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Abstract: Global warming has been increasing during the past decades and has been 27 

observed from worldwide observation stations. However, its impacts on civil infrastructure 28 

have not been observed or recorded due to a shortage of long-term field measurement data. 29 

This study uses the 2132-m long Tsing Ma Bridge in Hong Kong as a testbed and investigates 30 

the effects of climate change on the long-span bridge using 26 years (1999–2024) of field 31 

monitoring data. It shows that the annual mean temperature of the bridge deck has increased 32 

by 0.28 ℃ per decade and the annual extreme temperatures have risen by 0.50 ℃ per decade. 33 

Moreover, the annual 90th percentile bridge temperature and the frequency of extreme heat 34 

events exhibit an increasing trend. The standardized regression analysis shows that the ambient 35 

air temperature dominates the bridge temperature change. Finally, heat-transfer analysis is 36 

conducted to calculate the temperature distribution of the bridge. The numerical and monitoring 37 

results confirm the bridge temperature rise during the past decades. This study, for the first time, 38 

provides the real evidence of climate warming’s impacts on long-span bridges using 26 years 39 

of field monitoring data, the longest in the world. The results highlight the urgency of reducing 40 

greenhouse gas emissions and developing adaptation strategies to mitigate the effects of rising 41 

temperature on the safety and serviceability of infrastructure in a warming world. 42 

 43 
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1 Introduction 47 

Long-span bridges are a critical component of transportation infrastructure and play a vital 48 

role in regional economic development and public connectivity [1, 2]. They effectively 49 

overcome geographical barriers, shorten travel distances, and significantly improve 50 

transportation efficiency. For example, the Hong Kong–Zhuhai–Macao Bridge has shortened 51 

the travel time between Zhuhai and Hong Kong from approximately 4 hours to 30 minutes. It 52 

promotes economic integration in the Greater Bay Area and is expected to generate over HKD 53 

40 billion in economic benefits in 20 years. By 2023, China had more than 1.07 million bridges, 54 

a 4.27% increase from the previous year. These data highlight the indispensable role of bridges 55 

in supporting national transportation networks and driving regional development. 56 

Bridges are constantly subjected to environmental factors, including daily and seasonal 57 

fluctuations in air temperature and solar radiation [3–5]. These factors drive heat exchange 58 

between the bridge structure and its surroundings, resulting in non-uniform temperature 59 

distributions across the bridge [6–10]. Such temperature variations can lead to thermal 60 

displacements and strains, which also may alter the dynamic characteristics of bridges [11–20]. 61 

For instance, the temperature-induced mid-span deflection of the 1377 m-long main span of 62 

the Tsing Ma Bridge in Hong Kong could reach 2,313 mm annually [21]. Similarly, the 63 

Runyang Bridge experienced seasonal longitudinal displacements of around 500 mm [22]. 64 

Field studies have demonstrated that temperature effects can exert a greater influence on bridge 65 

behavior than operational loads. Consequently, as one of bridge main loads, understanding the 66 

effect of temperature on bridge performance is crucial for ensuring structural safety and 67 
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longevity. 68 

Increasing climate change has a significant effect on critical infrastructure, including 69 

bridges [23–35]. Climate change affects bridge temperatures primarily through air temperature 70 

and solar radiation [36–39]. These factors contribute to different aspects of heat transfer. Air 71 

temperature mainly influences convective heat exchange, whereas solar radiation increases the 72 

absorbed energy of bridge exposed surfaces. Global mean surface air temperature increases 73 

markedly, reaching 1.43 ℃ above pre-industrial level [40–44]. A widespread increase in solar 74 

radiation has also been observed since the late 1980s [45, 46]. Some researchers have explored 75 

the effects of climate change on bridges [47–49]. These studies have relied on theoretical 76 

models because long-term observation data on bridges are lacking. In fact, long-term field 77 

observation practice only started in the 1990s thanks to the development of structural health 78 

monitoring (SHM) technology. However, most of SHM systems have only collected several 79 

years of data. The climate change-induced temperature variation of bridges during the period 80 

of several years may be less than 0.5 ℃, which may be masked by annual temperature variation 81 

and thus cannot be observed reliably. 82 

Since its commissioning in 1997, the Tsing Ma Bridge in Hong Kong has been equipped 83 

with a cutting-edge SHM system, widely regarded as the world’s first comprehensive long-84 

term SHM system for bridges [50, 51]. Over decades of continuous operation, this system has 85 

generated a unique dataset that captures bridge performance across a timescale comparable to 86 

climate change. For the first time, this study examines the monitoring temperature data from 87 

the bridge spanning from 1999 to 2024. This 26-year dataset provides an unprecedented 88 
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opportunity to examine the effect of climate change on bridge temperatures. It also offers first-89 

hand data for future design and maintenance of bridges because almost all countries’ bridge 90 

design codes are based on historical data. 91 

This study evaluates the effect of climate change on bridge temperatures using 26 years 92 

of monitoring records from the SHM system of the Tsing Ma Bridge. First, we analyze decadal-93 

scale bridge temperature trends (including maximum, mean, and minimum), and investigate 94 

seasonal variation patterns. Next, we focus on extreme temperatures, including shifts in the 95 

90th percentile threshold for extreme heat events, changes in extreme event frequency, and 96 

quantification of the effects of ambient air temperature and solar radiation on bridge 97 

temperatures at different quantiles. Finally, we conduct heat-transfer analysis to calculate the 98 

annual maximum temperature of the bridge deck and compare it with field monitoring data. 99 

This firsthand monitoring data and numerical results confirm the effect of climate change on 100 

civil infrastructure, underscoring the critical need to account for climate change in the design 101 

and management of bridge infrastructure.  102 

  103 
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2 The SHM system of Tsing Ma Bridge 104 

 105 

Figure 1 Layout of sensors on the Tsing Ma Bridge 106 

Table 1 Sensors deployed on Tsing Ma Bridge 107 

Monitoring Items Sensor Types 
No. of 

Sensors 
Positions 

Wind speed and 
direction 

Anemometer 6 
2: deck of main span; 2: top of towers; 

2: deck of Ma Wan side span 
Temperature Thermometer 115 6: ambient; 23: main cables; 86: deck section 

Highway traffic 
Weigh-in-

motion station 
7 approach to Lantau Toll Plaza 

Displacement 

Displacement 
transducer 

2 
1: portal beam of Ma Wan tower; 
1: deck at the Tsing Yi abutment 

GPS station 14 
4: top of towers; 2: middle of main cables; 

2: middle of the Ma Wan side span; 
6: ¼, ½, and ¾ of the main span 

Level sensing 
station 

10 
1: abutment; 3: towers; 4: deck of the main span; 

2: deck of the Ma Wan side span 

Acceleration Accelerometer 19 
8: uniaxial, deck, and Tsing Yi tower; 

9: biaxial, deck, and main cables; 
2: triaxial, main cables, and the Ma Wan abutment 

Strain Strain gauge 110 
29: Ma Wan side span; 49: main span; 

32: cross frame at Ma Wan tower 
Total 283 / 

Anemometer (6)
Accelerometer (19)
Thermometer (115)
Strain gauge (110)
GPS Station (14)
Displacement sensor (2)
Level sensing station (10)
Weigh-in-motion station (7)
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The Tsing Ma Bridge is a key component of the Lantau Link in Hong Kong, with a total 108 

length of 2,160 m connecting Tsing Yi Island and Ma Wan Island. This suspension bridge has 109 

a main span of 1,377 m supported by 206 m high towers. The Tsing Ma Bridge was officially 110 

opened on May 22, 1997, and it serves as a dual-use bridge, with the upper deck carrying 111 

highway traffic and the lower deck accommodating railways. 112 

The bridge has been equipped with an SHM system since 1997, consisting of a total of 113 

283 sensors [52]. These sensors include anemometers, thermometers, displacement transducer, 114 

level-sensing stations, GPS stations, accelerometers, strain gauges and weigh-in-motion 115 

stations. A total of 115 spatially distributed thermometers are positioned on the bridge’s cable 116 

and deck to monitor temperatures. The layout of all sensors in the SHM system is shown in 117 

Figure 1, with all sensors summarized in Table 1. 118 

The locations of thermometers measuring orthotropic deck (sensors A4 and B4) and U 119 

trough (sensors A1–A3 and B1–B3) temperatures are illustrated in Figure 2. 120 

 121 

Figure 2 Locations of thermometers on bridge orthotropic deck and U trough 122 
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 123 

3 Changes in bridge effective temperatures 124 

3.1 Effective temperature 125 

Bridge cross-section consists of many components, each with different temperatures. 126 

Bridge design codes adopt the concept of effective bridge temperature to evaluate thermal 127 

effects. By computing a weighted average of temperatures measured at different locations 128 

across the bridge cross-section, the effective temperature can be calculated as follows [53]: 129 

 1
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i i
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×
=
∑

∑
, (1) 130 

where Tb is the bridge effective temperature, Ti is the temperature of region i, Ai is the area 131 

around region i.  132 

 133 

3.2 Bridge effective temperature trends 134 

The effective temperatures derived from the SHM system of the Tsing Ma Bridge over the 135 

26-year observational period (1999–2024) are studied, as shown in Figure 3. Figures 3(a), (b) 136 

and (c) are the annual maximum, mean and minimum temperature trends, respectively. In 137 

Figure 3(a), both bridge and air maximum temperatures show significant warming trends, at 138 

rates of 0.50 ℃ and 0.85 ℃ per decade respectively. The annual mean bridge effective 139 

temperature in Figure 3(b) shows a statistically significant increase of 0.28 ℃ per decade, 140 
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closely paralleling the concurrent ambient air temperature rise of 0.32 ℃ per decade. Notably, 141 

the annual maximum bridge temperature increase rate is 1.8 times the annual mean trend, 142 

highlighting disproportionate warming under extreme thermal conditions. In contrast, the 143 

annual minimum bridge temperature increase in Figure 3(c) is only 0.09 ℃ per decade, which 144 

is insignificant compared to the increases in the maximum and mean temperatures. In addition, 145 

the linear regression between the annual mean bridge effective temperature versus air 146 

temperature is studied and shown in Figure 3(d). It demonstrates a very strong linear 147 

relationship (R² = 0.87), indicating that bridge effective temperature is highly correlated with 148 

air temperature. 149 

Subsequently, bridge temperature trends in different seasons are calculated. Figure 4 150 

presents the seasonal warming rate and reveals divergent patterns. In Particular, autumn 151 

exhibits the most rapid temperature increase of 0.61 ℃ per decade, whereas spring shows a 152 

small decrease of –0.06 ℃ per decade. Summer and winter display moderate warming rates of 153 

0.28 ℃ per decade and 0.32 ℃ per decade, respectively. These trends are also close to the rate 154 

of ambient air temperature changes across seasons, with corresponding rates of –0.01 ℃, 155 

0.29 ℃, 0.59 ℃, and 0.38 ℃ per decade for spring, summer, autumn, and winter, respectively. 156 
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(a) Maximum (b) Mean 

  

(c) Minimum (d) Relationship between annual mean 
bridge and air temperature 

Figure 3 Long-term temperature trends of the Tsing Ma Bridge during 1999–2024 157 

 

Figure 4 Seasonal temperature increasing rates of bridge and air during 1999–2024 158 
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4 Changes in extreme heat and frequency 159 

In addition to annual maximum temperatures (1999–2024), the upper-tail distribution of 160 

hourly maximum bridge temperatures capturing the shifts in high-temperature patterns is also 161 

studied. Figure 5 displays the annual 90th percentile temperatures from 1999 to 2024. The 162 

linear regression analysis shows that the temperature increases by 0.53 ℃ per decade. 163 

Moreover, the 90th percentile temperature post-2020 (during 2021–2024) is 34.83 ℃, 1.39 ℃ 164 

higher than that during 1999–2002 (33.44 ℃). The results indicate accelerated warming in the 165 

high-temperature extreme. 166 

 167 

Figure 5 The 90th percentile temperature of hourly maximum temperatures during 1999–168 
2024 169 

Similarly, changes in the frequency of extreme bridge temperature events can reveal 170 

underlying warming trends. Therefore, the changing in extreme thermal events should be 171 

quantified. The design temperature threshold of the bridge is 46 ℃. Extreme heat events are 172 

defined as the daily maximum temperature exceeding 40.25 ℃ (calculated as 75% of the range 173 

between the baseline of 23 ℃ and design limit: 23 + (46 − 23) × 0.75). Figure 6 gives the 174 

number of extreme heat days per year during 1999–2024. The extreme heat events after 2020 175 
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(during 2021–2024) is 48 days, while that around 2000 (during 1999–2002) is 17 days only. 176 

Therefore, the extreme hot days have increased to 2.8 times the number around 2000. The 177 

bridge is at risk of more frequent extreme temperatures. 178 

 179 

Figure 6 Number of extreme heat days per year during 1999–2024 180 

Air temperature and solar radiation are the key climate factors that affecting bridge 181 

temperatures. However, their relative effects have not been studied. In this study, the effects of 182 

the daily maximum air temperature and daily total solar radiation on daily maximum bridge 183 

temperature are quantified using the standard regression coefficient. The standardized 184 

regression coefficient is a dimensionless metric used in the regression analysis to quantify the 185 
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where Y denotes the dependent variable, representing bridge daily maximum temperature in 194 

this research; X1 and X2 are independent variables, denoting daily maximum air temperature 195 

and daily total solar radiation, respectively; μXj and μY are the mean value of Xj and Y, 196 

respectively; σXj and σY indicate their standard deviations; βj and β′j correspond to the raw and 197 

standardized regression coefficients, respectively; and ε and ε′ represent the error term. A larger 198 

standardized regression coefficient indicates a greater contribution of the corresponding 199 

regressor to variable Y. 200 

Based on Equations (2) to (6), the standardized regression coefficients for air temperature 201 

and solar radiation are calculated as 0.81 and 0.19, respectively. Therefore, the air temperature 202 

demonstrates its dominant role in governs the bridge thermal dynamics. This finding is 203 

consistent with prior evidence of the close parallel between bridge and ambient air temperatures. 204 

Then the quantile regression analysis method is adopted to capture the effects of solar 205 

radiation and air temperature across different bridge thermal states [55]. Quantile regression is 206 

a statistical analytical method designed to estimate conditional distribution relationships 207 

between variables across different quantile levels. Quantile regression enables the examination 208 
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of how independent variables influence a dependent variable at specific quantiles (e.g., median, 209 

10th percentile, and 90th percentile) [56–58]. The linear conditional quantile function can be 210 

defined as [59] 211 

 ( )YQ X X ττ β= , (7) 212 
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n

i i
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Y Xτ τ
β
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∈ =
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u u
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, (9) 214 

where QY(τ|X) represents the τth quantile of Y, and βτ is the quantile regression coefficient vector. 215 

 216 

Figure 7 Quantile regression coefficients of air temperature and solar radiation across 217 
different bridge temperature quantiles 218 

The quantile regression coefficients of air temperature and solar radiation across different 219 

bridge temperature quantiles are calculated and shown in Figure 7. Air temperature coefficients 220 

exhibit an increasing trend, rising from 1.04 at the 10% quantile (bridge temperature around 221 

22.2 ℃) to 1.16 at the 90% quantile (bridge temperature around 40.3 ℃), indicating that the 222 

influence of air temperature intensifies as the bridge temperatures rise. By contrast, the solar 223 
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radiation coefficient reaches its peak of 0.29 at the 20% quantile (bridge temperature around 224 

25.4 ℃) but gradually declines to 0.1 at the 90% quantile (bridge temperature around 40.3 ℃). 225 

 226 

5 Verification of bridge extreme high temperature 227 

Extreme high temperatures pose an escalating threat to bridge long term serviceability. 228 

According to Figure 3(a), the bridge annual maximum effective temperature has an increasing 229 

trend of 0.50 ℃ per decade. To verify this trend is attributable to climate change, the observed 230 

warming trend is validated through the heat-transfer analysis and finite element model using 231 

climate data from annual hottest days. 232 

5.1 Heat-transfer analysis 233 

Bridges exposed to the external environment undergo heat exchange processes with their 234 

surroundings, which directly govern their thermal state. The heat exchange processes include 235 

heat conduction, heat convection, and heat radiation. Heat conduction is the transfer of thermal 236 

energy from regions of the bridge with higher temperatures to regions with lower temperatures 237 

through direct interactions between molecules. Heat convection occurs between the bridge and 238 

the surrounding air. Heat radiation comprises direct, diffuse, and reflected solar radiation, along 239 

with absorbed atmospheric long-wave radiation and long-wave radiation emitted from the 240 

bridge surface, as illustrated in Figure 8. 241 
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 242 

Figure 8 Heat exchange of a bridge exposed to the environment [60] 243 

Given that temperature variations along the longitudinal axis of the bridge are negligible, 244 

they are excluded in the analysis. This simplification allows the bridge’s thermal boundary 245 

conditions to be effectively characterized in two dimensions as [61, 62]: 246 

 0x y
T Tk n n q
x y

 ∂ ∂
+ + = ∂ ∂ 

, (10) 247 

where k represents the coefficient of thermal conductivity, nx and ny are the direction cosines of 248 

the outer surface, and q represents heat flow defined as [63]  249 

 c r sq q q q= + + . (11) 250 

The heat convection qc, heat irradiation qr, and solar radiation qs can be expressed by the 251 

following formula: 252 

Ground/Water

Radiation from 
ground/Water

Emitted radiation

Thermal 
convection

Reflected solar radiation

Direct solar radiation
Diffuse solar radiation

Radiation from sky

RadiationThermal 
convection
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 ( )c c a sq h T T= − , (12) 253 

 r a g sq G G G= + − , (13) 254 

 s sq Iα= , (14) 255 

 
( )
( )0.78

4 5.6     5m s

7.15     5m sc

w w
h

w w

× + <= 
× ≥

, (15) 256 

where hc denotes the convective heat transfer coefficient between the bridge surfaces and air, 257 

which is functionally dependent on wind speed w (Equation (7)) [60]; Ta and Ts are the air and 258 

structural temperatures, respectively. Ga is the bridge surface’s long-wave radiation absorbed 259 

from the atmosphere, Gg is that absorbed from the ground, Gs represents the emitted long-wave 260 

radiation [60], and Is is the absorbed solar radiation. 261 

5.2 Finite element model 262 

A finite element model of the Tsing Ma Bridge deck is constructed to validate the observed 263 

warming trends. A typical segment of the Tsing Ma Bridge is selected, as shown in Figure 9. 264 

The segment is mainly composed of orthotropic deck, cross frame, longitudinal truss, railway 265 

beam, and cross bracing, with a total of 40,916 nodes and 33,295 elements. To balance 266 

computational accuracy and efficiency, the asphalt pavement layers, orthotropic deck, cross 267 

frames, and railway beam are discretized using three-dimensional solid elements, whereas 268 

thinner components, such as corrugated webs and cross bracings, are represented by shell 269 

elements [64]. Material parameters (e.g., elastic modulus and thermal expansion coefficients) 270 

are documented in Table 2 [60]. 271 

The external surfaces of the bridge account for solar radiation, atmospheric long-wave 272 
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radiation, and convective heat transfer, whereas the internal surfaces incorporate long-wave 273 

radiation exchanges between interior surfaces and convective heat transfer. These boundary 274 

conditions are applied to the bridge model to calculate component temperatures through heat-275 

transfer analysis. 276 

 277 

Figure 9 Finite element model of the typical segment of bridge [60] 278 

Table 2 Material properties used in the finite element model [60] 279 

Parameters Steel Asphalt 
Density 7850 2450 
Thermal conductivity 55 2.5 
Specific heat capacity 460 960 
Elastic modulus 2.05×1011 1.3×109 
Poisson’s ratio 0.3 0.2 
Emissivity coefficient 0.8 0.92 
Absorptivity coefficient 0.685 0.90 

The through-length structural components of the bridge cross-section are used to calculate 280 

bridge effective temperature, which include the top and bottom bridge orthotropic decks, U 281 

trough, and longitudinal trusses, as given in Figure 2.  282 
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To mitigate initial condition effects in the heat-transfer analysis, bridge temperatures are 283 

simulated for both the annual hottest day and its preceding day. After the heat-transfer analysis 284 

in the preceding day, the resulting temperature distribution provides realistic initial conditions 285 

for the simulation of the target day. This initialization method effectively eliminates errors 286 

caused by assumed initial thermal states. 287 

 288 

5.3 Verification results 289 

Using the year of 2023 as an example, July 14, 2023 is the hottest day of the year. The 290 

measured air temperature and solar radiation data from July 13 and 14 are applied to the finite 291 

element model and perform heat-transfer analysis. The bridge temperatures and solar radiation 292 

used for these two days are presented in Figures 10 and 11, respectively. 293 

 294 

Figure 10 The SHM system measured air temperature on July 13 and 14, 2023 295 
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 296 

Figure 11 HKO measured solar radiation on July 13 and 14, 2023 297 

Figure 12 compares the calculated and measured temperatures for details A and B (Figure 298 

9), which encompass bridge orthotropic decks and U troughs. The calculated results have a 299 

very good agreement with the measurements. The effective temperature of the deck section is 300 

then compared with the measurement data in Figure 13. The two sets of data also align well 301 

with each other, with a root mean square error (RMSE) of 0.86 ℃. These results demonstrate 302 

that the finite element model can accurately simulate thermal behavior of the bridge. 303 

 304 
(a) Detail A 305 

0 4 8 12 16 20 24 28 32 36 40 44 48
0

200

400

600

800

1000

1200

Time (h)

So
la

r I
nt

en
si

ty
 (W

/m
2 )

25

40

55 Sensor A1

Te
m

pe
ra

tu
re

 (℃
)

 Simulated  Measured

Sensor A3

 Simulated  MeasuredSensor A2

Sensor A4

0 4 8 12 16 20 24 28 32 36 40 44
25

40

55

Time (h)

 Simulated  Measured

0 4 8 12 16 20 24 28 32 36 40 44

 Simulated  Measured



 

21 

 

 306 
(b) Detail B 307 

Figure 12 Measured and calculated bridge component temperature on July 13 and 14, 2023 308 

 309 

Figure 13 Measured and calculated bridge effective temperature on July 13 and 14, 2023 310 
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match the observed bridge temperatures during the period, with an average discrepancy of 313 

0.92 ℃. Consequently, the numerical simulation results verify the observed temperature 314 

increases. Both numerical and monitoring data confirm that climate change causes the 315 

temperature increases in the bridge. 316 
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 317 

Figure 14 Measured and calculated annual maximum bridge temperatures during 1999–2024 318 

The annual maximum temperature of the bridge in 2022 was 44.9 ℃ (Fig. 2b), nearing 319 

the current design threshold (46 ℃). As climate change intensifies over time, bridge 320 

temperatures associated with climate change will continue to increase. Extrapolating the 321 

observed warming trend during 1999–2024, bridge temperatures are projected to exceed the 322 

design limit by 2068. By the end of the bridge’s 120-year design service life in 2117 (the bridge 323 

was constructed in 1997), temperatures are predicted to rise by an additional 4.65 ℃, reaching 324 

48.45 ℃—2.45 ℃ above the design limit. Although such a temperature excess may not 325 

immediately result in structural unfavorable conditions, it could accelerate material 326 

degradation, pose long-term integrity risks, and increase maintenance costs. 327 

 328 

6 Conclusions 329 

Climate change poses potential risks to bridge infrastructure. This study quantifies the 330 

impacts of climate change on bridge temperatures by analyzing 26 years of structural health 331 

monitoring temperature data for the Tsing Ma Bridge. Some main conclusions can be drawn as 332 

below: 333 
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1. Climate change has increased both the mean and extreme temperatures of the Tsing 334 

Ma Bridge. The annual mean effective bridge temperature rose at 0.28 ℃ per decade, 335 

closely following the ambient warming rate (0.32 ℃ per decade). Notably, extreme 336 

bridge temperatures escalated 0.50 ℃ per decade, 1.8 times faster than the average 337 

increase. The increasement in annual minimum temperature is insignificant. 338 

2. Both extreme heat and frequency have increased at the Tsing Ma Bridge. The 90th 339 

percentile temperature after 2020 has risen by 1.39 ℃ relative to the period around 340 

2000. Furthermore, the post-2020 frequency of extreme heat events (daily Tb > 341 

40.25 ℃) surged to 2.8 times the level around 2000, underscoring accelerating upper-342 

tail risks. 343 

3. Standardized regression analysis confirms that ambient air temperature is the 344 

dominant driver of bridge temperature dynamics, significantly surpassing the 345 

influence of solar radiation. And the quantile regression analysis results indicate that 346 

the influence of air temperature intensifies as bridge temperatures rise. 347 

4. With the finite element model and heat-transfer analysis on the annual hottest days, 348 

the calculated effective bridge temperatures agree well with the field measurements. 349 

This correlation verifies that the observed temperature increases are attributable to 350 

climate change. 351 

To mitigate the effects of temperature rise on bridge performance, future research should 352 

focus on developing adaptive strategies such as updating the current design code for existing 353 

and new bridges, using reflective coatings to reduce solar absorption, and strengthening 354 
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deficient bridge components.  355 
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