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Introduction

Suspended Particulate Matter (SPM) influences the primary production  and the distributions of pollutants in the ocean. Besides, the regulation mechanisms of SPM in the Liaodong Bay were complicated.



Method

To analyze the distributions and influencing factors of SPM, based on the adjoint assimilation method, an interpolation method with dynamical constraint was established in the Liaodong Bay.



Result

In two ideal experiments, the cost function, Mean Absolute Error (MAE) and Normalized Mean Error (NME) all had reduced by more than 90%, which proved the accuracy of the interpolation method. Based on conventional observations of SPM, the distributions of dynamically constrained, Kriging and radial basis function (RBF) interpolations in March, May, August and October of 2015 were obtained.



Discussion

The cross-validation was carried out to compare the dynamically constrained interpolation and the unconstrained interpolations. Among seven unconstrained interpolation methods, the averaged MAE of RBF interpolation was the lowest, which was 10.976 mg/L. The averaged MAE of dynamically constrained interpolation was 7.703 mg/L, reduced by 29.8% compared with the RBF interpolation. It was indicated that RBF interpolation was the most accurate among the seven unconstrained interpolations and dynamically constrained interpolation was more accurate than unconstrained interpolations at the observation stations. The distributions of dynamically constrained and RBF interpolations were compared with Korean Geostationary Ocean Color Imager (GOCI) satellite-derived distributions of SPM concentrations in the Liaodong Bay. Fully considering the influences of the hydrodynamic processes, the dynamically constrained interpolation provided distributions more consistent with the satellite-derived distributions. However, due to the lack of observations in some areas and ignoring the influences of currents, some high values of SPM concentration were not captured by the distributions of RBF interpolation. Moreover, in accordance with the results of dynamically constrained interpolation, it was found that the SPM concentrations in the bay were affected by the SPM discharge from the Liao River Basin.
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1.  Introduction.

Suspended Particulate Matter (SPM) has a profound impact on the biogeochemical processes in the ocean. The transport and transformation of nutrients in seawater are influenced by SPM (Volpe et al., 2011). Besides, SPM determines the optical indexes of seawater such as chroma and transparency. Hence, phytoplankton can be affected by SPM. It was found that phytoplankton productivity in turbid ocean areas was less than in the adjacent ocean (Cloern, 1987) and SPM concentration was negatively correlated with phytoplankton density (He et al., 2017) in previous studies. Therefore, the primary production in ocean is influenced by the distributions of SPM concentrations. During transferring along the currents, SPM adsorbs and releases the pollutants such as heavy metals, thereby effecting the distributions of marine pollutants. The pollutants can be transported from the coastal area to open sea along with SPM, and have potentially harmful effects on marine organisms (Yao et al., 2016). In addition, the sedimentation and resuspension processes of substances are also affected by SPM. These processes have an important impact on the coastal sea area (D’Sa et al., 2006).

The distributions of SPM in seawater are complicated and will be affected by many factors. Hydrodynamic processes will influence the distributions of SPM. Walker and Hammack (2000) found that strong northerly winds in winter could increase the concentration of SPM in the water column by five times in the northern Gulf of Mexico, and a large turbid plume was produced under the influence of wind-drive horizontal currents and resuspension. Estuarine discharge is a critical factor causing the variations of SPM distributions. Based on the remotely sensed data, Li et al. (2019) proved that due to the variations of SPM discharge from the Yellow River estuary, the SPM concentrations in Laizhou Bay and the southern Bohai Sea will be significantly higher in spring and winter than in summer and autumn. Moreover, the atmospheric deposition, the fragmentation process and the flocculation process in coastal systems can affect the concentration of SPM in seawater (Maerz et al., 2016; Xie et al., 2022; Fettweis et al., 2014). Therefore, it is necessary to study the distributions and the influencing factors of SPM in marine biogeochemical research.

The Bohai Sea is the largest inland sea in China (
Figure 1A
). The Liaodong Bay is one of the three most important bays of the Bohai Sea which is located in the northern part of the Bohai Sea (
Figure 1B
). The Liaodong Bay is surrounded by Hebei and Liaoning provinces on three sides. The line from Qinhuangdao of Hebei Province to Laotieshan Cape of Liaodong Peninsula is the boundary between the Liaodong Bay and the central area of the Bohai Sea (Lan et al., 2016). The estuary area (40.6°N-41.2°N, 121.5°E-122.2°E) is located in the northeast of the Liaodong Bay, including estuaries of Liaohe River, Daliao River and Daling River, which is the most important SPM source in the Liaodong Bay (Yan et al., 2020). As the second largest river in the Bohai Sea, the Liaohe River transports a high load of fine-grained sediments to the Liaodong Bay, which increases the SPM concentration in the bay (Jiang et al., 2004). In addition, the Yellow River discharges a large number of SPM every year. Under the influence of ocean currents, the water with high SPM concentration was transported into the Liaodong Bay through the central Bohai Sea from Laizhou Bay (Liu et al., 2007). The distributions of SPM in the Liaodong Bay are also influenced by the circulation. The detrital fine-grained sediments in the north of the Liaodong Bay were transported mainly via the surface currents (Dou et al., 2014). Moreover, the resuspension process also contributes to the formation of high SPM concentration in the Liaodong Bay (Jiang et al., 2004).




Figure 1 | 
Geographical locations and bathymetry of the Bohai Sea and the Liaodong Bay. (A) shows the Bohai Sea, in which the red solid line is the boundary between the Liaodong Bay and the central Bohai Sea. The northwest end of the boundary is Qinhuangdao and the southeast end of the boundary is the Laotieshan Cape. The red triangle points out the estuary of the Liao River and the red square stands for the estuary of the Yellow River. The Liaodong Bay is selected using the black dotted line. (B) shows the study area, which is the Liaodong Bay. The red triangle still represents the estuary of the Liao River. The land on northwest side is Hebei Province and the land on the southeast side is Liaoning Province. Dalian city is located at the east of the mouth of the Liaodong Bay. The depth of the Liaodong Bay is deep in the central area and shallow around. The deepest region is near the mouth of the bay and the depth is more than 50m.




In order to study the spatial and temporal variations and regulation mechanisms of SPM in the Liaodong Bay, in-situ observation is an essential method to acquire the SPM concentrations. However, observations of SPM in the Liaodong Bay are spatially discrete. Hence, there is a demand of the continuously spatial distributions of SPM concentrations in different observation months through interpolation (Davis, 1975). In previous studies, various interpolation methods had been used to acquire the continuously spatial distributions, including Kriging interpolation, radial basis function (RBF) interpolation and Cressman interpolation and so on. Bourgain and Gascard (2011) spatially interpolated the observations collected in the central Arctic basin from 1997 to 2008 using Kriging interpolation. The interannual change of halocline was discussed based on the interpolated distributions on the profile. Wang et al. (2014) developed a new RBF interpolation-based method to obtain a sub-pixel map. Through three visual and quantitative assessments on reversion experiments of remote sensing images, the accuracy of RBF interpolation-based method was verified. Injan et al. (2021) used the Cressman interpolation to initialize the model with an analysis product based on observations, and a Cressman Initialized Ensemble Intermediate Coupled Model was established for more accurate Sea surface temperature (SST) analysis and prediction. However, it is difficult for the unconstrained interpolation methods to provide accurate interpolated distributions in the regions lacking observations. In addition, too many observations may be taken into calculation during the interpolation, which may make the interpolated distributions tend to be average, resulting in large errors. Therefore, in previous studies, researchers optimized the unconstrained interpolation methods to improve the accuracy. Based on support vector machine, Wang et al. (2008) improved Kriging interpolation. The sea surface salinity and height data was obtained in the ocean area missing observations using the improved method. Wang et al. (2016) predicted chlorophyll concentrations based on least square support vector regression and RBF neural network.

Nevertheless, the optimizations of unconstrained interpolations only improved the mathematical methods, while the effects of hydrodynamic processes on interpolation were not taken into account. Since the adjoint assimilation method have been widely used to reverse the open boundary conditions (Pan et al., 2017 and Chen et al., 2014), optimize the initial field (Peng and Xie, 2006) and optimize the control parameters of marine ecosystem dynamical models (Qi et al., 2011; Li et al., 2013 and Goldberg and Heimbach, 2013), researchers start to use interpolation method with dynamical constraint based on adjoint assimilation method in marine research. Wu et al. (2021) adjusted the parameters in Ekman model based on the cubic spline interpolation method with the adjoint assimilation model, and obtained the optimized wind stress resistance coefficient. Zheng et al. (2020) applied the dynamically constrained interpolation method to the Bohai, Yellow, and East China Seas. Utilizing the time and space information of the observations, the constrained interpolation provided precise M2 cotidal charts. Considering the influences of wind on the distributions of PM2.5, Li et al. (2021) used the PM2.5 transport model as a dynamical constraint, and obtained high-accuracy national-scale distributions of PM2.5 in China from August to November 2014. Based on the adjoint assimilation method and taking the sediment transport model as the constraint condition, Mao et al. (2018) used a dynamically constrained interpolation method to obtain the SPM concentrations in the Bohai Sea. However, unconstrained interpolations weren’t used in practical applications due to insufficient observations, and the higher accuracy of dynamically constrained interpolation than unconstrained interpolation had not been proved.

In this study, an interpolation method with dynamical constraint based on adjoint assimilation model was established in the Liaodong Bay first of all. Two ideal experiments were carried out to validate the accuracy of the interpolation. Then, the observational SPM concentrations in March, May, August and October of 2015 in the Liaodong Bay were spatially interpolated using the dynamically constrained, Kriging and RBF interpolation methods. After that, seven unconstrained interpolation methods including Kriging and RBF interpolations were compared using cross-validation to find a more accurate unconstrained interpolation method. Whether the accuracy of dynamically constrained interpolation was improved compared with unconstrained interpolation methods would be verified by cross-validation. Then, satellite-derived distributions of SPM concentrations in the Liaodong Bay were used in the validation of dynamically constrained interpolation. In addition, the interpolated distributions were analyzed to find the controlling factors of temporal and spatial variations of SPM concentrations.



2.  Data and methods.


2.1.  Observations of SPM concentrations in the Liaodong Bay.

The observation data used in this study came from conventional monitoring in March, May, August and October of 2015 in the Liaodong Bay. SPM concentrations were calculated after sampling and filtering in situ. In this study, only SPM observations of the sea surface were used. The quantities of observations in March, May, August and October were 72, 49, 52 and 54 respectively. The distributions of the observational SPM concentrations were shown in 
Figure 2
. Most of the monitoring stations were located in the coastal areas. In this study, the observed SPM concentrations were used in both dynamically constrained interpolation method and unconstrained interpolation method. The observations of August were used for cross-validation of all the interpolation methods. The results of the dynamically constrained interpolation were used to discuss the spatio-temporal variations.




Figure 2 | 
Distributions of observations in the Liaodong Bay. (A–D) show the observations in March, May, August and October, respectively. The blue line is the boundary of the Liaodong Bay. The dots exhibit the monitoring stations. The color of the dots indicates SPM concentration.






2.2.  Satellite data of SPM.

The satellite data of SPM used in this study was obtained from Korean Geostationary Ocean Color Imager (GOCI) satellite and downloaded from Korea Ocean Satellite Center (http://kosc.kiost.ac.kr/gociSearch/list.nm?menuCd=50&lang=en&url=gociSearch). The satellite provided SPM concentrations in March, May, August and October of 2015 in the Liaodong Bay. GOCI satellite provided gridded output eight times a day with a spatial resolution higher than 1 km. Monthly averaged distributions of SPM in the Liaodong Bay can be obtained from GOCI dataset, and were used to verify the results of dynamically constrained interpolation method in this study.



2.3.  Hydrodynamic field of the Liaodong Bay.

The hydrodynamic fields used in this study were the results of a hydrodynamic model based on the Princeton Ocean Model (POM). The domain of the hydrodynamic model included the Bohai Sea and the Yellow Sea (34.5°-41°N, 117.5°-127.5°E). The horizontal resolution was 10’in both latitude and longitude, and there were 21 sigma levels in the vertical direction. The open boundary was set at 34.5°N. Four main tidal components (M2, S2, K1 and O1) were implemented along the open boundary. The Ocean Circulation and Climate Advanced Model (OCCAM) was used to provide the distribution of the climatic circulation in each layer at the open boundary. The initial conditions of temperature and salinity were obtained from NODC (Levitus) World Ocean Atlas 2001. The hydrodynamic model was driven by the wind field. The model was run for one year after spin-up, and the three-dimensional results of currents and water temperature were stored every half an hour. Wang et al. (2013) had verified the hydrodynamic field and used it in the simulation of the Bohai Sea. The Liaodong Bay part of the hydrodynamic flow fields was used in this study. The hydrodynamic fields were spatial interpolated to the grid of our model.



2.4.  Interpolation methods without dynamical constraint.


2.4.1.  Kriging interpolation.

The observation data of SPM concentrations recorded as a standard format (xi,yi,zi
), i =1,2,3, … , N, where N is the number of observation data. (xi,yi
,)is the rectangular coordinate converted from the longitude and latitude of the observation station, and zi
 is the observed SPM concentration. The interpolated SPM concentration zj
 at a given point (xj,yj
) can be expressed as



where βiis the interpolation coefficient of Kriging interpolation. Based on different variogram model, βi can be calculated differently. Kriging interpolation was carried out based on linear variogram model in this study.



2.4.2.  Radial basis function interpolation.

RBF interpolation has been widely used in spatial interpolation of observation data. The preprocessing of observation data is consistent with Kriging interpolation, and the interpolated SPM concentration at a given point (xj,yj
) can be expressed as



where dij is the distance from the given point (xj,yj
) to observation (xj,yj
);φ(di,j) is the basis function; c0, c1, c2 and λi are constant coefficients. The following five RBFs are usually used, 1) Linear, φ(dij)=dij , 2) Cubic, φ(dij)=dij3, 3) Thin plate spline, φ(dij)=dij2ln(dij+1) , 4) Gaussian, φ(dij)=exp(−0.5·d
ij2/σ2) , 5) Multi-quadrics,  . RBF interpolation was carried out based on linear RBF in this study.




2.5.  Interpolation method with dynamical constraint based on adjoint assimilation method.

Adjoint assimilation is an effective method of data assimilation. It combines the Variation Principle with the Optimization Control Theory, and converts the physical problem to the mathematical problem of finding the minimum value (Sasaki, 1970; Lu and Zhang, 2006). It takes the equations, initial conditions and boundary conditions of model as constraint conditions, and minimizes the cost function representing the errors between the observations and the simulations. Adjoint assimilation method includes three parts: forward model, backward adjoint model and optimization scheme. The adjoint model is derived from Lagrange Multiplier Method. The governing equation of the time-dependent marine ecological model is assumed to be



where x is the state variable of the ecological model; c is the control variable; f represents the nonlinear vector operator; t is the time variable. Lagrange function is defined as



where  ; J(x,c) is cost function;<-> is the inner product defined on a Hilbert space.

Assuming that there are observations of the state variable x on Ω×T, where Ω means special scale and T means temporal scale, the cost function can be expressed as



Therefore, the constrained minimum problem is transformed into an unconstrained problem about x
*, c* and λ
* . Consequently, determining the stagnation point of cost function J(x,c) under the restriction of strong constraint condition G(x,c)=0 is equivalent to determining the stagnation point of Lagrange function with respect to state variable x, control variable c and Lagrange multiplier λ . The equations representing stagnation point of Lagrange function are also called Euler-Lagrange equations of constrained minimum value problem. Euler-Lagrange optimal conditions (optimal x
*, c
* and λ
* ) can be determined by the following equations







Equation (7) corresponds to the original model equation. Equation (6), the adjoint equation of equation (7), is a set of equations about Lagrange multiplier. Equation (8) is the gradient expression of cost function J with respect to control variable c. Based on equation (6) and Equation (7), the gradient in equation (8) can be calculated. Since cost function declines in the inverse direction of its gradient with respect to control variable, the direction to optimize the control variable can be determined.

Considering the convection and diffusion processes of SPM and the hydrodynamic conditions of the Liaodong Bay, the material transport model in the Liaodong Bay was built at first and the governing equation was



where AH
 was horizontal diffusion coefficient and KH
 was vertical diffusion coefficient; c meant SPM concentration; u, v and w were the flow velocity in the x, y and z directions, respectively; r was degradation rate of SPM and r=0 considering SPM as conserved substance in the Liaodong Bay.

The adjoint equation of Equation (9) was



where c
* was adjoint variable of SPM concentration c.

The gradient of the cost function with respect to the SPM concentrations at the initial moment was



where superscript 1 denoted the first interation step in the calculation process.

The differential formats of Equations (9) and (10) were expressed as



 

The computational domain was 38.5°N-41°N, 119.5°E-122.5°E (the Liaodong Bay) with a 4′ × 4′ horizontal resolution. There were 6 layers in vertical profiles. The depth of each layer from top to bottom was 10m, 20m, 30m, 50m, 75m, and 100m, respectively. The computing time was 30 days and the time step was set to be 6 h. The hydrodynamic field was provided by POM, as described above. In order to improve the simulation accuracy of the adjoint assimilation model, the independent grids were selected every 4 common grids. Only the SPM concentrations of these independent grids needed to be optimized while those of other grid can be calculated by Cressman interpolation. The influencing radius of Cressman interpolation was 1.2 times of the distance between adjacent independent grids. Assimilation stopped when the preset ending condition was satisfied, and the monthly averaged distribution of the model results was taken as the result of interpolation with dynamical constraint.


2.5.1.  Reversion of given distribution in ideal experiments.

In order to verify the accuracy of the interpolation method with dynamical constraint, two ideal experiments were carried out. An initial distribution was given in the Liaodong Bay. Then the forward model was run for 30 days to obtain distributions at every time step. Idealized observations were picked up from the model-generated concentrations according to the following principle: the sampling locations were the same as the locations of monitoring stations. The adjoint assimilation model was used to optimize the distribution, and the monthly averaged result of the adjoint assimilation model was taken as the result of the interpolation with dynamical constraint. Compared with the given distribution, Mean Absolute Error (MAE) and Normalized Mean Error (NME) can be calculated. The accuracy of the dynamically constrained interpolation method was evaluated by the decrease of the simplified cost function, MAE and NME.

Two ideal experiments were carried out respectively:


	
1) Assume that the initial distribution of concentrations showed a parabolic surface with downward convex, and the concentration at any grid can be calculated by formula (14). The vertex of the parabolic surface was located at the geometric center of the Liaodong Bay (39.97°N, 121.02°E). The curvature and the maximum value of the parabolic surface were adjusted to make sure the minimum value of the parabolic surface was 10.0 mg/L, which was the SPM background value of the Liaodong Bay and the average value of the parabolic surface was 32.3 mg/L, which was the average value of the observational SPM concentrations.


	
2) Assume that the initial distribution of concentrations increased uniformly with the distance from the mouth of the Liaodong Bay, and the concentration at any grid can be calculated by formula (15).The minimum value of the given distribution of concentrations was 10.0 mg/L, which was the SPM background value of the Liaodong Bay. The constant values were adjusted to make sure that the gradient of the given concentration was perpendicular to the boundary line between the Liaodong Bay and the central Bohai Sea. The value of the gradient was adjusted to make sure the average value of the given distribution was 32.3 mg/L, which was the average value of the observational SPM concentrations.








where lon(i) indicated the longitude and lat(j) indicated the latitude. The index triplet (i, j) was a pointer to certain grid in the given initial field. We guessed that the initial concentration of the model at any grid was 10.0 mg/L and adjusted the distributions using adjoint assimilation model.



2.5.2.  Dynamically constrained interpolation in practical applications.

The concentrations of SPM in the Liaodong Bay in March, May, August and October 2015 were interpolated with dynamical constraint. The initial concentration at any grid was set as the average value of the observations. With the simulation of adjoint assimilation model for 30 days, the distributions of the SPM concentrations can be obtained, meanwhile MAEs and NMEs at the grid of observation stations can be calculated.




2.6.  Cross-validation.

Cross-validation is an effective method to evaluate the results of interpolations (Robinson and Metternicht, 2006; Hofierka et al., 2007; Wise, 2011; Etherington, 2020). The leave-one-out cross-validation method was adopted in this study. All observations were randomly and averagely divided into N groups. The N-1 groups were used in spatial interpolation to obtain the SPM concentration at any grid. Since the remaining 1 group had not been used in interpolation, it can be used as test data to check the interpolated distribution. MAEs and NMEs were calculated by combining the interpolated distribution with test data. Their calculation formulas were





where Oobs
 was SPM observation in the test data; Ointerp
 was interpolated SPM concentration, and the location of Ointerp
 was the same as the location of Oobs
; M was the quantity of test data. The experiment was repeated N times, hence each group of observations was used as test data by turns. The averaged MAE and NME of the N times were calculated as the indexes to evaluate interpolation methods. A 10-fold cross-validation method was adopted in this study (N=10).




3.  Result.


3.1.  Application of the interpolation method with dynamical constraint in two ideal experiments.

Two ideal experiments were carried out to testify the feasibility and validity of the interpolation methodology with dynamical constraint. The initial distribution, the idealized observations and the evaluation indexes in the ideal experiment were described in Section 2.5.1.


3.1.1.  Ideal experiment I: Distribution of concentrations shows a parabolic surface.

In Ideal Experiment I, the given initial distribution of SPM concentrations in the Liaodong Bay showed a parabolic surface with downward convex. SPM concentrations had the maximum value of 45.3 mg/L in the central Liaodong Bay and decreased outward. The low values appeared around the coastal areas, and the minimum value of 10.0 mg/L occurred in the top and the mouth of the bay. The concentration of SPM at any grid can be calculated by formula (14). The interpolation method with dynamical constraint was used to calculate the interpolated distribution. The given initial and the interpolated distributions of SPM concentrations were compared in 
Figure 3
. It was obvious that the distribution of the dynamically constrained interpolation was consistent with the given initial distribution, which had the maximum concentration in the central Liaodong Bay and decreased in all direction. The interpolated distribution of SPM concentrations also showed a parabolic surface with downward convex analogously.




Figure 3 | 
Interpolated results of given initial distribution of SPM that shows a parabolic surface with downward convex. (A) is the given distribution in Ideal Experiment I. (B) is interpolated distribution derived from dynamically constrained interpolation. The observations using in the interpolation were picked up from the model-generated concentrations based on given distributions.




To quantitatively compare the interpolated and observed concentrations, MAE and NME were calculated by formula (16) and formula (17). The initial values of MAE and NME and the final values of MAE and NME after 100 calculating steps of the adjoint assimilation were compared in 
Table 1
. The final values of MAE and NME were 1.003 mg/L and 0.043, and decreased by 94.6% and 92.9%, respectively. The final NME was 0.043, which indicated that the final errors of the interpolated results accounted for only 4.3% of the observations. The reduction ratio of the simplified cost function was also shown in 
Table 1
. The cost function decreased by 99.8%. These high reduction ratios suggested that dynamically constrained interpolation based on the adjoint assimilation model greatly reduced the differences between the interpolated distribution and the observed distribution during the interpolation process. An accurate distribution of SPM concentrations was obtained using the interpolation method with dynamical constraint.


Table 1 | 
The cost function, MAE and NME of Ideal Experiment I.






3.1.2.  Ideal experiment II: Distribution of concentrations increases uniformly.

In Ideal Experiment II, the given initial distribution exhibited a uniform increase of SPM concentrations from the mouth to the top of the bay. SPM concentrations had the lowest value of 10.0 mg/L along the mouth and the highest value of 45.6 mg/L around the top of the Liaodong Bay. The concentration of SPM at any grid can be calculated by formula (15).The interpolation method with dynamical constraint was used to obtain the interpolated distribution. The given initial distribution and the interpolated distribution of SPM concentrations were compared in 
Figure 4
. It suggested that the distribution of the dynamically constrained interpolation exhibited high agreement with the given initial distribution. SPM concentrations had the minimum value along the mouth of the Liaodong Bay and then increased gradually to the maximum value near the top.




Figure 4 | 
Interpolated results of given initial distribution of SPM that increases uniformly with the distance from the mouth. (A) is the given initial distribution in Ideal Experiment II. (B) is interpolated distribution derived from dynamically constrained interpolation. The observations using in the interpolation were picked up from the model-generated concentrations based on given distributions.




The simplified cost function decreased by 99.9% (
Table 2
). The final values of MAE and NME were 0.924 mg/L and 0.036, which decreased by 95.1% and 93.8% respectively. The final NME was 0.036, which indicated that the final errors of the interpolated results accounted for only 3.6% of the observations. It was obvious that the dynamically constrained interpolation based on the adjoint assimilation model greatly reduced the differences between the interpolated and the observed distributions. An accurate distribution of SPM concentrations can be obtained using interpolation method with dynamical constraint in Ideal Experiment II.


Table 2 | 
The cost function, MAE and NME of Ideal Experiment II.




Furthermore, the results of the two ideal experiments were compared with the similar ideal experiments carried out in previous studies. Wang et al. (2013) set four ideal experiments respectively in the Bohai Sea. The given distributions showed a parabolic surface with upward convex, a parabolic surface with downward convex, a conical surface with upward convex and a conical surface with downward convex in four ideal experiments respectively. The cost function decreased by 96.3%, 91.7%, 95.6% and 90.9%, respectively. The MAE decreased by 88.7%, 86.9%, 92.5% and 92.1%, respectively. The NME decreased by 85.2%, 87.4%, 86.5% and 87.1%, respectively. Huang et al. (2021) set a similar ideal experiment in the Laizhou Bay. The concentrations of petroleum hydrocarbon pollutants decreased exponentially in the given distribution of ideal experiment. The MAE decreased by 88.40%. Their models exhibited high accuracy during simulation. In this study, the reduction ratios of the cost functions, MAE and NME were larger, which proved that the errors were smaller.




3.2.  Application of the interpolation method with dynamical constraint in practical experiments.

SPM observations in March, May, August and October 2015 were used for dynamically constrained interpolation. Most of the observation stations were located in the coastal area, while the observation stations in the central Liaodong Bay were rare (
Figure 2
). In March of 2015 (
Figure 2A
), a high value area of the observations appeared near the top of the Liaodong Bay. There were two high value regions of observations on the northwest and the southeast side of the mouth. The maximum value of 101.8 mg/L occurred at the top of the Liaodong Bay. The SPM observations along the northwest and southeast coastal area were low. In May (
Figure 2B
), the SPM observations around the top of the bay were still high. Another high value area of observations was in the semi-enclosed bay near the Dalian city. The maximum value of the observations was 547.0 mg/L, which was observed near the top. In August (
Figure 2C
), the SPM observations on the northwest side of the Liaodong Bay were much higher than those on the southeast side. The observations near the Dalian city were still high. The maximum value of 124.0 mg/L occurred on the northwest side of the Liaodong Bay. In October (
Figure 2D
), there was still a high value region of observations in the top area. The maximum value was observed here, which was 464.0 mg/L. The observations near the Dalian city were also high.

Based on the SPM observations of four months, the distributions of SPM were derived from dynamically constrained interpolation, which were shown in 
Figure 5
. The general trend of the distributions was that the concentration was high in the top and north of the Liaodong Bay, and low in the southeast of the Liaodong Bay, which was basically consistent with the distributions of observations (
Figure 2
). In March of 2015 (
Figure 5A
), an area of high SPM concentrations appeared in the northeast part of the bay, with the values higher than 40 mg/L. A band of high values extended from northeast to southwest along the central bay, and then turned to the east area of the mouth of the bay. Another area with high values appeared in the west end of the mouth. Along the southeast and northwest coastline of the bay, there were areas with low concentrations, with values lower than 15 mg/L. In May (
Figure 5B
), the high SPM concentrations area in the northeast part of the bay was enlarged, and the gradient of SPM concentrations was also increased. The concentration of the area was higher than 50 mg/L. A band of high concentrations extending from the central bay to the central area of bay mouth occurred. The SPM concentrations in the semi-enclosed bay near the Dalian city were higher than 30 mg/L, forming a high value area. The low concentration areas along the southeast and northwest coastline were still there, while the concentration increased. In August (
Figure 5C
), the high-values band across the central Liaodong Bay, appearing in March and May, translated to the northwest coastline. From the top to the mouth of the bay, the concentrations of the three high value areas on the band were greater than 50.0 mg/L, 50.0 mg/L and 30.0 mg/L, respectively. The high value areas near the Dalian city still appeared, with the maximum values higher than 35.0 mg/L. The SPM concentrations of the southeast part of the Liaodong Bay were lower than those of the northwest part of the bay. There were two low value areas occurred here, with concentrations lower than 15 mg/L and 10 mg/L respectively. In October (
Figure 5D
), the SPM concentrations in the northeast part of the bay were higher than 50 mg/L, forming a high value area with high value of gradient of SPM concentrations. The other high value area was found in the northwest area of the mouth, with SPM concentrations higher than 25 mg/L. The semi-enclosed bay in the southeast of the mouth of the Liaodong Bay remained a high value area, with SPM concentrations higher than 20 mg/L. A band of low values extended along the southeast coastline, with concentrations lower than 15 mg/L.




Figure 5 | 
Interpolated distributions with dynamical constraint of SPM concentrations in the Liaodong Bay. (A) is the distribution obtained by dynamically constrained interpolation based on SPM observations in March 2015. (B–D) are the interpolated distributions of May, August and October 2015, respectively.






3.3.  Application of Kriging interpolation and RBF interpolation in practical experiments.

The interpolated distribution of SPM concentrations in the Liaodong Bay had been obtained by interpolation method with dynamical constraint in Section 3.2. The interpolation method without dynamical constraint such as Kriging interpolation and RBF interpolation were also widely used in marine research. In this part, to verify the superiority of interpolation method with dynamical constraint over interpolation method without dynamical constraint, the spatial interpolation of SPM concentrations using Kriging method and RBF method was carried out respectively. Kriging interpolation and RBF interpolation were used to interpolate SPM concentration data observed in the Liaodong Bay in 2015. The interpolated distributions of SPM concentrations using Kriging interpolation and RBF interpolation were shown in Figures 6, 7 respectively.




Figure 6 | 
Interpolated distributions of SPM concentrations in the Liaodong Bay using Kriging interpolation. (A) is the distribution obtained by Kriging interpolation based on SPM observations in March 2015. (B–D) are the interpolated distributions of May, August and October 2015, respectively.







Figure 7 | 
Interpolated distributions of SPM concentrations in the Liaodong Bay using RBF interpolation. (A) is the distribution obtained by RBF interpolation based on SPM observations in March 2015. (B–D) are the interpolated distributions of May, August and October 2015, respectively.




The interpolated distributions of Kriging interpolation, RBF interpolation and dynamically constrained interpolation were roughly similar. The high value and low value areas appearing in the interpolated results of the three interpolation methods were generally consistent with the observed distributions of SPM concentrations (
Figure 2). As shown in Figures 5A, 6A, 7A, a banded high value region of SPM concentrations appeared in the central area of the Liaodong Bay. The high value area of SPM concentrations occurred in the top area of the bay, with the concentrations greater than 50 mg/L. The low values of SPM concentrations lower than 5 mg/L were in the coastal area at the northwest and southeast of Liaodong Bay. Figures 5C, 6C, 7C indicated that the interpolated results of the three interpolation methods all had a high value area of SPM concentrations in the top of the Liaodong Bay, with the concentrations greater than 50 mg/L. The low value of SPM concentrations lower than 15 mg/L appeared in the southeast of the Liaodong Bay. The interpolated distributions of the three interpolation methods all had a high value around the top of the Liaodong Bay in March and October, with the concentrations of SPM greater than 50 mg/L (Figures 5B, D, 6B, D, 7B, D).

Some high value regions in the interpolated distributions of dynamically constrained interpolation didn’t appear in the interpolated distributions of Kriging interpolation and RBF interpolation, such as the high value region in the northwest area of the mouth of the Liaodong Bay in October. The accuracy and the authenticity of interpolation with dynamical constraint should be tested.




4 Discussion


4.1.  Cross validations of the interpolation methods.

The 10-fold cross-validation was used to evaluate and compare the results of unconstrained and dynamically constrained interpolation methods, and the averaged MAEs of each method were considered to be the evaluation index (
Table 3
). Beside Kriging and RBF interpolation, five more unconstrained interpolation methods were also carried out in this section to further test the accuracy of different unconstrained interpolation methods. They were the Cressman interpolation with the influencing radius of 0.40°, the Cressman interpolation with influencing radius of 0.75°, the minimum curvature interpolation, the nearest neighbor value interpolation and the inverse-distance weighting interpolation.


Table 3 | 
Cross-validation results of eight interpolation methods.




Since the rand-size relationship of MAEs of these interpolation methods in the four months were the same, the results of August were described as below. Among the seven unconstrained interpolation methods, the averaged MAE of RBF interpolation was the minimum, which was 10.976 mg/L. The averaged MAE of the minimum curvature interpolation was the maximum, followed by the inverse-distance weighting interpolation. The averaged MAEs of the nearest neighbor value interpolation, the Cressman interpolation with influencing radius of 0.40° and the Cressman interpolation with influencing radius of 0.75° was 10.990, 12.025 and 12.179 mg/L, which were lower than the averaged MAE of Kriging interpolation which was 13.240 mg/L. It was indicated that the Cressman and nearest neighbor value interpolations were more accurate than the Kriging interpolation. However, the distributions of these three interpolation methods weren’t reasonable. The interpolated distribution of SPM concentrations of Cressman interpolation with influencing radius of 0.40° was incompletely interpolated since the influencing radius of 0.40° was not large enough to guarantee the results at every grid can be calculate by the observations. The interpolated distribution of Cressman interpolation with influencing radius of 0.75° was excessively smooth because the influencing radius was too large and too many observations were taken into calculation. The distribution derived from the nearest neighbor value interpolation was also incompletely interpolated and the concentration gradients at some grids were infinite. Kriging interpolation was more accurate than these three interpolation methods because the interpolated distribution of SPM concentrations was more reasonable. RBF interpolation was the most accurate among the unconstrained interpolation methods, followed by Kriging interpolation. Among the seven unconstrained interpolation methods, RBF and Kriging behaved much better.

When using the interpolation method with dynamically constraint, the averaged MAE and NME of all observation stations were 7.703 mg/L and 0.277 respectively. The averaged MAE of dynamically constrained interpolation method was 29.8%-44.5% lower than that of the seven unconstrained interpolation methods. The averaged MAE and NME of Kriging interpolation were 13.240 mg/L and 0.349 respectively, and those of RBF interpolation were 10.976 mg/L and 0.304 respectively. It was suggested that the averaged MAE of the dynamically constrained interpolation method was 41.8% and 29.8% smaller than those of Kringing and RBF, while the averaged NME was 20.6% and 8.8% smaller respectively.

The results of cross-validations indicated a better agreement between the distribution from the dynamically constrained interpolation and observations. However, the cross-validation only considered the errors between the interpolation results and the observations at the monitoring stations. In the areas where there was lack of observations, whether the interpolated distributions were reasonable and true should be further tested using more observations.



4.2.  Influences of hydrodynamic processes on the interpolation of SPM concentrations.

In Section 4.1, it was proved that RBF and Kriging interpolations were the two most accurate methods among the seven unconstrained interpolation methods, and the dynamically constrained interpolation was more accurate than RBF and Kriging interpolation. However, whether the interpolated distributions were consistent with the observations was more important. In this section, the influences of the currents (
Figure 8
) on the interpolated distributions were discussed, and the distributions of dynamically constrained and unconstrained interpolations were compared with the satellite-derived distributions obtained from GOCI (
Figure 9
). The satellite-derived SPM concentrations (
Figure 9
) were smaller than the in-situ observations (
Figure 2
) and the interpolated concentrations (
Figures 5
–
7
) based on the in-situ observations. The satellite data is frequently missing, because of the cloud cover, the variation of irradiances and the effect of sensor spatial resolution. Therefore, compared with the in-situ observations, the satellite-derived concentrations will underestimate the SPM concentration (Wielicki and Parker, 1992; Eleveld et al., 2014; Jia et al., 2021 and Mei et al., 2014). However, the underestimation will not affect the trend of satellite-derived SPM distributions and the satellite-derived distributions can be used to verify the interpolated distributions (Xu et al., 2020). Since the distributions of Kriging interpolation was similar to those of RBF interpolation and the results of cross-validation proved that RBF interpolation was more accurate, only the distributions of RBF interpolation was used to be compared with the distributions of dynamically constrained interpolation in this section.




Figure 8 | 
Monthly averaged currents field in the Liaodong Bay. The hydrodynamic fields were calculated by POM and had been validated by Wang et al. (2013). The Liaodong Bay part of the hydrodynamic field was interpolated to the grid of our model. (A–D) show the monthly averaged currents fields in March, May, August and October 2015, respectively.







Figure 9 | 
Monthly averaged SPM concentrations in the Liaodong Bay obtained from satellite. Satellite observations were obtained from GOCI. (A) shows the derived monthly averaged distribution of SPM concentrations in March 2015. (B–D) are the distributions of May, August and October 2015, respectively.




In March of 2015, the distribution derived from dynamically constrained interpolation (
Figure 5A
) was similar to the GOCI-derived distribution (
Figure 9A
). Water flowed into the Liaodong Bay along the northwest and the southeast coastline, and flowed out of the Liaodong Bay through the central area (
Figure 8A
). Water with low SPM concentration was transported along the coastline from the central Bohai Sea to the top of the Liaodong Bay. Meanwhile, water with high SPM concentration was transported through the central Liaodong Bay from the top to the mouth of the Liaodong Bay. Consequently, in the distributions from dynamically constrained interpolation and satellite, the low values of SPM concentration appeared in the coastal areas of the Liaodong Bay and a band of high concentration extended from the top through the center to the mouth of the bay. Although the influences of currents weren’t considered in the RBF interpolation process, the distribution from RBF interpolation (
Figure 7A
) was also consistent with the satellite-derived distribution, because the quantity of observations was large and the observation stations covered a large enough area in March.

In May, the currents were similar to those in March (
Figure 8B
). The currents brought the water with low SPM concentration into the bay from the central Bohai Sea to the top of the bay along the coastline, and brought the water with high SPM concentration out of the bay from the top to the mouth through the center of the bay. In the distribution of the dynamically constrained interpolation (
Figure 5B
), a high value area appeared around the top of the bay. The other high value area occurred in the central area of the mouth of the Liaodong Bay. In the satellite-derived distribution (
Figure 9B
), a same high value area appeared at the top of the bay. There was also a high value area in the bay mouth area, but it was closer to the southeast side of the bay than in the distribution of the dynamically constrained interpolation. Although the location of the area in the bay mouth (
Figure 5B
) was not totally consistent with that derived by satellite data (
Figure 9B
), the results of dynamically constrained interpolation successfully reproduced the area with high SPM concentrations in the bay mouth. However, the high values of SPM concentration in the central region of the mouth was not captured in the distribution of the RBF interpolation (
Figure 7B
), because of not considering the influences of hydrodynamic processes and lack of observations.

In August, the inflow at the northwest side of the Liaodong Bay became weak. Water flowed into the Liaodong Bay along the southeast side and out of the Liaodong Bay along the northwest side (
Figure 8C
). Water with low SPM concentration was transported along the southeast side into the Liaodong Bay and water with high SPM concentration was taken out of the Liaodong Bay along the northwest side. Therefore, the low values of SPM concentration appeared in the southeast Liaodong Bay, while the high values appeared in the northwest. The distribution of the dynamically constrained interpolation (
Figure 5C
) was similar to the satellite-derived distribution (
Figure 9C
). The SPM concentrations in the northwest part of the Liaodong Bay were higher than those in the southeast. In the distribution of the dynamically constrained interpolation, a high value area occurred in the northwest of the mouth of the Liaodong Bay (
Figure 5C
). The same high values of SPM concentration also appeared in the SPM distribution obtained from GOCI satellite (
Figure 9C
). However, the same high value region didn’t appear in the distribution of RBF interpolation (
Figure 7C
). There was a lack of observations in this area (
Figure 2C
). Besides, the influences of currents were not considered in the RBF interpolation. As a result, the high values here were not reflected in the distribution of RBF interpolation.

In October, the currents in the Liaodong Bay (
Figure 8D
) were similar to those in August but much weaker. Water flowed into the Liaodong Bay along the southeast coastline and out of the bay along the northwest coastline slowly. The SPM concentrations in the northwest of the bay were higher than those in the southeast of the bay. There were two high value areas found in the distribution of the dynamically constrained interpolation (
Figure 5D
) and GOCI-derived distribution (
Figure 9D
). The maximum SPM concentration occurred in the region near the top of the bay and the gradient of SPM concentration was obvious. Besides, a high value area was found in the northwest of the mouth of the Liaodong Bay. The high values of SPM concentration near the top was also reflected in the distribution of RBF interpolation (
Figure 7D
), because the currents here were weak and the observations here were abundant (
Figure 2D
). However, the high values around the mouth of the Liaodong Bay was not captured by the interpolated distribution using RBF interpolation (
Figure 7D
), because the influences of currents were not taken into consider and the observations here were rare (
Figure 2D
).

In this part, we discussed the influence of hydrodynamic processes on the interpolated distribution with dynamical constraint, and verified the interpolated results (
Figure 5
) with SPM distributions from satellite (
Figure 9
). Dynamically constrained interpolation can provide the distributions of SPM concentrations more consistent with the observations than the unconstrained interpolation methods. Besides, dynamically constrained interpolation can fully consider the influence of hydrodynamic processes, and provided the interpolated concentration similar to the actual in the area missing observations.



4.3.  Factors controlling the temporal and spatial variations of SPM concentrations in the Liaodong Bay.

Based on the SPM observations of March, May, August and October 2015 in the Liaodong Bay and interpolated SPM distributions obtained from dynamically constrained interpolation, the influencing factors of temporal and spatial variations of SPM concentrations were discussed in this part. The average value of SPM concentrations observed in March was 23.6 mg/L, the maximum value was 101.8 mg/L, and the minimum value was 7.4 mg/L. The average value of SPM concentrations observed in May was 42.0 mg/L, the maximum value was 547.0 mg/L, and the minimum value was 11.0 mg/L. The average value of SPM concentrations observed in August was 28.0 mg/L, the maximum value was 124.0 mg/L, and the minimum value was 5.6 mg/L. The average value of SPM concentrations observed in October was 39 mg/L, the maximum value was 464 mg/L, and the minimum value was 7.2 mg/L. The results of spatial interpolation with dynamical constraint indicated that the averaged SPM concentration of May was the highest, which was consistent with the observations. The maximum value of SPM concentration of May was located near the estuary area. Besides, the maximum SPM concentration of May was also the highest.

SPM concentrations in the Liaodong Bay were greatly affected by river’s run-off SPM inputs. Based on the River Sediment Bulletin of China published by the Ministry of Water Resources of the People’s Republic of China (http://www.mwr.gov.cn), the river discharge and sediment discharge in the estuary of the Liao River Basin were analyzed. The river discharge in March, May, August and October 2015 was 60, 220, 100 and 70 million m3, respectively. The sediment discharge in March, May, August and October 2015 was 16, 68, 16 and 3 thousand tons, respectively. The concentration of sediment in the water discharged from the estuary of Liao River Basin in March, May, August and October 2015 was 266.7, 309.1, 160.0 and 42.9 mg/L, respectively. The sediment discharge and concentration of sediment were both the highest in May. It is presumed that the increase of the river run-off SPM inputs in May leaded to the increase of the SPM concentration in the Liaodong Bay. This indicates that the SPM discharge of the estuary area may be an important reason for the variations of SPM concentration in the Liaodong Bay.

The currents in the Liaodong Bay also had influences on the distributions of SPM concentrations, which were discussed in Section 4.2. The SPM concentration tended to be high in the area currents flowing from the top of the bay out of the bay. Low concentrations tended to occur in the area currents flowing from the outer bay to the inner bay. There was a permanent northeast flow in the southeast side of Liaodong Bay, bring fresh water from the central Bohai Sea into the Liaodong Bay, which made the SPM concentration in the southeast side of Liaodong Bay low throughout the year. In March and May, the currents flowed from the top of the bay out of the bay through the central Liaodong Bay, and the value of the SPM concentration of the central Liaodong Bay was higher than other areas. In August and October, the currents flowed from the top of the bay out of the bay along the northwest Liaodong Bay, and the high value of SPM concentration occurred there.




5.  Conclusion.

In this study, an interpolation method with dynamical constraint was established to interpolate the SPM concentrations. The results of dynamically constrained interpolation were optimized iteratively with the adjoint assimilation method. In two ideal experiments, the final NMEs after 100 calculating steps were 0.043 and 0.036, which means the final errors of the interpolated results accounted for only 4.3% and 3.6% of the observations. The results proved the accuracy of dynamically constrained interpolation.

In the cross-validation experiments, the averaged MAE of dynamically constrained interpolation was 7.703 mg/L, which was 29.8%-44.5% lower than that of other unconstrained interpolation methods. Compared with unconstrained interpolation methods, dynamically constrained interpolation provided more consistent interpolated SPM concentrations at the observation stations. In addition, the averaged MAE of RBF interpolation method was 10.976 mg/L, which was the lowest among the seven unconstrained interpolation methods. RBF interpolation method was the best choice among unconstrained interpolation methods when dynamically constrained interpolation cannot be used due to the lack of dynamically constrained conditions.

The interpolated distributions were compared with the distributions obtained from satellite. The GOCI satellite-derived distributions of SPM were similar to the distributions of interpolation method with dynamical constraint. However, because of the lack of observations in some areas of Liaodong Bay and not taking the hydrodynamic processed into consider, there were many high value regions weren’t captured by the RBF interpolation distributions, which existed in the satellite distributions. It was revealed that the hydrodynamic processes had important influence on the distributions of SPM, which could be used to improve the accuracy of interpolations.

The determining factors of the temporal and spatial variations of SPM concentrations in the Liaodong Bay were analyzed. The SPM concentration in the Liaodong Bay was highest in May due to the influence of the change of river SPM discharge in the Liao River Basin. Under the influence of the flow field, the SPM concentration in the northwest and the central Liaodong Bay was higher than that in the southeast Liaodong Bay.
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Interpolation methods MAE (mg/L)

Minimum curvature interpolation 13.891
Inverse-distance weighting interpolation 13316
Kriging interpolation 13.240
Cressman interpolation (0.75°radius) 12.179
Cressman interpolation (0.40°radius) 12.025
Nearest neighbor value interpolation 10.990
RBF interpolation 10.976
Dynamically constrained interpolation 7.703

Seven unconstrained interpolation methods and dynamically constrained interpolation
method were compared by cross-validation. The MAEs represented the error between the
interpolated results and the observations.





OEBPS/Images/fmars-09-1011347-g009.jpg
Latitude

Latitude

119.5%E

120.5°E

Longitude

1215

1195°E

120.5°E

Longitude

"
121.5°

Latitude

Latitude

119.5°%E

1205°E

n
1215°E

Longitude

119.5°E

L
1205°E

n
121.5°E
Longitude






OEBPS/Images/M12.jpg
did [K(w‘aﬂj EACR) ]

T T

/md‘.-du L GV R G
- B

IA?«‘ A,((] m‘

o[ACt) _ Mty
G @

12)





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Marine Science





OEBPS/Images/fmars-09-1011347-g005.jpg
Latitude

Latitude

41°N

40°N

M95°E

41°N

120.5°E

Longitude

1215

1225

40°N

39°N

M95°E

120.5°E

Longitude

121.5°E

1225

»

]

10

o

mg/L

45

40

35

25

Latitude

Latitude

41°N

mg/L

40°N

39°N

195

41°N

1205°E

Longitude

121.5°E

1225

40°N

39°N

M95°E

1205°E

Longitude

121.5°E

1225

50

45

40

35

30

25

20

15

10

mg/L

50

45

40

35

30

25

20

10





OEBPS/Images/fmars.2022.1011347_cover.jpg
& frontiers | Frontiers in Marine Science

Application of interpolation
methodology with dynamical
constraint to the suspended

particulate matter in
the Liaodong Bay





OEBPS/Images/fmars-09-1011347-g004.jpg
Latitude

mg/L mg/L
41°N 50 41N 50

45

40 40

N s a0

30

Latitude

25

20

39°N 39°N

1195°E 1205°E 121.5°E 1225 1195°E 1205°E 121.5%E 1225
Longitude Longitude

45

30

15

" " 10





OEBPS/Images/M1.jpg
m





OEBPS/Images/M17.jpg
an






OEBPS/Images/M5.jpg
0 =5 [ cmsadmit

B





OEBPS/Images/M13.jpg





OEBPS/Images/M9.jpg
©





OEBPS/Images/fmars-09-1011347-g001.jpg
Latitude

41°N

40°N

39°N

38°N

K11z

HEBEI

SHANDONG

5°E 1185°E 1195°E 1205°E 1215°E 1'225°E
Longitude

Latitude

Liao River
estuary area

LIAONING

50
45

40
35
30
25
20
15
10
5

1195°E

1205°E 1215°E

Longitude

0

1225°E





OEBPS/Images/M4.jpg





OEBPS/Images/fmars-09-1011347-g006.jpg
Latitude

Latitude

41°N

40°N

39°N

195

41°N

120.5°E

Longitude

121.5°E

1225

40°N

39°N

195

1205°E

Longitude

121.5°E

1225

mg/L

50

45

40

35

30

25

Latitude

Latitude

41°N

40°N

39°N

1195°E 1205°E
Longitude

41°N

121.5°E

1225

40°N

39°N

1195°E 1205°E
Longitude

121.5°E

1225

50

45

40

35

30

25

20

15

45

40

35

30

25

20

o





OEBPS/Images/table2.jpg
Cost function MAE(mg/L) NME

Initial value 1.0000 19.037 0.585
Final value 0.0009 0.924 0.036
Reduction ratio 99.9% 95.1% 93.8%

The decrease of cost function, MAE and NME was used to evaluate the accuracy of the dynamically constrained interpolation when observations increased uniformly. The calculation and
function of cost function, MAE and NME were similar to those in Ideal Experiment 1.
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The decrease of cost function, MAE and NME was used to evaluate the accuracy of the dynamically constrained interpolation when observations showed a parabolic surface with downward

convex. The initial values were acquired at the first calculating step of the adjoint assimilation model, and the final values were at the last calculating step. A large reduction ratio means that
the interpolated distribution was close to the observations.
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