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RESUMEN

Gn"wuq"fg" fcvqu" ucvgnkvcngu" gp" eqodkpcek„p" eqp"ogfkekqpgu" tgcnk¦cfcu" gp" uwrgtÝekg" rwgfg"rtqrqtekqpct"
información valiosa acerca de la química atmosférica y la calidad del aire. En este estudio se comparan me-
fkekqpgu"gp"uwrgtÝekg"fg"fk„zkfq"fg"pkvt„igpq"*PQ2) realizadas mediante la técnica de espectroscopia óptica 
fg"cduqtek„p"fkhgtgpekcn"*FQCU."rqt"uwu"ukincu"gp"kpinfiu+"eqp"ogfkekqpgu"fgn"kpuvtwogpvq"ucvgnkvcn"rctc"nc"
ogfkek„p"fg"q¦qpq"*QOK."rqt"uwu"ukincu"gp"kpinfiu+"tgcnk¦cfcu"fg"4228"c"42330"Ncu"ogfkekqpgu"tgcnk¦cfcu"
fgufg"nc"uwrgtÝekg"rtgugpvctqp"itcpfgu"xctkcekqpgu"fkctkcu"{"hwgtqp"gp"rtqogfkq"vtgu"xgegu"oƒu"cnvcu"swg"ncu"
eqnwopcu"ogfkfcu"fgufg"gn"gurcekq0"Nc"fkhgtgpekc"ug"cvtkdw{g"c"wpc"hwgtvg"jgvgtqigpgkfcf"jqtk¦qpvcn"rtgugpvg"
gp"nc"ecrc"kphgtkqt"fg"ncu"eqnwopcu"fg"PQ2, las cuales fueron muestreadas por el instrumento satelital a partir 
fg"wp"ƒtgc"gzvgpuc="fg"kiwcn"ocpgtc."guvc"fkuetgrcpekc"ug"cvtkdw{g"c"nc"ugpukdknkfcf"tgfwekfc"fgn"ucvfinkvg"egtec"
fg"nc"uwrgtÝekg."fqpfg"ug"gpewgpvtcp"ncu"oc{qtgu"eqpegpvtcekqpgu0"C"rctvkt"fg"nqu"fcvqu"fgn"QOK"cpcnk¦cfqu"
ug"tgeqpuvtw{gtqp"ocrcu"fg"fkuvtkdwek„p"fg"PQ2"uqdtg"gn"egpvtq"fg"Ofizkeq."{"ug" kfgpvkÝectqp"vtgu"ƒtgcu"
rtkpekrcngu"fg"kpvgtfiu<"nc"¦qpc"ogvtqrqnkvcpc"fg"nc"Ekwfcf"fg"Ofizkeq."swg"hwg"gn"ƒtgc"rtgfqokpcpvg="nc"¦qpc"
cnvcogpvg"kpfwuvtkcnk¦cfc"fg"Vwnc."cn"pqtvg."{"gn"xcnng"fg"Ewgtpcxcec."cn"uwt0"Gp"guvg"cpƒnkuku"ug"fgvgevctqp"fg"
kiwcn"hqtoc"xctkcekqpgu"guvcekqpcngu"fg"eqnwopcu"fg"PQ2 sobre el centro de México: se encontraron columnas 
oƒu"cnvcu"fwtcpvg"nc"guvcek„p"ht‡c"{"ugec."ugiwkfcu"rqt"ncu"fg"nc"guvcek„p"ecnkgpvg"{"ugec="ncu"eqnwopcu"oƒu"dclcu"
ug"gpeqpvtctqp"fwtcpvg"nc"firqec"fg"nnwxkcu0"Guvg"eqplwpvq"fg"fcvqu"gxkfgpekc"gn"vtcpurqtvg"fg"eqpvcokpcek„p"
de este gas desde Tula hasta la Ciudad de México, así como al Valle de Cuernavaca.

ABSTRACT

The use of satellite data in combination with ground-based measurements can provide valuable information 
cdqwv"cvoqurjgtke"ejgokuvt{"cpf"ckt"swcnkv{0" Kp" vjku"uvwf{."itqwpf/dcugf"Fkhhgtgpvkcn"Qrvkecn"Cduqtrvkqp"
Urgevtqueqr{"*FQCU+"ogcuwtgogpvu"qh"pkvtqigp"fkqzkfg"*PQ2) conducted in central Mexico are compared 
ykvj"vjg"urceg/dqtpg"Q¦qpg"Oqpkvqtkpi"Kpuvtwogpv"*QOK+"fcvcugv"qh"4228/42330"Itqwpf/dcugf"ogcuwtg-
ments exhibited large day-to-day variations and were on average three times higher than the space-borne 
derived average over the observation site. This difference is attributed to strong horizontal inhomogeneity of 
vjg"nqygt"nc{gt"qh"vjg"ogcuwtgf"PQ2 columns, sampled over a large footprint from the satellite instrument. 
Also, a reduced sensitivity of the satellite observation near the surface, where the largest concentrations are 
gzrgevgf."eqwnf"dg"tgurqpukdng"hqt"vjku"nctig"fkuetgrcpe{0"Htqo"vjg"cpcn{¦gf"QOK"fcvcugv."fkuvtkdwvkqp"ocru"
qh"PQ2"cdqxg"egpvtcn"Ogzkeq"ygtg"tgeqpuvtwevgf."cnnqykpi"vq"kfgpvkh{"vjtgg"ockp"ctgcu"ykvj"kpetgcugf"PQ2 
column densities: The dominating metropolitan area of Mexico City, the heavily industrialized region of Tula 
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vq"vjg"pqtvj"cpf"vjg"Ewgtpcxcec"xcnng{"vq"vjg"uqwvj0"Kp"vjku"cpcn{uku."ugcuqpcn"xctkcdknkv{"qh"PQ2 columns over 
egpvtcn"Ogzkeq"ycu"fgvgevgf."Ýpfkpi"jkijgt"PQ2 columns during the dry and cold season, followed by the dry 
cpf"ycto"rgtkqf."cpf"Ýpcnn{"vjg"nqyguv"PQ2 columns were found during the rainy season. Pollution transport 
of this gas from Tula into Mexico City, as well as towards the Cuernavaca valley, is evident from this dataset.

Keywords<"FQCU."QOK."pkvtqigp"fkqzkfg."itqwpf/dcugf."urceg/dqtpg."egpvtcn"Ogzkeq0

1. Introduction

Mexico City is the third largest city of the world, 

ykvj"oqtg"vjcp"42"oknnkqp"kpjcdkvcpvu"*WP."4234+0"
It is located at 19.4º N latitude and approximately at 

cp"gngxcvkqp"qh"4422"o"cdqxg"ugc"ngxgn"*ocun+0"Hqt"
several years Mexico City has experienced severe 

air quality problems, which have been addressed by 

authorities trough the implementation of various pro-

grams. While the countermeasures and technological 

improvements have effectively decreased the amount 

of some pollutants, the city continues to experience 

pollution episodes resulting on the frequent violation 

of air quality standards.

Pkvtqigp" fkqzkfg" *PQ2+" rnc{u" c"oclqt" tqng" kp"
vtqrqurjgtke"cpf"uvtcvqurjgtke"ejgokuvt{"*Etwv¦gp."
1979). In polluted regions such as Mexico City, tro-

rqurjgtke"PQ2 concentrations can be highly variable 

kp"vkog"cpf"urceg"cpf"ctg"kpÞwgpegf"d{"dqvj"pcvwtcn"
and anthropogenic emissions. In Mexico City, most 

qh" vjg"PQ2 present in the atmosphere comes from 

fossil fuel combustion from transportation and partly 

htqo"kpfwuvtkcn"cevkxkvkgu0"PQ2 levels in Mexico City 

have decreased by 30% between 1990 and 2008, and 

the average surface concentration registered in 2008 

by four stations around the Universidad Nacional 

Cwv„pqoc"fg"Ofizkeq"*WPCO+"ecorwu"kp"Ogzkeq"
City—where the ground-based measurements pre-

ugpvgf"kp"vjku"uvwf{"ygtg"eqpfwevgfÏycu"780:"rrd"
*UOC/IFH."4232+0

Satellites provide global observations, allowing 

to retrieve information from nearly every region in 

vjg"inqdg"*Tggu."4223+0"Vjgtg"ctg"c"pwodgt"qh"kpuvtw-

ments measuring from space, covering a wide range 

of wavelengths, with different spatial resolution and 

viewing geometries. In this work we have focused 

qp"vjg"Q¦qpg"Oqpkvqtkpi"Kpuvtwogpv"*QOK+"*Ngxgnv"
et al." 4228c."d+." c"WX/XKU"urgevtqogvgt"qp"dqctf"
PCUCÓu"Gctvj"Qdugtxkpi"U{uvgo/Cwtc"ucvgnnkvg."cdng"
to provide a daily global coverage.

Fcvc"htqo"vjg"QOK"kpuvtwogpv"jcxg"dggp"wugf"kp"
an extensive number of studies involving different 

cvoqurjgtke"icugu"cu"PQ2."Q3."UQ2."JEJQ."coqpi"

qvjgtu"*Djctvkc."4224="Ejcpeg."4224+0"Vjg"PQ2 data 

products provide information about total and tropo-

urjgtke"PQ2"eqnwopu0"Vjg"PQ2 dataset in particular, 

has been validated in different studies. Celarier et 

al."*4228+"eqorctgf"PQ2"eqnwopu"htqo"QOK"ykvj"
PQ2 columns measured by the Système d’Analyse 

rct"Qdugtxcvkqp"¥fipkvjcng"*UCQ¥+"pgvyqtm."Ýpfkpi"
good agreement between the two of them although 

the measurements were not done at the same time. 

As a continuation, the different measurements and 

xcnkfcvkqp" cevkxkvkgu" hqt"QOK"PQ2 stratospheric, 

tropospheric and total columns using ground- and 

aircraft-based measurements were summarized by 

Celarier et al."*422:+0"Iqqf"citggogpv"ycu"tgrqtv-
gf" dgvyggp"QOK" cpf" pgctd{" kpuvtwogpvu." Ýpfkpi"
eqttgncvkqpu"jkijgt"vjcp"208"ykvj"itqwpf/dcugf"kp-

uvtwogpvu."yjgtgcu"QOK"PQ2 stratospheric and total 

columns were found to be underestimated by 14 and 

15-30%, respectively.

Fwtkpi"vjg"Fwvej"Cgtquqn"cpf"Pkvtqigp"Fkqzkfg"
Gzrgtkogpvu" hqt"Xcnkfcvkqp" qh"QOK" cpf" UEKC-

OCEJ[" *FCPFGNKQPU+" 4227" cpf" 4228" hkgnf"
experiments in the Netherlands, Brinksma et al. 

*422:+"hqwpf"iqqf"citggogpv"dgvyggp"vtqrqurjgtke"
PQ2" htqo"QOK" cpf"OCZ/FQCU" *Ownvk/CZku+."
cu"ygnn"cu"dgvyggp"vqvcn"PQ2"htqo"QOK"cpf"fktgev"
sun observations. Boersma et al."*422:+"eqorctgf"
QOK"PQ2 tropospheric columns with in situ aircraft 

ogcuwtgogpvu"fwtkpi"vjg"KPVGZ/D"ecorckip." vjg"
tguwnvu"ujqygf"iqqf"eqttgncvkqp"ykvj"pq"ukipkÝecpv"
bias between the two data sets. Irie et al." *422:+"
wugf"OCZ/FQCU"ogcuwtgogpvu"vq"xcnkfcvg"QOK"
PQ2 columns during the Mount Tai Experiment 

4228"Ýpfkpi"vjcv"QOK"fcvc"oc{"jcxg"c"rqukvkxg"dkcu"
of 20% over the North China Plain. Gruzdev and 

Gnqmjqx"*4232+"hqwpf"vjcv"vtqrqurjgtke"QOK"PQ2 

eqnwopu"ogcuwtgf" qxgt"¥xgpkiqtqf."Twuukc"ygtg"
approximately 40% lower than ground-based twilight 

measurements. Vlemmix et al." *4232+" eqorctgf"
vtqrqurjgtke"itqwpf/dcugf"ogcuwtgf"PQ2 columns 

ykvj"QOK/ucvgnnkvg" vtqrqurjgtke"PQ2" fcvc" Ýpfkpi"
pq"ukipkÝecpv"fkhhgtgpeg"cpf"c"eqttgncvkqp"qh"20::0"
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Ionov et al."*422:+"eqpfwevgf"c"igqrj{ukecn"xcnkfc-
vkqp"qh"QOK"PQ2 vertical column measurements with 

collocated ground-based observations at two stations 

kp"egpvtcn"Cukc"cpf"Gwtqrg"Ýpfkpi"vjcv"okf/ncvkvwfg"
QOK"uvtcvqurjgtke"PQ2 column data underestimates 

ground-based measurements.

Fktgev/Uwp"oqfg"ogcuwtgogpvu"jcxg"dggp"eqp-

fwevgf"cu"ygnn"kp"qtfgt"vq"xcnkfcvg"QOK"PQ2 columns. 

Wenig et al." *422:+"wugf"fktgev/Uwp"oqfg"Dtgygt"
measurements to conduct a validation study with 

QOK" vtqrqurjgtke"PQ2 columns concluding that 

monthly averages of coinciding measurements yield-

gf"c"eqttgncvkqp"qh"20;."jqygxgt"QOK"fcvc"ycu"47'"
lower than the ground-based Brewer measurements. 

Herman et al." *422;+" eqpfwevgf" kpvgteqorctkuqpu"
qh"PQ2 columns measured with ground-based direct 

uqnct"kttcfkcpeg"ogcuwtgogpvu"vq"QOK"PQ2 columns 

Ýpfkpi"iqqf"citggogpv"*eqttgncvkqp"qh"2095+0
Regional and global models have also been used 

vq"eqorctg"cpf"xcnkfcvg"QOK"PQ2 tropospheric col-

wopu"*Mko"et al., 2009; Herron-Thorpe et al., 2010; 

Jwklpgp"et al.." 4232="Fktmugp"et al., 2011) and to 

guvkocvg"PQz"gokuukqpu"htqo"fkhhgtgpv"uqwtegu"*Nkp."
2012). Recently, Beirle et al." *4233+" uvwfkgf"PQz"
emissions and lifetimes from megacities and power 

plants, while Valin et al."*4233+"wugf"vjg"uwrgt/¦qqo"
oqfg"qh"QOK"vq"qdugtxg"PQ2 slant columns from 

rqkpv" uqwtegu" cpf" vyq" ekvkgu." ecrvwtkpi" ukipkÝecpv"
urcvkcn"xctkcdknkv{"cv"Ýpg"uecngu0

Kp"vjku"yqtm."vjg"QOK"PQ2"fcvc"rtqfwev"*QOK1
Aura nitrogen dioxide total and tropospheric column 

3/qtdkv"N4"uycvj"35"'"46"mo."fcvc"ugv"xgtukqp"225+"
has been analyzed and compared to ground-based 

measurements conducted at UNAM campus in Mex-

keq"Ekv{0"PQ2 column maps were reconstructed from 

vjg"QOK"fcvc"rtqfwev"wukpi"cp"cniqtkvjo"dcugf"qp"vjg"
optimal estimation approach with a weighted assign-

ogpv"qh"vjg"ogcuwtgogpv"qpvq"c"Ýpg"itkf."kp"qtfgt"
to identify the spatial features of its distribution with 

higher resolution. Focus has been given to the study 

qh"PQ2 mainly to its role as a catalyst in the produc-

vkqp"qh"vtqrqurjgtke"q¦qpg"*Q3), which is responsible 

for one of the most severe air quality problems in the 

Ogzkeq"Ekv{"ogvtqrqnkvcp"ctgc"*OEOC+0

2. Data set

2.1 OMI

QOK"ku"c"pcfkt"xkgykpi"urgevtqogvgt"eqxgtkpi"c"urge-
vtcn"tgikqp"qh"486/726"po."eqpfwevkpi"cvoqurjgtke"

chemistry measurements with a resolution of 0.42-

2085"po"ukpeg"4226"qp"dqctf"PCUCÓu"Gctvj"Qdugt-
xcvkqp"U{uvgo"*GQU+/Cwtc"ucvgnnkvg0"Cwtc"hqnnqyu"c"
uwp/u{pejtqpqwu"rqnct"qtdkv"*927"mo"cnvkvwfg+."ykvj"
an ascending local equator crossing time at 13:45. 

QOKu"qdugtxcvkqpu"rtqxkfg"eqorngvg"inqdcn"eqxgtcig"
kp"qpg"fc{"ykvj"c"pqokpcn"itqwpf"hqqvrtkpv"qh"35"'"
24 km2" cv"pcfkt" *QOK"Vgco."422;+0" Kv"ogcuwtgu"c"
pwodgt"qh"ckt"swcnkv{"eqorqpgpvu"uwej"cu"PQ2."UQ2, 

DtQ."JEJQ."cpf"cgtquqnu"*Ngxgnv"et al."4228c."d+0
Vjg"QOK"qrgtcvkqpcn"cniqtkvjo" ku"fguetkdgf" kp"

detail by Bucsela et al."*4228+0"Hqt"vjg"gxcnwcvkqp"qh"
urgevtc"tgeqtfgf"d{"QOK."c"ukoknct"FQCU"ogvjqf"
*Rncvv"cpf"Uvwv¦."422:+"ku"wugf"cu"hqt"vjg"itqwpf"kp-

uvtwogpvu0"Kp"vjku"ogvjqf"c"urgevtcn"Ýv"ku"crrnkgf"vq"
all measured spectra. The evaluation of spectra results 

qp"uncpv"eqnwop"fgpukvkgu"*UEFu+"hqt"gcej"xkgykpi"
rkzgn0"Vjg" eqorwvgf"UEFu" ctg" vjgp" eqpxgtvgf" vq"
xgtvkecn"eqnwop"fgpukvkgu"*XEFu+"wukpi"cp"ckt"ocuu"
hcevqt" *COH+0"Vjg"COH" ku" vjg" tcvkq" dgvyggp" vjg"
tgvtkgxgf"UEF"cpf"vjg"XEF0"Vjg"COH"eqpegrv"ycu"
introduced by Solomon et al."*3;:9+"cpf"ku"fgrgpfgpv"
on clouds and aerosols, as well as viewing geometries 

and surface albedo.

Kp"vjku"yqtm."vjg"QOK1Cwtc"pkvtqigp"fkqzkfg"vqvcn"
cpf"vtqrqurjgtke"eqnwop"3/qtdkv"N4"uycvj"35"'"46"mo."
data set version 003, level 2, algorithm version 1.1.4.4 

data product was downloaded from NASA’s Goddard 

Gctvj"Uekgpegu"Fcvc"cpf"Kphqtocvkqp"Ugtxkegu"Egpvgt"
*IGUFKUE+"wukpi"vjg"OKTCFQT"3064"vqqn"*jvvr<11
fkue0uek0iuhe0pcuc0iqx1Cwtc1fcvc/jqnfkpiu1QOK). 
We have analyzed the dataset and only considered 

vqvcn"PQ2 columns from cloud fraction below 20% 

qxgt"vjg"rgtkqf"4228/42330"Vjku"fcvcugv"jcu"dggp"
tgrtqeguugf"cpf"tgngcugf"qp"Fgegodgt"4233"*Enccu."
2012).

2.1.1 Reconstruction of the mean column NO2 dis-

tribution

Vjg"ogcp"eqnwop"PQ2"fkuvtkdwvkqp"qxgt"c"Ýpg"itkf"
*qh"vjg"qtfgt"qh"cdqwv"4"mo+"ecp"dg"tgeqpuvtwevgf"
htqo"ogcuwtgogpvu"fqpg"qp"c"nctigt"hqqvrtkpv"*jgtg"
35"'"46"mo2"hqt"QOK+."uqnxkpi"vjg"ocvjgocvkecnn{"
ill-posed problem Y = K x + 供. In this equation, Y 

tgrtgugpvu"vjg"xgevqt"eqpvckpkpi"cnn"QOK"PQ2 mea-

surements, x is the solution vector which contains 

vjg"guvkocvkqp"qh"vjg"ogcp"eqnwop"PQ2 distribution 

on the chosen grid, 供 represents the deviation be-

vyggp"c"eqnwop"ogcuwtgf1tgvtkgxgf"htqo"vjg"urceg"
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measurement and the estimated mean value. 供 is 

mainly dependent on the day-to-day variance, but 

also on the seasonal variance and measurement preci-

sion. The matrix K describes how the measurements 

are related with the mean gas horizontal distribution. 

It represents a forward model that reproduces mainly 

vjg"hqqvrtkpv"qh"vjg"QOK"kpuvtwogpv"*35"'"46"mo2 at 

nadir). The reconstruction uses a Tihkonov-smooth-

kpi/eqpuvtckpv." ukoknct" cu" vjg" qpg" wugf" hqt" rtqÝng"
retrievals or in image restoration. Further details of 

this method can be found in Stremme et al."*4235+0

2.2 Zenith scattered sunlight DOAS

Itqwpf/dcugf"FQCU"ogcuwtgogpvu"ygtg"eqpfwev-
gf"cv"vjg"WPCO"ecorwu"kp"Ogzkeq"Ekv{"*3;055³"P."
;;03:³"Y+"dgvyggp"Cwiwuv"4232"cpf"Fgegodgt"42330"
Scattered light was collected by means of a telescope 

cpf"vtcpuhgttgf"kpvq"cp"Qegcp"Qrvkeu"VT4222"urge-
vtqogvgt"ykvj"c" urgevtcn" tguqnwvkqp"qh"\208"po"cpf"
wavelength coverage of 291-501 nm. Spectra were 

vcmgp" gxgt{"okpwvg" wukpi" vjg"FQCUKU" uqhvyctg"
*Mtcwu."4228+"cpf"ygtg"gxcnwcvgf"wukpi"vjg"SFQCU"
*xgtukqp"3022+"uqhvyctg"*Hc{v"et al.."4233+0"Fkhhgtgpvkcn"
etquu/ugevkqpu"qh"PQ2"cv"4;:"M"*Xcpfcgng"et al., 1998), 

Q3"cv"443"M"cpf"463"M"*Dwttqyu"et al., 1999), the 

qz{igp"fkogt"Q4"*Jgtocpu"et al., 1999) and a Ring 

urgevtwo."igpgtcvgf"cv"495"M"htqo"c"jkij"tguqnwvkqp"
Mwtwe¦"Ýng"wukpi"vjg"SFQCU"uqhvyctg"*Hc{v"et al., 

2011) were included in the analysis. The oxygen di-

ogt"Q4 was included in the evaluation procedure in 

order to detect enhancement on the light path of the 

measurements since it is expected to have a constant 

concentration in the atmosphere. Evaluations were 

eqpfwevgf"kp"vjg"627"cpf"687"po"ycxgngpivj"tcpigu"
ykvj"c"Ýzgf"tghgtgpeg"urgevtwo"ogcuwtgf"qp"43"Fg-
egodgt"4233"cv"36<43"nqecn"vkog"*NV+"wpfgt"engct"um{"
and high ventilation conditions for the whole time 

series. Geometrical AMFs were calculated and used 

vq"eqpxgtv"UEFu"vq"XEFu"hqt"hwtvjgt"eqorctkuqp"ykvj"
QOK"tguwnvu0"Hqt"vjku"kv"ycu"eqpukfgtgf"vjcv"vjg"nkijv"
rcvj" vjtqwij"c" vtceg"icu" nc{gt"xctkgu"ykvj"31equ"し."
yjgtg"し"ku"vjg"uqnct"¦gpkvj"cping"*Ejgp"et al., 2009). It 

ujqwnf"dg"pqvgf"vjcv"vjku"ukornkÝgf"crrtqcej"ykvjqwv"
the use of a full radiative transfer calculation that ef-

hgevkxgn{"kpeqtrqtcvgu"uecvvgtkpi"rtqeguugu."tgÞgevkqp"
on the earth’s surface, refraction, the curvature of 

the earth, the vertical distribution of trace gases and 

vjg" kpÞwgpeg"qh"cgtquqnu" ngcfu" vq"cffkvkqpcn"gttqtu"
fkuewuugf"kp"fgvckn"d{"Rncvv"cpf"Uvwv¦"*422:+0

2.3 Surface measurements

Ukpeg"3;:8."c"pgvyqtm"qh"56"uvcvkqpu"twp"d{"vjg"nqecn"
iqxgtpogpv"*Tgf"Cwvqoƒvkec"fg"Oqpkvqtgq"Cvoqu-
férico, RAMA) reports continuous and permanent 

ogcuwtgogpvu"qh"eqpegpvtcvkqpu"qh"Q3, sulfur dioxide 

*UQ2+."pkvtqigp"qzkfgu"*PQz+."ectdqp"oqpqzkfg"*EQ+"
and particulate matter PM10 and PM2.5 to evaluate 

air quality in the metropolitan area. All data generated 

by RAMA are freely available online at jvvr<11yyy0
ecnkfcfcktg0fh0iqd0oz10"PQ2 is determined using a 

nitrogen oxides analyzer based on the chemilumi-

pguegpeg"ogcuwtgogpv"vgejpkswg0"Hqt"vjku"uvwf{"PQ2 

concentration results generated during 2010 and 2011 

d{"Rgftgicn"*3;054³"P.";;042³"Y+."Vncnrcp"*3;047"P."
;;03:"Y+."Ucpvc"òtuwnc"*3;053³"P.";;036³"Y+."Ogtced 

*3;064³"P.";;033³"Y+"cpf"HGU"Cecvnƒp"*3;06:³"N, 

99.24º W) stations situated close to the study site 

ygtg"wugf"vq"ecnewncvg"PQ2 columns, using mixing 

nc{gt"jgkijvu" *ugevkqp"406+"cu"ygnn"cu"rtguuwtg"cpf"
vgorgtcvwtg"fcvc"*ugevkqp"407+0

2.4 LIDAR

C"Xckucnc"EN53" egknqogvgt." cp" cevkxg" kpuvtwogpv"
dcugf"qp"vjg"NKFCT"*nkijv"fgvgevkqp"cpf"tcpikpi+"
measurement technique, was used to measure back-

scattered aerosol density at the UNAM campus, 

allowing the estimation of mixing layer heights. 

The measurement principle involves the transmis-

sion of pulsed laser radiation into the atmosphere, 

which is further backscattered and detected with a 

certain time delay. The measurement range of the 

kpuvtwogpv"wugf"kp"vjku"Ýgnf"uvwf{"ycu"htqo"2"wr"vq"
7500 m above the ground with a 10 m resolution. The 

NKFCT"ycxgngpivj"qh";27"po"ycu"rtqxkfgf"d{"cp"
KpIcCu"OQEXF" ncugt"fkqfg." 332"pu." 304"-L"rgt"
pulse, and repetition rate of 8192 Hz. The mixing 

jgkijv"ycu"tgvtkgxgf"wukpi"vjg"EN53"ONJ"uqhvyctg"
based on the gradient method, which is focused on 

selecting the maximum of the negative gradient of the 

dcemuecvvgt"eqghÝekgpv"*く) to be the top of the mixed 

nc{gt" */fく1fx). A more detailed description of this 

methodology can be found in Münkel et al."*4229+0

2.5 Meteorological parameters

Meteorological parameters were recorded by a 

Fcxku"Xcpvcig"Rtq"4"uvcvkqp"kpuvcnngf"cv"vjg"WPCO"
campus, forming part of the Programa de Estaciones 

Meteorológicas del Bachillerato Universitario 

*RGODW+"pgvyqtm0"Htqo" vjg" fcvcugv" tgeqtfgf"d{"
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the meteorological station, pressure and temperature 

ygtg"wugf"hqt"vjg"ecnewncvkqp"qh"itqwpf/dcugf"PQ2 

eqnwopu"dcugf"qp"PQ2 concentrations measured by 

the RAMA network.

3. Results and discussion

3.1 Ground-based NO2 columns

Hkiwtg"3"ujqyu"fkhhgtgpvkcn"PQ2 columns measured 

cv"WPCO"dgvyggp"Cwiwuv" 4232" cpf"Fgegodgt"
2011. The gaps in the graph represent periods where 

no measurements were conducted, either due to 

experimental problems, or periods of cloudiness or 

tckp"kfgpvkÝgf"vjtqwij"vjg"cpcn{uku"qh"vjg"fcvc"kvugnh"
wukpi"gxcnwcvkqp"tguwnvu"qh"vjg"qz{igp"fkogt0"Qpn{"
measurements conducted between 14:00 and 15:00 

NV"ctg"rnqvvgf"kp"qtfgt"vq"fgrkev"eqnwopu"eqkpekfgpv"
ykvj"QOK"qxgtrcuugu"*\36<43"NV+"qxgt"Ogzkeq"Ekv{0"
Nctig"xctkcdknkv{"qp"fc{/vq/fc{"PQ2 columns was 

measured, illustrating the dynamics of fresh emis-

sions and rapid conversion of pollutants occurring 

kp" vjg" uvwf{" ctgc0"Vjg"itqwpf/dcugf" cxgtcig"PQ2 

column values and standard deviation measured from 

Cwiwuv"4232"vq"Fgegodgt"4233"dgvyggp"36<22"cpf"
37<22"NV"ycu"*7083"ł"5054+"'"3238"oqngewngu1eo2.

Vjg"cxgtcig"fkwtpcn"dgjcxkqt"qh"fkhhgtgpvkcn"PQ2 

columns measured at UNAM on the same measure-

ment period are presented in Figure 2. The maximum 

qh"vjg"ogcuwtgf"PQ2 differential columns is found 

around noon, which is consistent with the reported 

jqwtn{"PQz"gokuukqpu"hqt"vjg"OEOC"d{"vjg"qhÝekcn"
kpxgpvqt{"*UOC/IFH."4232+0

3.2 NO2 spatial distribution

Vjg"cxgtcig"fkuvtkdwvkqp"qh"PQ2 total columns de-

tkxgf"htqo"QOK"ogcuwtgogpvu"eqpfwevgf"dgvyggp"
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Lwpg"4228"cpf"Fgegodgt"4233"qxgt"vjg"Ogzkeq"dcukp"
ku"fgrkevgf"kp"Hkiwtg"50"Jkijgt"PQ2 total columns are 

observed in the downtown area of Mexico City, which 

gradually decrease with distance from the city center. 

Vjg"cxgtcig"cpf"uvcpfctf"fgxkcvkqp"qh"cnn"QOK"PQ2 

columns measured over UNAM during 2010-2011 

cv"kvu"qxgtrcuu"vkog."\36<43."ku"*303:"ł"303+"'"3238 

oqngewngu1eo2. While Figure 3 is simply the average 

of the columns falling on each grid point, Figure 4 

shows a reconstruction of the mean column gas dis-

tribution according to the methodology described in 

section 2.1.1. The reconstructed value of the average 

qxgt"WPCO"hqt"vjg"ucog"vkog"rgtkqf"ku"309"'"3238 

oqngewngu1eo2. A clear difference can be observed 

between the average and reconstructed column gas 

distributions with the average column being smaller 

over UNAM. This bias is present during all seasons, 

it might originate from the sensitivity of the space-

borne measurements to pollution near the surface and 

is discussed in more detail in section 3.3.

3.2.1 Three main areas of interest in central Mexico

From Figures 3 and 4, three main areas of interest in 

egpvtcn"Ogzkeq"ecp"dg"kfgpvkÝgf<"vjg"Vwnc"kpfwuvtkcn"
area to the north, a dominating blur centered around 

Mexico City, and the Cuernavaca valley to the south. 

However, the reconstructed map in Figure 4 allows to 

dgvvgt"crrtgekcvg"vjg"Ýpgn{"fgÝpgf"ctgcu"yjgtg"gkvjgt"
PQ2 columns are enhanced or diminished over the 

uvwfkgf"ctgc0"Ncewuvtkcp"cpf"oqwpvckpqwu"ctgcu"kpukfg"
the MCMA are, for instance, more clearly observed in 

Figure 4 than in Figure 3. Also, the industrial and more 

fgpugn{"rqrwncvgf"ctgcu"ctg"dgvvgt"fgÝpgf"cu"ygnn0
Wpkswg"fkuvtkdwvkqp"uvtwevwtgu"qh"PQ2 columns 

above the MCMA were identified through the 

tgeqpuvtwevkqp" qh"ogcp"PQ2 column distribution 

kp" Hkiwtg" 7c0"PQ2 column enhancements can be 

observed on the northern and central parts of the 

city, which are characterized by intense and heavy 

vtchÝe"*egpvtcn"cpf"pqtvjgtp"rctvu."tgurgevkxgn{+"cpf"
kpfwuvtkcn"cevkxkvkgu"*pqtvjgtp"rctv+0"Qp"vjg"uqwvjgtp."
gcuvgtp"cpf"yguvgtp"ukfgu."vjg"PQ2 columns tend to 

decrease with distance of the city center, while on 

vjg"pqtvjgtp"rctv."vjg"gpjcpegogpv"qh"PQ2 columns 

is even extended towards the Tula industrial area 

*Hki0"7d+."htqo"yjkej"c"engct"hqqvrtkpv"ycu"qdugtxgf"
and differentiated from the MCMA.

The region around Tula shown in Figure 5b, is 

located in the state of Hidalgo, ~50 km northwest of 

Mexico City. It is characterized by the presence of a 

rqygt"rncpv."c"tgÝpgt{."ugxgtcn"egogpv"yqtmu"cpf"qvjgt"
ocpwhcevwtkpi"kpfwuvtkgu0"Vjg"QOK"hqqvrtkpv"engctn{"
ujqyu"jkijgt"PQ2 column values close to the indus-

vtkgu0"Cu"kp"vjg"ecug"qh"vjg"OEOC."vjg"PQ2 column 

enhancement gradually decreases with distance of the 

rqnnwvkqp"uqwtegu"ykvj"cp" kpetgcug"qh"PQ2 columns 

towards Mexico City. From Figure 5b, an empiric 

dispersion pattern of the plume of the Tula indus-

trial complex towards the southeast can be inferred. 

This result is consistent with previous studies using 
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dispersion models addressing the transport of the 

emissions from the Tula industrial complex towards 

vjg"OEOC"*EEC/WPCO."422:="fg"Hq{"et al., 2009).

Vjg"vjktf"kfgpvkÝgf"ctgc"kp"egpvtcn"Ogzkeq"yjgtg"c"
engct."vjqwij"nguu"kpvgpug"PQ2 column enhancement 

is observed, is the Cuernavaca valley shown in Fig-

ure 5c. This result was somewhat unexpected when 

compared to the relatively small column enhancements 

observed above the cities of Puebla and Toluca, which 

are similar to Cuernavaca in terms of population 

and industrial activity. Cuernavaca valley, however, 

ku"owej" nqygt" kp" cnvkvwfg" *>" 3722"ocun+." jquv" qh"

c" nctig" pwodgt" qh" uwict" ecpg" rncpvcvkqpu0"Fwtkpi"
the industrial processing and harvesting intense 

biomass burning is practiced, which could explain 

vjg"kpetgcugf"PQ2 column values observed with the 

QOK" kpuvtwogpv0"Cpqvjgt" rquukdng" gzrncpcvkqp" ku"
the impact of emissions by the surrounding states. 

Recently Salcedo et al."*4234+"tgrqtvgf"cp"ghÝekgpv"
transport of ozone and its precursors to this area by 

the surrounding Mexico City and Puebla state, while 

Melamed et al." *422;+" fgvgevgf"fwtkpi" c" uvwf{" kp"
4228."PQ2 transport events southeast of Mexico City 

from and towards the Cuautla region.
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3.2.2 Seasonal variability

Cp"cffkvkqpcn"crrtqcej"ycu"wugf"cpcn{¦kpi"QOK"fcvc"
kpvq"vjtgg"fkhhgtgpv"ugcuqpu<"*3+"ft{"cpf"eqnf"eqxgtkpi"
vjg"oqpvju" qh"Pqxgodgt."Fgegodgt." Lcpwct{" cpf"
Hgdtwct{="*4+"ft{"cpf"ycto"hqt"vjg"oqpvju"qh"Octej."
Crtkn"cpf"Oc{="cpf"*5+"vjg"tckp{"ugcuqp"kpenwfkpi"vjg"
oqpvju"qh"Lwpg."Lwn{."Cwiwuv."Ugrvgodgt"cpf"Qevqdgt0"
Hkiwtg"8"fgrkevu"PQ2 total column distributions recon-

uvtwevgf"htqo"QOK"ogcuwtgogpvu"eqpfwevgf"dgvyggp"
Lwpg"4228"cpf"Fgegodgt"4233"hqt"vjg"ft{"cpf"eqnf"
*Hki0"8c+."ft{"cpf"ycto"*Hki0"8d+"cpf"tckp{"ugcuqpu"
*Hki0"8e+. The same scale is used in all three plots for 

eqorctkuqp0"Jkijgt"PQ2 columns were measured 

during the dry and cold season, followed by the dry 

cpf"ycto"rgtkqf"cpf"Ýpcnn{"vjg"nqyguv"PQ2 columns 

were found during the raining season. For the dry-cold 

cpf"ft{/ycto"ugcuqpu" vjg"rcvvgtp" ku" eqpÝtogf"d{"
vjg"itqwpf/dcugf"ogcuwtgogpvu"cv"WPCO"*Hki0"9+0"
Ycnnceg"cpf"Mcpctqinqw"*422;+"jcxg"tgrqtvgf"ugp-

ukvkxkv{"qh"QOK"vq"uwdvng"vgorgtcvwtg"ejcpigu."yjkng"
Boersma et al."*422;+"qdugtxgf"PQ2"eqnwopu"308/409"
times higher in winter than in summer in Israeli cities. 

The atmospheric stability characteristic of the dry and 

cold season promotes a larger number of molecules to 

be present in the studied area, while during the raining 

season, water is mainly responsible for the removal of 

pollutants in the atmosphere.

Vjg"PQ2 total column distribution reconstructed 

fwtkpi" vjg" tckp{" ugcuqp" *Hki0" 8e+" cnnqyu" vq" dgvvgt"
kfgpvkh{" vjg" rtgugpeg" qh" ctgcu"ykvj"PQ2 column 

enhancements over the cities of Toluca and Puebla, 

whose contribution is somewhat lost by the large 
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column densities measured over the MCMA, the Tula 

industrial area or even the Cuernavaca valley during 

other months of the year. Also, a transport between 

the MCMA and Cuernavaca is visible during the dry 

seasons both through the Cuautla and Cuernavaca 

sides, where the highway connecting both cities runs. 

Vjku"eqpÝtou"vjg"rqnnwvkqp"vtcpurqtv"jkijnkijvgf"kp"
the previous section and addressed by previous studies 

*Ogncogf"et. al., 2009; Salcedo et al., 2012).

3.3 Comparison of ground-based and space-borne 

measurements

A comparison of direct coincident measurements 

ycu" fqpg" hqt"PQ2" itqwpf/dcugf" cpf"QOK"ogc-

sured columns. All ground-based measurements 

eqpfwevgf"fwtkpi" vjg"qxgtrcuu" vkog"qh"QOK"qxgt"
WPCO" *\36<43"NV+"ygtg" wugf"ykvj" c" vqngtcpeg"
qh" ł" 42"okp0"QOK"ogcuwtgogpvu" jcxkpi" c" rkzgn"
center within a certain radius are used. The num-

ber of coincident days for the direct comparison is 

increasing when using larger radius. Ground-based 

cpf"QOK"ogcuwtgogpvu"eqpfwevgf"qp"vjg"eqkpekfgpv"
days and times were averaged and are reported in 

Table I along with its standard deviation, correlation 

eqghÝekgpv."nkpgct/Ýv"qhhugv"cpf"nkpgct/Ýv"unqrg0"Kp"
igpgtcn."itqwpf/dcugf"ogcuwtgf"PQ2 columns were 

409/8" vkogu" jkijgt" vjcp"QOK"ogcuwtgf" eqnwopu."
which could be explained by the spatial discrepancy 

dgvyggp"vjg"itqwpf/dcugf"ogcuwtgogpvu"*dcukecnn{"
local) and the satellite averaged measurements. The 

1.8E+017
Ground- based RAMA

Ground- based DOAS

OMI
1.6E+017

1.4E+017

1.2E+017

1E+017

N
O

2
 d

if
fe

re
n

ti
a

l 
c
o

lu
m

n
 (

m
o

le
c
/c

m
2
)

8E+016

6E+016

4E+016

2E+016

0

1 2 3 4 5 6 7 8 9 10 11 12

Fig. 7. Monthly average comparison between ground-

dcugf."QOK"cpf"TCOC"*ecnewncvgf+"PQ2 columns.
Vc
dn
g"
K0"
E
qo

rc
tku

qp
"q
h"P

Q
2
"i
tq
wp
f/
dc
ug
f"
eq
nw
o
pu
"o

gc
uw
tg
f"
cv
"W
P
C
O
"c
pf
"P
Q

2
"e
qn
wo

pu
"o

gc
uw
tg
f"
d{
"Q
O
K"c

v"q
xg
tr
cu
u"v
ko

g"
36
<4
3"
NV

"ł
"4
2"
o
kp
0

R
ad

iu
s

*m
o
+

N
u
m

b
er

 o
f 

co
in

ci
d

en
t

d
ay

s

U
N

A
M

 a
v
er

ag
e

co
lu

m
n

*o
qn
ge
wn
gu
1e
o

2
)

U
N

A
M

 s
td

ev
 

co
lu

m
n

*o
qn
ge
wn
gu
1e
o

2
)

Q
O
K"c

xg
tc
ig
"

co
lu

m
n

*o
qn
ge
wn
gu
1e
o

2
)

Q
O
K"u
vf
gx

co
lu

m
n

*o
qn
ge
wn
gu
1e
o

2
)

C
o

rr
el

at
io

n

eq
gh
Ýe

kg
pv

Nk
pg
ct
"Ý
v

o
ff

se
t

Nk
pg
ct

Ýv
"un
qr
g

9
4

40
6:
G"
-"
23
8

;0
:8
G"
-"
23
7

7
.2

0
E

 +
 0

1
5

40
;8
G"
-"
23
7

–
0
.0

5
9

90
86
G"
-"
23
7

–
0
.0

1
8

1
0

5
40
;3
G"
-"
23
8

30
4:
G"
-"
23
8

8
.1

2
E

 +
 0

1
5

3
.3

1
E

 +
 0

1
5

0
.4

3
9

4
.8

3
E

 +
 0

1
5

0
.1

1
3

1
5

8
50
74
G"
-"
23
8

30
:9
G"
-"
23
8

30
49
G"
-"
23
8

30
44
G"
-"
23
8

0
.7

8
1

70
38
G"
-"
23
7

0
.5

0
9

2
0

8
50
74
G"
-"
23
8

30
:9
G"
-"
23
8

30
33
G"
-"
23
8

30
22
G"
-"
23
8

0
.8

0
7

4
.1

2
E

 +
 0

1
5

0
.4

3
3

2
5

8
50
74
G"
-"
23
8

30
:9
G"
-"
23
8

30
27
G"
-"
23
8

9
.2

4
E

 +
 0

1
5

0
.7

7
2

2
.8

8
E

 +
 0

1
5

0
.3

8
1

3
0

8
50
74
G"
-"
23
8

30
:9
G"
-"
23
8

30
23
G"
-"
23
8

8
.3

0
E

 +
 0

1
5

20
98
6

30
:8
G"
-"
23
7

0
.3

3
9

4
0

8
50
74
G"
-"
23
8

30
:9
G"
-"
23
8

8
.7

0
E

 +
 0

1
5

5
.8

8
E

 +
 0

1
5

0
.7

3
4

5
.8

7
E

 +
 0

1
4

0
.2

3
1

5
0

8
50
74
G"
-"
23
8

30
:9
G"
-"
23
8

90
:8
G"
-"
23
7

4
.0

5
E

 +
 0

1
5

0
.7

0
3

2
.5

1
E

 +
 0

1
5

0
.1

5
2

82
7

50
6;
G"
-"
23
8

30
93
G"
-"
23
8

7
.2

1
E

 +
 0

1
5

3
.2

4
E

 +
 0

1
5

20
8:
9

40
88
G"
-"
23
7

0
.1

3
0

7
0

7
50
6;
G"
-"
23
8

30
93
G"
-"
23
8

80
:;
G"
-"
23
7

40
98
G"
-"
23
7

0
.5

8
3

50
83
G"
-"
23
7

0
.0

9
4

8
0

7
50
6;
G"
-"
23
8

30
93
G"
-"
23
8

80
89
G"
-"
23
7

2
.2

8
E

 +
 0

1
5

0
.5

1
2

4
.2

9
E

 +
 0

1
5

20
28
:

9
0

7
50
6;
G"
-"
23
8

30
93
G"
-"
23
8

80
72
G"
-"
23
7

2
.1

0
E

 +
 0

1
5

0
.4

2
2

4
.7

0
E

 +
 0

1
5

0
.0

5
2

1
0
0

8
50
68
G"
-"
23
8

30
7:
G"
-"
23
8

5
.7

8
E

 +
 0

1
5

2
.1

7
E

 +
 0

1
5

0
.3

3
4

4
.1

9
E

 +
 0

1
5

20
26
8



410 C. Rivera et al.

jkijguv" eqttgncvkqp" eqghÝekgpv" *20:29+"ycu" hqwpf"
yjgp"eqorctkpi"QOK"fcvc"ykvj"c"rkzgn"egpvgt"hcnnkpi"
within a 20 km radius around UNAM; however, good 

correlation was also observed for data with pixel 

centers of 15 to 50 km radius around the ground-

based site.

Vjg" cxgtcigu" htqo"QOK"PQ2 columns shown 

in Table I, however, are underestimated since the 

kpuvtwogpvÓu"hqqvrtkpv"qh"35"'"46"mo2 at nadir covers 

a large area and the UNAM site is within a region with 

large gradients in its horizontal distribution. A better 

tgrtgugpvcvkqp"qh"vjg"Ýpg"uvtwevwtg"ku"qdvckpgf"d{"vjg"
reconstruction shown in Figure 4 according to the 

methodology described in section 2.1.1. The recon-

structed value of the average over UNAM for the entire 

vkog"rgtkqf"ku"309"'"3238"oqngewngu1eo2. This value 

is approximately three times lower than the average 

itqwpf/dcugf"PQ2 column measured over UNAM.

Furthermore, the satellite observation might 

not be sensitive enough close to the surface, where 

most of the pollution is present. A sensitivity of 0.5 

would actually explain the difference by a factor of 

2 between the mean values of the ground-based and 

urceg/dqtpg"FQCU"ogcuwtgogpvu0"Vjg"uwthceg"cndg-

do of Mexico City in the 450 nm spectral region was 

measured by Castro et al."*4223+"cpf"tgegpvn{"fwtkpi"
vjg"OKNCITQ"Ýgnf"gzrgtkogpv"d{"Eqffkpivqp"et al. 

*422:+"cpf"hqwpf"vq"dg"kp"cxgtcig"ctqwpf"2027"cpf"
0.07 respectively. Therefore, the estimated sensitiv-

kv{"qh"urceg/dqtpg"FQCU"tgvtkgxcnu"qp"uwthceg"pgct"
PQ2"cpqocnkgu"*nqecn"rqnnwvkqp"kp"vjg"okzkpi"nc{gt+"
should range between 0.2 and 0.7, which correspond 

to the two examples for surface albedo, 0.02 and 0.15, 

ujqygf"d{"Gumgu"cpf"Dqgtuoc"*4225+0
Monthly average comparisons were also made 

dgvyggp" itqwpf/dcugf"ogcuwtgogpvu."QOK" cpf"
TCOC"ecnewncvgf"PQ2" eqnwopu" *Hki0" 9+0"Cickp."
qpn{"itqwpf/dcugf"ogcuwtgogpvu"ykvjkp"ł"42"okp"qh"
vjg"QOK"qxgtrcuu"vkog"*\36<43"NV+"cdqxg"WPCO"
ctg"mgrv0"QOK"cxgtcigu"ygtg"tguvtkevgf"vq"eqnwopu"
ykvj" rkzgn" egpvgtu"ykvjkp" ł" 203" fgitggu" ncvkvwfg1
longitude of UNAM. Ground-based reported RAMA 

PQ2 columns were calculated from the average 

eqpegpvtcvkqpu"ogcuwtgf" d{" Ýxg" uvcvkqpu" nqecvgf"
near UNAM, multiplied by the measured mixing 

nc{gt"jgkijv"*ugevkqp"406+"cpf"eqttgevkpi"hqt"rtguuwtg"
cpf"vgorgtcvwtg"*ugevkqp"407+0"C"oqpvjn{"e{eng"ycu"
engctn{"kfgpvkÝgf."jqygxgt."kv"yqwnf"uggo"vq"fkhhgt"
slightly depending on the origin of the data. The 

calculated columns from surface RAMA data were 

vjg"jkijguv."hqnnqygf"d{"vjg"itqwpf/dcugf"FQCU"
ogcuwtgogpvu" cpf" Ýpcnn{" vjg"QOK" fcvc" {kgnfgf"
the lowest values. This result was expected since 

vjg"itqwpf/dcugf"TCOC"uvcvkqpu"ucorng"PQ2 at a 

ukping"ucornkpi"rqkpv"xgt{"enqug"vq"vjg"uqwtegu"cpf1
qt"yjgp" kv" jcu" lwuv" dggp" tgegpvn{" eqpxgtvgf0"Vjg"
FQCU"itqwpf/dcugf"ogcuwtgogpvu"ctg"eqpfwevgf"
close to the sources as well, however, its location 

and vegetation around the UNAM campus could 

rctvn{"fcorgp"vjg"fgvgevkqp"qh"PQ2 at the current 

sampling point. Furthermore, while the ground-

dcugf"FQCU" kpuvtwogpv" ku" ucornkpi" cv" c" ukping"
rqkpv."vjg"qdugtxgf"eqnwopu"d{"QOK"ctg"ghhgevkxgn{"
cxgtcigf"qxgt"vjg"kpuvtwogpvÓu"Ýgnf"qh"xkgy"*35"'"
24 km2"cv"pcfkt+"{kgnfkpi"nqygt"PQ2 columns than 

the other two instruments probably because of the 

averaging of polluted and unpolluted areas.

3.4 Spatial distribution of NO2 columns recons-

tructed from UNAM measurements

An additional analysis was made in the interest of 

gaining more information regarding the possible ori-

ikp"qh"vjg"PQ2 columns measured over UNAM, espe-

ekcnn{"fwg"vq"vjg"kpjqoqigpgqwu"fkuvtkdwvkqp"qh"PQ2 

eqnwopu"kp"vjg"ekv{."cvvguvgf"d{"QOK"ogcuwtgogpvu0"
The averaged surface wind speed and wind direction 

ogcuwtgf"cv"Ýxg"uvcvkqpu"pgct"WPCO"ygtg"wugf"vq"
compute the statistical wind propagation pattern that 

indicates the probability that a column measured at 

UNAM is originated or transported from a certain 

area of the city. Wind directions were analyzed on 

30º intervals, and a probability was assigned to each 

sector according to the relative frequencies. Each 

sector was differentiated into three regions according 

vq"vjg"kpvgtxcnu"qh"egtvckp"rtqdcdknkv{"*370:7."8:05."cpf"
370:7'+"tgncvgf"vq"fkhhgtgpv"kpvgtxcnu"qh"eqpÝfgpeg"qh"
a log-normal distribution. Accordingly, wind speeds 

were expected to follow a log-normal distribution 

as well, described by the median and the log-normal 

uvcpfctf"fgxkcvkqp"*Hki0":c+0
The false color of each region in Figure 8a indi-

cates the probability that an airmass will be measured 

at UNAM with the certain time delay of 2.25 h. This 

vkog"fgnc{"wugf"hqt" vjg"xkuwcnk¦cvkqp"*Hki0":+" ku" vjg"
guvkocvgf" nkhgvkog"qh"PQ2 in the mixing layer with 

a typical temperature of the Mexico City boundary 

nc{gt"cpf"ceeqtfkpi"vq"Fknu"*422:+0"Vjg"ogcuwtgf"PQ2 

columns were then distributed to the corresponding 
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sectors using wind direction and wind speed at the 

time when measurements were conducted. The dis-

vtkdwvkqp"rcvvgtp"qh"vjg"cxgtcigf"PQ2 total columns 

reconstructed from the measurements at UNAM and 

wind measurements is presented in Figure 8b. The 

result of this approach indicates a tendency to measure 

jkijgt"PQ2 columns when the wind direction is pre-

dominant from the north-northwest, coinciding with 

the most industrialized and populated area of the city.

4. Conclusions

PQ2 columns were measured at UNAM in Mexico 

City and compared to space-borne observations con-

fwevgf"d{"vjg"QOK"kpuvtwogpv0"Urceg/dqtpg"PQ2 col-

umns were lower than ground-based measurements, 

which presented large day-to-day variations. The 

difference between space-borne and ground-based 

columns could be explained by the strong horizontal 

inhomogeneity of the lower layer of the measured 

PQ2 columns and by the difference in horizontal sen-

ukvkxkv{"qh"vjg"vyq"vgejpkswgu"*nqecn"xgtuwu"cxgtcikpi"
qxgt"35"'"46"mo2). More instruments located in and 

around the MCMA would allow to better evaluate the 

spatial distribution obtained from satellite measure-

ogpvu0"C"pgvyqtm"qh"ugxgtcn"OCZ/FQCU"jcu"cntgcf{"
been installed starting the fall of 2012, which will 

result in better ground-based coverage and accuracy 

of the reported columns.

C"tgeqpuvtwevgf"fkuvtkdwvkqp"qh"ygkijvgf"PQ2 col-

wopu"qxgt"c"Ýpg"itkf"ycu"ocfg"qxgt"c"nctig"tgikqp"
kp" egpvtcn"Ogzkeq." cnnqykpi" vq" uweeguuhwnn{"fgÝpg"

three main areas with enhanced pollution: the domi-

nating metropolitan area of Mexico City, the heavily 

industrialized Tula region and the Cuernavaca valley. 

Qvjgt"oc{qt"wtdcp"ctgcu"uwej"cu"Vqnwec"cpf"Rwgdnc"
showed in average relatively lower column densities 

than Cuernavaca. The considerably higher altitude 

of Toluca probably favors the photolytic destruction 

qh"PQ2, and this area does not appear to receive as 

much pollution from Mexico City, as the Cuernavaca 

valley. The importance of considering changes in 

albedo, aerosols load and their refractions indexes 

kp"PQ2 photolysis rates should also be noted. The 

wpcpvkekrcvgf"gpjcpegogpv"qh"PQ2 columns above 

the Cuernavaca valley, corroborates results from 

previous studies conducted by Melamed et al."*422;+"
and Salcedo et al."*4234+."yjgtg"c"rquukdng"vtcpurqtv"
of pollutants from the MCMA have been discussed. 

A plausible source arising from the biomass burning 

cevkxkvkgu"kp"vjcv"tgikqp"ku"uwiiguvgf"hqt"vjg"jkij"PQ2 

columns detected.

From the reconstructed maps it is also possible 

to observe an important interconnection between 

the MCMA and the Tula industrial region, where 

emissions from one can evidently affect the other and 

the transport of pollutants between them most prob-

ably occurs. In addition, distinct seasonal variability 

qh"PQ2 columns over central Mexico was found, 

eqpewttkpi"ykvj"rtgxkqwu"uvwfkgu."ykvj"jkijgt"PQ2 

columns measured during the dry and cold season, 

hqnnqygf"d{"vjg"ft{"cpf"ycto"rgtkqf"cpf"Ýpcnn{"vjg"
nqyguv"PQ2 columns were found during the rainy 
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ugcuqp0"Hwtvjgtoqtg."vjg"urcvkcn"fkuvtkdwvkqp"qh"PQ2 

columns reconstructed from measurements conduct-

ed at UNAM indicate a tendency to measure higher 

PQ2 columns when the wind direction is predominant 

from the north-northwest, coinciding with the most 

industrialized area of the city.
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