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Abstract

:

Mapping target crops earlier than the harvest period is an essential task for improving agricultural productivity and decision-making. This paper presents a new method for early crop mapping for the entire conterminous USA (CONUS) land area using the Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI) data with a dynamic ecoregion clustering approach. Ecoregions, geographically distinct areas with unique ecological patterns and processes, provide a valuable framework for large-scale crop mapping. We conducted our dynamic ecoregion clustering by analyzing soil, climate, elevation, and slope data. This analysis facilitated the division of the cropland area within the CONUS into distinct ecoregions. Unlike static ecoregion clustering, which generates a single ecoregion map that remains unchanged over time, our dynamic ecoregion approach produces a unique ecoregion map for each year. This dynamic approach enables us to consider the year-to-year climate variations that significantly impact crop growth, enhancing the accuracy of our crop mapping process. Subsequently, a Random Forest classifier was employed to train individual models for each ecoregion. These models were trained using the time-series MODIS (Moderate Resolution Imaging Spectroradiometer) 250-m NDVI and EVI data retrieved from Google Earth Engine, covering the crop growth periods spanning from 2013 to 2017, and evaluated from 2018 to 2022. Ground truth data were sourced from the US Department of Agriculture’s (USDA) Cropland Data Layer (CDL) products. The evaluation results showed that the dynamic clustering method achieved higher accuracy than the static clustering method in early crop mapping in the entire CONUS. This study’s findings can be helpful for improving crop management and decision-making for agricultural activities by providing early and accurate crop mapping.
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1. Introduction


Mapping target crops earlier than the harvest period is an essential task for improving agricultural productivity and decision-making. Early crop mapping provides valuable information for crop management, such as predicting yield [1], monitoring crop growth [2,3], and identifying areas with high production potential [4]. In recent years, the application of remote sensing techniques to early crop mapping has gained widespread popularity, owing to its inherent advantages of non-invasiveness and rapid data acquisition. By utilizing multispectral imagery (MSI) captured by satellites like Landsat-8 [5,6,7], Sentinel-2 [7,8], and MODIS [6,9,10], valuable insights into crop health, vegetation indices, and land cover classification can be obtained. These datasets play a pivotal role in assessing crop vigor, identifying stress factors, and mapping crop types, and ultimately facilitating more informed agricultural decision-making.



Among the remote sensing techniques used in early crop mapping, the NDVI and EVI have emerged as widely employed indicators for monitoring vegetation growth and identifying different crop types. NDVI quantifies the greenness of vegetation based on the difference between near-infrared and red spectral bands, allowing for the detection of vegetation density and health. Similarly, EVI incorporates additional spectral bands to mitigate the influence of atmospheric and canopy background effects, providing enhanced accuracy in characterizing vegetation dynamics. Numerous studies have been conducted to develop and improve early crop mapping methods using NDVI and EVI data. For instance, both the harmonized time-series NDVI and EVI from Landsat-8 and Sentinel-2 data are used with the decision tree method for crop identification [11]. A time series analysis of MODIS NDVI data is utilized to map crop types for the US central great plains [9]. They applied an unsupervised classification method (ISODATA) to the 15-date NDVI time series to produce the crop or non-crop map. Similarly, ref. [12] used a multi-temporal MODIS NDVI approach to map soybeans in the USA for 2015. Furthermore, ref. [13] proves that the general crop maps produced using the MODIS EVI and NDVI data both had very high overall (97.0%) and class-specific user’s and producer’s accuracies (ranging from 95 to 100%) for a case study for southwest Kansas.



However, accurately mapping crops at a large scale, such as for the entire CONUS, is challenging due to the heterogeneous nature of the crop-growing environment. This challenge arises from the intricate interactions among soil type, climate, and topography, which significantly influence the success of crop mapping [10,14,15,16,17,18]. The crop-growing environment displays substantial spatial and temporal heterogeneity. Soil types vary across regions, impacting vegetation growth and the reflectance captured by remote sensing data [10,15,18]. Additionally, climate conditions, including temperature, precipitation, evaporation, wind speed, rainfall, and solar radiation, exhibit considerable variations, affecting crop phenology and productivity [10,14,15,16,17,18]. Moreover, topographic features, such as slope, aspect, and elevation, play a vital role in determining crop growth patterns by influencing factors like solar radiation distribution, water availability, and wind patterns [10,15,18]. The failure to account for these influential factors in the crop mapping process can lead to inaccurate results, particularly when applied to large-scale areas. To address this issue, the concept of ecoregions was introduced. Ecoregions, which are geographically distinct areas with unique ecological patterns and processes, provide a valuable framework for large-scale crop mapping. By integrating knowledge of ecological characteristics within each ecoregion, such as climate, geology, and topography, it becomes possible to identify suitable crop-growing areas and predict crop distribution based on shared environmental characteristics. By leveraging the ecoregional context and incorporating factors like climate, soil types, and topography, crop mapping efforts can be tailored to effectively account for the heterogeneity of the crop-growing environment, leading to improved mapping accuracy at a large scale. Therefore, ecoregion clustering methods have been developed to address this issue [19], and the static ecoregion clustering method [20] was used for crop mapping by [10]. The ecoregion clustering method involves analyzing environmental factors, such as soil type, climate, and topography, to divide the study area into multiple ecoregions. Each ecoregion has its own unique characteristics that affect crop growth, and these characteristics are taken into account during classification. This approach has been shown to improve crop mapping accuracy compared to country and state-level mapping [10].



Nevertheless, aside from the large-scale problem, the inter-year challenge is also of great significance for precise crop mapping. The climate variation between different years within a given region is anticipated to significantly influence the patterns of Vegetation Indices (VIs) related to crop growth and, consequently, crop-mapping outcomes. The static ecoregion clustering method only provides a single ecoregion map for the CONUS. They proceed based on the assumption that the ecoregion remains unchanged over different years.



In order to address this limitation, our study considers the fluctuations in climate and introduces a dynamic ecoregion clustering approach. In this paper, we present a novel approach for mapping target crops (soybean and corn) earlier than the harvest period in the CONUS using time-series MODIS 250 m NDVI and EVI data from Google Earth Engine with a dynamic ecoregion clustering method. The dynamic ecoregion clustering method analyzes sand, climate, elevation, and slope data to divide the entire cropland areas of the CONUS into multiple ecoregions. It presents a clear advantage over the static approach as it produces a unique ecoregion map for each year in the region of interest. This is particularly important considering the year-to-year variations in climate, which directly impact crop growth and vegetation index patterns. A Random Forest classifier was then trained for each different ecoregion to classify the target crop. The results showed that the dynamic clustering method achieved significantly higher accuracy than the static clustering method. Specifically, for soybean mapping in 2018 in the entire CONUS, we observed an increase in user’s accuracy from 59.04 to 62.74%, representing a substantial improvement of 3.7%.



Our contributions can be summarized as follows:




	
We propose a novel approach for mapping target crops (soybean and corn) earlier than the harvest period in the USA using time-series NDVI and EVI data with a dynamic ecoregion clustering method.



	
We employ both the elbow method and silhouette method to ascertain the optimal number of ecoregions. Subsequently, we train an ecoregion clustering model using the Kmeans++ method, which allows us to generate ecoregion maps spanning the years 2013 to 2022, covering the entire cropland region within the CONUS.



	
We demonstrate significantly higher mapping accuracy using the dynamic clustering method compared to the static clustering method.








The rest of this paper is organized as follows. Section 2 describes related works. Section 3 presents the data, methods and system architecture. Performance evaluation and metrics calculation are presented in Section 4. Finally, we draw discussions and conclusions in Section 5 and Section 6.




2. Related Works


In Table 1, we present various methods related to crop mapping, along with the factors they consider, the datasets utilized, the vegetation indices employed, and the specific research regions. Various classification algorithms, including unsupervised methods like k-means clustering and supervised methods like decision trees and deep learning approaches, have been utilized for crop classification at small scales using Landsat-8 and Sentinel-2A data.



One study [15] focuses on utilizing the Random Forest algorithm for mapping and predicting rice yield through analysis of Sentinel-2 satellite data. Another research [11] effort concentrates on creating a high-resolution crop intensity mapping methodology by integrating data from Landsat-8 and Sentinel-2 satellites using a random forest algorithm. Furthermore, a hybrid deep-learning architecture called CerealNet [21] has been introduced for the specific purpose of cereal crop mapping, utilizing Sentinel-2 time-series data. However, ref. [21] has limitations in its scope, as it specifically examines a research region characterized by a hot Mediterranean climate with dry summers. This region selection addresses a common challenge posed by cloud cover in time-series data analysis of Landsat-8 and Sentinel-2 images. Cloud cover plays a crucial role in crop mapping by impacting the availability and quality of remote sensing data. The presence of clouds obstructs satellite imagery, leading to the loss or concealment of vital information about the Earth’s surface. Consequently, these cloud-induced data gaps undermine the accuracy and reliability of crop-mapping results. The negative impact of cloud cover on crop mapping becomes even more pronounced when considering large-scale applications, such as mapping crops across the entire CONUS. The expansive coverage of such regions makes them more susceptible to varying cloud cover patterns, resulting in extensive areas with missing or incomplete data. This increases the risk of biased or inaccurate crop classification, making it challenging to obtain a comprehensive and reliable understanding of crop distribution and dynamics at a broader scale.



In order to overcome this limitation of Landsat-8 and Sentinel-2 images, some works focus on using time-series MODIS data for early crop mapping. MODIS data can overcome the limitations imposed by cloud cover on crop mapping due to its unique capabilities. Its moderate spatial resolution allows for wider coverage and reduces the impact of cloud cover, while its frequent revisit time ensures more opportunities to capture cloud-free images, enabling a more consistent and reliable monitoring of crop patterns at regional or global scales. Previous research [22,23] has shown that individual major crops, such as corn and soybeans, can be mapped accurately as early as July and August using MODIS dataset.



However, these studies were also limited in scope, focusing on counties, states, or groups of states. A crop mapping model that is limited in scope cannot be directly applied to a large-scale setting due to spatial differences. The presence of spatial heterogeneity, encompassing diverse factors like soil types, climate, topography, and other environmental elements, significantly impacts crop growth patterns and diminishes the model’s accuracy outside of its intended region. Overcoming this challenge necessitates the integration of spatially explicit information into the method, effectively capturing and using the spatial variations and encompassing the diverse conditions present across the target area. There are some works [16,17], that use Growing-degree-day (GDD), which is a valuable metric that quantifies the accumulated heat necessary for the growth and development of vegetation. Its significance lies in its crop-specific nature, as the magnitude of GDD required during different growing stages varies for each crop. This characteristic makes GDD a valuable tool in crop classification, as it provides insights into the progression and timing of crop growth. By considering the crop-specific GDD thresholds for various stages, it becomes possible to leverage this metric for accurate and effective crop classification and monitoring. Other studies have performed crop classifications at smaller administrative units such as Agriculture Statistics Counties and Districts [24], states [22], or Agroecological zones [18]. Nonetheless, these methodologies either disregard fluctuations in precipitation and soil characteristics or are conducted within administrative or political demarcations that lack relevance to crop phenology. Alternatively, they encompass areas of such magnitude that they fail to encompass the nuanced phenological fluctuations driven by climatic variations.



An ideal approach would be to model regions based on environmental variables that reflect crop growing conditions and are of small size, created using quantitative analytical methods that are both empirical and reproducible. Multivariate Geographic Clustering (MGC) algorithms [19] and multivariate spatio-temporal clustering (MSTC) [10,20] have been successfully used to create ecoregions that exist within similar combinations of ecologically relevant conditions such as temperature, precipitation, soil, and topographic properties on a map.



However, an identified limitation of the study [10] is that they assume that the ecoregion boundaries remain constant, which may not accurately represent the true variability. In addition, they solely present a single 500-ecoregions map directly utilizing MSTC without incorporating any decision-making process to determine the optimal number of ecoregions. In order to overcome these limitations, our proposed method introduces a dynamic ecoregion map that adjusts the boundaries based on climate data specific to each year’s crop growing season. Additionally, we employ the elbow method to ascertain the optimal number of ecoregions. This dynamic approach ensures a more precise and up-to-date understanding of crop phenology across diverse regions by adapting the ecoregion boundaries to reflect the evolving environmental conditions for each growing season. Ultimately, in conjunction with the crop classifier, this approach enhances the accuracy of early crop-mapping results.




3. Data and Methods


In this section, we present the study area and data in Section 3.1, the system overview in Section 3.2, the development of the dynamic ecoregions in Section 3.3, and the training and evaluation methods of the crop classification model in Section 3.4.



3.1. Study Area and Data


In this paper, we focus on mapping soybean and corn across the entire cropland area of the CONUS.



To achieve this, we split the cropland area into several ecoregions using soil, climate, elevation, and slope data as environmental data. The cropland area can be precisely delineated by the cultivated layer within the CDL, a crop-specific land cover raster map dataset available for the entire CONUS at 30 m resolution provided by the USDA [25]. As shown in Table 2, our soil data with a resolution of 250 m × 250 m were obtained from the ISRIC SoilGrids Dataset [26] and included parameters such as bulk density, clay particle proportion, total nitrogen, soil pH, sand particle proportion, silt particle proportion, and soil organic carbon content for 2015. We utilize ERA5, the 5th major atmospheric reanalysis produced by ECMWF [27], with a resolution of 11,132 m × 11,132 m from 2013 to 2022 as the climate data, which is comprised of air and soil temperature, precipitation, evaporation, wind speed, solar radiation, runoff, and soil water volume. We also incorporated elevation data with a resolution of 231.92 m × 231.92 m from the GMTED2010 Dataset [28] for 2010 and calculated the slope based on the elevation.



Furthermore, we use remote sensing data as the classification input data. We extract time-series MODIS 250-m NDVI and EVI data from Google Earth Engine [29]. The data are captured at a 16-day interval, covering the growing seasons between 2013 and 2022. Our objective is to locate the target crops, namely corn and soybeans, at an earlier stage in the entire CONUS. Corn harvest commences on 1 September, while soybean harvest begins on 1 October. Consequently, each year, we collect VIs data from 1 April to mid-July, encompassing a total of seven-time points. This approach accounts for the 16-day temporal frequency of the MODIS data and aligns with the vegetation growth patterns during this period. The CDL data were used as the ground truth for the classification training and evaluation process. Our crop classifiers were trained over 2013–2017 and applied to the period 2018–2022 as test years.




3.2. System Overview


The system architecture of our early crop mapping system with a dynamic ecoregion clustering method is shown in Figure 1. In summary, our proposed ecoregion clustering algorithm fetches and standardizes soil, climate, elevation, and slope data from various sources to build a clustering model using the K-means++ method [30]. This model is trained exclusively on target cropland regions from 2013, resulting in a well-trained ecoregion clusterer. Using this clusterer, we are able to partition the complete cropland area expanse into multiple distinct ecoregions, a process repeated annually within the timeframe spanning 2013 to 2022. With the provided ecoregion maps, we create a specific early crop-mapping classifier using the Random Forest method for the same ecoregion. These classifiers utilize time-series 250 m resolution MODIS NDVI and EVI data from 2013–2017 to predict early crop mapping for 2018–2022, incorporating dynamic ecoregion maps for each year. We conducted a random sampling of NDVI and EVI data points within each ecoregion, spanning from April 1st to mid-July, to gather our training data. This timeframe aligns with our objective of early locating target crops such as corn and soybean, as they are typically harvested starting from 1 September. We merge the training data points from multiple training years to train a dedicated crop mapping classifier for each ecoregion. Finally, we applied each classifier to the corresponding ecoregion and mosaiced the crop mapping results from all ecoregions to obtain the final crop mapping outcome.




3.3. Development of Dynamic Ecoregions


Our study focuses on accurately mapping the growing area of soybean and corn crops before their harvest periods throughout the entire cropland area of the CONUS. To achieve this goal, we utilize a dynamic ecoregion clustering method that relies on soil, climate, elevation, and slope data from various sources. Due to the absence of multi-year soil and topography data, our assumption is that soil quality, elevation, and slope conditions remain relatively stable over time, while climate conditions exhibit variability. Various methods exist for ecoregion clustering, with hierarchical clustering [31] being one such approach known for accommodating datasets with nested or hierarchical structures. However, for our specific scenario, we prefer to adopt a simpler clustering method. This decision is driven by the intention to maintain simplicity in our current approach while preserving compatibility for future integration of multi-year soil and topography data. Consequently, we have chosen a direct clustering method for ecoregion clustering, with the expectation that it will facilitate a smoother transition when more comprehensive data become available in the future.



Each year, we initiate the process by reprojecting the data into a 10,000 m resolution. In the case of soil data, we compute the average metric value by consolidating values from various depths. When dealing with climate data, we determine both the mean and variance for each metric within the specified crop growth period. Notably, when it comes to wind speed, we combine the eastward and northward components to create a total wind speed, discarding the directional information. Then we randomly sample 10,000 points from the target crop region as the training data. Subsequently, we employ the Principal Component Analysis (PCA) method to reduce the data dimensions from 20 (8 for soil conditions, 10 for climate conditions, and 2 for topography conditions) down to 5. We trained our dynamic ecoregion clustering model using the K-means++ method and the pre-processed training data from 2013 and applied it to the entire cropland area, as determined by the cultivated layer of CDL, for the years 2013–2022.



This allows us to identify regions with similar environmental characteristics, which is essential for accurate early crop mapping. In order to determine the optimal number of clusters, we utilize the elbow method to calculate the within-cluster sum of squares (WCSS) value using Equation (1):


  W C S S =  ∑  i = 1  n   ∑  j = 1   m i      x  i j   −  c i   2   



(1)




where n denotes the total number of ecoregion clusters,   m i   denotes the number of pixels contained within cluster i,   x  i j    denotes the vector representing each pixel within cluster i, and   c i   represents the centroid vector of cluster i. This allows us to strike a balance between cluster granularity and computational efficiency. If the number of clusters is too small, the environmental similarities may not be unique enough for each cluster, compromising the accuracy of our results. Conversely, if the number of clusters is too large, it may result in excessive computational cost, hindering the practical application of our approach. By finding the optimal number of clusters, we are able to maximize the accuracy of our approach while ensuring its computational feasibility.



The resultant ecoregion maps with different ecoregion numbers, were then used in our crop classification training and testing processes. For instance, Figure 2a displays the entire cropland area of CONUS for the year 2013, as obtained from the CDL layer. We restrict our analysis to the green region that corresponds to the soybean cropland region. We determine the optimal number of ecoregions as 10, identified through the WCSS value. Subsequently, we employ our well-trained ecoregion clustering model to the entire cropland area to generate the ecoregion map for 2013, which is shown in Figure 2c. The ecoregion maps from 2014 to 2022 for soybean mapping are also shown in Figure 3.



To illustrate the variation in time-series vegetation indices of our target crop, we present the time-series average NDVI and EVI curves of soybean for each ecoregion based on ten clusters in 2013 in Figure 4. It is evident that the patterns of these features exhibit significant differences across different ecoregions. To demonstrate distinctions among the distributions of VIs data across various ecoregions, we employ the Maximum Mean Discrepancy (MMD) as a measure. MMD allows us to measure the discrepancy between the distributions of VIs from different ecoregions, providing a quantitative measure of the similarity. Specifically, we compute MMD values between ecoregion 1 and all other ecoregions in our analysis. To ensure statistical robustness, we perform the following steps:




	
We randomly sample 20,000 data points from ecoregion 1.



	
For ecoregions 2–10, we also draw random samples of 10,000 data points each.



	
For ecoregion 1, we calculate the MMD by comparing two subsets of 10,000 data points each, where the first subset consists of the initial 10,000 data points, and the second subset comprises the last 10,000 data points.



	
For the other ecoregions (ecoregions 2–10), we compute the MMD by comparing the initial 10,000 data points from ecoregion 1 with the 10,000 data points from each of the other ecoregions.








The resulting MMD values are summarized in the Table 3. The MMD within ecoregion 1 is notably lower than the MMD between ecoregion 1 and the other ecoregions, providing clear evidence of significant variations in VIs data distribution among different ecoregions.



Moreover, to highlight the varying patterns of VIs within a specific region across disparate ecoregions over different years, we have designated two distinct areas, which changed the ecoregion types between 2014 and 2021, as illustrated in Figure 5. The distribution of soybean VIs data is then presented using t-distributed stochastic neighbor embedding (t-SNE) [32] in Figure 6. Evident disparities in these distributions between the years 2014 and 2021 are discernible, underscoring the fluctuating nature of soybean growth-related VIs data within these designated regions.




3.4. Crop Classification Model


Once the ecoregions are established, a specific early crop mapping classifier can be trained for each different ecoregion based on the cropland region, which is filtered out by the cultivated layer of the CDL. Random Forest classification models have become a popular tool for mapping land cover due to their flexibility in handling nonlinear relationships between input features and class membership, and their intuitive decision rules. During training, the tree grows by recursively partitioning the data into less heterogeneous groups until the desired level of accuracy or purity is achieved. The final model is constructed when all leaf nodes are generated, with each leaf node representing either a pure class or a mixture of two classes, determined by the proportion of training pixels in the node. However, these models are prone to overfitting, which can lead to poor generalization performance. To address this issue, we applied a bagging procedure and trained a random forest consisting of 50 classification tree models. Using a binary target-crop and non-target-crop training dataset, we locate our target crop across the corresponding ecoregion with the well-trained classifier. This approach significantly improved the stability and prediction accuracy of the model.



Since the CDL with the cultivated layer has been available only since 2013, the model was trained and validated in the years 2013–2017 and tested independently in the years 2018–2022.



3.4.1. Model Training within the Training Period


As per the USDA crop calendar, the seeding for corn and soybean typically begins after 1 April. Hence, we extracted time-series MODIS 250 m NDVI and EVI images with a 16-day temporal frequency from April 1st until the middle of July for 2013–2017. For each year, we compose these VIs images into one image as the composed image. Each composed image comprised seven NDVI bands and seven EVI bands. For each training year, we randomly selected 10,000 training sample points from the composed image for each different ecoregion, with half for target-crop points and half for non-target-crop points. Then we merge all the training sample points for the same ecoregion to train the ecoregion-specific crop classification model.




3.4.2. Model Evaluation within the Test Period


In order to evaluate our crop classification model, we first extracted the VIs images and provided the composed images for the years 2018–2022. To assess the effectiveness of our approach, we designed an experiment to compare the results of using a dynamic ecoregions map versus a static one. For the static map, we sample the training points from the 2013–2017 period and classify the target crops for 2018–2022 only using the ecoregion map from 2013, as shown in Figure 2c, with fixed boundaries for each ecoregion. In contrast, for the dynamic map, we sample the training points from the 2013–2017 period based on the ecoregion maps for 2013–2017, as shown in Figure 2c and Figure 3a–d, and classify the target crops for 2018–2022 based on each year’s specific ecoregion map, as shown in Figure 3e–i. The following results show that in most cases the dynamic model outperformed the static model. These findings demonstrate the benefits of using dynamic ecoregion maps in crop classification and highlight the importance of accounting for climate fluctuations when developing land cover maps.




3.4.3. Evaluation Metrics


To evaluate the accuracy of our classification, we used three metrics: Producer’s Accuracy, User’s Accuracy and Overall Accuracy, which are defined in Equations (2)–(4):


   Producer ’ s   Accuracy =  TP  TP + FN   × 100 %  



(2)






   User ’ s   Accuracy =  TP  TP + FP   × 100 %  



(3)






  Overall  Accuracy =   TP + TN   TP + TN + FP + FN   × 100 %  



(4)




where TP, TN, FP, and FN refer to the numerical values in a confusion matrix that correspond to true positive (correctly predicted positive cases), true negative (correctly predicted negative cases), false positive (incorrectly predicted positive cases), and false negative (incorrectly predicted negative cases) outcomes, respectively.



The Producer’s Accuracy represents the map’s accuracy from the map producer’s perspective, indicating the probability that a ground feature is correctly classified by the map. On the other hand, the User’s Accuracy represents the map’s reliability from the user’s perspective, i.e., the probability that a feature on the map is actually present on the ground. The Overall Accuracy typically quantifies the fraction of all CDL pixels, encompassing both target crop and non-target crop pixels, that our crop classification method correctly identifies and maps.






4. Results


4.1. Dynamic Ecoregion Maps


4.1.1. Determine the Elbow Point (Cluster Number)


Rather than directly dividing the CONUS into 500 clusters as in [10], we employed both the elbow method and silhouette method to determine the optimal number of clusters for our approach. This allowed us to balance cluster granularity with computational efficiency, ensuring both accuracy and practicality. Specifically, we calculated the environmental dissimilarities for different cluster numbers in the training year 2013, as shown in Figure 7 and Figure 8. As depicted in Figure 7, we found that ten clusters were optimal, while the dissimilarity significantly decreased with a noticeable reduction starting at ten clusters for both soybean and corn cropland regions. Further insights gleaned from Figure 8 indicate that, for corn, a configuration of two clusters attains the highest silhouette score, while for soybean, this optimal number becomes to five.



As a result, to further evaluate the effectiveness of our approach, we conducted experiments with different cluster numbers, including two, five, and ten, and compare our resulting metrics with those of a static clustering method. By comparing these results, we can confirm the superiority of our dynamic clustering method and demonstrate its capability to identify the target crops accurately. Additionally, we prove that the mapping result with ten ecoregion clusters has the highest accuracy in most cases in the following experiments.




4.1.2. The Visualization of Dynamic Ecoregion Maps


As depicted in Figure 2a, the green area corresponds to the soybean cropland region, whereas the black region represents non-soybean cropland from the year 2013. Notably, we only train the ecoregion clusterer using data from the target cropland region. The resulting ecoregion cluster map for the soybean cropland region is displayed in Figure 2b, while the ecoregion cluster map for the entire cropland region, encompassing both soybean and non-soybean croplands, is illustrated in Figure 2c.



Moreover, in Figure 3, we present the dynamic ecoregion maps for the years 2014–2022 for the soybean mapping task. Notably, the ecoregions in the north and middle of the CONUS exhibit significant changes over the years and especially in 2021, while the ecoregions in the southern region experience relatively less variation over time.





4.2. Comparison of Mapping Result Metrics across the Continental United States


Our experiment serves as a compelling validation of the effectiveness of our approach, as it demonstrates significantly improved accuracy for soybean and corn mapping across the CONUS in most cases when we compare our method with a static one.



4.2.1. Metrics for Soybean Mapping


In Table 4, we present a detailed comparison of the Producer’s Accuracy and the User’s Accuracy between our dynamic ecoregion method and the static ecoregion method. Notably, we observe consistent trends in the User’s Accuracy across different years. With the utilization of ten different ecoregions, our dynamic ecoregion method achieves the highest Producer’s Accuracy for soybean mapping in all years except for 2018. In that specific year, our method employing five different ecoregions yields the highest Producer’s Accuracy. Furthermore, our analysis reveals that the most significant improvements in Producer’s Accuracy using our dynamic ecoregion method occurred in 2018 and 2021. Specifically, in 2018, we observed an increase in Producer’s Accuracy from 59.04 to 62.74%, representing a substantial improvement of 3.7%. Similarly, in 2021, our dynamic ecoregion method yielded an impressive improvement of 3.46%, increasing User’s Accuracy from 69.87 to 73.33%. These findings emphasize the efficacy of our approach in accurately identifying and early mapping soybean crops across diverse environmental conditions.



Regarding the User’s Accuracy, our dynamic ecoregion method with two, five and ten different ecoregions outperforms the static ecoregion method in most years. However, in 2020, the static ecoregion map exhibited better performance in terms of User’s Accuracy. This exceptional result suggests that the static ecoregion map might offer advantages under specific circumstances, but overall, our dynamic ecoregion method consistently demonstrates superior accuracy. The mapping result with ten ecoregion clusters has the highest accuracy in most cases in the following experiments.



Additionally, we conducted an experiment to compare early crop mapping results using both NDVI and EVI against using only NDVI. Table 5 displays the Producer’s Accuracy and User’s Accuracy for the method exclusively utilizing NDVI. Notably, except for the year 2020, the Producer’s Accuracy when employing NDVI and EVI is consistently higher than when using only NDVI. In most instances, the NDVI and EVI combination yields an approximately 2% improvement. Furthermore, when considering User’s Accuracy across all years, the NDVI and EVI approach consistently outperforms the exclusive use of NDVI. Particularly, in 2021, the NDVI and EVI method achieves a remarkable 5.81% increase in accuracy compared to the NDVI-only approach. Consequently, in this study, we adopt the combined use of NDVI and EVI for our early crop-mapping models.



Figure 9 presents our soybean early mapping result for the CONUS in 2021. To demonstrate the accuracy of our approach, we selected a sample test region and compared our soybean mapping result with 250 m resolution to the soybean ground truth with 30 m resolution from the CDL layer. Our result exhibits a broad-level spatial agreement with the CDL, indicating the effectiveness of our approach. However, due to the coarser resolution of MODIS products, our mapping result lacks sharpness and accuracy along the field boundaries. Furthermore, Figure 10a illustrates the pixel-wise overall accuracy using the dynamic method, where the color scale indicates the accuracy, with greener colors representing higher overall accuracy. Figure 10b highlights the regions where the pixel-wise overall accuracy from the dynamic method outperforms the static method. It is evident that the dynamic method exhibits notably higher overall accuracy than the static method, particularly within regions where there has been a shift in ecoregion types between 2013 and 2021. This contrast is particularly pronounced in the northern part of the CONUS.




4.2.2. Metrics for Corn Mapping


Given the successful performance of our soybean mapping approach using ten different ecoregions and computational efficiency considerations, we extend our experiment to map corn crops using the same approach. As shown in Table 6, our dynamic ecoregion-mapping method demonstrates similar levels of Producer’s Accuracy across different years, except for 2021, where we observe a notable improvement from 82.04 to 83.83%, representing a 1.79% increase over the static method. In terms of User’s Accuracy, our dynamic approach outperforms the static method, with the greatest improvement observed in 2019 from 76.62 to 77.72%. Overall, these results demonstrate the effectiveness of our dynamic ecoregion-mapping approach for mapping corn crops, with improvements in both Producer’s Accuracy and User’s Accuracy compared to the static method. Similar to the soybean mapping result, Figure 11 presents our corn-mapping results for the CONUS in 2021.



To confirm our dynamic approach’s superiority over the static method, we conducted another experiment focusing solely on the ecoregion-changing regions in the corn-growing area. As shown in Table 7, our dynamic method’s User’s Accuracy outperformed the static method in almost all cases, except for 2021. For Producer’s Accuracy, both methods showed improvement or decline in different years. Therefore, we calculated the overall accuracy, which showed that the dynamic method in most cases outperformed the static method, with the largest improvement observed in 2020 from 71.76 to 74.98%. These results confirm the effectiveness of our dynamic ecoregion mapping approach for corn crops, especially in regions undergoing rapid ecoregion changes.






5. Discussion


Our study demonstrates that our approach, incorporating dynamic ecoregion clustering and random forest classification, yields markedly higher accuracy compared to the static clustering method in the context of early crop mapping for target crops such as soybean and corn across the entire cropland region.



We employed the elbow method and silhouette method to ascertain the optimal number of ecoregion clusters. This approach allowed us to strike a balance between accuracy and computational efficiency, enabling us to achieve satisfactory early crop mapping results while conserving computational resources. However, there exists a limitation: when there is significant climate variability affecting the vegetation index (VIs) patterns of the target crops, but not substantial enough to alter the ecoregion boundaries, our system may struggle to address this scenario effectively. As illustrated in Figure 10a, the overall accuracy is notably low in the Southern USA. This issue becomes apparent when examining Figure 2c and Figure 3, where, for the Southern USA region (depicted in blue), the ecoregion remains unchanged from 2013 to 2022. Consequently, our method fails to account for VIs pattern fluctuations in this region during this time period.



In our investigations, we observe that our dynamic ecoregion method, employing two, five, and ten distinct ecoregions, typically outperforms the static ecoregion method across most years in early soybean mapping. Particularly, the ecoregion configuration with ten divisions yields the most accurate outcomes. However, an interesting anomaly arises in the year 2020, where the static ecoregion map exhibits superior User’s Accuracy performance. This divergence implies that the static ecoregion map could possess advantages in specific scenarios, although overall, our dynamic ecoregion method generally exhibits enhanced accuracy. Notably, a comparison of pixel-wise overall accuracy between the dynamic and static methods for the soybean mapping underscores that the dynamic approach significantly outperforms the static approach in regions where shifts in ecoregion types between 2013 and 2021 have occurred. This contrast is particularly evident in the northern CONUS, confirming the enhanced robustness of our method against climate fluctuations between different years.



Interestingly, we find that the dynamic method outperforms the static method significantly in soybean mapping, while the improvement is less pronounced in corn mapping. Although the exact cause has not been explored in this paper, it is plausible that climate fluctuations exert a more substantial impact on soybean growing than on corn growing.



In conclusion, our proposed approach not only attests to its efficacy in terms of soybean and corn mapping, but also highlights the benefits of dynamic ecoregion clustering in coping with the intricate influences of climate fluctuations on crop mapping accuracy. Furthermore, our result map provides early insights into crop conditions, significantly preceding the CDL release. This timeliness is pivotal for making informed decisions early in the growing season. While the USDA unveils its CDL layer in January or February of the following year, our results are accessible by mid-July of the same year, offering information approximately 7 months ahead of the CDL. In addition, producing and updating a 250 m map proves to be more resource-efficient when compared to the maintenance of a nationwide 30 m map, particularly for research and monitoring purposes. However, the lower resolution of MODIS VIs data causes reduced accuracy in mapping target crops, when contrasted with Sentinel-2 and Landsat data. This decrease in resolution results in the loss of finer details and subtleties within the agricultural landscape, thereby presenting challenges in distinguishing between various crop types and detecting smaller-scale changes. It is important to note that this limitation constitutes a constraint within our work.




6. Conclusions


This paper introduces an innovative approach for early crop mapping across the entire land area of the CONUS by utilizing NDVI and EVI data combined with a dynamic ecoregion clustering technique. Unlike static ecoregion clustering, which generates a single unchanging ecoregion map, our dynamic approach results in a unique ecoregion map for each year. This dynamic strategy enables us to incorporate the year-to-year climate variations that significantly influence crop growth, thereby heightening the precision of our crop mapping process.



With the ecoregion maps for 2013–2022 established by the dynamic ecoregion clustering, a specific early crop mapping classifier can be trained for each different ecoregion. We used a bagging procedure and trained a random forest consisting of 50 classification tree models to locate our target crop for each ecoregion separately across the entire cropland region of the CONUS. The model was trained and validated in the years 2013–2017 and tested independently in the years 2018–2022. The results showed that the dynamic clustering method achieved significantly higher accuracy than the static clustering method. Our method has significant implications for forecasting crop yield and food production for countries.



In our future research endeavors, we intend to broaden the scope of our work by applying the dynamic ecoregion method to estimate target crop yields. This represents a crucial evolution of our current approach, as it will enable us to not only identify and map crops within distinct ecological regions, but also predict and quantify their potential yields. By harnessing the power of this method, we aim to provide valuable insights into agricultural productivity, aiding farmers, policymakers, and researchers in making informed decisions.
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Figure 1. The system architecture comprises a dynamic ecoregion clustering method and a specific crop classifier for each ecoregion. Inputs to the system are represented by green blocks, system outputs are represented by orange blocks, and system processes are depicted in blue blocks. 






Figure 1. The system architecture comprises a dynamic ecoregion clustering method and a specific crop classifier for each ecoregion. Inputs to the system are represented by green blocks, system outputs are represented by orange blocks, and system processes are depicted in blue blocks.
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Figure 2. The ecoregion map with 10 clusters of 2013 for soybean mapping. (a) shows the soybean cropland region filtered out by the CDL cultivated layer of 2013, where the green color represents the soybean cropland, and the black color represents the non-soybean cropland. (b) displays the ecoregion map of the soybean cropland region, where each color represents a specific ecoregion. (c) shows the ecoregion map of the entire cropland region, where each color represents a specific ecoregion. 
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Figure 3. The dynamic ecoregions maps with 10 clusters for 2014–2022. 
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Figure 4. Time-series average NDVI and EVI of soybean in different ecoregions in 2013. Left for NDVI. Right for EVI. 
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Figure 5. The sample regions. (a) shows the sample regions with the 2014 ecoregion map. (b) shows the sample regions with the 2021 ecoregion map. 
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Figure 6. The soybean VIs data distribution. The x- and y-axes represent the features following dimension reduction using PCA. (a) shows the soybean VIs data distribution in region 1. (b) shows the soybean VIs data distribution in region 2. 
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Figure 7. Within-cluster sum of squares (WCSS) of the environmental dissimilarity based on the pro-processed environmental data for different numbers of ecoregions in the corn cropland region (left) and soybean cropland region (right), during ecoregion clustering training in 2013. 
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Figure 8. The silhouette score based on the pro-processed environmental data for different numbers of ecoregions in the corn cropland region (left) and soybean cropland region (right), during ecoregion clustering training in 2013. 
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Figure 9. The soybean cropping result for the entire conterminous U.S. land area in 2021 (left). The ground truth of soybean cropland in a sample test region at 30 m resolution from the CDL layer (Right Top), and our soybean mapping result in the sample test region at 250 m resolution (Right Bottom). 
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Figure 10. Soybean mapping pixel-wise overall accuracy for 2021. (a) illustrates the pixel-wise overall accuracy using the dynamic method, where the color scale indicates the accuracy, with greener colors representing higher overall accuracy. (b) highlights the regions where the pixel-wise overall accuracy from the dynamic method outperforms the static method. 
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Figure 11. The corn cropping result for the entire conterminous U.S. land area in 2021 (left). The ground truth of soybean cropland in a sample test region at 30 m resolution from the CDL layer (Right Top), and our corn mapping result in the sample test region at 250 m resolution (Right Bottom). 
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Table 1. The methods of related work.
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	Factors Taken into Consideration
	Method
	Dataset
	Vegetation Indices
	Research Region





	Soil, Climate, and Topography Conditions
	[15]
	Sentinel-2
	NDVI, EVI, LSWI, RGVI2
	Shanwei, Guangzhou (China)



	-
	[11]
	Landsat-8 and Sentinel-2
	NDVI, EVI
	Four subregions in Kansas (USA), Gaoteng (South Africa), Punjab (India), Shandong (China)



	-
	[21]
	Sentinel-2
	Spectral bands, NDVI
	Gharb plain (northwest of Morocco)



	-
	[22]
	MODIS
	Phenological and other variables
	22 States in the USA



	-
	[23]
	MODIS
	NDVI, GCVI, EVI, LSWI
	Champaign County, Illinois (USA)



	GDD, Precipitation
	[16]
	Landsat-7
	Spectral bands
	Doniphan County, Kansas (USA)



	GDD
	[17]
	MODIS
	NDVI
	Kansas (USA)



	Precipitation, Soil conditions (within administrative demarcations)
	[18]
	MODIS
	NDVI
	The entire CONUS



	Soil, Climate, and Topography Conditions
	[10]
	MODIS
	NDVI
	The entire CONUS










 





Table 2. The metrics for ecoregion clustering.
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	Conditions
	Metrics
	Resolution (m)
	Dataset





	Soil Conditions
	pH, Soil organic carbon content, Bulk density, Sand content, Silt content, Clay content, Total nitrogen, Organic carbon density
	250
	ISRIC SoilGrids Dataset



	Climate Conditions
	Temperature of air at 2 m above the surface of land, Amount of solar radiation, Total evaporation, Total precipitation, Eastward component of the 10 m wind, Northward component of the 10 m wind.
	11,132
	ERA5-Land Dataset



	Topography Conditions
	Elevation, Slope
	231.92
	GMTED2010 Dataset










 





Table 3. The MMD values between the ecoregion 1 and each ecoregion.
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	Ecoregion
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	MMD (  10  − 3   )
	0.13
	222.88
	95.96
	114.54
	29.14
	56.31
	186.52
	52.58
	80.69
	92.94










 





Table 4. The experiment metrics for soybean early crop mapping based on different numbers of ecoregions. Bold numbers indicate the best results for each experimental group.






Table 4. The experiment metrics for soybean early crop mapping based on different numbers of ecoregions. Bold numbers indicate the best results for each experimental group.





	
Test Year

	
Ecoregion Number

	
Producer’s Accuracy

	
User’s Accuracy






	

	

	
dynamic

	
static

	
dynamic

	
static




	
2018

	
1

	
-

	
61.32

	
-

	
62.47




	
2

	
60.61

	
59.74

	
67.52

	
67.01




	
5

	
62.74

	
59.04

	
67.96

	
67.76




	
10

	
61.40

	
58.85

	
67.94

	
67.50




	
2019

	
1

	
-

	
82.39

	
-

	
45.58




	
2

	
83.97

	
83.86

	
48.35

	
48.06




	
5

	
83.61

	
82.94

	
49.96

	
48.94




	
10

	
84.81

	
83.85

	
50.17

	
49.35




	
2020

	
1

	
-

	
78.65

	
-

	
51.97




	
2

	
78.30

	
77.89

	
56.09

	
56.05




	
5

	
76.40

	
76.18

	
56.42

	
56.30




	
10

	
78.84

	
76.92

	
56.47

	
56.70




	
2021

	
1

	
-

	
70.06

	
-

	
59.27




	
2

	
70.67

	
70.04

	
64.47

	
63.36




	
5

	
71.41

	
69.47

	
63.86

	
63.48




	
10

	
73.33

	
69.87

	
63.94

	
63.54




	
2022

	
1

	
-

	
78.10

	
-

	
54.63




	
2

	
79.83

	
78.79

	
57.55

	
56.99




	
5

	
80.30

	
77.58

	
56.42

	
57.46




	
10

	
80.66

	
78.80

	
58.38

	
58.21











 





Table 5. The experiment metrics for corn early crop mapping only using NDVI. Dynamic and static method with 10 ecoregions. Normal presents the early crop mapping method without ecoregions. Bold numbers indicate the best results for each experimental group.
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Test Year

	
Producer’s Accuracy

	
User’s Accuracy






	

	
dynamic

	
static

	
normal

	
dynamic

	
static

	
normal




	
2018

	
57.94

	
54.79

	
59.25

	
64.88

	
64.63

	
58.76




	
2019

	
84.06

	
83.29

	
82.21

	
48.38

	
47.63

	
43.55




	
2020

	
79.29

	
77.15

	
79.51

	
53.02

	
53.19

	
48.56




	
2021

	
72.78

	
77.15

	
70.82

	
58.66

	
53.19

	
54.36




	
2022

	
78.82

	
75.92

	
76.82

	
55.88

	
56.21

	
52.30











 





Table 6. The experiment metrics for corn early crop mapping based on ten ecoregions. Bold numbers indicate the best results for each experimental group.
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Test Year

	
Producer’s Accuracy

	
User’s Accuracy






	

	
dynamic

	
static

	
dynamic

	
static




	
2018

	
85.70

	
85.58

	
62.51

	
62.46




	
2019

	
60.14

	
60.36

	
77.72

	
76.62




	
2020

	
77.77

	
77.38

	
68.81

	
68.39




	
2021

	
83.83

	
82.04

	
65.55

	
67.21




	
2022

	
70.76

	
70.87

	
73.31

	
72.49











 





Table 7. The metrics of corn mapping based on ecoregion-changed fields. Bold numbers indicate the best results for each experimental group.
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Year

	
Producer’s Accuracy

	
User’s Accuracy

	
Overall Accuracy






	

	
dynamic

	
static

	
dynamic

	
static

	
dynamic

	
static




	
2018

	
85.53

	
86.51

	
63.29

	
61.75

	
71.32

	
70.02




	
2019

	
61.45

	
64.71

	
77.94

	
71.55

	
77.47

	
75.42




	
2020

	
73.37

	
72.96

	
64.97

	
60.49

	
74.98

	
71.76




	
2021

	
87.59

	
80.05

	
59.17

	
65.72

	
69.93

	
72.83




	
2022

	
73.09

	
75.03

	
70.28

	
65.21

	
73.31

	
71.66
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