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Abstract

The physical phenomena occurring on the Earth, which has continous dynamic structure, changes slowly. Glacial
withdrawal movements variations may also result from geodetic changes such as instabilities in the angular
velocity of the world. Glacial Tsostatic Adjustment models can be used to estimate gravitational field of earth and
oceans’ response to the growth and decay cycle of ice sheets. However, big data requirements of these models
and approaches in their mathematical analysis, reveal the need for a simplified and less demanding model. The
aim of this paper was to estimate the post glacial rebound effect by means of Global Positioning System campaign
and positioning techniques. In this study, the linear trend of vertical velocity component was observed and the
solid earth rises were estimated after ice sheet mass loss was investigated. In this direction, position time series
of 34 Interational GNNS Service for Geodynamics stations with 24-hours period of 1995-2017 were used. By
means of the MATLAB program, R? of velocities’ vertical component were calculated by the least squares
method. After this process, the spatial representation of the R? values on the earth was figured with “ordinary
kriging” which 1s a geostatistics techmque by using ArcGIS program. The generated map was compared with the
map obtained by Milne’s glacial isostatic adjustment model and the results were interpreted. The results present
us that the post glacial rebound rates appears to be 88% compatible with the R? values.
Keywords: Glacial Isostatic Adjustment (GIA), ordinary kriging, Coefficient of Determination (R?),

Global Positioning Ssystem (GPS), glacial rebound effect

Oz

Stirekli dinamik yapiya sahip Dunya tizerinde olusan fiziksel olaylar vavasca degisim gostermektedir. Buzul geri
¢ekilmeden kaynakli hareketler dinyamin dairesel hizimin degigimi gibi jeodezik degisimler neticesinde ortaya
¢ikabilmektedir Buzul Izostatik Dengelene modelleri sayesinde yeryiizil yercekim alamnin ve okyanuslarn buzul
tabakalarinin bilylimesine ve erimesine verdigi tepki net bir sekilde olmasa da hesaplanabilmektedir. Ancak s6z
konusu modellerin fazla veri thtiyaci ve matematiksel analizindeki yaklagimlar, daha basitlestirilmis, daha az
veriye ihtiyag duyan bir model thtiyacimi ortaya koymaktadir. Cahgmamn amaci, Karesel Konumlama Sistemi
kampanyast ve Olcim degerlendirme yontemleri ile buzul sonrasi geri cekilme etkisinin tahmininin
gerceklestirilmesidir. Bu ¢aligmada, dusey hiz bileseninde gozlenen dogrusal egilimin, buzul sonrasi geni
¢ekilmeden kaynakli kabuk yikselisi ile korelasyonunun clup olmadi@i aragtinlmistir. Bu dogrultuda, 1995-2017
yillarina ait 24 saat oturum stireli 34 adet uluslararasi GPS servisi istasyonuna ait hiz zaman serilerinin kullanilarak
MATLAR programi araciliiyla en ktgiik kareler yéntemi ile R? degerleri hesaplanmstir. Bu islem sonrasinda ise
ArcGIS programi ile jecistatistik teknigi olan “siradan kriging” ile mekénsal ara kestirim vapilarak R? degerlerinin
yeryuvarl Uzerinde konumsal gosterimi elde edilmistir. Elde edilen harita, Milne tarafindan olusturulan buzul
1zostatik ayart modeli sonucunda elde edilen harita ile kiyaslanarak, sonuglar yorumlanmigtir. Sonuglar, buzul
sonrasi geri tepki oranlarinm R? degerleriyle %88 uyumlu oldugunu géstermektedir.

Anahtar kelimeler: Buzul Izostatik Ayari, siradan kriging, Belirleme Katsayisi (R%), Kiresel Konum
Belirleme Sistemi (KKS), buzul sonras: gen ¢ekilme
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Introduction

The Eatth 13 constantly on the move and the physical events on 1t are slowly changing.
For a severalthousand-year, the great mass of ice has pushed so1l underneath the ice for half a
milein some parts of the Earth, so soil around the glacier has risen up to several hundred meters.
Addiionally, melting of ice sheets has increased the lewel of oceans As a result of this
thenomenon called post glacial rebound, scils under the ice have begun to rise agan. The
effects of glacial withdrawal are summarized in Figure 1. Although the large 1ice sheets in the
Horthern Hemisphere melt for a long time ago, the Earth's response to this event has been
continuing even today. The rises of land tnasses after glaciersretreatin the East Coast and Great
Lakes of the United States can be clearly observed

a. Peak glaciation b. During deglaciation
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Figure ! Glacier withdrawal (Courtesy of Tom James at Matural Eesources Canada).

Glacial Isostatic Adjustment (GIA) refers to the response of the earth to the gravitati onal
field and the oceans to the growth and melting of ice layers. The widely studied component of
5L4 15 nsing of the solid earth after the melting of ice layvers. GLA, which 12 a relatively fast
process, triggers up to100 m changes on earth and sea from sealevel

Changes caused by glacial movements can be monitored by GIA models. Global
Posttioning Swstem (GP3S), a geodetic dataset, Interferometnc Synthetic Aperture Eadar
TnSAR) Altimeter and tide indicator data are used to measure surface deformation associated
with GIA (Eing et al., 20100 The Earth's crust, oceans and ice sheets are considered as three
main components of model calculations on a global scale. GLA models are designed for selving
the classical geodynamic problems of solid earth responses against to the ocean and ice loading.
The maodels also deterrmine self-consistent redistnbution of meltwater gravitationally in the
ocean throughout the world.

Many GIA models have been developed by prominent researchers in this field Peltier
was at the forefront of developing the GLA's theory in the late 70z and early 80s. He has
pioneered the development of finite element analysis and numerical analysiz solutions to sea
level equality (Peltier et al | 1976). Shennan and Milne have developed highly accurate methods
to solve the sea level equation. IMethods were used to investigate and explain wvarious
geophysical phenomena (Milne et al. 2013 Lambeck also developed a model for solving the
sealevel equation of coastal line calculation, which 15 a more complex process, as well as 1ce
and ccean loading (Lambeck et al | 1998). Wu used the finite element method for modeling
izostatic deformation and sea level changes associated with GIA His studies were generally
conducted on the effects of observed GIA, and the structure and rtheology of Earth ("Wu et
al 20050, Eaufman investigated the Earth's crustal movements, the effects of this movement
and GLA4 observations. Those observations were used to predict the viscosity of the Earth's
lavers (Eaufimann et al.,\1998). The German Geclogical Eesearch Center in Potsdam pioneered
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the development of spectral finite differences. The viscoelastic response of the earth was
investigated by using the finite element methods to calculate the 3-D viscosity structure of the
surface loading. Additionally, Zong, Paulson and Wahr analyzed the rebound after the glacial,
examined the viscous mantle convection problems using the finite element model (Zong et
al.,2003). Sabadini, Gasperini, Giunchi, and Spada investigated the effects of GIA on the lateral
structure of the Earth's crust (Gasperini et al., 1990; Giunchi et al., 1997). Vermeersen has
developed “Analytical Normal Mode™ method for viscoelastic loosening in the Farth's crust
due to surface loading (Vermeersen et al., 1996). Fjeldskaar used the Fourier Transformation
Method with a realistic glacier melt model to calculate the loading response against surface
loading. He used the simple half space model, consisting of a viscous mantle covered by an
elastic lithosphere. (Fijeldskaar et al., 1997).

As mentioned above, many models in the literature have been used to monitor the glacial
withdrawal effects. In order to collect data and operate these models effectively, there is a need
to establish fixed base stations where glacial retreat can be observed. Financing these type of
investments with high cost is not always possible. Also operation of these establisments needs
so much money and time.

In the current situation, the stations for monitoring of the GIA effects are constructed
only at the designated points where have a high probability of glacial movement. Thus, GIA
models may not model glacial effects for other points on the Earth efficiently. In addittion some
parameters can not be clearly defined in models. For example, horizontal speeds at GPS
receivers are more accurate than vertical ones, but it is necessary to remove the plate movement
value from the speed outputs of the GIA model. Neither the plate movement nor the GIA effects
can be fully calculated. Hence this issue can not be grasped so easily (King et al., 2010).

This study’s aim was to establish a simple method not to use large amount of data on
same scale as the models really need and to monitor glacial effects with the minimum cost. In
this study, the regions where glacial effects can be observed, are modeled with minimum data
by using the vertical speed analysis method.

Research and Method

Satellite technologies and Global Navigation Satellite System (GNSS) are used
commonly for areas where surface displacement and strain due to tectonic movements are
detected. One of the most effective method to monitor crust displacements and movement is
using permanent stations which can measure the surface movement continuously. It is not
always possible to access to fixed ground-based stations’ data, therefore campaign
measurements are usually made at regular intervals. The speed vectors are obtained by
evaluating these GPS campaigns. The velocity vectors provide information to interpret crustal
movements of the region (Baysal et al., 2010).

International GNNS Service for Geodynamics (IGS), which provides high quality data
and products in the GNSS standard, supports world science researches and multi-disciplinary
applications. In this study, it was aimed to estimate the rise of the Earth’s crust due to glacial
rebound with using position time series of IGS stations by GPS campaigns. In GPS
observations high accuracy of positioning is important concept. Therefore, position time series
of IGS stations are obtained by Precise Point Positioning technique (PPP) which removes GNSS
system errors to provide high level of position accuracy up to 3 centimeters.
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Figure 2 showed the IGS stations, chosen for the operation of this study. GPS vertical
component time series data of thirty four IGS stations with 24 -hours period were used in the
study for years between 1995-2017.
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Figure 2. 1GS points (prepared by author).

Geodetic point velocity information with high accuracy has of great importance in
studies such as modeling of crust movements, fault systems and tectonic movements
deformation. For coordinate time series analysis there is a need to have accurate speed
estimation. Many different mathematical models are used in coordinate time series analysis.
The mathematical model, shown in equation 1, 1s used in this study. This equation is a simplitied
version of annual signal dominant equation. The explicit form of equation was shown in
equation 2 & 3. For the velocity estimations, "Multiple Linear Regression Analysis” method
was used. The unknowns in the mathematical model were obtained by the Least Squares
Method taking into account the annual linear trend and seasonal periodic effects. The MATLAB
program was used for the evaluation of the mathematical method.

The most common mathematical model;

y(£) = yo + vt — &) + L gl& y) + £(E) (1)
v(t) : time series observation vector,

t, : initial observation epoch of time series,

Yo : initial coordinate value of time series at time &,

vt} : other geophysical factors that affect the station linear velocity g (t, y) station speeds,
e(t) : efror temm,

g{t,v} :periodic and non-periodic effects, where

Lgt,y) = Y= 05 sin(2nufit, ) + b cos(2nfit; ) + 5(t;) (2)
f; : seasonal effect
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a;, bj : coefficient amplitudes of seasonal effect
When seasonal effects are taken into account, equation 1 transformed to equation 3,

y(t) = yo + vi; + 2oy @y sin(2nf;;) + by cos(2nf6) + e(t) (3)

As a result of the evaluation of the equation 3 with the MATLAB program, R? values
were obtained which give information about the linear trend in the vertical component. The R?

value approaches “1” if the equation results are closer to observed values. The equation 4 of R?
defined below.

2 _ B o B Gu®)
K=l o - T I )
X; : observed value
X, : value obtained from equation from regression equation
7, :residual value
X :the average of the observed values

The IGS points shown in Figure 2 were spatially distributed over the entire Earth, but
these points only give information about certain regions and positions. To define R? values for
the entire Earth, “kriging” method as a geostatistical interpolation method has been used. It
uses interpolation techniques for the non-measured points to define value from the measured
points at the neighbouring locations by a linear combination. In the study, kriging method was
used for transforming a continuous surface displacement by using a function that passes over
or near the points representing tectonic movements. R? values were obtained by using ordinary
kriging method on the ArcGIS® program. Mathematical formulation of ordinary kriging
method is shown in equation 5.

Z (Xo) = Lilo Wi x Z(x;) (5)
Z (Xy) : estimated 7 value at X;; point,

W; : Z (Xy)'s weight values for cach Z(x;) used in the calculation,

Z(x;) . the empirical data used to estimate Z (Xg)

N . Z (Xy) is the number of points used in the calculation.

Results and Discussions

R? values of the IGS stations’ velocities’ vertical components showed a constant trend
over time. In the study, the trend component was important in terms of revealing the correlation
between the rise of the shell and the glacial retrieval. The coefficient of determination values
were interpreted as the ratio of changes in the prediction explained by the model. It has a value
ranging from 0 to 1. R? value explains the variability of the predicted value (Y or Z) entirely by
the model. Therefore it shows the suitability of the model for each measurement. In other words,
if R? is 0, it indicates that the model does not disclose any variability in the estimation. The R?
value greater than 0.50 is generally considered to be a significant correlation. Table 1 showed
the R? values obtained from the Least Squares Method.
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Table 1
R? Values Obtained From The Least Sguares Method (Prepared By Author)

Station City L at. Lon. R Station City Lat. Lon. R

ATRA Lira 3182 13060 081 NELG Librewille 0.35 567 0.08
ALRT Alert 2249 (234 094 NYAL Hy-Alesund T893 11.87 0.9&
ARED} Arequipa 1647 7149 045 ONSA Cmsala 57 40 11.53 0 86
BAKE Raker Lake 6432 9600 0.98 ORID Chrid 41,13 2079 01

BARH Rar Harbar 4440 A8 22 003 PALM Falmer Station 6478 6405 0.54
BLY¥T Elythe 3361 - 011 PETS Fetropavlowsk 5302 15865 08%

11471 -Eamchatka

CEDU  Ceduna 31.87 13381 028 QIKI Giligrariuag  67.56 6403 0.51
CHUM Chumysh 4300 7475 035 RABT Fabat #Mod  -HES 049
CHUR Churchill A576 -R409 0.95  RAWMO Mitzpe Ramon 3060 376 0.5

EBRE Eoquetes 4082 049 0.12 RESO Eesolute T469 5489 096
HOFN Hoetn g4 27 -151% 0538 SALU Zdo0 Luis -259 44 21 055
HOLM TMukhaltok T0.74 - 0.8 SCOR Scoreshysund  T045 0 2195 0.8S

11776
IQAT, Tgaluit G376 AR 51 07T 8SYOG East Ongle 6301 3958 0.za
Island

KoUuG Kourou 5.10 -5264 048 THU2 Thule firbase T654 -6EE3 096
MAT2 Malind -3.00 4019 04 TIXI Tt T163 12887 032
MATE Idatera 4065 1470 0.53 TROl Trotnzoe B9.66 1854 ]
NATIN Hain 5654 6169 0.91 TURUM Trum o 4359  HI 63 063

The map in Figure 3 was generated with the R? values of the IGS stations in the Table
1. In the study, the accuracy of the findings compared with the map, which was published in
the Quaternary Encyclopedia of Science (Milne, 2013), accepted by mamny researchers (Bell,
M., 2014; Clark, P. U., 2002; Lambeck, K., 2002), and showed the regions affected by glacial
retreat.
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: = |_]_ | —]{
: . IG5 stalions

Figure 3. Map created by ordinary kriging method depending on R?values (prepared by author).
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When the R? value were examined, it was found that the regions, B2 values close to 1,
were the continents of South America, Northern Europe and Antartica affected by glacial
retreat. The map of Milne was used for the correctness of this inference. The regions in his map
were coordinated by using Georeferencing Method (Figure 4) in ArcGIS Program. Glacial
retreat rates of 34 IGS points were overlapped with the values in the his map. AN R? values that
corresponded with the rates, were found approximately (Figure 5).

22 e | p—
Figure 4. The map of the post glacial rebound rates and R2 values obtained by kriging method
(Milne, 2013).
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Figure 5. Map created by Milne 2013 with using GLA models (prepared by author),

The model proved that the IGS stations which have high R? values for velocity
component was compatible with post glacial rebound in the study of Milne. It was calculated
that the similarity of maps was close to 88, This result showed that it 1s possible to detect and
investigate glacial effects in any region on the Earth with monitoring only vertical speed.
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Despite glacial movements modeling is popular subject among researchers, the glacial
withdrawal effect cannot be easily predicted still. As it is well known, the basic approach of
modeling is that the simple model is the best model. We can evaluate the model of the study as
the best one, as it gives a chance to researchers to follow the post glacial rebound effect in a
short period of time with low cost.

There is a need to carry out further comprehensive studies on the measurement of post
glacial rebound effects such as vertical crustal motion, global sea levels which are substantial
terms of any study. Acknowledgement
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Extended Turkish Abstract
(Genisletilmis Tiirkce Ozet)

Buzul Geri Cekilme Etkisinin Diisey Hiz Analiz Metodu ile Tahmin Edilmesi

Dunya strekli hareket halindedir ve tizerinde olusan fiziksel olaylar yavagca degisim gostermektedir. En
son buzul ¢aginda Dinvanin bazi kisimlarinda olugan milyon tonluk buzul tabakalari buzullarin altindaki
topraklan yanm kilometreye kadar iterken buzul ¢evresindeki topraklarin da birkag yiz metre yukselmelerine
neden olmaktadir. Buz tabakalarinin erimesiyle olusan su okyanuslara akarak deniz seviyesini yukseltmekte,
bunun neticesinde buzul geri gekilme etkisi olarak adlandirilan olay olugmakta, buzun altindaki topraklar tekrar
ylkselmektedir. Kuzey Yanmkiredeki buyik buzul tabakalar uzun zaman dnce erimelerine ragmen, yerkirenin
bu olaya tepkisi, bugiin bile devam etmekte,. Kuzey Amerika’da da bu etki net bir sekilde gozlemlenmektedir.
Ozellikle, Amerika Birlesik Devletleri’nin dogu kiyisi ve Buyik Géller bélgesinde buzul etkisi ile kabaran
topraklarda, ¢okme hareketinin devam ettigi net bir sekilde tespit edilmistir.

Buzul Izostatik Dengeleme (Glacial Isostatic Adjustment-GIA) yeryiizii yer¢ekim alanin ve
okyanuslarin buzul tabakalannin buytmesine ve erimesine verdigi tepkiyi ifade etmektedir. GIA’min vaygin
olarak mncelenen bileseni, buzul erimesini takiben arazi yiuzeyinin tekrar yikselerek eski seviyesine gelmesi ile
ilgili olan “buzul sonrasi geri ¢ekilme” dir. Nispeten hizli bir stire¢ olan GIA, okyanus seviyesinde 100 m lik
degigimlen ve yerylzinin deformasyonunu tetiklemektedir.

Buzul geri gekilme etkisinin izlenmesi igin kullamlan birgok model literatiirde yer almaktadir. Bu
modellerin etkin ¢aligsabilmesi igin birgok veriye ve tepkinin net bir sekilde dlgalebilmesi iginde buzul etkisinin
gozlemlenebilecegi verlere istasyon kurulma thtiyaci bulunmaktadir. S6z konusu ihtivaclarin giderilmesi ise uzun
bir zaman dilimi ve fazla mali kaynak harcanmasim gerektirdiginden, bu modellerin her zaman kullanilmasi
mimktn olamamaktadir. Meveut durumda GIA etkisini izleyen istasyonlar sadece buzul hareketleri belirlenen
noktalarda kuruldugundan, modeller farkli noktalarda buzul etkisinin olup olmadigi konusunda net bir sonug
verememektedir. Ayrica modellerde bazi hususlar tam olarak ortaya konamamaktadir. Ornek vermek gerekirse,
yatay Kuresel Konum Belirleme Sistemi (KKS) hizlar dugey hizlardan daha hassastir fakat GIA modelinin hiz
giktilan ile karsilastirildiginda GIA nin hesaplanabilmesi i¢in plaka hareketimin ¢ikartilmas: gerekmektedir.
Ayrica ne plaka hareketi ne de GIA tam olarak hesaplanamadigindan kavranmasi glc bir durum olarak da
kargimiza ¢ikmaktadir.

Global Navigasyon Uydu Sistemi (GNSS), nokta koordinatlarindaki degisim miktarimin belirlenmesi,
gerilimin tespit edilmesi ve tektomk hareketlere bagh yiizey yer degistirmesinin hesaplanmasindayaygin olarak
kullamlmaktadir. Aragtirma vapilacak alanda her zaman istasyon kurulmasi imkam olmadigindan Sabit Kuresel
Konumlama Sistemi (GPS) ile belli araliklarla gergeklesen kampanya olcumleri, etkili bir arag olarak
kullamlmaktadir.  Bununla birlikte, GPS kampanyalannin degerlendirilmesiyle elde edilen hiz vektorlen
sayesinde versel aktiviteler konusunda da bilgi elde edilebilmektedir.

Bu modellerin gereksinim duydugu veri ihtiyacinin minimize edilmesi, basit yontemler ve minimum
maliyetle buzul etkilerinin izlenmesi amaciyla bu ¢aligma ortaya konulmustur. Bu ¢alismada, secilen érmek 1zleme
noktalar1 sayesinde minimum veri ile buzul etkisinin ortaya gikma ihtimalinin yiiksek oldugu noktalar digey hiz
analiz yontemiyle modellenebilmektedir. Caligmamizda, buzul geri gekilme etkisinden kaynakli kabuk
ylkseliginin GPS kampanya ve élgim degerlendirme yéntemleri yardimiyla tahmini hedeflenmistir. Ornek izleme
noktalarinin secilmesinde Uluslararast GNNS Servisinden (International GNNS Service for Geodynamics, IGS)
faydalarilmigtir. 1995-2017 yillar1 arasinda yirmi iki yillik zaman diliminde yirmi dért saat oturum stireli 34 adet
1GS 1stasyonunun GPS diigey bilesenine ait zaman serisi verilenn kullamlmistir. Jet Propulsion Laboratory (JPL)
tarafindan degerlendirilerek GIPSYX yazilimi ile analizi vapilan ve vayimlanan bahse konu zaman serileri Hassas
Nokta Konumlandirma (PPP) yontemiyle elde edilmistir. . Dugey hiz éngdrimiinde: Yillik dogrusal egilim ve
mevsimsel periyodik etkiler de hesaba katilarak “Coklu Lineer Regresyon Analizi” ve “En Kigtik Kareler” (EKK)
yontemi kularmilmis, degerlendirme ise MATLAB R2013a programi ile gergeklestirilmistir. IGS istasyvonlarina ait
R? degerlerinin zaman iginde sabit bir egilim gostermesi, bagka bir deyisle “dogrusal egim hileseni”, buzul sonrast
geri ¢cekilmeden kaynakli kabuk yiikseligi arasindaki korelasyonun ortaya konmasi agisindan énem arz etmektedir.
Bunedenle EKK yontemi ile R? degerleri hesaplanmigtir. Sonrasinda ise ArcGIS programi ile jeoistatistik teknik
olan “siradan kriging” ile mekénsal ara kestirim yapilarak R? degerlerinin yeryuvar Gzerindeki konumsal
gosterimi elde edilmigtir. Elde edilen harita, Milen tarafindan olugturulan GIA modeli sonucunda elde edilen harita
ile kiyaslanmasgtir.
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Ortaya konulan modelde R? degerlerinin ytzde 80 ve tizerinde oldugu bélgelerde, bagka bir deyisle hizin
strekli olarak arttif1 istasyonlarda, buzul geri ¢ekilme ile R? degerlerinin %88 oraninda uyumlu oldugu
gortlmektedir. Bu da sadece dusey hiz izlenmesi ile dinya tizerindeki herhangi bir bolgede buzul etkileri tespit
etmemize ve arastirmamiza imkan verecektir.

Buzul hareketleri modellemeleri ¢aligmalari yaygin olarak yapilmasina ragmen buzul ¢ekilmesinin etkisi
hala kolay bir gekilde hesaplanamamaktadir. Modelleme ¢alismalarinda temel kural en az veri ile en dogru sonuca
yaklagtiracak modeli kurmak oldugundan, cahgmamizla elde ettigimiz basit model ile arastirmacilar buzul sonras:
geri tepme etkisini kisa strede ve digtk maliyetle takip etmeleri mimkun olabilecektir. Dugey kabuk hareketi,
manto tagmimi ve plaka tektonigi caligmalart i¢in onemli olan kuresel deniz seviyeleri gibi buzul sonrasi
toparlanma etkilerini dlgmek i¢inse daha kapsamli galigmalar yapilmas: gerekmektedir.
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