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A B S T R A C T

The statistical estimation of receiver differential code bias (DCB) of the GSV4004B receiver at a low latitude
station, Suva (lat. 18.15°S, long. 178.45°E, Geomag. Lat. 21.07°S), Fiji, and the subsequent behaviour of vTEC,
are presented. By means of least squares linear regression fitting technique, the receiver DCB was determined
using the GPS vTEC data recorded during the year 2010, CODE TEC and IRI-2012 model for 2010. To
substantiate the results, minimization of the standard deviation (SD) method was also used for GPS vTEC data.
The overall monthly DCB was estimated to be in the range of 62.6 TECU. The vTEC after removing the resultant
monthly DCB was consistent with other low latitude observations. The GPS vTEC 2010 data after eliminating
the resultant DCB were lower in comparison to Faraday rotation vTEC measurements at Suva during 1984
primarily due to higher solar activity during 1984 as compared to 2010. Seasonally, vTEC was maximum during
summer and minimum during winter. The winter showed least vTEC variability whereas equinox showed the
largest daytime variability. The geomagnetic disturbances effect showed that both vTEC and its variability were
higher on magnetically disturbed days as compared to quiet days with maximum variability in the daytime. Two
geomagnetic storms of moderate strengths with main phases in the local daytime showed long duration (∼52 h)
increase in vTEC by 33–67% which can be accounted by changes in E×B drifts due to prompt penetration of
storm-time auroral electric field in the daytime and disturbance dynamo electric field in the nighttime to low
latitudes.

1. Introduction

The total electron content (TEC) is one of the essential physical
quantities of the ionosphere which has been studied for scientific as
well as for satellite applications such as for positioning accuracy (Ma
and Maruyama, 2003). For practical (e.g., weather prediction), com-
mercial (e.g., telecommunication) and scientific purposes (e.g., iono-
spheric study) our reliance on trans-ionospheric signals has increased
in recent years. TEC is a measure of a total number of electrons per
meter squared (el/m2) along the line of sight from a transmitter on a
satellite to the ground receiver. A TEC unit is defined as
1×1016 electrons m−2. The measurements are affected by the elevation
angle of the satellite from the station and ionospheric height (Komjathy
and Langley, 1996). With the development of Global Positioning
System (GPS) and the consistent availability of GPS signals, the
amount of GPS TEC data has rapidly increased over the past 10 years

(Kenpankho et al., 2011). The continuous and long duration of GPS
TEC data are vital in exploring the nature of the ionospheric variations
such as day-to-day and seasonal variabilities, geomagnetic storm
effects, solar activity effects, etc., as well as the structure of the
ionosphere.

However, the reliability of the estimated absolute value of TEC
depends on the inherent receiver differential code biases (DCB). This
could restrict the use of GPS TEC measurements to analyse relative
variations in the TEC (Themens et al., 2013). Due to the dispersive
nature of the ionosphere, a time delay is established in the L1
(1575.42 MHz) and L2 (1227.60 MHz) band signals. Using this delay
in signals, TEC along the ray path is calculated. Signals received from
satellites directly above the station were used as vertical TEC (vTEC).
The satellite signals other than the overhead provide the slant TEC
(sTEC). With the ionospheric delay, the delayed signal also includes the
biases induced by the satellites and receiver hardware (Warnant,
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1997). Hence, absolute TEC can only be attained once these biases are
removed by reliable means (Themens et al., 2013). The combined
satellite and receiver biases can reach up to several tens of nanose-
conds, accounting to almost hundreds of TECU (1 ns =2.853 TECU)
(Ciraolo et al., 2007). Kao et al. (2013) evaluated the factors affecting
DCB and found that the ionosphere model accuracy was the most
important factor affecting the DCB due to which DCB can vary from
−2.5 to 14.3 TECU from one station to another. With that different data
processing methods also contribute a lot to errors in DCB estimation.
However, their study revealed that the elevation cut-off angle was
insignificant in DCB estimation process.

Three key methods developed to estimate DCB for single receiver
station; i) comparing GPS TEC with another set of data via a linear
regression fit (Themens et al., 2013), ii) minimization of standard
deviation (SD) (Ma and Maruyama, 2003) and iii) least-squares fitting
to a polynomial (Coco et al., 1991). The first method is relatively simple
whereby the GPS TEC is compared to TEC derived from any reliable
model using a linear regression fit. The extrapolated y-intercept of this
linear regression line gives the receiver biases. The second method viz.,
the minimization of SD method was formulated with the assumption
that vTEC from each satellite in view should be identical if the receiver
and satellite biases are properly removed (Ma and Maruyama, 2003).
So in this method, trial receiver biases are used and the SD of TEC
about the mean is calculated in each case. Later, the sums of these SD
values are computed over the total number of measurements and the
value of bias that has the minimum SD sum is the receiver DCB. In the
least-squares fitting to a polynomial method, the GPS vTEC is made to
fit the following relation which is a second order bivariate polynomial
at the ionospheric pierce point (IPP) latitude and longitude (Lanyi and
Roth, 1988):

α β α αβ βvTEC = C + C + C + C + C + CM 1 2 4
2

5 6
2 (1)

where vTECM is the mapped vTEC, C1 to C6 are coefficients to be
determined by a least-squares fit, α is the IPP east longitude and β is
the IPP latitude. This method of determining DCB is a modified version
of Lanyi and Roth's (1988) original method and also incorporates a
bias component. A description of it could be found in Coco et al.
(1991). The initial equation was for satellite bias estimation, however,
this version is used for both satellite and receiver biases estimation as:
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where RE – mean radius of the Earth (6371 km).
hmax - Ionospheric pierce point height.
θ – satellite elevation angle at the ground station.
The Eq. (2) is valid on the assumption that receiver and satellite

DCB are constant over the course of the concerned period (Themens
et al., 2013). Finally, the measured GPS sTEC values are fit to Eq. (2)
and the receiver DCB is derived accordingly.

Satellite DCB estimation is equally important. Li et al. (2012) used a
newer approach for GNSS satellite DCB determination, developed at
the Institute of Geodesy and Geophysics (IGG) in Wuhan, China,
known as IGGDCB. In this method, instead of using global ionosphere
model, the satellite and receiver DCB is individually estimated by
generalized triangular series (GTS) based TEC model. IGGDCB
approach has been specifically developed for estimation of COMPASS
satellite DCB as there are fewer global monitoring stations in compar-
ison to GPS satellites. They found that this method could be used for all
GNSS satellites. Li et al. (2014) proposed a calibration approach to
estimate the DCB of the BeiDou navigation satellite system (BDS) with
the aid of GPS data, viz., GPS-aided DCB determination (GPSADCB).
In this method, the data from GPS satellites are used to derive the
ionospheric delay along the propagation path of the BDS satellite

signals. After validating their DCB estimates by computing the
differences in DCBs available from the Centre for Orbit
Determination in Europe (CODE) and GPSADCB methods, they found
that GPSADCB could be used to estimate BDS satellite DCB. Recently,
Wang et al. (2016) utilized IGGDCB approach and extended it for
estimating the intra- and inter-frequency biases of GPS, GLONASS,
BDS, and Galileo based on data collected from 120 stations in the
multi-GNSS experiment (MGEX). Their results were highly comparable
to the results from CODE and German Aerospace Center (DLR) data.
The GPS satellites DCB are well determined and found to be fairly
stable (Ma and Maruyama, 2003), and the International GNSS Service
(IGS) databases provide precise satellite DCB estimation for each active
satellite (Kao et al., 2013; Hernandez-Pajares et al., 2009; GPS Silicon
Valley, 2007).

Generally, TEC shows diurnal, seasonal, latitudinal, day-to-day and
solar activity variabilities. The diurnal, seasonal, and solar activity
variations of TEC at the low and equatorial latitudes have been studied
by many workers using GPS satellites (e.g., Wu et al., 1997; Beach and
Kitner, 1999; Thomas et al., 2001; Adewale et al., 2012). A number of
studies on the equatorial low latitude ionosphere have also been carried
out (Kumar and Singh, 2009; Bagiya et al., 2009; Galav et al., 2010;
Chauhan and Singh, 2010; Chauhan et al., 2011; Subhadra Devi et al.,
2011). All these studies showed the characteristic features of TEC; a
short-lived pre-dawn minimum at around 05:00 LT, a steep early
morning rise, a mid-afternoon maximum at around 14:00 – 15:00 LT,
and a steep post-sunset fall. Seasonal variation in vTEC shows
maximum vTEC during the equinoctial months, minimum during
winter, and intermediate values during summer. Under the GPS
Aided GEO Augmented Navigation (GAGAN) project, RamaRao
et al., (2006a) and Unnikrishnan and Ravindran (2010) studied the
temporal and spatial variations of TEC in the Indian region covering
latitudes from 8° to 32° N. They found that the diurnal maximum value
of TEC increases from the equator to the anomaly crest region and
decreases significantly at the stations outside the anomaly crest region.
The day-to-day variability in vTEC is of great concern in the iono-
spheric study. The day-to-day variability is higher at the equatorial and
at high latitudes and has been attributed to solar, geomagnetic and
meteorological factors (Fuller-Rowell et al., 2002; Rishbeth and
Mendillo, 2001). The solar EUV fluctuation varies from minutes
(flares) and roughly 27 days (solar rotation) to decades (11-year solar
cycle) (Liu et al., 2011). The variability of the solar activity prompts
large variation in the neutral density and temperature which in turn
cause variations in ion and electron densities, neutral winds and
electric fields in the ionosphere (Forbes et al., 2006).

In this paper, we present statistical estimation of receiver DCB of
GSV4004B using the least squares linear regression fit (as mentioned
above) of GPS TEC 2010 data against CODE Model TEC data and also
validated the 2010 TEC data obtained for Suva site from the IRI-2012
model. The results obtained have been further confirmed using the
minimization of SD technique (Ma and Maruyama, 2003) using the
GPS TEC data for the year 2010. Geomagnetically quiet days were
selected from different months in 2010 in order to avoid any effect of
geomagnetic activity on the TEC and hence on DCBs. The GPS TEC
data after removing the DCB have been compared with Faraday
rotation data available for 1984 at Suva. Both the years 2010 and
1984 fall under the low solar activity periods of solar cycle 24 and 21
with average sunspot numbers of Rz =17.5 and 45.9, respectively. The
monthly and seasonal behaviour of vTEC had also been studied and
geomagnetic disturbance and storm effects have been analysed.

2. Data and analysis

2.1. sTEC data acquisition

The slant total electron content (sTEC) was recorded during 2010, a
low solar activity year, using the GSV4004B receiver installed at our
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site at Suva (lat. 18.15°S and long. 178.45°E, Geomag. Lat. 21.07°S),
Fiji.

The sTEC is proportional to the ionospheric delay of pseudorange
(Iρ) between L1 and L2 signals at receiver site and the relation between
sTEC and Iρ is given as:

ρ φ
f

I = − I = 40. 3 sTEC2 (3)

where Iϕ is the ionospheric delay measurements of carrier phase, f
stands for the frequency of the carrier. The differential phase and group
delay are used for TEC measurements. Thus, the expression for the
sTEC in TECU, using pseudorange observations is given as:
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where L1 and L2 are the frequency of the carrier signal:
L1=1575.42 MHz and L2=1227.60 MHz. The P1 is Pseudorange at
L1 in metres and P2 the Pseudorange at L2 in metres.

The expression for the sTEC in TECU, using carrier phase observa-
tions is given as:
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where Φ1 is Carrier Phase of L1 and Φ2 the Carrier phase of L2.
A dual-frequency GPS receiver computes the TEC from combined

L1 and L2 pseudorange and carrier phase measurements, which are
generally assumed to travel along the same path through the iono-
sphere. Due to the pseudorange measurements having high noise level,
the sTEC derived from pseudorange measurements has large uncer-
tainty. However, in the case of carrier phase measurements, the noise
level is significantly lower. In order to reduce the effect of noise in
pseudorange, the observations could be smoothed by carrier phase
measurements using a technique referred as carrier phase levelling.

The GSV4004B receiver obtains sTEC from the dual frequency code
measurements with additional parameters as well. Incorporating these,
the receiver estimates the sTEC values as given as (GPS Silicon Valley,
2007):

sTEC=[9.483*(PR – PR – Δ ) + TEC + TEC ]C A PL2 L1 / − ,PRN RX CAL (6)

where: PRL2 - is the L2 pseudorange in metres
PRL1 - is the L1 pseudorange in metres.
ΔC/A-P, PRN – is the input bias between space vehicle's (SV)/

satellites’ C/A- and P-code chip transition in metres. Each GPS satellite
generates two pseudorandom noise (PRN), viz., the course/acquisition
(C/A) code - transmitted at a chip rate of 1.023 Mbps and the precision
(P) code - at a rate of 10.23 Mbps. A chip is defined as a pulse of a
direct-sequence spread spectrum code (DSSS) widely used in electronic
communications. The C/A code is for civilian use while the P-code is
specifically for the United States military purposes only, yet both the C/
A and P-codes impart the precise time-of-day to the user.

TECRX - is the TEC result due to internal receiver L1/L2 delay. It is
the nominal L1/L2 receiver delay converted into TECU.

TECCAL – is the TEC offset parameter supplied by the manufacturer
with the receiver, after the receiver has been calibrated against Wide
Area Augmentation System (WAAS) network. This is the only para-
meter entered into the receiver for TEC calculations by users. This has
been done as the receiver differential delay could change slightly with
time, and is different from unit-to-unit. (GPS Silicon Valley, 2007).

The sTEC data having a Lock Time at L1 and L2 for greater than
240 s were selected. With that the data were further truncated and
sTEC data above 50° elevation were only selected. The selection of data
for elevation angle greater than 50° was made in order to avoid
conversion errors between slant and vertical TEC (Unnikrishnan and
Ravindran, 2010; RamaRao et al., 2006a).

2.2. Conversion of sTEC to vTEC

Subsequently, the sTEC was converted to vTEC by taking the
projection from the slant to vertical using the Thin Shell Model
technique given by Klobuchar (1987) and Mannucci et al. (1993) given
as:
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where: sTEC - is the slant total electron content.

RE – mean radius of the Earth (6371 km).
hmax - Ionospheric pierce point height.
θ – satellite elevation angle at the ground station.

The ionospheric pierce point (IPP) is the point of intercept of the
line-of-sight ray and the thin shell of the ionosphere at an altitude
‘hmax’ above the Earth's surface. The IPP has been taken as 350 km for
our low latitude station (Suva). RamaRao et al. (2006a) considered the
IPP at an altitude of 350 km for the low latitude stations in the Indian
region. Our receiver, though located in the opposite hemisphere to that
of low latitude stations in the Indian region, falls within the low
latitudinal belt in the southern equatorial anomaly region. RamaRao
et al. (2006b) also suggested that IPP of 350 km was valid only for
elevation angles greater than 50°. Hence, in this work, the cut-off
elevation angle has been taken as 50°. Using the Thin Shell Model
technique, GPS vTEC data were obtained from sTEC data recorded
using signals from each satellite.

The IRI-2012 TEC (IRI TEC) data for 2010 were obtained from the
website: http://omniweb.gsfc.nasa.gov/vitmo/iri2012_vitmo.html.
The following input parameters were used in the model to obtain a
suitable set of data; Upper limit for Electron content was defined as
2000 km, F peak model as URSI, Ne topside as NeQuick, foF2 storm
model was on, and the D-region Ne as IRI-95. Only the geomagnetically
quiet days were selected for different months. Consequently, the CODE
TEC data were obtained from CODE, University of Berne, website:
ftp://ftp.unibe.ch/aiub/CODE/. The vTEC published on the CODE's
website is generated on a daily basis utilizing data from 200 sites and is
modelled using a spherical harmonics expansion up to degree and
order 15. Initially, two-hourly global ionospheric maps (GIMs) were
developed in two-dimensional grids with daily sets of satellite DCB
(Schaer, 1999). With Fiji's very isolated location, the nearest CODE
station is the American Samoa station (ASPA) at a direct distance of
approximately 1250 km.

2.3. Estimation of DCB

The first method used was to compare GPS vTEC during 2010 with
CODE TEC data using a linear regression fit. Our station has only one
receiver, so we utilized the hourly vTEC and used the hourly CODE
vTEC as reference data. A set of five magnetically quiet days were
selected from each month of 2010. The Q-days were noted from the
World Data Centre for Geomagnetism (WDC), Kyoto, Japan's website:
http://wdc.kugi.kyoto-u.ac.jp/cgi-bin/qddays-cgi. We have only
selected 5 Q-days to avoid any effect of geomagnetic disturbances on
DCB. The GPS vTEC for these five Q-days were averaged for each
month. The respective five Q-days vTEC data were obtained from DCB
CODE model and IRI-2012 model for the same months and then were
compared to the average GPS vTEC of 2010. After that, CODE vTEC
values were plotted against GPS vTEC 2010 values and a linear
regression fit was performed. Then this linear trend line was
extrapolated to determine the y-intercept which was construed as
receiver DCB. More comprehensive information on this method could
be found in Themens et al. (2013). Consecutively, this method was
repeated with IRI-2012 vTEC data for the year 2010 against GPS vTEC
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2010 to attain the via linear regression.
In order to use the minimization of standard deviations method, the

SD of vTEC measurements from each satellite in view were determined.
Then using trial receiver biases, the SD of TEC to its mean was
calculated for each bias used, at each observation time. Thereafter, the
sums of these SD values were computed over the total number of
sample measurements. The value of receiver bias that has the mini-
mum SD sum value was considered to be the correct receiver DCB (Ma
and Maruyama, 2003). In order to attain a more accurate value of
receiver bias, the summation of variances was carried out rather than
the summation of SD and pooled variance was used as several different
samples of TEC were taken with varying means. More detailed
information on this method is given in Themens et al. (2013) and
Ma and Maruyama (2003). The determination of satellite DCB was not
part of this study, however, satellite DCB values were removed prior to
estimation of receiver DCB. The satellite DCB values were obtained
from the University of Berne database; P1–C1 biases from ftp://ftp.
unibe.ch/aiub/CODE/ and P1–P2 biases from ftp://ftp.unibe.ch/aiub/
BSWUSER50/ORB. These biases were entered into to the GSV4004B
receiver during initialization process as mentioned in the manual; GPS
Silicon Valley (2007).

2.4. Absolute vTEC computation

The absolute vTEC was computed from the sTEC using the relation
given in Eq. (7) after removing the receiver biases. The combined
equation that takes into account the bias removal is given as (RamaRao
et al., 2006a; Kumar and Singh, 2009; Zhang et al., 2010; Themens
et al., 2013):
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where Br is the estimated receiver DCB.
An example of the vTEC for the month of March 2010 with monthly

average is shown in Fig. 1, in order to check the validity of the applied
bias and to explore the day-to-day variability.

2.5. vTEC behaviour investigation methodology

The vTEC data for 1984, a low solar activity year, was obtained
using Faraday rotation vTEC data at Suva, Fiji, from Master's Thesis by
Sharma (1991), in a table format. The data recorded and presented
were in UTC and then were converted into local time based on the
longitude of the station. This was done for consistency and for ease of
comparison, as the GPS vTEC data were also converted into local time
from UT. With the aim to remove geomagnetic disturbances on vTEC,
five most magnetically disturbed (D) days were removed from each

month of 2010 and 1984. The Q-days and D-days were noted from the
WDC website. The vTEC for all the days except for these D-days were
averaged for each of the months of 2010 and 1984, respectively.
Monthly vTEC averages were calculated which were then combined
into the ionospheric seasons; summer (January, February, November,
and December); winter (May, June, July, and August) and equinox
(March, April, September, and October).

Finally, the geomagnetic storm effect on vTEC was also analysed for
the geomagnetic storms during 2010 and 2011.

3. Results and discussion

3.1. Receiver bias using GPS TEC 2010, CODE TEC, and IRI-2012
model data

A linear regression fit to GPS TEC 2010 against CODE TEC data, on
Q-days, was made and the extrapolated y-intercept was taken as the
receiver bias. An example of the plot with the maximum value of the
square of linear regression coefficient R2 is shown in Fig. 2 for the
month of October. It shows an R2 value of 0.902 indicating a very good
correlation between the TEC obtained from the two methods, during
low solar activity period. The linear fitting relation of
y GPS TEC CODE TEC x( )=0.7 × ( ) + 59.9 between both the data sets
indicates a DCB of 59.9 TECU. A similar analysis was done for all
twelve months and the results are summarized in Table 1a which shows
DCB and correlation coefficient, R. The Q-day plots for GPS TEC 2010
and CODE TEC correlated well with correlation coefficients from 0.80
to 0.95. With that, the receiver DCB varied from 59.3 to 64.4 TECU.
The average bias value was 62.1 TECU. While the best correlation
coefficient gives three bias values of 59.9, 62.1 and 62.7 TECU, the
median receiver bias obtained was 62.1 TECU, with SD of 1.5 TECU,

Fig. 1. Mass plot of GPS vTEC with monthly average and SD error bars in red, for the
March 2010 (all days of March). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 2. An example of CODE TEC versus GPS vTEC 2010 for October at Suva, Fiji.

Table 1
Y-Intercept and R values. (a) For GPS TEC 2010 versus CODE TEC. (b) For GPS TEC
2010 versus IRI-2012 TEC.

Months a) GPS TEC 2010 versus CODE
TEC

b) GPS TEC 2010 versus IRI-
2012 TEC

y-intercept
(TECU)

R y-intercept
(TECU)

R

January 61.5 0.80 64.3 0.83
February No Data No Data
March 64.4 0.93 65.1 0.91
April 62.7 0.95 63.7 0.92
May 63.5 0.85 64.9 0.81
June 63.0 0.87 63.5 0.89
July 62.7 0.94 63.2 0.92
August 62.1 0.95 62.8 0.95
September 62.1 0.94 63.3 0.92
October 59.9 0.95 61.9 0.90
November 61.8 0.88 64.6 0.85
December 59.3 0.92 60.6 0.93
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which shows the DCB is fairly stable. Overall, the average receiver bias
value is in the range of ~62 ± 2 TECU, for the receiver used at the
station in Suva.

Similarly, the linear regression fitting method was applied to
GPS vTEC 2010 data against the IRI-2012 vTEC data. An example
with the best R2 is presented in Fig. 3 for October 2010 data as used
for Fig. 2 which allows easier comparison of the behaviour of
CODE and IRI TEC. The R2 value for both the dataset is 0.81
which indicates a good correlation between the TEC obtained using
GPS and the IRI-2012 model. The linear fitting relation of
y x(GPS TEC)=0. 58 × (IRI − 2012TEC) +61. 9between both data sets
indicates a DCB of 61.9 TECU. A summary of the biases with
correlation coefficient, R, is given in Table 1b for all the months of
2010. The Table 1b reveals that TEC determined by the two
methods, GPS TEC 2010 data and IRI-2012 model data for all the
Q-days of 2010 agrees well since the correlation coefficient is
between 0.81 and 0.95. From y-intercept values, as shown in
Table 1b the receiver DCB varied between 60.6 and 65.1 TECU.
Averaging the values gives bias of 63.4 TECU. The median receiver
bias is 63.5 TECU, while the best correlation coefficient gives a bias
of 62.8 TECU. The SD of the bias is 1.34 TECU which indicates
relatively stable DCB. The receiver bias value is obtained ∼ 63 ± 2
TECU, covering all the range of values obtained.

3.2. Receiver bias using GPS TEC 2010 data from minimization of SD
method

In this technique, we have used 5 Q-days of each month of 2010
and applied the minimization of SD method as stated above (under
Data and Analysis). An example of minimum SD plot is shown in Fig. 4
for full 24 h of observations on 23 March 2010. This was a geomagne-
tically quiet day with ΣKp =2-. We used the minimization of SD for
sample DCB values from 0 to 80 in steps 0.5 as shown in Fig. 4. From

Fig. 4 it is seen that the bias value for which the minimum sum of SD is
attained is 62.5 TECU and this can be taken as the receiver bias. The
same analysis was done for five quietest days of each month of 2010
and the Q-days DCB values were averaged over that month and
tabulated as shown in Table 2. The average receiver DCB varied from
60.2 to 63.9 TECU and the mean of averages was found to be 62 TECU.
Median receiver bias is 62.5 TECU. In general, this comparison
demonstrates a receiver bias value of ∼ 62 ± 2 TECU, covers all the
range of values obtained by this method.

Overall, the receiver biases differ from receiver to receiver and also
is different at the different time of epoch (Wilson and Mannucci, 1993;
Ciraolo et al., 2007). Some authors applied this same methodology with
similar model receivers and found DCB ranging from −18 to 35 TECU
(Ma and Maruyama, 2003; Rao, 2007; Themens et al., 2013). Other
authors with different receivers found DCB in various ranges;
Mylnikova et al. (2015) found receiver DCB for GPS to be up to 60
TECU; Montenbruck et al. (2014) −35 to 28.5 TECU; Sunehra (2013)
in the range of 11 TECU; Choi et al. (2013) −45.6 to 71.3 TECU; Zhang
et al. (2010) between −2 and 53 TECU. According to Zhang et al.
(2010), the largest error source of ionospheric TEC derived from GPS
method is due to the error of the measured or estimated instrumental
bias. Therefore, in order to obtain a more reasonable estimate of
receiver DCB, we took the DCB values for all the months from Table 1a
and b and Table 2 and then we determined the mean of the combined
values for that month. For this paper, we have used the monthly mean
bias values to further compare our results. This bias value seemed to be
higher than those obtained at low latitudes by some researchers (e.g.
Ma and Maruyama, 2003; Themens et al., 2013; Rao, 2007; Sunehra,
2013; Kao, et al., 2013), but it compares well with other studies (e.g.
Zhang et al., 2010; Choi et al., 2013; Mylnikova et al., 2015). The
differences in receiver manufactured i.e. different models have different
bias values and the major hurdle is our location which is at the edge of
the Equatorial Ionization Anomaly (EIA) as it seems that DCB is
dependent upon the station location. Fundamentally, the DCB also
changes on day-to-day and Ciraolo et al. (2007) found the variation to
be as large as 8.8 TECU, however, for the purpose of this work, we have
assumed the DCB to be constant over the whole month.

The monthly average bias from the three methods for March 2010
was found to be 63.4 TECU and was applied to March 2010 GPS TEC
data. This was then compared with previously published results and
then its day-to-day variability has been presented in Fig. 1 as an
example of a mass plot of absolute GPS vTEC. In general, the diurnal
variation of vTEC showed a short-lived pre-dawn minimum at around
05:00 LT then a steady increase, followed by an afternoon maximum at
around 14:00 LT and a gradual post-sunset decay with a minimum at
around 22:00 LT. So we compared the vTEC at these three epochs;
05:00 LT, 14:00 LT and 22:00 LT with vTEC obtained by other authors
at similar latitude stations. The vTEC showed a pre-dawn minimum of
∼5 TECU, a post-noon maximum of ∼51 TECU and a post-sunset

Fig. 3. An example of IRI-2012 TEC versus GPS vTEC for October 2010 at Suva, Fiji.

Fig. 4. An example of the sum of SD versus sample biases for 1-d sampling period on 23
March 2010 – a magnetically quiet day (ΣKp =2-), at Suva, Fiji. The red star indicates the
minimum sum of SD, which corresponds to a receiver bias of 62.5 TECU. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 2
Receiver DCB values obtained from the minimization of SD method for each month of
2010 at Suva.

Months Average Receiver DCBs (TECU)

January 63.1
February No Data
March 60.7
April 60.6
May 63.5
June 60.2
July 61.3
August 60.6
September 62.9
October 63.9
November 62.5
December 62.7
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minimum of ∼13 TECU. The average vTEC was found to be 19.1 TECU.
These all compares well with results obtained by other authors (in
similar latitude region) as summarized in Table 3 from respective
authors. The receiver biases brings about the most significant con-
tribution to the error in estimation of TEC using GPS but small
contributions of 1–3 TEC units could also have arisen from changing
temperature conditions at the receiver antenna, along the cable, or in
the internal receiver hardware (Coster et al., 2013), which is not a
subject of our study. Due to the location of our station in the temperate
region, there is not much temperature variation, thus this may not be
applicable to our system.

3.3. Comparison of GPS vTEC with Faraday rotation vTEC

The Faraday rotation (FR) vTEC data recorded during 1984 at Suva
have been compared with GPS 2010 vTEC. The average bias from the
three methods for each month was calculated and then applied to the
daily absolute vTEC for 2010. Accordingly, the daily vTEC values were
averaged to compute monthly averages. As no Q-days vTEC data were
available for the month of February, from the available data, the 5 most
magnetically Q-days were selected and biases were computed. No bias
was applied to the FR vTEC 1984. Finally, the seasonal averages were
calculated for GPS vTEC 2010 and FR vTEC 1984. Fig. 5 shows the
summer seasonal averages for GPS vTEC 2010 and FR vTEC 1984,
while, Fig. 6 shows the winter seasonal averages for GPS vTEC 2010
and FR vTEC 1984 followed by Fig. 7 showing the equinox season. The
seasonal averages are as follows; GPS vTEC 2010: 18.3 TECU
(summer), 8.4 TECU (winter) and 13.7 TECU (equinox); FR vTEC
1984: 19.7 TECU (summer), 11.7 TECU (winter) and 20.9 TECU
(equinox). Surprisingly, there is a time difference in vTEC peak
occurrences during both years. The GPS vTEC 2010 peaked 3–4 h
earlier than FR vTEC 1984. For variability comparison, the SD for each

set of hourly data has also been plotted. During summer, the vTEC
values in 1984 and 2010 were very comparable. During winter and
equinox seasons, the overall vTEC in 2010 were lower in comparison to
the 1984 vTEC. This could have been due to the difference in solar
activity during 2010 and 1984. Though both the years were in low solar
activity periods of solar cycles, average sunspot numbers differed; 2010
(Rz =17.5) and 1984 (Rz =45.9). It is evident that solar activity did
affect the vTEC during these two seasons. The EUV is the driver of ion
production in the low latitude F-region of the ionosphere which varies
with the solar cycle. The electric field in the equatorial and low-latitude
ionosphere gets modified due to solar activity. So as the sunspot
number increases with the solar cycle, the flux of the Sun's radio
emission at the wavelength of 10.7 cm (2.8 GHz) also increases.
Warnant and Pottiaux (2000) analysed the solar activity dependence
of TEC in Belgium, at mid-latitudes, quantifying the solar activity
dependence of TEC. In another study, Liu and Chen (2009) used the
data of GIM TEC derived at Jet Propulsion Laboratory (JPL) to better

Table 3
A comparison of March vTEC from different regions around the globe at similar latitudes as Suva, Fiji.

Place Geograp./Geomag. latitude Approximate vTEC (TECU) Year Authors

pre-dawn minimum post-noonmaximum post-sunset minimum

Agra, India 27.12° N ∼5 ∼45 ∼5 March 2009 Chauhan et al. (2011)
29.59° N

Varanasi, India 25.28° N ∼1 ∼48 ∼5 March 2008 Kumar and Singh (2009)
27.79° N

Rajkot, India 22.29° N ∼5 ∼48 ∼6 March 2006 Bagiya et al. (2009)
25.00° N

Rajkot, India 22.29° N ∼8 ∼50 ∼8 March 2007 Bagiya et al. (2009)
25.00° N

Hyderabad, India 17.44° N ∼3 ∼70 ∼20 March 2004 RamaRao et al. (2006a)
20.25° N

Suva, Fiji 18.15°S ∼5 ∼51 ∼13 March 2010
21.07°S

Fig. 5. Seasonal averages of GPS vTEC 2010 and Faraday rotation vTEC 1984 during
summer.

Fig. 6. Seasonal averages of GPS vTEC 2010 and Faraday rotation vTEC 1984 during
winter.

Fig. 7. Seasonal averages of GPS vTEC 2010 and Faraday rotation vTEC 1984 during the
equinox.
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quantify the dependence of TEC on solar activity with seasonal, local
time and latitudinal variations, at a global scale. Chakrabarty et al.
(2012) studied sunspot numbers and TEC during the descending phase
of deep solar minimum from 2005 to 2009 at Rajkot (22.29°N), India,
and found that seasonally maximum TEC occurs during equinox and
minimum during winter. They also reported that although the time of
onset of the enhancements in EUV flux, F10.7 cm solar flux, and the
TEC are similar, the rate at which the mean TEC level increases after
February 2009 was greater in comparison to the corresponding rate in
the descending phase of solar cycle 23. Overall, our results are in
agreement with these studies.

3.4. Monthly and seasonal variation of GPS vTEC

The monthly variation of GPS vTEC 2010, after removal of biases, is
shown in Fig. 8. Due to some technical problem, the data for all 5 Q-
days in February were missing. Fig. 8 shows a clearer picture of the
changes in vTEC over the months. The diurnal peak has maximum
vTEC in December followed by February at around 14:00 LT whereas
the lowest values of vTEC occur in June and July. The vTEC is higher at
the beginning of the year (January) and gradually decreases towards
the middle of the year. After reaching the minimum during the middle
of the year (June) it increases slightly in July and shows another
minimum in August, it then progressively increases and attains
maximum value in December.

The GPS vTEC 2010 variation during southern hemispheric sea-
sons: Summer (November, December, January, February), winter
(May, June, July, August) and equinox (March, April, September,
October) is shown Fig. 9. The vTEC is maximum in summer followed
by equinox and then winter. The peak values of vTEC appear
differently; 27–36 TECU during summer, 14–26 TECU during equinox
and 12–14 TECU during winter. The SD shows that the day-to-day
variability is maximum during equinox and least during winter.
Furthermore, the ionosphere seems to be quieter during the winter
season as there are no sharp daytime maxima and minima in this
season. With that, there appears to be a larger plateau in the period
0900–1600 LT with very slight increase/decrease during equinox
season, whereas summer and winter seasons show the maxima around
1400 and 1500 h LT. In summary, the vTEC variability during equinox
and summer seasons is almost same whereas during winter the
variability is very less throughout the 24 h LT period.

Wu et al. (1997) studied TEC covering the latitudes from 21.9 to

26.2° N in China and found maximum TEC in April and minimum in
July. Kumar and Singh (2009) for an Indian station Varanasi
(25.28° N), during 2007–2008, a low solar activity period found
maximum TEC in October and April and minimum during December
and July. Chauhan et al. (2011) from the vTEC study at Agra
(27.12° N), India, during 2006–2009, found maximum vTEC during
equinox followed by summer and winter seasons. RamaRao et al.
(2006a) under the GAGAN project during 2004–2005 in the Indian
sector found highest diurnal maximum vTEC during September and
October at Raipur (21.18° N) and Hyderabad (17.44° N) while at Dehli
(28.6° N) a reduced diurnal maximum was observed. It is well known
that ionospheric plasma density is determined mainly by solar photo-
ionization (Unnikrishnan and Ravindran, 2010), as the amount of solar
radiation changes the diurnal maxima also changes throughout the
year. The changes in the intensity of the incoming solar radiation and
the solar zenith angle at which the radiation incidents on the Earth's
atmosphere, could also induce changes in the monthly and seasonal
vTEC values. In addition, the E×B drift brings plasma from lower
(equatorial) to higher altitudes in the daytime and vice versa at the
night-time. The rising plasma reaches the high altitudes until it loses
momentum and diffuses along the magnetic field lines to higher
latitudes (low latitude belt of 15–20°) due to effects of gravity and
pressure gradient forces resulting in the formation of crests in electron
density on either side of the magnetic equator. The monthly variations
indicate the role played by the Equatorial Electrojet (EEJ) strength at
equatorial and low latitudes. The strength of EEJ is found to intensify
during the equinoctial months (October and April) (RamaRao et al.,
2006a). Dabas et al. (2003) found the correlation between E×B drift
and EEJ to be 0.85 with the data recorded at Trivandrum (8.5° N;
geomagnetic latitude: 0.3° N) and Alibag (18.6° N; geomagnetic lati-
tude: 13.4° N), India, implying that any change in EEJ will affect the
E×B drift. With that E×B drift displays seasonal variability (Rabiu
et al., 2007). During equinoctial months, the sub-polar point is around
the equator, where the eastward electrojet associated electric field is
often the largest. Therefore, due to the combined effect of photoelec-
tron abundance and the most intense eastward electric field, the
fountain effect is most developed during the equinox. While, during
the solstice (winter and summer) months, photoelectrons at the
equator decreases because the sub-polar point moves to higher
latitudes and the fountain effect is decreased (Kumar and Singh,
2009). As Suva is located at the trough of EIA, the maximum in
vTEC occurred during summer whereas, minimal during winter. The
amount of solar radiation received is larger during summer as
compared to the winter season. In addition, the fountain effect could
also bring about seasonal differences in vTEC. During the summer
season, the sub-polar point is below the equator and in the southern
hemisphere where eastward electrojet associated with the electric field
would be largest. Therefore, due to both the abundance of photoelec-
tron and the most intense eastward electric field regions, the fountain
effect would be most developed during summer as compared to winter,
when the sub-polar point is in the northern hemisphere. Thus, vTEC at
Suva seems to be primarily influenced by seasonal variations in the

Fig. 8. : Contour plot of the monthly average variation of vTEC at Suva from January to
December 2010. (NB: The Q-days vTEC data for February were not available).

Fig. 9. Seasonal averages of GPS vTEC 2010 at Suva.
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amount solar radiation received and its location at the trough of EIA.

3.5. Effects of geomagnetic activity on the ionospheric vTEC

This section deals with the geomagnetic disturbances effects on the
GPS based vTEC recorded at Suva during 2010. This has been divided
into two sections; Day-to-day variability during and Geomagnetic
storm effects on vTEC.

3.5.1. Geomagnetic disturbance effect on vTEC and its variability
To examine the geomagnetic disturbance effect on vTEC at Suva,

vTEC on five Q-days and five D-days of each month of 2010 were
separated and then the averages and SD about the mean were
calculated to indicate the variability on Q-and D-days. Excluding
January (since only one Q-day data was available) and February (since
no Q-days data were available), it is clear that during all the other
months the vTEC is higher on D-days as compared to Q-days,
particularly in the daytime. The vTEC values start rising over Q-day
values in morning time between 06:00–10:00 LT with peak difference
at around 12:00–14:00 LT. With that, when the variability of vTEC
from the mean is compared using SD on Q-and D-days it was noted
that variability is larger on D-days with maximum SD during 12:00–
14:00 LT.

The monthly Q-and D-days variability is then combined to examine
the annual Q-and D-days variability which is shown in Fig. 10. This
annual plot also reveals higher vTEC on D-days as compared to Q-days.
The variability in the daytime period is maximum and is higher for D-
days as compared to Q-days. Followed by this, is the variability in the
pre-midnight period where both the Q-and D-days show almost same
variability. The lowest variability is seen in the post-midnight period
with D-days having higher variability than Q-days. Overall, vTEC, as
well as its variability, are higher on D-days with maximum variability
being noted in the daytime.

The D-days variability has been attributed to the geomagnetic
activity that perturbs the homogeneity of the ionosphere, however,
variability on the Q-day also occurs but lacks considerable under-
standing. Rishbeth and Mendillo (2001) studied the day-to-day varia-
bility of F2-layer and found that the peak electron density of the
ionosphere varies from day-to-day with an SD of about 20% by day and
33% by night. In our case it is somewhat different, however, the results
are in agreement with findings from the Indian low latitude region (e.g.
Bagiya et al., 2009 (Rajkot- 22.29° N); Chauhan et al., 2011 (Agra-
27.12° N); Kumar and Singh, 2009 (Varanasi- 25.28° N); Dabas et al.,
2006 (Dehli- 28.6° N)), whereby their results show higher daytime
variability as compared to the night-time.

The day-to-day variability is found to be greater in the region of EIA
and at high latitudes and has been attributed to solar and geomagnetic
and other causes (Fuller-Rowell et al., 2002). These other causes/
influences were termed by Rishbeth and Mendillo (2001) as meteor-

ological factors and they seemed to radiate from the lower part of the
atmosphere. Lastovicka (2005) studied these meteorological factors
and found that processes such as planetary waves, gravity waves, and
tidal waves have a direct or indirect effect on the F-region and thus
induce variations in TEC. In addition, the ionosphere in the EIA region
is also affected by the electrodynamical coupling between the thermo-
sphere and the ionosphere known as penetrating electric field and it is
difficult to separate the effects of geomagnetic activity and the
meteorological factors, especially during high solar activity years, since
such activities do not allow ample time for the upper atmosphere to
return to its quiescent state (Zhao et al., 2008). The ionospheric electric
fields could also increase the vTEC on disturbed days. The principal
sources of electric fields in the ionosphere are generally due to the
circulation of the neutral atmosphere across the Earth's magnetic field
under the influence of tidal winds (ionospheric wind dynamo) and the
convection of magnetospheric plasma due to dynamical interaction
between solar wind and the magnetosphere (solar wind-magneto-
sphere dynamo) (Sastri, 1988). Any geomagnetic activity conditions
by perturbations in the solar wind-magnetospheric dynamo and iono-
spheric wind dynamo can alter the global distribution of ionospheric
currents and electric fields. During magnetically active times, a fraction
of high latitude dawn-dusk electric field can penetrate spontaneously to
the low latitudes via current leakage, yielding an eastward electric field
on the dayside and a westward on the night side (Lu et al., 2012).
During daytime, this lifts the plasma to higher altitudes whereby the
ratio of production to loss is larger at higher altitudes resulting in
enhancement in electron densities in the dayside sector, while an
opposite is often expected at the night-side sector. Large enhancement
in TEC and intensification of EIA in the dayside sector of the
ionosphere has been found by some workers (e.g. Lin et al., 2005;
Zhao et al., 2008) and they suggested that disturbed time prompt
penetration of electric field is the significant contributor during
disturbed days and particularly during intense geomagnetic storms.
The dynamics of the neutral wind and the equatorial electrojet (EEJ)
strength also brings about the variability in TEC (RamaRao et al.,
2006a). The neutral winds are driven by external sources usually
attributed to the Joule heating at high latitudes and largely depend on
the distribution of the energy sources in altitude, latitude, and long-
itude (Heelis, 2004).

3.5.2. Geomagnetic storm effect on vTEC
A total of 17 geomagnetic storms were identified during the two-

year period from January 2010 to December 2011. The strength of the
storms is determined from the Dst index. Dst is storm time distur-
bance, comprising of the disturbance field produced by the ring
current, the tail current, and the magnetopause boundary current.
This index was retrieved from World Data Centre (WDC) for
Geomagnetism, Kyoto, Japan website: http://wdc.kugi.kyoto-u.ac.jp/
dst_realtime/presentmonth/index.html. During the main phase of the
storm, the Dst decreases to its minimum value. This minimum Dst
attained by the storm was used to classify the geomagnetic storms as
follows: very intense Dst < −200 nT, intense −200 nT ≤ Dst
< −100 nT, and moderate −100 nT ≤ Dst < −50 nT (Kumar et al.,
2005).

Out of 17 storms, 15 were moderate and only two were intense. Out
of the 15 moderate storms, 10 showed an increase in vTEC, 2 showed a
decrease while 3 showed no change. From the intense ones both
showed an increase in vTEC. The case studies of two moderate
geomagnetic storms both showing positive ionospheric storm effect
on vTEC at Suva are presented here. The main phase of the storms
occurred during the local daytime.

Storm of 2–5 May 2010: This was a moderate storm with minimum
Dst of −71 nT at 07:00 LT (19:00 UT) on 3 May. The storm commenced
at 21:08 LT on 2 May as shown in Fig. 11. This particular storm had a
very slow recovery phase. During the pre-storm time, the vTEC was
within the variability range of 0.9% about the mean. After the storm

Fig. 10. Annual variation of vTEC on quiet (Q) and disturbed (D) days with standard
deviation during 2010 at Suva.
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reached its minimumDst, during the first day of the recovery phase of the
storm, the vTEC increased strongly and reached a maximum value of ~28
TECU at 18:00 LT which was 10 TECU higher than the average over the 5
Q-days average. During the following days of the slow recovery, while the
Dst was gradually increasing, the vTEC was gradually decreasing towards
its mean diurnal behaviour. On 4 May, the increase in vTEC was about 5
TECU (4.9% of mean value) and on 5 May the vTEC returned to its
normal variability range. This indicated a long duration of positive storm
effect on vTEC for about 52 h.

Storm of 1–4 November 2011: This was a moderate intensity storm
as shown in Fig. 12. The minimum Dst value of −66 nT occurred at

04:00 LT (16:00 UT). This was an interesting storm in the sense that it
had its main phase development in two steps and during early recovery
phase the Dst value showed another minima at around 00:00 LT on 2
November. The vTEC increased to maximum by ~20 TECU (33%) at
17:00 LT on 1 November during the recovery phase of this storm. The
vTEC then returned to the values within the variability range about the
mean on 2 November at about 08:00 LT and showed no appreciable
change afterwards. The duration of the effect of this storm was of
~18 h.

Geomagnetic storms induce strong disturbances in the F-region
ionosphere particularly at high latitudes which can propagate to low

Fig. 11. vTEC variation under a moderate storm of 2–5 May 2010. The storm vTEC and Q-day vTEC have been plotted for comparison. Panel a) shows Dst and b) shows storm and Q-
day vTEC. One extra day (01/05/2010) before the storm with 5 Q-days average has been added for comparison. (LT=UT +12).

Fig. 12. vTEC variation under a moderate storm of 31 October-4 November 2011. The storm vTEC and Q-day vTEC have been plotted for comparison. Panel a) shows Dst and b) shows
storm and Q-days vTEC. One extra day (30/10/2011) before the storm with 5 Q-days average has been added for comparison. (LT=UT +12).
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and equatorial latitudes. It has been known that during geomagneti-
cally disturbed conditions, ionospheric electric fields and currents at
low latitudes are altered by the direct high latitude prompt penetration
of a dawn-dusk electric field to low and equatorial latitude ionosphere
(Fejer et al., 1999; Bagiya et al., 2009). This electric field perturbation
during magnetic storms can change the distribution of ionospheric
plasma by changing E×B drifts which play a dominant role in the low
latitude composition and dynamics. The E×B drifts are also changed
by storm-induced disturbance dynamo electric fields which are in
opposite direction to background ionospheric electric field. The neutral
gas composition changes due to storm-induced circulation can also
contribute to the positive storm effect significantly at mid-latitudes
(Danilov, 2001). As a result, the outcome is either a positive iono-
spheric storm (with increased electron density or vTEC) or a negative
ionospheric storm (with decreased electron density or vTEC) at low
latitudes (Basu et al., 2007). In contrast to negative ionospheric storms
the mechanisms of the positive ionospheric storms are not so well
understood and are still under controversy (Kuai et al., 2015). The
positive storm effects observed at our station in the daytime of both the
storms could be mainly due to an increase in E×B vertical plasma
drifts by prompt penetration of a dawn-dusk electric field causing
equatorial anomaly enhancements whereas the longer duration of
positive effect extending to the nighttime could be caused by the
disturbance dynamo electric fields. The neutral gas composition
changes because of the storm-induced circulation which is primarily
mid-latitude phenomena also appear to have affected the ionosphere
up to the geomagnetic latitudes of Suva located in the Southern
equatorial anomaly. Recently, a statistical study on the long-duration
positive storm effects in the equatorial ionosphere over Jicamarca
carried out by Kuai et al. (2015) showed that long-duration positive
storm effects decay approximately exponentially and can extend to the
following days after the main phase of geomagnetic storms.

4. Summary

The capability of statistical methods for determining GPS receiver
biases has been utilized in this work, using three data sets; the IRI-
2012 TEC model derived data, the CODE TEC, and the Faraday
rotation TEC during 1984 against the GPS vTEC 2010. The difference
between IRI and CODE is that IRI is an empirical mean model of the
ionosphere, providing average ionospheric parameters for a given level
of solar activity while CODE maps are data-derived maps, obtained
from data of a large number of measuring stations. The linear
regression fitting method and the minimization of SD methods used
in this work demonstrated good agreement of DCB. Generally, it has
been estimated that the receiver used at our station Suva, had average
DCB of around 62.6 TECU that needs to be removed in order to
determine the reasonable absolute vTEC. However, for the best TEC
estimates the monthly or even daily and temporal determination of
DCB is suggested. The comparison of the vTEC results published from
several low latitudes stations reaffirmed this. The diurnal variation of
GPS vTEC shows the large day-to-day variability of vTEC with a
maximum at local noon time. During winter and equinox seasons,
the overall vTEC during low solar activity year 2010 was lower in
comparison to the 1984 vTEC, while in summer, the vTEC in the year
1984 and 2010 were very comparable. The monthly and seasonal
analysis showed maximum vTEC during summer followed by equinox
and winter seasons. Equinox also showed the largest daytime varia-
bility and least (quietest) during the winter. The effect of geomagnetic
disturbances showed that on D-days the vTEC and its variability are
higher with maximum variability in the daytime. The effect of
geomagnetic storms showed both positive and negative effects on
vTEC but two of the moderate strength storms with the main phase
in the local daytime showed an increase (positive effect) in the vTEC by
33–67%. The positive effect was a longer duration of 18–52 h. The
positive and long duration effects could be explained by combined

effects of prompt penetration of storm-time auroral electric fields
initially enhancing the daytime vertical E×B drifts and then distur-
bance dynamo electric field contributing to long duration changes in
E×B drifts. There is a possibility that the storm-induced circulation
that changes neutral gas composition by bringing the gas with depleted
[O]/[N2] ratio, though it is primarily a mid-latitude phenomenon, may
arrive up to geomagnetic latitudes of Suva (Geomag. Lat. 21.07°S)
within the Southern equatorial anomaly and contribute to strength and
duration of storm effects.
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