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Abstract11

Mexico City is the world’s largest and most polluted urban center. We examine the distribution of methane and other hydrocarbons
within the Valley of Mexico, using it as a model for the role developing megacities will play in the next century of geochemical cycling.
Seventy-five whole air samples were analyzed with multivariate statistical techniques, including factor analysis using principal components.
Methane concentrations are highly variable in space and time, due to air circulations and source distribution. Landfills and open sewage
canals are major inputs. Emissions into and out from the valley are modeled to be∼515 t per day. Per capita emission is 0.01 t per annum
per person, consistent with the global average for human related anaerobic generation. Natural gas leaks are small, and likely to be higher
in other developing megacities; Mexican natural gas use has been discouraged out of earthquake safety concerns. In contrast, liquefied
petroleum gas loss constitutes the major emission of propane and butane estimated at a leak rate of 5–10%. Kyoto and other environmental
conventions have ignored methane as a greenhouse gas. Our analysis underscores the need to consider methane and other hydrocarbons,
and the urbanization process, in future emission protocols.
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1. Introduction25

In 1989, the United Nations (UN, 1989) estimated that26

almost half the global population would be living in urban27

areas by the year 2000, with continued aggregation lead-28

ing to an increasing number of megacities. In many ways,29

the Valley of Mexico can be considered an archetype of the30

evolution of megacities in underdeveloped countries. Un-31

til fairly recently, urban planning in Mexico City has been32

largely nonexistent and/or ignored, and consequently growth33

has been rampant, chaotic and unstructured (WHO/UNEP,34

1992; Nord, 1996; Pick and Butler, 1997). Approximately35

40% of citizens live in ‘informal settlements’, often with-36

out water, sewage or regulated utilities; additionally some37

>30,000 industries are located within the basin (UNCHS,38

1986; WHO/UNEP, 1992; Chen and Heligman, 1994). Un-39

regulated expansion has led to widespread pollution prob-40

lems and Mexico City now has what may be the worst air41

quality in the world (WHO/UNEP, 1992, 1994). As devel-42

∗ Corresponding author. Tel.:+1-505-277-6725; fax:+1-505-277-304.
E-mail addresses:fasmith@unm.edu (F.A. Smith),

selliott@kokopelli.lanl.gov (S. Elliott).

oping areas become concerned with the aesthetic, health and43

environmental costs of air pollution, they have turned to44

cleaner burning energy sources such as natural and lique-45

fied petroleum gas. In the Valley of Mexico, for example,46

power generation plants were switched from fuel oil to natu-47

ral gas in 1991 because of pollution concerns (WHO/UNEP, 48

1992). Although natural gas releases much less carbon diox-49

ide, particulate and sulfur dioxide than other fuels, methane50

is approximately 25–30 times more potent than carbon diox-51

ide as a greenhouse species (Lelieveld and Crutzen, 1992; 52

Lelieveld et al., 1993, 1998; WHO/UNEP, 1992). Leakage 53

from gas infrastructures could thus offset some of the ben-54

efit of fuel substitution. 55

The extreme air pollution problem in metropolitan Mex-56

ico City has attracted international research attention, but57

the emphasis has been on smog chemistry and the urban58

aerosol (Aldape et al., 1991, 1993; Miranda et al., 1994;59

MARI, 1994). In Spring 1993, the Rowland/Blake atmo-60

spheric chemistry group conducted whole air sampling of a61

wide spectrum of hydrocarbons, across portions of central62

Mexico. The species distributions have already been ana-63

lyzed for their relevance to local oxidant generation (e.g.64

Blake and Rowland, 1995; Elliott et al., 1997). Here, we 65

1 1462-9011/02/$ – see front matter © 2002 Published by Elsevier Science Ltd.
2 PII: S1462-9011(02)00089-8
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utilize the data to examine spatial and temporal distribu-66

tions of methane and other light hydrocarbons within the67

Valley of Mexico. Multivariate statistical analysis is ap-68

plied to methane concentrations as well as those of several69

other light alkanes, and unsaturated double bonded species.70

Our primary aims are to investigate hydrocarbon source71

distributions in the Mexico City basin, and to interpret72

the results in the context of currently emerging megaci-73

ties. We identify major methane emission types, and derive74

integrated leak rates for C3 and C4 compounds from the75

liquefied petroleum gas infrastructure. Mexican govern-76

mental agencies have discouraged reliance on natural gas77

as an energy source in residential areas because pipelines78

would be subject to earthquake damage (Villarreal et al.,79

1996). Developing megacities in tectonically stable zones80

may well develop larger and leakier distribution systems as81

pollution concerns drive a shift from coal to petroleum gas82

fuels.83

In addition to using multivariate techniques to investigate84

spatiotemporal variation of methane and other selected hy-85

drocarbon concentrations, we use factor analysis and mass86

conservation principles to partition chemical compositions87

into potential sources. Results are compared with geopolit-88

ical information on industries, landfills and other potential89

hydrocarbon emitters. The total flux of methane through the90

basin is estimated both from ‘bottom up’ and ‘top down’91

perspectives. Surface level emissions are computed based92

on accumulati on under the nocturnal inversion; outflow is93

estimated based on burden and air mass turnover. The ur-94

ban scale production figures are population normalized and95

compared with global averages. Coupled with government96

consumption figures, infrastructure leak rates are determined97

for LPG. Our results are interpreted in the context of his-98

torical patterns of urbanization within the central Mexican99

highlands. We view the flux calculation section as extending100

a local analysis of atmospheric organic composition into the101

global policy arena.102

2. Methods103

2.1. Study area104

The urban area of Mexico City (latitude 19.26N, longi-105

tude 99.07W) is located in a high elevation basin (∼2240 m),106

surrounded by mountainous terrain averaging 3500 m. Sev-107

eral nearby volcanic peaks exceed 5000 m in elevation. The108

metropolitan area covers some 2500 km2 and is inhabited109

by close to 20 million people. Population densities range110

from 500 to 7000 persons/km2 (WHO/UNEP, 1992, 1994;111

Pick and Butler, 1997). There are more than 30,000 indus-112

tries located within the basin, and∼33% of Mexico’s GDP113

is produced there (WHO/UNEP, 1992, 1994). The ancient114

city of Teotihuacan, located some 60 km NE of the outskirts115

of Mexico City, was used as a baseline for air sampling.116

Methane levels there were comparable to baseline estimates117

at other rural locations around the globe (Blake et al., 1984; 118

Houghton et al., 1992, 1996). 119

2.2. Air sampling 120

Hydrocarbon measurements were obtained through whole121

air sampling over a 1 week period in March 1993. Sam-122

ples were relatively well dispersed across the Mexico City123

metropolitan area (Fig. 1), and were taken at various times124

from 06:00 to 21:00 h at ground level. Throughout the col-125

lection period, atmospheric conditions were mild, with low126

velocity winds of less than 10–20 km/h predominating. A to-127

tal of 75 canisters were filled, including three at Teotihuacan.128

The air within them was analyzed by cryogenic separation of129

the components condensable at liquid nitrogen temperature,130

followed by multiple-aliquot gas chromatography. Volatile131

halocarbons were detected by electron capture and hydro-132

carbons by flame ionization (Blake et al., 1992). More than 133

70 separate species were identified and quantitatively mea-134

sured. Further methodological details are presented inBlake 135

et al. (1992, 1996a,b,c)andBlake and Rowland (1995). 136

2.3. Data analysis and source receptor modeling 137

Data were analyzed using a variety of multivariate proce-138

dures from the SPSS statistical package and advanced mod-139

ules (Norusis, 1986). Because the analysis of trace gas con-140

centration by time phase occasionally violated the assump-141

tion of homogeneity of variance, nonparameteric methods142

were used to confirm important results. Factor reduction by143

principal components analysis was employed to help iden-144

tify the potential sources of methane and other trace hydro-145

carbons (Henry and Hidy, 1979, 1981; Hopke, 1981, 1985;146

Hopke et al., 1983). Factor analysis identifies a relatively147

small number of factors that can be used to represent the148

relationships among sets of correlated variables; this helps149

distinguish the underlying constructs. A correlation matrix150

is computed and diagonalization yields eigenvalues. These151

are analyzed using principal components to extract the most152

parsimonious number of factors (components) that explain153

the interrelationships among the variables. We have used the154

normal convention of restricting the analysis to factors yield-155

ing eigenvalues >1.0; examination of factor screen plots cor-156

roborated the appropriateness of the cutoff. A VARIMAX157

rotation was performed to ensure components were orthog-158

onal (i.e. uncorrelated with each other). Emission profiles159

were used to help interpret the factor loadings. 160

We also applied conservation arguments to distinguish161

between various anthropogenic sources of methane. Our162

method resembles the EPA sanctioned chemical mass bal-163

ance approach (e.g.Watson, 1983; Hopke, 1985), but is 164

conducted at the heuristic level. Direct information on165

relative source strengths can be obtained by conducting166

multiple regressions after principal component analysis. We167

feel that the uncertainties in our catalog of emission fin-168

gerprints are too large to warrant a formal source receptor169
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Fig. 1. Map of Mexico City and sampling localities. The urban area of Mexico City is located in a high elevation basin with several of the surrounding
mountains exceeding 5000 m. The metropolitan area covers some 2500 km2 and is occupied by∼20 million people. The ancient city of Teotihuacan,
located some 60 km NE of the outskirts of Mexico City, was used as a baseline for comparisons. Levels there were comparable to baseline estimates at
other locations around the globe (Blake et al., 1984; Houghton et al., 1996).
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calculation. Further, the concentrations for key signature170

molecules were highly variable, making such estimates un-171

reliable.172

3. Results173

3.1. Statistical analyses—methane174

Methane concentrations in the Valley of Mexico have a175
predictable diurnal pattern, reflecting the underlying mete-176
orology and air circulation patterns (Table 1). We binned177
methane and other alkane measurements into 3 h intervals178

representing fairly homogeneous atmospheric conditions.179
Most of the variance in methane could be explained by time180
phase (one-way analysis of variance,P < 0.001, d.f . =181
71); range tests indicated that concentrations between 03:00182
and 12:00 h were elevated relative to those from 12:00 to183

21:00 h (Scheffle, LSD and Duncan test,P < 0.05; Fig.184
2, Table 1). Because both the Bartlett Box and Cochrans185
C tests suggested that significant heterogeneity of vari-186
ance existed, the analysis was rerun using a nonparametric187
Kruskal–Wallis one-way ANOVA. Results were also highly188
significant (P < 0.001). The Spearman correlation coeffi-189
cient between methane concentration and time phase was190
−0.9429 (P < 0.005, d.f . = 71). When used as a co-191

variate, temperature did not independently influence our192
results (ANCOVA,P > 0.05). Higher concentrations in the193
morning represent build-up of methane under the nocturnal194
inversion layer (Elliott et al., 1997); after the layer lifts, ver-195
tical mixing resumes and levels approach background (e.g.196
Table 1, Fig. 2). Heterogeneity in methane concentrations197
has been reported by other researchers (e.g.Riveros et al.,198
1995).199

We also found a highly significant difference in values200
from within the metropolitan area and those from a nearby201
rural site (the pyramids at Teotihuacan), even when data were202
controlled for time phase (e.g. one-way ANOVA on data203
from 12:00 to 15:00 h,P < 0.02, d.f . = 20; Tables 1 and204
2). The average methane concentration between 12:00 and205
15:00 h for the urban area was 2.01 ppm (±0.1478,N = 18)206

Table 1
Temporal variation and urban excess of several important trace hydrocarbons during the week long sampling campaign

Time period (h) N Methane (ppm) Excessa Ethane (ppb) Excess Propane (ppb) Excess

Mean σ Mean σ Mean σ

00:00–03:00 1 1.800 – 0.02 4.708 – 3.227 35.480 – 31.499
03:00–06:00 8 3.336 1.555 1.553 13.105 3.856 11.624 135.198 48.589 131.217
06:00–09:00 9 7.971 9.650 6.188 15.242 6.903 13.761 208.831 122.590 204.850
09:00–12:00 10 2.999 1.146 1.216 15.674 5.508 14.193 115.541 64.983 111.560
12:00–15:00 17 2.015 0.143 0.232 8.991 5.076 7.510 42.307 25.097 38.326
15:00–18:00 18 1.942 0.104 0.159 6.424 4.323 4.923 25.288 9.617 21.307
18:00–21:00 9 1.934 0.046 0.151 10.335 2.409 8.854 44.844 12.747 40.863

a “Excess” is the difference in concentrations between the Mexico City samples and those measured 60 km away at the pyramids at Teotihuacan (Fig.
1). Levels of all trace gases at Teotihuacan were consistent with “normal” background levels (see text); the rural site is sufficiently distant from Mexico
City to have negligible impact from urban inputs.

Fig. 2. Variation in methane concentrations (ppm) averaged in 3 h bins.
Bars indicate one standard deviation; if not shown deviations were less
than the thickness of the bar. Values are significantly higher during the
morning time periods (03:00–12:00 h) before the nocturnal inversion layer
disperses. Samples from the same sites sampled both in the morning
and late-afternoon differed; atmospheric mixing results in concentrations
equivalent to background levels by mid-afternoon.

versus 1.78 (±0.01,N = 3) for Teotihuacan, suggesting an207

urban excess of 0.23 ppm. The urban value is consistent with208

measurements byRiveros et al. (1995); that for Teotihuacan 209

is slightly higher than the global average of 1.72 reported210

by theHoughton et al. (1992, 1996)when spatial and tem-211

poral differences are taken into account (e.g.Cicerone and 212

Oremland, 1988; Dlugokencky et al., 1994; Lelieveld et al.,213

1998). The urban excess calculated with the well mixed af-214

ternoon mean is comparable to other urban areas (Blake 215

et al., 1984), although these earlier studies did not take time216

or transport into account. Had the excess been estimated217



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

FF.A. Smith et al. / Environmental Science & Policy 249 (2002) 1–13 5

Table 2
Average hydrocarbon concentrations from Mexico City and Teotihuacan

Hydrocarbon Urban Rural

Morning (03:00–12:00 h),N = 26 Afternoon (12:00–21:00 h),N = 34 Afternoon (12:00–13:00 h),N = 3

Mean (ppt) σ Mean (ppt) σ Mean (ppt) σ

1,3-Butadiene 931.1 521.4 958.4 1494.6 0 0
1-Butene 2648.6 1420.9 1419.9 1463.6 13.3 16.7
1-Hexane 562.9 239.5 562.1 541.4 61.3 106.2
3-Me-pentane 5850.5 3576.4 3976.0 3697.5 121.3 28.9
2-Me-pentane 9227.2 5307.4 7596.9 5663.3 366.7 135.9
1-Pentene 659.5 364.3 681.8 918.9 10.7 18.5
Benzene 5505.8 3555.9 4711.5 4299.9 197.3 122.7
Toluene 22043.4 14065.8 14736.8 11898.1 366.7 6.1
cis-2-Butene 1759.1 1108.5 973.4 962.4 6.7 11.5
Cyclopentane 1215.1 680.9 1037.9 803.4 41.3 2.3
Ethane 14164.1 4621.8 8912.5 4668.7 1481.3 40.35
Ethane 32433.1 19843.1 28535.9 29993.0 758.7 204.8
Ethyne 44137.7 28357.4 38154.6 34653.2 1221.3 143.2
i-Butane 31387.9 18074.6 9449.3 4671.8 769.3 92.7
i-Butene 2842.8 1454.1 2482.4 3177.6 112.0 118.5
i-Pentane 24709.7 14055.9 19472.7 14732.7 474.7 90.0
Isoprene 247.2 188.9 300.0 371.0 9.3 16.2
Methane 4821307.7 6035865.4 1982352.9 115328.5 1783000.0 10440.3
Methylcyclopentane 1027.9 592.7 883.3 989.1 0 0
n-Butane 67660.3 38570.8 21848.8 10671.6 1580.0 188.0
n-Hexane 8388.8 4771.9 6044.2 4780.4 117.3 4.6
n-Heptane 2818.6 2100.3 2068.2 1988.7 104.0 8.0
n-Pentane 17371.7 10244.0 14676.9 11696.1 382.7 90.7
Propane 147201.8 89431.2 39315.3 20282.9 3981.3 299.5
Propene 8170.3 4024.9 6617.5 8276.1 101.3 42.4
Propyne 655.2 482.5 598.3 755.5 0 0
trans-2-Butene 1847.4 1348.4 932.5 1100.0 0 0

from the morning values, for example, we would have con-218

cluded that it was over an order of magnitude greater (e.g.219

6.19 ppm;Table 1).220

Our analysis also found significant heterogeneity of vari-221

ance among time phases, with higher values in the morning222

hours (03:00–12:00 h), and very little variation in concen-223

tration in the afternoon samples (e.g. >12:00 h). The dis-224

crepancy probably reflects the higher degree of vertical and225

horizontal mixing in the mid- to late-afternoon. The results226

also suggest, however, that at least some methane emis-227

sions are derived from point sources, since many morning228

values were only slightly elevated from background while229

others were substantially higher (Fig. 2; see alsoRiveros230

et al., 1995). Evidence for industrial point source emis-231

sions comes from comparison of weekday and weekend232

values. Although the diurnal pattern in methane concen-233

trations and variance is evident when data are partitioned234

by day of the week, the morning values are considerably235

lower on Sundays (Table 3). Many businesses are either236

closed entirely during the weekend, or close by 14:00 h237

on Saturday (M.E.G. Ruiz Santoyo, in literature). A day238

dependence has been established for other anthropogenic239

trace gases in urban areas. Carbon monoxide levels, for240

example, decrease significantly on Sundays (WHO/UNEP,241

1992).242

3.2. Statistical analyses—general hydrocarbons 243

Interpretation of other hydrocarbon distributions is244
strongly complicated by spatiotemporal fluctuations in245
sourcing and removal mechanisms (Table 2). The species 246
derived from gasoline combustion, for example, demon-247
strate several peaks in concentration that probably reflect248
underlying traffic patterns (MARI, 1994; Elliott et al., 1999). 249

Table 3
Comparison of methane concentrations by collection day

Time (h) Day Day of week [Methane] (ppm)

13:08 18 March Thursday 2.22
06:05 19 March Friday 24.69
13:45 19 March Friday 1.85
06:05 20 March Saturday 24.80
14:25 20 March Saturday 2.01
06:30 21 March Sunday 2.12
14:55 21 March Sunday 2.00

Data are from a site in Parque Popular, a light industrial area in the
northeastern sector of the city (Fig. 1). Businesses located in this area in
March 1993 included Altos Hornos de Mexico (smelting), Fertilizantes
Mexicanos, Leche Lala, Distribuidora de Gases (Gas Linde), Cannon,
Dunlop, Kelvinator, Plastimarx, and Destileria Viejo Vergel, as well as
an automobile clutch manufacturer and a cement plant (M.E.G. Ruiz
Santoyo, in literature).
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Vehicular activity in the Valley of Mexico forms a virtual250

square wave rising at 07:00 and falling again at 22:00 h.251

The meteorological inversion overlaps inputs for several252

hours in the morning and evening. The dual maxima seen253

in monitoring data for carbon monoxide were evident for254

several compounds (Elliott et al., 1997).255

The pattern of temporal variation in ethane and propane256
parallels that of methane (Table 1). Concentrations of both257
gases are significantly higher from 06:00 to 12:00 h than258
from 12:00 to 18:00 h (ANOVA, d.f . = 65; P < 0.01 and259

P < 0.001, respectively; Duncan and Scheffe multiple range260
tests,P < 0.05). By contrast with methane, however, af-261
ternoon concentrations remain elevated and despite the re-262
sumption of general circulation patterns in the afternoon do263
not drop to background levels (e.g.Table 1). Presumably this264
is because the gases are reactive on free tropospheric mix-265
ing time scales (e.g.Singh and Zimmerman, 1992; Blake266
et al., 1996a,b,c). They are stable prior to ventilation from267
the basin, however, and so are useful in our consideration of268

Table 4
Factor structure matrices for hydrocarbons within Mexico City

Hydrocarbon Morning (03:00–12:00 h),N = 26 Afternoon (12:00–21:00 h),N = 34

Factor 1 Factor 2 Factor 3 Factor 4 Factor 1 Factor 2

1,3-Butadiene 0.764 0.485 0.113 0.224 0.978 0.125
1-Butene 0.909 0.316 0.205 0.149 0.964 0.232
1-Hexene 0.721 0.431 0.375 −0.034 0.904 0.073
3-Me-pentane 0.121 0.368 0.904 −0.006 0.744 0.478
2-Me-pentane 0.195 0.414 0.872 0.489 0.847 0.425
1-Pentene 0.579 0.303 0.512 −0.120 0.691 −0.004
Benzene 0.232 0.728 0.511 0.244 0.913 0.374
Toluene −0.031 0.164 0.953 0.047 0.713 0.644
cis-2-Butene 0.980 −0.006 0.049 0.016 0.936 0.142
Cyclopentane 0.316 0.581 0.741 −0.024 0.889 0.396
Ethane 0.225 0.659 0.169 −0.234 0.402 0.820
Ethene 0.254 0.908 0.268 0.090 0.946 0.286
Ethyne 0.106 0.853 0.494 0.041 0.911 0.374
i-Butane 0.888 0.223 0.198 0.199 0.192 0.949
i-Butene 0.854 0.438 0.180 0.117 0.979 0.137
i-Pentane 0.494 0.554 0.624 −0.087 0.904 0.348
Isoprene 0.619 0.116 −0.022 0.715 0.970 0.059
Methane 0.324 −0.060 −0.002 0.884 −0.127 0.887
Methylcyclopentane 0.683 0.423 0.535 0.018 0.933 0.160
n-Butane 0.888 0.237 0.223 0.179 0.336 0.906
n-Hexane 0.220 0.615 0.519 −0.029 0.774 0.576
n-Heptane 0.162 0.660 0.573 0.340 0.549 0.514
n-Pentane 0.408 0.560 0.695 −0.070 0.888 0.329
Propane 0.892 0.163 0.159 0.245 −0.027 0.971
Propene 0.619 0.690 0.266 0.192 0.970 0.194
Propyne 0.198 0.843 0.475 0.023 0.936 0.280
trans-2-Butene 0.979 −0.097 −0.029 0.106 0.965 0.086

Eigenvalue 17.711 5.187 1.289 1.236 21.015 4.048
Percentage of variance 63.3 18.5 4.6 4.4 75.1 14.5
Cumulative explained variance 63.3 81.8 86.4 90.8 75.1 89.6

Factor analysis using principal components was conducted on morning and afternoon concentrations separately. Four factors yielded eigenvalues >1.0
for the morning samples; two factors were identified from the afternoon samples. A VARIMAX rotation was performed to ensure that factors were
orthogonal. Factor loadings are analogous to standardized partial regression coefficients (e.g. the regression for methane= 0.324F1 −0.059F2 − 0.002F3

+ 0.884F4) and can be used to identify common emission sources. The largest coefficient is highlighted in bold for each hydrocarbon. Communalities
can be calculated by summing the squares of the factor loadings for each hydrocarbon.

mass conservation. Since the urban excess is relatively large,269

winter tropospheric levels could potentially be used for ref-270

erence (Singh and Zimmerman, 1992); we have subtracted271

Teotihuacan concentrations. The ethane variance over time272

is much less heterogeneous than that of methane, suggest-273

ing that sources causing spikes in methane concentration are274

ethane poor. 275

Reactive hydrocarbons such as the olefins were depleted276

during periods of high photochemical activity (mid-day).277

Cloudiness was not a factor during the week long 1993 sam-278

pling campaign. Located as it is in the tropics and at high279

altitude, Mexico City receives high levels of ultraviolet ra-280

diation for most of the year. This is one of the reasons of-281

ten cited for the severity of its oxidant and aerosol pollu-282

tion problems. Short-lived species were left in the dataset283

during our factor analyses but are excluded from the chemi-284

cal mass balance arguments. Average urban excess concen-285

trations for all hydrocarbons can readily be obtained from286

Table 2. 287
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Table 5
Partial signatures for several urban hydrocarbon sources (Blake and
Rowland, 1995; Blake et al., 1996a,b,c; Elliott et al., 1999)

Species LPG1 LPG2 Burns Auto Gas Waste

Methane 0 0 10 10 20 5000
Ethane 1 1 1 1 1 1
Propane 100 100 0.25 0.3 0.1 –
i-Butane 30 1 0.01 0.3 – –
n-Butane 60 0.2 0.1 2 0.05 –
i-Pentane 3 0.03 0.01 1 – –
n-Pentane 1 <0.01 0.03 3 – –
Ethene 0 0 1 8 – –
Ethyne 0 0 0.5 6 – –
Benzene 0 0 0.4 4 – –

LPG1 is a Mexico City average, LPG2 is a Los Angeles average; burns
includes incineration processes and biomass combustion; auto is from
actual vehicle samples obtained during the sampling campaign in 1993;
gas is natural gas leakage; waste is an average for sewage and landfill
emissions. Input types are organized by increasing CH4/C2H6 ratio.

3.3. Factor analysis using principal components288

Analysis of the morning air samples within the Metropoli-289

tan area yielded 4 factors with eigenvalues >1.0; together290

these explained 90.8% of the variance (Table 4). The com-291

munalities for most were high (more than∼0.9), indicating292

that most variance was explained by the four components.293

A notable exception was ethane. The computed communal-294

ity was 0.569, suggesting that only 32% of the variation in295

ethane concentration was explained by the factor loadings.296

By examining the loadings of each hydrocarbon on the297

four principal components (e.g.Table 4; Fig. 3a), and com-298

paring them to urban source fingerprints (Table 5), we can299

identify the most likely common causal agents. Factor 1300

reflects mainly the widespread consumption of liquefied301

petroleum gas (Blake and Rowland, 1995). Species that302

loaded strongly on this component (all >0.84, representing303

>70% of the variation in these tracers;Tables 2 and 4) in-304

clude 1-butene,cis-2-butene,i-butane,iso-butene,n-butane,305

propane andtrans-2-butene. These are prominent compo-306

nents of commercially available Mexican LPG (Blake and307

Rowland, 1995). Factor 2 appears to relate to fuel combus-308

tion processes. Gases loading strongly (>0.84) are ethene,309

ethyne, and propyne; weaker loadings are seen for benzene,310

ethane,n-C7H16 and propene (∼0.65–0.73). The C2 species311

are key tracers for vehicular activity (Singh and Zimmerman,312

1992; Table 5). Incineration may contribute as well. Several313

emission sources may be mixed in factor 3. The only hy-314

drocarbon loading strongly on factor 4 is methane (0.88),315

although isoprene (0.71, or∼50% of its variation) is rep-316

resented to a lesser degree (Fig. 3a). Isoprene is biogeni-317

cally derived from plants and is unlikely to have a common318

release mechanism with methane. Thus, we interpret this319

component as representing hydrocarbons with a source not320

expressed by factors 1–3. Our results suggest that methane321

is mostly derived from “pure” sources; in Mexico City, the322

only likely candidates are landfills and sewers. Were other323

potential emitters involved (e.g. natural gas usage, combus-324

tion, biomass burning), we would expect to see additional325

tracers loading on factor 4. 326

The afternoon samples yielded two factors with eigen-327

values >1.0; together these explained 89.5% of the vari-328

ance (Table 4; Fig. 3b). Again, the communalities were329

high (more than∼0.9), with the exception of 1-pentene and330

n-C7H16 (0.48 and 0.57, respectively). For stable molecules,331

the afternoon urban excess reflects relative overall emis-332

sions, because ventilation is the primary loss mode and mix-333

ing rates have maximized. Then-pentane, ethene and ethyne334

are attributable to traffic, with perhaps 5 ppb ethane and335

50 ppb methane attendant (Table 5). We assign factor 1 to336

the combination of automobile emissions and photochemi-337

cal effects (short-lived NMHC). Note that the vehicle fleet338

may contribute one quarter of the integrated CH4 input (50 339

of 200 ppb;Table 2). Methane, ethane,i-butane,n-butane 340

and propane all loaded strongly on component 2; we in-341

terpret this as a combination of natural gas/LPG usage and342

other methane rich inputs (Table 5). To determine whether343

the methane was correlated to LPG/natural gas emissions or344

attributable to another source, we reran the principal com-345

ponent analysis on the afternoon data, restricting the vari-346

ables to those that loaded most strongly on factor 2 (>0.7;347

Table 4). This analysis yielded two factors that clearly sepa-348

rated methane from all other hydrocarbons. Again, methane349

loaded alone on factor 2, while all other tracers were found350

associated with factor 1. We interpret this as reinforcing the351

source fingerprints identified in the morning analysis. 352

3.4. Calculation of integrated methane flux 353

The tropospheric background concentration for central354

Mexico, we take to be the mean of the Teotihuacan data,355

1.783 ppm (Table 2). The binned data from 15:00 to 18:00 h356

are likely to reflect the most complete atmospheric mix-357

ing (Elliott et al., 1997). The mean of the urban values for358

this time period are 1.9417 ppm, leading to an urban ex-359

cess of∼150 ppb. Note that binned values for other time360

periods (prior to full mixing of the atmosphere;Table 1) 361

lead to vastly different estimations of the urban excess. Un-362

derstanding of the underlying atmospheric circulation pat-363

terns is crucial to our computations. Assuming a rectangular364

geometry, we estimate that the Valley of Mexico contains365

∼1.0×1038 molecules (50 km×50 km×2 km at local pres- 366

sure). Air resides in the basin∼0.75 day in models of win- 367

ter flow (Fast and Zhong, 1998). Earlier one-dimensional368

modeling has estimated the vertical fall off to be a fac-369

tor of 3 to 2 km for stable species sourced from the city370

(Elliott et al., 1997). The surface concentration may be ad-371

justed by 2/3 to account for the drop. Thus, we estimate that372

∼1.33×1031 molecules per day (∼360 metric tons per day)373

of methane must enter the basin to compensate for outflow.374

Morning build-up (relative to 1.9 ppm for the latest evening375

data) is 1.4 ppm for the 03:00–06:00 h bin, and 6.0 ppm376

for the 06:00–09:00 h bin (Table 1). The nocturnal inver- 377
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Fig. 3. Rotated factor loadings. (a) Morning (06:00–12:00 h). All combinations of the three significant factors are shown. (b) Afternoon (12:00–21:00 h).
There were only two significant factors. SeeTable 4for explanation of loadings.
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sion is established at an average of 22:00 h (MARI, 1994;378

Elliott et al., 1997) and at heights varying from 100 to 200 m379

(MARI, 1994; Vidal and Raga, 1998). Here, we use a me-380

dian value of 150 m. Approximately 7.5 × 1036 molecules381

lie below the inversion within the valley, with about half382

the basin covered by urban areas. Little horizontal mixing383

occurs until the afternoon, thus, methane molecules are be-384

ing added to the∼3.75× 1036 molecules contained within385

the three-dimensional city atmospheric space. Build-up to386

04:30 h is 8.047×1029 molecules/h. The early-morning data387

translate to∼2.0 × 1031 molecules per day (∼515 metric388

tons per day). The values for the build-up to 07:30 h are389

2.38× 1030 molecules/h and 5.7 × 1031 molecules per day390

(∼1525 metric tons per day). Since the variance increases391

as mid-day is approached, it is likely that data from ear-392

lier in the morning are more representative. The indepen-393

dent approaches indicate an injection of∼515 metric tons394

of methane per day from the city into the Valley of Mexico.395

The basin methane cycle can be placed in a global per-396

spective by normalizing to the urban population (∼17 ×397

106 inhabitants in 1993). Mexico City releases a total of398

0.011 metric tons CH4 per year per person to the regional399

troposphere from all sources [(∼515 metric tons per day×400

365 days)/17× 106 persons]. Our factor analysis suggests401

that the major inputs are landfills, sewage and vehicles (e.g.402

Tables 4 and 5). The flux thus constitutes an upper limit403

to human associated anaerobic production. Globally, total404

per capita anthropogenic production is∼0.068 metric tons405

CH4 per year per person (e.g. for 1995,∼535 × 1012 g406

per year/5.5× 109 persons;Cicerone and Oremland, 1988).407

This figure includes rice paddies, enteric fermentation, ani-408

mal waste, coal combustion and coal mines, none of which409

are likely inputs within the Valley of Mexico. Eliminating410

these sources yields a figure of∼0.029 metric tons CH4 per411

year per person, which is still almost double our estimate412

of the 0.011 metric tons CH4 per year per person produced413

in Mexico City. In fact, our figure is close to the global per414

capita average emissions from landfills alone (∼0.01 metric415

tons per year, or a total of∼60×1012 g per year;Houghton416

et al., 1996). Even given uncertainties in global estimates417

(e.g. the range for methane from landfills is from 20× 1012418

to 70× 1012 g per year;Bogner and Spokas, 1993; Bogner419

et al., 1997), our comparison suggests that Mexico City may420

be releasingless methane than expected on a per capita421

basis.422

3.5. Calculation of leak rates423

Mexico City consumes approximately 500 pJ of energy424

per year of which 20% derives from natural gas and another425

20% from LPG (Villarreal et al., 1996). Methane usage is426

5000 t per day (carbon content fromOTA, 1991). Given that427

the natural gas signature plays only a minor role in source428

distributions, we estimate leakage to be on the order of 1%.429

The efficiency may be attributed in part to the government430

decision to restrict gas consumption to the industrial sector.431

Losses are comparable to those estimated for the global gas432

production life cycle (Muller, 1992). At the propane/butane433

carbon content (OTA, 1991), LPG combustion comes to434

5400 t per day. Half of the Mexico LPG is butane by moles435

(Elliott et al., 1999); propane combustion is then 2300 t per436

day. The bottom up and top down basin budget manipula-437

tions give 200 t per day as a city-wide propane flux. Losses438

were on the order of 5–10% during the sampling period in439

1993. LPG services mainly the residential areas of the city.440

The Mexican Petroleum Institute has identified pilot lights441

in cooking devices as one of the major sources of leaks (M.442

Ruiz, personal communication). Residential applications of443

the commercial petroleum gases are clearly a potential weak444

point within energy infrastructures of the developing megac-445

ities. 446

4. Discussion 447

The Valley of Mexico has been called the ‘heart of the448

nation’ not only because∼30% of the population is located449

there, but also because it largely controls the economy, fi-450

nancial system, communication networks and government451

of the country (Nord, 1996; Pick and Butler, 1997). Its im- 452

portance as a primate city is of long standing; estimates of453

preconquest population are as high as 500,000 inhabitants454

(Nord, 1996). Although warfare and disease introduced by455

European conquistadors decimated the city, it remained an456

important focal point for the nation. Population growth ac-457

celerated during the Revolutionary War, as ruralites fled the458

conflict and sought refuge in the city. Continued immigra-459

tion and high birth rates since that time have lead to the460

creation of the modern megacity. 461

The rapid urbanization in the Valley of Mexico has trans-462

formed the entire environment. Extensive wetlands and463

lakes once dominated the basin. By the 19th century, how-464

ever, flood control, increasing water demands, and the need465

for land for construction, had drastically reduced the extent466

of wetlands (Nord, 1996; Pick and Butler, 1997). Thus, 467

early on, human settlement drastically impacted the local468

methane budget (e.g.Subak, 1994; Etheridge et al., 1998). 469

Some swamps still exist today in the area around Lake470

Texcoco. These are fairly limited and are located well out-471

side our sampling area. The land surfaces within the valley472

also have been extensively reshaped, leading to soil erosion473

and loss of woodlands and native vegetation. Extensive474

squatter settlements have sprung up on the periphery of the475

downtown area; most are without adequate water, sewage,476

energy or other utilities (WHO/UNEP, 1994; Pick and477

Butler, 1997). The lack of infrastructure, coupled with rapid478

population growth, has led to widespread environmental479

degradation. 480

A number of studies have examined the environmental481

challenges Mexico City faces, much of them focused on the482

visible and charismatic problem of air pollution (e.g.Garfias 483

and Gonzalez, 1992; Nickerson et al., 1992; Ruiz-Suarez484
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et al., 1993; Blake and Rowland, 1995; Streit and Guzman,485

1996; Riveros et al., 1995; Bossert, 1997; Elliott et al., 1997;486

Vidal and Raga, 1998). We have focused here on methane487

because of its importance as a greenhouse gas forcing ter-488

restrial climate. Our analysis, based on rural and urban489

measurements (Tables 1 and 2; Fig. 2), suggests the Val-490

ley of Mexico inputs∼515 metric tons of methane per day491

(∼187,975 metric tons per year) into the troposphere. Ear-492

lier speculation (e.g.Elliott et al., 1997, 1999) postulated493

that a leaky infrastructure could account for a substantial494

portion of the methane, similar to the problems found with495

LPG usage (Blake and Rowland, 1995). Earthquake safety496

concerns, however, have restricted residential and industrial497

usage of natural gas. Consequently, the gas infrastructure498

is limited in scope and leak rates are comparable to other499

urban areas (Shorter et al., 1996; Harriss, 1994; Houghton500

et al., 1996). If the use of natural gas were widespread,501

we might well expect both the fractional and absolute leak502

rates to increase; maintaining a large network would be503

difficult under the tight fiscal restrictions faced by Mexico504

and other emerging megacities (Chen and Heligman, 1994;505

Nord, 1996). Given the increasing switch towards cleaner506

fuel sources in developing areas (WHO/UNEP, 1992, 1994),507

it is clear that maintenance, regulation and enforcement of508

industries will be essential to keep leakage at acceptable509

levels. It has been estimated, for example, that leak rates510

during the transportation, distribution and usage of natu-511

ral gas must be less than 2.4–2.9% to get reduction in cli-512

mate forcing when switching from oil to gas, and less than513

4.3–5.7% to be less harmful than coal (Lelieveld et al.,514

1993).515

We found significant spatial and temporal variation516

in methane concentrations within the Valley of Mexico517

(Table 1; Fig. 2). Several conclusions can be drawn. First,518

our results underscore the importance of understanding519

the underlying air circulation patterns and meteorology520

when measurements are interpreted. Had our calculation521

of methane ‘urban excess’ been based on morning values,522

for example, we would have estimated fluxes an order of523

magnitude greater than those obtained in the afternoon.524

Second, the high variability in concentrations found prior to525

atmospheric mixing in the early-afternoon suggest at least526

some point sources for methane emissions. That some of527

these are from businesses is evidenced by their locations528

within the industrial sector of the city, and by the reduced529

concentrations measured on Sundays (e.g.Figs. 1 and 4;530

Table 3). Nevertheless, because of Mexico City’s location531

in a seismically active zone, little natural gas is actually532

used by the residential and industrial sector (Blake and533

Rowland, 1995; Elliott et al., 1999).534

Despite the presence of some point sources, principal535

component analysis suggested that methane was derived in536

large part from pure sources (e.g.Tables 4 and 5; Fig. 3).537

Such potential inputs include swamps, landfills, sewage, and538

losses associated with the transportation and distribution539

system. We have argued that leakage is unlikely to be the540

primary cause; the C1/C2 ratios observed during the morn-541

ing are not consistent with substantial natural gas leakage542

(e.g.Table 5). Swamps are an important source of biogenic543

methane, but the limited wetlands remaining probably only544

contribute in a modest way to the high urban background545

levels. Our factor analysis implicated landfills and sewage546

as the most important contributors (Table 5). Studies in 547

Los Angeles and Boston have indicated that even in devel-548

oped countries, landfills and sewage are major sources of549

methane inputs (Hogan, 1993; Houghton et al., 1996). We 550

expected that the amount of methane produced by landfills551

and sewage would be much higher in Mexico City than other552

urban areas, not only because of its much large population,553

but because much of it is untreated. Some 15,046 t per day554

of trash was generated in Mexico City in 1992 (Pick and 555

Butler, 1997). Unlike cities in more developed countries,556

however, a substantial amount (� 25%) ended-up in ille- 557

gal uncovered landfills at the southern and eastern periph-558

ery of the city (Pick and Butler, 1997; Fig. 4). Wastewater 559

is disposed of through an open sewage channel called the560

‘Grand Canal’, and by a deep transmission system called561

the ‘Emisor Central’ built in 1960 (Fig. 4). Only a small 562

portion of the sewage is actually serviced by these two sys-563

tems, however. A recent study reported that only 44.3% of564

the area within the Federal District and 27.3% of that within565

the 17 Municipios in the metropolis are served by water and566

wastewater disposal systems (Pick and Butler, 1997). The 567

remaining effluent is released into the local environment and568

is known as the ‘aguas negras’, or black waters. The inad-569

equate sewage infrastructure was further compromised by570

the 1985 earthquake, which damaged portions of the sys-571

tem. Despite all this, our per capita calculations suggest that572

anthropogenic production of methane in Mexico City is less573

than the global average. We estimate that 0.011 metric tons574

CH4 per year per person is released in the atmosphere from575

all sources. This is on the order of the global per capita576

average for landfills alone−0.002 to 0.01 metric tons CH4 577

per year per person, with the latter value more appropri-578

ate because of the lack of highly controlled landfill sites579

within Mexico City (Bogner and Spokas, 1993; Houghton580

et al., 1996; Bogner et al., 1997). The result is an appar-581

ent paradox because of the well documented pollution prob-582

lems and poorly and/or marginally treated effluent and waste583

(e.g. WHO/UNEP, 1994). One possibility is that as poor584

as the urban sanitation system is, it still outperforms that585

of other rural and less urbanized counterparts in other re-586

gions of the world. Another intriguing possibility is that the587

methane burden scales nonlinearly with city size or level of588

development. If this is indeed the case, increased urbaniza-589

tion could actuallyreduceclimate forcing in the short-term590

by anthropogenic greenhouse gases. Given the large un-591

certainties in global estimates, more study is clearly called592

for. 593

The exclusion of methane from the Kyoto mandated emis-594

sions agreements and trading may have substantial impacts595

on our ability to reduce anthropogenic climate forcing. Al-596
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Fig. 4. Location of landfills and path of water and sewage within the Mexico City metropolitan area. Figure is redrawn from the Butler/Pick Mexico
Database (Pick and Butler, 1997). Open arrows indicate water inputs into the basin; the large filled arrow indicates the open sewage channel (the ‘Grand
Canal’) by which most wastewater exists.

though found in much lower concentration in the atmo-597

sphere than carbon dioxide, its far greater potency as a598

greenhouse gas means that its contribution to climate forc-599

ing is 35–50% that of carbon dioxide (Houghton et al., 1992,600

1996; Lelieveld and Crutzen, 1992; Lelieveld et al., 1993,601

1998). Human activities are now estimated to be respon-602

sible for ∼70% of global methane emissions (Houghton603

et al., 1996; Lelieveld et al., 1998), thus, methane reduc-604

tion should be a major objective in greenhouse mitigation605

strategies. The United States Climate Change Action Plan606

announced by the Clinton Administration in 1993 identified607

methane reduction as a major objective (Clinton and Gore,608

1993). However, new leadership in the US executive branch609

has increasingly turned away from treaties while emphasiz-610

ing large-scale technological solutions to the climate change611

dilemma. Thus, how effective the Bush Administration will612

ultimately be in mitigating or reducing anthropogenic envi-613

ronmental impacts remains unclear. Finally, we note that the614

majority of the many studies investigating methane produc-615

tion and/or budgets have focused on highly developed coun-616

tries (e.g.Crill, 1991; Bogner and Spokas, 1993; Frolking617

and Crill, 1994; Castro et al., 1995; Mosier et al., 1996). Fur- 618

ther investigations of the increasing role developing coun-619

tries play in global atmospheric budgets is essential. Studies620

are especially needed that investigate the effects of urbaniza-621

tion on methane production. Moreover, our results also high-622

light the importance of detailed examination of spatiotem-623

poral variation within the context of local meteorology and624

climate. 625
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