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Abstract 

In the present work, we evaluate the accuracy of the Solar Quiet Reference Field (SQRF) model for estimating and 
predicting the geomagnetic solar quiet (Sq) daily field variation in the South America Magnetic Anomaly (SAMA) 
region. This model is based on the data set of fluxgate magnetometers from 12 magnetic stations of the Embrace 
Magnetometer Network (Embrace MagNet) from 2010 to 2018. The model predicts the monthly average horizontal 
field of the geomagnetic quiet (Sq-H) daily variation solving a set of equations for the specified geographic coordi-
nates in terms of the solar cycle activity, the day of the year, and the universal time. We carried out two comparisons 
between the prediction and observational data of the Sq-H field. The first part attempts to evaluate the accuracy for 
estimating the Sq-H field over Medianeira (MED, 25.30° S, 54.11° W, dip angle: − 33.45°) by using linear interpolation 
on the SQRF coefficients and comparing it with the data collected from April to December in 2018. None of the data-
sets collected at MED is part of the dataset used to build the SQRF model. The second part of the analysis attempts 
to evaluate the accuracy for predicting the quiet daily field variation over Cachoeira Paulista (CXP, 22.70° S, 45.01° W, 
dip angle: − 38.48°). The dataset collected at CXP before the period analyzed in the present work is part of the dataset 
used to build the SQRF model. Thus, the prediction accuracy is tested using magnetic data outside the time interval 
considered in the model. The prediction results for both locations show that this empirical model’s outputs present a 
good agreement with the Sq-H field obtained from the ground-based magnetometer measurements. The accuracy of 
the SQRF model (high correlation, r > 0.9) indicates a high potential for estimating and predicting geomagnetic quiet 
daily field variation. Concerning space weather applications, the model improves the scientific insight and capabil-
ity of space weather prediction centers to predict the variability of the regular solar quiet field variation as reference 
conditions, which may include areas with no measurements.
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Introduction
Over the past centuries, the International Polar Years 
(IPY, 1882–1883 and 1932–1933) and the Interna-
tional Geophysical Year (IGY, 1957–1958) encouraged 
the studies and monitoring of the Earth’s magnetic field 
(Jankowski and Sucksdorff 1996). More recently, the 

International Heliophysical Year (IHY, 2007–2008) aimed 
to fulfill fundamental global questions of Earth and space 
sciences (Davila et al. 2004). These conferences promoted 
a significant increase in the number of continuous and 
high-resolution ground-based observations of the geo-
magnetic field to understand the Earth’s magnetism and 
space weather conditions (Yumoto et al. 1996; Love 2008; 
Thompson 2014; Love and Finn 2017).

The increase in ground-based instrumentation is asso-
ciated with the creation of several regional warning 
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and prediction centers of the Solar–Terrestrial environ-
ment (Schrijver et al. 2015; Denardini et al. 2016). In this 
context, the Brazilian Study and Monitoring of Space 
Weather (Embrace) Program lead by the National Insti-
tute for Space Research (INPE) joined in part of inter-
national collaborations, made an effort to fulfill the gaps 
of continuous temporal and spatial ground-based mag-
netometer data in South America (Denardini et al. 2016, 
2018a). Some ionospheric indices for the space weather 
applications using ground-based instrumentation and 
satellite data developed on the Embrace Program can be 
found in Resende et al. (2019) and Denardini et al. (2020). 
Also, several authors used magnetic field measurements 
to estimate the magnitude of disturbed and storm-time 
periods driven by solar events (e.g., Klausner et al. 2016; 
Bolzan et  al. 2018; Denardini et  al. 2018b). Other stud-
ies estimated the magnitude of geomagnetic induced cur-
rents (GICs) from those ground-based observations (e.g., 
Espinosa et al. 2019; Rodger et al. 2020).

A large number of ground-based instrumentation 
and satellite data are essential to detail the geomagnetic 
field with a high cadence in time and spatial resolution. 
The ground-based observations are used to estimate the 
effects of the Earth’s system changes, which may cause 
damages to technological assets. In the South America 
Magnetic Anomaly (SAMA) region, magnetometer data 
from Embrace Magnetometer Network (Embrace Mag-
Net) show that it is important to have a specific index to 
quantify the geomagnetic field behavior (Denardini et al. 
2015).

The SAMA is continuously monitored due to its higher 
radiation levels that may affect orbiting objects that pass 
across its region. It is well-known through the past dec-
ades that the SAMA region has three main characteris-
tics: (1) its area is increasing, (2) the total field intensity 
is decreasing, and (3) there is a westward movement of 
its center (Pinto Jr. et  al. 1992; Hartmann and Pacca 
2009; Anderson et al. 2018). Recently, Finlay et al. (2020) 
observed that the SAMA continues to expand, and sin-
gle-event electronic upsets recorded onboard the Swarm 
satellites seen directly related to the magnetic measure-
ments in this region. Therefore, it is fundamental to mon-
itor and study the anomalously weak geomagnetic field 
to understand how this anomaly can affect the physi-
cal parameters and dynamics in terms of space weather 
besides the technological equipment.

The development of empirical models has always 
played an essential role in this context. They are mostly 
used to estimate and predict the space weather during 
disturbed conditions (e.g., solar flares, coronal mass 
ejections, solar and galactic energetic particles, and 
solar wind variations). These models are developed 
to benefit human activities affected by the near-Earth 

space environment (Bala and Reiff 2018, and references 
therein). The empirical models of geomagnetic field 
variations are commonly used to estimate quiet time 
conditions, e.g., the main field and its secular varia-
tion (Thébault et al. 2015; Chulliat et al. 2020). Mandea 
and Chambodut (2020) have presented some concerns 
about the range of spatial and temporal variabilities of 
the geomagnetic field and their space weather implica-
tions. These authors affirmed that continuous global 
observations of internal and external geomagnetic 
field sources are needed to improve space weather 
prediction.

The geomagnetic quiet field variation has been exten-
sively reviewed and described by Richmond (1979), 
Campbell (1989), and Yamazaki and Maute (2017). This 
horizontal field daily variation, or Sq field, is related to 
the solar thermal wind tides generated in the thermo-
sphere and the ionospheric conductivities. There are 
models developed for the South African (Sutcliffe 1999), 
Asian and Oceania (Yamazaki et  al. 2011), and Indian 
sectors (Unnikrishnan 2014). Besides, other models were 
developed for high latitude regions, such as those pre-
sented by Janzhura and Troshichev (2008) and Stauning 
(2011). A global-scale empirical model of the geomag-
netically quiet daily variation was developed by Campbell 
et al. (1989). However, this model has not been updated. 
Soares et  al. (2020) described the Sq field at the Brazil-
ian station Tatuoca (1.2° S, 48.5° W) and its long-term 
changes associated with the secular variation. But, Tat-
uoca is a few thousand kilometers away from the SAMA, 
and the behavior of the Sq field in the SAMA region is 
still to be understood. Recently, satellite and ground-
based magnetic field measurements were used to devel-
oped global-scale Sq field models by Sabaka et al. (2020) 
and Chulliat et  al. (2016). These recent works provided 
much greater spatial coverage of the Sq field worldwide 
using satellite magnetic field measurements compared to 
the ground-based magnetic field measurements. Never-
theless, there is still low spatial coverage of ground-based 
magnetic field measurements around the SAMA region.

In the present study, we attempt to develop an esti-
mating and predicting tool for obtaining the solar quiet 
daily variation of the geomagnetic field at the SAMA. 
The analysis is based on the empirical model developed 
by Chen et al. (2020). This predicting tool estimates the 
Sq-H field for a region based on a linear interpolation 
method on the SQRF parameters of two magnetic sta-
tions, both close to the same meridian. The predicting 
tool estimates the daily variation for a given location 
with high accuracy within 1 to 3  months. The evalua-
tion shows high accuracy for estimating and predicting 
the geomagnetic quiet daily field variation, with a good 
agreement to the magnetic field data.
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The empirical model for the Sq‑H field and input 
parameters
We used the Solar Quiet Reference Field (SQRF) model 
to estimate and predict the Sq-H field in the SAMA 
region (Chen et  al. 2020), an empirical model based on 
the daily variation of the horizontal field obtained by 
magnetic field data collected from Embrace MagNet 
(Denardini et al. 2018a). Such a model reveals the clima-
tology of geomagnetic quiet daily variation across South 
America. This model expresses the combination of pri-
mary (external) and secondary (induced) Sq fields, which 
is sufficient for the purpose of this work.

In short, the SQRF model was obtained by fitting a 
function that depends on solar radio flux (F10.7), day of 
the year (DOY), and universal time (UT). The model was 
built using magnetic field data collected from 12 stations 
across the Brazilian sector from 2010 to 2018, as seen in 
Table 1. A map with the location of such Embrace Mag-
Net stations is shown in Fig. 1. In this figure, the red stars 
indicate the magnetic stations and circles indicate the 
SAMA region center, where the minimum field inten-
sity was 22,567 nT in 2010 and evolved to 22,287 nT in 
2018. Solid lines indicate the SAMA region where the 
total intensity is lower than 23,000 nT. Dashed lines cor-
respond to the magnetic equator. The orange and green 
colors indicate the year 2010 and 2018, respectively. The 
total field intensity, the magnetic equator, and quasi-
dipole geomagnetic coordinates were obtained using the 
IGRF-13.

The SQRF model is based on the monthly average of 
the quiet daily variation of the geomagnetic field hori-
zontal component measured by fluxgate magnetom-
eters. This quiet daily field variation is an average of the 

magnetic field measured during the 5 quietest days of 
the month, based on the list of International Quiet Days 
(IQDs) from GeoForschungsZentrum (GFZ) Potsdam. 
The derived daily variation of observational data is given 
by:

where HQDC is the Sq-H field, HQdi is the daily variation 
of the ith quietest day of the month, UT is the universal 
time given with 1-min time resolution (from 00:00 up to 
23:59 UT), and N is the number of days used in the calcu-
lation. Eventually, the number of days used for the HQDC 
computation can be less than 5, depending on the data 
availability. ΔHQDC is the Sq-H field amplitude obtained 
from the magnetic data by subtracting the baseline. HQDC 
(00:00 LT) is the baseline and corresponds to the daily 
variation during local midnight.

The Sq-H field model development consists of para-
metrization of solar cycle dependence, seasonal vari-
ation, and daily variation on the observational data 
of ΔHQDC. These three parameters are computed 
separately for each magnetic station. The solar cycle 

(1)HQDC(UT) =
1

N

5
∑

i=1

HQdi
(UT),

(2)
�HQDC(UT) = HQDC(UT)−HQDC(00 : 00 LT),

Table 1 Embrace MagNet stations from  which the  data 
were obtained to build the SQRF model

Station Geog. coord Geom. quasi-
dipole

Code Name Lat. (°N) Lon. (°E) Lat. (°N) Lon. (°E)

MAN Manaus − 2.89 − 59.97 4.23 13.40

ALF Alta Floresta − 9.87 − 56.10 − 3.74 15.17

SLZ São Luís − 2.59 − 44.21 − 3.82 27.73

ARA Araguatins − 5.60 − 48.10 − 4.26 23.34

EUS Eusébio − 3.88 − 38.42 − 8.02 32.55

CBA Cuiabá − 15.55 − 56.07 − 8.68 13.87

JAT Jataí − 17.93 − 51.72 − 12.69 16.92

TCM Tucumán − 26.82 − 65.19 − 15.67 5.10

SJC São José dos Campos − 23.21 − 45.96 − 19.65 20.50

CXP Cachoeira Paulista − 22.70 − 45.01 − 19.71 21.39

VSS Vassouras − 22.40 − 43.65 − 20.13 22.59

SMS São Martinho da Serra − 29.44 − 53.82 − 21.32 13.36

Fig. 1 Map of geographic coordinates of the Embrace MagNet 
stations (stars) in the Brazilian sector, along with solid lines indicating 
the SAMA region (23,000 nT) and the magnetic equator. The total 
field intensity and the magnetic equator were obtained using the 
IGRF-13 for epochs 2018.0 (green) and 2010.0 (orange)
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parameter describes the linear relationship between 
the monthly average of the ΔHQDC during local noon 
(12 LT) and the monthly average solar radio flux, F10.7 
(1 sfu =  10−22 W  m−2   Hz−1), given by Eq.  (3). The sea-
sonal parameter describes the time-series’ parametriza-
tion for the monthly average of the ΔHQDC during local 
noon over the days of the year, given by Eq. (4). Lastly, 
the daily parameter describes the time-series for the 
monthly average of the ΔHQDC during the 24  h of the 
day, caused by 24-, 12-, 8-, and 6-h harmonics of the 
day, given by Eq.  (5). Thus, these parameters are mod-
eled by the following set of equations:

where C is the solar cycle parameter given in nT, C0 and 
C1 are the linear regression coefficients between the 
ΔHQDC (12 LT) and the solar radio flux monthly average, 
F10.7. S is the seasonality parameter, in which S0 up to SN 
(being N = 6) are coefficients obtained from the Fourier 
series fitting, j is the number of the jth harmonic, φj is the 
phase angle of the jth harmonic, and DOY is the day of 
the year. Dm is the daily variation parameter referred to 
the selected month m (i.e., m = 1 for January, m = 2 for 
February, m = 3 for March, …, m = 12 for December, and 
corresponds to the central date of each month; DOY = 15, 
46, 74, …, 349), where D0 up to DN are the fitted coeffi-
cients, fn is the frequency of the nth harmonic, φn is the 
phase angle of the nth harmonic (being N = 4). Notice 
that S and Dm are dimensionless parameters that account 
for the seasonality and daily variation, respectively.

Considering the three mentioned modeled param-
eters in equations above (C, S, and Dm), the Sq-H field 
is given by:

S(DOY) uses the day of the year to model the �H∗

QDC 
seasonal variation. On the other hand, Dm(UT) encom-
passes the changes over time within a day. The latter is 
obtained for each month m separately as this improved 
the model performance. We normalized the seasonal 
and daily parameters to get their relative geomag-
netic field variations. �H∗

QDC is the Sq-H field ampli-
tude obtained from the SQRF model. Details about 

(3)C(F10.7) = C0 + C1F10.7,

(4)S(DOY) = S0 +

N
∑

j=1

Sj cos
(

2π jDOY+ φj
)

,

(5)

Dm(UT) = Dm,0 +

N
∑

n=1

Dm,n cos
(

2π fnUT+ φm,n

)

,

(6)
�H∗

QDC(F10.7, DOY,UT) = C(F10.7) · S(DOY) · Dm(UT).

the coefficients, as well as the description of all fitting 
equations of parameters above, are given in Chen et al. 
(2020).

The SQRF model is based on Yamazaki et al. (2011), in 
which the geomagnetic field daily variation is calculated 
through the least-square fitting of multivariable func-
tions to observational data. However, the SQRF model 
does not consider the lunar tide on the geomagnetic field 
daily variation since the model only provides a monthly 
Sq variation based on each month’s five quietest days. 
Additionally, Yamazaki et  al. (2011) developed a model 
for the 210° magnetic meridian, which has none of the 
SAMA region characteristics mentioned above. Thus, the 
SQRF model may successfully describe the SAMA region 
dynamics since it is based on ground-based magnetic 
field measurements in this region.

Thus, we present two analyses to evaluate the SQRF 
model accuracy in estimating and predicting the Sq-H 
field in the SAMA region. The first one is about an inter-
polation method used to estimate the Sq-H field over 
MED, a region close to the SAMA center. The other is 
about predicting the Sq-H field for CXP, considering the 
empirical model coefficients obtained from the magnetic 
field data from 2010 to 2018. The observational data used 
to compare with the empirical model are derived from 
Eqs. (1) and (2).

Results and discussion
Estimating the Sq-H field
We present here a spatial interpolation method to 
improve the SQRF model, which allows the user to esti-
mate the Sq-H field over a region where magnetic data 
are not available. This method uses linear interpolation 
on the empirical model’s parameters based on the mag-
netic stations’ geographic latitude. We show in the fol-
lowing an example of this interpolation to illustrate the 
method. Initially, we selected a substantial amount of 
magnetic field data collected by two magnetic stations 
from the Embrace MagNet from 2010 to 2018. After-
ward, we estimate the Sq-H field for a site between those 
magnetic stations.

In this example, the SQRF computed the values for 
Cuiabá (CBA, 15.55° S, 56.07° W, dip angle: − 18.58°) 
and São Martinho da Serra (SMS, 29.44° S, 53.82° W, dip 
angle: − 37.69°) to obtain the modeled results for Medi-
aneira (MED, 25.30° S, 54.11° W, dip angle: − 33.45°), a 
region close to the SAMA center. Embrace MagNet 
installed a magnetometer in Medianeira at the begin-
ning of April 2018. Thus, none of the datasets collected at 
MED was considered to obtain the SQRF model param-
eters. Instead, the parameters for MED were obtained 
from interpolation between parameters from other mag-
netic stations. Therefore, we were able to compare the 
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estimated Sq-H field for the MED station and the mag-
netic data collected over it for 2018. Additionally, these 
three sites are located almost at the same meridian.

Figure 2 shows the parameters used as the model input 
for MED (red), based on CBA (blue) and SMS (green) 
stations. The fitted parameters were based on (a) the 
solar cycle dependence; (b) the seasonal variation, and 
(c) the daily variation. Notice that the daily variation in 
Fig. 2c corresponds to December (m = 12). However, Dm 
was obtained for all 12  months, individually (i.e., from 
m = 1 up to m = 12).

The solar cycle dependence (C parameter) is repre-
sented by a linear relationship between the Sq ampli-
tudes at 12 LT (LT = UT-3) and the F10.7 index (Fig. 2a). 
This behavior agrees with previous works such as Rastogi 
et al. (1994) and Shinbori et al. (2017) over the Indian and 
Asian sectors, respectively. This parameter is essential in 
the model since the F10.7 index estimates the solar cycle 
dependence in the heights of our interest.

Figure  2b shows that the Sq-H field at local noon (12 
LT) has a cyclic component during the year, which is the 
seasonal variation (S). This parameter agreed with the 
tidal behavior of the atmospheric oscillations described 
by Forbes et  al. (2008). The results show that the high-
est amplitude values were observed during March (DOY 
75) and September equinoxes (DOY 255). In contrast, the 
lowest amplitude values were seen during the winter sol-
stice period (between DOY 135 and 195) in the Southern 
Hemisphere.

Kane (1976) shows that the Sq field at local noon has a 
semiannual variation with maximum values at the equi-
noxes. Recently, Yamazaki et  al. (2014) showed that the 
region close to the magnetic equator has a well-defined 
semiannual variation due to the high conductivity. At low 
latitudes, which is the focus of this study, previous works 

have shown that these phenomena are more expressive in 
the equinoxes. It is well-known that the tidal winds in the 
ionospheric E-region play an important role in the iono-
spheric dynamo (Campbell 1989), contributing to the 
seasonal variation in the analyzed heights of this region. 
Batista et al. (2004) showed that the diurnal and semidi-
urnal tides have a well-defined variability characterized 
by maximum amplitudes at the equinoxes over the Bra-
zilian sector. Resende et al. (2017) analyzed the influence 
of the tidal components in the denser layer formation in 
the ionospheric E-region, widely known as sporadic (Es) 
layers, at low-latitude regions. The authors showed that 
these layers occurred with more intensity during the 
equinoxes since the tidal winds are stronger in these peri-
ods. Therefore, there is a good agreement of the seasonal 
behavior obtained using the magnetometer data with the 
previous studies, corroborating the model effectiveness.

The daily parameter, or Dm in the SQRF model, refers 
to the daytime variation considering atmospheric tides’ 
harmonics. Dm determines the daily variation amplitude 
of the geomagnetic field horizontal component con-
cerning the diurnal, semidiurnal, terdiurnal, and quar-
terdiurnal tides (whose periods are 24-, 12-, 8-, and 6-h, 
respectively). Figure  2c shows the Sq-H amplitude con-
sidering those oscillations for December (m = 12).

The horizontal field daily variation has a characteristic 
behavior related to the ionospheric conductivities (Moro 
et al. 2016). During the summer solstice, in geomagneti-
cally quiet periods, the solar incidence is higher, increas-
ing the ionospheric conductivity in the E-region (Van de 
Kamp 2013). Thus, the Sq field varies proportional to the 
conductivity and the ionospheric electric field, with the 
amplitude in CBA reaching almost 60 nT in December. 
Additionally, the CBA station is characterized by higher 
values than those observed in SMS. It occurs because the 

Fig. 2 Interpolated parameters obtained for MED (red), based on CBA (blue) and SMS (green) parameters. a Solar cycle parameter. b Seasonal 
variation parameter. c Daily variation parameter for December (m = 12)
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former station is closer to the magnetic dip equator than 
the second. Thus, the Sq current system configuration 
makes the horizontal currents stronger. The interpolated 
parameters over MED have intermediate values between 
CBA and SMS.

The coefficients for each parameter of the SQRF model 
from CBA and SMS stations are presented in the Appen-
dix. A grid of values from these two stations’ parameters 
is estimated according to its geographic latitude and 
being used linear interpolation for MED. Thus, we eval-
uated the interpolation method applied to C, S, and Dm 
parameters in the SQRF model and checked if it was ade-
quate to study regions with a low quantity of data such as 
MED. The empirical model results were compared with 
the magnetic field data collected by the MED station, as 
shown in Fig.  3. The Sq field variation estimated from 
the magnetic field data is obtained by the average of the 
5 quietest days of the month, using Eqs. (1) and (2). We 
presented September (m = 9), November (m = 11), and 
December (m = 12) of 2018 as an example of this com-
parison (top panels in Fig. 3). Hereafter, we compared the 
estimated and the magnetic field data based on the linear 
fitting correlation of the monthly quiet daily field varia-
tion (bottom panels in Fig. 3).

We noticed that the Sq-H field estimation is very simi-
lar to the observational data (shape of the curve), with 
few discrepancies depending on the month analyzed. In 
September, we observed overestimated values during 

pre-dusk hours (18–21 UT) and underestimated val-
ues during post-dusk hours (21–24 UT). In November 
and December, the overestimate values occurred mostly 
between 18 and 24 UT. Despite this, the SQRF model 
estimates almost the same behavior observed in MED. 
The best correlation was observed in November 2018 
(r = 0.99).

Table  2 summarizes the results for the above analy-
sis extended for the whole period of 2018. The aver-
aged Pearson correlation coefficient r between the 

Fig. 3 Top panels correspond to the monthly Sq-H field obtained for MED using the interpolated parameters of the SQRF model (red) and the 
magnetic field data (blue) in September (m = 9), November (m = 11), and December (m = 12) in 2018. The bottom panels correspond to the 
dispersion plots of the Sq-H field for each of the presented months

Table 2 Linear fit coefficients and  correlation 
between  the  estimated daily field variation 
and the magnetic field data

The spatial interpolation was performed to modeled parameters for MED in 
2018

Year Month a (nT) b r RMSE (nT)

2018 4 1.41 0.82 0.959 3.83

5 − 1.25 1.00 0.986 2.03

6 0.99 1.12 0.976 2.94

7 1.78 1.17 0.979 3.79

8 3.97 1.19 0.940 7.10

9 0.80 1.04 0.983 2.81

11 1.82 0.91 0.990 2.23

12 1.86 1.09 0.968 3.92

Average 1.42 1.04 0.973 3.58
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observational data and the SQRF model for MED was 
higher than 0.97, indicating that the regression has a high 
confidence level. The linear regression obtained from this 
correlation shows that the modeled Sq-H field amplitude 
overestimated about 4% on average (coefficient b) the 
observational data, which means that the SQRF model 
provides an accurate estimation for the Sq-H field. The 
Sq-H field is also in good agreement with the magnetic 
field data collected over the magnetic station, with an off-
set of about 1.4 nT in the linear coefficient a.

The root mean square error (RMSE) was calculated to 
evaluate the SQRF model accuracy. We attempted to ver-
ify the possibility of estimating the Sq-H field behavior 
for regions with no available data. The averaged RMSE 
was about 3.6 nT, indicating an error of approximately 
11.4% of the Sq-H field if the amplitude during local 
noon is 31.5 nT. The results show that the SQRF model 
achieved an accurate estimation in 2018, being more 
precise in May (lowest RMSE). However, some discrep-
ancies were noticed in the correlation between the esti-
mated Sq-H field and its magnetic field data in the June 
solstice (June, July, and August). The angular coefficient 
b observed in the June solstice indicates that the SQRF 
model is predominantly overestimating the Sq-H field by 
about 16%, given that the coefficient a is small. This result 
suggests that the MED station may have almost the same 
amplitude observed in SMS during the June solstice. This 
similar magnitude during this period for MED and SMS 
can be associated with the SAMA since these stations are 
close to the anomaly center.

The highest RMSE was observed in August 2018. In 
this case, some of the quiet days listed may not be entirely 
associated with geomagnetically quiet periods, which 
means that a double check must be done to the geomag-
netic field data in the SAMA to obtain the Sq-H field. 
Abdu and Batista (1977) reported enhanced ionization at 
E-layer heights under magnetically quiet conditions from 
ionosonde data in the SAMA, which can explain why the 
SQRF model underestimates the observational data on 
some occasions.

We estimated the Sq-H field behavior for all months 
for 9 years (from January 2010 to December 2018). Fig-
ure  4 shows the contour graphs of the Sq-H field from 
the SQRF model for (a) CBA, (b) MED, and (c) SMS. The 
typical Sq-H field behavior in observational data is char-
acterized by a peak on the Sq-H field around the local 
noon (12 LT), which is cyclical for each year (Chen et al. 
2020). We see that the daytime variations are related to 
seasonality and occur due to the similar solar incidence 
in the atmosphere over the magnetic stations.

In general, the Sq-H field in the MED station seems 
to be the average of the stations used for this analysis, 
as expected. Some discrepancies were noticed, but the 

behavior is well correlated with that expected in low 
latitudes. We observed that the contour graph of MED 
presents the Sq-H field similar to that found in the SMS 
contour graph. However, the maximum value of the Sq-H 
field in MED is higher than that observed in SMS. This 
difference is due to the CBA region influence, in which 
the Sq magnitude is more enhanced than that observed 
in SMS, as mentioned before. The interpolation method 
applied to the SQRF coefficients presents a very accurate 
estimation and can be used to estimate the Sq-H field for 
previous periods. Therefore, these results indicate that 
the SQRF model can be used for regions without suf-
ficient data. For the interpolation method to work, one 
needs sufficient data in adjacent regions.

Predicting the Sq-H field
In this analysis, the solar cycle, seasonal, and daily 
parameters of the SQRF model are used to predict the 
Sq-H field beyond 2018. We have evaluated the accuracy 
of the model for predicting the Sq-H field over Cachoeira 
Paulista (CXP, 22.70° S, 45.01° W, dip angle: − 38.48°), a 
station that has the most significant amount of data.

We selected 3 months in 2019 (January, February, and 
March) to evaluate the model performance. The Sq-H 
field was calculated based on Eqs.  (1) and (2), using the 
magnetic field data collected during the five quietest days 
(IQDs) of each month, as shown in Table  3. GFZ Pots-
dam provides the list of International Quiet Days. Thus, 
it is possible to compare the Sq-H field observed for the 
months of 2019 with the predictions.

Figure  5 shows the Sq-H field graphs of the observa-
tional data (in blue) and the predicting field (in red) for 
CXP in 2019. The vertical and horizontal axes correspond 
to the daily variation amplitudes and the hours of the day 
(UT), respectively. We also present a linear correlation 
between the observational data and the modeled mag-
netic field. It is observed that there is a good agreement 
between the predicted Sq-H field and the observational 
data for the analyzed period. Nevertheless, during the 
daytime in March, the model overestimates the obser-
vational data from 9 to 17 UT, being more expressive 
around local noon. We were expecting higher values 
for the Sq-H field amplitude during the March equinox, 
similar to that observed in Fig.  2b. This difference may 
be associated with the atmospheric tidal winds since the 
solar radio flux remains almost constant from month-
to-month with lower values during solar minimum. 
Thus, the ionospheric current system variability is more 
affected by the atmospheric tidal winds than the iono-
spheric conductivities and electron density (Batista et al. 
2004). It was demonstrated by Yamazaki et  al. (2016). 
Therefore, the previous data’s modeled parameters are 
not susceptible to this variability, causing this difference. 
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The results show that there is a challenge for predicting 
the Sq-H field more accurately when variabilities occur 
during quiet periods.

Table  4 shows the linear fitting coefficients a and 
b obtained from January to March in 2019, with the 

correlation coefficient (r) and the RMSE. It can be seen 
that the Sq-H field obtained from the SQRF model has 
a very high correlation (r > 0.98) with the observational 
data. Also, the Sq-H field predictions overestimate the 

Fig. 4 Contour maps of the Sq-H field predictions for a CBA and c SMS, and estimations for b MED from January 2010 to December 2018

Table 3 List of five most quiet days from January to March in 2019

Year Month Quiet days

Qd1 Qd2 Qd3 Qd4 Qd5

2019 1 2 28 3 30 12

2 25 24 23 26 19

3 22 23 21 18 11
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magnitude of the quiet daily field variation, which is 
described by the linear fitting slope (b), given that the 
coefficient a is small. On average, the Sq-H field mod-
eled here output values approximately 12% higher than 
that of the observational data for this magnetic station. 
However, this difference in the magnitude of the geo-
magnetic field quiet daily variation does not appear 
significant for space weather applications, given that 
the prediction errors were approximately 4 nT. For 
example, when deriving geomagnetic indices such as 
the Dst, this difference in magnitude in the Sq field 
may correspond to less than 1% for a severe magnetic 

storm (where the Dst index reaches – 400 nT). We 
have calculated the RMSE to evaluate the accuracy for 
predicting the Sq-H field. In this case, the Sq-H field 
predicted present averaged RMSE (3.8 nT) similar to 
that obtained in the previous analysis in “Estimating 
the Sq-H field” section. We noticed in Table 4 that the 
RMSE was relatively lower than the local noon ampli-
tude, which indicates a low error when predicting the 
Sq-H field. These results show that the SQRF model 
achieved an accurate prediction in all these months, 
being more precise in the first and second months 
(lowest RMSE). However, the SQRF model overes-
timated the Sq-H field from 9 to 24 UT in March 
2019. Despite this, its Pearson correlation coefficient 
(r = 0.987) shows that the Sq-H field presents almost 
the same behavior as observational data.

Comparing these results, it is observed that the Sq-H 
field typical behavior was predicted with high accuracy. 
The daytime variations, including the noon peak on Sq 
amplitude, appear at the same time and magnitude. Also, 
the seasonality output by the model seems to match that 
of the observational data. Concerning the solar cycle 
dependence, the F10.7 index was lower than usual during 
the solar minimum of solar cycle 24. In that case, the F10.7 
index used as input for predicting the Sq-H field had the 

Fig. 5 Top panels correspond to the Sq-H field obtained for CXP using the magnetic field data (blue) and the SQRF model (red) for January to 
March 2019. The bottom panels correspond to the dispersion plots of the Sq-H field for each of the presented months, respectively

Table 4 Linear fitting coefficients and  correlation 
between  the  prediction of  the  daily variation 
and the magnetic field data

The predicting Sq-H field was based on the modeled CXP station parameters 
based on the data from 2010 to 2018

Year Month a (nT) b r RMSE (nT)

2019 1 0.22 1.08 0.986 2.83

2 1.83 1.07 0.990 3.44

3 1.65 1.21 0.987 5.27

Average 1.23 1.12 0.988 3.85
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same value for all 3 months. However, the SQRF model 
overestimated, on average, 12% of the observational data. 
Also, we noticed that local noon amplitude could be a 
threshold of the dawn and the dusk amplitudes in the 
Sq-H field, in which lower value during local noon may 
delay dawn hours and advance the dusk hours.

The SQRF model seems to have good potential to inves-
tigate future data. This fact is of great scientific interest 
since the prediction analyses would help understand the 
space climate and the near-Earth environment. Here, 
we show that the SQRF model algorithm provided pre-
dictions with a high confidence level. Finally, the SQRF 
model successfully describes the Sq-H field in the SAMA 
region, having the potential to be used for space weather 
applications since the SAMA is continuously changing 
through the years.

Conclusions
The SQRF is an empirical model of the horizontal field 
daily variation obtained from Embrace MagNet’s mag-
netic field data of 12 magnetic stations between 2010 and 
2018. We used this model to get the quiet daily variation 
of the South American sector’s geomagnetic field.

In this work, we evaluated the SQRF accuracy in esti-
mating and predicting the Sq-H field over the SAMA. 
We conducted a careful analysis of the Sq-H field data 
and compared the results with the model’s predictions. 
In general, the results showed that the model output is 
in good agreement with the observations using ground-
based measurements.

Since the model presented accurate data for the sites 
used to obtain its coefficients, we proposed a spatial 
interpolation of the modeled parameters to estimate the 
Sq-H field for regions with no measurements. As a case 
study, the SQRF computed for CBA and SMS was used 
to obtain the MED station’s parameters, a site close to the 
SAMA center. The selected three locations are at almost 
the same meridian. We compared the estimated Sq-H 
field for the MED station with the observational data 
collected in 2018. In general, the results showed a very 
similar behavior between predictions and observational 
data. The best correlation was observed in November 
(r = 0.99), and the worst in August (r = 0.94).

We also analyzed the accuracy for predicting the Sq-H 
field over CXP compared with the quiet daily variation 
field data in 2019. In this case, CXP is part of the data-
set used to construct the SQRF model, and the prediction 

accuracy was tested using data outside the time inter-
val used to build the model. This analysis showed that 
the SQRF model could predict the daily variation field 
with high accuracy and a correlation coefficient around 
0.98. The predictions also presented lower RMSE 1 to 
2  months ahead. Some improvements would be neces-
sary to reduce the discrepancies that may be associated 
with the atmospheric tidal winds variability.

This work showed that the SQRF model output could 
estimate and predict the regular solar quiet daily vari-
ation of the geomagnetic field considering the solar 
cycle dependence and the seasonal and daily varia-
tions. In these cases, this model is useful when observa-
tional data are absent, and the Sq field is necessary. In 
this context, the SQRF model might improve the space 
weather centers’ scientific insight and capability to pre-
dict the regular solar quiet field variation during geo-
magnetically quiet conditions. Finally, we believe that 
the SQRF model is a potential tool for space weather 
applications.
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Appendix
Coefficients and phase angles defined in Eqs.  (3), (4), 
and (5) for CBA and SMS are given in Tables 5, 6, 7, 
respectively.

Table 5 Coefficients of solar cycle parameter

Station C0 (nT) C1 (nT/sfu)

CBA 27.04 0.32

SMS 6.96 0.26

Table 6 Coefficients and  phase angles of  the  seasonality 
parameter

Station j Sj (nT) φj (rad)

CBA 0 84.91

1 3.39 2.1933

2 9.96 − 2.5773

3 0.29 2.8454

4 2.24 1.3937

5 1.25 0.3308

6 1.06 0.0000

SMS 0 46.52

1 5.13 0.7984

2 6.36 − 2.1737

3 1.98 1.3867

4 1.10 2.0528

5 2.72 1.1899

6 0.24 0.0000

http://www.inpe.br/spaceweather/
ftp://ftp.gfz-potsdam.de/pub/home/obs/kp-ap/quietdst/
ftp://ftp.gfz-potsdam.de/pub/home/obs/kp-ap/quietdst/
https://www.spaceweather.gc.ca/solarflux/sx-5-en.php
https://www.ngdc.noaa.gov/geomag/calculators/magcalc.shtml#igrfgrid
https://www.ngdc.noaa.gov/geomag/calculators/magcalc.shtml#igrfgrid
http://www.geomag.bgs.ac.uk/data_service/models_compass/coord_calc.html
http://www.geomag.bgs.ac.uk/data_service/models_compass/coord_calc.html
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