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CALIBRATED DIGITAL TWINS AND GEOMETRY-BASED PERCEPTION FOR AUTOMATED
DRIVING IN HEAVY RAIN AND SNOWFALL: EVIDENCE FROM RESEARCH TESTING IN
CHINA AND IMPLICATIONS FOR KAZAKHSTAN.

Abstract: Automated driving systems that perform reliably under clear conditions exhibit
substantial degradation in heavy rain and snowfall. Precipitation attenuates and scatters
LiDAR returns and generates spurious near-range points, water and spray impair camera
imagery, whereas 4D radar has proved more robust than LIDAR in fog, rain and snow.
Validation through public-road driving alone is impractical for these conditions, because
severe weather events are infrequent, seasonal, hazardous for test personnel and not
reproducible. This study examines whether a calibrated digital twin, understood as a
virtual representation of the vehicle, its sensor suite and the meteorological environment
that is iteratively corrected against physical measurements, constitutes a necessary
component of severe-weather validation. The analysis is based on a structured narrative
review of experimental testing conducted in China between 2009 and 2026, including the
Intelligent Vehicle Future Challenge, virtual-real parallel testing, closed test fields that
simulate rain, fog and other weather in Changsha, Wuhan and Chongging, the cold-region
proving grounds of Heihe, and recent studies that calibrate simulated rainfall and snowfall
noise against field measurements. The results indicate that each testing modality
addresses only part of the validation problem. Closed-field rainfall systems are repeatable
but spatially non-uniform, so that nominal rainfall intensity overstates test realism; cold-
region proving grounds provide natural snow and ice but are available only from
November to March; and simulated rainfall is scalable and fully controllable but becomes
credible only when parameterised with measured drop-size distributions and sensor
responses. A digital twin that integrates these modalities converts scarce physical tests
into calibration points and enables year-round exploration of the scenario space. The
study further specifies a geometry-first machine-learning layer within the twin, supported
by camera and LiIiDAR models adapted to heavy rain and snow, that infers the drivable
corridor from road-surface elevation, road edges, snow banks, the tracks of preceding
vehicles and three-dimensional occupancy rather than from painted markings or road
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signs, and that triggers a minimal-risk manoeuvre when geometric confidence is
insufficient or a road is officially closed. The framework is applied to Kazakhstan using
data from RSE Kazhydromet, which recorded 190 hazardous meteorological events in
2024, including 28 severe blizzards with visibility as low as 50 m, and which reports road
closures among the consequences of strong winds. The study proposes a weather transfer
gap, G = |Preat — Ptwin| /
Preal, @S an acceptance criterion for substituting virtual for physical evidence, and
specifies the data that test facilities and regulators would need to report for its application.
Keywords: automated driving; adverse weather; heavy rainfall; snowfall; digital

twin; parallel testing; closed-field testing; LiDAR; sensor simulation; scenario-based
validation; 3D occupancy; road closures; Kazakhstan

Kanun6poBannsie Hudposbie [IBoiinnkn aisa Baauaanun
ABTOMATH3UPOBAHHOTO Boxkaenus B YciaoBusax Cuiabnoro Joxas u CHeronaga:
Pesyabrarsl UccaenoBareabckux UcnbiTanuii B Kurae u BoiBoasl s Kazaxcrana

AHHOTaALUA: Cucremsl aBTOMAaTU3UPOBAHHOTO BOXJICHMS, HAaJIEKHO
(GYHKIMOHHMPYIOUIHE B OJArompusATHBIX IOTOJHBIX YCIOBHUSX, JEMOHCTPUPYIOT
CYIIECTBEHHOE CHIKEeHHE d(PPEKTHBHOCTH NPU CHIBHOM J0XIe u cHeromaze. Ocanku
0cnabJsA0T M PACCEMBAIOT CUTHAIBI JIUAapa, MOpPOKIas JOXKHBbIE OTpaKeHUS BOIM3U
JaTYMKa; BOJA M OPBI3TH yXyALIAI0T Ka4eCTBO U300pakeHus Kamep, Toraa kak 4D-panap
nokaszayl 0ojiee BBICOKYIO YCTOWYMBOCTh K TyMaHy, JOXAIO M CHEry, 4eMm JIuiap.
Banupanus MCKIIOUMTENBHO Ha JOporax OOILIEro MOJb30BAHUS B TAKUX YCIOBUSAX
MIPAKTUYECKH HEOCYLIECTBUMA, IIOCKOJbKY OIIACHBIE IIOTOJHBIC SBJICHUS PEIKH,
CE30HHBI, CBA3aHbI C PUCKOM IS UCIIBITATENEH U HEBOCIIPOU3BOIUMBI.

B uccnenoBanum paccMmarpuBaeTcs, SBISETCS JM KanuOpoBaHHBIM LudpOBOM
JMBOMHUK (BUPTYyaJIbHOE TMPEACTABICHUE TPAHCIIOPTHOTO CPEICTBA, €r0 CEHCOPHOTO
KOMILJIEKCAa U METEOPOJIOTUUECKON CPEIbl, UTEPATUBHO KOPPEKTHUPYEMOE TI0 pe3yJIbTaTaM
(hbUBUYECKUX U3MEPEHHIT) HEOOXOMMBIM 3JIEMEHTOM BAJIMIAIMH B CIIOKHBIX ITOTOJTHBIX
yCIOBHSIX. AHanmM3 OCHOBaH Ha CTPYKTYPUPOBAaHHOM HappaTUBHOM  0030pe
AKCIEPUMEHTAIIbHBIX HCHBbITAaHUM, NpoBeAeHHBIX B Kutae B 2009-2026 rr., BKIIOUYas
koukypc Intelligent Vehicle Future Challenge, mapamiensHoe BHPTyallbHO-peaibHOE
TECTUPOBAHUE, 3aKPBITHIE MOJUTIOHBI C UMHUTALIMEN A0S, TyMaHa U IPYyTUX MOTOJIHBIX
ycnoBuid B Haniue, Yxane u UyHUHHE, IOJUTOHBI XOJIOIHOTO KIUMaTa B X31X), a TAKKe
HEJJaBHUE WCCIEOBAHUSA, B KOTOPBIX HMHUTHPOBAHHBIA TOKIb M CHEXHBIM IIyM
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KaJIMOPYIOTCSI 110 HATYPHBIM U3MEPEHUSIM.

PCSYHBTaTH IIOKa3bIBAaIOT, UYTO Ka)KILbe/'I BUI I/ICHLITaHI/Iﬁ OXBAaTbIBACT JIMIIb 4aCTh 3a1a4n
Basmuaanuu. CUCTEMbI HICKYCCTBEHHOTO JTOXK/ISI HA 3aKPBITHIX TOJUTOHAX 00CCTICUNBAIOT
BOCIPOU3BOJIUMOCTb, OJHAKO MPOCTPAHCTBEHHO HEOJAHOPOJHBI, BCIEICTBUE YETO
HOMMHaJIbHA WHTEHCUBHOCTh OCAJKOB 3aBBIIIACT PEATUCTUYHOCTh HCIBITAHUN;
TTOJIMTOHBI XOJIOJHOTO KJIMMaTa 00€CIIeunBaOT €CTECTBEHHBIC CHET U JIe]l, HO JIOCTYITHBI
JINIIb C HOSI6p51 110 MapT; I/IMPITaL[HOHHblﬁ JOXIb MacmTa6preM U IIOJJHOCTBHO
yopaBisieM, HO MpPUOOpETaeT JOCTOBEPHOCTh TOJBKO TIPH IapaMeTpU3alud 10
M3MEPEHHBIM pACIpE/ICICHUsIM pa3MepOB Kareslb M OTKIUKaM JaTdukoB. Lludposoit
JBOMHUK, HWHTEIPUPYIOIIMNA 3TH BHUJABl WCIBITAHWW, IPEBPAIIACT OrPaHUYCHHBIC
(1)I/I3I/I‘-IGCKI/IG HUCIIBITAHUA B TOYKH KaJII/I6pOBKI/I " I1I03BOJISICT UCCIICA0BATH HpOCTpaHCTBO
CILICHapHEB KpPYTJIOTOJJUYHO. JloImoIHUTEIBHO MPEeJI0KEH reoOMETPUUECKHU
OPUEHTUPOBAHHBIA CJIOM MAalIMHHOTO OOy4YeHUsI B COCTaBE JBOMHHKA, KOTOPBIH
OMUPAETCS HAa MOJAEIIA KaMep U JINJIAPOB, aIaITUPOBAHHBIE K CUIIBHOMY JOK/II0 U CHETY,
OTIpe/IeTISieT MOJIOCY JBIXKEHUS MO pelbedy AOPOKHOTO MOKPBITHS, KPOMKAM JOPOTH,
CHC)XHBIM BaJjlaM, KOJICAM Bnepem/l naymmx TpaHCHOpTHI)IX CpeIICTB nu TpCXMCpHOfI
3aHATOCTH NMPOCTPAHCTBA, & HE IO IOPOKHOM pPa3METKE U 3HAKaM, 1 HHULIUUPYET MaHEBP
MHUHHMMAJIBHOTO PUCKA IIPU HEJOCTATOYHOM YBEPEHHOCTH N€OMETPUUYECKON OLICHKU WIH
odunmansHoM 3akpbIiTuM jgoporu. Ilogxon npumenHen k ycinoBusiM Kazaxcrana Ha
ocHoBe maHHbIX PITI

«Kasrugpomer», 3apeructpupoBaBmiero B 2024 1. 190  CcTUXMIHBIX
METEOPOJOTUYECKHUX SIBJIECHUMN, B TOM YHUCIE 28 Clly4aeB CHJIBHOW METENIH C BUIUMOCTBIO
710 50 M, ¥ OTMETHBILIETO 3aKPHITHE aBTOJOPOT B YMCIIE MOCIEACTBHM CHIIBHOTO BETpA.
I[Ipemnoxken kpurepuii MorogHoro paspsiBa mepeHoca G = |Preat — Piwin| / Prear Ut
000CHOBaHMs 3aMEHbI (PU3HMIECKHX JAHHBIX BUPTYAJIbLHBIMH, 8 TAKXKE OIPEIEIIECH IEPEYEHb
JAHHBIX, KOTOPBIE UCTIBITATEIbHBIE HEHTPBI U PETYISATOPHI TOJKHBI PACKPBIBATH ISl €T0
MIPUMEHEHUS.

KiioueBble ¢JI0Ba:  agmomamuzuposanHoe BodcOeHue,  Hebaazonpusmmubsie
NO20OHblEe YCA0BUS, CUNbHBIL 00J4COb, CHe20naod, Yugposol O0BOUHUK, NAPALIETIbHOEe
mecmupoanue, UCNblMaHus Ha 3aKPblmMoM NOJNUSOHe, TUOAp, MOOeIUpo8aHue 0amyuKos;
cyeHapHas 8anuoayus; mMpexmepHas 3aHAMOCMb NPOCMPAHCMEA, 3aKpblmue 00po2;
Kaszaxcman.

Hecep Kanosip men Kap Kayy Karnaibiiaa ABTOMATTAHABIPbLIFAH
Kyprizyni Banupanusiiayra Apnaiaran Kannopaenren Hingpasixk Erizaep:
KobiTaiinarsl 3eprrey ChinakrapbinbiH HoTHokes1epi :kone Kazakcran Yuuin

TyXpIpbIMAAP
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Annarna: Konainel aya palblHIa CEHIMJI >KYMBIC ICTEHTIH aBTOMATTaHIbIPBUIFaH
KYPrizy >KylenepiHiH THIMIUTIr Hecep *aHOBIp MEH Kap jKayFaH Ke3ze alTapIibIKTail
ToMeHaen . JKayblH-IIAIIBIH TP CUTHAIAAPBIH QJICIPETIN, MIAIIBIPATaaAbl JKOHE
JATUYMKKE >KaKbIH JKEp/e JKaJFaH IIAFbUIBICTAp TYABIPAIbl, CY MEH MIallblpaHAbLIap
Kamepa KEeCKiHIHIH camachlH Hamapiaranasl, an 4D pamap TymaH, >KaHOBIp JKOHE Kap
KarJaiiblHa TnJapra KaparaHaa TYpaKThIpaK eKeHiH kepceTTi. MyHal karnainapaa
TEK JKaNIbl MailamaHbIMAAFel  SKOJJapAa BaduAalusiiay i JKY3iHJIE MYMKiH eMec,
OUTKEeHI1 KayinTi aya paiibl KYOBUIBICTaphl CHUPEK, MayChIMABIK, ChIHAKIIBLIAP YIIiH
KaTepJIi )KoHe KalTalaHOai Ibl.

3eprTeyae KamMOpiaeHTeH MUQPPIBIK eri3 (pu3uKanbk enmeMaep OOHWbIHINA HTePATHBTI
TYpJ€ TY3ETUICTIH KOJIKTiH, OHBIH CEHCOPJBIK KCHICHIHIH XOHE METEOPOIOTHSIIBIK
OpTaHbIH BHUPTYyalJIbl KOpiHici) KypAeni aya paiibl XarFJalblHIArbl BaluAalMsIHBIH
KaKeTTi Kypamjac 6eJiri 60bIn Tabblia Ma, col Macelne KapacToipbiiaabl. Tangay 2009—
2026 >xpurmapel KeiTaiiga sKypri3iireH SKCIEPUMEHTTIK ChIHAKTapFa KYPbUIBIMIAIFaH
HappatuBTik monyra uerizgenren: Intelligent Vehicle Future Challenge skxapsicsr,
BHUPTYaJIbI-HAKTHI Tapajuieib TecTiiey, YaHma, YXanp xoHe UyHIIMH KalaJlapbiHIaFbl
XKaHOBIP/IBI, TYMaH/IBI )KOHE 0acka Ja aya paiibl KarIaiapblH MMUATAIUSITAUTHIH XKaOBIK
MOJIMTOHAp, XOUXdJEri CYbIK KJIMMAT TOJUTOHIAPHI, COHMANW-aK HMHTAlUsIIaHFaH
KAHOBIp MEH Kap IIybIH JajaliblK eJjemaep OOWBbIHINA KaTuOpPIEHTIH COHFBI
3epTTeynep.

Hotwxenep cbIHaKTBIH op TYpi BaJuAaLuUs MIHAETIHIH TeK Oip OeJiriH FaHa IIemeTiHiH
kepceteni. JKaObIK MOMUTOHAAPJAFbl >KacaHIbl >KaHOBIP KyHenepi KalTanaHaThIH
0OJFaHBIMEH, KEHICTIK OOWbIHIIA OipKeNnKi eMec, COHABIKTaH HOMHHAJABI >KaHOBIP
KApPKBIH/BUIBIFBl  ChIHAKTBIH IIBIHAMBUIBIFBIH ~ acblpa OaraiaiJpl; CYbIK KJIMMaT
MOJIMTOHJApbl TaOWFM Kap MEH My3[bl KamMTaMmachl3 eTeil, OipaKk TeK KapallagaH
HaypbI3Fa JeiiH KOJKETIM/II; al UMUTAlUsIaHFaH 5KaHOBIp MacIITa0TaIaThIH op1 TOJIBIK
OackapbUIaThIH OOJFAaHBIMEH, TaMIIbl OJIIEMJIEPIHIH OJIIEHIeH Tapajlybl MeEH
JTATYMKTEPAIH JKayanTapbl OOWBIHINA MMapaMeTpJICHTeHIe FaHa ceHimal Oosyaael. OcCh
CBIHAK TYpPJIEpiH OipiKTIpeTiH HUGPIBIK €ri3 MIeKTeysi (U3UKAIBIK ChIHAKTap.Ibl
KaauOpiiey HyKTellepiHe alHaJbIPbIN, ClIEHApUIep KEHICTITIH XbU1 O0MbI 3epTTeyre
MYMKiHIIK Oepeni. COHBIMEH KaTap eri3 KypaMblHJa »OJ TaHOaJapbsl MeH Oenrijiepine
emec, JkoJl OeTiHiH OelepiHe, KOJ KUEeKTepiHe, Kap YHIHIUIepiHe, ajiarbl KeJIKTepAiH
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131HEe JKOHE KEHICTIKTIH YIIOJIIeM/Ii TONTBHIPBUIYbIHA CYHEHE OTBIPBIN XKYPY HQII3iH
AHBIKTAUTHIH TEOMETPHUSFA HETI3JCNITCH KOHE Hecep XKaHObIp MEH Kapra OediMenreH
Kamepa MEH JIIap MOJelbJepiHe CYHEHETIH MAIIMHAJIBIK OKBITY Ka0aThl YCHIHBLIAIBI,
TCOMETPHUSIIBIK OaraliayJblH CEHIMJIUIIT KETKUTIKCI3 OoFaHIa HeMece

JKOJI peCMH TYypHe kaOpurranma Oy KadaT eH a3 ToyeKesJ MaHeBpiH iCKe Kocaibl. Tocim
Kazakcran xarmatieiHa «Kasrugpomer» PMK nepexrepi (2024 sxpias1 190 aymeit MeTeopoIoTHsIIbIK
KYOBUIBIC, COHBIH imiHAe kepiHyi 50 m-re neitiH TemenaereH 28 KarThl OopaH) HETI3iHJE
KOJIAaHBIIAAbI;, OYJI JepeKTeple aBTOXKOIIAPIBIH >KaOBUTYybl KATTHI JKENJIH CalAaphl PETiHIe
KepceTiiren. Makanana GpU3HKaJIbIK AEPEKTEP/l BAPTYAIIbI IEPEKTEPMEH AIMACTBIPY/IbI HET13/1EY
YILIiH aya paiibl O0ibIHIIA KOIipy ammakTeiFbl Kputepuidi G = |Preal — Ptwin| / Preal YCBhIHBLIAIBI XKOHE
OHBI KONJIaHy YIIiH CHIHAK OPTaJbIKTaphl MEH PETTEYNINIEp kapusanaybl THiC IepekTep Tiz0eci
AHBIKTATAIbI.

Tyiiin ce3mep: asmomammaHObIpbLIZAH JHCYP2i3y; KOLAUCHI3 aya pativl, Hocep
ACanObBID; Kap dcayy, yuprvlk eeiz; napaiieib mecminey; Headblk NOIUSOHOA2bL CLIHAK,
auodap; oamuukmepoi mooenvoey;, CUEHAPULIIK 6anudayus, KeHiCMmiKmiy yuenuemol
MOIMBIPLLLYbL, HCOLOAPObL JHcaby, Kazaxcman.

1. Introduction (Literature Review)

Adverse weather is a recurrent condition of road transport rather than an exceptional
one. In the United States, approximately 12% of the roughly six million crashes recorded
annually, close to 745,000, occur under adverse atmospheric conditions, resulting in more
than 3,800 fatalities per year; more than 77% of these crashes take place during rain or mist
[1]. For automated vehicles, precipitation affects not only traction and visibility but also the
sensing chain itself. Raindrops and snowflakes attenuate and scatter LiDAR pulses and
generate spurious near-range returns, water films and spray degrade camera images, and
accumulated snow alters both the road surface and its visual appearance [2]. Radar is
comparatively resilient: using the K-Radar dataset, which includes fog, rain and snow, Paek,
Kong and Wijaya found 4D radar to be a more robust sensor than LIiDAR in adverse weather

[3].

The validation of automated driving under such conditions poses a distinct
methodological problem. Because safety-critical events are rare, validating automated
vehicles through naturalistic driving carries prohibitive economic and time costs; Feng et al.
showed that an intelligent testing environment, in which Al-trained background agents
interact with a real test vehicle through augmented reality, can accelerate evaluation by three
to five orders of magnitude [4]. Heavy rainfall and snowfall represent only a small fraction
of real-world driving exposure. Such events cannot be scheduled, they increase the risk to
safety drivers, and an identical weather event cannot be reproduced for repeated testing.
Evidence obtained from open-road driving is therefore insufficient for establishing
performance boundaries in severe weather. The problem is particularly acute in Kazakhstan,
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where prolonged snow cover, recurrent blizzards and icing regularly lead to the closure of
national roads (Section 3.6).

Literature review. Relevant research has developed along three largely separate
lines. The first concerns the robustness of perception. Beyond the radar evidence noted above
[3], the Boreas dataset provides more than 350 km of driving on a repeated route over a full
year, including rain and falling snow, recorded with LiDAR, radar and camera [5], and
snowfall noise has been quantified directly: Cao, Huang and Yu recorded LiDAR data during
snowfall in Beijing and compared denoising filters [6], whereas Sun, Zhao and colleagues
examined LiDAR performance under snowfall and developed an adaptive filter for snow-
induced noise [7], [8]. The second line concerns weather simulation. A recent review of
open-source driving simulators notes growing concern about the validity of algorithms
developed and evaluated in simulators [9], and a comprehensive survey notes that many
driving simulators now provide adjustable rain, snow and fog [2]. Physics-based approaches
extend this capability by introducing simulated snowfall into real LiDAR scans [10] or by
rendering physically based rainfall within reconstructed three-dimensional driving scenes
[11], [12]. The third line concerns digital twins and parallel intelligence. Hu et al. surveyed
how simulation supports automated driving through sim-to-real transfer, digital twins and
parallel intelligence [13], and Ai et al. developed PMWorld, a parallel testing platform for
autonomous driving in mines [14].

Research gap. Although each of these lines is well established, the connections
between them remain limited. Studies of weather simulation rarely report how simulated
rainfall or snowfall was validated against a physical reference. Descriptions of closed-field
tests frequently characterise rainfall solely by its nominal intensity, whereas recent work in
China demonstrates that this single value can conceal considerable spatial variation within
the rain field [15]. Digital-twin research in automated driving has concentrated
predominantly on traffic interaction rather than on the physics of weather—sensor interaction.
In addition, most perception stacks continue to depend on painted lane markings and road
signs, which snow and ice routinely obscure, and the question of what a vehicle should rely
on once these cues disappear has received less attention than the question of how to restore
them. Evidence from research testing in China, spanning competitions, virtual-real testing,
weather laboratories and cold-region proving grounds, is dispersed across journal articles,
regulatory documents, institutional reports and preprints and has not previously been
synthesised as a single body of evidence.

Research questions. The principal research question is whether severe-weather
validation of automated driving requires a calibrated digital twin, and what research testing
conducted in China reveals about the design of such a twin. Four subsidiary questions are
addressed: (RQ1) what each testing modality employed in China contributes to validation
under heavy rain and snowfall, and what its limitations are; (RQ2) against which quantities
a weather digital twin must be calibrated for its results to transfer to real roads; (RQ3) by
what criterion engineers and regulators can determine that a twin-based result may substitute
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for a physical test; and (RQ4) what additional machine-learning layer within the twin can
support driving when road markings and signs are unavailable, and how such a layer should
interact with weather-related road closures in Kazakhstan.

Scientific novelty. The novelty of the study lies in treating the testing ecosystem in
China as an integrated evidence base and analysing it from the perspective of digital-twin
calibration, rather than reviewing perception algorithms or simulation platforms in isolation.
The study additionally proposes an acceptance criterion, the weather transfer gap G = |Preal
— Ptwin| / Preal, which links twin-based results to their physical calibration points, and a
geometry-first perception layer that derives the drivable corridor from the three-dimensional
structure of the scene rather than from markings or signs. The framework is applied to the
climatic and operational conditions of Kazakhstan.

Contributions. The principal contributions of the study are as follows:

« astructured review of research testing conducted in China that is relevant to heavy
rain and snowfall, covering competitions, virtual-real parallel testing, closed test
fields and cold-region proving grounds;

»  acomparative assessment of what public-road, closed-field and virtual testing can
and cannot establish under severe weather;

» a twin-calibrated testing loop in which scarce physical tests serve as calibration
points for year-round virtual testing;

»  the weather transfer gap metric G, together with a specification of the data that test
facilities and regulators would need to report for its application;

» ageometry-first machine-learning layer that infers the drivable corridor from road-
surface elevation, road edges, snow banks, vehicle tracks and three-dimensional
occupancy, and that triggers a minimal-risk manoeuvre when confidence is
insufficient or a road is closed,;

» an application of the framework to Kazakhstan based on data from the national
hydrometeorological service and the national road operator.

The remainder of the paper is organised as follows. Section 2 describes the review
design, the analytical framework and the geometry-first perception layer. Section 3 presents
the evidence from research testing conducted in China, the conditions prevailing in
Kazakhstan and the evidence on marking-independent perception. Section 4 discusses the
findings in relation to the research questions, and Section 5 concludes the paper.

2. Materials and Methods

The study adopts a structured narrative review design focused on experimental
testing of automated driving under severe weather conducted in China between 2009 and
2026; international studies are used for context and comparison. The evidence base
comprises peer-reviewed journal articles and conference papers, preprints (identified as such
in the reference list), official regulatory documents of the People’s Republic of China, and
institutional or state-media reports describing test facilities. For the application to
Kazakhstan, the study additionally draws on the 2024 climate review of RSE Kazhydromet,
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which is based on observations from the national meteorological network, on statements by
the national road operator KazAvtoZhol and the Ministry of Transport, and on official road-
safety statistics reported by the Ministry of Internal Affairs. The geometry-first perception
layer (Section 2.4) is informed by published studies of perception on snow-covered roads
and of three-dimensional occupancy prediction. Searches were conducted in English and
Chinese,

combining terms for automated and intelligent connected vehicles (ZFgEM DR DO)
with rain, snow, fog, ice, closed-field testing, winter testing (ZZ=00), simulation and
digital twin.

Sources were included if they described a controlled test conducted outside open
public traffic, or the regulatory framework governing such tests, and if they addressed rain,
snow, fog or ice or the infrastructure used to reproduce these conditions. Each source was
assigned to one of five testing modalities: competition-based field testing; virtual-real
parallel testing; closed-field weather facilities; cold-region proving grounds; and calibrated
virtual weather. For each modality, the review recorded the weather conditions covered, the
repeatability and realism of those conditions, the period of availability and the quantities
measured. Sources were weighted according to evidential strength. Peer-reviewed findings
received the greatest weight, followed by preprints and official documents, whereas facility
capabilities reported only by operators or the media were treated as claims rather than as
measured results.

2.1 Scope of controlled testing

In this study, controlled testing refers to any test in which the scenario is deliberately
configured away from open public traffic, whether on a closed test field, in a weather
laboratory, in a simulator, on a competition course or in a combination of these settings. It
is distinguished from public-road testing and demonstration, which in China is governed by
national and local rules on intelligent connected vehicles. The national pilot programme on
vehicle-road—cloud integration launched in January 2024 explicitly calls for building a
scenario database and for strengthening simulation, closed-field and real-road testing and
validation capabilities [16]; most weather-related controlled tests take place in the closed-
field part of this system.

2.2 Twin-calibrated testing loop

The evidence is organised by means of the conceptual loop shown in Figure 1. A
physical test conducted on a rainfall rig or at a cold-region site yields measurements of both
the meteorological field and the sensor response. These measurements are used to calibrate
a digital twin comprising a weather model and a sensor model. Once the twin reproduces the
physical results within an acceptable tolerance, it is used to explore a considerably larger
scenario space than the physical facility can accommodate. Scenarios in which perception
or planning fails within the twin are then returned to the physical facility for confirmation,
and the cycle is repeated.
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Figure 1. Twin-calibrated testing loop

Within this arrangement, each physical test becomes a calibration point, and each
virtual exploration identifies the physical test that is most informative to conduct next.

2.3 Weather transfer gap

To determine whether the twin is sufficiently accurate, the study proposes the
weather transfer gap G, defined for any selected performance measure P under matched
weather conditions:

G = |Preal — Ptwin|

Preal -

The measure P may be defined at sensor level, for example as the number of LIDAR
returns on a target or its mean reflectivity, or at task level, for example as detection recall at
a fixed range or the minimum time-to-collision in a cut-in manoeuvre. Matched weather
denotes an equivalent condition in both domains, such as an identical path-equivalent rainfall
intensity rather than an identical nominal setting of the rainfall system [15]. A twin-based
result is accepted for a given measure when G < t, where the threshold 7 is derived from the
safety case for that measure. The study does not propose a numerical value for t, which is
properly a matter for testing standards.

2.4 Geometry-first perception layer

In addition to the weather and sensor models, the study specifies a machine-learning
layer that operates within the twin and is intended for conditions in which painted lane
markings and road signs cannot be relied upon. The layer does not attempt to recover
obscured markings or read signs. Instead, it infers the drivable corridor directly from the
three-dimensional geometry of the scene: the elevation profile of the road surface, the edges
formed by kerbs, barriers and snow banks, the tracks left by preceding vehicles, and the
occupancy of the surrounding space by static and moving objects. Each cue is estimated
together with its uncertainty, and the fused estimate is passed to a decision gate. When the
confidence of the geometric corridor falls below a threshold, or when an external notice
indicates that the road has been closed, the gate instructs the vehicle to leave its operational
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design domain and to execute a minimal-risk manoeuvre. Figure 2 summarises this
architecture.

3 Geometric scene model
‘ road-surface elevation
————{ road edges and snow banks
tracks of preceding vehicles
- - 3D occupancy of space

Sensors L, Weather-noise filter
LIDAR, radar, cameras remove rain, snow returns

X

il s no | - "
e Corridor confident ™ ‘ Minimal-risk manoeuvre

Kazhydromet warnings
Y aming ~._ and road open? _~ controlled safe stop

External notices
road-closure notices

yes

A 4

Drive in geometric corridor
no markings or signs needed

Figure 2. Geometry-first perception layer and closure-aware decision gate

Within the twin, the layer is trained and evaluated on scenes from which markings
and signs have been deliberately removed or covered, so that its performance does not
depend on cues that winter conditions routinely erase. The camera and LiDAR inputs to the
layer are themselves adapted to heavy rain and snow: the perception models are trained and
tested on images and point clouds rendered under calibrated rainfall and snowfall within the
twin, and sensor fusion reduces reliance on the sensors most affected by the prevailing
precipitation. Its evaluation uses the same weather transfer gap G, with P defined, for
example, as the lateral error of the estimated corridor or as the proportion of correct decisions
to leave the operational design domain.

3. Results

The scale of public-road testing in China provides a point of reference. In July 2026,
the Ministry of Industry and Information Technology reported that more than 20,000 test
and demonstration licences had been issued nationwide, more than 57,000 km of roads
opened for testing and demonstration, and more than 220 million km of testing accumulated
[17]. Although substantial, this exposure accrues mainly in ordinary weather, and because
safety-critical events are rare, naturalistic driving alone remains an inefficient route to
validation [4]; only a small proportion of these kilometres can be assumed to have been
driven in heavy rain or snow. Controlled testing is the principal means by which developers
and test facilities in China address this shortfall. Table 1 summarises the contribution of each
testing modality.
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Table 1. Testing modalities in China relevant to heavy rain and snowfall.

Testing Example inWeather Measured
modality |China conditions  |[RepeatablelAvailability |quantities Refs.
Competition-|Intelligent Incidental; No /Annual event Team [18]-[20]
based fieldVehicle Futurewhatever performance
testing Challenge, held |occurs on the on defined
driving
Testing Example inWeather Measured
modality (China conditions |[Repeatable/Availability |quantities Refs.
since 2009,days of the tasks
recently inevent
Changshu
Virtual-real |Parallel testingConditions Yes 'Year-round |Performancein{[13], [14]
parallel platforms suchlspecified by coupled virtual
testing as PMWorld the tester in and physical
the virtual tests
component
Closed-field [Changsha  testRain, fog andYes, with alndependent [Sensor and|[15],
weather zone; Wubhanllighting; windspatially  |of naturalfunction [21]-[23]
facilities Economic andand lightningnon- weather response in
Technological [reported inuniform staged
Development  [Wuhan rain field scenarios
Zone platform;
Chongqing
laboratory
Cold-region |Heihe, Natural snowNo November toVehicle [24], [25]
proving Heilongjiang and ice, March dynamics,
grounds Province frequently braking,
below -20 °C battery
performance
Calibrated  |GSRAIN; Rainfall ofYes Year-round [Detection [11],[12]
virtual RainyGS controlled confidence,
weather intensity, 0-13 closed-loop
mm/h in collisions
GSRAIN

Result 1 (Table 1) corresponds to Contribution 2: no single modality is
simultaneously repeatable, realistic and available throughout the year, and the two fully
repeatable modalities, parallel testing and calibrated virtual weather, are both virtual.

3.1 Competition-based field testing

The Intelligent Vehicle Future Challenge was launched in 2009 by the National

Natural Science Foundation of China [18]. The 13th edition, held in Changshu in 2023,
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focused on driverless passenger services [18]; the 14th was held in Changshu on 22-23
November 2024 under the auspices of the Foundation’s Department of Information Sciences
and the Chinese Association of Automation [19]; and the 15th, held in December 2025,
brought together 14 university teams and focused on multi-agent embodied interaction [20].
The competition format enables the comparison of teams under common rules. With respect
to weather, however, it is opportunistic: participants encounter whatever precipitation occurs
on the days of the event, at an uncontrolled intensity and without the possibility of repetition.
3.2 Virtual-real parallel testing

The coupling of virtual and physical testing has been formalised through the concept
of parallel intelligence, which Hu et al. review alongside sim-to-real transfer and digital
twins [13]. Ai et al. subsequently built PMWorld, a parallel testing platform for autonomous
driving in mines [14]. Functionally, such platforms constitute digital twins employed for
testing. As their scope indicates, however, the emphasis lies on the testing architecture rather
than on weather-specific sensor physics; this component is supplied by the facilities and
studies described in Sections 3.3-3.5.

3.3 Closed-field weather facilities

Several test zones in China now incorporate weather simulation into their
infrastructure. The national test zone in Changsha covers more than 80 hectares, includes a
3.6 km two-way expressway and in 2023 introduced a testing system based on hazardous
scenarios that include rain, fog, dust and lighting conditions [21]. A platform in the Wuhan
Economic and Technological Development Zone contains an extreme-environment area
that, according to its operators, can simulate wind, rain and lightning and switch from clear
conditions to a downpour within seconds [22]. In early 2026, a laboratory of more than 5,000
m2 began operating in Chongging, combining vehicle motion control, rain—fog-light
simulation and traffic-flow simulation within a single facility [23]. These capabilities are
reported by operators and state media and have not been independently measured.

The fidelity of artificial rainfall is therefore the critical question, and a 2026 study by
researchers from Tongji and Tsinghua universities provides quantitative evidence on this
point [15]. Xia et al. used approximately 10,000 real-rainfall raindrop-spectrum samples as
a reference and sampled 45 points within a 2.4 m x 7.2 m simulated-rainfall area. The rain
field remained spatially non-uniform under a single nominal setting, indicating that one
intensity value cannot characterise the entire test area. The proposed method identified two
preferred test paths with equivalent intensities of 11.54 + 0.31 mm/h and 8.28 + 0.34 mm/h
[15]. It follows that an identical rig setting may expose different vehicles, or different paths
of the same vehicle, to materially different rainfall.

3.4 Cold-region proving grounds and measured snowfall

Because snowfall is more difficult to reproduce artificially than rainfall, winter
testing in China continues to rely on geography. Heihe, located on the border with Russia in
Heilongjiang Province, experiences snow cover for approximately 140 days a year, and its
testing season extends from November to March [24]. During the 2024-25 season it hosted
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147 companies and research institutions and more than 4,000 test vehicles, and local reports
attribute to it approximately 85% of the Chinese cold-weather testing market [25]. Test
tracks are laid out on the frozen Heilongjiang River [24], [25]. Although these conditions
are highly realistic, the testing window is limited to about five months a year, conditions
cannot be controlled, and the reported focus is on vehicle dynamics, braking and battery
performance rather than on perception.

Measured snowfall data illustrate why perception requires dedicated evidence. Cao,
Huang and Yu recorded 3,000 LIDAR frames during snowfall in Beijing using a 40-line
sensor operating at 10 Hz [6]. Table 2 reports their principal results alongside other recent
quantitative findings.

Table 2. Quantitative findings from recent rainfall and snowfall studies.

Study Setting Principal reported result

Cao, Huang, Yu, 2022
(6]

Real snowfall, Beijing; 40-line
LiDAR at 10 Hz

DSOR filter precision 74.63% vs 48.22% for
DROR; mean processing time 130.11 ms vs
706.97 ms per frame

Zhao, Sun, Sun, 2026
(8]

Public snowfall datasets CADC,
Boreas and WADS

F1-score above 90 on all three datasets;
detection accuracy improved by 5.9, 9.7 and
6.4 percentage points for three detectors

Xia, Zhao, Ye, Chen,
2026 [15]

Closed-field simulated rainfall;
45 points in a 24 m x 7.2 m
area

Non-uniform field under one nominal setting;
preferred pathsat 11.54 + 0.31 and 8.28 + 0.34
mm/h

Wang, Zhang, Chen,
2026 [11]

Virtual rainfall of 0-13 mm/h|
in reconstructed 3D scenes

Collisions in a cut-in scenario at 8.5 and 12.0
mm/h; truck detection confidence reduced

from 0.63 to 0.41

The timing results from Beijing are particularly relevant. At 10 Hz, a new LIDAR
frame arrives every 100 ms, and both filters exceeded this interval on a desktop processor
[6]. Snowfall therefore poses a real-time engineering problem in addition to an accuracy
problem. The filter proposed by Zhao et al. was evaluated on Canadian and US winter
datasets [8], which illustrates how few openly available snowfall datasets exist.

3.5 Calibrated virtual weather

Recent research transfers weather conditions into the virtual domain while retaining
a link to measurement. GSRAIN derives its raindrop model from measured rainfall and
introduces rainfall of controllable intensity, from 0 to 13 mm/h, into 3D Gaussian Splatting
reconstructions of real driving scenes [11]. The generated images achieved a Fréchet
Inception Distance of 149.09, lower than that of CycleGAN-Turbo (155.71) and
WeatherEdit (157.94). Of greater relevance to safety, closed-loop simulations produced
collisions in a cut-in scenario at 8.5 and 12.0 mm/h, and the confidence of one detector for
a nearby truck decreased from 0.63 to 0.41, with the truck misclassified as a car at 8.5 mm/h
[11]. RainyGS, developed at Peking University, follows a related approach by adding
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physically based raindrops, splashes and reflections to reconstructed scenes with adjustable
intensity [12].

Result 2 (Tables 1 and 2) corresponds to Contributions 1 and 3: the rainfall intensities
at which collisions occurred in the virtual study, 8.5 and 12.0 mm/h [11], fall within the
range of equivalent intensities delivered by a calibrated closed-field rig, approximately 8.3
11.5 mm/h [15]. Because the two studies employed different vehicles and experimental
configurations, this correspondence does not validate either result. It does, however,
demonstrate the practical feasibility of the loop in Figure 1, since a twin can identify a failure
at a rainfall intensity that an existing closed-field rainfall rig is able to reproduce and verify.

3.6 Severe weather and winter road operations in Kazakhstan

Kazakhstan combines a sharply continental climate with a long and sparsely
populated road network, which makes the questions examined in this study directly relevant
to its transport system. The national hydrometeorological service, RSE Kazhydromet,
recorded 190 hazardous meteorological events in 2024, compared with 203 in 2023 [26].
Table 3 lists these events by type together with the long-term changes reported by
Kazhydromet.

Table 3. Hazardous meteorological events in Kazakhstan in 2024 and long-term
change, according to RSE Kazhydromet [26].

Phenomenon Cases in 2024 (Change, 2008-2024 vs 1991-2007

Strong wind (30 m/s or|115 Increase by a factor of 1.9 (reported jointly with heavy|

more) snowfall and hail)

Heavy rain 32 [ncrease by a factor of 1.5

Severe blizzard 28 Decrease of 8%

Heavy snowfall 3 Increase by a factor of 1.9 (reported jointly with strong
wind and hail)

Hail 4 Increase by a factor of 1.9 (reported jointly with strong
wind and heavy snowfall)

Wet-snow deposition 2 Not reported

Very dense fog 1 Decrease of 26%

Total 190 (203 in —

2023)

Counts for 2024 are taken from the summary table of hazardous events in the source,
whose rows sum to the reported total of 190.

The severe blizzards of 2024 were concentrated in the northern and western regions.
Aktobe Region alone recorded 13 of them, lasting 13—-28 hours with visibility of 50-500 m,
and the event with the poorest visibility, at the Kos-Istek station on 7 February 2024, lasted
25 hours with wind speeds of up to 21 m/s [26]. Kazhydromet lists road closures among the
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consequences of strong winds in 2024 [26]. The winter of 2023/24 was the wettest on record
since 1941, with 144.5% of the national norm of precipitation, and a cold wave between 15
and 24 February 2024 brought temperatures of —35 to —45 °C to northern and eastern regions,
including a station record of —44.5 °C at Kokpekty on 21 February [26]. Snow cover remains
long-lasting in the north: at Petropavlovsk it persisted for 149 days in the 2023-24 season
and reached a maximum depth of 53 cm [26].

Road operations respond to these conditions primarily through closure, although
closure does not remove risk entirely. On 3 January 2025, after traffic on the Astana—
Petropavlovsk road had been restricted because of snowfall, blizzard, strong wind, poor
visibility and ice, a mass collision involving approximately 95 vehicles occurred near
Zhanatalap while traffic was moving under escort; the national road operator KazAvtoZhol
attributed the collision to drivers failing to observe the speed limit and a safe distance [27].
Winter maintenance capacity is a further constraint. In September 2023, the Ministry of
Transport reported that 838 of the 1,050 units of equipment assigned to the winter
maintenance of national roads, approximately 80%, were in working order, and that a tender
was under way to rent a further 214 units [28]. These conditions add to an existing road-
safety burden: in November 2024 the Committee of Administrative Police of the Ministry
of Internal Affairs reported about 2,000 road deaths in Kazakhstan since the start of that year
and noted that out-of-town highways accounted for half of all fatal crashes [29].

3.7 Evidence for marking-independent, geometry-based perception

Winter conditions directly undermine perception that relies on painted markings.
Goberville, Kadav and Asher report that a leading automotive vision system detected both
the left and the right lane lines in only 21.8% of winter driving, and that only 0.9% of these
detections had sufficient confidence for safety-critical driver-assistance functions; as an
alternative, they identify the drivable region from the tyre tracks left by preceding vehicles
[30]. Ariram et al. constructed LIiDAR maps of a Finnish urban road in January and showed
that road width can be estimated from the snow banks at the road edges even when lane
markings are covered, after which lanes can be inferred from the estimated width and the
known number of lanes [31].

At the level of complete scene representation, researchers at Tsinghua University
have shown that three-dimensional semantic occupancy, which describes which parts of the
space surrounding the vehicle are occupied, can be predicted from surround-view cameras;
their TPVFormer model achieved performance comparable to that of LIiDAR-based methods
on the nuScenes LIDAR segmentation task [32]. Such representations encode the drivable
surface and obstacles geometrically rather than through markings or signs. Finally, ISO
34503:2023 specifies a taxonomy for defining the operational design domain, that is, the
operating conditions within which an automated driving system is designed to function [33].
In these terms, an official road closure in Kazakhstan places the affected road explicitly
outside the operational design domain.
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Result 3 (Table 3 and Sections 3.6-3.7) corresponds to Contributions 5 and 6: winter
conditions in Kazakhstan produce frequent and prolonged losses of visibility and of road-
surface cues, closures are the principal operational response, and published methods already
demonstrate that a drivable corridor can be inferred from scene geometry without reliance
on markings or signs.

4. Discussion

The evidence supports the conclusion that severe-weather validation requires a
digital twin. The principal reason is not that simulation is less costly, but that the twin is the
only setting in which the realism of a cold-region proving ground, the controllability of a
rainfall rig and the scale of virtual testing can be combined. The twin acquires this role,
however, only when it is calibrated against the physical tests it is intended to extend.

RQL1 concerned the contribution and limitations of each testing modality employed
in China. Competitions such as the Intelligent Vehicle Future Challenge provide common
rules and public comparison, but the weather conditions they present are incidental [18]—
[20]. Parallel testing supplies the methodological basis, namely a closed loop between virtual
and physical tests [13], [14], but its published form addresses weather physics only
marginally. Closed-field facilities offer control and repeatability [21]-[23], yet their rainfall
is spatially non-uniform [15], and none of the reviewed facilities reports artificial snowfall.
Cold-region proving grounds provide natural snow and ice for approximately five months a
year, without control over conditions and with a reported emphasis on vehicle dynamics
rather than on perception [24], [25]. Calibrated virtual weather offers scale and full
controllability [11], [12] but derives its credibility entirely from the measurements on which
it is based. Because each modality compensates for a limitation of another, the evidence
favours their integration rather than the selection of any single modality.

RQ2 concerned the quantities against which a weather twin must be calibrated. The
reviewed studies suggest three layers of calibration. The first is the weather field itself,
including drop size, drop velocity and spatial variation across the test area, since a nominal
intensity conceals this variation [15]. The second is the sensor response to that field, such as
LiDAR returns and reflectivity on targets [15] and the spatial distribution of snowfall noise
[6], [8]. The third is task-level performance, namely detection and closed-loop behaviour
[11]. The distinction is important because image-quality measures such as the Fréchet
Inception Distance quantify the visual appearance of rainfall rather than its effect on LIDAR
returns. A twin that is accurate at the first two layers and verified at the third produces
failures that merit physical confirmation.

RQ3 concerned the criterion under which a twin-based result may replace a physical
one. The weather transfer gap G provides a workable criterion subject to two conditions:
weather must be matched in equivalent terms rather than by rig settings [15], and the same
measure P must be recorded in both domains. Neither condition is currently standard practice
in the facility reports reviewed, which describe capabilities rather than measured fields [21]—
[23].

JSDT | DGSC | Page 103



Journal of Secure Digital Technologies
ISSN (E): 3136-9340

RQ4 concerned the additional machine-learning layer that can support driving when
markings and signs are unavailable, and its interaction with road closures in Kazakhstan.
The evidence indicates that such a layer should be geometry-first. Marking-based lane
detection fails in most winter driving [30], whereas road width can be recovered from snow
banks [31], the drivable region from the tracks of preceding vehicles [30], and the full
occupied space from three-dimensional occupancy prediction [32]. None of these cues
depends on the visibility of paint or signs, and each can be trained and stress-tested within
the twin by removing markings and signs from otherwise realistic scenes. Cameras remain
valuable within this layer, but only if their models are trained and tested on imagery degraded
by calibrated rain and snow: detection confidence falls measurably as simulated rainfall
intensifies [11], while radar provides a comparatively robust complement in fog, rain and
snow [3]. The same layer provides a natural point at which to encode road closures. Because
a closure places the road outside the operational design domain [33], an automated vehicle
should treat a closure notice from the road operator, or a hazardous-weather warning from
Kazhydromet, as a condition for executing a minimal-risk manoeuvre regardless of its own
perception confidence. The Zhanatalap collision [27] shows that the period immediately
after reopening, when traffic moves in convoy on a surface that remains snow-covered, is
itself hazardous; an automated vehicle should therefore resume normal operation only when
both the closure has been lifted and its geometric corridor estimate has regained sufficient
confidence.

The hypothesis that severe-weather validation requires a calibrated digital twin is
therefore supported, with the qualification that the twin complements rather than replaces
physical testing. Three developments may be anticipated if this approach is adopted more
widely. First, closed-field reports are likely to move from nominal to measured, equivalent
descriptions of eather, as Xia et al. already propose [15]. Second, the principal function of
physical rigs is likely to shift from serving as the test itself to calibrating and confirming the
twin. Third, cold-region sites are likely to combine seasonal campaigns with year-round
work; in early 2025, a new facility in Heihe was expected to open by May of that year to
enable testing throughout the year [24]. These expectations are inferred from the evidence
and should not be interpreted as empirical findings.

Practical implications

Test facilities should report, for each weather condition, the measured drop-size
spectrum, a spatial map of the rain field and the equivalent intensity along each test path.
Developers should record identical sensor-level and task-level measures in physical and
virtual runs so that G can be computed, and should evaluate perception on scenes in which
markings and signs are absent. Camera-based perception, in particular, should be trained and
validated on imagery degraded by calibrated rain and snow rather than on clear-weather data
alone. Regulators that accept simulation-based evidence could require G to be reported
alongside it.
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For Kazakhstan, four implications follow. First, Kazhydromet warnings and
KazAvtoZhol closure notices should be made available in a machine-readable form, so that
automated vehicles and fleet operators can apply them as hard operational-design-domain
boundaries rather than as advice to drivers. Second, the reopening of a closed road should
be treated as a distinct operational phase with its own speed and spacing rules for automated
vehicles, given the risk demonstrated by the Zhanatalap collision [27]. Third, winter
maintenance vehicles, which already traverse the network during and after snowfall, could
carry low-cost LIDAR or camera units to record the post-clearing geometry of the road,
including the position of snow banks; these observations would keep the geometric layer of
the twin current and would be particularly valuable where maintenance capacity is limited
and markings remain covered for extended periods [28]. Fourth, the northern regions, where
snow cover lasts for about five months, could host a national cold-weather calibration site
whose measurements feed the twin, rather than relying on short seasonal campaigns abroad
[26].

Limitations of the study

Several limitations should be acknowledged. First, the study is a review rather than
an original experiment; neither the metric G nor the geometry-first layer has yet been tested
empirically. Second, the evidence base combines peer-reviewed articles, preprints,
regulatory documents and media reports, and facility capabilities drawn from the last
category represent operator claims. Third, the correspondence between the collision
intensities observed in simulation and the equivalent intensities of the physical rig derives
from two independent studies and is illustrative only. Fourth, the cited rainfall rig delivered
approximately 8-12 mm/h on its preferred paths [15], whereas natural downpours can be
considerably more intense; the heaviest rainfall therefore remains insufficiently covered.
Fifth, evidence on snowfall is weaker than evidence on rainfall, since none of the reviewed
facilities in China reports controlled snowfall. Sixth, the Kazakhstan data cover a single
climatological year, and the account of the Zhanatalap collision and the 2024 road-death
figure are drawn from official statements reported in the media rather than from official
statistical series. Finally, the searches covered English- and Chinese-language sources
available online, and literature accessible only through subscription databases may have
been omitted.

5. Conclusion

The central conclusion of this study is that automated driving in heavy rain and snow
cannot be validated on public roads alone and should first be developed and tested in a
calibrated digital environment. Physical tests in China provide either realism or control,
rarely both, and never throughout the year; virtual tests provide scale and control but are
credible only when calibrated against measurements. The digital twin is the only setting in
which these strengths can be combined. Four specific conclusions follow from the evidence.

1. Testin the digital world first. Severe-weather scenarios should be generated, run
and repeated in a digital twin that is calibrated against physical rainfall rigs and
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winter proving grounds. Physical tests should be used to calibrate the twin and to
confirm the failures it identifies, and a twin-based result should be accepted for a
given measure only when the weather transfer gap G falls below a threshold set in
the safety case.

2. Build the drivable corridor from road geometry. In heavy rain and snow, the
vehicle should determine where it can drive from the three-dimensional geometry
of the road: the elevation of the road surface, road edges and snow banks, the tracks
of preceding vehicles and the occupancy of the surrounding space.

3. Adapt cameras and other sensors to heavy rain and snow. Camera and LIDAR
models should be trained and validated on data degraded by calibrated rainfall and
snowfall rather than on clear-weather data alone, and sensor fusion should reduce
reliance on the sensors most affected by the prevailing weather.

4. Disregard road signs and lane lines in severe weather. Because snow and heavy
rain routinely obscure painted markings and signs, the perception layer should not
depend on them. When the geometric estimate is not sufficiently confident, or when
the road has been officially closed, the vehicle should execute a minimal-risk
manoeuvre.

For Kazakhstan, where Kazhydromet recorded 28 severe blizzards in 2024 with
visibility falling to 50 m, and where road closure is the principal operational response to
severe weather, these conclusions are of direct practical relevance. Closure notices and
hazardous-weather warnings should be treated by automated vehicles as hard boundaries of
the operational design domain.

The scientific novelty of the study lies in analysing research testing in China as an
integrated body of evidence through the lens of digital-twin calibration, in proposing the
weather transfer gap G as an acceptance criterion, and in specifying a geometry-first
perception layer that operates without reliance on road markings or signs. Future research
should evaluate G using paired physical and virtual runs at a single facility, extend weather-
field calibration from rainfall to snowfall and road spray, and test the geometry-first layer
on roads in northern Kazakhstan, including data recorded by winter maintenance vehicles
after snow clearing.
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