

  atmosphere-13-00935




atmosphere-13-00935







Atmosphere 2022, 13(6), 935; doi:10.3390/atmos13060935




Article



Evaluation of ERA5 Wave Parameters with In Situ Data in the South China Sea



Junliang Liu 1,2,†, Bo Li 1,3,†, Wuyang Chen 1, Junmin Li 1,2,3,4,*[image: Orcid] and Jing Yan 1,*





1



State Key Laboratory of Tropical Oceanography, Key Laboratory of Science and Technology on Operational Oceanography, Marine Environmental Engineering Center, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou 511458, China






2



Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou 511458, China






3



Sanya Institute of Oceanology, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Sanya 572025, China






4



Guangdong Provincial Observation and Research Station for Coastal Upwelling Ecosystem, Shantou 515041, China









*



Correspondence: jli@scsio.ac.cn (J.L.); yanjing@scsio.ac.cn (J.Y.)






†



These authors contributed equally to this work.









Academic Editor: Vladimir Ivanov



Received: 7 May 2022 / Accepted: 7 June 2022 / Published: 9 June 2022



Abstract

:

In this paper, the accuracy of wave parameters of the European Centre for Medium-Range Weather Forecasting Reanalysis v5 (ERA5) in the South China Sea (SCS) is systematically examined with field measured data of two buoys at offshore sites and a subsea-based platform at a nearshore site, which has a total observational period of nearly three years. It is suggested that the wave parameters provided by ERA5, such as significant wave height (Hs) and mean wave period (Tm), are in good agreement with the observational data of the three sites. Compared with the in situ data, the correlation coefficient of ERA5 Hs is in the range of 0.87–0.93, and the root mean square error is only in the range of 0.22–0.57 m. The error of standard deviation does not exceed 0.29 m and is even as low as 0.04 m at two sites. The wave propagation directions of the ERA5 and in situ data are also basically the same. However, when the data are applied in engineering, some wave parameters extracted from ERA5 may deviate from the measured statistics. It is possible to significantly overestimate the average duration of a particular Hs. Further analysis shows that the possible errors of ERA5 wave parameters may be due to insufficient description of topographic conditions, which shows that the error value changes obviously with the wave direction. The results preliminarily confirm the validity of ERA5 data in the SCS, but also indicate that it is necessary to calibrate and validate the data adequately when applying the global model and its reanalysis data to specific ocean areas.
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1. Introduction


Wave data are important for many aspects such as shipping, cross-border trade, marine resource development, engineering construction, and scientific research. Extreme dynamic processes such as huge waves may cause damage to shorelines or infrastructure [1,2]. Therefore, sufficient wave information needs to be obtained in the process of ocean engineering design and construction.



Wave data can generally be derived from in situ observations [3,4], satellite remoting [5,6], and numerical models [7,8,9,10,11,12]. The European Center for Medium-Term Weather Forecasting (ECMWF) is one of the world’s leading reanalysis centers. It publishes the latest (fifth) generation reanalysis dataset (ERA5). The dataset provides high-quality global coverage of wave parameters [13,14], which has been applied in a large number of scientific research and engineering practices [5,15,16].



However, it is necessary to validate the data adequately when applying the results of global-scale numerical models to the local ocean. For example, the South China Sea (SCS) has complex submarine topographical features, which may have a significant impact on the wave propagation process. The waves in the SCS mainly spread southwestward from the Luzon Strait to the west and south of the SCS through islands and reefs with shallow water topography [6,9,10]. During the process of waves experiencing shallow terrains, such as islands and reefs, refraction, diffraction, and deformation, will occur. The parameters, such as wave height, wavelength (period), and propagation direction, will consequently change significantly [10,17,18]. However, this shallow topographic information is hard to accurately depict using the common numerical models. For example, the resolution of the ERA5 model (0.25 degree) is much larger than that of the size of the reef, which is usually only several hundred meters [19].



Comparative studies of the parameters of the atmosphere and ocean defined in the ERA5 model with measurement data have already been carried out by many researchers [20,21,22,23]. It is shown by their results that, on average, the ERA5 database can be effectively used in research, despite significant differences in hourly data. However, probably due to the scarcity of long-term field observation data, although the performance of ERA5 wave data in the SCS has been preliminarily validated [16], the data still needs more systematic assessment, especially for the southern areas far from the mainland.



This study systematically evaluates the accuracy of ERA5 wave parameters, such as significant wave height (Hs), mean wave period (Tm), and wave direction (Dir), by using field observational data of two buoys and a subsea-based platform in the SCS, as well as the feasibility of applying ERA5 to analyze engineering wave parameters.




2. Data and Methods


2.1. Wave Data from the ERA5 Dataset


ERA5 is the fifth generation of ECMWF atmospheric reanalysis data set for the global climate, which combines a large number of historical observations into global estimates using advanced modeling and data assimilation systems [13,14]. Compared with the previous generation of ERA-Interim data sets, the ERA5 assimilation system significantly improves the accuracy of the data by using several integrated forecasting systems developed specifically for reanalysis. ERA5 data has a time resolution of an hour and a spatial resolution of 0.25 degrees. The dataset spans from January 1979 to the present. Three wave parameters (Hs, Tm, and Dir) are obtained in this study. The parameters are determined by the following equations in the ERA5 dataset [14]:


  H s = 4    m 0     



(1)






  T m =    m 0  /  m 2     



(2)




where mn is the moment of order n of wave spectrum F(f, θ), which describes how the wave energy is distributed as a function of frequency f and propagation direction θ. The mean period used in this study is based on the second moment of the wave spectrum. In addition, the mean direction is defined as [14]:


  D i r = atan  (  S F / C F  )   



(3)




where SF is the integral of sin(θ)F(f, θ) over f and θ and CF is the integral of cos(θ)F(f, θ) over f and θ. Note that the direction is encoded using the meteorological convention, i.e., 0 means from North, and 90 from East.




2.2. In Situ Wave Measurements


Two sets of buoys and one set of the subsea-based platform are used to assess the quality of ERA5 main wave parameters in the SCS. The distribution of the observational sites is shown in Figure 1. The selection of the sites is mainly based on the formation and development of waves in the SCS. The waves in the SCS are mainly dominated by the swell, spreading from the northeast to the southwest [6]. In the northern SCS, the waves are affected by the coastline and the shallow topography of the continental shelf and gradually develop into nearshore waves during propagating shoreward [4,8], which is represented by Site A. In the southern SCS, the waves experience many islands and reefs, which were blocked by shallow water topography, resulting in shallowing and diffraction deformation [5,9]. Sites B and C are located in the west and east of the southern SCS, respectively, which can be used to compare the differences in deformation processes during the wave propagation. All three sites are far from the main ship routes, therefore, the influence of ship activities on the waves is limited.



Acoustic wave and current profiler (AWAC) is fixed on the seafloor through a subsea-based platform at the relatively near-shore site (Site A) and measured by the surface acoustic tracking method. The Triaxys wave sensor is integrated into the anchorage buoy at two offshore sites (Site B and Site C) to measure the waves through gravity acceleration. The location, depth, and observation period of the three sites are listed in Table 1. The observation period of each site location data exceeds one year, and the overall period is close to three years. As the waves caused by the earthquake or tsunami in the Pacific are mostly blocked by the first islands’ chain in the east and rarely enter the SCS, during the observational period, there was no strong earthquake or obvious tsunami that occurred in the SCS. Therefore, this study does not consider the factors such as earthquakes and tsunamis but emphasizes the performance of ERA5 wave parameters in normal conditions. Wave parameters of Hs, Tm, and Dir are, respectively, automatically calculated according to Equations (1)–(3) and output by the observation instruments. Some of the data from these sites have been used for the verification of satellite data and evaluation of wave energy [4,5,24]. The reliability of the data at these sites has been verified.




2.3. Comparison Method


This study matches the field observational data with ERA5 data and evaluates the accuracy of ERA5 data by calculating several indexes such as root mean squared error (RMSE), standard deviation (STD), and correlation coefficient (COR), based on the two sets of data.



In addition, the average duration of waves is an important parameter reflecting wave energy [25,26,27]. It refers to the average duration of each time corresponding to a specific wave height. The average duration (D) of a specific significant wave height (Hs) conforms to the relationship proposed by Lawson and Abnethy [25] as follows,


  D = α H  s β   



(4)




where Hs and D are in units of meter and day, respectively; α and β are dimensionless coefficients fitted based on the Hs series. In this study, the observed Hs and ERA5 Hs of the three sites, a total of six Hs series, will be fitted against the equation by the least square method, respectively. Six pairs of coefficients (α, β) will be obtained from the fitting results.





3. Results and Discussion


3.1. Comparison of Basic Wave Parameters


ERA5 data are matched and compared with field observation data at the three sites. Generally, the results show that the wave parameters of ERA5 have good quality in the SCS. As shown in Figure 2, at the three sites, Hs and Tm obtained from ERA5 are in good agreement with the field observational data. For example, the RMSEs of Hs at A, B, and C sites are only 0.22 m, 0.57 m, and 0.33 m, respectively, while the CORs are as high as 0.88, 0.87, and 0.93, respectively. The longest observational period of Site C is 31 months. Either for Hs or Tm, the COR between ERA5 and observational data is as high as 0.93, and the deviation in STD is close to zero, which indicates that ERA5 data and observational data are highly consistent at the site. This consistency with the long-term continuity of the observations demonstrates the accuracy and reliability of ERA5 data.



In addition, by comparing the corresponding indexes of Hs and Tm, the Tm performance of ERA5 data is slightly worse than that of Hs. Especially for Site A, the output of Tm is worse than that of Site C, which may be affected by offshore topography and boundary. For example, COR is 0.2 lower than that of Site C, and the deviation in STD from the measured value is 2.56 s, which is much higher than that of Site C.



The wave rose diagrams of the three sites are illustrated based on ERA5 data and in situ data, respectively (Figure 3). It can be seen from the diagrams that ERA5 data can well describe the general characteristics of wave propagation in the SCS. At the offshore Sites B and C in particular, the wave propagation directions of ERA5 data are nearly the same as that of the observational data. However, for the nearshore Site A, the deviation in wave propagation direction is relatively obvious. The true waves are mainly from SSW, whilst in ERA5 they are mainly from SSE. This deviation may be due to the wave propagation direction being controlled by the shoreline [4,28], however, the spatial resolution of the numerical model is not sufficient to accurately characterize the complex changes of the shoreline.




3.2. Comparison of Wave Parameters for Engineering Application


In practical engineering applications, it is usually necessary to extract some typical indexes based on wave data, to provide a reference for the engineering design. In order to verify the performance of ERA5 wave data in engineering applications, several commonly characteristic wave parameters are calculated by ERA5 data and observational data, respectively, and the calculated results of two sets of data are also compared. It is found that the 90%, 95%, and 99% large Hs calculated by ERA5 data are quite different from the corresponding measured results in the same period (Figure 4). For nearshore areas, ERA5 data underestimates the 90%, 95%, and 99% large Hs, whilst for the offshore areas, ERA5 data is overestimated. For example, at Sites A and B, the 95% large Hs are 1.24 m and 1.96 m, while the 95% large Hs based on ERA5 are 0.93 m and 2.85 m, with remarkably relative errors of 25% and 45%, respectively.



The relations of specific Hs and their average duration time were fitted by Equation (4) for the three sites, based on the ERA5 data and the observational data, respectively (Figure 5). The results show that both datasets are in accord with the empirical relationship. However, there is a significant difference in the average duration time when using different dataset fitting relationships. Especially for Sites A and B, the duration of Hs based on ERA5 data is significantly longer than that based on observational data. For example, for Hs greater than one meter, based on the fitted equations, the average durations at Site B based on ERA5 data and measured data are 1.49 days and 2.35 days, respectively, and those at Site C based on ERA5 data and measured data are 1.02 days and 1.97 days, respectively. The relative errors are as high as 58% and 93%, respectively.



The results in this section indicate that the wave engineering parameters deduced from the ERA5 dataset may not be as reliable as those deduced from in situ observations. For wave information serving engineering construction, we can not rely too much on numerical models and reanalysis data. It is necessary to calibrate and revise the data through adequate in situ observations.



It should be noted that due to the relatively limited period of observation data, this study does not involve the comparison of extreme wave parameters. The calculation of extreme wave height distribution usually needs to be based on over 50 years’ worth of data [1], which is difficult to provide using the current observation data.




3.3. Analysis of Factors Causing Wave Parameter Error


As mentioned above, although ERA5 wave data agree well with the observational data, there are still some errors in some conditions. In particular, the wave period information is not as accurate as the wave height information (Figure 2), similar to the results of the previous analysis [16,24]. Moreover, engineering wave parameters extracted from ERA5 are also quite different from the results based on observational data (Figure 4 and Figure 5). These errors may be due to insufficient representation of the effects of coastal topography and shoreline on wave propagation in the numerical models. Wave dynamic processes, including surface waves, internal waves [29], and abyssal Rossby waves [30,31], are generally very sensitive to the effects of topographic boundary conditions. In this study, influenced by shallow water topography and shoreline in the continental shelf area, waves will refract and become shoreward propagation [4,28]. However, the capability of offshore boundary characterization directly limits the accuracy of the model calculation of coastal waves. For example, the shoreline to the north of Site A shows an SW–NE trend on the regional scale (Figure 1), but the shoreline is NW–SE trending locally. The resolution of the model cannot reflect this subtle change in the shoreline precisely, which results in a difference in the propagation direction between the simulated results and the in situ measurements (Figure 3).



Such influence also exists in the deep waters of the SCS with many islands and reefs. The wave process in the SCS is dominated by swell components [6,24]. Waves enter the SCS through the Luzon Strait from the western Pacific Ocean and mainly travel from the northeast to the southwest in the SCS. Meanwhile, during the summer, driven by the southwest wind, waves mainly travel northeastward in the southern SCS [5,6,24]. During these propagations, the waves frequently experience shoreline boundaries and the shallow water terrain of a large number of islands and reefs. These local factors inevitably lead to changes in the wave parameters [10,17,18]. This effect is difficult to effectively describe in conventional numerical models [9,10]. For example, the spatial scale of an island reef is generally hundreds of meters [19], while the horizontal spatial resolution of ERA5 data in the SCS is about 27 km, i.e., its spatial resolution is usually limited, regardless of the impact on the island reef or continental shoreline changes. The results of the wind–wave coupling model also show that the lack of ability to depict swell is often the main reason for the error of the wave model under the large wave conditions, such as typhoons [2].



Such influence of complex terrain factors on ERA5 data can be supported by further analyzing the distribution of ERA5 error with wave direction (Figure 6). It is found that the error of ERA5 Hs is related to the wave direction. For example, due to the seasonally reversed wind fields [7], the waves at Sites B and C mainly come from the northeast or southwest (Figure 3), however, the Hs error from the northeast wave at Site B is greater than that from the southwest wave. At Site C, on the contrary, the error of Hs from the northeast wave is smaller than that from the western wave. This difference may be due to the topographic differences experienced before the waves reach the sites. As seen in Figure 1, the waves from the northeast will experience more reefs and shallow topography than the waves from the southwest to Site B, the waves will thus be more distorted by topography and shoreline factors. The error of Hs calculated will be larger, probably due to the numerical model being too difficult to fully consider the influence of the terrain and coastline [4,8]. Contrary to Site C, the southwest incoming wave has more reefs to go through than the northeast one, and thus, the error of ERA5 Hs is greater for waves from the southwest.





4. Conclusions


In this study, two sets of buoys in a deep-sea and a subsea-based platform in the nearshore area of the South China Sea (SCS) are used to systematically verify the wave parameters of the European Centre for Medium-Range Weather Forecasting Reanalysis v5 (ERA5) dataset. The results show that the wave parameters, such as significant wave height (Hs) and mean wave period provided by ERA5, have high accuracy in the SCS. Compared to the observational data, the correlation coefficient of Hs is in the range of 0.87–0.93, the root mean square error is in the range of 0.22–0.57 m, and the difference in the standard deviation is very close to zero. However, if the ERA5 data is applied to the engineering field, for example, and the design parameters such as 90%, 95%, and 99% large Hs and the duration time for certain Hs are calculated, it is found that the results are easy to deviate from the actual observational values, which may mislead the engineering design.



Further analysis indicates that the differences in the wave parameters of ERA5 reanalysis compared to the in situ measurements could be attributed to the fact that numerical models are difficult to fully characterize the influence of terrain and coastline on the wave dynamics. For the nearshore site A, due to the limitation of the model resolution, it can not accurately consider the local subtle changes of the shoreline trend, resulting in the difference in the wave propagation direction. For offshore sites B and C, the wave propagation to the sites needs to go through numerous reefs, and such abrupt local topographic changes are difficult to depict in the model. There are more reefs in the northeast (west) for Site B (C), thus the simulation error of Hs from the northeast (west) is larger. As most waves in the SCS come from the northeast, the error of Site B is generally larger than that of other sites.



Our results show that the ERA5 data is more effective if it is applied to scientific research, monitoring, business, or other conventional applications. However, for the acquisition of wave information serving the engineering construction, to ensure the reliability of the data, it is still necessary to calibrate and verify the model data with the in situ observations.
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Figure 1. Topography of the South China Sea and the locations of three observation sites (A, B, and C) in this study. 
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Figure 2. Comparison of significant wave height and mean wave period output by ERA5 model with measured data. The upper, middle, and lower panels display the results of Sites A, B, and C, respectively. The blue circles are scattered plots of observations compared with ERA5, and black dotted lines are corresponding fitting lines, whose formulas are shown in the upper left corner. The red lines are the 1:1 lines. 
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Figure 3. Comparison of wave roses between ERA5 model output and in situ measured data. The upper, middle, and lower panels display the results of Sites A, B, and C, respectively. 
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Figure 4. Comparison of ERA5 model output (red) with in situ measured data (black) in statistical 90%, 95%, and 99% significant wave heights (Hs, m). The left, middle, and right panels display the results of Sites A, B, and C, respectively. 
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Figure 5. Variation in mean lasting duration (D) of different significant wave heights (Hs) calculated from ERA5 model output and in situ observations. 
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Figure 6. The error of ERA5 significant wave height compared with in situ observations in functions of wave direction for the three sites. The left, middle, and right panels display the results of Sites A, B, and C, respectively. 
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Table 1. Information on observation sites.
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	Site
	Longitude and Latitude
	Depth
	Observation Period





	A
	18.3° N, 109.0° E
	12 m
	June 2020 to September 2021



	B
	9.5° N, 113.0° E
	1240 m
	October 2020 to October 2021



	C
	10.0° N, 115.5° E
	1200 m
	November 2018 to June 2021
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