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Abstract
Geomagnetic field data obtained through the INTERMAGNET program are convolved with with magnetotelluric surface impedance from four EarthScope USArray sites to estimate the geoelectric variations throughout the duration of a magnetic storm. A duration of time from June 22, 2016, to June 25, 2016, is considered which encompasses a magnetic storm of moderate size recorded at the Brandon, Manitoba and Fredericksburg, Virginia magnetic observatories over 3 days. Two impedance sites were chosen in each case which represent different responses while being within close geographic proximity and within the same physiographic zone. This study produces estimated time series of the geoelectric field throughout the duration of a magnetic storm, providing an understanding of how the geoelectric field differs across small geographic distances within the same physiographic zone. This study shows that the geoelectric response of two sites within 200 km of one another can differ by up to two orders of magnitude (4484 mV/km at one site and 41 mV/km at another site 125 km away). This study demonstrates that the application of uniform 1-dimensional conductivity models of the subsurface to wide geographic regions is insufficient to predict the geoelectric hazard at a given site. This necessitates that an evaluation of the 3-dimensional conductivity distribution at a given location is necessary to produce a reliable estimation of how the geoelectric field evolves over the course of a magnetic storm.[image: A40623_2018_807_Figa_HTML.gif]



Introduction
Geomagnetic storms interact with power systems through geoelectric currents induced in the Earth’s electrically conducting interior (e.g., Pirjola 2002; Molinski 2002). These storms represent a hazard to power transmission infrastructure through their potential to interfere with operations and result in damage to transformers and other critical components. Infrastructure damage due to magnetic storms has occurred on numerous occasions, such as the March 1989 storm that caused blackouts in the Hydro-Quebec power grid of Canada (e.g., Allen et al. 1989; Béland and Small 2005) as well as power failures from the August 1972 storm (e.g., Anderson et al. 1974). Interest in averting the deleterious effects of magnetic storms has motivated regulatory agencies to issue instructions to power grid companies to assess the resilience of their operations and infrastructure in preparation for future magnetic storms (FERC 2013) (Order No. 77) (e.g., Veeramany et al. 2016), academic work on magnetic storm assessment (e.g., Schrijver et al. 2015), and risk assessments in the private sector (e.g., Riswadkar and Dobbins 2010; AonBenfield 2013; Lloyds 2013).
In order to prepare for a magnetic storm, those who maintain power systems need the induced geoelectric field in a given geographic region. Local assessments of geoelectric field estimation have been performed at various places around the world (e.g., Boteler 2001; Viljanen et al. 2013; Torta et al. 2014). In addition to direct monitoring of the geoelectric field, one can estimate the geoelectric field though characterizing and mapping the behavior of the Earth’s ground-level geomagnetic field across broad geographic regions (e.g., Love et al. 2016) and characterizing an impedance (e.g., Chave 2012) at a given location, which is dependent on the 3-dimensional conductivity distribution of the Earth’s interior (e.g., Bedrosian and Feucht 2014; Meqbel et al. 2014; Alekseev et al. 2015). Subsurface conductivity can also be characterized with active sources, as described in works such as Spies and Frischknecht (1991) on land or Swidinsky et al. (2015) in the marine environment; such conductivity models can be used to supplement impedances typically constructed using passive magnetotelluric methods.
Geoelectric mapping studies incorporate impedance tensors derived from magnetotelluric measurements of the geomagnetic and geoelectric fields (e.g., Egbert 2007) such as those collected from the USArray program (e.g., Schultz 2009; Williams et al. 2010 ). These include Bedrosian and Love (2015), who use 3-dimensional magnetotelluric EarthScope impedances to estimate the geoelectric response of a simulated time-varying geomagnetic field across northern North America. Love et al. (2016a) used these impedances to produce a hazard map of half of the USA by convolving these impedances against latitude-dependent maps of extreme geomagnetic activity. Torta et al. (2017) improved the estimate of the phase and magnitude of measured geomagnetically induced currents (GICs) in power transmission systems by modeling local 2- and 3-dimensional conductivity structures with their impedances.
Recognizing that many ongoing efforts to estimate geoelectric hazards utilize conductivity models representing broad physiographic regions through 1-dimensional conductivity models, there is a need to improve estimations of the geoelectric hazards as discussed in the U.S. Space Weather Action Plan (NSTC 2015). We investigate how an estimation of the geoelectric field can differ between two closely spaced sites within the same physiographic region in order to highlight the importance of using accurate Earth impedance tensors.

Induction
We are concerned with the relationship between a ground-level geomagnetic field [image: $${\mathbf{B}} (t,x,y)$$] generated as a result of magnetic storm activity and the induced geoelectric field variations [image: $${\mathbf{E}} (t,x,y)$$] at a given location (x, y) on the Earth as a function of time t. We consider the inducing geomagnetic field [image: $${\mathbf{B}} (t,x,y)$$] to be a locally planar field, with time-varying horizontal geomagnetic fields [image: $$(B_{x},B_{y})$$] and geoelectric fields [image: $$(E_{x},E_{y})$$] (e.g., Cagniard 1953). In addition, we are interested in the frequency band that produces the greatest hazard risk of power systems: [image: $$10^{-1}$$]–[image: $$10^{-4}$$] Hz (periods of 10–10,000 s) (Barnes et al. 1991; NERC 2014a, b). This range allows us to invoke the quasi-static approximation, thus electromagnetic induction in the Earth becomes a diffusive process that ignores displacement currents.
The Fourier transform relates our geomagnetic and geoelectric fields in time to the frequency domain according to[image: $$\mathcal {F} {\mathbf{B}} (t) = \tilde{\mathbf{B }}(f) \quad \text {and} \quad \mathcal {F} {\mathbf{E}} (t) = \tilde{\mathbf{E }}(f),$$]

 (1)

where f is the frequency of sinusoidal variation. In magnetotellurics, one uses [image: $$\tilde{\mathbf{B }}(f,x,y)$$] and [image: $$\tilde{\mathbf{E }}(f,x,y)$$] to determine a complex impedance tensor [image: $$\bar{\bar{\mathbf{Z }}}(f,x,y|\sigma ({\mathbf{r}} ))$$] having units of ohms [image: $$(\Omega )$$], where [image: $$\sigma ({\mathbf{r}} )$$] is the subsurface conductivity distribution, and [image: $${\mathbf{r}}$$] is a position vector (Weidelt and Chave 2012, chapter 4.1.2). The impedance tensor can be written as[image: $$\begin{aligned} \bar{\bar{\mathbf{Z }}}(f,x,y|\sigma ({\mathbf{r}} )) = \begin{bmatrix} Z_{xx}&\quad Z_{xy} \\ Z_{yx}&\quad Z_{yy} \end{bmatrix} (f,x,y|\sigma ({\mathbf{r}} )), \end{aligned}$$]

 (2)

and is the result of induction within the 3-dimensional conductivity distribution of the subsurface which corresponds to the geology of the volume of Earth at a given geographic location (x, y). In this 3-dimensional case, each element of the tensor ([image: $$Z_{xx}, Z_{xy}, Z_{yx},$$] and [image: $$Z_{yy}$$]) is nonzero and independent of other components, and the subscripts (x, y) correspond to the northing and easting of the geographic location, respectively. The impedance tensor is related to the geomagnetic field [image: $$\tilde{\mathbf{B }}(f,x,y)$$] and the geoelectric field [image: $$\tilde{\mathbf{E }}(f,x,y)$$] via[image: $$\tilde{\mathbf{E }}(f,x,y) = \frac{1}{\mu }\bar{\bar{\mathbf{Z }}}(f,x,y|\sigma ({\mathbf{r}} ))\cdot \tilde{\mathbf{B }}(f,x,y),$$]

 (3)

where [image: $$\mu$$] is magnetic permeability. Equation 3 can be used to estimate the geoelectric field in the frequency domain at a given location.

Data
The USArray EarthScope program supported by the National Science Foundation (NSF) consists of a continent-wide survey of seismic and magnetotelluric sites conducted throughout the USA since 2006. This study considers a collection of impedances at discrete geographic locations. 1Hz geomagnetic vector field data were collected via fluxgate magnetometers, and 1Hz geoelectric field data were collected via pairs of lead–lead chloride nonpolarizing electrodes arranged in a standard magnetotelluric array (Schultz 2010). We selected four sites for comparison in this study, two sites each within two physiographic zones PT-1 and SU-1 (Fig. 1). Each impedance was derived from a measured geoelectric and geomagnetic time series at 30 discrete periods from [image: $$T = 7.3143$$] to [image: $$T=1.8725\cdot 10^4$$] s (Egbert 2007).[image: A40623_2018_807_Fig1_HTML.gif]
Fig. 1Maps showing the locations of the magnetic observatories (available through the INTERMAGNET program) and the EarthScope USArray survey sites referenced to physiographic zones in red [derived from Fernberg (2012)]. a The NRC Brandon (BRD) magnetic observatory in Manitoba and the EarthScope sites MNB36 and RED36 in northern Minnesota. Both sites fall within the SU-1 physiographic zone. b The USGS Fredericksburg (FRD) magnetic observatory in Virginia and the EarthScope sites VAR57 and VAQ58 in southern and eastern Virginia, which fall within the PT-1 zone




[image: A40623_2018_807_Fig2_HTML.gif]
Fig. 2Real (blue) and imaginary (red) impedance plots from the EarthScope survey site RED36, which were used to produce estimations of the geoelectric field with the Brandon (BRD) observatory geomagnetic time series




[image: A40623_2018_807_Fig3_HTML.gif]
Fig. 3Real (blue) and imaginary (red) impedance plots from the EarthScope  survey site MNB36, which were used to produce estimations of the geoelectric field with the Brandon (BRD) observatory geomagnetic time series





We consider two impedances located 125 km apart in Minnesota, USA: RED36 (Fig. 2) and MNB36 (Fig. 3), with MNB36 almost directly north of RED36. The geologic setting in this area is controlled by a mid-continent rift system, which produced a series of intracontinental sedimentary basins juxtaposed against older cratonic rock. These juxtapositions are further exaggerated by faulting that places conductive, sedimentary rock characteristic of basin fill against more resistive igneous and metamorphic cratonic rock (Bally and Palmer 1989). MNB36 is located within the Archean Superior province to the north while RED36 is located within the Animikie Basin to the south. We also considered two impedances located 200 km apart in Virginia, USA: VAR57 and VAQ58, with VAR57 100 km west-southwest of VAQ58. Both VAR57 and VAQ58 are in the Piedmont province of the southern Appalachian Mountains, which is mainly composed of accreted sedimentary material thrust upon the North American plate.
Figure 2 shows the impedance for RED36 which, as we shall see corresponds to smaller estimations of E(x, y, t). Here, the real components of the complex impedance tensor are represented in blue while imaginary components are represented in red. Figure 2a–d corresponds to the [image: $$Z_{xx}$$], [image: $$Z_{xy}$$], [image: $$Z_{yx}$$], and [image: $$Z_{yy}$$] components of the impedance tensor, respectively. Figure 3 represents the impedance for MNB36 similarly, which corresponds to the larger geoelectric response (note the difference in y scale compared to Fig. 4). In Fig. 2, we see that the diagonal components of the impedance response ([image: $$Z_{xx}$$] and [image: $$Z_{yy}$$]) are very small, indicating that the conductivity distribution of the subsurface is close to 1-dimensional. The off-diagonal components ([image: $$Z_{xy}$$] and [image: $$Z_{yx}$$]), though unique from one another, only reach 2 [image: $$\Omega$$] in each component at shorter periods. Comparing Figs. 2 to 3, MNB36 demonstrates a much stronger transfer function compared with RED36. The plots for MNB36 further show a much larger difference in [image: $$Z_{xx}$$] and [image: $$Z_{yy}$$], indicating that the subsurface conductivity distribution is more representative of a 3-dimensional conductivity model.[image: A40623_2018_807_Fig4_HTML.gif]
Fig. 4Time series for geomagnetic fields at the Brandon (BRD) Magnetic Observatory for the June 22, 2016, storm for 3 days beginning at 00:00 June 22, 2016, and corresponding estimated geoelectric fields. a 1 s resolution geomagnetic field [image: $$B_{x}(t)$$](black) and [image: $$B_{y}(t)$$](green) in nT defined relative to a constant baseline, b estimations of the geoelectric field [image: $$E_{x}$$] for EarthScope impedance MNB36 (blue) and RED36 (red) in mV/km, c equivalent time series to (b) for estimated [image: $$E_{y}$$]




Discrete time series of the near-surface geomagnetic field (Love and Chulliat 2013) were obtained through the Brandon (BRD) Magnetic Observatory located in Brandon, Manitoba, operated by National Resources Canada (NRCan), and the Fredericksburg (FRD) Geomagnetic Observatory in Fredericksburg, Virginia, operated by the U.S. Geologic Survey (USGS). These observatories were considered due to their proximity to the EarthScope impedance tensors (Fig. 1). The geomagnetic data gathered at these observatories have a sensitivity of 0.1 nT and have undergone digital and analog filtering. The magnetic storm we selected for this study occurred on June 22, 2015, and was recorded at both observatories at a sampling frequency of 1 Hz over 3 days beginning at 00:00 on June 22, 2015. This time interval encompasses the magnetic storm from its onset at approximately 18:00 on June 22, 2015, to its cessation at approximately 20:00 on June 25, 2015.
Figure 4a shows the geomagnetic field measured during the June 22, 2016, storm at BRD and the corresponding estimations of the geoelectric field calculated via Eq. 3. In Fig. 4a, [image: $$B_{x}(t)$$] is represented in black and [image: $$B_{y}(t)$$] in green. This geomagnetic times series incorporates the entire evolution of the geomagnetic storm over the course of three full days beginning at 00:00 of June 22, 2016. The storm reaches its largest magnitude of 1207 nT in [image: $$B_{x}(t)$$] and 725 nT in [image: $$B_{y}(t)$$] during the first day of the storm, with the largest geomagnetic variation occurring between 18:00 on June 22, 2016, to 12:00 on June 23, 2016. After 18:00 on June 24, 2016, geomagnetic activity concludes and the geomagnetic field returns to a baseline value. Figure 5a shows the geomagnetic field measured during the June 22, 2016, storm at FRD. Though we show the same June 22, 2016, magnetic storm over the same time interval, the response of [image: $$B_{x}(t)$$] and [image: $$B_{y}(t)$$] measured at FRD is smaller in magnitude, reaching 213 nT in [image: $$B_{x}(t)$$] and 150 nT in [image: $$B_{y}(t)$$] during the first day of the storm. As with BRD, the largest geomagnetic variations occur between 18:00 on June 22 , 2015, and 12:00 on June 23, 2015. The magnitude of the geomagnetic field at the Virginia sites is reduced compared to the Minnesota sites, likely due to the difference in latitude between the two magnetic observatories: BRD is located within the auroral oval at [image: $$49.8^\circ$$] latitude ([image: $$50^\circ$$] magnetic latitude), while FRD is located below the auroral oval at [image: $$38.2^\circ$$] latitude ([image: $$40^\circ$$] magnetic latitude).[image: A40623_2018_807_Fig5_HTML.gif]
Fig. 5Time series for geomagnetic fields at the Fredericksburg (FRD) Magnetic Observatory for the June 22, 2016, storm for 3 days beginning at 00:00 June 22, 2016, and corresponding estimated geoelectric fields. a 1 s resolution geomagnetic field [image: $$B_{x}(t)$$](black) and [image: $$B_{y}(t)$$](green) in nT defined relative to a constant baseline, b estimations of the geoelectric field [image: $$E_{x}$$] for EarthScope impedance VAQ58 (blue) and VAR57 (red) in mV/km, c equivalent time series to (b) for the estimated [image: $$E_{y}$$]





1-D conductivity models and physiographic zones

Fernberg (2012) characterizes several physiographic zones within the continental USA by a 1-dimensional conductivity model of the subsurface for geomagnetic hazard assessment. RED36 and MNB36 in Minnesota fall within the physiographic zone described by the 1-D conductivity model SU-1 or the Superior Uplands that characterize Minnesota, Wisconsin, and Upper Michigan, which is characterized by 10 km of resistive (approximately 7000 [image: $$\Omega \hbox {m}$$]) upper crust and decreasing resistivities approaching the upper mantle. VAR57 and VAQ58 fall within the physiographic zone described by the conductivity model PT-1 in eastern Virginia. PT-1 is characterized by low resistivity (100 [image: $$\Omega \hbox {m}$$]) sedimentary basin for the first 10 km depth, and then decreasing in resistivity approaching the upper crust. These 1-dimensional conductivity models encompass large geographic regions of the USA which demonstrate considerable geologic complexity. Bedrosian and Love (2015) have demonstrated that such broad applications of these models to geologically complex regions do not remain consistent when evaluated against EarthScope impedances. These models do not consider the 3-dimensional effects of geoelectric induction when estimating the geoelectric field.

Methods
Because we use a measured geomagnetic field in the time domain yet derive magnetotelluric impedances in the frequency domain, we apply a discrete Fourier transform (e.g., Press et al. 1992) to the geomagnetic time series in order to compare directly the two according to Eq. 3. Our impedances [image: $$\bar{\bar{\mathbf{Z }}}(f,x,y|\sigma ({\mathbf{r}} ))$$] are defined according to Eq. 2 and are interpolated using a cubic spline over the equivalent frequency band. In order to minimize the influence of extrapolated [image: $$\bar{\bar{\mathbf{Z }}}(f,x,y|\sigma ({\mathbf{r}} ))$$] beyond the frequency band where data are present, a band-pass Butterworth filter is applied. We chose cutoff frequencies to be [image: $$10^{-1}$$] Hz (an equivalent period T of 10 s) and [image: $$10^{-4}$$] Hz (an equivalent period T of 10,000 s) because electrical power grids are primarily susceptible to varying geoelectric fields between periods of 10 to 10,000 s (Barnes et al. 1991; NERC 2014a, b) and because the impedances are limited to this frequency band. After applying Eq. 3 to the geomagnetic data and the filtered impedances, we apply an inverse Fourier transform to produce an estimation of the geoelectric field as a function of time over the duration of the magnetic storm. This method is then verified against data collected through the USArray EarthScope program, specifically site MNB36 where measured data were collected during the June 22 ,2015, storm, in order to ensure that our estimated results are in agreement with geoelectric fields measured at the same time and location that the geomagnetic time series was collected. This assessment yielded an RMS percent error for [image: $$E_{x}$$] of 39.26 and for [image: $$E_{y}$$] of 17.93 and maximum values of measured [image: $$E_{x}$$] to be 191 mV/km and estimated [image: $$E_{x}$$] to be 199 mV/km, while for measured [image: $$E_{y}$$] to be 338 mV/km and estimated [image: $$E_{y}$$] to be 383 mV/km for the MNB36 site.

Results
Figure 4b, c shows the geoelectric response in time associated with the same geomagnetic time series for the June 22, 2016, storm for [image: $$E_{x}(t)$$] and [image: $$E_{y}(t)$$], respectively. Each panel demonstrates the important effect on the induced geoelectric field of solid-Earth impedance. Despite being only 125 km apart, the geoelectric response for MNB36 is several orders of magnitude higher than the geoelectric response of RED36, particularly in [image: $$E_{y}$$]. In [image: $$E_{x}$$], the maximum magnitude reached for MNB36 is 2275 mV/km, while RED36 only reaches a maximum magnitude of 29 mV/km. In [image: $$E_{y}$$], this difference in magnitude is much larger, with the geoelectric response of MNB36 reaching a maximum magnitude of 4484 mV/km while RED36 only reaches a maximum magnitude of 41 mV/km.
As with the geomagnetic field, the largest geoelectric variation occurs between the onset of the storm at approximately 0.75 days into the time series and concludes shortly after 1.5 days, with the maximum magnitudes occurring within this period. Some smaller induced geoelectric fields occur afterward, but these responses are an order of magnitude smaller than during the initial storm period, with [image: $$E_{y}$$] of MNB36 reaching a maximum magnitude of 400 mV/km during these periods. We note that [image: $$E_{y}$$] is on average twice the magnitude of [image: $$E_{x}$$] for both survey sites. This is related to the response of [image: $$E_{y}$$] being coupled to the inducing geomagnetic field [image: $$B_{x}$$]; a large [image: $$B_{x}$$] produces a correspondingly large response in [image: $$E_{y}$$].
In Fig. 5, we show similar estimations of the geoelectric fields at two sites in the state of Virginia, which are also considered to be in the same physiographic zone according to Fernberg (2012). Specifically, Fig. 5b, c shows the geoelectric response in time associated with the June 22, 2016, storm for [image: $$E_{x}(t)$$] and [image: $$E_{y}(t)$$], respectively. Each plot shows the effect of two impedances: EarthScope USArray VAQ58 in blue and VAR57 in red. These two sites are farther apart at a distance of 200 km and located within different physiographic zones. As with the Minnesota example, the geoelectric response for VAQ58 is several orders of magnitude higher than the geoelectric response of VAR57, particularly in [image: $$E_{y}$$]. In [image: $$E_{x}$$], the maximum magnitude reached for VAQ58 is 1402 mV/km, while VAR57 only reaches a maximum magnitude of 93 mV/km. In [image: $$E_{y}$$], this difference in magnitude is much more drastic, with the geoelectric response of VAQ58 reaching a maximum magnitude of 3862 mV/km while VAR57 only reaches 148 mV/km.

Implications for geohazard assessment
Our results show that geoelectric fields within the same physiographic region can be several orders of magnitude different even during the same magnetic storm. This implies that, in general, when estimating geoelectric fields during a magnetic storm, one cannot expect a simple 1D model of the conductivity distribution of the subsurface to apply to a wider physiographic region. In both regions considered here (Minnesota and Virginia), we estimated the maximum geoelectric field at two sites to be two orders of magnitude different despite being located in the same physiographic zones and proximal to one another. While Bedrosian and Love (2015) used a simple sinusoidal source, we have shown a similar result derived from observatory geomagnetic fields. Therefore, by considering the measured impedance at each site rather than applying a 1-dimensional conductivity model to a wide region, we can improve estimates of the behavior and amplitude of the geoelectric field and the corresponding risk to electric power grids.
The data demonstrate that sites with complex, 3-dimensional distributions in the subsurface are associated with responses in the estimated geoelectric time series, but other variables are present that may also have significant influence. Some of these variables include the latitude of the site with respect to the auroral oval and the development of the magnetic storm itself with time. Future study will need to examine the geoelectric response associated with sharp lateral conductivity gradients, such as those at the ocean–land interface (Torta et al. 2017). Such factors will require further study to determine how each specifically influences estimates of the behavior of the geoelectric field at a given location.
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