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Abstract

:

The crop model data assimilation approach has been acknowledged as an effective tool for monitoring crop growth and estimating yield. However, the choice of assimilated variables and the mismatch in scale between remotely sensed observations and crop model-simulated state variables have various effects on the performance of yield estimation. This study aims to examine the accuracy of crop yield estimation through the joint assimilation of leaf area index (LAI) and soil moisture (SM) and to examine the scale effect between remotely sensed data and crop model simulations. To address these issues, we proposed an improved crop data-model assimilation (CDMA) framework, which integrates LAI and SM, as retrieved from remotely sensed data, into the World Food Studies (WOFOST) model using the ensemble Kalman filter (EnKF) approach for winter wheat yield estimation. The results showed that the yield estimation at a 10 m grid size outperformed that at a 500 m grid size, using the same assimilation strategy. Additionally, the winter wheat yield estimation accuracy was higher when using the bivariate data assimilation method (R2 = 0.46, RMSE = 756 kg/ha) compared to the univariate method. In conclusion, our study highlights the advantages of joint assimilating LAI and SM for crop yield estimation and emphasizes the importance of finer spatial resolution in remotely sensed observations for crop yield estimation using the CDMA framework. The proposed approach would help to develop a high-accuracy crop yield monitoring system using optical and SAR retrieved parameters.
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1. Introduction


World food security is suffering multiple threats [1]. There are many factors affecting agricultural production, especially from 2020, the COVID-19 pandemic is obscuring economic prospects and threatening food security in ways no one could have anticipated, and the situation may only get worse if we do not act urgently and take unprecedented action [2]. Therefore, the importance of obtaining timely and precise regional estimates of crop yields and growth has become increasingly vital to inform and formulate food policies, with an emphasis on ensuring food security and promoting social stability.



The crop growth model (CGM) is popular in crop growth status and grain yield simulation, and there are many successful applications at the field scale [3,4]. However, the uncertainties and spatial variability of the CGM’s input parameters hinder the regional-scale CGM application [5]. The incorporation of remote sensing (RS) technology into crop models through the utilization of data assimilation (DA) techniques has facilitated the estimation of regional-scale crop yields [6,7]. It is usually assumed that the errors caused by RS observations anomalies or rescaling are acceptable when they are integrated into the crop data-model assimilation (CDMA) framework [7,8]. Numerous previous studies have assimilated variables retrieved from RS information into crop models, and the RS data can, therefore, constrain model simulation to increase their accuracy [9,10,11,12,13,14].



Assimilation variables in the CDMA framework are vital in estimating crop yield, and it is closely related to crop management and the leading factors that affect crop yield. For example, LAI has been widely adopted as a univariate variable in the CDMA scheme for regional crop yield estimation, and it may be an ideal assimilation variable in fully irrigated crop regions. However, in rainfed croplands, crop water stress is a common phenomenon, and, therefore, SM observations with high accuracy are preferable for accurate crop yield estimation. Aside from univariate assimilation research, there have been several assimilation studies using two-state variables that try to consider more crop growth-related factors, and some promising results have been achieved. Ines et al. integrated AMSR-E SM data and MODIS LAI product into Decision Support System for Agrotechnology Transfer (DSSAT) model for maize yield prediction, and results showed higher accuracy in maize yield estimation when SM and LAI were jointly assimilated [7]. Xie et al. obtained promising yield estimation results at the 30 m spatial scale by assimilating Landsat retrieved LAI and SM into the CERES-Wheat [15]. Jin et al. assimilated canopy cover (CC) and aboveground biomass (AGB), retrieved from remotely sensed vegetation indices, into the AquaCrop model for maize yield estimation [11]. Results showed that the bivariate assimilation strategy performed better than univariate assimilation and could produce a robust result. These results indicated that a CDMA scheme with more than one state variable could better optimize crop parameters, thereby improving crop yield estimation [9].



In addition, the data assimilation algorithm constitutes a crucial component in the effective operation of the CDMA scheme. To date, the commonly used DA algorithms include variational methods and sequential methods [16]. Four-Dimensional Variational (4DVar), a typical variational approach, define a cost function that describes the distance between the optimized value of the model parameter and the initial value and the distance between available observations and model simulations [17]. The primary limitation of this method is its high computational cost, as a significant number of iterations are required to determine the optimal model parameters. In contrast, the Ensemble Kalman Filter (EnKF), a typical sequential approach, has been shown to be more efficient in reducing the computation time [18]. The implementation of the EnKF in the CDMA scheme has shown favorable outcomes in the accurate estimation of regional-scale crop yield [7,19,20,21,22]. However, EnKF does not always perform better in crop yield estimation. For example, Nearing et al. found the absence of a significant relationship between leaf and grain growth when assimilating observed LAI into the DSSAT model, which hinders the performance of EnKF [23]. Standard EnKF has the problem of “filter divergence” that prefers to refuse observations, especially in the later growth stages [7,20,24], and relative measures are recommended to reduce this issue when using EnKF in the CDMA scheme. Zhuo et al. solved this issue using a factor that can inflate with the growth period [25].



Moreover, scale mismatch among crop models, field measurements, and remotely sensed observations also influence the accuracy of yield estimation. Due to the complexity of the natural environment, there are great differences in the spatial characteristics of ground objects. The phenomenon where ground objects appear differently at various spatial scales is referred to as the “scale effect” [18,26,27]. Agricultural plots, especially the winter wheat field in China, are usually scattered and patchy, and satellites with coarser pixels (>250 m) may lead to RS observations retrieved from the more inhomogeneous land surface than high spatial resolution sensors (1 m to 30 m) [28]. Therefore, it is of paramount importance to explore the performance of sensors with different spatial resolutions in the CDMA scheme and to compare the spatial mismatch, particularly in the context of estimating regional crop yield.



In sum, the objectives of this study were to (1) explore the accuracy of the joint assimilation of LAI and SM into the WOFOST model for regional winter wheat yield estimation; (2) discuss the scale effect of remotely sensed observations on the CDMA scheme. Specifically, as a continuation of our previous study [13], we chose SM and LAI as assimilation variables to construct univariate and bivariate CDMA framework using EnKF, a sequence filter approach, to estimate regional winter wheat yield under different spatial scales (10 m grid size and 500 m grid size). This study is expected to serve as a reference for the variable assimilation selection within the CDMA framework and strengthen our understanding of regional crop yield estimation using the crop model data assimilation method.




2. Materials and Methods


2.1. Study Area


The study area is located in Hengshui city (37°03′N–38°23′N, 115°10′E–116°34′E, Figure 1), which includes 11 counties, which has a temperate continental monsoon climate. The annual average temperature and rainfall range from 9 °C to 15 °C, and 400 mm to 800 mm, respectively [13]. Winter wheat is typically planted from early September to October, with a harvesting period from May to June in the subsequent year [29].




2.2. Data


2.2.1. Field-Observed Data


The field observed data were collected at each county of Hengshui city. Two 100 m × 100 m winter wheat observation sites were selected in each county (blue flag in Figure 1), and five 1 m × 1 m sample plots were deployed diagonally with a distance longer than 50 m to each other. Therefore, we have 110 plots for yield validation at the 10 m grid size and 22 plots for the 500 m grid size as we averaged the yield data of 5 plots within each site. Winter wheat growth status, which includes canopy spectrum, LAI, plant height, planting density, SM, irrigation condition, AGB, and yield, was monitored within three main growth stages, which are the jointing stage (field observed date: 29 Marth–1 April), heading stage (field observed date: 4 May–7 May), and milk-maturity stage (field observed date: 31 May–3 June) in 2017 (Figure A1).




2.2.2. Remotely Sensed Data


Sentinel-1 and Sentinel-2 datasets (https://scihub.copernicus.eu accessed on 1 January 2017) were used for SM and LAI retrieval at a 10 m grid size. Sentinel-1 is composed of two polar-orbiting satellites (Sentinel-1A and Sentinel-1B), which carry a synthetic aperture radar (SAR) instrument at C-band. Dual-polarization imagery (VV and VH) with 10 m spatial resolution were used in this study [30], and we conducted S1 imagery preprocessing through the Sentinel Application Platform (SNAP) for the acquisition of the backscatter coefficient (σ0). Sentinel-2 MSI data contains 13 spectral channels. In this study, S2 preprocessing was also conducted using SNAP [31]. The retrieval of LAI and SM with a 10 m grid size is shown in the supplementary (Figures S3–S6).



SM and LAI at 500 m grid size were obtained from SMAP and MODIS products, respectively. The Soil Moisture Active Passive (SMAP) mission has an L-band radiometer and an L-band radar. Due to the malfunction of SMAP radar on 7 July 2015, the L2_SM_SP SM product (https://nsidc.org/data accessed on 1 January 2017) is actually based on the merger of the SMAP L-band radiometer and the Sentinel-1 A/B C-band radar. In this study, the L2_SM_SP SM product, at 1 km resolution from 1 January 2017 to 31 June 2017, was used, and they were further resampled to 500 m spatial resolution using the nearest neighbor interpolation method (Figure S1). The 8-day MOD15A2 version 6 LAI product (LAIMODIS) (http://eospso.gsfc.nasa.gov accessed on 1 January 2017) with 500 m spatial resolution from 1 January 2017 to 31 June 2017 was used in this study (Figure S2).





2.3. WOFOST Model and EnKF Method


Wageningen University and Research developed the WOFOST (WOrld FOod STudies) model [32], which could simulate crop growth by utilizing a set of parameters including soil, crop, meteorological, and agro-management. For detailed information on the WOFOST model could, refer to https://library.wur.nl/WebQuery/wurpubs/fulltext/522204 accessed on 1 January 2016. In this study, we adopted the water-limited mode within the WOFOST model for actual SM simulation. Specifically, the “WATFD” subroutines were employed for soil water balance, which did not take into account the influence of groundwater and assumed the soil to be free draining. The daily meteorological data were obtained from the China Meteorological Administration (http://www.nmic.cn/ accessed on 1 September 2016) for this study. Moreover, field measurement, published values, and the WOFOST default values were used for the calibration of the WOFOST. Our previous research provided a detailed method for WOFOST model calibration [5,13].



Model evaluation was conducted using determination coefficient (R2), root mean squared error (RMSE), and relative error (RE). RMSE, which is sensitive to the scale of the data, was used to evaluate the errors of each DA strategy. While RE is scale-invariant, which makes it a more appropriate metric when comparing the performance of models that operate on different scales. Specifically, the calculation is based on Equations (1)–(3).
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where     Y   i     is observation,     Y   i   ′     is prediction,     Y  −    is the average of     Y   i    , n is the number of samples.



The EnKF implementation in this study was based on Huang et al. [20] and Zhuo et al. [25]. A detailed description can be found in the supplementary file. We developed an inflation factor E to avoid “filter divergence” according to previous studies [20,33]:


  E = μ (   k   160   ) (     R   k       P   k   f     )  



(4)




where   μ   denotes the random value (from 0 to 1), k denotes the day number (from 1 to 160), and     P   t = k   f     and     R   k     are the error covariance of the forecast ensemble and observation ensemble, respectively.




2.4. Data Assimilation Framework


As shown in Figure 2, a CDMA scheme was proposed to integrate LAI and SM into the WOFOST by the EnKF. The scheme generally consists of three parts: the remotely sensed observation, the model simulation, and the data assimilation. In the remotely sensed observation part, we used Sentinel-1 and Sentinel-2 for LAI and SM inversion at the 10 m grid size. LAIMOD and SMSMAP at 500 m grid size were obtained directly from the MODIS and SMAP products. The observation ensembles were created by applying perturbations to the remotely sensed LAI and SM, assuming that the error followed a Gaussian distribution. In the model simulation part, the WOFOST model was driven by input parameters. Then, LAI and SM ensembles would be generated by setting ensemble members (50 for this study) and perturbing initial conditions. The WOFOST model and remotely sensed variables (LAI and SM) errors were set to 10% based on previous studies. Different data assimilation strategies will be employed in anticipation of the availability of the observation data. This implies that once remotely sensed observations become available, they will be assimilated into the WOFOST model. EnKF (the data assimilation part) will update the state variables, and then the WOFOST model will keep running with the updated states (optimal LAI and SM) and simulate the final crop yield.





3. Results


3.1. Assimilation of LAI and SM into WOFOST Model at 500 m Grid Size


500 m-scale LAI and SM were assimilated into the WOFOST for the LAI and SM time series simulation (Figure 3). DA with LAIMODIS or SMSMAP alone improved the WOFOST simulation of LAI or SM (Figure 3c,f) compared with open loop (OL) simulation (Figure 3a,b). Because of the high temporal resolution of RS observations at 500 m grid size, the zigzag shape of time series curves of various parameters is obvious (mainly the LAI time series curve). Moreover, the LAIEnKF are generally lower than LAIWOFOST (Figure 3c,g), which is caused by the low value of MODIS LAI products. Comparing Figure 3c–f, we found that the assimilation of LAI has a limited impact on the water balance (Figure 3d), while the assimilation of SM affects winter wheat canopy growth significantly (Figure 3e).



Figure 4 displays the winter wheat yield map at a 500 m grid size. The yield spatial difference is not apparent with OL (Figure 4a), and most of the simulated winter wheat yields are around 7000 kg/ha. This was primarily because only one set of crop, soil, and management parameters of Hengshui city was input into the WOFOST model, and meteorological parameters were the only driving data that caused the spatial difference in yield. While assimilating RS observations into the WOFOST significantly increased the yield spatial heterogeneity (Figure 3b–d). The yield estimation results were further validated by field-measured yield data (Figure 5). Low accuracy was obtained for WOFOST simulated yield without assimilation at 500 m grid size (R2 = 0.19, RMSE = 530 kg/ha, Figure 5a). The correlation was improved by assimilating RS observations into the WOFOST, and joint assimilation of LAI and SM had the highest correlation (R2 = 0.42, Figure 5d). However, the RMSE increased in varying degrees, and DA with LAI got the highest RMSE (RMSE = 829 kg/ha, Figure 5c) because the MODIS LAI was generally lower than the actual value.




3.2. Assimilation of LAI and SM into WOFOST Model at 10 m Grid Size


Figure 6 presents the WOFOST simulation results of LAI and SM with and without data assimilation at a 10 m grid size. Similar to 500 m-scale results, DA with remotely sensed LAI or SM independently changed the time series curve of WOFOST simulated LAI or SM (Figure 6c,f). Moreover, LAIEnKF and SMEnKF generally agree with the observations. Compared with the results at a 500 m grid size, the value of LAIEnKF and SMEnKF are all in the normal range because the retrieved observations (LAI and SM) at a 10 m grid size were less affected by the scale effect.



The winter wheat yield map at a 10 m grid size is shown in Figure 7. The yield spatial difference with three DA strategies increased in different degrees compared with the OL result. The overall evaluation of yield estimates is plotted in Figure 8. Generally, yield results with different data assimilation strategies performed better than OL estimates. DA with LAIS2 got higher R2 (R2 = 0.40) and lower RMSE (RMSE = 879 kg/ha) than DA with SMS1/2. Moreover, joint DA with LAIS2 and SMS1/2 performed the best among these results (R2 = 0.46, RMSE = 756 kg/ha), and most simulated yields were within the 1000 kg/ha error.




3.3. Comparative Analysis of Different Assimilation Strategies at Two Spatial Scales


Table 1 summarizes the winter wheat yield estimation accuracy of different assimilation strategies at 500 m grid size and 10 m grid size from Figure 5 and Figure 8. Assimilating remotely sensed observations into the WOFOST improved the R2 of yield validation both at the 500 m and the 10 m grid size compared with OL estimates. The RMSE is higher than OL estimates at a 500 m grid size, while it is lower at a 10 m grid size. This is mainly because of the scale effect of the 500 m grid size, which lowers the remotely sensed values more than the normal value of the variables. Moreover, DA with LAI can get a better correlation in yield estimation than DA with SM, and joint DA with LAI and SM hold the best results among the three assimilation strategies in both spatial scales. In general, assimilation of RS observations at a 10 m grid size, which has less scale effect, can obtain better yield estimation results than the 500 m grid size.



Winter wheat yield at the county level was counted by the “Zonal Statistic” toolbox in the software ArcGIS, and relative error (RE) was calculated using official census yield data and an average yield of each county. Figure 9 shows the RE results of three assimilation strategies for each county at both 500 m and 10 m grid sizes. At 500 m grid size, 7 out of 11 DA with LAI results obtained the highest RE, mainly because the value MODIS LAI is too low, and the highest MODIS LAI is around 3 m2/m2 during the whole winter wheat growing stage. In contrast, most of the DA with SM results got the highest RE (8 out of 11) at10 m grid size, which indicated that when the value of assimilation variables is in the normal range, DA with LAI can always obtain a higher yield estimation accuracy than DA with SM in Hengshui city where is an irrigated area. Generally, joint DA with LAI and SM can obtain a relatively lower RE at both spatial scales. Furthermore, 10 out of 11 joint DA with LAI and SM results have a higher accuracy (lower RE) at the 10 m grid size than 500 m.





4. Discussion


4.1. Potential for Estimating Crop Yield by Integrating Remotely Sensed LAI and SM with Crop Model


Results from this study demonstrated the improvement of winter wheat yield estimation accuracy through assimilating remotely sensed observations. Moreover, joint DA of LAI and SM can always obtain better yield estimation results than DA with LAI or SM independently, which agrees with previous research [7,34]. The assimilation results at 500 m grid size and 10 m grid size were compared further to investigate the scale effect on winter wheat yield estimation. We found that the results with a 10 m grid size were generally better than the 500 m grid size, which indicated that coarse spatial resolution of the remotely sensed observations would significantly reduce the space difference because of the mixed ground information. While the 10 m grid size, which can reflect the actual ground condition better, is more suitable for crop yield estimation with high precision. This conclusion aligns with the findings of many prior studies [5,9,18,35].



Both at 500 m and 10 m grid size, assimilating LAI may have a limited effect on the water balance. Meanwhile, the assimilation of SM impacts the LAI simulation, especially when the water condition is near the willing point (0.065 cm3/cm3 for Hengshui city in this study) (Figure 3f). This conclusion agrees with Pan’s research that SM obviously affects LAI simulation under the WOFOST water-limited mode [34]. Moreover, the assimilation of LAI alone obtained a higher yield estimation correlation than assimilating SM alone (Figure 5 and Figure 8), which is consistent with Ines, who claims that it is better to assimilate LAI under very wet conditions, and assimilation of SM may be useless [7]. In Hengshui city, winter wheat rarely suffers from water stress due to irrigation.




4.2. Potential Sources of Errors in the Assimilation of LAI and SM into the WOFOST Model


Although the proposed CDMA scheme yielded promising outcomes, the uncertainties originating from the crop model, chosen assimilation method, and remotely sensed data need further investigation. First of all, the calibration of the WOFOST only used the winter wheat variety of “HengS29”, which is not representative enough for the whole study area and may contribute to errors in estimating regional-scale winter wheat yield [36,37,38]. Moreover, A fixed irrigation period and water quantity were applied for the model, ignoring the spatial variability of the irrigation information. The irrigation date and amount should be determined regionally for a more precise yield estimation result. Moreover, the EnKF algorithm is the most commonly used method for sequence assimilation. Although the inflation factor could avoid the filter divergence to a certain extent, the size of the ensemble used in the data assimilation process can lead to a sampling error, which could affect the accuracy of posterior analysis covariance [39,40,41]. As for the remotely sensed observations, it has the problem of scale effect at 500 m grid size. It is hard to accurately describe the growth parameter characteristics of winter wheat due to mixed information within each pixel. Additionally, the number of available observations also plays a crucial role in the accuracy of assimilation results. However, due to factors such as the revisit frequency of sensors and the impact of clouds and rain, only a limited number of images at a 10 m grid size could be obtained during the winter wheat growing season.




4.3. Future Directions


The data assimilation results at finer spatial scales showed potential improvements for winter wheat yield estimation. It assists in choosing the appropriate RS sensors and state variables when estimating crop yield using the CDMA scheme. However, as the uncertainty expounded in Section 4.2, the high temporal resolution of the satellite is usually accompanied by coarse spatial resolution, and very few good-quality images with high spatial resolution could be obtained within the crop growing season due to the influence of clouds and rain. It is vital to comprehend trade-offs between temporal and spatial resolution in RS observations [18]. One promising solution to overcome this issue is to combine state variables derived from field scale images (e.g., sentinel-1/2) with phenological characteristics retrieved from the satellite with high temporal resolution (i.e., MODIS, SMAP), then creating a time series state variable with a higher spatial and temporal resolution during whole crop growth stages [20].



Moreover, quantitatively evaluating errors within both the observations and process-based models in data assimilation schemes is vital as they can assess the reliability of model state analysis and observations during the assimilation process [42,43]. In this study, we only set the constant errors for the WOFOST model and remotely sensed LAI and SM at different growing seasons, which may significantly impact the assimilation results. However, it is always challenging to evaluate these errors quantitatively. A recent study provided a promising approach to estimating model and observation errors physically and statistically by a dual-cycle assimilation algorithm, which could optimize the model and observation errors to conduct a better assimilation result [44]. Moreover, the Markov-chain Monte Carlo (MCMC) approach, which could quantitatively estimate the model error by sampling from the posterior probability density function of the model variables, is also an excellent choice for model error estimation [9,45,46].





5. Conclusions


This study obtained 10 m- and 500 m-scale LAI and SM images based on sentinel-1, sentinel-2, MODIS, and SMAP RS data. EnKF was used in the CDMA scheme for assimilating LAI and SM into the WOFOST at two spatial scales to enhance the winter wheat yield estimation accuracy. Results showed that yield estimation accuracy at the 10 m grid size is generally better than the 500 m grid size under the same assimilation strategy. Meanwhile, jointly assimilating LAI and SM obtained the best results for the winter wheat yield estimation compared with LAI or SM alone. This successful case study demonstrates the superiority of combining LAI and SM in improving crop yield estimation accuracy and highlights the impact of scale effect on crop yield estimation using the CDMA scheme at the regional scale. It also provides valuable information for future CDMA research by selecting appropriate remotely sensed observations and state variables.
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The following abbreviations are used in this manuscript:



	AGB
	Above Ground Biomass



	CC
	Canopy Cover



	CDMA
	Crop Data-Model Assimilation



	CGM
	Crop Growth Model



	DA
	Data Assimilation



	DSSAT
	Decision Support System for Agrotechnology Transfer



	EnKF
	Ensemble Kalman Filter



	LAI
	Leaf Area Index



	MCMC
	Markov-Chain Monte Carlo



	MODIS
	MODerate resolution Imaging Spectrometer



	OL
	Open Loop



	RE
	Relative Error



	RMSE
	Root Mean Squared Error



	RS
	Remote Sensing



	SAR
	Synthetic Aperture Radar



	SM
	Soil Moisture



	SMAP
	Soil Moisture Active Passive



	SNAP
	Sentinel Application Platform



	WCM
	Water Cloud Model



	WOFOST
	WOrld FOod STudies
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Figure A1. General growth stages of winter wheat and corresponding satellite observations in Hengshui city in 2017. 






Figure A1. General growth stages of winter wheat and corresponding satellite observations in Hengshui city in 2017.
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Figure 1. Study area. 






Figure 1. Study area.
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Figure 2. Flowchart for the CDMA scheme. Notes: SMAP (Soil Moisture Active Passive); MODIS (MODerate resolution Imaging Spectrometer); WCM (water cloud model); SM (soil moisture); LAI (leaf area index); AGB (above ground biomass); oLAI1, oLAI2, …, oLAIn (observed LAI ensemble); oSM1, oSM2, …, oSMn (observed SM ensemble); mLAI1, mLAI2, …, mLAIn (WOFOST model simulated LAI ensemble); mSM1, mSM2, …, mSMn (WOFOST model simulated SM ensemble); LAI1, LAI2, …, LAIn (optimal LAI ensemble after data assimilation); SM1, SM2, …, SMn (optimal SM ensemble after data assimilation); RS Ava (remote sensing observations are available). 
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Figure 3. Comparison of LAI and SM simulations at 500 m grid size. Notes: (a,b) represent LAI and SM simulations without DA, respectively; (c,d) represent LAI and SM simulations with DA of LAIMODIS, respectively; (e,f) represent LAI and SM simulations with DA of SMSMAP, respectively; (g,h) represent LAI and SM simulations with joint DA of LAIMODIS and SMSMAP, respectively. 
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Figure 4. Winter wheat yield map simulated by WOFOST (a) without DA, (b) with DA of SMSMAP, (c) with DA of LAIMODIS, and (d) with joint DA of LAIMODIS and SMSMAP at 500 m grid size. 
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Figure 5. Validation of winter wheat yield estimation results at 500 m grid size. (a) without DA, (b) with DA of SMSMAP, (c) with DA of LAIMODIS, and (d) with joint DA of LAIMODIS and SMSMAP. 
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Figure 6. Comparison of LAI and SM simulations at 10 m grid size. Notes: (a,b) represent LAI and SM simulations without DA, respectively; (c,d) represent LAI and SM simulations with DA of LAIS2, respectively; (e,f) represent LAI and SM simulations with DA of SMS1/2, respectively; (g,h) represent LAI and SM simulations with joint DA of LAIS2 and SMS1/2, respectively. 






Figure 6. Comparison of LAI and SM simulations at 10 m grid size. Notes: (a,b) represent LAI and SM simulations without DA, respectively; (c,d) represent LAI and SM simulations with DA of LAIS2, respectively; (e,f) represent LAI and SM simulations with DA of SMS1/2, respectively; (g,h) represent LAI and SM simulations with joint DA of LAIS2 and SMS1/2, respectively.



[image: Remotesensing 15 01825 g006]







[image: Remotesensing 15 01825 g007 550] 





Figure 7. Winter wheat yield map simulated by WOFOST (a) without DA, (b) with DA of SMS1/2, (c) with DA of LAIS2, and (d) with joint DA of LAIS2 and SMS1/2 at 10 m grid size. 
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Figure 8. Validation of winter wheat yield estimation results at 10 m grid size. (a) without DA, (b) with DA of SMS1/2, (c) with DA of LAIS2, and (d) with joint DA of LAIS2 and SMS1/2. 
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Figure 9. Relative error of winter wheat yield for each county (zonal statistic of official census yield VS. simulated yield at the county level). 
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Table 1. Comparison of yield estimation accuracy of different assimilation strategies.






Table 1. Comparison of yield estimation accuracy of different assimilation strategies.





	Assimilation Strategy
	R2 (500 m)
	RMSE (500 m)

(kg/ha)
	R2 (10 m)
	RMSE (10 m)

(kg/ha)





	Without DA
	0.19
	533
	0.21
	1330



	DA with SM
	0.32
	694
	0.35
	934



	DA with LAI
	0.39
	829
	0.40
	879



	DA with LAI + SM
	0.42
	736
	0.46
	756
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