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Abstract

The 2012 Haida Gwaii earthquake was a massive Mw 7.8 earthquake that struck the

Queen Carlotte Islands Region on 28 October 2012 (UTC). This study analyzed the

variations in zenith tropospheric delay (ZTD) following the Mw 7.8 Haida Gwaii earth-

quake using near real-time ZTD data collected from eleven stations in the seismic5

region and the forecast ZTD of ECMWF. A new differential method was used to detect

anomalies of ZTD time series. Result showed that obvious ZTD anomalies occurred

on the day of the earthquake (day-of-year, doy 302). There were anomalous ZTD vari-

ations at eight stations in the post-earthquake period on doy 302, possibly due to the

processes of earthquake-generated acoustic waves. Propagation of acoustic waves10

caused variations of tropospheric parameters (e.g., atmospheric pressure, temperate,

and atmosphere density), thus influencing ZTD. Absence of anomalous ZTD variations

at the remaining three stations was attributed to the special topographic conditions, i.e.,

the long epicentral distance and the presence of huge mountains as a natural protec-

tive screen. Our work provides new insights to the relationship between of earthquake15

event and ZTD variation. The proposed differential method is superior to conventional

method for detecting specific ZTD anomalies caused by earthquake events.

1 Introduction

Earthquake is a calamitous natural disaster with huge destructive power. Large earth-

quakes commonly induce massive landslides and cause great losses to life and prop-20

erty. Earthquake research is thus of great significance (Calais et al., 1995; Yao et al.,

2012a, b). A large number of investigations have found co-seismic or pre-seismic

ionospheric anomalies and the speculated reason is the acoustic coupling of the at-

mosphere and the solid-Earth (Jin et al., 2011). During an earthquake, quick seis-

mic surface wave propagation produces radiated sound and infrasonic waves, whose25

integrated interactions further generate locally ground-coupled air waves (Mikumo,
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1968). The air waves propagate first upward or obliquely toward the upper atmo-

sphere and then spread horizontally as acoustic-gravity waves in the lower atmosphere

(Mikumo, 2013). Numerous of studies have been investigated acoustic waves gener-

ated from earthquake sources, determined their velocity of propagation, and computed

the seismic-to-pressure transfer function (e.g., Artru et al., 2004; Watada Set et al.,5

2006; Mikumo et al., 2008, 2013). The propagation of earthquake-generated acous-

tic waves in the troposphere may affect the global positioning system (GPS) signals

and probably cause anomalous variations in zenith tropospheric delay (ZTD, Jin et al.,

2011; Jin, 2012). However, recent studies lack of such possible impact on the tropo-

sphere and ZTD (Jin et al., 2011).10

ZTD is an important parameter in the Global Navigation Satellite System (GNSS).

Research on the internal mechanism of ZTD errors and their correlations with regional

natural conditions are needed to find out accurate methods for correction of local at-

mospheric refraction errors (Yang, 2001). ZTD data can be obtained through GPS ob-

servations. By analyzing ZTD variations, Jin et al. (2011) firstly found that co-seismic15

tropospheric anomalies occurred during the main shock in lower atmosphere follow-

ing the Mw 8.0 Wenchuan earthquake, and that daily ZTD residual time series (ZTD

minus the daily mean) imply ZTD variations in the post-earthquake period. But the

lower atmospheric anomalies, coupling processes and mechanism between the lower

atmosphere and the solid-Earth with more cases and observation were unanswered.20

Presently, investigations of more earthquake cases are required to promote the study

of lower atmospheric anomalies and to understand the relationship between earth-

quake and ZTD (Jin et al., 2011). The present study aimed to detect short-term varia-

tions of ZTD following the Mw 7.8 Haida Gwaii earthquake that hit the Queen Carlotte

Islands Region on 28 October 2012 (52.79
◦

N, 132.1
◦

W, 03:04:08, UTC) (IRIS). Dur-25

ing the Mw 7.8 Haida Gwaii earthquake, seismogenic rupture surface of the shock ex-

tended northwestward and mainly southeastward, with a total length of approximately

100 km (Rosenberger et al., 2013). The main shock rupture was reported to spread at
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a rupture velocity of approximately 2.3 kms
−1

, with an average slip of 3.3 m (Lay et al.,

2013).

In this study, high-quality ZTD data were collected at eleven stations in the seis-

mic region of Queen Carlotte Islands, and a new differential method was used for the

first time to detect specific ZTD anomalies. Anomalous ZTD variations were analyzed5

at the eleven stations using high-precision troposphere products of zenith path delay

(ZPD, another term for ZTD) provided by the International GNSS Service (IGS). To

remove the zenith delay variations of usual change caused by weather changes as

much as possible, we introduced the difference of the ZTD of IGS and the forecast

data of ECMWF. Major conclusions were drawn and disturbances of ZTD were dis-10

cussed based on a comprehensive analysis. The results will provide new insights to

the relationship between of earthquake event and ZTD variation. The proposed differ-

ential method is superior to conventional method for detecting specific ZTD anomalies

caused by earthquake events.

2 Data sources and analysis methods15

ZTD is generated from the lower travel speed of GPS signals in the atmosphere than

in vacuum, along a curved rather than straight path. It is essentially caused by the

variations in atmospheric refractive index along the ray path (Bevis et al., 1992). Bevis

et al. (1992) gave the excess path of the GPS signal as follows:

∆L =

∫

L

[n(s)−1]ds+ [S −G] (1)20

where n(s) is the refractive index; S is the path length along L; and G is the straight-

line geometrical path length. The delay is mainly generated from the first part of Eq. (1)

due to the slowing effect when the signals travel through the atmosphere (Bevis et al.,

1992). In optics, the refractive index n of a substance is defined as n = c/v , where c
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is the speed of light in vacuum and v is the speed of light in the substance. In GNSS,

this signal transmission delay is called tropospheric delay, which can be over 2 m at the

zenith and 20 m at the lower elevation angles (Pena et al., 2001).

High-quality and near real-time ZTD products generated from GPS observations are

supplied by IGS to meet the objectives of a wide range of scientific studies and en-5

gineering applications (Wang et al., 2007). At the IGS stations, ZPDs are estimated

by the IGS Regional Network Associate Analysis Centers in support of the IGS Tro-

posphere Working Group, which are available in subdirectories within the weekly GPS

product directories (ftp://cddis.gsfc.nasa.gov/pub/gps/products/WWWW/trop; WWWW

is the week number). These ZTDs are estimated by using GIPSY-OASIS software with10

IGS final combined orbit and clock products, IGS final combined earth orientation pa-

rameter, and site RINEX files (Wang et al., 2007). Other key features of the processing

approach for IGS ZTD data are detailed by Byun and Bar-Sever (2009). In the present

study, the accuracy of final ZTD products used was approximately 4 mm (Kouba, 2009).

In addition, the forecast data of ZTD are supplied by the ECMWF.15

This study was mainly focused on short-term ZTD changes during the Mw 7.8 Haida

Gwaii earthquake, particularly in the post-earthquake period on the day of the earth-

quake (28 October 2012), i.e., day-of-year (doy) of 302. In view of the annual cycle of

ZTD (Li et al., 2012), we analyzed ZTD data mainly on doy 299–305 in 2012 and doy

302 in 2000–2013. Additionally, ZTD data in October 2012 were studied at selected20

sites. Detailed information on the stations and parameters of GPS observation data

are available in subdirectories of the IGS website (http://igscb.jpl.nasa.gov/index.html).

The epicentral distance (distance between the epicenter and the station) of the obser-

vation sites ranged from approximately 370 km (station 1-HOLB) to 1200 km (station

11-PRDS). The increments of horizontal and vertical coordinates at these sites were25

small in the week studied (< 1 mm in most cases; maximum of approximately 1 cm at

station 3-UCLU). Thus, effect on the accuracy of ZTD data posed by site displacement

was neglected. According to local meteorological data (http://climate.weather.gc.ca),

there was no abnormal weather on doy 302 in 2012. More information on the GPS

3537
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sites (IGS stations) and earthquake parameters are shown in Fig. 1 and Tables 1 and

2.

ZTD variations were analyzed through multiple analysis using two important parame-

ters, namely, mZTD (ZTD at each epoch minus the daily mean) and dZTD (ZTD at one

epoch minus the prior epoch). First, a comparison analysis was performed on mZTD5

among the eleven stations. Then, a new differential method was used to analyze ZTD

variations, demonstrating significant differences. Additionally, dZTD variations on doy

302 in 2012 were discussed. These increments indicated the ZTD variation trend in

different dimensions. Based on statistical analysis of multi-year data, ZTD variations

on doy 302 in 2012 were well demonstrated. Finally, the stations 6-ALBH and 9-WILL10

were taken as examples for statistical analysis of ZTD variations separately.

3 Data analysis

This study aimed to detect anomalous ZTD variations in the seismic region on doy

302 in 2012, and then to analyze their relationship with the earthquake event (if the

anomalies exit). ZTD data at the IGS sites present a clear annual cycle and those at15

the medium- and high-latitude stations are given priority to the annual cycle (Li et al.,

2012; Yao et al., 2013). According to the annual ZTD cycles and based on statistical

analysis, we carried out multiple comparisons of data between doy 302 in 2012 and

the other days (adjacent days in the same year and the same doy in different years).

We analyzed ZTD variations at eleven stations in the seismic region to examine the20

difference in ZTD between doy 302 in 2012 and the other days. Detailed comparisons

of ZTD were performed using mZTD, and a new method was used to better detect ZTD

anomalies on doy 302 in 2012. Associated dZTD variations were also discussed.

3538
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3.1 mZTD variations at eleven IGS stations

Sharp drop of ZTD clearly occurred at stations 1–8 on doy 302 in 2012 (Fig. 2). ZTD de-

creased by approximately dozens of millimeters at all of these sites and even reached

100 mm for a prolonged period at some stations (e.g., 1-HOLB and 6-ALBH); at the

other stations, data were relatively smooth with the maximal ZTD variations mostly be-5

low 50 mm. For the maximal ZTD variation at station sites 1–8, the anomalies to some

extent were related to the epicentral distance. Compared with data of doy 302 in 2012,

ZTDs at station sites 1–8 were relative smooth on the other days. The geodetic azimuth

between the epicenter and the sites was approximately the same at sites 3 and 4, with

similar curves on doy 302 in 2012 (Table 2). The parallel tendency went for the sites 510

and 7 (Table 2).

At the remaining three station sites 9–11, there were no anomalous ZTD variations

on doy 302 in 2012 compared with the other stations. This result indicated that the

Mw 7.8 earthquake posed minor or no effects on ZTD at the three stations. Further

analysis showed that several high mountains (the Rocky Mountains) were located be-15

tween IGS stations 9–11 and the epicenter, while there were no such mountains or

other visible blocks between stations 1–8 and the epicenter (Fig. 1). The epicenter of

the Mw 7.8 earthquake was located in the Queen Carlotte Islands Region and cut off

from the mainland by a long ridge (altitude 1000–2600 m) lying along the coastline and

serving as a natural protective screen. Because stations 9–11 were located on the20

other side of the ridge, we speculated that the effects of massive earthquake on the

station sites 9–11 were drastically or completely diminished in the presence of huge

mountains. In fact, earthquake-originated infrasonic waves were sometimes converted

into diffracted or reflected waves by the earth’s surface topography during wave propa-

gation in the atmosphere (Mikumo et al., 2010).25

However, there still existed certain differences in the shape of ZTD curves on doy

302 in 2012 between individual stations. At station 1-HOLB, ZTD dramatically declined

approximately 20–25 min after the earthquake and kept decreasing for 1 h, followed by

3539
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a rebound to the original level (Fig. 2a). Considering that this station was nearest to

the epicenter, its distinct difference of ZTD from the other stations might be related to

the short epicentral distance. Similarly, stations 2–4 (NANO, UCLU, and BAMF) expe-

rienced rapid decreases in ZTD after the occurrence of earthquake. Another difference

of the marked curves between individual stations lied in the variation trend hours after5

the earthquake that the sites 3-UCLU, 4-BAMF, and 6-ALBH showed another “protu-

berance” (Fig. 2c, d and f). We also noted that an obvious peak emerged on the ZTD

curve of site 5-WSLR and 6-ALBH (Fig. 2e and h) with a trough before the huge earth

shock. In short, this set of data implied that anomalous ZTD variations occurred at sta-

tions 1–8, and that the ZTD change rate on doy 302 in 2012 was related to the azimuth10

and the epicentral distance. The azimuth data were consistent with the strike of the

fault plane at stations 1–8 but not at stations 9–11 (Tables 1 and 2).

Therefore, different ZTD variations of the two groups of stations (1–8 vs. 9–11)

were attributed to earthquake-generated acoustic wave propagation. We speculated

that when acoustic waves propagated in the troposphere under specific conditions,15

the acoustic waves generated by seismic waves might “break” smooth ZTD variations.

This is despite that anomalous ZTD variations before the earthquake at sites 7 and 8

(Fig. 2g and h) might be derived from the propagation of “bubbles” generated from the

underground fault (Molchanov et al., 2004). Together the above findings demonstrated

that there were ZTD anomalies in the post-earthquake period on doy 302 in 2012,20

possibly induced by the occurrence of the earthquake.

3.2 ZTD anomalies detected by a new method

Because mZTD data only indicate rough variations in ZTD, a new method was used to

detect ZTD anomalies by considering specific variations in ZTD. Due to rapid fluctua-

tions of ZTD with occasionally high amplitude, ZTD anomalies are hard to be detected25

or observed sometimes. Because of the strong temporal correlation of ZTD, the pro-

posed differential method removed the time influence on ZTD to a greater degree. The

obtained results clearly showed the difference in ZTD variations between various days.
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ZTD time series is relatively smooth in normal circumstances but will turn distinct in the

presence of anomalies. This feature helps to recognize the possible anomalies.

With the new detection method, we analyzed ZTD variation at station sites 1–8 in

the seismic region. Results clearly showed that ZTD changed abnormally at sites 1-

HOLB, 2-NANO, 4-BAMF, and 6-ALBH, with minor anomalies at sites 5-WSLR and5

8-BREW and no anomalies at sites 10 and 11. After twice difference, most ZTD varia-

tions became relative smooth under normal conditions. At site 11-PRDS, ZTD changed

normally on doy 302 as on the other days in 2012. Regarding annual ZTD cycle, sites

1–4 showed obvious anomalies (Fig. 3). In relation to local topography, sites 5-WSLR

and 8-BREW (especially the latter site) might be affected by the mountains more or10

less, resulting in unclear or no ZTD anomalies.

To minimize the probability of anomalous ZTD changes all through the days adjacent

to doy 302 in 2012, we examined ZTD at six sites on doy 300–304 in 2012. Similar to

the situation on doy 302 in 2009–2013 (Fig. 3), ZTDs were distinct on doy 302 and

generally normal on the other days in 2012 (doy 300–304, Fig. 4). Combined with the15

former set of data (Fig. 3), results obtained with the new differential method better

distinguished the difference in ZTD and easily detected the anomalies between doy

302 and the adjacent days (doy 300–304) in 2012. We inferred that ZTD anomalies

occurred on doy 302 in 2012 and were highly related to the occurrence of the earth-

quake. The earthquake effect on ZTD variations might be related to local topography20

and the epicentral distance to some extent. On the whole, the results obtained with

the new differential method were consistent with data presented in Sect. 3.1. Details

were obtained by using the new method and the results better reflected specific ZTD

variations.

To gain information on ZTD variation rate, we analyzed dZTD at the eleven sites on25

doy 302 in 2012. Results show that dZTD fluctuated to varying degrees after the earth-

quake (Fig. 5), especially at sites 1–3 (Fig. 5a). Compared with the obvious fluctuations

at sites 1–3 (Fig. 5a), the changes of dZTD at sites 4–11 (Fig. 5a, b and c) were rela-

tively gentle in the post-earthquake period. This result showed that different effects of
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the earthquake might have lead to fluctuations of ZTD variation rate at sites 1–8 that

were different from sites 9–11. As a result of these fluctuations, ZTDs as a whole were

influenced.

3.3 Statistical significance of ZTD variations

3.3.1 Maximal ZTD variations at eleven stations on doy 302 in 2000–20135

As shown in Fig. 2, ZTD changed slowly within a day in most cases. If the maximal

ZTD variation in a day was large, there could be a high probability of anomalies. In

view of the annual ZTD cycle, we studied ZTD at the eleven IGS sites on doy 302 in

2000–2013 to minimize the influence of accidental factors. Results showed that the

maximal ZTD variation at sites 1–8 on doy 302 were relatively large in 2012 compared10

with the other years (Fig. 6). The maximal ZTD variation showed statistically significant

differences between doy 302 and the other days at sites 1–8 but not at sites 9–11.

Similar significant differences were detected in mean maximal ZTD variation in the

whole year of 2012. For example, mean maximal ZTD variation in 2012 was 45.41 mm

at site 3-UCLU, while that on doy 302 was significantly greater, 86 mm. Considering15

the occurrence of the massive Mw 7.8 earthquake, we believed that the earthquake

caused abnormal ZTD variations on doy 302 in 2012.

3.3.2 Maximal ZTD variations at eleven IGS stations in October 2012

Maximal ZTD variations in October 2012 were analyzed by multiple comparisons of

data from sites 6-ALBH and 9-WILL. Results showed that the maximal ZTD variation20

on doy 302 in 2012 was statistically significant at site 6-ALBH but not at site 9-WILL.

Similar results were observed at the other sites.
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3.4 Difference of the ZTD from IGS and the forecast data from ECMWF

To separate the zenith delay variations caused by the earthquake from usual change

caused by weather changes as much as possible, we considered the forecast ZTD from

the ECWMF (http://ggosatm.hg.tuwien.ac.at/DELAY/GRID/VMFG_FC/2012/), which

can supply the best forecast ZTD currently. Troposphere mapping functions have been5

developed which are based on data from numerical weather models, e.g. from the Eu-

ropean Centre for Medium-Range Weather Forecasts (ECMWF) (http://www.ecmwf.

int). The Vienna Mapping Functions 1 (VMF1) from ECMWF are provided on a global

grid (2.5
◦

×2.0
◦

), there are only four files per day, i.e. at 00:00, 06:00, 12:00, and

18:00 UT, and they are stored in yearly directories. We chose the nearest grid of10

ECMWF as the forecast data for each IGS station. Then based on the four files we

could calculate the other time of the day with five minutes interval by interpolation. So

the differences between the ZTD of IGS and the forecast data of ECMWF are available.

Based on their differences, we can remove the usual change caused by the weather,

so the differences change can be confirmed to be caused by other non-meteorological15

factors. In Fig. 8, the differences of doy 302 significantly decrease after the earthquake

in the first four figures, while the last four figures have not so such clear changes. In

short, Fig. 8 indicates that the Mw 7.8 earthquake is very likely to have caused the

anomalies of ZTD.

3.5 Summary20

The above results indicated that abnormal ZTD variations occurred during the post-

earthquake period on doy 302 in 2012, which were likely caused by the earthquake

event. The occurrence of earthquake affected ZTD variations at station sites 1–8 to

varying degrees, especially within 10 h after the earthquake event. Significance of the

earthquake effect was possibly related to factors such as the epicentral distance and25

the local topography.
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As shown in Eq. (1), ZTD is derived from variations in the tropospheric refractive in-

dex in nature. The delay is mainly generated from the first part in Eq. (1) and is caused

by the slowing effect (Bevis et al., 1992). Variations in the tropospheric refractive index

of GPS signals are due to changes in atmospheric temperature, pressure, and compo-

sition (Owens, 1967; Thayer, 1974; Pacione et al., 2003). Lighthill (1978) proposed the5

relationship between the pressure perturbation p0, the air density ρ0, sound velocity c0

near the ground surface, and the vertical velocity of the ground as follows: p0 = ρ0c0w0.

With recent deployment of the observation networks, a large number of observations

have been reported on different types of earthquake-generated atmospheric waves,

such as those from the 1968 Alaskan earthquake (Mw ∼ 9.0) and the 2004 Sumatra-10

Andaman earthquake (Mikumo, 1968; Mikumo et al., 2009 etc.). These include high-

frequency acoustic waves governed primarily by compressional force (Mikumo et al.,

2009), which propagate in the lower atmosphere as well as up to the upper atmosphere

(Garcés et al., 2009). In fact, the sudden vertical movement of the ground can excite

atmospheric pressure perturbations with different frequencies (Mikumo, 1968; Watada15

et al., 2006; Mikumo et al., 2009). Additionally, some earthquake-generated acoustic

waves strongly influence atmospheric temperature and air density (Kshevetskii et al.,

2005; Tronin et al., 2004), and the transport of both momentum and energy are accom-

panied by the process of acoustic waves (Yeh et al., 1974).

4 Conclusions20

This study conducted multiple comparisons of mZTD and dZTD using ZTD data from

eleven IGS stations in the seismic region of the Mw 7.8 Haida Gwaii earthquake and

the forecast ZTD data of ECMWF. Application of a new differential method enabled the

detection of specific anomalies of ZTD time series and elimination of possible distur-

bances from local meteorology and IGS station displacement. Statistical data showed25

that there were significant differences in the maximal ZTD variation between doy 302

and the other days in 2012. The difference of the ZTD of IGS and the forecast data of
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ECMWF was also introduced. Together our findings implied that in the post-earthquake

period on doy 302 in 2012, ZTD anomalies occurred to varying degrees at eight stations

(1–8, especially 1–6) in the seismic region, possibly induced by the Mw 7.8 earthquake.

Regarding the mechanism through which the earthquake event influenced ZTD vari-

ations, we give the following explanation: acoustic waves generated from the Mw 7.85

Haida Gwaii earthquake caused anomalous ZTD variations in the troposphere (e.g., at-

mosphere pressure, temperate, atmosphere density), whereas the anomalies or their

mutual effect led to variations in the atmospheric refractive index. Finally, the origi-

nated acoustic waves caused ZTD anomalies. During propagation in the atmosphere,

some high-frequency acoustic waves originated from the Mw 7.8 earthquake source10

might have diffracted or reflected by the high mountain ridge lying along the coast line

(Mikumo et al., 2010). Hence, there were three stations showing no anomalous ZTD

variations as observed in the other eight stations. As to the anomalous ZTD variations

in the delayed post-earthquake period (Fig. 2b–d), a possible explanation is that some

high-frequency waves were probably bounced back from the earth surface and then15

transmitted by multiple refraction process to long distances, thereby influencing the

ZTD again (Mutschlecner et al., 2005; Mikumo et al., 2010).

5 Discussion

We first estimated ZTD variations at the same epoch between the adjacent dates

(days), namely, ZTD at one epoch on the current day minus the previous day. Since20

ZTD variations were greatly different in different dates, the above method failed to ob-

tain ZTD anomalies effectively. We then examined the atmosphere pressure at the IGS

station site BAMF, where the variation in atmospheric pressure on the day of the earth-

quake showed a gently rising trend while the variation on the other days mostly showed

a moderately declining trend. The varying degrees of ZTD anomalies may be related25

to the epicentral distance and the local terrain. This effect on ZTD posed by the earth-

quake might be relevant to multiple parameters such as the strike of the fault plane,
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earthquake magnitude, and elevation of the site. More earthquake cases need to be

analyzed to identify the possible and determinant factors.

However, the propagation of GPS signals is influenced by various near-surface fac-

tors in the troposphere, and the structure of atmospheric refractivity is highly com-

plex and difficult to be described (Solheim et al., 1999). Lacks of sufficient earthquake5

cases and high temporal resolution observations are the major limitation of our study.

Our work represents a preliminary work and more research in the future is essential.

Determining the speed of acoustic wave propagation will be our next step of research.

In spite of the limitation, this study suggested that the occurrence of earthquake

caused lower atmospheric anomalies (especially ZTD variations). We provided a pos-10

sible explanation for the observed phenomenon and also introduced a new valid dif-

ferential method to detect ZTD anomalies. The use of massive statistical data and the

consideration of annual ZTD cycle were also the advantages of this study. Our work

helps to improve the understanding of earthquake shock, ZTD, and their mutual rela-

tionship. More researches using data with high temporal resolution and more investiga-15

tions for other earthquakes are needed to consolidate our conclusion and to thoroughly

explain the coupling process between the solid-earth and the troposphere as well as

their physical mechanisms.
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Table 1. Parameters of the Mw 7.8 Haida Gwaii earthquake (http://www.iris.edu, Lay et al.,

2013).

Mag Date Day of Time Latitude Longitude Depth Strike Height

year (UTC) (
◦

N) (
◦

W) (km) (
◦

) (m)

7.8 28 Oct 2012 302 03:04:08.8 52.79 132.1 14 317.7 6
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Table 2. Locations of eleven IGS stations (http://igscb.jpl.nasa.gov/network/network.php).

No. Stations Latitude Longitude Azimuth Distance

ID (
◦

N) (
◦

W) (
◦

) (km)

1 HOLB 50.64 128.14 126.5 358

2 NANO 49.30 124.09 117.2 657

3 UCLU 48.93 125.54 128.5 670

4 BAMF 48.84 125.14 128.5 670

5 WSLR 50.13 122.92 103.4 735

6 ALBH 48.39 123.49 121 782

7 DRAO 49.32 119.63 104.5 979

8 BREW 48.13 119.68 110.3 1030

9 WILL 52.24 122.17 86 686

10 WHIT 60.75 135.22 349.2 909

11 PRDS 50.87 114.30 92.5 1279

Azimuth is the geodetic azimuth between the epicenter and the site.
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Fig. 1 Distribution of eleven IGS stations in the seismic region of  7.8 Haida Gwaii earthquake. Red  

star represents the epicenter; blue dots represent the stations at which anomalous variations of ZTD were  

observed; and red dots represent the stations at which anomalous variations of ZTD were not observed.  

Table 1 Parameters of the  7.8 Haida Gwaii earthquake ( http://www.iris.edu, Lay et al., 2013)  

Mag Date 
Day of 

year 

Time Latitude Longitude Depth Strike Height 

(UTC) (°N) (°W) (km) (degree) (m) 

7.8 2012/10/28 302 3:04:08.8 52.79  132.1 14 317.7 6 

Table 2 Locations of eleven IGS stations ( http://igscb.jpl.nasa.gov/network/network.php)  

No. 
Stations Latitude Longitude Azimuth Distance 

ID (°N) (°W) (degree) (km) 

1 HOLB 50.64 128.14  126.5 358 

2 NANO 49.30 124.09  117.2 657 

3 UCLU 48.93 125.54  128.5 670 

4 BAMF 48.84 125.14  128.5 670 

5 WSLR 50.13 122.92  103.4 735 

6 ALBH 48.39 123.49  121 782 

Fig. 1. Distribution of eleven IGS stations in the seismic region of Mw 7.8 Haida Gwaii earth-

quake. Red star represents the epicenter; blue dots represent the stations at which anomalous

variations of ZTD were observed; and red dots represent the stations at which anomalous

variations of ZTD were not observed.
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Fig. 2. Variations of mZTD at eleven IGS stations in the seismic region of Mw 7.8 Haida Gwaii

earthquake. Marked curves represent ZTD variations on the day of the earthquake (doy 302,

2012); and dotted lines represent the epoch of the earthquake. Data cover 0:00 to 24:00 (UTC).

ZTD estimations were missing at some sites for few days.
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Fig. 3. Variation of ZTD after twice difference at eight IGS sites in the seismic region of Mw 7.8

Haida Gwaii earthquake on day-of-year (doy) 302 in 2009–2013. Time interval is half an hour.

Marked curves represent ZTD variations on the day of the earthquake (doy 302, 2012), and

other curves represent ZTD variations on the same doy in 2009–2011 and 2013. The dotted

lines represent the epoch of the earthquake.
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Fig. 4. Variation of ZTD after twice difference at eight IGS sites in the seismic region of Mw 7.8

Haida Gwaii earthquake on day-of-year (doy) 300–304 in 2012. Time interval is half an hour.

Marked curves represent ZTD variations on the day of the earthquake (doy 302, 2012); other

curves represent ZTD variations on doy 300, 301, 303, and 304; dotted lines represent the

epoch of the earthquake. At site 10-WHIT, ZTD on doy 303 was missing and thus was substi-

tuted by ZTD on doy 305.
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Fig. 5 Comparisons of dZTD variations at eleven IGS sites in the seismic region of  7.8 Haida Gwaii  

earthquake on the day of the earthquake (day-of-year 302, 2012). (a) 1-HOLB, 2-NANO, 3-UCLU and  

4-BAMF; (b) 5-WSLR, 6-ALBH, 7-DRAO and 8-BREW; and (c) 9-WILL, 10-WHIT and 11-PRDS.  

Dotted lines represent the epoch of the earthquake.  

To gain information on ZTD variation rate, we analyzed dZTD at the eleven sites on doy  

302 in 2012. Results show that dZTD fluctuated to varying degrees after the earthquake  

(Figure 5), especially at sites 1–3 (Figure 5a). Compared with the obvious fluctuations at sites  

1–3 (Figures 5a), the changes of dZTD at sites 4–11 (Figures 5b, 5c) were relatively gentle in  

the post-earthquake period. This result showed that different effects of the earthquake might  

have lead to fluctuations of ZTD variation rate at sites 1–8 that were different from sites 9–11.  

As a result of these fluctuations, ZTDs as a whole were influenced.  

3.3 Statistical significance of ZTD variations  

3.3.1 Maximal ZTD variations at eleven stations on doy 302 in 2000–2013  

As shown in Figure 2, ZTD changed slowly within a day in most cases. If the maximal ZTD  

variation in a day was large, there could be a high probability of anomalies. In view of the  

annual ZTD cycle, we studied ZTD at the eleven IGS sites on doy 302 in 2000–2013 to  

minimize the influence of accidental factors. Results showed that the maximal ZTD variation  

Fig. 5. Comparisons of dZTD variations at eleven IGS sites in the seismic region of Mw 7.8

Haida Gwaii earthquake on the day of the earthquake (day-of-year 302, 2012). (a) 1-HOLB,

2-NANO, 3-UCLU and 4-BAMF; (b) 5-WSLR, 6-ALBH, 7-DRAO and 8-BREW; and (c) 9-WILL,

10-WHIT and 11-PRDS. Dotted lines represent the epoch of the earthquake.
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Fig. 6. Comparisons of the maximal ZTD variations at eleven IGS sites in the seismic region

of Mw 7.8 Haida Gwaii earthquake on day-of-year (doy) 302 in 2000–2013. Red bars represent

2012. ZTD estimations were missing at some sites (especially BAMF) for few days.
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(a)  

  
(b)  

Fig. 7 Comparisons of the maximal ZTD variations at two IGS sites in the seismic region of  7.8 Haida  

Gwaii earthquake in October, 2012 and ZTD variations on day-of-year (doy) 302 in 2000–2013. (a)  

6-ALBH; and (b) 9-WILL. Histogram bars are colored according to height.  

3.4 Difference of the ZTD from IGS and the forecast data from ECMWF   

To separate the zenith delay variations caused by the earthquake from usual change caused by  

weather changes as much as possible, we considered the forecast ZTD from the  

ECWMF(http://ggosatm.hg.tuwien.ac.at/DELAY/GRID/VMFG_FC/2012/), which can supply  

the best forecast ZTD currently. Troposphere mapping functions have been developed which  

Fig. 7. Comparisons of the maximal ZTD variations at two IGS sites in the seismic region of

Mw 7.8 Haida Gwaii earthquake in October 2012 and ZTD variations on day-of-year (doy) 302

in 2000–2013. (a) 6-ALBH; and (b) 9-WILL. Histogram bars are colored according to height.
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Fig. 8. Difference between the ZTD of IGS station and the forecast ZTD data of ECWMF on the

day mainly from doy 300 to 304 in 2012. The dotted lines represent the epoch of the earthquake.

At site 7-WHIT, ZTD on doy 303 was missing and thus was substituted by ZTD on doy 305.
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