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Abstract and Conclusion

The processes and tests applied in the intermediate validation of the MLI_SHAIi2C product

SW_OPER_MLI_SHAIi2C_00000000T000000_99999999T999999 0202

and the conclusions on the product quality drawn here from are described in this document.

This product contains the representation of a model of the magnetic field of Earth’s lithosphere (“crust”)
(“MLI” part of product name) using spherical harmonic coefficients (“SHA” part of product name). The
model is estimated from Swarm and observatory data using the Comprehensive Inversion (CI) scheme within
the Swarm Level 2 Processing system (“2C” part of product name). Operational Swarm Level 1b data
version 0404, covering the period from 2013-11-26 to 2015-02-28 are used for the model estimation; the
product is considered static i.e. valid at all times (“00000000T000000_99999999T999999 part of product
name). This is version 0202 of the product (last part of product name) indicating a significant change in the
Comprehensive Inversion process since the previous release and this is the second, minor version of the
product.. The format of the product is described in “Product Specification for L2 Products and Auxiliary
Products”, doc. no. SW-DS-DTU-GS-0001.

The assessment of the SW_OPER_MLI_SHAIi2C_00000000T000000_99999999T999999 0202 product
show good agreement with other lithospheric field models such as MF7 [Maus, S., G3, 2010], CHAOS-6
[Finlay, EPS, 2016], and the Swarm Initial Field Model, SIFM+, [Olsen, EPS, 2016].

The DTU SIL’s opinion is that the MLI_SHAI2C product is validated and is therefore suitable for
release.
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1 Intermediate Validation Report of MLI_SHAi2C

1.1 Input products and data

The following products were used as input for the estimation of the MLI_SHAI2C lithospheric field model

Products Type Period Comment
SW_OPER_Q3D_CI_i2__00000000T000000_99999999T999999_0101 | Q-matrix of - Used for computing
Earth’s (1_D induced part of
mantle + ionospheric field
oceans)
SW_OPER_AUX_OBS_2_ 20130101T000000_20131231T235959_0104 | Observatory 2013-11-23 | A total of 121
SW_OPER_AUX_OBS 2_20140101T000000_20141231T235859 0104 | 51y mean B observatories are
SW_OPER_AUX_OBS_2_ 20150101T000000_20151231T235959_0104 .
values 2015-07-28 | included
SW_OPER_AUX_DST_2_19980101T013000_20150308T233000_0001 | |ndices As indicated
SW_OPER_AUX_F10_2_19980101T000000_20150401T000000_0001 by the file
SW_OPER_AUX_KP__2_ 19990101T023000_20150228T223000_0001
names
SW_OPER_MAGA_LR_1B_yyyymmddThimlsl_yyyymmddTh2m2s2_040 Swarm 2013-11-26 Decimated to 15 second
gw OPER_MAGB_LR_1B ddThim1sl ddTh2m2s2_0408 magnetic j sampling
mm mils. mmi mZs.
il dids o - data, 1 Hz 2015-12-31

SW_OPER_MAGC_LR_1B_yyyymmddThimisl_yyyymmddTh2m2s2_0409

Table 1-1

. Input products

1.2 Model Parameterization and Data Selection

See Section 2.1.

1.3 Output Products
The products of this validation report are:

Swarm Level 2 Magnetic Lithospheric field Product:

SW_OPER_MLI_SHAi2C_00000000T000000_99999999T999999 0202

Swarm Level 2 Intermediate Validation Product:

SW_OPER_MLI_VALi2C_00000000T000000_99999999T999999 0202

1.4 Validation Results

The tests were conducted between 2016-02-22 and 2016-04-10.

The following tests have been applied to the data. See Annex A for general definitions of various tests.
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1.4.1 Spectral Power Density

Figure 1-1 below shows the spectral power density of the Cl and CHAOS-6 lithospheric field model in light
green and black respectively; and the power of the differences between the Cl model and CHAOS-6 (blue),
MF7 (green), and the Swarm Initial Field Model Plus (red) respectively. The differences are below the actual
field up to degree 89; but as of degree 79, the power of the CI model is somewhat larger than that of
CHAOS-6.

MLI Power Spectra
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Figure 1-1: Spectral power densities, lithospheric field, at Earth’s surface, epoch 2015
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1.4.2 Spherical Harmonic Degree Correlation
In Figure 1-2 below are shown the degree correlation between the ClI model and the other models. Again the
good agreement between the models is confirmed by the correlations being above 0.85 for degrees below 81
(except for SIFM+) and above 0.75 up to degree 86.
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Figure 1-2: Lithospheric field model, degree correlation
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1.4.3 Normalized Spherical Harmonic Coefficient Differences

Figure 1-3 below shows the relative differences in percent between each spherical harmonic coefficient of
the Cl and the CHAOS-6, MF7", SIFM+" models respectively in degree versus order matrices. These plots
show the largest differences to be concentrated at low degree and order due to crosstalk with the ionospheric
field, and at high degree.

Cl - CHAODS-G Cl—MF7 Cl - SIFM+

degrae n
degae i
degrea n

-1000  —BD —B0 —40 =20 o 20

Figure 1-3: Normalized coefficient differences in percent

“ Degrees 20-90

" Degrees 16-80

The use and/or disclosure, etc. of the contents of this document (or any part thereof) is subject to the restrictions referenced on the front page.



Swarm Level 2 Processing System

Intermediate validation of Swarm Level 2 Lithospheric Field Product
SW_OPER_MLI_SHAIi2C_00000000T000000_99999999T999999 0202 Page 9 of 14

1.4.4 Visualisation of spatial differences

Figure 1-4 below shows the difference in B, between the Cl and CHAOS-6 lithospheric field models at
Earth’s surface. These plots reveal the main differences to be concentrated in the polar regions but also show
a slight tendency to “banding” along the satellite tracks.
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Figure 1-4: Spatial visualization of B, differences between Cl and CHAOS-6 models

1.4.5 Data Statistics

The statistics of the data residuals obtained by the CI modelling is given in Table 1-2 below. Grey cells
indicate data from eclipse, white cells indicate data from sunlit periods. Crossed cells indicate data which are
not used in the inversion process. “Field” indicate the pure vector and scalar measurements, whereas “NS
diff” and “EW diff” indicate the North-South (along-track) respectively East-West differences. The standard
deviations (of the residuals between the observations and the estimated model) are quite impressive, and also
show the expected similarity between Swarm A and C (side-by-side flying pair) and in the North-South
differences for all <three satellites. As also expected, Swarm B shows slightly higher residuals in the Field
components at low and mid latitudes due to its higher altitude.
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Geomagnetic quasi-dipole latitude

Low, < 10° Mid, ]10°..55°] High, > 55°
Standard deviations of data residuals, weighted, [nT]

Swarm/ObsN | o(B) | 6(By) | o(By) | o(F) | o(B)) | 6(Be) | 6(By) | o(F) | o(B)) | o(Bo) | o(By) | o(F)
A | Field 1.75| 2.07| 201 | 198| 1.74| 270 | 3.10 | 1.45 8.55
NSdiff| 0.39| 0.19| 040| 0.16] 0.25| 0.31| 0.39|0.16 1.70

127 | 095| 1.22| 082 063| 0.73| 1.32|0.34 2.54

B | Field 204 | 325| 296 | 3.12| 224 392 416|218 8.15
NS diff | 0.39| 0.18| 0.38| 0.16] 0.25| 0.31| 0.39|0.17 1.48

1.13| 0.81| 1.14| 068 061| 0.72| 1.320.32 2.23

C | Field 1.79| 206 | 204 | 201| 1.75| 2.72| 3.10 | 1.47 8.56
NSdiff| 041| 019| 041| 0.17] 0.26| 0.32| 0.41]0.16 1.71

1.27| 095| 1.23| 081| 063| 0.74| 1.33|0.34 2.54

A-C | EW 089 | 041| 1.20| 0.32] 050| 053 | 1.17|0.31 0.64
diff 218 | 081| 2.86| 057] 1.93| 3.41| 2.35]|0.47 0.78
Magnetic 460 | 4.38| 574 | 474| 420 | 4.83| 483|426 7.31| 598| 7.57| 7.38
observatories | 1139 | 11.29 | 10.54 | 11.27 | 8.50 | 10.01 | 7.12 | 7.65 | 16.67 | 13.99 | 14.79 | 14.61

1.5 Criteria
Table 1-3 below summarizes the criteria used to check the validity of the MLI1_SHAIi2C product:

Table 1-2: Observation Statistics

Input Test Criteria Pass?
Observations Residual statistics Standard deviation of vector data below 7 nT. | Ok
Alternative model | Comparison with model | Cl model agrees with alternative model Ok

Table 1-3: Validation criteria

The use and/or disclosure, etc. of the contents of this document (or any part thereof) is subject to the restrictions referenced on the front page.
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2 Additional Information

2.1 Model Configuration and Data Selection Parameters

The MLI_SHAIi2C product is obtained as a comprehensive co-estimation of the core, lithosphere,
ionosphere, and magnetosphere field contributions including induced contributions similar to the method
described in [Sabaka, GRL, 2016]. The complete model configuration used is given in Table 2-1 below; the
MLI_SHAI2C product is the green part:

Model Part Maximum Temporal Comment
Degree/Order | Characteristics
Core 16/16 Order 4 B-spline with Damping of the mean-square, second and
knots every year third time derivative of B, at the core-

mantle boundary (at 3480 km radius) and at
Earth’s surface. The damping makes the
secular variation virtually linear.

Lithosphere 90/90 Static Degree 17-90 purely determined by North-
South differences from all satellites and
East-West differences of lower pair
satellite (A and C).
Damping of B, at the poles to reduce effect
of lack of data at the poles (“polar gap”)

lonosphere 45/5 Annual, semi-annual, 24-, | Spherical harmonic expansion in quasi-

(dipole 12-, 8- and 6- hours dipole (QD) frame, underlying dipole SH

coordinates)

periodicity

Nmax = 60, Mo = 12. F10.7 scaling plus
induction via a priori 3-D conductivity
model (“1-D+oceans”) and infinite
conductor at depth.

Damping of:

1. Mean-square current density J in the
E-region within the nightside sector
(magnetic local times 21:00 through
05:00)

2. Mean-square of the surface Laplacian
of J multiplied by a factor of sin®(20)
over all local times, where 0 is co-
latitude.

The use and/or disclosure, etc. of the contents of this document (or any part thereof) is subject to the restrictions referenced on the front page.
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Model Part Maximum Temporal Comment
Degree/Order | Characteristics

Magnetosphere, 3/1 One hour bins

external

Magnetosphere, 3/3 One hour bins

induced

M2 Tidal 36/36 Periodicity: 12.42060122

hr, phase fixed with
respect to 00:00:00, 1999
January 1 GMT

Table 2-1: Model Configuration
The data selection criteria are:
e Coarse agreement with CHAQS-6 field model: AB. <500 nT for all components ¢, and AF <100 nT.

e Kp<2*

Time-derivative of Dst < 3 nT/hour

15 second satellite sampling period

core and tidal fields determined from night-side data only, i.e. with Sun > 10° below the horizon

2.2 Comments from Scientists in the Loop

2.2.1 Derivation of Model

The final Comprehensive Inversion model for the first two years of Swarm data show good agreement with
alternative models and exhibit very good data residual statistics (Table 1-2). Slight along-track banding and
differences in polar regions are observed when comparing to other models (see Figure 1-4).

2.2.2 Conclusion
The estimated model is assessed to be of good quality with very good agreement with alternative lithospheric
field models.

The use and/or disclosure, etc. of the contents of this document (or any part thereof) is subject to the restrictions referenced on the front page.
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Annex A  Definitions of Tests

A.1 Mean square vector field difference per spherical harmonic degree
The mean square vector field difference between models per spherical harmonic degree (n) is diagnostic of
how closely the models match on average across the globe. The difference between Gauss coefficients g™ of

model i and model j can be defined as:

. _( a (2n+4) | . . 2
i,j™n — n+1{?j Z[ign _jgn ]

m=0 Equation A-1

where n is the degree, m is the order, a is the magnetic reference spherical radius of 6371.2 km which is
close to the mean Earth radius, and r is the radius of the sphere of interest, which is taken as r = a for
comparisons at the Earth’s surface and r = 3480 km for comparisons at the core-mantle boundary.

Summing over degrees n from 1 to the truncation degree N and taking the square root yields the RMS vector
field difference between the models i and j averaged over the spherical surface:

{ N
i R= Z i Rn
n=1 Equation A-2

A.2 Correlation per spherical harmonic degree

Analysis of spherical harmonic spectra is a powerful way to diagnose differences in amplitude between
models but tells us little about how well they are correlated. The correlation per degree between two models
again labelled by the indices i and j can be studied as a function of spherical harmonic degree using the

quantity: |, p,

n

> (o ar)

m=0

P =T ~ -
J[z( oi | £90) o

Ideally, the correlation should be close to 1 for all models, indicating that they have equivalent features and
coefficients. If the correlation falls below 0.5, for degrees 1-9, then the models should be examined in more
detail. Coefficients from degree 10-13 in IGRF and WMM are less well-determined (e.g. due to noise) and

also change more rapidly so are not expected to be well correlated by the launch of the Swarm mission.

A.3 Visualisation of coefficient differences
A final method of visualising the differences in Gauss coefficients is to plot the differences ; g,'—;g, as a

triangular plot, with the zonal coefficients lying along the centre of the triangle, the sectorial coefficients
along the edges and the tesseral coefficients filling the central regions. These plots will illustrate which, if
any, coefficients are strongly divergent between models

The use and/or disclosure, etc. of the contents of this document (or any part thereof) is subject to the restrictions referenced on the front page.
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A.4 Visualisation of spatial differences

A geographical investigation of the models can be made by plotting the differences in the By, By and B,
components of the field at radius r = a. Studying differences between the Swarm models and reference
models in space yields insight into the geographical locations where disparities are located, illustrating
whether biases or errors have arisen in certain regions (e.g. polar areas).

The use and/or disclosure, etc. of the contents of this document (or any part thereof) is subject to the restrictions referenced on the front page.
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