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Abstract
[bookmark: OLE_LINK12][bookmark: OLE_LINK14][bookmark: OLE_LINK13][bookmark: OLE_LINK15]This paper presents the second generation of the China Seismo-Electromagnetic Satellite (CSES) Global Geomagnetic Field Model (CGGM-2), specifically designed to derive candidate models for the fourteenth generation of the International Geomagnetic Reference Field (IGRF-14). To build this CGGM-2 model, we utilize more than six years of geomagnetic field data collected by the high-precision magnetometer (HPM) onboard CSES. The model is parametrized by expanding the internal field to spherical harmonic degree and order 45, now incorporating lithospheric contributions., which This was not the case for the first generation CGGM model, which was limited to spherical harmonic degrees up to 15. We now also implement order six B-splines in time with one year knot spacing for degrees 1 to 13 to capture non-linear temporal variations in the core field, superseding the linear approximation used in CGGM. Despite a number of challenges, related to thesuch as boom deformation on which the HPM is located (away from the star imager that provides attitude information) and high-latitude magnetic field platform disturbances, the CGGM-2 model succeeds at capturing the non-linear temporal variations of the geomagnetic field. In particular, the SV-2025-2030 candidate model derived from CGGM-2 performs particularly well among all 18 candidate models for IGRF-14. Candidate models derived from the CGGM-2 are also the only IGRF-14 candidate models using CSES data only and not directly relying on any ESA’s Swarm satellite data, thus providing independent useful candidate models to compare against all other IGRF candidate models. Our findings underscore the potential of CSES data for geomagnetic field modeling and the likely benefits of CSES’s revisiting capability for accurately capturing the main field's variations. It is expected that future data from the forthcoming companion CSES-02 mission will help improve the temporal-spatial resolution of the model and mitigate high-latitude magnetic plateform disturbances.
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1 Introduction
The International Geomagnetic Reference Field (IGRF, Macmillan and Finlay, 2011) is a widely used model that provides a comprehensive description of the geomagnetic main field and its variation over time. This model is derived from multiple candidate models submitted by international scientific teams, and is updated every five years under the auspices of the International Association of Geomagnetism and Aeronomy (IAGA) Working Group V-MOD. In March 2024, IAGA released an open call for candidate models for the 14th generation of the IGRF (IGRF-14), which includes three specific data products: 1) DGRF-2020 for internal field for 2020.0 to spherical harmonic (SH) degree and order 13; 2) IGRF-2025 for internal field for 2025.0 to SH degree and order 13; 3) SV-2025-2030 for predicted average secular variation for 2025.0-2030.0 to SH degree and order 8. This paper aims at building candidate models for the DGRF-2020, IGRF-2025 and SV-2025-2030 IGRF-14 update by using data from the China Seismo-Electromagnetic Satellite (CSES), launched on February 2, 2018 (Shen et al., 2018). CSES operates at a sun-synchronous circular orbit with an altitude of approximately 507 km and an inclination of 97.4°, with ascending/descending node times fixed at 02/14 LT (Local Time) and a revisiting period of 5 days.  
The CGGM-02 model is constructed using magnetic field data from the High Precision Magnetometer (HPM) payload, which can simultaneously provide magnetic field vector and scalar measurements in the DC to 15 Hz frequency range using two Fluxgate Magnetometers (FGM, Cheng et al., 2018) and one Coupled Dark State Magnetometer (CDSM, Pollinger et al., 2018). In 2019, in response to the previous open call for the 13th generation of the IGRF model (Alken et al., 2021b), we already developed the first generation of the CSES Global Geomagnetic Field Model (CGGM, Yang et al., 2021a) based on approximately 19 months of HPM data. In this previous CGGM model, both the main field and external field were considered, but the main field was only solved up to degree and order 15 with a simple linear variation in time up to degree and order 8. At that time, and for the final submission in October 2019, only a IGRF-2020 candidate model was submitted to IAGA.
[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK1]CSES has now been in operation for over seven years, providing us with the opportunity to develop a second generation of the CGGM model (CGGM-2) using more than six years of CSES data. Compared to the previous CGGM, the main improvements in the CGGM-2 model include a non-linear temporal description of the main field variation using order six B-splines with knot spacing of one year up to degree and order 13, as well as the additional description of the lithospheric field up to degree and order 45. Based on these enhancements, three IGRF-14 candidate products were generated and submitted to IAGA on October 1, 2024. After evaluation by a dedicated IAGA taskforce, all three models were next used to contribute to the final IGRF-14 in November 2024. 
The objectives of developing the CGGM-2 model are: (1) to provide candidate models for IGRF-14 that only rely on data from CSES and not directly on any no other satellite data, such as those of the ESA Swarm mission, thus serving as a useful n independent reference for the construction of IGRF-14; (2) to explore the potential of CSES-like missions for geomagnetic field modeling, which have excellent scalar data but vector data with only limited attitude restitution quality due to the lack of adequate devices, such as an optical bench, to minimize alignment variations between the reference frames of the Fluxgate vector magnetometer (FGM) and the star imager (STR) used for attitude restitution; and (3) to investigate CSES's ability to capture main field variation over more than six years of data, leveraging the advantages of its specific revisiting capability. 
This paper is organized as follows. Section 2 details the data employed in the CGGM-2 model, including the types of magnetic field data collected by the CSES satellite and the selection criteria applied to ensure data quality. Section 3 addresses the model parameterization and estimation process. Section 4 presents the comparisons of the CGGM-2 model with the CHAOS-7.18 (Finlay et al., 2020) and the final IGRF-14 models (Beggan et al., 2025a). Section 5 dicusses the recontructed global geomagnetic field changes between epcochs 2018.0 and 2025.0. Finally, Section 6 briefly summarizes the main results.
       
2 Dataset and selection criteria 
2.1 Dataset
Magnetic data with a sampling frequency of 1 Hz provided by the HPM onboard CSES were used in the modeling. The data span 06/03/2018 to 12/09/2024. Similar to Yang et al., (2021a), two types of data were used:
Type 1: Magnetic scalar data from the CDSM absolute instrument and vector data from the FGM vector magnetometers provided as Level 2 scientific data between ± 65° geographic latitudes (Yang et al., 2021b). The vector data used are restricted to those from the FGM_S1 instrument, as this instrument proved to be better suited than the second FGM_S2 instrument for global field modeling (Yang et al., 2021a). Quaternions providing the attitude of the satellite using star cameras located on the body of the satellite were also used. These data were calibrated by the method introduced in Zhou et al., (2018) and provided by NINH. For the period covering the long-term turn-off (Feb to April 2020) and drifting (June 2021 to Feb 2022) of the CDSM instrument, FGM in-orbit calibration parameters were obtained by interpolation from other days (see Yang et al., 2023). For these data, the scalar data were finally computed from the modulus of the vector field data. Both the vector and the scalar 1 Hz data were next subsampled 1 point every 60 points to avoid over-representation along tracks and large computation cost.	Comment by Nils Olsen: Please add to the list of acronyms
Type 2: Additional high latitude CDSM scalar data for North and South geographic latitudes higher than 65°, not distributed as Level 2 scientific data since they are affected by magnetically noisy operations/maneuvers carried out during the high latitude orbital segments. As had already been the case in the context of our previous succesful attempt to built the first CGGM model, a special effort has been made to assemble this second Type 2 data set, to ensure IGRF candidate models entirely based on CSES data could be produced. For these data, we subsampled to 1 point every 15 points (15 sec).
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]A number of independent data and indices were also used to select the final data set: The merging electric field at the magnetopause, Em, computed with 1 min resolution from the geomagnetic solar wind data of OMNI (Kan and Lee 1979; Newell et al., 2007), the Kp planetary geomagnetic index (e.g., Bartels, 1949; Menvielle and Berthelier, 1991) and the RC Ring Current index (Olsen et al., 2014).	Comment by Nils Olsen: I suggest to add the most recent article describing Kp:
@Article{Matzka:2021,
  author    = {Matzka, J. and Stolle, C. and Yamazaki, Y. and Bronkalla, O. and Morschhauser, A.},
  journal   = {Space Weather},
  title     = {{The Geomagnetic Kp Index and Derived Indices of Geomagnetic Activity}},
  year      = {2021},
  issn      = {1542-7390},
  month     = may,
  number    = {5},
  volume    = {19},
  doi       = {10.1029/2020sw002641},
  publisher = {American Geophysical Union (AGU)},
}
2.2 Data Selection
Data were selected based on the samesimilar criteria as for our previous CGGM model (see Yang et al., 2021a). The detailed data selection criteria are summarized as follows:
(1) Criteria for all data 
· Sun at least 10° below the horizon; 
· Magnetically quiet conditions (based on |dRC/dt| <2nT/h and Kp<2+) were required; 
 (2) Additional criteria for scalar data
· The dedicated Flag provided with the data signaling when magnetorquers (MT) are active was used to avoid data at times of MT activation for all type 1 data (Flag MT should be 0). This flag was not used for type 2 data, as all data appeared to be affected.
· [bookmark: OLE_LINK18]All data were screened to remove obvious outliers, i.e. data not satisfying the criteria that the difference with respect to CHAOS-7.18 prediction is less than 100 nT (scalar or modulus comparison).
· Em < 0.8 mV/m for high latitude scalar data
(3) Additional criteria for vector data 
· Only vector data for (absolute) Quasi-Dipole (QD, Richmond 1995) latitudes less than 20° were selected; 
· Data with disturbance from MT and Tri-Band-Beacon (TBB) payload were removed (by requesting Flag_MT=0 and Flag_TBB=0); 
· Scalar residuals (difference between scalar and modulus of the vector) requested to be less than 2 nT; 
· Vector component residuals with respect to CHAOS-7.18 predictions requested to be less than 30 nT, to remove data most affected by attitude determination issues or large vector component pertubations. This criteria was not used in the building of our previous CGGM model, and is specifically introduced to now also allow for crustal field modeling in the CGGM-2 model. This final selection step led to the exclusion of about 9% of the data on average, though this ratio occsionally reached 50% for subdatasets from most problematic orbits.
Altogether, this selection process led to a total of 509,396 scalar data and 120,905x3 vector data, the distribution of which is shown in Figure 1 as a function of time and latitude.
[image: ]
Figure 1: Distribution of the data selected to build the CGGM-2 model as a function of time and geographic latitude (blue: scalar data; red: vector data)
3 Model parameterization and estimation
The magnetic field is parameterized following the approach of CHAOS-4 (Olsen et al., 2014). The field is considered a potential field decomposed into an internal and an external component, with potential: 

                           (1)


where  and  are respectively the internal and external magnetic potentials. These potentials are expressed in terms of spherical harmonic expansions: 

            (2)
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[bookmark: _Hlk195865312]where=6371.2km is the Earth’s mean radius, (, , ) corresponds to the radius, co-latitude, and longitude in spherical geocentric coordinates.  is the Schmidt seminormalized associated Legendre function,  and  are dipole colatitude and dipole local time, respectively. (, , , , ) are the Gauss coefficients describing internal and external sources.  is the maximum degree and order of the







internal field, which we chose to be = 45. For the main field, we further model temporal variations (, ) by using order six B-spline functions with one year knot spacing up to n=13. Details of the parameterization of the external sources, which include remote magnetospheric sources and near magnetospheric ring currents follow Hulot et al. (2015a) along the lines of Olsen et al. (2014). Remote magnetospheric sources are modelled in geocentric solar magnetospheric (GSM) coordinates up to degree 2, but restricted to order 0, and represented by the  coefficients. Near magnetospheric ring currents are represented by the ,  coefficients in the solar magnetic (SM) coordinate system up to degree 2, with a special treatment of degree 1, whereby the time dependence of the  coefficients in Eq (3) is imposeddepend on time through:

                   (4a)

                    (4b)

                     (4c)







where the resulting (internal) Earth’s induced currents are also taken into account through the use of the  index of Olsen et al. (2014). Finally, RC baseline corrections (,,) are also allowed for (estimated every 5 days for , and every 30 days for  and).
Thus, compared to the previous CGGM model (Yang et al. 2021a), the model parameterization for CGGM-2 now further includes the crustal field up to degree and order 45, and the non-linear temporal variation of the main field up to degree and order n=13. This modeling involves a total of 4624 coefficients corresponding to: 
· [bookmark: _Hlk197282201]Time-varying internal field up to degree and order 13 (included), using a 6-order B-spline, with 1-year knot separation (at t=2019.0, 2020.0, 2021.0, 2022.0, 2023.0, 2024.0 for the interior knots) and fivefold knots (six external knots) at the endpoints t=2018.0 and t=2025.0, resulting in 7 spline terms for each spherical harmonic coefficient.. This led to 7 x13 x (13+2) =1365 coefficients.
· Static field between n=14 (included) and n=45 (included). This led to an additional 45 x (45+2) –13 x (13+2) = 1920 coefficients.
· 



External field modeled as explained above, including remote magnetospheric sources  in geocentric solar magnetospheric (GSM) coordinates with n=1,2 thus 2 coefficients; Near magnetospheric ring current up to degree and order 2 in solar magnetic coordinates (SM, see Hulot et al. 2015b for definitions of the GSM and SM coordinate systems) thus 8 coefficients;  estimated every 5 days (thus 470 time segments, resulting in 470 coefficients);  and  estimated every 30 days (thus 80 time segments, resulting in 2 x 80 = 160 coefficients). This led to a total of 2+8+470+160 = 640 coefficients
· Euler angles (rotation between FGM_S1 and STR star cameras reference frames) estimated every 10 days, thus 233 time segments and resulting in 3 x 233 = 699 coefficients.
All model coefficients are simultaneously estimated as in Olsen et al., (2014) by using Iteratively Reweighted Least-Squares with Huber weights and temporal damping (see also Farquharson and Oldenburg 1998), to minimize the cost function:

                       (5)















[bookmark: OLE_LINK2]whereis the model vector containing the parameters described above and is the residual between observations and model prediction .   is the data covariance matrix.  and  are regularization matrices to respectively control the third and second time derivatives of the core field, as defined in Olsen et al., (2014), while  and  are the corresponding damping parameters. For the CGGM-2 model, we tried many possible values and finally selected the same and  as in Olsen et al., (2014), i.e., =10 (nT yr-2)-2, =0.33 (nT yr-3)-2 but with =10 (nT yr-3)-2 for. A geographical weight was also introduced, proportional to sin(𝜃) (where 𝜃 is the geographic colatitude), to balance the geographical sampling of data (Hulot et al., 2015a). Similar to the previous CGGM model, anisotropic magnetic errors due to attitude uncertainty were taken into account assuming an isotropic attitude error of 100 arcsecs to account for the limited quality attitude restitution. A priori data error variances were set to 2.5 nT for both scalar and vector data. The arbitrary starting model used is a static model (CHAOS-4 up to degree and order 13), but this choice was foundis known to not have any influence on the final model (see, e.g., Vigneron et al. 2015). 	Comment by Nils Olsen: Technically speaking the number that you provide are ”standard deviations”, not ”variances” (which would be squared values, i.e. of units nT^2).
If you do not want to change the term ”variance” you could state the values as (2.5 nT)^2




  A total of six iterations was used, which ensured convergence within the required accuracy. The resulting residual statistics are shown in Table 1. As can be seen, the largest RMS are reached for high latitude scalar  (5.2 nT), as could be expected because of the magnetic torque disturbance and contributions from polar ionospheric currents which affect the scalar data, both in the polar region, and for the vector components , ,  (9.16 nT, 5.83 nT and 6.46 nT), as could also be expected, because of issues, such as the boom deformation, affecting the vector data. These residuals are quite comparable to those that had been found in the process of building the previous CGGM model (see Table 1 in Yang et al. (2021a))






Table 1. Residual statistics for all data used to produce the CGGM-2 parent model. F refers to scalar data, while and  refer to scalar data above and below QD latitude ±55° (polar latitudes), (, , ) refer to the three magnetic field components in spherical geocentric coordinates.  represents the component projected along the magnetic field direction.
	
	Data Number
	Huber weighted misfit mean（nT）
	Huber weighted RMS（nT）

	

	124517
	-0.01
	5.20

	

	630301
	-0.06
	2.93

	

	505784
	-0.07
	2.21

	

	120905
	-0.31
	2.89

	

	120905
	-0.07
	9.16

	

	120905
	0.58
	5.83

	

	120905
	0.14
	6.46



4 Results
4.1 Lowes-Mauersberger spatial power spectra of the static field, the secular variation and the secular acceleration
To assess the performance of CGGM-2 at recovering the lithospheric field and the non-linear variation of the main field, we compute the Lowes-Mauersberger spatial power spectrum (Mauersberger, 1956; Lowes, 1966) of the internal static field at epoch 2024.0, as well as those of the first and second time derivatives, corresponding to the secular variation (SV) and secular acceleration (SA) for epochs ranging from 2019.0 to 2024.0. These spectra are compared to those computed from the CHAOS-7.18 model at epoch 2024.0 (Figure 2).
The left panel of Figure 2 illustrates the spatial power spectrum of the internal static field. Despite the fact that the values of CGGM-2 are generally higher than those of the CHAOS-7.18 model for degrees above 15, this shows that useful the presence of crustal field signals could be rcovered byin the CGGM-2 is notablemodel. This is particularly surprisinggood news and shows that the additional criteria used to remove data most affected by attitude determination issues or large vector component pertubations when compared to CHAOS-7.18 predictions appears to have been efficient, despite the fact given that no corrections have otherwise been applied for high-latitude scalar field disturbances or low-latitude boom deformation effects on the vector field. Further investigation of the global distribution of the crustal field reveals that the primary discrepancies are located in high-latitude regions (not shown here), suggesting that magnetorquer (MT) disturbances in the high-latitude scalar field are the main cause of these differences. Anticipating the launch of CSES-02 in June of 2025, we expect significant improvements in the results, as the new data are expected to be no longer affected by continuous disturbances.
The right panel of Figure 2 displays the SV and SA spectra at various epochs between 2019 and 2024 for degrees 1 to 13. Overall, there is good consistency between CGGM-2 and CHAOS-7.18 in terms of SV and SA. These results highlight suggest the advantage ofthat CSES's revisiting orbits could be an advantage for capturing the non-linear variation of the main field, despite the limitations mentioned above. We also note that the SA from CGGM-2 exhibits less time dependence at higher degrees and decreases sharply from degree 11 onwards. This is likely due to the different regularization strategies employed by the two models. As noted by Finlay et al. (2021) indeed, and contrary to CGGM-2, the CHAOS-7 model relaxes temporal regularization at higher degrees to facilitate the study of high-degree SA during the Swarm era, resulting in a more gradual decrease in the SA spectrum at higher degrees.
[image: C:\Users\YYY\Documents\WeChat Files\wxid_sd87b5if33mp22\FileStorage\Temp\1745200377686.png]
Figure 2: Power spectra for the internal field for epoch 2024.0 (left) and the secular variation and secular acceleration for epochs ranging from 2019.0  to 2024.0 (right). For comparison, spectra from the CHAOS-7.18 at epoch 2024.0 are also plotted.
4.2 IGRF-14 candidate model and pre-submission validation
For the previous 13th generation IGRG (IGRF-13), just one candidate model for IGRF-2020 based on CSES data was proposed. This candidate model was extracted from the first generation CGGM model, which used only 19 months of CSES data (Yang et al. 2021a). Thanks to the more than 6 years of CSES data now available, more candidate models could be extracted from the second generation CGGM-2 model. For IGRF-14 indeed, one candidate model for each of the three required products could be proposed, all derived from the CGGM-2 model:
· DGRF-2020 candidate model: computed from the CGGM-2 parent model for degrees n=1 to 13 at epoch t=2020.0 and provided with 0.01nT resolution.
· IGRF-2025 candidate model: also computed from the CGGM-2 parent model for degrees n=1 to 13, but at epoch t=2025.0, again provided with 0.01nT resolution.
· SV-2025-2030 candidate model: SV model computed from the CGGM-2 parent model for degrees n=1 to 8 at epoch t=2024.0 (rather than epoch t=2025.0 to avoid possible end effects from the spline-model), provided with 0.01 nT/yr resolution.
To assess the quality of these CGGM-2 candidate models, we carried out a number of comparisons with the CHAOS-7.18 model at specific relevant epochs. For our DGRF-2020 candidate model, we simply compared it to the CHAOS-7.18 model at epoch 2020.0. For the SV-2025-2030 candidate model, we again simply compared it to the SV model inferred from CHAOS-7.18, but now at the same reference epoch 2024.0 as the one we used to extract our candidate model from the CGGM-2 parent model. To assess the quality of the IGRF-2025 candidate model, a different strategy was used, acknowledging the fact that the CHAOS-7.18 model was built on data spanning only up to June 2, 2024. Given that the CGGM-2 parent model also only uses data up to September 2024, a direct comparison of the models at the 2025.0 epoch was deemed inappropriate. Rather, we adopted a strategy similar to that used by Yang et al. (2021a) to assess the likely quality of the IGRF-2025 model by comparing backward extrapolations at epoch 2017.87 (15 November 2017). This approach leverages the fact that as CHAOS-7.18 uses data starting much earlier than this epoch, it may be expected to provide a highly reliable estimate of the main field on 15 November 2017. This epoch was chosen based on the fact that it is 111 days before the earliest data used in our CGGM-2 parent model. This is the same temporal separation between the latest data used in our parent model and the 2025.0 extrapolated epoch of interest for our IGRF-2025 candidate model. Considering the symmetrical distribution of CSES data (recall Figure 1), this backward extrapolation test can thus serve as a proxy for evaluating the performance of our IGRF-2025 candidate model.	Comment by Nils Olsen: I guess you mean ”symmetric in time”, not ”.. In latitude”. Might be useful to specify.
The top panels of Figures 3 to 4 show the Lowes-Mauersberger spectra of the field predictions of our CGGM-2 parent model, of the CHAOS-7.18 model and of their differences for epochs 2020.0 (Figure 3, for assessing the DGRF-2020 candidate model) and 2017.87 (Figure 4, for assessing the IGRF-2025 candidate model). Likewise, the top panel of Figure 5 shows the analogous Lowes-Mauersberger spectra for the SV predictions at epoch 2024.0 (for assessing the SV-2025-2030 candidate model). The spectra in Figures 3 and 4 highlight that the most significant disagreements between the two models (indicated by the black dashed line) occur at degrees 2 and 3, with spectral errors reaching approximately 50 nT² for degree 2 and 30 nT² for degree 3, while remaining well below 10 nT² for all higher degrees. These discrepancies, similar to those reported in the assessement of our previous CGGM model, most likelyprobably reflect the impact of systematic boom deformation along the CSES orbits (Yang et al., 2021a). Maps of the differences in the radial component (Br) predicted by the CGGM-2 parent model and CHAOS-7.18 at Earth’s surface are shown in the bottom panels of Figures 3 and 4. These indicate that most differences are large-scale zonal structures, with an amplitude of about 20 nT. These differences are consistent with the strongest disagreements at degrees 2 to 3, as illustrated in the upper panels of Figures 3 and 4. However, these discrepancies remain within a reasonable range for typical IGRF candidate models (e.g., Alken et al., 2021a).	Comment by Nils Olsen: Perhaps you should use ”spectral variances” or ”spectral power”(since the units are nT^2) rather than ”error”.
Despite these limitations, the SV power spectra at epoch 2024.0 (Figure 5, upper panel) reveal very good consistency between the SV predicted by the CGGM-2 and the CHAOS-7.18 model. As shown in the map of Figure 5 (bottom panel) the SV difference in the Br component between the CGGM-2 parent model and CHAOS-7.18 is below ±7 nT/yr at Earth’s surface, which is reasonably small. This favorable performance of the SV predictions from CGGM-2 may well be due to the unique revisiting orbits of CSES, which allow revisits of the same geographic locations every 5 days. These results reveal CSES’s ability to capture variations in the main magnetic field, despite the limitations introduced by its boom deformation and the plateform magnetic field disturbances affecting its data at high latitudes.
[image: C:\Users\YYY\Documents\WeChat Files\wxid_sd87b5if33mp22\FileStorage\Temp\1745219698313.png]
[bookmark: _Ref196977379][bookmark: _Hlk197296576]Figure 3: Top: spatial power spectra of our DGRF-2020 candidate model (CGGM-2, red line) and its difference with the CHAOS-7.18 model (black dashed line, referred to as CGGM-2– CHAOS-7.18) for epoch 1 Jan 2020, both at Earth’s surface. Bottom: corresponding difference in the Br values predicted by the CGGM-2 parent model and CHAOS-7.18.
[image: C:\Users\YYY\Documents\WeChat Files\wxid_sd87b5if33mp22\FileStorage\Temp\1745220451534.png]
[bookmark: _Ref196977392][bookmark: _Hlk197296586][bookmark: _Hlk199282808]Figure 4: Same plotting convention as in Figure 3 but for epoch 15 Nov 2017
[image: C:\Users\YYY\Documents\WeChat Files\wxid_sd87b5if33mp22\FileStorage\Temp\1745220300513.png]
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK9]Figure 5: Same plotting convention as in Figure 3 but for SV at epoch 1 Jan 2024

Following the method previously used by Yang et al. (2021a) for assessing uncertainties in the Gauss coefficients provided for IGRF candidate models, we finally compute “realistic” uncertainties for each of our three candidate models using the following RMS quantity: 	Comment by Nils Olsen: Can you change ”sqrt” to a proper mathematical square root sign? Or use […]^(½)  

		(5)







[bookmark: OLE_LINK5][bookmark: OLE_LINK6]where  and  are the differences in the  and  Gauss coefficients from the CGGM-2 model and the CHAOS-7.18 model for the same epochs as those used above for each candidate model quality assessment. In the submission of our candidate models on 1 Oct 2024, such uncertainties were thus provided for the DGRF-2020, IGRF-2025 and SV-2025-2030 candidate models, in which  and  awerere calculated respectively at epoch 2020.0, 2017.87 and 2024.0. We then simply assigned this  as our best estimate of the errors (one sigma type) affecting each Gauss coefficient of degree n.
4.3 Validation with IGRF-14 
All candidate models for IGRF-14 had to be submitted to IAGA by the deadline of October 1, 2024. Ultimately, 19 groups submitted their candidate models, namely BGS (Brown et al., 2025), CSES (e.g., CGGM-2), DTU (Kloss et al., 2025), GCRAS (Firsov et al., 2025), GFZ (Rother et al., 2025), IPGP (Hulot et al., 2025; Lesur and Shi, 2024; Fournier et al., 2025), ISTERRE (Claveau et al., 2025), MISTA (Zhang et al., 2025), NOAA (Gwirtz et al., 2025), Strasbourg (Wardinski et al., 2025), TU_Berlin (Julien et al., 2025), UCM (Mario et al., 2025), USTHB (Hamoudi et al., 2025), and WHU (Xiong et al., 2025). After an evaluation process (Beggan et al., 2025a), the final official DGRF-2020, IGRF-2025, SV-2025-2030 models were computed and published (Beggan et al., 2025b). Figures 6-8 present comparative analyses between our three CGGM-2 candidate models, the other candidate models and the officially released IGRF-14 models (DGRF-2020, IGRF-2025, SV-2025-2030). In each Figure, the top panel shows the mean square difference per degree between Gauss coefficients of the official IGRF-14 model and of the candidate models, while the bottom panels shows maps of the difference in the Br component at Earth’s surface between the official IGRF-14 models and our CGGM-2 candidate models.	Comment by Nils Olsen: Why ”e.g.”? Perhaps you mean ”i.e.”? I suggest to delete ”e.g.”	Comment by Nils Olsen: Why ”official”? There is only one ”final” IGRF model, no ”unofficial” ones.
The top panels of Figures 6 and 7 reveal that the most prominent discrepancies of the CGGM-2 candidate models for DGRF-2020 and IGRF-2025 occur in degree 2 and 3, with mean square difference values of several tens of nT². In contrast, the power spectrum differences for other degrees are generally within 10 nT². These results are in line with the findings presented when discussing Figures 3 and 4 (top panels), where the significant differences in degree 2 and 3 could be attributed to the substantial influence of high-latitude MT disturbances on scalar data and some boom deformation in vector data. These effects also show up in the bottom panels of Figures 6 and 7, which clearly show that the largest differences in the Br component occur in bands at low and high latitudes, with a maximum value of about 20 nT, again consistent with the findings of Figures 3 and 4 (bottom panels).
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[bookmark: _Ref196977498]Figure 6: Comparison of the CGGM-2 DGRF-2020 candidate model and the final IGRF-14 DGRF-2020 model at Earth’s surface. Top: Mean square difference per degree between the Gauss coefficients of the fourteen DGRF-2020 candidate models and the final IGRF-14 DGRF-2020 model (the comparison for the CGGM-2 DGRF-2020 candidate model is shown as the thick CSES red line); bottom: Rradial component of the difference between the predictions of the CGGM-2 DGRF-2020 model and the final IGRF-14 model at Earth’s surface. 
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[bookmark: _Ref196977507][bookmark: _Hlk199282843]Figure 7: Same plotting convention as in Figure 6 but for the IGRF-2025 candidate model.	Comment by Nils Olsen: Our candidate model ?
Figure 8 shows that our candidate model for SV-2025-2030 model does a much better job. Indeed, the top panel indicates that the mean square differences per degree with the final IGRF-14 SV-2025-2030 model are among the smallest when compared to the analogous differences for all other candidate models, with values below 3 (nT/yr)². The bottom panel of Figure 8 further reveals that differences are regional, with a maximum value of only 6 nT/yr. These comparisons are again in line with those shown in Figure 5 further highlighting the likely value of CSES revisiting orbits in capturing geomagnetic field variations. These results also again suggest that the impact of MT disturbances and boom deformation is relatively limited in the SV model.
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[bookmark: _Ref196978497]Figure 8: Same plotting convention as in Figure 6 but for the SV-2025-2030 candidate model.

5 CSES observations of geomagnetic field variation 
Using the CGGM-2 model, we can also plot maps of the global geomagnetic field intensity in 2018 and 2025 and of the changes that occurred in the intensity over the past seven years (Figure 9). Comparing Figures 9(a) and 9(b) reveals that the South Atlantic Anomaly (SAA) region continues to exhibit the most significant changes. The contour plots in the SAA clearly show a further decrease in magnetic field intensity in the second minimum region around the 0° meridian. As shown in Figure 9(c), the general intensity change over the past seven years is characterized by a decrease in the western hemisphere and an increase in the eastern hemisphere. Moreover, the weakened magnetic field near the 0° meridian is consistent with the second minimum region of the SAA shown in Figure 9(b). The most pronounced decreases and increases in the geomagnetic field intensity occur along the 90°W and 60°E meridians, with absolute maximum values of approximately 800 nT.
To further investigate the changes in the SAA, more detailed contour plots are provided in Figure 9(d), which also shows the locations of the two local minima for epochs 2018.0 and 2025.0, indicated by yellow and red dots, respectively. It is observed that, within the western part of the SAA (around 60°W), the position of the minimum intensity field has moved further westward by approximately 1.6° over the past seven years, corresponding to a rate of about 0.2° per year. In contrast, the movement in the second minimum region (around 0°E) is negligible. The rate of magnetic field weakening in these two regions is remarkably different. Around the 0°E meridian, the magnetic field has decreased by about 600 nT over the past seven years, while the decrease around the 60°W meridian is of only approximately 200 nT, indicating a faster weakening around 0°. On January 1, 2025, the minimum magnetic field intensities in the two regions are 22,308 nT (at 60°W) and 23,452 nT (at 0.8°W), respectively. A movie from 2018 to 2025 further suggests that the second magnetic field minimum region continues to expand (not shown here).
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[bookmark: _Ref197100596]Figure 9: Geomagnetic field intensity changes between 2018 and 2025 as inferred from CGGM-2. Panels (a) and (b) show the intensity distribution on 1 Jan 2018 and 1 Jan 2025, respectively. The white curves highlight the contours in the South Atlantic Anomaly (SAA) region. Panel (c) shows the intensity change between the two epochs. Panel (d) finally provides details of the intensity in the SAA in 1 Jan 2025. The locations of the two intensity minima are also provided at epoch 2018 and 2025 by yellow and red dots respectively.

  Figure 10 illustrates the trajectories of the dip poles (determined by all Gauss coefficients) and of the geomagnetic poles (determined by the first three Gauss coefficients g10 , g11 and h11). The detailed methodology for computing these poles is outlined in Laundal and Richmond (2017). The positions are depicted using dots and squares, representing poles derived from IGRF-14 for the period 1900–2030 (Beggan et al., 2025b) and poles derived from the CGGM-2 model for 2018–2030, respectively. Overall, the two models exhibit consistent results over the period covered by the CGGM-2 model, since the CSES launch. Notably, during 2020–2025, the CGGM-2 model predicts the north and south dip pole velocities to be approximately 41 km/yr and 9 km/yr, respectively, very close to the IGRF-14 predictions. By 2027.5, these predicted velocities decrease to 35 km/yr for the north dip pole, slightly more than predicted by IGRF-14 (Beggan et al., 2025b), while remaining constant at 9 km/yr for the south dip pole. Note that to predict poles with CGGM-2 for epoch 2030 and avoid possible end effects at epoch 2025.0, we first calculate the Gauss coefficients for epoch 2024.5 (g2024.5) and obtain the SV2024 using the B-spline function at epoch 2024.0 to further obtain the Gauss coefficients g2030:
g2030= g2024.5+5.5* SV2024
Given the potential for deviations in the predicted values (e.g., Alken et al., 2021b and references therein), we will continue to monitor the movement patterns by regularly updating the model.
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[bookmark: _Ref197503905]Figure 10: Motion of the dip pole and the geomagnetic pole for the north poles (left) and south poles (right), calculated using IGRF-14 (dots; Beggan et al., 2025) and CGGM-2 (squares). For the north dip poles, positions predicted by the CGGM-2 model are shown for the years 2018, 2020, 2025, and 2030. For other poles with slower motion, only the 2030 value is displayed. Note that the 2030 value is a forecast. 

6 Conclusion
In this paper, we introduced the new CGGM-2 model which is entirely based on CSES data. This model represents a significant advancement over its predecessor, CGGM. CGGM-2 now covers a longer period of more than six years, describes the non-linear temporal evolution of the main field using order 6 B-splines up to degree and order 13, and extends the description of the internal field up to degree and order 45 to account for the lithospheric field. This allowed us to propose IGRF-14 candidate models for DGRF-2020, IGRF-2025 and SV-2025-2030. Comprehensive comparisons of this CGGM-2 model with the CHAOS-7.18 model and the final IGRF-14 model confirms that boom deformation and high-latitude magnetic field disturbances on the CSES satellite introduce discrepancies in the main field for degrees 2 and 3, as well as in the lithospheric field. This turns out to limit the quality of our DGRF-2020 and IGRF-2025 candidate models which nevertheless perform reasonnably well compared to other candidate models. This situation is expected to be improved in the future thanks to the upcoming CSES-02 satellite (to be launched in June 2025), which will mitigate disturbances in the current high latitude dataset. Despite the present drawbacks, the CGGM-2 model does a good job at predicting the temporal variations of the geomagnetic field. Indeed, our SV-2025-2030 candidate model turns out to perform very well among all IGRF-14 SV-2025-2030 candidate models, displaying very little disagreement with the final IGRF SV model. 
Using the CGGM-2 model, we also examined the evolution of the geomagnetic field intensity between 2018 and 2025. This analysis showed that CSES succeeds at capturing the fact that the South Atlantic Anomaly (SAA) region continues to exhibit significant changes, with a further decrease in magnetic field intensity within the secondary minimum region around the 0° meridian. These findings underscore the potential of the CSES mission for geomagnetic field modeling and the likely benefits of its revisiting orbits. 
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Figure Legends
Figure 1: Distribution of the data selected to build the CGGM-2 model as a function of time and geographic latitude (blue: scalar data; red: vector data).
Figure 2: Power spectra for the internal field for epoch 2024.0 (left) and the secular variation and secular acceleration for epochs ranging from 2019.0  to 2024.0 (right). For comparison, spectra from the CHAOS-7.18 at epoch 2024.0 are also plotted.
Figure 3: Top: spectra of our DGRF-2020 candidate model (CGGM-2, red line) and its difference with the CHAOS-7.18 model (black dashed line, referred to as CGGM-2– CHAOS-7.18) for epoch 1 Jan 2020, both at Earth’s surface. Bottom: corresponding difference in the Br values predicted by the CGGM-2 parent model and CHAOS-7.18.
Figure 4: Same plotting convention as in Figure 3 but for epoch 15 Nov 2017
Figure 5: Same plotting convention as in Figure 3 but for SV at epoch 1 Jan 2024
Figure 6: Comparison of the CGGM-2 DGRF-2020 candidate model and the final IGRF-14 DGRF-2020 model at Earth’s surface. Top: Mean square difference per degree between the Gauss coefficients of the fourteen DGRF-2020 candidate models and the final IGRF-14 DGRF-2020 model (the comparison for the CGGM-2 DGRF-2020 candidate model is shown as the thick CSES red line); bottom: radial component of the difference between the predictions of the CGGM-2 DGRF-2020 model and the final IGRF-14 model at Earth’s surface.
Figure 7: Same plotting convention as in Figure 6 but for the IGRF-2025 candidate model.
Figure 8: Same plotting convention as in Figure 6 but for the SV-2025-2030 candidate model.
Figure 9: Geomagnetic field intensity changes between 2018 and 2025 as inferred from CGGM-2. Panels (a) and (b) show the intensity distribution on 1 Jan 2018 and 1 Jan 2025, respectively. The white curves highlight the contours in the South Atlantic Anomaly (SAA) region. Panel (c) shows the intensity change between the two epochs. Panel (d) finally provides details of the intensity in the SAA in 1 Jan 2025. The locations of the two intensity minima are also provided at epoch 2018 and 2025 by yellow and red dots respectively.
Figure 10: Motion of the dip pole and the geomagnetic pole for the north poles (left) and south poles (right), calculated using IGRF-14 (dots; Beggan et al., 2025) and CGGM-2 (squares). For the north dip poles, positions predicted by the CGGM-2 model are shown for the years 2018, 2020, 2025, and 2030. For other poles with slower motion, only the 2030 value is displayed. Note that the 2030 value is a forecast.
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