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Abstract Temporal mass variations in the Earth system,

which can be detected from the Gravity Recovery and

Climate Experiment (GRACE) mission data, cause tem-

poral variations of geoid heights. The main objective of

this contribution is to analyze temporal variations of geoid

heights over the area of Poland using global geopotential

models (GGMs) developed on the basis of GRACE mission

data. Time series of geoid height variations were calculated

for the chosen subareas of the aforementioned area using

those GGMs. Thereafter, these variations were analyzed

using two different methods. On the basis of the analysis

results, models of temporal geoid height variations were

developed and discussed. The possibility of prediction of

geoid height variations using GRACE mission data over

the area of Poland was also investigated. The main findings

reveal that the geoid height over the area of Poland vary

within 1.1 cm which should be considered when defining

the geoid model of 1 cm accuracy for this area.
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Introduction

Knowledge of a precise geoid represented by the equipo-

tential surface at the mean sea level of a hypothetical ocean

at rest is one of the fundamental tasks of geodesy. The

precise geoid model serves first of all as a reference surface

for heights, but it is also needed for the transformation

between geometrical ellipsoidal heights obtained from the

Global Navigation Satellite System (GNSS) measurements

and gravity-related heights, e.g., orthometric and normal

heights, determined with the use of spirit levelling. It is

also required in many Earth’s science disciplines, for

example, in the solid Earth geophysics to interpret and

understand the Earth’s interior mass distribution. In

oceanography, the precise geoid model is needed to study

the sea surface topography and its dynamics, as well as the

ocean circulation, which is responsible for a large part of

the global heat and energy transport, and thus plays a

crucial role in climate regulation.

In the recent two decades, a significant progress has been

achieved in the determination of geoid models, as well as its

temporal variations. In particular, the three dedicated

gravity field space missions: CHAMP (CHAllenging Min-

isatellite Payload, 15 July 2000; Reigber et al. 2002),

GRACE (Gravity Recovery And Climate Experiment, 17

March 2002; Tapley et al. 2004), and GOCE (Gravity field

and steady-state Ocean Circulation Explorer, 17 March

2009; Floberghagen et al. 2011) have considerably

improved the knowledge concerning the Earth’s gravity

field and its temporal variations. The modelling of the static

geoid at the accuracy level of 1 cm has become achievable

in global and regional/local scales (e.g., Tscherning et al.

2000; Krynski and Lyszkowicz 2006). Currently, the

modelling of regional geoid/quasi-geoid with sub-cen-

timetre accuracy is considered as one of the activities of the

Commission 2—Gravity Field of the International Associ-

ation of Geodesy (IAG). The Joint Study Group 0.15 (JSG

0.15) concerning the regional geoid/quasi-geoid mod-

elling—Theoretical framework for the sub-centimetre

accuracy at the Intercommission Committee on Theory

(ICCT) has been established for the period from 2015 to

2019 (see Drewes et al. 2016). However, since the Earth is a
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dynamic planet (cf. SESWG 2002), temporal variations of

the geoid remain one of problems that should be considered

for scientific purposes as well as for high precision

applications.

Since the launch of GRACE mission, temporal mass

variations in the Earth system have become detectable with

unprecedented accuracy and spatial resolution (Tapley et al.

2004). This extremely successful mission is expected to be

in operation until 2018 (see Tapley et al. 2015). Information

on the Earth system obtained from GRACE mission is of

great importance for Earth sciences. It indicates the need for

the continuation of GRACE-type satellite missions which

could provide a long-term continuous information on mass

transport in the Earth system. The first one which will

overlap with GRACE mission is GRACE Follow-on

(GRACE-FO) mission that has been scheduled for launch in

August 2017 (e.g., Flechtner et al. 2016). During the past

years, many investigations (e.g., Tapley et al. 2004;

Chambers 2006; Swenson and Wahr 2007; Luthcke et al.

2013; Krynski et al. 2014; Wu and Heflin 2015; Guo et al.

2016) concerning the determination of temporal mass

variations in the Earth system using GRACE data have been

conducted worldwide. For temporal geoid height variations,

Rangelova (2007) combined GRACE data with GNSS, tide

gauge/altimetry, and absolute gravimetry data to develop a

dynamic geoid model for Canada. Rangelova and Sideris

(2008) estimated the secular geoid changes in North

America using GRACE and terrestrial data. The resulting

dynamic geoid obtained accordingly to these studies was

implemented as a vertical datum for orthometric heights in

Canada (cf. Rangelova et al. 2010). Krynski et al. (2014)

conducted a research for analyzing variations of the

Earth’s gravity field over the whole area of Europe using

release 04 (RL04) GRACE-based global geopotential

models (GGMs). They showed that amplitudes of geoid

height variations for the area of Central Europe reach up to

7 mm.

In this contribution, the focus is put on the latest release,

i.e., release 05 (RL05), GRACE-based GGMs and temporal

variations of geoid heights over a smaller area [higher

spatial resolution than in Krynski et al. (2014)]. The area of

Poland, bounded by parallels of 49�N and 55�N and

meridians of 14�E and 24�E, has been chosen as a study

area (Fig. 1). In this area, during the last two decades, an

intensive research has been conducted in the field of geoid

modelling (for more details, see Krynski 2007). Currently,

the estimated fit of the static quasi-geoid model developed

over this area to different sets of GNSS/levelling data

ranges from 1.4 to 2.2 cm in terms of the standard devia-

tion of differences (e.g., Szelachowska and Krynski 2014).

The main objective of this paper is to analyze and model

temporal variations of geoid heights in the area of Poland

using RL05 GRACE-based GGMs. It concerns also the

possibility of predicting temporal geoid height variations

from GRACE mission data over the aforementioned area.

Data used

In this study, a preparatory investigation was conducted to

select suitable GRACE data and a filtering method. The

focus was put on monthly geoid height variations com-

puted from GRACE-based GGMs for the period between

April 2002 and March 2016 (cf. ‘‘Computation of temporal

geoid height variations’’). The monthly RL05 GRACE-

based GGMs developed by GFZ (GeoForschungsZentrum),

CSR (Center for Space Research), and JPL (Jet Propulsion

Laboratory) (cf. Bettadpur 2012; Dahle et al. 2014; Wat-

kins and Yuan 2014), were considered.

To reduce noise, which is especially strong at higher

spherical harmonic degrees of these GGMs, decorrelation

(DDK) filters and Gaussian filters (Wahr et al. 1998;

Kusche 2007; Kusche et al. 2009) were investigated. For

the area of Poland, the DDK1 and DDK2 filters reduce the

noise sufficiently, but they remove all signals beyond d/o

30–50. On the other hand, geoid height variations obtained

after applying the DDK7 and DDK8 filters as well as

Gaussian filters with radii 300, 500, and 700 km are

dominated by a significant noise. The DDK5 and DDK6

filters seem not sufficient to reduce the noise included in

some GRACE-based GGMs. The DDK3 and DDK4 filters

are a compromise between reducing noise and keeping

signal over the investigated area. The GGMs after applying

the DDK3 and DDK4 filters contain temporal geoid height

variations signal up to d/o 60–70.

Temporal geoid height variations obtained from RL05

GRACE-based GGMs were then evaluated using the

Fig. 1 Study area and its four subareas
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WGHM (WaterGAP (Water—a Global Assessment and

Prognosis) Global Hydrological Model; Döll et al. 2003).

The standard deviations of the differences between temporal

geoid heights variations obtained from GGMs provided by

CSR, GFZ, and JPL and the corresponding ones obtained

from the WGHM were estimated. They are compatible

within ±0.2 mm. This may reveal that differences between

geoid height variations obtained from GGMs provided by

CSR, GFZ, and JPL are negligible for the investigated area.

Overall, GFZ RL05 GRACE-based GGMs filtered using

the DDK3 filter and truncated at d/o 60 were selected for

the computation of temporal geoid height variations in this

study. Considering spatial resolutions of those models, the

area of Poland was divided into four subareas of 38 9 58
(Fig. 1) for which temporal geoid height variations were

determined separately.

Computation of temporal geoid height variations

The geoid heights N were computed from the model of

maximum degree 60 as follows (Torge and Müller 2012):

Nðu;k;rÞ ¼
GM

rc

X60

l¼ 2

a

r

� �l

Xl

m¼0

DC
DDK

lm cosmkþ DS
DDK

lm sinmk
� �

Plmðcos hÞ

ð1Þ

where r is the distance to the geocentre, u and k are the

geographical latitude and longitude, respectively, h is geo-

graphical co-latitude (90 - u), GM is the product of the

Newtonian gravitational constant G and the Earth’s mass M,

a is the semi-major axis of the reference ellipsoid, Plm is the

fully normalised Legendre polynomial of degree l and order

m, DC
DDK

lm and DS
DDK

lm
are residual fully normalised spher-

ical harmonic coefficients, being defined as differences

between the actual and the normal gravity field (Torge and

Müller 2012) and filtered using the DDK3 filter (cf. Kusche

2007; Kusche et al. 2009), and c is the normal gravity.

The ICGEM calculation service (cf. http://icgem.gfz-

potsdam.de/ICGEM/ICGEM.html) was used in the com-

putation of geoid heights expressed in Eq. (1), at the center

point for each of the aforementioned subareas (Fig. 1).

Thereafter, temporal variations of geoid heights DN were

calculated as follows:

DNi ¼ Ni � Nmean ð2Þ

where i denotes the month and Nmean is the mean value

obtained from the time series of Ni. In addition, averages of

monthly geoid height variations DNi
(avg) were calculated as

follows:

DNðavgÞ
i ¼ 1

4

X4

i¼1

DNi: ð3Þ

The differences between DNi
(avg) and temporal variations

of geoid heights computed at the central point of the

investigated area using GFZ RL05 GRACE-based GGMs

truncated at d/o 30 do not exceed ±0.25 mm. Thus, DNi
(avg)

can be considered as representing the low spectral resolu-

tion, i.e., d/o 30, of temporal variations of geoid heights

over the whole investigated area. The differences between

DNi for subareas 1, 2, 3, 4, and DNi
(avg) were also com-

puted. Their statistics are given in Table 1.

The resulting time series of geoid height variations and

their spatial representation are shown in Figs. 2 and 3. They

exhibit a distinctive seasonal geoid height variation pattern

with maximum values at the beginning of spring and mini-

mum values at the end of the summer. This seasonal pattern

is consistent with the hydrological cycle in the investigated

area (e.g., Krynski et al. 2014). The results presented in

Figs. 2 and 3 also illustrate that changes in geoid height can

be observed not only from epoch to epoch, but they are dif-

ferent for subareas at the same epoch. They reveal that geoid

height variation differences from epoch to epoch at the same

subarea can reach 10 and 2 mm between two subareas for the

same epoch. Figure 3 depicts that GFZ RL05 GRACE-based

GGMs without gaps are available for the period from January

2004 to December 2010; for the remaining period, some gaps

occur. The statistics presented in Table 1 additionally shows

that the dispersion and the standard deviation of differences

betweenDNi for each subarea andDNi
(avg) reach the level of 2

and 0.5 mm, respectively. This may justify the need for the

analysis and modelling DN over the area of Poland divided

into four subareas. It indicates that more geoid height vari-

ation signal can be detected when reducing the size of the

computational area.

Analysis of temporal geoid height variations

The temporal geoid height variations obtained for four

subareas DNi as well as their average DNi
(avg) were analyzed.

To avoid gaps in DN time series specified in ‘‘Computation

of temporal geoid height variations’’, data from the period

between January 2004 and December 2010 were chosen for

the analysis. The analyses were performed using two dif-

ferent methods: (1) the spectral analysis method and (2) the

Table 1 Statistics of the dif-

ferences between DNi for sub-

areas 1, 2, 3, 4, and Ni
(avg) (mm)

Min Max Std.

Subarea 1 -0.9 1.2 0.5

Subarea 2 -1.2 0.7 0.4

Subarea 3 -0.8 1.3 0.4

Subarea 4 -1.1 1.0 0.5
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seasonal decomposition method. The basics of these

methods are given in ‘‘The basics of the spectral analysis

method’’ and ‘‘The basics of the seasonal decomposition

method’’. The implementation of these methods for the

analysis of temporal geoid height variations over the area of

Poland as well as their outcomes are given in ‘‘Analysis of

temporal geoid height variations using spectral analysis

method and the seasonal decomposition method’’.

The basics of the spectral analysis method

The spectral analysis method is based on the Fourier the-

orem stating that a function f(t), which obeys Dirichlet’s

conditions, can be represented as [e.g., Eq. (2) in Likkason

2011; p. 30]:

f ðtÞ ¼ a0

2
þ
X1

n¼1

an cos nt þ bn sin ntð Þ ð4Þ

where a0, an, and bn are Fourier coefficients defined as

a0 ¼ 1

p

Zp

�p

f ðtÞdt

an ¼
1

p

Zp

�p

f ðtÞ cos ntdt ðn ¼ 1; 2; 3. . .Þ

bn ¼
1

p

Zp

�p

f ðtÞ sin ntdt ðn ¼ 1; 2; 3. . .Þ

9
>>>>>>>>>>>>>=

>>>>>>>>>>>>>;

: ð5Þ

The a0, an, and bn can be considered as multiple

linear regression coefficients that reflect the degree to

which the respective cosine and sine functions are cor-

related with the data. These coefficients are used to

compute periodogram values P [see Eq. (13.1.4) in Wei

2006; p. 290]:

Pn ¼ a2
n þ b2

n

� �M
2

ð6Þ

where M is the number of elements in the time series.

The basics of the seasonal decomposition method

The general mathematical representation of the seasonal

decomposition can be written as [see Eq. (3.1) in Makri-

dakis et al. 1998; p. 84]

Yt ¼ f St; Tt;Etð Þ ð7Þ

where Yt is the time series value at t, and St, Tt, and Et are

the seasonal component, the trend-cycle component, and

the irregular component at t, respectively.

A common approach is to assume Eq. (7) as the additive

form [see Eq. (3.16) in Makridakis et al. 1998; p. 106]:

Yt ¼ St þ Tt þ Et: ð8Þ

It can alternatively be presented in the multiplicative

form [see Eq. (3.17) in Makridakis et al. 1998; p. 106]:

Yt ¼ St � Tt � Et: ð9Þ

Fig. 2 Time series of temporal

geoid height variations (DN)
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Fig. 3 Maps of geoid height variations (DN)
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Analysis of temporal geoid height variations using

the spectral analysis method and the seasonal

decomposition method

In the spectral analysis method, DN time series are pre-

sented as follows:

DNi ¼ TF
i þ SFi þ ei ð10Þ

where Si
F is a seasonal component obtained on the basis of

the Fourier theorem, Ti
F presents a trend component

obtained using a suitable mathematical model, and ei is an

unmodelled component.

The implementation steps of the spectral analysis

method are described as follows:

Step 1 The Fourier coefficients for DN time series are

determined and they are used for computing periodogram

values (see Eq. 6) presented in the logarithmic scale, as

shown in Fig. 4. The obtained results reveal that the totally

dominant period in the investigated DN time series is

12 months (1 year).

Step 2 The seasonal components SF of DN time series

are determined on the basis of Eq. (4) and Fourier coeffi-

cient obtained for the 12 month period in Step 1.

Step 3 The seasonal components are subtracted from

DN time series. Two regression models, (a) a linear model

and (b) a third degree polynomial, are then fitted to the

obtained residuals, giving trend components TF of DN time

series.

Step 4 The remaining parts of DN time series are

regarded as unmodelled components e.

The temporal geoid height variations and their compo-

nents obtained with the use of the spectral analysis method

are illustrated in Fig. 5.

According to the seasonal decomposition method, using

the additive approach described in Eq. (8), DN time series

can be presented in the following form:

DNi ¼ TD
i þ SDi þ Ei ð11Þ

where Si
D is a seasonal component, Ti

D is a trend-cycle

component, and Ei presents an unmodelled component

which corresponds to Et in Eq. (7).

In the seasonal decomposition method, a period of a sea-

sonal component of the investigated time series should be

known. One year periodicity inDN time series was found as a

dominant one using the Fourier analysis. The implementation

steps of the seasonal decomposition method are described as

Step 1 The DN time series are smoothed using a moving

average with 12 month window size providing the

smoothed temporal geoid height variations DNS.

Step 2 The DNS values, computed in Step 1, are sub-

tracted from the original DN time series.

Step 3 The seasonal component SD is computed on the

basis of the time series obtained in Step 2, i.e., DN - DNS.

SD is assumed to be constant from year to year. Thus,

only one value for the month is needed. The values of

DN - DNS, obtained in Step 2, for a given month are

averaged. Therefore, for example, SD for January is the

average of all DN - DNS values for January.

Step 4 New time series obtained by subtracting the

seasonal component SD from DN time series were

Fig. 4 Periodicity of temporal geoid height variations
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smoothed using a moving average with 5 month window

size and weights 1, 2, 3, 2, and 1. The output results of this

step provide the long term/trend component TD of the

DN time series.

Step 5 Finally, the remaining geoid height variation

signal is regarded as an unmodelled component E computed

by subtracting the obtained seasonal SD and trend-cycle TD

components from the original data, i.e., DN time series.

Fig. 5 Temporal geoid height variations and their components

obtained with the use of the spectral analysis method, a DN time

series and seasonal components SF, and b residuals (DN time series

after removing the seasonal component SF), trend components TF, and

unmodelled components e
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The temporal geoid height variations and their compo-

nents obtained with the use of the seasonal decomposition

method are depicted in Fig. 6.

The results presented in Figs. 5 and 6 confirm findings

from Fig. 4 indicating that dominant parts of DN are sea-

sonal components. The amplitudes of these seasonal

components range from 3.5 to 6 mm depending on the

subarea and the method applied. They show that long term/

trend components ascend in the period between January

2004 and December 2006, then descend from January 2007

to January 2009, and then ascend again in the period

between February 2009 and December 2010. This indicates

that the long term/trend component of DN for the investi-

gated area and time period does not change linearly. The

estimated goodness-of-fit in terms of R2 (the squared

Pearson correlation coefficient; e.g., Marques de Sá 2007)

ranges from 53 to 61% for the third degree polynomial

model, while for the linear model, it is much smaller

ranging from 20 to 27% (Fig. 5). The trend values for some

periods, e.g., from January 2009 to December 2010, reach

up to 2 mm/year.

Modelling temporal geoid height variations

On the basis of seasonal components and trend components

determined with the use of the spectral analysis method (cf.

‘‘Analysis of temporal geoid height variations’’), two

temporal geoid height variations models, i.e., model A and

model B, were developed for each of four investigated

subareas as well as for Ni
(avg). These models were obtained

as a summation of the seasonal and trend components of

DN time series, a linear trend for model A, and a third

degree polynomial trend for model B. The seasonal and

long term/trend components of DN obtained using the

seasonal decomposition method (cf. ‘‘Analysis of temporal

geoid height variations’’) were combined to develop model

C. Models A, B, and C were then compared with the

respective DN time series specified in ‘‘Computation of

temporal geoid height variations’’. The differences

dDN between DN time series and their corresponding val-

ues obtained from models A, B, and C were computed.

They are shown in Fig. 7. The statistics of dDN are given in

Table 2. The correlations between DN time series and

models A, B, and C, expressed in percent, are given in

Table 3.

The results presented in Tables 2 and 3 as well as in

Fig. 7 indicate that the linear function is insufficient to

model trend of temporal geoid height variations. Moreover,

they reveal the superiority of the seasonal decomposition

method (model C) over the spectral analysis method

(models A and B) for modelling temporal geoid height

variations. The dispersion and the standard deviations of

differences dDN are larger by factors 2.5 and 2, respec-

tively, when using model A than when using model C.

Table 3 indicates a substantial increase in correlations

between DN time series and models when using consecu-

tive A, B, and C models. The correlation above 95% when

using C model proves high quality modelling of temporal

geoid height variations with the seasonal decomposition

method. The models developed with the use of the seasonal

decomposition method match substantially better to

DN time series than models A and B based on the spectral

analysis method.

Prediction of temporal geoid height variations

An empirical approach based on the result obtained from

the seasonal decomposition method was implemented in

this study for predicting geoid height variations. The pre-

dicted geoid height variation values DN(pre) were deter-

mined as the sum of seasonal component values and values

of mathematical model fitted to the long term/trend com-

ponent. Several mathematical models, e.g., exponential

models, Fourier series, Gaussian models, sum of sines

models, polynomial models, were investigated using the

Matlab cftool (cf. Matlab 2015). The third degree poly-

nomial model was chosen as a suitable one for investigated

data (the estimated goodness-of-fit in terms of R2 values is

at the level of 85 to 86%) fitted to the long term/trend

component. The seasonal components as well as long term/

trend components were determined using DN time series

for 6 years proceeding the prediction period.

Figure 8 shows an example of DN modelled using

the seasonal decomposition method and predicted DN(pre)

as well as their seasonal and long term/trend components.

In this example, DN(avg) time series obtained in ‘‘Compu-

tation of temporal geoid height variations’’ for the period

from January 2004 to December 2009 were used to com-

pute DN(pre) for the period from January 2010 to June 2010.

To obtain DN(pre) in different periods of the year, the

procedure was repeated 12 times shifting the beginning of

the time series by 1 month. Each time DN(pre) were pre-

dicted for the next 6 months. The differences dP between

predicted geoid height variations DN(pre) and DN time

series were obtained:

dP ¼ DN preð Þ � DN: ð12Þ

Figure 9 depicts DN time series and DN(pre) for 12 time

series investigated. The statistics of prediction errors for all

investigated cases are given in Table 4.

The results presented in Table 4 and Figs. 8 and 9

indicate that differences between prediction and data are

uneven for all investigated cases. For example, when pre-

dicting geoid height variation values for 6 months from
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January 2010 to June 2010 using DN time series from

January 2004 to December 2009, dP for the first 3 months

ranges from -2.2 to 0.8 mm (Fig. 9a). In the other case

shown in Fig. 9c, when predicting geoid height variations

values for the period from March 2010 to August 2010

using DN time series from March 2004 to February 2010,

for the first 3 months, dP ranges from -0.5 to 0.4 mm.

This may indicate that differences between prediction and

data strongly depend on the magnitude and the character of

geoid height variations within the predicted period. The

statistics presented in Table 4 reveal that the accuracy of

predicted geoid height variations is about 1 mm in terms of

the standard deviations of dP. Moreover, they indicate that

dP is at the same level for the six subsequent months of the

Fig. 6 Temporal geoid height variations and their components

obtained with the use of the seasonal decomposition method,

a DN time series and seasonal components SD, and b residuals

(DN time series after removing the seasonal component SD), long

term/trend components TD and unmodelled components E
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prediction, although its growing with time could be

expected. Currently, there is a delay of 13 months in

delivering monthly GRACE-based GGMs. The latest GFZ

RL05 GRACE-based GGM is available for March 2016.

This indicates the need for the prediction of temporal geoid

height variations as well the estimation of its quality.

Summary and conclusions

The investigation of temporal variations of geoid heights,

obtained from GFZ RL05 GRACE-based GGMs filtered

using DDK3 filter and truncated at d/o 60, over the area of

Poland divided into four 3� 9 5� subareas reveals that in

the absolute sense, differences between geoid height vari-

ations from epoch to epoch can reach 10 mm. In the rel-

ative sense, i.e., from one subarea to another, temporal

geoid height variation differences between two neigh-

bouring subareas can reach 2 mm at the same epoch and

11 mm at different epochs.

The obtained temporal geoid height variations for the

period between January 2004 and December 2010 have

been analyzed and modelled using the spectral analysis

method and the seasonal decomposition method. The per-

formed analysis indicates that the dominant period of

temporal geoid height variations is 1 year with maximum

values observed at the beginning of spring and minimum

values at the end of summer. The linear model is not rec-

ommended to present the trend component of DN time

series investigated. The third degree polynomial model

gives better results for the investigated data. The standard

deviation of unmodelled components obtained using the

seasonal decomposition method is 0.5 mm, which is

smaller by a factor ranging from 1.4 to 2.2 compared to the

Fig. 7 Differences dDN between DN time series and their corresponding values obtained from models A, B and C
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corresponding ones obtained when using the spectral

analysis method. Furthermore, temporal geoid height

variation models developed with the use of the results

obtained using the seasonal decomposition method are

considerably correlated (i.e., 95.8 to 97.2%) with geoid

height variations computed using monthly GGMs. Thus,

considering these results and the investigated period, the

seasonal decomposition method could merely be recom-

mended for the analysis and modelling temporal geoid

height variations over the area of Poland.

The possibility of reliable prediction of geoid height

variations over the area of Poland has been investigated on

the basis of results obtained with the use of the seasonal

decomposition method. The prediction results reveal that

temporal geoid height variations at 1 mm accuracy level, in

terms of the standard deviation of the differences between

the predicted and given values, can be obtained for a few

months (e.g., 6 months). Unusual change of the seasonal

and long term/trend components of temporal geoid height

variations in the predicted period may, however, lead to a

large (2.3 mm in the investigated case) discrepancy

between predicted temporal geoid height variations and

DN time series data.

Temporal variations of geoid heights over the area of

Poland obtained from GRACE mission data should be

considered when determining a kinematic geoid model of

1 cm accuracy over this area fulfilling the needs of

Fig. 8 Example of a modelled and predicted seasonal component, b modelled and predicted long term/trend component, and c DN modelled

using seasonal decomposition method and DN(pre)

Table 2 Statistics of differences dDN (mm)

Model Min Max Mean Std.

Subarea 1 A -2.0 3.5 0.0 1.0

B -1.5 1.8 0.0 0.8

C -1.4 1.0 0.0 0.5

Subarea 2 A -2.0 3.2 0.0 1.0

B -1.7 1.8 0.0 0.8

C -1.3 1.1 0.0 0.5

Subarea 3 A -2.4 4.3 0.0 1.1

B -1.5 1.8 0.0 0.7

C -1.4 1.0 0.0 0.5

Subarea 4 A -2.0 3.7 0.0 1.1

B -1.5 1.7 0.0 0.7

C -1.2 1.1 0.0 0.5

DNi
(avg) A -2.0 3.7 0.0 1.0

B -1.4 1.5 0.0 0.7

C -1.3 0.9 0.0 0.5

Table 3 Correlation between

DN time series and models A, B,

and C (%)

Correlation DN and model A DN and model B DN and model C

Subarea 1 80.8 88.0 95.8

Subarea 2 85.9 91.4 96.7

Subarea 3 81.6 92.1 96.7

Subarea 4 85.0 93.5 97.2

DNi
(avg) 84.4 92.4 96.9
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contemporary scientific purposes as well as high precision

applications.
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