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Abstract One important element of understanding basin response to strong shak-
ing is the analysis of spectral ratios, which may provide information about the dom-
inant frequency of ground motion at specific locations. Spectral ratios computed from
accelerations recorded by strong-motion stations in Mexico City during the main-
shock of the 19 September 2017 M 7.1 Puebla-Morelos earthquake reveal predomi-
nate periods consistent with those mapped in the 2004 Mexican seismic design code.
Furthermore, the predominant periods thus computed validate those studies using
mainshock and aftershock recordings of the handful strong-motion stations that re-
corded the 19 September 1985M 8.1 Michoacán earthquake. Even though the number
of stations in each of the zones (zones I, II, IIIa, b, c, and d) is not the same, they still
allow confirmation of site frequencies (periods) attributable to the specific zones (par-
ticularly those in zones IIIa, b, c, and d). Spectral ratios are computed with two differ-
ent methods: (1) horizontal to horizontal (H/H) ratio of smoothed amplitude spectrum
of a horizontal channel in direction X of a station with respect to the smoothed am-
plitude spectrum of the horizontal channel in the same X direction of a reference stiff
soil (or rock) station and (2) horizontal to vertical (H/V) ratio (or also known as the
Nakamura method) of both horizontal (H) and vertical (V) channels of the same sta-
tion. We show a comparison of the identified frequencies (periods) derived by both
methods and find they are very similar and in good agreement with those indicated in
the zoning maps of Mexico City in the 2004 seismic design code.

Introduction

On 19 September 2017, the M 7.1 Puebla-Morelos
earthquake occurred at 18:14:40 GMT (13:14:40 local
time) at epicentral coordinates: latitude 18.40° N and lon-
gitude 98.72° W and depth of 57 km (The National Seismo-
logical Service of Mexico [SSN]). The U.S. Geological
Survey (USGS) gave the epicentral coordinates as
18.5838° N and 98.3993° W and depth as 51 km (see Data
and Resources). Geotechnical Extreme Events Reconnais-
sance (GEER) describes the earthquake as occurring “in a
complex region of normal and reverse faults with a regional
tectonic mechanism associated with the subduction of the
Cocos plate under the North American plate. The epicenter
was located 12 km southeast of the city of Axochiapan in
the State of Morelos. As expected, there was no surface ex-
pression of the fault rupture reported by any of the recon-
naissance teams dispatched to the area” (Geotechnical
Extreme Events Reconnaissance [GEER], 2017). A recent
inversion study by Melgar et al. (2018) indicates a north-
ward dip. Additional information on the seismological as-

pects, tectonics, intensity, and ShakeMaps related to this
event can be found at the USGS website.

A Note on 1985 and 2017 Earthquakes

It is well known that previous earthquakes occurring at far
distances from Mexico City have caused significant loss of
lives and extensive damage within the city. One of the most
well known of such events was the 19 September 1985M 8.1
Michoacán earthquake (Anderson et al., 1986; Çelebi et al.,
1987a,b; Stone et al., 1987). At an epicentral distance of
∼400 km, this distant event caused 4287 casualties and
5728 buildings to either collapse or sustain heavy damage
(Çelebi et al., 1987a,b; Stone et al., 1987). Relative locations
of the 1985 and 2017 earthquake epicenters and epicentral dis-
tances from Mexico City are shown in Figure 1. We note that
although the epicenter of the 1985 earthquake was farther
away from Mexico City than the 2017 Puebla-Morelos event,
it was an order of magnitude larger.

One of the main reasons that Mexico City sustain exten-
sive damage from earthquakes that originate at far distances is
that it is densely built on a filled lakebed (GEER, 2017).
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Hence, seismic design codes in Mexico recognize the site-spe-
cific zonation issues in Mexico City. The design codes have
considered three zones that realistically represent lakebed
areas as riskier. For example, at the time of the 1985 earth-
quake, the seismic zoning map used in design codes consisted
of only three zones (hills [now zone I], transition [now zone
II], and lake zone [now zone III]) (Fig. 2) (Çelebi et al.,
1987a). This older zonation map depicts not only limited num-
ber of the current key strong-motion stations but also includes
locations of temporary stations established in 1985 earth-
quake-related aftershock studies (Çelebi et al., 1987a) that
are not repeated herein.

After the 1985 earthquake, several research groups
focused on analyzing the seismic records, local geological
structure, possible models, influence of Trans-Mexican vol-
canic belt, and generation and propagation of surface waves,
as well as the role of the path between the source and the
valley. A comprehensive literature review of this research
is described in the work of Flores-Estrella et al. (2007).

Even though the amplification of seismic waves in the
Valley of Mexico has been widely explained by local and
regional soil properties (Sánchez-Sesma et al., 1988; Shapiro
et al., 1997) or by the differences of quality factors of propa-
gation of seismic waves at certain frequency-band windows
(Iida and Kawase, 2004), the long-lasting duration of ob-
served long-period strong motions inside the lake zone is a
subject still under discussion and actively researched. Exam-
ples of such studies are by Chávez-García and Bard (1994)
and Bard and Bouchon (1980). Kawase (2003), by analyzing
2D basin models, concluded that surface wavetrains gener-
ated at basin edges sustain rapid decay as they propagate and
suggested discarding this mechanism as a possible explana-
tion for the long seismic records. Singh and Ordaz (1993)
explained the long-lasting duration of seismic signals in the
valley as caused by regional-scale effects, such as the pres-
ence of scatterers around the basin that produce multipaths

within the larger Valley of Mexico. Another explanation is
that the interaction between incident wavefields and local
basin conditions could produce elongation of the signal
duration by means of coupling valley resonant frequencies
with dominant periods of seismic waves (Chávez-García and
Salazar, 2002).

More recently, Cruz-Atienza et al. (2016) simulated
wavefield propagation in the Valley of Mexico, showing that
deep structure provides conditions for a dominance of wave
overtones on ground motion in the lake zone and that this
propagation regime strongly contributes to the elongation
of intense shaking at frequencies for which the largest am-
plification is observed.

In addition, significant studies of natural site period dis-
tribution across Mexico City (after the 1985 earthquake) were
carried out by Lermo and Chávez-García (1993, 1994). The
best-known result of these studies was a map of period con-
tours in the Mexico basin. It is important to note that in this
study, we show that spectral ratios computed using accelera-
tions recorded at multiple stations in Mexico City during the
19 September 2017 earthquake allow identification of site
frequencies (periods) that agree with those indicated by the
2004 seismic design code zoning maps of Mexico City.

Figure 1. Relative locations of the 1985 and 2017 earthquakes
with respect to Mexico City. Coordinates (latitudes and longitudes)
of the epicenters of both 1985 and 2017 events are also indicated.
The red shaded areas are rupture regions (from Mendoza and Hart-
zell, 1989, and Melgar et al., 2018).

Figure 2. Zoning map of Mexico City that was in effect in 1985
(Çelebi et al., 1987a). Solid lines are major avenues, and thick solid
lines are boundaries of zones. Stations included in the study are
marked with circles.
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Naturally, during the past three decades since the 1985
event, Mexico City seismic zonation maps have evolved. The
current seismic code further divides the lake zone (now zone
III) into four subzones. Figure 3a shows the current seismic
zoning map of Mexico City that has been in effect since 2004
(Mexican Seismic Design Code, 2004). Four subzones (a, b,
c, and d) on the lake zone (zone III) are depicted in this map.
Figure 3b shows a colored zoning map modified from the
2004 Mexican seismic design code. It includes some of the
stations in different zones that recorded the 19 September
2017 M 7.1 earthquake. Station CUP5, used in this study, is
in close proximity to Universidad Nacional Autonoma de
Mexico (UNAM) station that was the major reference station
used in studies conducted after the 19 September 1985M 8.1
Michoacán earthquake (Çelebi et al., 1987a).

Recently, Arroyo et al. (2013) evaluated the change in
dominant periods in the lake zone of Mexico City. They stud-
ied the changes produced by ground subsidence through the
use of site amplification factors and proposed an updated
map for inclusion in the revisions to the 2004 seismic design
code of Mexico. GEER (2017) cites this study and a UNAM-
GEER study after the 2017 earthquake that confirmed the
findings of Arroyo et al. (2013).

Accelerations recorded in Mexico City during both the
1985 and 2017 earthquakes were not large (mostly <0:25g).
Table 1 shows a comparison of peak accelerations recorded
in some of the stations that existed in 1985 as well as those

Table 1
Representative Number of Peak Accelerations during the

1985 and 2017 Mainshocks

1985 Peak
Acceleration (g)*

2017 Peak
Acceleration (g)†

Zone North–South East–West North–South East–West

UNAM I 0.03 0.035 0.046‡ 0.055‡

CUP5 I – – 0.05 0.06
TACY I 0.03 0.03 0.06 0.06
VIV III 0.049 0.024
JC84 II – – 0.22 0.21
CH84 II – – 0.15 0.23
SI53 IIIa – – 0.13 0.18
SCT IIIb 0.098 0.168
SCT2 IIIb 0.09 0.09

Zone designations are according to the current zoning map in the 2004
seismic design code. UNAM, Universidad Nacional Autonoma deMexico.
*NIST report (Stone et al., 1987).
†GEER report (2017).
‡Center for Engineering Strong Motion Data (see Data and Resources).

Figure 3. (a) Seismic zoning map in effect in 2017 in Mexico City (adopted from the Mexican seismic design code of 2004). Compared
wth the 1985 zoning map, this map is far more detailed (zones denoted as zona; escala gráfica denotes the map scale). (b) 2017 zoning map
modified from the 2004 Mexican seismic design code. Here, we use color to emphasize the different seismic zones and include some of the
stations that recorded the 19 September 2017 M 7.1 earthquake. Station CUP5 used in this article is in close proximity to Universidad
Nacional Autonoma de Mexico (UNAM) station that was the major reference station used in studies after the 19 September 1985
M 8.1 Michoacán earthquake (Çelebi et al., 1987a). The inset in (b) depicts location of Mexico City within the Map of Mexico.
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during the recent 2017 event. In 1985, because there were a
limited number of strong-motion stations, some larger peak
accelerations probably occurred but were not recorded.
Nonetheless, considering the reported damages caused by
the 1985 or 1987 events, the level of peak accelerations
was not the main cause of damage. As strongly evidenced
by previous studies of the 1985 event, the frequency content
and resulting resonating amplifications of ground motions
were the main culprits leading to structural damage (Ander-
son et al., 1986; Çelebi et al., 1987a; Stone et al., 1987).

Relevant to this study and for comparison later, ampli-
fications of motions in the lake zone (the dubbed culprit
during the 1985 event) are best displayed by the now well-
known acceleration time history and corresponding response
spectra plots. In 1985, the strong-motion stations that existed
were UNAM and TAC in the hills zone; VIV in the transition
zone; and SCT, CDAO, and TLA in the lake zone. Anderson
et al. (1986) described the surficial geologic formations of
these stations as very soft soil (clay) for SCTand CDAO both
in the lake zone, soft soil for VIV at the transition zone, and
hard soil for TAC and rock (basalt) for UNAM, both in the
hills zone. The other stations that recorded the 2017 event are
listed in Table 1.

The 1985 recorded acceleration data
from SCT and UNAM are integral in de-
scribing the main culprit (frequency con-
tent and amplification) responsible for
the extensive structural damage in this
event. As such, these stations best symbol-
ize amplification in the Mexico City lake
zone. Sample 1985 event acceleration re-
cords and corresponding response spectra
from SCT (1985 ID), UNAM, VIV, and
CDA are shown in Figure 4 (adopted from
Anderson et al., 1986). Design spectra
from the code in effect in 1985 have been
superimposed on the response spectra for
comparison (Anderson et al., 1986). These
time histories clearly depict the amplified
motions (e.g., at SCT when compared to
UNAM). The SCT response spectra in
Figure 4 clearly define a 2-s (0.5-Hz) reso-
nating site period (frequency) (Mena et al.,
1985). It is fair to say that after the
1985 event, the response spectrum of 1985
SCT accelerations became a symbol of the
amplification and resonating lakebed site
period. Furthermore, station SCT (of 1985
but currently known to be the same as SCT2
station) is also important because it was
close to the (Secretaria de Comunicaciones
y Transportes—Ministry of Telecommuni-
cation and Transportation) building that
was severely damaged in 1985. Upper
floors of the building collapsed; two photos

of the collapsed top floors of the SCT building are seen in Fig-
ure 5. This is notable because these motions were recorded
from an event that originated ∼400 km away (Fig. 1). It has
been reported (but not confirmed) that the SCT building sus-
tained extensive damage during the 2017 event as well and is
under consideration to be razed.

After the 1985 mainshock, the USGS, in collaboration
with Mexican scientists, deployed temporary data loggers at
existing strong-motion stations and additional new tempo-
rary stations shown in Figure 2 (USA, SFO, and TLA). In
an earlier study, spectral ratios with respect to UNAM station
for strong and weak motions are provided by Çelebi et al.
(1987a) and are not repeated herein. Those spectral ratios
confirmed the significant amplification of motions and the
resonating periods (frequencies) that are also seen in the re-
sponse spectra of Figure 4 (Anderson et al., 1986). As stated
before, these factors caused extensive damage and loss of life
and property (Stone et al., 1987).

Purpose of This Study

In this study, we analyze the spectral ratios computed
from strong-motion data recorded by several stations in
Mexico City during the 19 September 2017 M 7.1 Puebla-

Figure 4. (a) Acceleration time histories for the 1985 mainshock at different loca-
tions in Mexico City compared with UNAM station. (b) Response spectra of the accel-
erations also depict the site amplifications. Design response spectrum in effect in 1985 is
superimposed as dashed lines on each spectrum to facilitate comparison. (Adapted and
redrawn with permission from the author, J. Anderson [9 April 2018] and reprinted with
permission from American Association for the Advancement of Science [AAAS].)

Figure 5. Photos of the damaged Secretaria de Comunicaciones y Transportes (SCT,
Ministry of Telecommunications and Transportation) building after the 1985 earth-
quake. It was severely damaged with several collapsed floors (see USGS Photographic
Library website in Data and Resources).
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Morelos earthquake. With these data, we aim to identify the
predominant frequencies at select sites. When applicable, we
compare these frequencies and spectral ratios with observed
predominant frequencies from the 1985 earthquake. We also
compare the frequencies and spectral ratios we compute with
the current site periods (frequencies) from the seismic zoning
map of Mexico City (Mexican Seismic Design Code, 2004).
The scope of the article does not include tectonics, seismic-
ity, earthquake damage reconnaissance, or assessment.

2017 Earthquake Data, Sources, and Organization

Figure 6 shows a Google Earth map with the locations of
the stations in Mexico City that recorded the 2017 Puebla-
Morelos earthquake. These stations are operated by the
Institute of Engineering’s (IINGEN) strong ground motion
network of the seismic instrumentation unit within the
Engineering Seismology Laboratory of the UNAM and
Centro de Instrumentación y Registro Sísmico (CIRES).
In this figure, we show only stations from which data were
available to us and are used in this study. It should be noted
that there may be more stations that recorded the earthquake.

Figure 7 is a map showing predominant periods in the
different zones (digitized by authors using a similar map in the
Mexican seismic design code of 2004). We will use this map
to compare site periods from the code (obtained by interpo-
lation of this map) with those site periods from strong-motion
data of the 2017 earthquake computed by spectral ratios.

In Table 2, identification of stations, their coordinates,
site classes, and particulars (original record length, number
of points [npts], and sampling period [Δt], which is
1/sampling rate). As shown in Table 2, there is not a common
record length or Δt for all of the dataset. It was noted that
even for a few stations, the record lengths varied. Therefore,
both the lengths of the records and Δt were standardized for
all data used. This was necessary to obtain an identical length

for each channel of each station and to achieve identical fre-
quency vectors and sampling frequency (Δf). Hence, we
chose a record length of 260 s and Δt of 0.01 s for all data.
We accomplished this by carefully padding short (records
<260 s) or chopping excess parts of records longer than
260 s. No portion of the actual earthquake time series data
was truncated in the process.

Because the original lengths of the records are neither
standard nor necessarily long, we did not discuss the now
well-known long-duration records generated by deep basin
and soft surface layers. However, such characteristics have
been studied in detail by Kawase and Aki (1989) and
Flores-Estrella et al. (2007), who presented a comprehensive
review of studies on the Mexico City basin and rightly stated
that the 1985 earthquake pointed to the importance of basin-
site effects and that the 1985 earthquake records revealed
large amplifications and long durations in the lake zone of
Mexico City. Iida and Kawase (2004) reach similar conclu-
sions by studying records from a borehole. Lermo and
Chávez-García (1993, 1994) showed that microtremors show
good reliability compared with those using strong motions.
Other notable studies on these and similar topics related to
horizontal to vertical (H/V) studies with microtremors and
earthquakes include but are not limited to Kawase et al.
(2011, 2014), and Chávez-García et al. (1995).

Figure 6. Google Earth Map of Mexico City with strong-mo-
tion stations used in this study, that recorded the earthquake on 19
September 2017 (yellow circles with station numbers labeled). (In-
set) Stations SCT, CUP5, and UNAM are highlighted in red. The
white box on main map shows the area in the inset.

Figure 7. Map showing predominant periods in the different
zones (digitized by authors using the zoning map from the Mexican
seismic design code of 2004). This map is used in this article to com-
pare periods from the codewith those from strong-motion data of 2017
earthquake. Stations included in this study are shown as yellow circles.
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Data Analyses: Spectral Ratios

After standardization (as defined earlier) of the acceler-
ation data, we compute amplitude spectra of each channel of
all stations and then smoothed them using the Hanning
window function in MATLAB (Mathworks, 2017). Spectral
ratios are computed using the transfer function relationship

EQ-TARGET;temp:intralink-;df1;55;221Rij�f� � Aij�f�=Aref;j�f�; �1�
in which Aij�f� is the jth component of the smoothed am-
plitude spectrum at recording station i and similarly, Aref;j�f�
is the jth component of the smoothed amplitude spectrum at
the reference recording station. This relationship, also known
as horizontal to horizontal (H/H) ratio, is valid assuming the
differences in distance between the recording station i and
reference station is negligible compared with an overall dis-
tance of ∼106 km of the reference station from the epicenter
(Fig. 1). The background of such quantification of amplifi-
cations of motions as represented by spectral ratios Rij�f� is
discussed in detail by Borcherdt (1970, 1976), Gibbs and

Borcherdt (1974), Rogers et al. (1984), and Borcherdt and
Glassmoyer (1992).

In addition to the classic spectral ratio method Rij�f�, we
also use H/V ratios, morewidely known as Nakamura’s method
(Nakamura, 1989, 2008). This method is normally used when
there are no suitable reference station data that can be used to
compute Aref;j�f� in equation (1). As seen later, we success-
fully applied this method for the data from zones II and III.

Both the H/H and H/V methods have been extensively
studied or tested in the past using microtremor or strong-shak-
ing earthquake motions by numerous researchers including
some referenced earlier as well as Lermo and Chávez-García
(1993) and Flores-Estrella et al. (2007) for Mexico City and
related data. Satoh, Fushimi, and Tatsumi (2001) and Satoh,
Kawase, and Matsushima (2001) carried out similar studies
using Japanese data. Salinas et al. (2014) studied low-ampli-
tude and strong-shaking earthquake data from different
sources recorded at Cibeles station in Mexico City in the area
of heavy damage from the 1985 earthquake. They used diffuse

Table 2
Data Information

UNAM IINGEN Stations

Coordinates Original

This Study
Site Class

(2004 Code) Station Name
Longitude

(°W)
Latitude
(°N) Δt* Number of Points Record Length (s)

1 IIIb CCCL −99.1379 19.4498 0.01 61849 615
2 I CJVM −99.2850 19.3616 0.01 E(10516] N[10065] Z[10298] E[105.15 s] N[100.60 s] Z[103 s]
3 II COVM −99.1561 19.3511 0.01 26001 260
4 II CTVM −99.1655 19.4430 0.01 26001 260
5 I CUP5 −99.1811 19.3302 0.01 41181 411.8
6 IIId ICVM −99.0990 19.3845 0.01 26001 260
7 IIIa* LEAC −99.0976 19.3228 0.005 68491 342.45 s
8 I MPVM −99.0114 19.2010 0.01 26001 260
9 IIIb PCJR −99.1591 19.4228 0.01 38791 387.9
10 IIId PISU −99.0490 19.4857 0.01 38891 388.9
11 I PZIG† −99.1780 19.3290 0.01 E[14505] N[14460] Z[14624] 145.04 s 144.59 s 146.23 s
12 IIIb SCT2 −99.1489 19.3947 0.01 31591 315.9 s
13 I TACY −99.1953 19.4045 0.005 46891 234.45 s
14 I THVM −98.9732 19.3110 0.01 26001 260 s
15 I TLVM −99.1537 19.2094 0.01 26001 260 s
16 IIId VRVM −99.1144 19.4179 0.01 26001 260 s

CIRES Stations
17 II‡ CH84 −99.1254 19.3300 0.01 33860 338.6
18 IIIb CI04 −99.1566 19.4098 0.01 60000 600.0
19 IIIb CI05 −99.1653 19.4186 0.01 32901 329.0
20 II ES57 −99.1775 19.4017 0.01 28220 282.2
21 II JC54 −99.1272 19.3130 0.01 35280 352.8
22 IIIb PE10 −99.1318 19.3809 0.01 35260 352.6
23 IIIa SI53 −99.1483 19.3753 0.01 38660 386.6
24 IIIc VM29 −99.1253 19.3811 0.01 32901 329.0
25§ I UNAM −99.1780 19.3296 0.01 26001 260

Data characteristics are standardized to length of 260 s for each station and channel and with Δt � 0:01 s (100 samples per second) and reduced to or
padded to 26001 points. LEAC could be either IIIa or IIIb so it is hence accepted here as IIIa. CIRES, Centro de Instrumentación y Registro Sísmico;
UNAM, Universidad Nacional Autonoma de Mexico; IINGEN, Institute of Engineering.
*Delta Time (sampling rate).
†Note the short length of PZIG.
‡CH84 GEER (2017) identifies as II but could be IIIa also; hence accepted as II. All acceleration time history units are standardized to m=s=s units.
§UNAM operated station.
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field theory to obtain H/V ratios and interpreted them and
identified the structure. For the sake of brevity, we will not
present time histories or amplitude spectra except for a couple
of sample cases to demonstrate both methods.

It is imperative to state that eight stations (out of 25 in
Table 1) are in zone I. Theoretically, any one of the eight
stations could be used to compute Aref;j�f� in equation (1).

But before UNAM data were available, we
started using CUP5 (a station very close to
UNAM station; see Fig. 6). Hence, all
spectral ratio computations herein are with
respect to CUP5 for Aref;j�f�. Nonetheless,
we validated the computations with
UNAM and other relevant data for this
purpose. The results, not presented here,
did not change.

Sample Computations for SCT2 and
CUP5 Using Two Methods

In Figure 8, for station SCT2 records
in zone IIIb, we show (1) mainshock ac-
celeration time histories in north–south,
east–west, and vertical directions, (2) am-
plitude spectra of the accelerations, and
(3) spectral ratio (H/V) for SCT2. It is
noted that SCT2 is the same as the 1985
SCT station. The H/V spectral ratios
clearly indicate that the dominant fre-
quency (period) of SCT2 is ∼0:5 Hz (2 s),
similar to those in the 1985 response spec-
tra, as depicted in Figure 4.

In Figure 9, we repeat the same proc-
ess for CUP5 (of zone I): (1) time histories,
(2) amplitude spectra, and (3) spectral ratios
(H/V). As expected, there is no highly dom-
inant frequency within the 0–2 Hz window.

Next, in Figure 10a, we compute
Rij�f��Aij�f�=Aref;j�f� for SCT2 �Aij�f��
and CUP5 (Aref;j�f�) as the denominator.
Figure 9b is identical to Figure 8c in order
to compare the two methods. It is clear
that the comparison is excellent, and both
methods yield the dominant ∼0:5 Hz site
frequency for SCT2. This is a clear indica-
tion of the applicability of the H/V method
for the motions recorded in Mexico City.

Spectral Ratios for Zone II

We repeat the comparison of
Rij�f� � Aij�f�=Aref;j�f� with H/V spec-
tral ratios for only data from five zone II
stations identified in Table 2. Figure 11a,
and 11b shows five zone II stations
spectral ratios computed in the north–

south and east–west directions, respectively, using Rij�f� �
Aij�f�=Aref;j�f� with CUP5 as the denominator and simi-
larly, Figure 11c, and 11d spectral ratios using the H/V
method. At the top of each frame, an average of the five spec-
tral ratios is shown. This figure indicates that the spread of
zone II site frequencies (periods) are between ∼0:7 and
1.1 Hz (∼0:91–1:43 s), consistent for both methods. Varia-

Figure 9. For station CUP5 in zone I, (a) north–south, east–west, and vertical main-
shock acceleration time histories; (b) amplitude spectra computed from accelerations;
and (c) spectral ratios using H/V of amplitude spectra.

Figure 10. Comparison of (a) spectral ratios of station SCT2 (zone IIIb) with re-
spect to station CUP5 (zone I) with (b) spectral ratios computed using H/V method only
for station SCT2 amplitude spectra. The peak that appears around 0 Hz is due to numeri-
cal computation, in which the denominator is a very small number.

Figure 8. For station SCT2 in zone IIIb, (a) north–south, east–west, and vertical
mainshock acceleration time histories; (b) amplitude spectra computed from accelera-
tions; and (c) spectral ratios using H/V of amplitude spectra.
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tions of site frequencies from one station to the next can be
attributed to the variation of depth and log of each location.

At the top of each frame in Figure 11, we present an average
of the five spectral ratios within that frame. The averages also
confirm frequencies (periods) of ∼0:7–1:1 Hz (∼0:91–1:43 s).

Spectral Ratios for Zone III

Following the same process in Figures 12 and 13, we
compare the spectral ratios by both methods individually

for the stations within each of the four
zone III subzones in Table 2. The number
of stations in each of the subgroups varies.

Figure 12 shows Rij�f� � Aij�f�=
Aref;j�f� with CUP5 as the denominator
in all of the zone III spectral ratio versus
frequency curves computed from accelera-
tions recorded in (1) north–south and
(2) east–west directions of the stations
(identified by the numbering in Table 2).
What is clear in each of the frames in Fig-
ure 12a,b for both north–south and east–
west directions is the clear trend in increas-
ing dominant frequency from zone IIId to
zone IIIa of the zoning map (Figs. 3b
and 7). For example, for zone IIId, f (or
T) is ∼0:25 Hz (∼4:0 s), and for zone IIIa,
f or T is ∼0:65–0:8 Hz (∼1:25–1:54 s).
There is small variation between zones IIIc
and IIId (e.g., f or T is ∼0:8–1:0 Hz
[∼1:0–1:25 s]).

Similarly, Figure 13 shows the spec-
tral ratio versus frequency curves computed by the H/V
method from accelerations recorded in (1) north–south and
(2) east–west directions of the stations (identified by the num-
bering in Table 2). The trend and site frequencies or ranges
of frequencies are similar to those observed in Figure 12.

Summary of Results, Discussion, and Conclusions

Spectral ratios computed using accelerations recorded at
multiple stations in Mexico City during the 19 September
2017 earthquake allow identification of site frequencies (peri-
ods). In this study, spectral ratios computed by two methods
(Rij and H/V) are similar. In Table 3, we summarize the results
of this study and compare the site frequencies (periods) ob-
tained by peak picking of spectral ratios using both methods
(for zone II and zones IIIa, b, c, and d) with those interpolated
from the predominant site period map presented in Figure 7,
which is modified from the 2004 seismic design code zoning
maps currently in effect in Mexico City. Because of the var-
iations of depth and geologic formations at each station loca-
tion, the variations of frequencies (periods) are justified.
However, there is a clear trend, particularly for subdivisions
of zone III, that indicate, as expected, showing an increase
in computed frequencies from accelerations recorded at zone
IIId stations to those at zone IIIa. This is consistent and jus-
tified because shear-wave velocities vary between depths of 10
and 60 m within zone III (Table 4). The differences may be
attributed to (1) interpolation from the maps or (2) peak pick-
ing of the frequencies from ratios (or both).

Based on Table 3, we plot frequencies obtained from the
2004 seismic design code zoning map against those identi-
fied from the two spectral ratio methods explained earlier.
Figure 14 shows the comparison; the agreement is strong.

Figure 11. For five zone II stations, (a) north–south and (b) east–west spectral ratios
computed using Rij�f� � Aij�f�=Aref;j�f� with station CUP5 as the denominator and
similarly (c,d) spectral ratios using H/V method. At top part of each frame, an average of
the five spectral ratios is also shown.

Figure 12. Spectral ratios computed with respect to station CUP5
as the denominator in all of the four zone III accelerations recorded in
(a) north–south and (b) east–west directions of the stations identified
by the numbering in Table 2. Dashed vertical lines are intended to
depict the changing trend of frequencies from zone IIId to IIIa.
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In Table 4, we further summarize the results by provid-
ing the range of frequencies and soil depth (for zone III as
shown in the 2004 Mexican seismic design code). It is clear
that the variations observed in Figure 4 are also attributable
to the variation of soil depth—a factor that is significant.

Variation of shear-wave velocity (VS) with depth at different
stations, although not known, may affect the results as well.

We conclude that predominant site frequencies (periods)
identified from spectral ratios computed for ground motions
recorded in Mexico City during the mainshock of the 19 Sep-
tember 2017 M 7.1 Puebla-Morelos earthquake are in good
agreement with those indicated in the site period map of the
2004 Mexican seismic design code. The agreement is best
for zone III and relatively good for zone II stations. The
differences can be attributed to one or a combination of sev-
eral factors, including (1) interpolation errors from the maps,
(2) peak picking errors of the frequencies from spectral ra-
tios, (3) variations of depth, (4) associated VS values of the
underlying soil at different locations, and (e) differences in
H/V to H/H (soil/rock) ratios. Most important, the difference
is most likely due to physical differences between H/H spec-
tral ratios computed with respect to a reference station and H/
V spectral ratios computed with respect to vertical motion at
the same station. Furthermore, we conclude that the H/V
method can be reliably used with data from Mexico City.

Although the correlation of the predominant zoning site
periods of the observed data and those included in the maps of
the 2004 seismic design code are satisfactory, it is hereby em-
phasized that such agreement does not at all imply that the
spectral levels in the code are sufficient or not for earth-
quake-resistant design of buildings in the lake zone of Mexico
City. Additional studies to this effect are recommended.

Figure 13. Spectral ratios computed by the H/V method from
accelerations recorded in (a) north–south and (b) east–west direc-
tions for all of the four zone III stations identified by the numbering
in Table 2. Dashed vertical lines are intended to depict the changing
trend of frequencies from zone IIId to IIIa.

Table 3
Summary Table of Site Frequencies Obtained from Spectral Ratios and Digitized Zoning Map

Station f (Hz) Rij f (Hz) H/V Zoning Map

Number Label Zone North–South East–West North–South East–West T (s) f (Hz)

1 CCCL IIIb 0.35 0.35 0.4 0.4 1.84 0.54
2 CJVM I
3 COVM II 0.85 1 0.9 1 0.80 1.26
4 CTVM II 0.7 0.8 0.7 0.7 1.19 0.84
5 CUP5 I 0.50 2.00
6 ICVM IIId 0.3 0.3 0.25 0.25 3.50 0.29
7 LEAC IIIa 0.7 0.85 0.7 0.7 1.04 0.96
8 MPVM I 0.50 2.00
9 PCJR IIIb 0.45 0.45 0.42 0.47 2.03 0.49
10 PISU IIId 0.27 0.25 0.24 0.24 3.67 0.27
11 PZIG+ I 0.50 2.00
12 SCT2 IIIb 0.52 0.47 0.51 0.52 2.00 0.50
13 TACY I 0.50 2.00
14 THVM I 0.51 1.95
15 TLVM I 0.50 2.00
16 VRVM IIId 0.32 0.33 0.28 0.29 3.27 0.31
17 CH84 II 0.75 0.75 0.75 0.75 0.92 1.08
18 CI04 IIIb 0.5 0.52 0.51 0.56 2.09 0.48
19 CI05 IIIb 0.44 0.52 0.52 0.51 1.64 0.61
20 ES57 II 0.8 0.8 0.8 0.8 0.72 1.39
21 JC54 II 0.85 0.85 0.8 0.8 0.89 1.13
22 PE10 IIIb 0.35 0.51 0.51 0.56 2.05 0.49
23 SI53 IIIa 0.7 0.85 0.7 0.7 1.20 0.83
24 VM29 IIIc 0.44 0.45 0.45 0.45 2.54 0.39
25 UNAM I 0.50 2.00
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Data and Resources

The data used in this work were kindly provided by the
Red Sísmica del Valle de México (RSVM) of the Servicio Sis-
mológico Nacional (SSN, Mexican National Seismological
Service); station maintenance, data acquisition, and distribu-
tion are thanks to its personnel. Financial support is provided
by Consejo Nacional de Ciencia y Tecnología (CONACYT,
National Council for Science and Technology), Universidad
Nacional Autónoma de México (UNAM, National Autono-
mous University of Mexico), and Gobierno de la Ciudad
de México (Government of Ciudad de México). Instrumenta-
tion and processing work are courtesy of the Seismic Instru-
mentation Unit at the Institute of Engineering of the National
Autonomous University of Mexico (UNAM, www.iingen
.unam.mx, last accessed April 2018). The information about
the Ayutla, Mexico, earthquake is available at https://
earthquake.usgs.gov/earthquakes/eventpage/us2000ar20#exe
cutive (last accessed January 2018). Photos are by M. Çelebi
and are found in (a) https://library.usgs.gov/photo/#/tem/

51dc314ae4b0f81004b79eec, and (b) https://library.usgs.
gov/photo/#/item/51dc314ce4b0f81004b79eee (last accessed
August 2018). Center for Engineering Strong Motion Data
are available at www.strongmotioncenter.org (last accessed
April 2018). The information about the 1985 Mexico earth-
quake is available at https://www.nist.gov/publications/
engineering-aspects-september-19-1985-mexico-earthquake-
nbs-bss-165 and http://ws680.nist.gov/publication/get_pdf.
cfm?pub_id=908821 (last accessed April 2018).
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