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PREFACE 

The California Energy Commission Public Interest Energy Research (PIER) Program supports 
public interest energy research and development that will help improve the quality of life in 
California by bringing environmentally safe, affordable, and reliable energy services and 
products to the marketplace. 

The PIER program conducts public interest research, development, and demonstration (RD&D) 
projects to benefit California. 

The PIER Program strives to conduct the most promising public interest energy research by 
partnering with RD&D entities, including individuals, businesses, utilities, and public or 
private research institutions. 

PIER funding efforts are focused on the following RD&D program areas: 

• Buildings End-Use Energy Efficiency 

• Energy Innovations Small Grants 

• Energy-Related Environmental Research 

• Energy Systems Integration 

• Environmentally Preferred Advanced Generation 

• Industrial/Agricultural/Water End-Use Energy Efficiency 

• Renewable Energy Technologies 

• Transportation 

 

Analysis and Forecast of Wind Ramps in California Wind Resources Areas is the final report for the 
Wind Ramp - Short Term Event Prediction Tool - Development and Implementation of an 
Analytical Wind Ramp Prediction Tool for the CAISO project (contract number 500-11-009) 
conducted by the University of California at Davis The information from this project contributes 
to PIER’s Energy Systems Integration Program. 

When the source of a table, figure, or photo is not otherwise credited, it is the work of the 
author of the report. 

For more information about the Energy Research and Development Division, please visit the 
Energy Commission’s website at www.energy.ca.gov/research/ or contact the Energy 
Commission at 916-327-1551. 
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ABSTRACT 

Wind generation ramp events are large, sudden increases or decreases in wind power 
generation. They can pose significant problems for system operators trying to maintain electric 
power system reliability. Many ramps are driven by changes in weather that can likely be 
forecast, which could mitigate the effects caused by wind generation ramps. In an effort to 
better understand the nature of ramp events, this project consisted of two components. First, a 
study of past wind generation ramps in California determined that large ramp events do 
happen, but are still infrequent. Second, a short-term wind ramp forecast tool was developed 
and tested in three wind resource areas in California. The forecast system customized for use in 
this project, named the Ramp Event Predictor, was based on the Large Ramp Alert System 
originally developed for the Electric Reliability Council of Texas. The Ramp Event Predictor 
was set up to produce forecasts for six wind-based generation entities in three key wind 
resource regions of California: the Tehachapi, Solano, and San Gorgonio regions. Using the 
Ramp Event Predictor, two types of ramp forecasts were produced: (1) a probabilistic ramp rate 
forecast, which forecasts the probability of ramp rates exceeding set levels for three different 
timescales, and (2) a deterministic ramp event forecast, which is given when a ramp event is 
within the expected parameters of that ramp. The ramp forecast results are promising, showing 
improvement over climatology. Continued research and experience with wind ramps and wind 
ramp forecasting tools will lead to further innovation and improvements in electric power 
system reliability. 
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EXECUTIVE SUMMARY 

Introduction 
As the amount of wind generation increases on the power system, system operators take 
precautions to ensure the reliability of the power system. The California Independent System 
Operator (CAISO) has a need for a wind forecast product that provides grid operators with 
advance warning of situations in which there is a high probability of a large change in wind 
power production over a relatively short time period. These types of events are commonly 
called “wind ramps.” This type of information will be useful to CAISO on multiple look-ahead 
time scales but the greatest need currently appears to be for information on the time scale of 0 to 
6 hours ahead. The need for this type of information is anticipated to become more urgent 
within 2 to 3 years due to the anticipated large expansion of wind power production capacity in 
the Tehachapi Wind Resource Area over the next 3 to 5 years.  

This effort proposed an approach to address the need by developing and implementing a wind 
ramp event prediction system that was optimized to predict wind ramps in CAISO’s control 
area. The region-specific weather regimes in the Tehachapi, San Gorgonio, and Solano Wind 
Resource Areas were the primary areas of focus. These areas, and other wind resource regions 
in California, are being studied due to the unique cause of wind ramps when compared to wind 
generation areas in other parts of North America.  

Project Purpose 
Wind ramp events are changes in the wind generation output that occur over a certain period of 
time. Ramp events are of concern to system operators when they have a large change in output 
over a short time period. These changes need to be balanced by the operators to maintain 
system reliability. There are a wide variety of different ramp events with no uniform pattern, 
which makes identification and forecasting of ramps challenging.   

Defining what constitutes a wind ramp event is one of the primary steps necessary for 
developing wind ramp forecast events. Wind ramp events should be those events that have the 
ability to disrupt the normal operation of the power system. Due to the continually changing 
nature of the power system, the same type of ramp event may or may not cause problems 
depending on when and where it occurs. From a system operator perspective it is desirable to 
ensure the normal operation of the power system at all times, and therefore have insight into 
ramps that may not pose problems to the system currently. Therefore a conservative definition 
of ramp events that includes smaller events is warranted. Defining ramp properties provides a 
basis to both explore the ramps that occur on the system and guidelines to develop forecasts for 
the ramps.  

Wind ramp events can be driven by a number of factors. Wind generation ramps can be caused 
by maintenance or outages on equipment. Changes in weather conditions can also cause wind 
ramps. Changes in wind speed are the biggest weather contributions to wind ramps. Ramps 
driven by weather conditions were the focus of this study because they are the ramps that are 
most predictable.   
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There were two primary technical tasks conducted for this project. The first involved a study of 
recent wind ramps in the Tehachapi, San Gorgonio, and Solano Wind Resource Areas to better 
define the issues and relevant parameters. The second technical task involved the creation of a 
wind ramp forecasting tool and a testing period for the tool. 

Project Process 
Identifying wind ramp events is challenging because there is a wide range of possible ramp 
events which occur infrequently. This study considered two years of historical data from three 
California wind resource areas to study wind ramp events that have occurred.  The Solano, San 
Gorgonio, and Tehachapi areas were used. Multiple wind plants from each area were 
considered to determine regional ramps. The study focused on using high resolution generation 
data from the wind generators to determine when ramp events occurred. Meteorological data 
from the wind plants was used to determine if the ramps were driven by weather or other 
factors. 

Wind generation ramps have a large variety of different shapes and sizes. Wind ramps are 
characterized by a set of four parameters that allow for identification and comparison of 
generation ramps. These four parameters include ramp direction, magnitude, duration, and 
rate. The direction of the ramp indicates if generation is increasing or decreasing; the magnitude 
of the ramp is the change in generation over the duration of the ramp; the ramp duration is the 
amount of time that elapses from the start until the end of the ramp; and the ramp rate is the 
average change in generation per unit time of the duration of the ramp. 

There are two primary methodologies used to identify ramps in the wind generation data. One 
method is to directly calculate the ramps by specifying the size of the ramps based on the four 
ramp parameters described in the previous paragraph (direction, magnitude, duration, and 
rate) and search the data for those ramps. A second method uses a swinging window to break 
up the data into a series of line segments. The line segments are defined by the same parameters 
used to define the wind generation ramps. The important ramp events can then be filtered from 
the line segments. The direct method is simple to implement but requires knowledge of ramp 
sizes to work, and will only find the ramps that are searched. The swinging window method is 
more difficult to implement, but it is more flexible and doesn’t require knowing what size 
ramps are of interest.   

Both ramp methodologies were used on the wind generation data sets to find significant wind 
ramp events. The methodologies were in agreement that significant ramp events were 
infrequent. For example, Figure 1 shows the distribution of the magnitudes of 60-minute wind 
ramps that were calculated using a direct ramp methodology. The graph shows that over 95 
percent of the ramps caused less than 20 percent of capacity change in 60-minutes, with the 
most extreme ramps, larger than 50 percent capacity change, rarely occurring.   
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Figure 1: Wind Ramp Magnitude Distribution for 60-Minute Ramps 

 

 

The swinging window technique was the primary technique to find and examine wind ramps, 
because it is able to pick out ramps of varying sizes. Figure 2 shows an example of a wind up 
ramp. The wind generation is shown in blue, with the section making up the ramp highlighted 
with blue squares. The wind speed is shown in red, on the right axis. A green line shows the 
line segments created by the swinging window methodology. This wind ramp as shown was 24 
minutes in duration and had a magnitude of 109 megawatts (MW). The ramp could also be 
considered to extend beyond the end of the highlighted ramp for an additional ten minutes and 
30 MW. The ramp was driven by an increase in the wind speed from about six meters per 
second (m/s) to 14 m/s.  
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Figure 2: Wind Generation Up Ramp Example 

 

 

Project Results 
A short-term wind ramp forecast system was implemented and tested for three wind resource 
areas in California: the Tehachapi, Solano, and San Gorgonio regions. All together more than 3.3 
GW of capacity was included. 

Wind ramp forecasting differs from standard wind generation forecasting in the format, 
technique, and evaluation of the forecasts. Two types of ramp forecasts were produced for this 
project: 1) a probabilistic ramp rate forecast (PRRF), which forecasts the probability that ramp 
rates will exceed set levels for three different timescales, and 2) a deterministic ramp event 
forecast (DREF), which is given only when a ramp is expected, and it then gives a range of the 
expected parameters of that ramp. Both forecasts had a 15-minute resolution and update 
frequency with a six-hour look ahead window starting from the time the forecast was issued. 
The methodology for producing the forecasts was based largely on four distinct Numerical 
Weather Prediction (NWP) models used together. 

Displaying the forecast information is an important step to ensure operators can use the 
information in the forecasts. The forecasts were paired with a set of customized forecast 
displays. Figure 3 shows an example of the forecast displays for both forecast types.   
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Figure 3: Wind Forecast Displays. Probabilistic Ramp Rate Forecast (PRRF) on Top.   
Deterministic Ramp Event Forecast (DREF) on Bottom. 
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The PRRF forecast has six graphical displays for each forecast. The top level of the display is for 
probabilities of up ramps (a drastic shift up in the wind speed), and the bottom level is for 
down ramps (a drastic shift down in the wind speed). The three columns correspond to the 
three timescales of wind ramps that were forecast. The five lines on each graph are for different 
predetermined magnitude changes. The DREF display has a text box on the left and four 
graphical displays on the right. The text box gives the direction and other information about the 
ramp. The four graphical displays give a range and a best guess of the start time, the duration, 
the amplitude, and the ramp rate.  The DREF display is only active when a ramp is forecast 
while the PRRF display is continuous. 

The wind ramp forecasts were tested with two primary tests.  One test consisted of an offline 
historical forecast period, called a “backcast.” Using the offline forecast test allowed for the 
forecast models to have a greater and more diverse set of conditions for which to produce 
forecasts. A total of 140 days were included in the offline data set, primarily consisting of a four 
month period in the spring and summer of 2013. The other test was an online, live forecast test 
extended over a 31 day period in January and February 2014. The online test showed that the 
forecast methodology can be executed in real time. The forecasts were evaluated for accuracy 
using metrics designed to evaluate probabilistic forecast of infrequent events. The different 
forecasts showed a wide range of performance, with the longer term predictions generally 
showing a significant improvement over a climatological forecast. A short development period 
and small sample sizes contributed to relatively poor performance of the other forecasts.  Most 
forecasts showed an improvement when compared to climatology, although forecasts of the 
shortest ramp events performed about the same as climatology. 

Project Benefits 
This project was an effort to understand and forecast wind generation ramps. Large wind 
generation ramps have the potential to disrupt the reliability of the power system, and accurate 
forecasts of wind ramp events can potentially mitigate any adverse issues they may cause. The 
forecast results produced in this study had varying degrees of accuracy. The forecast for the 
longest ramps showed significant improvement over climatology, while the shortest ramp 
forecasts showed almost no improvement over climatology. The forecast quality is expected to 
increase with additional tool development and usage experience.  Increased accuracy in the 
forecasting of wind generation ramps will help system operators maintain electric power 
system reliability and will reduce the amounts, costs, and carbon emissions of the balancing 
resources needed as increasingly higher levels of renewable power are added to the grid.   
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CHAPTER 1:  
Introduction 
1.1 Project Overview and Statement of Work 
As the amount of wind generation increases on the power system, system operators take 
precautions to ensure the reliability of the power system. The California Independent System 
Operator (CAISO) has a need for a wind forecast product that provides grid operators with 
advance warning of situations in which there is a high probability of a large change in wind 
power production over a relatively short time period. These types of events are commonly 
called “wind ramps.” This type of information will be useful to CAISO on multiple look-ahead 
time scales but the greatest need currently appears to be for information on the time scale of 0 to 
6 hours ahead. The need for this type of information is anticipated to become more urgent 
within 2 to 3 years due to the anticipated large expansion of wind power production capacity in 
the Tehachapi Wind Resource Area over the next 3 to 5 years. 

This effort proposes an approach to address the need by developing and implementing a wind 
ramp event prediction system that is optimized to predict wind ramps in CAISO’s control area. 
The region-specific weather regimes in the Tehachapi, San Gorgonio, and Solano Wind 
Resource Areas will be the primary areas of focus. These areas, and other wind resource regions 
in California, are being studied due to the unique cause of wind ramps when compared to wind 
generation areas in other parts of North America. 

There are two primary technical tasks conducted for this project. The first involves a study of 
past wind ramps in an effort to better define the issues and relevant parameters. The second 
technical task involves the creation of a wind ramp forecasting tool and a testing period for the 
tool. 

1.1.1 Wind Ramp Identification 
The first technical task associated with this project is to study the historical wind ramps that 
California currently experiences. The wind ramps will be studied with meteorological data to 
determine if the ramps are indeed weather driven events. 

The study will attempt to answer the following questions: 

• What is a wind ramp? 

• What are the important characteristics of wind ramps? 

• Which wind ramps are the most important? 

• How frequently do large wind ramps occur? 

• What are the important timescales for wind ramps? 

This task will study the properties of the already occurring wind ramp events, including the 
relevant parameters concern a wind ramps size and timing. The ramps are determined by 
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analyzing the generation and meteorological data that the CAISO collects for the wind 
generation on its system. Examples of wind ramps that have occurred will be used to illustrate 
and answer the preceding questions. The information determine about wind ramps will be used 
to develop parameters for the forecasting tools. 

1.1.2 Wind Ramp Forecasting 
The second technical task is to develop a wind ramp forecast and associated forecasting 
visualizations and tools. The forecasts for wind ramp events differ from traditional wind 
forecasts in a number important ways. Typical wind forecasts are for long average periods of 
generation, ramps are often lost in the averages. The typical forecasts also tend to focus on 
typical conditions encountered; a wind ramp forecast would focus on rare and extreme 
conditions. Another difference is the use of probabilistic forecasts instead of deterministic 
forecasts. Probabilistic forecasts give more information about the range of likely events to occur, 
and are less likely to mask extreme events with average ones. 

The forecasts must be designed and developed to be compatible with the CAISO operation 
procedures. The forecasts must also focus on predicting the ramps of interest to the CAISO with 
updates and granularity adjusted to properly capture the ramp rates. Additionally the forecast 
provider needs to provide a visualization tool of the forecasts that system operators can use to 
assess the potential impacts of forecasted ramps on the system. 

The forecast provider must provide a detailed description of the forecasting technique being 
developed. The forecast provider will then work with the CAISO to perform a forecasting test to 
determine the effectiveness of the forecast. The forecast test includes both live forecasting and 
historical “backcasting” of an older time period. The inclusion of the backcast part of the test 
guarantees that ramp events of interest will be studied 

Finally the forecasts must be evaluated for their accuracy and effectiveness. The evaluation of 
the forecasts will attempt to answer the following questions: 

• How accurate are the forecasts? 

• Are large wind ramps predictable? 

• How reliable is the forecast accuracy? 

• What are the appropriate metrics to determine accuracy? 

• Does the choice of metrics impact the accuracy? Can they be used to improve the quality 
of the forecasts? 

• Are the forecast displays clear and informative? 

• What improvements could be made to make the displays more functional? 

• What are the necessary components to implement a ramp forecasting tool on an ongoing 
basis? 

• Are there additional data/tools/techniques that can be used to improve the forecasts? 
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The forecasts, forecast displays and forecasts tools for this section are developed by a third 
party forecast provider with extensive experience with wind forecasting. The forecast provider 
is chosen with a competitive bidding process which places weight on both the cost and technical 
ability of the bidder. 
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CHAPTER 2:  
Wind Ramp Characteristics 
Wind power generation is often variable due to the variations in the wind speed which drives 
the generation. The variability can present challenges to power system operators charged with 
maintaining a balance between generation and load on the power grid. Forecasting wind power 
is the predominate strategy employed to integrate wind power generation into the power 
system. Wind forecasts attempt to predict the wind hours and days into the future so operators 
can plan the rest of the generation appropriately. 

Forecasts for wind generation are typically for average power output of the wind generators 
over fairly long periods of time. One hour averages is a typical length of forecasts. The one hour 
forecast windows work well for bulk scheduling but are not able to predict large sudden 
changes in output that may occur within the window. Operators relying on hourly forecast at 
times will have to make very large adjustments to account for changes in wind generation that 
would not be apparent with even a highly accurate forecast.  Hourly average forecasts often 
under predict variability as it is infrequent and occurs at a shorter time scale. Forecasts are often 
optimized for accuracy measurements will not suffer due the infrequent periods of variability, 
further reducing incentive to forecast them. For these reasons it is desirable to have a 
specialized to give the operators more insight into the expected wind power generation in the 
near term. Ramp forecasts are usually designed to be probabilistic rather than deterministic. 
This allows them to present the likelihoods of several possible outcomes rather than just 
presenting one outcome as what is likely to happen. 

Defining what constitutes a wind ramp event is one of the primary steps necessary for 
developing wind ramp forecast events. Wind ramp events should be those events that have the 
ability to disrupt the normal operation of the power system. Due to the continually changing 
nature of the power system the same type of ramp event may or may not cause problems 
depending on when and where it occurs. From a system operator perspective it is desirable to 
ensure the normal operation of the power system at all times, and therefore have insight into 
ramps that may not pose problems to the system currently. Therefore a conservative definition 
of ramp events that includes smaller events is warranted. 

Wind generation is variable and the amount of generation depends on many different factors. 
Changes in these factors can cause wind ramp events. Wind generation depends significantly 
on meteorological conditions. Wind speed is the most important, but profile of wind speed, 
wind direction, humidity, and temperature can also impact the generation. Wind speed is also 
the factor which varies the most so it is most likely to be the cause of wind ramps. The 
sensitivity of the plant to wind speed changes is not uniform over the plants operating range. 
Small changes in wind speed have virtually no effect on the amount of power generated over 
much of the range, but may have large effect over some of the range. The power curve for group 
of wind plants in a zone can have even less of a clear relationship between the wind speed and 
power output.  Figure 4 shows an example of a power curve for several plants in a wind region. 
In the figure some wind speeds can correspond to 90% of the range of possible generation. This 
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makes it very difficult to determine the magnitude change in generation for the region a change 
in wind speed will have. 

Figure 4: Wind Region Power Curve Showing the Normalized Generation of the Region to a 
Measured Wind Speed From One of the Wind Plants 

 

 

Wind generation can be impacted by a number of other factors that are not directly related to 
the weather. Things like maintenance, blade soiling, turbine faults, collector systems, and 
transmission lines. All of these factors can influence the amount of generation for a given set of 
meteorological conditions, and changes in these factors can cause wind ramps. These factors can 
generally not be forecast and will be excluded from the set of wind ramps. 

This section describes a methodology to identify ramp events in past wind generation data. It 
also gives some statistics about the ramps such as their frequency, size, and duration. 

2.1 Ramp Identification 
Wind ramp events can be defined as changes in the amount of wind generation that exceed a 
certain magnitude and within a certain time frame. Ramps events can occur with either 
increasing or decreasing generation. Identifying the wind ramp events is a challenging problem. 
Different ramp events may have very different characteristics but can still cause operational 
issues. For example ramps may not have clear start or end points which make defining both the 
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magnitude and duration difficult. In order to identify the ramps they should be parameterized 
into a set of quantifiable attributes that can be uniformly applied across the generation data (C. 
Ferreira et al, 2010). The parameters should be set using feedback from system operators to 
ensure that the ramps which present the most challenges from the system operator perspective 
are included. 

Wind generation ramps are often identified by system operators using a “know it when I see it” 
methodology. Unexpected ramps on the system that occur when there is limited flexibility on 
the system are the worst ramps. The lack of resolution in the forward scheduling and 
forecasting processes can hide even expected ramps from operators. The lack of visibility and 
subjective nature of the ramps identified leads to inconsistency of the ramp definitions and 
important ramps for operations. This next section outlines a way to define the wind ramp 
events with more consistency. 

2.1.1 Ramp Parameters 
The primary parameters which define wind ramp events are the magnitude of the change, the 
duration of the change, and the rate of change. Defining two of these parameters will lock in the 
third. These parameters will be used to define ramps and provide a way of sorting and filter 
ramps to determine the most important ones. Figure 5 shows an example of a ramp with the 
magnitude and duration highlighted. 

Figure 5: Wind Generation Up Ramp 

 
The ramp begins at T1 and ends at time T2 for a duration of ΔT. The generation level increases from G1 to 
G2 during the ramp for a magnitude of ΔG. The ramp rate is expressed in terms of the ratio of the 
magnitude and duration as ∆𝐺𝐺 ∆𝑇𝑇� . 
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The magnitude of a ramp event is the change in output between the start of the ramp and the 
end of the ramp. The magnitude can be a positive or negative number; the sign will indicate the 
direction. The magnitude has been defined as the difference between the end of the ramp and 
the start, so that positive corresponds to an increase in power output, shown in Equation 1. 

Equation1: 𝑀𝑀 = ∆𝐺𝐺 = 𝐺𝐺2 − 𝐺𝐺1 

The duration of ramp is the amount of time elapsed from the start until the end of the ramp, 
shown in Equation 2. The duration of ramp events can be variable, and the start and end points 
of ramps are not necessarily clearly identifiable in the data. Ramps of very long duration are 
often excluded as they aren’t events that could cause operational issues. 

Equation 2: 𝐷𝐷 = ∆𝑇𝑇 = 𝑇𝑇2 − 𝑇𝑇1 

The ramp rate is the average rate of change of the generation from the start of the ramp until the 
end of it. It can be calculated by dividing the ramp magnitude by the ramp duration, shown in 
Equation 3. Ramp rates can vary throughout the ramp, though as defined an average for the 
entire ramp is used. 

Equation 3: 𝑅𝑅 = 𝑀𝑀
𝐷𝐷

= 𝐺𝐺2−𝐺𝐺1
𝑇𝑇2−𝑇𝑇1

 

The parameters of the ramps can be related to control of the power system. Holding all else 
constant the system operator would need to have enough flexibility to dispatch other 
generation in the same magnitude but opposite direction over the same direction to maintain 
balance. Measuring the ramps can give system operators confidence they have sufficient 
flexibility to maintain reliability. 

2.2 Identification Methodology 
Identifying wind generation ramps can be done several different ways. The ramps are identified 
from past generation data from the wind plants under consideration. The data must be granular 
enough to resolve the ramps of interest. Data that is too coarse will hide the ramps. The 
generation data is primarily to identify ramps because it will pick up ramps from all causes. For 
this study the ramps of interest are limited to those driven by weather events and the wind 
speed data is used to identify the cause of the ramp after it is identified. This section outlines 
different methods for finding wind generation ramps. The methods are independent and can be 
applied separately, but full understanding of the ramps comes from using them in combination. 

2.2.1 Direct Ramp Methods 
One of the biggest challenges with identifying ramps is the definition of the ramps of interest. If 
the ramp parameters (magnitude, duration, ramp rate) can be define ahead of time it is easy to 
find ramps that match those criteria in the generation data. In these cases it is simply a matter of 
scanning through the data and calculating ramps for all periods, and then filtering for the 
desired sizes (Ela et Kemper, 2009). 
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The magnitude of all ramps for a fixed ramp duration, ∆t, can be calculated as the difference in 
generation over the length of the interval at any point in the sequence of data, shown in 
Equation 4. 

Equation 4: 𝑀𝑀𝑖𝑖 = 𝐺𝐺𝑖𝑖+∆𝑇𝑇 − 𝐺𝐺𝑖𝑖 

Fixing the interval length can be limiting as it may miss the maximum ramp within the interval, 
or the ramps can occur within the interval and have a much larger ramp rate. Calculating the 
maximum ramp magnitude within can be helpful, as shown in Equation 5. 

Equation 5: 𝑀𝑀𝑖𝑖 = max �𝐺𝐺𝑖𝑖+𝑗𝑗 − 𝐺𝐺𝑖𝑖�𝑗𝑗=1..∆𝑇𝑇
 

Finding the maximum ramp within a set time limit can repeat several times if all possible ramps 
are searched for. It is then necessary to filter the ramps afterward otherwise it would appear 
that shorter ramps appear more frequently than they actually do. 

The previous equations will calculate all the magnitude ramps if the length of time can be 
defined. The measures are used to calculate the largest ramp within a window and the total 
ramp over the window. These two measures are good if the operators can define definite time 
intervals for ramps of interest. If other factors can be predetermined such as a certain ramp rate, 
or magnitude change that is worrying similar calculations can be done in terms of those 
properties. For example one might be concerned with ramp rates which exceed a certain 
magnitude. Since large ramp rates can occur over short intervals without much magnitude 
change it is desirable to affix a minimum generation magnitude change, or time interval. 

Another possibility would be to define a certain ramp rate, with a minimum magnitude 
threshold. This would actually be done by calculating the changes. When large enough changes 
are found, to calculate ramp rate and save the ones that are above the defined interval. Equation 
6 shows one way to perform the calculation. 

Equation 6: 𝑅𝑅𝑖𝑖 = �𝐺𝐺𝑖𝑖+𝑗𝑗−𝐺𝐺𝑖𝑖�
j 𝑗𝑗=1..∆𝑇𝑇

 If 𝐺𝐺𝑖𝑖+𝑗𝑗 − 𝐺𝐺𝑖𝑖 ≥ 𝑀𝑀𝑚𝑚𝑖𝑖𝑚𝑚 

These are just a few examples of the possible methods to use if the desired ramps are 
predetermined. The methods can be customized and combined to work with the desired 
situation. One major worry with this type of analysis is the hard cut off of the metrics, ramps 
that may still be significant. For example examining ramps of fixed time lengths will not 
provide information on ramps that are longer than the time period. Planning for one length 
ramp, and having two back to back ramps could be problematic. If the selection criteria are not 
broad enough to find all the potentially problematic ramps then the risk may end up 
understated. Another is the risk that the method is forcing the data to show the desired 
attributes that are preselected. By only examining preselected ramps, one may not in fact have a 
good idea of the natural ramps and will lose ability to extrapolate for future growth. Finally the 
flexibility can be a drawback in that customization can make the methods to dependent on 
particular parameters chosen and may not be as comparable across different studies. 
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2.2.2 Swinging Window Method 
The methodology to find ramps in the data used in this study is a swinging window method of 
curve fitting (Makarov et al, 2009). The swinging window converts the raw generation data into 
a series of lines with a duration slope and start and end points. The start and end points are 
fixed to the base generation data. The swinging window uses a set deviation from the 
generation data to determine when to start a new window. Figure 6 shows a diagram of 
generation with the swinging window applied. The methodology steps through the data and 
tests to see if any of the points along the current segment fall outside of an allowable deviation 
window. The window started at T1 and ended at T2 when another point hit the boundary box 
around the line. 

Figure 6: Wind Generation Up Ramp 

 
The ramp begins at T1 and ends at time T2 for a duration of ΔT. The generation level increases from G1 to 
G2 during the ramp for a magnitude of ΔG. The ramp rate is expressed in terms of the magnitude and 
duration as ∆𝐺𝐺 ∆𝑇𝑇� . 

 

When a point falls outside the allowable window the current segment is ended and a new 
segment begins at the end point of the last segment. The endpoints of the line segments remain 
fixed to the original dataset, and therefore represent real ramps that have occurred, even if some 
of the detail during the segment isn’t visible. Figure 7 shows an example of several segments 
produced with the swinging window methodology when applied to wind generation data. The 
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line segments follow the larger variation of the wind generation and ignore the smaller, shorter 
changes. 

Figure 7: Swinging Window Methodology Applied to Wind Generation Data, Base Generation Data, 
and Upper and Lower Deviation Bounds Shown for Several Segments 

 

 

The swinging window will go through a set of data sequentially and output a series of line 
segments with start and end points. The line segments cover the entire range of the input data 
set, not just the ramps. Each segment can then be represented by the ramp parameters based on 
the start and end points.  With the entire generation data set represented as ramp segments, the 
task of finding meaningful wind ramps is one of filtering the data. The ramps can be filtered by 
any combination of the ramp parameters. They can be looked at using absolute measures (such 
as magnitude greater than 60 MW), or relative (top 10 percent of the largest segments by 
magnitude). In this way the most important ramps to operations across a wide range of possible 
ramp parameters can by examined. After the generation ramps are identified, they are then 
compared to the wind speed measured during the time period. Comparing the wind speed and 
production is used to determine if the ramp event is driven by the weather or other factors. 

The swinging window has several advantages for identifying wind ramps over other methods. 
One of the biggest is that it reduces the data to a series of ramp segments with a known 
magnitude, duration, and rate. The methodology directly expresses the ramps in terms of the 
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parameters to classify ramps. It also does not impose restrictions on ramp size so it does not 
depend on defining ramps before finding ramps. Another advantage is the use of the single 
parameter, the deviation from the base signal, in determining ramps. It is easy to change the 
size of allowable deviation and examine how the segments change. Figure 8 shows a diagram of 
how the deviation size will impact ramp segments. Generally a smaller deviation allowance 
leads to more segments that are shorter. 

Figure 8: Swinging Window Method Comparison of Allowable Deviation Size and Segment Size 
Impacts 

 
Larger allowable deviation (left) will have a larger average segment size. Decreasing the allowable 
deviation (right) will reduce the average segment size, and use more segments to cover the same amount 
of information. 

 

The swinging window method also has some drawbacks, though they do not outweigh its 
advantages over other methods. The main drawback with the methodology is the selection of 
points for new swinging windows. For any method of selecting new windows one or more 
parameters are used to define the criteria. Depending on the method these parameters may or 
may not related to physical system values, or relate to specific operation criteria. The 
methodology may not identify ramps that should be included because it changed windows 
midway, or did not start at the beginning or end.  These issues can be overcome with filters that 
allow for more than one ramp segment to be considered, and comparing back to the original 
dataset. 

2.2.3 Deviation Size Evaluation 
The only parameter used for the swinging window methodology is the allowable deviation size. 
The deviation size should be set so that important ramps to the system are captured, but noise is 
filtered out. The deviation size in the swinging window algorithm impacts the size and quantity 
of ramps it picks up. If it is too small, it very closely follows the data series, but has many short 
segments to analyze. If it is too large is nicely condenses the data, but has too much error from 
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the underlying signal to pick up ramps. Ideally the window size would be set using physical 
parameters from operations to set the bound on the smallest changes to detect. 

Figure 9: Ramp Segments for Different Size Allowable Deviations 

 
The power line is the actual generation, and the other lines are described by the allowable deviation used 
with the swinging window methodology. 

 

Since the allowable deviation can directly impact the ramps and line segments detected, a range 
of deviation sizes is used. Some analysis of the effects of the deviation size is performed and 
presented. This allows for some ability to compare the ramps found and ensure that those are 
the important ones. Using different deviation sizes is also appropriate for examining different 
sized ramps. Though the larger ramps will be present with the small deviation sizes, they are 
much more evident, and will not require multi-segment filtering. 

2.2.3.1 Segment Statistics 
The allowable size of the deviation for the swinging window algorithm has a large impact on 
the number of segments it produces. Figure 10 shows the changes in the number of segments 
formed by varying the allowable deviation. With no allowable deviation new segments are 
formed between every sequential pair of points in the base data, so the number of segments is 
one less than the number of points. At the other extreme if the allowable deviation is 50% of 
capacity only one segment could be formed. 
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Figure 10: Number of Segments With Swinging Window Method Compared to Deviation Size on a 
Site With 360 MW of Capacity 

 
The segments are shown on a log scale (top) and normal scale (bottom). 

 

The magnitude of the ramps also increases with the allowable deviation size. This is because the 
generation needs to change more before a new segment is created. Figure 11 shows how the 
magnitude of the ramp segments changes with the deviation size. The average ramp 
magnitudes tend to be a bit larger than the deviation size. Additionally the mean ramp sizes are 
larger than the median ramp sizes and grow faster with increasing deviation size. This is 
expected because smaller changes occur more frequently, but the largest changes can impact the 
average. 

  



30 

Figure 11: Magnitude of Line Segment Changes With Varying Allowable Deviation Sizes for 
Swinging Window Methodology 

 

 

A duration curve showing the distribution of magnitudes of segments with different deviation 
sizes is shown in Figure 12. The figure shows that the line segments will have more instances 
with larger magnitudes if the allowable deviation is increased. Each segment will also on 
average be of longer duration. Changing the allowable deviation can impact the ramp segments 
formed and therefore some care needs to be taken in choosing the deviation size. Because the 
goal of the methodology is to be able to identify a variety of ramps using smaller allowable 
deviation size is advisable. The smaller deviation size will allow the methodology to pick up the 
smaller ramps in the data. 

  



31 

Figure 12: Ramp Magnitude Duration Curve for Different Deviation Sizes 

 

 

2.3 Data Sets 
Identification of wind ramp events is done using past data sets of wind generation in California. 
The data sets involve plants from multiple wind resources and years. 2011 and 2012 are the 
study years. One-minute average generation and wind speed data is used to determine ramps. 
Wind speed data is also used to correlate ramps to weather patterns, and identify ramps caused 
by other factors. Solano, San Gorgonio, and Tehachapi are the three wind resource areas 
examined. These three areas represent the majority of the wind in California and also have the 
highest data quality available. Multiple plants from each area are examined to consider ramps 
across the resource area. In order to establish consistent zones for the evaluation a subset of 
wind plants which were operational throughout the entire study year are used. The amount of 
capacity examined in each zone is shown in Table 1. 

Table 1: Wind Zone Capacity 

Wind Resource Area Capacity (MW) 

San Gorgonio 147 

Solano 264 

Tehachapi 360 
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The generation data series were used with minimal screening for data quality. In practice there 
are many periods where the generation from one or more plants is not accurately captured. 
Suspect data periods are left in the data set to ensure the most comprehensive data available, 
and because the ramps discovered are ultimately screened with the wind speed data, to 
determine if they are weather driven events. It would not be possible to accurately characterize 
a weather driven event during a bad data period, but it is possible to reject apparent ramps that 
occur during low data quality intervals, therefore minimal data screening is justified. 

There are also concerns about scalability and representativeness of data for the wind region. 
The examination includes only plants that are operational during the entire study years to 
maintain consistency. The growth in wind generation since the study years has been dramatic, 
particularly in the Tehachapi wind resource area. There are concerns that the ramp events 
found may be different from ones likely found in the future. The growth of a wind resource 
area includes growing not only the capacity but also the footprint. Expanding the footprint 
increases the geographic diversity. It is likely that ramps identified on a subset of the plants 
within a zone, will correspond to a relatively less severe ramp across the zone. If anything the 
subset of plants will overstate the ramp impacts on the larger zone. 

2.4 Results 
The methodology to find past ramp events is applied to the data from the three zones to find 
both the characteristics of ramp events. Ramp events are separated into down ramps and up 
ramps. General statistics of the ramps are considered and some of the most prominent ramps 
are identified, and further explored. 

2.4.1 General Ramp Statistics 
2.4.1.1 Direct Ramp Methods 
Using the direct ramp methods can give a good overview of some of the trends in the ramp 
sequences. Though there are some drawbacks, particularly since there are not specific ramp 
intervals of concern to operators for this study. To give a general sense of some of the ramps 
encountered two intervals are considered, a short term 10-minute interval and a longer 60-
minute interval. Figure 13 shows the size of 15-minute ramps as a percent of capacity for the 
three resource areas. All three areas have very small ramps less than 10% of capacity for over 
80% of the time. The extreme ramps are roughly 50% in each direction, but represent gaps or 
jumps in the data and not physical ramp events due to the limited data screening. 
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Figure 13: 15-Minute Ramp Magnitude Duration Curves 

 

 

Longer length ramps generally have larger magnitude changes. The 60-minute ramps generally 
have larger magnitude changes than the 10-minute ramps. The magnitudes of the ramps do not 
scale linearly with time interval though, and the ramps are not six times the size of the 10-
minute ramps. Figure 14 shows the distribution for the 60 minute ramps for the three resource 
areas. There is more deviation of the magnitudes between the zones than there is for the 10-
minute ramps. 
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Figure 14: 60-Minute Ramp Magnitude Duration Curves 

 

Examining the ramps more closely and separating them into up and down ramps, Figure 15 and 
Figure 16 show the percentile of ramps of various magnitudes. For both up and down ramps of 
15-minute length, the 90th percentile is less than 5% of capacity. For the 60-minute ramps the 
90th percentile is around 15% of capacity. While the maximum possible ramps are a significant 
they appear to be larger and more frequent than they actually are due to the imperfections in 
the data. 
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Figure 15: Percentile of Ramp Sizes for 15-Minute Up Ramps (Left) and Down Ramps (Right) 

 

 

Figure 16: Percentile of Ramp Sizes for 60-Minute Up Ramps (Left) and Down Ramps (Right) 
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One way to consider the ramps is to look at the frequency of up and down ramps. If up or down 
ramps are significantly more frequent than the other it can give an indication that there are 
consistent size differences between the ramps. Table 2 shows the breakdown of up, down, and 
no change segments. There are only small imbalances between the up and down ramps 
suggesting roughly equal ramp magnitudes at these durations. The interesting thing to note is 
how many no change segments there are for San Gorgonio. 

Table 2: Ramp Direction Statistics 

Zone 15-min Up 
Ramp (%) 

15-min 
Down 

Ramp (%) 

15-min No 
Change 

(%) 
60-min Up 
Ramp (%) 

60-min 
Down 

Ramp (%) 
60-min No 
change (%) 

Tehachapi 49.01 50.71 0.28 50.32 49.64 0.03 

Solano 47.49 48.48 4.04 47.09 48.86 4.05 

San 
Gorgonio 46.21 47.64 6.15 39.24 40.71 20.04 

 

Table 3 and Table 4 list the statistics for the 15-minute and 60-minute ramp magnitudes for the 
three resource areas. The up and down ramps are considered separately. The statistics are 
similar between the up and down ramps and the wind resource areas. The standard deviations 
are less than 2.5% for the 15-minute ramps and less than 7.5% for the 60-minute ramps. This 
suggests that ramps that are a large percent of capacity would be extreme outliers. 

Table 3: 15-Minute Ramp Magnitude Statistics 

Up Ramp Mean (%) Median (%) Standard 
Deviation (%) Maximum (%) Minimum (%) 

Tehachapi 2.38 1.27 43.65 0.00 3.08 

Solano 2.37 1.22 59.76 0.00 3.39 

San 
Gorgonio 2.38 1.36 43.94 0.00 2.95 

Down 
Ramp Mean (%) Median (%) Standard 

Deviation (%) Maximum (%) Minimum (%) 

Tehachapi -2.30 -1.28 0.00 -42.40 2.92 

Solano -2.32 -1.18 0.00 -78.71 3.30 

San 
Gorgonio -2.31 -1.35 0.00 -47.05 2.81 
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Table 4: 60-Minute Ramp Magnitude Statistics 

Up Ramp Mean (%) Median (%) Standard 
Deviation (%) Maximum (%) Minimum (%) 

Tehachapi 5.73 3.39 6.87 75.89 0.00 

Solano 6.24 3.84 7.34 90.02 0.00 

San 
Gorgonio 5.28 2.80 6.78 66.78 0.00 

Down 
Ramp Mean (%) Median (%) Standard 

Deviation (%) Maximum (%) Minimum (%) 

Tehachapi -5.81 -3.48 6.86 0.00 -73.86 

Solano -6.02 -3.74 6.83 0.00 -55.95 

San 
Gorgonio -4.90 -2.67 6.10 0.00 -68.63 

 

2.4.1.2 Swinging Window Methods 
The swinging window method is also used to find the ramps in the dataset. An allowable 
deviation of 10MW was chosen to balance being able to find ramps of interest with filtering 
small changes that the system operator would be unable to respond to. The 10MW allowable 
deviation would limit the total error in a segment to under 20MW if there were both high and 
low deviations in a segment. The swinging window method compresses a set of measurements 
of generation output down to a list of ramp segments. 

Table 5: Ramp Segment Comparison to Base Generation Data 

 Tehachapi Solano San Gorgonio 

Compression Ratio 3.77% 1.84% 1.27% 

Mean Compression Error (MW) 1.60 1.84 1.12 

Mean Absolute Error (MW) 4.31 4.59 4.32 

 

The statistics of the ramps calculated with the swinging window method are shown in Table 6 
and Table 7 for the up and down ramps respectively. The ramp properties for the different 
zones show quite a bit of difference between them, more so than using the direct ramp 
calculations. 
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Table 6: Swinging Window Up Ramp Statistics 

Zone Property Mean Median Min Max Standard 
Deviation 

Tehachapi Duration (min) 28.96 14.00 1.00 5033.00 123.17 

Solano Duration (min) 62.58 29.00 1.00 9355.00 259.50 

San 
Gorgonio 

Duration (min) 80.80 35.00 1.00 4937.00 234.54 

Tehachapi Magnitude (% Cap.) 4.42% 3.42% 0.00% 41.65% 3.96% 

Solano Magnitude (% Cap.) 6.76% 5.09% 0.01% 57.12% 6.07% 

San 
Gorgonio 

Magnitude (% Cap.) 7.11% 5.24% 0.00% 56.73% 6.52% 

Tehachapi Rate (% Cap/min) 0.45% 0.25% 0.00% 13.86% 0.67% 

Solano Rate (% Cap/min) 0.41% 0.18% 0.00% 41.55% 1.25% 

San 
Gorgonio 

Rate (% Cap/min) 0.39% 0.15% 0.00% 17.32% 0.91% 

 

Table 7: Swinging Window Down Ramp Statistics 

Zone Property Mean Median Min Max Standard 
Deviation 

Tehachapi Duration (min) 23.96 14.00 1.00 2802.00 63.34 

Solano Duration (min) 45.20 29.00 1.00 2122.00 76.64 

San 
Gorgonio 

Duration (min) 77.03 39.00 1.00 4146.00 164.74 

Tehachapi Magnitude (% Cap.) -4.55% -3.43% -41.50% 0.00% 4.14% 

Solano Magnitude (% Cap.) -7.09% -5.45% -60.21% 0.00% 6.24% 

San 
Gorgonio 

Magnitude (% Cap.) -7.27% -5.22% -43.24% 0.00% 6.60% 

Tehachapi Rate (% Cap/min) -0.47% -0.24% -14.30% 0.00% 0.78% 

Solano Rate (% Cap/min) -0.41% -0.18% -35.56% 0.00% 1.20% 

San 
Gorgonio 

Rate (% Cap/min) -0.40% -0.14% -26.37% 0.00% 1.28% 

 

The ramps uncovered using the swinging method agrees well with the direct calculation 
methods in terms of the overall shape of the distributions. One area where the swinging 
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window method provides a distinct advantage is that it allows for variation in the duration, 
giving a more complete view of the ramps. 

Figure 17 shows the distribution of the ramp magnitudes for the three wind resource areas. The 
magnitudes of the ramps tend to be less than 10% of capacity most of the time. It is only the top 
10% of ramps in either direction that exceed that level. Large magnitude ramps may not 
necessarily be problematic so long as they are predictable, and occur over a long duration. 

Figure 17: Distribution of Up and Down Ramp Magnitudes 

 

 

The duration of the ramps is shown in Figure 18 with a log scale. The shortest ramps in all cases 
are just one minute, while the longest can last days and occur during low production periods. 
Tehachapi tends to have shorter ramps than the other two zones. This could be because it has 
the most capacity and therefore is more prone to have enough change in output to shorten the 
swinging window sections. The shorter ramp segments could also indicate more natural 
variability of the short term wind speeds in the Tehachapi area in comparison with the other 
areas. 
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Figure 18: Distribution of Up and Down Ramp Durations (Log Scale) 

 

The ramp rates are calculated as simply the magnitude of the ramps divided by their duration. 
Figure 19 shows the distribution of the ramp rates. The ramp rates tend to be quite small, less 
than 1% or 2% of capacity per minute for over 90% of ramps. Furthermore, the highest ramp 
rates shown on the chart tend to be unrelated to the weather, and are either data errors or 
unusual events like forced outages. 
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Figure 19: Distribution of Up and Down Ramp Rates 

 

Taken together the general properties of wind generation ramps show that they are generally 
mild with a few serious ramps occurring in both the up and down directions. It is then 
necessary to focus efforts primarily on the extreme ramps, to aide in system operations. 

2.4.2 Ramp Filtering 
The swinging window methodology is the primary method for identifying ramps in this study. 
As discussed in the methodology section applying the swinging window to the generation data, 
creates a set of ramps that cover all of the generation data, but does not identify which ramps 
are of interest. The user is left to filter the data for ramps that are concerning to system 
operators. As shown the majority of the ramps are small, so only the extreme ramps are of 
interest for this study. One advantage of this is that general ramp statistics can be computed, 
and combined with the filters to know if too many ramps are excluded.  Filtering the ramps is 
distinctly different from the direct ramp method because it is about selecting ramps of interest 
in the data without predefining what a ramp looks like. It enables the filters to be selected to 
conform to the data, rather than the data being forced to conform to a set of filters. 

Ramps are filtered considering their three primary properties the magnitude, rate, and 
duration. One of the most straight forward ways is to consider the largest ramps of each 
quantity. Another way is to simultaneously consider the ramp properties and look for ramps 
that are outliers. Ramps can also be separated into up and down ramps. The filters can use 
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absolute or relative measures, and can be used to identify only single segments or a series of 
sequential segments that makes up a larger ramp event. 

2.4.3 Up Ramp 
Wind generation ramps in which the generation level is increasing rapidly are called up ramps. 
Up ramps are the most worrisome to system operators during low load periods, such as the 
night. The spring season is also of concern because it combines low loads, high hydro 
generation, and the beginning of California’s peak wind production season. Ramps of concern 
can have a lot of forms. This section will show some examples of up ramps encountered in the 
various areas. 

2.4.3.1 Tehachapi 
One example of an up ramp in the Tehachapi area is shown in Figure 20. The figure shows the 
power production of the area in blue. The green lines are the ramp sections found using the 
swinging window methodology, the ramp in question is highlighted with square boxes. A 
sample wind speed from one of the met towers in the region is shown in red. The ramp is a total 
of 113 MW over 39 minutes. It represents a 31% increase in the production compared to the 
capacity of the area. Additionally the change in the wind speed is small in absolute terms. Wind 
speeds increase by about 3.5 m/s over that period; however that represents a 50% increase in the 
wind speed compared to the starting point. 

  



43 

Figure 20: Up Ramp in the Tehachapi Wind Resource Area 

 

 

Another example of an up ramp event is shown in Figure 21. This ramp is more intense than the 
previous ramp. It has the same magnitude change of 113 MW, but it occurs much more rapidly 
in only 18 minutes, down from 39 minutes. The change in wind speed is about the same 3.5 m/s 
as the previous example. Though this ramp is rapid there was a down ramp that occurred 
beforehand. The effects of this ramp could be mitigated if the flexibility on the system remains 
from the previous changes. 
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Figure 21: Up Ramp in the Tehachapi Wind Resource Area 

 

 

2.4.3.2 Solano 
An example of an up ramp in the Solano area is shown in Figure 22. The up ramp is 102 MW 
over 9 minutes. This is a high ramp rate that is likely very concerning to operators. It also occurs 
during a period of variability in the area with a large down ramp preceding the up ramp. There 
is a large wind speed change of 6 m/s which is the driving force of the ramp. 
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Figure 22: Solano Wind Resource Area Up Ramp 

 

 

Another ramp in the Solano area is shown in Figure 23. This ramp is 98 MW over 13 minutes 
and is a little less severe than the previous example. The wind speed increases about 5 m/s 
during the ramp from about 5 m/s to 10 m/s. There is less variability before this ramp than the 
previous example, though like the last one, the generation does trail off after about 30 minutes. 
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Figure 23: Solano Wind Resource Area Up Ramp 

 

 

2.4.3.3 San Gorgonio 
Figure 24 shows an example of an up ramp in the San Gorgonio wind resource area. This ramp 
has a magnitude of 40 MW and occurs over a 40 minute period. The wind speeds increase from 
about 8 m/s to about 12 m/s driving the increase in generation. This is an increase of over 33% of 
the capacity included in the region. What is interesting about this ramp is how steady the 
production is both before and after the ramp. 
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Figure 24: San Gorgonio Wind Resource Area Up Ramp 

 

 

Figure 25 shows another example of an up ramp the San Gorgonio wind resource area. This 
ramp has a magnitude of 51 MW over 49 minutes, which is very similar in intensity to the 
previous example. The wind speeds increase from approximately 8 m/s to approximately12 m/s 
to drive the ramp. This ramp is followed by a slower down ramp until the generation is back to 
its initial level. 

  



48 

Figure 25: San Gorgonio Wind Resource Area Up Ramp 

 

 

The up ramps show a good amount of diversity in the magnitudes and ramp rates that are 
experienced on the system. The magnitudes ranged from about 50 MW to over 100 MW and 
generally were in the range of 25 -35% of the area capacity. There was a wide range of ramp 
durations, with shortest at 9 minutes and the longest at 49 minutes. Many of the ramps appear 
to occur when there is variability in the wind production, there were other down ramps either 
in front of or following many of the examples presented. 

2.4.4 Down Ramps 
Wind ramp events that result in the amount of wind generation decreasing are referred to as 
down ramps. Down ramps are of concern because they will require other generation to increase 
the amount of production in order to main the system balance. Down ramps are of particular 
concern during the summer. Wind generation in California follows a diurnal pattern peaking at 
night then decreasing to a minimum throughout the morning. The biggest concern with these 
down ramps is that they are in the opposite direction of the load ramps. Generation must be 
increased not only to replace the wind generation, but also to keep up with the rising load. This 
increases the total amount of ramping capability that the system needs. 
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2.4.4.1  Tehachapi 
Figure 26 shows an example of a down ramp in the Tehachapi wind resource area. The 
measured ramp is 149 MW over 25 minutes. It is part of a longer down ramp that would include 
another 120 MW over another 60 minutes. The wind speeds do fall approximately 6 m/s during 
this time. It is interesting to note that wind speeds do appear to rebound after the ramp; 
however the production doesn’t fully recover which suggests that there may be additional 
factors influencing the ramps. 

Figure 26: Tehachapi Area Down Ramp 

 
2.4.4.2 Solano 
Figure 27 shows a Solano resource area down ramp. The down ramp has a magnitude of 108 
MW and occurs over 24 minutes. The wind speed declines from about 16 m/s to 8 m/s which 
drives the ramp. After the ramp there is a rebound and the production recovers about 50 MW. 
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Figure 27: Solano Area Down Ramp 

 

 

Figure 28 shows another down ramp for the Solano wind resource area. This ramp is different 
from the other down ramps because it is a wind turbine cut-out induced ramp. The wind 
generation drops 108 MW over 6 minutes. The wind speed during this period actually increased 
from 18 m/s to over 24 m/s leading to about half the turbines cutting out. The wind quickly 
returned to the 18 m/s range from before the ramp. After the ramp the turbines began restarting, 
and the generation was restored within 30 minutes. This scenario is very worrisome for system 
operators because the ramps are very severe and occur when wind is making up a large part of 
the generation mix. 
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Figure 28: Solano Area Down Ramp 

 

 

2.4.4.3 San Gorgonio 
Figure 29 shows a down ramp in the San Gorgonio wind resource area. This ramp has a 
magnitude of 47 MW and duration of 47 minutes. The wind speed changes from 12 m/s to 6 
m/s. This ramp is in a period of variability and reverses a nearly symmetrical up ramp that had 
occurred shortly before. 
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Figure 29: San Gorgonio Area Down Ramp 

 

 

Figure 30 shows another example of a down ramp in the San Gorgonio area. This ramp is more 
severe than the previous example. It has a magnitude of 56 MW and occurs over 30 minutes. 
The wind speed drops from 12 m/s to 3 m/s during the ramp. This ramp has less variability 
surround it than the previous example. 
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Figure 30: San Gorgonio Area Down Ramp 

 

The down ramps have even more variability than the up ramps. The biggest difference is that 
the down ramps can happen when speed increases or decreases. While there are up ramps that 
occur with a decreasing wind speed, it likely that it has followed a down ramp which result the 
result of an increased wind speed. The down ramps ranged from 6 to 45 minutes. The 
magnitude of the ramps could be up to 50% of the capacity for a resource area. 
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CHAPTER 3:  
Ramp Forecasting 
A short-term wind ramp forecast system was implemented and tested for three wind resource 
areas in California. This ramp forecast system was based on a system originally developed for 
wind ramp forecasting for the Electric Reliability Council of Texas (ERCOT) and is currently 
operating under the name of the ERCOT Large Ramp Alert System (ELRAS). In this project the 
ELRAS system was customized for use in California and setup to produce forecasts for six 
wind-based generation entities in three key wind resource regions of California. The forecast 
system customized in this project was assigned the generic name of Ramp Event Predictor 
(REP). 

This section describes the design of the REP, provides an overview of the products produced by 
this system and presents results from off-line (historical) and on-line (real-time) forecast 
evaluation experiments. Section 3.1 provides a summary of the specification of the forecasts 
produced by the REP. Section 3.2 presents a description of the methodology used to generate 
the forecasts. A description and examples of the forecast displays produced by the version of 
the REP assembled in this project are provided in Section 3.3. A description of the experiments 
designed to test the performance of the forecasts from the REP is presented in Section 3.4. The 
forecast performance results from these experiments are presented in Section 3.5. 

3.1 Forecast Specifications 
There were a total of six forecast target entities (FTEs) considered in this project. The FTEs are 
the entities for which the wind ramp forecasts were produced in this project and are listed in 
Table 8. Three of the FTEs were individual wind generation facilities (WGFs) also known as 
"wind farms" or "wind plants". These are listed in the bottom three rows of Table 8. They range 
in capacity from 61.5 MW to 162 MW. 

The other three FTEs are regional aggregates of WGFs. There was one aggregate in each of the 
three wind resource areas considered in this project. The Tehachapi Aggregate was composed 
of a set of WGFs in Tehachapi Pass, which connects the San Joaquin Valley with the Mojave 
Desert. This aggregate had a total wind generation capacity of 1929.5 MW. The Solano 
Aggregate consisted of WGFs in the Solano County region to the east of the San Francisco Bay 
Area. The WGFs in this area had a capacity of 1009.5 MW. The San Gorgonio Aggregate was the 
smallest of the three aggregates with a capacity of 427.0 MW. The WGFs in this aggregate are 
located in the central and eastern portions of San Gorgonio Pass, which connects the LA Basin 
with the desert areas near Palm Springs. It should be noted that the aggregates used in this 
project did not include all of the wind generation capacity in the three wind resource areas. The 
composition of the each of the three aggregates was based on the availability and quality of 
power production and meteorological data from the WGFs in each wind resource area. 
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Table 8: Ramp Rate Thresholds (MW) for the Tehachapi Aggregate of Wind Generation Facilities 

Forecast Target Entity  Capacity (MW) 

Tehachapi Aggregate 1929.5  

Solano Aggregate 1009.5  

San Gorgonio Aggregate 427.0 

High Winds WGF (Solano) 162.0 

Alta WGF (Tehachapi) 150.0 

Whitewater WGF (San Gorgonio) 61.5 

 

Two types of wind ramp forecasts were produced in this project. Both types are forecasts were 
updated every 15 minutes and extended for a length of 6 hours after the issue time. The time 
resolution of both forecasts was also 15 minutes. Thus, there were 24 forecast intervals (i.e. 4 
intervals per hour  6 look-ahead hours) in each forecast update cycle. The two types were (1) a 
probabilistic ramp rate forecast (PRRF) and (2) a deterministic ramp event forecast (DREF). The 
specifications for each type of forecast are provided in the following two subsections. 

3.1.1 Probabilistic Ramp Rate Forecast (PRRF) 
The PRRF consisted of the probability of exceedance (POE) for a set of five ramp rate thresholds 
(MW/ramp-rate-time scale) for three time scales for each FTE. The same thresholds were 
separately applied to the upward and downward ramp rates and therefore there were actually a 
total of 10 thresholds utilized for each FTE. The ramp rate thresholds were customized for each 
FTE since the capacity of the FTEs varied considerably. The ramp rate thresholds for each FTE 
are listed in Table 9 (regional aggregates) and Table 10(individual WGFs). Three ramp rate time 
scales were considered: 15 minutes, 60 minutes and 180 minutes. The PRRF consisted of the 
probability of an upward or downward ramp rate exceeding each threshold over each time 
scale beginning at each 15-minute forecast interval. Thus, an individual forecast cycle provided 
720 probability values (10 thresholds × 3 time scales × 24 forecast intervals) for each FTE. Since 
there were 6 FTEs, a total of 4,320 probability values were produced in each forecast cycle. 

An example of a set of forecast data from one cycle for one time scale and one FTE is shown in 
Table 11. This data is from the forecast issued at 0100 PST February 20, 2014 for the Tehachapi 
Aggregate for the 180-minute time scale. The columns represent the 10 POE thresholds (5 
upward and 5 downward) and each row represents one of the 15-minute forecast intervals. 
Thus, the value in the cell defined by the fourth row and the seventh column indicates that 
there is a 40.4% chance that the downward ramp rate over the 180-minutes following 0130 PST 
(a 30-minute look-ahead) will be greater than -385 MW. The datum in the fourth row and eighth 
column indicates that there is 21.0% chance that the decrease in generation over the next 180 
minutes will be greater than -580 MW. In contrast, the entry in the fourth row and second 
column indicates that there is only a 0.2% chance that an upward ramp rate +385 MW over the 
next 180 minutes. 
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Table 9: Ramp Rate POE Thresholds (MW) for Each of the Three Regional Aggregate 

Solano Aggregate: 1009.5 MW of Capacity 

Threshold 
Designation 15 Minutes 60 Minutes 180 Minutes 

Minimal 65 MW 130 MW 200 MW 

Moderate 100 MW 200 MW 300 MW 

Significant 130 MW 260 MW 400 MW 

Large 200 MW 400 MW 535 MW 

Extreme 260 MW 520 MW 600 MW 

Tehachapi Aggregate: 1929.5 MW of Capacity 

Threshold 
Designation 15 Minutes 60 Minutes 180 Minutes 

Minimal 125 MW 250 MW 385 MW 

Moderate 190 MW 380 MW 580 MW 

Significant 250 MW 500 MW 770 MW 

Large 385 MW 770 MW 1025 MW 

Extreme 500 MW 1000 MW 1150 MW 

San Gorgonio Aggregate: 427 MW of Capacity 

Threshold 
Designation 15 Minutes 60 Minutes 180 Minutes 

Minimal 40 MW 80 MW 100 MW 

Moderate 60 MW 120 MW 150 MW 

Significant 80 MW 160 MW 200 MW 

Large 120 MW 240 MW 300 MW 

Extreme 160 MW 320 MW 360 MW 

FTEs for each of the three ramp rate time scales considered in this project. 
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Table 10: Ramp Rate POE Thresholds (MW) for Each of the Three Individual WGF 

Solano WGF: 162 MW of Capacity 

Threshold 
Designation 15 Minutes 60 Minutes 180 Minutes 

Minimal 15 MW 35 MW 45 MW 

Moderate 25 MW 50 MW 60 MW 

Significant 35 MW 65 MW 80 MW 

Large 50 MW 90 MW 115 MW 

Extreme 65 MW 125 MW 140 MW 

Tehachapi WGF: 150 MW of Capacity 

Threshold 
Designation 15 Minutes 60 Minutes 180 Minutes 

Minimal 15 MW 30 MW 40 MW 

Moderate 20 MW 45 MW 55 MW 

Significant 30 MW 60 MW 75 MW 

Large 45 MW 85 MW 110 MW 

Extreme 60 MW 115 MW 130 MW 

San Gorgonio WGF: 61.5 MW of Capacity 

Threshold 
Designation 15 Minutes 60 Minutes 180 Minutes 

Minimal 10 MW 15 MW 25 MW 

Moderate 15 MW 20 MW 30 MW 

Significant 20 MW 25 MW 35 MW 

Large 25 MW 35 MW 45 MW 

Extreme 30 MW 45 MW 55 MW 

FTEs for each of the three ramp rate time scales considered in this project. 
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Table 11: Probabilistic Wind Ramp Rate Forecast Data (in %) for A PRRF Forecast of the 180-
Minute Ramp Rate for the Tehachapi Aggregate Issued at 0100 PST February 20, 2012 

Issued 
0100 PST 
2/20/2014 

Upward Ramp Rate Thresholds 
(MW/180 minutes) 

Downward Ramp Rate Thresholds 
(- MW/180 minutes) 

Fcst Time > 385 > 580 > 770 >1025 > 
1125 

< -
385 

< -
580 

< -
770 

<-
1025 

<-
1125 

0115 PST 0.2 0.2 0.1 0.1 0.1 38.8 20.0 10.1 4.9 3.1 

0130 PST 0.2 0.2 0.1 0.1 0.1 40.4 21.0 10.4 4.8 2.7 

0145 PST 0.3 0.2 0.1 0.1 0.1 39.4 20.2 10.0 4.2 2.2 

0200 PST 0.3 0.2 0.2 0.1 0.1 38.1 18.9 9.6 3.6 1.9 

0215 PST 0.5 0.3 0.2 0.2 0.2 36.3 17.7 8.9 3.1 1.8 

0235 PST 0.8 0.4 0.3 0.2 0.2 34.9 16.8 8.3 2.8 1.6 

0245 PST 1.0 0.5 0.4 0.3 0.2 32.8 15.2 7.5 2.5 1.4 

0300 PST 1.2 0.5 0.4 0.3 0.2 31.2 14.2 7.0 2.2 1.2 

0315 PST 1.6 0.5 0.4 0.3 0.3 29.4 13.6 6.4 2.1 1.3 

0330 PST 1.8 0.7 0.4 0.3 0.3 28.2 12.9 5.8 1.9 1.1 

0345 PST 2.1 0.8 0.4 0.3 0.3 27.1 12.1 5.5 1.7 1.0 

0400 PST 2.3 0.8 0.4 0.3 0.3 25.4 10.9 5.0 1.7 0.9 

0415 PST 2.5 0.9 0.4 0.3 0.3 24.5 10.5 4.8 1.7 0.9 

0435 PST 2.8 1.3 0.4 0.3 0.3 23.8 10.1 4.7 1.6 0.9 

0445 PST 3.2 1.6 0.5 0.4 0.3 23.1 9.7 4.6 1.6 0.9 

0500 PST 3.6 1.7 0.5 0.4 0.3 22.7 9.4 4.4 1.5 0.9 

0515 PST 3.8 1.8 0.5 0.4 0.3 22.2 9.1 4.2 1.5 0.9 

0530 PST 4.1 1.9 0.6 0.4 0.3 21.1 8.7 4.0 1.5 0.9 

0545 PST 4.5 1.9 0.6 0.4 0.3 20.2 8.3 3.8 1.4 0.9 

0600 PST 4.8 2.0 0.7 0.4 0.3 19.5 7.8 3.7 1.4 0.9 

0615 PST 5.1 2.1 0.7 0.4 0.3 19.3 7.7 3.7 1.4 0.9 

0630 PST 5.5 2.2 0.8 0.4 0.3 19.1 7.6 3.7 1.4 0.8 

0645 PST 5.8 2.3 0.9 0.4 0.4 18.9 7.5 3.6 1.3 0.8 

0700 PST 6.0 2.4 0.9 0.4 0.4 18.8 7.5 3.6 1.3 0.7 
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3.1.2 Deterministic Ramp Event Forecast 
The second type of wind ramp forecast produced by the REP was the deterministic ramp event 
forecast (DREF). The update frequency of this forecast was also 15 minutes and the length of the 
forecast was also 6 hours. The forecast consisted of a list of predicted ramp events that were 
expected to begin during the forecast period. The list of predicted ramps included estimates for 
four key ramp parameters (attributes): (1) start time, (2) duration, (3) amplitude, and (4) 
maximum ramp rate 

The ramp events were defined in terms of the "significant" ramp rate used for the probabilistic 
ramp rate forecasts (Table 9 and Table 10). The ramp event threshold values are also listed in 
Table 12. A ramp event was defined to occur if the ramp rate beginning at any 15-minute 
interval during the forecast period exceeded one of the three (i.e. 15-minute, 60-minute or 180-
minute) event threshold rates for a specific FTE. If the rate for more than one time scale was 
exceeded, then the time scale that had the largest magnitude ramp rate was selected. The times 
associated with that time scale were used to define the initial estimate of the start and end time 
of the ramp event. These initial estimates were then refined by first moving backwards from the 
maximum ramp rate time to the time when the ramp rate first exceeded 10% of the peak ramp 
rate in magnitude. A revised end time was then computed by moving forward in time from the 
maximum ramp rate period to the time where the ramp rate fell below 10% of the peak ramp 
rate in magnitude. No break in the ramp trend was permitted. That is, a downward ramp event 
had to trend down for the entire length of the ramp event and an upward ramp had to trend up 
for the entire length of the ramp event. 

The duration was defined as end time minus start time in minutes. The maximum ramp rate 
was defined as the peak 15-minute change in generation during the ramp. The amplitude was 
defined as the maximum generation value minus the minimum generation value during the 
ramp event. In the case of an upward ramp this was the generation value at the end of the ramp 
minus the generation value at the start of the ramp. For a downward ramp event, it was the 
generation value at the start of the ramp minus the generation value at the end of the ramp. 
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Table 12: Ramp Rate Thresholds Used to Define Ramp Events for Each FTE 

Entity 15-Min Ramp Rate(MW) 60-Min Ramp Rate 180-Min Ramp Rate 

Solano Aggregate 130 260 400 

Tehachapi Aggregate 250 500 770 

San Gorgonio Aggregate 80 160 200 

Solano WGF 35 65 80 

Tehachapi WGF 30 60 75 

San Gorgonio WGF 20 25 35 

 

In the case of the forecast for the Tehachapi Aggregate that was issued at 0100 PST on 20 
February 2014 (which was used as an example of the PRRF in the preceding section), one ramp 
event was forecasted during the 6-hour forecast period.  It was predicted to be a downward 
ramp with a start time of 0130 PST, duration of 345 minutes, amplitude of -1260 MW and a 
maximum ramp rate of -80 MW/15 minutes. 

3.2 Methodology 
The REP generated the PRRF and DREF products through the use of a multiple Numerical 
Weather Prediction (NWP) model ensemble. The system used the output from four rapid 
update NWP models. Three of these were models that were specifically customized for this 
project and executed on the AWST computational cluster. The fourth model was a standard 
model operational by the US National Weather Service (a branch of NOAA). The configuration 
of each of these is described in Sections 3.2.1 through 3.2.4. The combined output from all of 
these systems was transformed into the PRRF and DREF forecasts by the Optimized Ensemble 
Algorithm (OEA). A description of the OEA is provided in Section 3.2.5. 

3.2.1 Rapid Refresh (RAP) 
The first of the four rapid update systems used in the REP was the Rapid Refresh (RAP) model. 
This is a model developed and operated by the National Weather Service component of the 
National Oceanographic and Atmospheric Administration (NOAA). The model is run on a 13-
km resolution horizontal grid that covers most of North America on a 1-hour update cycle. 

3.2.2 Advanced Regional Prediction System (ARPS) 
A second rapid update system was based on the Advanced Regional Prediction System (ARPS) 
model (Xue et al, 1995; Xue et al, 2000, Xue et al, 2001). ARPS was developed at the University of 
Oklahoma for the primary purpose of improving the short-term prediction of severe local 
storms such as tornadoes. As a result of this objective, a number of advanced data assimilation 
capabilities (such as the assimilation of radial winds and reflectivity data from Doppler radars) 
have been developed for this system. The assimilation of this data can also be beneficial for the 
short-term forecasting of wind ramps. 
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The model was run on two grids. These are shown in Figure 31. One grid (ARPS-A) was 
centered over the Solano County area of northern California (upper panel of Figure 31) and the 
other (ARPS-B) encompassed the Tehachapi and San Gorgonio wind resource areas (lower 
panel of Figure 31). The horizontal size of the grid cells on each grid was approximately 5 km 
and each grid employed 35 vertical layers. Thus, the three-dimensional computational matrix of 
points was 51 by 55 by 35 for ARPS-A and 102 by 103 by 35 for ARPS-B. The submodels used for 
the production of the ARPS forecasts are listed in Table 13. 

ARPS was operated on a 2-hour update cycle for the on-line forecast evaluation period. A 14-
hour forecast was produced by each cycle. The initial and lateral boundary conditions were 
extracted from the NCEP RAP dataset. The initial conditions were interpolated from the RAP 0-
hour analysis dataset and the lateral boundary conditions were interpolated from the hourly 
output of the RAP forecast. Each ARPS run was a cold start meaning that the "first guess" (i.e. 
the background state) dataset used to start the initialization process was from an external model 
(i.e. the output from the previous ARPS forecast cycle was not used). The "first guess" dataset 
was updated on each cycle through the use of the ARPS 3D variational calculus (3DVAR) 
initialization scheme (Gao et al, 2001, Gao et al, 2002, Gao et al, 2004) to blend the available 
observational data with the background state to create an initialization dataset for the 5 km 
grids. The update was based upon data available on the NOAA MADIS system from the 
following sensors: (1) wind profilers, (2) mesonet and (3) satellite-based cloud-track winds. 

The ARPS forecasts for the off-line evaluation period utilized the same configuration as the on-
line period except that the update cycle had a period of 6 hours and the length of the forecast on 
each cycle was 18 hours. This change was due to the constraints of the time period and CPU 
power available for this project. 

Table 13: Configuration of the ARPS Model for the REP 

Submodel Type Specification 

Turbulence 1.5-order closure anisotropic TKE  

Radiation ARPS radiative transfer 

Microphysics Lin ice phase microphysics scheme 

Moist Convection WRF Kain-Fritsch 

Surface Physics Surface fluxes from stability dependent drag coefficient 
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Figure 31: A Depiction of the Geographical Areas Covered by the ARPS A (Upper Panel) and B 
(Lower Panel) Grids Used in the REP 

 

 

3.2.3 Weather Research and Forecasting (WRF) Model 
The third rapid update system was based on the Weather Research Forecasting (WRF) model 
(Skamarock, 2005). WRF is an open source community model whose core has been developed 
by the National Center for Atmospheric Research (NCAR) and NOAA but also incorporates a 
wide range of contributions from all sectors (academia, private sector entities, federal labs etc.) 
of the atmospheric science community. Version 3.5.1 of the Advanced Research WRF (ARW) 
model was used in the REP. 

This model was run in a nested grid configuration with one parent grid and three child grids. 
The geographical domains covered by each grid are depicted in Figure 32. The parent grid had 
a horizontal grid cell size of 12 km and covered most of California and adjacent areas of the 
Pacific Ocean and surrounding states. Each of the inner grids had a horizontal grid cell size of 3 
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km and were centered on one of the wind resource areas for which REP forecasts were 
produced. All grids employed 45 vertical layers between the surface of the earth and a pressure 
level of 100 mb (~ 16 km above mean sea level). The vertical layers were non-uniformly spaced 
with higher resolution near the surface of the earth. The WRF system has many alternative 
submodels that enable the user to custom configure the model for a specific application. The 
specific set of submodels used for the REP application is specified in Table 14. 

The WRF system operated on a 2-hour update cycle and generated a 12-hour forecast during 
each cycle for the on-line experiment. The data for initialization and lateral boundary condition 
for the outer (12 km) grid were interpolated from the output of the RAP. No additional data 
assimilation was done for the WRF initialization. Thus, the initialization was simply the RAP 
initial state interpolated to the WRF 12 km grid. The configuration of WRF used for the off-line 
experiment was the same as that for the on-line experiment except that a 6-hour update cycle 
was used and the length of the forecast produced by each cycle was 18 hours. As in the case of 
the ARPS, this change in configuration was necessitated by the limited period of time and 
computational resources available for the project. 

Figure 32: A Depiction of the Geographical Areas Covered by the WRF A, B, C, and D Grids Used 
in the Production of the REP Forecasts 
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Table 14: Configuration of the WRF Model for LRAS 

Submodel Type Specification 

Turbulence / Boundary Layer YSU scheme  

Radiation Dudhia shortwave radiation scheme RRTM for long wave radiation  

Microphysics WSM6  

Moist Convection Kain-Fritsch 

 

3.2.4 MASS 
The fourth NWP system was based on the Mesoscale Atmospheric Simulation System (MASS) 
model (Kaplan et al, 1982). This model was originally developed to support satellite-based 
remote sensing studies at the National Aeronautics and Space Administration (NASA) in the 
1980s. It has since been maintained and further developed as a proprietary model targeted for 
wind and solar forecasting by one of the AWS Truepower partners (owners): MESO, Inc. The 
model is routinely used for wind power forecasting and resource assessment applications by 
AWST. 

The MASS model was also run in a 1-way nested grid configuration that consisted of a parent 
grid and three child grids nested with it. The areas covered by the grids are depicted in Figure 
33 through Figure 36. The parent (A) grid is depicted in Figure 33. It employed a three 
dimensional matrix of 110 by 110 by 35 grid cells with a horizontal size of 15 km. The three child 
grids (B,C and D) are depicted in Figure 34 through Figure 36. Each of these used a three-
dimensional matrix of 75 by 75 by 35 grid cells and a horizontal grid cell size of 3 km. The 
submodels used in the configuration of MASS that was employed in this project are specified in 
Table 15. 

The MASS system was operated on a 2-hour update cycle for the on-line evaluation period and 
produced a forecast with a length of 18 hours in each cycle. The initial conditions and the lateral 
boundary conditions for the A (15 km) grid were obtained by interpolation of the RAP data. The 
initial conditions for each of the child (3 km) grids were obtained by interpolating the data from 
the parent grid. The lateral boundary conditions for the child grids were obtained by 
interpolation from the parent grid during the course of the forecast period. No assimilation of 
data was performed on any of the grids. The MASS system used for the off-line evaluation 
period was the same as the on-line period except that the update cycle was 6 hours instead of 2 
hours due to the limitations of the project time line and the available computational resources. 
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Figure 33: A Depiction of the Geographical Areas Covered by the MASS A Grid Used in the REP 

 

 

Figure 34: A Depiction of the Geographical Areas Covered by the MASS B Grid Used in the REP 
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Figure 35: A Depiction of the Geographical Areas Covered by the MASS C Grid Used in the REP 

 

 

Figure 36: A Depiction of the Geographical Areas Covered by the MASS D Grid Used in the REP 
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Table 15: Configuration of the MASS Model for LRAS 

Submodel Type Specification 

Turbulence / Boundary Layer 1.5-order TKE 

Radiation MASS-SW scheme for short wave; MASS-LW scheme for long wave 

Microphysics 4-species Lin-type scheme 

Moist Convection Kain-Fritsch for 15 km grid; None for 3 km grids 

Surface Physics MASS surface physics scheme 

 

3.2.5 Optimized Ensemble Algorithm (OEA) 
The OEA combined the forecasts from the individual methods into a composite forecast. As 
noted previously, two types of forecasts were produced by the OEA: (1) the PRRF and (2) the 
DREF. This section describes the approach used to produce each type of forecast. 

The production of the PRRF was based on a Quantile Regression (QR) approach. Ramp rate 
forecasts were produced for three different time scales: 15 minutes, 60 minutes and 180 minutes. 
QR was used to produce regression equations for the prediction of 23 Probability Of Exceedance 
values (POEs) for each time scale: 99.5 percent, 99 percent, 95 percent, 90 percent, 85 percent, 80 
percent, 75 percent, 70 percent, 65 percent, 60 percent, 55 percent, 50 percent, 45 percent, 40 
percent, 35 percent, 30 percent, 25 percent, 20 percent, 15 percent, 10 percent, 5 percent, 1 
percent, 0.5 percent. Six predictors were used in these equations. These are listed in Table 16. 

Table 16 Predictors for the Probabilistic Ramp Rate Forecasts (PRRF) 

Predictor Source 

(1) Ramp rate from NWP forecast Rapid Refresh (RAP) model 

(2) Ramp rate from NWP forecast MASS model 

(3) Ramp rate from NWP forecast ARPS model  

(4) Ramp rate from NWP forecast WRF model 

(5) Standard deviation of 
predictors 1, 2 ,3 and 4 

Derived from forecasts from the RAP, MASS, ARPS 
and WRF models 

(6) Most recent observed ramp 
rate 

Calculated from the most recently reported data from 
the forecast target entity 

 

The QR equations for the on-line and off-line forecasting experiments were trained with 
different samples. The training sample for the on-line evaluation period was updated each day 
and consisted of data from the April 1, 2013 to July 31, 2013 off-line period and all the data that 
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was available from the prior real-time forecasts. Thus, the size of the training sample increased 
from the start to the end of the on-line evaluation period. 

The training procedure for the off-line sample was more complex. For the 4-month off-line 
period the QR equations were trained for each month were trained with data for the other three 
months. Thus, the equations that were used to make the forecasts for the month of April 2013 
were trained with data from May, June and July. Analogously, the equations for the May 
forecasts were trained with data from April, June and July. 

A separate set of 23 POE equations were trained for each of the 24 look-ahead intervals within 
the 6-hour forecast period. That is, one set were trained for the 0 to 15-minute ahead interval 
(the 1st interval), another set were trained for the 15-minute to 30-minute look-ahead period. 
The same procedure was done through the 345-minute to 360-minute look-ahead interval (the 
24th interval). 

The probabilistic ramp rate forecasts were produced by interpolating the set of POE values 
produced by the QR module to obtain the probability of exceeding the specified ramp rate 
thresholds. 

The DREF was derived from a time series of the 50% POE values for the power production for 
each forecast target entity. These POE values were obtained from a QR equation trained in the 
same way (i.e. same predictors and training samples) as those for the PRRF. However, in the 
case of the DREF the training was done for each of 36 look-ahead intervals instead of the 24 
intervals used for the PRRF. This corresponds to a 9-hour look-ahead period. The additional 
three hours is needed to assess the probability of 180-minute ramp events near the end of the 6-
hour forecast period. A separate regression equation was developed for each of the 36 look-
ahead intervals. 

Once the 9-hour power production time series of 50% POE values for each entity was created 
from the set of QR equations, an algorithm to identify ramp events was invoked. This algorithm 
is the same as the procedure described in Section 3.1.2 to identify ramp events. 

3.3 Forecast Information Displays 
A customized set of web-based graphical displays were developed to view the REP forecasts. 
Examples of the PRRF and DREF forecast displays are provided in Figure 37, Figure 38 and 
Figure 39. These examples depict the forecast for the Tehachapi Aggregate produced at 0100 
PST on February 20, 2014, which was also used in the examples presented in Section 3.1. 

The PRRF display consisted of a 3 by 3 matrix of 6 time series charts. An example of this set of 
charts is shown in Figure 37. The top row of charts depicts the probability that the set of ramp 
rate thresholds shown in the color table at the bottom of the image will be exceeded in the 
upward direction. The bottom row of charts illustrates the analogous set of probabilities for 
downward ramp rates. Each point on the lines represents the POE for a ramp rate of the 
specified time scale beginning at the corresponding time on the horizontal axis. 
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The DREF display consisted of a list of predicted ramp events with estimates of the values of 
four key event parameters (start time, duration, amplitude and maximum ramp rate). An 
example of the DREF display is shown in Figure 38. The vertical graphs depict the most 
probable value (circle) and the 80% confidence interval (vertical bar) for each parameter. 

In addition to the PRRF and DREF displays a third type of graphical rendition of REP data was 
also provided. This was the time series of the forecasted 90%, 50% and 10% POE values for the 
wind-based generation associated with an FTE. An example of this display is shown in Figure 
39. The blue line is the 50% POE value. The lower and upper green lines depict the 90% and 10% 
POE lines respectively. In a historical mode display (as in this example) the reported value of 
the generation is also shown. 

Figure 37: The Display of the PRRF Component of the REP Issued at 0100 PST February 20, 2014 
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Figure 38: The Display of the DREF Component of the REP Issued at 0100 PST February 20, 2014 

 

 

Figure 39: The Display of the REP Time Series Forecasts Issued at 0100 PST February 20, 2014 
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3.4 Evaluation Experiments and Methodology 
The deterministic and probabilistic wind ramp forecasts produced by the REP were evaluated 
with two samples of forecasts. One was an "off-line" sample in which the forecasts were 
generated in an historical mode. The other was an "on-line sample" in which the forecasts were 
generated and displayed in real-time. This section documents the attributes of the "off-line" and 
"on-line" samples and the metrics used to evaluate the forecast performance. 

3.4.1 Off-Line Sample 
The off-line forecast evaluation sample consisted of a total of 140 days that included a 
contiguous 4-month period (123 days) that extended from April 1, 2013 to August 1, 2013 and 
also three additional periods totaling 17 days. These three periods were: (1) March 7-10, 2013 (4 
days), (2) September 8-15, 2013 (8 days) and (3) October 1-5, 2013 (5 days). Thus, there were a 
total of 140 days in the off-line sample. Forecasts were produced at 15 minutes intervals (i.e. 4 
per hour), which yielded a total of 96 forecasts for each day. Each forecast had a look-ahead 
period of 6 hours and a time resolution of 15 minutes, which results in 24 forecast intervals per 
hour. Thus, there were a total of 322,560 forecast intervals (140 days × 96 forecasts/day × 24 look-
ahead intervals per forecast) in the sample. However, as is typically the case, not all intervals 
could actually be used in the evaluation process due to missing or poor quality observational 
data. 

3.4.2 One-Line Sample 
The on-line forecast evaluation sample was a 31-day period that extended from January 23, 2014 
to February 23, 2014. The structure of the forecasts was the same as for the off-line sample but 
the forecasts were generated in real-time (i.e. every 15-minutes) and posted to a live secure web 
page in the format shown in Section 3.3. The total number of forecast intervals in this sample 
was 71,424 (31 days × 96 forecasts/day × 24 look-ahead intervals per forecast). 

3.4.3 Evaluation Metrics 
As noted previously, two types of ramp forecasts were generated in this project: (1) the DREF) 
and (2) the (PRRF). The nature of these forecasts is substantially different and therefore different 
metrics were used to evaluate the performance of each type. The protocol used to evaluate the 
DREF is documented in Section 3.4.3.1 and the procedure employed for the assessment of the 
PRRF performance is described in Section 3.4.3.2. 

3.4.3.1 DREF Evaluation 
The metric used to evaluate the DREF was the Critical Success Index (CSI) (Wilks, 1995), which 
is also known as the Threat Score (TS). The CSI has three implicit components, which are known 
as the hit rate, miss rate and false alarm rate. The CSI answers the question of how well did the 
forecasted "yes" events correspond to the observed "yes" events. It essentially measures the 
fraction of observed and forecasted events that were correctly predicted. It can be thought of as 
the accuracy when correct negatives have been removed from consideration. That is, the CSI is 
only concerned with forecasts that count. The CSI is sensitive to hits and penalizes both misses 
and false alarms. It does not distinguish among the sources of forecast error. The CSI is defined 
by: 
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Equation 7:  

where H is the number of "hits" (observed and forecasted event) during the evaluation period, 
M is the number of misses (observed but not forecasted event) and FA is the number of false 
alarms (forecasted but not observed event). The CSI ranges from 0 to 1. A value of zero 
corresponds to a complete absence of hits. A perfect score is 1, which occurs if there are only 
hits and no misses or false alarms. 

The CSI was computed separately for each evaluation period (off-line and on-line), each of the 
six FTEs (i.e., the three aggregates and the three WGFs), each ramp event time scale (15, 60 and 
180 minutes) and each 15-minute look-ahead interval (i.e. 24 intervals from 15 minutes ahead to 
360 minutes ahead). A number of aggregate CSI scores (e.g. over all look-ahead times, all 
aggregates etc.) were computed by combining the data from the various sub-samples. 

A key component of CSI calculations is the specification of the "hit criteria". This criterion 
determines if an event is classified as a hit, miss or false alarm. Typically the hit criteria 
provides some flexibility so that the forecast is considered a "hit" even if it does not exactly 
forecast the key attributes (start time, amplitude etc.) of the event that actually occurred. The 
"hit criteria" can have a significant impact on the magnitude of the CSI scores. A very restrictive 
set of criteria will result in low CSI scores while a liberal definition of a hit will result in much 
higher CSI scores. 

3.4.3.2 PRRF Evaluation 
The Ranked Probability Skill Score (RPSS) was used to evaluate the PRRF. The RPSS (Wiegel et 
al, 2007, Murphy and Winkler, 1992) is based upon the Ranked Probability Score (RPS). The RPS 
is defined by: 

Equation 8:  

where N is the number of forecast categories, Pk is the predicted probability in forecast category 
k, and Ok is an indicator (0=no, 1=yes) for the observation in category k. The RPS metric 
answers the question of how well the probability forecast predicts the category that contained 
the observation. The RPS measures the sum of squared differences in cumulative probability 
space for a multi-category probabilistic forecast. It penalizes forecasts more severely when their 
probabilities are further from the actual outcome. In the case of two forecast categories the RPS 
is the same as the Brier Score. 

The RPS ranges from 0 to 1, with lower values (indicating less dispersion of the probability 
values away from the observed category) being more desirable for the forecast that is being 
evaluated. A perfect RPS score is zero. It is achieved by assigning a probability of 100% to the 
category that ultimately contains the observed event. That is, the forecast must be correct and 
the forecaster must be extremely confident that it will be correct. 

Once the RPS has been computed the RPSS can be calculated from the RPS by: 
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Equation 9:  

The RPSS measures the improvement of the multi-category probabilistic forecast relative to a 
reference forecast, which is usually the long-term or sample climatology. Unfortunately, the 
RPSS can be unstable when applied to small data sets. This was an issue in this project, 
especially for the on-line sample, which consisted of only 31 days and contained only a few high 
ramp rate events. The RPSS answers the question of what is the relative improvement of the 
probability forecast over the reference forecast (e.g. climatology) in predicting the category that 
contains the observed event. 

Higher RPSS values (i.e. indicating a greater improvement over the reference forecast) are more 
desirable for the forecast being evaluated; The RPSS ranges from -∞ to 1. A zero value of the 
RPSS indicates no skill when compared to the reference forecast. A perfect RPSS score is 1 
(sometimes expressed as 100%). 

In this project the climatology used as the reference forecast was derived from a one-year period 
extending from March 1, 2013 to February 28, 2014. This period encompasses the forecast 
evaluation periods, which has a potential to bias the RPSS towards lower values because the 
reference forecast contains information about the actual frequency of events in the evaluation 
samples. Ideally, the climatological reference forecast should be based on a long period (~ 30 
years) prior to the forecast evaluation period. However, a set of actual or even simulated power 
production data for the WGFs and aggregates used as the evaluation sites in this project was not 
available for an extended period for this project. 

The RPSS calculation was based on the forecasted probabilities for 11 ramp rate categories for 
each forecast interval in the off-line and on-line samples. The definitions of the categories for the 
regional aggregates are shown in Table 9 through Table 14. These are linked to the PRRF ramp 
rate thresholds listed in Table 9 and Table 10. These thresholds define unbounded categories 
(i.e. all ramp rates with a larger magnitude then the threshold are classified as in the category). 
Thus, the categories defined by the higher thresholds overlap with the categories defined by the 
lower thresholds. Therefore, for the purposes of the evaluation, the unbounded categories 
shown in the PRRF forecast displays were converted to 9 bounded categories and 2 unbounded 
categories at the negative and positive ends of the ramp rate spectrum. In this configuration a 
ramp rate at a specific time can be assigned to only one category. 
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Table 17: Definition of 180-Minute Ramp Rate Categories for the Three Regional Aggregates 

Category Solano Aggregate 
Capacity: 1009.5 MW 

Tehachapi Aggregate 
Capacity: 1929.5 MW 

San Gorgonio 
Aggregate Capacity: 427 

MW 

 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

-5 -∞ -600 -∞ -1150 -∞ -360 

-4 -600 -535 -1150 -1025 -360 -300 

-3 -535 -400 -1025 -770 -300 -200 

-2 -400 -300 -770 -580 -200 -150 

-1 -300 -200 -580 -385 -150 -100 

0 -200 +200 -385 +385 -100 +100 

+1 +200 +300 +385 +580 +100 +150 

+2 +300 +400 +580 +770 +150 +200 

+3 +400 +535 +770 +1025 +200 +300 

+4 +535 +600 +1025 +1150 +300 +360 

+5 +600 ∞ +1150 ∞ +360 ∞ 

 

  



75 

Table 18: Definition of 60-Minute Ramp Rate Categories for the Three Regional Aggregates 

Category Solano Aggregate 
Capacity: 1009.5 MW 

Tehachapi Aggregate 
Capacity: 1929.5 MW 

San Gorgonio Aggregate 
Capacity: 427 MW 

 

Lower 
Bound 

(MW/60 
min) 

Upper 
Bound 

(MW/60 
min) 

Lower 
Bound 

(MW/60 
min) 

Upper 
Bound 

(MW/60 
min) 

Lower 
Bound 

(MW/60 
min) 

Upper Bound 
(MW/60 min) 

-5 -∞ -520 -∞ -1000 -∞ -320 

-4 -520 -400 -1000 -770 -320 -240 

-3 -400 -260 -770 -500 -240 -160 

-2 -260 -200 -500 -380 -160 -120 

-1 -200 -130 -380 -250 -120 -80 

0 -130 +130 -250 +250 -80 +80 

+1 +130 +200 +250 +380 +80 +120 

+2 +200 +260 +380 +500 +120 +160 

+3 +260 +400 +500 +770 +160 +240 

+4 +400 +520 +770 +1000 +240 +320 

+5 +520 ∞ +1000 ∞ +320 ∞ 
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Table 19: Definition of 15-Minute Ramp Rate Categories for the Three Regional Aggregates 

Category Solano Aggregate 
Capacity: 1009.5 MW 

Tehachapi Aggregate 
Capacity: 1929.5 MW 

San Gorgonio Aggregate 
Capacity: 427 MW 

 

Lower 
Bound 

(MW/60 
min) 

Upper 
Bound 

(MW/60 
min) 

Lower 
Bound 

(MW/60 
min) 

Upper 
Bound 

(MW/60 
min) 

Lower 
Bound 

(MW/60 
min) 

Upper 
Bound 

(MW/60 
min) 

-5 -∞ -260 -∞ -500 -∞ -160 

-4 -260 -200 -500 -385 -160 -120 

-3 -200 -130 -385 -250 -120 -80 

-2 -130 -100 -250 -190 -80 -60 

-1 -100 -65 -190 -125 -60 -40 

0 -65 +65 -125 +125 -40 +40 

+1 +65 +100 +125 +190 +40 +60 

+2 +100 +130 +190 +250 +60 +80 

+3 +130 +200 +250 +385 +80 +120 

+4 +200 +260 +385 +500 +120 +160 

+5 +260 ∞ +500 ∞ +160 ∞ 
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Table 20: Definition of 180-Minute Ramp Rate Categories for the Three Individual Generation 
Facilities 

Category Solano Facility 
Capacity: 162 MW 

Tehachapi Facility 
Capacity: 150 MW 

San Gorgonio Facility 
Capacity: 61.5 MW 

 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

-5 -∞ -140 -∞ -130 -∞ -55 

-4 -140 -115 -130 -110 -55 -45 

-3 -115 -80 --110 -75 -45 -35 

-2 -80 -60 -75 -55 -35 -30 

-1 -60 -45 -55 -40 -30 -25 

0 -45 +45 -40 +40 -25 +25 

+1 +45 +60 +40 +55 +25 +30 

+2 +60 +80 +55 +75 +30 +35 

+3 +80 +115 +75 +110 +35 +45 

+4 +115 +140 +110 +130 +45 +55 

+5 +140 ∞ +130 ∞ +55 ∞ 
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Table 21: Definition of 60-Minute Ramp Rate Categories for the Three Individual Generation 
Facilities 

Category Solano Facility 
Capacity: 162 MW 

Tehachapi Facility 
Capacity: 150 MW 

San Gorgonio Facility 
Capacity: 61.5 MW 

 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

-5 -∞ -125 -∞ -115 -∞ -45 

-4 -125 -90 -115 -85 -45 -35 

-3 -90 -65 -85 -60 -35 -25 

-2 -65 -50 -60 -45 -25 -20 

-1 -50 -35 -45 -30 -20 -15 

0 -35 +35 -30 +30 -15 +15 

+1 +35 +50 +30 +45 +15 +20 

+2 +50 +65 +45 +60 +20 +25 

+3 +65 +90 +60 +85 +25 +35 

+4 +90 +125 +85 +115 +35 +45 

+5 +125 ∞ +115 ∞ +45 ∞ 
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Table 22: Definition of 15-Minute Ramp Rate Categories for the Three Individual Generation 
Facilities 

Category Solano Facility Capacity: 
162 MW 

Tehachapi Facility 
Capacity: 150 MW 

San Gorgonio Facility 
Capacity: 61.5 MW 

 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

Lower 
Bound 

(MW/180 
min) 

Upper 
Bound 

(MW/180 
min) 

-5 -∞ -65 -∞ -60 -∞ -30 

-4 -65 -50 -60 -45 -30 -25 

-3 -50 -35 -45 -30 -25 -20 

-2 -35 -25 -30 -20 -20 -15 

-1 -25 -15 -20 -15 -15 -10 

0 -15 +15 -15 +15 -10 +10 

+1 +15 +25 +15 +20 +10 +15 

+2 +25 +35 +20 +30 +15 +20 

+3 +35 +50 +30 +45 +20 +25 

+4 +50 +65 +45 +60 +25 +30 

+5 +65 ∞ +60 ∞ +30 ∞ 

 

3.5 Evaluation Results 
The section documents the results of the evaluation of the performance of the Deterministic 
Ramp Event Forecasts (DREF) and Probabilistic Ramp Rate Forecast (PRRF) in the off-line and 
on-line forecast samples. The performance of the DREF is presented in Section 3.5.1 and the 
performance of the PRRF is presented in Section 3.5.2. 

3.5.1 DREF 
As noted in the previous sections, the DREFs were evaluated with the CSI metric defined in 
Equation 7. A summary of the CSI scores for the off-line and on-line samples is provided in 
Figure 40 through Figure 43. The CSI for the prediction of ramp events for the three regional 
aggregates over the entire 6-hour forecast period is shown in Figure 40 and Figure 41 and the 
corresponding performance data for the three individual WGFs is depicted in Figure 42 and 
Figure 43. 

The performance for the 140-day off-line sample is shown in Figure 40. The CSI scores are 
highest (best) for the 180-minute events and lowest (worst) for the 15-minute events. This 
pattern in the CSI scores is not surprising since the long-time scale events are driven by larger 
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scale atmospheric events that are more predictable with current technology than the shorter-
time scale events, which are caused by small-scale atmospheric features that are not well 
forecasted with state-of-the-art forecasting technology partially because they are not even well 
observed with the atmospheric sensor technology that is current deployed in the vicinity of the 
wind resource areas. Interestingly, the CSI scores for all three time scales in the off-line sample 
were the highest for the Tehachapi Aggregate. This may be because the Tehachapi area has a 
fairly consistent high amplitude diurnal pattern during the spring and summer. 

The CSI scores for the on-line sample of 31 days (Figure 41) exhibit a pattern that is quite similar 
to the off-line sample. The scores are highest for the 180-minute time scale and lowest for the 15-
minute time scale. However, for each time scale, the CSI scores are generally lower for the on-
line sample than for the off-line sample. There are most likely a number of reasons for this 
difference. First, the size of the on-line sample is much smaller than that of the off-line sample 
and thus the performance statistics are less representative since they will be significantly 
influenced by a few individual ramp events. Second, the frequency of ramp events for the on-
line sample was less than for the off-line sample. This exacerbates the negative impact of a small 
sample since the rate of occurrence of events per day was also lower in this sample. Third, the 
data sample used to train the statistical models for forecasting in the on-line sample was heavily 
weighted towards data points in the warm season, which were most likely not representative of 
the winter season since the weather regimes in these two periods are quite different. 

The CSI scores for the three individual WGFs are presented in Figure 42 (off-line) and Figure 43 
(on-line). As might be expected the general patterns are similar to those for the regional 
aggregates but the absolute magnitude of the scores are lower than those for the corresponding 
regional aggregate. In general, this is because small-scale meteorological features have a greater 
impact on the generation of individual WGFs and these features are more difficult to predict. 

The dependence of the 180-minute CSI scores on look-ahead time is shown in Figure 44 (off-
line) and Figure 45 (on-line). The patterns in the off-line and on-lime samples are somewhat 
different. In the off-line sample the CSI values are generally high early in the forecast period 
and decline as the look-ahead time increases. This pattern is less evident in the off-line sample 
where there is a tendency to have higher scores in the later portions of the look-ahead period. 
These differences are most likely related to the different weather regimes that are dominant in 
each sample although a thorough understanding of the reasons would require an analysis that 
was beyond the scope of this project. 
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Figure 40: CSI of Forecasts of Three Time Scales of Ramp Events for the Three Regional 
Aggregates 

 
The three aggregates considered in this project are Solano, Tehachapi, and San Gorgonio. These 
aggregates were considered for all look-ahead intervals within the zero to six hour ahead forecast period 
for the off-line sample of 140 days. 

 

Figure 41: CSI of Forecasts of Three Time Scales of Ramp Events for the Three Regional 
Aggregates 

 
The three aggregates considered in this project are Solano, Tehachapi, and San Gorgonio. These 
aggregates were considered for all look-ahead intervals within the zero to six hour ahead forecast period 
for the on-line sample of 31 days. 
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Figure 42: CSI of Forecasts of Three Time Scales of Ramp Events for the Three Individual Wind 
Generation Facilities 

 
These wind generation facilities were considered for all look-ahead intervals within the zero to six hour 
ahead forecast period for the off-line sample of 140 days. 

 

Figure 43: CSI of Forecasts of Three Time Scales of Ramp Events for the Three Individual Wind 
Generation Facilities 

 
These wind generation facilities were considered for all look-ahead intervals within the zero to six hour 
ahead forecast period for the on-line sample of 31 days. 
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Figure 44: CSI by Look-Ahead Time for Forecasts of Three Different Time Scales of Ramp Events 
for Each of the Three Regional Aggregates; Off-Line Sample of 140 Days 

 

 

Figure 45: CSI by Look-Ahead Time for Forecasts of Three Different Time Scales of Ramp Events 
for Each of the Three Regional Aggregates; On-Line Sample of 31 Days 

 

 

3.5.2 PRRF 
As noted in the previous sections, the PRRF were evaluated with the RPSS metric defined in 
Equation 9. In order to place the RPSS results into perspective it is useful to understand the 
frequency of occurrence for each of the categories in the RPSS calculation. As noted previously, 
a total of 11 ramp rate categories were used to evaluate the ramp rate forecasts. The boundaries 



84 

of these categories are specific to the ramp rate time scale and the FTE. The boundaries for each 
FTE and time scale are listed in Table 17 to Table 22. 

The frequency of occurrence by category for the 180-minute time scale for the off-line and on-
line evaluation samples for the three regional aggregates is shown in Figure 46. The highest 
frequency by a large margin for both samples is Category 0, which is the near zero ramp rate 
category. This can also be viewed as the "no ramp event" category. The frequency of this 
category is about 70% in the off-line sample but it is 80% or higher for the on-line sample. This 
indicates that the frequency of significantly large ramp rates (and ramp events) is higher in the 
off-line sample (a moderate size sample of spring and summer cases) than in the on-line sample 
(a small sample of winter cases). The frequency data in Figure 46 also indicates that significant 
downward ramp rates are more frequent than significant upward ramp rates in the off-line 
sample. This difference is less prominent for the on-line sample. The category frequencies are 
remarkably similar for the three regional aggregates. The most prominent difference among the 
regions is that the frequency of Category 0 for the Tehachapi regional aggregate is somewhat 
lower than for the other two regional aggregates in the on-line sample. This indicates that the 
frequency of significant ramp rates (and ramp events) is higher for the Tehachapi aggregate in 
the on-line sample than for the other two aggregates. 

The large differences in the relative frequencies between Category 0 and the other categories 
make it difficult to discern the differences among the other categories. In order to address this 
issue, two additional charts are presented. The first chart (Figure 47) depicts the frequency of 
significant upward and downward ramp rates for each region. Significant ramp rates are 
defined as all ramp rate categories other than Category 0. Thus significant downward ramp 
rates are Categories -1 to -5 and significant upward ramp rates are defined to be Categories +1 
to +5. The top panel of Figure 47 indicates that for the off-line sample the frequency of 
significant upward and downward ramp rates on the 180-minute time scale is quite similar in 
all three regions and that the frequency of significant downward ramp rates is about three times 
as large as significant upward ramp rates. The bottom panel of Figure 47 depicts the 
corresponding frequencies for the on-line sample and the pattern is quite different from that of 
the off-line sample. The overall frequencies are somewhat lower and the Tehachapi Aggregate 
has a somewhat higher frequency of both upward and downward significant ramp rates than 
the other two aggregates. However, the most prominent difference is that even though the 
frequency of significant downward ramp rates is still slightly higher than the upward ramp 
rates, the difference in frequency is much smaller than for the off-line sample. These differences 
are most likely related to the fact that the changes in wind are associated with different weather 
features in the warm and cold seasons. 

The second additional chart (Figure 47) depicts the frequency of extreme ramp rates. Extremer 
ramp rates are defines at Categories -4 and -5 for downward ramp rates and Categories +4 and 
+5 for upward ramp rates. Of course, the overall frequency (0.5% to 2% of the forecast intervals) 
is much lower compared to the significant ramp rates. The most prominent characteristic is that 
the frequency of extreme downward ramp rates is generally more than five time larger that of 
extreme upwards ramp rates in both the on-line and off-line samples with the exception of the 
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San Gorgonio Aggregate in the off-line sample with has a very low frequency of extreme 
downward ramp rates and a frequency of extreme upward ramp rates that is slightly higher. 

Figure 46: Frequency of Occurrence of Ramp Rates for Each of the 11 Categories Used in the 
PRRF for the Three Regional Aggregates in the (Top) Off-Line and (Bottom) On-Line Sample 
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Figure 47: Frequency of Occurrence of Significant 180-Minute Upward and Downward Ramp Rates 
For the Three Regional Aggregates in the (Top) Off-Line and Bottom (On-Line) Sample 

 

 
The significant ramp rates frequency represent the aggregation of categories -5,-4,-3,-2 and -1 for 
downward ramps and +1,+2,+3,+4 and +5 for upwards ramps (i.e. category 0 is excluded). 
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Figure 48: Frequency of Occurrence of Extreme 180-Minute Upward and Downward Ramp Rates 
for the Three Regional Aggregates in the (Top) Off-Line and Bottom (On-Line) Sample 

 

 
The significant ramp rates frequency represent the aggregation of categories -5 and-4 for downward 
ramps and 4 and +5 for upward ramps. 
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The overall RPSS scores for the entire 6-hour look-ahead period are presented in Figure 49 and 
Figure 50. The scores for the regional aggregates are depicted in Figure 49 and the 
corresponding scores for the individual WGFs are shown in Figure 50. It is important to keep in 
mind that these scores represent the performance of the forecasts for all ramp rates and as 
indicated by Figure 46 the sample of all ramp rates is dominated by "Category 0", which is the 
near-zero ramp rate category. Thus, the overall RPSS results provide more information about 
the ability to predict small ramp rates than large ones. Therefore, after the overall results are 
presented, RPSS scores that focus on the significant and extremer categories are provided. 

The top panel of Figure 49 illustrates the regional aggregate RPSS scores for the off-line sample. 
The pattern in the RPSS scores is fairly similar to the pattern in the regional aggregate CSI 
scores for the off-line sample shown in Figure 40. As with the CSI scores, the RPSS scores are 
highest for the 180-minute ramp rates and lowest for the 15-minute ramps rates. The RPSS for 
the 180-minute ramp rates is significantly positive for all three regional aggregates with the 
high scores achieved for the Tehachapi Aggregate. The positive RPSS values indicate that there 
is considerable skill over climatology in the prediction of 180-minute ramp rates. The RPSS 
values for the 60-minute ramp rates are generally somewhat lower but still positive indicating 
that there is also some skill in predicting ramp rates on this time scale. However, the RPSS 
values for the 15-minute ramps rates are near zero, which indicates there is little skill over 
climatology in predicting ramp rates for very short time scales. The RPSS for the values for the 
on-line sample are generally similar to those for the off-line sample. One significant difference 
in the results for the on-line sample is the scores for the Tehachapi Aggregate was more similar 
to the other aggregates than in the off-line sample. 

The RPSS for the individual WGFs is shown for both evaluations samples in Figure 50. In 
general the scores are lower for the individual WGFs but the patterns are similar to those seen 
in scores for the three aggregates. The RPSS values are highest for the 180-minute ramp rates 
and lowest for the 15-minute ramp rates. The highest scores are also achieved for the Tehachapi 
facility in the off-line sample but RPSS values are similar to the other two facilities in the on-line 
sample. 

Figure 49 and Figure 50 depict the RPSS scores for the entire 6-hour look-ahead period but it is 
informative to also examine the dependence of RPSS on look-ahead time. Since, the forecasts for 
the 180-minute ramp rates exhibited most skill, the dependence of the RPSS for the 180-minute 
ramp rates is shown for the regional aggregates in Figure 51. The top panel depicts the scores 
for the off-line sample. The forecasts for the Tehachapi and San Gorgonio Aggregates during 
the off-line period exhibited a significant decrease in skill as the look-ahead period increases. 
For example, the RPSS for the Tehachapi Aggregate was near 17% in the first look-ahead hour 
but decreased to about 10% near the end of the 6-hour period. However, the forecasts for the 
Solano Aggregate exhibited a different pattern with a relatively low score in the early part of the 
period that increased as the look-ahead time increased. In the on-line sample, the forecasts for 
both the Solano and Tehachapi Aggregates exhibited a gradual decrease in skill with time but 
the ramp rate predictions for the San Gorgonio Aggregate exhibited a reverse pattern with 
gradually increasing skill as the look-ahead time increased, especially in the 2-4 hour ahead 
period. 
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The structure of these patterns is typically an indication of what is providing the skill in the 
forecasts. If the data from sensors in the local area is providing most of the skill by improving 
the specification of local small-scale features in the initial state for the forecast calculations then 
the skill will generally show a decrease with look-ahead period as in the case of the Tehachapi 
Aggregate in the off-line sample. However, if the skill is primarily associated the prediction of 
large-scale weather features by regional weather models (communicated to the local rapid 
update models through the lateral boundary conditions) then the skill will tend to change very 
slowly with increasing look-ahead or even increase slightly with time. 

Figure 49: RPSS Over the Entire 6-Hour Look-Ahead Period for Each of the Three Ramp Rate Time 
Scales for the (Top) Off-Line and (Bottom) On-Line Samples for Each of the Three Regional 

Aggregates 
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Figure 50: Average RPSS Over the Entire 6-Hour Look-Ahead Period for Each of the Three Ramp 
Rate Time Scales for the (Top) Off-Line and (Bottom) On-Line Samples for Each of the Three 

Individual Generation Facilities 
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Figure 51: RPSS by Look-Ahead Period for the 180-Minute Ramp Rates for the (Top) Off-Line and 
(Bottom) On-Line Samples for Each of the Three Regional Aggregates 

 

 

 

As noted previously, the RPSS scores presented in Figure 49, Figure 50, and Figure 51 are a 
composite over all forecast intervals, which is dominated by cases of very small ramp rates. Of 
course, the primary interest is in situations with large ramp rates and therefore it is valuable to 
look at the forecast performance for cases in which significant or extreme ramp rates were 
observed. The RPSS results for these cases are shown in Figure 52. As in the charts of relative 
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frequencies in Figure 47 and Figure 48, significant ramp rates are defines as Categories 1 to 5 
(up or down) and extreme ramp rates are defined as Categories 4 and 5 (up or down). 

The top panel of Figure 52 shows the RPSS scores for the 180-minute time scale for cases when 
the significant or extreme ramp rate categories were observed. The forecast system exhibited 
considerable skill over climatology in predicting cases of upward ramp rates in the off-line 
sample and the skill varied considerably among the regions. The RPSS for significant or extreme 
upward ramp rates was near 30% for the Solano Aggregate, approximately 35% for the 
Tehachapi Aggregate and over 40% for the San Gorgonio Aggregate. However, the skill for 
downward ramp rates was considerably lower. The forecasts for significant or extreme 
downward ramp rates exhibited some skill for both the Solano and Tehachapi Aggregates. The 
RPSS for Solano was around 10% and it was in the 10% to 15% range for Tehachapi. 
Unfortunately, the RPSS for significant or extreme downward ramp rates was near zero for the 
San Gorgonio Aggregate. 

The bottom panel of Figure 52 depicts the RPSS values for significant and extreme ramp rates in 
the on-line sample. The skill is somewhat lower for the on-line cases due to a number of factors 
that were noted earlier in the discussion of the CSI results. However, the general pattern for 
greater skill in predicting significant or extreme upward ramp rates is still evident for two of the 
three regional aggregates. The exception was the forecasts for the San Gorgonio Aggregate, 
which exhibited near-zero skill for both the significant and extreme upward and downward 
ramp rates. 
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Figure 52: RPSS for All Forecast Intervals in the 0-6 Hour Look-Ahead Period 

 

 
Significant (categories 1-5) or extreme (categories 4-5) observed (actual) upward or downward 180-
minute ramp rates for the (top) off-line and (bottom) on-line samples for each of the three regional 
aggregates. 

  



94 

CHAPTER 4:  
Conclusions 
Increases in wind generation on the power system are leading to concerns about maintain the 
systems reliability. Wind generation ramps can cause issues for system operators as they try to 
balance the system. Better predictions of the wind ramps will allow the operators to operate the 
system reliably and efficiently. The transient weather conditions that lead to large wind 
generation ramps occur infrequently and are not well predicted by current wind generation 
forecasts. New wind ramp forecast techniques have the potential to greatly improve prediction 
of large wind generation ramps over the current wind generation forecasts. 

4.1 Wind Ramp Identification 
Wind ramp identification is a problem with many degrees of freedom. Establishing a definition 
for a wind ramp is necessary to identify and analyze the wind ramps that occur. The 
magnitude, duration, and ramp rate are the three primary parameters that can be used to define 
wind ramps. Wind generation ramp are also directional with both up and down ramps being of 
concern. A methodology utilizing a swinging window was developed and implemented to 
identify historical ramps in the data sets. The swinging window method was used because its 
results would express the ramps in terms of the three parameters listed above, and it is capable 
of identifying ramps of any size or duration. 

Wind ramps can be caused by a variety of distinct events, and often more than one factor can 
play a role in wind ramps. From a ramp prediction perspective, ramps caused by changes in the 
weather conditions are of primary importance. The primary factor in the weather is changes in 
wind speed. Relatively small wind speed changes can have a large impact on the generation 
level, depending on the region of the power curve. Typically wind ramps will occur in the same 
direction as the wind speed changes. Rarely, there are high-speed cut-out ramps which occur 
when wind generation cut outs as the wind speed increases. 

The large majority of wind ramps are relatively benign. Wind generation is steady most of time, 
or has small changes over time. It is in less than 5% of ramps that system operators are typically 
worried about. Extreme ramps in the data, which occur even less frequently, could result in a 
change of generation of 50% of the wind area capacity in less than one hour. The most extreme 
cases have large changes which occur in less than 20 minutes, though these are often followed 
by a slower opposite ramp to relieve some of the change. 

4.2 Wind Ramp Forecast 
A short-term wind ramp forecast system was implemented and tested for three wind resource 
areas in California. This ramp forecast system was based on a system originally developed for 
wind ramp forecasting for the Electric Reliability Council of Texas (ERCOT) and is currently 
operating under the name of the ERCOT Large Ramp Alert System (ELRAS). In this project the 
ELRAS system was customized for use in California and setup to produce forecasts for six 
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wind-based generation entities in three key wind resource regions of California. The forecast 
system customized in this project was assigned the name of Ramp Event Predictor (REP). 

The initial version of the REP was based upon an ensemble of predictions from four Numerical 
Weather Prediction (NWP) systems and the most recent trends in generation at each forecast 
entity. One of the NWP systems was an operational model from the National Weather Service 
and the other three systems were customized configurations of NWP models that were run by 
AWS Truepower. The wind ramp forecasts were generated by constructing a statistical 
composite of the individual NWP forecasts and the recent history of wind generation at each 
forecast target entity. 

The REP was configured to produce two types of 0-6 hour wind ramp forecasts: (1) a 
Deterministic Ramp Event Forecast (DREF), and (2) a Probabilistic Ramp Rate Forecast (PRRF). 
The DREF provided a list of ramp events that were expected to occur during the 0-6 hour ahead 
forecast period. It also provided an estimate of key ramp event parameters for each anticipated 
event: (1) start time, (2) duration, (3) amplitude, and (4) maximum ramp rate. The PRRF 
provided the probability of the ramp rate exceeding five entity-specific ramp rate thresholds for 
each 15-minute interval during the 0-6 hour ahead forecast period. 

The performance of the forecasts was assessed in two evaluation samples. One was an off-line 
sample in which the forecasts were generated in an historical model. This was a 140-day 
sample. The second was a 31-day on-line sample in which the forecasts were generated and 
displayed on a secure web site in real time. The performance of the DREF was assessed through 
the use of the Critical Success Index (CSI) metric and the performance of the PRRF was 
evaluated with the use of the Ranked Probability Skill Score (RPSS) metric. 

The evaluation results indicated that the system had considerable skill over climatology in 
forecasting 180-minute ramp rates or events and somewhat less skill in predicting 60-minute 
ramp rates. The system had essentially no skill over climatology in predicting ramp rates on the 
15-minute time scale. The skill in forecasting 180-minute ramp rates was considerably higher for 
significant upward ramp rates then for downward rates in each of the three wind resource 
regions that were considered in this project. 

The ramp forecast performance obtained in this project was similar to that obtained in the initial 
implementation of the ELRAS system in Texas. The performance of ELRAS has increased 
significantly (i.e. by a factor of 2 to 3 with respect to RPSS) since the initial implementation. The 
performance of the REP in the present project was limited by a number of factors including: (1) 
a very small and in some cases unrepresentative training sample for the statistical models that 
were used to combine the forecasts from the individual members of the ensemble into the final 
composite forecast; (2) compromises that had to be made in the configuration of the customized 
NWP models and their associated data assimilation systems that were employed in the system 
in order to meet project schedules with the available computational resources; (3) a smaller then 
desired ensemble size due once again the logistical limitations of the project; (4) the inability to 
use predictive information from statistical time-lagged spatial correlations in the forecast 
process also due to the resource limitations of the project; and (5) the general scarcity of local 
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atmospheric measurement data in the vicinity of the wind resource areas, which is an issue 
being addressed in one of the regions (Tehachapi) in the soon-to-be-initiated sensor deployment 
portion of the Tehachapi WindSENSE project. Thus, it is reasonable to expect that future 
versions of the REP will be able to exhibit much higher levels of performance. 

4.3 CAISO Statement 
Uncertainties in forecasting the output of intermittent resources such as wind and solar 
generation, as well as system loads, are not reflected in an existing energy management system 
(EMS) or tools for generation commitment, dispatch, and market operation. With the growing 
penetration of intermittent resources, these uncertainties could result in significant unexpected 
load-following and dispatch problems, and pose serious risks to control and operation 
performance characteristics as well as the reliability of a power grid. Without knowing the risks 
posed by the uncertainties, system operators have limited means to weigh the likelihood of 
occurrence and the magnitude of problems to mitigate adverse impacts caused by them. Some 
important questions need to be addressed in counteracting the impact of uncertainties; for 
instance, whether and when one should start more units to balance against possible fast ramps 
in the future over a given time horizon. Along with UC Davis, the CAISO has been working 
with other entities, funded by the CEC, to incorporate wind ramps into tools which will offer 
the grid operators the ability to ensure that proper generation is available to maintain grid 
reliability. 

This effort helps to advance wind ramp forecasting by anticipating the timing, duration and 
magnitude of wind ramps in a complex terrain. Improving the skill of the forecasts enhances the 
CAISO’s ability to secure the proper amount of balancing energy to help mitigate adverse 
impacts of wind ramps on the system. 
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GLOSSARY 

Term Definition 

ARW Advanced Research Weather Research and Forecasting. A next-generation 
mesoscale numerical weather prediction system designed for both 
atmospheric research and operational forecasting needs. 

ARPS Advanced Regional Prediction System. A comprehensive regional to 
stormscale atmospheric modeling/prediction system. 

CAISO The California Independent System Operator. This organization provides 
open and non-discriminatory access to the bulk of the state’s wholesale 
transmission grid, supported by a competitive energy market and 
comprehensive infrastructure planning efforts. 

CSI Critical Success Index 

CPU power The process in which central processing units (CPU) consume electrical 
energy, and dissipate this energy both by the action of the switching devices 
contained in the CPU (such as transistors or vacuum tubes) and by the 
energy lost in the form of heat due to the impedance of the electronic circuits. 

DREF Deterministic Ramp Event Forecast 

ELRAS Electric Reliability Council of Texas Large Ramp Alert System. This system 
makes calculations six hours ahead to warn the system operators of the risk 
of large and rapid increases or decreases in wind output. 

ERCOT Electric Reliability Council of Texas. This council operates the electric grid 
and manages the deregulated market for 75 percent of Texas. 

FTE Forecast Target Entity 

LRAS Large Ramp Alert System 

MASS Mesoscale Atmospheric Simulation System 

MW Megawatt 

NCAR National Center for Atmospheric Research  

NOAA National Oceanic and Atmospheric Administration 
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NOAA MADIS National Oceanic and Atmospheric Administration Meteorological 
Assimilation Data Ingest System. A meteorological observational database 
and data delivery system that provides observations that cover the globe. 

NWP Numerical Weather Prediction  

OEA Optimized Ensemble Algorithm 

POE Probability of Exceedance 

PRRF Probabilistic Ramp Rate Forecast 

PST Pacific Standard Time 

RAP Rapid Refresh. The continental-scale NOAA hourly-updated 
assimilation/modeling system operational at National Centers for 
Environmental Prediction. 

REP Ramp Event Predictor 

RPSS Ranked Probability Skill Score 

WGF Wind Generation Facility 

WRF Weather Research and Forecasting 
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APPENDIX A: 
Wind Ramp Examples 
This section presents further examples of ramp events found throughout the study period. The 
ramps continue the theme shown throughout the report. The large ramps are relatively 
infrequent.  Many of the ramps are caused by small changes in the wind speed occurring in the 
range which can cause large changes in output.  In these cases it is not uncommon for ramps to 
occur during longer periods of variability in which the ramp reverses a trend, or is itself 
reversed within a short time period. 

A.1 Tehachapi Up and Down Ramps 
Figure 53: Tehachapi Ramp Up 
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Figure 54: Tehachapi Ramp Up 

 

 

Figure 55: Tehachapi Ramp Down 
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Figure 56: Tehachapi Ramp Down 

 

 

Figure 57: Tehachapi Ramp Down 
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Figure 58: Tehachapi Ramp Down 

 

 

A.2 Solano Up and Down Ramps 
Figure 59: Solano Ramp Up 
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Figure 60: Solano Ramp Up 

 

 

Figure 61: Solano Ramp Down 
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Figure 62: Solano Ramp Down 

 

 

A.3 San Gorgonio Up and Down Ramps 
Figure 63: San Gorgonio Ramp Up 
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Figure 64: San Gorgonio Ramp Up 

 

 

Figure 65: San Gorgonio Ramp Up 
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Figure 66: San Gorgonio Ramp Up 

 

 

Figure 67: San Gorgonio Ramp Up 
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Figure 68: San Gorgonio Ramp Down 

 

 

Figure 69: San Gorgonio Ramp Down 
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