UNIT IV - WEATHER PREDICTION MODELS
Importance of climate variability and seasonal forecasting- Understanding and predicting
world’s climate system- Global climatic models and their potential for seasonal climate
forecasting- General systems approach to applying seasonal climate forecasts.
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Types of Weather Prediction Models:
1. Numerical Weather Prediction (NWP) Models:

> Global Models: These models cover the entire Earth and predict weather patterns over
large regions and long time scales (typically several days to weeks). Examples include
the Global Forecast System (GFS) developed by NOAA and the European Centre for
Medium-RaNumnge Weather Forecasts (ECMWF) model.

> Regional Models: These models focus on smaller geographic areas (like a country or
region) and provide more detailed forecasts over shorter time frames (up to a few days).
Examples include the Weather Research and Forecasting (WRF) model and the High-
Resolution Rapid Refresh (HRRR) model in the United States.

2. Statistical Models:

> These models use historical weather data to identify patterns and relationships between
different variables (such as temperature, pressure, humidity) and make predictions
based on statistical analysis. They are often used for short-term forecasting and climate
trend analysis.

3. Ensemble Forecasting:

o Ensemble models run multiple simulations with slight variations in initial conditions or
model parameters to assess the range of possible outcomes. This approach helps
meteorologists quantify uncertainty in weather predictions and improve forecast
accuracy.

How Weather Prediction Models Work:
< Data Assimilation: Models start with current observations of temperature, humidity, wind
speed, and other atmospheric variables. These observations are assimilated into the model to
initialize the simulation and adjust for real-time conditions.
< Numerical Simulation: Using complex mathematical equations (e.g., Navier-Stokes equations
for fluid dynamics), models simulate how atmospheric variables evolve over time. The
atmosphere is divided into a 3D grid, and equations are solved iteratively to predict changes in

temperature, pressure, wind, and precipitation.




< Parameterization: Processes such as cloud formation, precipitation, and turbulence occur at
scales smaller than the model's grid resolution. Parameterization schemes represent these
processes using simplified equations based on empirical data and physical principles.

< Output and Interpretation: Models produce output in the form of weather maps, graphs, and
numerical data. Meteorologists interpret this information to create weather forecasts, identify
weather patterns, and assess the likelihood of specific weather events (like storms, heatwaves,
or cold fronts).

Challenges and Limitations:

o Resolution: Higher resolution models can capture finer details of weather patterns, but require
more computational power and data.

e Model Uncertainty: Weather is influenced by many factors and is inherently chaotic. Small
errors in initial conditions or model parameters can lead to significant differences in forecast
outcomes.

o Complexity: Developing and running weather models requires expertise in meteorology,
computer science, and mathematics. Continuous model improvements are needed to account

for new data sources, scientific advancements, and changing climate conditions.

CLIMATE VARIABILITY AND SEASONAL FORECASTING

Climate variability refers to variability observed in the climate record in periods when the state of the

climate system is not showing changes. If the climate state changes, usually characterized by a shift in
means, then the frequency of formerly rare events on the side to which the mean has shifted might
occur more frequently with increasing climate variability.

Probable Causes of Climate Variability and Climate Change

External Causes

Astronomical periodicities. Many investigators of climate variability and change are of the opinion that
astronomical periodicities influence the atmosphere directly or indirectly and bring periodic variations
in climate. The most important periodicity is associated with the tidal forces of the sun,moon, and
other planets.

Internal Causes

Greenhouse gases. Within the atmosphere there are naturally occurring greenhouse gases which trap
some of the outgoing infrared radiationted by the earth and the atmosphere. The principal greenhouse
gas is vapor. The others are carbon dioxide (CO2 and nitrous oxides (NH4), methane ), ozone (03).
These gases, together with clouds, keep earth’s surface and troposphere warmer than it would be

otherwise.




OBSERVED CHANGE IN ATMOSPHERICCOMPOSITION AND CLIMATE

Carbon Dioxide

The concentration of carbon dioxide in the surface layer of the atmosphere was about 280 ppmv just
before the industrial era started. This stood at 365 ppmv at the end of twentieth century. Thus the
CO2concentration in the atmosphere has increased by about 30 percent in a span of 200 years.

Acidifying Compounds
Sulfur dioxide (SO2) and nitrogen compounds are some of the major airpollutants emitted by industrial
and domestic sources. Sulfur dioxide is further oxidized to sulfate, which exists in the atmosphere
mainly as aerosols. Sulfate aerosols are found more in the Northern Hemisphere than in the
Southern Hemisphere Weather prediction models are computational tools used by meteorologists and
climatologists to forecast future weather conditions based on current and historical data. These models
integrate principles of physics, fluid dynamics, thermodynamics, and mathematics to simulate the
atmosphere's behavior over time.
Tropospheric Ozone
Ozone is toxic for a wide range of living organisms. In the troposphere it is produced by a chain of
chemical and photochemical reactions involving, in particular, nitrogen oxides, nitrous oxides, and
volatile organic compounds
(VOCs). Near the earth’s surface, ozone concentrations are highly
variable in space and time, with the highest values over industrial regions
under suitable weather conditions.
Internal Dynamics of the Climate System
Climate can vary because of the internal dynamics of the climate system.The most important source of
this shorter time scale variability is from the EI Nifio/Southern Oscillation, North Atlantic Oscillation,
and changes in sea-surface temperature.
Climate variability and seasonal forecasting are crucial for a variety of reasons, impacting both natural
ecosystems and human activities. Here are some key reasons why they are important:
1. Agriculture and Food Security:
< Farmers rely on seasonal forecasts to make decisions about planting, irrigation, and crop
management. Predicting the onset of rainy seasons or dry spells helps optimize planting
schedules and water usage, thereby improving agricultural productivity and food security.
2. Water Resources Management:
+« Seasonal forecasts assist water managers in planning reservoir storage, allocating water

resources for agriculture, industry, and urban use, and implementing drought preparedness




measures. Predicting seasonal precipitation patterns helps in managing water scarcity and
flood risks.
3. Energy Sector:

o Seasonal forecasts influence energy production strategies, particularly for hydropower and
renewable energy sources dependent on weather conditions. Forecasts of temperature patterns
also inform energy demand projections for heating and cooling purposes.

4. Health Impacts:

o Climate variability affects the spread of vector-borne diseases (like malaria and dengue fever)
and water-related diseases (such as cholera). Seasonal forecasts help public health officials
prepare for disease outbreaks by anticipating changes in temperature, humidity, and
precipitation patterns.

5. Natural Resource Management:

o Ecosystems are sensitive to climate variability, affecting biodiversity, habitats, and wildlife.
Seasonal forecasts aid in conservation efforts by predicting changes in temperature and
precipitation that impact ecosystems and species distribution.

6. Disaster Risk Reduction:

o Early warnings based on seasonal forecasts help communities prepare for extreme weather
events such as hurricanes, floods, and heat waves. Improved preparedness reduces vulnerability
and enhances resilience to natural disasters.

7. Tourism and Recreation:

o Seasonal forecasts influence tourism planning and recreational activities that depend on
weather conditions, such as skiing, beach vacations, and outdoor events. Businesses and local
economies benefit from accurate weather predictions to optimize tourism strategies.

8. Climate Change Adaptation:

e Understanding climate variability and seasonal forecasting is crucial for adapting to long-term
climate change impacts. By identifying trends and patterns in seasonal weather conditions,
communities and governments can develop adaptive strategies to mitigate risks and enhance
resilience.

9. Policy and Planning:

e Governments and policymakers use climate variability and seasonal forecasts to inform

decisions related to infrastructure development, land use planning, disaster response planning,

and climate change adaptation strategies.




10. Research and Development:

e Advances in climate modelling and seasonal forecasting contribute to scientific understanding
of climate dynamics, improving the accuracy and reliability of future forecasts and supporting
on-going research in climate science.

In summary, climate variability and seasonal forecasting provide essential information for a wide
range of sectors and activities, enabling better planning, decision-making, and adaptation strategies in
response to changing weather patterns and climate conditions.

Understanding and predicting the world’s climate system

Understanding and predicting the world's climate system is a complex and interdisciplinary endeavour
that involves integrating observations, theoretical models, and computational simulations. Here’s an
overview of how scientists approach this challenge:

1. Observations and Data Collection:

o Satellite Observations: Satellites provide a global view of key climate variables such as
temperature, sea surface temperature, ice cover, and greenhouse gas concentrations.

o Surface Observations: Weather stations, buoys, and other ground-based instruments measure
variables like temperature, precipitation, wind speed, and atmospheric composition.

o Paleoclimate Data: Historical climate information from ice cores, tree rings, sediment cores,
and other proxies provide insights into past climate variability and long-term trends.

2. Climate Models and Simulations:

v General Circulation Models (GCMs): GCMs simulate the Earth's climate system using
mathematical equations to represent physical processes such as fluid dynamics,
thermodynamics, and radioactive transfer. These models divide the Earth into a 3D grid and
simulate interactions between the atmosphere, oceans, land surface, and ice.

v Regional Climate Models: These models focus on smaller geographic areas and provide
higher-resolution predictions than GCMs, capturing local climate features and variability.

v Earth System Models (ESMs): ESMs integrate GCMs with additional components such as
biogeochemistry, vegetation dynamics, and ice sheets, allowing for a more comprehensive
understanding of climate feedbacks and interactions between different Earth systems.

3. Key Components of the Climate System:
v' Atmosphere: Dynamics of temperature, pressure, winds, and moisture transport influence
weather patterns and climate variability.
v' Oceans: Ocean currents, heat storage, and circulation patterns (like El Nifio-Southern

Oscillation) play a critical role in redistributing heat and regulating global climate.




v" Cryosphere: Ice sheets, glaciers, and sea ice impact climate by reflecting sunlight,
influencing ocean circulation, and contributing to sea level rise.
v' Land Surface: Vegetation cover, soil moisture, and land use changes affect energy and
water cycles, contributing to regional climate variability.
v Biosphere: Interactions between ecosystems, carbon cycle dynamics, and biodiversity
influence greenhouse gas concentrations and climate feedbacks.
4. Predicting Climate Change:

v Climate models simulate future climate scenarios based on different greenhouse gas emissions
pathways (Representative Concentration Pathways, or RCPs). They project changes in
temperature, precipitation, sea level, extreme weather events, and impacts on ecosystems and
human societies.

v Uncertainty in climate projections arises from factors such as natural variability, model
limitations, and uncertainties in future emissions trajectories and societal responses.

5. Applications and Impacts:

v Policy and Decision Making: Climate projections inform international agreements (like the
Paris Agreement), national policies, and adaptation strategies to mitigate climate change
impacts.

v Socioeconomic Impacts: Understanding climate variability and change helps anticipate risks
to agriculture, water resources, infrastructure, health, and vulnerable populations.

v Mitigation Strategies: Climate science supports efforts to reduce greenhouse gas emissions,
transition to renewable energy sources, and promote sustainable development practices.

6. Challenges and Advances:

v Data Gaps: Improving data collection networks and integrating diverse datasets (like satellite
observations and paleoclimate records) enhances model accuracy.

v Model Complexity: Advances in computing power and model resolution improve the fidelity
of climate simulations and predictions.

v Interdisciplinary Collaboration: Climate scientists collaborate across disciplines (including
meteorology, oceanography, ecology, and social sciences) to address complex climate
challenges and uncertainties.

In conclusion, understanding and predicting the world's climate system requires a comprehensive
approach that integrates observations, theoretical models, and interdisciplinary collaboration.
Advances in climate science are essential for informing policies, supporting adaptation efforts, and

addressing global climate change challenges.




GLOBAL CLIMATIC MODELS AND THEIR POTENTIAL FOR SEASONAL CLIMATE
FORECASTING
Global climate models (GCMs), also known as General Circulation Models, are sophisticated

numerical tools used to simulate the Earth's climate system. While GCMs are primarily designed for
long-term climate projections (decades to centuries), they also have potential applications for seasonal
climate forecasting. Here’s how GCMs contribute to seasonal climate forecasting and their limitations:
Potential for Seasonal Climate Forecasting:

1. **Representation of Large-Scale Climate Patterns:**

- GCMs simulate global-scale processes such as atmospheric circulation, ocean currents, and
interactions between the atmosphere and land surface. These models can capture phenomena like El
Nifio-Southern Oscillation (ENSO), which significantly influence seasonal climate variability.

2. **Initial Conditions and Data Assimilation:**

- GCMs require accurate initial conditions (current state of the atmosphere, ocean, and land) to
initialize forecasts. Data assimilation techniques integrate real-time observations (from satellites,
weather stations, buoys, etc.) into the model to improve the accuracy of initial conditions.

3. **Ensemble Forecasting:**

- Ensemble simulations in GCMs involve running multiple forecasts with slightly perturbed initial
conditions or model parameters. This approach helps quantify forecast uncertainty and provides
probabilistic forecasts, indicating the likelihood of different climate outcomes for the upcoming
season.

4. **Teleconnections and Regional Impacts:**

- GCMs can simulate teleconnections, which are long-distance linkages between climate anomalies
in different regions. For example, ENSO events in the tropical Pacific can influence weather patterns
around the world, affecting precipitation and temperature anomalies in specific regions during certain
seasons.

5. **Improving Model Resolution:**

- Advances in computing power allow for higher spatial resolution in GCMs, enabling better
representation of regional climate features and local-scale processes. This enhances their utility for
seasonal climate forecasting by capturing more detailed interactions between atmosphere, ocean, and
land.

Limitations and Challenges:

1. **Resolution and Scale:**




- GCMs typically have coarse spatial resolution compared to regional climate models (RCMs),
which may limit their ability to resolve small-scale weather phenomena that are critical for seasonal
forecasts.

2. **Model Biases and Uncertainty:**

- GCMs have inherent biases and uncertainties due to simplifications in representing complex
physical processes and interactions. These uncertainties can affect the accuracy and reliability of
seasonal forecasts.

3. **Predictability and Initial Condition Sensitivity:**

- Seasonal climate forecasts are sensitive to initial conditions and model physics. Small errors in
initial conditions or model parameters can amplify over time, reducing forecast accuracy beyond a few
weeks or months.

4. **Need for Skilful Forecasts:**

- Skilful seasonal forecasts require accurate representation of key climate drivers (like ENSO,
Atlantic Multidecadal Oscillation) and their interactions. Improving model physics and understanding
of climate dynamics is essential for enhancing forecast skill.

5. **Integration with Statistical and Dynamical Methods:**

- Combining GCM outputs with statistical methods (like regression models) or dynamical
downscaling techniques (using RCMs) can improve seasonal forecast skill, especially for specific
regions and variables of interest.

Advances and Future Directions:

- **Coupled Earth System Models:** Integrating GCMs with additional components (such as
biogeochemistry, vegetation dynamics, and ice sheets) in Earth System Models (ESMs) improves
simulations of climate feedbacks and interactions, enhancing seasonal forecast capabilities.

- **Data Assimilation and Observational Networks:** Improvements in data assimilation techniques
and expansion of observational networks (including satellite observations and ground-based
monitoring) enhance the accuracy of initial conditions for seasonal forecasts.

- **Model Evaluation and Validation:** Continuous evaluation of GCM performance against
historical data and observations helps identify model biases, improve parameterizations, and increase
confidence in seasonal forecast outputs.

In summary, while GCMs are primarily used for long-term climate projections, their application to
seasonal climate forecasting is expanding with advances in modeling techniques, computing
capabilities, and understanding of climate dynamics. Addressing challenges related to model

resolution, uncertainty, and skill remains crucial for enhancing the reliability and usefulness of




seasonal climate forecasts in various sectors including agriculture, water management, and disaster

preparedness.

GENERAL SYSTEMS APPROACH TO APPLYING SEASONAL CLIMATE FORECASTS.
Applying seasonal climate forecasts effectively requires a general systems approach that integrates

climate information into decision-making processes across various sectors. Here’s how a general
systems approach can be applied:
1. Understanding Seasonal Climate Forecasts:

- Interpretation: Climate forecasts provide probabilistic information about expected temperature,
precipitation, and other climate variables for the upcoming season.

- Uncertainty: Recognize the inherent uncertainty in forecasts due to model limitations, initial
condition errors, and natural variability.

2. Stakeholder Engagement and Needs Assessment:

- ldentify Stakeholders: Engage stakeholders from agriculture, water management, health, disaster
management, energy, tourism, and other sectors affected by climate variability.

- Assess Needs: Understand specific information needs, decision timelines, and actions stakeholders
can take based on seasonal climate forecasts.

3. Integration of Climate Information:

- Forecast Products: Use accessible formats and visualizations (maps, graphs, summaries) that
stakeholders can easily interpret and apply.

- Sector-specific Guidance: Provide tailored guidance on how seasonal forecasts can inform
decisions in agriculture (planting schedules, irrigation planning), water management (reservoir
operations, drought preparedness), health (disease monitoring), and other sectors.

4. Risk Assessment and Decision Support:

- Risk Analysis: Assess potential impacts of forecasted climate anomalies (e.g., below-average
rainfall, heat waves) on sectors and communities.

- Decision Support Tools: Develop decision support tools that integrate climate forecasts with
socioeconomic data to identify adaptive strategies and risk management options.

5. **Adaptive Planning and Preparedness:

- **Adaptive Strategies:** Encourage stakeholders to develop flexible plans that can accommodate
different climate scenarios.

- **Early Warning Systems:** Implement early warning systems for extreme weather events

(storms, floods, heat waves) predicted by seasonal forecasts.




6. **Monitoring and Evaluation:**

- **Feedback Mechanisms:** Establish mechanisms for stakeholders to provide feedback on
forecast accuracy, usability, and impact on decision-making.

- **Continuous Improvement:** Use feedback to improve forecast products, communication
strategies, and decision support tools.

7. **Capacity Building and Training:**

- **Education and Training:** Provide training on understanding and interpreting seasonal climate
forecasts for stakeholders, including government agencies, NGOs, and local communities.

- **Technical Support:** Offer technical assistance in using climate data, models, and tools
effectively.

8. **Policy Integration and Coordination:**

- **Policy Alignment:** Ensure alignment of climate forecasts with national and regional policies
on climate adaptation, disaster risk reduction, and sustainable development.

- **Multi-level Coordination:** Foster collaboration between government agencies, research
institutions, NGOs, and private sector stakeholders to enhance the uptake and impact of seasonal
climate forecasts.

9. *Communications and Outreach:**

- **Effective Communication:** Use clear and accessible language to communicate forecast
information to diverse audiences.

- **Public Awareness:** Raise public awareness about the importance of seasonal climate forecasts
and the role of adaptive planning in building resilience to climate variability.

10. **Evaluation and Learning:**

- **Impact Assessment:** Evaluate the effectiveness of seasonal climate forecasts in reducing
climate-related risks and enhancing adaptive capacity.

- **Learning from Experience:** Share lessons learned and best practices in applying seasonal
climate forecasts across different regions and sectors.

In essence, a general systems approach to applying seasonal climate forecasts involves integrating
climate information into decision-making processes, fostering stakeholder engagement, building
adaptive capacity, and promoting resilience to climate variability and change. By addressing the
specific needs of diverse stakeholders and sectors, seasonal climate forecasts can support informed

decision-making and contribute to sustainable development goals.
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