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ABSTRACT
Weathering is a natural process that significantly affects the durability and performance of wood, one of the most eco-friendly biomaterials. This review aims to comprehensively examine the mechanisms of wood weathering, including both natural and artificial processes, and their effects on wood properties along with potential mitigation strategies. The study is based on a systematic review of existing literature and scientific findings related to environmental degradation of wood. Natural weathering occurs in unprotected wood due to exposure to factors such as solar radiation, temperature fluctuations, moisture, and oxygen, whereas artificial weathering is employed to simulate and accelerate these effects under controlled conditions for research, testing, and quality evaluation. The analysis highlights that weathering leads to significant changes in wood, including discoloration, surface degradation, and alterations in physical, chemical, microscopic, and macroscopic properties, primarily associated with photodegradation and moisture interactions. The review discusses that untreated wood undergoes progressive deterioration, while various treatment methods such as chemical treatments, nano-deposition, mechanical processing, and surface modifications can enhance resistance to weathering. The review highlights that artificial weathering provides a faster evaluation method and is widely used to simulate natural degradation trends under controlled conditions. Overall, weathering remains a major challenge affecting the longevity and performance of wood, and the development of sustainable and advanced protective techniques is essential to improve durability and ensure long-term preservation of timber structures under changing environmental conditions.
Keywords: Wood weathering; photodegradation; artificial weathering; biodegradation; durability




1. INTRODUCTION
Wood is a versatile and widely used organic material vulnerable to degradation by various external factors. Wood exposure to outdoor environments above ground level causes weathering by a complex combination of chemical reactions, mechanical stresses, and light energy (WCED 1987). Wood weathering is a natural occurrence caused by various external factors i.e. sunlight, moisture, and temperature change, that results in aging gradually and discoloration of the wood surface. Weathering is not similar to fungal-induced wood degradation in damp environments, which can cause wooden constructions to deteriorate structurally. To preserve the longevity of wood surfaces, it is imperative to provide them with appropriate maintenance and protection. Weathering has a range of effects on wood properties like strength, color, texture, and general structural integrity. For example, temperature fluctuations cause surface checking and cracking, moisture causes browning and rotting, and sunshine leads to the bleaching of wood over time. For academics and woodworkers studying wood in outdoor settings, the weathering process is essential as differences occur which are unpleasant and also jeopardize the wood's practical qualities. A wide range of protective techniques, including sealants and coatings, are applied to lessen the after-effects of weathering and increase the lifetime and durability of wood. To maintain the eternal aesthetic appeal and structural integrity of wood, a precise balance between human intervention and natural material is necessary. Weathering shows a noticeable change in the surface quality and attributes, which results in difficulties with different processing technologies and applications.
1.1 WEATHERING OF WOOD
Photodegradation and weathering-related degradation of wood reduces the application of transparent coatings (Desai, 1967). It is significant to remember that photodegradation only hampers the wood's outer layers and shows no significant change in the material's mechanical qualities. Nonetheless, extensive weathering-related checking is linked to notable reductions in the durability of timber railroad ties as studied by Davis and Chow (1989). A board's thickness can be reduced by 5mm to 6 mm over more than a century of weathering, but the process is gradual. Certain organic components of wood are altered when it is deteriorated by any kind of biological or physical agent (Feist and Hon 1984). The degradation rate is typically influenced by various factors such as wood type) irradiation time (Hon and Shiraisi 2000; Tolvaj and Faix 1995) the intensity and wavelengths of light (Kataoka et al. 2007) and also the climatic conditions that exist during exposure (Hon and Chang 1984). Cellulose, hemicellulose, and lignin make up wood. Polysaccharides include cellulose and hemicellulose, whereas lignin is an oxygenated polymer composed of phenylpropane units (Walker 2006). The main component of the S2 layer of the cell wall, (β-1→ 4)-D-glucopyranose, is the linear polymer that makes up cellulose. It can be crystalline or amorphous, and a single chain can move across different regions at different times (Kollmann and Côté 1968). The S2 layer is sought to be an important layer for identifying the macroscopic properties of wood because it is the thickest of the three layers of the cell wall. Chemical components and their distribution within the cell wall is another important factor in the weathering process as the wood's resistance to outside elements like moisture, temperature, and other environmental conditions is determined by it. Predicting and controlling the performance of wood products requires an understanding of the interaction between the S2 layer and the cell wall composition. The differences between the various wood layers are attributed to the chemical composition and arrangement of fibers inside each layer. One important component influencing wood weathering is its specific gravity. The specific gravity of different wood species varies, which is important since denser woods shrink and swell more than lighter woods. Additionally, during natural weathering, wood density has a direct impact on warping, checking, and dimensional changes. The size and distribution of pores may have a greater impact on weathering than wood grain and density combined. Softwoods are composed of longer, small-diameter fibers, whereas hardwoods are composed of short, small-diameter fibers and large-diameter pores. Juvenile and compression wood can shrink up to 2 % during the drying process, whereas regular wood only shrinks by 0, 1 % to 0, 2 % (Green et al. 1999). The leaching of extractives causes the heartwood to lose color first during the early phases of weathering. A range of things leads to wood deterioration from weathering, such as UV, visible, and infrared light from the sun, moisture from rain, snow, humidity, temperature, oxygen, and air pollution (Hon 1991; Evans et al. 1992). 
2. TYPES OF WEATHERING

                                                           Fig.1. Weathering types
2.1 Natural Weathering
 The term "natural weathering" describes how wood surfaces gradually deteriorate and change on exposure to environmental factors such as sunlight, rain, wind, and temperature changes. With time, it causes variations in the texture, color, and look of the wood. Weathering can have an impact on both softwoods and hardwoods. The molecular structure of wood undergoes several complex, interconnected changes due to natural weathering. Chemical reactions, mechanical forces, biological processes, and light exposure all contribute to these changes. As a result, the wood undergoes a distinctive and intricate metamorphosis that may impact its strength, texture, look, and other characteristics (Ali et al. 2011).
2.1.1 Chemical weathering
The various factors that lead to chemical changes in the structure of wood further causing weathering are as follows
2.1.1.1 [bookmark: _Ref152766997]Solar radiation: 
A phenomenon called photodegradation, often referred to as photochemical deterioration, occurs when the wood is exposed to sunlight that contains 5 % ultraviolet radiation (86 nm to 380 nm), 45 % visible light (380 nm to 760 nm), and 45 % infrared light (760nm to 3000 nm) which on exposure turns the wood grey instead of its original brown or yellow color. The main function of lignin and cellulose is to provide structural integrity to the wood. However, continuous exposure to sunlight might result in photodegradation, which may shorten the wood's life. Since light cannot pierce wood deeply, it only reacts and alters the surface layer between 0,05mm to 2,5 mm deep. The light's wavelength affects the depth of penetration (Kiguchi et al. 2001). While wood is most effectively degraded by the UV section of the solar spectrum, visible light deteriorates at a pace that is approximately half that of material subjected to the complete solar spectrum (Derbyshire and Miller 1981). The primary reason for the color shift is the presence of lignin content in wood, which has a considerable absorption of ultraviolet (UV) light. This light has a definite maximum of over 280 nm and a tail that extends past 380 nm of the visible spectrum (Kalnins 1966). According to Feist and Hon (1984) lignin absorbs more UV energy than cellulose, and further photodegradation creates free radicals. According to Norrstrom (1969), photo-oxidation of lignin is linked to 80 % to 95 % of the destruction of wood. Because of lignin's considerable reduction of the fiber-to-fiber connection, wood experiences mechanical stresses from its cyclical shrinking and swelling. This causes internal stress in the wood. The ultraviolet spectrum brings about chemical changes in the surface of wood, including demethoxylation, dehydroxylation, dehydroxymethylation, and dehydrogenation of lignin (Hon 1991). The chemical components present in wood show different absorption behaviours. Because lignin is phenolic in nature, it absorbs 80 % to 95 % of the UV radiation from sunlight; the remaining UV radiation is absorbed by holocellulose (5 % to 20 %) and extractives (2 %) (Norrstrom 1969). In contrast, cellulose seems to be more resilient to weathering naturally, even though its crystal size and crystallinity may grow (de Almeida et al. 2019). Many species have extractives such as tannins, terpenes, monoterpenes, and flavonoids in their heartwood. These extractives have the unusual capacity to absorb wavelengths longer than 500 nm within the visible and infrared light spectrum. This absorption sets off a process known as depolymerization, which disassembles lignin, hemicellulose, and cellulose's intricate structures. Violet light, which has a wavelength between 380nm and 430 nm, is the portion of visible light that photodegrades the lignin portion in wood (Kataoka et al 2007). Furthermore, the precise mechanisms and reaction pathways behind these components' photodegradation remain unclear. Nonetheless, photolysis and lignin fragmentation, which form free radicals, are the primary processes that exhibit the photodegradation of wood (Feist and Hon 1984). It's crucial to remember free radicals that are light-induced are extremely energizing and have a propensity to form chains that stabilize parent radicals. As a result, fresh free radicals may be created and go deeper into the wood, possibly leading to discoloration reactions. Moreover, it causes cellulose and hemicellulose to photo-oxidize and lignin to degrade. Since solar radiation causes a wide range of chemical changes in wood surfaces, photon energy from sun radiation is regarded to be the most harmful element of the outdoor environment (Horn et al. 1994).
2.1.1.2 Moisture
Dew, rain, and snow, all carriers of water, play a vital role in accelerating the weathering process of wood. They achieve this by not only exposing new surfaces but also penetrating the wood to depths between 0,05 mm and 2,5 mm. This moisture absorption occurs swiftly in unprotected wood, facilitated by capillary action that leads to adsorption within its structure. As moisture permeates, the equilibrium moisture content of the wood shifts, causing it to swell and shrink cyclically. These fluctuations generate internal stresses, which can manifest as checking and warping in the wood. Evans et al. (1992) observed that rain-induced lignin photodegradation and hemicellulose breakdown contribute to the characteristic grey hue of aged wood. Their study highlighted that prolonged exposure to water at moderate temperatures (50 ° C to 65 ° C) can lead to the degradation of hemicelluloses and lignin, while cellulose remains relatively unaffected (Evans and Banks 1988,1990). Turkulin et al. (2004) further investigated how wood photodegrades more rapidly in wet environments compared to dry ones. Feist and Hon (1984) reported that water molecules have the capacity to expand wood, thereby facilitating the degradation of inaccessible areas within the cell walls. This expansion contributes to the accelerated breakdown of lignin and hemicelluloses in wood. Additionally, fluctuations in air humidity impact the moisture content of the wood surface, leading to changes in moisture gradients that cause further shrinkage, swelling, and roughening of the exposed surface. Extended exposure of wood to environmental elements can lead to material degradation, visible cracks, and microscopic fractures that progressively worsen over time. Extreme temperatures can also distort or cup wood, exerting tension on fasteners (Forest Products Laboratory 1974; Feist 1982). Overall, water saturation profoundly influences the durability and pest resistance of wood, leading to a complex array of changes. Certain wood species can resist fungal or insect attacks even under reduced oxygen levels, while others are susceptible to degradation by anaerobic bacteria or soft-rot fungus. This underscores the importance of wood type and saturation levels in determining the strength and resilience of waterlogged wood (Zabel and Morrell 1992). Studies by Anderson et al. (1991a) revealed that water has minimal impact on the chemical structure of artificially weathered wood but does affect its physical structure. Rainfall then initiates a process where lignin particles are drained following their degradation due to photo-oxidation and light-induced degradation (Hon 1991). Additionally, when wood is exposed to moisture, deteriorated chemicals start seeping out (Tolvaj and Faix 1995; Pandey 2005).
2.1.1.3 Temperature
Wood's innate porosity makes it prone to absorbing moisture, which becomes problematic when the absorbed water freezes. During freezing, water expands and applies pressure to nearby wood fibers, leading to their separation. This separation creates distinctive patterns known as checking on the wood's surface. This freeze-thaw process, highlighted vividly in every intricate line, underscores the significant impact of nature's cycles on wood's endurance against environmental forces. The ice shrinks as it thaws, causing holes in the wood. These cracks may enlarge and deepen over time, jeopardizing the wood's structural integrity. Temperature accelerates photochemical and oxidative reactions despite it is not as important as UV radiation or water in weathering. As warmth increases, the frequency of chemical reactions in wood weathering speeds up. Over time, this leads to significant changes in the wood's chemical and physical properties. The process unfolds in a specific sequence: first, hydrolysis occurs, breaking down substances with water molecules and forming new compounds. Following this, photooxidation takes place, generating reactive oxygen species when materials interact with both oxygen and light. Together, these processes, hydrolysis, and photooxidation, play key roles in transforming wood during weathering, marking its journey of alteration under environmental influences. Wood can sustain severe physical damage from low temperatures and repeated cycles of freezing and thawing. It's important to remember that, while not as much as other elements, wind-blown sand and salt can also cause wood to weather. Feist (1990) states that external factors abrasively erode wood in a manner that is comparable to that which is less dramatic. Futo (1976) looked at the connection between temperature and the deterioration of wood. According to his findings, the rapid evaporation of degradation products at higher temperatures is what causes the hardwood surface to turn grey. His conclusions were based on a multitude of investigations and experiments, which provided new insights into the factors affecting how wood weathers. The various chemical components of wood undergo thermal degradation at high temperatures impacting the wood's overall performance.
2.1.1.4 Oxygen
 Oxidative agents, notably oxygen and ozone, exhibit the capacity to induce depolymerization of lignin and certain polysaccharides within the cell walls of wood (Hon and Feist 1992; Grelier et al. 2000). In natural settings, oxygen molecules play a pivotal role in a multitude of photophysical and photochemical reactions, transcending mere exposure to sunlight and water. Upon exposure to photoirradiation, the free radicals inherent in wood generate a singular oxygen molecule, initiating a rapid sequence of reactions that culminate in the formation of hydroperoxides. Notably, these groups exhibit heightened reactivity and instability when exposed to heat and light. Feist and Hon (1984) corroborate this phenomenon, attributing the propensity for wood surface staining to the presence of carbonyl and carboxyl groups. 
2.1.1.5 Atmospheric pollutants
Research on the impact of contaminants on wood weathering is limited, but there is acknowledgment of the significant role played by primary air pollutants such as smoke, dust particles, and volatile substances like ammonia, nitrogen oxides, sulfur compounds, carbon monoxide, hydrocarbons, and their derivatives. Spedding (1970) noted that wood can absorb ambient sulfur dioxide, which can transform into sulfuric acid, potentially weakening wood fibers. Observations from the field and in vitro studies suggest that wood weathers more rapidly in polluted environments compared to unpolluted ones (Williams et al. 1987; Raczkowski 1980) added to this understanding, indicating that wood weathering dynamics are influenced by solar radiation intensity in summer but are significantly impacted by higher sulfur dioxide levels in the air during winter, particularly in regions like central Europe. The combination of sulfur dioxide with UV light was found to produce the most significant color shift Hon and Feist (1993). These findings highlight the complex interplay between environmental pollutants, solar radiation, and wood degradation processes, underscoring the need for further research in this area.
Table 1. Changes observed in wood due to various factors of weathering
	S.no
	Effects of 
	Changes observed 
	Citations

	1.
	UV light
	Color change, Loss of strength
	Fiest 1982; Forest Products Laboratory 1975

	2.
	Visible light
	Color change
	(Browne and Simonson 1957)

	3.
	Moisture
	Formation of checks, splits, and cracks leads to tangible surface roughness 
	(Feist 1990; Ozgenc
et al. 2013)

	4.
	Sunlight and Moisture
	Leaching
	(Forest Products Laboratory 1966; Feist 1982; Anderson et al. 1991a; Anderson et al. 1991 b; Liu et al. 2017,
Pánek et al. 2017)

	5.
	Temperature
	Formation of checks, splits, and cracks
	(Feist 1990, Ozgenc et al. 2013).



The combined action of solar radiation and water has the greatest influence on the pace of deterioration (Tolvaj and Faix 1995; Hon 1991; Müller 2003).
2.1.2 Physical weathering
Surface imperfections are caused when specific abrasive elements found in nature come in touch with wood surfaces.
2.1.2.1 Microorganisms 
A wide range of microorganisms can colonize worn wood surfaces, including lichens, bacteria, fungi, and algae secrets enzymes break down the organic components of the wood, these microbes speed up the deterioration process in wood. Furthermore, the growth of these microbes may physically harm the wood's surface, hastening the weathering process. It is amusing that weathering differs from fungal degradation, which can seriously degrade a wooden structure by destroying wooden cells. It is significant to remember that the grey hue of weathered wood caused by fungus Aureobasidium pullulans and other melanized fungi. No denying that these fungi play a significant part in the weathering process as are observed often inhabiting aged wood surfaces. A. pullulans is a very versatile fungus that can survive exposure to UV light and temperatures as high as 80 ° C. It can also thrive for extended periods without moisture and grow over a broad pH range of 1,9 to 10,1. Its attributes render it adaptable to the microenvironment of aged wood, and its importance in the weathering process cannot be overlooked. Notably, these fungi are not similar to those that decompose wood, and their importance in the weathering process cannot be emphasized (Schmidt and French 1976).
2.1.2.2 Wind
Sandblasting is a mechanical abrasive process that can occur when strong winds carry debris and sand. As a result of the surface being removed, new surfaces will be exposed to weathering, which will cause degradation to occur more quickly. The surface layers may become even more weakened by tiny particles trapped in tiny surface fissures that cause periodic expansion and contraction (Kumar and Dev 1993). 
2.2 Artificial weathering: 
The deliberate and accelerated replication of natural weathering processes on wood surfaces in a controlled setting is called artificial wood weathering. This method is frequently applied in the forestry, construction, and furniture manufacturing industries for research, testing, and quality control. Manufacturers and researchers can evaluate how various wood species, treatments, or finishes react to weathering in a shorter time apart from what would occur naturally by exposing wood samples to particular environmental conditions. Samples of wood are usually subjected to artificial weathering conditions, which include UV radiation, temperature changes, moisture, and occasionally contaminants.
2.2.1 Accelerated weathering
 A process known as "accelerated weathering" occurs when one or more environmental agents are accelerated. It alludes to purposefully accelerating wood's natural weathering processes. To witness and examine the outcome of environmental elements in a limited amount of time, the focus is on accelerating the aging and disintegration of wood surfaces. This may entail subjecting wood samples to elevated UV radiation levels, intermittent wet and dry cycles, temperature fluctuations, humidity swings, and additional elements that facilitate organic weathering. According to Grossmann (1977), accelerated weathering is a dependable way to prevent inactive times during which materials are not used, evaluated, or aged. Matejak et al. (1983) suggest that a 6 mm wooden layer would entirely deteriorate in a century.
2.2.2. Simulated weathering: 
To conduct research, test hypotheses, or serve practical needs, wood weathering is intentionally replicated in a controlled setting. To imitate weathering conditions and gain insight into the responses of various wood species, treatments, and finishes over time, a variety of techniques can be used. Although accelerated weathering is a type of simulated weathering, "simulated" refers to a wider variety of testing circumstances that may not always include accelerating the processes but rather attempting to replicate exposure in the real world. Accelerated techniques and longer, more realistic exposure to external environments are two different approaches to simulating weathering. According to Uzunovic et al. (2008), iron stains are a frequent method of coloring wood. Certain types of iron could encourage the wood to weather (Tribulová et al. 2019). Simulating weathering contributes significantly to understanding wood durability and performance under diverse environmental conditions.
· Top of Form
3. EFFECTS OF WEATHERING
3.1. Color change
Exposure of wood to weathering leads to complicated reactions that further change its color. Solar energy, especially the ultraviolet (UV) region of the spectrum, is what starts these processes. Strong connections in wood's polymeric molecules can be broken by UV light, which can then trigger photochemical reactions that depolymerize the lignin and cellulose polymers found in the wood’s cell wall (Feist 1983; Derbyshire and Miller 1981). Light-colored woods typically weather to yellow or brown color on their surface, whereas darker woods with high extractive content may initially fade before taking on this color. This is mostly brought on by sunlight on the wooden surface which can change and break down wood constituents including lignin and extractives. Furthermore, air pollution, temperature changes, and moisture exposure can all hasten the browning and deterioration of wood surfaces. To effectively safeguard and preserve wood-based products, it is essential to comprehend these concurrent elements that affect wood quality. All wood species eventually turn grey due to photodegradation and lignin being leached from the surface, leaving a layer rich in cellulose on top (Feist and Hon 1984). The occurrence of mold and fungi along with dust particles that seep into the porous structure of wood could potentially be responsible for the grey hue (Hon and Chang 1984).
3.2.  Surface properties: 
Weathering has an impact on wood surfaces and can change the wettability. Williams (2005) and Gonzalez de Cademartori et al. (2015) claim that water causes rough surface and weight loss by washing away loosened cellulose fibers and leaching out products from photodegradation and hydrolysis. Additionally, weathering results in extractives leaking out of the wood's surface, decreasing its ability to repel water. Wood may experience significant stress from frequent exposure to wetting and drying, which results in the production of tiny surface checks. These checks might appear innocuous at first, but they have the potential to enlarge and become significant cracks with time, endangering the wood's structural integrity. Studies by Fiest and Hon (1984), Sandberg (1999), and Evans et al. (2008) have all addressed this.
3.3.  Microscopic changes:
Being a natural substance, wood changes in appearance and structural integrity with weathering over time. Lignin, a complex organic polymer that gives cell walls strength and stiffness, is more prevalent in the middle lamella of wood. As a result, photodegradation preferentially occurs in this region of the wood surface when exposed to sunlight, resulting in discoloration and a loss of structural integrity (Hon et al. 1986). Several researchers have examined the weathering process of wood and have produced comprehensive micrographs illustrating the various stages of wood change (Luekens and Sell 1972). The cell wall is the structural part that gives wood its strength and undergoes extensive checking due to weathering. The cell walls of softwoods and hardwoods are made up of slender and long cells that make up the cell walls, called tracheids and fibrils respectively, loosen and separate from the surface over time, further reducing the strength of the wood.
3.4.  Macroscopic changes: 
The study conducted by Feist and Mraz (1978) revealed a well-defined correlation between the erosion rate brought on by accelerated and natural weathering. Furthermore, a notable association between the erosion rate and wood density has been studied by other researchers. Through several outdoor studies spanning more than 16 years, Williams and his team were able to gather precise information about how various softwood and hardwood species weather at different rates depending on factors such as surface roughness, grain angle, exposure angle, and earlywood/latewood (Williams et al. 2001a, 2001b, 2001c).
3.5.  Chemical changes: 
Soluble fractions can evolve when bonds between the lignocellulosic materials are broken under specific conditions. Furthermore, microbes grow on the outer surface. Wood exposed to the factors shows a series of intricate activities that eventually damage the wood surface. Water's ability to both wash away degradation products and exert mechanical effects on the surface makes it a crucial component of this process. Water also probably has a chemical effect on hemicelluloses, especially surface-bound ones. The hemicelluloses as compared are more prone to hydrolysis as the lignin in it breaks down. With the increase in cellulose content weathered wood leaches hemicelluloses that contain xylose and arabinose. Research has shown that cellulose quickly depolymerizes when exposed to weather, contrary to the previously held belief that cellulose was less susceptible to weathering than other wood elements (Derbyshire and Miller 1981; Evans et al. 1996). Water not only removes reaction products but is essential to the breakdown of lignin, as stated by Sudiyani et al. (1999). There is no doubt that the lignin breakdown process follows first-order kinetics and is impacted by the radiation's wavelength. High humidity is known to greatly speed up this process (Rowell 2005)
3.6.  Physical changes: 
As extensively described in the works of Evans and Banks (1988), (1990); Voulgardis and Banks (1981), wood veneers experienced a significant drop in strength in contact with water in the absence of UV radiation or light. Yoshida and Taguchi (1977) carried out a thorough investigation to ascertain the effects of outdoor exposure on the thickness and mechanical properties of red luan (Shorea sp.) and kapur (Dryobalanops sp.) veneers with three and five plies. After seven years of outdoor exposure, their research showed a considerable drop in thickness and mechanical qualities, showing the deterioration in wood veneers over time. Fuwape and Adeduntan (1999) have documented weight loss in Gmelina (Gmelina arborea Roxb.) due to weathering outside, emphasizing the significance of maintaining and protecting wood veneers properly for their longevity.
4. TREATMENTS TO RETARD WEATHERING
4.1 Chemical treatments
Preservatives shield wood from weathering and decay, even though they aren't often considered wood finishes. A lot of wood that has been preservative-treated is exposed without any extra finish (Forest Products Laboratory 1966). However, to stop checks from forming in CCA-treated wood as it weathers, water-repellent chemicals have been used (Levi et al. 1970; Zahora 1991,1992). Wood preservatives containing chromium, such as chromated-copper-arsenate, can also photo-stabilize wood surfaces. When they include wax or oil, they also lessen the weather-exposed wood's tendency to check on its surface (Christy et al.2005).
4.2.  Nanoparticle deposition
The majority of the time, nanoparticles are introduced to wood coatings or pretreatments, but they can also grow or deposit directly into the surface of the wood. Numerous studies demonstrate that adding a small amount of nanoparticles less than 10 % to the coatings may greatly improve the wood's already-existing qualities (Cristea et al. 2010; Fufa and Hovde 2010; Lowry et al. 2008). TiO2 nanoparticles are frequently employed because of their durability under irradiation and broad UV spectrum attenuation capabilities, which help to filter damaging sections of solar radiation and slow down photodegradation processes (Cristea et al. 2010). Studies have also been conducted using nano clay and showed improvement because nano clay has a substantially larger specific surface area than clay particles that are smaller than a micron, it has a stronger barrier resistance.
4.3.  Coatings/ surface treatments:
4.3.1 Paints
Paints have been a popular choice for adding a touch of color to surfaces and protecting them from the damaging effects of moisture and decay for centuries. While they may not have any preservation properties, their ability to provide a protective barrier can significantly prolong the life of the wood. However, the longevity of a paint application on outdoor wood is determined by various factors, including the type of paint used and the condition of the wood surface. Therefore, it is crucial to choose the right paint and prepare the wood surface adequately to achieve the desired result (Browne 1962; Estrada 1958; Spedding 1970). The harmful effects of weathering on wood may be significantly lessened with a properly applied and maintained paint system that includes a primer and at least two top coats (Feist 1990).


4.3.2 Varnishes
Clear varnishes bring out the natural color of wood and create an attractive appearance. However, to maintain this look, they need to be maintained frequently. Despite various attempts to preserve the original surface structure and natural color of the wood by using transparent coatings with colorless UV light absorbers, the need for regular maintenance persists (Estrada 1958; Schlumbom 1963; Tarkow et al.1966; Rothstein 1967; Suits and Hsuan 2003).
4.3.3. Stains
 A wood's species, surface texture, kind and quantity of stain applied, and level of weather exposure all affect how long a stain will protect against weathering. Stains will last between two and five years.
4.3.4. Water repellents 
A coating that is both water-repellent and resistant to fungi that cause deterioration should be applied to wood that is exposed to the elements. In these situations, when wood is constantly exposed to the outside, water-repellent preservatives are typically utilized. When it comes to preventing water from being absorbed by the end grain, which is the most absorbent of all wood surfaces, repellents are incredibly effective.
4.4.  Mechanical treatments
The initial purpose of mechanical treatments for timber is to increase the penetration of preservatives. These treatments, which include kerfing, center boring, through-boring, and incising, have mostly been used on poles. Incising involves cutting longitudinal incisions into the sawn sides of wood using steel blades.
4.5. Chemical modification
Preventing photodegradation by wood modification appears to be an appealing choice for outside wood use since it protects the wood with or without a coating. Acetylation is a type of chemical modification where the cell wall consisting of lignin, cellulose, and hemicellulose with the hydroxyl group is substituted by the acetyl group for improving the dimensional stability.

4.6.  Surface modification
The surface modification involves the treatment of the surface layers up to a few mm to prevent the penetration of moisture or other degrading agents without altering the bulk properties of the wood. Enzymatic modification and plasma modification are the methods that affect only the upper layers of the wood surface.
5. INSTRUMENTS USED FOR MONITORING WOOD FOR WEATHERING
5.1.  Laboratory weatherometer
A weatherometer is a tool used to quantify the weathering of a substance in controlled environments. These circumstances include being exposed to oxidation, moisture, and light. Compared to outside exposure approaches, laboratory weatherometers yield more consistent results by accelerating solar deterioration in a controlled environment.
5.1.1 Xenon arc weatherometer 
The light source for the Xenon-Arc weatherometer is a long-arc, water-cooled xenon lamp with inner and outer filters. It is designed to replicate sunlight conditions for weathering tests on materials. However, this device's expensive upfront and ongoing maintenance costs are a drawback. A consistent radiation spectrum requires regular replacement of the xenon bulbs and filters (Meichsner et al. 2011).
5.1.2. UV accelerated weatherometer
The UV-fluorescent weatherometer typically uses eight fluorescent UV lights as its light source. These lights emit light primarily in the UV (ultraviolet) region of the spectrum, specifically wavelengths below 400 nm. This UV light is known for its high energy, which can cause degradation of polymers and other materials over time (Suits and Hsuan 2003). UV-fluorescent weatherometers are very inexpensive to purchase and maintain, requiring only the occasional replacement of fluorescent lights.
5.2.  Color measurement
5.2.1 Colorimeter
 An efficient and impartial approach for determining the color of wood is quantitative colorimetry. It entails utilizing objective numerical values based on established color spaces to measure and analyze an object's color. Standardized color spaces, such as CIE XYZ, CIE Lab, or CIE Lab*, which define color based on human perception, are used to describe colorimetric data. These color spaces give numerical values for hue, chroma (a* or b*), and brightness (L*). With this approach, accurate data for color characterization is provided. Colorimetry studies have been done by various researchers, including (Ljuljka 1971; Forsthuber et al. (2010, 2013, 2014), they have utilized quantitative colorimetry in their studies to characterize lacquer wood surfaces. To evaluate colorimetric data and find trends or patterns connected to variations in wood color, statistical techniques are frequently used.
5.2.2 Spectrophotometer
Sullivan (1967) launched the field of wood color study by connecting visual events to spectrophotometric measurements of the Y tristimulus value, namely brightness. The weathering-induced color change in heat-treated wood has been measured using the tristimulus Spectro colorimetry method (Huang et al. 2012). This method involves measuring the Y tristimulus value, which represents brightness, along with the X and Z tristimulus values to capture the entire color space. By quantifying color changes in heat-treated wood through tristimulus Spectro colorimetry, researchers gain valuable insights into the effects of weathering and thermal treatment on wood coloration.
5.3.  Roughness study 
5.3.1. Surface roughness tester
The surface roughness or texture of a substance may be rapidly and precisely measured with a roughness tester. A roughness tester displays the mean roughness value (Ra) in micrometers or microns (µm) together with the observed roughness depth (Rz). Using a roughness filter is necessary to measure a surface's roughness. The usage of different roughness filters is advised by several international standards and surface texture or surface finish criteria.
5.3.2. Microscopic lens (Scanning electronic microscope or other)
Study of wood surface properties like roughness at various magnifications required with the help of image and statistical analysis. Meichsner et al. (2011) described the different color appearances of uncoated and coated wood surfaces by the microscopic roughness of the respective surfaces and their reflection characteristics.
6. CONCLUSION
Wood is a versatile natural material that is widely utilized for making furniture, outdoor uses, and other things. But weathering causes defects like warping, cracking, and rotting in addition to having a major effect on its endurance and longevity. Even though weathering on wood has been studied, much remains to learn about the long-term impacts. When using wood outdoors, it is essential to adhere to certain guidelines that are recognized both domestically and globally to reduce the amount of weather-related wood deterioration. It is first advised by national standards to choose wood products with greater inherent durability. Second, the right construction solution needs to be applied. Thirdly, the service life of the wood can be increased by applying surface treatment. The most significant factor influencing the rate of degradation is the interaction between solar radiation and water. To design responsibly and encourage conservation, one must know how wood structures perform in different climates over decades or even centuries. Further research will help us to completely understand the physics behind wood weathering and discover ways to mitigate its effects. The building, furniture-making, and outdoor industries will gain from this knowledge as it advances scientific understanding of wood weathering. Even though a much better grasp of how wood weathering works is known, there are still tons of information gaps that need to be addressed to finish the entire research. Future studies should aim to bridge these gaps by promoting sustainable practices and the preservation of timber structures in the face of changing environmental circumstances. This will ensure that wood will remain a valuable and sustainable resource for the next generations by taking this action.
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