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Abstract 12 

 13 

Methane is a potent greenhouse gas (GHG) that is now included in both California State and San 14 

Francisco Bay Area (SFBA) bottom-up emission inventories as part of California’s effort to 15 

reduce anthropogenic GHG emissions. Here we provide a top-down estimate of methane (CH4) 16 

emissions from the SFBA by combining atmospheric measurements with the comparatively 17 

better estimated emission inventory for carbon monoxide (CO). Local enhancements of CH4 and 18 

CO are estimated using measurements from 14 air quality sites in the SFBA combined together 19 

with global background measurements. Mean annual CH4 emissions are estimated from the 20 

product of Bay Area Air Quality Management District (BAAQMD) emission inventory CO and 21 

the slope of ambient local CH4 to CO. The resulting top-down estimates of CH4 emissions are 22 

found to decrease slightly from 1990 to 2012, with a mean value of 240 +/- 60 GgCH4 yr-1 (at 95 % 23 

confidence) in the most recent (2009-2012) period, and correspond to reasonably a constant 24 

factor of 1.5-2.0 (at 95 % confidence) times larger than the BAAQMD CH4 emission inventory. 25 

However, we note that uncertainty in these emission estimates is dominated by the variation in 26 

CH4:CO enhancement ratios across the observing sites and we expect the estimates could 27 

represent a lower-limit on CH4 emissions because BAAQMD monitoring sites focus on urban air 28 

quality and may be biased toward CO rather than CH4 sources. 29 

 30 

Keywords: methane emissions, emissions inventory, greenhouse gas, inventory verification, top-31 

down estimates 32 

 33 

1. Introduction 34 

 35 

From global to local scales, greenhouse gas (GHG) emission inventories are an essential element 36 

of efforts to address climate change. In California, USA, the State legislated mandatory 37 

reductions in GHG emissions to meet 1990 emissions levels by 2020 (AB-32 2006). The San 38 

Francisco Bay Area of California has GHG emissions that are reported as greater than those of 39 

Austria, Peru or Portugal (WRI 2014, BAAQMD 2014).  According to the current inventory of 40 

the Bay Area Air Quality Management District (BAAQMD), the Bay Area emitted 125,500 41 
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metric tons of methane in 2011, or 3.5 million tons CO2-equivalent, assuming a 100 yr. global 42 

warming potential (GWP = 28) from the IPCC 5th assessment (IPCC 2013, Table 8.A.1). 43 

 44 

Currently, regional, state, and federal agencies, including the BAAQMD, estimate GHG 45 

emissions using bottom-up inventory methods that rely on a combination of activity data, 46 

emission factors, biogeochemical models and other information. Recent emission evaluation 47 

based on ambient measurements show that methane emissions for the US as a whole (e.g., Miller 48 

et al. 2013) and in California (e.g., Wennberg et al. 2009, Hsu et al. 2010, Singh et al. 2010, 49 

Jeong et al. 2013, Peischl et al. 2013) are underestimated by ~ 50% or more depending upon the 50 

area. Specific to oil and gas sector methane emissions, two meta-analyses, one for the US 51 

(Brandt et al. 2014) and another for California (Jeong et al. 2014) reached similar conclusions. 52 

Relevant to urban areas, the US-EPA recently released a report identifying uncertainty in 53 

methane emissions from the natural gas distribution system as an area in need of further research 54 

(US-EPA, 2014). For the Bay Area, which has a number of refineries and extensive natural gas 55 

use, a 50% underestimation would imply additional annual emissions of about 3.5 million tons 56 

CO2-equivalent. 57 

 58 

From national to local scales, GHG emissions inventories are relatively new compared with the 59 

inventories for criteria pollutants. In particular, emissions of a primary criteria pollutant like 60 

carbon monoxide (CO) are estimated with greater accuracy.  Here we estimate emissions of 61 

methane (CH4) for the Bay Area using the top-down approach of Hsu et al. (2010), scaling the 62 

better estimated emissions of CO to CH4 using the ratio of local enhancements, CH4local:COlocal, 63 

where “local” indicates local atmospheric mixing ratio increments above the background inflow 64 

of CH4 and CO to the region of interest. 65 

 66 

We estimate CH4 emissions from 1990 to 2012 using a record of CH4 and CO measurements 67 

from a dozen sites across the Bay Area and background CO estimates. The following sections 68 

describe the data used to estimate the ratio of local enhancements—the change in concentration 69 

from the addition of local emissions—of CH4 and CO, the quality of the CO emission inventory, 70 

the resulting estimates of CH4 emissions, and a discussion of the limitations and implications of 71 

the study.  72 

 73 

2. Methods 74 

 75 

We follow a scaling ratio approach of CH4: CO applied previously (e.g., Wennberg et al. 2009, 76 

Hsu et al. 2010, Singh et al. 2010), applying data from multiple sites for both local and 77 

background air. For oceanic background CH4 and CO, we compare data from multiple sites, and 78 

then subtract the background CH4 and CO from measurements at the Bay Area sites to estimate 79 

local enhancements. The resulting estimates of local CH4 and CO are analyzed in 3 yr. periods, 80 
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and the resulting CH4 emissions are estimated using the CH4:CO ratios combined with the 81 

BAAQMD inventory estimates of CO emissions.   82 

 83 

2.1 Bay Area CH4 and CO Measurement Sites  84 

 85 

The BAAQMD operated monitors that measured CH4 hourly starting with 9 sites in 1980, 86 

peaking at 12 sites from 1986 to 1994, then tapering off to 7 sites in 2010 and none in 2013 87 

(Figure 1).  Two instruments were used to measure CH4, a Bendix instrument (Model 8202A) 88 

that measured CH4 and total hydrocarbons, and a Thermo Electron (TE-55), that measured CH4 89 

and non-methane hydrocarbons.  Both instruments were calibrated to CH4 using standard gas 90 

additions.  While the focus of the measurements was on the non-methane hydrocarbons, the CH4 91 

measurements are reasonably consistent over time and among sites, and exhibit concentrations 92 

consistent with background for some sites. CO was measured with Thermo Electron (TE-48) CO 93 

monitors, calibrated following a US-EPA method (40 CFR 53), except for San Jose, where a 94 

trace-level CO analyzer  (TE-48TC) was used. In this analysis, we estimate local mixing ratio 95 

enhancements for CH4 and CO from 24-hour values for days with at least 18 hours of valid data. 96 

(The numbers of valid observations by year, site and pollutant are shown in supplementary 97 

materials S5.) 98 

 99 
Figure 1.  Locations of CH4 and CO sampling sites in the Bay Area used for this study. 100 

 101 

2.2 Drift in CO instruments 102 

 103 

The TE-48 CO instruments were subject to drift on the order of 200 ppb, typically on the 104 

timescale of weeks.  Instruments were re-zeroed after this amount of drift based upon 105 
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measurements of CO-free air made every two days.  These measurements were available in 106 

digital form from 2009 through 2012.  Subtracting these zero measurements from the CO 107 

measurement appeared to correct much of the drift.  Because of the limited availability of zero-108 

air measurements, this adjustment could only be made in the most recent, 2009-2012, period. 109 

Applying the drift correction had little effect on the estimated ratios of local CH4:CO. (See 110 

supplemental materials S4 for details.) 111 

 112 

 113 

2.3 Estimating Seasonal Background CH4 and CO 114 

 115 

Ambient atmospheric CH4 concentrations are typically enhanced by small fractions above 116 

oceanic background inflow to the Bay Area.  In contrast, ambient CO is more strongly enhanced 117 

by local emissions. In both cases, background CH4 and CO concentrations were estimated and 118 

subtracted from Bay Area measurements to estimate local enhancements. 119 

 120 

To estimate inflow of CH4 and CO to the Bay Area, we use long-term measurements from the 121 

National Oceanographic and Atmospheric Administration’s Global Monitoring Sites on Mauna 122 

Loa (MLO), Hawaii, Trinidad Head (THD), California, and a shorter (2008-present) record from 123 

232 m above ground at Sutro Tower (STR), in San Francisco, California (NOAA, 2014). In all 124 

cases, either single hour- or averages of multiple hour-measurements for a day were compared 125 

with that day’s daily averages of the measurements from Bay Area sites. For years when THD 126 

data were available, regressions were used to estimate the annual mean.  For earlier years, the 127 

mean was estimated as the MLO mean plus the average difference between the THD and MLO 128 

means. See supporting material (S1) for more detail. 129 

 130 

Annually averaged Bay Area and background CH4 and CO measurements are shown in Figures 2 131 

and 3.  Figure 2 shows a generally increasing trend in CH4, except for reductions in the early 132 

1990s.  There is considerable individual site variation, but show similar long-term patterns.  CH4 133 

background estimates capture the long-term pattern of trends, and are generally lower than, 134 

measurements from the SFBA. Figure 3 shows a decline in Bay Area CO concentrations of about 135 

70%.  The pattern is matched consistently at Bay Area sites.  Background CO, in contrast, has 136 

decreased, but only slightly. 137 

 138 

As described in supporting materials, we found that NOAA flask measurements from STR in the 139 

2009-2012 period compare closely with data from THD for times when winds for both sites are 140 

derived from clear air sectors.  Specifically, for hours where the mean u-component from winds 141 

measured at Fort Funston in San Francisco from the previous 5 hours was ≥ 4 knots, the median 142 

STR-THD difference in methane was -3 ppb with a 95% (Wilcoxon) confidence interval of -4.5 143 

ppb to -2.5 ppb, based on 513 paired hours between 2007 and 2012.  For CO, few paired 144 

observations were available.  The difference in the STR and THD seasonal curves for CO was -145 
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1.5 ppb.  As these differences were small relative to the magnitude of the observations, the THD-146 

derived curves were used without adjustment. (See supporting material S1 for more details.)  We 147 

note that two sites (Santa Rosa and San Francisco) show small negative (likely instrumental) 148 

offsets relative to the NOAA background that were subtracted before estimating CH4:CO slopes.  149 

 150 

 151 
Figure 2. Methane Trends 1981-2011 Annual Means: SF Bay Area and Background Sites 152 
  153 
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 154 
Figure 3. Trends in Bay Area and Background CO, 1981-2011 155 
 156 

 157 

We estimated CH4 and CO enhancements by subtracting the estimated background: 158 

 159 

CH4local,it = CH4it – CH4background,it, for year i and day t, and similarly for CO. (1) 160 

 161 

2.4 Emissions Inventory 162 

 163 

The BAAQMD maintains and regularly updates emissions inventories for both criteria pollutants 164 

and greenhouse gases. Bay Area-wide annual CO emissions estimates were obtained from the 165 

latest county-level inventory (BAAQMD 2014 (1)).  This inventory includes back-casting of CO 166 

emissions from previous years. 167 

 168 

While BAAQMD does not report an uncertainty for the CO emissions inventory (EI), the EI has 169 

been carefully vetted for many years in the process of planning to achieve the national and state 170 

CO standards.  Trends in CO emissions closely correlate with ambient concentrations. Figure 4 171 

shows emissions along with Bay Area mean enhancement above background, computed from 172 

equation (1).  Note that the mean enhancement shown in Figure 4 equals the difference between 173 

the mean CO shown in Figure 3 and the estimated background (approximately equal to the 174 

Trinidad Head or Mauna Loa concentrations).  The correlation is 0.99.  Error bars represent one 175 

standard error (s.e.), where the s.e. is computed from second differences in the annual mean, to 176 
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account for the year-to-year variation caused by all factors, including meteorology and 177 

measurement error.  (See Supplementary materials for an explanation of estimating standard 178 

errors from second differences.)  For on-road motor vehicles, which produce the majority of Bay 179 

Area CO according to the EI, a recent study showed a very close match for Bay Area emissions 180 

of CO between the EMFAC-model-based approach used in the EI (728.2 short tons/day for 181 

2011), and a fuel –based approach (714.1 short tons/day for 2010)  (McDonald and Harley 2013, 182 

Tables S5 and S6).  183 

 184 

 185 
Figure 4. Trends in Bay Area ambient and inventory CO 1990-2012.  Ambient trends are 186 
enhancements above background. 187 
 188 

To estimate the uncertainty in total Bay Area-wide CO emissions, we assume that on-road CO 189 

emissions are accurate to a standard error of 20%, and each of the other major CO sources 190 

(including off-road gasoline, diesel, woodburning, natural gas) is accurate to a standard error of 191 

50%.  Assuming the sources of error are uncorrelated, then the variance of the total CO 192 

emissions equals the sum of the variances; the resulting uncertainty in total CO emissions has a 193 

standard error that is 19%.  194 

 195 

Similarly, Bay Area-wide CH4 emissions estimates were obtained from the District’s GHG 196 

Inventory (BAAQMD 2014 (2)), which includes estimates ranging back to 1990.  Figure 5 shows 197 

these emissions estimates along with estimated Bay Area enhancements to ambient CH4.  198 

Because CH4 is not regulated by the BAAQMD, we do not have an explicit prior uncertainty 199 

estimate for the CH4 emissions.   200 
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 201 

Figure 2 above shows a pattern of a reduction in Bay Area mean total CH4 concentrations in the 202 

early 1990s followed by an increasing trend.  But it also shows that background CH4 203 

concentrations are increasing.  Figure 5 shows the same pattern in the local CH4 enhancements, 204 

indicating that the origins of this pattern are changes in local CH4 emissions. 205 

 206 

Also shown are error bars representing year-over-year variation in the mean enhancement.     207 

We believe that much of the annual variation derives from spatial inhomogeneity in emissions 208 

combined with local meteorology (including, wind direction, speed, mixing height) rather than 209 

annual variation in emissions.  Thus, the changes in annual mean from 2005 to 2007 appear 210 

accountable from variation in meteorology rather than emissions. 211 

 212 

 213 
Figure 5. Trends in Bay Area ambient and inventory CH4 1990-2011.  Ambient trends are 214 
enhancements above background. 215 

 216 

2.5 Estimating local CH4 emissions 217 

 218 

For each sequ ence of 3-year periods, we computed linear regressions of background-subtracted 219 

CH4 on background-subtracted CO for each site with sufficient data for that period. We then 220 

applied the formula to estimate annual CH4 emissions: 221 

 222 

ECH4 (metric tons/ year) = CH4:CO slope * (16/28) * ECO (metric tons/ year) (2) 223 
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where ECO are the BAAQMD Emissions Inventory estimated CO emissions for that period, and 225 

the ratio of molecular weights for CH4 (16) to CO (28) converts the slope from volumetric (ppb) 226 

units to mass (µg/m3) units. Resulting CH4 emissions are compared with bottom-up estimates of 227 

annual average emissions of CH4 and CO reported by the BAAQMD. Because 1990 was chosen 228 

as the base year for California’s AB-32 GHG reductions efforts, we used this year as the initial 229 

year for our analysis. 230 

 231 

3. Results 232 

 233 

3.1 Methane to Carbon Monoxide Enhancements  234 

 235 

Over the period of study, methane enhancements have varied, but were similar in 2009-2011 to 236 

what they were in 1989-91 (Figure 3).  In contrast, carbon monoxide enhancements have 237 

decreased by approximately 80% from 1990 to the present (Figure 2).  We note that the decrease 238 

in observed CO enhancements are well-matched by decreases in the BAAQMD Emissions 239 

Inventory for CO, whereas the inventory shows a decrease in methane emissions of about 20%.  240 

Thus, the CH4-CO relationship has changed over time and, to take this into account, separate 241 

regression relations were estimated for several different periods: 1989-91, 1993-95, 1996-98, 242 

1999-01, 2002-04, 2005-07, and 2009-12.  (The last period, 2009-12, encompassed 4 years to 243 

include sites with less than 3 years of data at the beginning or the end of the period.) 244 

 245 

The slopes of CH4local to COlocal were then computed using simple linear regression and are 246 

reported in Table 1. In this analysis we found that the residuals contained significant first order 247 

autocorrelations (>0.5). Hence, we applied the Cochran-Orcutt method (Cochrane and Orcutt 248 

1949) to adjust for autocorrelation which, to more correctly estimate the uncertainty.  249 

 250 

Table 1.  Slopes(s.e.’s) of regressions of background adjusted CH4 on background adjusted 251 

CO. 252 

Site 1989-91 1993-95 1996-98 1999-01 2002-04 2005-07 2009-12 
Napa 0.18(0.01) 0.23(0.01) 0.26(0.01) 

Fremont 0.23(0.01) 0.29(0.01) 0.34(0.01) 0.41(0.01) 0.51(0.02) 0.67(0.03) 1.14(0.05) 

San Jose  0.22(0.01) 0.28(0.01) 0.33(0.01) 0.34(0.01) 0.48(0.01) 0.60(0.01) 0.80(0.02) 

San Rafael 0.24(0.01) 0.28(0.01) 

Pittsburg 0.38(0.01) 0.49(0.01) 

Vallejo 0.35(0.01) 0.33(0.01) 

Richmond 0.25(0.01) 0.28(0.01) 

Concord 0.22(0.01) 0.27(0.01) 0.32(0.01) 0.37(0.01) 0.57(0.02) 0.80(0.03) 1.14(0.04) 

Redwood City 0.34(0.01) 0.28(0.01) 0.35(0.01) 0.40(0.01) 

Santa Rosa 0.20(0.01) 0.23(0.01) 0.26(0.01) 0.32(0.05) 

Livermore 0.22(0.01) 0.34(0.01) 0.43(0.01) 0.49(0.01) 0.73(0.02) 1.14(0.03) 1.23(0.07) 

San Francisco 0.26(0.01) 0.39(0.01) 0.43(0.01) 0.51(0.01) 0.54(0.01) 0.65(0.02) 0.58(0.02) 

Berkeley 0.93(0.02) 

Cupertino 0.63(0.03) 
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 253 

3.2 .  Comparison of CO-estimated methane with the Emissions Inventory values 254 

 255 

Figure 6 shows the methane emissions implied for the SFBA for each time period as ���� = ������, 256 

where i=site, j=period, Cj = the BAAQMD emissions inventory estimate of annual CO emissions 257 

in period j, and ���� is the CH4/CO slope from Table 1. The standard errors of the estimates range 258 

from 19% to 22% of the corresponding ����.  As can be observed in the figure, there are large 259 

differences among the methane emissions estimates for different sites and over time.  A number 260 

of these differences are statistically significant. 261 

 262 
Figure 6. CH4 emissions estimated for the SFBA over time. Emissions are estimated as the 263 

product of CH4:CO slopes from individual sites and SFBA-wide CO emissions.  Estimated 264 

standard errors range from 19% to 22% of the corresponding estimate.   265 

 266 

To account for the variations across sites and time, we use the ���� as the unit of analysis, and 267 

compute the standard errors of the ���� for each period. 268 

 269 

Figure 7 compares the mean estimated methane emissions with the emissions inventory values.  270 

The upper panel of Figure 7 parallels Figure 5, with the same emissions inventory estimates, but 271 

with top-down CH4 emissions estimates rather than ambient CH4 concentrations.  The top-down 272 
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estimates follow the same general shape as the ambient concentrations, namely a reduction in the 273 

1990s followed by a gradual increase to 2010.  Bars for 95% confidence intervals for the mean 274 

show that the CO-estimated CH4 emissions are consistently larger than the emissions inventory 275 

estimate for every period.  The lower panel in Figure 7 shows the ratio of CO-estimated methane 276 

to EI methane, together with the uncertainty in mean ratio, where ratios are found to fall between 277 

1.5 and 2.0.  278 

 279 
 280 

281 
Figure 7.  Upper figure shows mean CO-estimated methane, with error bars vs. emissions 282 

inventory estimates; lower figure shows their ratio (CO-estimated/EI).  Bars represent 95% 283 

confidence intervals for the mean. 284 

 285 
The supporting materials (S3) present another approach using the standard errors of the slopes.  This 286 

approach shows that most of the variation in the ���� comes from systematic differences between sites; 287 

there is little systematic difference by period, with most of the remaining variation explained by site-288 
period interactions. 289 
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 290 

3.3 Pooled estimate of the top-down/bottom-up ratio 291 

 292 

To evaluate the variation by site and time period, we performed a two-way ANOVA of the ratios 293 

on site and time period, but found time period was not statistically significant.  If we consider the 294 

sites as representing a random sample of Bay Area locations, we can estimate the uncertainty in 295 

the pooled ratio estimate using a random effects model, namely, the ratio Rsy for site s, period y 296 

would be: 297 

 298 

Rsy = µ + δs + εsy 299 

 300 

for s = 1 to number of sites, and y = 1 to 7 (number of periods), where µ is the pooled ratio, δs 301 

are random site effects with mean 0 and variance 	
�, and εsy are random errors with mean 0 and 302 

variance 	��, all terms statistically independent. 303 

 304 

To estimate the average CH4 over multiple time periods, we created a pooled estimate of the top-305 

down/bottom-up ratio, the arithmetic mean 
� = 	 ��∑ 
���� , where n = 56 = total site-periods.  306 

This simple estimate is 1.74, with variance 307 

	��� = 	����
�� = 		∑ ����
�� 	
� +		�

�

�  

Using a method of moments approach, we estimate 	�
� =	 .12325	��#		�$� = 	 .08622.  This 308 

yields an estimate, 	��� =	 .116.  An approximate 95% confidence interval is 1.74 ± 2*0.12 = 1.50 309 

to 1.98. We note that estimating the pooled ratio in other ways yields similar results:  The mean 310 

of the 14 site means is 1.75.  An average weighted inversely to the variances of the slopes yields 311 

an estimate of 1.62. 312 

 313 

4. Discussion 314 

 315 

This analysis applied a “top-down” approach to estimate methane emissions via the more 316 

established CO emissions and the relationship of ambient CH4 to CO.  The top-down estimates 317 

are almost uniformly greater than the corresponding bottom up estimates from the emissions 318 

inventory.  For the most recent period, the analysis suggests that CH4 emissions are as much as 319 

double the BAAQMD inventory estimates, similar to or greater than results obtained previously 320 

for other periods and areas of California (Wennberg et al. 2009, Hsu et al. 2010, Singh et al. 321 

2010, Jeong et al. 2013, Peischl et al. 2013). 322 

 323 

Here we note that while estimated methane emissions differ across sites, the differences are 324 

within a factor of two for 90% of the site pairs .  Also, the rank order of the emissions is fairly 325 

constant, such that a site with an above average slope in one period is likely to have an above 326 

average slope in other periods and vice versa. Taken together, the analysis shows that if the sites 327 
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are treated as a random sample of Bay Area locations, these top-down estimates exceeded the 328 

corresponding Emissions Inventory estimates by 50% to 100% with approximately 95% 329 

confidence. 330 

 331 

The above observations are consistent with the sites differing in the relative intensities of CH4 to 332 

CO emissions sampled by the different sites and suggest the need for caution in interpreting the 333 

above estimates as an upper limit on total Bay Area methane emissions. Because most of the  334 

BAAQMD monitoring sites are located in urban or suburban areas, it is likely that local CO 335 

emissions are at least as high, on average as at a randomly selected Bay Area location, whereas 336 

CH4 emissions are equal to or lower, because the Bay Area’s two largest CH4 sources (landfills 337 

and livestock) are located in rural areas.  Thus, we expect that the slopes may underestimate the 338 

ratio of CH4:CO and hence estimated CH4 emissions. This suggests the need for additional 339 

measurements in rural areas. 340 

 341 

The general outline of both the CH4 enhancements (Figure 5) and top-down CH4 emissions 342 

estimates (Figure 7) is down in the early 1990s followed by an upswing since then.  The early 343 

1990s reduction is likely due to California regulation of landfills, and parallels the reduction in 344 

the EI.  The gradual increase since then matches an increase in Bay Area population, suggesting 345 

a factor proportional to population such as waste water, natural gas use, or waste added to 346 

landfills. 347 

 348 

Further work is also needed to identify the sources of CH4 within the Bay Area. Measurement of 349 

covariate gas species could be useful in this regard (e.g., ethane for natural gas, alcohols for 350 

livestock, and perhaps 13C/12C ratio of methane).  Another avenue of research is atmospheric 351 

inverse model analysis linking measured methane concentrations with emissions from different 352 

areas and sources to aid with spatial attribution. The outcome of such work would help in 353 

identifying opportunities for mitigation of methane emissions from the mixture of  urban, 354 

suburban, and rural activities.  355 
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Supporting Materials 
 
S1.  Estimation of Bay Area background methane concentrations 
 
Local measurements appropriate for estimating background methane have been available from 
Sutro Tower 232 m agl in San Francisco.  These are grab samples that have been collected once 
or twice daily since 2007.  Background measurements have also been made at Trinidad Head, a 
site on the California coast approximately 400 km north of the Bay Area.  These have been 
collected hourly since mid-1995.  Additionally, methane samples were collected on a weekly 
basis on Mauna Loa in the range of 1900-2100 hours UTC since mid-1983. 
 
We also use wind data from Fort Funston, a meteorological site within half a kilometer of the 
Pacific Ocean on the west side of San Francisco.   
 
S1.1  Approach and methods 
 
The goal of this analysis is to provide a good estimate of daily oceanic background methane 
concentrations adjacent to the SF Bay Area from 1990 through 2010.  We focus on the Trinidad 
Head measurements because they are both extensive and collected relatively near to the Bay 
Area.  We first compare Trinidad Head and Sutro Tower methane concentrations.  We then 
consider the seasonal variations and trends at Trinidad Head, establishing a regression relation as 
a function of year and season, the latter modeled with sine/cosine terms in Julian day.  Finally, 
we estimate the relation between annual mean methane at Trinidad Head and Mauna Loa to 
provide estimates of background methane prior to 1995. 
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S1.2  Comparison of Trinidad Head and Sutro Tower methane 
 
Figure S1 shows methane measured at Sutro Tower and Trinidad Head matched by hour and day.  
The points are divided according to whether the winds had had a westerly component.  
Specifically, the red squares are days/hours for which the average u-component of the Fort 
Funston wind over the previous 5 hours was greater than 2 m/s.  Note that with the exception of 
one outlier, the observations collected when the winds were westerly cluster around the line y = 
x. 
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Figure S1.  Sutro Tower vs. Trinidad Head CH4. 
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Figure S2.  Sutro vs. Trinidad CH4 for hours when previous 5-hour average winds at Fort 
Funston had a westerly component > 2 m/s. 
 
Figure 2 shows the subset of observations with westerly winds and the outlier removed.  It shows 
a relatively even spread around the y=x line, with Trinidad Head perhaps predominating 
somewhat.  A Wilcoxon signed rank test was applied to the pairwise differences between Sutro 
Tower and Trinidad Head methane.  Trinidad Head does indeed predominate, by a small amount.  
A 95% Wilcoxon confidence interval was -0.45 to -0.25 for the median Sutro-Trinidad 
difference.   
 
Given the small difference, and factoring in the uncertainty in comparing the surface-level ocean 
air experienced by District monitoring sites with the air sampled on Sutro Tower that is 232 AGL 
with a base that is 260 m ASL, we conclude that Trinidad Head measurements provide a 
reasonable basis for estimating the oceanic background methane that affects the San Francisco 
Bay Area. 
 
In the remainder of the analysis, we consider daily average Trinidad Head methane 
measurements as the unit of analysis. 
 
S1.3  Temporal modeling of Trinidad Head methane 
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Figure S3 shows the time series of daily mean Trinidad Head methane.  A seasonal pattern is 
clearly present with a dip in the middle of each year.  There also appears to be an uptrend, 
though not a totally linear one. 
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Figure S3.  Trinidad Head methane – daily means. 
 
We modeled the time series with sine and cosine terms representing season along with annual 
means.  Specifically we fit the model: 
 

(�) = *� ++α-sin	�
2123
365.25� + �-cos	�

2123
365.25�

6

-7�
	 

 
for i = 1995 to 2012, and t = 1 to length of year i.  The model terms have the advantage of being 
mutually orthogonal.  Six sine and cosine terms were found statistically significant; further terms 
were not significant. 
 
Fitting this model with least squares resulted in a regression s = 12.6 ppb, and an adjusted R2 of 
72%.1 The residuals appeared homoscedastic, but there was a substantial autocorrelation, 0.54, 
so that the significance of individual terms will be overestimated somewhat using the standard 
methodology. 

                                                   
1 The R2 value compares the regression SSE with the sum of squared deviations from the grand mean (SST). 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
Figure S4 shows the fits in four arbitrarily selected years.  The seasonal patterns appear relatively 
consistent from year to year, and match the seasonal curve reasonably well. 
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Figure S4.  Trinidad Head methane observations and fitted curves (ppb) for selected years. 
 
S1.4  Comparison with Mauna Loa methane 
 
In order to estimate background we compare the Trinidad Head annual means estimated with the 
regressions in relation to methane measured at Mauna Loa.  Figure S5 shows that the two sites 
share very similar trends.  The difference in means falls between 51 ppb and 56 ppb with two 
exceptions. 
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Figure S5.  Mauna Loa annual mean and Trinidad Head modeled mean. 
 
The median difference was 53 ppb.  Thus, we used Mauna Loa mean methane + 53 to estimate 
Trinidad mean values for 1990-1995. 
 
S2.  Estimation of background carbon monoxide concentrations 
 
S2.1  Data 
 
The Sutro Tower, Trinidad Head and Mauna Loa sites all collected carbon monoxide.  However, 
whereas at Sutro Tower and Mauna Loa, CO was collected simultaneously with methane on 
most days, Trinidad Head CO measurements were limited to roughly 50 a year, and date back 
only to 2002. 
 
The hours of collection varied, raising the question of how much this factor mattered.  An 
ANOVA on hour and month for Trinidad Head found hour statistically insignificant with 520 
observations (adjusted R2 = 0), whereas month was highly significant with an adjusted R2 of 
44.5%.  For Sutro Tower, an ANOVA yielded a statistically significant result, although the 
adjusted R2 was only 2.7% whereas it was 55.6% for month.  Thus, it was decided to ignore hour 
as an independent factor. 
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Figure S6a shows Sutro and Trinidad seasonal patterns with 2007-2012 data pooled.  The two 
sets of data show a similar seasonal pattern.  Figure S6b shows that the two sites exhibit a pattern 
of increasing mean CO until about julian hour 2000 (late March), then decreasing until about 
julian hour 5000 (late July), then increasing to the end of the year, with a blip around julian day 
6000 (early September). 
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Figure S6a.  Seasonality of Sutro Tower and Trinidad Head CO. 
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Figure S6b.  Fitted seasonal curves for the CO season. 
 
S2.2  Annual trend 
 
Since neither Sutro Tower nor Trinidad Head has CO data before 2002, Mauna Loa was used to 
adjust earlier years.  Figure S7 shows that the seasonal pattern for Mauna Loa was similar, but 
not identical to Trinidad Head, and that the mean value is substantially less. 
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Figure 7.  Seasonal CO – Trinidad Head and Mauna Loa 2002-2012 
 
To compare the mean values and how these have changed over time, seasonal curves were fitted 
for TH and ML and shown in Figure S6b, using all the available data from 2002-2012.  In order 
to account for partial sampling during some years, each individual measurement was adjusted by 
subtracting off the smooth for that hour and adding back in the annual mean of the smooth.  Then 
annual averages were computed.   
 
Figure 8 shows the results.  There is a statistically significant downtrend at both sites.  Although 
the Trinidad Head trend appears steeper, the trend in the differences in annual means (TR – ML) 
is not statistically significant.  The mean difference in means is 40 ppb. 
 
Thus, our estimate for background CO for a given julian hour, j, in a given year y is smooth(j) –
smean + a(y), where smooth(j) is the value of the Trinidad Head curve in Figure 6b, smean is the 
mean over j of smooth(j), and a(y) is the adjusted annual Trinidad Head mean for Trinidad Head 
for y = 2002 through 2012, and the adjusted Mauna Loa CO + 40 ppb, for y = 1990 through 2001. 
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Figure S8.  Annual means adjusted for season. 
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S3.  Analysis of variance of methane emissions estimate using individual observations as 
the units of analysis 
 

Rather than using the site-year methane emissions estimates, ����, as the unit of analysis, we can 

consider these as statistics from the underlying regressions.  The slopes of these regressions have 

corresponding uncertainties.  We can estimate uncertainty in the  ���� from the regression slope 

uncertainties only as, Cj8̂�� where 8̂�� is the standard error of the slope.  Let’s assume that the 

regression standard errors are all equal independent of i and j, that is, 8�� = 2��	, where 2�� =
:1/∑ �<��- − <̅����- .  Define weights wij = 1/�C�8̂����, and the weighted mean of the ����, 
�� = 	∑ @�������� /∑ @���� , where the sums are taken over all n=56 i,j pairs with slopes in Table 1.  

Define the “total sum of squares” as SST = ∑ @����� ���� −	����/∑ @���� , and the mean sum of 

squares total ≡ MST = SST/(n-1).  If the expected values of the ����were all equal, then SST 

would have an approximately Chi-square distribution with n-1 degrees of freedom, so that 
E(MST) = 1.  The computed value was MST = 56.5, so that approximately (56.5 – 1)/56.5 = 0.98, 
or 98% of the variation, derives from site-period differences in the actual Mij.  We can roughly 
decompose SST into effects for site, period and site-period interactions by performing a 
weighted regression with indicator variables for site and period.  Depending on the order of entry, 
we get a range of values shown in Table S2. 
 
Table S2.  Rough breakdown into components of variance 
 

Site Period Site-Period 
Interaction 

Total 

% of total 
variation 

≤54% ≤13% ≥34% 98% 

 

The table shows that as much as 2/3 of the variation in the ����can be explained by site and 

period, with roughly half of the variation explainable by site to site differences.  There may be 
some systematic difference by period, but the main differences between periods are site-period 
interactions.  This analysis shows that from period to period, the site-specific CH4/CO 
relationship shifts,  
 
S4.  Comparison of slopes of drift-corrected CO 
As noted above, we examine the effect of subtracting drifts in measured CO using periodic zero-
check measurements. Figure 4 shows the relationship between background-adjusted methane and 
zero-adjusted, and background-subtracted CO.  Table S3 provides a comparison of the CH4/CO 
regressions with and without adjustment for zero values.  For all sites without a trace-level 
monitor, the fit improved or stayed the same.  For six of the seven sites, the slope increased. We 
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note that because the slopes and their standard errors are derived from the Cochrane-Orcutt 
method, they differ slightly from the slopes shown in Figure S9. Because none of the changes 
were large enough to change the mean CH4 emission estimates for the 2009-2012 period 
substantially, and were unavailable for the earlier periods, we used the results uncorrected for 
drift in our analysis.  
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Figure S4. Scatter plots of CH4 vs. drift corrected CO for the 2009-2012 period.  Methane 
and CO background adjusted.  CO also zero-adjusted. 
  
Table S3.  Comparison of regressions of CH4 on adjusted and unadjusted CO. 

Adjusted* Regressions Unadjusted* Regressions 
Slope Slope sd adj R2 Slope Slope sd adj R2 

Fremont 1.194 0.046 55.1 1.192 0.046 54.9 
San Jose 0.807 0.014 76.2 0.804 0.014 76.3 
Concord 1.538 0.036 68.2 1.210 0.035 57.6 
Livermore 1.293 0.063 77.9 1.218 0.059 77.9 
San Francisco 0.744 0.021 75.9 0.634 0.021 69.8 
Berkeley 1.006 0.017 83.2 1.069 0.019 82.2 
Cupertino 0.888 0.036 49.6 0.543 0.033 30.4 

* Adjusted or unadjusted for zero values.  These regressions didn’t use the Cochran-Orcutt 
method. 
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S5.  Computing standard errors from second differences 
 
This is a technique for estimating standard errors in trend data that eliminates the effect of any 
linear trend.  Consider the sequence: 
 
Xt = a + bt + et           (S5.1) 
 
where a and be are constants, t = time (e.g. year), t=1,2…,n, and the sequence e1, e2, …en, is a 
sequence of independent random variables with mean 0 and standard deviation σ.  Let 
 
Dt = Xt+2 + Xt – 2Xt+1 
 
(Note that Dt is the difference of 1st differences:Dt = (Xt+2 – Xt+1) – (Xt+1 – Xt). 
 
Substituting the right-hand side of (S5.1): 
 
Dt  = a + b(t+2) + et+2 + a + bt + et – 2a – 2b(t+1) – 2et+1 
 = et+2 + et – 2et+1. 
 
We have mean of Dt = 0, and Variance of Dt = Var(et+2 + et – 2et+1) = σ2 + σ2 + 4σ2 = 6σ2.  Then 
 

	�� = 1
6�� − 2�+ A)�

�B�

�
 

is an unbiased estimator of σ2.  To the extent that the trend is non-linear, E(Dt
2) will exceed σ2.   
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S5.  Auxiliary Tables 
 
Auxiliary Table 1A.  # of methane observations by year and site 
 
    Site: np     fr     sj    sr    pt    va    ri     cc    rc    st     li    sf   bk   cu  trin  ma loa 
1980     242    238    244   239   212   220   246    218   239     0      0     0    0    0     0      0 
1981     354    360    365   359   345   333   324    337   353   207      0     0    0    0     0      0 
1982     358    351    359   352   354   348   350    348   360   351    338     0    0    0     0      0 
1983     350    352    358   361   355   348   360    363   358   357    324     0    0    0     0     33 
1984     363    341    363   354   354   360   355    350   347   357    340     0    0    0     0     49 
1985     359    358    361   358   355   361   361    363   349   353    350     0    0    0     0     47 
1986     356    354    357   358   352   349   360    336   354   351    336    24    0    0     0     49 
1987     343    357    358   352   362   341   365    355   353   356    343   352    0    0     0     51 
1988     356    325    366   366   351   354   366    359   348   345    172   361    0    0     0     48 
1989     362    349    356   319   362   355   360    365   365   329    299   292    0    0     0     49 
1990     354    340    351   358   349   358   352    361   363   362    344   211    0    0     0     46 
1991     359    361    345   360   360   355   353    355   358   361    353   347    0    0     0     52 
1992     347    363    360   340   302   361   329    357   363   362    359   345    0    0     0     49 
1993     357    336    357   338   355   355   344    362   365   307    360   362    0    0     0     51 
1994     361    313    356   341   357   348   365    364   352   352    356   334    0    0     0     52 
1995     362    357    347   197   267   250   264    351   353   288    363   303    0    0    81     50 
1996     319    354    356     0     0     0     0    357   357   327    365   328    0    0   340     48 
1997     349    355    358     0     0     0     0    360   356   336    361   358    0    0   331     50 
1998     350    344    337     0     0     0     0    365   363   337    360   349    0    0   332     53 
1999      34    362    339     0     0     0     0    354   359    33    357   356    0    0   348     51 
2000       0    359    345     0     0     0     0    349   355     0    337   352    0    0   330     47 
2001       0    312    331     0     0     0     0    329   323     0    353   356    0    0   316     51 
2002       0    263     61     0     0     0     0    268     0     0    266   264    0    0   281     50 
2003       0    344    326     0     0     0     0    343     0     0    358   345    0    0    69     56 
2004       0    321    356     0     0     0     0    338     0     0    353   361    0    0   256     52 
2005       0    360    339     0     0     0     0    345     0     0    360   354    0    0   274     52 
2006       0    345    281     0     0     0     0    349     0     0    353   340    0    0   279     52 
2007       0    342    354     0     0     0     0    270     0     0    347   352   19    0   280     52 
2008       0    359    359     0     0     0     0    361     0     0    358   361  271    0   317     52 
2009       0    355    335     0     0     0     0    353     0     0    357   352  353    0   255     53 
2010       0    206    346     0     0     0     0    356     0     0    348   238  342    0   323     51 
2011       0      0    353     0     0     0     0    149     0     0    363     0    0  270   275     52 
2012       0      0      2     0     0     0     0      0     0     0    353     0    0  366   228     52 
All     6635  10436  10781  5352  5392  5396  5454  10790  7693  6071  10586  7997  985  636  4915   1500 
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Auxiliary Table 1B.  # of carbon monoxide observations by year and site 
 
 
        np_co  fr_co  sj_co  sr_co  pt_co  va_co  ri_co  cc_co  rc_co  st_co  li_co  sf_co  bk_co  cu_co  tr_co  ml_co 
            N      N      N      N      N      N      N      N      N      N      N      N      N      N      N      N 
 
1980      362    359    366    363    355    366    366    356      0    363    344    364      0      0      0      0 
1981      364    363    363    365    365    365    344    365    365    356    326    362      0      0      0      0 
1982      357    365    365    357    364    363    365    365    365    363    363    362      0      0      0      0 
1983      360    361    365    364    360    358    365    365    363    364    350    364      0      0      0      0 
1984      363    366    365    366    365    366    364    366    364    360    358    366      0      0      0      0 
1985      364    362    362    359    362    365    364    364    365    358    356    362      0      0      0      0 
1986      365    362    361    356    364    364    359    360    363    365    351    361      0      0      0      0 
1987      364    362    353    362    362    357    362    363    358    360    350    361      0      0      0      0 
1988      362    362    366    364    361    363    365    366    366    358    357    363      0      0      0      0 
1989      361    364    365    365    360    365    365    365    364    335    360    362      0      0      0     23 
1990      355    362    365    365    362    365    361    365    358    360    363    363      0      0      0     47 
1991      361    365    325    365    363    365    364    362    364    361    363    365      0      0      0     51 
1992      360    366    364    348    358    366    359    366    363    363    365    366      0      0      0     48 
1993      361    364    353    362    358    365    365    362    365    364    365    365      0      0      0     51 
1994      358    362    361    364    362    365    359    365    362    365    360    357      0      0      0     52 
1995      360    363    356    365    363    365    365    363    365    365    365    365      0      0      0     50 
1996      363    366    362    361    366    366    366    366    364    351    365    365      0      0      0     49 
1997      363    365    365    363    365    358    362    365    365    365    361    365      0      0      0     48 
1998      364    362    358    365    365    365    365    365    359    350    362    364      0      0      0     53 
1999      362    365    362    365    365    364    365    365    365    356    332    365      0      0      0     51 
2000      365    366    366    366    361    366    366    366    361    366    361    362      0      0      0     48 
2001      358    365     56    359    364    357    359    362    361    359    363    365      0      0      0     51 
2002      362    347     61    364    365    365    336    365    362    364    363    358      0      0     27     51 
2003      364    365    365    365    351    365    363    362    362    361    364    365      0      0     14     56 
2004      359    364    365    358    366    365      0    348    363    366    358    365      0      0     63     53 
2005      364    362    365    365    364    345      0    364    365    359    362    365      0      0     43     52 
2006      365    365    340    365    365    365      0    365    365    365    362    364      0      0     50     52 
2007      365    362    365    365    365    365      0    365    364    365    363    365     23      0     52     52 
2008      362    362    359    357    362    358      0    363    363    362    365    363    360      0     52     52 
2009      354    358    354    360      0    361      0    360    362    360    122    360    363      0     50     53 
2010      359    298    356    361      0    349      0    361    355    360      0    362    356     89     52     52 
2011      360      0    337    363      0    360      0    360    349    360      0    362      0    327     53     52 
2012      361      0    352    364      0    358      0    361    361    360      0    356      0    366     51     52 
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Highlights 

 

- Top-down methane emissions estimate used to evaluate a bottom-up emissions inventory 

- Estimates combine a two decades of CH4:CO enhancement ratios at 14 sites with CO emission 

inventory 

- Resulting CH4 emissions 1.5 - 2 times greater than bottom-up inventory 

 


