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When she was good, she was very, very good, 
But when she was bad, she was h,orrid. 

These lines from the famil iar children's 
nurseiJ' rhyme might justifiably be used to 
describe the ionosphere. Under normal 
conditions in the mid-latitudes, the ionosphere 
is for the most part well behaved. GPS 
receivers can track the satellite signals from 
near horizon to horizon without difficulty, and 
the bias contributed by the ionosphere to 
pseudorange and carrier-phase observations 
can be readily removed by using dual
frequency observations. Ho weve1; in the 
vicinity of the earth's magnetic equat01; the 
ionosphere is at times quite "horrid," making 
life for the GPS user somewhat difficult. In this 
month 's column, Lambert Wanninger, a 
research associate in the Institut fiir 
Erdmessung of the Universitdt Hannover in 
Hannove1; Germany, describes the behavior of 
the equatorial ionosphere and how it affects 
the peiformance ofGPS receivers. 
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external data-processing software uses the 
differences in the measurements on the two 
frequencies to determine correction values 
and thereby remove the effect of ionospheric 
refraction from the data. Hence, it is widely 
believed that dual-frequency GPS observa
tions solve all GPS user problems caused by 
ionospheric refraction. But this is only true 
for an undisturbed ionosphere in the mid
latitudes. 

From the point of view of a GPS user, the 
earth's ionosphere consists of three major 
geographic regions (see Figure 1). The mid
latitude region exhibits the fewest distur
bances, and one can fairly accurately predict 
the diurnal behavior of the total electron con
tent (TEC) - the number of electrons in a 
column through the ionosphere with a cross
sectional area of one square meter- in a sta
tistical sense. The auroral and polar regions 
are frequently the hosts for major distur-

bances such as severe phase scintillations. 
Their occurrence is highly correlated with 
magnetic activity and shows some diurnal 
dependence. We find the highest TEC values, 
the strongest large-scale gradients of TEC, 
and the worst disturbances in the equatorial 
region, which lies within a band about 30° on 
either side of the earth's magnetic equator 
and covers about 50 percent of the earth's 
surface. 

In the April 1991 issue of GPS World, 
John Klobuchar wrote an "Innovation" article 
titled "Ionospheric Effects on GPS." He 
emphasized that the most disturbing effects 
are encountered in the equatorial region of 
the ionosphere in the years of high sunspot 
activity. A related article, "GPS - Satellites 
of Opportunity for Ionospheric Monitoring" 
by David Coco, appeared in the October 
1991 issue. Coco's article dealt with the use 
of GPS to carry out observations of iono
spheric electron content and ionospheric dis
turbances that ultimately may benefit the 
navigation and surveying communities. 

We are now in the declining phase of the 
present solar cycle, which exhibited maxi
mum solar activity from 1989 through 1992. 
The worst of it is over. After three years of 
experience with GPS in the equatorial region 
during this past period of maximum solar 
activity, we now better understand how this 
region of the ionosphere affects GPS. This 
article describes these effects and outlines 
measures that the user can take to handle or 
avoid them. 

SCINTILLATIONS 
Small-scale in·egularities in the electron con
tent of the ionosphere, with spatial extents 
from a few meters to a few kilometers, can 
produce both refraction and diffraction 
effects on received GPS signals. Refraction 

"Innovation" is a regular column in GPS 
World featuring discussions on recent 
advances in GPS technology and its 
applications as well as on the fundamentals of 
GPS positioning. The column is coordinated by 
Richard Langley and Alfred Kleusberg of the 
Department of Surveying Engineering at the 
University of New Brunswick. We appreciate 
receiving your comments as well as 
suggestions of topics for future columns. 

Polar region 

Mid-latitudes 

Equatorial region 

GPS satellites broadcast their signals on two 
carrier frequencies. Simultaneous measure- Mid-latitudes 
ments of the pseudorange and carrier phase 
of these two signals differ mainly because of Polar region 
the presence of free electrons in the iono-
sphere. A dual-frequency GPS receiver or Figure 1. Ionospheric regions of the world. 
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Figure 2. Effects of equatorial scintillations on GPS measurements from southern 
Brazil: amplitude scintillations, phase scintillations, and data loss. 

changes the direction and speed of propa
gation of an electromagnetic wave while 
preserving the phase of the wavefront. 
Diffraction, on the other hand, results in 
the wavefront becoming crinkled, which, 
through mutual interference, gives rise totem
poral fluctuations in the amplitude and phase 
of the signal at the receiver. Fluctuations due 
to either effect are called scintillations. 

The region of equatorial scintillations 
extends 30° on either side of the emth 's mag
netic equator. The strongest effects are found 
at approximately 10° Nand S. There is a clear 
diurnal variation: scintill ations occur be
tween sunset and midnight and occasionally 
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continue until dawn. In addition to this diur
nal variation, there is a seasonal dependence: 
in the longitude band stretching from the 
Americas to India, effects are strongest be
tween September and March; from April 
through August, there is little chance of sig
nificant scintillations in this region. In the 
Pacific region, however, the situation is 
reversed. Furthermore, scintillation effects 
depend on the 11-year solar cycle. Their 
occurrence increases with an increase in 
sunspot numbers. From 1989 through 1992, 
during the maximum of solar cycle 22, they 
were especially strong. The occun·ence and 
strength of scintillation effects will be mini-

mal after 1994 and will continue at that level 
for the next 5 years or so. Around the yem· 
2000, scintillation effects will increase once 
again. 

The severest effects of small-scale iono
spheric irregularities are signal fading and 
signal enhancement, collectively known as 
amplitude scintillations. As a result of these 
scintillations, the level of a GPS signal can 
drop below a receiver's lock tlu·eshold. This 
tlu·eshold depends on the bandwidth of the 
GPS receiver system and on the type of track
ing channel. A code-correlation channel can 
maintain lock at lower signal levels than a 
squaring channel or a cross-correlation chan
nel. Squaring the received signal results in a 
signal-to-noise ratio (S/N) roughly 30 dB 
lower than that obtained by code-correlation. 
Consequently, the data loss and the number 
of cycle slips caused by amplitude scintilla
tions are larger for squaring channels than for 
code-correlation channels. The data loss can 
reach up to 100 percent during scintillation 
occurrence. Cross-con·elating the Ll and L2 
signals to obtain the ionospheric group delay 
also results in a low SIN. With such receivers, 
we can expect increased data loss and an 
increased number of cycle slips. However, 
detailed studies on the effects of equatorial 
scintillations on receivers with cross-correla
tion channels are sti ll lacking. 

Amplitude scintillations can be monitored 
by the interpretation of the time series of SIN 
values provided by geodetic-quality GPS 
receivers. Rapidly changing values indicate 
scintillation activity (compare the top two 
panels in Figure 2, which show the effect of 
scintillations on GPS data collected in south
ern Brazil). We can detect this sort of scintil
lation during the measurements because most 
geodetic receivers display the SIN values on 
their control panels. SIN values are also com
monly stored in the raw data sets collected by 
geodetic receivers. 

Phase scintillations result from sudden 
changes in ionospheric refraction or from dif
fraction effects. Because of these scintilla
tions, the phase of both the Ll and L2 can·iers 
can change by several cycles between two 
measurements spaced by as little as l 0 sec
onds. Such perturbations complicate cycle 
slip detection and repair. 

The rapid frequency changes in the 
received signal associated with phase scintil
lation effects can cause GPS receiver systems 
to lose lock. The range-rate errors can pro
duce an apparent change in the Doppler fre
quency shift of greater than l Hz per second, 
which exceeds the tracking capability of 
many receivers. Under quiescent conditions, 
ionospheric refraction causes the Ll-L2 



phase difference to change slowly. 
In the case of phase scintillations, 
however, the phase differences 
can change rapidly by more than a 
few tenths of a cycle, so that L2 
channels that are aided by Ll 
tracking data lose lock. 

We can easily detect phase 
scintillation in continuous single-
station, dual-frequency phase 
data. A suitable observable is 
given by the gradient of iono
spheric refraction between two 
epochs separated by, for example, 
one . minute. (The ionospheric 
refraction to within a constant 
bias is deduced by scaling the dif-
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Figure 3. Percentage occurrence of phase scintillations as observed with GPS at Kokee Park, 
Hawaii , in 1992. Left: temporal variations. Right: spatial variations. 

able contain the complete ionospheric infor
mation included in dual-frequency phase 
data. On the one hand, the RoT values are 
determined by the TEC and its spatial and 
temporal changes. On the other hand, these 
values depend on the movement of the satel
lite as seen from the observation site. RoT 
time series are especially useful for the detec
tion of disturbances. A smooth curve indi
cates an undisturbed satellite pass. Phase 
scintillations caused by sudden changes in 
ionospheric refraction appear as spikes (see 
the middle pair of panels in Figure 2) . A 
phase scintillation index can be computed as 
the root mean square (rms) over detrended 
parts of these time series. Any dual-fre
quency receiver could compute and interpret 
such an index while operating either in static 
or in kinematic mode, and if scintillations 
were detected, the receiver could provide an 
appropriate real-time warning to the GPS 
user. 

The severest scintillation effects on the 
performance of GPS receivers occur in the 
equatorial region. The navigation community 
operating in this region needs to be aware of 
the potential for significant data loss. The 
surveying community is affected even more. 
Under scintillation conditions, surveyors also 
must cope with an increased number of cycle 
slips, whose repair is often impracticable. 
Although an improvement in receiver tech
nology might somewhat reduce the effects of 
amplitude and phase scintillations, it could 
not eliminate them completely. With the 
introduction of antispoofing (AS), the situa
tion will be further aggravated. Under AS, 
most civil dual-frequency users will be 
forced to employ receivers with cross-corre
lation or squaring channels, which are more 

affected by scintillations than code-correla
tion channels. The unavoidable conclusion is 
that GPS is not necessarily an "all-iono
sphere" positioning system. 

Although equatorial scintillations can be 
much stronger than high-latitude scintilla
tions, they have one positive characteristic: 
their occurrence is limited to nighttime hours 
and certain months of the year. At least in the 
case of surveying applications, the scintilla
tion effects can be avoided by careful' selec
tion of the observation times. Obviously, this 
prescription won't be of much help to most 
navigational users of GPS . 

MONITORING SCINTILLATIONS 
The effects of equatorial scintillations on 
GPS observations can be observed best with 
GPS itself. An example with data from 
Hawaii will demonstrate the usefulness of 
scintillation monitoring for the planning and 
performance of GPS surveys. 

Hawaii is located at approximately 20° N 
magnetic latitude, lying underneath the equa
torial region of the ionosphere. Though the 
main scintillation activity takes place at about 
10° N and S of the magnetic equator, we can 
also expect effects to be seen in Hawaii. Data 
from the permanent GPS tracking station at 
Kokee Park, Hawaii - a station in both the 
Cooperative International GPS Network 
(CIGNET) and the International GPS Geody
namics Service (IGS) (see "Geodynamics: 
Tracking Satellites to Monitor Global 
Change" in the February 1993 issue of GPS 
World) - are available for the whole of 
1992, with the exception of a data gap from 
mid-September to mid-November. Because 
the analysis for this example used data in 
Receiver INdependent EXchange format 

(RINEX), only phase scintillations - no 
amplitude scintillations- could be detected. 
When raw data are converted to RINEX for
mat, much of the SIN information gets lost as 
the SIN value is projected onto the interval 
1-9. 

Figures of the percentage occurrence of 
phase scintillations were produced with the 
help of the phase scintillation index de
scribed earlier. Of major interest to GPS 
users is the temporal distribution of the dis
turbances . If we assume a height of the small
scale inegularities of 400 kilometers, we can 
localize the scinttllations. Figure 3 shows the 
temporal and spatial extent of the observed 
phase scintillations. 

Figure 3 indicates that no phase scintilla
tions were detected from January through 
April nor in November and December. The 
observed scintillation activity from March 
through September and October was not as 
severe as scintillation activity monitored in 
southern Brazil, which is closer to the mag
netic equator. No significant data loss could 
be justifiably attributed to scintillation activ
ity. The figures reveal that the main activity 
was limited to the period from sunset to local 
midnight, but on occasion scintillations con
tinued until dawn. The geographical distrib
ution of scintillation activity shows a 
decrease in activity with increasing latitude. 
The part of the ionosphere lying to the north 
of Kokee Park produced very few observed 
scintillations. Though only 12 percent of the 
observations were from signals that traversed 
the ionosphere south of 18° N latitude (based 
on an assumed ionospheric height of 400 
kilometers) , more than 50 percent of the 
detected scintillations occurred in this region. 
The paucity of GPS satellite passes south of 
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Figure 4. Double-difference phase residuals of all satellite pairs for full wavelength 
L 1, L2, and the widelane linear combination, LW, from a 1 0-kilometer baseline 
in southern Brazil. Data collected on March 25-26, 1992, using an elevation 
mask of 15°. 

18° N results in periods of up to some hours 
without any data from this region. This 
incompleteness explains some features of the 
scintillation occurrence map, such as the 
apparent late beginning of scintillation activ
ity at approximately 21 hours local time (LT) 
in May and the apparent activity gap after 
midnight in August and September. 

Despite the fact that the figure for the tem
poral distribution of scintillation occurrence 

. is somewhat affected by the incomplete cov
erage of the sky with GPS satellite passes, it 
is of utmost importance to the planning of 
GPS surveys in the vicinity of Hawaii. We 
can assume that the temporal distribution in 
1993 and also in subsequent years will be 
similar to that of 1992. Hence, with the help 
of this information extracted from permanent 
GPS tracking station data, we can easily 
avoid equatorial scintillations. 

Furthermore, we were able to show that in 
and near Hawaii , scintillation effects on 
receivers with code-correlation tracking 
channels resulted in negligible amounts of 
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data loss. We may infer, then, that most GPS 
navigational applications are not affected by 
these ionospheric disturbances. 

In 1992, there were only a few permanent 
non- Department of Defense GPS tracking 
stations in the equatorial region. With the 
ongoing establishment of IGS and other net
works, the number of stations will grow. The 
data collected at these stations should be used 
to study ionospheric disturbances further and 
to test and improve GPS receiver perfor
mance under disturbed conditions. 

HIGH TOTAL ELECTRON CONTENT 
The equatorial anomaly regions, located 
about 10°- 20° on either side of the magnetic 
equator, are the regions where the world 's 
highest TEC values are encountered. Here, 
pseudorange and carrier-phase biases caused 
by ionosphere refraction can reach up to 100 
meters for signals arriving at low-elevation 
angles . Errors remaining after dual-fre
quency correction do not exceed 10 centime
ters and are usually much smaller. 

In contrast to mid-latitude sites, there is 
often no single maximum in the diurnal vari
ation of the electron content but rather two 
maxima: one around noon and one in the 
evening hours. The second maximum can 
even exceed the level of the first one. More
over, an extremely large day-to-day TEC 
variability can occur in the afternoon and 
evening hours. Under these conditions, cor
rections of single-frequency GPS measure
ments using global ionospheric forecast 
models may be of little value. 

LARGE HORIZONTAL GRADIENTS 
In the case of relative positioning with GPS, 
it is not the TEC itself but the horizontal gra
dients of TEC that are most important. The 
largest horizontal gradients in the electron 
density are found in the regions of the equa
torial anomalies. On the one hand, there are 
large gradients from the equatorial crest to 
the mid-latitudes and in the opposite direc
tion to the magnetic equator (north-south 
gradients). On the other hand, minor gradi
ents are caused by the diurnal cycle of the 
ionospheric electron content (east-west gra
dients). The large-scale gradients of the sec
ond daily TEC maximum usually exceed the 
gradients of the first maximum. 

Using GPS data collected in southern 
Brazil, in the region of the southern equator
ial anomaly, we observed horizontal gradi
ents as large as 30 X 1016 electrons per 
square meter (el/m2) per 100 kilometers in 
the north-south direction. However, the 
east-west gradients did not exceed 3 X 1016 
el/m2 per I 00 kilometers. These gradients 
were observed after sunset in March 1992, 
that is, around the time of the vernal equinox. 
At that time of the year, extreme ionospheric 
conditions may be expected. By way of com
parison, in the mid-latitudes, horizontal gra
dients seldom exceed 2 X 1016 el/m2 per 100 
kilometers. The effects of large TEC gradi
ents on GPS positioning will be explained 
using this example from southern Brazil 
(which is illustrated by Figure 4). 

For differential GPS (DGPS) applications, 
if the baseline is sufficiently short, we may 
assume that the ionospheric conditions above 
the two stations are highly correlated. In this 
case, the differential corrections computed 
for a remote station by a single-frequency 
receiver at the reference station include a cor
recti on for ionospheric refraction. After these 
corrections are applied, the remaining 
pseudorange errors are often less than 1 
meter. However, in the presence of large
scale horizontal gradients, only a part of the 
ionospheric error at the remote station is 
included in the correction of the reference 
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station. Because horizontal gradients of 30 X 
1016 elfm2 per 100 kilometers correspond to 
an Ll differential range error of at least 5 
meters per 100 kilometers (depending on the 
elevation angle of the satellite), an additional 
positioning error of similar size can be 
expected. Consequently, in the equatorial 
region , DGPS accuracies are often poorer 
than those attained in the mid-latitudes. 

We can draw similar conclusions for sin
gle-frequency static GPS surveying. Even 
when long observation periods are used, 
ionospheric gradients may cause significant 
position errors for short baselines because of 
the gradients ' temporal stability. The pro
cessing of data from a 10-kilometer baseline 
in blocks of I hour showed coordinate errors 
of I centimeter (I part per million [ppm] of 
the baseline length) before suruise, of up to 5 
centimeters (5 ppm) during the daylight 
hours, and of more than 30 centimeters (30 
ppm) from the early evening hours until after 
midnight. This example demonstrates that in 
the equatorial anomaly regions, precise GPS 
surveying can be performed only with dual
frequency receivers. 

But even with dual-frequency data, se1ious 
problems can occur in the data processing. 
Precise applications of GPS require the reso
lution of the integer ambiguities of the dou
ble-difference phase.observable. Here again, 
it is assumed that the ionospheric effects at 
the two receivers are highly con·elated and, in 
the case of shmt baselines, can be removed 
with differencing. In the presence of large
scale horizontal gradients, however, the 
ambiguity determination is affected consider
ably. Figure 4 shows double-difference phase 
residuals from the 10-kilometer baseline dis
cussed in the preceding paragraph. These 
large residuals are almost all caused by large
scale horizontal gradients. We can see that 
those gradients mainly occur around the time 
of the second daily TEC maximum. 

Maximum residuals amount to 4.6 cycles 
of L 1 ( 1 cycle corresponds to a wavelength of 
19.0 centimeters), 5.9 cycles of 12 (with a 
wavelength equal to 24.4 centimeters), and 
1.3 cycles of the widelane linear combination 
(with an effective wavelength of 86 centime
ters). The widelane residuals, for example, 
exceed 0.5 cycles for 6 out of 24 hours. The 
magnitude of double-difference residuals 
caused by ionospheric refraction is, in the 
first approximation, proportional to the base
line length. A baseline measured under the 
same ionospheric conditions and with the 
same azimuth but twice as long would expe
Iience effects about twice as large. 

In our example, all ambiguities could have 
been solved for correctly, because we had 
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dual-frequency data extending over more 
than 24 hours. Ambiguity resolution for ses
sions of 1 hour during the period of the max
imum gradients ( 18 to 2 hours LT) either 
yields incomplete solutions or incorrect ones. 
If the session length is reduced even further, 
which is suggested for rapid-static position
ing, ambiguity resolution is impracticable for 
baselines of this length using data-processing 
software available today. Furthermore, ambi
guity resolution of single-frequency data is 
completely impossible in the presence of 
these gradients. 

The data processing of the Kokee Park 
GPS observations revealed that Hawaii lies at 
the northern boundary of the northern equa
torial anomaly. Large-scale gradients be
tween a low electron content in the north and 
a high electron content in the south could be 
observed almost every afternoon and eve
ning. Strong gradients occurred from January 
to March and in November and December 
1992; that is, they appeared in those months 
without strong scintillation activity. In south
ern Brazil, however, scintillations and large
scale gradients occuned on successive days 
in March 1992. 

CONCLUSIONS 
In the equatorial region, the GPS user needs 
to be aware of severe ionospheric conditions 
that are unknown or very infrequent in the 
mid-latitudes. The worst effects can be 
expected in the afternoon through midnight 
hours. Understanding the seasonal dependen
cies helps the GPS user to avoid them. 
Because we are now in the declining phase of 
the present solar cycle, smaller effects than 
described in this article can be expected for 
the next six years or so. 

GPS receiver performance deteriorates in 
the presence of ionospheric scintillations. All 
types of receivers can, at times, experience 
considerable tracking problems with result
ing data loss. The full-time implementation 
of AS will aggravate these problems for the 
12 frequency. 

Differential GPS applications are affected 
by large-scale horizontal gradients of the 
ionospheric electron content. These gradients 
cause large position enws and can prevent 
phase ambiguity resolution for single-fre
quency data. Although dual-frequency obser
vations can effectively be used to make 
ionospheric conections, in the presence of 
strong gradients, the determination of dou
ble-difference ambiguities becomes consid
erably more complicated, even for short 
baselines. 

There are still many important aspects of 
the equatorial ionosphere that we do not 

understand. Permanent GPS tracking stations 
will provide valuable information on the 
regional and temporal distribution of the dis
turbing ionospheric conditions. GPS obser
vations will also contribute to a better 
understanding of the complex physical and 
chemical processes in the ionosphere, which 
ultimately may benefit the navigation and 
surveying communities. 
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