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&% reating an accurate virtual model of soil profile of our field, before planting any seeds, is
el transforming agronomic decisions, cutting down on resources, and leading to farming
51 based on simulation instead of guesswork. Before you ever turn on your tractor, imagine
&gwgw being able to run your entire cropping season, every irrigation decision, fertilizer application,
&% and every sowing date inside a virtual model of your field. Imagine testing your farm against
o adrought, a late frost, or an unexpected pest outbreak. Without endangering a single crop,
"2 you would receive a comprehensive, field specific prescription. This is not even Science
% fiction but digital soil twin technology is beginning to enable this, and it is currently taking
280 place in space agency laboratories, commercial farms, and research stations from Texas to
Qe Uttar Pradesh. A living, dynamic, virtual replica of an actual field soil system is called a
@flﬁ digital soil twin. It integrates real-time inputs from sensors, satellites, drones, and weather
o stations with high resolution soil data, such as chemistry, texture, moisture profiles, microbial
j; activity, and carbon content. As far as technology allows, this creates a computational model

, that closely mimics the real soil. Crucially, it is dynamic, the twin is constantly changing as
023050 new information becomes available, just like the actual soil. Because of this, it functions as a
o predictive tool that can model future conditions under different management strategies,
25%0 making it more than just a snapshot or static profile.

What is a Digital Soil Twin

In aerospace engineering, the idea of digital twin first originated enabling these models help
forecast maintenance requirements by simulating the behavior of structures. The basic idea is
to create a digital replica of a physical system, update it with data from the actual world, and
use it to test scenarios, forecast results, and make better decisions without having to interact
with the real thing. In agriculture, this principle is now being applied at the soil level. This is
arguably the most complex, variable, and important physical system that farmers manage. A
digital soil twin is not just a map of soil properties. It is a multi-layered computational model
that integrates data from time, depth, and space. It considers various factors such as soil
profile which regulates gaseous exchange and root penetration, nutrients cycle in response to
microbial activity and temperature. The National Academies of Sciences defined digital twins
as virtual models that “mimic the structure, context, and behaviour of a natural, engineered or
social system.” Soil, being the most complex biological ecosystem per cubic centimetre on
Earth, is a prime example of such a system. When a digital soil twin is created properly, it not
only reflects the current state of the soil but also predicts how that soil will change under
certain conditions and management decisions.

How Digital Soil Twins are Built: The Technical Architecture

Data Acquisition- Building the Foundation

No twin is better than the data it is built on. Creating a digital soil twin starts with thorough
data collection from various sources in the physical field. Modern soil twin systems rely on a
strong mix of inputs:
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e On-field soil sensors measure real-time pH, electrical conductivity, nitrogen,
phosphorus, potassium (NPK), temperature, and volumetric moisture content at multiple
soil depths.

e Drone and satellite multispectral imagery maps spatial variability across the field,
identifying zones with differing soil organic matter, moisture stress, or compaction
through vegetation indices and thermal signatures.

e Soil sampling and laboratory analysis provide chemical and physical data, including
texture, bulk density, microbial biomass, and carbon stocks.

e Historical records and climate data, which include decades of weather patterns,
cropping history, tillage records, and previous yield maps, provide the temporal depth that
makes predictive modeling reliable.

e GPS and remote sensing platforms anchor all data to precise geographic coordinates,
enabling spatial analysis at sub-meter resolution.

Model Construction- Creating the Twin
Once data is assembled, machine learning algorithms often combine physics-based process
models with data-driven deep learning to construct the twin. Physics-based models capture
known agronomic relationships, such as how water moves through different soil textures
(Darcy's Law), how nitrogen mineralizes in response to temperature and moisture, and how
root growth responds to bulk density and aeration, based on decades of soil science. Machine
learning (ML) models trained on historical yield, soil, and weather data can detect patterns
too complex for simplified process equations. They can identify the specific combination of
subsoil compaction, late-season rainfall deficit, and sowing date that causes yield loss in a
particular field. The hybrid model obtained is both precise and easy to understand.
The Simulation Engine- Running Scenarios Before Sowing
The Al driven digital soil twin models, helps farmers and agronomists to run pre-sowing
simulations across a wide range of management scenarios. What happens to yield if sowing is
delayed two weeks because of waterlogged soils? How does the field react to split nitrogen
application compared to a single pre-plant dose? Which of the three candidate crop varieties
performs best in Zone B of the field, where clay content is higher and drainage is slower? The
twin predicts outcomes for each scenario, typically within seconds, allowing decision-makers
to choose the best strategy before making any real-world commitments.
Nasa's Agricultural Digital Twin
In March 2025, NASA's Earth Science Technology Office announced its Agricultural Digital
Twin initiative, which combines data from NASA remote sensors with USDA crop statistics
to provide field specific crop yield forecasts. The system enables farmers to simulate how
specific crop varieties may perform under drought conditions before they decide when to
plant. This essentially allows them to run the growing season in a computer model first. The
team hopes to make the tool available through a public web portal, representing an important
step toward widespread use.

Table 1. The Six Step Workflow: From Soil Sample to Virtual Harvest.
Step Sensors, drone surveys and lab tests map soil pH, NPK, texture,

1 Soil Profiling moisture-holding capacity, and microbial activity.
Step . All soil data, combined with, multi-year weather records, and crop
Data Integration - o . L .
2 history, is integrated into a digital twin platform.
Step Virtual Soil ML algorithms construct a dynamic 3D model of the field's soil layered,
3 Model Build spatially variable, and continuously updatable.
Step Pre-Sowing Farmers and agronomists run multiple stress scenarios. The twin projects
4 Simulations predict the outcomes before any seed touches the ground.
Step Prescription The twin platform simulate and prescribe map for seeding, irrigation,
5 Generation and nutrient application specified to each zone within the field.
. Initiating from sowing, live sensor data flows back into the twin,
Step Real-Time

continuously updating the model and refining recommendations through

6 Feedback Loop the growing season.
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What Digital Soil Twins Can Simulate: A Field-Level View

Nutrient Dynamics and Fertilizer Optimization

Digital soil twins revolutionise the use of fertilizers by providing accurate, zone-specific
recommendations across the field. They meticulously map nutrient levels and simulate how
application rates interact with soil biology, moisture, and crop uptake, and provide specific
prescription to each patch of land. As a result, sandy zones may receive 95 kg/ha of nitrogen
instead of a blanket 120 kg/ha, while clay rich areas may receive 135 kg/ha. This reduces
total fertilizer inputs by 30-40% without compromising yield, which is beneficial, both
economically and environmentally.

Soil Water Balance and Irrigation Scheduling

Al-driven twin might be the most beneficial in terms of water management. They create
irrigation schedules based on practical field conditions rather than calendar defaults.
Multidimensional simulations i.e., infiltration, moisture redistribution, and evapotranspiration
helps in better decision making. The ideal defoliation date was predicted weeks in advance by
an Al-driven twin. The farmer disregarded it because he preferred experience to facts. Then,
unexpected rainfall postponed harvest, resulting in quality losses of about $70 per acre,
exactly what the model had predicted. Digital twins not only surpass intuition, but they also
process temporal and multi-variable data at a depth that no unassisted human judgement can
match.

Pre-Sowing Disease and Pest Risk Modeling

Digital soil twins can stress test pathogen pressure in the soil before sowing starts. Al driven
soil twins can identify areas with a higher risk of soil-borne diseases like Fusarium wilt,
Pythium damping-off, or root-knot nematode infestations. They map key factors affecting
pathogen survival and growth like soil temperature, moisture content, pH, and organic matter.
This helps farmers use targeted seed treatments and choose resistant varieties in high-risk
areas. Taking these steps beforehand proves much more cost-effective than post-infection
response.

Climate Stress Simulation and Adaptation Planning

Perhaps the most promising use of digital soil twins is climate scenario simulation. Digital
soil twins can show how a field performance might change with Global warming, shifting
rainfall patterns, or more frequent droughts by combining historical climate records with
future climate projections from the IPCC (Intergovernmental Panel on Climate Change). This
provides farmers not just guidance for the coming season but also the ability to plan for
multiple decades. It helps them decide which crops will still thrive in future conditions, which
soil amendments will improve long-term resilience, and which land management practices
will best protect soil carbon and structure over time.

Numerous independent research initiatives have documented the performance advantages of
digital soil twin approaches. Across a range of crop and soil types, yield forecast accuracy in
sophisticated digital twin systems has reached 85 to 90 %. The most advanced platforms, like
the sensor integrated system from Bowery Farming, enable crops to grow twice as quickly
while using 95% less water. Through integrated soil moisture and river flow modeling, New
Zealand's Waimakariri Irrigation Limited digital twin, which spans 23,000 hectares across
200 farms, has demonstrated notable improvements in water management at the watershed
scale.
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Table 2. The table below shows the core differences in how farming decisions are made
before and after the adoption of a digital soil twin.

Data sources Memory, almanac, local Sensors, satellite, I_oT, weather APIs, lab
knowledge soil data
Planning horizon Season-by-season, reactive Multi-season simulations run before sowing
Nutrient management Blanket application across field Zone-specific presrt;]r(;g':g n from soil profile
Water Use Empirical / calendar-based Moisture model-driven, reduces usage by
25-40%
Risk management Experience-based judgement Al-modelled drough't, pest and flood
scenarios
Crop variety Advisor recommendation or Simulated performance across varieties
selection habit before purchase

Mobile-first platforms now emerging for 1

Smallholder access Direct field experience only acre farmers

Problems That Need to Be Solved

Despite lot of potential, five key barriers limit the widespread adoption of Digital twins. First,
data quality and spatial density are still problems. To make accurate models, you need high
resolution, multi depth sampling, which is expensive and time consuming. Portable sensing
tools are still too expensive for smallholder farmers in developing areas. Second, rural
connectivity is not very reliable on a lot of farmland around the world. However, edge
computing can help by processing data locally and then sending compressed outputs.

Third, trust is earned, not given. Farmers won’t follow advice unless they can see that
the predictions match what actually happens. This means that long term programs that treat
farmers as partners are needed. Fourth, data ownership brings up important questions about
who controls, profits from, and protects sensitive soil and yield data as it is collected from
many farms. This shows that clear legal frameworks and farmer centered models are
necessary. Finally, high initial costs and technical difficulties could limit digital soil twins to
capitalized entrepreneurs. To make sure everyone can use them, they need to be affordable
and come with practical training for farmers.

Road Ahead

Three major changes are happening at the same time that are speeding up the development of
digital soil twins. Al is going beyond just recognizing patterns and moving toward real
agronomic reasoning. Future platforms won't just flag low nitrogen, they’ll also explain,
predict how it will affect yields, and change their recommendations automatically as
conditions change. Autonomous farming systems will connect knowledge and action. A twin
that detects soil compaction won’t just tell the farmer about it, it will also send an
autonomous subsoiler to fix it. This will turn the twin from an advisor into a self- optimizing
cognitive hub for the whole farm. At the most substantial level, programs like the EU’s Earth
System Digital Twin are creating open, interoperable architectures that connect individual
soil twins into networks all over the world. A soil twin in Punjab could send real-time
predictions of drought stress to an FAO food security early warning system, making data
from a single field a part of global intelligence.

Conclusion

Planting a seed has always been an act of faith. Digital soil twins don’t get rid of that
uncertainty, they change how the farmer deals with it. Before going out into the field, you can
now stress-test the unknown in a virtual setting, which turns guesswork into smart action.
This doesn’t mean the end of human judgment, it means that computational intelligence and
hard-won experience will work together better. Soil has been around for a long time and is
very complicated. This is the first time the digital twin has been made. They might be just
what sustainable farming needs.
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