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Executive Summary

The Electricity Commission has engaged NIWA (witret8lervice as a sub-contractor) to create a
multi-year (five) synthetic wind dataset (SWD) ftb actual or potential wind farm sites from
different parts of the country for use in modellitng electricity system. The required properties o
the SWD are demanding and not able to be met bilable observed datasets. The Electricity
Commission will make the SWD and this report puplavailable for use by any interested party, as
well as for its own purposes.

As a result of the efforts described in this ré@ofive-year MM5-based 10-minute SWD and a two-
year NZLAM-based 10-minute SWD have been createtl @ane suitable for use in modelling wind
farm impacts on the New Zealand electricity systehlistograms of wind-speeds and high frequency
fluctuations at the 15 different sites have begmaduced very well for eleven of the fifteen sitesd
reasonably well for the other four sites. Paféicattention was paid to re-producing the tailshef
histograms so that the frequencies of wind speatisde the turbine operating ranges were accurately
simulated. Attention was also paid to reprodudhmobserved inter-site correlations that resonfr
the passage of frontal systems which are oftencesged with important rapid region-wide increases
and/or decreases in wind speeds. Each site’siaiwycle was calculated in such a way as to
reproduce very closely the observed diurnal cytmle,with realistic daily and seasonal modulation of
the amplitude maintained. Inter-site correlatiohsigh frequency (hour and ten-minute) fluctuasion
of wind speed were reproduced well.

The two SWD produced have no missing data andnaaeformat suitable for use in wind-generation
calculation programs.

Multi-year ten-minute synthetic wind speed time-series for 15 New Zealand wind farms iv
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1. Introduction

1.1 Background

Wind data at ten-minute to hourly time scales isngportant input into modelling the
performance of wind farms and their impact on tregiomal electricity system.
However, relatively little ten-minute wind dataatual wind farm or proposed wind
farm sites is publicly available in New ZealandNIWA and MetService do collect
ten-minute wind data at about 60 sites which arbligy available on NIWA's
National Climate Database (CLIDB). However, thésed to be low-elevation sites
and are generally available only within the past fgears. Also the NIWA and
MetService data are typically from 10 m masts, Wwhgwell below the hub height for
turbines and lower than the mast data collectedrat farm sites.

In the absence of actual observed data, simulate¢dymthetic” data can be used,
providing it is well calibrated against real data, produce realistic results for
applications such as (i) creating generation s@@maturing the passage of frontal
systems, (ii) calculating the capacity contributioh wind, or (iii) estimating the
contribution of wind during different seasons.

The Electricity Commission therefore has contradtdd/A (with MetService as a

sub-contractor) to create a multi-year (five) swtith wind dataset (SWD) for 15
actual or potential wind farm sites from differgpairts of the country for use in
modelling the electricity system. The required pemies of the SWD were

demanding and are outlined below (Section 1.2)e Electricity Commission intends
that the SWD and this report will be made publilailable for use by any interested
party, as well as for its own purposes.

This report (i) describes the data and the metlsed tio create the SWD (Section 2),
(i) compares the SWD against “observed” mast dfata wind farms (Section 3), and
(i) discusses the results and draws conclusiSestjon 4)

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 1
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1.2 Required physical and statistical properties for sgthetic wind time series.

The Commission requirements for the synthetic viime series were that it:

* be valid for turbine altitudes
e include multiple years

* cover 15 sites corresponding to either existingppsed or potential wind farms,
with records time-stamped to preserve realistic em@logical inter-area
correlations and allow modelling of the impact pésific meteorological events.

* reproduce well seasonal and synoptic variationsiimd speed and preserve inter-
site correlations

e reproduce well the higher frequency (hour to hamd (ten-minute to ten-minute)
fluctuations in wind speed and preserve inter<iigelations

e reproduce reasonably (given the constraints oftdsed” data and the fact power
generated is proportional to the cube of the wimeesl) the wind speed
climatology for each site, i.e., the approximatexaviesource, the histogram of
wind speeds including the frequency of speeds bedod above the turbine
operating thresholds

* be atintervals of 10 minutes with no missing gaps

e be in a form that can be converted into simulategdiiarm output

The Commission was not interested in accuratelyodring the relative wind-
resources between sites, i.e., this study is nottaldentifying rich wind resource
areas.

As a result of the efforts of NIWA and MetServicéhin this project a continuous 10
minute SWD was produced for 15 sites at a hub hai§i85m for both (i) a 5 year
period based on an archive of hourly MM5 (MetSeeWi§ forecast wind, and (i) a 2
year period based on an archive of hourly NZLAM\{M) forecast winds. Figure 1
shows the regions within which these 15 sites warated. As will be shown later in
this report we demonstrate both the 5 year SWD2apelar SWD meet fully all these
requirements.

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 2
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168 170 172 174 176 178

Figure 1 The regions within which the wind farm sies were located for the SWD project.
Note, STH is the regional identifier for Southland and Otago, CTY for
Canterbury, CKS for Cook Strait, MWT for Manawatu a nd Wanganui, CNI for
Central North Island and Hawkes Bay, and NTH Coasth parts of Waikato,
Auckland, Coromandel, and Northland.

2. Methodology

The philosophy behind the joint NIWA-MetServiteapproach was to utilise several
years of archived 12 km gridded hourly NWP windsrothe whole of New Zealand.
These NWP winds have inter-site correlations antpteal variability (on a synoptic
time-scale) that match the observations well. a tbbust relationship between these
hourly NWP winds and hourly speeds observed at viamchs could be developed,
then imposing a high-frequency (ten-minute) redidbat was uncorrelated between
sites (as is observed, other than for sites theatems than a few km apart) but with the

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 3
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correct distribution of timestep to timestep fluations would produce a SWD with
the desired properties. As will be seen there s@we variation from this initial
approach as the most robust relationships betweenelled and observed
relationships was obtained at daily time-scalasthis section, the data used and the
NWP outputs are first described; this is then fod by details of the statistical
methodology used.

2.1 Observed mast data — wind farm sites

The observed mast data provided by generatorsnsnencially sensitive so for most
sites it was disguised before being provided bweeit(i) normalising or (ii) not
revealing the mast height and/or co-ordinates. Phavided wind speeds were
multiplied by some factor to ensure the averagelsferved data was a reasonable
estimate for that site; these estimates were natteetnearest 0.5 m/s. The definition
of reasonable estimate was based on our own kngwlefdlikely local terrain impacts
on regional wind as represented by average speeds fiearby lowland climate
stations, an annual average wind speed map producddlWA, and/or the NWP
regional average. A summary of what was providegiven in Table 1.

Table 1: Facts about observed data provided for e site.

Site Obs. Period Disguise % Disguised
Missing Mean Speed

(m/s) at85 m

STH1 Sep 2006-Aug 2007 Mast height not provided 0.7 10.0
STH2 Jan 2007-Dec 2007 Normalised 2.4 9.5
STH3 Jan 2007-Dec 2007 Mast height not provided 26.0 11.0
STH3A Jan 2006-Dec 2006 Normalised 2.7 11.0
CTY1l Aug 2007-Jul 2008 Normalised 0.0 8.0
CKS1 Jan 2004-Dec 2004 Normalised/Composite 0.0/100 9.5
CKS2 Nov 2007 - Oct 2008 Mast height not provided 3.9 10.0
CKS3 Jun 2007-May 2008 Extrapolated from 10 m 4.1 11.0
MWT1 Jun 2007-May 2008 Normalised 0.8 10.0
MWT2 Aug 2006 — Jul 2007 Mast height not provided 2.5 10.0
MWT3 Aug 2007 — Jul 2008 Mast height not provided 0.0 9.0
CNI1 Aug 2007 — Jul 2008 Normalised 10.2 9.0
CNI2 Jan 2007 — Dec 2007 Mast height not provided 1.2 9.5
NTH1 Nov 2006 -Oct 2007 Mast height not provided 0.0 8.5
NTH2 Aug 2007 — Jul 2008 Mast height not provided 6.8 8.5
NTH3 Sep 2003-Dec 2008 Zero obs, composite of 100.0 8.5

nearby climate network
stations

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 4
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2.2 Observed 10 metre data — CLIDB

In order to fill the small number of missing houtynd speeds from the NZLAM
archive, hourly surface (pulse anemometers on l1l@nasts) winds from nearby
lowland climate stations were extracted from CLIB&I extrapolated to 85 m using a
power law. The alpha parameters used in thispatation, and the extrapolation of
the NZLAM 10 m winds to 85 m were based on repreddme land use/vegetation
type surrounding the sites. For site CKS1 thers wa period where available
observations overlapped with NZLAM; here climatatisin data from Baring Head
and Cape Campbell were used to provide a compdsitemy station with hourly
records. Similarly data from Mokohinau and Musiekint were composited to
construct a dummy observed time-series for site 8IT&$ no observations from that
possible wind farm site exist. Climate statiomtad from Palmerston North and
Dannevirke were also used in assessing the possiigleof a method described by
Haslett and Raftery (1998) (See Appendix A).

2.3 MM5 (MetService™)

The wind archive data has been derived by runriegldcal area model MM5 from
2003. MM5 was developed at Pennsylvania State édgity and the National Center
for Atmospheric Research as a community based model

The configuration used for the wind archive is ated configuration with outer nest

set to 36 km horizontal resolution (110x110 gridnps) and inner nest set to 12 km
(109x141 grid points). Every third grid point dfetinner nest is coincident with a

grid point of the outer nest. Note that the innest is not centred within the outer
nest (see Figure 2). The horizontal grid has ark@wsa-Lamb B-staggering of the

velocity variables, with scalar quantities definedhe centre of each grid square. The
rest of the configuration is given in Table 2.

The vertical structure is a terrain following sigo@ordinate, where sigma is defined

0= (P = Prop)/ (Psurface— Prop) -

Soo is 1 at the surface and 0 at the model top wisiget to 100 hPa, and there are
25 vertical levels.

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 5
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Figure 2. Nesting structure of the MM5 configuratbn.

The MMS5 configuration was initialized and had thagefal boundary of the outer nest
set by the NCEP GFS global model at 1 degree haataesolution. Where there
were gaps in the archived data, these were fillgdnitialising the same MM5
configuration with the NCEP reanalysis data se2.&tdegree horizontal resolution.
MM5 was simply run in a ‘cold start’ fashion withobany data assimilation. The
model was run four times per day at initializatimes of 0000 UTC, 0600 UTC,
1200 UTC and 1800 UTC. Other important MM5 setiage given in Table 2.

The model data extracted was the 3-dimensional @frigourly winds over the inner
nest, at prognosis times of T+6, T+7, T+8, T+9, 0+I+11. These prognosis times
were chosen so as to be far enough into the modetor avoid problems with model
‘spin up’. The extra prognosis time of T+12 wasledl in case it was needed to help
alleviate discontinuity problems between successieglel runs. Overall the MM5
winds were made available for this project from t8ager 2003 through to August
2008. The NCAR software RIP (Read Interpolate Phds used to read the model
data and interpolate it to various heights aboeestirface. The resulting heights were
10 m, 15m, 30 m, 45 m, 60 m, 75 m, 100 m, 12050,rh and 200 m. No horizontal
interpolation was carried out, and the four surthng grid points for each of the sites
were provided.

Spectral filtering of the time-series was necessamemove unphysical spikes in the
extracted hourly time-series. These spikes werddaltige discontinuity introduced by
using the winds from T+6 to T+11 hours from emdive forecasts; i.e., the winds
at T+12 of one forecast are not always equal tolth@ winds from the next. Also

noise perhaps introduced through the assimilat@rerme within the GFS forecast
cycles would contribute to spikes at sub-6 hourdynfonics. Figure 3 shows the

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 6
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impact of the spectral filtering on the MM5 powgestra and Figure 4, while only a
short segment of the overall time-series, showssthell impact this filtering had on
the time series of NWP hourly wind speeds.

A list of important parameter settings forthe MM5 forecasts used in this study.

Model Characteristic

Type

Governing Equations

Map Projection

Nesting

Time Step

Initialisation and lateral boundary

Cumulus Scheme

Planetary Boundary Layer Scheme

Microphysics Scheme

Radiation Scheme

Orography

Vertical Resolution

Model Top

Horizontal Resolution

Vertical sigma levels

Non-hydrostatic (Grell et al, 1995)

Lambert Conformal

Two-way (interactive)

36 sec (outer nest 108 sec)

1 degree resolution GFS

Grell (1994) — both nests

MRF (Hong, Pan 1996)

Mixed Phase (Reisner et al, 1998)

‘Cloud’ — called every 30min

USGS 30 second resolution DEM

25 levels concentrated near the surface

100 hPa

12 km inner nest (36 km outer nest).

1.00, 0.998, 0.995, 0.99, 0.98, 0.96, 0.93,
0.89, 0.85, 0.80, 0.75, 0.70, 0.65, 0.60,
0.55, 0.50, 0.45, 0.40, 0.35, 0.30, 0.25,
0.20, 0.15, 0.10, 0.05, 0.00

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 7
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Figure 3: Power spectra for hourly time series of /md speeds at site CKS3 as calculated

from (a) 1 year observed (10 m mast) (b) 5 years ahfiltered MM5 (10 m winds
NW grid point closest) hourly series, and (c) 5 yea of filtered MM5 hourly
series. Note the orange curve in (b) is the avege slope of the observed spectra.
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Actual re-calculated time series of unfikred and filtered hourly time series of
MM5 10 m wind speeds from closest NW grid point asite CKS3 for the first 800
hours from 0600 UTC 1 September 2003

NZLAM (NIWA)

NIWA's advanced weather prediction model, the NesalZand Limited Area Model
(NZLAM) runs on a rotated latitude-longitude mapojection, with the equator
centred on the geographical domain of interestitgato a nearly conformal 12 km
grid mapping for its 324 x 324 x 38 (level) grithe Met Office UK Unified Model
or UM (of which NZLAM is a local implementation) ia non-hydrostatic, fully
compressible, deep atmosphere formulation usingrin-following height based
coordinate. It uses a semi-Lagrangian advectioersehfor prognostic variables and
an Eulerian treatment of the continuity equationnfiass conservation. It is run on a 6
hour analysis / forecast cycle, and two forecaat®600 and 1800 UTC) each day are
run to 48 hours (the other two run to the nextsisltime window, i.e. 6 hours).

NZLAM is unique in that it includes the capability assimilate local data. The data
assimilation system is 3DVAR+FGAT (Lorenc et al08) and the increments are
estimated at the time of observation using a 3 hitaia cut off, then added to the
background using an incremental analysis updatbnigoe (Bloom et al, 1996),

beginning 3 hours before the nominal analysis &me extending over 6 hours (i.e. to
3 hours after nominal analysis time). Data assiailanclude standard meteorological
observations from land and ocean stations (shigb roys), rawindsondes and

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 9
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aircraft, as well as satellite observations of apieric radiances (HIRS, AMSU-A,
AMSU-B), ocean surface wind speed and total colummsture (SSM/I), ocean
surface wind speed and direction (ASCAT, QuikSCAaRd atmospheric motion
vectors from geostationary meteorological satallfd TSAT). Because this forecast
system assimilates local data it can be “warm djclé\ccordingly, it does not utilise
global model data within the forecast domain ancoedingly preserves mesoscale
structure between forecast cycles, with the rabalt NZLAM forecasts maintain their
accuracy throughout the forecast period (i.e., tdeynot suffer from “spin up”
problems like those that occur in non data assimgamodels).

Where in situ data are available, these can be tss@form an adaptive statistical
post processing system that removes site spedseb from forecast fields. Based on
current results, wind speed forecast accuracy(an)is of the order of 1.5 to 2 ths
(evaluated at hourly intervals and all valid forgesai.e., hourly to 48 hours).

A comprehensive description of the Unified Modehde found in Staniforth et al
(2004) and applications of the UM to simulatingoaty wind events in New Zealand
are reported in Webster et al (2008). Some of iipoirtant model configurations and
parameter settings of NZLAM are given in Table 3.

For this study surface (other model levels fromhimitthe PBL were not archived
during this time) wind speed and direction outpetavextracted from the archives for
forecast hours +0 to +12 for each forecast madedsn 24 October 2006 and 15
December 2008. The surface speeds were interdolateapproximate (the co-
ordinates of the mast locations were typically diotilged) locations of the wind farm
site then extrapolated to 85 m using a power lal.this 2 year period there were 4
short (i.e., 12 or 24) hour periods in April and Wi2007 where no NZLAM output
was available. For these periods, nearby surfaodyhobservations extrapolated from
10 m to 85 m were used to fill the gaps. Sometsgledtering of the time-series was
also necessary to remove unphysical spikes in xt@ated hourly time-series. In
hindsight, given the fact that +0 to +3 forecasts within the assimilation window,
using +3 to +15 hour forecasts may have resultedsmoother power spectra in less
need of filtering.

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 10
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Table 3: A list of important parameter settings for the NZLAM forecasts used in this
study.
Parameter NZLAM 12 km Setting

Domain size nx,ny,nz

Time step

Radiation time step

No. levels in boundary layer (i.e.,

altitudes less than approx 1500 m)

Radiation scheme

No. of segments

No. of bands

Convection scheme

Includes momentum transport

Diffusion scheme

Horizontal diffusion

Vertical Diffusion

Diffusion coeffs for wind, theta,

and moisture

324x324x38

300s

3600 s

13

3A (General 2-stream, see Edwards et al, 2004)

4A (penetrative mass flux scheme,

see Maidens, et al, 2004)

Yes

2A (explicit, see Staniforth et al, 2004)

Standard

Off

K=-1.0, N=0

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 11
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2.5 Detailed steps of the Statistical-NWP based method

The steps to our eventual method, developed aftee drial-and-error, are described
in this sub-section. For completeness, the firsteps which involve preparing the
observed and NWP hourly data, while mentioned prely, are included in the
outline below.

For each site:

Step 1: Extract the historical NWP (either MM5 oZIM\M) model output at hourly
intervals for the available levels and for the fgud-points surrounding the
site. Either horizontally interpolate (NZLAM) tbé wind farm site or select
one of the surrounding grid points (MM5) and thetrapolate (NZLAM) or
interpolate (MMS5) to the hub height of 85 m.

Step 2: Filter the 85 m NWP hourly time series sota remove 6 hourly
discontinuity and other unphysical spikes in thev@ospectra.

Step 3: Collect observed mast data (which is dssgli either it was normalised or
the mast height and co-ordinates were not revedlte (i) insert missing
data flags, (ii) multiply data to ensure averageobkerved data was a
reasonable estimate for that site, these estimates to the nearest 0.5 m/s,
and (iii) convert times to UTC.

Step 4: Derive a relationship which will use théitered hourly NWP values as
predictors to obtain ten-minute winds. The reladlup is assumed to be of
the form

1
w=a+bx+> ¢y, +d,|cos@)|+d, |cos@+45°)|+& (1)

i=-3

wherew is observed 10 minute wind spe&ds the 24-hour running mean (centred) of
modelled NWP (either MM5 or NZLAM) hourly wind spetey is the departure of
modelled hourly wind speed from y; is thei-hour laggedy (Yo=Y), z is the wind
direction in degreesz£0 is for northerly). All NWP wind components areheurly
time steps, but these are linearly interpolatetiCtaninute time steps. Finallg, b, ¢
(=-3-2-101) 0h andd, are the parameters to be determined as the NWésvaire fitted
to the data such as to maximize the explained negiand/or minimize the Bayesian
Information Criteria (BIC) over the observing peatid/alues for all these parameters

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 12
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are given in Appendix B. Note, these parametezsiaique for each site and the time
period of the study. Finally,is the error.

Fitting the model to data (Step 4) was an involpedcess and the following notes
elaborate on this process.

. x was chosen as 0, 24 and 48 hourly running meanhb Mind speed and
was used to predia. Using the 24 hourly running mean resulted in the
lowest BIC, and therefore is preferred.

. The lagged and lead time serieyy@modelled variability at hourly time scale)
have been used as explanatory variables. Lag2,-3l,-and +1 are significant
using BIC. The existence of significant lagged potuls is due to the fact that
forecast (i.e., NWP) changes in wind speeds amndafither earlier or later
than predicted.

. For some sites, notably CKS3, MM5 seemed to unstimate both

southerlies and northerlies and especially sougserThis was true for both
“land” and “sea”. Sacos(z+45)1 was chosen as a predictor and found to be
statistically significant. This was confirmed to bagnificant for CKS1 as
well. Values other than 45 were tested, but reduib higher BIC values.
Doing this improved the prediction variance (R-ggda for these sites; e.qg.,
for CKS3, the R-Squared was 0.3366 for MM5 hourgdiction but 0.4353
following these steps.

. Apply the daily moving average filter to separate terror into the daily
component and 10 minute component. Both componem tseries are
assumed to be ARMA (Autoregressive-Moving Averagecesses. The BIC
is used to determine the orders of the autoregnessid the moving average.
For the both time series, the order for the autessjon is around 6
(corresponding to 6 ten minute periods in one ham) the order for the
moving average is around 2. The function “arimathia statistical package R
is used to fit Eq. 1 to data. This is critical fastaining realistic distributions
(histograms) of the time-series deltas (i.e., speedpeed.

. To ensure the variance of the simulated daily tegitime series is close to
that observed, the innovation error variance ofdhiéy component time series
is factored by the ratio of variance of observedlydeesiduals over the
variance of the simulated daily residuals using fthdially estimated
parameters. For some stations, the innovation atdndeviation of the 10

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 13
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minute residual was a linear function of the NWRadavispeed. This linear
function is estimated by MLE (Maximum Likelihoodtisation).

. The function “arima.sim; is used for simulating tbeily and ten minute
residual time series. The innovation error for t@ minute residuals is
rescaled by the linear function of model predictidrne simulated daily error
and 10 minute error are added onto the trend (attiinusing Eq. 1) to form
the simulated wind speeds. Negative wind speeddeaimulated due to the
Gaussian error assumption in the AR models. These ve-distributed within
the light wind (< 5 m/s for most sites, < 9.5 mds 8 of the windier sites) to
more closely match the observed distribution. Thagdistribution can be
expressed mathematically as

Fo(w)=Fo(wW) (2)

where k and F are the PDF’s of simulated (observed) wind spesdvibthe
5 m/s threshold, and w is the simulated wind seetican be redistributed to
w' such that Eq. 2 is satisfied since Fs, Fo, amderknown.

Plots, not shown, of the distribution of simulatéd minute wind speeds
generated using an assumption that the standairdtidevof the innovation

error was linearly related to the NWP wind speealrsd a clear improvement
over the simulated series where a constant inmmvatiror was assumed.

. As will be seen in the results (Section 3.6) theeoked diurnal range was
generally larger than that simulated. To inveséigae impact of the observed
diurnal range, we removed it from the observatiod eepeated the previous
analysis. However, this resulted in a very longgeautocorrelation for the
errore. The long range correlation could be due to thistemce of diurnal
range in the NWP prediction, indicating that didrmange should not be
ignored. To further investigate this we split ed&h hour period into night
(0000-0600 NZST), morning (0600-1200 NZST), aftenmo(1200-1800
NZST) and evening (1800-2400 NZST) periods anéditihe wind speed for
each of these periods. It shows beside the integdpch is well related to
diurnal range), that the other parameters weresensitive to the period. To
further test the impact of diurnal range, we meadifour statistical model Eq.
1 to allow the intercem to depend on the time of day. However, a larg& Bl
is produced for this modified Eq (1). Given thatyoane site (CKS1) had a
diurnal amplitude > 1.5 m/s, we decided againstgihiis modified model.
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. Using model hourly data from all 4 surrounding NI points as predictors
was tested for site CKS3 against just using anrpotated (weighted by
inverse distance) average or the grid point thatretated best with
observations. A lower BIC resulted from using thiedr.

. We experimented with “log” and “sqrt” transforms @f However, the
transformations over-simulated (i.e., the inciden€digh wind speeds was
far too high) the tail of the wind-speed distriloutj especially for the log
transformation. Experiments with a General Lineaodel (GLM) with
Poisson family led to a similar conclusion. We atsed to fit a linear
predictor using a “gam” (Generalised Additive MgddHowever, the data
seems to better fit a linear model which matchegpbysical understanding of
the data and NWP models.

Once all these steps had been taken we had pnoaisien-minute SWD for all 15
sites.

Inter-site relationships;

Inter-site comparisons were then done to check hénespatial correlations of the
original NWP hourly wind speeds had been maintainéd general these inter-site
correlations (see Section 3.8) were a bit lowemtliesirable, so an additional
adjustment (Step 5) was made.

Step 5: Correlations between site pairs of windedpewere generally a bit lower
than observed. To correct for this we assumed #ily domponent of the
residuals are correlated but the ten-minute commorresiduals are
independent. The spatial dependence was then kedd®} introducing a
correlated Gaussian innovation error. The marg@alissian error was then
redistributed to the fitted innovation distributioging a similar process as in
Eq. 2. In other words, we choose a spatial corogldietween the two daily
residual time series such that the correlation beiwthe two series using
this correlation was close to that observed. TWwemnescaled the ten-minute
variance to get a better match of the tails, uiiregfact that the ten-minute
variance is correlated with the wind speeds, be,ldrger predicted wind
speeds, the ten-minute variance was larger.
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_NIWA_—

Taihoro Nukurangi

Step 6: In order to remove some artificial coarsenen the low-wind speeds
introduced when the adjustment to correct the |lpeed tail of the site-
histograms (Eq. 2) was made, the wind speeds wéhth bin ofF, were
simply randomly re-distributed within that bin.

Step 7: In order to get a more realistic match WUCSdiurnal cycle we calculated
the difference between the observed average diuoyale and the
provisional SWD average diurnal cycle. By caltinlgaa diurnal amplitude
index (DAI) from the original NWP filtered hourlfime-series and we
added in for each day an amplitude modulated diwigaal ¢.) to the SWD
where

A = DAI (O(t) - SWD_provisiona(t)) (3)

where t=1,...,144 are the 10 minute time intervalthiwi a day, O is the
observed diurnal cycle, M is the diurnal cyclettod provisional SWD. The
DAl was calculated by

DAI= 2 (W_early pm ma) - (W_am min W_late_pm_mia (4)

Note, an upper limit on the DAI was imposed to avéarge” changes to the
wind speed values

Step 8: Finally, the step which decomposed thielwat €) in (Eq. 1) into a low-
frequency (daily) and high-frequency (ten-minutenponents resulted in
power spectra with slightly less power at intermagglifrequencies between
about 4 and 16 hours. The coefficients at thesguincies were modified
(consistently between sites) in such a way as tohmzetter the behaviour of
the observed spectra.

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms 16
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3. Results

In this section a sample of results is presentegr@lly properties of the observed site
winds are compared against the MM5 based 5 year $WbDthe NZLAM based 2
year SWD. Generally plots are presented for ortevorsites only to indicate whether
observed properties are matched by the SWD. Howelas have been generated for
all sites and are available in pdf format upon esgurom the Commission. In
Sections 3.1 - 3.4 ten-minute and hourly histografri®th wind speeds and deltas are
presented for a selection of “better” and more fpdsimulated sites. The use of the
words “better” and “poorly” are relative and notended as absolute judgements. In
our judgement, histograms of wind-speeds and highuency fluctuations at the 15
different sites have been reproduced very well di@ven of the fifteen sites, and
reasonably well for the other four sites (CNI2, MW TTY1, and STH1).

Plots for the entire periods of the SWD are showmasanity check on the entire
SWD, while plots comparing just the period of oagrlare shown to highlight
differences with the observed and provide an indioaif a particular period was
unusual.  The histograms of ten-minute deltagu{€ 7 in Section 3.2) do show a
tendency for an under-prediction of the frequentyhe -0.25 m/s to 0.25 m/s delta
class. For 8 of the sites these are under-estihigtaat least 5%, this means that for
these sites the situations where the ten-minutelsvare relatively light are under-
simulated. These 8 sites are CTY1, CKS2, CKS3ufeiga), MWT1, MWT3, CNIL1,
NTH1, and NTH2 (Figure 7b). This behaviour was astapparent for the hourly
deltas and likely resulted from the need to infldte high-speed tail of the NWP
histograms.
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3.1 Wind speed histograms — ten minute
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Figure 5: Histograms of observed, MM5-based SWD,ral NZLAM-based SWD ten-minute
wind speeds at site CKS3 for a) the entire periodfor which each dataset is
available and b) the period where the SWD overlapwiith the 1 year period of
observations.
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Figure 6: Histograms of observed, MM5-based SWD,rel NZLAM-based SWD ten-minute
wind speeds at site NTH2 for a) the entire period$or which each dataset is
available and b) the period where the SWD overlapwiith the 1 year period of
observations.
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3.2 Delta histograms — ten minute

CKS3 - All times

0.40 e —
0.38 B Observed
036 BMM5-5YSWD
0.34
B NZLAM-2YSWD
0.32 ~
0.30
0.28 E
0.26 I
= 0.24 I
2 0
3 o
o
o 018
2
w016
0.14
012
0.10
0.08
0.06
0.04
| A
0.00 p—r || e
I\ : : : : ! . . : : e e B B N N W W &y
2L % 8 Y B S OR O3 OB OB ¥ o¥O¥ ¥ ¥ ¥ ¥ oL
o B T E R - R R R s = =2 42 2 2 2 2 g
fg 88 8 8 5 8 8 8 5 o Ll N owow o= o=
e T T N T X T
N ~ N ~ N ~ [~ ~ [~ [~ i w i w v i v i v
Bod B ¥ B ¥ B ¥ B OB
Speed Range (m/s)
NTH2 - All times
0.40 T I I I
0.38 — W Observed
036+ mmms-syswD
0.34
B NZLAM-2YSWD
.32 -
0.30
0.28
0.26
= 0.24
2 02
¥ 0
3 0.18
2
=016
0.14
0.12
0.10
0.08
0.06
0.04
0.00 e | il | | il
P TR T S AN N W W sy
AL R % OB O3 ONE % oN 3 oBoBo@ E R S S S TR
S 094 ¥ ¢ ¥ & ¥ & w oz ¥ 9 4 4 = = = = =
2 2 2 2 2 2 2 2 2 2 3z 3 5 5 5 5 5 5 #
A A A A S D D A A T Moop ow ow e s
e s T ST T T = S R N | e S
N ~ N ~ [~ ~ [~ ~ [~ [~ vl v w v wr v w v
Bod OB ¥ B o3 B ¥ B B
Speed Range (m/s)

Figure 7: Histograms of observed, MM5-based SWD, ahNZLAM-based SWD ten-minute
wind speeds deltas at sites for the entire period®r which each dataset is
available for sites a) CKS3 and b) NTH2.
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3.3 Wind speed histograms — hourly
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Figure 8: Histograms of observed, MM5-based SWD, rl NZLAM-based SWD hourly
wind speeds at site STH1 for a) the entire periodfor which each dataset is
available and b) the period where the SWD overlapwiith the 1 year period of
observations.
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Figure 9: Histograms of observed, MM5-based SWD, rel NZLAM-based SWD hourly
wind speeds at site MWT2 for a) the entire perioddor which each dataset is
available and b) the period where the SWD overlapwith the 1 year period of
observations.
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3.4 Delta histograms — hourly
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Figure 10: Histograms of observed, MM5-based SWD, il NZLAM-based SWD hourly
wind speeds deltas at sites a) STH1 for the entiperiods for which each dataset
is available and b) MWT2 for the period where the 8/D overlaps with the 1 year
period of observations.

3.5 Monthly averages

Figure 11 shows that monthly averages were gemenall captured in the SWD,
indicating our method will probably provide goodasenal and inter-annual
generating scenarios for the period of the SWD. falet, it does indicate that if
extended periods of NWP output, such as with a hégolution Regional Climate
Model, were available that this kind of method cbptovide very good multi-decadal
time-series.
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Figure 11.: Observed, MM5-based SWD, and NZLAM-basg& SWD monthly wind speeds for
the period where the SWD overlaps with the 1 yeargriod of observations at site
a) STH2 and b) MWTS3.

3.6 Diurnal variations

Given that the methodology was done in such a ve&joamatch the SWD diurnal
cycle to the observed, the following plots (Figt® are presented to demonstrate the
methodology worked as designed
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Figure 12: Observed, MM5-based SWD, and NZLAM-basg SWD average diurnally

variation of wind speeds for the entire periods fowhich each dataset is available
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3.7 Power Spectra — 10 minute series (CKS1)
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Figure 13: Power spectra of wind speed times-sesdor the entire periods for which each

dataset is available at site CKS1 for a) as obsemeb) the MM5-based SWD, and
c) the NZLAM-based SWD. The red curve is the higlyf smoothed moving
average. (Note, these spectra are all for differenqgeriods.)
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Inter-site correlations of wind speeds

Observed inter-site correlations were calculatedefich station pair where possible.
Typically there were at least 30 days of overlaptifie site pairs, with about half the
sites having more than 180 days of overlap. Howethere were two exceptions;
CKS1 which had no overlap with any other site, &ffdH3 where such a calculation
would be not valid as the “observations” there warglummy composite of two
exposed “nearby” (within 100 km) climate stationBigure 14 shows the inter-site
correlations as a function of the distance betws&rs for both the original NWP
hourly series and the provisional SWD'’s (i.e., befetep 5). Figure 15 shows the
positive impact of step 5. The observed relatignsisieem to be generally preserved
for both final SWD. The “minima” in correlationsrfdistances of around 700 km is a
“Cook Strait” effect, and is an artefact of thetgardar selection of 15 sites. For the
interested reader a spreadsheet (inter-site-ctimetaxls) with the actual numbers of
overlapping day, distances between stations, aneglatons is available along with
the pdf’s.

MMS original - Wind Farm sites MMS based 5YSWD

....
.....

Distance between ites (km) Distance between ites (km)
NZLAM original - Wind Farm sites NZLAM based 2YSWD

Correlations of wind speeds between elaof the 15 sites as a function of distance
for a) the filtered hourly MM5 time-series (i.e., dter step 2), b) the version of the
MM5-based SWD after step 4 but before the inter-sé adjustment, c) the filtered
hourly NZLAM time-series (i.e., after step 2), andd) the provisional version of
the NZLAM-based SWD after step 4 but before the ingr-site adjustment The
blue curves approximate the lower and upper boundsfor the observed
correlations.
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Figure 15: Correlations of wind speeds between elaof the 15 sites as a function of distance
a) as observed (when possible), b) the MM5-based ®/Nand c) the NZLAM-
based SWD. The blue curves approximate the lower dnupper bounds for the
observed correlations.
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3.9 Inter-site correlations of deltas
Correlations of hourly and ten-minute deltas a@shin Figure’s 16 and 17
respectively.
OBS - Site Correls of hourly deltas vs Distance between sites
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Figure 16: Correlations of hourly deltas betweena&ch of the 15 sites as a function of distance

a) as observed (when possible), b) the MM5-based 2V
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OBS - Site Correls of ten-minute deltas vs Distance between sites
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Time series for sub-periods

Figure 18 shows a segment of observed and SWD teuatentime series for a 17 day
period in June 2007 for the MWT1 and MWT?2 sitessHows how the relationships
between the sites have been preserved in both SWuD,also how the large
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synoptically driven regional speed-up on tffeatid the decrease on th28ave been
captured by the SWD.

I [
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Figure 18: Time series of ten-minute wind speedd aites MWT1 and MWT?2 for the period
1200 NZST 4 June to 1200 NZST 21 June 2007 as ayelved, b) from the MM5-
based SWD, and c) from the NZLAM-based SWD.

4. Conclusion and discussion

A 5 year (2 Sep 2003 to 30 Aug 2008) MM5-based Ifute SWD and a 2 year (24
Oct 2006 to 15 Dec 2008) NZLAM-based 10-minute SAtB5 metres altitude have
been created for use in modelling the impacts chdt&al or proposed wind farms on
New Zealand'’s electricity system.
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Summary statistics showing how well the two SWDrelate with observations for
each site are given in Table 5. It seems that BWD do a useful job of explaining
the variance for all sites. Lower correlatiohs@me of the sites (e.g., CKS1, CTY1,
and NTH1) did not necessarily correspond to pompresentations of the histograms
of wind speeds and delta’s at those sites. In fao sites, with quite good
correlations STH1 and MWTL1 had histograms with salifierences in the 9-14 m/s
ranges, tending to under-predict the frequencyiofisvin these ranges. Reassuringly,
these two sites were able to reproduce quite wedl power-generation curves
calculated from the observed wind data, see FidQrevhich shows the curves for
MWTL1.
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Power output for a SWD site as estimatl using observed wind speeds (grey
curve) and the MM5-based SWD (green curve), as wels the actual power
output (purple curve). The major grid interval on the x-axis is 1 day. The inset
shows that there is little discernible difference btween the turbine
“PowerCurves”.

Differences between the two SWD are likely dueif®NZLAM employing a 3DVAR
data assimilation scheme whereas MM5 does not arths a longer spin-up period,
(i) the MM5 SWD was based on selecting output frareingle suitable nearby grid
point whereas for NZLAM interpolated values to teneral location of the site were
used, and (iii) for the MM5 SWD wind speeds frone fiiitered hourly series were
interpolated between 75 m and 100 m levels to 8%vhile for NZLAM power-law
extrapolation of 10 m winds to 85 m was done.

Overall, the demands required of the SWD have bewt and the realistic
preservation of the important properties of theilalade short term ten minute mast
data, albeit disguised, has been demonstrated here.
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Table 5: Bias and explained variance of observed na speeds by original filtered MM5
and NZLAM hourly winds for each site as well as theexplained variance of the
final SWD. Note, for CKS1 different sets of obsemtions were used. Biases
afterwards were generally close to 1.

Site MM5 MM5 MM5-SWD NZLAM NZLAM NZL SWD

Bias

Before r’ Before 1’ After Bias Before  r* Before  r* After
STH1 0.99 0.64 0.708 0.44 0.60 0.690
STH2 1.00 0.58 0.657 0.53 0.66 0.712
STH3 1.04 0.53 0.660 0.49 0.60 0.720
CTYl 0.94 0.45 0.592 0.68 0.48 0.552
CKS1 0.90 0.41 0.480 0.76 0.68 0.540
CKS2 0.89 0.53 0.637 0.88 0.70 0.778
CKS3 0.76 0.33 0.519 0.65 0.61 0.699
MWT1 0.84 0.49 0.596 0.49 0.64 0.688
MWT2 1.00 0.61 0.662 0.57 0.68 0.725
MWT3 0.93 0.51 0.557 0.62 0.59 0.628
CNI1 0.91 0.70 0.770 0.45 0.58 0.690
CNI2 0.99 0.72 0.592 0.46 0.62 0.532
NTH1 0.91 0.62 0.490 0.73 0.68 0.486
NTH2  0.99 0.67 0.704 0.92 0.72 0.766
NTH3 1.00 0.38 0.590 0.92 0.39 0.595
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7. Appendix A:Survey of a “Haslett and Raftery” (non-NWP) type
approach

The common purpose of both pieces of work i.e. létaand Raftery (1989) (HR89)
and the current EC-SWD project is the generatiolond period wind series at sites
with observations available only for a short period

The basic analysis steps of HR89 are:

« Estimation of signal
* Estimation of residual
« Estimation of spatial dependence

These are also the steps we followed in our armli#dwever, due to the differences
between the datasets being analysed, these tleee were modified to improve our
analysis. A comparison of the major features of8Blleand EC-SWD is summarised in
Table Al.

For the current project, applying Eqg. (Al) usedHiR89 significantly reduced the
explained variance

1
w=a+bx+> gy +d, |cos@)|+d, |cosg+45)|+e (A1)

i=-3

To investigate the performance of Step 1 in HR88, performed a case study for
station MWT1. Here, nearby surrounding climatetistes with long ten-minute
records were Dannevirke and Palmerston North.

The explained variance obtained for the HR89 mettaddWT1 was 0.520, while for
our approach it was 0.596 for the MM5-based SWD @688 for the NZLAM based
SWD. This shows that the current approach was ecalpe to or better than HR
1989. Given that all other sites for this projdonh’t have such an ideal situation of
having two close nearby stations, we considereadtitvorthwhile to pursue the HR89
method. This is especially so given the need ltairfi sensibly, i.e., synoptically
consistent winds for periods of missing data thatedist in the long-term climate
station observations.
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Data and analysis method for the HR89 ahthe current EC SWD project.

HR 1989

EC SWD project

Data with long period

Data format

1) Signal

2) Residual model

3) Spatial dependence

11 stations over Ireland, with
observations

Square root of daily wind
average, no wind direction
data is recorded.

Estimated by regression with
the observation with long
record at neighbouring
stations.

arima(p,d,q), d<0.5, daily time
scale

Statistical estimated (Kriging)

MM5 or NZLAM model
hourly winds at the sites

forecast

Observation: 10 minute speeds.
Modelled: hourly speeds plus
direction.

See Eq. (Al) for the more details.

AR(6) with 10 minute time scale.

Large part of daily and hourly
spatial dependence are accounted
for by MM5 or NZLAM. Statistical
estimation can be applied for the
spatial dependence of the residuals.
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Table A2: Coefficients for Eqg. 1 and Al as develau for MM5.
Site a b Co C1 C2 Cs3 C1 d: d2
STH1  -1.734 1.055 0.141 0.116 0.065 0.291 0.169 0.728 1.25
STH2 3.565 0.937 0.121 0.141 0.074 0.185 0.166 -1.391 -3.747
STH3 2.331 0.968 0.08 0.119 -0.007 0.255 0.135 0.586 -4.466
CTyil -1.199 0.893 0.04 0.084 0.061 0.175 0.151 0.44 3.467
CKS1 1.047 0.771 0.074 0.045 0.068 0.035 0.238 -1.175 3.141
CKS2 -3.353 1.018 0.073 0.052 0.042 0.108 0.33 0.815 5.2
CKS3 -2.327 0.843 0.105 0.147 -0.022 0.238 0.226 3.563 4.65
MWT1 1463 0.995 0.062 0.112 0.069 0.266 0.182 -3.411 2.592
MWT2 -0.065 1.019 0.072 0.046 0.009 0.199 0.255 -3.114 2.175
MWT3 3.114 0.727 0.078 0.098 0.102 0.186 0.163 -0.215 0.139
CNI1 -1.37  0.979 0.055 0.125 0.059 0.144 0.199 0.286 2.785
CNI2 3.375 0.678 0.036 -0.044 -0.057 -0.066 -0.313 -2.153 -0.549
NTH1 3.846 0.783 0.017 -0.056 -0.099 -0.203 -0.264 -0.933 -2.676
NTH2 2.415 0.797 0.074 0.066 0.072 0.219 0.162 0.342 -1.567
NTH3 2.387 0.782 0.096 0.081 0.045 0.285 0.073 -1.213 0.462
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Table A3: Coefficients for Eg. 1 and Al as develaul for NZLAM
Site a b Co C1 C2 C3 C1 di dz
STH1  -2.154 2.158 0.232 0.2 0.274 0.399 0.309 3.721 -0.526
STH2 2.388 1.526 0.196 0.286 0.16 0.32 0.281 0.325 -1.042
STH3 0.9 2116 0.074 0.363 0.323 0.461 0.342 -3.64 2.292
CTYl -3.55 1.341 0.104 0.196 0.15 0.215 0.168 4.735 2.285
CKS1 -1.221 1.084 0.029 0.145 0.179 0.29 0.128 2.944 0.728
CKS2 0.17 1.062 0.143 0.286 0.131 0.212 0.07 0.372 0.327
CKS3 -2.343 1.206 0.211 0.102 0.157 0.229 0.311 5.523 0.275
MWT1  -0.206 1.75 0.223 0.315 0.203 0.278 0.337 0.828 1.352
MWT2  -1.323 1.496 0.004 0.159 0.201 0.108 0.421 0.736 3.134
MWT3 4.076 1.245 0.136 0.202 0.173 0.297 0.277 -1.296 -1.324
CNI1  -2.268 2.177 0.063 0.084 0.111 0.283 0.268 2.036 1.53
CNI2 1509 1.427 0.094 -0.1 -0.043 -0.12 -0.482 0.13 0.741
NTH1 2.746 1.122 0.058 -0.079 -0.013  -0.27 -0.46 -1.22 -0.869
NTH2 2.341 0.91 0.11 0.097 0.075 0.211 0.145 -0.763 -0.951
NTH3 1.069 0.968 -0.004 0.166 0.019 0.305 0.119 -0.902 1.131
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Table A4: Autocorrelation coefficients for MM5 SWD model
Site as az as as Qe o?
STH1  0.945 -0.065 0.031 0.005 0.019 0.016 1.914
STH2  0.943 -0.072 0.051 0.014  0.011  0.009 0.971
STH3  1.016 -0.121 0.041  -0.003 0.005  0.018 1.718
CTY1l  0.998 -0.087 0.019 0.01 -0.001  0.022 0.804
CKS1  1.065 -0.163 0.031 0.009 -0.009  0.026 1.027
CKS2  0.905 -0.016 0.029 0.019 0.004  0.022 0.887
CKS3  0.907 -0.034  0.037 0.009 0.005  0.029 1.114
MWT1  0.929 -0.041 0.057 0.009 -0.001 0.015 1.05
MWT2  0.879 0.01 0.027 0.026 0.005  0.022 0.911
MWT3  0.891 -0.023 0.048 0.016 0.001  0.023 0.91
CNI1  0.972 -0.074  0.026 0.013 0.002  0.019 0.567
CNI2  0.946 -0.064  0.038 0.026  -0.003  0.029 0.658
NTH1  0.926 -0.075 0.057 0.034  0.005 0.029 0.692
NTH2  0.822  0.007 0.048 0.026 0.015 0.03 0.568
NTH3  0.977 0 0 0 0 -0.023 0.657
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Table A5: Autocorrelation coefficients for NZLAM m odel
Site o1 a2 (o Os Os o?
STH1  0.932 -0.054 0.023 0.015 0.008 0.028 1.857
STH2  0.932 -0.073 0.049 0.017 0.011 0.015 0.929
STH3  1.003  -0.12 0.039  -0.002 0.002 0.021 1.731
CTY1l 0.996 -0.084 0.017 0.011  -0.002 0.022 0.856
CKS1  0.981 0 0 0 0 -0.02 0.844
CKS2  0.853 -0.006 0.045 0.012 0.012 0.023 0.827
CKS3  0.907 -0.034 0.037 0.009 0.005 0.029 1.114
MWT1 0917 -0.045 0.062 0.006 0.002 0.019 0.986
MWT2  0.867 0.014 0.032 0.016 0.003 0.031 0.868
MWT3  0.882 -0.025 0.043 0.018 0.002 0.024 0.921
CNI1  0.979 -0.073 0.026 0.014 0.004 0.019 0.561
CNI2  0.948 -0.069 0.041 0.026  -0.001 0.03 0.638
NTH1 0921 -0.073 0.058 0.034 0.003 0.031 0.681
NTH2  0.812  0.009 0.047 0.027 0.012 0.033 0.562
NTH3  0.977 0 0 0 0 -0.023 0.655
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9. Appendix C: Format of SWD files

The ten-minute SWD files are .csv files and are ethrlBySWD-EC-tenm.csv and
5ySWD-EC-tenm.csv. The 2ySWD prefix indicates dNKI-based SWD, while the
5ySWD indicates a MM5-based SWD. Hourly averafgsfare also available.

The columns of the csv file are given in the header. These are

Year,Month,Day,Hour,Minute, Speed (m/s) for Site.1,Speed (m/s) for Site 15

Where

Site 1 = STH1 Site 2 = STH2 Site 3 = STH3
Site 4 =CTY1 Site 5 = CKS1 Site 6 = CKS2
Site 7 = CKS3 Site 8 = MWT1 Site 9 = MWT2
Site 10 = MWT3 Site 11 = CNI1 Site 12 = CNI2
Site 13 = NTH1 Site 14 = NTH2 Site 15 = NTH3

Multi-year ten-minute synthetic wind speed time-series for 15 actual or proposed New Zealand wind farms

42



