Law. To minimize pressure broadening, the cell pressure was main-
tained near 21.1 kPa with a mass flow controller. Because the laser
was developed for commercial telecommunication purposes it did
not require cooling by liquid nitrogen, making it conducive for con-
tinuous and unattended measurements. Together, these attributes
produced an instrument that was based on fundamental physics,
was highly accurate (±1%), precise (0.1%), experienced little drift
(∼10 ppb per week) and no interference by other trace greenhouse
gases, like water vapor and CO2.

Field calibrations were performed on a regular interval (weekly
to bi-weekly) using a primary standard gas that was traceable to the
NOAA ESRL laboratory in Boulder Colorado; lab tests with a stan-
dard calibration gas produced concentration measurements with a
precision of ±0.8 ppb out of a background of 1900 ppb when sam-
pled at 1 Hz. The sensor signal, however, was noisier when sampled
at 10 Hz (∼±3 ppb). Consequently, the summation of instrument
and geophysical noise was on the order of ±6 ppb when averaged
over 30 min (Detto et al., 2010, 2011).

A suite of meteorological variables were measured in con-
junction with the CH4 concentrations. Wind and turbulence was
measured with a three-dimensional sonic anemometer (Gill Wind-
master Pro). Water vapor and carbon dioxide mole densities were
measured with an open-path, infrared spectrometer (LICOR 7500,
Lincoln, NE). Air temperature and humidity were measured with an
aspirated and shielded thermistor and capacitance sensor (Vaisala
HMP 45, Helsinki, Finland). Soil temperature was measured with
a profile of copper-constantan thermocouples. Soil moisture was
measured with a network of capacitance (ML2, Theta Probe, Delta-T
Devices, Cambridge, UK) and time domain reflectometers (Mois-
ture point PRB-K probes, Environmental Sensors Inc., Sydney, BC,
Canada) sensors. Water table was measured with a pressure sensor
(PDCR 1830-8388, Druck Pressure Transducer, Campbell Scientific,
Logan, UT) immersed in a well, next to the meteorological tower.

The CH4 sensor was integrated into an eddy covariance sys-
tem to measure CH4 fluxes (Detto et al., 2010, 2011). Methane
asuring methane fluxes and concentrations over a peatland pasture.

efflux densities (FCH4 = �̄aw′�′
c,nat) were computed in terms of the

covariance between vertical wind velocity (w) and mixing ratio (�c)
fluctuations, times the density in dry air (�a). These covariances
were corrected for density fluctuations due to water vapor (�q)

dx.doi.org/10.1016/j.agrformet.2011.04.013
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sing the method of Detto and Katul (2007):

CH4 = �̄aw′�′
c,nat = �̄a

[
w′�′

c,nat + �̄c

�̄a
w′�′

q

]
(1)

We also corrected the covariances for time lags in the transport
f air through the sampling tube and spectral attenuation of the
ampling system. Details on computations are discussed in papers
n other papers (Detto et al., 2010, 2011).

Because methane fluxes span such a wide range, it is important
o assess the flux detection limit of our eddy covariance system. We
stimated that the minimum detection limit of the eddy flux sys-
em was on the order of ±4 nmol m−2 s−1 (Detto et al., 2011). This
etection limit was comparable to minimum CH4 fluxes reported

n a number of methane flux studies that used the eddy covari-
nce method (Hendriks et al., 2008; Rinne et al., 2007; Shurpali
nd Verma, 1998; Verma et al., 1992).

We subjected the methane flux time series to a number of
uality assurance checks. First, we filtered and excluded data
hen the methane sensor or pump were not working, if the sam-
ling rate had been reset at 1 Hz instead of 10 Hz after a power
utage, if rain blocked the transmission of sound on the sonic
nemometers or if the methane concentration was below ambient
ackground conditions (<1740 ppb). We also excluded data when
riction velocity was below 0.15 m s−1 or exceeded 1.2 m s−1, when

ethane effluxes were extreme (>1500 nmol m−2 s−1) and when
he standard deviation in methane concentration exceeded 35 ppb.
evertheless, we did not find methane effluxes to be especially

ensitive to friction velocity at night, as has been reported for CO2
xchange (Aubinet et al., 2000).

Background measurements of CH4 concentration were acquired
rom the NOAA ESRL laboratory field station at Trinidad Head
41.0537◦N 124.1534◦W), in northern California (Dlugokencky
t al., 2003). These CH4 concentrations are derived from weekly
ask samples of air in the marine boundary layer.

To monitor field phenology and the presence or absence of
ows, we installed a web camera (model DCS-900; D-Link Cor-
oration, Taipei, Taiwan) and pointed it towards the west, the
revailing wind direction (Sonnentag et al., 2011). The presence
r absence of cows within the vicinity of the meteorological tower
as determined from the digital images through object-oriented

mage analysis. The index we developed was binary and detected
f cows were present (1) or absent (0) in the image. The index did
ot reflect if the cows were close or far to the air sampling sys-
em. Additional information on the image analysis is provided in
ppendix A.

. Results and discussion

Over the course of this experiment we collected meteorologi-
al data for 61,392 thirty-minute intervals. Within this time frame,
e collected 49,616 periods of data when the methane sensor was

unctioning and collected 32,212 periods of data when the wind
irection was favorable and the sensors were functioning. To digest
his large body of data, we first examine the seasonal variation in
aily integrals of methane flux densities and concentrations. Then,
e inspect the mean diurnal patterns of methane flux densities and

oncentrations for the dominant seasons. The intent is to describe
heir temporal behavior and identify the mechanisms that modu-
ate the dynamics of methane concentrations and flux densities.

.1. Seasonal and diurnal variations in methane concentrations
nd fluxes
Please cite this article in press as: Baldocchi, D., et al., The challenges of me
Agric. Forest Meteorol. (2011), doi:10.1016/j.agrformet.2011.04.013

Over the multi-year sampling period—April 2007 through
ugust 2010—daily-averaged, methane fluxes generally
anged between 0 and 50 nmol m−2 s−1 during the dry
Fig. 3. Time series in: (a) daily-averaged methane flux densities; (b) daily-averaged
CH4 concentration at Sherman Island, CA and weekly means from Trinidad, CA; (c)
daily-integral of rainfall.

spring–summer–autumn period (days 100–300) (Fig. 3a). In
contrast, we observed greater methane effluxes during the rainy
autumn–winter–spring periods of the year (day < 100 or day > 300);
then daily-averaged methane effluxes ranged between 50 and
400 nmol m−2 s−1.

Corresponding methane concentrations in the surface bound-
ary layer exhibited considerable day-to-day variation in their
daily-mean values (Fig. 3b). Mean-daily CH4 concentrations rarely
exceeded 2000 ppb during the dry spring–summer–autumn
period. In contrast, the majority of the highest CH4 concentra-
tions (>2000 ppb) occurred during the rainy season that extended
between October and April.

Minimum methane concentrations were delineated by a
boundary-line associated with the CH4 concentration of air enter-
ing the California coast, from the Pacific Ocean, as measured at
Trinidad Head, CA (Fig. 3b). Minimum CH4 concentrations dur-
ing dry summer days (∼1770 ppb) were about 100 ppb less than
minimum concentrations during wet winter days (∼1870 ppb). The
summertime minimum of the background CH4 concentrations sug-
gests a net CH4 sink for air passing over the Pacific Ocean. This
observation implies that the summertime increase in OH destruc-
tion of CH4 is greater than the seasonal and summertime increases
in CH4 production from marshes and rice production (Dlugokencky
asuring methane fluxes and concentrations over a peatland pasture.

et al., 1994; Steele et al., 1992).
Our minimum methane concentrations measurements were

comparable with methane measured at 90 and 480 m on a tall
television tower downwind from our field site at Walnut Grove,

dx.doi.org/10.1016/j.agrformet.2011.04.013
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ampling periods over a span of 61,392 periods). Standard errors are superimposed
n the means.

A (Zhao et al., 2009). The amplitude of the seasonal oscillation in
aily minimum methane was similar to that observed in Hungary
∼100 ppb) and greater than that typically observed across a global
etwork of marine boundary layer sampling stations (∼30 ppb)
Dlugokencky et al., 1994).

Fig. 4 distills other key information in Fig. 3 by reporting mean
iurnal patterns in methane efflux densities (Fig. 4a) and con-
entrations (Fig. 4b) for the two distinct seasons, the dry period
days 100–300) and the rain period (days < 100 or days > 300),
espectively. The mean diurnal behavior of methane effluxes and
oncentrations from the peatland pasture was unexpected. Lowest
ethane efflux densities occurred during the midday and the great-

st efflux densities occurred after sunset and remained elevated
hroughout the night, during both the dry and wet periods. The low-
st methane effluxes (0–10 nmol m−2 s−1) were observed during
he day and the dry period. These methane effluxes were represen-
ative of the well-drained portions of the field and were compatible
ith measurements from a companion spatial study made with

hambers (Teh et al., 2011). Conversely, the higher methane efflux
alues (>50 nmol m−2 s−1) that were observed at night during
he dry period bisected the magnitude between methane rates
ost from the drained and saturated portions of the field (Teh
t al., 2011). Greatest methane efflux densities were observed dur-
Please cite this article in press as: Baldocchi, D., et al., The challenges of me
Agric. Forest Meteorol. (2011), doi:10.1016/j.agrformet.2011.04.013

ng the rain period. For example, hourly-mean methane efflux
ensities ranged between 8 and 63 nmol m−2 s−1 during the wet
eriod and hourly-mean methane effluxes ranged between 4 and
6 nmol m−2 s−1 during the dry period. This observation is con-
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sistent with the expectation that wetter soils promote methane
production and discourage methane consumption (Whalen, 2005).

At night, it was common to see mean CH4 concentrations
exceeding 2000 ppb during the dry period and reaching 2400 ppb
during the wet period. In contrast, mean methane concentrations
during the day were below 1900 ppb during the dry season and
near 2000 ppb during the wet season.

These pronounced diurnal patterns, with strong nocturnal peaks
in methane efflux densities and concentration, are the antithesis of
typical diurnal patterns reported from Arctic and Boreal wetlands
in Sweden, Finland, Canada and Minnesota (Jackowicz-Korczynski
et al., 2010; Rinne et al., 2007; Shurpali and Verma, 1998), Cali-
fornian rice paddies (McMillan et al., 2007) and Dutch peatlands
(Hendriks et al., 2007, 2008); these comparative studies tend to
report methane effluxes that peak during the day or are invari-
ant over diurnal time scales. The data shown in Fig. 4 also differ
greatly from the diurnal courses of methane fluxes made at this
site with chambers—such effluxes were relatively invariant with
time at a variety of land classes (Teh et al., 2011). The nocturnal
peak in methane efflux densities is counter-intuitive if one expects
a diurnal pattern to be modulated by temperature, which peaks
during the day.

The highest nocturnal methane effluxes are especially notable,
and merit additional scrutiny, because they exceed the geometric
mean methane emission rates from an assortment of fresh-
water marshes (Bridgham et al., 2006) and ombrotrophic and
minerotrophic peatlands in Scandinavia (Maljanen et al., 2010;
Saarnio et al., 2007). These nocturnal peaks also merit more scrutiny
because the areal extent of the hot-spot ditches is less than 10% of
the area in the fetch.

3.2. Diagnosing why mean methane effluxes and concentrations
peak at night

To explain why our diurnal time series in mean methane efflux
and concentration is unique we propose and test two competing
hypotheses. The first hypothesis involves the temporal modula-
tion and covariation of the planetary boundary layer and the flux
footprint. At night, the atmosphere becomes stably-stratified as
the surface cools by radiating longwave energy (Mahrt, 1999).
This phenomenon is accompanied with a collapse in the depth
of the planetary boundary layer (Cleugh and Grimmond, 2001), a
reduction in wind speed, and an extension of the flux and con-
centration footprints (Schmid, 2002; Vesala et al., 2008). If the
elongated nocturnal flux footprint is seeing an elevated methane
source area compared to the day, as suggested by Fig. 2, we
hypothesize that larger methane effluxes and concentrations may
result. This hypothesis is most plausible during the dry summer
period when the western reach of the paddock and the drainage
ditches that transect the pasture were often flooded (Fig. 2).
Then these areas were landscape-scale, ‘hot-spots’ for CH4 pro-
duction; mean methane emissions rates from the drainage ditches
(449 ± 75 nmol m−2 s−1) greatly exceeded those of all other land-
forms by up to 2 orders of magnitude (Teh et al., 2011). This
hypothesis is least plausible during the winter when rain wets the
entire field, in a more or less uniform manner.

The pasture was grazed year-round, too. So our alternative
hypothesis invokes the role of cattle as significant methane sources
(Laubach and Kelliher, 2005). If the cattle congregated within the
near-field diffusion region of the measurement tower at night they
could produce elevated methane effluxes and concentrations.

We test the plausibility of the former hypothesis by evaluating
asuring methane fluxes and concentrations over a peatland pasture.

our methane fluxes and concentrations through the lens of a one-
dimensional planetary boundary layer (pbl) box model. We tested
the alternative hypothesis by measuring methane effluxes at aux-
iliary sites without cows. To accomplish this task, a set of methane

dx.doi.org/10.1016/j.agrformet.2011.04.013
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Fig. 6. Computation of CH4 concentrations using a one-dimensional box model for
a stable and steady nocturnal boundary layer. The figure is plotted as a function of
ig. 5. Time series in computed methane concentration with the one-dimensional
ox model. This case is for a 100 m deep box and the methane concentration at time
ero was 1890 ppb. Methane was emitted at rates of 10, 50 and 100 nmol m−2 s−1.

ux measurements were conducted over: (a) a flooded rice paddy,
ownwind from the pasture, and (b) a marshland, upwind of the
asture. We also inspected our web camera images for the presence
r absence of cows when daytime methane efflux and concentra-
ion measurements were anomalous.

.2.1. Nocturnal turbulence and the planetary boundary layer
The potential range of nocturnal CH4 concentrations and

ffluxes can be evaluated theoretically by considering a one-
imensional box model, which quantifies the time rate of change
f CH4 (c) as a function of the vertical flux divergence:

a
�c

�t
= −F0

zi
(2)

In the integral form, Eq. (2) can be expressed as:

(t) = c(t0) + F0

�azi
(t − t0) (3)

In Eq. (2), �a is the mole density of dry air, F0 is the CH4 efflux
ensity at the surface and zi is the depth of the inversion layer.

n equation 3, the initial methane concentration (C(t0)) was 1890
pb and the equation was integrated over a 10 h time span. We
ssumed that the top of the ‘box’ was delineated by the height of
he nocturnal boundary layer (zi) and that the flux across this upper
id was nil. Consequently, the flux divergence is defined by the ratio
f the surface flux density, F0, and zi.

Assuming that the nocturnal boundary layer collapses to a depth
f 100 m in the Delta region (Cleugh and Grimmond, 2001; Zhao
t al., 2009), we calculated that CH4 concentrations would not
xceed 2000 ppb after 10,000 s (2.77 h) if the CH4 efflux of the
aytime pasture footprint (∼10 nmol m−2 s−1) is representative of
he landscape sensed by the CH4 sensor at night (Fig. 5). This set
f computations is not supported by the observations shown in
ig. 4. On the other hand, our field observations are bounded by
ox model computations based on methane efflux rates of 50 and
00 nmol m−2 s−1, as they produce CH4 concentrations that rise
etween 100 and 300 ppb above initial conditions, respectively,
fter 10,000 s.

Because our assumptions regarding depth of the nocturnal
oundary layer and lack of entrainment are uncertain, we plotted
Please cite this article in press as: Baldocchi, D., et al., The challenges of me
Agric. Forest Meteorol. (2011), doi:10.1016/j.agrformet.2011.04.013

H4 concentrations as a function of CH4 efflux and planetary bound-
ry layer depth to circumscribe the relationship between large
H4 concentrations, boundary layer depth and areally-integrated
H4 efflux. We found that CH4 concentrations exceeded 2300 ppb
flux density (FCH4, nmol m−2 s−1) and height of the planetary boundary layer. The
color contours represent methane concentration. These computations were derived
after a time integral of 10 h.

(relative to the 1890 ppb initial condition) only during a dis-
tinct combination of conditions—when low boundary layer heights
(50—350 m) corresponded with relatively high methane effluxes
(50—250 nmol m−2 s−1) (Fig. 6).

These computations lead us to conclude that the large noctur-
nal methane concentrations may be explained by an elevated areal
source emitting methane into a shallow boundary layer. At this
stage, we cannot dismiss if the elevated methane source was asso-
ciated with the elongation of the flux footprint over the wet areas
of the paddock and the ditches as determined from our compli-
mentary chamber studies (Teh et al., 2011). Nor, can we dismiss
whether elevated methane effluxes (50–250 nmol m−2 s−1), that
were inferred from the pbl model, were an artifact of the additive
methane efflux from the herd of cattle.

3.2.2. Methane concentrations and flux densities at sites with
extensive and homogeneous methane source fields, and without
cows

Next, we examine mean diurnal patterns of methane effluxes
and concentrations measured at the rice paddy down-wind from
the pasture and the marsh upwind of the pasture to: (1) observe
methane concentrations and fluxes at natural methane producing
sites without cows; and (2) to examine if the mean diurnal pat-
terns in methane flux densities and concentrations at these sites
resemble those observed over the peatland pasture.

The mean diurnal pattern of methane efflux density over the
downwind, rice paddy was relatively invariant over 24 h when the
data were binned and averaged for periods corresponding with
the dry period (days 100–300) or the rainy period (days < 100 or
days > 300) (Fig. 7a). On the other hand, methane concentrations
experienced much diurnal modulation, like those measured at the
peatland pasture site (Fig. 7b).

The westerly fetch of the flux footprint at the rice paddy site
was over 400 m so the sensor sampled air from the same methane
producing source-field during the day and night, year-round; land
further upwind of the rice was cultivated crops, which were not
emitters of methane. Consequently, the temporal invariance in
methane exchange over the rice provides a second piece of evidence
asuring methane fluxes and concentrations over a peatland pasture.

suggesting that the elevated nocturnal methane fluxes observed
over the peatland pasture may result from an elongation of the flux
footprint, under a shallow and stable nocturnal boundary layer, that
extends over upwind sources of methane. It is also noteworthy that

dx.doi.org/10.1016/j.agrformet.2011.04.013
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levated methane concentrations were observed at night from the
ice site, without cows. One plausible explanation for this observa-
ion is the fact that the rice field on Twitchell Island was downwind
rom a group of natural gas wells, which may leak some methane.

Next, we conducted a set of measurements upwind of the
asture, and downwind from a tidal marsh during the spring of
010, until the solar panels were stolen by vandals. Data from
he 26 day experiment showed moderate methane efflux densities
between 0 and 40 nmol m−2 s−1, on average). The methane flux
ensities from the tidal marsh matched those emanating from the
asture during the day, but were exceeded by nocturnal effluxes
rom the pasture that, on average, approached 150 nmol m−2 s−1.
o distinct diurnal pattern in methane exchange (Fig. 8a) was
bserved from the tidal marsh, as compared to the corresponding
et of measurements made at peatland pasture; methane con-
entrations downwind of the tidal marsh were generally below
900 ppb and they tended to reach a maximum at mid morn-

ng rather than at night (Fig. 8b). This third piece of evidence
llows us to accept the hypothesis that the anchor tower on
he peatland pasture sensed elevated fluxes and concentrations
t night because the elongation of the nocturnal flux footprint
nabled the tower to sense elevated methane sources from the
itches and flooded portions of the field (Teh et al., 2011), or by
attle. It does not support the alternative hypothesis that tidal
Please cite this article in press as: Baldocchi, D., et al., The challenges of me
Agric. Forest Meteorol. (2011), doi:10.1016/j.agrformet.2011.04.013

arsh, which was further upwind and produced smaller methane
uxes, contributed to the elevated nighttime fluxes and concentra-
ions.
marsh, upwind of the peatland, and the peatland pasture for the same period, days
98–124, 2010. Data were selected for periods with favorable wind direction.

3.2.3. Cattle, a mobile and intermittent methane source
During our frequent, daytime, site visits, we observed that the

cattle often grazed near the far western side of the paddock and
tended to be outside the flux footprint of the predominant winds.
So we initially discounted their effect on our efflux and concentra-
tion measurements. Our thorough analysis of the data, however,
forced us to re-consider the effects of grazing cattle on our methane
concentration and flux measurements.

The paddock was about 0.38 km2 in area and was grazed by
about 100 cattle. If we assume that the cattle emitted between
10 and 20 mol of CH4 per steer per day (Laubach et al., 2008;
McGinn et al., 2009; van Haarlem et al., 2008), we compute a poten-
tial areal efflux density of CH4 by the cattle to range between 30
and 60 nmol m−2 s−1. These values suggest that the cattle had the
potential to disturb our signal when they were close to the flux
tower (e.g. within the near-field diffusion regime).

Using the object-oriented image processing methods to inspect
the time series of digital images (Appendix A) we developed an
index to deduce when cattle were present or absent in the images
for the population of data. Fig. 9 shows that cattle were least
prevalent during the afternoons of the dry period and most preva-
lent during the afternoons of the rainy period. There was also a
tendency for cattle to congregate near the tower towards sun-
set of the dry period; the data suggest less so during the rain
period. Unfortunately, the cow-cam was not capable of detect-
asuring methane fluxes and concentrations over a peatland pasture.

ing the presence of cattle after sunset. But anomalous correlations
between methane and carbon dioxide proved to be good indica-
tors of the presence of cattle at night and were used to screen

dx.doi.org/10.1016/j.agrformet.2011.04.013
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Table 1
Computation of annual methane effluxes with different assumptions on how the data are averaged and integrated.

Variable footprint Small footprint Large footprint Large–small footprint Small footprint
Day and night, with cows Day only, with cows Night only, with cows Night-Day, with cows Day only, without cows

gC m−2 y−1 8.66 ± 6.65 4.2 ± 1.93 13.1
mol m−2 y−1 0.721 ± 0.554 0.353 ± 0.161 1.08
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ig. 9. The mean diurnal pattern of the fraction of cows in the region of interest in
he digital camera image. Details on the cow index are reported in Appendix A.

ur data in other analyzes (Detto et al., 2010, 2011; Teh et al.,
011).

With an ability to detect the presence and absence of cattle dur-
ng the day, we filtered our data for periods when no cattle were
resent and winds were directed from the westerly fetch viewed
y the camera. We then re-computed the mean diurnal pattern

n methane flux density. Fig. 10 shows slightly smaller methane
fflux densities during the middle portion of day during the dry
4.2 ± 1.88 nmol m−2 s−1) and wet (10.5 ± 6.1 nmol m−2 s−1) peri-
ds. These values are significantly smaller than values reported
n Fig. 4 that contain elevated emissions from cows (5.77 ± 1.59
nd 17.8 ± 9.35 nmol m−2 s−1, for the dry and rainy periods, respec-
Please cite this article in press as: Baldocchi, D., et al., The challenges of me
Agric. Forest Meteorol. (2011), doi:10.1016/j.agrformet.2011.04.013

ively).
Fig. 10 also shows greatly elevated methane flux densities, in

he absence of cows, as time approached sunset and the atmosphere
ecame thermally stratified. Based on the set of experiments, model
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± 6.67 8.77 2.68 ± 1.42
± 0.556 0.73 0.223 ± 0.119

calculations and analysis of digital camera imagery, we cannot
discount the combined effects of breathing cattle, the collapsed
nocturnal boundary layer and the elongation of flux footprint over
the methane hot spots in the field as co-varying factors contribut-
ing to elevated methane concentrations and efflux densities after
sunset.

3.3. Constraining annual methane emission budgets

If we integrate the mean diurnal patterns and compute
a mean annual methane efflux without any discrimination
for cattle or elongated footprints we arrive at a value of
0.721 ± 0.554 mol m−2 y−1 or 8.66 ± 6.65 gC–CH4 m−2 y−1 (Table 1).
For comparison, we estimated that the mean methane efflux from
the landscape was 9.5 ± 3.4 gC–CH4 m−2 y−1 using a network of soil
chambers (Teh et al., 2011); this estimate was derived from weekly
chamber-based efflux measurements that sampled the representa-
tive land classes (crown, slope, hummock/hollow, drainage ditches)
and was upscaled using remote sensing information that assessed
their proportion of the total land area.

Rather than integrating all methane flux measurements, with
all their attendant biases, the present study gave us guidance for
producing conditional averages, which we use to bound the annual
methane budget for the portion of the peatland sampled by the
eddy covariance system. The mean daytime efflux of methane was
11.2 ± 5.1 nmol m−2 s−1, after weighting the dry and rainy periods
and favorable wind directions over three years (Fig. 4). If we accept
that this value as representative of the 24 h average of methane that
was emitted from the drained portion of the pasture, and that the
emissions from the cows are minimal and diluted by the well mixed
and deep daytime boundary layer, we compute an annual emis-
sion of 0.353 ± 0.161 mol m−2 y−1 or 4.2 ± 1.93 gC–CH4 m−2 y−1

(Table 1). In contrast, the mean nocturnal methane efflux was
34.51 ± 17.6 nmol m−2 s−1, after weighting according to the wet
and rainy periods. If we accept that this mean as representative
of the methane emitted from the nocturnal flux footprint, which
constitutes the aerated and wet portions of the field, and cows,
we compute an annual emission of 1.08 ± 0.556 mol m−2 y−1 or
13.1 ± 6.67 gC–CH4 m−2 y−1. And, we can estimate the methane
emitted by the cattle and wetter patches by taking the differ-
ences between the day and night flux densities, with their different
flux footprints, and sum that value over one year. This yields
a mean difference of 23.3 nmol m−2 s−1 and an annual sum of
0.73 mol m−2 y−1 or 8.77 gC–CH4 m−2 y−1 (Table 1).

If we use a smaller pool of data, sorted according to favorable
wind directions and periods when no cows were detected in the
camera image and assume these daytime conditions were repre-
sentative of the whole day and year we calculate that the mean
methane efflux density from the well-drained portion of the pas-
ture was 0.223 ± 0.119 mol m−2 y−1 or 2.68 ± 1.42 gC–CH4 m−2 y−1.
Hence, we deduce that the drained portion of the peatland pasture
was a very small source of methane. But we recognize that strong
sources of methane exist in the region from cows, flooded areas
of the field and drainage ditches. And that their presence can bias
asuring methane fluxes and concentrations over a peatland pasture.

ones measurements and interpretation if ignored.
Year-long eddy covariance studies on methane emissions are

relatively rare. For perspective, we cite three comparable cases.
Hendriks et al. (2007) reported a loss of about 30 g C–CH4 m−2 y−1

dx.doi.org/10.1016/j.agrformet.2011.04.013
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rom a peatland in the Netherlands. Rinne et al. (2007) reported a
oss of about 9 g C–CH4 m−2 y−1 from a boreal fen in Finland. And
ackowicz-Korczynski et al. observed 24 g C–CH4 m−2 y−1 were lost
rom an subArctic peatland. Our sums for the dry part of the peat-
and pasture are below these values and our sums for the wetter
ortion of the pasture resembles the boreal fen but remain lower
han the amount of methane lost from the Dutch and the subarctic
eatlands.

. Conclusion

Measuring greenhouse gas fluxes, which are produced solely by
icrobes, is much more complicated than measuring greenhouse

ases that are routed through plants (e.g. CO2 and H2O), even over
icrometeorologically ideal sites. Microbes produce hot and cold

ources across a landscape that may vary by two to three orders of
agnitude within a few meters, thereby challenging the assump-

ion of a horizontally homogeneous source or sink (Baldocchi,
003). This effect is not so evident over plant canopies, as they
end to fill space if there is adequate soil moisture and their spatial
ariability tends to be on the order of ±10–30% (Hollinger et al.,
004).

The odd diurnal behavior in methane efflux and concentration
bserved over a peatland pasture forced us to conduct a series
f micrometeorology field and modeling experiments that tested
wo plausible explanatory hypotheses. One explanatory hypothesis
nvolved the collapse of the nocturnal boundary and the subsequent
xtension of the flux footprint under stable thermal stratifica-
ion. The alternative explanation revolved around the hypothesis
hat cattle congregated around the tower at night and emitted

ethane at rates that outpaced efflux densities provided by the
andscape—this herd was capable of emitting, on average, about
00 nmol m−2 s−1 of methane.

The box budget computations, combined with digital camera
mages and field studies conducted upwind and downwind from
he pasture, suggest that elevated methane fluxes and concentra-
ions at night were due to the combined correlation between: (1)
he collapse of the boundary layer; (2) the elongation of the flux
nd concentration footprints; and (3) the preferential sampling of
n elevated methane source, be it the cattle, wet proportions of
he field or some combination. We cannot disprove that cattle did
ot congregate near the flux tower after sunset on a semi-regular
asis, but there was a tendency for them to approach the tower
ear sunset. On the other hand, our experiments indicate that we
ere not seeing elevated methane fluxes emanating from the tidal
arsh that was several kilometers upwind of the peatland pasture

ite.
The findings reported here have important implications on

he applicability and interpretation of eddy flux measurements
o study methane and carbon dioxide exchange in intensively-

anaged peatland pastures. Cattle are typically present in peatland
astures, world-wide, and their presence complicates the interpre-
ation of nocturnal methane effluxes. Extra pre-caution is needed
o interpret methane fluxes and annual budgets at these sites.
onsequently, the finding reported here may have implications
n future interpretation of carbon dioxide emission records from
ntensively-grazed pastures (Gilmanov et al., 2007; Schulze et al.,
009; Soussana et al., 2007). We, thereby, recommend that practi-
ioners conduct additional flux measurements at sites upwind and
own wind and collect and inspect web camera imagery to decide
hen to accept and reject data.

The main drawback of our use of the web camera is that it
Please cite this article in press as: Baldocchi, D., et al., The challenges of me
Agric. Forest Meteorol. (2011), doi:10.1016/j.agrformet.2011.04.013

nly obtained data during the day. For future studies in pas-
ures and rangelands where the presence of cattle might pose

challenge for the interpretation of eddy covariance measure-
ents, we recommend the use of a ‘game-cam’. This type of digital
 PRESS
t Meteorology xxx (2011) xxx–xxx 9

camera was specifically designed for rugged outdoor applications in
remote locations. Recently, game-cams have been used for pheno-
logical research given their repeat photography capabilities (Kurc
and Benton, 2010). Game-cams are the simple digital cameras
and their configuration requires only basic photographic under-
standing. Most game-cams allow for motion detection-triggered
photography in addition to repeat photography, but the real advan-
tage of some game-cams is the use an infrared flash to take black
and white images at night. Considering that our object-oriented
approach ignored spectral image attributes, we believe that future
studies could employ our approach to detect cow absence and pres-
ence during the day and at night.

These CH4 concentration and flux measurements reported here
have implications on land management. The first issue relates to
the need to restore agricultural lands in the Delta to native vege-
tation, to stymie continued subsidence and safeguard the integrity
of the levee system and protect the fresh water conveyance system
upon which California relies (Mount and Twiss, 2005). Conversion
of agricultural land back to native wetlands have the potential
to produce larger CH4 sources (Miller et al., 2008), compared to
the drained peatlands. Drained peatlands are shown to be small
methane sources, but they are unsustainable in their present state
as they are losing carbon. The second issue relates to the role of
cows as strong methane emitters in grazed pastures. In this case
the cows may be a larger source of methane than the land on which
they graze. So it is incumbent upon researchers to evaluate their
methane losses, too, if one is concerned about the methane burden
upon the atmosphere. In our future work we intend to apply back-
ward Lagrangian diffusion modeling (Flesch et al., 1995; Laubach
et al., 2008; McGinn et al., 2009) to our extensive database and
refine our estimate of the amount of methane emitted by the cattle.
The third issue relates to global warming. These wetlands formed
as the glaciers melted, sea level rose and vegetation was entombed
in an anaerobic environment (Malamud-Roam et al., 2006). Fur-
ther sea-level rise with the melting of the Greenland ice sheet and
Antarctica will form more temperate wetlands, which may have a
positive feedback on the climate system by emitting more CH4 into
the atmosphere.
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Appendix A.

The diurnal and seasonal variation in the Cow Cam Index,
detected with a digital camera. First, the JPEG files were converted
to ENVI Image Files for analysis with the Feature Extraction Module
in the ENVI/IDL image processing environment (ITT Visual Informa-
tion Solutions). Next, we performed a principal component analysis
on each image, and the first principle component was segmented
into image objects within a defined region-of-interest. Then, the
asuring methane fluxes and concentrations over a peatland pasture.

image objects were classified into “cow” and “non-cow” based on
various spatial and texture attributes (Fig. A.1). Spectral attributes
were ignored to minimize potential misclassification due to diur-
nal and seasonal effects of illumination changes (e.g., images taken
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Fig. A.1. Digital camera image with cow

t dusk with the camera facing the Sun may result in very dark
egetation with spectral attributes similar to cows). For each result-
ng binary (cow vs. non-cow) region-of-interest we calculated a
cow-fraction” (fcow) with values from 0 to 1. Finally, the presence
r absence of cows for a given region-of-interest was determined
y median fcow (fcow-median) for images with a fcow > 0, with pres-
nce = 1 for fcow > fcow-aveage and absence = 0 for fcow < fcow-median.
ith this simple approach misclassifications were minimized and

ows present at greater distance (>50 m) were ignored.
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