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Summary

This paper presents new techniques for quantifying non-stationary spatial variations
in strong ground-motion, using data from recent well-recorded earthquakes in New
Zealand. The dataset is unique in that many recording stations are relatively densely
spaced, and multiple strong ground motions have been recorded at the same stations.
This allows calculation of site-specific and region-specific correlations in ground-
motion amplitude for Wellington and Christchurch, and the results are compared to
a model assuming stationary correlations at all locations. Strong non-stationarity in
spatial correlation is observed in the Wellington and Christchurch regions. Hetero-
geneous geologic conditions appear to be associated with the non-stationary spatial
correlation. Several factors influencing non-stationary spatial correlation were stud-
ied: (a) site-specific residuals indicate deviation of correlation from a stationary
model; (b) most earthquakes have no systematic effect on spatial correlations and
there is no indication of a trend in correlations with magnitude; (c) rupture com-
plexity is related to the variation of spatial correlations in ground-motion residuals;
(d) variation of site-specific correlations cannot be resolved by using 𝑉𝑆,30 terms
in Ground-Motion Models. The non-stationary correlation approach provides an
opportunity to incorporate the site-specific effects in future correlation models.
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1 INTRODUCTION

When an earthquake causes ground-motion shaking in a region, the amplitude of shaking (measured, for example, using spectral
acceleration at a given period) varies spatially. Some of that variation is predicable via Ground-Motion Models (GMMs), but
there is significant remaining variation in ground-motion amplitudes not captured by those models. This remaining variation in
ground-motion prediction “residuals” is significant, exhibiting spatial correlations at scales of tens of kilometers 𝑒.𝑔., 1,2, and is
important to consider when assessing risk to spatially distributed infrastructure or portfolios of properties3,4.
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This spatial correlation is expected, since functional forms and parameters used in GMMs are relatively simple, so they
only partially capture the spatial variation in ground-motion amplitudes. For example, ruptures of finite dimension have spatial
variation in the slip amplitude, rupture velocity, and rise time5, which is typically not explained by GMMs6. Additionally,
due to commonalities in crustal velocity structure and wave propagation paths, proximal stations tend to have common wave
propagation amplification or de-amplification effects as waves propagate from the fault through the crust7. Finally, surficial
geology impacts ground-motion amplitudes, while site parameters such as 𝑉𝑆,30 (average shear wave velocity over the top 30
m) in GMMs only partially capture these effects. This also introduces spatial correlation in ground-motion residuals8.

Current correlation models are developed by assuming stationarity (i.e., that the correlations in residuals at stations separated
by the same distance are identical). This stationarity assumption has been made out of necessity, as there are few events recorded
by a sufficient number and density of ground-motion instruments. A number of predictive models of spatial correlation have
been developed based on this assumption 𝑒.𝑔., 9,10,11,12,13,14.These models were developed by measuring the correlation between
the ground-motion residuals at different stations during a single event and predicting the correlation as an exponentially decaying
function with separation distance. Some researchers find that site conditions can affect correlations, based on analyzing stationary
correlation results from different soil conditions or regions𝑒.𝑔., 15,16. Recent research have investigated the influence of source
and path effects on non-stationary correlations17,18. However, there has been no systematic study of site-specific correlation of
ground-motion residuals.

This paper develops and applies new approaches for quantifying non-stationary spatial correlations in strong ground-motion
observations, using densely recorded ground-motion data in New Zealand, where multiple strong ground motions have been
recorded at the same stations. The strong ground-motion dataset used in this study is described in Section 2. The methodology for
non-stationary spatial correlation calculation is presented in Section 3, and results are discussed in Section 4. Lastly, a sensitivity
analysis for factors influencing non-stationary spatial correlations is presented in Section 5.

2 DATA

We used strong ground-motion data from Van Houtte et al.19. The database contains ground-motion recordings from earthquakes
that occurred between 1968 and 2016 in New Zealand. The recordings were individually processed to remove low-quality
signals and any contaminating noise. Spectral accelerations for different damping ratios and periods were then computed from
the processed recordings.

For this analysis, the dataset was filtered using several criteria. Only stations in the Christchurch and Wellington region are
considered, as they contain the densest instrumentation in the country, and have repeated observations of strong shaking. For
those stations, only recordings less than 100 km from the fault rupture are considered. Recordings were only considered if they
came from crustal earthquakes with magnitude (𝑀) of at least 3, intraslab subduction earthquakes with 𝑀 ≥ 5, or interface
subduction earthquakes with 𝑀 ≥ 6. These data criteria follow the suggested parameter ranges from the GMMs used in this
study, which are presented in Section 2.1. Figure 1 shows the locations of earthquake epicenters in the two regions, and Figure
2 shows the station locations. Additional earthquake information is listed in Table A1 and A2.

2.1 Ground-motion models
Spatial correlations of ground motions are characterized based on residuals from GMMs. A typical GMM formulates the
observed intensity measure as the sum of the prediction and residuals. In the case of spectral acceleration (𝑆𝐴), it is expressed
as:

ln𝑆𝐴𝑖,𝑗 = 𝜇ln𝑆𝐴(𝑟𝑢𝑝𝑖, 𝑠𝑖𝑡𝑒𝑗) + 𝛿𝐵𝑖 + 𝛿𝑊𝑖,𝑗 (1)

where 𝑆𝐴𝑖,𝑗 is the spectral acceleration at the period of interest at site 𝑗 caused by rupture 𝑖; 𝜇ln𝑆𝐴(𝑟𝑢𝑝𝑖, 𝑠𝑖𝑡𝑒𝑗) is the predicted
natural logarithmic mean of 𝑆𝐴 intensity, and 𝑟𝑢𝑝𝑖, 𝑠𝑖𝑡𝑒𝑗 are the rupture and site parameters used in GMMs (e.g., magnitude,
source-to-site distance, site condition); 𝛿𝐵𝑖 is the between-event residual for the 𝑖th rupture; 𝛿𝑊𝑖,𝑗 is the within-event residual
for site 𝑗 from the rupture 𝑖. 𝛿𝐵𝑖 and 𝛿𝑊𝑖,𝑗 are normal random variables with zero means and standard deviations of 𝜏 and 𝜙,
respectively. Although the observed 𝑆𝐴𝑖,𝑗 is decomposed in this equation into three components, the correlation of 𝛿𝑊𝑖,𝑗 is the
primary term of interest for spatial correlations, as the 𝜇ln𝑆𝐴(𝑟𝑢𝑝𝑖, 𝑠𝑖𝑡𝑒𝑗) is already characterized by the prediction model and
𝛿𝐵𝑖 is constant for different sites.
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(a)
(b)

FIGURE 1 Locations of earthquake epicenters in the (a) Wellington region, and (b) Christchurch region. Dash lines show the
study regions in Figure 2.
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FIGURE 2 Locations of stations in the (a) Wellington region, and (b) Christchurch region.

In this study, the Abrahamson et al. GMM20 is used for subduction zone events, and the Chiou and Youngs GMM21 for
crustal events to calculate the residuals. Note that the residual calculations are dependent upon a reference GMM. However, the
results should be similar across different GMMs because the variations in observations are large compared with the variations
in predictions, so changing the reference GMM does not often impact residuals appreciably22,23.

2.2 Within-event residual calculation
For each earthquake and station considered in this study, we have an observed ln𝑆𝐴𝑖,𝑗 , and predicted 𝜇ln𝑆𝐴(𝑟𝑢𝑝𝑖, 𝑠𝑖𝑡𝑒𝑗), 𝜏 and
𝜙 terms from the reference GMM. Subtracting the predicted 𝜇ln𝑆𝐴(𝑟𝑢𝑝𝑖, 𝑠𝑖𝑡𝑒𝑗) from the observed ln𝑆𝐴𝑖,𝑗 gives a total residual,
𝜀𝑡𝑖,𝑗 :
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𝜀𝑡𝑖,𝑗 = ln𝑆𝐴𝑖,𝑗 − 𝜇ln𝑆𝐴(𝑟𝑢𝑝𝑖, 𝑠𝑖𝑡𝑒𝑗) (2)

Comparing Equations 1 and 2, we see that the total residual equals the sum of within-event and between-event residuals. Sepa-
rating the between-event residuals from the total residuals requires solving a mixed-effect regression problem. In this study, the
following method is used to estimate 𝛿𝐵𝑖 for each earthquake24,25,26:

̂𝛿𝐵𝑖 =
∑𝑛

𝑗=1 𝜀
𝑡
𝑖,𝑗

𝜙2

𝜏2
+ 𝑛𝑖

(3)

where ̂𝛿𝐵𝑖 denotes the estimated between-event residual, and 𝑛𝑖 is the number of recordings of earthquake 𝑖. Then normalized
within-event residuals ̃𝛿𝑊𝑖,𝑗 can be estimated by:

̃𝛿𝑊𝑖,𝑗 =
̂𝛿𝑊𝑖,𝑗

𝜙
=

ln𝑆𝐴𝑖,𝑗 − 𝜇ln𝑆𝐴(𝑟𝑢𝑝𝑖, 𝑠𝑖𝑡𝑒𝑗) − ̂𝛿𝐵𝑖

𝜙
(4)

We further estimate a site-specific residual at a given station as the mean over all observations of the normalized within-event
residuals:

𝛿𝑆2𝑆𝑗 =
1
𝑛𝑗

𝑛𝑗∑
𝑖=1

̃𝛿𝑊𝑖,𝑗 (5)

where 𝑛𝑗 is the number of earthquakes recorded at station 𝑗.
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FIGURE 3 Example observed ground-motion response spectra and GMMs as used in this study: (a) Station POTS, and (b)
Station WEMS recordings of the 13 November 2016 𝑀 7.8 Kaikōura earthquake.

Figure 3 illustrates the data used to compute normalized 𝑆𝐴(1 s) within-event residuals at stations POTS and WEMS. The
normalized within-event residual for station POTS is calculated as:

̃𝛿𝑊 =
̂𝛿𝑊
𝜙

=
ln𝑆𝐴 − 𝜇ln𝑆𝐴(𝑟𝑢𝑝𝑖, 𝑠𝑖𝑡𝑒𝑗) − ̂𝛿𝐵

𝜙
= −2.19 + 2.72 − 0.19

0.60
= 0.57 (6)
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where the estimated between-event residual for the Kaikōura earthquake from Equation 3 is ̂𝛿𝐵 = 0.19 and the within-event
standard deviation given by the GMM is 𝜙 = 0.60. Similarly, the normalized within-event residual for station WEMS is cal-
culated as (−1.29 + 1.56 − 0.19)∕0.56 = 0.14. We use this method to calculate the normalized within-event residuals for all
recordings. These residuals are used to calculate the correlations in the following analysis.

3 METHODOLOGY

3.1 Site-specific correlation
Traditionally, spatial correlations of ground motions are studied by calculating a semivariogram of residuals from a single event,
assuming stationarity 𝑒.𝑔., 1,9,10,15. Here we assess this assumption explicitly by also determining the non-stationary correlations
using a site-specific approach17. For every pair of stations (𝑗, 𝑘) we select all earthquakes with suitable recordings at both
stations. We assume the pair of within-event residuals could be represented by a bivariate normal distribution27, and calculate
the sample correlation coefficient for the normalized within-event residuals:

𝜌̂𝑗,𝑘 =
1
𝑛

∑𝑛
𝑖=1

̃𝛿𝑊 𝑖,𝑗
̃𝛿𝑊 𝑖,𝑘√

1
𝑛

∑𝑛
𝑖=1

̃𝛿𝑊 2
𝑖,𝑗

√
1
𝑛

∑𝑛
𝑖=1

̃𝛿𝑊 2
𝑖,𝑘

(7)

where 𝑛 is the number of earthquakes with pairs of recordings at the given stations. This gives a correlation estimate for every
pair of stations. Notice that Equation 7 is an uncentered sample correlation coefficient, which corresponds to the maximum
likelihood estimator for bivariate normal data conditioned on the means being zero28. The uncentered approach is designed to
capture any site-specific effect associated with station 𝑗 and station 𝑘 (because a centered approach will remove the mean of
within-event residuals which could influence the resulting correlation.)

The standard deviation of the Equation 7 correlation coefficient estimate is29:

𝑠𝑡𝑑(𝜌̂) = 1 − 𝜌2√
𝑛

(8)

where 𝜌 is the real correlation coefficient. We examined station pairs with varying 𝑛, and determined that 𝑛 ≥ 6 pairs of
recordings were needed to obtain stable estimates of site-specific correlations while maintaining a sufficient number of station
pairs to draw scientific insights.

Figure 4 illustrates the site-specific correlation calculation for within-event residuals at stations WEMS and POTS. Each data
point represents the residuals at the two stations from a single earthquake. For example, the point at (0.57, 0.14) represents the
residuals of the Kaikōura earthquake calculated in Section 2.2. The estimated correlation is 0.90 according to Equation 7, and
the standard deviation of the estimated correlation is 0.06 according to Equation 8.

3.2 Deviation of site-specific correlation
After calculating the site-specific correlations of all pairs of stations in the regions, we evaluate the deviation of these correlations
relative to a stationary reference model. Fisher’s Z-transformation is first applied30:

𝑍(𝜌̂) = 1
2
ln
(
1 + 𝜌̂
1 − 𝜌̂

)
(9)

where 𝜌̂ is the sample correlation coefficient from Equation 7. If the within-event residuals are bivariate normal, 𝑍(𝜌̂) is
approximately normally distributed with mean 1∕2 ln

(
1+𝜌
1−𝜌

)
and standard deviation 1∕

√
𝑛 − 2. Then we can define

𝑒 = [𝑍(𝜌̂) −𝑍(𝜌)]
√
𝑛 − 2 (10)

as the measure of correlation deviation, where the real correlation coefficient 𝜌 is predicted from a reference correlation model.
Note that the

√
𝑛 − 2 is slightly different then the original standard deviation of the Fisher’s Z-transformation, because here

the correlation is estimated using an uncentered approach. Under the above assumptions, 𝑒 will follow the standard normal
distribution.
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FIGURE 4 Scatter plot of 𝑆𝐴(1 s) within-event residuals at stations POTS and WEMS (𝑛 = 10, separation distance = 0.46
km). A line with a slope of 1 is included for reference.

In the above example, the calculated 𝜌̂ is 0.90 for stations POTS and WEMS, and the predicted correlation 𝜌 is 0.95 from the
reference model15. Therefore, the deviation of the site-specific correlation from the reference model is

𝑒 = [𝑍(0.90) −𝑍(0.95)] ×
√
10 − 2 = −1.02 (11)

which indicates that the estimated correlation between POTS and WEMS is lower than the stationary prediction from the
reference model by 1.02 standard deviations.

3.3 Influence of individual earthquakes on site-specific correlation estimates
Similarly, we can quantify the influence of a specific earthquake on the computed correlation by comparing the site-specific
correlations with and without the specific earthquake data. Specifically, the influence of earthquake 𝑖 on the correlation at a pair
of stations is defined as

𝑒𝑖 =
[
𝑍(𝜌̂) −𝑍(𝜌̂−𝑖)

]
(𝑛 − 2) (12)

where 𝑍(𝜌̂−𝑖) is the same transformed correlation, but with the correlation estimated after omitting data from earthquake 𝑖. The
standard deviation of 𝑍(𝜌̂) − 𝑍(𝜌̂−𝑖) is estimated to be 𝑛 − 2 using bootstrap method31, so division by this standard deviation
makes the 𝑒𝑖 terms have a standard normal distribution. A positive 𝑒𝑖 score means that earthquake 𝑖 increases the correlation at
a given pair of stations (because its omission decreases the correlation), and vice versa.

Figure 5 shows an example of calculated 𝑒𝑖 of earthquakes for stations TEPS and MISS. In this case, omitting the Kaikōura
earthquake will change the site-specific correlation from 0.30 to 0.62, so the calculated 𝑒𝑖 for the Kaikōura earthquake is:

𝑒𝑖 = [𝑍(0.30) −𝑍(0.62)] × (8 − 2) = −2.49 (13)

which indicates including the Kaikōura earthquake results in reducing the estimated correlation for this pair.

4 NON-STATIONARY CORRELATION ANALYSIS

The Section 3.1 and 3.2 methods are next used to calculate the site-specific correlations and deviations, using 5%-damped 𝑆𝐴
at a period of 1 s. This 𝑆𝐴 period was chosen as it is potentially sensitive to the effects of deep geologic structures such as
sedimentary basins, as shorter-period waves lose correlation more quickly and are more influenced by fine-scale crustal structure.

Figure 6 illustrates the site-specific correlations of within-event residuals for every pair of stations. The solid line shows the
reference model from Jayaram and Baker15, and the dashed lines denote ± one standard deviation intervals calculated from
Equation 8 with 𝑛 = 6. The estimated correlations are, on average, consistent with the reference model, but individual correlation



CHEN et al. 7

-2 -1 0 1 2
-2

-1

0

1

2

FIGURE 5 Scatter plot of within-event residuals of 𝑆𝐴(1 s) at stations TEPS and MISS. The diameter of the circle
corresponding to each data point is proportional to the 𝑒𝑖 of that earthquake, as calculated by Equation 12.

estimates vary widely around that model. The color of each point shows the deviation of site-specific correlations from the
reference model calculated using Equation 10. The sample mean (𝜇𝑒) and standard deviation (𝜎𝑒) of the deviations are annotated
on the lower left of the figure.

In Figure 6, 400 of the 485 total station pairs are outside of the one standard deviation interval. If 𝜌(ℎ) was an appropriate
model for all station pairs, we would expect only 1/3 (or ∼ 160) pairs to be outside of this interval. We observe low-correlated
pairs at short distances, and both high-correlated and negative-correlated pairs at large distances. There is significant variation
relative to the predicted correlation from the reference model. This suggests that site-specific correlations are not well explained
by their separation distances, ℎ, alone. Similar results are also observed for other periods of interest. In the following sections,
we select stations from different subregions defined in Figure 2b and 2a, to study the correlations for subregions with different
characteristics.
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FIGURE 6 Site-specific correlations and deviations for 𝑆𝐴(1 s) within-event residuals versus separation distance. Red points
show pairs with a positive correlation deviations and blue points show pairs with a negative correlation deviation. 𝜇𝑒 and 𝜎𝑒 are
the sample mean and standard deviation of the correlation deviations 𝑒.
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4.1 Christchurch region
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FIGURE 7 Site-specific correlations and deviations for 𝑆𝐴(1 s) within-event residuals versus separation distance for
Christchurch station pairs (a) in the south subregion, (b) in the north & west subregion, (c) in the CBD & east subregion, (d)
with one in the south subregion and another outside. (See subregions in Figure 2b).

Figure 7 shows Christchurch station-pair correlations, grouped by their subregions. Figure 7a, 7b, and 7c show the correlations
of station pairs in the south, west & north, and CBD & east subregions, respectively, and Figure 7d shows the correlation of the
pairs with one station in the south subregion and another outside.

In Figure 7a, most pairs in the south subregion have a higher correlation than the reference model, and the difference is
significant for most pairs with distance < 15 km. This is because the stations in this subregion are mainly on a rock condition,
and are closer to the epicenters of the earthquakes in the region (Figure 1b). Therefore, the stations tend to have similar shaking
intensity and similar GMM predictions32,33,34, which leads to similar residuals and thus high correlation coefficients (i.e., positive
𝜇𝑒). Similarly, for the stations in the west & north subregion, the stations are mostly located on dense gravel geological conditions
and further from the epicenters of the earthquakes, which also results in similar residuals and high correlation coefficients
(Figure 7b).

Conversely, for the stations in the CBD & east subregion in Figure 7c, the correlation of the station pairs shows faster decay
than the reference model and thus a negative 𝜇𝑒. The stations in this subregion are on a relatively soft soil condition, but soils
vary from deep sedimentary deposits of interbedded gravels to fine-grain sediments35. These stations tend to have appreciably
different residuals for different earthquakes, which leads to a higher variation of residuals and thus a lower correlation.

Figure 7d shows the correlations for pairs of stations with one in the south subregion and another outside of the south sub-
region. These pairs of stations are on different geological conditions. It is common that the GMMs overpredict shaking at rock
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stations and underpredict at soil stations, or vice versa, in this dataset. Therefore, these pairs of stations usually have low or even
negative correlations.
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FIGURE 8 Site-specific 𝑆𝐴(1 s) residuals in the Christchurch region.

Figure 8 shows the site-specific residuals from all earthquakes in Christchurch. For the south subregion, it can be seen that the
GMMs underpredicted 𝑆𝐴(1 s), which leads to an overall positive residual in the subregion. These systematic underpredictions
caused higher correlations within the region. Similarly, the west & north subregion tends to have systematic negative residuals,
leading to higher correlations. This opposite sign of residuals causes the low correlations for stations in the south subregion with
others in Figure 7d.

4.2 Wellington region
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FIGURE 9 Site-specific correlations and deviations for𝑆𝐴(1 s)within-event residuals versus separation distance for Wellington
station pairs (a) in the basin subregions (Thorndon, Te Aro, and Lower Hutt Basin), (b) with one in the basin subregions and
another outside. (See subregions in Figure 2a).

Similarly, we study the correlations of the subregions in Wellington. Figure 9a shows the correlations for station pairs in
the basin subregions. These stations have a very similar geological condition (soft soil), and are spatially dense compared with
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the distance to earthquake epicenters. Their correlation shows good alignment to the reference model. However, in Figure 9b,
the correlation for the basin stations with outside basin stations vary significantly. These stations are located at heterogeneous
geological conditions, and are relatively scattered, which leads to high variation of 𝑆𝐴(1 s) for different earthquakes and thus
high variation of correlations. Figure 10 shows the site-specific residuals from all earthquakes in the Wellington region. The
stations in the basin subregions show similar residuals, and thus have a higher correlation. However, for other stations, the site-
specific residuals vary spatially, which leads to a high variation of their correlations. In addition, there are a few pairs with a
station at the edge of a sedimentary basin and a station on a rock outcrop. The influence of basin and basin-edge-generated
surface waves leads to significant variation over small distances36, which causes the abnormally lower-correlated pairs at close
distances observed in Figure 9b. For example, station BMTS, FAIS, and INSS are on a rock outcrop, but they have appreciably
different residuals than the stations in the basin. The results for other periods are listed in Appendix B.
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FIGURE 10 Site-specific 𝑆𝐴(1 s) residuals in the Wellington region.

5 SENSITIVITY ANALYSIS

5.1 Effect of site-specific residuals
In Section 4, we saw that the site-specific residuals influenced the correlation of a pair of stations. In Figure 11, we plot the
correlation deviation versus the product of site-specific residuals at a given pair of stations. As expected, a positive product
(resulting when the site-specific residuals have the same sign) is usually associated with a positive correlation deviation, and vice
versa. The relationship is close to a logistic function, as indicated by the red line showing a logistic function fitted to the data.

Since 𝑒 follows a standard normal distribution, we can examine what values of 𝛿𝑆2𝑆𝑖 ∗ 𝛿𝑆2𝑆𝑗 cause an extreme 𝑒 (i.e.,
strong non-stationarity). According to the fitted logistic function, 𝛿𝑆2𝑆𝑖 ∗ 𝛿𝑆2𝑆𝑗 > 0.47 will result in |𝑒| > 1.96. These values
are indicated with dashed lines In Figure 11.

We next plot the correlation deviations versus the site-specific residuals at a pair of stations. In Figure 12, the coordinates
of each data point indicate the site-specific residuals at a pair of stations, and the color indicates its correlation deviation. The
dashed lines show the contours of |𝛿𝑆2𝑆𝑖 ∗ 𝛿𝑆2𝑆𝑗| = 0.47. It is clear that if a pair of stations has a product of site-specific
residuals close to zero (region 1©), it tends to have a 𝑒 also close to zero (i.e., stationary correlation). On the other hand, if a
pair of stations has a large site-specific residual product (region 2©), they tend to have a positive deviation and thus a higher
correlation than the reference model. Conversely, an opposite sign of site-specific residuals is associated with the station pairs
with negative deviations (region 3©). These non-zero site-specific residuals can be caused by the systemic under/overprediction
of GMMs, which are observed to be associated with similar geological conditions or similar locations relative to earthquake
epicenters in Section 4.



CHEN et al. 11

-3 -2 -1 0 1 2 3
-6

-4

-2

0

2

4

6

e

FIGURE 11 Correlation deviation versus the product of site-specific residual pairs. The solid red line shows the fitted logistic
curve of the data. The dashed lines show the range of 𝛿𝑆2𝑆𝑖 ∗ 𝛿𝑆2𝑆𝑗 that has a 𝑒 between -1.96 and 1.96 according to the fitted
logistic function.
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FIGURE 12 Scatter plot of site-specific residuals for all station pairs, colored by the pair’s correlation deviation. The dashed
lines show the contours of |𝛿𝑆2𝑆𝑖 ∗ 𝛿𝑆2𝑆𝑗| = 0.47.

5.2 Effect of individual events
We use Equation 12 to calculate the influence of earthquakes (𝑒𝑖) on all pairs of stations in Christchurch and Wellington. These
𝑒𝑖 values are plotted versus earthquake magnitude. In Figure 13, the mean 𝑒𝑖 for all earthquakes are around zero, which indicates
that no earthquake produces systematically higher or lower correlations, and that the correlations caused by these earthquakes
are consistent with each other. However, the Kaikōura earthquake produces some extreme 𝑒𝑖 values and has the largest standard
deviation (𝜎̂ = 1.54). This suggests that the Kaikōura earthquake has large-amplitude within-event residuals, and thus adding or
removing the earthquake’s data will substantially influence a number of site-specific correlations. This is because the Kaikōura
earthquake involved complex rupture of many faults with highly variable slip (southern faults had smaller slip) and significant
directivity effects (propagation from south to north)37,36. However, GMM predictions use simple parameters such as closest
distance to the fault (𝑅𝑟𝑢𝑝) that do not capture these effects, which causes regional errors in predictions and thus results in high
variations of prediction residuals. On the other hand, the standard deviation of 𝑒𝑖 was 0.91 for the Darfield earthquake. It had
a somewhat smaller rupture, and ground-motion amplitudes are more easily predicted as a function of 𝑅𝑟𝑢𝑝, leading to fewer
regional deviations in ground-motion amplitudes and thus no systematic correlation effects. This pattern suggests a relationship
between rupture complexity and spatial correlations in ground-motion residuals.
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FIGURE 13 Computed 𝑒𝑖 from Equation 12 for all earthquakes and station pairs at a period of 1 s, plotted versus earthquake
magnitude. Points indicate 𝑒𝑖 values for a particular earthquake and station pair. Stars indicate the mean of the 𝑒𝑖 scores and bars
show the ± standard deviations, for each earthquake.

Figures 14 and 15 show the within-event residuals for the Kaikōura and Darfield earthquakes. There is noticeable regional
clustering of within-event residuals from the Kaikōura earthquake. Due to the directivity effect, positive within-event residuals
cluster in the Wellington region (average ̃𝛿𝑊𝑖,𝑗 = 0.82) and negative within-event residuals cluster in the Christchurch region
(average ̃𝛿𝑊𝑖,𝑗 = −1.72). Therefore, recordings from this event tend to imply high spatial correlations and thus can result in a
high 𝑒𝑖 standard deviation, as observed above. The Darfield earthquake (Figure 15), on the other hand, has no apparent regional
clustering of residuals. Therefore, removing this event from the correlation coefficient calculation has less influence on the
estimated site-specific correlations, resulting in 𝑒𝑖 values that are close to zero on average and have a lower standard deviation.

5.3 Effect of GMM 𝑉𝑆,30 term
To investigate the role of 𝑉𝑆,30 in spatial correlations, we use a constant 𝑉𝑆,30 in GMM predictions (rather than the measured
values) to estimate residuals. We then examine whether the spatial correlations between soil and rock stations show more sig-
nificant non-stationary behavior since GMMs already predict part of the site effects with the 𝑉𝑆,30 term. We use the mean 𝑉𝑆,30
of the station dataset (471 m/s) for all stations to calculate the normalized within-event residuals at a period of 1 s, and then
calculate 𝜌̂ and 𝑒 using these residuals.

Figure 16a shows the correlations for rock-soil station pairs using a constant 𝑉𝑆,30. Most of the station pairs have negative
correlation. This is expected, because a constant 𝑉𝑆,30 introduces opposite biases for rock and soil 𝑆𝐴 prediction, which results
in a drop of correlations. Figure 16b shows the correlations for rock-soil station pairs using best-estimate 𝑉𝑆,30. By incorporating
the 𝑉𝑆,30 term, we observe that correlations are no longer consistently lower than the reference model, but the variation of
correlations are still significant around the reference model. This indicates that including the 𝑉𝑆,30 term in the GMMs helps
modify the systematically lower correlations for rock-soil station pairs. However, the variations remain significant and cannot
be eliminated using a 𝑉𝑆,30 term in GMMs. Further refinement of site-specific predictions using site response modeling should
further reduce correlations and nonstationarities38, but it is clear that 𝑉𝑆,30 alone is not sufficient to capture these effects.

5.4 Effect of 𝑆𝐴 period
The above results are specific to the analysis of 𝑆𝐴(1 s) values. To evaluate the effect of the considered 𝑆𝐴 period, the same
calculations are repeated for spectral acceleration data at other periods. Appendix B provides the results for 𝑆𝐴(0.01 s) and
𝑆𝐴(0.25 s). The results at other periods are similar to those of 𝑆𝐴(1 s), showing consistency in which subregion correlations
deviate from the reference model. The effects are slightly weaker than the 𝑆𝐴(1 s) results, which was expected as the shorter-
period amplitudes will be less sensitive to deep geologic structures that may be causing some of the correlation. It was not
possible to analyze spectral accelerations at periods longer than 1 s, because there were not a sufficient number of ground motion
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(a) Christchurch Region (b) Wellington Region

FIGURE 14 𝑆𝐴(1 s) within-event residuals from the 13 November 2016 𝑀 7.8 Kaikōura earthquake. Black lines show the
surface projection of the rupture.

recordings with usable signal at those longer periods. In total, these results suggest that subregions may consistently produce
non-stationary correlations for a range of spectral acceleration periods, but that longer-period spectral accelerations may have
stronger effects. This limited set of results is not definitive, but is consistent with effects seen in numerically simulated ground
motions17.
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FIGURE 15𝑆𝐴(1 s)within-event residuals from the 4 September 2010𝑀 7.1 Darfield earthquake. Black lines show the surface
projection of the rupture.
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FIGURE 16 Site-specific correlations and deviations for 𝑆𝐴(1 s) within-event residuals versus separation distance for rock-soil
station pairs (a) using a constant 𝑉𝑆,30, (b) using best-estimate 𝑉𝑆,30.

6 CONCLUSIONS

This paper introduced a methodology to measure and evaluate non-stationary correlations in ground motions. We calculated
site-specific correlation coefficients, and used Fisher’s Z-transformation to quantify the deviation of these correlations from a
reference model. We applied this methodology to New Zealand ground-motion data, to understand how correlations in ground
motions vary among station pairs.
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On average, the New Zealand ground motions have spatial correlations comparable to a reference model that was previously
calibrated based on global data sets. However, there is appreciable variability in the pair-wise correlations between stations
for a given separation distance. Strong non-stationarity in correlations is observed in the Christchurch and Wellington regions,
with some subregions of those areas exhibiting higher correlations than the reference model, and station pairs from differing
subregions having lower correlations.

The site-specific residuals at considered stations are strongly related to the correlation deviation. Station pairs with the same
sign of site-specific residuals tend to have higher correlation than the reference model and vice versa. In general, stations with
similar geological conditions and similar relative location to earthquake epicenters tend to have similar site-specific residuals
and higher correlations. Station pairs on homogeneous conditions tend to have good alignment with a stationary model, but
heterogeneous conditions tend to be associated with higher variation of spatial correlations.

Most earthquakes had no systematic effect on correlations, and there was no apparent trend in this effect with the magnitude or
other rupture properties. Large variation of residual values, on the other hand, may cause a large variation in spatial correlations.
For example, the Kaikōura earthquake has the largest standard deviation of 𝑒𝑖 at a period of 1 s due to the clustering of residuals
caused by the complexity of the rupture.

Variation of site-specific correlations cannot be resolved by using 𝑉𝑆,30 terms in GMMs. We show this by computing residuals
and spatial correlations with best-estimate 𝑉𝑆,30 values, and alternatively by using a constant 𝑉𝑆,30 value for all stations in the
region, and find that the variation of site-specific correlations remains significant. This suggests that the variation in GMM
prediction caused by 𝑉𝑆,30 is not as significant as the variation in site-specific ground motions. More comprehensive site response
modeling (e.g., by using site-specific site response estimates along with a GMM) should lead to a further decrease in such
variations.
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TABLE A1 Summary of considered earthquakes in the Christchurch Region. CuspID is an event index value from the original
database19. The number of usable stations are for 𝑆𝐴(1 s) data.

Id CuspID Event Date Magnitude Type # of usable stations

166 3711648 2012-05-25 5.1 Crustal 26
75 2016p118944 2016-02-14 5.8 Crustal 24
162 3631359 2011-12-23 5.8 Crustal 23
167 3734186 2012-07-06 4.7 Crustal 22
24 2012p764736 2012-10-09 4.0 Crustal 22
163 3631380 2011-12-23 5.8 Crustal 22
23 2012p713691 2012-09-21 4.2 Crustal 21
160 3528810 2011-06-13 5.3 Crustal 21
54 2014p237547 2014-03-29 3.8 Crustal 19
65 2014p965622 2014-12-24 4.0 Crustal 18
159 3468635 2011-02-22 5.6 Crustal 17
153 3366146 2010-09-03 7.1 Crustal 16
161 3528839 2011-06-13 6.0 Crustal 16
155 3391440 2010-10-18 4.8 Crustal 15
64 2014p933966 2014-12-12 4.2 Crustal 15
27 2012p801609 2012-10-23 4.0 Crustal 14
157 3437105 2010-12-25 4.7 Crustal 13
158 3468575 2011-02-21 6.2 Crustal 10
33 2013p368016 2013-05-17 3.9 Crustal 8
76 2016p858000 2016-11-13 7.8 Crustal 8
81 2122842 2003-09-29 4.6 Crustal 7
53 2014p211339 2014-03-20 3.5 Crustal 7
60 2014p686520 2014-09-12 4.1 Crustal 5
107 2472534 2005-10-13 4.5 Crustal 3
69 2015p080815 2015-01-30 3.8 Crustal 3

TABLE A2 Summary of considered earthquakes in the Wellington Region. CuspID is an event index value from the original
database19. The number of usable stations are for 𝑆𝐴(1 s) data.

Id CuspID Event Date Magnitude Type # of usable stations

37 2013p543824 2013-07-21 6.6 Crustal 26
76 2016p858000 2016-11-13 7.8 Crustal 25
45 2013p614135 2013-08-16 5.9 Crustal 24
43 2013p613797 2013-08-16 6.6 Crustal 24
36 2013p542711 2013-07-20 5.7 Crustal 23
169 3765940 2012-09-01 3.8 Crustal 23
41 2013p563639 2013-07-28 4.9 Crustal 21
44 2013p613947 2013-08-16 5.2 Crustal 20
95 2354133 2005-01-20 5.3 Slab 19
35 2013p538215 2013-07-19 4.5 Crustal 16
72 2015p302557 2015-04-22 4.7 Crustal 16
156 3413873 2010-11-28 5.0 Slab 15
49 2014p022834 2014-01-09 3.7 Crustal 12
6 1502698 2000-03-29 5.2 Slab 10
50 2014p051675 2014-01-20 6.3 Slab 9
40 2013p561823 2013-07-27 4.0 Crustal 6
4 1348340 1999-01-03 5.2 Slab 4
109 2480685 2005-11-01 4.5 Crustal 4
177 722185 1995-03-22 5.8 Slab 3
38 2013p551065 2013-07-23 4.2 Crustal 2
110 2481737 2005-11-03 4.5 Crustal 2
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B OTHER PERIOD RESULTS

B.1 Christchurch 𝐒𝐀(𝟎.𝟐𝟓 s)
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FIGURE B1 Site-specific correlations and deviations for 𝑆𝐴(0.25 s) within-event residuals versus separation distance for
Christchurch station pairs (a) in the south subregion, (b) in the north & west subregion, (c) in the CBD & east subregion, (d)
with one in the south subregion and another outside. (See subregions in Figure 2b).
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B.2 Wellington 𝐒𝐀(𝟎.𝟐𝟓 s)
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FIGURE B2 Site-specific correlations and deviations for 𝑆𝐴(0.25 s) within-event residuals versus separation distance for
Wellington station pairs (a) in the basin subregions (Thorndon, Te Aro, and Lower Hutt Basin), (b) with one in the basin
subregions and another outside. (See subregions in Figure 2a).
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B.3 Christchurch 𝐒𝐀(𝟎.𝟎𝟏 s)
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(d)

FIGURE B3 Site-specific correlations and deviations for 𝑆𝐴(0.01 s) within-event residuals versus separation distance for
Christchurch station pairs (a) in the south subregion, (b) in the north & west subregion, (c) in the CBD & east subregion, (d)
with one in the south subregion and another outside. (See subregions in Figure 2b).
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B.4 Wellington 𝐒𝐀(𝟎.𝟎𝟏 s)
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(b)

FIGURE B4 Site-specific correlations and deviations for 𝑆𝐴(0.01 s) within-event residuals versus separation distance for
Wellington station pairs (a) in the basin subregions (Thorndon, Te Aro, and Lower Hutt Basin), (b) with one in the basin
subregions and another outside. (See subregions in Figure 2a).


