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Executive summary

Thisstudy investigatsethe relationships between inteannualclimate modes and different indices of
rainfallin the Wellington regionlt represents arupdate to a similar study undertaken by NIWA for
the Greater Wellington Regional Council in 20d8dincludes additional analyses focused on the
characteristics of rainfall variability and trends over the Greater Wellington region.

The climate modesonsidered werghe El Nifio Southern Oscillation (ENSO), the Southern Annular
Mode (SAM), the Indian Ocean Dipole (I0D), and the South Pacific Subtropical Dipole (SPSD). Rainfall
indices considered were total rainfathin days, heavy rain days, and dry days.

A compositeanalysisapproach, whichs suitedto uncove the potential nonlinear impacs of the
above climate modesver the regional climate of the Wellington, revealed that the signal
associated with thesenter-annual climate modeare, broadly speakingneither strong nor
statistically significantHowever,somestatistically significant and relatively robust signatse
identified for the Greater Wellington regigmncluding:

A Reducedspring (SONRinfall andfewer heavy rain days during positive phases of
ENSO (El Nifioyer the whole region

A Reducedsummer (DJRRginfall for northern parts of the region during positive phases
of the IOD.

A Increasedvinter (JJAjainfall andmorerain days for many parts of the region during
negative phases of SAM.

A Increasedsummer (DJRRinfall for the Wairarapa during positive phases of the SPSD.

In addition, supplementary analys&scused on the characteristics of rainfall variability and trends
over the Greater Wellington region revedlthe following:

A Some negative trends in seasonal rainfall accumulations in some areas are discernible
and supefimposed on large interannual (year to year) variahiiitysomdimited areas
this trend is statistically significant.

A The primary modgextracted via Empirical Orthogonal FunctiooByear to year
variabilityis homogeneous over the region, and explabsut 76% of the total
variance, a secondary mogdexplaining about 12% of the totalinfall variance, is
characterised by rainfall anomalies of opposite sign either side of the Tararua ranges

For future work NIWA suggests thindings of this study could be leveragedimprove the
relevanceg and possibly the accuracyof tailored seasonal climate outlooks for the Greater
Wellington regionFurther work would also be needed to better understdmiv the state of the
different climate modes investigated in this stuahypdulate theaccuracy of probabilistic forecasts for
the region derived from thénitialised ensemble seasonal forecasting prediction system (the C3S
Multi-Model-Ensemblejhat NIWA utilises to underpin its Seasonal Climate Outlook (SCO).

Relationships between interannual climate modes and rainfall in the Wellington region 7



1 LY UNRRdAzOUA Z2Y

In 2018, NIWA producedraport which examined theelationships betweemrlimate modes and
different climate variablesn the Greater Wellington regio(Fauchereau et al., 20)18This reportis
an updatedand extendedsersion of that2018work, focusing on rainfallThe presenteport utilises
the intervening years advailable dataleveragesadditionalsources ofainfall datg and provides
supplementary analyses

Thereport focuses on the relationshipetween seasonally aggregated rainfall parameters and
interannual climate modegSections3 to 5), with the information primarily presented as maps

Descriptive textcorresponding to the maps iscluded,but is limited to the dominant patterns only

The rainfall parameters selected amal rainfall,the number of rain dayghe numberof days

exceeding the climatological 9(ercentile of daily rainfafNBE F SNNB R (2 )aadthwKS| @&
number of dry daysThe climate modesonsideredarethe El Nifio Southern Oscillation (EN303,

Southern Annular Mode (SAMhe Indian Ocean Dipole (I0OD) atie South Pacific Subtropical

Dipole (SPSD)

In addition statisticalanalyses havbeen conductedd shed light orrainfall trends andainfall
variability in theGreater Wellingtorregion andii K S f relatidgngh)dIaith largescaleseasurface
temperature (SST) anomaigSection?).

8 Relationships between interannual climate modes and rainfall in the Wellington region
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2 aSiK2Ra
2.1 Datasets

Rainfall

The focus of this report is on rainfalhree datasets have been used to document rainfall variability
over theGreater Wellington regian

A TheWh LJS NJ Mirtha? GlimateCStation Network/CSNat 5 km resolution This
version of VCSbbmprises aily rainfallaccumulationdrom January 19610 present.
These data aractively maintained and updatdaly NIWANIWA, 2024)and hare
been recently utilised as the source dataset for the statisticattiseection of the
updated downscaled climate change projections for New Zealand that NIWA has
produced.

A TheW! dz3 Y Sy (i & 500 m regolutton This version of the VCSNorporaes

rainfall data from regional councils (including Greater Wellington Regional Colincil).
comprises aily rainfallaccumulationgrom January 1972, October 2021 These data

are ron-operational,with no biascorrection,andhave demonstrateding-like

artefactsaround relatively high elevation terraiM@cara et al., 2024 These data are

not actively updatedby NIWADue to these limitationstheW! dzZaAYSy i &RQ =+/ { b
are only used for comparison witENSO.

A TheMSWER .8.0(Multi-Scale Weighted Ensemble Precipitatidajaset MSWEP ia
global, merged {.e.,integratingsatellite, insitu, andreanaly$s data) dataset produced
by the glo2ho initiativéBeck et al., 2019). MSWESprises aily rainfall
accumulationgrom January 197% present Thisdataset has been shown toompare
favourablywith VCSN as well as other precipitation prodysexeVishwanathan et al.,
2023)

Seasurfacetemperatures

Sea Surface Temperaturfg§Janomalies are used to define ENSO (&@Nifio 3.4 index domain),
the 10D and the SPSLCBEST are also consideriadsection? (regionalanalyses and relationships with
large-scaleseasurfacetemperatures)n all cases, th8ST anomalies were calculated from the
griddedExtended Reconstructed Sea Surface TemperdiERS V5 dataset(Huang et al.2017)
and the climatological period is 192020

Geopotentialheight

TheSAMindex is derived from an Empirical Orthogonal Functinalysi§EOF, also known as
Principal Component Analyseg)plied to atmosphericnonthly geopotentialheightanomaliesat 850
hPa (see&xction2.2below). The dataset used is tiNational Centers for Environmental Prediction
(NCEP/ National Center for Atmospheric ResearbBlCARreanalyss systemKalnay et al., 1996)

2.2 Definition of climate modes
For all indices:

A The dimatological period for calculation of the anomalies is 12920 formerly 1981-
2010 inthe 2018version of this repoit

Relationships between interannual climate modes and rainfall in the Wellington region 9



No detrending was applied his methodological choice is expectece relevant
mostlyin the case of th&&AM for which is more detailed comment is provided in
Section2.5(caveas).

Seasonalfummer DJFautumn MAM, winter: JJAspring SON) anomalies are
calculated as the average of therrespondingnonthly anomaliedor each index

For ndividual indicesreaders are referred téauchereau et al. (2018) for detailed definitions. Brief
definitions are included below

A

ENSQ averageSST anomalies in the central / eastern equatorial P4bifi&S, 190
240); represented bythe Nifio 3.4index domain.

SAM¢ first PC associated witlirst EOF of monthly Z850 anomalies from NCEP / NCAR
(NCEP 1) reanalys&uthern Hemisphere(south of 20°S) weighted by cos(latitude),
19502024 .Note:

T The SAM index shows a (wédhown) positive trend
T This positiverend depends on the period ahalysis

1 Composite seasons selection (based on 7 top / bottom values for each season)
sensitive to dataset, method of calculation, and period of analysis

I0D¢ standardised (1991-2020) difference between monthly SST anomalies in the
Eastern and Western Tropical Indian Ocean

SPSQ standardised (19912020) difference between monthly SST anomalies
northeast southwestof New Zealand

2.3 Parameters
The rainfalrelated parameters included in this report are described below:

A

A
A

Seasonal rainfalbtal anomalies, in percentage of normal (192220), for seasons
summer DJF, autumn MAM), winter (JJAandspring SON.

Total rain days¥0.5 mm/day). Seasonal, anomalies (in number of days)

Dry dayscounterpartof total rain daysi.e.,days withrainfall < 0.5 mm seasonal,
anomalies (in number of days)

Heavy rain daysiays with rainfall exceeding the climatological"g@ercentile of rain
days.The percentiles are calculated using all days falling within the target seasog. (
for summer (DJF}the 90"-percentile is calculated using all days from 1 December of
year-1 to 28(29) February of year I Anomalies expressed in number of days.

2.4 Composites
Composite samplesf the positiveandnegative phase of each climate mode have been utilised for

this report:

A Composite samples of each climate mode indexbased orthe severhighest/lowest

indexvalues (see below for further refinements)

10
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A Climate modes impactare non-linear over Rw Zealand(and the Greater Wellington
region) The varying response of rainfall paramettgry<limate modes were tested for
significance usinuultiple t-tests, derived usinghe method described iBenjamini
and Hochberg (1995).

A All calculations and mappingsedthe Pythonprogramming languagand the scientific
python ecosystem

Further rotes on theclimate modecomposites:

ENSOand to a lesser exterihe SPSD, tend to peak during the Southern Hemispienemer(DJF,
while the I0Dtends to peak during the Southern Hemisphepging(SON).

For theseindicesii K i I NB atiAPY SR HYK2 a%KS YSIy aSrazylf
seasonal composite sampleaneither anchoredrelativetotheY 2 RS Q& & S (sangmgrDIF LIS | |
for ENSQr the SPSBpring SON for the 10D, or based on theevenmost extreme €.g.,highest

for El Niio, lowest for La Nia) values recordethdependenthffor each seasan

For the relative definition, typicavolution ofENSQralues before and after theummer DJF peak
wouldlead to selecting thavinter (JJAandspring EON seasons before the peake.,winter (JJA
(yearc 1) andspring(SON (year¢ 1) and theautumn MAM) season immediately following the peak,
i.e.,autumn MAM) (year 0)

Discussions between NIWA abudl. Alex Pezza (Senior Climate Scier@®¥REcompared theresults

for the two optiors, andcanvasecaonsiderations regardintpe interpretability and the intended use

for this report Following these discussioriswasagreedil 2 dza S (KS WAYRSLISY RSy
definitions,i.e.,the composite years are definaéddependentlffor each season, based upon the
sevenhighestlowestvalues recorded for eadhdexover the period 1962024 (operational VCSN)

and 19792024 (MSWEPFBimiarly, the highest/lowestthree valuesof ENSQvere selectedor the

Wi dzZa Y Sy (i &sessments { b

For referenceFigure2-1 presensthe evolution ofthe ENSOndexfrom sixmonths before the
summer DJF peak tosixmonths after, based upon thieighest/lowest severalues over thel
March1961¢ 29 Februarn®024 period Similarly Figure2-2 shows that the IOD tends to peak during
the Southern Hemisphergpring(SON).

Relationships between interannual climate modes and rainfall in the Wellington region 11



Nino 3.4 index evolution (WRT to DJF), top / bottom 7 events
Positive NINO3.4 Negative NINO3.4
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Figure2-1: Monthly evolution of the Nfio 3.4(ENSOindexfor selectevents
IOD evolution (WRT to SON), top / bottom 7 events
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Figure2-2:  Monthly evolution of the 10D for select events.
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2.5 Caveats

The climate modes are not strictly independent, and several studieshighiightedthe
relationshigs between for examplethe |IOD andENSJZhang et a) 2021), and ENSO and the SPSD
(Guan et al 2014 Zheng and Wan@021).

Positive 10D events (with warmer than normal SSTs in the western Indian Ocean and cooler than
normal SST in the eastern Indian Ocetan)d to precedethe peak ofEl Niio events, although this
relationship is notobustlylinear.

Similarly positive ENS®vents(El Nifioend to be associated withegativeSPSD eventsvith cooler

than normal SSTaround New Zealand, and warmer than normal SSTs to the southeast of New

ZealandLa Nifaare associatethrgelywith anopposite pattern which is consistent with the

tendency for Marine Heat Waves (MHWS) to occur during La Nifia evengslarge extenthe SPSD

can beconsidered a regional manifestatiaf ENS@ndpart of the causal chaid 2 NJ Wi St SO2yy SO
linking thedistant coupled ocean atmosphereanomalies taking place in the tropical Pacific during

ENSO eventand the associatetemperature andrainfall anomalies observed in New Zealand

Figure2-3 presensthe correlation coefficients between the tirrgeries oENSOand the 10D and
the SPSDrespectively The results aratratified by seasorCorrelationssignificant at the 99% level
are shownwith a False Discovery Ratmorrectionapplied (Benjaminind Hochberg, 1995

ENSO (Nino 3.4) and IOD ENSO (Nino 3.4) and SPSD
0.6 0.0
0.5 -0.1-
0.4
-0.2
x 0319 o4
£ 03]
8 o
& &
0.1 —0.4 7
0.0 —0.5 -
_01 -
~0.6 -
-0.2
JIA SON DJF MAM JA SON DJF MAM

Figure2-3: Correlation coefficient between Nio 3.4 and IOD (left) and SPSD (righ$tars indicate
correlations significant at the 99% level.

TheSAMis charactesed by asignificant positive trend ovaecentdecadesAs such, the positive
composite samples tend tioe concentrated otatest decadesForexampleof the composites
samples matching theperational VCSN dataset (198024), the(top-7) positive years foDJF are
1982, 1995, 1998, 2015, 2016, 2023 and 2024, while the (beRtpnegative years arE964, 1965,
1967, 1969, 1971, 1972 and 197he positive SAM trend is a defining characteristic of this mode
and is well understood to result both froemthropogenic global warming and ozone depletibor
this report, he SAM indekas not been detrendedlhereforethe uneven distribution of positive
and negative phases of the SAM needs to be kept in nvimeh interpreting the results.

Relationships between interannual climate modes and rainfall in the Wellington region 13



Figure2-4 presents theseasonal timeseries of the SAM index, with the linear trend line overldide
red and blue markers highlight the topand bottom-sevenseasons selected for the composites
respectively

Seasonal SAM index

JJA: R-squared: 0.44, P-value < 0.001 SON: R-squared: 0.46, P-value < 0.001
2 2
1A 1A
0 A 0 A
_1 - _1 -
-2 1 -2
_3 _I T T T T T T T T T T T T T _3 _I T T T T T T T T T T T T T
1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020
DJF: R-squared: 0.49, P-value < 0.001 MAM: R-squared: 0.67, P-value < 0.001
2 2
1A 11
0 A 0 A
_1 - _1 -
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Figure2-4: Seasonal timeseries of the SAM index.

As described in Sectighl, rainfall data from thehree different datasetsare available over different
periodsof time. As such, there cannot be a ot®one correspondence between the composite
samples selected for each rainfall dataséten selected the top / bottom values of the climate
modes

One also must note that the sign of the composite anomaly between the different rainfall
parameters might not always be consistent, especially when it comes to heavy rain days, which by
definition (the top 10% of daily rainfall accumulations) esfativelyrare.
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While statistical significance is indicated by stippling in the composite maps (with a 90% confidence
level chosen) it also must be interpreted withution.The emphasis therefore needs to be on the
high-levelinterpretation of the patterns emerging from the following composite analyEésments

of interpretation areprovided ineach of the sections (parameters + climate driveid of this.

2.6 Observed rainfallrends

Of the three rainfall datasets used herbgtoperational VCSN (at 5 km resolujigmavailable over
the longest period (1962024) During this time some areas of th&reater Wellington regioshow
small but significant trends in some rainfall paramet&igure2-5, Figure2-6 and Figure2-7 present
the seasonal trendfor rainfall accumulation, number of dry days and numbery wetdays(rainfall
> 90" percentile)respectively

Trend in JJA Cumulative Precipitation (mm/year, 1961 - 2024) Trend in SON Cumulative Precipitation (mm/year, 1961 - 2024)
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Figure2-5:  Trends in seasonal rainfall accumulation.
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Trend in JJA dry days (days/year, 1961 - 2024) Trend in SON dry days (days/year, 1961 - 2024)
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Figure2-6:  Trends in seasonal number of dry days.
Trend in JJA heavy precipitation (days/year, 1961 - 2024) Trend in SON heavy precipitation (days/year, 1961 - 2024)
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Figure2-7:  Trends in seasonal number of very wet days.
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To illustrate the magnitude of the trend in context of the interannual variability, we have calculated a
subregional index (outlined in bladkgure2-8 below) and overlaid the linear trend wwinter (JJA

rainfall accumulation. The trend is abo@t3 mm/year, which corresponds to a decreas@about

200 mmaccumulatedseasonaprecipitation over thel961-2024period, noting thatthis trend takes

place in the context of large interannual (year to year) variability

Trend in JJA Cumulative Precipitation (mm/year, 1961 - 2024) JJA seasonal accumulations
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Figure2-8: Subregional trend inwinter (JJAYainfall.
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3.1 ENSQ positivephase(EINifio)

In this section, we compiled composite maps for seasonal raarialhalies (expressed in
percentage of normal) for the positive phases of ENSO (EI.Nifio)

The analyses show a relatively consistent signal oveGtieater Wellingtorregion during the
positive phases of ENSO, both for the operational VENré3-1) and for the augmented VCSN
(Figure3-2). In both cases, a dry signal is evident, especiallydong (SONgndsummer (DJRNd
for the eastern half of th&reater Wellingtonregion {.e., east of the Tararua rangeg)lso present is
a wet signal (albestatistically norsignificant) west of the Tararua rangesastumn(MAM).

The signal is embedded in a larggale, Pacifiavide signal as evidenced by the composite anomalies
from the MSWEP dataséfigure3-3): Drier than normal conditions occur in the Southwest Pacific,
approximately from Vanuatu to French Polynesia, during positive phases of ENS@attern
therefore is relatively robust.

3.1.1 OperationaWCSN

Rainfall composite (percent normal) for NINO3.4 positive phases Rainfall composite (percent normal) for NINO3.4 positive phases
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Figure3-1: Rainfall anomalies (operational VCSN) during Hid\i Stipplingindicates areas of statistical
A& A3y AT A OKNY e yeardiindiciteKundeteach figare those of the last month in the seasang.,
DJF 1973 refers to December 197Pebruaryl973)
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3.1.2 Augmented VCSN

Rainfall composite (percent normal) for NINO3.4 positive phases
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Figure3-2:  Rainfall anomalies (augmented VCSN) during EI Nifibe legend range of 7030% was
selectedto match the range presented for theperationalVCSN maps abovEigure3-1).
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3.1.3 MSWEP

MSWEP rainfall compaosite (percent normal) for NINO3.4 positive phases MSWEP rainfall composite (percent normal) for NINO3.4 positive phases
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Figure3-3: Rainfall anomalies (MSWEP) during EI Nifio.
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3.2 ENSQ negativephase (La Ra)

In this section, we compiled composite maps for seasonal rainfall anomalies (expressed in
percentage of normal) for theegativephases of ENSQ4 Nifi

Notably,the composite anomalies observed during La NFigure3-4 to Figure3-5) show thatthese
events are not necessarily associated with anomalies of the opposite sign of El Nifio Eliesigs
especially the case durirspring(SON) andummer (DJFWwhere significant areas of th@reater
Wellingtonregion show drier than normal conditions during both El Nifio and La Nifia events,
although the anomalies are not necessarily significArgmall wet signal is also presaémtautumn
(MAM) and winter (JJA) especially in the Wellingtgion, although here again the anomalies are
not statistically significant.

The amplitude of the anomalies is also generally smaller during La Nifiatiing EI Nifio

It is also consistent with a larggeale signal in the southwest Pacific that is less extant and more
muted during La Nifia than during El Nifio, as evidenced by the composite anomalies in the MSWEP
dataset(Figure3-6).

3.2.1 Operational VCSN

Rainfall composite (percent normal) for NINO3.4 negative phases Rainfall composite (percent normal) for NINO3.4 negative phases
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Figure3-4: Rainfall anomalies (operational VCSN) during La Nifa.
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3.2.2 Augmented VCSN

Rainfall composite (percent normal) for NINO3.4 negative phases Rainfall composite (percent normal) for NINO3.4 negative phases
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Figure3-5: Rainfall anomalies (augmented VCSN) during La Niflae legend range of 7030% was
selectedto match the range presented for theperationalVCSN maps abovEigure3-4).
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3.2.3 MSWEP

MSWEP rainfall composite (percent normal) for NINO3.4 negative phases MSWEP rainfall composite (percent normal) for NINO3.4 negative phases
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Figure3-6: Rainfall anomalies (MSWEP) during La Nifia.
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3.3 10D¢ positive phase

As highlighted above (se&fction2.5), the 10D is not strictly independent from ENSO, with IOD
positive phases igpring (SON)ften coinciding with the development phase of positive ENSO
events and viceversa

As expected from this relationship, positive 10D events tend to be associated with drier than normal
conditions for theGreater Wellingtonmegion especially duringpring SON and more sssummer

(DJK (Figure3-7). In winter (JJA) though, wetter than normal conditions tend to be associated with
the positive phases of the IOD, but we note that the 10D, given its strong{d@seg onto the

spring (SONANd the pattern of its relationship with ENSO, is omtsistentlyexpressedn winter

(JIA).

However, he MSWEP composites highlight the fact that lasgale coherent rainfall anomalies
associated with the 10D are mostly restrictedsfiring SON (Figure3-8), reflecting the strong phase
locking of the IOD phenomenon on the seasonal cycle.

In summary, the composite anomalies associated with the 10D positive plaagely reflecthe
relationship between the 10D and ENSO.

3.3.1 Operational VCSN
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Figure3-7: Rainfall anomalies (operational VCSN) during the positive phase of IOD.

24 Relationships between interannual climate modes and rainfall in the Wellington region



3.3.2 MSWEP

Figure3-8: Rainfall anomalies (MSWEP) during the positive phase of 10D.
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