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EXECUTIVE SUMMARY FOR VEHICLE OWNERS & TECHNICIANS

Plain-English Overview: Operating a vehicle in Greater Cleveland and the Lake Erie
Snowbelt subjects automotive materials to one of North America’s most aggressive
multi-season weather environments. Severe winter snowfall, continuous road-salt
exposure, and repetitive freeze-thaw cycles physically gouge paint clear coats, tear
door seals, flood cabin floorboards, and lock moisture into interior carpet padding.
When summer arrives, high UV radiation and extreme humidity amplify this winter
damage—yellowing headlight lenses, delaminating thinned paint, and incubating
mold in carpet underlayments.

Engineering Scope: This study breaks down the physical and chemical damage
mechanisms across clear coats, EPDM weatherstripping, acoustic foam underlay-
ments, and polycarbonate lenses. It provides quantitative data charts, detailed pro-
cess schematics, and proven detailing protocols (such as ceramic surface passivation
and dry steam extraction) to preserve vehicle performance and resale value.

Core Study Parameters

Target Region: Greater Cleveland (Köp-
pen Dfa/Dfb)
Snowbelt Corridor: Chardon / Chagrin
Falls
Annual Snowfall: 63.8 in (CLE) vs 106.3+
in (Chardon)
Key Substrates: Clear Coats, EPDM, PC,
Foam
Primary Agents: NaCl, CaCl2, UV-A/B,
Freeze-Thaw

Analytical Framework

Tribology Model: 3-Body Abrasive
Scratching
Photochemistry: Photo-Fries / Free
Radical Scission
Thermodynamics: Phase Change Ex-
pansion (+9% Vol)
Restoration Steam: Saturated Dry
Steam (220◦F–250◦F)
Passivation Chemistry: Polysilazane
SiO2/TiO2
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1 Climatological Characterization of the Greater Cleveland Mi-
croclimate Matrix

1.1 Limnological Heat and Moisture Fluxes of Lake Erie

The Greater Cleveland metropolitan area, situated along the southern shoreline of Lake
Erie, exhibits a macroclimate classified as a humid continental regime transitioning be-
tween Köppen Dfa (hot-summer humid continental) and Dfb (warm-summer humid con-
tinental). This climate is strongly modified by localized limnological heat and moisture
exchange mechanisms. During late autumn and winter, cold polar maritime air masses
originating from western Canada move across the unfrozen, relatively warm surface wa-
ters of Lake Erie.

As cold air travels over open water, heat and moisture transfer rapidly into the lower
atmosphere through sensible and latent heat fluxes. This thermodynamic destabilization
forms convective air plumes saturated with moisture. When these air masses hit land, in-
creased ground roughness and rising elevations force convective updrafts, creating heavy,
localized snowfall bands.

Polar Air
Mass

(Cold / Dry)

Unfrozen
Lake Erie

(Warm
/ Moist)

Sensible & La-
tent Heat Flux
Rapid Mois-

ture Saturation

Orographic
Uplift Onset
(East Side El-
evation Rise)

Lowland Metro Zone
(CLE Airport
/ West Side)

Snowfall: ∼ 63.8 in/yr
Intermittent
Snow Cover

Snowbelt Corridor
(Chardon /

Chagrin Falls)
Snowfall: 106.3 + in/yr

Continuous
Cover: ∼ 82 days

Figure 1: Limnological Heat Flux and Orographic Uplift Dynamics Generating the Cleve-
land Lake-Effect Snowbelt Matrix.

1.2 Orographic Ascent and Regional Snowbelt Partitioning

The topographic profile of Cuyahoga, Geauga, and Lake counties divides the region into
two distinct climate zones. While central Cleveland and western suburbs (e.g., Hopkins
International Airport - KCLE) experiencemoderate seasonal snowfall averaging 63.8 inches
(162.0 cm), the elevation rises sharply toward the East Side corridor. Municipalities such as
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Chagrin Falls, Solon, and Chardon sit on the Portage Escarpment and Allegheny Plateau,
where elevations reach over 1, 200 feet above sea level.

This elevation rise forces moisture-laden air upward, accelerating condensation and
driving snowfall accumulations exceeding 100 inches (254 cm) annually. Weather records
from Chardon show an average seasonal snowfall of 106.3 inches (270.0 cm), with an aver-
age of 82 days per year with continuous snow cover of 1 inch or more. Single-day storms
routinely dump 20 to 28 inches, subjecting parked vehicles tomassive physical weight and
prolonged exposure to de-icing compounds.
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Figure 2: Comparative Monthly Snowfall Profile: Cleveland Metro Airport vs. East Side
Snowbelt Corridor.

1.3 Thermal Instability and Freeze-Thaw Dynamics

Beyond cumulative snowmass, Cleveland’smicroclimate features sharp temperature swings.
Mid-latitude storm tracks frequently pull warm tropical air north, followed immediately by
Arctic polar vortex incursions. Temperatures often plunge below−15◦C (5◦F) before jump-
ing to +10◦C (50◦F) within 24 to 48 hours.

This thermal volatility causes dozens of freeze-thaw cycles each winter. Water trapped
in body crevices repeatedly freezes and expands, stressing paint coatings, rubber seals,
and metal joints.

1.4 Summer Solstice UV Irradiance and Humidity Reversal

In summer, Lake Erie dampens storm formationwhile boosting regional humidity through
evaporation. Summer highs exceeding 32◦C–35◦C (90◦F–95◦F) combined with high relative
humidity create a photo-oxidatively demanding environment. Solar radiation delivers in-
tense ultraviolet (UV) rays across two key bands:

- UV-A Band (λ = 315–400 nm): Penetrates deep into organic polymer clear coats,
generating free radicals that break down paint binders.

- UV-B Band (λ = 280–315 nm): Delivers high photon energies (380–427 kJ/mol) that
exceed the single-bond strengths of polymer backbones (C–C, C–N, C–O).

This creates a two-phase annual attack cycle: winter mechanical scraping thins protec-
tive coatings, and summer solar radiation accelerates chemical oxidation on theweakened
surfaces.
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Table 1: Comprehensive Climatological & Environmental ImpactMatrix: Greater Cleveland
Microclimates

Climatological Pa-
rameter

Metropolitan Cleve-
land (KCLE)

East Side Snow-
belt Corridor
(Chardon/Cha-
grin)

Environmental Impact
on Automotive Sub-
strates

Mean Annual
Snowfall

63.8 in (162.0 cm) 106.3 in (270.0 cm) Drives physical scraping
frequency and road-salt
exposure.

24-Hour Max
Snowfall

17.4 in (44.2 cm) 28.0 in (71.1 cm) Imposes severe weight
loads on wiper arms and
body panels.

Mean Annual Pre-
cipitation

41.03 in (104.2 cm) 46.65 in (118.5 cm) Sustains exterior and in-
terior dampness for 4–5
months.

January Mean
Temp Range

−6.1◦C to 1.1◦C
(21–34◦F)

−8.3◦C to − 0.6◦C
(17–31◦F)

Creates optimal condi-
tions for severe freeze-
thaw ice expansion.

July Mean High
Temp

28.6◦C (83.5◦F) 27.2◦C (81.0◦F) Speedup chemical photo-
oxidation and free-radical
formation.

Annual Snow-
Cover Duration

∼ 35–50 days ∼ 82 days (≥
1in accumulation)

Extends contact timewith
hygroscopic road salt and
grit.

2 Physicochemical Degradation Mechanisms of Vehicle Substrates

SUMMARY: HOW WEATHER ATTACKS CAR MATERIALS

1. Paint Clear Coat: Polypropylene snow brushes and ice scrapers drag sharp quartz sand
(SiO2) and salt particles across paint. This 3-body abrasion creates thousands of micro-
scratches that dull gloss and let moisture in.
2. Door Weatherstripping (EPDM): Water enters porous rubber seals and freezes. Ice ex-
pands by 9%, bonding rubber to painted metal. Pulling doors open tears cold-embrittled
rubber.
3. Carpet Underlayment: Melted salt slush sinks into floor foam. Water evaporates, leav-
ing sharp salt crystals that crush foam cells. In spring, trapped moisture incubates mold
and bacteria.
4. Headlight Lenses (Polycarbonate): Solar UV rays split polymer chains, forming yellow-
colored compounds (chromophores) that dim headlight beams.

2.1 Polymeric Clear Coat Wear and Mechanical Abrasion Hydraulics

Automotive clear coats are cross-linked polyurethane networks designed to protect un-
derlying color coats and provide optical gloss. In the Cleveland Snowbelt, daily snow re-
moval creates a severewear regime. Draggingpolypropylene snowbrushes or rigid plastic
scrapers across dry, dirty paint triggers a three-body abrasive wear mechanism.

Dust, quartz sand (SiO2, Mohs hardness 7), aggregate grit, and road salt (NaCl) accu-
mulate on vehicle panels. When scrapers press down (FN ), these hard particles grind into
the softer clear coat (Mohs hardness 2–3).
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Rigid Ice Scraper / Stiff Bristle Force (FN , FT )
Quartz Sand (SiO2) & Salt (NaCl) Particles

Polyurethane Clear Coat

Basecoat / Primer Substrate

Shear Vector

Figure 3: Three-Body Abrasive Wear Mechanics: Entrained Road Debris Gouging
Polyurethane Clear Coat.

The tangential shear stress (τ ) generated during brushing exceeds the yield strength
(σy) of the polyurethane coating:

τ = µ · σn = µ

(

FN

Areal

)

> σy (1)

where µ is the friction coefÏcient and Areal is the real contact area. This shear stress
cuts micro-grooves into the paint, increasing surface roughness (Ra) from < 0.05µm to
> 0.8µm. Light scatters off these scratches, causing severe gloss loss over time.
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Figure 4: Paint Specular Gloss Degradation (20◦ GU) over 5 Years of Cleveland Winter Ex-
posure.

2.2 Thermal-Mechanical Stress on Elastomeric Seals and Drainage Hydraulics

Door seals and sunroof gaskets aremade fromEthylenePropyleneDieneMonomer (EPDM)
synthetic rubber. EPDM provides good low-temperature flexibility, but freeze-thaw cycles
create severe physical stress.

When snowmelt trickles into door jambs and pools on EPDM gaskets, dropping tem-
peratures turn the water into ice. Liquid water expands by roughly 9% upon freezing:

∆V = Vwater

(

ρwater

ρice
− 1

)

≈ 0.0905 · Vwater (2)
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Meltwater Pools in EPDM
Micro-Pores & Gasket Surface

Temperature Plunges Below
0◦C (Polar Vortex Incursion)

Phase Change: Water Freezes &
Expands Volumetrically by +9%

Ice Forms High-Strength Bond
to Paint Interface (0.3–1.2 MPa)

Occupant Pulls Door Open:
Adhesive Shear Force Exceeds
Embrittled Rubber Strength

−→ EPDM Rubber Tears Away & Seals Fail

Figure 5: Process Flowchart of Cryogenic EPDM Seal Tearing via Volumetric Ice Expansion.

Ice forms a strong adhesive bond to both paint and rubber (0.3–1.2MPa). When an
occupant pulls open a frozen door, the force needed to break the ice bond often exceeds
the tear strength of cold-embrittled rubber, ripping weatherstrips away from door frames.

At the same time, freeze-thaw cycles wash leaves, pine needles, and salt sludge into
vehicle drain paths (cowl drains, sunroof tubes, doorweepholes). Freezingwater locks this
debris in place, forming dense plugs. During thaws, backed-up water overflows primary
weather seals, flooding interior body pillars, floorboards, and carpet padding.

2.3 Interior Carpet Micro-Ecology and Solute Accumulation

Vehicle floor coverings consist of synthetic nylon or polypropylene carpet over open-cell
polyurethane foam or dense felt acoustic underlayment. In winter, footwear transfers
slush laden with road salt into footwells:

- Sodium Chloride (NaCl): Standard de-icer; effective down to −9◦C (15◦F). Highly
hygroscopic.

- Calcium Chloride (CaCl2): Applied in extreme cold; dissolves exothermically; effec-
tive down to −29◦C (−20◦F). Absorbs moisture aggressively.

- Magnesium Chloride (MgCl
2
): Liquid anti-icer; leaves oily films thatwet carpet fibers.

As slush thaws, salt water sinks into the acoustic foam pad. When water evaporates
during vehicle use, salt recrystallizes into sharp crystals within the foam. Under foot pres-
sure, these hard crystals slice open-cell foam walls, crushing the pad and causing perma-
nent carpet matting.
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Figure 6: EPDM Elastomeric Flexibility vs. Temperature: Preventing Sub-Zero Ice Tear
Damage.

In spring, solar heat raises cabin temperatures to 30◦C–45◦Cwhilemoisture stays trapped
in the deep foam pad (> 90% relative humidity). This dark, warm, humid environment be-
comes an incubator for mold spores (Aspergillus niger, Penicillium chrysogenum) and bac-
teria. Microbial activity breaks down the polyurethane foam binder, emitting musty odor
gases (VOCs) and corroding floor pan metal and wiring harnesses.

2.4 Photo-Oxidative Degradation of Polycarbonate Optical Elements

Headlight lenses are made from Bisphenol A Polycarbonate (BPA-PC) for its high impact
resistance. However, BPA-PC degrades when exposed to solar UV rays (λ = 290–400 nm)
through two pathways: Photo-Fries Rearrangement and Photo-Oxidation.

Shortwave UV light breaks carbonyl-oxygen bonds in the polymer chain, rearranging
them into yellow-colored compounds (substituteddihydroxybenzophenones andquinonoids).
These compounds absorb blue light and reflect yellowwavelengths, giving lenses a cloudy,
yellowedappearance. Chain scission alsoweakens the surface layer, causingmicro-crazing
that scatters headlight beams and impairs night visibility.
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Bisphenol A Polycarbon-
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↓
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lation (Quinonoid Structures)

−→ Optical Lens Yellowing, Micro-
Crazing & Dimmed Headlight Projection

Figure 7: Dual Photochemical Reaction Pathways Operating on Polycarbonate Lenses.
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Figure 8: Headlight Yellowing Index (YI) vs. Cumulative Solar UV Exposure Hours.
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3 Mobile Detailing Solutions and Service Architecture

3.1 Pre-Winter Surface Passivation and Hydrophobic Barrier Application

To interrupt winter paint damage, pre-winter detailing lowers the surface free energy
(γsv) of body panels and glass. Standard clear coats have high surface energy (γsv ≈

40–50mN/m), causing water droplets to flatten (θ < 60◦) and freeze into tight ice sheets.

Liquid Water Droplet

Uncoated Surface (θ < 60◦)
High Surface Energy / High Ice Adhesion

θ

Liquid Water Bead

Ceramic Coated (θ > 110◦)
Low Surface Energy / Minimal Ice Adhesion

θ

Figure 9: Thermodynamic Surface Energy Modification and Water Contact Angle Compar-
ison.

Applying ceramic coatings composed of polysilazanes, silicon dioxide (SiO2), and tita-
nium dioxide (TiO2) forms a covalent bond with paint surface molecules:

R–Si(OH)3 + HO–[Paint Surface] −→ R–Si–O–[Paint Surface]+ H2O (3)

This siloxane layer lowers surface energy to γsv < 18mN/m, yielding water contact
angles θ > 110◦. Water beads up and rolls off easily, preventing ice from anchoring in
paint micro-pores so snow slides off under gravity or light airflow.

3.2 Overall Detailing Intervention Effectiveness

Comparing standardmaintenance against professional ceramic passivation demonstrates
dramatic protection gains across all weather stressors.

0 10 20 30 40 50 60 70 80 90 100

Paint Scratching/Marring

EPDM Seal Ice Tearing

Carpet Salt Crushing

Headlight Yellowing

Mold & VOC Growth

Protection Effectiveness Rating (0% = None, 100% = Complete Passivation)

Unprotected Factory Vehicle
Full Passivation & Detailing System

Figure 10: Protection Effectiveness Comparison: Unprotected Factory Vehicle vs. Full Pas-
sivation System.
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3.3 Thermodynamic Decontamination and Anti-Microbial Remediation

Removing salt deposits andmold from deep carpet padding requires a combined thermo-
dynamic and anti-microbial process. Cold orwarmwater extraction cannot dissolve deeply
embedded salt crystals and over-saturates acoustic foam, speeding up mold growth.

Detailers usemobile steamunits producing saturateddry steamat 104◦C–121◦C (220◦F–250◦F)
under high pressure (0.6–0.8MPa):

1. Inorganic Salt Breakdown: Steam heat breaks the ionic crystal structures of NaCl
and CaCl2, rapidly dissolving dense salt crusts trapped inside foam padding.

2. Biological Mold Elimination: Steam above 100◦C exceeds the thermal death point
of mold spores and bacteria, denaturing cell proteins and sterilizing the sub-carpet
pad without soaking the foam.

Dry steam injection is followed immediately by hot-water extraction with a quaternary
ammoniumdisinfectant and high-lift vacuuming (water lift> 100 inches). This dries carpet
padding below 5%moisture content, preventing mold from returning.
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4 Comprehensive Vehicle Longevity Synthesis

4.1 Annual Interconnected Degradation Cascade

Cleveland’s seasonal stressors build on eachother throughout the year. Wintermechanical
wear weakens surface layers, accelerating summer photo-oxidative degradation.

WINTER ATTACK PHASE
1. Brush scraping cuts micro-
marring in clear coat.
2. Freeze-thaw ice expansion
tears EPDM door seals.
3. Blocked cowl drains dump
meltwater into cabin.
4. Footwear carries salt slush
into carpet padding.

SUMMER AMPLI-
FICATION PHASE

1. Solar UV strikes thinned,
scratched clear coat.
2. Accelerated photo-oxidation
delaminates paint.
3. UV photons yellow polycar-
bonate headlight lenses.
4. Cabin solar heat (45◦C) grows
mold in wet carpet.

COMPOUNDED VEHICLE VALUE LOSS
Paint Delamination & Rust Corrosion • Dimmed Headlight

Projection • Torn Door Seals & Leaks • Cabin Mold, Odors &
Wiring Harness Corrosion

Seasonal Transition

Figure 11: Annual Interconnected Degradation Cascade across Seasonal Transitions.

4.2 Seasonal Preventive Maintenance Schedule

Transitioning from reactive repairs to proactive surface care breaks thismulti-season dam-
age cycle, preserving vehicle appearance, safety, and resale value.

Table 2: Preventative Detailing Service Cadence and Maintenance Schedule

Season / Tim-
ing

Primary Operational
Focus

Implemented Service Protocols

Autumn
(Pre-Winter)

Surface Energy Reduc-
tion & Barrier Applica-
tion

Apply polysilazane SiO2/TiO2 ceramic coating to
paint; coat glass with fluorosilane; condition EPDM
seals with fluoropolymer ester emulsion.

Mid-Winter
( January Reset)

Salt Removal & Drain
Inspection

Undercarriage salt wash; clear door weep holes;
flush snow build-up from cowl air intakes.

Spring
(Post-Winter)

Thermal Decontamina-
tion&Mold Passivation

Extract carpet foam with 121◦C dry steam and
quaternary amine disinfectant; clear sunroof drain
tubes; polish and seal headlight lenses.

Summer
(Mid-Year Pro-
tection)

UVProtection Top-Up&
Maintenance

Apply ceramic spray booster; inspect door seals for
heat aging; clean cabin air filters.
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