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Key Points:  14 

• The Webb-Pearman-Leuning formula improves CO2 flux measurement accuracy in 15 

tropical coastal waters using eddy covariance method. 16 

• The Webb-Pearman-Leuning correction produces a lower magnitude flux than the 17 

uncorrected CO2 flux, minimizing the CO2 flux overestimation. 18 

• The Webb-Pearman-Leuning correction can alter the sign of CO2 flux, emphasizing the 19 

conscientious implementation of the formula.  20 



 2 

Abstract 21 

 22 

The Webb-Pearman-Leuning (WPL) formula is used to minimize the overestimate CO2 flux 23 

by open-path gas analyzer and eddy covariance methods. However, its effectiveness for tropical 24 

coastal waters with high air water vapor content requires investigation. This paper assesses the 25 

WPL correction on CO2 flux measurement over the tropical coastal water using three calculation 26 

methods: standard (including WPL and other correction methods), raw, and WPL. The results 27 

showed that the standard method yielded CO2 flux of –0.10 µmol m–2 s–1, which is 60% lower than 28 

the raw. The WPL-CO2 flux (–0.07 µmol m–2 s–1) is also lower than the raw (–0.25 µmol m–2 s–1) 29 

by 0.17 µmol m–2 s–1. The WPL formula serves its purpose in minimizing the CO2 flux 30 

overestimation but uses caution with the formula as it can change positive-negative flux signs, 31 

especially with temperature and water vapor corrections. 32 

 33 

Plain Language Summary 34 

 35 

The Webb-Pearman-Leuning (WPL) formula is a method used to correct overestimation of 36 

CO2 flux when measuring gas and wind patterns in the air. It has been found to work well in some 37 

areas, but we need to investigate how well it works in tropical coastal waters where the air is very 38 

humid. This study looked at how well the WPL formula works in three different ways of 39 

calculating CO2 flux: the standard way (which uses WPL and other methods), the raw way (which 40 

doesn't use WPL), and the WPL way. The results showed that the standard way gave a CO2 flux 41 

of –0.10 µmol m–2 s–1, which is 60% lower than the raw way. The WPL way gave a CO2 flux of –42 

0.07 µmol m–2 s–1, which is lower than the raw way by 0.17 µmol m–2 s–1. The WPL formula is 43 

good at correcting overestimation, but we need to be careful when using it, especially when 44 

correcting for temperature and humidity, because it can change whether the CO2 flux is positive 45 

or negative. 46 

 47 

1. Introduction 48 

 49 

Carbon dioxide (CO2) fluxes can be directly estimated using the eddy covariance (EC) 50 

technique (Burba et al., 2013). The EC method is often used by ecosystem researchers because it 51 
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has the advantage of quantifying mass (e.g., CO2, methane, water, etc.) and energy (sensible and 52 

latent heat) exchanges of expansive areas, such as forests, croplands, and oceans (Chien et al., 53 

2018; Heimsch et al., 2021; Lokupitiya et al., 2016; Nakai et al., 2008; Tokoro & Kuwae, 2018).  54 

 55 

The EC method uses the understanding of the behavior of turbulent eddies and utilizes vertical 56 

turbulent exchange principles to calculate the flux using the covariance of the high-frequency 57 

mixing ratio of CO2 or moisture and the vertical velocity component of the wind (McGowan et al., 58 

2016; Stull, 1988). High-frequency measurements of wind velocity components are afforded by 59 

sonic anemometers, but the measurement of CO2 or moisture (H2O) mixing ratio requires fast-60 

response analyzers. The Infrared Gas Analyzers (IRGA) was developed to measure CO2 or H2O 61 

mixing ratios at high frequencies (e.g., 10 or 20 Hz). At high frequencies, the rapid-response 62 

analyzer could capture turbulent exchange and be able to satisfy the EC method requirement (Jones 63 

& Smith, 1977).  64 

 65 

The first type of IRGA that measure CO2 flux on the ocean was the open-path gas analyzer, 66 

and research conducted in the last few decades demonstrated the widespread use of the analyzer 67 

in air-sea CO2 flux studies (Yang et al., 2016). However, previous studies have shown that the use 68 

of open-path gas analyzer can result in the overestimation of the CO2 flux due to the effects of 69 

water vapor and temperature (Broecker et al., 1986; Edson et al., 2011; Else et al., 2011; Prytherch, 70 

Yelland, Pascal, Moat, Skjelvan, & Srokosz, 2010). To minimize the error in the calculated flux, 71 

the correction method of the Webb-Pearman-Leuning (WPL) was developed. The WPL 72 

formulation was developed to eliminate the effects of air density fluctuations on the molar density 73 

of CO2 that could occur in the open-path systems (Burba et al., 2008; Miller et al., 2010). Webb et 74 

al. (1980) proposed the correction by using a formula that considers air density generated by water 75 

vapor and latent heat. Variables of temperature, pressure, and molar density were calculated by the 76 

formula to produce the corrected CO2 flux from the gas analyzer.  77 

 78 

On top of the WPL correction, other corrections are applied to the raw CO2 flux estimated: 1) 79 

wind speed measurement offsets and 2) flux spectral corrections. The offset is necessary because 80 

wind speed readings from a sonic anemometer can be inaccurate because of the measurement drift 81 

(LI-COR, 2021). The spectral corrections are applied to compensate underestimation of fluxes: 1) 82 
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the low-pass filtering correction for flux losses due to turbulence fluctuation dampening, and 2) 83 

the high-pass filtering correction for flux losses caused by long-term turbulent effects due to the 84 

finite averaging time of fluxes (LI-COR, 2021). The procedures of low-pass filtering correction 85 

are utilized to correct flux spectral properties and describe flux attenuations due to the imperfect 86 

instrumental setup (Moncrieff et al., 1997). The process involves estimating the true co-spectra, 87 

determining a low-pass transfer function, and applying the function to the estimated true flux co-88 

spectrum so that a high-frequency flux attenuation can be obtained. In addition, the high-frequency 89 

spectral correction performs a simple correction formula based on first-order filters and analytical 90 

co-spectra formulation for high-frequency spectral losses and flux co-spectra (Horst, 1997; 91 

Massman, 2000, 2001; Moncrieff et al., 1997). 92 

 93 

Some researchers reported that the coastal region is a weak carbon source or uptake (Borges 94 

et al., 2005). The net CO2 flux measured in northwestern Taiwan was –1.75 ± 0.98 µmol m–2 s–1, 95 

with the diurnal flux influenced by local wind speed. Similarly, in Todos Santos Bay, Mexico, the 96 

CO2 flux was –1.32 ± 8.94 µmol m–2 s–1 (Gutiérrez-Loza & Ocampo-Torres, 2016). The CO2 flux 97 

at Bodega Bay, California, was also a weak source, with 0.39 ± 1.84 µmol m–2 s–1 during the 98 

upwelling period and 0.05 ± 0.79 µmol m–2 s–1 during the relaxation period (Ikawa et al., 2013). 99 

Despite their importance, there is still notable uncertainty in how to parameterize these fluxes for 100 

global climate models, and more observations are necessary to gain a better understanding of the 101 

role of coastal seas in the global carbon cycle (Chien et al., 2018; Doney et al., 2009; Gutiérrez-102 

Loza & Ocampo-Torres, 2016). Additionally, measuring these fluxes using techniques and 103 

corrections is challenging because of the high uncertainties introduced during data processing, 104 

especially for smaller fluxes (Else et al., 2011; Prytherch, Yelland, Pascal, Moat, Skjelvan, & Neill, 105 

2010). Coastal waters can display high variability in CO2 flux due to various factors, such as water 106 

temperature, salinity, and biological activity (Ikawa et al., 2013). Despite this, wind speed plays a 107 

critical role in controlling the magnitude of air-sea CO2 exchanges, and low wind speeds can 108 

restrict gas transfer, resulting in reduced CO2 fluxes in some cases (Aalto et al., 2021). The flux 109 

over the coast is low compared to fluxes on land (He et al., 2015; Zhang et al., 2014), and low 110 

wind speed over the coast can be one of the reasons that limit gas transfer modulation over coastal 111 

waters (Gutiérrez-Loza & Ocampo-Torres, 2016). 112 

 113 
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High-accuracy measurements of CO2 flux on coastal waters is essential in understanding the 114 

global carbon processes and accuracy of future projection studies of carbon sources and 115 

sequestration. So, the application of the WPL correction to CO2 flux measurements over the coastal 116 

waters must be investigated. Therefore, the objective of this paper is to assess the WPL correction 117 

method on CO2 flux measurement at a tropical coastal water location. 118 

 119 

2. Materials and Methods 120 

 121 

2.1 The EC Dataset 122 

 123 

This analysis uses the in-situ EC data collected from an automated weather station called the 124 

“Muka Head Station” in the Centre for Marine and Coastal Studies of Universiti Sains Malaysia. 125 

The station is located on the northwestern part of Penang, Peninsular Malaysia at 5°28′06”N, 126 

100°12′01”E (see Figure 1a).  127 

 128 

 129 
Figure 1 (a) Red circle and box show the location of the automated weather station called the 130 

Muka Head Station in Penang, Peninsular Malaysia; (b) the daily-averaged wind speed; (c) the 131 

daily-averaged H2O mixing ratio during the Northeast Monsoon. 132 
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Based on Figure 1b, the range of wind speeds in the study location during the Northeast 133 

Monsoon is between 0.20 m s–1 and 2.15 m s–1, while the average is 0.61 m s–1, which is lower 134 

than the coast study area of Gutiérrez-Loza and Ocampo-Torres (2016). Furthermore, the H2O 135 

mixing ratio (refer Figure 1c) has an average of 34.31 mmol mol–1, with a minimum of 28.47 mmol 136 

mol–1 and a maximum of 40.12 mmol mol–1. Meanwhile, the range of salinity values is relatively 137 

low, with a minimum of 32.74 °/oo, a maximum of 34.1 °/oo, and an average of 33.43 °/oo since 138 

the site is located over the coast in the tropics, where the salinity is naturally low and does not vary 139 

much (Zhu et al., 2009). Overall, the data suggest that there is a relatively low level of salinity and 140 

wind speeds. 141 

 142 

The station measures CO2 and H2O fluxes and bio-meteorological parameters (global 143 

radiation, net radiation, seawater temperature, etc.) of a tropical coastal ocean in the Strait of 144 

Malacca. The flux is calculated from the 20-Hz data collected by the open-path LI-7500 infrared 145 

CO2/H2O analyzer (LI-COR, USA) and a sonic anemometer (RM81000, Young, USA). The site 146 

is exposed to minimal anthropogenic influence. Other details of the instrumentation can be seen in 147 

the published literature (Yusup et al., 2020).  148 

 149 

From the entire list of variables available in the dataset, the primary variable analyzed was the 150 

EC’s CO2 flux. The data is accessible at http://atmosfera.usm.my and has a time resolution of 30 151 

minutes. The duration of the dataset was from 2015 until 2023, however, the temporal scope of 152 

this analysis is five months. The months sampled are in the Northeast Monsoon (November 2018 153 

– March 2019). Analyses and plots were performed and generated using Python ver. 3.9. 154 

 155 

2.2 Calculations of the Raw, WPL-Corrected, and Standard CO2 Fluxes 156 

 157 

The CO2 flux is calculated “raw” using the EC technique. The method applies the vertical 158 

turbulence exchange concept to calculate the flux directly by using the vertical wind velocity, 159 

molar density of dry air, and the mixing ratio of CO2 (Aubinet et al., 2000). The EC method uses 160 

Equation (1). 161 

 162 

𝐹!,#$% = 𝜌$%%%	𝑤′𝑐′%%%%%  (1) 163 
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𝐹! is CO2 flux, 𝜌$ is molar density of dry air, 𝑤 is vertical component of wind speed, and 𝑐 is dry 164 

air mixing ratio of CO2.  165 

 166 

The WPL correction method is applied to the raw CO2 flux calculated using Equation (1). The 167 

WPL formula is shown in Equation (2). 168 

 169 

𝐹!,&'( = 𝑤′𝜌!)%%%%%% + (1 + 𝜇𝜎) *!++++
,+
𝑤)𝑇)%%%%%% + 𝜇 *!++++

*"++++
𝑤)𝜌-)%%%%%% + (1 + 𝜇𝜎) *!++++

'+
𝑤)𝑃)%%%%%%  (2) 170 

 171 

𝑇 is temperature, 𝑃 is pressure, 𝜌! is molar density of CO2, 𝜌- is molar density of water vapor, 𝜌$ 172 

is molar density of dry air (Webb et al., 1980). Meanwhile, 𝜎 = 𝜌-/𝜌$ and 𝜇 = 	𝑀$/𝑀- with 𝑀$ 173 

is molecular weight of dry air, 𝑀- is molecular weight of water vapor. The WPL formula consists 174 

of the corrections for temperature, water vapor, and pressure fluctuations in the open-path gas 175 

analyzer, which are stated in the second, third, and fourth terms in the Equation 2. The first term 176 

on the right section of WPL formula is CO2 flux of EC method that has not been corrected. 177 

 178 

The WPL-corrected CO2 flux (𝐹!,&'() is compared to the raw CO2 flux (𝐹!,#$%) and the 179 

standard-calculated CO2 flux (𝐹!,./0). 𝐹!,./0 is the CO2 flux that incorporates other corrections in 180 

addition to the WPL correction: 1) wind speed movement offsets, 2) spectral correction of low-181 

pass filtering and high-pass filtering. The methods used to calculate 𝐹!,./0 flux are similar to those 182 

utilized in the widely used flux processing software, EddyPro® (ver. 7, LI-COR, USA). In this 183 

research, 𝐹!,./0 was used to serve as a benchmark to analyze the application of the WPL correction.  184 

 185 

2.3 Performance Metrics 186 

 187 

The comparison among the fluxes calculated involves the correlation among the 𝐹!,#$%, 𝐹!,&'(, 188 

and 𝐹!,./0. This analysis used the Pearson correlation coefficient, which determines the degree of 189 

linearity between two quantitative variables and expresses the degree of relationship between 190 

them. The coefficient can be positive or negative, depending on the direction of correspondence 191 

between changes in the two variables. 192 

 193 
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In addition, the evaluation metrics of Root Mean Squared Error (RMSE) and Mean Absolute 194 

Error (MAE) were used to measure the magnitude of the error of 𝐹!,#$% and 𝐹!,&'( compared to 195 

𝐹!,./0. The RMSE takes the square root of the average of squared differences to measure the 196 

average magnitude of the error, while the MAE calculates the average of the absolute differences 197 

between two values to measure the average magnitude of the errors without considering the 198 

direction (positive or negative). 199 

 200 

3. Results and Discussion 201 

 202 

3.1 The 𝐹!,./0 Hourly Cycle at the Tropical Coast 203 

 204 

Throughout the sampling time domain, 𝐹!,./0 was generally negative, which exhibited that the 205 

tropical coast was a CO2 sink. It is important to note that the sampling domain is in the Northeast 206 

Monsoon, which is known to be a period of strong upwelling processes (Gayathri et al., 2022; 207 

Mandal et al., 2021; Tan et al., 2006). The magnitude of the negative CO2 flux varied with the 208 

hours (Figure 2a), but it averaged to –0.10 µmol m–2 s–1. In the diel cycle, the lowest negative flux 209 

occurred during the daytime, with the flux closing to equilibrium at around 14:00 LT. Meanwhile, 210 

the CO2 flux during the nighttime displayed greater uptake movements, with the lowest peak 211 

occuring at 06:00 LT.  212 

 213 

This diel cycle is similar to the CO2 flux trend reported in the Rey–Sánchez et al. (2017) study 214 

as carbon uptake, which was conducted at the coastal waters of the Gulf of Aqaba, Israel. Of note 215 

is the flux magnitude of this site is lower by 90.48% than the cited study’s flux (–1.05 µmol m–2 216 

s–1). The similarities can be seen in the trend of negative CO2 fluxes, which reduced towards 217 

equilibrium at 12:00 LT from 06:00 LT; similarly, greater CO2 uptake occurred during the night. 218 

 219 
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 220 
Figure 2 (a) The hourly trend of 𝐹!,./0 and its running-mean average at the tropical coast; 221 

(b) the hourly trends of 𝐹!,#$%, 𝐹!,&'(, and 𝐹!,./0 and their running-mean average. 222 

 223 

Figure 2a also displays the standard error of the 𝐹!,./0, indicating a notable level of uncertainty 224 

during the morning and evening, but a lower level from 09:00 LT until in the afternoon. On 225 

average, the standard error measures 0.02 µmol m–2 s–1, ranging from a minimum of 0.005 µmol 226 

m–2 s–1 to a maximum of 0.07 µmol m–2 s–1. The observed high uncertainty during specific times 227 

may be attributed to fluctuations in evaporation. For instance, an increase in the uncertainty to 0.04 228 

µmol m–2 s–1 at 08:00 LT was observed due to quite intense fluctuations in evaporation around that 229 

time, which may have influenced the CO2 flux's uncertainty. 230 

 231 

3.2 Values and Trends Comparison among the 𝐹!,#$%, 𝐹!,&'(, and 𝐹!,./0  232 

 233 

The average values of 𝐹!,#$%  and 𝐹!,&'( are –0.25 and –0.07 µmol m–2 s–1, respectively, and 234 

both display negative fluxes (refer Figure 2b), which is the same as 𝐹!,./0. The decrease of these 235 

three fluxes typically was observed between 06:00 LT and 12:00 LT. The lower flux magnitudes 236 

can be attributed to the decrease in wind speed during this period, which lowers the transfer 237 

velocity and reduces CO2 flux in accordance with the bulk formula (Wanninkhof, 1992; 238 

Wanninkhof et al., 2009). 239 



 10 

There is a varying trend between 𝐹!,#$% and 𝐹!,&'( with 𝐹!,./0. 𝐹!,#$% and 𝐹!,&'( show a 240 

significant increase after 00:00 LT, while 𝐹!,./0 increases significantly after 12:00 LT, with another 241 

increase occurring from 00:00 LT to 06:00 LT following a decrease before 00:00 LT. The CO2 242 

flux diel cycle reported by Rey-Sánchez et al. (2017) is more similar to 𝐹!,#$% and 𝐹!,&'( fluxes 243 

than to 𝐹!,./0. 244 

 245 

The average value of 𝐹!,./0 is significantly lower (higher) than the 𝐹!,#$% (𝐹!,&'() by –60% 246 

(+46%). The difference can be due to the application of correction methods in addition to the WPL 247 

correction. According to LI-COR (2021), wind speed measurement offsets and spectral 248 

corrections, such as low-pass and high-pass filtering, are necessary in estimating CO2 flux. The 249 

absence of these corrections caused the 𝐹!,&'( to be lower, on average magnitude, than the 𝐹!,./0. 250 

 251 

Between 𝐹!,#$% and 𝐹!,&'(, 𝐹!,&'( is lower than 𝐹!,#$% by 0.17 µmol m–2 s–1. This result is the 252 

same as the observation on the open sea by Kondo and Tsukamoto (2007), albeit the magnitude 253 

difference in this research is not as significant as theirs. For instance, the magnitude difference by 254 

the WPL correction in the cited study is higher by 1.40 µmol m–2 s–1. The large difference in the 255 

latter study was accompanied by a higher average magnitude of the 𝐹!,#$% reaching up to 1.42 256 

µmol m–2 s–1, which can be due to the location of their study, i.e., the open sea with strong winds. 257 

On average, the 𝐹!,&'( is much lower than the 𝐹!,#$% flux by >70%–98% for both over the sea and 258 

the coastal waters, but it will result in a CO2 flux value being close to the 𝐹!,./0 as well as CO2 flux 259 

calculated using the bulk transfer equation as measured in Kondo and Tsukamoto (2007). Thus, 260 

despite the deviation, the WPL correction still serves its purpose in reducing the overestimation of 261 

CO2 flux collected by the open-path gas analyzers. 262 

 263 

The resulting correlations also highlights the difference in CO2 flux after applying the WPL 264 

correction (see Figure 3). It shows that the correlation of the 𝐹!,./0 and 𝐹!,#$% (refer Figure 3a) as 265 

well as the correlation of the 𝐹!,./0 and 𝐹!,&'( (refer Figure 3b) are strong and similar. The 266 

correlation between 𝐹!,&'( and 𝐹!,./0 is slightly lower than the correlation between 𝐹!,#$% and 267 

𝐹!,./0, i.e., 0.75 and 0.76, respectively. Moreover, the CO2 flux trend between the 𝐹!,#$% and 𝐹!,&'( 268 

is somewhat the same with a very strong correlation (𝑟 = 0.96) as shown in Figure 3c. It must be 269 
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pointed out that the lower correlation level between 𝐹!,&'( and 𝐹!,./0 does not indicate that the 270 

WPL correction reduces the accuracy of the CO2 flux estimation.  271 

 272 

273 

 274 
Figure 3 The scatter plots for (a) 𝐹!,#$% and 𝐹!,./0, (b) 𝐹!,&'( and 𝐹!,./0, and (c) 𝐹!,#$% and 𝐹!,&'(. 275 

 276 

The RMSE values for 𝐹!,#$% and 𝐹!,&'( were found to be 0.35 µmol m–2 s–1 and 0.33 µmol 277 

m–2 s–1, respectively, in comparison to 𝐹!,./0. This suggests that the WPL correction reduces the 278 

overall error magnitude, resulting in a more accurate estimation of the CO2 flux. Moreover, the 279 
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MAE for 𝐹!,&'( (0.18 µmol m–2 s–1) is also lower than the MAE for 𝐹!,#$% (0.20 µmol m–2 s–1) 280 

when compared to 𝐹!,./0. This implies that the WPL correction not only reduces the overall error 281 

magnitude but also improves the accuracy of the estimated CO2 flux. 282 

 283 

Nevertheless, the WPL correction also produced positive CO2 flux several times in the 284 

afternoon and the evening, whereas the 𝐹!,#$% only showed negative fluxes as shown in Figure 2b. 285 

For instance, a sign change occurred at 13:30 LT with an 𝐹!,#$% value of –0.16 µmol m–2 s–1 and 286 

an 𝐹!,&'( value of 0.03 µmol m–2 s–1. At 16:00 LT, there was also a sign change as the 𝐹!,#$% value 287 

is –0.11 µmol m–2 s–1 but the 𝐹!,&'( value is 0.02 µmol m–2 s–1. The different results, particularly 288 

in the change of the negative sign to the positive sign of the CO2 flux, can drastically change the 289 

conclusion of the carbon exchange in the studied location. Thus, the WPL correction needs to be 290 

implemented conscientiously to achieve a more meaningful CO2 flux measurement. 291 

 292 

3.3 Positive-Negative Sign Change of the CO2 Flux Due to WPL Correction 293 

 294 

Based on 𝐹!,./0, the tropical coast acted as CO2 uptake, particularly in January 2019. The 𝐹!,./0 295 

has an average of –0.10 µmol m–2 s–1, with a similar range of magnitude throughout the Northeast 296 

Monsoon; note that the Northeast Monsoon transpire between November and March, annually. 297 

The magnitude of 𝐹!,./0 in January also increased in the afternoon, which is the same as the 𝐹!,./0 298 

in other months in the Northeast Monsoon. 299 

 300 

Compared to the CO2 flux diel cycle in the Northeast Monsoon, the flux in January exhibited 301 

a different characteristic than the other months of the monsoon (refer Figure 4). The difference is 302 

apparent in the magnitude of the 𝐹!,./0 in January; it started to decrease again before 00:00 LT 303 

unlike in other months (see section 3.1). Subsequently, the flux in January fluctuated close to 304 

equilibrium longer until after 15:00 LT. The difference in the characteristics of the CO2 flux in 305 

January can be interpreted as the monthly variability of meteorological and oceanographic 306 

parameters that caused different CO2 flux responses. 307 

 308 
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Based on the CO2 flux in January (refer Figure 4), the 𝐹!,&'( is also lower than the 𝐹!,#$%, 309 

confirming the same results of applying the WPL formula in terms of underestimation. The 310 

absolute average value of the 𝐹!,&'( in this month is lower than the 𝐹!,#$% by 93%. Meanwhile, 311 

the 𝐹!,./0 is lower than the 𝐹!,#$% by 47% but higher than the absolute 𝐹!,&'( by a factor of 75. 312 

The spectral correction methods of the low-pass and high-pass filtering corrections implemented 313 

in the 𝐹!,./0 appears to prevent the underestimation from resulting a sign change of the flux. 314 

 315 

 316 
Figure 4 The hourly trend CO2 flux for 𝐹!,./0 (left panel) as well as 𝐹!,#$% and 𝐹!,&'( (right 317 

panel) in January 2019. The yellow, brown, and green colors represent 𝐹!,#$% and 𝐹!,&'(, and 318 

𝐹!,./0, respectively. The line is the hourly averaged trend of each 𝐹!,#$% and 𝐹!,&'(, and 𝐹!,./0. 319 

 320 

Between 𝐹!,#$% and 𝐹!,&'(, the CO2 flux calculated using the WPL formula displays a pattern 321 

that more closely resembled the 𝐹!,./0. The 𝐹!,&'( pattern showed a greater magnitude flux during 322 

evening and lower magnitude flux in the morning until afternoon.  323 

 324 

More importantly, the flux underestimation caused by the WPL formula resulted in a changing 325 

positive-negative sign of the average CO2 flux. The average for 𝐹!,#$% is –0.19 µmol m–2 s–1, 326 

whereas the average for the 𝐹!,&'( flux is 0.014 µmol m–2 s–1. Compared to the Northeast 327 

Monsoon, the average value of 𝐹!,#$% in January is lower, which suggests that the likelihood of a 328 
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sign change increases when the CO2 flux is lower or closer to equilibrium. Moreover, Figure 4 329 

shows there are more positive CO2 flux from 00:00 LT to 12:00 LT for 𝐹!,&'(. Hence, the WPL 330 

correction causes the negative average value of the 𝐹!,#$% to change to a positive average value, 331 

which indicate the change in the role of the coast as a source or sink of CO2.  332 

 333 

The WPL correction formula indicates that the measurement of 𝐹!,#$% 	is higher in value and 334 

should be corrected for temperature, water vapor, and pressure fluctuations. The largest correction 335 

values are attributed to temperature and water vapor fluctuations, which averaged to 10–6 and 10–336 
4 µmol m–2 s–1, respectively. In contrast, the correction for pressure fluctuations has the least 337 

significant effect, the difference in average values is a factor of 10300. Consequently, temperature 338 

and water vapor corrections are the most influential factors in altering the sign of CO2 flux when 339 

applying the WPL correction. 340 

 341 

4 Conclusions 342 

 343 

The WPL formula was introduced to improve the accuracy of CO2 flux measurement using 344 

the EC method. In this research, the WPL correction was applied on the CO2 flux measured over 345 

the tropical coastal waters to compare the performance of the correction. Three flux calculation 346 

methods were evaluated: 1) standard (including WPL and other correction methods), 2) raw, and 347 

3) WPL. The 𝐹!,./0 is lower than 𝐹!,#$% by 60% but is higher than 𝐹!,&'( by 46%, which can be 348 

due to additional corrections applied to 𝐹!,./0. The 𝐹!,&'( (–0.07 µmol m–2 s–1) is lower than 𝐹!,#$% 349 

(–0.25 µmol m–2 s–1) by an average of 0.17 µmol m–2 s–1. The WPL correction and the standard 350 

method produced a clearer hourly CO2 flux trend than the raw calculated flux. Overall, the WPL 351 

formula produces a lower magnitude flux than the uncorrected CO2 flux by over 70%, serving its 352 

purpose in minimizing the CO2 flux overestimation. However, the temperature and water vapor 353 

fluctuations terms in the WPL correction have the greatest impact on altering the positive-negative 354 

sign of CO2 flux. Therefore, the WPL correction needs to be implemented conscientiously to 355 

obtain a more accurate CO2 flux using the EC technique over the tropical coast. Further research 356 

is needed to quantify the uncertainty associated with the sign change.  357 

 358 

 359 
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