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Abstract
We have compiled a global three-dimensional (3D) conductivity model of the Earth with an ultimate goal to be used for realistic simulation of geomagnetically induced currents (GIC), posing a potential threat to man-made electric systems. Bearing in mind the intrinsic frequency range of the most intense disturbances (magnetospheric substorms) with typical periods ranging from a few minutes to a few hours, the compiled 3D model represents the structure in depth range of 0–100 km, including seawater, sediments, earth crust, and partly the lithosphere/asthenosphere. More explicitly, the model consists of a series of spherical layers, whose vertical and lateral boundaries are established based on available data. To compile a model, global maps of bathymetry, sediment thickness, and upper and lower crust thicknesses as well as lithosphere thickness are utilized. All maps are re-interpolated on a common grid of 0.25×0.25 degree lateral spacing. Once the geometry of different structures is specified, each element of the structure is assigned either a certain conductivity value or conductivity versus depth distribution, according to available laboratory data and conversion laws. A numerical formalism developed for compilation of the model, allows for its further refinement by incorporation of regional 3D conductivity distributions inferred from the real electromagnetic data. So far we included into our model four regional conductivity models, available from recent publications, namely, surface conductance model of Russia, and 3D conductivity models of Fennoscandia, Australia, and northwest of the United States.
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Background
Strong eruptions at the Sun’s surface produce a large release of matter (plasma), which, with a speed reaching 800–1000 km/s (the solar wind), flows into interplanetary space. If the Earth appears to be on the way of the solar wind, its interaction with the Earth’s magnetosphere and the ionosphere leads to an abnormal disturbance of a fluctuating geomagnetic field. In the middle latitudes, the disturbances (geomagnetic storms) last a few days and have amplitudes of up to a few hundred nT. At high latitudes (polar regions), these perturbations (magnetospheric substorms) last a few hours and have amplitudes up to a few thousand nT. According to Faraday’s law of induction, the fluctuating geomagnetic field in turn generates an electric field, and this field during intense substorms can reach several volts/km and generates intense excess currents, the so-called geomagnetically induced currents (GICs), in the ground-based systems, such as power grids and pipelines (Pirjola 2000). These currents may seriously affect the operation of the above systems (Bolduc 2013; Viljanen and Pirjola 1994). Thus, comprehensive modeling of spatio-temporal evolution of the geoelectric field due to realistic substorms is a key consideration in estimating the hazard to technological systems from space weather (Pulkkinen et al. 2007). An adequate Earth conductivity model is crucial for such modeling, both for geoelectric field simulations and the recovery of the ionospheric source. Indeed, let us assume two ultimate Earth’s conductivity models — insulating and perfectly conducting grounds, respectively. Then, the surface horizontal magnetic field is in the latter case twice that of the former one. Because one can derive an equivalent ionospheric current system from the horizontal magnetic field, the estimated amplitude of this current system may vary from 1 to 2, depending on actual conductivity distribution in the Earth. As for the electric field, its dependence on conductivity distribution is even more pronounced. As an illustration, let us consider the Earth’s model of uniform conductivity. Then, the electric field is proportional to the inverse square root of the conductivity. Because the conductivity can vary several orders of magnitude, this affects strongly the electric field. In case of a true 3D Earth, a more complex behavior of magnetic and electric fields may occur locally, especially in the regions with high-conducting near-surface anomalies (Beggan et al. 2013; Pulkkinen and Engels 2005; Püthe and Kuvshinov 2013; Thomson et al. 2005; Viljanen et al. 2014; Wei et al. 2013).
Significant efforts have been undertaken recently to compile and/or improve regional-scale conductivity models (Adam et al. 2012; Beamish 2012; Fernberg 2012) with a primary goal to be used for realistic simulation of GICs on a regional scale. However, in all papers aimed to estimate GICs, the simplified “substorm source” configurations are considered. The main reason for this is that the recovery of spatio-temporal structure of the substorm source is not an easy task. Methodologically, this problem can be consistently solved by considering a realistic 3D conductivity model of the Earth. Bearing in mind the global scale of the source (cf. Viljanen et al. 1999), with typical source dimensions varying from hundreds to thousands of kilometers, the source’s recovery requires global 3D EM-induction modeling and thus an appropriate global 3-D conductivity model. Once the source is globally (or semi-globally) specified, one can use this source to compute geoelectric fields (and consequently GICs) at a regional/local scale using a “Cartesian” set up and detailed (regional) 3D conductivity models if such are available.
So far, the most advanced global conductivity model utilized for the space weather EM modeling was a model with the surface thin shell of laterally variable (2-D) surface conductance underlain by a 1D conductivity structure (cf. Püthe and Kuvshinov 2013). This model has been shown to be adequate to reproduce large-scale geomagnetic storm electric fields (Püthe et al. 2014), but it is most probably not sufficient for accurate characterization of smaller-scale magnetospheric substorm electric fields due to higher frequency content of their spectrum.
In this paper, we have compiled a new global and fully three-dimensional (3D) conductivity model which covers a depth range of 0–100 km. Ideally, electromagnetic (EM) surveys would be the main source of conductivity data in the target depth range. Although EM exploration has been continuing for over 70 years, it is still fairly far from covering the whole globe. Moreover, vast territories (for example, oceans) remain poorly explored with EM or accommodate single isolated EM soundings, which can only be inverted in terms of 1D models. Due to this reason, all other possible sources of information on subsurface-conductivity structure have to be used to construct a global 3D conductivity model in the desired depth range. To compile a model, global maps of bathymetry, sediment thickness, and upper and lower crust thicknesses as well as lithosphere thickness were utilized. In addition, the information generalized by A. Jones (Jones 1999) from laboratory-conductivity measurements was exploited to assign appropriate conductivity values to crustal and lithospheric layers. Finally, where it was possible, the model was complemented by available data from regional-scale EM surveys.

Methods
Principal concept of model construction
Structure geometry (boundaries) is an indispensable source of information to specify conductivity distribution within the target depth range which covers seawater, sediments, earth crust, and parts of the lithosphere and asthenosphere. Figure 1 gives a schematic view of the structures under consideration.
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Fig. 1A schematic view of subsurface structure in depth range 0–100 km




                        
Similar to the study of (Everett et al. 2003), in order to construct the model, we utilized two types of data, namely, (1) geometry of each boundary and (2) lateral distributions of conductivity within each layer. The main data source for geometry of boundaries (for example, of Moho boundary) comes from seismic studies. The only exception is a lithosphere-asthenosphere boundary (LAB) which can be deduced either from seismic- or heat-flow studies. Once the geometry is set, the specific values of conductivity are assigned, according to available laboratory data and generalized models (cf. Jones 1999; Palshin 1996).
At the second stage, the model is refined by incorporating regional conductivity models inferred from EM data. In recent years, a number of regional-scale surveys have been conducted, and some are currently in progress (cf. Korja et al. 2002; Meqbel et al. 2014). Their results are now becoming available in the form of either 3D conductivity grids or lateral distributions of conductance.
Thus, the general concept of model construction is to fill the geometry by pre-assigned conductivities, according to known composition/state and generalized local 1D conductivity structures and then refine the obtained model by 3D conductivity (or 2D conductance) grids, where they are available from EM surveys.

Non-EM a priori data
First, global bathymetry distribution was digested into the model by downsampling a high-resolution ETOPO2 digital dataset to a 0.25×0.25 degree grid. The seawater conductivity was assigned 3 S/m, although for some specific applications, more complex non-uniform distributions may be used (Manoj et al. 2006; Palshin et al. 1999).
The sedimentary cover thickness was compiled using a few datasets. The 2×2 degree map of sediment thickness by Laske and Masters (Laske and Masters 1997) was used as a background distribution. Then it was refined by overlaying another dataset by Whittaker et al. (Whittaker et al. 2013), which provides coverage for offshore areas with higher (1×1 degree) resolution. In addition, we used the North America Basement map (Kinney 1967) to improve resolution in this region. Finally, the whole assemblage was interpolated to a 0.25×0.25 degree grid (see Fig. 2
                           a) by making use of the “nearest neighbor” method. For sediment conductivities, the following values were utilized: for continental sediments—0.02 S/m; for offshore shelf sediments (sea depth 0–500 m)—0.5 S/m; and for offshore deep water sediments (sea depth over 500 m)—0.7 S/m.
[image: A40623_2015_272_Fig2_HTML.gif]
Fig. 2Global distributions of: (a) thickness of sediments; (b) depth to bottom of upper crust; (c) depth to bottom of lower crust; and (d) lithosphere-asthenosphere boundary (LAB) depth. All global maps in this paper are presented in Mollweide projection




                        
The earth crust has a two-layer structure in our model, representing upper and lower crusts. The boundaries’ geometry has been taken from CRUST 2 digital dataset (Bassin et al. 2000), with an original lateral resolution of 2×2 degree and has been then interpolated to our 0.25×0.25 degree grid (see Fig. 2
                           b, c). The conductivities of the earth crust and lithospheric mantle regions have been assigned based on data, generalized by A. Jones (Jones 1999), and are presented in Fig. 3. More explicitly, upper-crust conductivity is assumed to be 2×10-4 S/m in offshore shelf (sea depth 0–500 m) areas and onshore; 10-3 S/m—in offshore with sea depth over 500 m and 10-2 S/m—in oceanic regions with the crust age of less than 10 million years (which corresponds approximately to lithosphere thickness of less than 35 km). Lower crust, which is significantly more conductive compared to upper crust, was assigned a conductivity value of 5×10-3 S/m, and in particular regions of young oceanic crust—10-2 S/m. Lithosphere conductivity was assumed to be 10-2 S/m in continental regions. The oceanic lithosphere in our model has the following depth-dependent conductivity: 3×10-5 S/m within 0–15 km; 10-4 S/m within 15–30 km; 5×10-4 S/m within 30–50 km; and 10-3 S/m within 50–100 km. To represent the bottom of the lithosphere, a global LAB model based on heat-flow data (Conrad 2006) was used (see Fig. 2
                           d), and a constant value of 2×10-2 S/m was taken as an asthenosphere conductivity. Note that there is an evidence that the LAB estimates derived from temperature models are more consistent with the electrically defined LAB (eLAB) (Eaton et al. 2009) than the LAB estimates obtained from seismic models.
[image: A40623_2015_272_Fig3_HTML.gif]
Fig. 3Conducivity ranges for the materials making up the earth crust and lithospheric mantle, modified from (Jones 1999). Bold black lines indicate the following specific conductivity values, chosen to construct the model (in S/m): A—10-2 (upper crust, offshore with young crust); B—10-3 (upper crust, offshore with sea depth more 500 m); C— 2×10-4 (upper crust, offshore shelf and onshore), D—10-2 (lower crust, offshore with young crust); E— 5×10-3 (lower crust, other regions); F—10-3 (oceanic lithosphere, 50–100 km depth); G— 5×10-4 (oceanic lithosphere, 30–50 km depth); H—10-4 (oceanic lithosphere, 15–30 km depth), I— 3×10-5 (oceanic lithosphere, 0–15 km depth); J—10-2 (continental lithosphere)




                        
Figure 4 illustrates conductivity spatial patterns for sediments, upper and lower crust as well as lithospheric mantle.
[image: A40623_2015_272_Fig4_HTML.gif]
Fig. 4Global conductivity patterns for the following: a sediments; b upper crust; c lower crust; and d lithosphere. The grey-colored region in panel d represents the oceanic lithosphere, which has depth-dependent conductivity (see the text for details)




                        

Data originating from EM studies
The model constructed as described above was then refined by incorporation of conductance of sediments of Russia, crustal conductivity model of Fennoscandia (SMAP project) (Korja et al. 2002), and a 3D conductivity model derived from US Array MT data (Meqbel et al. 2014). In addition, we used a conductivity model covering the entire Australian continent, derived from AWAGS data and provided by Geoscience Australia.
The conductance of the sedimentary cover for the territory of Russia, which was compiled recently by Sheinkman and Narsky (Sheinkman and Narsky 2009) from the results of hundreds Russian EM surveys, has been transformed into 3D conductivity distribution within the sedimentary layer assuming there are no variations of conductivity over the depth. Figure 5 shows the total conductance distribution, downsampled from the original 4×4 km grid and plotted in a latitude/longitude projection. Incorporation of this dataset resulted in a significant improvement of the resolution within vast territory, part of which is at high latitudes, a region where knowing Earth’s conductivity is especially important for adequate treatment of GIC-related events. SMAP, US Array and Geoscience Australia conductivity datasets are originally available as “true” 3D conductivity distributions. Thus, we have incorporated them into our model in such a way that the corresponding domains of the original model had been replaced by these 3D distributions.
[image: A40623_2015_272_Fig5_HTML.gif]
Fig. 5Total (log10) conductance of the sedimentary cover for the territory of Russia derived from country-wide compilation of numerous local- and regional-scale EM surveys, after Sheinkman and Narsky (Sheinkman and Narsky 2009)




                        


Results and discussion
General description of global conductivity pattern
The compiled model is presented in Figs. 6 and 7 as a set of spherical slices which correspond to depths of 0, 1, 2, 3, 5, 10, 20, 30, 50, 75, and 100 km. Further on, we briefly discuss the main features of the global conductivity distribution that can be recognized from themodel.
[image: A40623_2015_272_Fig6_HTML.gif]
Fig. 6Global log10 conductivity model slices at the following depths: a 0 km; b 1 km; c 2 km; d 3 km; e 5 km; f 10 km
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Fig. 7Global log10 conductivity model slices at the following depths: a 20 km; b 30 km; c 50 km; d 75 km; e 100 km




                        
Large sedimentary basins, seas, and oceans are the most intense anomalies governing global EM field distribution. These anomalies may have the conductance reaching tens of thousands of S in deep depressions (Gulf of Mexico, Bay of Bengal, pre-Caspian depression) and trenches (Mariana trench, Kuril-Kamchatka trench, etc.). It is important to emphasize a clear distinction between continental and oceanic conductivity patterns; while continental conductivity exhibits significant variations within depth interval 0–5 km, oceanic conductivity is obviously characterized by much smaller variability (but much higher values).
In the depth range, associated at continents with crystalline basement, conductivities are generally low. However, elongated conductors, related to suture zones, can be observed in this interval of depths. Such zones are detected, for example, in Fennoscandia (Korja et al. 2002). Note that crustal conductors may play an important role in redistribution of the electric currents between sedimentary basins and (or) seas and oceans. Although there are only four high-resolution parts of the model which are inferred from EM data, they provide important detail in some high-latitude regions with dense power-line grids like Fennoscandia and Russia.
At larger depths, which correspond to middle and lower crust at the continents and lithospheric mantle in the oceans, continental conductivities are systematically higher than those in the oceans. Also, oceanic conductivity anomalies, linked to global mid-ocean ridge system (rifts), are clearly visible.

Comparison with the selected regional-scale models
Although the model compiled in this study is not intended to be used for regional-scale EM studies, we do a cross-comparison of our model with the existing regional-scale models, like that for Europe and the US.
Figure 8 shows the comparison of the European part of our model and Adam et al.’s compilation (Adam et al. 2012). The results are presented in the form of depth-integrated (down to 80 km) conductivity. Although in our model, most parts of Europe, except Fennoscandia, are an assumption-based model which are possibly lacking certain details, like conductors in Pannonian basin and beneath Apennines, yet it presents reasonable distribution not containing disputable extreme values (Fig. 8
                           a). In contrast, Adam et al.’s model (Fig. 8
                           b) contains blocks characterized by very low conductances (of 10–20 S), which are very unlikely to exist due to relatively low resistivities in the lower crust (Jones 1999). These inconsistencies could possibly be explained by overestimation of the resistivity caused by severe galvanic distortions in original MT data, utilized by the authors. At the same time, within Fennoscandia our model employs a well-known conductance dataset by Korja et al. (Korja et al. 2002) and thus provides a substantially higher resolution than Adam et al.’s compilation. Besides, a direct combination of 1D blocks would produce fairly strong EM anomalies at the boundaries between them; therefore, Adam et al.’s model still requires some adjustment (i.e., lateral smoothing) before being used in GIC modeling.
[image: A40623_2015_272_Fig8_HTML.gif]
Fig. 8Comparison of our model (a) and compilation by Adam et al. (b) (Adam et al. 2012) in terms of depth-integrated (down to 80 km) conductivity




                        
We also compare our model to existing 1D model compilations having US-wide coverage (Fernberg 2012), sometimes treated as the most complete dataset for electrical conductivity structure of North America (Wei et al. 2013). It is available as EPRI’s array of resistivity profiles corresponding to a set of physiographic regions. We have interpolated it onto our model grid to form a 3D conductivity distribution. Figure 9 presents the comparison of our model (left column) and a model derived from EPRI’s dataset. The middle column corresponds to EPRI compilation, while the right column shows how our model would look after incorporating the EPRI model. For the upper-depth range (1–5 km), the conductivity pattern presented in the EPRI model roughly reflects geometry of the sedimentary cover. Notice that a large conductive area corresponding to the Great Plains region in its northern part is found fairly consistent with the results of the 3D interpretation of the North-Eastern part of the US Array dataset. At larger depth (20–100 km), our conductivity background is generally slightly higher than what we see from the EPRI model. Although we are able to assimilate EPRI compilation into our model, we think that it is still reasonable to wait until the results of the 3D interpretation of the rest of the parts the of US Array data become available.
[image: A40623_2015_272_Fig9_HTML.gif]
Fig. 9Comparison of our model and a model derived from EPRI’s dataset within North America (Fernberg 2012). Conductivity distributions for 1-, 10-, and 50-km depth levels are shown




                        

Global distribution of surface conductance. Comparison with previous studies
A few global surface conductance models (Everett et al. 2003; Manoj et al. 2006; Vozar et al. 2006) have been proposed and employed in global EM-induction modeling. Figure 10 presents global distributions of surface conductance, elaborated by Everett et al. (2003) and Manoj et al. (2006) in comparison with the conductance derived from our model. All of them, being based on topography as well as sedimentary cover thickness data, appear similar in terms of a general pattern, though Everett et al.’s model exhibits lower conductance in continental regions. Note that the model of Vozar et al. (2006) is identical to the model of Manoj et al. (2006) elsewhere except in the Europe model where it was updated using the results of (Semenov et al. 2003) and (Korja et al. 2002). Both Everett et al.’s and Manoj et al.’s models indicate the presence of a highly conductive region in the northern part of West Siberia with conductances at nearly 10,000 S. However, the conductance, inferred from real EM (mostly magnetotelluric) data, turns out to be significantly lower, with maximal values about 1000 S. On the contrary, European craton is imaged by EM surveys as more conductive compared to assumption-based conductance distributions. Also, there are noticeable discrepancies between our current and previous models in other regions of the world, for example, in the Amazon basin which accommodates less conductance in our model. In the region covered by the US Array (northwest of the USA), the average level of conductance is found to be slightly higher than in the original heuristic models.
[image: A40623_2015_272_Fig10_HTML.gif]
Fig. 10Comparison of global distributions of surface (that of seawater and sediments) log10 conductance, constructed by: a Everett et al. (Everett et al. 2003); b Manoj et al. (Manoj et al. 2006); and c in this study. Conductance distribution in panel c was calculated by integration of conductivity over a depth interval of 0–10 km




                        
Conductance of Australia, derived from AWAGS data, seems to be fairly consistent with the original distribution, however, featuring slightly less conducting anomalies.
Note that the SMAP dataset is not reflected in the surface conductance distribution, since the main conductors of Fennoscandia lay beneath 10-km depth and therefore do not affect surface conductance. It is also important to remark that the margins of high-resolution blocks, corresponding to the US Array and SMAP models, demonstrate satisfactory consistency with the surroundings.

Global distribution of transverse resistance
Transverse resistance, mainly being a function of lithosphere resistivity (Palshin 1996), is an important quantity, controlling the spatial extension of coast-effect anomalies (cf. Kuvshinov et al. 1999; Vanyan and Palshin 1990; among others). In our model (Fig. 11), transverse resistance reaches 109 Ohm-m2 in oceanic regions, while at continents, it is roughly 108 Ohm-m2. The oceanic ridge system exhibits even lower resistances (107 Ohm-m2).
[image: A40623_2015_272_Fig11_HTML.gif]
Fig. 11Global distribution of log10 transverse resistance, calculated over a depth interval of 0–100 km




                        


Conclusions
We perform a first focused attempt to compile a global-scale 3D conductivity model of the Earth in depth range 0–100 km, featuring the possibility to further incorporate new conductivity data of various origin, which we consider to be a significant advantage.
We believe that the presented model could be useful not only for space weather applications but also for other EM studies involving global and semi-global modeling, for instance, as a reference model for deep EM studies utilizing Dst, Sq or tidally-induced data, or as a background model for regional long-period MT. Note, however, that either global or regional modeling requires specifying conductivity distribution at larger depths; the simplest approach could be to incorporate recent global 1D (Püthe et al. 2015) or 3D mantle conductivity models (Semenov and Kuvshinov 2012) at depths larger than 100 km.
Having developed a MATLAB tool for keeping the model updated with further EM surveys’ results, we invite the researchers to contribute with their 3D results. Our current model is available from the following link: http://​globalconductivi​ty.​ocean.​ru in either MATLAB or text formats.
Applying the compiled conductivity model for the recovery of realistic ionospheric current system is intentionally beyond the scope of this work but will be the subject of a subsequent paper.
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