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Introduction 

Balancing authorities (BA) often m ake criti cal decisions on how to  most reliab ly and 
economically balance load and generation  in time frames ranging from a few m inutes to 
six hours ahead.  At higher levels of wind pow er generation, there is  an increasing need 
to  improve  the accu racy of 0- to  6-hour ahead wind power forecasts.   Forecasts on this 
time scale h ave typically been s trongly dependent on short-term  trends indicated by the 
time series of power production an d meteorological data from  a wind farm .  Additional 
input inform ation is often available from  the output of Num erical W eather Prediction 
(NWP) models and occasionally from off-site meteorological towers.    

A proposed m ethod to im prove short-term forecasts is deployment of off- site 
meteorological towers at locations upstream from the wind generation facility in order to 
sense approaching wind perturbations.  While conceptually appealing, it turns out that, in 
practice, it is often very diffi cult to  derive s ignificant ben efit in f orecast perf ormance 
from this approach.  The difficulty is rooted in  the fact that the type, scale, and amplitude 
of the processes controlling wind variability at a site change from  day to day if not f rom 
hour to hour.  Thus, a location that provides some use ful forecast inform ation for one  
time may not be a usef ul predictor a few hours later.  Indeed, som e processes that cause 
significant changes in wind pow er production operate predom inantly in the vertical 
direction and thus cannot be m onitored by e mploying a network of s ensors at off-site 
locations.  Hence, it is very challen ging to determine the type of sensors and deploym ent 
locations to get the most benefit for a specific short-term forecast application. 

Two tools recen tly developed in the m eteorological res earch community could  help 
determine the locations and parameters to measure in order to get the m aximum positive 
impact on forecas t perform ance fo r a particular site and  sh ort-term loo k-ahead period.  
Both tools r ely on th e u se of  NWP models to  a ssess the sensitivity of  a f orecast f or a 
particular target location to m easurements m ade at a prior tim e (i.e. the look-ahead 
period) at points surrounding th e target location.  The fundam ental concept is that points 
and variables with high sensitivity are good candidates for m easurements since 
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information at tho se p oints will h ave the m ost im pact o n the f orecast f or the  d esired 
parameter and location. 

One approach is called the adjoint m ethod (Errico and Vukicevic, 1993; Errico, 1997)  
and the other newer approach is known as Ensemble Sensitivity Analysis (ESA; Ancell 
and Hakim, 2007; Torn and Hakim, 2008).  Both approaches have been tested on general 
large scale atm ospheric prediction  problem s (e.g. forecasting pressu re or precip itation 
over a relatively large region 24 hours ahead) but neither has been applied to the problem 
of 0- to 6- hour ahead forecasting of winds ne ar the surface of the earth.  A number of 
factors suggest that the ESA approach is  better suited for the short-term wind forecasting 
application.  One of the most significant advantages of the E SA approach is that it is not 
necessary to linearize th e mathematical representation of the processes in the underlying 
atmospheric m odel as required by the adjoin t approach.  S uch a linearization m ay be 
especially p roblematic for the app lication of sh ort-term forecasting of boundary layer 
winds in complex terrain since non-linear shifts in the structure of  boundary layer due to 
atmospheric stability changes are a critical part of the wind power production forecast 
problem.  Therefore, A WS Truewind has deci ded to explore the value of observation 
targeting information that can be  obtained f rom ESA approach f or short-term (0-  to 6-
hour head) wind forecasting in the Tehachapi Pa ss of California. It sh ould be kept in 
mind that, prior to this projec t, the ESA appr oach had only been applied to large-scale, 
day-ahead or longer predictions of pressure , temperature and preci pitation. This is the 
first attem pt to apply  this appro ach to th e forecasting of near-su rface winds for very  
short (0- to 6-hour) look-ahead periods. 

Objective 

The broad objective of the project that is  the subject of the proposed paper and 
presentation is to dem onstrate that the ES A approach can provide valuable guidance for  
the targeting of observations on th e space and  time scales associated with  0 to 6 hour  
ahead wind  forecasting  problem .  The specifi c objective of the proj ect is to identify 
measurement locations and variab les that ha ve the grea test positive  im pact on the 
accuracy of wind forecasts in the 0- to 6-hour look-ahead periods for the wind generation 
area of California’s Tehachapi Pass during the warm (high generation) season.  

Method 

The ESA approach uses data generated by a set (ensem ble) of perturbed NW P 
simulations for a sam ple tim e period to sta tistically diagnose the sensitivity between a 
specified forecast variab le for a target locati on (the forecast target m etric) to param eters 
at other locations and prior times [the initial condition (IC) state variable].   The ensemble 
of NWP simulations are produced by starting with a single initial state at the beginning of 
the analysis period and introducing statistical perturbations into th e initial and lateral 
boundary conditions. Th is process g enerates a s et of initial states that d iffer from each 
other due to the perturbations. Th e num ber of  initial states m ust be large enoug h to 
produce a statistically significant sample for the sensitivity calculations.  Generally, 40 or 
more ensemble members are needed to obtain statistically significant results. 

Each of these initial states is then used as  the starting point for an NW P simulation.  The 
NWP si mulations are m arched forward in tim e wit h periodic assim ilation of 
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observational data for a represen tative period of tim e referred to as the analysis period. 
The periodic assim ilation of measurem ent data  serves to  keep the model state from 
drifting too far the actual atmospheric conditions. However, the assimilation process must 
be carefully m anaged to prevent the individu al ensemble members from becoming very 
similar since they are all assimilating the same measurement data.   

The ensem ble of sim ulations produces a larg e volum e of t hree-dimensional data from 
each ensemble member at periodic intervals throughout the analysis p eriod.  A statistical 
analysis is then perf ormed on this data to dete rmine the sensitiv ity (dF /ds) of  a target 
forecast m etric (F) to selected IC state vari ables (s) from  prior s imulated tim es at all 
points in the model domain.  This relationship can be expressed as: 

∂F
∂s

=
cov(F,s)

var(s)
 

where the covariance (cov) and variance (s) are computed over all ensemble members.   

In the Tehachapi Pass application, the for ecast m etric (F) was the average 80-m  wind 
speed over a rectangular area encom passing most of the wind generati on resources in the 
Pass.  A variety of IC state variables (s)  were evaluated.  The simulations were generated 
on a 3-dimensional grid matrix of 200 by 200 horizontal points and 38 vertical layers that 
covered m ost of southern California (area de picted in Figure 3).  They were produced 
with th e W eather Research and Fo recast (W RF) atm ospheric m odel (vers ion 2.2 ) an d 
observational data was assim ilated every 6 hour s using an ensem ble Kalman filter data 
assimilation procedure. A total of  48 ensembles members were used in the analys is. The 
analysis period extended from  7 July 2008 to 25 August 2008 and w as selected as a 
representative period for warm season conditions in Tehachapi Pass.  

Results 

The output data from the ensemble of simulations provide a large volum e of information 
about the space-time connection of atm ospheric variability within the simulation do main 
and can potentially be analyzed in many different ways. The approach used in this project 
follows that employed by Torn and Hakim  (2008) in their analysis of forecas t sensitivity 
of day-ahead forecasts  over wes tern portion  of the s tate of W ashington.  In  their 
approach, the sens itivity of  the f orecast metric variable to a par ticular IC state v ariable 
for a specific forecast tim e and look-ahead period is determined by constructing a linear 
relationship between the forecast m etric values (F) and the values of a specific IC state 
variable (s) at a particu lar model grid point based on data from  all ensemble m embers.  
Figure 1 illustrates an exam ple of the data from all of  the ensem ble m embers and the  
resulting linear relationship for F defined as the average 80-m wind speed in a rectangular 
area in Tehachapi Pass for 0300 UTC (8 PM PDT) 10 August 2008. In this case, the IC  
state variable is the 80-m wind speed three hours earlier at grid poi nt (82,144), which is 
located in the central valley to the northwest of Tehachapi Pass.  Each data point denotes 
the value of the 80-m wind speed at point (82,114) from 0000 UTC and the average 80-m 
wind speed in the Tehachapi Pass target ar ea at 0300 UTC from  one of t he 48 ensemble 
members.   

The plot indicates that there is well-defined relationship between the changes in the 80-m 
wind speed at point (82,114) from  0000 UTC and changes in the average 80-m wind 
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speed in the forecast target area three hours later. The slope of the regression line through 
these points defines the sensitivity of the f orecast metric to the spec ific IC va riable and 
location for the specific date, tim e, and l ook-ahead period under consideration.  The  
interpretation of the regression line is that a 1 m/s change in the 80-m wind speed at point 
(82,114) will be associated with a 1.94 m /s change in the 80-m  wind speed in the 
Tehachapi Pass target area three hours later. 

Another set of data from the ensem ble members for the sam e date and tim e is shown in 
Figure 2.  The forecast metric is the same (80-m wind speed in the Tehachapi Pass target 
area) but th e IC state v ariable is th e 80-m  wind speed at a different model grid point 
(19,28) which is located  over Pacific Ocean just  to the west of the California coas t.  For  
this point, there is essentially no relationship between changes in the 80-m wind speed at 
0000 UTC a nd the 80-m wind speed three hours late r in the Tehachapi P ass target area.  
This result is indicated by the fact that slope  of the regression line associated with this  
data is essentially zero. 

A spatia l representation of  the s ensitivity patterns for a p articular date  and tim e can be 
created by constructing a contour m ap of the sensitivity v alues ( i.e. the slopes o f the 
regression lines between each grid point and the target area). The m ap for 0300 UT C 10 
August 2008 is shown in Figure 3.  The forecast target reg ion (i.e. the eastern sid e of 
Tehachapi Pass) is represented by the white box.  The map indicates that there is a region 
of high sensitivity in the central valley to the north and northwest of Tehachapi Pass. 

 

 
 

Figure 1. Initial cond ition state variab le and forecas t m etric data fro m each of the 48 
ensemble mem bers and an associated regressi on line f or m odel grid  point (82,114) at 
0300 UTC 10 August 2008. 
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Figure 2. Initial cond ition state variab le and forecas t m etric data fro m each of the 48 
ensemble mem bers and an associated regr ession line for m odel grid point 19,28 at 
0300 UTC 10 August 2008. 
 
 

 
 

Figure 3. Sensitivity of the average 80-m  forecast wind speed in white b ox at 0300 UTC 
10 August 2008 (8 PM PDT 9 August) to 80-m wind speed elsewhere in the domain three 
hours earlier. 
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The map in Figure 3 rep resents the s ensitivity for only one date and tim e for a specific 
look-ahead period. In order to make inferences about the best measurement locations and 
variables to  im prove forecas t perfo rmance, it is necessary  to construct som e type of 
statistical composite of the sensitivity values over a repre sentative sample of cases. The 
simplest composite is an average although this  statistic m ay not be the most m eaningful 
or useful parameter for a particular applica tion. The average could be constructed for all 
dates and tim es in the analysis period to ob tain information about which areas have the 
highest average sensitivity over all cases. Th e average could also be constructed by time  
of day to obtain a representati on of any diurnal cycles in th e sens itivity pa tterns.  In 
addition, the average could be computed for specific subsets of the analysis period – such 
as those date and tim es which experiences large ramps in wind power production.  This 
approach would yield infor mation about the lo cations and variables that have the most 
sensitivity for those types of events.  
 
An example of an average sensitiv ity map is shown in Figure 4. This m ap illustrates the 
average forecast sens itivity of the 80-m wi nd speed for 0300 UTC (8 PM PDT) i n the 
target region (white box) to 80-m  wind speed s three hou rs earlier over a 4-week p eriod. 
This m ap indicates that there are areas of  high average sensitivity to the north and 
northwest o f Tehachapi Pass. The average s ensitivity over much of  the dom ain is near 
zero indicating that 80-m  wind speed m easurements in m ost locations would hav e little 
value for 3-hour ahead forecasts of 80-m wind speed in the target region. 
 

 
 

Figure 4. F our-week average sensitivity values  of  80-m  wind speed  ( m/s) within  the  
white target box throughout the entire grid domain for 8 PM PDT (0300 UTC). The color  
contours indicate the change in the average 80-m wind s peed in the white target box 
associated with a 1 m/s change in 80-m speed at a point three hours earlier. 
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It is also important to note that the sens itivity analy sis can generated from  the ESA 
dataset for any IC state variable or com bination of IC sta te va riables (pres sure, 
temperature, hum idity, different height levels  etc.) that are availab le from  the model 
output dataset for any look-ahead period that is  consistent with the length of the model 
simulation segments between data assim ilation times. An exam ple of the sensitivity  of 
the 80-m  wind speed  forecas t for Tehachapi Pa ss to a v ariable o ther than  80-m  wind 
speed is shown in Figure 5. 

This map illustrates the sensitivity of th e 80-m wind speed in the white box to 3-hour 
earlier values of the vertical tem perature difference between 25 m  above ground level 
(AGL) and 1 km  AGL. This tem perature difference is essentially a st ability index of  the 
near-surface atmosphere. The patterns on th is map indicate tha t the re is a we ll-defined 
fairly large region of hi gh positive sensitivity to this  IC s tate variable in an area to the 
northwest of Tehachapi Pass. Increases in the 25 m to 1 km temperature difference in this 
area are associated with significant increases in the 80-m wind speed in the target region 
three hours later. Interestingly, there is a s mall area of negative sensitivity (dark blue) to 
the north-northeast of the target area. The negative values in dicate an inverse sensitivity 
(i.e. a decrease in the 25-m to 1-km temperature difference in this area  is associated with 
an increase in the 80-km wind speed in the target area three hours later).  

 

 
 

Figure 5. F our-week average sensitivity values  of  80-m  wind speed  ( m/s) within  the  
white target box throughout the entire grid domain for 8 PM PDT (0300 UTC). The color  
contours indicate the change in the average 80-m wind s peed in the white target box 
associated with a 1°C change in th e temperature difference between 25 m  and 1 km at a 
point three hours earlier. 
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Next Steps 

The ESA pr ocedure pro duces a larg e volum e of forecast se nsitivity da ta. Many of the 
sensitive lo cations and  variab les a re highly correlated and hence they provide sim ilar 
information about the variabil ity of the forecast m etric. There is not much additional 
value in  m aking m easurements at location s whose sens itivity is h ighly corre lated with 
other sensitive locations and variables that are already m easured. The challenge is  to  
extract a set of m easurement locations and va riables f rom the sensitiv ity m aps that in 
combination produce the greatest amount of benef it to the targeted forecast variable and 
look-ahead period. A p rocedure is currently under development that will account for the 
correlations between s ensitive areas and v ariables as  well as  select an optim al 
combination (i.e. based on a specified optim ization criteria) of variables and location s to 
measure for a sp ecific forecast ap plication. This procedu re will b e used to  pro vide 
guidance for the development of a sensor deploy ment strategy for a particular region and 
forecast application. 

There is also a need to validate th is approach for this type o f application, in general, and 
the sens itivity patterns  for the Teh achapi Pass applic ation, in par ticular. The valid ation 
can be acco mplished by  dem onstrating tha t da ta inc luded or exc luded in the s ensitive 
areas as part of the forecast experiments does indeed have the im pact on the forecast as  
indicated by  the sens itivity m aps. However, sin ce m ost existing m easurement sites  ar e 
not in sens itive areas, a more com plete and rigorous test of this approach for the wind 
forecasting applications will require a field campaign in which sensors are deployed near 
the locations with highest sensitivity. 

Summary 

A recently formulated approach called ESA, wh ich is designed to analyze the s ensitivity 
of forecasts to prior changes in  atmospheric state variables, has been ap plied to 0 - to 6-
hour ahead forecasts of the 80-m  wind speed in Tehachapi P ass. The method is based on 
the statistic al ana lysis of  data f rom a rela tively large ensem ble of  NW P m odel 
simulations for an analysis period that is representative of the weather regimes in the area 
of interest. The m embers of the ens emble differ from each other due th e introduction of 
perturbations in the in itial and b oundary co nditions of  the num erical atm ospheric 
simulations. The introduction of the perturba tions perm its an an alysis of the forecast 
sensitivity for individual dates and tim es. A composite of the sens itivity f or ind ividual 
dates and tim es can then be generated to pr ovide inform ation about the clim atological 
sensitivity patterns. These patterns c an, in turn, be used as guidance on where to deploy 
meteorological senso rs to achiev e the great est im pact on forecas t perf ormance for  the 
desired variable and look-ahead  period.  This m ethod has pr eviously been applied to 
large-scale weather prediction but not to  short-term wind forecasting.  

The application of this approach to Teh achapi Pass prod uced well-d efined, localized  
patterns of high sensitivity for a num ber of  prior s tate variab les. T he patterns were 
coherent, temporally stable, and consistent  with the existing knowledge of the basic 
physical processes that drive the wind patterns in the Tehachapi area. The development of 
a method to determ ine the optim al combination of m easurement locations and variables 
from the m ultitude of spatially-correlated sensitivity pa tterns produced b y the ESA is in  
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progress. T his m ethod will provid e m ore pr ecise guidance for the design of the best 
meteorological sensor deployment strategy for a specific forecast application. 

The proposed presentation will provide an overview of the ESA m ethod, som e of the 
details of its application to Tehacha pi Pass are a, the resu lts for Tehachapi Pass f orecast 
application, and the implications for sensor deployment strategies as well as the poten tial 
impact on t he perform ance 0- to 6-hour ahead  forecasts of the hourly or sub-hourly  
average wind power production as well as th e characteristics (start tim e, magnitude, 
duration etc.) of large wind ramp events.  
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