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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Geodynamic monitoring in seismically active Almaty
requires a common coordinate reference framework for comparing repeated
geodetic observations. Quality control of satellite measurements is essential
for distinguishing potential deformation-related displacements from coordinate
changes caused by observation and processing errors. Objective. To provide
a methodological basis for processing static GNSS observations to establish
a coordinate framework for geodynamic monitoring and assess the geodetic
network's internal consistency. Materials and methods. Multiconstellation static
GPS, GLONASS, and BeiDou observations collected at geodetic network stations
in Almaty were processed using South Geomatics Office. Processing comprised
data screening, baseline computation, phase ambiguity resolution, and three-
dimensional network adjustment. Fixed-ambiguity solutions were obtained. Phase
residuals, baseline solution characteristics, and RMS values were jointly analysed
to assess coordinate estimation quality. Results. Adjusted spatial coordinates and
statistical solution characteristics were determined. RMS values did not exceed
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24 mm. Phase residuals and baseline checks indicated the adjusted network's
internal consistency. The workflow from raw observations to station coordinates
and precision estimates was systematised, providing a reference dataset for
subsequent inter-epoch comparisons. Conclusions. The approach integrates
baseline processing, network adjustment, and statistical quality control into a
unified workflow, supporting GNSS data preparation for engineering surveying
and geodynamic monitoring. The reported metrics characterise solution quality
within the observation campaign. Identifying deformation requires repeated
observations, verification of reference station stability, and assessment of the
statistical significance of inter-epoch displacements accounting for coordinate
uncertainty. These estimates can guide the planning of subsequent observation
campaigns and the selection of appropriate procedures for coordinate framework
quality control.

Keywords: GNSS measurements, static method, geodynamics, geodetic
network
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AHHOTAaNUA. O3¢xminici. AJIMaThIHBIH CEHCMHUKAIBIK OCJICEH[II ayMarbIHBIH
reolMHAMHKAJIBIK MOHUTOPHMHI1 KaWTanaMa Teofe3MsUIbIK — OaxbliayiapIblH
CaJIBICTBIPMAJIBIIBIFBIH  KAMTAMAaChI3 €TeTiH OipblHFall KOOPAMHATTBHIK Heris[i
tajan etei. CIyTHHUKTIK eJIIeyJIepAiH canachblH Oakpliay €peKile MaHbI3Fa ue,
Oy Oaxpliaynap MEH €cenTey ©HAEYyAeri Karelikrepre OalIaHbICTHl MYMKiH
OosiaTblH  1e(pOPMALMSUIBIKEHUSIBICYTIAD  MEH  KOOPAMHATTApAbIH — ©3repyiH
aXbIpaTyFa MYMKIHIIK Oepeni. Maxcamoi. ' eonuHaMUKaIbIK MOHUTOPHHT JKOHE
reONIe3UsIIBIK JKETIHIH 1MIKi KOHCHCTEHLIMSACHIH Oaranay YILIiH KOOpIUHATTap
KyHeciH Kypy MakcatbiHaa GNSS crarukanblk OaxbuiaylapblH  ©HACYIIH
o/liCHaAMAIIBIK HET131H KaMTaMackI3 ety. Mamepuandap men a0icmep. AnMaThIHBIH
reolle3nsIbIK KemiciHiH myHkTTepinne opwinpanran GPS, GLONASS xone
BeiDou mynbrucucTeManblK CTaTUKANBIK Oakpuiayiaapbl naigaiganbuiasl. South
Geomatics Office OarnmapnaMaiblK KELICHIHACTi ©HIEY OacTamKel JepeKTepai
TEKCepydi, Heri3ri BeKTopiaapAbl ecenTeyndi, ¢asanblK TYCiHIKCI3miKTepIi
LmIemyi JKOHE YII OJIIEeMAl JKeNiHI TeHEeCTIpyli KaMThlgbl. benrinenren
TYCiHIKCi3OikTepi Oap memiMaep anbiHAbl. KoopaumHaTanbIK aHbIKTaMalapIblH
camachkl (hazajblK aybITKylap, 0a3aliblK CBhI3BIKTApIbIH CHIIATTaMajlapbl >KOHE
RMS kepcetkimTepi OoiibiHma Oarananapl. Ocbl cunarramanapAbly OipiaeckeH
Tajaybl OHJICY HOTHIKEJIEPIH KeLeH 11 Oaranay bl KaMTaMachl3 eTTi. Homuoicenep.
OneMeHTTepIiH TEHAECTIPUINeH KEHICTIKTIK KOOPAMHATTAPBI >KOHE aJIbIHFAH
LIeIIiMAEPAiH CTaTUCTUKAJIBIK CHUIIATTaMaliapbl aHbIKTaianbl. RMS mongepi 24
MM-JIeH acna/bl.(hazaiblk Oy3bUTyap MEeH 0a3aiblK OaKblidy HOTHKEIEPiH Tajiaay
OHJENITeH JKEJIIHIH IIIKi KOHCHUCTEHLMSCHIH KepceTedi. bacTamkpl CIyTHHKTIK
OakbutaynapJaH HYKTEJEpAiH KOOPAMHATTApblHA JKOHE OJIApPIBIH AQJAIriH
Oarasiayra KeIly perTiiiri xyHenenren. KeliHri Ke3eHapaiblK CalbICThIPY YIIiH
OacTankpl aKknapaTThIK HET13 KaJIbIITACTRIPBULIBL. Kopbimuinowvl. KapacTelpbliran
TOCII HETI3ri CHI3BIKTApAbl OHJICYH, KeNiHI TEHECTIpYyAi >KOHE HOTHXKEeIepui
CTaTUCTHUKAJBIK OaKbuIaygbl ecenTeyinephid OipbiHFail Ti30eriHe OipikTipeni.
OHbBIH NPAaKTUKAJIBIK MAaHBI3ABUIBIFBl  MHKXCHEPIIK-TEOJC3UsUIBIK  3epTTEyIep
MEH TeOJMHAMHUKANbIK MOHUTOpMHTI YuiiH GNSS nepekrepiH gaibIHAAYIbI
o/licTeMeNiK KaMTaMachl3 €Ty OOJbII TaObulafbl. ¥ CBHIHBUIFAH KOPCETKILITEP
KapacThIPbUIFAH 6JIley LUKl IIeriHje MeHnnMACpAiH caracblH CHIIaTTaubl.
Hedopmanusuiapasl aHBIKTay KaliTanaMa Oakbuiaynap/sl, 0acTanKsl HYKTEIepAiH
TYPaKTBUIBIFBIH TEKCEPYIi )KOHE KOOPAMHATTAPIBIH OJTiCi3/iriH ecKepe OTBIPHII,
KE3€HaPaJIBIKMEIIBICYIapAblH ~ CTaTUCTUKAIBIK  MAaHBI3ABUIBIFBIH  Oaraliayabl
Tajan ereni. AnblHFaH Oaranaynap KeHiHIT ejmemzaepii jkocmapiay XKoHe
KOOpPJHMHATAJIBIK HEri3/1 OaKpliay mpoueaypaiapblH TaHAay Ke3iHJe KONIaHbLTYbI
MYMKiH.

Tyiin ce3mep: GNSS-emmeynepi, CTaTHKAJIBIK 9iC, TeOJUHAMUKA,
re0JIe3UsUIIBIK JKeIi
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AHHOTALIMSA. Axmyanvrocme. T'eonuaamMuueckuit MOHUTOPUHT
CEHCMOAKTHBHOW TeppuTOopuu AnMarel TpeOyeT ¢GOpMUPOBAHUS EIMHOM
KOOPJMHATHOH OCHOBBI, OOECIEUMBAIOLICH COMOCTaBUMOCTb  PE3yJbTaTOB
MOBTOPHBIX Treoae3nueckux HaOmoneHni. Ocoboe 3HadeHue mpuodperaeT
KOHTPOJIb KaueCTBa CIIyTHHKOBBIX M3MEPEHHH, MO3BOJIIOUIMN pa3rpaHHMYUBaTh
BO3MOXKHBIE J1e()OPMALMOHHBIC CMEIICHHUS 36MHOM MOBEPXHOCTH W M3MEHECHUS
KOOpPJHMHAT, OOYCJIOBJICHHbIC MOTPEIIHOCTSIMH HM3MEPEHHH W BBIYMCIUTEIBLHON
oOpaboTku. [lens. Pa3paborarh MeETOMONOTHYECKHMN TMMOIXON K 00paboTke
crarnaecknx GNSS-naOmiopenuil s GopMHUPOBaHUS KOOPIMHATHOH OCHOBBI
reoIMHAMUYECKOT0 MOHHUTOPUHIAa M OICHKM BHYTPEHHEH COINIacOBaHHOCTU
reosie3ndecKkoil cetn. Mamepuanvt u memoouvl. B uccienoBaHuy HCHOIb30BAHBI
Pe3yABTATHI MYITBTUCUCTEMHBIX cTaTHueckuX GNSS-Ha0OmroeHni, BEITIOTHEHHBIX
Ha MYHKTaX Ieole3MYecKoil ceTn ANMaThl C IPUMEHEHUEM CITyTHUKOBBIX CUCTEM
GPS, GLONASS n BeiDou. O6pab0oTka JaHHBIX OCYLIECTBIISIIACH B IPOTPaMMHOM
koMmrutekce South Geomatics Office 1 BkiTiouasa npoBepKy HCXOAHBIX HAOMIOACHHM,
BbIUMCIIEHHE O0a30BBIX BEKTOPOB, paspeuieHne (a3oBBIX HEOTHO3HAYHOCTEH
W ypaBHHBaHHE TPEXMEPHOH reone3nveckoil cetu. B pesynbrare mosryueHbl
pemeHust ¢ (QUKCUPOBAHHBIMU (PAa30BBIMH HEOTHO3HAaUYHOCTAMHU. KauecTBo
KOOPJMHATHBIX ONPEICICHNH OLIEHUBAIOCH HA OCHOBE aHajn3a (a30BbIX HEBSA3OK,
XapaKTepUCTUK 0A30BBIX JIMHUH ¥ 3HAUCHUH CPeTHEKBAAPaTHICCKHUX MTOKa3aTenen
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(RMS). CoBmecTHOE paccMOTpEHHE YKa3aHHBIX IapaMeTpoOB ITO3BOJIUIIO
BBITMOJIHUTh KOMIIJIEKCHYIO OLICHKY BHYTPEHHEH COINIaCOBAaHHOCTH PE3yJbTaTOB
Te0Ie3NUECKUX  BBIUUCIEHHH.  Pesynomamsei.  OnupeneneHsl  ypaBHEHHbBIE
MPOCTPAHCTBEHHBIC KOOPIMHATHI IMyHKTOB TI'€OJC3UUYECKOM CETH W PacCUUTAHBI
CTaTHCTUYECKNE XapPAKTEPUCTUKN TOTYUYEHHBIX PEIICHNI. 3HAUEHUs MOoKa3aTems
RMS ne npesbimanu 24 Mmm. AHanu3 Ga3oBbIX HEBSI30K U PE3yIbTaTOB KOHTPOJIS
0a30BBIX JIMHUH TIOKa3ajdl BHYTPEHHIOID COINIACOBAHHOCTH T'€0/Ie3MYECKOM
CeTH B MpeleNnax PacCMOTPEHHOro Iukia HaomrogeHui. CucremMaTn3upoBaHa
MOCIIEIOBATEIbHOCTh 00PaOOTKM CITyTHUKOBBIX JAHHBIX, BKJIIOYAIOLIAs IEPEXO.
OT HCXOAHBIX M3MEPEHHH K OINpPENCICHUI0 MPOCTPAHCTBEHHBIX KOOPIMHAT
MYHKTOB M OLEHKe MX TouHocTU. CopmupoBaHa HcxoqHass WH(GOPMALMOHHAS
0a3a Ui TOCJIEOYIOLIEr0 COIMOCTABICHHUS KOOPAMHAT, MOJIYYECHHBIX B pa3HbIC
amoxu HaOmoneHu. Bwigoosi. lpeanokeHHBIH METOJOIOTUIECKUN  ITOIXO
O0ObEAMHSCT BBIYUCICHHE O0a30BBIX BEKTOPOB, YPAaBHUBAHHE TI€OIE3MUYECKOI
CeTH M CTAaTUCTUYECKUH KOHTPOJb PE3YJIBTATOB B EAMHYIO MOCICAOBATECIBHOCTD
o0pabotku cratuueckux GNSS-nabmonenuii. Ero mpakTuueckass 3HAYMMOCTD
3aKJII0YaETCsl B 00ECIEUeHMH METOANYECKOH OCHOBBI IMOJTOTOBKH CITyTHUKOBBIX
JAHHBIX AJS1 MHKCHEPHO-TEOAC3MUCCKUX HCCICAOBAaHUM M TE€OAMHAMHYECKOTO
MoHUTOpHHTA. [lomydeHHBIE CTaTUCTHYECKHE TIIOKA3aTelH XapaKTepU3yIOT
KaueCTBO KOOPAMHATHBIX PEIICHUH B Mpefeiax OJHOr0 IMKJIA H3MEpeHHH U
HE TIO3BOJIIIOT HEMOCPEACTBEHHO YCTAaHOBUTb HAlUYME TEOIUHAMUYECKUX
nepopmanuii. s BBIIBICHUS M KOJIMYECTBEHHOW OLIEHKU Je(OpManrOHHBIX
CMELICHUH HEOOXOAMMBI ITOBTOPHBIC HAOIMIONCHMS, NPOBEpKa CTAOMIBLHOCTH
WCXOAHBIX MyHKTOB U ONPEACICHNE CTATUCTHUECKON 3HAYMMOCTH MEKATOXOBBIX
W3MEHEHHH KOOPIMHAT C yU4eTOM HEOTIPeIeJIEHHOCTH UX ONpeaeieHns. Pe3ynbrarsl
HCCIIEIOBAHMSI MOTYT HCIIONIB30BAThCS MIPH IUIAHUPOBaHUM nocieayomux GNSS-
HAOIIOCHUH M COBEPIICHCTBOBAHUH MIPOLETYP KOHTPOJISI KOOPIAUHATHONH OCHOBBI
re0IMHAMUYECKOTO MOHUTOPHHTA AJIMATHI.

KuarwueBsblie cioBa: GNSS-uzMepeHus, CTaTUYECKUA METOJ, T'€OAMHAMUKA,
reoyie3nvecKast CeTh

Introduction. Modern Global Navigation Satellite Systems (GNSS) are an
effective tool for obtaining high-precision spatial information and are widely
used in engineering geodesy, geodynamic studies, and territorial monitoring. The
high accuracy of satellite observations makes it possible to form stable geodetic
networks designed for long-term observations and analysis of spatial changes in
the coordinates of observation points (Konakoglu, 2021; Teunissen et al., 2022;
Hofmann-Wellenhof et al., 2021).

An important stage in the organization of satellite observations is the
development of a concept for processing static GNSS measurements aimed at
ensuring high accuracy and reliability of coordinate determination. Such a concept
includes the formation of the geodetic network structure, processing of satellite
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observations, analysis of baselines, resolution of phase ambiguities, adjustment
of the spatial network, and statistical evaluation of the accuracy of the obtained
coordinates (Li et al., 2020; Teunissen et al., 2020).

The Global Navigation Satellite System (GNSS) has become one of the key
technologies of modern geodetic positioning, providing high-precision and
reliable spatio-temporal information for a wide range of scientific and applied tasks
(Montenbruck et al., 2020; Tekenov et al., 2017; Maciuk et al., 2021; Gabsatarov
et al., 2022). The principle of GNSS operation is based on a constellation of
navigation satellites orbiting the Earth and continuously transmitting radio signals
to ground receivers. GNSS receivers record these signals and, through their
processing, determine spatial coordinates, velocity, and precise observation time
(Li et al., 2023; Nurgaliyeva et al., 2026; Sukhenko et al., 2025; Kashkin et al.,
2001).

In the context of monitoring geodynamic processes, static GNSS measurements
are of particular importance, as they allow the determination of observation point
coordinates with millimeter-level accuracy. Subsequent mathematical processing
of such observations makes it possible to detect small horizontal and vertical
displacements of the Earth's surface, enabling the analysis of modern deformation
processes, the assessment of tectonic activity, and the control of the stability of
geodynamically active territories.

Special attention in GNSS data processing is given to the quality control of raw
observations, analysis of baseline parameters, and assessment of the accuracy of
coordinate solutions. This makes it possible to form a stable and highly accurate
geodetic framework for subsequent geodynamic studies. The development and
application of a methodologically justified scheme for processing static GNSS
measurements is an important prerequisite for ensuring the reliability of monitoring
results and increasing the efficiency of using satellite technologies in the territory
of the city of Almaty.

Urban areas located in zones of high seismic activity represent complex natural-
technogenic systems, the sustainable development of which is impossible without
the creation and maintenance of high-precision geodetic networks. The city of
Almaty, the largest metropolis and economic center of the Republic of Kazakhstan,
is located in one of the most seismically hazardous regions of Central Asia — the
foothills of the Northern Tien Shan (Kenjezhan et al., 2022). The complex tectonic
structure of the region, the presence of active faults crossing the urban territory,
and the history of destructive earthquakes determine the necessity of continuous
and detailed monitoring of surface deformation processes and assessment of the
geodynamic stability of the urban environment (Figure 1).
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Figure 1. Geographical location of the study area.

Geodynamic monitoring in seismically active regions plays a key role in
assessing seismic hazards and reducing the risks of natural and technogenic
disasters. Modern crustal movements are one of the indicators of the accumulation
of elastic stresses in the lithosphere, the release of which may lead to seismic events
of varying intensity. For a long time, the basis of geodetic studies of deformations
was formed by traditional methods of high-precision leveling and linear-angular
measurements. However, the development of Global Navigation Satellite Systems
(GNSS) has significantly expanded the possibilities for studying modern crustal
movements and has brought geodynamic research to a qualitatively new level
(Nurpeisova et al., 2024).

GNSS technologies are currently an integral part of modern geodesy and
geophysics. They provide the determination of three-dimensional coordinates
of observation points with millimeter-level accuracy within a unified global
coordinate system, which is particularly important for analyzing deformations
over large spatial and temporal scales. Unlike local geodetic networks, satellite
methods make it possible to compare the results of regional observations with
global tectonic processes and to analyze the relationship between local deformation
fields and the motion of lithospheric plates. The use of static GNSS measurements
ensures high accuracy in coordinate determination, stability of solutions, and
the possibility of forming long-term coordinate time series, which is especially
important for geodynamic monitoring.

The geographical location of Almaty at the junction of the Zailiyskiy Alatau
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mountain range and the Ili basin determines the high intensity of modern tectonic
movements in the region. The region is characterized by active mountain-building
processes accompanied by both vertical and horizontal displacements of the Earth's
crust. Historical records indicate a high seismic vulnerability of the territory. The
destructive Verny earthquake of 1887, with a magnitude of about M7.3, almost
completely destroyed the city of Verny (now Almaty) and caused large-scale
landslides and rockfalls in mountainous areas. The Kemin earthquake of 1911,
with a magnitude of M8.0—one of the strongest intracontinental earthquakes of the
twentieth century—also caused significant damage and led to noticeable residual
deformations of the terrain. These events confirm the high tectonic activity of the
region and highlight the necessity of continuous monitoring of the geodynamic
state of the territory (Figure 2) (Mikhailova et al., 2020).

“40°N

8 —== Thrust faults {active reverse
faults)

O Md-5

@ M5

4 @ M6-7 Prehistoric

| e Movement of tospheric blocks

Figure 2. Tectonic and seismic activity of the Almaty region.

The current seismic activity of the region remains high. Every year, hundreds
of weak and moderate seismic events are recorded within the Northern Tien Shan,
indicating ongoing tectonic processes and the redistribution of stresses within the
Earth's crust. Under these conditions, the development of high-precision geodetic
monitoring methods capable of detecting even minor surface displacements and
identifying trends in deformation processes becomes particularly important.
The densification of urban development, expansion of transport infrastructure,
construction of high-rise buildings, and increasing population density require
obtaining the most accurate information about soil stability, the activity of tectonic
faults, and possible surface deformations (Abdrakhmatov et al., 2021).

In this regard, the development of a concept for processing static GNSS
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measurements aimed at creating a high-precision geodetic framework for
monitoring geodynamic processes in the territory of the city of Almaty is of
significant scientific and practical interest. The implementation of this concept
involves the analysis of geological and tectonic conditions of the study area and
the justification of the configuration of a test GNSS network, conducting a series of
static satellite observations using multi-constellation receivers (GPS, GLONASS,
BeiDou), and the development and application of a data processing methodology
in the South Geomatics Office (SGO) software package to obtain fixed vector
solutions. It also includes the rigorous adjustment of the network and statistical
evaluation of the accuracy of the obtained coordinates of observation points.
Additional attention is given to the analysis of the quality of the obtained solutions
and the assessment of their applicability for geodynamic monitoring tasks through
comparison of GNSS observation results with existing data on crustal deformation
rates and geological and geophysical information of the region (Biirgmann et al.,
2013).

The obtained results can be used in the creation and development of long-term
geodynamic monitoring systems, as well as in solving engineering and geodetic
problems under conditions of seismically active urban territories.

Literature Review. The application of satellite geodetic technologies for studying
geodynamics has become a global standard. Numerous studies (Biirgmann,
2013) demonstrate the effectiveness of GNSS networks for monitoring seismic
deformations. In tectonically active regions such as the Japanese archipelago,
the western coast of the United States (San Andreas Fault), and the Anatolian
plate, dense networks of permanent GNSS stations (CORS) operate, providing
continuous observation time series (Biirgmann et al., 2013).

For the Central Asian and Tien Shan regions, pioneering work on the use of GPS
for geodynamic studies began in the 1990s. Large-scale investigations conducted
by Zubovich et al. (2010) made it possible to construct a velocity field of present-
day crustal movements for the entire Tien Shan. According to their results, the
region experiences intense north—south compression caused by the collision of
the Indian and Eurasian plates. Horizontal displacement rates relative to stable
Eurasia vary across the region, reaching crustal shortening values of up to 20 mm/
year across the entire mountain belt. For the Northern Tien Shan and the Almaty
region, displacement rates of about 2—7 mm/year in the northwestern direction
relative to the Eurasian plate are typical (Zubovich et al., 2010).

Detailed investigations of active tectonics in the immediate vicinity of Almaty
are presented in the works of Griitzner et al. (2017). The authors used a combination
of paleoseismological data, high-resolution satellite imagery, and digital elevation
models to map active faults. In particular, the position of the main frontal fault
of the Zailiyskiy Alatau was refined, and previously hidden faults beneath the
alluvial deposits of the foothill plain were identified, representing potential seismic
hazards for urban infrastructure (Griitzner et al., 2017).

In recent years, radar interferometry (InSAR) methods have been significantly
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developed, allowing the acquisition of spatial deformation patterns over large
areas presented the results of PS-InSAR monitoring of the Almaty territory for the
period 2003-2006, identifying local zones of ground subsidence. A more recent
study by Bayramov et al. (2024), covering the period 2017-2023, revealed a
complex pattern of vertical movements with zones of anomalously high subsidence
rates (up to 57 mm/year) and uplift (up to 40 mm/year), correlating with active
fault zones and anthropogenic loading. These findings emphasize the necessity of
integrating InSAR and high-precision GNSS measurements, where GNSS serves
as a reference framework and a means of validating satellite radar data (Bayramov
et al., 2024).

The choice of the static GNSS measurement method in this study is is due to
its highest accuracy and reliability compared with kinematic methods (RTK, PPP).
Static observations allow effective averaging of multipath effects and atmospheric
delays over longer observation sessions, which is critical for detecting millimeter-
scale displacements typical of tectonic processes during the interseismic period.
The use of modern processing algorithms implemented in software packages such
as South Geomatics Office, Bernese GNSS Software, or GAMIT/GLOBK makes
it possible to achieve coordinate determination accuracy at the level of a few
millimeters.

Materials and Methods. The spatial configuration of the network is
characterized by the presence of baselines of different lengths, which ensures
sufficient redundancy of observations and increases the stability of the adjustment
results. Such a distribution of stations makes it possible to form short, medium,
and long baselines, thereby improving the reliability of coordinate determination
(Liu T. et al., 2022).

The formed geometry of the GNSS network ensures the possibility of high-
precision determination of three-dimensional coordinates of observation points
and meets the requirements for geodetic networks used for monitoring deformation
processes in seismically active regions. The presence of baselines of different
lengths also increases the resistance of the network to random errors in satellite
observations and improves the geometric strength of the solution during network
adjustment.

An additional advantage of this configuration is the possibility of quality
control through the analysis of geodetic polygon closures and comparison of
independent vector solutions. Observation redundancy allows the detection of
possible systematic errors and increases the reliability of the obtained coordinate
solutions.

Moreover, such a network structure creates favorable conditions for further
analysis of spatio-temporal changes in station coordinates, which is an important
element of geodynamic monitoring. This makes it possible to detect even minor
surface displacements and to use the obtained data to assess modern tectonic
movements and deformation processes within the study area.

In general, the selected configuration of the GNSS network provides the
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necessary level of accuracy and reliability of measurements, making it an effective
tool for solving problems of high-precision geodetic positioning and monitoring
geodynamic activity in the Almaty region (Zaitsev et al., 2020).

Within the territory of the city of Almaty, a three-dimensional GNSS network
was established, including the following observation stations: ALMA — the
reference (fixed) station of the network; CHIL, ESIK, FABR, and KGAI — working
GNSS stations.

The ALMA reference station was used as the initial station with fixed
coordinates, which ensured a stable geodetic framework during the processing of
satellite observations and subsequent network adjustment. The working stations
were located in different parts of the study area to ensure an optimal network
geometry and the formation of baselines of various lengths.

The network geometry is characterized by the presence of baselines of different
lengths, including short, medium, and long baselines. Such a distribution of
stations ensures sufficient observation redundancy and increases the stability of
the network adjustment results. The presence of redundant baseline connections
between stations enables mutual control of measurements, detection of possible
gross errors, and improvement of the reliability of the obtained coordinate
solutions. The spatial configuration of the GNSS network is shown in Figure 3.
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Figure 3. Configuration of the GNSS network in the territory of the city of Almaty, including the
reference station ALMA and the working stations CHIL, ESIK, FABR, and KGALI.

The established network configuration provides favorable conditions for
conducting high-precision static GNSS measurements and enables reliable
determination of the spatial coordinates of stations within a three-dimensional
coordinate system. The use of several working stations located at considerable
distances from each other increases the geometric stability of the network and
reduces the influence of random errors in satellite observations.

In addition, such a GNSS network structure makes it possible to analyze spatio-
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temporal variations in station coordinates, which is an important component of
geodynamic monitoring. The obtained results can be used to detect modern surface
deformation processes, assess tectonic activity, and analyze possible displacements
caused by geodynamic and seismic processes.

Thus, the established GNSS network provides the required level of accuracy
and reliability of satellite measurements and meets the requirements for geodetic
networks used for monitoring geodynamic processes.

Observation Characteristics. GNSS observations were conducted in static
mode using multi-frequency receivers. Signals from the GPS, GLONASS, and
BeiDou satellite systems were used in the data processing. The duration of each
observation session was at least one hour, ensuring reliable ambiguity resolution
and high accuracy in baseline solution determination.

Processing of GNSS Observation Data. The processing and adjustment of
GNSS observation results were carried out using the specialized software package
South Geomatics Office (SGO), designed for the processing of static satellite
measurements and the adjustment of geodetic networks. The data processing
workflow consisted of several sequential stages aimed at obtaining highly accurate
coordinates of the GNSS network stations and evaluating the reliability of the
obtained results.

At the first stage, a project was created and the main processing parameters
were defined. In the SGO software environment, a new project was established
specifying the coordinate system WGS-84 / ITRF2020, the parameters of the
reference ellipsoid, and quality control criteria for the obtained solutions. At the
same time, threshold values for statistical indicators such as RMS and Ratio, used
for evaluating the quality of baseline solutions, were defined.

At the second stage, the raw satellite observation data were imported. RINEX
files containing static observations from all stations of the network were loaded into
the project. During the import process, the correctness of the file header parameters
was verified, including the station name, antenna type and antenna height, as well
as the observation time interval. In addition, precise satellite ephemerides (IGS
SP3 files) and atmospheric delay models were loaded to improve the accuracy of
the computations.

The next stage involved quality control of the raw satellite observations. For
this purpose, built-in tools of the SGO software were used to analyze the satellite
sky distribution (Skyplot), the signal-to-noise ratio (SNR), and the effects of signal
multipath (Multipath). Observations characterized by low signal quality (SNR <
25 dB-Hz) were excluded from further processing to improve the accuracy of
coordinate solutions.

During the baseline processing stage, vector solutions between GNSS stations
were computed using the double-difference phase observation method. The
resolution of phase ambiguities was performed in the fixed solution mode (Fixed),
indicating reliable integer ambiguity resolution and high accuracy of baseline
vectors. To assess the quality of the solutions, the following criteria were applied:
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Ratio > 3 and RMS < 30 mm. If unsatisfactory results were obtained, additional
parameter adjustments and observation editing were performed.

After the computation of baseline vectors, an analysis of geodetic polygon
closures was carried out. This procedure allows the control of linear misclosures
and the detection of possible systematic errors in the observations. The verification
of network closures is an important stage of geodetic network quality control and
confirms the consistency of the obtained baseline solutions. The overall algorithm
for GNSS data processing implemented in this study is shown in Figure 4.

Subsequently, a rigorous adjustment of the GNSS network was performed using
the least squares method in three-dimensional space. As a result of the adjustment,
the most probable coordinates of all network stations were determined. The
obtained coordinates were initially computed in the spatial Cartesian coordinate
system (X, Y, Z), after which they were transformed into the geographic coordinate
system, including latitude (B), longitude (L), and ellipsoidal height (H).

The final stage of processing involved a statistical evaluation of the accuracy of
the obtained results. The SGO software generated reports containing the root mean
square errors (RMS) of station coordinates, covariance matrices, error ellipses,
and the a posteriori variance of unit weight. The performed statistical analysis
confirmed that the accuracy of the observations is consistent with the obtained
coordinate solutions.

1. Project setup and parameter setting
+ Coordinate system setup (WGS-84/ITRF2020)

* Input threshold values RMS and Ratio
4

2. Import observation data
* Import RINEX files, SP3 orbits, delay maps
* Antenna p eter correction

3. Quality control of raw observations
» Skyplot, SNR & Multipath plots, signal editor
» Exclude epochs with SNR ¢ 25 dB-Hz
[
4. Baseline processing and phase ambiguity resolution
® Fixed solution (Ratio > 3, RMS < 30 mm)
+ Refinement of ambiguity resolution parameters

1

5. Analysis of geodetic polygon closures
+ Control of linear misclosures
» Detection of errors from closure control
0
6. Network adjustment by least-squares method
- Robust 3D adjustment in SGO
» Recalculation of coordinates to planar and geodetic systems

7. Statistical accuracy t and result analysis
* Assessment of coordinate errors, error ellipses
» Posterior dispersion

8. GNSS Data processing workflow
» Assessment of coordinate errors, error ellipses

» Posterior dispersion

==

Figure 4. Workflow of static GNSS observation processing in the South Geomatics Office (SGO)
software package.
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Results. The results of the three-dimensional adjustment of the GNSS network
in the Cartesian coordinate system are presented in Table 1. The table provides
the spatial coordinates of the network stations in the X, Y, Z system, as well as
statistical indicators of coordinate determination accuracy, including the root mean
square error (RMS) of the solution and the standard deviations for each coordinate
component (6X, cY, 6Z).

The ALMA station was used as the reference (fixed) point of the network,
and its coordinates were assumed to remain unchanged during the adjustment
process; therefore, the values of RMS and standard deviations for this station are
equal to zero. The coordinates of the remaining stations of the network — CHIL,
ESIK, FABR, and KGAI — were determined as a result of the adjustment of GNSS
observations.

The obtained values of the root mean square error for the working stations of
the network range from 0.016 to 0.022 m, indicating a high accuracy of spatial
coordinate determination. The lowest RMS value is observed for station FABR
(0.016 m), while for stations CHIL and ESIK the RMS value is 0.022 m, and for
station KGAT it is 0.021 m.

Table 1. Results of the three-dimensional adjustment of the GNSS network (Cartesian
coordinates XYZ).

Station | X (m) Y (m) Z (M) RMS (M) |6X (M) |6Y (M) |6Z (M)
ALMA | 1052 765.268 |4 533 187.935 |4 348 007.129 |0.000 0.000 |0.000 [0.000
CHIL |941381.753 |4532011.129 |4 374 235.988 |0.022 0.008 0.008 [0.016
ESIK |1016628.714 |4 531 019.808 |4 358 735.668 |0.022 0.008 0.008 [0.015
FABR |1095957.373 |4 528 248.243 |4 342 694.945 [0.016 0.006 |0.006 [0.011
KGAI |1031402.306 |4 489 757.727 |4 397 096.438 |0.021 0.007 ]0.007 [0.015

The analysis of coordinate standard deviations shows that the accuracy of the
horizontal coordinates (6X and oY) averages 0.006—0.008 m, while the vertical
coordinate component (cZ) is slightly higher, ranging from 0.011 to 0.016 m,
which is typical for static GNSS processing results. The higher uncertainty in the
vertical component is due to the geometry of the satellite constellation and the
greater sensitivity of height determinations to atmospheric influences.

Overall, the obtained accuracy values indicate the high reliability of the GNSS
network adjustment results. The achieved level of accuracy meets the requirements
for geodetic networks used in high-precision positioning and geodynamic
monitoring tasks, confirming the suitability of the established GNSS network for
conducting geodynamic studies in the city of Almaty.

The results of the three-dimensional adjustment of the GNSS network in the
geographic coordinate system are presented in Table 2. The table provides the
corrected geographic coordinates of the network stations — latitude (B), longitude
(L), and ellipsoidal height (H), as well as the root mean square error of coordinate
determination (RMS) (Turekhanova et al., 2022).
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Table 2. Results of the three-dimensional adjustment of the GNSS network (geographic

coordinates BLH).
Station | Latitude (N) Longitude (E) Ellipsoidal height H (m) | RMS (m)
ALMA | 43°14'46.44115" | 76°55'32.40607" | 786.816 0.000
CHIL 43°34'22.14476" | 78°15'55.75283" | 593.753 0.024
ESIK 43°22'45.10366" | 77°21'14.15669" | 756.058 0.023
FABR | 43°10'46.54652" | 76°23'40.25605" | 909.640 0.017
KGAI 43°51'31.09092" | 77°03'44.24196" | 457.466 0.023

The obtained RMS values for the working stations range from 0.017 to 0.024 m,
indicating a high accuracy of geographic coordinate determination. The smallest
root mean square error is observed at station FABR (0.017 m), while for stations
CHIL and KGAI the RMS values are 0.024 m and 0.023 m, respectively. For
station ESIK, the RMS value is 0.023 m, which also corresponds to the level of
accuracy typical for static GNSS measurements.

The analysis of ellipsoidal heights shows a significant range of elevation values
among the network stations, reflecting the topographic features of the study area.
The maximum ellipsoidal height is observed at station FABR (909.640 m), located
in the mountainous part of the region, whereas the minimum height is recorded at
station KGAI (457.466 m), situated in relatively lower terrain areas. The stations
ALMA, CHIL, and ESIK occupy intermediate elevations.

To analyze the spatial distribution of accuracy in the studied GNSS network,
the baseline distances between the reference and target stations were compared
against the formal uncertainty estimates of their coordinates. Such an analysis
makes it possible to evaluate the heterogeneity of the obtained solutions and define
the constraints for their use in further comparisons of observational data. The value
of... was used as a generalized metric of formal spatial accuracy

m3D;j Z\/O')Z(i +0j, + 05 = [t.c (1)

where a)z(i, a%,i,a%i -are the standard deviations of the station's geocentric
coordinates;

t,C; - the covariance matrix of its coordinates.

This measure characterizes the total variance of a point’s spatial position within
the adopted adjustment model.

The spatial distance to the reference station is calculated using the formula

Li=v X = Xama)? + Vi = Yarma)® + (Zi — Zarma)? 2)

where L - is the spatial distance from the station being determined to ALMA,;
X;,Y,;, Z; -are the geocentric coordinates of the station being determined,
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Xawma, Yarma, Z apma)-are the geocentric coordinates of the ALMA reference
station.

The calculated values were obtained using the coordinates and standard
deviations presented in Table 3.

Table 3. Calculated values obtained from coordinates and standard deviations.

Point Spatial distance to ALMA, km Formal dimension (m_3D), mm
CHIL 114,436 19,6
ESIK 37,758 18,8
FABR 43,797 13,9
KGAI 68,937 18,0

Within the network under consideration, the values of (m_3D) range from 13.9
to 19.6 mm. The smallest formal uncertainty in spatial position was found at the
FABR station, and the largest at CHIL. However, for the four stations studied,
no monotonic increase in uncertainty was observed as the distance to ALMA
increased.

The estimates obtained are relative to the fixed ALMA coordinates. The zero
standard deviations for the reference station are due to the adopted constraints in
the adjustment and do not confirm its physical immobility. The stability of the
reference point must be verified using repeat observations and external reference
data.

To interpret horizontal and vertical displacements, it is necessary to
transform from geocentric coordinates to the local East-North—-Up system
with the corresponding transformation of the covariance matrix. The detection
of deformations should be based on a comparison of inter-epoch changes in
coordinates with the uncertainty of these changes.

The presented analysis characterizes the formal accuracy of the initial coordinate
frame and determines the directions for its subsequent experimental verification.

The estimate used (m_3D) refers to standard measures of formal accuracy;
in this article, it is presented as a supplementary analysis of our results, without
claiming to develop a new mathematical model. The difference between formal
and experimentally verified accuracy is discussed in ESA publications.

Based on the data in Table 3, m_3D = V384 = 19.6 mm.

Overall, the obtained coordinate solutions are characterized by high accuracy
and consistency, confirming the correctness of the performed GNSS observation
processing and the stability of the network adjustment. The achieved level of
accuracy allows the established network to be used for high-precision positioning
and geodynamic monitoring tasks.

Discussion. The obtained results of GNSS observation processing indicate a
high internal consistency and stability of the established three-dimensional GNSS
network located within the territory of the city of Almaty. All vector solutions of
the baselines were obtained with fixed phase ambiguities, which is an important
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indicator of the correct resolution of integer phase ambiguities and the high
accuracy of satellite data processing. This also indicates favorable observation
conditions, sufficient geometry of the satellite constellation, and the correctness of
the applied mathematical model for data processing.

The analysis of phase residuals is one of the key criteria for assessing the quality
of GNSS data processing. The conducted study showed that the residuals of phase
measurements for individual satellites exhibit a random distribution pattern with
mean values close to zero. The absence of pronounced trends, abrupt jumps, or
systematic shifts indicates the correct compensation of the main sources of errors,
including atmospheric delays, orbital errors, and receiver hardware inaccuracies.

The considered example of the distribution of phase residuals for satellite G02
demonstrates the stability of phase observations throughout the entire observation
session. The residuals are presented as a function of time by observation epochs,
which makes it possible to assess the dynamics of phase measurements and the
correctness of phase ambiguity fixing. The minimum residual value is —0.069 m,
the maximum is 0.091 m, with a mean value of —0.009 m and a standard deviation
of 0.028 m. The mean value close to zero indicates the absence of systematic bias
in phase measurements and confirms the adequacy of the applied data processing
model.

The distribution of residuals has a quasi-random character and does not show
breaks in the time series, which indicates the absence of cycle slips during the
entire observation period. A slight smooth trend observed at the initial segment
of the time series may be associated with the stabilization of the solution during
the initial phase of processing and does not have a significant impact on the final
accuracy of the computed baseline vectors.

The amplitude of phase residual variations remains within £0.1 m, which is
typical for high-quality static GNSS processing. Such a range of values confirms
the stability of phase observations and the sufficient geometry of the satellite
constellation during the measurement period. It also indicates a minimal influence
of multipath effects and atmospheric disturbances on the processing results.

An additional indicator of GNSS processing quality is the accuracy of
determining the coordinates of the network stations. The obtained values of the root
mean square error (RMS) do not exceed 0.024 m, which meets the requirements
for high-precision geodetic networks used in engineering geodesy and geodynamic
monitoring. The achieved level of accuracy confirms the correctness of satellite
observation processing and the stability of the network adjustment procedure
performed using the least squares method.

The geometry of the established GNSS network also plays an important role
in ensuring high accuracy of the results. The presence of baselines of different
lengths and observation redundancy ensures the network's resistance to local errors
and improves the reliability of station coordinate determination. Such a network
configuration makes it possible to control the closure of geodetic polygons and
provides the ability to detect possible anomalies in the observation results.
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Conclusions. During the study, a three-dimensional GNSS network was
established, including the reference station ALMA and the working stations CHIL,
ESIK, FABR, and KGAI, located within the territory of the city of Almaty and its
surrounding areas. The spatial configuration of the network provides baselines
of different lengths and sufficient observation redundancy, which increases the
stability of the adjustment and the reliability of the obtained coordinate solutions.

The results of the GNSS network adjustment showed that the root mean
square errors of the station coordinates do not exceed 0.024 m, which meets
the requirements for high-precision geodetic networks. The analysis of phase
residuals also confirmed the stability of phase measurements and the absence of
cycle slips during the entire observation period. The residual distribution has a
random character, and their amplitude does not exceed £0.1 m, which is typical for
high-quality static GNSS processing.

The obtained accuracy indicators confirm the high reliability of the established
geodetic network and the possibility of its use for high-precision positioning tasks.
The formed GNSS network provides the required level of accuracy for detecting
spatio-temporal variations in station coordinates and makes it possible to identify
small deformations of the Earth's surface.

The results of the study demonstrate the effectiveness of using static GNSS
measurements for the formation of high-precision three-dimensional geodetic
networks in seismically active urban territories. The use of such networks creates
a reliable basis for monitoring modern geodynamic processes and can serve as an
important tool for geodynamic studies in the city of Almaty.

Further development of this GNSS network and the implementation of
repeated observation cycles will allow the analysis of spatio-temporal dynamics
of station coordinates, which is of great importance for improving the efficiency
of geodynamic monitoring systems in the region.
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