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Key Points.

◦ Developed a statistical approach to detecting the occurrence of TEC dis-

turbances

◦ Characterized the complex, multiple N-wave shock-acoustic driven CID

event

◦ Suggested a link between the CID complexity and the earthquake’s com-

plex structure

Abstract. Major earthquakes (>∼6.5 Mw) can generate observable waves

which propagate not only through the Earth but also through the Earth’s

ionosphere. These traveling ionospheric disturbances can be observed using

multi-frequency GPS receivers to measure the ensuing perturbations in the

Total Electron Content of the ionosphere. Assisted by a statistical approach

we developed to indicate the occurrence of a significant TEC perturbation

from the normal background behavior, we detect a traveling ionospheric dis-

turbance generated by the 2016 7.8 Mw Kaikoura earthquake occurring in

New Zealand on November 13th. The disturbance was detected ∼8 minutes

after the earthquake, propagating towards the equator at ∼1 km/s with a

peak-to-peak amplitude of ∼0.22 Total Electron Content units. The coseis-

mic waveform exhibits complex structure unlike that of the expected N-wave

for coseismic ionospheric disturbances, with observations of oscillations with

4-minute periodicity and of two N-waves. This observed complexity in the

ionosphere likely reflects the impact of the complex, multi-fault structure of

the earthquake.
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1. Introduction

Ionospheric responses to geophysical events have been documented for a number of

sources, such as earthquakes [Calais and Minster , 1998; Heki et al., 2006a; Afraimovich

et al., 2010; Liu et al., 2010, 2011; Crowley et al., 2016], tsunamis [Artru et al., 2005;

Liu et al., 2006; Tsugawa et al., 2011; Galvan et al., 2011, 2012], volcanoes [Heki , 2006b;

Shults et al., 2016], and storms [Chou et al., 2017]. The Total Electron Content (TEC)

of the ionosphere can be measured by multi-frequency GPS receivers at the pierce point

between the receiver and the GPS satellite, by comparing the relative phase delays propor-

tionally introduced by the dispersive medium. Ongoing expansion of such GPS networks

provides increased capabilities for improved TEC measurements and better monitoring of

the ionosphere [Rolland et al., 2011a; Komjathy et al., 2016]. This enables the observa-

tion of traveling ionospheric disturbances (TID) generated by such geophysical events and

which perturb the ionosphere [Artru et al., 2005] and affect conditions for radio propaga-

tion.

Past studies have particularly focused on the 2011 Tohoku earthquake and tsunami [Liu

et al., 2011; Rolland et al., 2011b; Tsugawa et al., 2011; Galvan et al., 2012; Astafyeva

et al., 2011, 2013; Crowley et al., 2016], with distinct and clearly observed Rayleigh,

shock-acoustic, and gravity wave components in the resulting TID. While studies on

tsunami-driven TIDs show the resulting oscillatory and extended structure in the pertur-

bations in TEC, events such as volcanoes and earthquakes tend to generate more clearly

defined, N-wave shaped TIDs [Afraimovich et al., 2001; Heki , 2006b; Astafyeva et al.,

2009]. Earthquake driven coseismic ionospheric disturbances (CIDs) are dominated by
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Rayleigh and shock acoustic waves, which can be identified by more rapid propagation

speeds of ∼3 km/s and ∼1 km/s, as compared to gravity waves generated by tsunamis

that propagate at ∼0.3 km/s [Galvan et al., 2012].

The detection of CIDs tends to depend on a >6.5 Mw threshold of the causative earth-

quake [Perevalova et al., 2014]. Here, we highlight how the 2016 Kaikoura earthquake,

with magnitude 7.8, produced a very visible CID observed by the dense GPS network in

New Zealand. We clearly detect this CID propagating towards the equator at ∼1 km/s

with a ∼0.22 peak-to-peak TECu (TEC unit = 1016 el/cm3) amplitude. The CID shows a

strong preferential directionality, with no signal detected traveling poleward, and is visible

on GPS satellites with Pseudo Random Noise codes (PRNs) 20, 21, and 29. The form

of the observed CID shows a more complex wave pattern rather than the expected single

N-wave, suggesting a possible superposition of N-waves from multiple sources. Hamling

et al. [2017] shows that the Kaikoura earthquake was driven by a complex multi-fault

structure that does not fit within the current theoretical and modeling approaches, while

recent work points to the likewise more complex ionospheric response with multiple source

mechanisms [Bagiya et al., 2018] and source regions [Lee et al., 2018]. This suggests that

our observed ionospheric response with two N-waves can support further investigation

into the fault structure of the earthquake.

2. Data and Methodology

The Kaikoura earthquake was a significant event of interest in 2016. Relevant informa-

tion on the measured seismological parameters is available through the United States

Geological Survey records (https://earthquake.usgs.gov/earthquakes/eventpage/

us1000778i). In particular, the earthquake had a magnitude of 7.8 Mw and occurred
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at 11:02:56 UTC on November 13 (14th local time), 2016 with an epicenter at 42.757◦S,

173.077◦E and a depth of 15 km. Surface uplifts of up to 8 m and horizontal offsets

of about 6 m were observed, along with a tsunami measuring 3 m in height at Kaik-

oura [Hamling et al., 2017]. The local time of 00:02:56 NZDT places the event solidly in

the nighttime, and magnetospheric conditions were only mildly disturbed with Kp-index,

which characterizes the geomagnetic activity, being between 3 and 4- in the preceding

and following hours, as shown in Table 1. Aside from several weak flares, there was no

significant solar activity during the day of the earthquake event. Similarly, an examina-

tion of weather reports shows that no storms or weather activity of any notable strength

occurred in this time interval. Thus, any ionospheric activity in this interval is likely to

be related to the earthquake itself.

In order to characterize the disturbances in the ionosphere, we obtain TEC measure-

ments and calculate from them differential TEC (dTEC) measurements. Raw GPS data is

available in RINEX format through GeoNet - the official source of geological hazard infor-

mation for New Zealand. After the initial preprocessing of the GPS RINEX data, vertical

TEC measurements are available from MIT Haystack Observatory [Vierinen et al., 2016].

These measurements use a set GPS sampling rate of 1 measurement every 30 seconds, and

fix the height of the calculated vertical TEC measurement to 350 km. The vertical TEC

measurements can then be processed into differential TEC measurements by applying a

polynomial fit to estimate the background variations [Tedd and Morgan, 1985] or by using

a bandpass filter to extract the transient signal of interest [Savastano et al., 2017]. Here,

we enforce the constraint that the data is continuous to avoid issues arising from missing
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data and fit a 3rd order polynomial. Subtracting the polynomial fit from the original TEC

data produces the dTEC measurements used in this study.

The CID signal observed in the TEC and dTEC measurements arises from the cou-

pling between the vertical displacements generated by the earthquake and the atmosphere

[Artru et al., 2005]. Although the amplitude of the disturbance is small near the surface,

the disturbance is amplified due to the decreasing density of the atmosphere as it prop-

agates upwards. When it reaches the ionosphere, the amplitude is sufficiently large to

produce detectable perturbations.

As the earthquake exceeded the 6.5 Mw threshold for producing an ionospheric dis-

turbance [Perevalova et al., 2014], our hypothesis is that a CID should be detectable.

We developed and applied a general method for statistically determining whether a CID

exists. Using the dTEC measurements from the day before, the day of, and day after

the earthquake, we make the assumption that an ionospheric disturbance will result in

statistically significant differences in the distribution of the dTEC measurements between

the different days. We evaluate this significance by calculating the 2-sample Kolmogorov-

Smirnov test, which estimates whether two samples are drawn from different probability

distributions, as shown in Figure 1. This example from station ‘mahi’ and PRN 29 re-

sults in a calculated p-value of 0.025, indicating that the observed dTEC behavior differs

significantly compared with the surrounding days, when using a significance threshold of

p < 0.05. From a different visualization, as in the histogram in Figure 1(right), it again

becomes readily apparent that the occurrence of a CID alters the distribution of the dTEC

measurements.
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For the 2016 Kaikoura earthquake, we observe that some 129 GPS station to satellite

PRN pairs exhibit a statistically significant difference in dTEC distribution on the day

of the earthquake compared to the surrounding days. From that, we conduct further

examination through a visual inspection of the dTEC behavior for the identified stations.

Here, we observe strong differences between the ionospheric behavior on November 13th

and on November 14th. In particular, we observe enhanced wave-like oscillations at the

time shortly after the earthquake occurred and which only take place on the day of the

earthquake. This holds for multiple stations and several PRN codes (20, 21, and 29).

We largely ignore the comparison with the preceding day, November 12th, as the more

disturbed geomagnetic conditions result in overall noisier background TEC measurements.

3. Results and Discussion

3.1. CID Characterisics

The strong magnitude of the earthquake and its significant surface displacements re-

sulted in a strong CID. From an examination of the measurements by the array of GPS

stations throughout New Zealand paired with GPS satellite PRN 21, we can observe the

disturbance propagating radially away from the epicenter of the event. In Figure 2, we

present a map of the geographic distribution of GPS stations (white triangles), along

with four selected sets of radially directed stations (solid triangles) and the location of

their corresponding maximum dTEC measurements (circles with matching colors). The

four corresponding inset plots then present the differential TEC time series showing the

observed CID, while the peaks across the subplots as plotted on the map reveal the direc-

tion of propagation. Of the four example sets of stations and paths, the ‘pora’ to ‘whvr’

(cyan) stations path is the weakest. Closer examination of other westward or southward
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directed traces do not show any visible disturbances at all. The preference for propaga-

tion towards the equator is thus clearly observed [Heki and Ping , 2005]. However, further

consideration may be required to address possible complicating, non-tectonic effects due

to the geomagnetic field and GPS satellite geometry [Rolland et al., 2013; Bagiya et al.,

2017].

Similarly, the disturbance can be represented using a hodochron, shown in Figure 3,

where the distance for each station’s ionospheric pierce point is plotted against the cor-

responding time with the color indicating the differential amplitude in TECu. We plot

hodochrons for satellites with PRNs 20, 21, and 29, which are the three satellites used to

observe the event. For reference, the inset plot shows the pierce point paths between these

satellites and station ‘ahti’ to demonstrate the general relative motions of the satellites.

The observed form of the CID, as shown by the crests and troughs observed in all three

hodochrons, consistently show similar structure and that the disturbance propagates to

the ionosphere ∼8 minutes after the earthquake. Observing the potential fits for the

propagation velocity of the first crest, we find that the speed is ∼1 km/s. This estimated

velocity confirms that this TID is a coseismic event, and in particular, that it is driven by

the shock acoustic mechanism [Afraimovich et al., 2001]. Furthermore, our examination

of the southward component of the hodochrons again confirms that the CID does not

noticeably propagate poleward.

3.2. CID Complexity

The form of the disturbance observed in the hodochron, as well as in the time series

plots, shows a more complex structure for the CID than otherwise expected. Typical

earthquake induced disturbances, which propagate as Rayleigh or shock-acoustic waves,
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tend to exhibit an N-wave appearance [Afraimovich et al., 2001; Astafyeva et al., 2009].

Here though, we observe a rather more complex profile for the CID, with multiple oscilla-

tions that occur for an extended duration. In fact, such a waveform more closely resembles

the gravity waves produced by a tsunami and which propagate along the tsunami wave

fronts [Rolland et al., 2011b; Galvan et al., 2012]. As the characteristics of this event,

primarily the estimated propagation time and velocity, indicate that this TID is clearly a

coseismic event, we instead attribute this unexpected and unusually complex structure of

the CID to the characteristics of the originating earthquake.

While CIDs with complex profiles have been noted before, the complexity is typically

introduced by waves originating from the different types of source mechanisms. For ex-

ample, the observed complexity and duration of the ionospheric disturbance in the 2011

Tohoku earthquake is driven not only by the Rayleigh and shock-acoustic waves resulting

from the earthquake, but also by the gravity wave components induced by the tsunami

[Liu et al., 2011; Rolland et al., 2011b; Galvan et al., 2012]. Even in the examples where

the CID component exhibits greater complexity than the theoretical N-wave profile, the

additional complexity tends to behave more as enhanced noise or oscillatory perturba-

tions [Astafyeva et al., 2011; Choosakul et al., 2009] rather the structured superposition

of additional N-wave components observed here.

This complexity is observed in the dTEC measurements for all three of these satellites

and is at its strongest in three different GPS stations, ‘birf’ with PRN 20, ‘hikb’ with

PRN 21, and ‘bthl’ with PRN 29, as shown in Figure 4. The time series representations

in the left column show how the dTEC signal oscillates multiple times, rather than clearly

exhibiting one or two N-waves. Stations ‘birf’ and ‘hikb’ show that the oscillations are of
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significant strength, falling off approximately exponentially, and of significant duration,

lasting ∼30 minutes from the start of the disturbance. These oscillations, as measured

for ‘hikb’, exhibit a periodicity of 4-minutes. This periodicity is similar to that observed

as resulting from the 2015 volcanic eruption at Calbuco, in Chile [Aoyama et al., 2016],

and from the Sumatra-Andaman earthquake in 2004 [Choosakul et al., 2009]. However,

the occurrence of these oscillations immediately following the earthquake, distinguishes

them from the induced long-lasting oscillations occurring over an hour later [Choosakul

et al., 2009] and instead resemble those produced from the atmospheric gravity waves

generated by the source event [Aoyama et al., 2016]. Furthermore, by fitting propagation

velocities to the crests and troughs in the hodochrons, on the right, we find that all of

the velocities fall between 1 km/s and 1.5 km/s, as presented in Table 2. This indicates

that the waves are all predominantly shock-acoustic in origin throughout this interval. A

closer examination of the CID suggests that this observed complexity is due to the more

complex structure of the Kaikoura earthquake.

Unlike the normal behavior described by the standard theoretical approach and mod-

eling of earthquakes, the behavior of the Kaikoura earthquake demonstrated unexpected

ruptures along numerous faults with diverse orientations [Hamling et al., 2017]. Not only

are the observed surface displacements spread out rather than concentrated at a single

epicenter, but the modeled sources for the ionospheric disturbances are likewise not cen-

tered at a single epicenter for the earthquake [Lee et al., 2018]. As a result, we suggest

that the observed CID could be considered as a superposition of multiple shock-acoustic

induced waves. This is supported by the measurements made between ‘bthl’ and PRN

29, shown in Figure 4, where at least two distinct wave packets are observed appearing as
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two consecutive N-waves. In fact, the overall hodochron for PRN 29 appears to exhibit

these two N-waves, as marked by the two black arrows in the lower panel of Figure 4.

We can look at other station-PRN pairs in the same manner and examine in Figure 5

the dTEC measurements between PRN 29 and stations ‘otak’, ‘levn’, ‘rdlv’, and ‘cmbl’,

in addition to ‘bthl’. Although the stations do not all show the behavior as clearly as

for ‘bthl’, the occurrence of two separate packets of N-waves can still be distinguished

for each station. In order to identify where these two N-waves occurred, we also plot

the geographic pierce point locations for the central peak for each packet, with a circle

and square symbol respectively, on the map in Figure 5. The marker colors also match

with the corresponding GPS station label, highlighted by the colored box. The timing of

these two packets within this half hour interval (the separation delay ranges between 15

minutes and 20 minutes), and the lack of any other sufficiently strong event in the region,

suggests that the greater complexity in the underlying structure of the faults for the Kaik-

oura earthquake is reflected in the ionospheric response. The surface ruptures, marked on

the map in thick red lines, come from the observations by Hamling et al. [2017] and show

the relative position of the source regions relative to the measurement locations. The spa-

tial orientation of the occurrence of the CID complexity aligns well with the orientation

of the surface displacements, which occurred along the multiple sub-faults. Similarly, we

observe that the strongest propagation of this complex wave structure along the ‘cnst’ to

‘hikb’ path in Figure 2 likewise aligns with the same orientation of the multi-fault rupture

structure of the earthquake. With our observations, along with modeling work focusing

on two possible source regions [Bagiya et al., 2018; Lee et al., 2018], we tentatively link
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the earthquake’s unusually complex rupture structure with at least two fault regions as

the source for the more complex CID.

The possibility of this superposition of CIDs driven by multiple rupturing faults aligns

well with the observation of a possible two segment TEC perturbation observed in the

2011 Tohoku earthquake [Astafyeva et al., 2013]. Using more sensitive, 1 Hz GPS mea-

surements, Astafyeva et al. [2013] noted the occurrence of two separate focal regions and

TEC enhancements which later merge together. Similarly, Heki et al. [2006a] observed

multiple peaks in the CID for the 2004 Sumatra earthquake, which they modeled as re-

sulting from CIDs generated by distinct segments of that earthquake. Here, we extend

this idea of CID superposition resulting from multiple segments rupturing along a sin-

gle fault to the 2016 Kaikoura earthquake and the possible superposition resulting from

multiple sub-faults ruptures. The complexity is also supported by the observation of the

two distinct N-wave packets, which differs from other complexity such as more oscillatory

behavior resulting from acoustic resonance [Choosakul et al., 2009].

Recent work by Bagiya et al. [2018] also examines the ionospheric perturbations result-

ing from the 2016 Kaikoura earthquake. Their dTEC observations and measurements are

in good agreement with our results and likewise identify the complex tectonics driving

this event. However, their focus is on explaining the orientation of their observation of a

single N-wave, which is detected in an unusual distribution around the source region. In

particular, they focus on the displacements at ‘cmbl’ and ‘kaik’ and use modeling to esti-

mate that two source regions, at the Campbell and Kaikoura Coseismic Thrust Zones, are

responsible for the directionality of their observations. Here, we focus in greater detail on

the dTEC observations and are guided by our statistical approach to detecting significant
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ionospheric perturbations. As a result, we do not find the station to PRN 5 signals to be

as statistically significant as our observations using PRN 29. Moreover, for a number of

these stations, as shown in Figure 5, we observe two disturbances, appearing to be two

distorted N-waves, generated by the earthquake event. Combined with the modeling work

on the tectonic thrust zones [Bagiya et al., 2018], we hypothesize that there is still greater

complexity in this region and that there are at least two source regions associated with

the multi-fault rupture structure of the 2016 Kaikoura earthquake.

Another recent work examining the complexities of the Kaikoura earthquake, by Lee

et al. [2018], applies backpropagation modeling to identify a shifted source location for

the ionospheric disturbance as compared with the recorded earthquake’s epicenter. Again,

their observations of the CID and estimates on the propagation speed are in good agree-

ment with our results. They further note the possibility of multiple source regions, due

to the incomplete fit of the observed hodochrons with their modeling of a single source

location. Interestingly, part of their challenge in accurately modeling the disturbance

is attributed to additional complexity, with a distorted N-wave shape and the sugges-

tions of a secondary N-shaped wave. Our work provides more support for this additional

complexity, through our clearer observations of two N-waves. However, it is likely that

further modeling and analysis is needed, as the separation in timing between the two

N-wave packets is not insignificant. In particular, the estimated duration of the earth-

quake, from examining the moment rate over time, is 2 minutes. This fits well with the

work by Lee et al. [2018], who compared two epicenters separated by ∼ 1 minute for their

modeling. However, the two N-waves in our observation are separated by ∼ 15 or ∼ 20

minutes, depending on the exact station. Consequently, we can only tentatively link the
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CID complexity to the Kaikoura earthquake based on our empirical observations, leaving

space for further work to explore possible mechanisms or alternate sources. We observe

that the second N-wave disturbance is quite distinct, exhibiting similar magnitude and

profile characteristics to the first N-wave. Significantly, no other causal source activity is

observed within this duration, and the aftershocks occurring within the following 20 min-

utes are all significantly weaker, with magnitude <6.0MW , which would not be expected

to independently generate any ionospheric signature.

4. Conclusion

Our report here of our characterization of the CID generated from the 2016 Kaikoura

earthquake provides a statistical approach for assisting in the detection of ionospheric

disturbances and highlights some unusual complexity resulting from the more complex

tectonics governing this earthquake. While the observations as a whole fit well with ob-

servations of TIDs from other high magnitude earthquakes and with the recent work on

the Kaikoura earthquake [Bagiya et al., 2018; Lee et al., 2018], instead of the typical sin-

gle N-wave structure of the CID, we note the occurrence of two N-waves and additional

4-minute oscillations shortly after the time of the earthquake in the dTEC waveforms.

These observations suggest the influence of multiple source regions, driven by the multi-

fault structure of this unusually complex earthquake. Detection of similar such complexity

for other earthquakes may lead to greater understanding for mapping the behavior be-

tween displacements and the ionospheric response, while a comparison with any similar

complexity resulting from other types of source events may likewise provide insight into

improving our understanding of the mechanisms governing the behavior of that type of

source event as well.
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Date 3-Hour Interval Kp values

11/12/2016 3- 4- 2+ 4 4- 3+ 3 3+

11/13/2016 4- 4- 3+ 3+ 3 3 5- 4-

11/14/2016 1+ 2+ 2+ 2+ 3- 3 2- 3

Table 1. The 3-hour Kp values, characterizing the geomagnetic activity, for the

time interval around the Kaikoura earthquake, from 11/12/2016 to 11/14/2016. The

earthquake occurred at 11:02:56 UTC, which falls in the 9-12 UTC bin (the fourth Kp

column), and has a Kp of 3+, which has been italicized.
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Figure 1. Example dTEC measurement (left) from station ‘mahi’ and PRN 29, showing

the difference in distribution (right) between the day of the event (blue) and the following

day (green). The calculated Kolmogorov-Smirnov p-value, here p = 0.025, indicates that

the sample dTEC values are drawn from different distributions. For reference, the vertical

red line indicates the time of the earthquake.
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Figure 2. Map of the Kaikoura earthquake region illustrating the radial propagation

of the traveling ionospheric disturbance at selected pierce point observations, at a height

of 350 km. The regions dense GPS station network is indicated by the triangle markers,

while a subset of filled triangles are paired by color with circular markers indicting the

maximum ionospheric pierce point locations for GPS satellite PRN 21. The marker colors

(blue, green, magenta, and cyan) correspond to the inset subplots of the differential TEC

measurements. The vertical red line in the subplots marks the time of the earthquake,

and each station name is included in the upper right for reference.
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Figure 3. Hodochron observations of the coseismic ionospheric disturbance using three

GPS satellites. The paths of the ionospheric piece points between the three satellites,

with their corresponding PRN code and direction of motion, and station ‘ahti’ (the blue

triangle) are shown in the inset map. The hodochrons show the changes in dTEC (units

in TECu) according to the color scale as a function of the time on the x-axis and the

distance from the epicenter of the earthquake on the y-axis (North being positive, and

South negative). The vertical red line in the hodochron subplots marks the time of

the earthquake, while the dashed vertical magenta line estimates the time at which the

CID reaches the ionosphere. The three black lines (solid, dashed, and dotted) show the

propagation speeds of 3 km/s, 1 km/s, and 300 m/s respectively.

D R A F T November 27, 2018, 9:21pm D R A F T

This article is protected by copyright. All rights reserved.



LI ET AL.: UNIQUE 2016 KAIKOURA CID X - 25

11.1 11.2 11.3 11.4 11.5 11.6 11.7 11.8
Time (Hr)

200

250

300

350

400

450

500

550

Di
st

an
ce

 fr
om

 E
pi

ce
nt

er
 (k

m
)

PRN 29 Hodochron

�0.100

�0.075

�0.050

�0.025

0.000

0.025

0.050

0.075

0.100
dTEC

100

150

200

250

300

350

400

450

Di
st

an
ce

 fr
om

 E
pi

ce
nt

er
 (k

m
)

PRN 21 Hodochron

�0.100

�0.075

�0.050

�0.025

0.000

0.025

0.050

0.075

0.100
dTEC

150

200

250

300

350

400

450

500

Di
st

an
ce

 fr
om

 E
pi

ce
nt

er
 (k

m
)

PRN 20 Hodochron

�0.100

	0.075


0.050

�0.025

0.000

0.025

0.050

0.075

0.100
dTEC

�0.15

0.10

�0.05

0.00

0.05

0.10

0.15

dT
EC

 (T
EC

u)

hikb-21

�0.15

�0.10

�0.05

0.00

0.05

0.10

0.15

dT
EC

 (T
EC

u)
birf-20

11.0 11.2 11.4 11.6 11.8 12.0
Time (Hr)

�0.15

�0.10

�0.05

0.00

0.05

0.10

0.15

dT
EC

 (T
EC

u)

bthl-29

Time of Earthquake
dTEC, Day of Event
dTEC, Following Day

Estimated
Ionospheric Arrival Time
Propagation Velocity

Figure 4. Close up examination of the observed complexity in the dTEC time series

and in the hodochron observations. The maximum peak amplitude dTEC time series for

each GPS station and satellite PRN pair is shown on the left. The vertical red line denotes

the time of the earthquake, while the dTEC is shown for the day of the event (blue) and

for the following day (green). The inset text describes the GPS station and the satellite

PRN. The corresponding hodochron for a given satellite is shown on the right, with the

vertical magenta line showing the time of arrival of the CID at the ionosphere. Dashed

black lines mark the estimated propagation velocities over multiple crests and troughs for

each PRN, and the 2 black arrows in the PRN 29 hodochron indicates the two separate

N-waves.
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Satellite Propagation velocity fits, from left to right

PRN 20 1.4 km/s 1.2 km/s 1 km/s

PRN 21 1.05 km/s 1.05 km/s 1.05 km/s 1.05 km/s 1.05 km/s 1.05 km/s 1.05 km/s

PRN 29 1.4 km/s 1.2 km/s 1 km/s

Table 2. Slopes characterizing the fitted propagation velocities of the CID crests and

troughs for the hodochrons for satellites 20, 21, and 29 from Figure 3.
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Figure 5. Examples highlighting the observed complexity in the ionospheric response

to the Kaikoura earthquake with inset plots of dTEC measurements at five GPS stations.

The vertical red line marks the time of the earthquake, and each station name is included

in the upper right for reference with the corresponding colors for the station and pierce

point locations on the map. The circular marker and the square marker are included to

distinguish the location and timing for the two peaks of the distinct N-waves. The map is

focused in on a closer region around Kaikoura and shares the same labeling as in Figure 2,

with the addition of the surface ruptures observed by Hamling marked on the map in red.
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