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Abstract. Today repeated GPS measurements are still in use,

because we cannot always employ GPS permanent stations

due to a variety of limitations. One area of study that uses ve-

locities/deformation rates from repeated GPS measurements

is the monitoring of crustal motion. This paper discusses the

quality of the velocities derived using repeated GPS mea-

surements for the aim of monitoring crustal motion. From a

global network of International GNSS Service (IGS) stations,

we processed GPS measurements repeated monthly and an-

nually spanning nearly 15 years and estimated GPS veloci-

ties for GPS baseline components latitude, longitude and el-

lipsoidal height. We used web-based GIPSY for the process-

ing. Assuming true deformation rates can only be determined

from the solutions of 24 h observation sessions, we evaluated

the accuracy of the deformation rates from 8 and 12 h ses-

sions. We used statistical hypothesis testing to assess the ve-

locities derived from short observation sessions. In addition,

as an alternative control method we checked the accuracy of

GPS solutions from short observation sessions against those

of 24 h sessions referring to statistical criteria that measure

the accuracy of regression models. Results indicate that the

velocities of the vertical component are completely affected

when repeated GPS measurements are used. The results also

reveal that only about 30 % of the 8 h solutions and about

40 % of 12 h solutions for the horizontal coordinates are ac-

ceptable for velocity estimation. The situation is much worse

for the vertical component in which none of the solutions

from campaign measurements are acceptable for obtaining

reliable deformation rates.

1 Introduction

Today GPS is widely used to monitor crustal motion. Meth-

ods of continuous GPS have been well established for this

purpose (Mao et al., 1999; Williams et al., 2004; Amiri-

Simkooei et al., 2007) and are routinely used for monitor-

ing tectonic motion. Researchers are also studying real-time

continuous GPS and high-rate GPS from the frequencies of

1 to 50 Hz GPS for the same purpose (Genrich and Bock,

2006; Blewitt et al., 2006, 2009; Larson, 2009; Avallone et

al., 2011; Crowell et al., 2012). Such studies aim to use the

results for the early prediction of earthquakes, tsunamis and

other natural hazards of similar character.

Static GPS measurements have been the tradition for re-

solving large crustal motion. However, recently scientists

have been working on improving the quality of real-time

measurements and rapid static GPS based on continuously

operating reference stations (Crowell et al., 2012; Hastaoglu

and Sanli, 2011; Wang and Soler, 2012). The accuracy of

static GPS measurements has been documented well. Re-

searchers have studied the effect of observing session dura-

tion, baseline length and the network of reference stations on

the accuracy of the static GPS (Eckl et al., 2001; Soler et al.,

2006; Sanli and Engin, 2009; Firuzabadì and King, 2012).

Repeated static GPS measurements (also known as GPS

campaigns or episodic GPS), which were the desired meth-

ods in crustal motion monitoring starting from the end of

1980s, are still in use due especially to financial limita-

tions and various other constraints. Ideal observation session

length for a GPS campaign is 24 h. Additionally, carrying

out repeated GPS measurements in three different sessions

over 3 consecutive days is desired. However, depending on

the field work limitations, repeated GPS measurements are

Published by Copernicus Publications on behalf of the European Geosciences Union.



876 V. Akarsu et al.: Accuracy of velocities from repeated GPS measurements

sometimes performed with only one session usually lasting

6 h through 12 h. In the literature, it is possible to come across

many crustal deformation experiments performed in this way

(Miranda et al., 2012; Elliot et al., 2010; Rontogianni et al.,

2010; Ashurkov et al., 2011; Ozener et al., 2012; Tran et al.,

2012; Catalão et al., 2011).

Time series characteristics of continuous GPS solutions

and the quality of velocities estimated from long GPS time

series have been studied in detail (Williams, 2003; Amiri-

Simkooei et al., 2007; Santamaría-Gómez et al., 2011). The

accuracy of GPS static positioning has also been reported

thoroughly; however, investigations on the accuracies of

static GPS velocities from repeated measurements have not

been carried out yet (Eckl et al., 2001; Soler et al., 2006;

Sanli and Engin, 2009; Firuzabadì and King, 2012). While

bringing rapid static GPS solutions into conformity with

static GPS solutions, Hastaoglu and Sanli (2011) noticed that

the accuracy of GPS velocities from the repeated measure-

ments is highly correlated with the observing session dura-

tion.

In this study, using the continuous data of International

GNSS Service (IGS) stations archived by the Scripps Or-

bit and Permanent Array Center (SOPAC) we studied the

accuracy of static GPS velocities from the repeated cam-

paign measurements. The 24 h IGS data were segmented into

shorter sessions (i.e., 8 and 12 h) to create the GPS cam-

paigns, and GPS positions were computed for these sub-

segmented campaigns. Position time series were formed for

all three GPS baseline latitude, longitude and ellipsoidal

height using data from the repeated GPS campaigns, which

were prepared as explained in the above. The GPS veloci-

ties computed from the short GPS campaigns for all three

baseline components were then compared with the velocities

computed from 24 h data. Based on various statistical meth-

ods, conclusions were drawn on the quality of the velocities

derived from campaign measurements which are still in use

today for monitoring crustal deformation.

2 Analysis of GPS data

GPS data were obtained from IGS through SOPAC

archives at http://sopac.ucsd.edu/ as described in Ozturk and

Sanli (2011). The permanent GPS stations used throughout

the study are shown in Fig. 1. GPS data were obtained in

Receiver Independent Exchange (RINEX) format and sam-

pled with 7.5◦ elevation cutoff angle and 30 s recording in-

tervals. Jet Propulsion Laboratory (JPL) final precise orbits

and clocks were used in the analysis.

The Automatic Precise Positioning Service (APPS) was

used to process the GPS data. APPS is implemented by

the Global Differential GPS System of NASA’s JPL (http://

apps.gdgps.net). It employs GIPSY/OASIS software’s “pre-

cise point positioning” (PPP) developed by Zumberge et

al. (1997). GIPSY utilizes precise satellite orbit and clock

200˚

200˚

240˚

240˚

280˚

280˚

320˚

320˚

0˚

0˚

40˚

40˚

80˚

80˚

120˚

120˚

160˚

160˚

-40˚ -40˚

0˚ 0˚

40˚ 40˚

80˚ 80˚

ANKR

AREQ

DAV1

GUAM

KELY KIRU

KOUR

POL2

TOW2

TRAK USUDVILL

YELL

Figure 1. IGS permanent GPS stations used in the study.

data from a global network solution (i.e., JPL “final” pre-

cise orbit determination). The results were represented using

the International Earth Rotation Service’s reference system

ITRS (Petit and Luzum, 2010), as realized through the refer-

ence frame ITRF2005 (Altamimi et al., 2007). Tropospheric

zenith wet delay was modeled as a random-walk parame-

ter with variance of 3 mm2 per hour. The dry troposphere

was modeled using a global mapping function (Boehm et al.,

2006). The ionospheric delay was eliminated from the L1

and L2 data combination using both pseudo-range and car-

rier phase observations. Second-order ionospheric correction

was applied using the model of Kedar et al. (2003). Satel-

lite and receiver antenna phase center variation maps were

automatically applied following IGS standards.

A total of 13 IGS sites distributed widely around the globe

were selected for the analysis (Fig. 1). We applied two differ-

ent analysis strategies. First, for each site we selected around

15 days of data observed each year in January from the years

1995 to 2010 inclusive. This was to assess the GPS cam-

paigns that are performed traditionally. Namely, GPS data

are collected 1 day per year, usually over 6 to 10 h, and the

campaigns are continued for a few years. Secondly, we sam-

pled the data (i.e., densified the time series), taking 1 day

from each month of the year corresponding to January, again

spanning about 15 years. This was actually to take into ac-

count the seasonal variation due to annual and semiannual

terms in the vertical component (Blewitt and Lavalleé, 2002).

Obviously this would not be achieved with annually sampled

data.

Each day’s data were subdivided into mutually non-

overlapping sessions for each of 8 and 12 h values of the ob-

serving session. For each subset of data, we computed the po-

sitional coordinates using the PPP method described above.

For each day and each unknown point, a position was com-

puted for each 24 h session. The position from each day’s

24 h sessions was then adopted as the “true” position of the

point. For the monthly and annually sampled data spanning
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1995 through 2010, true position time series for the geodetic

coordinates latitude, longitude and ellipsoidal height (i.e., φ,

λ and h) were formed from 24 h solutions. The velocities

estimated from 24 h solution time series were accepted as

the truth, and these were compared with the velocities ob-

tained from the short, segmented (i.e., 8 and 12 h) solution

time series. These velocities form the basis for the statistics

presented throughout this paper.

3 Evaluation procedure

In this section we describe our analysis procedure for the site

KIRU using the annually sampled GPS campaigns, and in

the following section we present results and discussions for

all 13 sites following the same procedure. Figure 2 depicts

the comparison of 8 and 24 h position time series for three

GPS baseline components: latitude, longitude and ellipsoidal

height.

In Fig. 2, the black discrete line connected through a black

diamond indicates the variation with time from 24 h measure-

ments. The variations of 0–8, 8–16 and 16–24 h are super-

imposed onto the variation of the 24 h. Note that for latitude

and longitude the variation from sub-segmented 8 h solutions

align well with the variation from 24 h. The difference of

the deformation rates for the longitude values is only slightly

worse than those of the latitude values. This is also the case

for the R2 values. The variation for the horizontal coordi-

nates is almost linear, clearly showing the tectonic motion of

the station. To model the linear variation we used

xi = ati + b+ vi, (1)

where xi designates any coordinate value, a the velocity

(i.e., deformation rate), b the intercept, ti the time and vi
residuals. Stations such as ANKR and AREQ contain off-

sets due to earthquakes. Thus, to account for the offsets in

the data we expand Eq. (1) as

xi = ati + b+ oixoff+ vi, (2)

where oi is the offset coefficient and xoff is the offset magni-

tude.

However, the height component deviations of short ses-

sions in comparison to 24 h solutions are greater. In order to

provide a clearer presentation we prepared Table 1.

In Table 1, we compare crustal motion and R2 values from

8 and 24 h solutions for latitude, longitude and height. The

statistical tool R2 is used in regression analysis as a measure

of fit of the regression line for pairs of variables. R2, i.e., the

“coefficient of determination”, for any coordinate x is given

by

R2
= 1−

n∑
i=1

v̂2
i

n∑
i=1

(xi − x)2
= 1−

n∑
i=1

(xi − x̂i)
2

n∑
i=1

(xi − x)2
, (3)
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Figure 2. Comparison of the crustal motion using the results of

short sessions and 24 h solutions for the station KIRU.

where x = 1
n

n∑
i=1

xi and n denotes the number of measure-

ments.

The residual v̂i = xi − x̂i refers to the regression values

x̂i = âti + b̂ based on the least squares (
n∑
i=1

v2
i =min) esti-

mates â, b̂ in the observation model given by Eq. (1).

Note that for the horizontal components in Table 1,R2 val-

ues from latitude and longitude for 8 h evaluations are pretty

close to those of 24 h solutions. R2 values are usually at 0.99

levels, showing almost perfect linearity due to tectonic mo-

tion.

The crustal motion for the height component for KIRU

from the annually sampled data is not clearly linear, and
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Table 1. Comparison of the R2 values and deformation rates for all

three GPS baselines from the station KIRU. R2 values are obtained

through the regression analysis of GPS solution time series.

Coordinate time series R2/Velocity (mm yr−1)

24 h 0–8 h 8–16 h 16–24 h

Latitude 0.9963 0.9950 0.9926 0.9927

14.8 14.8 14.6 14.5

Longitude 0.9954 0.9918 0.9890 0.9942

15.4 15.8 15.2 15.4

Height 0.7632 0.7145 0.6874 0.6933

5.6 5.7 5.4 5.1

hence R2 values vary between 0.68 and 0.75. This is be-

cause height time series can not only be explained with a lin-

ear variation. Blewitt and Lavalleé (2002) showed that GPS

height time series also contain annual seasonal motion. The

major annual motion is induced from hydrological and atmo-

spheric loading. Later on, Williams et al. (2004) and Amiri-

Simkooei et al. (2007) included annual and semiannual mo-

tions in their analysis of continuous GPS time series. San-

tamaría Gómez et al. (2011) noticed seasonal variations in

continuous GPS time series from smaller periods such as 3

and 4 months but obviously with decreasing amplitudes. For

this reason, a linear model might not always fit well to height

time series and one might encounter smaller R2 values. Also

note that, for the height component, the differences between

the R2s of 8 h solutions and 24 h solutions become larger. In

addition, the difference in the deformation rates when 24 h

solutions are taken as the truth becomes worse for the height

component. For this reason, as an additional remedy mainly

to improve the findings of the vertical component, we den-

sified the solution time series so that the series will include

results from monthly spanned GPS data, and hence the sea-

sonal motion due to annual and semiannual terms will be

taken into account. Obviously, we further extended our ob-

servational model given with Eq. (2) into

xi = ati + b+ oixoff+

q∑
n=1

[cncos
2πkti

Tn
+ dnsin

2πkti

Tn
]+ vi,

(4)

where q = 2,T1 = 1 year and T2 = 0.5 year. Note that the

repetition of the observations at the same date each year

is quasi-periodic with modulated (time-dependent) coeffi-

cients.

In order to assess the velocities from 8 and 12 h solutions,

we applied hypothesis testing to the velocity values â esti-

mated from least squares analysis. First we tested whether

or not unit variances, i.e., the unit variances from the least

squares estimation analysis of 24 h and shorter spans, are

equal. An F test has been applied with the null hypothe-

sis H0 : σ
2
024 = σ

2
0s against the alternative hypothesis HA :

σ 2
024 6= σ

2
0s, where σ 2

024 denotes the unit variances from 24 h

sessions and σ 2
0s the unit variance from short GPS campaigns.

Ensuring the unit variances are equal then we tested the zero

hypotheses H0 : µ8 = µ24 and H0 : µ12 = µ24 against the

alternative hypotheses HA : µ8 6= µ24 and HA : µ12 6= µ24.

Here µ8, µ12 and µ24 correspond to the estimates â8, â12

and â24, respectively. Namely we tested whether the veloc-

ities obtained from 8 or 12 h solutions differ significantly

from the velocities derived from 24 h solutions. Since hori-

zontal components are under the effect of tectonic motion,

which is linear in character, and one can observe this mo-

tion clearly from the annual time series (with R2 values al-

most perfectly close to 1) of horizontal components, we did

not refer to the results of monthly solutions for the evalua-

tion of the velocities for horizontal GPS coordinates. Hence,

we were also able to criticize the previous work that used

annually repeated GPS campaigns. Since degree of freedom

values from annual solutions were small varying between 10

and 13, we used Student’s two-sided t test for the horizontal

components. The degree of freedom for the vertical compo-

nent was around 160, and hence a two-sided z test was used

for testing the velocities of the height component.

As an alternative statistical methodology, we formed root

mean square differences (RMSDs) using 24 h solutions as

the truth and compared those with root mean square error

of the estimated coordinates (RMSEEs) derived from the re-

gressions of individual short session solutions. The RMSD

between the time series of 24 h solutions and those of the

shorter data spans (i.e., 8 and 12 h) can be formed with (Pan

and Yin, 2012)

RMSD=

√∑
(xs− x24)

2

n
, (5)

where x24 denotes the random variable for GPS solutions us-

ing 24 h data, xs denotes the random variable for solutions

using short GPS observations such as 8 and 12 h and n de-

notes number of measurements (i.e., solutions). RMSEE is a

measure of the accuracy of predictions made with a regres-

sion line. Referring to Eqs. (1) through (3), RMSEE can be

formed as (Brown, 1999)

RMSEE=

√∑
(x− x̂)2

n− 2
(6)

or

RMSEE= Sx

√
1− r2

√
n

n− 2
, (7)

where r is the sample correlation (i.e., correlation between x

and t in Eq. 1) and Sx is the sample standard deviation of x.

4 Results and discussion

In Tables 2 through 4 we represent the statistical hypothe-

sis testing results outlined in the previous section and the
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Table 2. Hypothesis testing results for latitude: rejections indicated

in bold-faced letters are related to an F test; rejections indicated in

underlined bold-faced letters are from Student’s t test; the stations

with R2 values smaller than 0.99 are not used in the evaluation.

Station 8 h 12 h 24 h

R2 Test result R2 Test result R2

ANKR 0.9796

0.9967

0.9905

H 0 rejected

H 0 rejected

H 0 rejected

0.9939

0.9962

H0 rejected

H0 rejected

0.9984

AREQ 0.9964

0.9965

0.9965

H0 accepted

H0 accepted

H0 accepted

0.9973

0.9961

H0 accepted

H0 accepted

0.9969

DAV1 0.9863

0.8892

0.9464

H0 accepted

H 0 rejected

H 0 rejected

0.9795

0.9402

H 0 rejected

H 0 rejected

0.9839

GUAM 0.5801

0.5761

0.7348

H 0 rejected

H0 accepted

H0 accepted

0.6241

0.6917

H 0 rejected

H0 accepted

0.7571

KELY 0.9725

0.9742

0.9951

H 0 rejected

H 0 rejected

H0 accepted

0.9996

0.9904

H0 accepted

H 0 rejected

0.9965

KIRU 0.9950

0.9926

0.9927

H0 accepted

H0 accepted

H0 accepted

0.9937

0.9961

H0 accepted

H 0 rejected

0.9926

KOUR 0.9956

0.9913

0.9211

H0 accepted

H 0 rejected

H 0 rejected

0.9914

0.9886

H 0 rejected

H 0 rejected

0.9956

POL2 0.9978

0.9963

0.9981

H 0 rejected

H 0 rejected

H 0 rejected

0.9986

0.9985

H 0 rejected

H0 accepted

0.9985

TOW2 0.9675

0.9995

0.9991

H 0 rejected

H 0 rejected

H 0 rejected

0.9933

0.9995

H 0 rejected

H0 accepted

0.9996

TRAK 0.9968

0.9917

0.9753

H0 accepted

H 0 rejected

H 0 rejected

0.9971

0.9852

H 0 rejected

H 0 rejected

0.9945

USUD 0.9429

0.9698

0.9704

H0 accepted

H0 accepted

H 0 rejected

0.9489

0.9735

H0 accepted

H0 accepted

0.9667

VILL 0.9937

0.9954

0.9977

H 0 rejected

H 0 rejected

H 0 rejected

0.9977

0.9982

H 0 rejected

H0 accepted

0.9988

YELL 0.9928

0.9774

0.9944

H0 accepted

H 0 rejected

H0 accepted

0.9954

0.9899

H 0 rejected

H0 accepted

0.9944

R2 values indicating how well the solutions of shorter ses-

sions fit to the mathematical models used. These constitute

the model given in Eq. (2) for the horizontal components and

the model given in Eq. (4) for the vertical component. In the

final column of each table, we also provide the R2 values of

the solutions derived from 24 h sessions.

In the tables, ifH0 is indicated as accepted this means that

the deformation rate (i.e., the velocity value) from the so-

lutions of shorter sessions does not significantly differ from

that of the 24 h solution. The bold-faced rejected H0 means

σ 2
0 from the least squares analysis of shorter sessions signif-

Table 3. Hypothesis testing results for longitude: rejections indi-

cated in bold-faced letters are related to an F test; rejections indi-

cated in underlined bold-faced letters are from Student’s t test; the

stations with R2 values smaller than 0.99 are not used in the evalu-

ation.

Station 8 h 12 h 24 h

R2 Test result R2 Test result R2

ANKR 0.7359

0.5785

0.6401

H 0 rejected

H0 accepted

H 0 rejected

0.4727

0.7120

H0 accepted

H0 accepted

0.6704

AREQ 0.9964

0.9971

0.9961

H0 accepted

H0 accepted

H0 accepted

0.9964

0.9965

H0 accepted

H0 accepted

0.9968

DAV1 0.6495

0.5418

0.7756

H 0 rejected

H 0 rejected

H0 accepted

0.6735

0.8527

H0 accepted

H0 accepted

0.8075

GUAM 0.6150

0.9306

0.9096

H 0 rejected

H 0 rejected

H0 accepted

0.8530

0.9083

H0 accepted

H0 accepted

0.9444

KELY 0.9873

0.9566

0.9963

H 0 rejected

H 0 rejected

H 0 rejected

0.9935

0.9941

H 0 rejected

H 0 rejected

0.9973

KIRU 0.9918

0.9890

0.9942

H 0 rejected

H 0 rejected

H0 accepted

0.9946

0.9929

H 0 rejected

H 0 rejected

0.9954

KOUR 0.5840

0.7160

0.6112

H 0 rejected

H 0 rejected

H 0 rejected

0.8820

0.6419

H0 accepted

H0 accepted

0.8581

POL2 0.9792

0.9686

0.9730

H0 accepted

H0 accepted

H 0 rejected

0.9757

0.9733

H0 accepted

H 0 rejected

0.9833

TOW2 0.9600

0.9790

0.9964

H 0 rejected

H 0 rejected

H 0 rejected

0.9901

0.9968

H 0 rejected

H 0 rejected

0.9973

TRAK 0.9925

0.9902

0.9903

H 0 rejected

H 0 rejected

H 0 rejected

0.9914

0.9960

H 0 rejected

H0 accepted

0.9972

USUD 0.0049

0.1218

0.0282

H 0 rejected

H0 accepted

H 0 rejected

0.0001

0.0807

H0 accepted

H0 accepted

0.0484

VILL 0.9883

0.9943

0.9957

H 0 rejected

H 0 rejected

H 0 rejected

0.9977

0.9959

H0 accepted

H0 accepted

0.9977

YELL 0.9859

0.9948

0.9966

H 0 rejected

H 0 rejected

H0 accepted

0.9918

0.9974

H 0 rejected

H0 accepted

0.9977

icantly differs from that of the 24 h solution according to an

F test with α = 0.05, whereas bold-faced underlined rejected

H0 means the deformation rate from the shorter sessions sig-

nificantly differs from that of the 24 h solution according to

a t test.

Note that Table 4 contains results from only five of the

GPS stations we used. This is because we omitted the stations

with R2 values less than 0.65. This will be discussed later on

in this section as we interpret the results from the vertical

component.
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Table 4. Hypothesis testing results for ellipsoidal height: rejections

indicated in bold-faced letters are related to an F test; rejections

indicated in underlined bold-faced letters are from Student’s t test;

the stations with R2 values smaller than 0.90 are not used in the

evaluation.

Station 8 h 12 h 24 h

R2 Test result R2 Test result R2

ANKR 0.7067

0.5270

0.6300

H 0 rejected

H 0 rejected

H 0 rejected

0.7065

0.6707

H 0 rejected

H0 accepted

0.7143

AREQ 0.4115

0.5412

0.3608

H 0 rejected

H0 accepted

H 0 rejected

0.5880

0.4345

H 0 rejected

H 0 rejected

0.6472

KELY 0.9054

0.8817

0.8831

H 0 rejected

H 0 rejected

H 0 rejected

0.9126

0.9181

H 0 rejected

H 0 rejected

0.9331

KIRU 0.8602

0.8739

0.7772

H 0 rejected

H 0 rejected

H 0 rejected

0.8821

0.8727

H 0 rejected

H 0 rejected

0.9091

YELL 0.8648

0.8627

0.8873

H 0 rejected

H 0 rejected

H 0 rejected

0.8923

0.9108

H 0 rejected

H 0 rejected

0.9171

As expected, both deformation rates and R2 values from

12 h solutions for latitude and longitude components better

approximate to those of the 24 h solutions than the vertical

component. This can be clearly observed from Table 4. There

the differences between the related R2 values can be distin-

guished clearly.

Note thatR2 values for the horizontal components are usu-

ally at 0.95 or over. This is due to the fact that the horizontal

motion is in general related to the tectonic motion and shows

clear linearity. Thus R2 values which are close to 1 are the

principal indicator of this. For the assessment of horizontal

components latitude and longitude we usedR2 values greater

than 0.99. The R2 values are shown in Tables 2 and 3. If one

evaluates the hypothesis testing results in Tables 2 and 3 be-

yond the stations with R2 values smaller than 99 % they will

note that only 40 % of the latitudinal and 43 % of the longitu-

dinal coordinate velocities (i.e., the deformation rates or esti-

mated â values from Eq. 2) from 12 h solutions are compara-

ble to those of the 24 h solutions. The picture is much worse

for the 12 h vertical coordinate velocities. The results in re-

gard to the height component from the new sampling and the

model given with Eq. (4) are presented in Table 4. In Table 4,

only the stations with R2 values greater than 0.65, namely

ANKR, AREQ, KELY, KIRU and YELL, are included. The

R2 values for the rest of the stations ranged from 0.04 to 0.39

and therefore were not included in the table. Obviously, our

model given with Eq. (4) included some unmodeled effects

for eight of the remaining stations. However, for the assess-

ments, we only used the stations with R2 values greater than

0.90, and these stations are also shown in Table 4. The anal-

ysis from this evaluation revealed that none of the estimated

vertical velocities from 12 h sessions are comparable to those

of the 24 h solutions.

In fact, 11 out of 13 GPS stations include significant an-

nual components in the height coordinate. However, only five

of the stations are affected by the semiannual component.

This has been confirmed by applying Student’s two-sided t

test with α = 0.05 to the seasonal constituents c and d in

Eq. (4). Note that the stations with small R2 values usually

correspond to the ones between −40 and +40◦ latitudes. We

know that the magnetic field of the earth has an adverse effect

on the repeated GPS solutions at equatorial regions (Kedar et

al., 2003). Usually the solutions from the vertical component

are affected. Sanli and Tekic (2010) also noted this effect on

GIPSY processing solutions related to the vertical compo-

nent.

Eight hour solutions obviously show poorer results. Only

37 % of latitudinal velocities and 21 % of the longitudinal

velocities are significantly comparable to those of the 24 h

solutions (Tables 2 and 3). The fact that longitudinal esti-

mates are worse than latitudinal estimates could be ascribed

to the ambiguity resolution. At the time of processing version

5.0 of the APPS software was available. However, GIPSY

ambiguity resolution released with version 6.0. Bertiger et

al. (2010) showed the improvement on the longitudinal com-

ponent after applying ambiguity resolution in the processing.

Eight hour vertical velocity estimates are much worse than

those of the horizontal velocity estimates. According to this,

all of the estimated velocities from 8 h sessions significantly

differ from those of the 24 h solutions (Table 4).

One can infer from the above discussion that the accuracy

of the vertical velocities is affected much worse compared to

those of the horizontal components. In addition, if one ex-

tends the observing session from 8 to 12 h, the accuracy is

improved. The reason we prefer to analyze 8 and 12 h is that

those session durations approximate the lower and the upper

limits to the ones usually applied in practice. In other words,

the user prefers about 10 h on average as the observation ses-

sion for the repeated GPS measurements, and they usually

desire to take advantage of the daylight.

The ideal session length for a GPS campaign is obviously

24 h. This is mainly due to the fact that satellite constellation

repeats in 24 h and hence all the systematic effects such as

multipath and mapping-function errors tend to average out

(Blewitt, 1993). If this cannot be managed, one needs to col-

lect GPS measurements at least for 18 h in order to eliminate

the effect of the semi-diurnal (M2) ocean tide loading, es-

pecially in the places where the tidal effect is severe. How-

ever, as implied above, from the view of practical and secu-

rity considerations many users who carry out campaign mea-

surements prefer to take advantage of daylight, and hence

this limits the observation session to 8–12 h. If this is the

case, repeated GPS solutions from campaign measurements

are biased in the places where ocean tide loading is effec-

tive or in the places where high post-glacial rebound/glacial

isostatic adjustment effect is seen (Sanli and Blewitt, 2001).
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Table 5. Comparison of R2 values from annual and monthly GPS

campaigns for the height component using 24 h solutions. The im-

proved R2 values from monthly analysis are shown with bold num-

bers.

Station Annual Monthly

R2 R2

ANKR 0.2181 0.7143

AREQ 0.0060 0.6472

DAV1 0.6836 0.0794

GUAM 0.1769 0.1094

KELY 0.1078 0.9331

KIRU 0.7632 0.9091

KOUR 0.4610 0.0939

POL2 0.0847 0.3900

TOW2 0.0507 0.0453

TRAK 0.4061 0.2858

USUD 0.2887 0.0954

VILL 0.1766 0.0715

YELL 0.5918 0.9171

Obviously there is no need to mention the places in which

subsidence or uplifts occur due to earthquakes, tsunamis or

other natural hazards such as landslides and erosions.

R2 values for the height component from monthly and

annual analyses showed differences. After densifying the

height time series including monthly GPS data, the modeling

usually became stronger for the mid- or higher-latitude north-

ern hemispheric stations with growing R2 values whereas

it got worse for low latitude stations. Interestingly, the R2

value of the station DAV1 from the South Pole (i.e., Antarc-

tica) decreased. We checked the continuous height time se-

ries from SOPAC and noted that the solutions (i.e., the height

estimates) prior to 2004 are very noisy, and this might af-

fect the velocities estimated from annually spanned GPS so-

lutions. Table 5 is designed to compare R2 values from the

annual and monthly campaigns. The evaluation is only given

for 24 h solutions.

Comparison of RMSDs and RMSEEs is given in Tables 6

through 8. In the tables, under the column RMSD, root mean

square differences between 24 h solutions and the solutions

from shorter data spans, such as 8 and 24 h, are represented

according to Eq. (5). The RMSEE column shows root mean

square error of estimated coordinates for 8 and 12 h solutions

according to Eqs. (6) or (7). The solutions showing agree-

ment between the two measures are presented in bold-faced

letters. The comparisons are made for all three GPS base-

lines latitude, longitude and ellipsoidal height in Tables 6

through 8.

If we accept the RMSDs as the truth and compare RM-

SEEs with those, 36 % of 8 h solutions and 38 % of the 12h

solutions show agreement around 1 mm for the latitudinal

component (Table 6). These are indicated with bold-faced

numbers in the tables. Note that these results are comparable

Table 6. Testing whether RMSEEs from individual latitudinal short

session regression models are identical to RMSDs formed using

24 h solutions as the truth (1 mm threshold is used). The identical

solutions are shown with bold numbers.

Station 8 h 12 h

RMSD

(m)

RMSEE

(m)

RMSD

(m)

RMSEE

(m)

ANKR 0.0225

0.0082

0.0060

0.0136

0.0030

0.0085

0.0041

0.0036

0.0038

0.0116

AREQ 0.0077

0.0059

0.0026

0.0072

0.0099

0.0083

0.0033

0.0024

0.0070

0.0087

DAV1 0.0178

0.0065

0.0053

0.0112

0.0071

0.0061

0.0059

0.0063

0.0044

0.0060

GUAM 0.0107

0.0068

0.0071

0.0112

0.0084

0.0072

0.0073

0.0056

0.0093

0.0072

KELY 0.0086

0.0100

0.0145

0.0086

0.0091

0.0131

0.0030

0.0048

0.0031

0.0054

KIRU 0.0050

0.0028

0.0079

0.0047

0.0057

0.0056

0.0036

0.0051

0.0053

0.0041

KOUR 0.0039

0.0052

0.0139

0.0039

0.0052

0.0154

0.0038

0.0057

0.0054

0.0061

POL2 0.0020

0.0032

0.0036

0.0036

0.0046

0.0037

0.0029

0.0032

0.0040

0.0039

TOW2 0.0049

0.0076

0.0057

0.0071

0.0054

0.0070

0.0161

0.0041

0.0188

0.0051

TRAK 0.0053

0.0087

0.0078

0.0047

0.0074

0.0135

0.0064

0.0054

0.0045

0.0102

USUD 0.0075

0.0054

0.0040

0.0107

0.0077

0.0074

0.0058

0.0044

0.0100

0.0073

VILL 0.0074

0.0051

0.0041

0.0060

0.0050

0.0036

0.0090

0.0073

0.0051

0.0032

YELL 0.0031

0.0052

0.0032

0.0043

0.0076

0.0038

0.0028

0.0016

0.0035

0.0050

with those of the hypothesis testing results, in which 37 % of

velocities derived from 8h solutions and 40 % of the veloci-

ties derived from 12 h solutions were found to be statistically

significant.

For the longitude component, 28 % of 8 h and 38 % of 12 h

RMSEE values showed good agreement with RMSD values
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Table 7. Testing whether RMSEEs from individual longitudinal

short session regression models are identical to RMSDs formed us-

ing 24 h solutions as the truth (1 mm threshold is used). The identi-

cal solutions are shown with bold numbers.

Station 8 h 12 h

RMSD

(m)

RMSEE

(m)

RMSD

(m)

RMSEE

(m)

ANKR 0.0150

0.0054

0.0072

0.0145

0.0043

0.0067

0.0068

0.0055

0.0046

0.0040

AREQ 0.0236

0.0063

0.0067

0.0140

0.0111

0.0138

0.0042

0.0057

0.0131

0.0148

DAV1 0.0086

0.0101

0.0088

0.0112

0.0139

0.0063

0.0066

0.0064

0.0107

0.0054

GUAM 0.0198

0.0161

0.0113

0.0262

0.0124

0.0126

0.0089

0.0094

0.0168

0.0133

KELY 0.0235

0.0157

0.0086

0.0100

0.0178

0.0052

0.0171

0.0052

0.0070

0.0064

KIRU 0.0042

0.0076

0.0065

0.0065

0.0072

0.0053

0.0034

0.0035

0.0052

0.0059

KOUR 0.0161

0.0171

0.0199

0.0166

0.0154

0.0210

0.0150

0.0192

0.0080

0.0194

POL2 0.0039

0.0056

0.0055

0.0059

0.0075

0.0053

0.0032

0.0038

0.0047

0.0047

TOW2 0.0059

0.0141

0.0140

0.0118

0.0164

0.0075

0.0083

0.0094

0.0114

0.0069

TRAK 0.0080

0.0147

0.0181

0.0150

0.0171

0.0143

0.0080

0.0108

0.0161

0.0110

USUD 0.0149

0.0108

0.0127

0.0116

0.0089

0.0061

0.0083

0.0063

0.0116

0.0068

VILL 0.0080

0.0063

0.0044

0.0091

0.0066

0.0056

0.0040

0.0050

0.0041

0.0054

YELL 0.0070

0.0058

0.0050

0.0088

0.0054

0.0043

0.0056

0.0042

0.0068

0.0037

(Table 7). These are also comparable to those of the hypoth-

esis testing results, in which only 24 % of the velocities de-

rived from 8 h and 43 % of the velocities derived from 12h

solutions were found to be useful.

For the vertical component, only one RMSEE value, which

corresponds to about 3 % of the total solutions, was found

Table 8. Testing whether RMSEEs from individual vertical short

session regression models are identical to RMSDs formed using

24 h solutions as the truth (1 mm threshold is used). The identical

solutions are shown with bold numbers.

Station 8 h 12 h

RMSD

(m)

RMSEE

(m)

RMSD

(m)

RMSEE

(m)

ANKR 0.0067

0.0097

0.0075

0.0196

0.0223

0.0206

0.0044

0.0049

0.0202

0.0203

AREQ 0.0116

0.0071

0.0145

0.0181

0.0139

0.0180

0.0066

0.0095

0.0149

0.0150

DAV1 0.0063

0.0088

0.0080

0.0103

0.0123

0.0121

0.0058

0.0052

0.0100

0.0102

GUAM 0.0338

0.0184

0.0171

0.0387

0.0186

0.0208

0.0166

0.0166

0.0241

0.0241

KELY 0.0076

0.0070

0.0098

0.0234

0.0242

0.0238

0.0050

0.0052

0.0230

0.0231

KIRU 0.0092

0.0093

0.0159

0.0148

0.0175

0.0210

0.0055

0.0086

0.0146

0.0167

KOUR 0.0192

0.0233

0.0278

0.0393

0.0431

0.0430

0.0136

0.0240

0.0393

0.0397

POL2 0.0077

0.0067

0.0063

0.0106

0.0094

0.0086

0.0058

0.0040

0.0108

0.0082

TOW2 0.0120

0.0082

0.0085

0.0149

0.0109

0.0107

0.0076

0.0063

0.0111

0.0093

TRAK 0.0107

0.0113

0.0157

0.0146

0.0133

0.0171

0.0054

0.0066

0.0098

0.0091

USUD 0.0120

0.0123

0.0112

0.0189

0.0175

0.0154

0.0091

0.0084

0.0173

0.0146

VILL 0.0078

0.0113

0.0110

0.0105

0.0155

0.0153

0.0056

0.0074

0.0104

0.0124

YELL 0.0071

0.0085

0.0054

0.0113

0.0124

0.0112

0.0054

0.0042

0.0103

0.0098

to be comparable to the corresponding RMSD value. This

result is also comparable to the hypothesis testing result for

the height component, in which none of the vertical velocities

were found to be useful from short observation sessions.
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5 Conclusions

In this article, we assessed the accuracy of velocities from re-

peated GPS measurements. GPS experiments still reporting

the results from repeated measurements motivated us to carry

out this study. Continuous data of a global network of IGS

stations were used to perform the evaluations. This helped us

to comprehend the regional differences. Since, in practice,

repeated GPS measurements are typically carried out in ses-

sions of about 10 h, we studied observation sessions of 8 and

12 h. Based on the above information our conclusions are as

follows.

Accuracy loss for the velocities occurs when using re-

peated GPS measurements from short sessions. This is be-

cause one does not perform ideal 24 h observations. 18 h

should be sufficient considering that the effect of ocean tide

loading can only be eliminated over 1.5 times the length of

the semi-diurnal M2 tide. However, in practice the advantage

of daylight is preferred. This limits the measurement period

typically to around 10 h. Taking into account various possi-

ble problems that could occur during the field campaign, the

observing session duration might even become shorter. Ob-

viously this would lead to poorer accuracies.

We used two different statistical methods to assess the

quality of our results. First we assessed whether or not the

estimated velocities from short sessions (i.e., 8 and 12 h) are

comparable to those of 24 h sessions referring to statistical

hypothesis testing. Second, we evaluated whether the accu-

racy of the regressions (i.e., RMSEE) from shorter sessions

are identical to RMSDs formed holding 24 h solutions as the

truth. The comparison of the two led to an independent ac-

curacy evaluation. In both approaches, we assumed 24 h so-

lutions produce true values and deviation from 24 h solutions

should result in accuracy losses. Higher R2 values (better

model fits) from 24 h data confirmed this assumption. The

results from both methods helped us to quantify the accuracy

loss when not using 24 h observations.

Our first major conclusion is that the vertical rates pro-

duced from repeated GPS campaigns are severely affected.

In addition, considering only the annual and the semiannual

periodicities for the vertical component was not sufficient

to capture the true vertical signal for most of the stations.

In 8 out of 13 stations other influences dominated, resulting

in greater modeling errors. We noticed low-frequency hid-

den periodicities in the vertical component; however, these

need to be revealed by adopting sophisticated time series

analysis procedures in the future. The above-mentioned first

method revealed that none of the velocities from shorter GPS

sessions were useful for the height component. The second

method gave almost a similar result in which only 3 % (i.e.,

one of the solutions) of the RMSEEs were found to be com-

parable to the RMSDs. This shows us that the results derived

from campaign GPS data using 8–12 h observation sessions

are not useful for height determination.

Our horizontal velocity evaluations based on the statisti-

cal methods highlighted above showed pretty close results in

which only about 30 % of 8 h and 40 % of 12 h solutions were

found to be useful. Increasing observation duration from 8 to

12 h did not show much accuracy improvement, i.e., as much

as 10 %; however, 60–70 % accuracy loss in the case 24 h

data is not really credible. Many research groups considered

that at least the horizontal components would not be affected

when using repeated GPS campaigns; however, the results of

this study contradict with such ideas.

Obviously, these results are essentially related to GIPSY

PPP methodology, in which minimum 6 h data are requested

for a solution as stated in the literature. However, this is

also related to conventional relative positioning (RP) results

where regional or global studies are concerned. Many crustal

deformation experiments to date were monitored using RP

connecting to IGS reference stations which are located on

stable tectonic plates hundreds or thousands of kilometers

away from study areas.

Mostly the GPS stations from the lower or the equatorial

belt suffer from modeling errors and hence accuracy loss, es-

pecially for the vertical component. One known error source

acting on repeated GPS campaigns and dominating at these

regions is ionospheric disturbances due to the magnetic field

of the earth.
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