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Abstract

Since 2007, the global mole fraction of atmospheric methane (CH4) has steadily increased meanwhile the 13C/12C isotopic

ratio of CH4 (expressed as δ13C-CH4) has shifted to more negative values. This suggests that CH4 emissions are primarily

driven by biogenic sources. However, more in situ isotopic measurements of CH4 are needed at the local scales to identify which

biogenic sources dominate CH4 emissions regionally. In California, dairies contribute a substantial amount of CH4 emissions

from enteric fermentation and manure management. In this study, we present seasonal atmospheric measurements of δ13C-CH4

from dairy farms in the San Joaquin Valley of California. We used δ13C-CH4 to characterize emissions from enteric fermentation

by measuring downwind of cattle housing (e.g., freestall barns, corrals) and from manure management areas (e.g., anaerobic

manure lagoons) with a mobile platform equipped with cavity ring-down spectrometers. Across seasons, the δ13C-CH4 from

enteric fermentation source areas ranged from -69.7 ± 0.6 per mil (ranged from -49.5 ± 0.1enteric CH4 suggest a greater than

10production groups in accordance with diet. Isotopic signatures of CH4 were used to characterize enteric and manure CH4 from

downwind plume sampling of dairies. Our findings show that δ13C-CH4 measurements could improve the attribution of CH4

emissions from dairy sources at scales ranging from individual facilities to regions and help constrain the relative contributions

from these different sources of emissions to the CH4 budget.
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 Isotopic signatures of methane varied between different cattle production groups in 23 

accordance with diet 24 
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ABSTRACT 27 

Since 2007, the global mole fraction of atmospheric methane (CH4) has steadily increased 28 

meanwhile the 
13

C/
12

C isotopic ratio of CH4 (expressed as δ
13

CCH4) has shifted to more negative 29 

values. This suggests that CH4 emissions are primarily driven by biogenic sources. However, 30 

more in situ isotopic measurements of CH4 are needed at the local scales to identify which 31 

biogenic sources dominate CH4 emissions regionally. In California, dairies contribute a 32 

substantial amount of CH4 emissions from enteric fermentation and manure management. In this 33 

study, we present seasonal atmospheric measurements of δ
13

CCH4 from dairy farms in the San 34 

Joaquin Valley of California. We used δ
13

CCH4 to characterize emissions from enteric 35 

fermentation by measuring downwind of cattle housing (e.g., freestall barns, corrals) and from 36 

manure management areas (e.g., anaerobic manure lagoons) with a mobile platform equipped 37 

with cavity ring-down spectrometers. Across seasons, the δ
13

CCH4 from enteric fermentation 38 

source areas ranged from -69.7 ± 0.6 per mil (‰) to -51.6 ± 0.1‰ while the δ
13

CCH4 from 39 

manure lagoons ranged from -49.5 ± 0.1‰ to -40.5 ± 0.2‰. Measurements of δ
13

CCH4 of enteric 40 

CH4 suggest a greater than 10‰ difference between cattle production groups in accordance with 41 

diet. Isotopic signatures of CH4 were used to characterize enteric and manure CH4 from 42 

downwind plume sampling of dairies. Our findings show that δ
13

CCH4 measurements could 43 

improve the attribution of CH4 emissions from dairy sources at scales ranging from individual 44 

facilities to regions and help constrain the relative contributions from these different sources of 45 

emissions to the CH4 budget. 46 

Plain Language Summary 47 

Methane emissions from livestock production are an important part of the global methane 48 

budget. However, more measurements of carbon isotopes of methane are needed to help 49 

constrain the relative contribution of methane sources regionally. In this study, we measured 50 
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carbon isotopes of methane at dairy farms in California, the leading dairy-producing state in the 51 

United States. Different areas of the dairy farm had distinct methane generation processes, 52 

reflected in the isotopic signatures of methane that were emitted. Methane from manure lagoons 53 

was more enriched in the heavier of carbon’s two stable isotopes, carbon-13, than methane from 54 

enteric fermentation across seasons at a dairy farm. Isotopic signatures of methane were 55 

relatively invariant across seasons, particularly from manure lagoons. In addition, enteric 56 

methane from different cattle production groups had distinct isotopic signatures of methane that 57 

are likely dependent on diet composition. Isotopic signatures can also be used to apportion 58 

methane emissions from both enteric fermentation and anaerobic manure lagoons by taking 59 

samples downwind of dairy farms. This can help constrain the relative contributions from these 60 

different sources of emissions to the methane budget, as well as track the effectiveness of 61 

mitigation strategies by estimating the contribution of sources. 62 

 63 

1 Introduction 64 

 Methane (CH4) is the second most important anthropogenic greenhouse gas after carbon 65 

dioxide and is increasingly becoming a critical priority for near-term climate action, given its 66 

relatively short lifetime and substantial potential for rapid mitigation (United Nations, 2021). 67 

Over the last several decades, the growth rate of atmospheric CH4 has significantly changed, 68 

reaching stable zero growth from 1999 to 2006, followed by an increase beginning 2007 69 

(Dlugokencky et al., 1998; Nisbet et al., 2014). This rise in the global mole fraction of 70 

atmospheric CH4 has been the subject of several studies that focus on explaining this 71 

phenomenon, without a definitive explanation. A rise in CH4 emissions could be indicative of 72 

changes in total emissions from various sources, including from biogenic, thermogenic, and 73 
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pyrogenic CH4 and/or a decrease in the atmospheric sink of CH4 (Naus et al., 2019; Nisbet et al., 74 

2016; Rigby et al., 2017; Turner et al., 2017; Worden et al., 2017).  75 

 The isotopic signature of CH4 is an important tool to diagnose the source of this increase 76 

in CH4 (Dlugokencky et al., 2011). The global stable carbon isotope ratio of atmospheric CH4, 77 

expressed as δ
13

CCH4, has shifted towards more negative values simultaneously with the rise of 78 

the atmospheric mole fraction of CH4 (Schaefer et al., 2016). Recent isotopic evidence suggests 79 

that this rise in CH4 is likely dominated by increased emissions of biogenic CH4, which are more 80 

depleted in 
13

C relative to fossil and pyrogenic CH4 sources (Nisbet et al., 2016). Possible 81 

biogenic sources responsible for the rise in atmospheric CH4 include ruminants, rice paddies, and 82 

wetlands, among others, with δ
13

CCH4 estimates of about -60‰ for C3-fed ruminants and about -83 

50‰ for C4-fed ruminants (Dlugokencky et al., 2011; Nisbet et al., 2016; Schaefer et al., 2016). 84 

Previous work have shown that isotopic signatures of CH4 emitted by enteric fermentation 85 

depend on the carbon isotopic ratio of diet composition, driven by the proportion of plants with 86 

C3 and C4 photosynthetic pathways (Metges et al., 1990; Levin et al., 1993; Schulze et al., 1998; 87 

Bilek et al., 2001; Schwietzke et al., 2016). However, we lack sufficient in situ isotopic 88 

characterization of CH4  at the local level to identify the location and type of biogenic sources 89 

that dominate the current rise in global CH4 emissions (Nisbet et al., 2019).  Even at local to 90 

regional scales, the budgets of both CH4 and its stable carbon isotope remain uncertain 91 

(Townsend-Small et al., 2012). Improved knowledge is particularly important for ensuring 92 

effective mitigation of CH4 at scales where policies to reduce CH4 are being enacted (Hopkins et 93 

al., 2016a).  94 

 In California, there are statewide efforts underway to reduce CH4 emissions, but it 95 

remains challenging to accurately monitor progress given the large inconsistencies between 96 
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atmospheric observations and greenhouse gas inventories (Jeong et al., 2013; Duren et al., 2019). 97 

Atmospheric observations have inferred higher CH4 emissions than reported in GHG inventories 98 

at the statewide and regional levels and from individual sectors, including dairies (Cui et al., 99 

2017; Jeong et al., 2016; Miller et al., 2013; Trousdell et al., 2016; Wecht et al., 2014). However, 100 

there is little information about the processes that produce this apparent discrepancy. The 101 

California Air Resources Board (CARB) GHG inventory estimates that dairies contribute about 102 

half of statewide CH4 emissions, with contributions from enteric fermentation by ruminant gut 103 

microbes and manure managed in anaerobic conditions. However, these estimates are based on 104 

emission factors derived from a few pilot and lab-scale studies conducted outside of California 105 

and thus likely not representative of California’s climate and unique biogeography (Owen & 106 

Silver, 2015). Given that mitigation practices are targeted towards the biogeochemical and 107 

management processes that produce CH4, new tools for source apportionment and process 108 

understanding are required. Stable isotopes of CH4 may be a promising way forward.  109 

 The few studies that have measured isotopic signatures of CH4 from dairies in California 110 

were done in the Los Angeles Basin. Townsend-Small et al. (2012) investigated the isotopic 111 

signature of major sources of CH4 in the in the Los Angeles megacity, and found that isotopic 112 

values of δ
13

CCH4 from fields applied with cow manure were characterized by values between -113 

62.1 per mil (‰) to -59.2‰, whereas δ
13

CCH4 of manure biofuel from a manure digester facility 114 

ranged from -52.4‰ to -50.3‰. Cow breath, on the other hand, had more depleted δ
13

CCH4 115 

source signatures between -64.6‰ and -60.2‰. A more recent study by Viatte et al. (2017) 116 

measured isotopic signatures of δ
13

CCH4 from the largest dairy farms in Southern California, and 117 

observed values between -65‰ to -45‰, attributing the most depleted observations to enteric 118 

fermentation.  119 
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 In Europe, previous research has shown that δ
13

CCH4 signatures vary dependent on the 120 

type of dairy manure storage. In Heidelberg, Germany, Levin et al., (1993) observed more 121 

enriched δ
13

CCH4 from manure piles (-45.5±1.3‰) and a biogas generator (-51.8±2.8‰) than 122 

liquid manure (-73.9±0.7‰). Two recent studies used mobile surveys to measure δ
13

CCH4 in 123 

Europe. In Germany, Hoheisel et al. (2019) conducted mobile measurements to determine 124 

δ
13

CCH4 signatures around Heidelberg and in North Rhine-Westphalia. The δ
13

CCH4 signatures 125 

ranged from -66.0‰ to -40.3‰ for three dairy farms with biogas plants. More enriched δ
13

CCH4 126 

signatures were observed from plumes downwind of the biogas plant relative to plumes 127 

downwind of the animal housing. In Northern England, Lowry et al., (2020) found that methane 128 

plumes downwind of dairy farms had δ
13

CCH4 signatures from -67‰ to -58‰. Atmospheric 129 

measurements downwind of manure piles were more enriched in 
13

CCH4 with values close to -130 

50‰ relative to cow breath, which were close to -70‰. Isotopic endmembers were variable 131 

downwind of animal housing dependent on the cattle population and amount of manure waste 132 

present. In general, CH4 from barns with fewer cows and more manure waste were more 133 

enriched in 
13

C.  134 

  In this study, we present seasonal atmospheric measurements of δ
13

CCH4 from dairy 135 

farms located in the San Joaquin Valley, California, where 91% of the state’s dairy herd resides 136 

(Mullinax et al., 2020). Our primary objective was to measure δ
13

CCH4 emitted from anaerobic 137 

manure lagoons and enteric fermentation source areas across seasons. Our second objective was 138 

to use δ
13

CCH4 source signatures from enteric fermentation and anaerobic lagoons to identify the 139 

dominant source responsible for CH4 hotspots detected from downwind plume sampling of other 140 

dairies in the region. We hypothesized that the δ
13

CCH4 signatures from dairy anaerobic manure 141 

lagoons and enteric fermentation can be used to apportion CH4 emissions between these two 142 
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dairy farm source processes. These isotopic signatures can help contribute to the body of 143 

knowledge that aims to resolve the CH4 budget in California and globally.  144 

2 Methodology 145 

2.1 Study Site 146 

 Ground-based mobile measurements were collected at a dairy in Tulare County (San 147 

Joaquin Valley), California, in the fall, spring, summer, and winter seasons from 2018 to 2020. 148 

Hereafter, we will refer to this dairy as the reference test site farm. Figure 1 shows a schematic of 149 

the reference test site farm layout. The reference test site has on average 3070 milking cows that 150 

spend most of their time in freestall barns, with an additional ~400 dry cows and ~3000 heifers 151 

that are primarily in open lots (corrals).  Manure waste is handled using a combination of wet 152 

and dry manure management practices (Meyer et al., 2019). Wet manure management is used for 153 

waste deposited in the freestall barns, where manure waste is flushed from barn floors and 154 

diverted to a processing pit. Wastewater from the milking parlor also enters the processing pit. 155 

Processing pit water is reused to flush lanes or is pumped over stationary inclined screen 156 

(manure separator). A manure separator then removes coarser solids (17% of total solids) from 157 

liquid effluent, which gravity flows into cell 1. The liquid manure navigates from separation cell 158 

1, cell 2, the primary lagoon, and finally into a holding pond via gravity, decreasing the content 159 

of suspended volatile solids through anaerobic decomposition and settling as it moves from one 160 

component to the next. Water waste from the holding pond is later used as irrigation water for 161 

cropland. Hereafter, manure lagoons refer to cell 1, cell 2, primary lagoon, and the holding pond. 162 

Dry manure management refers to the fraction of waste that is separated from the liquid waste 163 

stream, which is spread out on the ground and solar dried. Once dry, this manure is distributed 164 
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into freestall beds (bedding) or stacked and covered in the dry bedding. The primary forages are 165 

wheat and corn preserved as silage. Silage piles are covered with a double layer of plastic.  166 

 The feed composition for different seasons was obtained by weighing each feed 167 

ingredient as it was included into the mixer wagon. All weights were transferred electronically to 168 

feed management software (VAS FeedWatch). FeedWatch data were retrieved once monthly for 169 

ingredient identification, quantity fed per pen, pen population and dry matter composition. Each 170 

ingredient was identified as C3 or C4 except for distiller’s grain, which could be a changing 171 

combination of C3 and C4 sources. Sum of dry weights by pen for C3, C4, distillers feeds were 172 

calculated.  The feed composition by cattle production group is presented in Table 3.  173 

 174 

 175 

  176 

 We also made measurements at other dairies within a 10 x 10 km region of agricultural 177 

land in the same county, which includes additional dairy farms, beef feedlots, poultry farms, and 178 

Figure 1. Facility layout and location of sonic anemometer on the reference test site of the San 

Joaquin Valley, California. 
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a landfill that are also emitting methane (Figure 2). Other potential sources of emissions 179 

surround the region, including a wetland, plugged and abandoned oil and gas wells that are 180 

permanently sealed, and a wastewater treatment plant (Figure 2). Residential land is primarily 181 

located south of the region and contains an extensive natural gas pipeline network.  182 
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 183 

Figure 2. Mobile measurements routes in Tulare County region of the San Joaquin Valley, 184 

California. The symbols indicate the major known CH4 sources in this agricultural region. The 185 

location of dairies sampled across multiple seasons are specified as Dairy I, Dairy II, Dairy III, 186 
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and Dairy Cluster (A-F). Mobile measurement routes are colored by different seasonal 187 

campaigns. The pink lines show routes that were sampled in all 2018-2020 transects and the 188 

black lines show routes that were sampled in all 2019 and 2020 transects.  189 

 190 

2.2 Mobile Platform and Micrometeorological Measurements 191 

 Continuous measurements of greenhouse gases and pollutants were collected using a 192 

mobile platform (Thiruvenkatachari et al., 2020), consisting of analyzers using the Cavity Ring-193 

Down Spectroscopy (CRDS) technique (Picarro G2210-i and Picarro G2401, Picarro, Inc., Santa 194 

Clara, CA, USA), global satellite positioning unit (GPS 16X, Garmin Ltd., Olathe, KS, USA) to 195 

record geolocation and vehicle speed, 2-D sonic anemometer (METSENS500, Campbell 196 

Scientific, Inc., Logan, UT, USA) to measure wind direction, wind speed, air temperature and 197 

relative humidity, and calibration tanks. The following trace gas species were continuously 198 

measured from air drawn in at an inlet with a height of 2.87 m: CH4, δ
13

CCH4, carbon dioxide 199 

(CO2), carbon monoxide (CO), ethane (C2H6). Reported trace gas mole fractions and isotope 200 

ratios were corrected using low and high custom gas mixtures that were measured before and 201 

after each measurement period. These gas mixtures contained all the species of interest and were 202 

tied to the scale set by the NOAA Global Monitory Division (GMD) by measurement against 203 

NOAA certified tanks. Isotopic standards were tied to the Vienna Pee Dee Belemnite (VPDB) 204 

scale. Methane isotope measurements with the Picarro G2210-i were further validated and 205 

corrected for instrument drift with standards ranging from -23.9‰ to -68.6‰ in the laboratory. 206 

 Micrometeorological measurements were collected at the reference test site each season, 207 

with a 3-D sonic anemometer (CSAT3, Campbell Scientific, Inc.) mounted on a stationary tower 208 

near the manure lagoons (Figure 1). Measurements were made at two heights, 2.4 m  and 11 m, 209 
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at a frequency of 20 Hz. For the purposes of our analysis, we only used meteorological data from 210 

the 2.4 m tower.        211 

 On January 15
th

, 2020, we used a cuboid chamber (17.8 cm height and 28.0 cm width)  212 

made of clear PVC to isolate and measure δ
13

CCH4
 
from freestall barns and static manure piles 213 

from the solid drying area (Litvak et al., 2014). The chamber was placed on the freestall barn or 214 

manure pile surface and connected to the gas analysis system of the mobile platform with 215 

Synflex tubing. For each sample, we collected measurements for ten minutes. We also measured 216 

δ
13

CCH4
 
from the breath of milking cows, dry cows, heifers, bull calves, and calves in hutches by 217 

holding Synflex tubing connected to the mobile platform gas analysis system near the mouths of 218 

cows (Townsend-Small et al., 2012). We measured within 16 cm of milking and dry cows, ~1 m 219 

from heifers and bull calves, and ~10 m from calves in hutches.  220 

2.2 Data Processing 221 

 Several corrections to observations were applied for each measurement period. First, 222 

observations collected from different instruments were cross-correlated and synchronized to 223 

local time (Hopkins et al., 2016b). Offsets were recorded between local time and each 224 

instrument’s internal clock, which were then used to correct data prior to performing the cross-225 

correlation method. Second, a correction was applied based on the lag time between the inlet and 226 

instrument reading. Third, trace gas mole fraction and δ13CCH4 observations were corrected by 227 

applying a correction factor from calibrations performed before and after each measurement 228 

period. Observations were averaged over 1-s intervals.  229 
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2.3 Whole Air Samples and Continuous Mobile Laboratory Measurements 230 

 We compared measurements of δ
13

CCH4 using our mobile laboratory sampling technique 231 

using CRDS with analysis of whole-air samples collected at the same time and then analyzed 232 

with standard Isotope Ratio Mass Spectrometry (IRMS). Five whole-air samples of atmospheric 233 

CH4 were collected in preconditioned and evacuated 2-L stainless steel canisters with bellow 234 

valves, over a period of about one minute (Blake et al., 1994; Colman et al., 2001). Whole-air 235 

samples were collected at the same height of the mobile laboratory inlet. The canisters were first 236 

processed by University of California, Irvine for chemical analysis, and a subsample was then 237 

sent to the University of Cincinnati for isotopic analysis with IRMS using a method described in 238 

detail by Yarnes (2013). Over the course of the same time intervals, the mobile laboratory 239 

continuously measured δ
13

CCH4 with the CRDS instrument. We found no statistically significant 240 

difference between individual CRDS and IRMS samples using a Student’s t-test (Table 1); the 241 

differences between δ
13

C measured by IRMS and CRDS were always less than the uncertainties 242 

of each technique alone. These findings suggest that δ
13

CCH4 measurements by the mobile 243 

laboratory CRDS technique is comparable to the standard IRMS method. 244 
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 245 

 We conducted a dilution experiment to analyze the precision of δ
13

CCH4 sampled with the 246 

CRDS instrument at varying CH4 levels similar to what we observed during downwind plume 247 

sampling of other dairies in the region. Following a similar method by Miles et al. (2018), a high 248 

gas standard with 20.1 ppm CH4 and δ
13

C-CH4 of -44.35‰ (traceable to the scale set by the 249 

NOAA GMD by measurement against NOAA certified tanks) was mixed with zero air using a 250 

mass flow controller (MC-20SLPM-D-SV and MCS-100SCCM-D-PCV03, Alicat Scientific, 251 

Inc.).  The mass flow controllers were used to direct isotopic calibration standard tank into a 252 

mixing volume at 20 sccm (standard cubic centimeter per minute) and mixed with zero CH4 air 253 

at 203.3, 181.0, 140.0, 114.00, 20.2 and 13.5 sccm to create target CH4 mole fractions of 1.8, 2.0 254 

, 2.5, 3.0, 10.0 and 12.0 ppm, respectively. To compare with the time interval used to average 255 

regional measurements, the final 15 seconds of data for each dilution were averaged to evaluate 256 

the precision of the instrument. The standard error of the δ
13

C-CH4 collected during these tests 257 

Table 1. Samples Collected by the Mobile Platform Using the CRDS and IRMS Technique.  

Date Local Time
a
 Source Type

b
 

IRMS 

δ
2
H-

CH4  

(‰)
c
 

IRMS δ
13

C-

CH4  (‰)
c
 

Average 

CRDS δ
13

C-

CH4 (‰)
d
 

n
e
 p value 

March 25, 2019 13:37:50 - 13:38:50 Cell 1 -326 ± 4 -42.91 ± 0.23 -43.27 ± 0.18 34 0.06 

March 25, 2019 18:37:30 - 18:38:30 Primary lagoon -263 ± 4 -50.13 ± 0.23 -49.90 ± 0.18 44 0.22 

March 26, 2019 7:52:05 - 7:53:05 Freestall barns -280 ± 4 -54.16 ± 0.23 -54.21 ± 0.18 46 0.77 

March 26, 2019 8:12:30 -  8:13:30 Corrals -277 ± 4 -52.07 ± 0.23 -52.01 ± 0.18 45 0.74 

March 26, 2019 9:12:30 - 9:13:30 Landfill -245 ± 4 -49.21 ± 0.23 -49.03 ± 0.18 47 0.32 

 
a 

Time interval for CRDS measurements. IRMS samples were also instantaneously collected within this time 

interval. 
b 
All source types were at reference test site except the landfill (Figure 2). 

c 
Precision of the IRMS technique is reported. 

d 
Standard error of the average of standard gas measurements are reported. 

e
 Number of CRDS observations that were averaged. 
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increased with decreasing mole fractions. The δ
13

C end-member (-43.52‰) from the data 258 

collected was within 0.83‰ of the isotopic value of calibration standard tank.  259 

2.4 Farm-scale Analysis 260 

 Sources of CH4 emissions at the reference test site farm were identified by categorizing 261 

atmospheric observations based on proximity to the emission source and wind direction. To 262 

evaluate δ
13

CCH4 from biogenic sources at the farm scale, observations with CH4 ≤ 30 ppmv were 263 

selected and averaged by 1-min intervals to minimize uncertainty according to the performance 264 

standards of the instrument. For each source, δ
13

CCH4 and the corresponding standard errors were 265 

estimated as the y-intercept from a weighted linear regression of the inverse of the atmospheric 266 

CH4 mole fraction and δ
13

CCH4 (i.e., Keeling plot) (Keeling, 1958; Pataki et al., 2003). Keeling 267 

plots were generated for each dairy farm source (i.e., manure lagoons, corrals, and freestall 268 

barns) by applying a weighted linear regression with errors in both the independent and 269 

dependent variables (i.e., x-data: CH4
-1

 and y-data: δ
13

CCH4) based on the York et al. (2004) 270 

method (Thirumalai et al., 2011). To exclude CH4 emissions from fossil-fuel sources, such as 271 

from vehicles, we omitted CH4 observations that had corresponding excess C2H6 values > 0.1 272 

ppm (0.02% of reference test site farm measurements) and excess CO values > 500 ppb, the 99
th

 273 

percentile from all regional transects (Miller et al., 2015). We define excess C2H6 and excess CO 274 

as mole fractions above the minimum C2H6 and CO observations for each dairy farm source. At 275 

the reference test site, no excess CO measurements above this threshold were detected. For the 276 

inverse of CH4, the uncertainty was defined as the mean of the standard errors from the 1-min 277 

averaged observations in the weighted linear regression. For δ
13

CCH4 observations, we first 278 

evaluated the mean of the standard errors from the 1-min averaged observations against the 279 

standard error from 1-min averages of the standard gas run. Then, we selected the largest 280 
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standard error of the two as the corresponding uncertainty. In this study, the δ
13

CCH4 values 281 

reported hereafter are referring to the δ
13

CCH4 end-members derived from Keeling plots. 282 

2.5 Downwind Plume Sampling Analysis 283 

 Isotopic signatures of CH4 were classified into the following two categories: Dairy 284 

Cluster (dairies A-F) or isolated dairy farms (Dairy I, Dairy II, Dairy III), where there were no 285 

major potential sources of CH4 within at least 2 km from the dairy farm (Figure 2). We used 15-s 286 

averaged observations to detect CH4 hotspots, defined as locations with CH4 levels exceeding 287 

350 ppb above local background. We exclude potential CH4 emissions from fossil fuel sources 288 

using the same C2H6 and CO criteria as described above. For each season, we then identified 289 

hotspots of CH4 downwind of dairy farms and derived the δ
13

C
 
end-members with a Keeling 290 

plot, using the method described in section 2.4. To ensure the method described in section 2.4 is 291 

appropriate for the lower mole fractions observed from downwind sampling of other dairies in 292 

the region, we compared the δ
13

C end-members using the standard error from the CH4 dilution 293 

experiment described in section 2.3 against the standard error selected using the method 294 

described in section 2.4. There was no statistically significant difference between δ
13

C end-295 

members using Welch’s t-test. Thus, to be consistent with analysis at the farm-scale, the method 296 

described in section 2.4 was selected to obtain source δ
13

C end-members from downwind plume 297 

sampling of other dairies.  298 

 Isotope mixing equations from Fry (2006) were used to estimate the fractional 299 

contribution of the two CH4 sources, enteric fermentation source areas and manure lagoons, from 300 

CH4 hotspots. We averaged the isotopic signatures of cow breath measurements (𝛿𝑒𝑛𝑡𝑒𝑟𝑖𝑐) from 301 

milking cows, dry cows, heifers, bull calves, and calves in hutches from the winter 2020 302 

measurements from the reference test site (-61.06 ± 0.27‰). We also averaged the manure 303 
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lagoon isotopic signatures, 𝛿𝑚𝑎𝑛𝑢𝑟𝑒, observed at the reference test site (-45.13 ± 0.41‰). The 304 

following equation was used to estimate the fraction of enteric methane emissions,  305 

𝑓𝑒𝑛𝑡𝑒𝑟𝑖𝑐 = (𝛿𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 − 𝛿𝑚𝑎𝑛𝑢𝑟𝑒)/ (𝛿𝑒𝑛𝑡𝑒𝑟𝑖𝑐 − 𝛿𝑚𝑎𝑛𝑢𝑟𝑒)  

where fenteric is the fraction of enteric methane from the total sum of two sources and 𝛿𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 306 

is the isotopic signature of the CH4 hotspot. Uncertainties were calculated by propagation of 307 

error. 308 

 To further characterize CH4 hotspots, we used a Eulerian numerical (EN) dispersion 309 

model to identify the CH4 flux footprint, which is the upwind area where CH4 emissions 310 

measured by the mobile platform were generated (refer to details in Thiruvenkatachari et al., 311 

2020). For this study, the EN model identified which dairy farm areas contributed the most to the 312 

atmospheric CH4 observations. We applied a roughness length of 0.002 m in the EN model. The 313 

dairy farm areas were divided into smaller sources by a 5 m grid.   314 

3 Results 315 

3.1 Source-scale Isotopic Signatures of CH4 Measured at a Single Farm 316 

 Different sources of CH4 emissions of the dairy farm had distinct isotopic signatures of 317 

CH4 that were relatively invariant across seasons (Figure 3, Table 2). The δ
13

CCH4 signatures 318 

from enteric fermentation source areas were more depleted than CH4 from manure lagoons. The 319 

δ
13

CCH4 from animal housing areas ranged from -69.7 ± 0.6‰ to -51.6 ± 0.1‰, whereas the 320 

δ
13

CCH4 from manure lagoons ranged from -49.5 ± 0.1‰ to -40.5 ± 0.2‰. Methane emissions 321 

from freestall barns had heavier δ
13

CCH4, with values ranging from -59.9 ± 0.2‰ to -51.6 ± 322 

0.1‰. Meanwhile, corrals exhibited the most depleted δ
13

CCH4, ranging from -69.7 ± 0.6‰ to -323 

55.5 ± 0.5‰. Specifically, there were seasonal differences in isotopic signatures from manure 324 

lagoons. The most enriched δ
13

CCH4 from manure lagoons was observed in January 2020 (-40.5 ± 325 
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0.2‰) relative to other seasons, such as in June 2019 (-49.5 ± 0.1‰) and September 2019 (-326 

46.69 ± 0.02‰). Freestall barns and corrals displayed a relatively larger range, but, notably, the 327 

heaviest δ
13

CCH4 was observed in September 2018 (freestall barns: -52.8 ± 0.1‰) and January 328 

(freestall barns: -51.6 ± 0.1‰), with the most depleted δ
13

CCH4 observed in September 2018 329 

(corrals: -69.7 ± 0.6‰).  330 

 331 

332 
Figure 3. Seasonal δ

13
CCH4 isotopic signatures from different CH4 source areas on the reference 333 

test site farm (corrals, freestall barns, and manure lagoons). Each symbol represents the δ
13

CCH4 334 

isotopic signature derived from Keeling plots. The lines and shaded regions represent the δ
13

CCH4 335 

isotopic signatures (lines) and associated standard errors (shaded regions) of cow breath by cattle 336 

type during the winter 2020 campaign (Figure 4).  337 

 338 

Table 2. Seasonal δ
13

CCH4 Isotopic Signatures at a Dairy Farm (i.e., Reference Test Site).  339 

Season Date Source δ
13

CCH4 (‰)
a
 

Fall 

September 19, 2018 Freestall Barns -52.8 ± 0.1 

September 20, 2018 Freestall Barns -56.2 ± 0.5 

September 21, 2018 Freestall Barns -55.4 ± 0.2 

Spring 
March 26, 2019 Freestall Barns -54.1 ± 0.1 

March 28, 2019 Freestall Barns -54.0 ± 0.1 
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Summer 
June 20, 2019 Freestall Barns -59.9 ± 0.2 

June 26, 2019 Freestall Barns -58.2 ± 0.1 

Fall September 14, 2019 Freestall Barns -59.8 ± 0.2 

Winter January 15, 2020 Freestall Barns -51.6 ± 0.1 

Fall September 21, 2018 Corrals -69.7 ± 0.6 

Spring 

 

March 25, 2019 Corrals -65.7 ± 1.0 

March 26, 2019 Corrals -55.5 ± 0.5 

March 28, 2019 Corrals -62.1 ± 0.1 

Summer 

 

June 20, 2019 Corrals -58.6 ± 0.5 

June 26, 2019 Corrals -57.6 ± 0.2 

Winter January 15, 2020 Corrals -63.5 ± 0.1 

Fall 
September 19, 2018 Manure Lagoons -46.02 ± 0.03 

September 20, 2018 Manure Lagoons -46.75 ± 0.04 

Spring 

March 25, 2019 Manure Lagoons -45.48 ± 0.02 

March 26, 2019 Manure Lagoons -45.2 ± 0.1 

March 28, 2019 Manure Lagoons -44.9 ± 0.1 

Summer 

June 17, 2019 Manure Lagoons -42.9 ± 0.1 

June 18, 2019 Manure Lagoons -47.99 ± 0.03 

June 19, 2019 Manure Lagoons -47.03 ± 0.01 

June 20, 2019 Manure Lagoons -49.5 ± 0.1 

June 21, 2019 Manure Lagoons -46.94 ± 0.03 

June 26, 2019 Manure Lagoons -45.5 ± 0.1 

Fall 

September 12, 2019 Manure Lagoons -45.80 ± 0.02 

September 13, 2019 Manure Lagoons -46.69 ± 0.02 

September 14, 2019 Manure Lagoons -43.0 ± 0.1 

Winter 

January 15, 2020 Manure Lagoons -42.7 ± 0.4 

January 16, 2020 Manure Lagoons -40.5 ± 0.2 

January 17, 2020 Manure Lagoons -40.5 ± 0.1 
a 
Standard errors are reported for δ

13
CCH4 isotopic signatures derived from Keeling plot analyses. 340 

All p values are <0.001, except on September 14, 2019 for Freestall Barns (p value = 0.01) and 341 

January 15, 2020 for Manure Lagoons (p value = 0.85) 342 

  343 

 Differences in the isotopic signatures from CH4 emissions generated from the freestall 344 

barns and corrals may be explained by the types of cattle housed in each area. To further explore 345 

this, we conducted isolated breath measurements of different cattle production groups during the 346 

winter season and evaluated their diet composition across seasons. Freestall barns only house 347 

milking cows and cows within a few days of parturition, while corrals house milk-fed calves in 348 

hutches (hereafter, hutch calves), heifers, bull calves, and dry cows (i.e., non-lactating cows).  As 349 

shown from the Keeling plots in Figure 4, the breath of milking cows (-54.2 ± 0.2‰) and hutch 350 
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calves (-55.0 ± 1.7‰) were more enriched in δ
13

CCH4 relative to dry cows (-62.6 ± 0.3‰) and 351 

heifers and bull calves (-66.4 ± 0.2‰).   352 

 We used feed data collected at our reference test site farm to interpret the variations in 353 

δ
13

C of CH4 emited from cattle in corrals and freestall barns at the reference test site farm. We 354 

found that the types of cattle housed in each area were each fed a distinct type of feed, consisting 355 

of C3, C4, or distiller's dried grains of unknown composition (DDG) (Table 3). In all seasons, 356 

milking cows were fed a mixture consisting primarily of C3 (36-43%) and C4 feeds (50-58%), 357 

with a small percentage of DDG (5-8%). Hutch calves were milk-fed and also fed a mixture of 358 

C3, C4, and DDG feed, but with a larger percentage of DDG (27-45%)—the diet composition for 359 

hutch calves was more variable depending on the season. Bull calves were fed a wide range of 360 

C3 (12-45%), C4 (12-66%), and DDG (22-43%) feed depending on the month. In contrast, dry 361 

cows and heifers were predominately fed a C3 diet (85-100%) with a small percentage of DDG 362 

(0-15%).  Given that isotopic measurements of substrates were outside the scope of this study, 363 

we assumed that C4 feed had a δ
13

C of -12.24 ± 0.34‰ and C3 feed had a δ
13

C of -23.61‰ 364 

based on reported δ
13

C of maize and wheat in Chang et al. (2019). For DDG, we assumed an 365 

equal mixture of C3 and C4 feed, resulting in a δ
13

C of -17.93 ± 0.34‰. To estimate the 366 

expected δ
13

CCH4 for different cattle production groups at the reference test site, we used the 367 

linear regression equation derived from the empirical relationship between δ
13

Cdiet and δ
13

CCH4 368 

from enteric fermentation of ruminants in Chang et al. (2019) (𝛿13𝐶𝐶𝐻4  =   0.91 ×  𝛿13𝐶𝑑𝑖𝑒𝑡  −369 

 43.49‰, with the standard errors of the intercept and slope being 2.86‰ and 0.12‰, 370 

respectively). Based on these assumptions, milking cows and hutch calves are projected to emit 371 

more enriched δ
13

CCH4 values relative to other cattle production groups (Table 3). Although this 372 

pattern generally agrees with our study’s δ
13

CCH4 measurements from enteric fermentation source 373 
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areas, our δ
13

CCH4 measurements were often more enriched  than expected. The δ
13

CCH4 from 374 

animal housing is likely impacted by isotopically enriched CH4 from manure deposited in corrals 375 

and freestall barns.   376 

 377 

 378 

Table 3. Feed Composition at Reference Test Site Farm. 379 

Cow Type Month C4 (%) C3 (%) DDG (%) Estimated δ
13

CCH4 (‰)
a
 

Milking Cows Oct 2018 42 50 8 -60.22 ± 2.90 

Figure 4. Keeling plot of 1/CH4 concentration versus δ
13

C isotope measurements of CH4 from cow 

breath on January 15
th

, 2020.  Different cattle types and their Keeling intercepts are shown with 

different colors in the key.  
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Jan 2019 36 57 7 -60.89 ± 2.90 

Mar 2019 
36 58 6 -60.94 ± 2.90 

Jun 2019 37 57 6 -60.84 ± 2.90 

Sep 2019 43 50 5 -60.17 ± 2.90 

Dry Cows 

Oct 2018 
0 100 0 -64.98 ± 2.90 

Jan 2019 0 100 0 -64.98± 2.90 

Mar 2019 
0 100 0 -64.98 ± 2.90 

Jun 2019 0 100 0 -64.98 ± 2.90 

Sep 2019 0 100 0 -64.98 ± 2.90 

Heifers 

Oct 2018 0 87 13 -64.30 ± 2.90 

Jan 2019 0 86 14 -64.25 ± 2.90 

Mar 2019 0 90 14 
-64.28 ± 2.90 

Jun 2019 0 92 15 -64.25 ± 2.90 

Sep 2019 0 85 15 -64.20 ± 2.90 

Bull Calves 

Oct 2018 45 12 43 -58.09 ± 2.90 

Jan 2019 23 51 26 -61.25 ± 2.90 

Mar 2019 20 55 25 
-61.61 ± 2.90 

Jun 2019 17 59 24 -61.97 ± 2.90 

Sep 2019 12 66 22 -62.60 ± 2.90 

Hutch Calves 

Oct 2018 49 6 45 -57.58 ± 2.90 

Jan 2019 25 48 27 -60.99 ± 2.90 

Mar 2019 25 48 27 
-60.99 ± 2.90 

Jun 2019 25 48 27 -60.99 ± 2.90 

Sep 2019 25 48 27 -60.99 ± 2.90 
a
Estimated δ

13
CCH4 using Chang et al. (2019) linear regression equation described in section 3.1. 380 

 The progression of manure from one component of the system to another also influenced 381 

the isotopic signature of CH4 at the reference test site. Using a chamber to isolate sources of 382 

manure at different stages of the manure management on January 15th, 2020, we observed that a 383 

mixture of fresh volatile solids with urine on the floor of freestall barns yielded the most depleted 384 

δ
13

CCH4 (-56.3 ± 0.4‰). Methane emitted from two separate manure piles at the solid drying 385 
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area, however, had heavier δ
13

CCH4 signatures (-39.1 ± 0.5‰ and -46.0 ± 0.9‰) (refer to Figure 386 

1 for facility layout). The more depleted δ
13

CCH4 observations were from a manure pile that was 387 

noticeably drier than the second sample. In comparison, measurements from manure lagoons 388 

using the mobile laboratory resulted in δ
13

CCH4 of -43.4 ± 0.4‰.  389 

 390 

3.2 Downwind Plume Sampling of Other Dairies in the Region 391 

 Isotopic signatures from CH4 hotspots observed from downwind plume sampling of other 392 

dairies in the region were consistent with on-farm isotopic signatures (Table 4). For example, 393 

downwind plume sampling at Dairy I resulted in a depleted δ
13

CCH4 value of -57.1 ± 3.4‰, 394 

representative of enteric CH4, with an estimated fenteric of 0.75 ± 0.21 (Figure 5a-b, Table 4). At 395 

Dairy III, we observed isotopic signatures ranging from -59.9 ± 2.0‰ to -43.9 ± 0.7‰. The 396 

estimated fenteric and CH4 flux footprint revealed that the most enriched isotopic signatures 397 

corresponded to CH4 emissions from manure lagoons, while the most depleted isotopic 398 

signatures were from emissions from the corrals and manure lagoon areas (Figure 5, Table 4, 399 

Figures S1-S11). Within the same day, on June 25
th

, we observed two CH4 hotspots with more 400 

enriched isotopic signatures, -44.5 ± 1.6‰ (Figure 5c-d) and -43.9 ± 0.7‰, which fall within the 401 

range of manure lagoon δ
13

CCH4 observed at the reference test site, and a hotspot with a more 402 

depleted isotopic signature (-59.9 ± 2.0‰), similar to enteric fermentation sources observed at 403 

the reference test site. We observed a similar circumstance on March 24
th

—the flux footprint 404 

primarily captured the manure lagoon areas with a more enriched isotopic signature of -51.6 ± 405 

1.2‰ in the early afternoon with predominantely southwesterly winds, but the flux footprints 406 

shifted to both corrals and lagoons in the late afternoon with predominantly northeasterly winds, 407 

resulting in a more depleted isotopic signature of -58.4 ± 2.9‰. The resulting fenteric of 0.41 ± 408 
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0.08 was estimated for the more enriched isotopic signature of -51.6 ± 1.2‰, meanwhile the 409 

more depleted isotopic signature of -58.4 ± 2.9‰ had a higher fenteric of 0.83 ± 0.19.  410 

  Isotopic signatures were also influenced by the distance between the location of 411 

measurements and dairy farm, as well as the proximity to other dairy farms. To illustrate this 412 

further, a CH4 plume was observed approximately 140 m downwind of Dairy II, with a δ
13

CCH4 413 

value of -50.2 ± 1.5‰, a value that is representative of atmospheric mixing of CH4 emissions 414 

from dairy manure lagoon and enteric fermentation sources. The largest contributing source to 415 

the CH4 flux footprint was corrals and the corresponding fenteric was 0.32 ± 0.10, suggesting an 416 

additional source of CH4 emissions with an enriched isotopic signature, such as manure piles in 417 

the corrals. We detected four CH4 hotspots downwind of the Dairy Cluster with a narrow range 418 

of δ
13

CCH4 values, -53.5 ± 2.3‰ to -50.4 ± 1.8‰. Different upwind areas of the dairy farms A-F 419 

were captured by the CH4 flux footprint (Table 4, Figures S8-S11).  420 

 421 
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 422 

Figure 5. Examples of flux footprints from CH4 hotspots downwind of other dairy farms. (a) 423 

Methane flux footprint of Dairy I on June 25
th

, 2019 using the mobile survey (colored points). 424 

The color gradient shows the relative contribution from the upwind areas where CH4 was 425 

emitted. (b) Keeling plot using 15-second averages from the mobile survey shown in (a). (c) 426 

Methane flux footprint of Dairy III on June 25
th

, 2019 using the mobile survey. (d) Keeling plot 427 

using 15-second averages from the mobile survey shown in (c). 428 

 429 

 430 
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Table 4. Regional Isotopic Signatures of CH4 Downwind from Dairy Farms.  

Date
a
  Start End Dairy δ

13
CCH4 R

2
 

p 

value 

Predominant 

Wind 

Direction 

Measurement 

Location 

Relative to 

Dairy Farm 

Largest 

Contributing 

Sources to 

the Methane 

Flux 

Footprint 

Fraction of 

Enteric Methane 

Emissions
b
 

 

6/25/2019 15:51:40 15:53:50 Dairy I -57.1 ± 3.4 0.60 0.03 WNW S Corrals 0.75 ± 0.21 
 

9/21/2018 18:05:01 18:09:30 Dairy II -50.2 ± 1.5 0.18 0.01 W E Corrals 0.32 ± 0.10 
 

3/24/2019 13:28:01 13:32:00 Dairy III -51.6 ± 1.2 0.20 <.001 SW E, S Lagoons 0.41 ± 0.08 
 

3/24/2019 17:53:01 17:55:13 Dairy III -58.4 ± 2.9 0.33 0.01 NE S 
Corrals & 

Lagoons 
0.83 ± 0.19 

 

6/25/2019 14:02:00 14:05:30 Dairy III -59.9 ± 2.0 0.23 <.001 NW E, S, W 
Corrals & 

Lagoons 
0.93 ± 0.13 

 

6/25/2019 15:17:00 15:18:28 Dairy III -44.5 ± 1.6 0.16 0.62 WNW E Lagoons -0.04 ± 0.10 
 

6/25/2019 17:11:30 17:15:00 Dairy III -43.9 ± 0.7 0.02 0.22 NW S, E Lagoons -0.08 ± 0.05 
 

9/21/2018 17:18:12 17:23:36 Dairy Cluster -52.9 ± 1.6 0.13 <.001 WNW In-between Dairies D-F 0.49 ± 0.10 
 

3/24/2019 14:16:59 14:23:34 Dairy Cluster -53.5 ± 2.3 0.06 <.001 NNW In-between Dairies A-F 0.53 ± 0.15 
 

6/24/2019 16:06:41 16:12:05 Dairy Cluster -50.4 ± 1.8 0.02 0.06 NW In-between Dairies D-F 0.33 ± 0.12 
 

6/25/2019 14:14:54 14:20:28 Dairy Cluster -52.6 ± 2.6 0.05 0.04 WNW In-between Dairies C-F 0.47 ± 0.17 
 

a Date format: M/DD/YYYY. 
b 
Standard errors are reported for δ

13
CCH4 isotopic signatures. 

 

431 
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4 Discussion and Conclusion 432 

 Stable carbon isotope measurements of CH4 can be a valuable source apportionment 433 

technique to distinguish between enteric and manure CH4. At the reference test site farm, we 434 

found a clear separation of δ
13

CCH4 signatures between enteric fermentation source areas (more 435 

depleted: -69.7 ± 0.6‰ to -51.6 ± 0.1‰) and manure lagoons (more enriched: -49.5 ± 0.05‰ to -436 

40.5 ± 0.2‰). These source signatures were relatively invariant across season, particularly from 437 

manure lagoons, and were always different from one another by at least ~8‰. Additionally, 438 

isotopic signatures from CH4 hotspots observed from remote mobile surveys were consistent 439 

with on-farm isotopic signatures. Measurements of 
13

C of CH4 downwind of dairy farms may be 440 

a useful tool to monitor and quantify enteric:manure ratios with changes in mitigation (Marklein 441 

et al., 2020). As shown in this study, isotopic signatures of CH4 downwind of dairy farms can be 442 

used to estimate the fraction of contributing sources, such as from manure lagoons and enteric 443 

fermentation source areas. Most CH4 mitigation strategies address CH4 emitted from enteric 444 

fermentation, such as through feed additives (Honan et al., 2021), or manure emissions by 445 

changing management techniques (Joshi, 2020). As governing bodies undertake mitigation 446 

strategies to reduce CH4 emissions from enteric fermentation or dairy manure management, it is 447 

essential to verify mitigation effectiveness. In California, for example, numerous dairy farms 448 

have recently adopted or plan to install digesters in the near future to capture and convert CH4 449 

from manure lagoons into fuel. An important area of future research is to quantify the effect of 450 

mitigation strategies by comparing δ
13

CCH4 downwind of dairy farms before and after installation 451 

of digesters.  452 

 Isotopic signatures in this study agree with previous research showing that manure CH4 is 453 

more enriched in 
13

C than enteric CH4. Our on-farm measurements, however, show that manure 454 
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lagoon CH4 is relatively more enriched in 
13

C than previously reported in Southern California. 455 

Townsend-Small et al. (2012) reported a 
13

CCH4 range of -52.4‰ to -50.3‰ from manure biofuel 456 

from a manure digester facility and Viatte et al. (2017) reported 
13

C of CH4 of about -57‰ near 457 

manure lagoons. This may be explained by differences in CH4 generation processes and manure 458 

management differences between Southern California and San Joaquin Valley. Dairies in the San 459 

Joaquin Valley predominately use flush systems and store manure in lagoons, while Southern 460 

California dairies typically operate dry lots that forgo flushing manure from the feedlanes 461 

(Meyer et al., 2019; Marklein et al., 2020).  Nevertheless, all California farms produce liquid 462 

manure from flushing solids in the milking parlor (Meyer et al., 2019). Although Viatte et al. 463 

(2017) reported a more depleted 
13

C of CH4 of about -57‰ near manure lagoons compared to 464 

this study, they also observed an ~8‰ fractionation between enteric CH4 and manure CH4, 465 

consistent with our findings of isotopic fractionation between manure lagoons and enteric CH4 466 

from freestall barns. There may also be differences in the stable carbon isotope composition of 467 

feed and differences in biogeochemical factors that play a key role in determining which 468 

microbial communities and pathways promote or inhibit CH4 generation from dairy manure 469 

management, and in turn affect the isotopic signature of CH4 emissions. These include pH, 470 

dissolved oxygen level, temperature, volatile fatty acids, chemical composition of the substrate, 471 

total nitrogen,  and nutrient composition (Amon et al., 2007; Weiland, 2010).  472 

 Future work is needed to explain the isotopic composition of CH4 emissions from manure 473 

lagoons. This area of research can provide important information on the dominant microbial 474 

communities and biogeochemical processes, which can inform mitigation efforts to reduce CH4 475 

emissions from the dairy sector.  In our study, whole air sample analysis using IRMS (Table 1) 476 

showed that CH4 emissions from cell 1 were relatively more enriched in δ
13

C (-42.91 ± 0.23‰) 477 
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and more depleted in the hydrogen isotopic composition of CH4 (δ
2
H-CH4 or δD-CH4, -326 ± 478 

4‰) than CH4 from the primary lagoon (δ
13

C-CH4 = -50.13 ± 0.23‰, δ
2
H-CH4 = -263 ± 4‰). 479 

The differences in the isotopic signatures of these samples indicate that CH4 generated from cell 480 

1 may be explained primarily by acetate fermentation, but CH4 generated from the primary 481 

lagoon may have undergone further processes such as partial oxidation or CO2 reduction. 482 

Substrate depletion may also explain this variation, but additional measurements of δ
13

C of 483 

volatile solids or CO2 concentrations would be needed to confirm isotopically fractionated 484 

substrates. During acetate fermentation, CH4 and CO2 are commonly formed simultaneously. 485 

Reduction of CO2 may further transform the generated CO2 into CH4. In the influential study 486 

conducted by Whiticar et al. (1986), CH4 generated from pure acetate fermentation resulted in 487 

δ
13

C-CH4 ranging from -60 to -33‰, whereas CH4 from pure CO2 reduction had δ
13

C-CH4 488 

values ranging from -110 to -60‰. However, bacterial oxidation in the substrate may affect these 489 

pathways before being emitted to the atmosphere, and consequently enrich 
13

C values of CH4. 490 

Measurements of δ
2
H-CH4 can provide information about partial oxidation since this process 491 

enriches δ
13

C-CH4 and δ
2
H-CH4 values (Coleman et al., 1981). A future study examining δ

13
C 492 

and δ
2
H of methane and δ

13
C-CO2 from dairy manure lagoon waste is necessary to confirm the 493 

dominant processes contributing to the enriched δ
13

CCH4 signatures from California dairy manure 494 

lagoons.   495 

 Isotopic signatures of CH4 from enteric fermentation depend on the C isotopic ratio of 496 

foods, specifically with the proportion of plants with C3 and C4 photosynthetic pathways in 497 

cattle diets (Metges et al., 1990; Levin et al., 1993; Schulze et al., 1998; Bilek et al., 2001). A 498 

diet consisting mostly of C3 plants (e.g., wheat) has been shown to generate more depleted 499 

δ
13

CCH4 than a diet of C4 plants (e.g., corn) (Levin et al., 1993; Schwietzke et al., 2016). A 500 
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database of studies found that ruminants fed a diet of more than 60% C4 plants emit CH4 with 501 

δ
13

CCH4 signatures of -54.6 ± 3.1‰, whereas ruminants fed a C3 diet emit CH4 with δ
13

CCH4 502 

signatures of -69.4 ± 3.1‰ (Schwietzke et al., 2016). This ~15‰ difference is about the same 503 

difference between 
13

C of C3 and C4 feeds. Furthermore, there is a ~41‰ difference between 504 

feed and CH4 regardless of ruminant species and diet (Schaefer & Whiticar, 2008). Future 505 

studies could explore the relationship between diet and CH4 isotope composition across seasons 506 

from different cattle production groups. To improve source apportionment of regional CH4 507 

emissions in top-down studies, it is important to consider direct measurements of δ
13

CCH4 of 508 

enteric methane given that it varies depending on diet composition.  509 

 We have shown that δ
13

C measurements of atmospheric CH4 using a mobile platform can 510 

be used for source attribution of enteric and manure methane. Our findings show that CH4 from 511 

manure lagoons is more enriched in δ
13

C than CH4 from enteric fermentation across seasons on 512 

average by 14 ± 2‰. This has implications to track the effectiveness of mitigation strategies by 513 

measuring δ
13

CCH4 to quantify enteric: manure ratios over time. In addition, this study 514 

contributes to a body of knowledge dedicated to investigating the sources and processes 515 

responsible for the increasing global mole fraction of atmospheric methane. Future work could 516 

explore whether δ
13

CCH4 signatures change with mitigation efforts. Additional measurements 517 

using δ
13

C and δ
2
H of CH4 and δ

13
C-CO2 could elucidate which methane generation processes 518 

drive manure lagoon emissions. Major differences in δ
13

CCH4 from dairy farms among regions 519 

underscore the importance of δ
13

CCH4 measurements at local scales for global analyses. 520 
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Figure S1. Isotopic signatures downwind of Dairy I on June 25th, 2019 from 15:51:40-

15:53:50. a) Mobile platform measurements of 15-sec averaged CH4 mole fractions 

(Receptor) downwind of Dairy I (Source). b) Methane flux footprint of Dairy I using the 

mobile survey shown in (a). The color gradient shows the relative contribution from the 

upwind areas where CH4 was emitted. (c) Time series plot using 15-second averages from 

the mobile survey shown in (a). (d) Keeling plot using 15-second averages from the 

mobile survey shown in (a).  
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Figure S2. Isotopic signatures downwind of Dairy II on September 21st, 2018 from 

18:05:01-18:09:30. a) Mobile platform measurements of 15-sec averaged CH4 mole 

fractions (Receptor) downwind of Dairy II (Source). b) Methane flux footprint of Dairy II 

using the mobile survey shown in (a). The color gradient shows the relative contribution 

from the upwind areas where CH4 was emitted. (c) Time series plot using 15-second 

averages from the mobile survey shown in (a). (d) Keeling plot using 15-second averages 

from the mobile survey shown in (a).  
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Figure S3. Isotopic signatures downwind of Dairy III on March 24th, 2019 from 13:28:01-

13:32:00. a) Mobile platform measurements of 15-sec averaged CH4 mole fractions 

(Receptor) downwind of Dairy III (Source). b) Methane flux footprint of Dairy III using the 

mobile survey shown in (a). The color gradient shows the relative contribution from the 

upwind areas where CH4 was emitted. (c) Time series plot using 15-second averages from 

the mobile survey shown in (a). (d) Keeling plot using 15-second averages from the 

mobile survey shown in (a).  
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Figure S4. Isotopic signatures downwind of Dairy III on March 24th, 2019 from 17:53:01-

17:55:13. a) Mobile platform measurements of 15-sec averaged CH4 mole fractions 

(Receptor) downwind of Dairy III (Source). b) Methane flux footprint of Dairy III using the 

mobile survey shown in (a). The color gradient shows the relative contribution from the 

upwind areas where CH4 was emitted. (c) Time series plot using 15-second averages from 

the mobile survey shown in (a). (d) Keeling plot using 15-second averages from the 

mobile survey shown in (a).  

 

 



 

 

6 

 

 

Figure S5. Isotopic signatures downwind of Dairy III on June 25th, 2019 from 14:02:00-

14:05:30. a) Mobile platform measurements of 15-sec averaged CH4 mole fractions 

(Receptor) downwind of Dairy III (Source). b) Methane flux footprint of Dairy III using the 

mobile survey shown in (a). The color gradient shows the relative contribution from the 

upwind areas where CH4 was emitted. (c) Time series plot using 15-second averages from 

the mobile survey shown in (a). (d) Keeling plot using 15-second averages from the 

mobile survey shown in (a).  
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Figure S6. Isotopic signatures downwind of Dairy III on June 25th, 2019 from 15:17:00-

15:18:28. a) Mobile platform measurements of 15-sec averaged CH4 mole fractions 

(Receptor) downwind of Dairy III (Source). b) Methane flux footprint of Dairy III using the 

mobile survey shown in (a). The color gradient shows the relative contribution from the 

upwind areas where CH4 was emitted. (c) Time series plot using 15-second averages from 

the mobile survey shown in (a). (d) Keeling plot using 15-second averages from the 

mobile survey shown in (a).  
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Figure S7. Isotopic signatures downwind of Dairy III on June 25th, 2019 from 17:11:30-

17:15:00. a) Mobile platform measurements of 15-sec averaged CH4 mole fractions 

(Receptor) downwind of Dairy III (Source). b) Methane flux footprint of Dairy III using the 

mobile survey shown in (a). The color gradient shows the relative contribution from the 

upwind areas where CH4 was emitted. (c) Time series plot using 15-second averages from 

the mobile survey shown in (a). (d) Keeling plot using 15-second averages from the 

mobile survey shown in (a).  
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Figure S8. Isotopic signatures downwind of the Dairy Cluster on September 21st, 2018 

from 17:18:12-17:23:36. a) Mobile platform measurements of 15-sec averaged CH4 mole 

fractions (Receptor) downwind of the Dairy Cluster (Source). b) Methane flux footprints 

of the Dairy Cluster using the mobile survey shown in (a). The color gradient shows the 

relative contribution from the upwind areas where CH4 was emitted. (c) Time series plot 

using 15-second averages from the mobile survey shown in (a). (d) Keeling plot using 15-

second averages from the mobile survey shown in (a).  
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Figure S9. Isotopic signatures downwind of the Dairy Cluster on March 24th, 2019 from 

14:16:59-14:23:34. a) Mobile platform measurements of 15-sec averaged CH4 mole 

fractions (Receptor) downwind of the Dairy Cluster (Source). b) Methane flux footprints 

of the Dairy Cluster using the mobile survey shown in (a). The color gradient shows the 

relative contribution from the upwind areas where CH4 was emitted. (c) Time series plot 

using 15-second averages from the mobile survey shown in (a). (d) Keeling plot using 15-

second averages from the mobile survey shown in (a).  
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Figure S10. Isotopic signatures downwind of the Dairy Cluster on June 24th, 2019 from 

16:06:41-16:12:05. a) Mobile platform measurements of 15-sec averaged CH4 mole 

fractions (Receptor) downwind of the Dairy Cluster (Source). b) Methane flux footprints 

of the Dairy Cluster using the mobile survey shown in (a). The color gradient shows the 

relative contribution from the upwind areas where CH4 was emitted. (c) Time series plot 

using 15-second averages from the mobile survey shown in (a). (d) Keeling plot using 15-

second averages from the mobile survey shown in (a).  
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Figure S11. Isotopic signatures downwind of the Dairy Cluster on June 25th, 2019 from 

14:14:54-14:20:28. a) Mobile platform measurements of 15-sec averaged CH4 mole 

fractions (Receptor) downwind of the Dairy Cluster (Source). b) Methane flux footprints 

of the Dairy Cluster using the mobile survey shown in (a). The color gradient shows the 

relative contribution from the upwind areas where CH4 was emitted. (c) Time series plot 

using 15-second averages from the mobile survey shown in (a). (d) Keeling plot using 15-

second averages from the mobile survey shown in (a).  

 

 


