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RESUMEN

En este trabajo se aplicó un procedimiento para generar tormentas sintéticas que preserva las características 
estadísticas de los eventos históricos de precipitación diaria registrados en 49 estaciones ubicadas en la 
cuenca de la Ciudad de México. Este procedimiento (variante del método de Svanidze) supone implícita-
ogpvg"swg"nc"eqttgncek„p"gpvtg"nc"nnwxkc"oƒzkoc"{"uw"fkuvtkdwek„p"gurcekcn"pq"gu"ukipkÝecvkxc="ukp"godctiq."
los resultados no validaron dicha hipótesis, lo que motivó la propuesta de un segundo procedimiento que 
permite considerar la correlación entre el valor máximo registrado durante una tormenta y su distribución 
espacial. Con esto se logra mejorar sustancialmente la forma en que las tormentas sintéticas reproducen las 
características estadísticas de las históricas.

ABSTRACT

C"Ýtuv"rtqegfwtg"vq"igpgtcvg"u{pvjgvke"uvqtou."yjkej"rtgugtxgu"vjg"uvcvkuvkecn"ejctcevgtkuvkeu"qh"vjg"jkuvqtkecn"
fckn{"rtgekrkvcvkqp"gxgpvu"tgikuvgtgf"kp"6;"uvcvkqpu"nqecvgf"ykvjkp"vjg"dcukp"qh"Ogzkeq"Ekv{"ku"rtgugpvgf0"
Vjku"rtqegfwtg"*c"xctkcvkqp"qh"vjg"Uxcpkf¦g"ogvjqf+"kornkekvn{"uwrrqugu"vjcv"vjg"eqttgncvkqp"dgvyggp"vjg"
oczkowo"tckphcnn"cpf"kvu"urcvkcn"fkuvtkdwvkqp"ku"ogcpkpinguu0"Jqygxgt."vjg"qdvckpgf"tguwnvu"fkf"pqv"xcnkfcvg"
vjcv"j{rqvjguku0"Hqt"vjku"tgcuqp"c"ugeqpf"rtqegfwtg"ycu"fgxgnqrgf."yjkej"cnnqyu"vq"eqpukfgt"vjg"eqttgncvkqp"
dgvyggp"oczkowo"tckphcnn"cpf"urcvkcn"fkuvtkdwvkqp0"Vjku"ugeqpf"rtqegfwtg"cnnqygf"tgrtqfwekpi"vjg"uvcvkuvkecn"
ejctcevgtkuvkeu"qh"vjg"fckn{"tckphcnn"hqt"gcej"uvcvkqp"cpf"cnuq"kvu"urcvkcn"fkuvtkdwvkqp."cu"ujqyp"kp"vjku"yqtm0

Keywords: Synthetic storms, Svanidze method, basin of Mexico City, maximum 24 hours daily rainfall, mean 
rainfall.

1. Introduction

Synthetic generation of hydrological time series longer than the historical ones, is very useful 
because such series provide information about possible scenarios in the long term of the behavior 
of the hydrologic variable in the study area.
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Arnaud et al."*3;;;+"eqpukfgt"vjcv"vjg"u{pvjgvke"uvqto"igpgtcvkqp"cnnqyu"c"pgy"crrtqcej"vq"uvwf{"
vjg"cu{orvqvke"dgjcxkqt"qh"vjg"rtqdcdknkv{"fkuvtkdwvkqp"hqt"vjg"oczkowo"tckphcnnu"cpf"vq"fgÝpg"
design storms. Mehrotra and Sharma (2006) consider that the generated synthetic storms could 
dg"wugf"kp"vjg"tgnkcdknkv{"cpf"tkum"cpcn{uku"wugf"hqt"fgukip"cpf"qrgtcvkqp"qh"j{ftcwnke"uvtwevwtgu0

Coqpi"vjg"u{pvjgvke"uvqto"igpgtcvkqp"oqfgnu"kp"nkvgtcvwtg."vjg"yqtm"d{"Fgnngwt"cpf"Mcxxcu"
(1978) can be cited. They used autoregressive models of integrated mobile averages (ARIMA) 
hqt"ugtkgu"qh"oqpvjn{"cxgtcig"rtgekrkvcvkqp"qh"37"ycvgtujgfu"kp"Knnkpqku"cpf"Mgpvwem{."WUC."hqt"
synthetic generation and forecast.

Geng et al. (1986) proposed a method for synthetic generation of daily rainfall data at a station 
ykvj"c"oqfgn"yjqug"rctcogvgtu"ygtg"fgtkxgf"htqo"oqpvjn{"fcvc"kpuvgcf"qh"fckn{"fcvc."eqpukfgtkpi."
qp"vjg"qpg"jcpf."vjcv"vjg"vtcpukvkqp"rtqdcdknkvkgu"dgvyggp"ft{"cpf"ygv"fc{u"eqwnf"dg"guvkocvgf"
htqo"vjg"htcevkqp"qh"ygv"fc{u"rgt"oqpvj"cpf."qp"vjg"qvjgt"jcpf."vjcv"vjg"rtgekrkvcvkqp"ocipkvwfg"
qp"c"tckp{"fc{"ecp"dg"oqfgngf"ykvj"c"icooc"fkuvtkdwvkqp."yjqug"rctcogvgtu"ecp"dg"tgncvgf"ykvj"
vjg"cxgtcig" tckphcnn"qh" tckp{"fc{u0" Kv" ku"rgtvkpgpv" vq"ogpvkqp" vjcv" vjgkt" uvwfkgu"ygtg"crrnkgf" vq"
agricultural models. Bogárdi et al. (1988) proposed a method for storm generation applied to daily 
rainfall records from semi-arid climates, using the concept of annual climate cycle, and generating 
tcpfqo"pwodgtu"ykvj"fkhhgtgpv"rtqdcdknkv{"fkuvtkdwvkqpu0

Coles (1993) supposed that spatial variability of storm types can be adequately described by 
xctkcdknkv{"ykvjkp"c"uwdugv"qh"fcvc"ukvgu0"Vjku"ngcfu"vq"c"vyq/uvcig"guvkocvkqp"rtqegfwtg0"Hktuvn{."
c"ownvkxctkcvg"gzvtgog"xcnwg"oqfgn"ku"Ývvgf"vq"fcvc"htqo"vjg"uwdugv."vjg"crrtqrtkcvg"fgrgpfgpeg"
ogcuwtg"dgkpi"kfgpvkÝgf"cu"c"rctcogvgt0"Vjgp"vjg"oqfgn"ku"gzvgpfgf"uoqqvjn{"vjtqwij"uwkvcdng"
functions as a max-stable process, on the basis of information from the remaining data sites. 

Yknmu" *3;;:+" rtgugpvu" vjg" gzvgpukqp" qh" c"ykfgn{" wugf" gorktkecn/uvcvkuvkecn" rtgekrkvcvkqp"
enkocvg"oqfgn."yjkej" cnuq" kpenwfgu" vjg" rtgekrkvcvkqp"rqtvkqp"qh" c" nctigt" pwodgt" qh" uvqejcuvke"
ygcvjgt"igpgtcvqtu."hqt"ukowncvkqp"cv"ownvkrng"nqecvkqpu"ukownvcpgqwun{="vjg"gzvgpukqp"fkuewuugf"
ku"ceeqornkujgf"d{"ftkxkpi"gcej"qh"c"eqnngevkqp"qh"kpfkxkfwcn"ukping/ukvg"oqfgnu"ykvj"vgorqtcnn{"
independent but spatially correlated random numbers. Cisneros et al. (1998) developed a model 
that attempts to preserve the spatial structure of historical storms.

Arnaud et al. (1999) applied a stochastic generation model to data from the French coast, 
wukpi"c"vyq/uvgr"uejgog"hqt"vjg"igpgtcvkqp<"vjg"Ýtuv"uvgr"ku"c"uvwf{"qh"vjg"xctkcdngu"vjcv"fguetkdg"
vjg"rjgpqogpqp"cpf"kvu"fgÝpkvkqp"d{"rtqdcdknkv{"fkuvtkdwvkqp"hwpevkqpu"Ývvgf"vq"vjg"qdugtxcvkqpu."
and the second is the creation of a rainfall time series using values of the descriptive variables 
igpgtcvgf"tcpfqon{"htqo"vjgkt"ncy"qh"rtqdcdknkv{0"Yjgp"vjg"oqfgn"ycu"gzvgpfgf"vq"c"nctigt"ctgc."
kv"ujqygf"uqog"nkokvcvkqpu"kp"vjg"tguwnvu="vjgtghqtg."vjg{"fgxgnqrgf"cp"cfcrvcvkqp"vq"vjg"igpgtcvkqp"
oqfgn."d{"Ývvkpi"cp"gzrqpgpvkcn"fkuvtkdwvkqp"vq"vjg"xcnwgu"uocnngt"vjcp"hqwt"vkogu"vjg"ogcp"qh"vjg"
variable. Then, they made a second amendment to develop a model that preserves the dependence 
of the storm intensity and duration variables, using a parameter that characterizes the cumulative 
htgswgpe{"ewtxg"qh" vjg" uwo"qh" vjg"rtqdcdknkvkgu"qh" vjg" vyq"xctkcdngu0"Hkpcnn{." vjg{"uvwfkgf" vjg"
modeling of the persistence of the storm in the same event to generate episodes of maximum 
precipitation in 24 hours.

Ekupgtqu"*4223+."nkmg"Ucnu„p"cpf"Icte‡c/Dctvwcn"*4225+."ukowncvgf"vjg"qtkikp"qh"vjg"uvqtou0"
Bouvier et al0"*4225+"uqwijv"vq"rtgugtxg"vjg"urcvkcn"uvtwevwtg"qh"uvqtou"ykvj"cp"cpcn{uku"qh"ockp"
eqorqpgpvu0"Utkmcpvjcp"cpf"OeOcjqp"*4223+"tgxkgygf"ugxgtcn"ogvjqfqnqikgu"fgxgnqrgf"htqo"vjg"
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late 1960s to the year 2000, in order to generate annual, monthly and daily climate data, highlighting 
vjgkt"cfxcpvcigu"cpf"fkucfxcpvcigu0"Vjg{"fguetkdg"oqfgnu"qh"vjg"Octmqx"ejckp"v{rg."oqfgnu"qh"
fkuciitgicvkqp"htciogpvu."cwvq"tgitguukxg"oqxkpi/cxgtcig"oqfgnu"*CTOC+."cpf"vyq/rctvu"crrnkgf"
oqfgnu"*qpg"hqt"ygv"rgtkqfu"cpf"qpg"hqt"ft{"rgtkqfu+."coqpi"qvjgtu0"Kp"vjgkt"uvwf{"vjg{"kpfkecvg"
that the parameters of the generation model should be variable in time.

Hqyngt"et al. (2005) combined Monte Carlo simulations and sampling techniques to generate 
nqpi"ugtkgu"qh"u{pvjgvke"tckphcnn"cv"ownvkrng"ukvgu"kp"ctgcu"ykvj"fkhhgtgpv"rtqrgtvkgu"qh"rtgekrkvcvkqp."
dwv"dcugf"qp"vjg"ucog"enkocvg."kp"[qtmujktg."WM0"Vjg"eqwrnkpi"qh"c"ygcvjgt"igpgtcvqt"vq"c"ownvk/
ukvg"uvqejcuvke"oqfgn"*tgikqpcn+"hqt"vjg"igpgtcvkqp"qh"rtgekrkvcvkqp"icxg"vjgo"ukipkÝecpv"tguwnvu."
ukpeg"kv"cnnqyu"tgugctej"qp"vjg"korcevu"qh"ejcpigu"qp"v{rg."rgtukuvgpeg"qt"htgswgpe{"qh"vjg"enkocvg."
as in their internal properties, such as changes in precipitation intensity. Guichard-Romero et al. 
(2009), successfully used the multidimensional stochastic model of precipitation Raingen, created 
d{"Ucnu„p"cpf"Icte‡c/Dctvwcn"*4225+."vq"qdvckp"tckphcnn"Ýgnfu"cuuqekcvgf"ykvj"oczkowo"eqpxgevkxg"
episodes in a Spanish basin. 

Kp"vjku"rcrgt"vyq"rtqegfwtgu"hqt"vjg"igpgtcvkqp"qh"fckn{ storms in 49 stations in the basin of 
Mexico City are compared. The former uses the fragments method of Svanidze (1980) that has 
dggp"uweeguuhwnn{"wugf"vq"igpgtcvg"ukownvcpgqwu"oqpvjn{"twpqhh"xqnwogu"kp"xctkqwu"dcukpu"ykvj"
c"egtvckp"fgitgg"qh"cwvq/eqttgncvkqpu"dgvyggp"eqpugewvkxg"oqpvju"cpf"etquu/eqttgncvkqpu"dgvyggp"
basins (Arganis-Juárez et al0."422:+0"Vjku"Ýtuv"rtqegfwtg"fkf"pqv"rtgugtxg"cfgswcvgn{"vjg"fkuvtkdwvkqp"
function of the average rainfall of historical storms. Thus, a detailed analysis of the correlation 
dgvyggp"vjg"oczkowo"tckphcnn"qxgt"vjg"6;"uvcvkqpu"cpf"vjg"urcvkcn"cxgtcig"xcnwgu"ycu"rgthqtogf."
d{"ogcpu"qh"vjg"urcvkcn"gzvgpukqp"kpfgz"eqpegrv"*UGK+0"Yjgp"wukpi"vjku"kpfgz."kv"ycu"hqwpf"vjcv"kv"
ku"eqttgncvgf"ykvj"vjg"oczkowo"xcnwg"qh"vjg"uvqto."vjgtghqtg"c"ugeqpf"rtqegfwtg."yjkej"vcmgu"kpvq"
ceeqwpv"vjku"eqttgncvkqp."ycu"fgxgnqrgf0"Ykvj"vjku"ugeqpf"rtqegfwtg"kv"ycu"rquukdng"vq"igpgtcvg"
synthetic storms that reproduce properly the distribution function of the spatial mean and the main 
statistics of the precipitation station by station.

2. Problem statement

Ogzkeq"Ekv{"cpf"kvu"uwdwtdu"jcxg"itqyp"cv"cp"gzrqpgpvkcn"tcvg"qxgt"vjg"fgecfgu."kpetgcukpi"vjg"
problems in the drainage system during the rainy seasons. Therefore, it became necessary to study 
both the point rainfall storms of great magnitude (although concentrated in relatively small areas) 
cpf" vjg"uvqto"gxgpvu"qh"itgcv"gzvgpukqp" vjcv"jcxg"ecwugf"ugtkqwu"rtqdngou" hqt" vjg"ockp"Þqqf"
eqpvtqn" cpf"ftckpcig" u{uvgo0"Vjg"jkuvqtkecn" gzrgtkgpeg"jcu" ujqyp" vjcv"rwpevwcn"rtgekrkvcvkqpu"
exceeding 25 mm/day or mean spatial precipitations of 2.5 mm/day may produce local or general 
Þqqf"rtqdngou"*Fqo‡piwg¦."3;;9+0"

Vjgtg"ku"c"pgvyqtm"qh"6;"rnwxkqogvgtu"*Hki0"3+"qrgtcvgf"d{"vjg"Ukuvgoc"fg"Ciwcu"fg"nc"Ekwfcf"
de México (SACM) (a local government agency) at the basin. Each pluviometer transmits a pulse 
gxgt{"vkog"kv"tgikuvgtu"c"tckphcnn"gswkxcngpv"vq"20476"oo0"QhÝekcn"tgeqtfu"qh"fckn{"tckphcnn"ctg"ikxgp0

In order to analyze the performance of the alternative operation policies for the very complex 
ockp"Þqqf"eqpvtqn"cpf"ftckpcig"u{uvgo."kv"dgeqogu"eqpxgpkgpv"vq"fgxgnqr"c"nctig"pwodgt"qh"
different possible scenarios of storm events that preserve the statistical characteristics of the 
historical storms.
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3. Methodology

Vq"cfftguu"vjku"kuuwg."399"fckn{"uvqtou"vjcv"qeewttgf"dgvyggp"3;::"cpf"3;;;"ygtg"ugngevgf0"Kv"ycu"
ectghwnn{"tgxkgygf"vjcv"vjg"fcvc"ogv"qpg"qh"vjg"hqnnqykpi"etkvgtkc<

a. Total daily precipitation in any of the 49 stations exceeded a threshold of 23 mm (i.e., storms 
ykvj"c"jkij"rqkpv"xcnwg+0

b. And/or the arithmetic average of the daily rainfall in the 49 stations exceeded 2.3 mm in 24 
hours (i.e.."uvqtou"ykvj"nctig"urcvkcn"gzvgpv+0

3.1. Procedures to generate synthetic storms

3.1.1. First procedure

Kp"qtfgt"vq"crrn{"vjg"htciogpvu"rtqegfwtg."jkuvqtkecn"uvqtou"ygtg"ejctcevgtk¦gf."qp"vjg"qpg"jcpf."
d{"vjg"rgcm"qh"vjg"uvqto"*i.e., the maximum daily precipitation recorded in the 49 stations); and, 
qp"vjg"qvjgt"jcpf."d{"vjg"urcvkcn"ujcrg"qh"vjg"uvqto."gzrtguugf"kp"vgtou"qh"vjg"tgncvkqpujkr"dgvyggp"
vjg"tckphcnn"tgikuvgtgf"cv"gcej"rnwxkqogvgt"cpf"vjg"rgcm"qh"vjg"uvqto0

Cuuwokpi"vjcv"vjg"rgcm"qt"oczkowo"vqvcn"rtgekrkvcvkqp"hqt"gcej"uvqto"cpf"kvu"urcvkcn"ujcrg"
are independent, the synthetic generation procedure is applied by generating independently the 
oczkowo"rtgekrkvcvkqp"hqt"gcej"u{pvjgvke"uvqto."ceeqtfkpi"ykvj"kvu"fkuvtkdwvkqp"hwpevkqp."cpf"
vjg"urcvkcn"ujcrg"qh"c"tcpfqon{"ugngevgf"jkuvqtkecn"uvqto0"Vjg"uvgru"kp"vjku"Ýtuv"rtqegfwtg"ygtg<

1. Hqt"vjg"ugngevgf"jkuvqtkecn"uvqto"vjg"hqnnqykpi"xcnwgu"ygtg"qdvckpgf<"vqvcn"fckn{"rtgekrkvcvkqp"
recorded in each of the 49 stations, maximum of the former values and average rainfall over 
vjg"6;"uvcvkqpu."cu"hqnnqyu<
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̋" PHi,j precipitation recorded for the storm i at station j.

̋" PHMAXi, maximum over j of PHi,j.

̋" PHMEDi average for each storm i of the PHi,j values.

2. The cumulative distribution function F(p-max) of the maximum, PHMAXi, corresponding 
to the selected historical storms is obtained by means of an extreme values analysis; in this 
ecug"c"Iwodgn"fkuvtkdwvkqp"hwpevkqp"icxg"vjg"dguv"Ýv0

50" C"tcpfqo"pwodgt"Wm"ykvj"wpkhqto"fkuvtkdwvkqp"]2.3_"ku"igpgtcvgf="vjgp."vjg"kpxgtug"qh"vjg"
distribution function F(p-max) is obtained to estimate the corresponding synthetic value 
(PSMAXk+"cu"ujqyp"kp"Hkiwtg"40

60" Qp"vjg"qvjgt"jcpf."c"tcpfqo"kpvgigt"dgvyggp"3"cpf"399"ku"igpgtcvgf"vq"cejkgxg"c"tcpfqo"
selection of an historical storm, i.

5. The generated daily precipitation at the 49 stations is obtained by multiplying the historical 
rainfall recorded in each one, PHi,j, that corresponds to the storm i selected in step 4, by the 
tgncvkqpujkr"dgvyggp"vjg"u{pvjgvke"xcnwg"qh"vjg"oczkowo"rtgekrkvcvkqp"qdvckpgf"kp"uvgr"5"
and the maximum recorded precipitation for the historical storm selected in step 4:

PSk,j = PHi,j
PSMAXk

PHMAXi
 (1)

yjgtg"PSk,,j is the precipitation for the synthetic storm k at station j, obtained according to the 
tgncvkqpujkr"dgvyggp"vjg"oczkowo"u{pvjgvke"rtgekrkvcvkqp"PSMAXm and the maximum historical 
precipitation PHMAXi corresponding to the randomly selected storm in step 4. Steps 3, 4 and 5 
are repeated for k = 1, 2… ns (number of synthetic storms to be generated).

3.1.2. Validation procedure

Kp"qtfgt"vq"xcnkfcvg"vjg"rtqegfwtg."kv"ku"rtqrqugf"vq"eqorctg"cv"Ýtuv"vjg"fkuvtkdwvkqp"hwpevkqpu"qh"vjg"
ogcp"cpf"vjg"oczkowo"qh"vjg"uvqtou"igpgtcvgf"ykvj"vjg"eqttgurqpfkpi"fkuvtkdwvkqp"hwpevkqpu"qh"
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Fig. 2. Random generation of maximum rainfall.
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the historical storms. Once the distribution functions of maximum and average values of historical 
uvqtou"ctg"cfgswcvgn{"tgrtqfwegf."kv"yqwnf"dg"pgeguuct{"vq"ejgem"yjgvjgt"vjg"uvcvkuvkecn"rctcogvgtu"
of recorded rainfall in each of the stations are also reproduced.

Kv"ku"yqtvjyjkng"vq"rqkpv"qwv"vjcv"vjg"fguetkdgf"rtqegfwtg"wugu"vjg"cflwuvgf"fkuvtkdwvkqp"hwpevkqp"
of the maximums (and therefore the comparison of the empirical distribution functions of those 
maximums is not really a validation); nevertheless the reproduction of the empirical distribution 
functions of the spatial means and of the statistical parameters of the recorded rainfall for each of 
the stations depends on the hypothesis used to generate the synthetic storms, so that the proposed 
comparisons constitute a real validation. 

4. Results and discussion

4.1. First procedure of generation (whole group analysis)

Oczkowo"cpf"cxgtcig"rtgekrkvcvkqpu."hqt"gcej"qh"vjg"399"jkuvqtkecn"uvqtou."ygtg"ecnewncvgf0"
Cp"gzvtgog"xcnwg"cpcn{uku"ycu"rgthqtogf"hqt"vjg"oczkowo"tckphcnn"fcvc"cv"vjg"399"jkuvqtkecn"uvqtou0"

By testing several distribution functions (i.e., normal, exponential, lognormal, gamma, Gumbel and 
Iwodgn"qh"vyq"rqrwncvkqp+"vjgkt"rctcogvgtu"ygtg"guvkocvgf"ykvj"oqogpvu"cpf"oczkowo"nkmgnkjqqf"
ogvjqfu="Ýpcnn{."kv"ycu"fgvgtokpgf"vjcv"vjg"dguv"Ýv."kp"vgtou"qh"vjg"uvcpfctf"gttqt"*i.e., differences 
dgvyggp"vjgqtgvkecn"cpf"gorktkecn"ewowncvgf"fkuvtkdwvkqp"hwpevkqpu+"ycu"qdvckpgf"ykvj"vjg"Iwodgn"
fkuvtkdwvkqp"hwpevkqp."cflwuvgf"d{"vjg"ogvjqf"qh"oqogpvu0"Vjg"fkuvtkdwvkqp"hwpevkqp"qdvckpgf"ycu<

F (x) = e–e–t (2)

yjgtg"t = g(z/く+"ykvj"g"= 0.019786, く"?3;70:9;;."Hkiwtg"5"ujqyu"vjg"qdvckpgf"fkuvtkdwvkqp"hwpevkqp"
ykvj"Iwodgn"uecng"qp"vjg"jqtk¦qpvcn"czku0

Using the distribution function given by Eq. (2), 1000 random numbers (PSMAX) ygtg"igpgtcvgf."
cpf"kpfgrgpfgpvn{"3222"uvqtou"ygtg"igpgtcvgf"d{"c"tcpfqo"ugngevkqp."ykvj"tgrncegogpv."htqo"vjg"
399"jkuvqtkecn"uvqtou0"Hkpcnn{"vjg"rtgekrkvcvkqp"tgeqtfgf"kp"gcej"uvcvkqp"ycu"uecngf"d{"crrn{kpi"
Eq. (1).

Hkiwtg"6"knnwuvtcvgu"cp"gzcorng"qh"vjg"Ýtuv"igpgtcvgf"uvqto."kp"yjkej"vjg"qdvckpgf"oczkowo"
u{pvjgvke"rtgekrkvcvkqp"xcnwg"*uvgr"5+"ycu"322037"oo0"Qp"vjg"qvjgt"jcpf."vjg"tcpfqon{"ugngevgf"
jkuvqtkecn"uvqto."kfgpvkÝgf"ykvj"pwodgt"324"*uvgr"6+."tgeqtfgf"c"oczkowo"rtgekrkvcvkqp"xcnwg"qh"
40.39 mm (observed at station 44). In order to generate precipitation values for this storm in all 
6;"ukvgu."yg"fgÝpgf"c"tgncvkqpujkr"dgvyggp"vjg"oczkowo"xcnwgu"qh"rtgekrkvcvkqp"kp"vjg"u{pvjgvke"
fcvc"cpf"vjg"jkuvqtkecn"tgeqtf"*32203716205;+0"Tgeqtfgf"xcnwgu"kp"cnn"uvcvkqpu"ygtg"vjgp"ownvkrnkgf"
d{"vjku"hcevqt."rtqfwekpi"c"u{pvjgvke"gxgpv"ykvj"vjg"ucog"uvcvkuvkecn"rtqrgtvkgu"cu"vjqug"qdugtxgf"
kp"vjg"jkuvqtkecn"tgeqtf0"D{"tgrgcvkpi"vjg"rtqegfwtg."3222"u{pvjgvke"uvqtou"ygtg"igpgtcvgf0

603030"Xcnkfcvkqp"qh"vjg"Ýtuv"rtqegfwtg
Ceeqtfkpi"vq"vjg"rtqrqugf"xcnkfcvkqp"rtqegfwtg."vjg"eqorctkuqp"dgvyggp"vjg"gorktkecn"ewowncvkxg"
fkuvtkdwvkqp"hwpevkqp"xcnwgu"qdvckpgf"hqt"jkuvqtkecn"cpf"u{pvjgvke"uvqtou"ku"ujqyp"kp"Hkiwtgu"7."80
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Hkiwtg" 7" ujqyu" vjcv" vjg" fkuvtkdwvkqp" hwpevkqp" qh" vjg"oczkowo" tckphcnnu"ycu" tgrtqfwegf"
ucvkuhcevqtkn{"yjgtgcu."kp"vjg"ecug"qh"cxgtcig"rtgekrkvcvkqp"*Hki0"8+."vjg"eqttgurqpfkpi"xcnwgu"hqt"
igpgtcvgf"uvqtou"ctg"itgcvgt"vjcp"vjg"jkuvqtkecn"qpgu"qp"c"tgikqp"qh"vjg"Ýiwtg0

Kp"qtfgt"vq"kfgpvkh{"vjg"ecwugu"qh"vjg"fkhhgtgpegu"dgvyggp"vjg"u{pvjgvke"cpf"jkuvqtkecn"cxgtcig"
rtgekrkvcvkqpu."yg"eqorctgf." kp"Hkiwtgu"9.":" vjg" tgncvkqpujkru"dgvyggp" vjg"oczkowou"cpf" vjg"
cxgtcig"tckphcnnu"hqt"jkuvqtkecn"cpf"u{pvjgvke"uvqtou."tgurgevkxgn{0"Qp"vjgug"itcrju."kv" ku"ujqyp"
vjcv"vjg"u{pvjgvke"ucorng"rtqfwegf"c"jkijgt"eqttgncvkqp"dgvyggp"cxgtcig"cpf"oczkowo"tckphcnnu"
eqorctgf"ykvj"vjg"jkuvqtkecn"uvqtou0

Figure 7 ujqyu"c"nqy"eqttgncvkqp"dgvyggp"oczkowo"rtgekrkvcvkqp"cpf"urcvkcn"cxgtcig"tckphcnn."
yjkej"ngcfu"vq"vjkpm"vjcv"vjgtg"ku"pqv"kpvgtfgrgpfgpeg"dgvyggp"vjg"oczkowou"cpf"vjg"urcvkcn"ujcrg"
of the historical storms. Nevertheless, calculated mean values from observed rainfall are partially 
determined by its registered maximum value, and as such, the relationship can be considered 
spurious (Echávez-Aldape and Arrioja, 2006).
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In order to avoid this problem a spatial extension index (SEIi+"qdvckpgf"cu"vjg"tcvkq"dgvyggp"
the average rainfall in the storm i"cpf"vjg"oczkowo"xcnwg"kp"vjcv"uvqto"ycu"fgÝpgf0"Vjku"ku"
gswkxcngpv"vq"ecnewncvg"vjg"ogcpu"qh"vjg"uvcpfctfk¦gf"uvqtou"kp"yjkej"vjg"oczkowo"xcnwg"ku"cnyc{u"
gswcn"vq"30"Ceeqtfkpi"vq"kvu"fgÝpkvkqp."vjg"SEIi is obtained as:

SEIi = 
PHMEDi

PHMAXi
 (3)

Hqt"vjg"jkuvqtkecn"uvqtou."vjg"tgncvkqpujkr"dgvyggp"vjg"oczkowo"rtgekrkvcvkqpu"cpf"vjg"kpfgz"
(SEIi+"ujqyu"vjcv"vjg"urcvkcn"gzvgpv"qh"vjg"uvqtou"fgetgcugu"cu"vjg"ocipkvwfg"qh"vjg"oczkowo"
value increases (Fig. 9). This indicates that the most intense precipitation events tend to be less 
extended.

0 

20 

40 

60 

80 

100 

120 

140 

–2 –1 0 1 2 3 4 5 6 7 8 

h
p

 m
a

x
 (

m
m

) 

–ln(ln(1/F(x))) 

Historical 

Generated 

Fig. 5. Empirical probability distributions of the maximum precipitations. 
First procedure.

–ln(ln(1/F(x))) 

0 

10 

20 

30 

40 

50 

60 

70 

–2 –1 0 1 2 3 4 5 6 7 8 

h
p
 m

e
a
n
 (

m
m

) 

Historical 

Generated 

Fig. 6. Empirical probability distributions for the spatial average rainfalls. 
First procedure.



35Storms generator method. Application to Mexico City

4.2. Second-generation procedure (two-groups analysis)

Ceeqtfkpi"vq"vjg"tguwnvu"uwooctk¦gf"kp"Hkiwtg";."c"ugeqpf"igpgtcvkqp"rtqegfwtg"ycu"rtqrqugf."
kp"yjkej"jkuvqtkecn"uvqtou"ygtg"encuukÝgf"kpvq"vyq"itqwru<"vjg"Ýtuv"qpg"ycu"ugngevgf"d{"c"xkuwcn"
kpurgevkqp"qh"Hkiwtg";."yjkej"ujqyu"vjcv"vjg"rqkpvu"eqttgurqpfkpi"vq"xcnwgu"qh"jp max above 55 mm 
(that is the median of the hp max"xcnwgu+"fq"pqv"ujqy"kpvgtfgrgpfgpeg"ykvj"vjg"urcvkcn"gzvgpukqp"
index, and the second one considers the rest of the values. By relating the maximum precipitation of 
gcej"qpg"qh"vjgug"vyq"itqwru"ykvj"vjg"eqttgurqpfkpi"xcnwgu"qh"*SEIi+."Hkiwtgu"32."33"ygtg"qdvckpgf0"

Kv"ku"kpvgtguvkpi"vq"pqvkeg"vjcv."cu"ujqyp"kp"Hkiwtg"32."vjg"Ýtuv"itqwr"qh"uvqtou"eqpvckpu"pqv"
only the largest maximum precipitation values, but also covers all the range of SEIi values; 
cnuq."vjcv"vjg"eqttgncvkqp"dgvyggp"SEIi and maximum values is practically negligible, and that 
in Figure 11."yjkej" eqttgurqpfu" vq" vjg" nqygt"oczkowo"rtgekrkvcvkqp"xcnwgu." vjgtg" ku" uvknn" c"
ukipkÝecpv"eqttgncvkqp0
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r = 0.0849 

0 

20 

40 

60 

80 

100 

120 

140 

0 10 20 30 40 50 60 

h
p

 m
a

x
 (

m
m

) 

hp mean (mm) 

Historical 

Linear regression 

Hki0"90"Tgncvkqpujkr"dgvyggp"urcvkcn"cxgtcig"tckphcnn"cpf"oczkowo"
rainfall of 177 historical storms.

y = 1.0377x + 40.609 
R2 = 0.3157 
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y = -79.549x + 78.771 

R2 = 0.3313 

r = 0.5756 
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y = –11.79x + 72.248 
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Vjgtghqtg."vjg"Ýtuv"rtqegfwtg"vq"igpgtcvg"u{pvjgvke"uvqtou"ycu"oqfkÝgf<"yjgp"vjg"oczkowo"
value of PSMAXk obtained in step 3 is greater than or equal to the threshold for the corresponding 
ogfkcp"qh" vjg"oczkowo"jkuvqtkecn." qpg"qh" vjg" uvqtou" htqo" vjg"Ýtuv" itqwr" *uvqtou"ykvj" nctig"
oczkowo"xcnwg+"ku"tcpfqon{"ugngevgf0"Qvjgtykug"c"uvqto"htqo"vjg"ugeqpf"itqwr"ku"ugngevgf0

4.2.1 Application of the second-generation process

Kv"ycu"fgvgtokpgf"vjcv"vjg"ogfkcp"qh"vjg"oczkowo"rqkpv"tckphcnn"ku"77"oo0
Jkuvqtkecn"uvqtou"ygtg" tcpmgf"htqo"vjg"jkijguv" vq" vjg" nqyguv."ceeqtfkpi" vq" vjgkt"oczkowo"

rtgekrkvcvkqp0"Vjg{"ygtg"fkxkfgf"kpvq"vyq"itqwru."vjg"Ýtuv"qpg"hqtogf"ykvj"vjg"Ýtuv":;"uvqtou"cpf"
vjg"ugeqpf"ykvj"vjg"tgockpkpi"::0

Ykvj"vjg"fkuvtkdwvkqp"hwpevkqp"ikxgp"d{"Gs0"*4+."3222"tcpfqo"pwodgtu"ygtg"igpgtcvgf"kp"qtfgt"
to obtain 1000 maximum precipitation synthetic values PSMAXk: k = 1,2,...,1000.

Hqt"vjg"ugngevkqp"qh"vjg"uvqtou"vjcv"ujqwnf"dg"uecngf."kv"ycu"eqpukfgtgf"vjcv"yjgp"u{pvjgvke"
maximum precipitation PSMAXk is greater or equal to the median, a randomly selected storm from 
vjg"itqwr"qh"nctig"uvqtou"ujqwnf"dg"ugngevgf="qvjgtykug."vjg"ugngevkqp"ku"ocfg"tcpfqon{"htqo"vjg"
second group of historical storms. 

In Figure 12, the empirical distribution functions corresponding to the maximum historical and 
u{pvjgvke"xcnwgu"ctg"eqorctgf0"Kv"ku"ujqyp"vjcv"vjg"fkuvtkdwvkqp"hwpevkqp"hqt"vjg"oczkowo"jkuvqtkecn"
storms is adequately reproduced.

Kp"cffkvkqp."vjg"gorktkecn"fkuvtkdwvkqp"qh"ogcp"u{pvjgvke"rtgekrkvcvkqp"qdvckpgf"ykvj"vjg"ugeqpf/
igpgtcvkqp"rtqegfwtg"ycu"fgvgtokpgf0"Hkiwtg"35"ujqyu"vjcv"vjg"fkuvtkdwvkqp"hwpevkqp"qh"vjg"ogcpu"
qh"jkuvqtkecn"uvqtou"ku"ceeqornkujgf"ykvj"vjg"pgy"rtqegfwtg0

Yjgp"ftcykpi"vjg"tgncvkqpujkr"dgvyggp"vjg"cxgtcig"cpf"oczkowo"rtgekrkvcvkqp"hqt"vjg"igpgtcvgf"
uvqtou"*Hki0"36+."c"xgt{"nqy"eqttgncvkqp"ycu"hqwpf."cu"qdvckpgf"hqt"vjg"jkuvqtkecn"tgeqtf"ujqyp"kp"
Figure 7.
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Hkiwtg"37"ujqyu"c"ukoknct"eqttgncvkqp"vq"vjcv"qdvckpgf"hqt"jkuvqtkecn"uvqtou"*Hki0";+0"Hwtvjgtoqtg."
c"eqorctcdng"vtgpf"ku"cnuq"kfgpvkÝgf"ykvj"tgictfu"vq"gxgpvu"cuuqekcvgf"vq"ncigt"rgcmu."yjkej"vgpf"
to be less spatially extended. 

Since the general statistical characteristics (maximum, average and SEIi) for historical storms 
ygtg"cfgswcvgn{" tgrtqfwegf." tguwnvu"ygtg"cpcn{¦gf"eqpukfgtkpi" vjg"xcnwgu"qdvckpgf"hqt"gcej"
station. Figures 16-18 contain information to compare the statistical parameters (mean, standard 
fgxkcvkqp"cpf"umgypguu+"ecnewncvgf"cv" vjg"6;"uvcvkqpu" hqt" vjg"u{pvjgvke"uvqtou."cu"qdvckpgf"
ykvj"vjg"Ýtuv"cpf"vjg"ugeqpf"rtqegfwtg."xu0"vjgkt"eqttgurqpfkpi"jkuvqtkecn"xcnwgu0"Kp"qtfgt"vq"
simplify the analysis, the comparison for each procedure is made by using the identity function 
cu"c"dgpejoctm0"

Vjg"eqttgncvkqp"eqghÝekgpvu"ujqyp"qp"Figures16-18"ogcuwtg"jqy"vjg"rqkpvu"enwuvgtgf"vq"vjg"
nkpg"vjcv"dguv"Ývu"vjg"fcvc"rcktu."dwv"pqv"pgeguuctkn{"vq"vjg"67"fgitgg"nkpg"vjcv"tgrtgugpvu"vjg"kfgpvkv{0"
Kp"qtfgt" vq"guvkocvg"vjg"eqttgncvkqp"dgvyggp"vjg"xcnwgu"qh" vjg"rctcogvgtu"eqttgurqpfkpi"vq"vjg"
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y = -59.553x + 73.426 

R2 = 0.1857 
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jkuvqtkecn"uvqtou"cpf"vjg"rctcogvgtu"qdvckpgf"htqo"vjg"u{pvjgvke"uvqtou."c"pgy"eqghÝekgpv"ycu"
ecnewncvgf"d{"ogcpu"qh"vjg"hqnnqykpi"rtqegfwtg<

Hqt"gcej"uvcvkuvkecn"rctcogvgt"*ogcp."uvcpfctf"fgxkcvkqp"cpf"umgypguu"eqghÝekgpv+"c"fgvgtokpcvkqp"
eqghÝekgpv"Cdet"ku"qdvckpgf."yjkej"vcmgu"kpvq"ceeqwpv"vjg"xctkcpeg"qh"vjg"fkhhgtgpegu"dgvyggp"vjg"
values obtained for the historic and the synthetic storms:

Cdet =
Vary – Varε

Vary

 (4)

yjgtg"Vary represents the variance of the statistical parameter y on the 49 recording stations, for 
the historical sample; Var¼"vjg"xctkcpeg"qh"vjg"fkhhgtgpegu"dgvyggp"vjg"uvcvkuvkecn"rctcogvgtu"y of the 
historical sample and of the synthetic sample; and y the parameters mean, standard deviation and 
umgypguu."uweeguukxgn{0

Vjg"eqorctkuqp"dgvyggp"vjg"eqghÝekgpvu"qh"fgvgtokpcvkqp"vjwu"qdvckpgf"hqt"gcej"igpgtcvkqp"
procedure is presented in Table I.
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Kv"ku"rqkpvgf"qwv."cickp."vjcv"vjg"ugeqpf"rtqrqugf"rtqegfwtg"ukipkÝecpvn{"kortqxgu"vjg"rtgugtxcvkqp"
qh"vjg"uvcvkuvkeu"qh"gcej"uvcvkqp."rctvkewnctn{"kp"vjg"ecug"qh"vjg"uvcpfctf"fgxkcvkqpu"cpf"umgypguu0

5. Conclusions and recommendations

C"rtqegfwtg"dcugf"qp"vjg"htciogpvu"ogvjqf"qh"Uxcpkf¦g"ycu"crrnkgf"vq"igpgtcvg"3222"u{pvjgvke"
storms, from 177 storms recorded at 49 pluviometers in the basin of Mexico City. An analysis 
qh"vjg"tguwnvu"ujqyu"vjcv"vjg"fkuvtkdwvkqp"hwpevkqp"qh"vjg"urcvkcn"cxgtcig"hqt"vjg"jkuvqtkecn"uvqtou"
ycu"pqv"cfgswcvgn{"tgÞgevgf."cu"kv"ku"engctn{"ujqyp"kp"Hkiwtg"80"Hqt"vjku"tgcuqp."vjg"eqttgncvkqp"
of the maximum vs."vjg"ogcp"xcnwgu"ycu"pgkvjgt"tgrtqfwegf"cfgswcvgn{0"Vjku"eqttgncvkqp"ycu"
nqy"*202:6;+"hqt"jkuvqtkecn"uvqtou."yjkng"kv"ycu"jkij"hqt"u{pvjgvke"tgeqtfu"*20783:+."cu"ujqyp"
in Figures 7, 8.

C"fgvckngf"cpcn{uku"qh"vjg"xctkcdngu"kpenwfgf"kp"Hkiwtg"9"ujqyu"c"urwtkqwu"eqttgncvkqp"dgvyggp"
maximum and mean precipitation. This is ascribed to the fact that maximum precipitations are used 
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42 R. Domínguez-Mora et al.

in the evaluation of both the independent and dependent variables. In order to avoid this spurious 
correlation, a spatial extension index (SEIi+"ycu"fgÝpgf0"Vjku"rctcogvgt"gpcdngf"vq"fgoqpuvtcvg"
vjcv"vjg"ocipkvwfg"qh"vjg"oczkowo"rtgekrkvcvkqpu"ku"eqttgncvgf"ykvj"vjg"urcvkcn"gzvgpv"qh"vjg"uvqtou0"
So, as the maximum precipitation is more intense, precipitation events tend to be less extensive, 
cu"ujqyp"kp"Hkiwtg";0

Ceeqtfkpi"vq"vjgug"tguwnvu."vyq"itqwru"qh"jkuvqtkecn"uvqtou"ygtg"fgÝpgf."gcej"qpg"cdqwv"vjg"ucog"
uk¦g<"vjg"Ýtuv"itqwr"eqpvckpgf"uvqtou"ykvj"oczkowo"rtgekrkvcvkqpu"itgcvgt"vjcp"vjg"ogfkcp"cpf"
ykvj"c"nqy"ukipkÝecpeg"eqttgncvkqp"dgvyggp"vjg"oczkowo"rtgekrkvcvkqp"cpf"vjg"urcvkcn"gzvgpukqp"
index, and the second group contained the remaining storms. The procedure to generate synthetic 
uvqtou"ycu"vjgp"oqfkÝgf"uq"vjcv"vjg"ugngevkqp"qh"vjg"uvqto"vjcv"yqwnf"dg"uecngf"fgrgpfgf"qp"vjg"
maximum value randomly generated.

D{"wukpi" vjg" ugeqpf"ogvjqf"qh" igpgtcvkqp" kv"ycu" rquukdng" vq" rtgugtxg" vjg" dcuke" uvcvkuvkecn"
characteristics of historical storms on the generated ones: the distribution functions of the maximum 
cpf" vjg"ogcp" rtgekrkvcvkqpu." cu"ygnn" cu" vjg" eqttgncvkqp" dgvyggp" vjg"oczkowo" cpf" cxgtcig"
precipitations (in this case equal to 0.082, similar to the corresponding for historical storms).

Kp"cffkvkqp."vjg"u{pvjgvke"rtgekrkvcvkqpu"qdvckpgf"kp"vjg"6;"uvcvkqpu"ygtg"cnuq"cpcn{¦gf0"Vjg"
tguwnvu"ujqygf"vjcv"vjg"ugeqpf"rtqegfwtg"cnnqygf"tgrtqfwekpi"cfgswcvgn{"vjg"uvcvkuvkecn"ogcp"cpf"
uvcpfctf"fgxkcvkqp"qh"gcej"qpg."cu"ku"ujqyp"kp"Hkiwtgu"38."390

Kp" vjg" ecug" qh" vjg" umgypguu." Hkiwtg" 3:" ujqyu" vjcv" c" igpgtcn" citggogpv" dgvyggp" u{pvjgvke"
cpf"jkuvqtkecn"xcnwgu"ycu"cejkgxgf."dwv"vjg"eqttgncvkqp"dgvyggp"vjgo"ycu"uocnngt."yjkej"uggou"
nqikecn"eqpukfgtkpi"vjcv"umgypguu"ku"c"uvcvkuvke"vjcv"fgrgpfu"qp"vjg"vjktf"oqogpv"qh"vjg"rtqdcdknkv{"
fkuvtkdwvkqp"hwpevkqp."wuwcnn{"fkhÝewnv"vq"tgrtqfweg0
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