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Abstract

In this study, different geomagnetic field models are compared in order to study the errors resulting
from the representation of magnetic fields that affect the satellite attitude system. For this purpose,
we used magnetometer data from two Low Earth Orbit (LEO) spacecraft and the geomagnetic
models IGRF-12 (Thébault et al.,, 2015) and T89 (Tsyganenko, 1989) models to study the
differences between the magnetic field components, strength and the angle between the predicted
and observed vector magnetic fields. The comparisons were made during geomagnetically active
and quiet days to see the effects of the geomagnetic storms and sub-storms on the predicted and
observed magnetic fields and angles. The angles, in turn, are used to estimate the spacecraft attitude
and hence, the differences between model and observations as well as between two models become
important to determine and reduce the errors associated with the models under different space
environment conditions. We show that the models differ from the observations even during the
geomagnetically quiet times but the associated errors during the geomagnetically active times
increase. We find that the T89 model gives closer predictions to the observations, especially during
active times and the errors are smaller compared to the IGRF-12 model. The magnitude of the error
in the angle under both environmental conditions was found to be less than 1°. For the first time,
the geomagnetic models were used to address the effects of the near Earth space environment on
the satellite attitude.
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1. Introduction

Magnetometers are one of the attitude determination sensors for small satellites at Low Earth
Orbit (LEO). In the absence of the actual and reliable magnetic field measurements, on-board
model magnetometers and a model of the Earth’s magnetic field are needed for the prediction of
the geomagnetic field at the satellite’s altitude. The conventional methodology while estimating
the satellite’s attitude involves the angle between the magnetic field vectors from the simulated
magnetometer and the model of the Earth’s geomagnetic field. Therefore, the accuracy of the
geomagnetic fields from the model is critical for a precise attitude determination. As scientific
payloads, the magnetometers on-board the satellites return data in space within their built-in
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precision and are placed one or two meters away from the spacecraft body on a boom in order to
avoid from the magnetic effects created by the satellite itself and its nearby surrounding
environment. Simulated magnetometers, on the other hand, use the magnetic field direction from
a geomagnetic field model, most widely IGRF (Thébault et al., 2015), to determine the parameters
of the satellite attitude. Both magnetometers include several errors and bias sources that will affect
the satellite’s attitude. Current state-of-the-art satellite magnetometers are highly improved both
in accuracy, and precision and resolution as well as in physical size. Among several satellite
magnetometers, two of the most often used ones are the Flux Gate Magnetometers (FGM) and
Search Coil Magnetometers (SCM) that use tri-axial configuration. Many of the bias and random
errors may be reduced or prevented prior to the launch during the ground tests or on orbit after the
launch with having an additional sensor for calibration on the satellite. There are several methods
proposed in the literature for magnetometer calibration without attitude information. The most-
commonly known method is TWOSTEP algorithm that, after the centering approximation, uses a
second step employing the centered estimation, found by an approximation, as an initial value to
an iterative Gauss-Newton method that avoids divergence problems as other algorithms cannot (R
Alonso and Shuster, 2002; R. Alonso and Shuster, 2002). In parallel to the advancing technologies
in space industry, providing that the errors that may be resulted from real magnetometer sensors
on board are negligible to affect the attitude, the source of the most of the errors then would be
associated with the environmental conditions in case of the real magnetometers and from the bias,
noise and scaling factors in case of the simulated magnetometers and how they are handled during
onboard processing in space.

The errors in attitude determination are determined in the literature using different approaches.
An approach that was suggested by (Inamori and Nakasuka, 2012) is to compare the magnetometer
measurements with the magnetic fields predicted by the IGRF geomagnetic model and aims to
remove the bias and scaling errors. In this case, IGRF predictions are used to calibrate and optimize
the simulated magnetometer magnetic fields (Archer et al., 2015; Inamori and Nakasuka, 2012).
The other approach involves the conversion of the IGRF model magnetic field to the satellite body
coordinates. In these studies, IGRF model is assumed to represent the geomagnetic field correctly.
These studies imply that a good representation of the geomagnetic field is an essential part of the
attitude determination process and the closer the geomagnetic model results to the real geomagnetic
fields in space at the satellite’s altitude, the more accurate the satellite attitude.

For the determination of the satellite’s attitude angles, Extended Kalman Filter (EKF),
Unscented Kalman Filter (UKF) and similar filters or single-frame methods such as q, QUEST,
SVD etc. are widely used (Ainscough et al., 2015; Hajiyev and Bahar, 2003; Hajiyev and Cilden
Guler, 2017; Vinther et al., 2011). The source of the error in the determination of the attitude angles
may come from the model magnetometer calibrated using IGRF predictions at the satellite altitude.
Some of the inaccuracies related to the geomagnetic model, IGRF, used by the model
magnetometer result from the model assumptions, the insufficient experimental data, or both. For
epoch 2000, the coefficients are provided to degree and order 13 and 0.1 nT precision for IGRF-
12 model (Thébault et al., 2015). In this study, we investigate the effects of the LEO orbit
environmental conditions on the satellite attitude system, which are superimposed on the Earth’s

2


https://doi.org/10.1016/j.asr.2017.10.041

This is an Author Accepted Manuscript version of the following article: D. Cilden-Guler, Z. Kaymaz, C. Hajiyev,
Evaluation of geomagnetic field models using magnetometer measurements for satellite attitude determination system
at low earth orbits: Case studies. Advances in Space Research, 61(1), pp. 513-529, 2018. The final authenticated
version is available online at: https://doi.org/10.1016/j.asr.2017.10.041

geomagnetic field as a result of magnetospheric substorms. As these effects are not taken into
account in IGRF, the magnetic field at the satellite altitude during these times is underestimated by
the simulated magnetometer. Some of the specific questions that we address are:

1- How well does the magnetic field (magnitude and direction) estimated by the geomagnetic
field model accurately represent the real geomagnetic field at LEO altitudes,

2- How much the Earth’s geomagnetic field varies during the magnetic storms and substorms
at LEO altitudes? Consequently, how much these variations affect the predictions of
geomagnetic models, e.g. IGRF?

3- What is the error that these will create on the spacecraft attitude as referred from the angle
between the measured magnetic field and the field from the geomagnetic model?

4- Which geomagnetic field model gives closer estimates to the measured magnetic field at
the satellite altitude at LEO? i.e. determine and compare the performance of different
models.

In the following sections, we first describe the data sets and the methodology used in this study
and then present the results and discussion. In the last section, we give a summary and conclusions.

2. Data and Methodology

The first and the second questions given above are investigated by looking at the differences
between the magnetic field vector measurements obtained from a real magnetometer placed on a
LEO orbiting satellite and a chosen geomagnetic model during the geomagnetically active and
quiet times. As for LEO orbiting satellites, we selected C/NOFS, and SWARM satellite magnetic
field measurements. The data from these spacecraft were obtained from (“Coordinated Data
Analysis Web (CDAWeb),” 2017), and (“Swarm Data Access - FTP,” 2017). Both satellites use a
fluxgate magnetometer placed on a boom away from the satellite. Regarding the geomagnetic field
model of the Earth, in recent years, there have been several new geomagnetic models developed to
represent the geomagnetic field under different external conditions such as Tsyganenko models
(Farfield, 1991; Peredo et al., 1993; Tsyganenko, 2008, 1995, 1989), CHAOS (Finlay et al., 2016;
Olsen et al., 2006), POMMES-6 (Maus et al., 2010) etc. in addition to the IGRF model. In this
study, we used 1989 version of Tsyganenko magnetospheric model (T89) and the last version of
the IGRF model (IGRF-12) to study the geomagnetic field of the Earth at LEO altitudes. The
satellite attitude has been studied based on the angle between the magnetic field vectors measured
on the satellite and from the model on orbit. Difference in the components of the magnetic field
vectors is mostly used as a unit vector. Therefore, the angle between the magnetic field of the
modeled and measured field affects the degree of accuracy in the satellite’s attitude. In this study,
it is our interest to evaluate these models by comparing their predictions with the magnetometer
measurements from the selected satellites given above. For attitude determination system, IGRF
model is most commonly used model. However, the difference between the magnetic fields of the
sensor and model increases when the geomagnetic activity occurs. Hence, several models that take
into account the external variations resulting from the solar wind and interplanetary magnetic field
superimposed on the Earth’s geomagnetic field are of great importance in determination of the
satellite’s attitude correctly.
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2.1. Geomagnetic Models

The simplest model of Earth’s geomagnetic field is the dipole field approximation. However,
the dipole approximation fails to represent the geomagnetic field at distances far away from the
Earth owing to the modifications of the geomagnetic field lines by the solar wind. As a result, the
magnetometers are not reliable to be used as attitude sensors at farther distances from the Earth. In
International Geomagnetic Reference Field (IGRF) models, Earth’s main magnetic field is
described by the series of spherical harmonic coefficients that describe the secular variation of the
Earth’s magnetic field. Earth’s magnetic field in IGRF-12 model with order of 13" is expressed as
the gradient of a scalar potential function. In most of the nanosatellite missions, truncated versions
as 7" to 10" order of IGRF are preferred and this might cause a reduced accuracy on the model
outputs (Lowes, 2014). IGRF-12 is a model using several candidate models which are based on
different groups of datasets and time intervals from the Swarm, CHAMP, Orsted, SAC-C missions
(Thébault et al., 2015). The accuracy of the IGRF-10 and IGRF-11 models were found to be
accurate within 1° for 92% times in the upper atmosphere (Matteo and Morton, 2011). Based on
long term satellite observations, these models represent the average geomagnetic conditions and
neglect the variations resulting from the geomagnetic disturbances superimposed on the main
geomagnetic field at the satellites altitudes. During the geomagnetic storms and sub-storms, Earth’s
main magnetic field undergo several variations. These variations are treated as noise or error and
cannot be fully represented in the attitude determination most of the time. The magnetic field
strength and the direction change in time scale from seconds to hours and from a few nanoTeslas
(nT) to orders of 1000s of nT depending on the altitude of the satellite. For example, in the
geostationary orbit, the magnitude of the perturbations can be as large as on the orders of 200nT.
Additionally, these phenomena occur several times in a week during the high solar activity periods
while one or two occur during the low solar activity period. Therefore, the geomagnetic storms and
substorms can have an appreciable effect on the satellite’s attitude estimated by the IGRF model
and subsequently the simulated magnetometer.

T89 model (1989) is an empirical model of the magnetosphere based on large satellite data from
the low altitudes of the Earth to large distances in the magnetotail and in the solar wind. Therefore,
it covers a large spectrum of magnetospheric and solar wind conditions in addition to upper
atmospheric conditions at LEO altitudes. The model uses IGRF as a base model of the geomagnetic
field close to Earth but includes the external effects inherited in the data from several
magnetospheric and solar wind satellites such as IMP, HEOS, ISEE spacecraft etc. (Peredo et al.,
1993; Tsyganenko, 1989). So that in addition to the main field (internal) given by IGRF (Bir), it
includes extraterrestrial effects (Bzxr). The magnetic field in space can be represented by adding
these components (Tsyganenko, 1989):

Bror = Bint + Bexr (1)
where,

Bexr= Brc + Bmp + BRegion1-2 + Br (2)
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As seen in (2), more explicitly, Bexr includes effects from Ring current (Brc), tail current (Br),
magnetopause currents (Byp) and Region 1 and 2 currents (Bregion-2). Data sets are categorized
with respect to the geomagnetic activity index K, which represents the geomagnetically active or
quiet times for external sources. Hence, the inputs for the T89 model are K, the position of the
satellite, and time of the year to generate external magnetic field effects at the satellite’s altitude.
Improved versions are available that includes several other external sources that affect the total
magnetic field. For example, the TO5 source code is described for dynamical empirical model of
the inner storm-time magnetosphere, while T89 is a magnetic field model with warped tail current
sheet. We use T89 version to determine the extraterrestrial effects on the magnetic field which
can affect the attitude accuracy of small satellites. Since T89 model uses IGRF model for internal
sources near the Earth, at LEO orbits altitudes, both models are expected to give similar results if
there are no extraterrestrial effects. Earth’s dipole field should dominate as we close to the Earth
over the extraterrestrial sources. However, during the geomagnetically active times, differences
from the dipole model arise due to the currents flowing from the magnetosphere into the Earth’s
atmosphere. Following sections present our preliminary results from the model-to-observation
comparisons as well as the model-to-model comparisons and discuss their implications from the
satellite attitude perspective. The sketch in Figure 1 outlines the procedures we apply for the
model-model and model-observation comparisons.

2.2. Coordinate Systems

When dealing with the Earth’s geomagnetic field, it is unavoidable to work with different
coordinate systems depending on the type of the problem. Figure 2 illustrates the coordinates
systems involved in this study at the location of the satellite in space. The satellite magnetometer
data are available mostly in ECEF (Earth Centered, Earth Fixed). In ECEF system, the z-axis is
along the spin axis of the Earth and pointing to the north pole. The x-axis points towards the
intersection of the 0° latitude (i.e. the equator) and 0° longitude and y-axis completes the right-
handed coordinate system, passing through 0° latitude (i.e. the equator) and 90° longitude.
Cartesian coordinates that the ECEF was represented as in the GEO (Geographic Coordinates)
frame was also shown in Figure 2. In the figure, ENU indicates the East, North, and Up
respectively.

As indicated in the sketch in Figure 1, throughout this study, we used MAG (Geomagnetic)
coordinates for comparisons between the magnetic field vectors from the satellite magnetometer
and the geomagnetic models. Both the model magnetic field and the satellite magnetic field data
were obtained in this coordinate system. In MAG system, z-axis aligns with the dipole axis and y-
axis is perpendicular to the plane containing the dipole axis and the rotation axis of the Earth. The
x-axis completes the right-handed system (Russel, 1971). For near Earth space regions, such as
LEO, where the Earth’s magnetic field dominates, the magnetic fields are best represented in MAG
system (Hapgood, 1992; Russel, 1971).

Body and orbit reference frames are the main coordinate systems for attitude determination
system. The body frame of reference describes the vectors in a coordinate system centered at the
center of mass of the satellite. Orbital coordinate system, on the other hand, refers to the coordinate
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system when the satellite is in its orbit. Attitude angles are found using a transformation matrix
from the orbital reference system to body coordinate system. Satellite motion in each direction on
orbit is described by the Euler angles (roll, pitch, yaw about x, y, z axes respectively) which can
be determined in the filter by using the geomagnetic field direction at the location of the satellite.

2.3 Satellite Observations

Verification of the magnetic field models can be achieved by using observations from a reliable
magnetometer such as fluxgate. In this study, C/NOFS, and SWARM satellites, which carry on-
board fluxgate magnetometers, at LEO orbits were used for comparisons with the results from the
geomagnetic field models and for determination of the attitude angles. Orbital and instrumental
characteristics of these satellites were presented in Table-1. (“Communications/Navigation Outage
Forecasting System (C/NOFS),” 2016; European Space Agency, 2016). C/NOFS
(Communication/Navigation Outage Forecast System) is a US mini-satellite launched on April 16,
2008 and ended in November 22, 2015 (Krebs, 2016). It was designed to forecast the ionospheric
irregularities in Earth’s equatorial region. The spacecraft has an elliptical orbit with low inclination
at altitudes varying from 405 to 853 km and an attitude better than 0.1° using the star sensors (Pfaff
et al., 2010). The accuracy of the magnetic field instrument on C/NOFS has the accuracy of 0.1
nT (Pfaff, n.d.). Additionally, the spacecraft was listed in having one of the most precise GPS
receivers flown in space as between 1-45 cm accuracy (Lichten, 2008). SWARM (Geomagnetic
LEO Constellation) is a mini-satellite constellation mission with 3 satellites, (SWARM A (Alpha,
SWARM B (Bravo) and SWARM C (Charlie), built by ESA. The constellation was launched in
Nov. 22, 2013 and is still in operation. SWARM A and C satellites both have an altitude around
400 km (<450 km) with an inclination of 87.4°. SWARM B (Bravo) has higher altitude around 500
km (<530 km) with 88° inclination. The scientific mission of SWARM constellation pair is to
measure and study the magnetic variations of the Earth’s geomagnetic field resulting from the
Earth’s core, mantle, crust and oceans, as well as from the ionosphere and magnetosphere; to study
the Sun’s influence on Earth system; to understand the impact of solar wind on dynamics of the
upper atmosphere. In this study, the magnetic field data from SWARM A satellite were used in
our comparisons. The spacecraft carry a magnetic field instrument with an accuracy under 0.5 nT,
and has a precise orbit determination under 10 cm (rms) in addition to 3-dimensional position
measurements better than 20 m (3c) and absolute accuracy under 1 arcsec for attitude knowledge
(European Space Agency, 2016). In addition, both the magnetic field and position data from both
spacecraft were obtained from the institutes’ public web sites, which in the case of C/NOFS, it is
NASA’s CDAWeb (http://cdaweb.gsfc.nasa.gov) and in the case of SWARM, it is ESA’s web-site
(http://earth.esa.int/). Both data sets from both spacecraft were provided in 1 sec resolution. As
C/NOFS’s apogee is larger than that of SWARM A, it is expected that the extraterrestrial effects
will be more dominant especially when the satellite is moving towards its apogee at higher
altitudes. Higher altitudes are more susceptible to the effects originated from the Earth’s
magnetosphere and outside. Therefore, the altitude of the satellite is important in determining the
degree of the geomagnetic storm effects.

3. Analysis and Results
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As our purpose of study is threefold, namely, one is to compare the geomagnetic field models
with satellite observations at LEO orbits; two is to determine which model approximates the
observations better; and three is to determine the effects of differences between the models and
observations on the attitude angles by evaluating the angle between magnetic field orientations of
the model and observations. These comparisons were made during the magnetically disturbed days
to reveal the effects of the magnetic storms and magnetospheric sub-storms on the geomagnetic
field at LEO and on the attitude angles. For the comparisons between the models and the
observations, first we looked for the time intervals when there are geomagnetic storms occurred in
the magnetosphere and both the magnetic field and the position data from the satellites exist during
that time interval. Taking the operation times of these satellites given in Table 1 into account, we
have selected 3 different magnetically quiet days when there are no geomagnetic storms or
magnetospheric substorms in the magnetosphere and 3 different magnetically disturbed days, i.e.
when there are magnetic storms and substorms in the magnetosphere at various levels from weak
to strong. Table 2 presents these cases to be studied in detail in the following sections.

Quiet or disturbed days were chosen by looking at the geomagnetic indices, Kp, Ds: and AE
(Data Analysis Center for Geomagnetism and Space Magnetism, n.d.). These are the magnetic
indices that show the level of extraterrestrial disturbances resulting from the interaction between
the solar wind and Earth’s magnetosphere. They are calculated based on the geomagnetic field
measured on the ground magnetic observatories. Ds index refers to the Disturbance Storm Time
index and conveniently shows the presence of the geomagnetic storms initiated when the solar
wind first hits the Earth’s magnetosphere on the dayside at the subsolar point. This compression
depending on the strength of the solar wind dynamic pressure is detected in Dst index as a positive
discursion from the quiet time level of Dy which is known as the sudden commencement. During
a typical geomagnetic storm, the sudden commencement starts at 20 nT. This is followed by a
large drop in the geomagnetic field, which defines the geomagnetic storm main phase. Ds: index
is obtained from geomagnetic observatories located at the low latitudes around 20° of the equator.
It is a good indicator of the ring current in the geomagnetic tail that increases as a result of increased
tail currents during the geomagnetic storms following the initial compression on the dayside.
Geomagnetic activity that causes Dy to drop below -40 nT are considered as a geomagnetic storm
(Gonzalez et al., 1994). The more negative the Dy index, the stronger the geomagnetic activity is.
Auroral Electrojet index (4AE) index, on the hand, gives the geomagnetic disturbances measured at
the high latitudes resulting from the particles coming from the geomagnetic tail as a consequence
of the magnetospheric substorms that create the auroral lights over the northern and southern high
latitudes. These particles give rise to strong electrical currents at high altitudes in the atmosphere
which are known as Auroral Electrojet currents and measured by AF index. The magnetospheric
substorms that result in AE index to be larger than 100 nT are considered as magnetospheric
substorm. K, (planetarische Kennziffer) index is the planetary index that shows the global
geomagnetic activity level and measured using the magnetic field data from the mid latitude
geomagnetic stations. A geomagnetic disturbance with K larger than 4 is considered as a storm.
Table-3 indicates the level of the geomagnetic storm or substorm depending on the scale of these
indices.
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Figure 3 presents an example of the magnetic field data measured on-board C/NOFS satellite
during the magnetically quiet day, March 7 2009. It presents the magnetic field components in
MAG coordinates, i.e. By in the north-south direction, By in the east-west direction, and B: as the
component in the z-direction which is parallel to Earth’s dipole moment, for a stretch of one day
from 00:00 UT to 24:00 UT. The periodic variations seen in this figure are due to the orbital motion
of the satellite. In order to make comparisons, the differences resulting from the orbital motion
were removed by taking the period-averaged magnetic field data. The C/NOFS has an orbital
period of 97.3 min (see Table 1). Therefore, a running mean procedure with a window length of
97.3 min (~1.5 hr) were applied on the magnetic field data in this case. This process eliminates the
temporal variations less than 1.5 hr as well as the latitudinal variations resulting from the orbit. For
the purposes of our study, we think that this procedure is appropriate. In this figure, the black and
blue lines give the magnetic field data and the period-averaged magnetic field data. As seen clearly,
the running mean process removes the orbital periodicity. Still a slight periodicity that the running
mean did not completely removed appears, however this will not affect our comparisons.

Figure 4 represents the first case from C/NOFS satellite. The panels on the left in Figure 4 give
the model-data comparisons for a quiet day recorded on March 7, 2009. The panels from top to
bottom are K, index (a), the differences between the magnetic field components measured by on-
board magnetometer on C/NOFS satellite and the magnetic field predictions of the models, IGRF
(b) and T89 (c), and the differences between two models (d). The blue, red and black colors indicate
differences in B, By, and B: components. K, index in panel (a) indicates that the level of
geomagnetic activity is low. In fact, for this day, there aren’t any geomagnetic activity, thus Kp
=0. The line at K, =4 indicates the threshold after which the day is considered as disturbed. For
direct comparisons with the observed magnetic field, the same orbit-averaged running mean
procedure was applied on the model magnetic field components as well. The figure was constructed
by simply subtracting the magnetic field components of the magnetic field measured on the satellite
from those predicted by the models. Therefore, the panels compare the differences between the
observed and geomagnetic model predicted magnetic field components. As a result, positive
differences in these panels indicate that the model magnetic field is larger than the observed
magnetic field while negative differences imply that the observed fields are larger than those of
models. Even during this magnetically quiet day, namely in the absence of geomagnetic storms,
the model magnetic fields are seen to be quite different than those observed. The largest differences
in panels b and ¢ were seen in Bx component, the north-south component of the magnetic field, and
the least difference was found in B: component. Both models overestimate the observed Bx
component while on the average they under estimate the By component. Both models, on the
average, gives slightly larger B: component than the observed one. Although the differences are
small for B: component, T89 model gives positive differences meaning that the model slightly
overestimates B: component while IGRF shows negative differences indicating the
underestimation of the observed B:. The differences were calculated as the maximum deviations
of the models from the observations and any distribution was not assumed for the data. The
differences between the models and the observations vary up to +60 nT for Bx component and
between 0 and -30 nT for B,. The difference for B: component ranges from 0 to 20 nT in T89 and
0 to -20 nT in IGRF. Panel (d) displays the differences between IGRF and T89 models. In this
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case, T89 model results were subtracted from those of IGRF model. Both Bx and By are very close
to each other within less than 5 nT but two models differ the most in B: component and the
difference is seen to be about -20 nT on the average. This implies larger estimates from T89
compared to IGRF for B: component. While the model-to-observed magnetic field comparison
shows that the models differ the most in Bx component, model-to-model comparisons indicate the
models differ from each other the most in estimating the B- component. As for total magnetic field,
there are no differences between the model predictions so that the difference is close to zero but
both model show a difference from the observations on the order of 50 nT (not shown, Table 4).

The panels on the right in Figure 4 gives a similar comparison during a magnetically active day
on March 17, 2013. The panels from top to bottom are the same as in panels on the left in Figure
4. In the first panel, we see that K, index is larger than 4 from 06:00 UT until the end of the day,
with a maximum of 7+ from 06:00 UT to 10:00 UT and from 18:00 UT to 21:00 UT. Average Kp
for the day is about 5+. Both panels b and ¢ show that the models give the largest differences from
the observations when the geomagnetic activity started at 06:00 UT. The geomagnetic activity
stays high from 06:00 UT to 21:00 UT and we see that both IGRF and T89 models differ the most
from the observations during this time interval. We can see that the differences in Bx component
before the geomagnetic activity is around 80 nT and increases slowly up to 130 nT after the
geomagnetic storm starts and continues to increase to 205 nT till the end of the time scale given in
this figure. Differences in both By and B: are very close to zero before the geomagnetic storm, but
increases after. Differences with the observations in By component in both models vary around -
80 nT. However, B: component shows differences on the order of 30 to 40 nT in T89 model, while
it is around -40 nT in IGRF12 model. Both panels show that Bx component was overestimated and
by component was underestimated in both models. B: component, on the other hand, was
overestimated in T89 while it is underestimated in IGRF. These comparisons are qualitatively the
same as obtained in quiet time case. However, quantitatively, compared to the same panels of quiet
day given in Figure 4, the differences between both models and the observations are larger during
the geomagnetically active day by about a factor of 3. Panel d, similar to quiet day case, indicates
that the models differ mostly in B: component up to 100 nT during the geomagnetic storm interval
while the differences between predicted By and By components are small, being on the order of 10
nT before the geomagnetic storm. We see that T89 model gives larger prediction of B: component
than IGRF. Although not given in these plots, both model exhibit differences with the observations
around 200 nT for the total magnetic field during the geomagnetic storm interval while smaller,
around 50 nT on average before the storm. Despite this difference with the observations, there are
no discernable differences between the predictions of the total magnetic field from both models
during the quiet and active day.

Figure 5 compares the angle (o) between the observed and model (T89 and IGRF) magnetic
field vectors measured during the quiet (left) and active (right) day using C/NOFS data. The angle
was calculated by taking scalar product of two unit vectors. While the first two panels give the
level of geomagnetic activity as seen in Dy index for geomagnetic storm and AE index for the
auroral substorm, the third panel presents the angle calculated. Although Ds: index variation is
small during the active day, AE index is larger than 100 nT indicating the presence of a
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magnetospheric substorm in the geomagnetic tail that results in aurora in the ionospheric altitudes.
The differences between the quiet and active day angles as well as between the model predictions
are clearly demonstrated in these panels. During the quiet day, both models indicate that the angle
between predicted and observed vary around 0.15° in panel d on the left. In panel d on the right,
T89 predicts smaller angles compared to IGRF model. T89 prediction of the angles stays around
0.12° during the storm day while the angles predicted by IGRF increase after the storm starting at
06:00 UT. This indicates that the magnetic field vector predictions from T89 model are closer to
the observations. It is clear that larger differences with the observations during the active days are
caused by the geomagnetic storms.

For small satellites, both magnetometer data and a magnetic field model are necessary for the
attitude estimations. For most of the cases, the model predicted and measured magnetic field
components are used as unit vectors. Therefore, the angle between the model and the observed
magnetic field is a key parameter in determining the attitude angles, namely yaw, pitch, and roll.
The closer the model predictions to the observed fields, the more accurate the attitude estimates
will be. In Figure 5, we see that the angles calculated for both magnetically quiet and active day
are small to cause a serious effect on the satellite’s attitude. For most small satellite applications,
an accuracy up to 1° for all attitude angles in X, y, and z directions is accepted to be sufficient to
provide reliable attitudes (Theil et al., 2003). The angles determined here appear to be very small
to give rise to attitude angles greater than 1°. Even though difference in angles are small, for more
accurate and reliable attitude predictions, the model that gives smaller angles with the observations
should be preferred, under especially geomagnetically active conditions when the deviations from
observations were expected to be larger.

Table 4 compares the root mean square (RMS) error between the models and the observations
during the quiet day (left) and active day (right). The second and third columns in both tables are
the RMS errors for the differences between the magnetic field components of the models and the
observations. Namely, the differences between the IGRF and the observations and (second column)
and the differences between T89 and the observations (third column). Table 4 for the active
conditions on the right was performed by using the differences for the data corresponding to the
part of the differences corresponding to K> 4, defined as the active times. Comparison of right
and left panels shows that the RMS errors in predicting the observed magnetic field components
are smaller during the magnetically quiet day as opposed to the magnetically active day. Here we
see that the RMS error for the total magnetic field is the largest compared to the RMS error in the
components. For the components, RMS errors are smallest for B: and largest for By. T89 model
gives much smaller RMS error than those of IGRF model in both quiet and active conditions,
implying its predictions are closer to the observations. The errors during the active times increase
in both models. Overall, T89 model, compared to IGRF, shows better performance in predicting
both the magnetic field components and also the magnetic field strength and agrees better with the
observations based on RMS errors. One point that needs emphasis from the point of satellite
attitude purposes is that even during the quiet days, noticeable differences with the observations
occur in predictions of both IGRF and T89 models. Differences become larger during the active
days, especially in IGRF model.
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The last row in Table-4 displays and quantifies differences in the angles averaged over the
time intervals studied, i.e. 24 hours. We can see that the average angles from both models differ
mostly during the geomagnetically active days. IGRF’s angles were found to be larger than that of
T89 by about 32% during the geomagnetically active times while they differ by about 4% for quiet
times.

Figure 6 presents the second case and from C/NOFS angle. The quiet and active day panels are
shown on the left and right respectively. Similar to previous case, K is 0 throughout the day in this
event as well. In this case too, models give the largest difference for Bx component and the smallest
for the B, component. The magnitude of the differences varies from 80 nT for Bx to -30 nT for B:
from both models. For B, component, differences are around 10-20 nT in case of T89 and close to
0 nT for IGRF. The right panels for active day in Figure 6 display that K levels are around 4 and
exceed 4 during the day, indicating that the geomagnetic activity increased. In these panels, we
can see the differences become large as the geomagnetic activity becomes stronger. IGRF shows
slightly larger differences when compared to T89. Differences with the observations during the
active day vary around 100 nT for Bx component in both models while differences for By are seen
to be around 30-40 nT. Differences in B: component are negative in case of IGRF and positive in
T89 models indicating IGRF predictions for B: are smaller up to 40 nT and T89 models are larger
up to 20 nT. Differences between the models indicate that both models Bx and By predictions are
closer being IGRF slightly larger for Bx and slightly smaller for By. For B:, however, IGRF is
considerably smaller than T89 varying from 20 nT up to a maximum of 80 nT.

Figure 7 illustrates the average angles for Case 2, January 5, 2013 and August 4, 2010. Both
models give an angle on the order of 0.15° during quiet day and differ during the active day between
0.1° and 0.2°. Differences are larger during the high geomagnetic activity periods seen from 0 to
06:00 UT, and 08:00 UT to 24:00 UT. When K, reaches 6, the differences are seen to reach a
maximum of 0.2°. During this event, AE is high at the beginning but becomes lower after 12:00
UT. However, Dy is seen to vary from -30 nT to -80 nT indicating geomagnetic storm presence,
even when AF is low. The variations in average angle is due to the geomagnetic storm as associated
with a Coronal Mass Ejection (CME) in the solar wind (not given).

Table 5 gives the RMS errors for this case. As in the previous case, the largest RMS error is
seen in B, followed by By, Bx and B: respectively during both quiet and active days. The errors
are larger, almost twice, during the active days and in IGRF predictions during both quiet and active
times. The difference in average angles is slightly larger or equal during quiet days than active and
in IGRF model than in T89 model. The range of angles is smaller than 1° in this example too.

Figure 8 illustrates the differences between the models and observations as well as between the
models for SWARM A satellite during the magnetically quiet day (January 18, 2014) and active
day (February 20, 2014) respectively. The panels from top to bottom are the same as in the previous
figures. The magnetic field components from the satellite magnetometer and from the T89 and
IGRF models were again orbit averaged using running mean procedure. The top, right panel on
the left ensures that the day is quiet with K, varying between 0 and 1. The differences between the
models and the observations are seen to be less than +10 nT in panels b and c. The close
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examination of the panels shows that T89 model predicts B, component as the best in this case;
this is followed by the prediction of the B: component. On the average, both of them is close to
zero which means that they are equal to observed By and B-. T89 predict the Bx component as the
largest which means B deviates the most from the observed Bx component. IGRF model, on the
other hand, predicts the B: component the least by giving the largest deviation from the observed
B: component. It is about -25nT which means that the observed B: component is larger than the
IGRF predicted B:. The best predicted component by IGRF is also By component being close to
zero on the average. The differences for By is about 13nT on the average as well. These differences
are small. Panel d in Figure 8 compares the model outputs for this case by taking the difference
between IGRF and T89 models respectively. It is seen that the B: component differs the most
between two models. Model differences between Bx and B, components vary between £20 nT and
close to zero on the average.

The second and third panels on the right of Figure 8 demonstrate the differences between the
model and the SWARM data during the geomagnetically active day. Contrary to the panels on the
left, magnetic field vectors from IGRF and T89 in these panels are seen to be vary up to 100 nT
during the geomagnetically active day. The first panel indicates the presence of moderate
geomagnetic activity with a K, maximum at 6 almost throughout the day. We can see that the
differences with the observations in both models are large corresponding to the increased Kp.
Examining T89 panel shows that Bx has a maximum difference about 100 nT while By, and B:
differences are closer to zero. T89 model predicts By and B: components the best. IGRF model, on
the other hand, has larger differences compared to T89 model in all components. Bx varies up to
100 nT at the maximum, and By and B: vary up to 25 nT and 50 nT respectively. We can see this
also in panel d where the differences between two models are shown component to component.
Both model differs the most in B:, Bx and then B, starting at the time of the magnetic activity at
about 02:00 UT.

Figure 9 gives the angle between the model and observed magnetic fields during the quiet (left)
and magnetically active (right) day respectively. First two panels on the left indicate the absence
of geomagnetic storm (Ds: >-40nT) and magnetospheric substorms (4£>100) while the panels on
the right indicate a very strong magnetospheric substorm (4E>100 nT) and a strong geomagnetic
storm with Ds <-40. Comparing the angles between the magnetic field vectors between the
observations and the models shows that the differences are small. The differences are about 0.05°
during the quiet day while it is maximum at 0.24° and 0.2° in the case of geomagnetically active
day for IGRF and T89 models respectively. The magnetic field vector predicted by T89 model is
closer to the observed magnetic field vector while IGRF predicts slightly larger angles. Difference
in angles is larger corresponding to the increased activity period from 02:00UT to 11:00 UT when
Kp is equal to 6 for 9 hours.

In Table 6, RMS errors were presented for both quiet day and active day for SWARM events.
As in the previous comparisons, when we examine the magnetic field components, it is seen that
the smaller RMS errors were obtained during the quiet days as compared to the active days from
both models. IGRF RMS errors increases almost twice during the active times. When the models
compared to each other during quiet and active days, T89 model gives smaller errors during active
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times in general for all components while during the quiet times, its RMS error is larger for Bx and
Biorbut smaller for By and B: compared to that of IGRF. When we look at the average angle, we
see that the angles during the active times are much larger than those of quiet times for both model
predictions. Between the models, IGRF model gives larger angles for both quiet (35%) and active
(3%) days than T89 model. Also, both models predict larger angles during the active times by about
60-70% than those of quiet times.

Figure 10 was produced to present a statistical result on the angles predicted by the models
based on these three geomagnetically active (blue) and quiet days (orange). Upper panel in the
figure illustrates the bar plot of the angles between the magnetic field vector observed by both
spacecraft and their corresponding IGRF magnetic field vectors while the lower panel give the
same for T89 model. We notice from the figure, for both quiet and active days, the angles are less
than 0.3° which seems to be the threshold for these spacecraft for the events studied. Comparing
both panels shows that angles predicted by T89 are smaller than 0.175° during both quiet and active
days and there are fewer cases for angles larger than 0.15° during the active times when compared
to the IGRF model. The distribution of the active time average angles for T89 model are skewed
towards the lower angles than 0.15° while that for IGRF model has a skew towards larger angles
than 0.15°. In the lower end side, the angles from IGRF model has more cases larger than 0.05°
during the quiet days compared to T89 which presents more cases with angles less than 0.05° at
these times. Overall the average angle for all cases for IGRF model is 0.126° during the quiet days
while it is 0.170° during active days. The average angles for T89 model are seen to be 0.114° for
the quiet days and 0.136° for the active days.

Figure 11 compares the differences in angles from two models during the active (blue) and
quiet (orange) times by subtracting T89 angles from IGRF angles. The vertical axis was normalized
to the total number of data in each case. Several points that the figure shows are: First, the zero
degree angles indicate that the magnetic field vectors from both models are the same. Secondly,
most of the differences are positive indicating that IGRF angles are larger than those of T89. Third,
the negative angles, which are not the majority, show that T89 model angles are larger than those
of IGRF. Considering these facts, this figure’s highlights are below:

1. During both the active and quiet days, most of the angles are positive indicating that IGRF
gives larger angles than T89 model does. In these cases, T89’s magnetic field vectors are
closer to the observed magnetic field.

2. The differences between angles from two models are larger during the active times than
during the quiet times. Larger positive angles during active times shows that IGRF differs
the most from T89 during the active days than quiet days.

3. Most of the time the angle between the magnetic field vectors of the models during both
quiet and active times are smaller than 0.12°. The maximum is 0.033 for the quiet day and
0.011° for the active day. Most of the times, the angles can be different by about 0.01° and
0.018° for the quiet days and can often vary as 0.01°, 0.02°, 0.041°, 0.081 ° and 0.15° during
the active days.
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4. The average angle difference for the cases when IGRF angles are larger than T89 angles is
0.0128° for the quiet days and it is 0.0370° for the active days.

5. The average angle difference for the cases when T89 angles are larger than IGRF angles is
0.0026° for the quiet days and it is 0.023° for the active days.

Table-7 gives a summary of the average angles from the models compared.
4. Discussion and Summary

One of the main motivations in our paper was to determine the effects of the geomagnetic
disturbances on the satellite’s attitude at LEO orbits. This is related to the accuracy of the
geomagnetic field predictions by the geomagnetic field models at the satellite’s position. The most
commonly used geomagnetic model in determining the satellite’s attitude at LEO orbit is IGRF
model (Babcock and Bretl, 2011; Inamori and Nakasuka, 2012). The accuracy of the IGRF-10 and
IGRF-11 models were tested against data from UARS, Oersted and CHAMP spacecraft and found
that the models are accurate within 1° for 92% times in upper atmosphere (Matteo and Morton,
2011). However, the authors of this paper cautioned that the variations in the magnetic field occur
as a result of the geomagnetic storms and IGRF may not always be appropriate to modelling the
magnetic field at LEO. Similarly, (Archer et al., 2015) used IGRF to calibrate the magnetometers
on CINEMA CubeSat and found root mean squared deviations in field magnitudes from IGRF of
1.95% for the attitude mode. Such accuracy in the overall magnetic fields are found to be sufficient
for attitude estimation (Natanson et al., 1990). Even though IGRF model was found to be sufficient
to represent the magnetic field required for the satellite attitude, the concerns were raised as in
relation to the solar activity and geomagnetic activity (Archer et al., 2015; Matteo and Morton,
2011).

In our study, we have compared two geomagnetic field models, IGRF-12 and T89, to compare
both with the magnetic field predictions at LEO orbit using two spacecraft magnetometer data. We
found that both models differ from the observations during the geomagnetically active times as
well as during the quiet times. The differences are larger in the case of the IGRF-12 model
compared to T89 models. Differences vary according to the magnetic field components. The
comparisons with the data from two satellites, C/NOFS and SWARM, indicate that the largest
differences were seen in Bx and By while the smallest differences were found in B: component. The
differences between the observed magnetic field vector and that predicted by the model were
obtained larger during the high geomagnetic periods. The angle between the vector magnetic field
from the satellite measurements and models were shown to be smaller in the case of the T89 model,
indicating that T89 model estimates are closer to the data. The differences in magnetic field
components and the vector magnetic fields were found to be larger in the case of IGRF model
during both geomagnetically quiet and active times. T89 model is expected to agree better with
the observations, especially during the geomagnetically active times, because it is constructed such
that the model includes variations resulting from both internal sources from the Earth’s dynamo
and crust and also external sources such as solar wind, interplanetary magnetic field, consequently
geomagnetic storms and substorms. The fact that IGRF shows larger discrepancies indicates that
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for better attitude predictions during especially geomagnetically active times, external sources are
needed to be taken into account.

To summarize, in this study, we compared magnetic field measurements from magnetometers
onboard two different satellites at LEO orbit with those from IGRF-12 and T89 models to address
on the noise referred as the angle in our study that will eventually be used to determine the satellite
attitude. A follow-up study is underway how much these differences affect the attitude angles
described as Euler angles. We highlight our results represented here as below:

1. In general, both models show differences with the observed magnetic fields during the
geomagnetically active times as well as quiet times.

2. IGRF model gives larger differences compared to T89 during both quiet times as well as
active times. Differences during active times are the largest.

3. During the geomagnetically active time, T89 model gives closer estimations to the
observations.

4. The largest differences were seen in By in general and the smallest in B-.

5. The differences in the strength of the magnetic field are much smaller than those of
magnetic field components.

6. Differences between the models are seen the largest in B: and smaller in Bx and By.

7. Large differences in the angle and in the magnetic field components correspond to large
geomagnetic activity index, Kj.

8. The angle between vector magnetic field from the models and the data is obtained less than
1° for C/NOFS and SWARM data. The differences between the satellites stem from the
properties of the instruments used onboard in these satellites.

These differences imply that the model estimate the magnetic field orientations at the satellite
location satisfactorily so that the angle between the vector magnetic fields is small. From the
satellite attitude view, this agreement is very important. Also, the RMS errors for the field
components were found to be small. Although both models were seen to be appropriate for
calculating the magnetic fields at the satellite position at LEQ, it is clear that IGRF model gives
larger differences compared to T89 model during both quiet and active times. The difference in
the angle between the model and the observed magnetic field directions which is calculated less
than 1° is within the acceptable range and both models can be used for attitude predictions within
their error ranges. Both models have their advantages and disadvantages to be used in the attitude
estimations. Since the differences are small, the attitude system controllers may continue to use
IGRF instead of T89 to avoid its continues need to acquire the magnetic index data such as Kp, AE
and Dst on board the satellite. This will depend on their preference. Here we demonstrated that an
alternative model, physically improved, can be used during especially geomagnetically active
times, for more accurate attitude estimations. Results of this study are especially important where
a high accuracy is needed for attitude control at LEO and where we need to decide which
geomagnetic model to use to achieve better attitude. To our knowledge, this is the first paper that
studied the effects of the environment on the satellite attitude and it should be pursued with more
statistical analysis with different types of satellite orbits at different altitudes, within different near
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Earth space environment conditions, not just LEO but also where the magnetometers are used for
detection of the satellite attitudes.
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Tables

Table 1. Orbital properties of the spacecraft used in this study.

Satellite C/NOFS SWARM A
oo tme (LI o0
Orbit Elliptical Near-polar, circular
Eccentricity 0.032 0.0003099
Inclination (deg) 13 87.4

Apogee 853 466

Perigee 405 485

Altitude Range (km) 390-736 466-485

Period (min) 97.3 91

Magnetometer Type Fluxgate Fluxgate
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Table 2. Magnetically quiet and active days selected for the study.

Case No Satellite Quiet days Active Days
Case 1 C/NOFS 7 March 2009 17 March 2013
Case 2 C/NOFS 5 January 2013 04 August 2010
Case 3 SWARM A 18 January 2014 20 February 2014
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Table 3. Classification of geomagnetic storm and substorms based on Ds:, Kp, and AE magnetic indices (Loewe and Prolss, 1997;

NOAA, 2011).
Magnetic Index No-to-Weak Moderate Strong
Storm/Substorm Storm/Substorm Storm/Substorm
Kp <4 4-6 >6
Dst >(-40) (-40)-(-100) <(-100)
AE <100 100-1000 >1000

Table 4. RMS errors for C/NOFS (Case-1) comparisons for geomagnetically quiet day (left) and active day (right).

07 March 2009 17 March 2013 C/NOFS

(Quiet Day) C/NOFS (Active Day)

RMS Error IGRF T&9 RMS Error IGRF T89
Bx (nT) 64.9 69.5 Bx (nT) 74.43 69.70
By (nT) 36.9 34.6 By (nT) 104.42 105.92
Bz (nT) 20.8 2.1 Bz (nT) 25.12 4.80

Btot (nT) 79.3 79.4 Btot (nT) 120.78 117.82
Mean Mean
Angle (deg)  0.1559  0.1499 Angle (deg)  0.1972  0.1335
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Table 5. RMS errors for C/NOFS (Case-2) comparisons for geomagnetically quiet day (left) and active day (right).

5 January 2013 4 August 2010
(Quiet Day) C/NOFS (Active Day) C/NOFS
RMS Error IGRF T89 RMS Error IGRF T89
Bx (nT) 37.2 33.2 Bx (nT) 113.5 102.5
By (nT) 41.2 38.8 By (nT) 18.3 18.9
Bz (nT) 34.1 11.0 Bz (nT) 41.3 15.1
Btot (nT) 80.6 74.8 Btot (nT) 153.3 141.1
Mean Mean
Angle (deg) 0.1645 0.1545 Angle (deg) 0.1680 0.1406

Table 6. RMS errors for SWARM A (Case-3) comparisons for geomagnetically quiet day (left) and active day (right).

18 January 2014 20 February 2014

(Quiet Day) SWARM A (Active Day) SWARM A

RMS Error IGRF T89 RMS Error IGRF T89
Bx (nT) 25.8 27.3 Bx (nT) 44.2 45.2
By (nT) 7.1 5.7 By (nT) 15.0 1.4
Bz (nT) 18.6 4.7 Bz (nT) 12.1 8.1

Btot (nT) 9.1 11.4 Btot (nT) 22.5 15.0
Mean Mean
Angle (deg) 0.058 0.038 Angle (deg) 0.1376 0.1342
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Table 7. Overall evaluation of average angles.

Case No Satellite Quiet Day average (degree)  Active Day average (degree)
IGRF T89 IGRF T89

Case-1 C/NOFS 0.156 0.150 0.197 0.134

Case-2 C/NOFS 0.165 0.155 0.168 0.141

Case-3 SWARM A  0.058 0.038 0.138 0.134
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Figure 1. Flow chart for the comparisons.
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Figure 3. An example of orbit averaged data. C/NOFS magnetic field components on March 7, 2009. Black line is the original data

while blue line is the orbit averaged data.
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Figure 5. Angles, between the vector magnetic fields from the models and the observations, for C/NOFS satellite on March 7, 2009
when there is no geomagnetic activity (left); and on March 17, 2013 when there is geomagnetic storm (right).
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Figure 7. Angles, between the vector magnetic fields from the models and the observations, for C/NOFS satellite on January 5,
2013 when there is no geomagnetic activity (left); and on August 4, 2010 when there is geomagnetic storm (right).
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Figure 8. Differences between the observations and the model results for magnetic field components from SWARM A
satellite on January 18, 2014 when there is no geomagnetic activity (left); and on February 20, 2014 when there is geomagnetic
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Table 1. Orbital properties of the spacecraft used in this study.
Table 2. Magnetically quiet and active days selected for the study.

Table 3. Classification of geomagnetic storm and substorms based on Dst, Kp, and AE magnetic
indices (Loewe and Prdlss, 1997; NOAA, 2011).

Table 4. RMS errors for C/NOFS (Case-1) comparisons for geomagnetically quiet day (left) and
active day (right).

Table 5. RMS errors for C/NOFS (Case-2) comparisons for geomagnetically quiet day (left) and
active day (right).

Table 6. RMS errors for SWARM A (Case-3) comparisons for geomagnetically quiet day (left)
and active day (right).

Table 7. Overall evaluation of the average angles.
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Figure Captions
Figure 1. Flow chart for the comparisons.
Figure 2. A sketch showing the coordinate systems along with a circular trajectory of a satellite.

Figure 3. An example of orbit averaged data. C/NOFS magnetic field components on March 7,
2009. Black line is the original data while blue line is the orbit averaged data.

Figure 4. Differences between the observations and the model results for magnetic field

components from C/NOFS satellite on March 7, 2009 when there is no geomagnetic activity (left);
and on March 17, 2013 when there is geomagnetic storm (right).

Figure 5. Angles, between the vector magnetic fields from the models and the observations, for
C/NOFS satellite on March 7, 2009 when there is no geomagnetic activity (left); and on March 17,
2013 when there is geomagnetic storm (right).

Figure 6. Differences between the observations and the model results for magnetic field

components from C/NOFS satellite on January 5, 2013 when there is no geomagnetic activity (left);
and on August 4, 2010 when there is geomagnetic storm (right).

Figure 7. Angles, between the vector magnetic fields from the models and the observations, for
C/NOFS satellite on January 5, 2013 when there is no geomagnetic activity (left); and on August
4, 2010 when there is geomagnetic storm (right).

Figure 8. Differences between the observations and the model results for magnetic field
components from SWARM A satellite on January 18, 2014 when there is no geomagnetic activity
(left); and on February 20, 2014 when there is geomagnetic storm (right).

Figure 9. Angles, between the vector magnetic fields from the models and the observations, for
SWARM A satellite on January 18, 2014 when there is no geomagnetic activity (left); and on
February 20, 2014 when there is geomagnetic storm (right).

Figure 10. Angle distributions for all cases for quiet (orange) and active (blue) cases. Upper panel
is for the differences between IGRF model and observations while bottom panels are for the
differences between T89 model and observations.

Figure 11. Comparison of the difference in angles from the models: Blue is for active day and
orange for quiet days.
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