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ISGAN in a Nutshell
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Created under the auspices of:

the Implementing 

Agreement for a     

Co-operative 

Programme on Smart 

Grids

Strategic platform to support high-level government 
knowledge transfer and action for the accelerated 
development and deployment of smarter, cleaner 

electricity grids around the world

International Smart Grid Action Network is the 
only global government-to-government forum 

on smart grids.  

an initiative of the 

Clean Energy 

Ministerial (CEM)

ISGAN
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ISGAN’s worldwide presence
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Value proposition
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Knowledge sharing,
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Global, regional & 

national policy support
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Visit our website: 

www.iea-isgan.org

http://www.iea-isgan.org/


Advanced weather forecasting for 
Renewable Energy System applications:

Multi-source observations to improve solar 
forecasting within the Smart4RES project

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS
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Agenda

• Smart4RES in a nutshell

• Motivation

• Data observations and assimilation

• All sky imager (ASI) based nowcasts

• Satellite based forecasts

• Data assimilation



Smart4RES in a nutshell
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Smart4RES in a nutshell
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• RES forecasting is a mature technology with operational 

tools and commercial services used by different actors

• However, we want to make progress to improve the 

forecasting accuracy and to reduce costs of RES 

integration

Smart4RES vision

Science and industry closely co-operate to achieve 

outstanding improvements of RES forecasting by 

considering the whole model and value chain.

Episode 3

Episode 2

Episode 4



Smart4RES webinar series

#1
June 2020

Introduction to 
Smart4RES -
Data science 
for renewable 

energy 
prediction

#2
Dec 2020

Extracting 
value from 

data sharing 
for RES 

forecasting

#3
March & April 

2021

#4
June 2021

#5
September 2021

Optimizing the 
value of storage 

in power systems 
and electricity 

markets

#6
October 2021

Modelling tools 
for integrating 

RES forecasting 
in electrical grids

8

Optimising 
participation of 

RES 
generation in 

electricity 
markets: new 
opportunities 

and the role of 
forecasting

Season1: Towards a new Standard for the entire RES forecasting value chain

Replay on 

Youtube
Replay on 

Youtube

Advanced 
weather 

forecasting for 
RES applications

3.1 NWP & High-
resolution models

3.2 Data 
observations & 
assimilation

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS

https://www.youtube.com/watch?v=kn8X6kIfo6I&t=12s
https://www.youtube.com/watch?v=cXWOE7RDO6M&t=7s


Smart4RES consortium
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6 countries

12 partners

11/2019-4/2023

Funds: H2020 
programme

Budget: 4 Mio€
Duration: 3.5 years

End-users

Universities

Research

Industry

Meteorologists

Follow us!
www.smart4res.eu

http://www.smart4res.eu/
https://twitter.com/Smart4RES
https://www.linkedin.com/company/smart4res-project


Motivation: challenges & opportunities in weather 
observations as well as forecasting
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Challenges & opportunities in weather 
observations as well as forecasting

11ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS

• Reduced forecasting errors: better decision-making under error prone variable conditions → higher profit, lower 

maintenance cost (e.g. extended battery life), better local grid management (e.g. less curtailment, cheaper balancing)

• How can we improve the weather forecast accuracy?

 Combine distinct sources and assimilate them to an improved seamless weather forecast



Data observation and assimilation 

12

• All sky imager (ASI) based nowcasts

• Satellite based forecasts

• Data assimilation
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ASI test setup
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Cloud detection 

Cloud tracking & geolocating

Shadow projection

Creation highly resolved 

irradiance maps 

Sky images from 2 to 4 all sky 

imager (ASI)

Allocation of cloud transmittance

• Images from 2 to 4 Mobotix surveillance cameras

• Direct Normal Irradiance (DNI) measurements (e.g. 

Pyrheliometer or Rotating Shadowband Irradiometers RSI)

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS

ASI RSI



Cloud detection
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Semantic cloud segmentation via Convolutional 

Neural Network in four classes [1]

Cloud detection 

Cloud tracking & geolocating

Shadow projection

Creation highly resolved 

irradiance maps 

Sky images from 2 to 4 all sky 

imager (ASI)

Allocation of cloud transmittance

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS

clear sky

low layer clouds

mid layer clouds 

high layer clouds

Cloud segmentation accuracy

• Binary segmentation: ≈95%

• Multi layer segmentation: ≈86%



Cloud tracking and geolocating
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Cloud tracking and geolocation via stereoscopic 

approach [2]

• Angular (𝑣 Τ𝑝𝑖𝑥𝑒𝑙 𝑠) and absolute (𝑣 Τ𝑚 𝑠) velocity 

derived via 2-D cross correlation from three 

sequential orthogonal images. 

• Cloud height (h) determination based on: 

ℎ =
𝑣 Τ𝑚 𝑠𝑁

2𝑣 Τ𝑝𝑖𝑥𝑒𝑙 𝑠𝑡𝑎𝑛𝜃

Cloud detection 

Cloud tracking & geolocating

Shadow projection

Creation highly resolved 

irradiance maps 

Sky images from 2 to 4 all sky 

imager (ASI)

Allocation of cloud transmittance
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Cloud shadow projection

16

Cloud detection 

Cloud tracking & geolocating

Shadow projection

Creation highly resolved 

irradiance maps 

Sky images from 2 to 4 all sky 

imager (ASI) 

Allocation of cloud transmittance

Shadow projection via ray tracing

Topographical information from the 

TanDEM-X global elevation model 

(DLR Microwaves and Radar Institute)

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Radiative effect of clouds 
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Cloud detection 

Cloud tracking & geolocating

Shadow projection

Creation highly resolved 

irradiance maps 

Sky images from 2 to 4 all sky 

imager (ASI)

Allocation of cloud transmittance

• Cloud transmittance by ground-based DNI measurements

τ =
𝐷𝑁𝐼𝑠ℎ𝑎𝑑𝑒𝑑

𝐷𝑁𝐼𝑐𝑙𝑒𝑎𝑟

• Majority of clouds remain without transmittance 

measurements → Probabilistic analysis for cloud 

transmittance estimation [3] 

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Irradiance maps 
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Cloud detection 

Cloud tracking & geolocating

Shadow projection

Creation highly resolved 

irradiance maps 

Sky images from 2 to 4 all sky 

imager (ASI)

Allocation of cloud transmittance
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GHI and DNI maps

• Coverage: >60 km²

• Spatial resolution: 20 m 

• Temporal resolution: 30 s

• Nowcast horizon: ≤ 20 min 

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS *Global Horizontal Irradiance



Validation results DNI and GHI nowcasts
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𝐷𝑁𝐼 = 443 Τ𝑊 𝑚²
𝐺𝐻𝐼 = 384 Τ𝑊 𝑚²

• Highly resolved nowcast from ASIs 

outperform smart persistence. 

• Nowcast horizons and spatial coverage 

from state of the art ASI approaches 

strongly limited by available line of 

sight.   

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Eye2Sky ASI network 
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Prediction and analysis of solar irradiance and PV 

generation

• High resolution over an area of 110 km x 100 km

• 27 / 39 Station in operation 

• 25 All sky imager

• 10 Meteorological measuring stations with RSI

• 2 highly precise reference stations with thermal 

radiometers 

• 2 Ceilometer

• Improved nowcasts accuracy and increased horizon via 

interconnection of all data sources and the exploitation of 

redundancies [4]

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Eye2Sky network GHI maps LT0 
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Benchmark Eye2Sky network against 2Cam ASI 
system
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Reference position close to the center 

of the observed area 2 camera system. 

Advantage network increases with 

increasing distance from the center.       
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• All sky imager (ASI) based nowcasts

• Satellite based forecasts

• Data assimilation

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Satellite images for Europe
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• Meteosat Second Generation

• Scan every 15 min

• HR: High resolution broadband channel, 1km*1km, 

visible (VIS)

• LR: Low resolution narrow band channels, 3km*3km, 

visible and infrared (VIS and IR)

HR-VIS broadband

LR-IR 10.8mm

%

K



Satellite images for Europe
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• Meteosat Second Generation

• Scan every 15 min

• HR: High resolution broadband channel, 1km*1km, 

visible (VIS)

• LR: Low resolution narrow band channels, 3km*3km, 

visible and infrared (VIS and IR)

VIS -> reflected sunlight: daytime; cloud detection, 

vegetation, snow

IR -> brightness temperatures: day and night; cloud 

top temperature / height

Combination of LR channels for cloud property 

retrieval

HR-VIS broadband

LR-IR 10.8mm

%

K



Heliosat method -
Cloud detection and irradiance calculation

29/04/2021 ISGAN, SMART4RES WEBINAR 3.2 ON ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS 26

Cloud free reference 

Cloud Index / transmittance

Irradiance map

Bidirectional Reflectance Factor

r   HR-VIS Bidirectional Reflectance factor

%



Heliosat method -
Cloud detection and irradiance calculation
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Cloud free reference 

Cloud Index / transmittance

Irradiance map

Bidirectional Reflectance Factor

rmin Cloud free Reference: „Minimum of the last days“

rmax Cloud Reference: „Maximum“



Heliosat method -
Cloud detection and irradiance calculation
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Cloud free reference 

Cloud Index / transmittance

Irradiance map

Bidirectional Reflectance Factor

Cloud Index n = (r - rmin) /  (rmax - rmin )



Heliosat method -
Cloud detection and irradiance calculation
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Cloud free reference 

Cloud Index / transmittance

Irradiance map

Bidirectional Reflectance Factor

GHI = (1 - n) * Gclearsky

Gclearsky : Clearsky Model;  f(Turbidity, solar elevation) 



Intraday Forecasting
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• Find motion vectors:

block matching between the two most recent consecutive cloud index images 

• t0 : Forecast instance (now)

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Intraday Forecasting
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• Extrapolate motion: 

apply motion vectors for present cloud index blocks at t0

to forecast the next image at t0 + Dt

• Repeat block shifts until end of the day 

• Calculate GHI from Cloud Index

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Intraday forecast product for a given site - example 
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• 96 timeseries of GHI (W/m2) for one day

• Forecast instances t0 (here, every second hour)

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Intraday forecast product for a given site - example 
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• 96 timeseries of GHI (W/m^2) for one day

• Forecast instances t0 (here, every second hour)

• Time series are changing over 

the day with new information 

• t < t0   analysis (past)

• t > t0   forecasts (future)

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Summary

• Intraday forecasts of GHI are calculated with Heliosat method and block matching algorithm, 

see [5] for details

• Temporal resolution: 15 min 

• Spatial resolution: 2km * 2.5km in Europe (1km * 1km at sub satellite point) 

• Result GHI time series: 

satellite versus measured (15 min averages)

at Oldenburg (2020-07-21)
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• All sky imager (ASI) based nowcasts

• Satellite based forecasts

• Data assimilation

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Keogram-
a fast impression of sky for a day

07.06.2021 36

South South South

South

8:00   9:00    10:00   11:00    12:00  13:00   14:00   15:00

Oldenburg, 2020-08-28

120 images per hour

120 lines per hour
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Time series 15 min and 1s, and Keogram
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06:00

-

16:00
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Comparison Eye2Sky network and satellite GHI maps
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Data combination for GHI
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• Combination of forecasts is

trained with historical data

for different horizons and 

situations

• The fitted regressors are

applied to present input data

to calculate a forecast

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Homogenization

40ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS

• How to combine different data? 

• Icosahedron + orthogonal projections:

minimum projection error

• Interpolate in space and time 

• Parallel calculation of independent

regions



LES forecast for Oldenburg region 21-07-2020 13:00 CEST
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Satellite view rendering 

of forecasted cloud field
Satellite image 

https://worldview.earthdata.nasa.gov/?v=5.95621960562242,51.744548

69358039,8.963660668204447,54.32139416778379&lg=true&t=2020-

07-21-T00%3A00%3A00Z

• LES: Large Eddy Simulation 

• Structure / statistical properties of the 

forecasted cloud field is good.

• Exact location and timing of individual 

cloud cell is difficult to predict.

• With data assimilation, the modeled 

clouds can be ‘forced’ in the correct 

position 

ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS



Can we assimilate satellite and sky camera images 
into the LES model? 
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LES forecasted liquid water path

(total amount of cloud water in the atmospheric column)

Using the observed clouds, we can ‘adjust’ the LES 

variables so that they best match the observations

Data assimilation: estimating the state of a system (here: the atmospheric model)

given a set of observations and the model dynamics

minimize obj = f (modeled state – observed state)

subject to model dynamics

All sky imager and satellite-based irradiance 
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Summary of tasks for advanced solar forecasting

• Combination of data sources: Eye2Sky sensor measurements, ASI based forecasts, satellite and

NWP forecasts will be combined to a seamless forecast

• Assimilation: Eye2Sky data will be used in data assimilation to adjust NWP/LES forecasts

• Aim: An improved forecast of solar irradiance (global, direct, diffuse and tilted) will improve PV

power forecasting

43ADVANCED WEATHER FORECASTING FOR RES APPLICATIONS
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Smart4RES webinar series
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Season1: Towards a new Standard for the entire RES forecasting value chain

Stay tuned!
www.smart4res.eu

http://www.smart4res.eu/
https://twitter.com/Smart4RES
https://www.linkedin.com/company/smart4res-project
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Thank you
info@smart4res.eu

annette.hammer@dlr.de

bijan.nouri@dlr.de
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COPYRIGHT (except initial slides on ISGAN presentation):
Smart4RES project: “Next Generation Modelling and Forecasting of Variable Renewable Generation for 
Large-scale Integration in Energy Systems and Markets”.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement No 864337.

DISCLAIMER
The European Commission or the European Innovation and Networks Executive Agency (INEA) are not 
responsible for any use that may be made of the information in this presentation.
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