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A Viewpoint on the Frontiers in Science Lead Article 


A Digital Twin of the terrestrial water cycle: a glimpse into the future through high-resolution Earth observations





Key points


 

	State-of-the-art digital replicas of the Earth system, such as the Digital Twin Earth (DTE) for hydrology, simulate Earth processes to accurately monitor and predict various phenomena, such as extreme climate occurrences.

	The soil-plant-atmosphere interaction influences the fluxes of heat, water and carbon and understanding these processes allows for a more accurate prediction of ecosystem response to climate and environmental pressures.

	Developing a digital twin of the soil-plant-atmosphere continuum (SPAC) augmented with Earth Observation (SPACEO) will allow seamless integration of functional (cellular functioning at timescales of seconds) and spatiotemporal processes into regional weather and climate modeling systems, enhancing the accuracy of climate predictions and resource management.









Introduction

The Digital Twin Earth (DTE) is a rapidly evolving concept, approach, and technology that is fueling the development of Earth system science. The significance of digital twins is being increasingly recognized due to their capability to accurately forecast extreme climate events and predict environmental impacts. In relation to this, the European Commission launched the Destination Earth (DestinE) initiative which aims to develop DTEs that will accurately monitor and predict the interactions between weather, climate, ecosystem, and land, as well as the water-energy-carbon cycles therein (1). Contributing to this process, the European Space Agency (ESA) is also launching its program for the development of digital twin components to ensure enhanced and extensive use of the latest Earth observation (EO) technology in the development of DTEs. The paper by Brocca et al. (2) offers an example of this approach by fusing high-resolution EO data with advanced modeling, creating a four-dimensional DTE Hydrology data cube that can be used as forcing or validation datasets for Earth system models (ESMs), as well as for monitoring, prediction and testing scenarios.

The three main pillars of DTEs are physics-based models, machine learning (ML) algorithms, and data assimilation techniques (3). These all need to be high resolution, as is the case with ESMs (4, 5). The Brocca et al. (2) paper describes how this can be achieved for a hydrological application at 1 km resolution. However, many important processes and scales have not generally been included in such approaches. Despite this, significant progress has been made in the simulation and inclusion of multiple processes in ESMs in recent years, such as biogeochemical cycles, plant hydraulics, coupled moisture and heat transfer, freeze-thaw dynamics or groundwater flow (6–9). In addition, physics-informed machine learning has been increasingly incorporated into DTEs (10). The inclusion of these processes and machine learning algorithms would ensure the digital replica is representative of the real world and complex water-energy-carbon interactions.





Soil-plant-atmosphere continuum augmented with Earth observations

The Earth’s water, energy, and carbon cycles and their interactions are regulated by the most fundamental life-sustaining process: photosynthesis. Leaf-level photosynthesis is driven by incoming radiation (direct or diffuse), atmospheric conditions, structural and functional properties of vegetations and their rooting systems, soil-root interactions, soil properties, and groundwater dynamics. The highly dynamic coordinated mechanisms of photosynthesis at leaf level control the turbulent fluxes of heat, moisture, and carbon dioxide at the canopy level. These fluxes in turn impact local climate and cloud formation, which ultimately determine the partitioning between direct and diffuse radiation and, therefore, feedback to leaf-level photosynthesis. In order to understand this self-organized, fully coupled soil-plant-turbulence-cloud process, we argue that a digital twin of the soil-plant-atmosphere continuum (SPAC) augmented with EO information (SPACEO) is needed (Figure 1).




Figure 1 | A digital twin of the soil-plant-atmosphere continuum (SPAC) augmented with Earth Observation (SPACEO). The SPACEO digital twin consists of three pillars: EO-collected data, the capability for assimilating such data (i.e., data assimilation), and a digital replica of the SPAC system. The soil-plant hydraulic connection is regulated by water potential gradients across the soil-root-stem-leaf-atmosphere interfaces, which is influenced by the cloud-radiation interaction. Clouds reflect, absorb, and scatter part of the solar radiation; the rest reaches the Earth’s surface and activates the photosynthetic process through photosynthetically active radiation (PAR). Together with PAR and other meteorological variables, soil-plant hydraulics modulate leaf water potential, which in turn influence photosynthesis and leaf gas exchange. The fluxes of water, energy, and carbon are determined by changes in CO2 and water vapor at a cellular scale. These cellular-scale processes will feed back to the cloud formation at the mesoscale via land surface water-energy-gas fluxes (e.g., latent and sensible heat fluxes), as well as volatile organic compounds that can serve as water vapor condensation nuclei for cloud formation.



Although the current generation of ESMs consider most water, energy, and carbon exchange processes, as well as feedbacks between the land and atmosphere, their spatiotemporal resolution and process descriptions are insufficient to fully capture the detailed soil-plant-turbulence-cloud feedbacks. For example, the duration of cloud passage and variation in cloud thickness lead to rapid cloud-induced perturbations in radiation, that in turn impact the turbulent fluxes of evapotranspiration and net ecosystem exchange at the timescale of 1 minute (11). It is important to capture such rapid fluctuations of radiation and surface turbulent fluxes to understand land-atmosphere interactions. A remaining open question here is how EO can help track such interactions at high spatiotemporal resolutions (i.e., sub-daily, <1 km), which is also highlighted by Brocca et al. (2) as one of several high-level challenges facing a fully operational DTE-Hydrology. The proposed SPACEO digital twin is expected to address the above question, enabling the mechanistic link between the SPAC processes and EO data.

Figure 1 shows an overview of the SPACEO digital twin, which consists of three main components: EO-collected data, the capability for assimilating such data, and a digital replica (model) of the SPAC processes. Water potentials across the soil, root, stem, and leaf enable the soil-plant hydraulic link within the SPAC system. Meanwhile, the EO data includes, among other elements, reflectance, chlorophyll fluorescence, and soil/plant water contents. Figure 1 also shows the interaction of solar radiation with clouds. Part of the radiation is absorbed and scattered by the clouds, while the rest reaches the Earth’s surface. This, in synergy with the soil-plant hydraulics, activates the photosynthetic process. The cloud-radiation interaction highlights the importance of considering the rapid fluctuation of radiation due to cloud passages as this changes land surface water-energy-carbon fluxes, which in turn impacts cloud formation. The SPAC model, which represents these interconnected processes, will be deployed to assimilate the EO data collected from the SPAC system. This will provide the optimal estimate and updated understanding of the SPAC system, to manage, for example, ecosystem’s climate/drought resilience.





Spatiotemporally collocated cloud and vegetation EO data

The previous sections have underscored the significance of clouds in water-energy-carbon fluxes and emphasized the necessity of measuring rapid fluctuations within these dynamics. At the same time, accurate measurement of the water and photosynthetic state of vegetation is also important as it can deliver detailed insights into the SPAC system.

Teuling et al. (12) used multiple METOSAT scenes to illustrate how forests can enhance cloud formation under specific surface weather conditions, starting discussions about the dependence of cloud self-organization on land surface properties. A straightforward way of addressing such dependence is to use spatiotemporally collocated EO data of cloud and vegetation (13). However, concurrently observing clouds and vegetation via EO is difficult when using optical sensors, as clouds prohibit the sensing of vegetation, preventing a thorough explanation of their collocated interactions.

Microwave remote sensing-based vegetation optical depth (VOD) provides a solution to this problem. VOD is proportional to vegetation water content (VWC) and biomass, depending on the wavelengths of satellite sensors, plant species, plant function types, and structures (e.g., height, diameter, biomass density, and gap size), and microwave sensors have all-weather observational capabilities (i.e., regardless of cloud cover) with penetration depth beyond the top layer of plant canopies. As such, microwave sensors (e.g., AMSR-E, Soil Moisture Ocean Salinity, and Soil Moisture Active Passive) have been widely used to provide VOD observations (25–50 km) to monitor regional soil-plant water status (14, 15).

Microwave radiometers with different frequencies, from Ku-band to P-band can be used to detect VWC across different heights in the canopy (16, 17), with higher frequencies most sensitive to leaves and branches and lower frequencies more sensitive to trunks and soils. As such, multisensor microwave-based VOD/VWC data have the potential to provide information on canopy structure that strongly impacts the vertical distribution of solar radiation and its direct and diffuse partitioning, which has a direct effect on plant photosynthesis and surface turbulent fluxes of moisture, heat, and carbon (13). Furthermore, since there is a close relationship between solar-induced chlorophyll fluorescence (SIF) and the photosynthetic apparatus (18), terrestrial SIF emitted between the red and near-infrared spectrum (with two peaks centred around 685 nm and 740 nm) has been used as an indicator of the photosynthetic state of vegetation.

Visible/infrared and microwave (MW) sensors provide complementary information on cloud microphysics for investigating cloud-radiation interactions (19, 20). Infrared (IR) sensors are more sensitive to smaller particles and the amount of cloud particles and water content; they can also “see” thin clouds that are otherwise transparent to MW sensors. However, IR radiation is not sensitive to cloud thickness and only provides information close to the cloud top. MW radiation, on the other hand, can “see” throughout the cloud deck and offer information on the total vertical cloud water content. As such cloud microphysical properties can be retrieved from the synergized use of passive MW and IR observations (20). Such cloud property datasets will be tremendously useful for understanding the rapid fluctuation of radiation induced by cloud passages, which consequently influence the land-atmosphere interaction processes as represented by the SPAC model.





Conclusion: think big, model small

Enhancing the representation of the SPAC via integration of EO data, in the same way as the DTE Hydrology discussed in Brocca et al. (2), will foster a more comprehensive understanding of the water-energy-carbon dynamics within an ecosystem.

A SPACEO digital twin would integrate functional processes (cellular functioning on the timescale of seconds) of multiscale land-atmosphere interaction processes with the EO-augmented characterization of the real-world, cloud-radiation interactions and the intertwined water-energy-carbon cycles. Furthermore, in order to directly assimilate EO data, the process-based SPAC model should be coupled to a radiative transfer model to enable the forward simulation of satellite signals (e.g., top of canopy radiance, reflectance, and fluorescence).

For example, the STEMMUS-SCOPE model simulates photosynthesis, leaf to canopy reflectance and SIF spectra, evapotranspiration, soil moisture and temperature, dynamic root growth, and corresponding root water uptake (9). As such, when it is coupled with a large-eddy simulation model of the atmospheric boundary layer (e.g., Dutch Atmospheric Large Eddy Simulation, or DALES) (21), it would facilitate the exploration of EO data across the VNIR-SWIR-TIR spectrum (VNIR, visible and near infrared: 0.4–1.0 μm; SWIR, short wave infrared: 1.0–2.5 μm; TIR, thermal infrared: 3–12 μm). To extend the capacity of the above model to also digest microwave (0.5–100 cm) satellite data, an observation model to simulate the brightness temperature could be coupled with backscattering coefficients such as the Community Land Active Passive Microwave Radiative Transfer Modelling (CLAP) platform (17).

The SPACEO can contribute to a better understanding of the interplay between (heterogeneous and yet organized) ecosystems, climate/weather extremes, and land-atmosphere interactions, with enhanced and extensive use of the latest EO technology. This is expected to improve on the interpretation of existing and future EO data and contribute to suggestions of novel future EO mission concepts. The SPACEO will facilitate monitoring and prediction of the interconnection between the soil-plant dynamics regulating CO2 flux and transpiration (on stomata, leaf, and canopy levels, and at timescales of seconds), as well as the atmospheric dynamics and cloud feedback (at turbulence length scale) that influence these soil-plant dynamics.

A SPACEO digital twin can serve as a forward observation-simulator, linking cellular-scale processes to EO observables, for example, by coupling the SIF signals to soil-plant hydraulics processes. This way, SIF remote sensing can be used to directly parameterize landscape vegetation traits for the SPAC model, calibrate internal functions (such as the gain-risk stomatal optimization approach), and constrain model predictions of water, energy, and carbon fluxes. Reciprocally, the SPACEO forward simulations can help explain the physical and physiological basis for the remotely sensed SIF–photosynthesis relationship and its variations across a range of species, geographic regions, and environmental conditions. As such, SPACEO can be deployed as a barometer on photosynthetic stress dynamics, which can be translated into a system of early warning and agricultural assessment of stress development and productivity in local, regional, and global food systems. Such a system will serve society’s growing need for crop production, food security, and other ecosystem services for a sustained quality of life by suggesting timely decisions for remedial measures to alleviate ecosystem stress from climate extremes.
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