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Abstract

:

When petroleum hydrocarbon pollutants enter the ocean, besides the migration under hydrodynamic constraints, their degradation due to environmental conditions also occurs. However, available observations are usually spatiotemporally disperse, which makes it difficult to study the degradation characteristics of pollutants. In this paper, a model of transport and degradation is used to estimate the degradation coefficient of petroleum hydrocarbon pollutants with the adjoint method. Firstly, the results of a comprehensive physical–chemical–biological test of the degradation of petroleum hydrocarbon pollutants in Laizhou Bay provide a reference for setting the degradation coefficient on the time scale. In ideal twin experiments, the mean absolute errors between observations and simulation results obtain an obvious reduction, and the given distributions can be inverted effectively, demonstrating the feasibility of the model. In a practical experiment, the actual distribution of petroleum hydrocarbon pollutants in Laizhou Bay is simulated, and the simulation results are in good agreement with the observed ones. Meanwhile, the spatial distribution of the degradation coefficient is inverted, making the simulation results closer to the actual observations.
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1. Introduction


With the increase in the coastal population and the continued expansion of marine development, the amount of pollutants discharged into the sea from land-based sources keeps growing. The related coastal economic activities and the emission of coastal wastewater runoff bring terrible disasters to the local ecological environment and marine life [1,2,3]. Meanwhile, with the development of activities such as the exploration of offshore oil, the construction and use of offshore platforms, and marine transportation, the risk of marine oil spill events will follow. The spilled oil that drifts to the coast under the action of wind, waves, and currents may directly affect the economic benefits of the coastal aquaculture industry and reduce the leisure and entertainment value of the beach to varying degrees. The toxic organic matter formed by the dissolution and emulsification of oil may then cause the death of fish, shrimp, plankton, and benthic marine organisms [4]. To promote the green and healthy development of the coastal economy, it is of great importance to study the diffusion process of marine petroleum pollutants; moreover, the use of a mathematical model is considered to be the most direct and effective method to do this [5].



In addition to the diffusion of petroleum pollutants under the effect of hydrodynamic conditions, these pollutants will degrade gradually due to the influence of physical, chemical, and environmental factors, including species of microorganism-degrading bacteria, environmental temperatures, environmental wind oxidation, and photodegradation [6]. Whether or not the whole degradation process is considered directly affects the simulation results of the model. The question of how to realize the combination of the degradation process of petroleum pollutants and the physical diffusion model has attracted researchers’ attention. Chen et al. [7] constructed a diffusion model for an oil slick on the water surface under the combined action of the tide, wind, and waves, which simulated the diffusion, drift, and degradation processes of the oil slick on the water surface. Wang et al. [8] adopted the Lagrange random walk method and extended the two-dimensional model of oil film transport to a three-dimensional model, in which the hydrodynamic effects (currents, waves, etc.), physicochemical processes (evaporation, dissolution, emulsification, etc.), and biological processes (adsorption, degradation, etc.) were considered. With this model, the collision and oil spill in the Bohai Sea were studied. Zhao et al. [9] constructed a convective diffusion model of pollutants containing the degradation process, and the simulation results of the model were in good agreement with the observed data.



The adjoint method has been widely used in oceanography due to its advantages in the organic combination of the model and observed data. Zhao et al. [10] point out that the determination of initial conditions in the model is as important as the inversion of ecological parameters for the simulation results, and the adjoint method could provide a good way of making this determination. Li et al. [11] used the adjoint method and an independent point scheme to verify that the application of space–time-varying parameters in the marine ecosystem dynamics model could significantly reduce the simulation error. Then, the feasibility of inverting specific parameters in the model was proved. Wang et al. [12] applied the adjoint method to the pollutant transport model and carried out an inversion study of the initial distribution of pollutants by assimilating the observed data from conventional monitoring stations in the Bohai Sea. Their simulation results were in good agreement with the observed data to a certain extent, but the degradation process of pollutants was not considered in their model.



As one of the three bays in the Bohai Sea, Laizhou Bay is located in the northwest of Shandong Peninsula and is an important mariculture zone in the north of China. Due to the accumulation of sediment from rivers, the water depth of Laizhou Bay remains mostly within 10 m, and the deepest part of the western bay is about 18 m. Along the coast, there are many rivers, such as the Yellow River, the Xiaoqing River, the Jiaolai River, and the Yu River, that flow into the bay, and oil pipelines are widespread in this bay. With the rapid development of the economy along the coast and the exploitation of offshore oil and gas fields, large quantities of petroleum hydrocarbon pollutants have been discharged into the sea. Han et al. [13] analyzed 16 kinds of polycyclic aromatic hydrocarbon (PAH) and concluded that direct petroleum pollution and combustion were the main sources of PAHs in the Laizhou Bay. Studies also showed that the high concentrations of petroleum hydrocarbons from the rivers entering the sea from Laizhou Bay are one of the main PAH sources in the coastal waters [14]. Hu et al. [15] discussed the relationship between the distribution patterns of petroleum hydrocarbons in Laizhou Bay and concluded that Laizhou Bay might represent a confluence of river-derived petroleum hydrocarbons. The coastal ecological environment is seriously threatened by the large amounts of petroleum hydrocarbons that have been discharged into the rivers and the risk of an oil spill in Laizhou Bay.



In this paper, the adjoint method is used to invert the distribution of the degradation coefficient of petroleum hydrocarbon pollutants in Laizhou Bay.




2. Model and Methodology


2.1. Model Equation


Considering the processes of convection, diffusion, and degradation, the governing equation of the marine petroleum hydrocarbon transport model is constructed as follows:


    ∂ C     ∂ t   + u   ∂ C   ∂ t   + v   ∂ C   ∂ t   + w   ∂ C   ∂ t   =  ∂  ∂ x    (   K H    ∂ C   ∂ x    )  +  ∂  ∂ y    (   K H    ∂ C   ∂ y    )  +  ∂  ∂ z    (   K V    ∂ C   ∂ z    )  − r C  



(1)




where C denotes the concentration of pollutants; t and x, y, z are the time and Cartesian coordinates, respectively; u and v represent the horizontal velocities (in the x and y directions, respectively); w represents the vertical velocity (in the z direction); KH and KV denote the horizontal and vertical diffusion coefficients, which are set as 100 m2 s−1 and 10−5 m2 s−1, respectively; and r denotes the degradation coefficient of petroleum hydrocarbon pollutants. Compared with previous research in which the degradation coefficient is generally determined to be zero [12,16], this article defines the degradation coefficient r as a time–space-varying parameter in consideration of the degradation of newly injected terrestrial petroleum hydrocarbons.



The open boundary of the model is set at 122.5° E, where the non-gradient condition and the constant condition are used at the outflow boundary and the inflow boundary, respectively:


   {        ∂ C   ∂ t   = 0 ,  V n  ≤ 0 ;         ∂ C   ∂ n   = 0 ,  V n  > 0 ;        



(2)








2.2. Adjoint Model


The basic idea of the adjoint method is that satisfactory results can be obtained through optimizing the control parameters, including the initial conditions, the boundary conditions, and the empirical parameters. The cost function indicates the difference between simulation results and observations and can be defined as [17]:


  J  ( C )  =  1 2    ∫  Ω   K C     (  C −  C ¯   )   T   (  C −  C ¯   )  d Ω    



(3)




where  C  and   C ¯   are the simulated and observed pollutant concentrations, respectively. KC denotes the weighting matrix, which theoretically should be the inverse of the observation error covariance matrix. In this paper, we simplify the elements of KC as 1 where observations are available, and other elements are 0.



The Lagrangian function can be constructed as:


  L (  C *  , C ) =   ∫  Ω   C *   {    ∂ C   ∂ t     + u   ∂ C   ∂ x   + v   ∂ C   ∂ y   + w   ∂ C   ∂ z   −  ∂  ∂ x    (   K H    ∂ C   ∂ x    )  −  ∂  ∂ y    (   K H    ∂ C   ∂ y    )    −  ∂  ∂ z    (   K V    ∂ C   ∂ z    )    + r C  }  d Ω + J ( C )  



(4)




where C* represents the adjoint variable of C. To minimize the cost function, according to the Lagrange multiplier method, the partial derivative of the Lagrange function with respect to each variable should be equal to 0:


    ∂ L   ∂  C *    = 0  



(5)






    ∂ L   ∂ p   = 0  



(6)







The adjoint model can be derived from Equation (5):


  −   ∂  C *    ∂ t   −  ∂  ∂ z    (   K V    ∂  C *    ∂ z    )  =   ∂  (  u  C *   )    ∂ x   +   ∂  (  v  C *   )    ∂ y   +   ∂  (  w  C *   )    ∂ z   +  ∂  ∂ x    (   K H    ∂  C *    ∂ x    )  +  ∂  ∂ y    (   K H    ∂  C *    ∂ y    )  + r  C *  −  K C   (  C −  C -   )   



(7)







The gradients of the cost function with respect to model parameters can be derived by Equation (6). Therefore, the gradient expression of the cost function with respect to the initial concentration of pollutants is as follows:


    ∂ J   ∂  C 1    =    (    ∂  C *    ∂ t    )   1  +    (    ∂  (  u  C *   )    ∂ x    )   1  +    (    ∂  (  v  C *   )    ∂ y    )   1  +    (    ∂  (  w  C *   )    ∂ z    )   1  +  ∂  ∂ x      (   K H    ∂  C *    ∂ x    )   1  +  ∂  ∂ y      (   K H    ∂  C *    ∂ y    )   1    +  ∂  ∂ z      (   K V    ∂  C *    ∂ z    )   1  +    (  r  C *   )   1   



(8)







The gradient expression of the cost function with respect to the degradation coefficient r can be expressed as:


    ∂ J   ∂ r   = ( − C  C *  )    1   



(9)




where the superscript 1 denotes the value at the first iteration step.




2.3. Independent Point Scheme


Accurate and sufficient observations are vital for the inversion of variables having spatiotemporal characteristics. However, an uneven spatial distribution of data and discrete observations in the time dimension usually exist. Therefore, the independent point scheme is introduced into the actual situation [18,19]. Several points are selected as independent points, and other grid points can be calculated by optimizing the parameters at the independent points with appropriate interpolation methods:


   X j  =   ∑   j j    f  j , j j    X  j j    



(10)




where Xj is the value at grid points; Xjj is the value at independent points; jj denotes the number of independent points; and fj,jj represents the interpolation coefficient, which depends upon the interpolation method. Cressman interpolation is applied in this paper, and the details have been described by Fan and Lv [20].




2.4. Model Settings and Observation Data


The calculation area of the model is the Bohai Sea (37–41° N, 117.5–122.5° E). The horizontal resolution is 2’ × 2’ and the ocean is divided into four layers vertically, whose thickness is 5 m, 10 m, 10 m, and 45 m from the top to the bottom, respectively. The simulation time is 15 days with a step of 1 h, which starts at 0:00 on 15th August.



The observed data used in the model came from the simultaneous land–sea survey in Laizhou Bay performed in different seasons from 2018 to 2019, during which petroleum hydrocarbon samples on the sea surface were collected. The pre-treatment and preservation of seawater were carried out in accordance with the Specification for Marine Monitoring (GB 17378.4-2007). The sampling sites of seawater in Laizhou Bay are shown in Figure 1.



The water level data used for validation of the hydrodynamic model were obtained at two stations (Figure 1) from October 2018 to November 2018. The elevation was measured by an RBR-TD at the Longkou station, and the elevation data at Weifang was provided by the long-term monitoring station. The current velocity was measured at five stations (Figure 1). Four of them (C2~C5) were measured using 400 kHz Nortek Aquadopp Profilers (ADCPs) for 26 h with 20-min intervals during a neap tide (12:00 21 October~12:00 22 October) and a spring tide (12:00 30 October~12:00 31 October) in 2018, respectively. During the spring tide, the equipment at station C4 was not working, so the data are missing. The current at station C6 was measured using a current meter in three layers during the same periods with one-hour intervals. The measured current was then vertically averaged for comparison.




2.5. Hydrodynamic Background Field


In this study, the hydrodynamic background field was provided by the Finite Volume Community Ocean Model (FVCOM), and the calculation area was 37.0–41.0° N, 117.5–122.3° E. The coastline was derived from Landset8 full-band remote sensing data, whose spatial range covered the entire Bohai Sea, and the river runoff was added in the simulated domain. The model adopted an unstructured triangular mesh and 21 sigma layers in the vertical direction. The air–sea interface parameters, such as wind data and other sea surface flux data, came from the reanalyzed ERA5 data in the European Centre for Medium-Range Weather Forecasts (ECMWF), with a horizontal resolution of 0.25° × 0.25° and a temporal resolution of 1 h. Tidal forcing with eight primary partial tides (M2, S2, N2, K2, K1, O1, P1, and Q1) was used at the open boundaries, and was derived from the TPXO8-ATLAS V1 global tidal model provided by the University of Oregon (OSU) in the United States. The initial temperature and salinity field were obtained from the East China Sea model by Ding et al. [21]. The model was cold-started and run for two years for the spin-up, and the hourly output of the third year was used for this study.



The cotidal diagram of the M2, S2, K1, and O1 tides obtained by the model is shown in Figure 2. The harmonic constants of the M2, S2, K1, and O1 tides were compared with the observations using the vector error proposed by Foreman et al. [22]:


  D i f f =      (   a 0  c o s  g 0  −  a m  c o s  g m   )   2  +    (   a 0  s i n  g 0  −  a m  s i n  g m   )   2     



(11)




where (   a 0   ,     g 0   ) and (   a m   ,     g m   ) denote the observed and simulated amplitude and phase, respectively. The results are shown in Table 1.



The skill score (SS) and correlation coefficient (CC) were used as the quantitative indicators for the model’s validation. The former describes the accuracy of the simulation results, while the latter shows the variation similarity between the simulation and the observation. The SS is calculated as follows:


  S S = 1 −    ∑     (   X  mod   −  X  obs    )   2     ∑     (   X  obs   −    X  obs    ¯   )   2     



(12)




where Xmod and Xobs denote the modeled and observed variables, respectively, and   X ¯   denotes the temporal average of  X . The CC is calculated as follows:


  C C =    ∑   (   X  mod   −    X  mod    ¯   )   (   X  obs   −    X  obs    ¯   )       [   ∑     (   X  mod   −    X  mod    ¯   )   2   ∑     (   X  obs   −    X  obs    ¯   )   2   ]     1 2       



(13)







The results of the above metrics between the observed and simulated water levels and the vertically averaged current velocities are shown in Table 1 and Table 2. A comparison between the observed and simulated current velocities is also shown in Figure 3. These results indicate that the hydrodynamic background field can reproduce the current variation in Laizhou Bay well.



Thus, the hydrodynamic model can provide reliable background currents in Laizhou Bay for inverting the degradation coefficient of petroleum hydrocarbon pollutants.





3. Ideal Twin Experiments


3.1. The Process of Ideal Twin Experiments


The steps of ideal twin experiments can be described as follows:



Step 1. Set an initial estimate value of the parameters in the model.



Step 2. Acquire the ideal ‘observations’ through the forward model.



Step 3. Calculate the cost function that represents the difference between the observation and the simulation.



Step 4. Based on Equation (9), acquire the gradients of the cost function with respect to the parameters of the model and adjust the parameters along the opposite direction of the gradient.



Step 5. When the error meets certain preset conditions, the calculation will stop. Otherwise, go back to step 2 and continue the iteration.



The initial field of petroleum hydrocarbon pollutants with a higher concentration along the coast and a lower concentration offshore was prescribed and is shown in Figure 4a. Regarding the given degradation coefficient of petroleum hydrocarbon pollutants, the superposition of spline functions was applied to preset its initial field. The calculation formula is as follows:


     r  i , j   =   ∑   k = 1  N   A k   (     d  i , j , k  2     R 2    l n    d  i , j , k  2   R  + 1 −    d  i , j , k  2     R 2     )   



(14)




where AK represents the parameter value of the selected point; di,j,k represents the distance between a certain grid point and an independent point; and R represents the influence range of the independent point. The given distribution of the degradation coefficient is shown in Figure 4b, in which the value of the central independent point is 0.100 h−1 and strong degradation occurs in coastal waters.



As for the setting of the degradation coefficient on the time scale, the results of a comprehensive physical–chemical–biological test of the degradation of petroleum hydrocarbon pollutants in Laizhou Bay can be used as a reference and are shown in Figure 5. The decrease in the total petroleum hydrocarbons (TPH) in the control group mainly occurred within 0~20 h, which might have been caused by adsorption and physical volatilization on the wall of the culture vessel. The decrease in the TPH in the systems of “photodegradation + volatilization” (L + V) and “volatile + photodegradation + biodegradation” (V + L + B) occurred mainly within 0~63 h. In conclusion, under different degradation conditions, the TPH shows an exponential trend that decreases rapidly and then basically remains unchanged. Therefore, the degradation coefficient could be viewed as an exponential function descending with time (0~63 h) in subsequent experiments, which could be described as:


   r  i , j , t   =  {       r  i , j , 1   e x p  (  − 0.143  (  t − 1  )   )            1   h ≤ t ≤ 63   h         0           t > 63   h        



(15)




where ri,j,k represents the value of the degradation coefficient at time t.




3.2. Results of the Ideal Twin Experiment


According to the numerical experimental tests described above, the uniform independent point scheme with one independent point for every eight grid points at an interval has a better effect, and subsequent experiments were carried out with this scheme. The normalized cost function (NCF) and the mean absolute error (MAE) are vital criteria by which to evaluate the effectiveness of adjoint methods. Here, NCF refers to the cost function obtained in each iteration divided by the one obtained in the first step. The calculation formula for the MAE is presented as:


  M A E =     ∑   i = 1  N   |   I i  −  P i   |   N   



(16)




where N is the number of grids with observations; and I and P denote the model results and given observations, respectively. In this paper, MAE_TPH represents the mean absolute errors between the observation and simulation results for the TPH, while MAE_R represents the mean absolute errors between the given degradation coefficient and simulation results. These evaluation indicators were used to assess the performance of the model in subsequent experiments.



3.2.1. Influence of the Initial Estimate Value on Simulated Results


In the ideal twin experiments, we monitored the convergence of the model by checking the decline in the cost function and terminated the iteration when the change was very slight. Here, we noticed that the convergence speed of the model and the simulation results were closely related to the input of initial estimate value. When the input of initial estimate value is not appropriate, the model requires more iterations to converge, which means a lower calculation efficiency and a larger error in the final inversion results. So, a relevant numerical experiment was designed to determine the optimal value.



Taking the given initial field of the degradation coefficient as a reference, whose value ranges from 0.000 to 0.100 h−1, a series of values in this range were selected as the initial estimates of the model. For comparison, we terminated these experiments after the 30th iteration, and the corresponding MAE results are recorded in Table 3.



When the initial estimate value is set as 0.000 h−1, the error in the simulation results reaches the minimum. If the initial estimate value becomes too large, the mean absolute errors keep growing.




3.2.2. Results Analysis


According to the results of the numerical experiments, the initial estimate value of the degradation coefficient was set as 0.00 h−1. Figure 6 shows the trend of evaluation indicators changing with assimilation steps. It can be seen that the NCF tends to be stable after the 20th iteration. Both the MAE_TPH and MAE_R decrease sharply and reach the minimum around the 40th iteration, when the value is significantly decreased relative to the initial value.



In real ocean environments, observations can be contaminated by noises. In this regard, relevant sensitivity experiments were designed in which random perturbations were added to the prescribed observations. The maximum percentages of observation errors are 10%, 20%, and 30% in three experiments, respectively. These noisy “observations” were used instead of the error-free ones, and then we repeated the above ideal twin experiments.



The MAE_TPH and MAE_R of the sensitivity experiments are shown in Table 4. With the growth of the error proportion, the deviation between the inversion results and the ‘observation’ increases correspondingly. Finally, the MAE_R decreases significantly and remains within a narrow range. This shows that the model can resist accidental errors in observations while keeping the results reliable, which indicates its effective utilization of observed data. The results above mean that the inversion results may still be convincing when the adjoint method is adopted in a practical situation.






4. Practical Experiments


The observed data on petroleum hydrocarbons from August, 2019 were used to carry out a practical experiment, which was divided into two main steps:



(a) According to the observed data, the concentration distribution of petroleum hydrocarbons was simulated to obtain the initial field that is as close as possible to the practical observation. The degradation coefficient of petroleum hydrocarbons was not considered in this process.



(b) Taking the result of (a) as the initial field of petroleum hydrocarbon pollutants, the adjoint model was run to invert the degradation coefficient r. After the correction, the initial field of petroleum hydrocarbon pollutants and the distribution of the degradation coefficient r in Laizhou Bay were finally obtained.



4.1. Simulation of the Initial Field of Petroleum Hydrocarbon Pollutants


According to the observations of conventional stations in the Bohai Sea in recent years, the average concentration of petroleum hydrocarbon pollutants is about 24.2 mg /m3. We set this value as the background value of the sea area in the simulation. Similarly, due to the inevitable existence of noise in the practical observations, artificial errors of different proportions were added to the experiment, which account for 5%, 10%, and 20% of the observed values, respectively.



The corresponding MAE_TPH is recorded in Table 5. When the observations do not contain errors, the final value of MAE_TPH decreases to 11.39 mg/m3 after assimilation. Meanwhile, despite the observation errors in different proportions, the MAE_TPH decreases by a considerable percentage after assimilation. Therefore, the initial field of petroleum hydrocarbon pollutants simulated by the adjoint method is reliable and provided a better initial condition for the inversion of the degradation coefficient in the subsequent analysis.




4.2. Analysis of Practical Experimental Results


In step (b), the change in the degradation coefficient on the time scale was set as in Equation (15), which shows an exponential downward trend over a certain period of time. Meanwhile, the initial estimate value of the degradation coefficient r is set as 0.00 h−1. After the adjoint assimilation, the MAE_TPH decreases from 11.39 mg/m3 to 8.61 mg/m3, which shows that the simulation results become closer to the observations, and the inversion of the degradation coefficient r is satisfactory for practical applications.



Figure 8b shows the simulation results after correction of the degradation coefficient, from which the concentration distribution of petroleum hydrocarbon pollutants in Laizhou Bay on 15 August 2019 can be obtained. The concentration of petroleum hydrocarbon pollutants maintains a high level in the surface layer along the southern coast of Laizhou Bay, with the maximum value of 174.0 mg/m3. Meanwhile, it decreases from the southern coast to the interior of the bay. A low-concentration area is formed in the central area of the bay, with the highest concentration not exceeding 60.0 mg/m3. Outside Laizhou Bay, the surface concentration along the northwest and east coasts is higher than those in surrounding waters. Compared with the distribution of observation points in Figure 8a, the simulation results are consistent with the practical observations.



The simulated spatial distribution of the degradation coefficient r at the initial moment is given in Figure 9, which shows a high r value in part of the coastal area and central area of Laizhou Bay, with the maximum value of 0.12 h−1. Compared with Figure 8b, there is no significant positive correlation between the degradation coefficient r and the concentration distribution of petroleum hydrocarbon pollutants. The reason may be that the degraded petroleum hydrocarbons are the majority in some high-concentration areas, while the newly injected petroleum hydrocarbons are the minority. In contrast, the high value of the degradation coefficient r in the nearshore area in Laizhou Bay corresponds to the input of petroleum hydrocarbons from the coastal runoff and the discharge of land-based pollution. Meanwhile, the strong degradation in the central area may be associated with the input of petroleum hydrocarbons caused by marine economic and transportation activities in Laizhou Bay.





5. Conclusions


In this paper, we inverted the spatial distribution of the degradation coefficient of petroleum hydrocarbon pollutants in Laizhou Bay with the adjoint method, in which the transport and degradation model of pollutants was taken as a dynamic constraint. The results of a comprehensive physical–chemical–biological test of the degradation of petroleum hydrocarbon pollutants in Laizhou Bay provided a reference for setting the degradation coefficient on the time scale.



Firstly, the optimal scheme of independent grid points and reasonable initial conditions were determined through numerical experiments. Then, the feasibility and validity of the adjoint method were established with prescribed ‘observations’ in ideal twin experiments. In a practical experiment, the initial field of petroleum hydrocarbon pollutants was simulated, and the error between the simulated results and observations was effectively reduced. Meanwhile, the results were still convincing when noises were added to the observations. On the basis of this initial field, the spatial distribution of the degradation coefficient was inverted, which put the simulation results in better agreement with the observations. Finally, the degradation states of petroleum hydrocarbon pollutants in Laizhou Bay were simulated. The results in the ideal experiment and the practical experiment demonstrate that adjoint assimilation can be an effective method for inverting the degradation coefficient of petroleum hydrocarbon pollutants in Laizhou Bay.
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Figure 1. Seawater sampling sites in Laizhou Bay. 
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Figure 2. The cotidal chart of each constituent. (a) M2, (b) S2, (c) K1, and (d) O1. 
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Figure 3. Comparison between the observed (red dots) and modeled (black line) current velocities at the (a) C2, (c) C3, (e) C5, and (g) C6 stations during the neap tide and at the (b) C2, (d) C3, (f) C5, and (h) C6 stations during the spring tide. 
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Figure 4. (a) The given distribution of petroleum hydrocarbon pollutants (unit: mg/m3). (b) The given distribution of the degradation coefficient (unit: h−1). 
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Figure 5. Variation of TPH with time under different conditions in Laizhou Bay. “Control” denotes the control group. “V + L” denotes the condition of “photodegradation + volatilization”. “V + L + B” denotes the condition of “volatilization + photodegradation + biodegradation”. 
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Figure 6. (a) Decline of NCF with assimilation steps; (b) Decline of MAE_TPH with assimilation steps; (c) Decline of MAE_R with assimilation steps. Based on Table 4, MAE_TPH, which represents the deviation between the inversion results and the “observation”, decreases from 18.37 mg/m3 to 0.13 mg/m3. The MAE_R decreases from 2.56 × 10−2 h−1 to 2.97 × 10−3 h−1 with the decline percentage of 88.40%. Figure 7a,b respectively show the given distribution and inversion result of the degradation coefficient. In terms of the overall distribution, the inversion result is close to the given initial field, in which the degradation degree of petroleum hydrocarbons in Laizhou Bay is higher than that far away from the coast. Figure 7c shows the absolute value of the difference between the inversion results and the given distribution. Except for the southwest part of the sea area, the deviation degree between them in Laizhou Bay remains at a low level, meaning that the final inversion results are almost identical to the given distribution. 
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Figure 7. (a) Map of the given distribution of the degradation coefficient. (unit: h−1); (b) Map of the inversion result in ideal twin experiments (unit: h−1); (c) Map of the absolute value of the difference between the inversion result and the given distribution (unit: h−1). 
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Figure 8. (a) Observation points in Laizhou Bay in August 2019 (the dot size indicates the concentration of petroleum hydrocarbons); (b) The simulated concentration distribution of petroleum hydrocarbons in Laizhou Bay on 15 August 2019 (unit: mg/m3). 
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Figure 9. Map of the simulated spatial distribution of the degradation coefficient r at the initial moment (unit: h−1). 
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Table 1. Model validation for water levels.
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Tide Stations

	
Diff

	
SS

	
CC




	
M2

	
S2

	
K1

	
O1






	
Longkou

	
0.035

	
0.018

	
0.024

	
0.018

	
0.92

	
0.96




	
Weifang

	
0.049

	
0.027

	
0.011

	
0.022

	
0.94

	
0.97
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Table 2. Model validation for current velocities.
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Station

	
SS

	
CC




	
U

	
V

	
U

	
V






	
C2 neap

	
0.29

	
0.91

	
0.73

	
0.92




	
C3 neap

	
0.82

	
0.90

	
0.91

	
0.95




	
C4 neap

	
0.88

	
0.67

	
0.92

	
0.89




	
C5 neap

	
0.87

	
0.79

	
0.91

	
0.91




	
C6 neap

	
0.63

	
0.90

	
0.87

	
0.94




	
C2 spring

	
0.62

	
0.96

	
0.82

	
0.95




	
C3 spring

	
0.85

	
0.93

	
0.94

	
0.93




	
C5 spring

	
0.86

	
0.70

	
0.91

	
0.91




	
C6 spring

	
0.80

	
0.58

	
0.90

	
0.91
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Table 3. Mean absolute errors in the TPH (MAE_TPH) and degradation coefficient (MAE_R) corresponding to different initial estimate values.
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	Initial Guess Value
	MAE_TPH (mg/m3)
	MAE_R (h−1)





	0.00
	0.16
	2.97 × 10−3



	0.03 × 10−1
	0.19
	3.15 × 10−3



	0.05 × 10−1
	0.25
	3.25 × 10−3



	0.01
	0.36
	3.86 × 10−3



	0.02
	0.66
	5.89 × 10−3



	0.05
	1.66
	1.33 × 10−2



	0.08
	3.35
	2.46 × 10−2



	0.10
	4.21
	3.19 × 10−2
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Table 4. The decrease in MAE_TPH and MAE_R corresponding to different observation errors in sensitivity experiments.
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	Percent Errors
	Initial Value of MAE_TPH (mg/m3)
	Final Value of MAE_TPH (mg/m3)
	Initial Value of MAE_R (h−1)
	Final Value of MAE_R (h−1)
	Decline Percent of MAE_R





	0%
	18.37
	0.13
	2.56 × 10−2
	2.97 × 10−3
	88.40%



	5%
	18.37
	1.35
	2.56 × 10−2
	4.19 × 10−3
	83.63%



	10%
	18.37
	2.21
	2.56 × 10−2
	5.83 × 10−3
	77.23%



	20%
	18.37
	3.41
	2.56 × 10−2
	8.10 × 10−3
	68.36%
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Table 5. MAE_TPH in the practical experiment.
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	Percent Errors
	Initial Value of MAE_TPH (mg/m3)
	Final Value of MAE_TPH (mg/m3)
	Decline Percent of MAE_TPH





	0%
	52.69
	11.39
	78.38%



	5%
	52.69
	11.99
	77.24%



	10%
	52.69
	13.91
	73.60%



	20%
	52.69
	19.46
	63.07%
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