A i e% GFZ DU Space
y Sl.Ual'm mle" $ LN‘HHT\",,. U\ Ml ‘ TUDelft m c National Space Institute

CALGARY ———

ESL

SWARM

Swarm Expert Support Laboratories

Swarm L2 FAC-single Product
Description

z\':i)/

British Geological Survey (BGS)
National Space Institute — DTU Space (DTU)

Delft Institute of Earth Observation and Space Systems (DUT)
Helmholtz Centre Potsdam - German Research Centre for Geosciences (GFZ)
Eidgendssische Technische Hochschule Ziirich (ETH)

Institut de Physique du Globe de Paris (IPGP)

The Swedish Institute of Space Physics (IRF)

Laboratoire d'électronique des technologies de l'information (Leti)
University of Calgary (UoC)

Aerospace Research And Test Establishment (VZLU)

with additional contributions from

NASA Goddard Space Flight Center (GSFC)
University of Colorado (CIRES)
Charles University Prague (CUP)

Doc. no: SW-TR-GFZ-GS-0005, Rev: 5, 2017-09-18

© ESL, 2017. Proprietary and intellectual rights of ESL are involved in the subject-matter of this material and all manufacturing, reproduction, use, disclosure, and sales rights
pertaining to such subject-matter are expressly reserved. This material is submitted for a specific purpose as agreed in writing, and the recipient by accepting this material
agrees that this material will not be used, copied, or reproduced in whole or in part nor its contents (or any part thereof) revealed in any manner or to any third party, except
own staff, to meet the purpose for which it was submitted and subject to the terms of the written agreement.




&
& s S 5 0 @

ESL

fooarr N\ ETH =2 7 Sl/1//4 RM
Contents
1 Document Change Log 3
2 Applicable Documents 4
3 Reference Documents 4
4 Scope 5
5 Introduction 5
5.1 Algorithm . . . . . . . . 5
5.2 Scientific Relevance . . . . . . . . . .. 6
6 Descriptions of the data format 7
7 Selected Examples 9
8 Spatial Distribution of single-FAC 12
9 Conclusions 18
Doc:  SW-TR-GFZ-GS-0005
Issue: 5.0
Page 2/18

File:  SW-TR-GFZ-GS-0005-5.0.pdf
Date: 18.09.2017



§$ Swanm Inii\-g g IRF @

ESL

fooen X ETH =2 T SWARM
1 Document Change Log
Issue | Issue Date | Pages Remarks Author
Affected
1.0 27.08.2014 | All Initial Issue J. Park
2.0 18.02.2015 | 8 Table 2: text for digits 5 and 7 are | G. Kervalishvili
switched
3.0 | 24.03.2016 | 5 Text in Scope is updated starting | G. Kervalishvili
from "In the following ..."
5 Eq. (1): i was missing
5t where j is current density ... —
where j is current density, p is mag-
netic permeability ...
4.0 21.03.2017 | 4 AD1 is added G. Kervalishvili
5 FAC-single and -dual product docu-
ment links are added
7-8 Section 6: text is updated
8 Table 2 is updated
5.0 | 18.09.2017 | 5-6 Eq. (2) with its description is up- | G. Kervalishvili
dated
Doc:  SW-TR-GFZ-GS-0005
Issue: 5.0
Page 3/18
File:  SW-TR-GFZ-GS-0005-5.0.pdf
Date: 18.09.2017



‘.’25 swanm Inli‘_g ‘% IRF @ ESL

fooern A ETH 52 T S WA R M

2 Applicable Documents

AD1
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4 Scope

This document reports the results obtained from scientific quality validation of the Swarm
Level-2 Field-Aligned Current (L2-FAC) data: FACATMS 2F, FACBTMS 2F and FAC-
CTMS _2F. In the following, "single FAC" and "single radial current" refer to FAC and radial
current that are defined for a single satellite A, B, or C. Currents defined for the satellite
pair A and C are called dual FAC and dual radial current, and are not subject to this re-
port. The Swarm L2 FAC-dual Product Description document AD1 is available on the EO web
page: https://earth.esa.int/web/guest/document-library/browse-document-1library/
-/article/swarm-level-2-fac-dual-product-description.

Current or updated version of  the FAC-single product descrip-
tion document is available on the EO web page: https://earth.esa.
int/web/guest/document-library/browse-document-library/-/article/
swarm-level-2-fac-single-product-description.

5 Introduction

5.1 Algorithm

As has been outlined by RD1 and RD2, we can calculate vertical current density using spatial
gradient of geomagnetic field data. The basic equation is the Ampére’s law:

= |- 2, 0
fo | Ox dy

where 7 is current density, po is magnetic permeability, and B is magnetic field. The z-axis is

pointing vertically downward, z-axis northward, and y-axis eastward.

First, model values of geomagnetic field from the Earth’s core, lithosphere, and magneto-
sphere, which are called ‘mean field’ in assembly, are subtracted from the 1 Hz magnetic field
readings of the Vector Field Magnetometer (VFM): MAGA LR 1B, MAGB LR 1B and
MAGC LR _1B. The magnetic field residuals are used to retrieve the FAC density.

The method is based on the assumption that vertical current sheets are elongated infinitely
in the zonal direction: that is, the second term of the right-hand side of Eq. (1), —68%,
is negligible. Then, we can estimate vertical current density using along-track variation of
magnetic field observed by one single satellite: that is, using the first term of the right-hand
side of Eq. (1), %.

The FAC current density, jrac, is calculated by dividing the radial current, jrgrc, by the
sine of the magnetic inclination angle:

JIRC
sinl

Jrac = —

= @)

m2

where [ is the inclination of the magnetic field. At high latitudes, where magnetic field is
approximately in the vertical direction, FAC density is nearly the same as the IRC density. For
more details of FAC density calculation, readers are referred to RD1.

Doc:  SW-TR-GFZ-GS-0005

Issue: 5.0

File:  SW-TR-GFZ-GS-0005-5.0.pdf
Date: 18.09.2017

Page 5/18


https://earth.esa.int/web/guest/document-library/browse-document-library/-/article/swarm-level-2-fac-dual-product-description
https://earth.esa.int/web/guest/document-library/browse-document-library/-/article/swarm-level-2-fac-dual-product-description
https://earth.esa.int/web/guest/document-library/browse-document-library/-/article/swarm-level-2-fac-single-product-description
https://earth.esa.int/web/guest/document-library/browse-document-library/-/article/swarm-level-2-fac-single-product-description
https://earth.esa.int/web/guest/document-library/browse-document-library/-/article/swarm-level-2-fac-single-product-description

‘EE’ Swarm Inli‘_g ‘? R @ I :S I '

Fupelft ‘W’L ETH 22 e SWARM

5.2 Scientific Relevance

FACs are an essential component in the space weather. As FAC acts as connector between the
magnetosphere and ionosphere at high latitudes, exact information on FACs can help to give
constraints on many physical parameters related to space weather: e.g., ionospheric conductiv-

ity.
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6 Descriptions of the data format

One data file of L2-FAC (FACATMS 2F, FACBTMS 2F or FACCTMS 2F) is produced
per day and per Swarm satellite (Alpha, Bravo, or Charlie). A daily file is produced only
when the Level 1b (L1b) 1 Hz magnetic field data (MAGA LR 1B, MAGB LR 1B and
MAGC _LR_1B) of the corresponding satellite and date are available.

Table 1: The list of variables in the L2 FAC-single data product (FACATMS 2F,
FACBTMS 2F and FACCTMS 2F).

Variable Description Unit

name

Timestamp Time stamps in Universal Time cdf epoch

Latitude Geographic latitude of the Swarm satellite degree

Longitude Geographic longitude of the Swarm satellite degree

Radius Distance of the Swarm satellite from the Earth’s center m

IRC Ionospheric radial current (vertically upward) pA /m?

IRC-Error Error in ionospheric radial current pA /m?

FAC Tonospheric field-aligned current pA /m?

FAC-Error Error in ionospheric field-aligned current pA /m?

Flags Flags characterizing the L2 FAC-single product quality no unit

Flags F Flags about the magnetic field intensity measurement (zero is | no unit
nominal), passed through from the L1b data

Flags B Flags about the magnetic field vector measurement (zero is | no unit
nominal), passed through from the L1b data

Flags q Flags about the attitude information (zero is nominal), passed | no unit
through from the L1b data

The cadence of the L2-FAC data (FACATMS 2F, FACBTMS 2F and FACCTMS 2F) is
1 Hz. One FAC data point is obtained by differencing two adjacent data points of L1b 1 Hz
magnetic field data (MAGA LR 1B, MAGB LR 1B and MAGC_ LR_1B). Hence, the time
stamps of L2-FAC data (FACATMS 2F, FACBTMS 2F and FACCTMS 2F) are halfway be-
tween the time stamps of the L1b 1 Hz magnetic field data (MAGA LR 1B, MAGB LR 1B
and MAGC LR _1B). The Table 1 presents the list of variables in the L2-FAC data product
(FACATMS 2F, FACBTMS 2F, and FACCTMS 2F). The variable, ‘IRC’ (ionospheric radial
current) is calculated by Eq. (1) irrespective of latitudes, while the variable, ‘FAC’ is calculated
by Eq. (2) only at low latitudes, where inclination angles are larger than 30° (|/| > 30°). The
variable ‘FAC’ is not calculated at low latitudes because the field-aligned direction is nearly
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perpendicular to the radial direction: conversion from IRC into FAC by Eq. (2) is not justified.
For more complete description on the algorithm and data content, readers are referred to RD1
and RD9.
The Table 2 presents the list of 10 individual and independent digits, characterizing the L2
FAC-single product quality. Digits from 1 to 8 report issues that may have been occurred at
one or more of the measurement points used for the computation of a current density value.
Digits 9 and 10 report whether the NaN values for the current density were used or not. Values
N>0 mark the number of points that were affected and value 0 marks not affected ones. For
the single FAC processing N can equal to 1 or 2, because 2 measurement points are involved.

Table 2: Flags characterizing the 1.2 FAC-single product (FACATMS 2F, FACBTMS 2F and
FACCTMS 2F) quality.

Digit- Value | Meaning of each digit

Number

1 0/N A short (< 5 seconds) data gap occurred, which was interpolated lin-
early.

2 0 For single FAC, this digit is always zero because no filtering is done.

3 0/N No EST (external part of DST [RD6|) data were available, and a
default value was used for the magnetospheric field model.

4 0/N No IST (internal part of DST |[RD6]|) data were available, and a default
value was used for the magnetospheric field model.

5 0/N No solar radio flux (F'10.7) data were available, and a default value was
used for the magnetospheric field model.

6 0/N No interplanetary magnetic field (IMF) data were available, and a de-
fault value was used for the magnetospheric field model.

7 0/N No Em (merging electric field [RD7|) data were available, and a default
value was used for the magnetospheric field model.

8 0/N No magnetospheric field coefficients were available, and magnetospheric
field is set to 0.

9 0 For single FAC, this digit is always equal to 0.
This digit is equal to 1 if inclination |I]| < 30°

10 0/1
(FAC = NaN).
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7 Selected Examples

Here we present three examples of L2-FAC data (FACATMS 2F and FACCTMS_2F). Figure
1 shows a typical example of Swarm L2-FAC data. The corresponding magnetic local time
(MLT) is near midnight. The top panel presents FAC density calculated from magnetic field
observations by Swarm-Alpha (red) and Swarm-Charlie (blue). The bottom panel shows elec-
tron density measured by the Langmuir Probe (LP) onboard Swarm. Please note that absolute
values of the electron density data are not yet fully calibrated when this document is being
written. Nevertheless relative variation of the electron density is expected to be reasonable.
Swarm-Alpha and Swarm-Charlie were in a formation flight (at the same altitude with lon-
gitudinal/latitudinal separation of approximately 1°) on that day (20-April-2014). In the top
panel the agreement between two FAC density curves are quite good: even tiny details match
each other around 80° in geographic latitude (GLAT). In the bottom panel electron density
fluctuation is strong in regions with high FAC density.

Swarm-L2 (2014-04-20, MLT=0.70, UT=4.49, GLON=-55.69°E)

4 T I T T
- FACsingIeA
< 2r - I:A(::singlec I
£
<
20
Q
=
2k -
4 | I I i I
-85 -80 -75 -70 -65
6
—n, (SwA)
—n, (SwC) |

ng (1050m'3)

-70 -85
GLAT (deg.)

Figure 1: Example of Swarm L2-FAC data (FACATMS 2F and FACCTMS 2F).

Figure 2 shows another example of L2-FAC and LP data, and the figure format is the same
as that of Figure 1. The corresponding MLT is near dawn. In the top panel two FAC curves
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exhibit similar profiles. In the bottom panel enhanced electron density fluctuations accompany
high-amplitude FAC regions in the top panel.

Swarm-L2 (2014-06-23, MLT=5.64, UT=18.08, GLON=-165.58°E)

6 T T \
_ FAC

singleA

al— I:Acsinglec 7
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80 85

2 ‘
|— n, (SwA)
| — n, (SwC)
¢ 1.5
£
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e
:CD 1 [
05 | | | | |
65 70 75 80 85
GLAT (deg.)

Figure 2: Another example of Swarm L2-FAC data (FACATMS 2F and FACCTMS 2F).

Figure 3 shows another example of L2-FAC and LP data, and the figure format is the same
as that of Figure 1. The corresponding MLT is near dusk. In the top panel two FAC curves
exhibit similar profiles. FAC fluctuation is higher in > 67° GLAT than in < 67° GLAT. In the
bottom panel electron density fluctuation level is also higher in > 67° GLAT than in < 67°

GLAT.
Figure 4 shows amplitude of FAC as a function of magnetic latitude (MLAT). Data from

all three Swarm satellites during a short period from 2014-04-17 to 2014-04-23 are used for the
figure. In Figure 4 we can see the following two points:

1. maximum FAC amplitude is around 1 (uA/m?).

2. FACs between 65° — 80°MLAT are generally stronger than that at lower and higher
latitudes.

These two points are in good agreement with the results of RD2 and RD3.
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Swarm-L2 (2014-07-10, MLT=18.76, UT=13.91, GLON=72.71°E)
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Figure 3: Another example of Swarm L2-FAC data (FACATMS 2F and FACCTMS 2F).

In Figures 1-3 the latitudinal profiles of Swarm-Alpha FAC agree well with those of Swarm-
Charlie FAC. The two satellites are in a formation flight (at the same altitude with longitu-

dinal/latitudinal separation of approximately 1°).

Note that the level of agreement between

Swarm-Alpha FAC and Swarm-Charlie FAC can vary pass by pass (because of strong natural
variability at small scales RD4). In this document we show selected examples of Swarm-Alpha
FAC and Swarm-Charlie FAC, which support qualitative reliability of the Swarm L2-FAC prod-

ucts.

The FAC amplitude shown in Figure 4 is in general agreement with those in previous reports
RD2 and RD3, as discussed above. Hence, Figure 4 supports that FAC density of Swarm L2-
FAC product is quantitatively on the right order of magnitude.
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Swarm L2 FAC (2014-04-17~2014-04-23)
1.4 T T T T T

|
-40 -20 0
MLAT (deg.)

Figure 4: A short-term statistics of Swarm L2-FAC data (using the single-satellite method).

8 Spatial Distribution of single-FAC

Figure ba presents the statistical distribution of small-scale FAC (SSFAC) amplitude, which
is defined as absolute magnitude of 1 Hz FAC data, in the northern hemisphere. Each row
in Figure 5a corresponds to Swarm-Alpha, -Charlie, and -Bravo, respectively. Each column
corresponds to local winter, combined (spring+autumn) equinox, and local winter, respectively.
In each panel the magnetic pole is at the center. Magnetic local time (MLT) increases counter-
clockwise from the bottom of each plot. Note that poorly populated bins (number of data
points less than 15) have been neglected when drawing the figures. The data gaps in Figure
ba are caused by the fact that Swarm data do not span a full year yet (as of October 2014).
In Figure 5b SSFAC amplitudes from CHAMP data in 2005-2006 are shown for the purpose of
comparison with Swarm results. In the figures it is immediately clear that:

1. SSFAC around magnetic noon is stronger than in any other MLT regions.
2. Strong SSFAC can be found at higher latitudes on the dayside than on the nightside.
3. The noontime peak SSFAC weakens from summer via equinox to winter.

In a qualitative sense, all the three Swarm satellites (Figure 5a) and CHAMP (Figure 5b)
exhibit the above-mentioned common trends. Swarm results generally agree with one another
in qualitative and quantitative senses. Differences in amplitude between Swarm and CHAMP
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results may result from different levels of solar and geomagnetic activity during the respective
operation periods.

Figure 6 has the same format as Figure 5, but for the southern hemisphere. Figure 6 also
shows good qualitative agreement among the FAC data from CHAMP, Swarm-Alpha, Swarm-
Bravo, and Swarm-Charlie.

Figure 7 presents the statistical distribution of large-scale FAC (LSFAC) amplitude, which
is defined as absolute magnitude of FAC data filtered with a ~ 20-second low-pass filter,
in the northern hemisphere. Figure 8 has the same format as Figure 7, but for the southern
hemisphere. These figures also show qualitative agreement among the FAC data from CHAMP,
Swarm-Alpha, Swarm-Bravo, and Swarm-Charlie.

In conclusion, the FAC properties shown in Figures 5-8 show that the qualitative agreement
among FAC data from CHAMP, Swarm-Alpha, Swarm-Bravo, and Swarm-Charlie is reasonably
good. Hence, the three Swarm products, FACATMS 2F, FACBTMS 2F and FACCTMS 2F,

are recommended for scientific use.
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a) SWARM, Northern Hemisphere, Nov/2013-Sep/2014, Small-Scale FACs
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b) CHAMP, Northern Hemisphere, Mar/2005-Mar/2006, Small-Scale FACs
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Figure 5: The bin-averaged median values of small-scale FACs for (a) Swarm satellites and (b)
CHAMP in the northern hemisphere. The data are presented in the MLAT-MLT coordinate
frame, where the white circles mark the MLAT at 10° spacing.
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a) SWARM, Southern Hemisphere, Nov/2013-Sep/2014, Small-Scale FACs
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b) CHAMP, Southern Hemisphere, Mar/2005-Mar/2006, Small-Scale FACs
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Figure 6: The same as Figure 5, but for the southern hemisphere.
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a) SWARM, Northern Hemisphere, Nov/2013-Sep/2014, Large-Scale FACs
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b) CHAMP, Northern Hemisphere, Mar/2005-Mar/2006, Large-Scale FACs

2
4.08X 1e-01 [uA/m’]

3.27|

2.46

0.83

0.02

Local Winter Combined Equinoxes Local Summer

Figure 7: The bin-averaged median values of large-scale FACs for (a) Swarm satellites and (b)
CHAMP in the northern hemisphere. The data are presented in the MLAT-MLT coordinate
frame, where the white circles mark the MLAT at 10° spacing.
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a) SWARM, Southern Hemisphere, Nov/2013-Sep/2014, Large-Scale FACs
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b) CHAMP, Southern Hemisphere, Mar/2005-Mar/2006, Large-Scale FACs
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Figure 8: The same as Figure 7, but for the southern hemisphere.
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9 Conclusions

The results obtained confirm the scientific validity of the L2-FAC products (FACATMS 2F,
FACBTMS 2F and FACCTMS 2F).
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