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Abstract:Weather monitoring plays a crucial role in various sectors, including agriculture, aviation, disaster
management, and daily life. Traditional weather forecasting systems rely heavily on data collected from
meteorological stations, satellites, and human observations. However, the advent of the Internet of Things
(10T) has revolutionized weather monitoring and prediction by enabling real-time, high-precision data
collection through interconnected devices and sensors.

An loT-based weather monitoring system utilizes a network of distributed sensors to gather environmental
data such as temperature, humidity, wind speed.

Index Terms — IoT,Weather Monitoring, Real time , Sensors, Environmental Data.

I. INTRODUCTION

The Internet of Things (l1oT) has revolutionized the way we interact with our environment by enabling the
connection and communication of devices over the internet. In rural areas, where traditional monitoring
methods often fall short, l10T-based ecosystem monitoring presents a significant opportunity to enhance
environmental management, agricultural productivity, and community resilience.

Weather forecasting is an essential tool for various sectors, including agriculture, transportation, and
disaster management. Traditional weather stations collect data from specific, fixed locations, but they often
face limitations in scalability and real-time data accessibility. With the advent of the Internet of Things
(10T), weather forecasting has seen significant advancements in both precision and accessibility.
loT-based weather forecasting involves deploying a network of interconnected sensors that monitor and
gather environmental data such as temperature, humidity, air pressure, wind speed, and rainfall in real-time.
These sensors are distributed across wide geographic areas, transmitting the data to cloud-based platforms,
where it is analysed using advanced algorithms and machine learning techniques to predict weather patterns
accurately.

This project presents an loT-based weather monitoring system tailored for rural deployment. It uses a
DHT11 sensor to measure key weather parameters like temperature and humidity, an ESP32
microcontroller for data processing and wireless communication, and an e-paper display to visually present
the data with ultra-low power consumption. The choice of e-paper ensures visibility in sunlight and minimal
power usage, making it ideal for rural settings with limited power availability.

By leveraging the ESP32's Wi-Fi capability, the system can also be extended to upload data to cloud
platforms, enabling remote monitoring and data logging for long-term analysis. This solution offers an
affordable, scalable, and energy-efficient way to enhance weather awareness in underserved areas.

I1. TECHNICAL OVERVIEW

This project introduces an l1oT-based weather monitoring system designed for rural areas, utilizing the
ESP32 microcontroller, DHT11 sensor, an e-paper display, and the OpenWeatherMap API. The ESP32 acts
as the central controller, using its built-in WiFi to connect to the internet and retrieve live weather data
while also collecting local temperature and humidity readings through the DHT11 sensor. This information
is combined and displayed on an energy-efficient e-paper display, which consumes minimal power and
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remains readable in direct sunlight. The system is optimized for low power consumption by leveraging
ESP32’s deep sleep mode, making it suitable for solar or battery-powered applications in off-grid
environments. By integrating local sensor data with real-time online forecasts, it offers a reliable and cost-
effective solution for environmental monitoring in rural and remote areas.

2.1 System Components

2.1.1 ESP32 Microcontroller

The ESP32 is a powerful, low-cost microcontroller with built-in WiFi and Bluetooth, making it perfect for
IoT applications. It features a dual-core processor, multiple GP1O pins, and a variety of communication
interfaces like SPI, 12C, and UART. In this project, the ESP32 handles WiFi connectivity to fetch real-
time weather data from the OpenWeatherMap API, reads local data from the DHT11 sensor, and controls
the e-paper display, all while optimizing power consumption through deep sleep mode.

2.1.2 DHT11 Temperature and Humidity Sensor

The DHT11 is a digital temperature and humidity sensor used in this project to measure local atmospheric
conditions. It provides reliable readings within a temperature range of 0-50°C and humidity range of 20—
80%, with reasonable accuracy for basic weather monitoring. The sensor uses a single digital pin for
communication, making it easy to interface with the ESP32. Its low cost and simplicity make it well-suited
for rural and low-power 10T applications.

2.1.3 E-Paper Display

4.2inch e-Paper

400x 300 Pixels

Black and white color
4 gray scale . WI,
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The e-paper display, also known as an electronic ink (e-ink) display, is a key component of this weather
monitoring system, chosen for its ultra-low power consumption and excellent sunlight readability. Unlike
traditional displays, e-paper screens only consume power during screen updates and retain the image even
when power is removed, making them ideal for energy-efficient and battery-powered applications in rural
areas. In this project, the e-paper display is used to present both local weather data from the DHT11 sensor
and live updates from the OpenWeatherMap API. Its reflective display technology ensures clear visibility in
outdoor conditions, while its low power requirements complement the ESP32's deep sleep mode for long-
term operation on limited power sources such as solar panels or batteries.

2.2 System Architecture and Operation

OpenWeather
API

Fig. 1 Architectural diagram

This diagram visually conveys how a the data is display on e paper display.

1. ESP32 (Central Controller)
e Acts as the brain of the system.
o Connects to sensors, e-paper display, and Wi-Fi.
2. DHT11 Sensor
e Measures temperature and humidity.
e Sends real-time data to the ESP32.
3. Wi-Fi Module (Built-in ESP32)
e Checks for internet connection.
e If Wi-Fi is available, ESP32 sends a request to OpenWeatherMap API and fetches forecast/weather
data.
o If Wi-Fi is not available, it uses local sensor data only.
4. OpenWeather API (Optional)
e Provides additional weather details like forecast, wind speed, and cloud data.
e ESP32 parses this JSON data.
5. E-Paper Display
e Shows current temperature, humidity, and forecast.
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o E-paper is low-power and stays visible without continuous power—perfect for rural areas.
6. Power Supply

o Could be a battery, solar, or any DC source.

e Powers the ESP32 and other modules.

The system architecture is modular, consisting of sensing, processing, and display layers. The ESP32
periodically reads environmental data from the DHT11 sensor. This data is processed and formatted for
display, then rendered on the e-paper screen. The system is configured to enter deep sleep between readings
to minimize energy consumption. The update interval is configurable based on application requirements,
typically ranging from 5 to 30 minutes.

In its enhanced configuration, the ESP32 can establish Wi-Fi connectivity to transmit data to a remote cloud
platform or to fetch forecast information via APIs (e.g., OpenWeatherAPI). This enables the combination
of real-time sensor data with short-term forecasts for improved weather awareness in remote locations.

2.3 Communication and Data Handling

Data from the DHT11 is collected using GPIO interrupts and handled via lightweight firmware developed
in C++ using the Arduino framework. For systems utilizing cloud connectivity, the ESP32 transmits data
over HTTP or MQTT protocols. Data security and reliability are considered via timeout handling, fail-safes,
and retry mechanisms.

loT-Based Weather
Forecasting System

View Weather
Data

Weather
Update

User

Forecasting

Fig. 2 Use Case Diagram
1.Scenario Overview
In remote agricultural villages where access to internet-based weather services is limited or unreliable,
timely weather information can significantly impact farming decisions. This use case explores the
deployment of the proposed system in such a rural setting.

2. Deployment Context

A small-scale farmer in a rural village installs the weather monitoring device at the edge of a crop field. The
device is powered by a rechargeable lithium-ion battery coupled with a small solar panel. Due to the area’s
limited electricity and intermittent internet access, the system is configured to operate in offline mode with
data displayed locally on the e-paper screen.

3. Operational Workflow

e Sensor Data Acquisition: Every 10 minutes, the ESP32 wakes from deep sleep and reads temperature
and humidity values from the DHT11 sensor.
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e Data Display: The values are displayed on the e-paper display in a large, readable format suitable for
outdoor visibility.

e Power Management: After updating the display, the ESP32 re-enters deep sleep mode to conserve
battery power.

e Cloud Mode (Optional): If Wi-Fi is available, the system can upload the data to a cloud service (e.g.,
ThingSpeak or Firebase) for remote access by agricultural officers or researchers.

4. Impact

e Improved Decision-Making: Farmers are able to adjust irrigation schedules based on real-time
humidity levels.

e Increased Yield: Better weather awareness leads to timely planting and crop protection decisions.

e Scalability: The system can be replicated across multiple farms due to its low cost and minimal
infrastructure requirements.

1. RESULTS
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Fig. 3 Data displayed from OpenWeather API

This diagram represents when Wi-Fi is available, the ESP32 connects to the internet and sends a request to
the OpenWeatherMap API. It retrieves live weather data such as temperature, humidity, wind speed, and
weather conditions in JSON format. The ESP32 then parses this data and displays the relevant information
on the E-Paper screen, providing real-time weather updates for the area. This allows rural communities to
access accurate forecasts even in low-resource settings, enhancing preparedness and decision-making. The
system updates data at regular intervals, ensuring the displayed forecast is always current. Additionally, using
a low-power E-Paper display makes it ideal for continuous use in areas with limited electricity.
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This second diagram shows when there is no Wi-Fi or internet access, the system switches to offline mode.
In this mode, the ESP32 collects real-time environmental data using the DHT11 sensor, which measures
temperature and humidity. The ESP32 reads the sensor data at regular intervals and displays it directly on
the E-Paper display. This ensures that the system continues to function and provide useful weather
information even in remote rural areas with no connectivity. The use of low-power components like DHT11
and E-Paper makes it highly efficient and ideal for offline, solar-powered applications.

IvV. KEY FEATURES AND FUNCTIONALITY

The proposed l10T-based weather monitoring system is tailored specifically for rural and remote areas with
limited infrastructure. It offers the following features and functionalities:
1. Real-Time Environmental Monitoring
The system collects live temperature and humidity data using the DHT11 sensor. Data is updated at periodic
intervals (configurable, e.g., every 10 minutes), allowing farmers to make immediate and informed
agricultural decisions.
2. Low Power Consumption
The ESP32 microcontroller supports deep sleep mode, significantly reducing energy consumption between
data collection cycles. Additionally, the e-paper display consumes power only during refreshes and retains
its image without constant power supply, making it highly energy-efficient.
3. Solar and Battery Power Support
To address power challenges in rural settings, the device operates on a rechargeable battery, optionally
charged by a solar panel. This ensures uninterrupted operation in off-grid environments.
4. Dual Mode Operation: Offline and Online

« Offline Mode: Displays sensor data locally on the e-paper screen without internet access.

e Online Mode: Connects via Wi-Fi to retrieve weather forecasts from APIs like OpenWeatherMap.
5. Sunlight-Readable Display
The e-paper display provides excellent readability in direct sunlight and is ideal for outdoor conditions. It
displays weather data in a simple, clear format that can be easily understood by rural users with minimal
training.
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6. Cloud Connectivity and Remote Access

In online mode, sensor data is transmitted to cloud servers for remote access by agricultural extension officers
or researchers. The system supports integration with cloud APIs for extended forecast retrieval and remote
monitoring.

7. Remote Monitoring and Forecast Integration

Authorized personnel can monitor data from multiple installations remotely, enabling centralized agricultural
advisory services. The integration of real-time and forecasted weather data enhances decision-making
accuracy.

8. Cost-Effective and Scalable

The system is built using low-cost components (ESP32, DHT11, e-paper display), making it highly affordable
for mass deployment. Its modular architecture ensures easy scalability across multiple rural locations.

9. Easy Installation and Maintenance

The device has a plug-and-play design requiring minimal assembly and maintenance. It is lightweight,
durable, and easy to install even in remote field conditions.

10. Support for Data Logging and Analysis

The system supports local or cloud-based data logging, enabling the collection of historical weather data.
This is valuable for long-term environmental analysis, agricultural trend studies, and climate-related research
in rural regions.

V. CHALLENGES

The development and deployment of the proposed loT-based weather monitoring system face several
notable challenges. The use of the DHT11 sensor introduces limitations in terms of data accuracy and
resolution, which may not be sufficient for high-precision agricultural applications. Internet connectivity is
another significant concern in rural areas; without stable Wi-Fi, the system cannot upload data to the cloud
or access external weather forecasts, limiting its smart capabilities. Power reliability also posesa constraint,
especially during extended periods of low sunlight or in cases of battery degradation over time. The
system’s components, particularly the sensor and display unit, are vulnerable to harsh environmental
conditions such as dust, moisture, and physical interference, necessitating additional investment in
protective housing. The e-paper display, while excellent for power saving, has a slow refresh rate and lacks
graphical flexibility, which could hinder the presentation of more complex data visualizations. Furthermore,
large-scale deployment requires maintenance logistics and technical literacy among local users or farmers,
which may not be readily available in all rural settings.

Vvl. CONCLUSION

The development and deployment of the proposed loT-based weather monitoring system face several
notable challenges. The use of the DHT11 sensor introduces limitations in terms of data accuracy and
resolution, which may not be sufficient for high-precision agricultural applications. Internet connectivity is
another significant concern in rural areas; without stable Wi-Fi, the system cannot upload data to the cloud
or access external weather forecasts, limiting its smart capabilities. Power reliability also poses a constraint,
especially during extended periods of low sunlight or in cases of battery degradation over time. The
system’s components, particularly the sensor and display unit, are vulnerable to harsh environmental
conditions such as dust, moisture, and physical interference, necessitating additional investment in
protective housing. The e-paper display, while excellent for power saving, has a slow refresh rate and lacks
graphical flexibility, which could hinder the presentation of more complex data visualizations. Furthermore,
large-scale deployment requires maintenance logistics and technical literacy among local users or farmers,
which may not be readily available in all rural settings. This paper presents a cost-effective and energy-
efficient loT-based weather monitoring system specifically designed for rural environments. By integrating
the ESP32 microcontroller with a DHT11 sensor and a low-power e-paper display, the system successfully
addresses the need for real-time, localized weather information in areas with limited internet connectivity
and power infrastructure. The dual-mode operation ensures functionality both offline and online, enhancing
its adaptability across diverse rural settings. The system’s ability to operate on battery or solar power,
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combined with low maintenance requirements and ease of deployment, makes it a scalable solution for
weather-aware agriculture and climate resilience.
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