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Abstract: The mean Baltic sea level fluctuations are mainly due to long-term changes in the meteorological and hydrological 
phenomena, occurring within a few decades. In this paper, the analyses of mean Baltic sea level changes on the three 
locations in Baltic Sea, in the period of January 2003 – December 2015. We estimate seasonal mean Baltic sea level 
changes in the coastal zone using different data resources, including sea level anomaly, from satellite altimetry, time-
variable gravity observations from the Gravity Recovery and Climate Experiment (GRACE) mission, and terrestrial 
water storage from the NASA global land data assimilation system (GLDAS). Sea level anomalies (SLA) and 
terrestrial water storage (TWS) data have been determined with a temporal resolution of approximately one month. 
The results from all estimates are consistent in amplitude and phase at the annual period. Sea level anomalies and total 
water storage time series in three locations are similar, the periods of upward trends and downward trends happen in 
similar time. The results provide a good measure of average annual sea level change and variation of water stored 
within in sea and over land. These results indicate that is important to consider estimating longer-term time series of 
sea level anomalies and water storage as a way of tracking climate change. 
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1. INTRODUCTION  

Water level changes are not a phenomenon that equally occurs worldwide. Water level may 
significantly change not only on short terms, as a result of wind direction change, undulation, rising 
tides or changes in air pressure, but it can have long-term changes as well depending on the ocean 
currents or subsidence. In various regions, the trends may be different (Ekman, 2009). Water level 
may rise for many years in one place and it may be low in the other (Church et al., 2010). The trend 
of the changes in the Baltic Sea level is about 2.15 mm per year (Pajak and Birylo, 2016). The 
seasonality of sea level changes is an inequality which occurs in sea level anomaly (SLA) in 
relation to seasons, in which various phenomena that have an essential influence on the changes 
appear. Seasonal changeability of the sea is connected mainly with meteorological factors 
(atmospheric pressure, wind, evaporation and falls), water balance (rivers runoff), evaporation and 
changes in sea topography, or changes in water density (Chen et al., 2005). It is essential to 
constantly check and control seasonal fluctuations of sea level, both in one-year cycles and on 
longer terms.  

The primary objective of this investigation was to clarify that what changes of sea level 
anomalies and total water storage occurred in the coastal zone during the test period. Moreover, the 
article presents the activities in sea level anomaly and total water storage within the time and it 
describes what time series occur. In order to achieve the aim, the authors tried to determine the 
occurrence of the cycles on the basis of monthly data of sea level anomalies and total water storage. 
To identify their length and force, the harmonic method was applied. The second objective of the 
research was to check the differences between GRACE-observed and GLDAS-derived terrestrial 
water storage (TWS), in the cell of 1 by 1 degree, and also to analyze the occurrence of seasonal 
fluctuations cycles. Moreover, the occurrence of the correlation between TWS data was researched. 
General results obtained within the study conducted and described in this paper, can help in the 
assessment of predictions of change sea level anomalies and total water storage variations in the 
coastal zone. 
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2. DATA SETS 

The research involved three points of the Baltic Sea localized in Polish coastal zone 
(SWINOUJSCIE 53.917N, 14.233 E; KOLOBRZEG 54.183 N, 15.550 E; WLADYSLAWOWO 
54.800N, 18). 

The data used in the research on sea level changes are sea level anomaly (SLA) that were 
collected by satellite altimetry. The Ssalto/Duacs altimeter products were produced and distributed 
by the Copernicus Marine and Environment Monitoring Service (CMEMS) 
(http://www.marine.copernicus.eu). The details of standard processing applied to satellite altimetry 
data are available at www.aviso.oceanobs.com and www.marine.copernicus.eu. The 
TOPEX/Poseidon (T/P) and its successors Jason satellite radar altimeters have been measuring sea 
level change on a global basis. Highly accurate altimetry measurements from Topex/Poseidon and 
Jason made possible by the Doris system to give us the ability to observe sea surface height 
systematically (www.aviso.oceanobs.com).  

For the purpose of the research, the mean total water storage determined from GRACE 
observations and terrestial water storage from GLDAS has been used. 

The Gravity Recovery and Climate Experiment (GRACE) primary objective is to monitor 
gravity field variations (Tapley et al., 2004), moreover TWS variations can be derived (Kusche et 
al., 2009).  

For the purpose of the test, RL05 product computed and processed by CSR center was used 
(http://www.thegraceplotter.com). The chosen de-correlation filter was DDK5 with a low degree of 
smoothing radii. The GRACE land are available at http://grace.jpl.nasa.gov supported by the NASA 
MEaSUREs Program (Landerer  and Swenson 2012, Swenson, and Wahr 2006). 

The goal of Global Land Data Assimilation System (GLDAS) is to estimate parameters relating 
land, like water storage, energy storage and fluxes (Rodell et al., 2004; Kumar et al., 2006). NOAH 
data, available for 2003-2014, has been used in this paper. The GLDAS data from 
http://grace.jpl.nasa.gov, which used the "Goddard Earth Sciences Data and Information Services 
Center".  

3. METHODOLOGY 

The two most important aims of the time series analysis are recognizing the nature of the 
described phenomenon by the series of observations and forecasting future values. The realization 
of the aims is possible if particular time series elements are identified and described. It is assumed 
that in time series it is possible to distinguish the following elements, such as systematic 
component, which can be described as a trend (linear or not) and additionally by a seasonal 
component that is characterized by various lengths of fluctuations period; when the period is shorter 
than a year, one can treat it as seasonality, but when the period is longer, the economic cycle 
appears, and the random component called the noise. The identification is essential while using 
formalized forecasting method. To identify periodic phenomena, the harmonic analysis is a proper 
tool. In the analysis, one does not make a priori assumptions. The aim of the harmonic analysis is 
the decomposition of time series, which includes cyclical factors on sine and cosine function 
connected with given wave length. 

The harmonic analysis concerns research on developing a phenomenon around the average level 
presented by a0 parameter. In the researched series, there is a trend so consequently, the oscillations 
should be researched around the developing tendency, i.e. by applying the following model 
(Pollock, 2008):  

  (1) 
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where: αi, βi - parameters estimated with the use of the method of least squares, f(t) – is a trend 
function, i – harmonic’s number. 

For particular harmonics, the amplitudes and phase shift were calculated. The identification of 
cycle length was made with the use of the evaluation of particular harmonics share in explaining 
variance of the researched variable. 

4. RESULTS 

4.1 The harmonic analysis of SLA and TWS in the Baltic Sea  

In order to analyze the dynamics of change in sea level, the linear trend estimation was made for 
SLA and TWS time series, which is presented in Figure 1. SLA and TWS trends show an increasing 
tendency.  

 

Figure 1. Values and trend for sea level anomaly (SWINOUJSCIE – trend 2.5 mm per year, WLADYSLAWOWO – trend 
3.5 mm per year, KOLOBRZEG – trend 3.3 mm per year) and total water storage from GRACE (SWINOUJSCIE – 

trend 1.8 mm per year, WLADYSLAWOWO – trend 1.8 mm per year, KOLOBRZEG – trend 1.5 mm per year) between 
2003-2015 for three points of the Baltic Sea 

Time series of SLA and TWS in three locations are similar, the upward and downward periods 
appear in similar time. There are no vivid differences in SLA dynamics, the turning points are their 
common feature.  

The length of the analyzed time series n=156 enabled the researchers to use 78 harmonics. Those 
that have the greatest shares in explaining the SLA and TWS changeability and the first and last 
harmonics were found. In the paper, 5 harmonics were used.  

The result of the analysis showed the determination of the amplitude value of particular 
harmonics, phase shift and the share in explaining the variance in particular harmonics. Owing to 
the amplitudes, it was possible to determine how intensely the cycles deviate from particular 
harmonics. With the use of phase shift, it was noticed which variables undergo changes earlier. 

For SLA in SWINOUJSCIE point, the most important aspect in explaining the variance of 
variable deviations from trends has harmonic 13, which corresponds to a one-year cycle, and 
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harmonic 3, which is connected with a four-year cycle. They explain 20.75% and 8.39% of the 
variance respectively. Harmonic 16, which corresponds to 0.8 of a year, has over 5% share in 
explaining the variance. The greatest deviations of SLA value from the trend line are caused by 
fluctuations in a year cycle (harmonic 13). In October, SLA values deviate from trend line in plus, 
however, in April they deviate in minus by about 6.20 cm. Fluctuations in a four-year cycle 
(harmonic 3) cause the deviation of SLA values from trend line by 3.94 cm, the phase shift is 3.85, 
which means that the cycle takes the first extreme value in April. Fluctuations in the time of 0.8 of a 
year (harmonic 16) make the deviation of 3.29 cm. The first deviation in plus occurs in February. 
On the basis of the first harmonic representing fluctuations in a thirteen-year cycle, SLA value 
deviates from trend line by 1.42 cm maximally. Similarly, for SLA in WLADYSLAWOWO point, 
harmonic 13 (which relates to a one-year cycle) and harmonic 3 (which relates to a four-year cycle) 
have the greatest share in explaining the variance deviation from the trend line. They explain 
respectively 21.90% and 7.75% of the variance. Almost 5% of share in explaining the variance has 
harmonic 16, which relates to a 0.8 of a year cycle. The greatest deviation of SLA values from trend 
line are caused by fluctuations in a one-year cycle (harmonic 13). In October, SLA values deviate 
from trend line in plus, however, in April they deviate in minus by about 8.63 cm. The fluctuations 
in a four-year cycle (harmonic 3) cause the deviation from trend line by 5.14 cm, the value of phase 
shift is 4.94 cm, the first deviation in plus from trend line appears in May. Fluctuations in the period 
of 0.8 of a year (harmonic 16) cause deviations of 4.12 cm, the first deviation in plus from trend line 
occurs in February. On the basis of the first harmonic, which represents fluctuations in a 13-year 
cycle, SLA value deviates from trend line by 1.86 cm maximally.  

 

Table 1. The use of harmonic in time series for SLA and TWS in all analyzed points of the Baltic Sea 

SLA TWS 
Number of 
harmonics 

Period Number of 
harmonics 

Period 
months years months years 

1 156 13 1 156 13 
3 52 4.3 3 52 4.3 

13 12 1 13 12 1 
16 9.75 0.8 20 7.8 0.65 
78 2 0.17 78 2 0.17 

 
In KOLOBRZEG point, similarly like in SWINOUJSCIE and WLADYSLAWOWO, the 

greatest amplitudes occur in a one-year cycle and a four-year cycle (they explain respectively 
22.78% and 7.60% of the variance). The greatest SLA deviations from the trend line occur in a one-
year cycle, the amplitude is 7.54 cm (the deviations in plus occur in October, in minus in April). In 
a four-year cycle, the fluctuation amplitude is 4.36 cm, the first in plus deviation from the trend line 
can be noticed in April. Fluctuations in the period of 0.8 of a year cause the deviations of 3.47 cm, 
the first deviation from the trend line in plus occurs in February. On the basis of the first harmonic, 
which represents the fluctuations in the period of 13 years, SLA value deviates from the trend line 
by 1.73 cm maximally.  

For TWS time series in three points of the Baltic Sea, 5 harmonics were calculated. For TWS in 
SWINOUJSCIE point, the greatest share in explaining the variance of value deviation from the 
trend line have harmonic 13, which relates to a one-year cycle, and harmonic 3 connected with a 
four-year cycle. They explain respectively 10.36% and 9.08% of the variance. Precisely 5% share in 
explaining variance have also harmonic 20 (the period of 0.65 of a year) and harmonic 78 (0.17 of a 
year). The greatest TWS values deviations from the trend line are caused by fluctuations in a one-
year cycle. In February, TWS value deviates from the trend line in plus, however, in August it 
deviates in minus by 2.69 cm. Fluctuations in a four-year cycle (harmonic 3) cause TWS deviations 
from the trend line by 2.52 cm, the cycle takes the first extreme value between May and June. 
Fluctuations in the period of 0.65 of a year (harmonic 20) make a deviation of 1.65 cm, the first 
deviation from the trend line in plus occurs in February. On the basis of the first harmonic that 
represents the fluctuations in the period of 13 years, TWS value deviates from the trend line by 1.87 
cm maximally.  
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In WLADYSLAWOWO point, the greatest share in explaining the variance of TWS values 
deviations from the trend line have harmonic 3, which relates to the four-year cycle, and harmonic 
78, which relates to the period of 0.17 of a year, and harmonic 1 (connected with a one-year cycle). 
They explain respectively 10.40%, 6.15% and 6.11% of the variance. The greatest TWS values 
deviations from the trend line are caused by fluctuations in four-year cycles. Between May and 
June, TWS values deviate from the trend line in plus by 2.80 cm. Fluctuations in a one-year cycle 
(harmonic 13) and in the time of 0.17 of a year (harmonic 78) make TWS values deviate from trend 
line by 2.15 cm. In a one-year cycle, the first deviation in plus occurs between December and 
January. Fluctuations in 0.65 of a year (harmonic 20) cause the value deviate by 1 cm, the first 
deviation from trend line in plus occurs between January and December. 

In KOLOBRZEG point, similarly like in WLADYSLAWOWO, the greatest amplitudes occur in 
a four-year cycle and a one-year cycle (they explain respectively 11.18% and 8.20% of variance). 
TWS deviations from the trend line are the greatest in a four-year cycle and the amplitude is 2.89cm 
(the first deviation in plus occurs between May and June). In a one-year cycle, the amplitude is 2.47 
cm and the first deviation from the trend line in plus occurs between February and March. 
Fluctuations in the period of 0.17 of a year make deviations of 2.10 cm. On the basis of the first 
harmonic, which represents the fluctuations in the period of 13 years, TWS value deviates from the 
trend line by 1.70 cm maximally. 

4.2 The harmonic analysis of TWS from GRACE and TWS from GLDAS over land 

With the aim of analyzing the dynamics of change of TWS over land, one used the current 
surface mass change data based on the RL05 spherical harmonics from CSR, JPL and GFZ 
(maximum degree/order: n=60), and data from the NOAH 2.7.1 land hydrology model in the Global 
Land Data Assimilation System (GLDAS). The total water content from GLDAS is directly 
comparable to what GRACE measures over land. However, the GLDAS version used here does not 
include groundwater and separate surface water components (such as rivers and lakes). Deviations 
from GRACE Total Water Storage changes can thus be expected, in addition to any errors in the 
model or observations (https://grace.jpl.nasa.gov/data/get-data/land-water-content/). The linear 
tendency, i.e. linear trend function, was estimated for time series of dTWS from GRACE and 
dTWS from GLDAS in the cell of 1 by 1

 
degree with the center (the coordinates: 54.50N; 18.50E), 

which is presented in Figure 2.  

 

Figure 2. Value and trend of dTWS from GRACE and from GLDAS (trend 1.3 mm per year – from GRACE, trend -1.7 
mm per year from GLDAS) in the period between January 2003 and December 2014 in the analyzed cell 

Time series in dTWs are similar to each other, increase and decrease periods occur in similar 
time. The trend, which was marked on the dTWS from GRACE data diagram, shows an increasing 
value. However, the trend of dTWS from GLDAS has a decreasing tendency. 

Figure 3 presents dTWS values deviations from the trend line. The deviations would be modelled 
with the use of the harmonic balance analysis.  
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Figure. 3. Values deviations of dTWS from GRACE and dTWS from GLDAS from the trend line in the analyzed cell  

The length of the analyzed dTWS from GRACE and dTWS from GLDAS time series n=144 
permits the use of 72 harmonics. Five harmonics (with the same numbers as those presented in 
Table 2) were tested. 

 
Table 2. The use of harmonic in time series for dTWS from GRACE and dTWS from GLDAS in the analyzed cell 

dTWS from GRACE dTWS from GLDAS 
Number of 
harmonics 

Period Number of 
harmonics 

Period 
months years months years 

1 144 12 1 144 12 
2 72 6 2 72 6 
4 36 3 4 36 3 

12 12 1 12 12 1 
72 2 0.17 72 2 0.17 

 
For dTWS from GRACE and dTWS from GLDAS data, 5 harmonics, which correspond to 

particular periods (Table 2) were calculated. The determination of amplitudes for particular 
harmonics, phase shifts and variance share of variables in particular harmonics were the results of 
the analysis.  

For dTWS from GRACE in the analyzed cell, the greatest share in explaining the variance of 
values deviation from the trend line have harmonic 12, which corresponds to a one-year period, and 
harmonic 1, which is connected with a twelve-year cycle. They explain respectively 33.57% and 
10.61% of the variance. Over 5% share in explaining the variance has also harmonic 2, which 
relates to the period of 6 years. Harmonic 4 (period of 3 years) has also a great share in explaining 
the variance. The greatest deviation of dTWS from the trend line is caused by fluctuations in a one-
year cycle. In March, the values deviate from the trend line in plus, however, in September they 
deviate in minus by 2.93 cm. The fluctuations in a twelve-year cycle (harmonic 1) make the 
maximal dTWS deviations from the trend line of 1.65 cm. Fluctuations in a six-year period 
(harmonic 2) make the deviation of 1.16 cm. For dTWS from GLDAS, the greatest amplitudes 
occur in a one-year cycle and a three-year cycle (they explain respectively 25.04% and 12.08% of 
the variance). dTWS deviations in a one-year cycle are 1.86 cm maximally. In a three-year cycle, 
the amplitude is 1.27 cm. Fluctuations in a six-year cycle (harmonic 2) make the deviation of 1.03 
cm.  

2.3  The correlations between the data sets dTWS from GRACE and dTWS from GLDAS over 
land 

Another aspect of importance is the correlation between the data sets. As seen before, the trends 
in each data set have been established, but if they do not agree with one another, important 
conclusions cannot be made. Therefore, the Pearson correlation coefficientt was computed between 
each time series at the cell. 

The correlation coefficient between data dTWS from GRACE and dTWS from GLDAS is 0.59. 
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Having analyzed the gravity of the correlation coefficient, it turned out that its value substantially 
differs from zero by p < 0.05. Consequently, it was stated that there is a moderate positive 
dependence between dTWS from GRACE and dTWS from GLDAS.  

Here, r is the correlation, X and Y are the mean values of each times series, and X and i Y are the 
time series values (Jöreskog, 1978). With this statistic the closer the value is to 1, the more 
correlated the series are with each other. We also calculated the correlations between the data in 
each year. The results presented in Figure of 4. The highest correlation coefficient between the 
dTWS from GRACE and dTWS from GLDAS is 0.82 in 2005 and lowest in 2007 and 2011 is 0.46. 

 

Figure 4. Coeffcients of correlation (r) of dTWS from GRACE and dTWS from GLDAS in the period January 2003 – 
December 2014 in the analyzed cell 

4. CONCLUSIONS 

The main research purpose of this article was to investigate whether and what changes of sea 
level anomaly (SLA) and total water storage (TWS) occurred in the coastal zone during the test 
period. Moreover, the article presents the activities of sea level changes and total water storage 
within time and what time cycles occur. In order to check the occurrence of fluctuation amplitudes, 
the harmonic balance analysis was used. The linear trend function for particular time series of SLA 
and TWS data shows the upward trend. 

Sea level anomalies and total water storage time series in three locations are similar, the periods 
of upward trends and downward trends happen in similar time. On the basis of the analyses, it was 
stated that the greatest deviations from SLA trend line are caused by fluctuations in a one-year and 
four-year periods in all three analyzed points of the Baltic Sea. For TWS data from GRACE, one 
claimed that the greatest deviation from the trend line appears in a one-year and a four-year periods.  

The second objective of the research was to check the differences between GRACE-observed 
over land and GLDAS-derived TWS , in the cell of 1 by 1 degree, by verifying the occurrence of 
correlations between TWS data. The analysis of the occurrence of seasonal fluctuations cycles was 
used. There is a moderate correlation between dTWS data from GRACE and GLDAS. The linear 
trend function for dTWS data from GRACE shows an increasing tendency, however, dTWS from 
GLDAS show a decreasing tendency. In the next research, the ground water levels will be 
considered in order to prove the results. On the basis of the harmonic balance analysis, it was stated 
that the greatest deviation of dTWS values from GRACE and dTWS from GLDAS from trend line 
are made by fluctuations in periods of one year, three years or within twelve years. Summing up, it 
can be stated that the rise in sea level can be precipitated by the process of a shoreline erosion 
caused by water. It is essential for investment areas. Even though water level of the Baltic Sea has 
changed within the dozen or so years, the trend has grown slightly.  
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