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Key Points:

e New Zealand atmospheric rivers (ARs) tend to have genesis within the Tasman Sea and

terminate in the South Pacific Ocean.

e Impactful ARs originate further from landfall, in the north Tasman Sea for the North

Island and southern Australia for the South Island.

e New Zealand ARs are modulated by the MJO with phase 5 notably bringing anomalous

meridional moisture flux and AR frequency over the country.
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Abstract

New Zealand atmospheric river (AR) lifecycles are analyzed to examine the synoptic
conditions that produce extreme precipitation and regular flooding. An AR lifecycle tracking
algorithm, novel to the region, is utilized to identify the genesis location of New Zealand ARs: the
location where moisture fluxes enhance and become distinct synoptic features capable of
producing impactful weather conditions. Genesis locations of ARs that later impact New Zealand
cover a broad region extending from the Southern Indian Ocean (90°E) into the South Pacific
(170°W) with the highest genesis frequency being in the Tasman Sea. The most impactful ARs,
associated with heavy precipitation, tend to originate from distinct regions based on landfall
location. Impactful North Island ARs tend to originate from subtropical regions to the northwest
of New Zealand, while impactful South Island ARs are associated with genesis over southeast
Australia. The synoptic conditions of impactful AR genesis are identified with North Island ARs
typically associated with a cyclone in the central Tasman Sea along with a distant, persistent low
pressure off the coast of West Antarctica. South Island AR genesis typically occurs in conjunction
with moist conditions over Australia associated with a zonal synoptic-scale wavetrain. The
Madden-Julian oscillation (MJO) is examined as a potential source of variability that modulates
New Zealand AR lifecycles. It appears that the MJO modulates AR characteristics, especially
during Phase 5, typically bringing more frequent, slow moving ARs with greater moisture fluxes
to the North Island of New Zealand.

Plain Language Summary

The occurrence of atmospheric rivers (ARs) in New Zealand regularly results in extreme
precipitation and flooding. This study presents the lifecycle of atmospheric rivers, identifying the
atmospheric conditions that allow for ARs to form which then cause precipitation in New Zealand.
The majority of New Zealand ARs tend to come from the Tasman Sea and then propagate across
the South Pacific Ocean. The ARs that cause extreme precipitation originate from distinct regions
in the Tasman Sea and over southern Australia. Northern landfalling ARs are associated with a
large trough and a cyclone in the north Tasman Sea while southern ARs in New Zealand are
associate with a cyclone position to the south of Australia. The Madden-Julian Oscillation, the
position of tropical deep convection, is examined as a modulator of AR lifecycle characteristics.

Phase 5 of the MJO is identified as an important phase for increasing the moisture flux and AR
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activity over northern New Zealand, indicating an opportunity to improve seasonal-to-subseasonal

forecasting.

1 Introduction

Flooding regularly causes hazardous conditions and substantial damage to infrastructure
and property in New Zealand, resulting in significant environmental and socioeconomic impacts
(Revell et al., 2019; Prince et al., 2021a). Historical individual flood events are recorded to cost
more than USD$25 million (based on adjusted insurance claim data) with recent events exceeding
USD$100 million (Reid et al., 2021; ICNZ, 2023). Identifying the atmospheric conditions across
all spatiotemporal scales associated with hazardous conditions allows for an accurate impact-based
assessment of geophysical properties. Furthermore, describing the specific atmospheric dynamics
associated with such events provides a physically-based, dynamical understanding (compared to
commonly cited probabilistic changes, e.g. Stone et al., 2022; Rhoades et al., 2021) of how

changing atmospheric circulations may impact livelihoods.

An increasingly common method for studying the atmospheric controls on heavy
precipitation and flooding is to identify landfalling atmospheric rivers (ARs), plumes of enhanced
midlatitude water vapor transport, and their associated dynamics (Ralph et al., 2019). Numerous
studies in recent years have identified that precipitation in New Zealand is dominated by the
occurrence of ARs, with the vast majority of heavy precipitation events occurring during these
extreme moisture fluxes (Kingston et al., 2016; Prince et al., 2021a; Reid et al., 2021; Shu et al.,
2021). Prince et al., (2021a) presented a climatology of New Zealand ARs that account for up to
75% of total precipitation and >90% of heavy rainfall on selected West Coast weather stations. A
more comprehensive calculation of New Zealand AR precipitation impacts for weather stations
across the country (from the NIWA CliFlo database; https://cliflo.niwa.co.nz/) is presented in
Figure 1 (corroborating Shu et al., 2021). There is a distinct spatial structure to the amount of
precipitation ARs deliver in NZ, which is related to topography. On the western side of both
islands, ARs account for between 50% and 85% of total annual precipitation (70% to 90% of
extreme precipitation), and account for between 30% and 50% on eastern sides of the country (less

than 50% of extreme precipitation).
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Figure 1. Mean percentage of (left) annual precipitation and (right) annual extreme precipitation
(in the 98™ percentile) from ARs in New Zealand from the NIWA CliFlo weather station network
(https://cliflo.niwa.co.nz/). The presented 118 stations were selected with hourly precipitation
records spanning more than 10 years with less than 10% missing data. Position of New Zealand in
the Southwest Pacific basin shown in upper left and topography of New Zealand is shown with
gray shading over the country with the Southern Alps (> 1000 m.a.s.l.) identified as the dark gray
region extending the length of the South Island.

The broad synoptic scale conditions associated with landfalling ARs in various regions of
New Zealand was presented by Prince et al. (2021a), highlighting the important orientations of the
dipole pressure anomalies directing moisture laden air masses towards various coastlines of New
Zealand. Prince et al. (2021a) and Reid et al. (2021) both discuss the seasonality and impact of
ARs, with almost double the amount of ARs occurring in summer compared to in winter.
Furthermore, AR precipitation is distinctly related to the moisture flux and duration, as defined by
the AR rank; Ralph et al. (2019), especially for the western coast of New Zealand (Prince et al.,
2021; Reid et al., 2021). Pohl et al., (2021) highlight the importance of the vapor transport
orientation towards the landmass of New Zealand for producing extreme precipitation, which
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directly relates to the pressure anomalies and preferential geostrophic flow. Results from Kingston
et al. (2021) and Prince et al. (2021a) further demonstrate the importance of landfalling moisture
flux direction through flooding case studies and calculated composites, respectively. Intense
moisture flux across the Tasman Sea, directed towards the mountainous regions of New Zealand,
has also been shown as a key driving mechanism in producing both heavy snowfall and snow/ice
melt (Little et al., 2019; Cullen et al., 2019; Kropac et al., 2021; Porhemmat et al. 2021). These
studies have all focused on the landfalling characteristics and statistics of New Zealand ARs ,with
the full dynamical description of New Zealand ARs lifecycle, genesis and termination, remaining

elusive.

The modulation of extreme weather and particularly extreme precipitation in New Zealand
through larger scale climate modes and oscillations is an emerging avenue of study which adds
understanding to seasonal-to-subseasonal forecasting and teleconnections (Mariotti et al., 2020).
The Southern Annular Mode (SAM), El Nifio Southern Oscillation (ENSO), Interdecadal Pacific
Oscillation (IPO), and the Madden-Julian Oscillation (MJO) have all been shown to influence
weather regimes that impact New Zealand (Salinger et al., 2001; Kidston et al., 2009; Fauchereau
etal., 2016). The SAM, ENSO and IPO are low frequency, large-scale climate modes that manifest
as variations in wind speed, surface pressure, and sea surface temperatures at monthly to decadal
time scales (Salinger et al., 2001; Fogt and Marshall, 2020). Due to the large spatiotemporal scales
of SAM, ENSO, and IPO, the synoptic-scale impacts on New Zealand are not straightforward, and
rather appear as statistical anomalies on the climate scale.

The MJO however, is a convectively coupled, eastward propagating tropical wave that
follows a 30 to 60-day cycle that has direct dynamical influences (Zhang et al., 2020). The direct
thermodynamic signature allows for effective understanding of teleconnections propagating from
regions of enhanced tropical convection, through upper-tropospheric divergence and the
generation of poleward extending stationary Rosshy waves (Hoskins and Karoly, 1981; Henderson
et al., 2017). Midlatitude precipitation anomalies in particular are described well throughout the
MJO lifecycle through propagating Rossby waves (Wang et al., 2023). The Northern Hemisphere
teleconnections of the MJO have received a lot of attention, most recently, focusing on AR
occurrence in North America (Zhou et al., 2021; Toride and Hakim, 2022; Wang et al., 2023).
Fauchereau et al. (2016) demonstrated that, for New Zealand, the MJO has a direct influence of

the type of weather regimes that influence the country, suggesting an ability to improve
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predictability of impactful weather events as modulated by the MJO. Importantly, moist, west to
northwesterly flows toward the country can be up to 50% more or less frequent based on the phase
of the MJO. Ponhl et al. (2022) goes on to demonstrate that New Zealand weather types are closely
linked to AR occurrence, therefore, it is likely that the lifecycle of New Zealand landfalling ARs
are also influenced by the MJO and the shifting location of tropical deep convection. The role of
MJO on AR lifecycles forms the secondary focus of this study due to its importance for moisture
flux (and presumably ARs) in New Zealand and the potential scientific advances that MJO-AR
relationships can elicit as demonstrated for the North Pacific (Zhou et al., 2021; Toride and Hakim,
2022).

Tracking ARs throughout their lifecycle, including identifying conditions conducive to
their formation and controls on lifecycle characteristics, has become an active research topic (Guan
and Waliser, 2019; Kim and Chiang 2021). Recent advances in AR lifecycle tracking algorithms
provide details such as the genesis location, travel speed, age and termination location of ARs
(Guan and Waliser, 2019). AR lifecycle tracking on the West Coast of the USA has allowed for a
unique understanding of the initial, distal atmospheric conditions conducive to the development of
heavy precipitation and consequently substantial societal impacts to the region. ARs that travel
further over the ocean prior to landfall tend to have greater integrated vapor transport (IVT; Zhou
and Kim, 2019). Prince et al. (2021b) also demonstrates that the spatial distribution of AR genesis
tends to shift further from the coastline for more damaging ARs, increasing the distance travelled
over ocean prior to landfall and increasing the vapor transport (corroborating with Zhou and Kim,
2019). The identified AR genesis location (and associated time step) is the point in time and space
when a region of moisture flux increases in magnitude (from quiescent conditions), becoming
sufficiently large and intense to be considered an AR and consequently, a synoptic-scale feature
capable of producing heavy precipitation. AR genesis can therefore be considered as the
strengthening of lower-level winds (often through a pre-cold frontal lower lever jet) within a moist
environment, often associated with a developing midlatitude cyclone (Ralph et al., 2018). The
presence of strong vapor transport can also generate a positive feedback for cyclonic
intensification, with additional latent heating generating lower level diabatic potential vorticity
(Lackmann, 2002; Zhang et al., 2019).

These emerging studies on AR lifecycle were all focused on the west coast of North
America with AR genesis across the North Pacific (Sellars et al., 2017; Zhou et al., 2018; Zhou
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and Kim, 2019; Kim and Chiang, 2021). The focus of this study is to examine the lifecycle,
specifically the genesis, of ARs that make landfall in New Zealand in order to provide insight into
the synoptic patterns and large-scale dynamics associated with the transport of moisture leading to
heavy precipitation events. The genesis and termination locations of New Zealand ARs are
examined for ARs throughout the entire year, followed by an assessment of how these vary based
on landfall location. The modulation of AR genesis location based on extreme precipitation is
presented at four individual weather stations, with an examination of the atmospheric conditions
associated with AR genesis for these locations. Lagged composites of AR genesis are calculated,
examining the atmospheric conditions prior and following AR genesis, to examine the antecedent
and subsequent conditions for impactful AR genesis. Finally, an examination of the role of MJO
on AR life cycles in New Zealand is presented to provide the first examination of the role of MJO

on New Zealand ARs and subsequent extreme precipitation.

2 Data and Methods

A historical climatology of landfalling ARs in New Zealand is developed from the ERA-
Interim reanalysis of 6-hourly instantaneous fields of global IVT (eastward and northward water
vapor fluxes) from 1979 to 2019 (40 years) at 1.5° resolution (Dee et al., 2011). Landfalling ARs
in New Zealand are identified using the Guan and Waliser (2019) Version 3, Tracking
Atmospheric Rivers Globally as Elongated Targets (tARget) algorithm (henceforth GW19). ARs
are detected as objects of coherent, elongated regions of increased vapor transport (IVT) as
described in Guan and Waliser (2015, 2019). GW1s9 is a widely used AR detection algorithm and
has undergone extensive validation and iterations of improvements, with the most recent version
being a benchmark for object-based global AR tracking (Guan and Waliser, 2015, 2017, 2019;
Guan et al., 2018). Examples of AR lifecycles are shown in Figure 2 for New Zealand, with
identified genesis and termination regions. While only a single AR lifecycle tracking algorithm is
used in this study (GW1y), validation from Zhou et al. (2021) has shown that new lifecycle tracking
algorithms (namely from Guan and Waliser, 2019, Zhou and Kim, 2019 and Shearer et al., 2020)
tend to perform consistently in identifying genesis location, especially for ARs of stronger

magnitude.
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Figure 2. Examples of two AR lifecycles that made landfall in New Zealand and produced
substantial precipitation (in the top 5 ARs recorded at the Hokitika rain gauge; exceeding 600 mm
within 3 days). The genesis location is identified with the blue outline and the yellow color and
the termination location is identified in purple. The relative age begins at zero at genesis and scales

linearly to termination at unity.

GWi1y assigns individual ARs a unique identification allowing each landfalling AR (an AR
that crosses the coastline of New Zealand) to be tracked throughout its lifecycle. The genesis and
termination locations are identified as the grid cells where an AR object is first detected and where
the final timestep of its presence is identified. A spatial relationship algorithm is applied in GW19
to quantify the relationship between detected AR objects between time and space to assess the
persistence of the same AR object throughout a lifecycle. An additional measure analyzed herein
is the lifecycle frequency, which is considered as the amount of time an AR is present for each
grid cell throughout its entire lifecycle, considering all time steps the AR is detected. The AR
lifecycle frequency may then be calculated over a set period (i.e. a year) to calculate the frequency

of time ARs are present in each cell.

Hourly precipitation records were examined from four locations on the western side of
New Zealand spanning the latitudinal range of the country (from north to south: Auckland,
Taranaki, Hokitika, and Fiordland). These precipitation records are used to examine the lifecycle
properties and atmospheric conditions for ARs that cause heavy precipitation; the ARs with the
potential to cause extensive damage. Storm-total precipitation is calculated as the amount of

precipitation that falls within 12-hours of an AR being present over the weather station. The 75™
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200  percentile of AR storm-total precipitation is chosen as the cut off to select the most extreme storms,
201  above which the amount of precipitation increases exponentially (Figure 3). Changes in AR
202 genesis with landfalling precipitation impact is examined using a one-sided Fishers-exact test (at
203  the 95% level; e.g. Orskaug et al., 2011), to examine differences in frequency of events with
204  differing sample sizes. Atmospheric composites and anomalies are calculated for all and impactful
205  ARs using Era-Interim 500 hPa geopotential height, vertically integrated water vapor (IWV), and

206  vertically integrated vapor transport (IVT).

N
&
o9
-’\{'3> “Secretary Island” “Rapid Creek” “New Plymouth AWS” “Auckland Aero”
—_ : 1000 — - — 50 — - 1200 —
£ Fiordland : Hokitika : Taranaki : Auckland
E 300 |- 800 : : :
5 150 |-
S : 100 |-
@ 200 | 600 -
o : -
© 400
2 100 30
E 200
o
2
92 0 0 0
0 1000 0 1000 2000 O 1000
AR count

207  Figure 3. Storm total precipitation associated with landfalling ARs from four selected weather
208  stations in New Zealand (named above figure) used throughout this research. The ARs are ordered
209  along the x-axis from greatest to least storm total precipitation. The 75" percentile in storm total
210  precipitation is identified with the red dotted line. ARs left of this line are selected as those that

211 are most impactful.

212 The multivariate MJO index (Wheeler and Hendon, 2003) is used to examine the role MJO
213 has on modulating New Zealand ARs. The index consists of two amplitudes (RMM1 and RMM?2)
214 from empirical orthogonal functions of tropical zonal winds and outgoing longwave radiation

215  categorized into 8 distinct phases. For each phase, MJO days are identified when the combined

216  magnitude (\/RMMl2 + RMM22) exceeds 1, a common distinction for identifying MJO days
217 (Henderson et al., 2017; Zhou et al., 2021). New Zealand landfalling ARs that have genesis during
218  an MJO phase are identified, however, since ARs can exist over multiple days it is possible for an
219 AR to have genesis in one MJO phase and termination in another. The initial conditions are the

220  focus of this study and so genesis during each phase is the focus to connect downstream impacts
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(in New Zealand) over the entire AR lifecycle to the conditions that were present at the time of
genesis (following similar justification to Zhou et al., 2021). Across all landfall locations,
approximately 62% of landfalling ARs have a genesis during an identified phase of the MJO, with
New Zealand AR genesis occurring on 12-19% of all days with an identified MJO.

3 Results

3.1 New Zealand AR lifecycles

We begin by examining AR lifecycles for all ARs that make landfall in New Zealand
irrespective of their landfall location, magnitude, or moisture flux direction. The genesis region
for New Zealand ARs stretches from 90°E to 160°W, from the Indian to the Pacific Ocean, with
the highest frequency of AR genesis located in the Tasman Sea, westward of the North Island
(Figure 4a). Tasman Sea genesis frequencies exceed 6 per year, with the highest grid cell
frequencies exceeding 10 per year. The greatest genesis frequencies are located immediately
adjacent to New Zealand, typically to the north-west. While AR genesis frequency does decrease
over the landmass of Australia, it remains elevated indicating that AR genesis is not limited to
maritime locations and advected moisture over the landmass of Australia is able to meet the
characteristics of a genesis AR. The eastward extent of AR genesis downwind of New Zealand is
notable and may also be associated with ARs that have genesis at the point of landfall with a large
shape that extends well beyond the landmass of New Zealand (Prince et al., 2021b). This eastern
genesis region will also reflect the genesis of ARs that make landfall on the east coast of New
Zealand (Figure 5; Prince et al., 2021a).

Termination locations for New Zealand ARs extend across the entire South Pacific from 150°E to
60°W (Figure 4b), with an average of 1.5 ARs per year terminating through the Drake Passage,
between South America and the Antarctic Peninsula. Similar to genesis, the highest termination
rates are immediately adjacent to the landmass of New Zealand representing ARs that have
termination at the time or shortly after landfall. A region of increased termination extends from
the southern end of New Zealand to the southeast, possibly indicating the direction most ARs travel
following landfall. Notably, over 3 ARs per year on average that landfall in New Zealand reach
the Antarctic continent, extending from Victoria Land and the front of the Ross Ice Shelf, across

the coastline of West Antarctic and to the western edge of the Antarctic Peninsula (Figure 4b).
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Figure 4. Mean frequency of AR (a) genesis and (b) termination for ARs that make landfall in

New Zealand at any point throughout their lifecycle (in counts per year) between 1979 and 2019.
(c) Lifecycle frequency of all AR objects for New Zealand landfalling ARs are shown as a percent

of annual time steps.
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254 Figure 5. AR genesis (a) and termination (b) frequency for ARs that make landfall in New Zealand

255  separated by regions as identified in (c) shown as percentages. For landfall to be selected in this
256  figure, the moisture flux of the AR must be directed from the ocean and towards the land. Total

257 number of AR lifecycles shown in the lower left corner in (a).

258  These termination locations are also well within the northern most extent of seasonal sea ice cover
259  around Antarctica (Parkinson and Cavalieri, 2012). The range between the westward extent of
260  genesis (90°E) and the eastward extent of termination (60°W) is over 210° of longitude, extending
261  more than half way around the globe, demonstrating the importance of planetary scale circulation

262  features on synoptic-scale cyclonic processes that initiate precipitation in New Zealand.
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Mapping the AR lifecycle frequency further adds to this understanding by demonstrating
where ARs that make landfall in New Zealand tend to occur, rather than their instantaneous genesis
or termination statistics (Figure 4c). The lifecycle frequency reveals important information about
the duration of AR conditions rather than the instantaneous genesis or termination object. Over the
landmass of New Zealand, AR frequencies of 10-12% of timesteps within the year are observed
which matches well with previous, location specific New Zealand AR frequencies (Prince et al.,
2021a). Furthermore, ARs that make landfall in New Zealand occur over southeast Australia (New
South Wales and Victoria) for 6-8% and Western Australia for 2-4% of annual timesteps. The
lifecycle map also reveals that New Zealand landfalling ARs are also present southward of 70°S,
well within the range of Antarctic sea ice for up to 2% of annual timesteps, corresponding to AR

conditions (associated with New Zealand ARs) on 7 days within a year.

Dividing the genesis and termination frequencies based on landfall location further reveals
the nature of AR lifecycles for various regions around the country (Figure 5). ARs that make
landfall on the western side of New Zealand (Central and Fiordland in Figure 5) have the largest
spread of genesis locations with up to 5% of landfalling ARs with genesis in the Indian Ocean,
westward of Australia (120°E). As observed in Figure 4, the genesis frequency increases with
proximity to the landfall location, increasing to up to 15% in locations adjacent to the coastline.
Elevated genesis frequencies of over 2.5% extend norward up to 20°S and across central Australia.
ARs that make landfall on the Northern coast of New Zealand have a more concentrated genesis
region, with frequencies over 2.5% remaining eastward of 120°E, over the landmass of Australia.
Towards the coastline, Northern ARs have genesis frequencies over 20%. East Coast landfalling
ARs have the most unique genesis region, being constrained mostly eastward of Australia in the
Tasman Sea and South Pacific Ocean. The core region of AR genesis for the East Coast is at about
180°E, to the northeast of New Zealand.

The spatial distribution of AR termination separated by region also reveals further insight
into the lifecycle of New Zealand landfalling ARs. Central and Northern landfalling ARs have
similar termination regions, with up to 4% of landfalling ARs having termination on the coast of
Western Antarctica. These regions also display two regions of enhanced termination, over the
landmass of New Zealand (over 12% of ARs) and in the South Pacific centered at 140°W and 60°S
(up to 8%). About 2% of Northern and Central ARs cross the entire South Pacific Ocean and have

termination in the Drake Passage. Fiordland ARs do not travel as far, with almost all termination
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occurring westward of the Antarctic Peninsula and less than 2% of ARs having termination
eastward of 90°W. Fiordland ARs exhibit a narrow band of increased AR termination indicating a
preferential pathway for ARs that landfall in this region, extending to the southeast of the South
Island with frequencies up to 12%. East Coast ARs tend to all have termination immediately east
of the North Island of New Zealand at 40°S and eastward of 180°E. The colocation of East Coast
AR genesis and termination regions suggests that ARs that make landfall in this region do not
travel far and have relatively short lifetimes compared to those that make landfall in other regions

of New Zealand.

3.2 Genesis frequency as a function of impact

A key question in this research is the role that genesis has on the impact of New Zealand
landfalling ARs. The difference in genesis frequency between all ARs and those that produce
impactful weather events (precipitation in the stations 75" percentile) is presented in Figure 6
across four locations spanning the length of the western coast of New Zealand (from south to north,
Fiordland, Hokitika, Taranaki, and Auckland). As found in Figures 4 and 5, AR genesis for all
locations on the western coast extends over Australia and towards 90°E, with those making landfall
further south having genesis regions extend further westward. The distribution of genesis locations
appears to shift notably when considering impactful ARs (75™ percentile precipitation) across all
landfall locations (statistically significant, at the 95% level from a one-sided Fisher-exact test).
The median genesis centroid and relationship between strom total precipitation and IVT is shown

in Supporting Information S1.

For Auckland, ARs tend to have more frequent genesis (frequencies up to 5% greater) in
the north Tasman Sea stretching between Brisbane and New Caledonia between 30°S and 40°S of
rates that are for individual grid cells. The reduced frequency to the south of the distribution
demonstrates that impactful ARs for Auckland tend to come from north of 35°S. Further south,
Taranaki exhibits a similar region of enhanced AR genesis in the North Tasman Sea, between the
top of the North Island and New Caledonia with an extended zonal range stretching northwest
across Australia. In the middle of the South Island, impactful ARs in Hokitika tend to have genesis
along the western side of the Tasman Sea, on the east coast of Australia with a broad range of
increased genesis across much of southern Australia. In Fiordland, at the southern end of New

Zealand, impactful ARs only have a small region of increased genesis in a narrow band along the
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southern coast of Australia. In summary, impactful North Island ARs tend to come from
subtropical regions to the northwest of New Zealand, while impactful South Island ARs are
associated with genesis over southeastern Australia, with the western Tasman Sea being a key
region of impactful AR genesis for all regions.

All ARs 75% perc. precip.
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Figure 6. The conditional frequency of atmospheric river (AR) genesis for ARs making landfall
at the four weather stations identified in Figurel for all landfalling ARs (left) and those that
produce precipitation in the 75th percentile (center). Conditional frequency is the probability an
AR object originates from a grid cell given that it makes landfall in each location and causes
precipitation in the specified range (i.e., exceeding the 75th percentile). The numerical absolute
increase in frequency (center column minus the left column) is shown (right) with statistical

significance (p < 0.05) shown with dashed lines (from a one-sided Fisher-exact test).

3.3 Synoptic conditions during AR genesis

To further investigate characteristics of these primary AR genesis regions, atmospheric
composites of vertically integrated water vapor (IWV), vertically integrated water vapor transport
(IVT), and 500 hPa surface heights are assessed for the four individual landfall locations for ARs
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that occur throughout the entire year (Figure 7). Genesis of all ARs for Auckland is associated

with a low pressure centered to the west of the South Island of New Zealand with higher pressures

to the northeast of the North Island. This pressure dipole initiates an anomalously moist,
northwesterly geostrophic flow directed toward the North Island of New Zealand. Considering the
other landfall locations, the location of this pressure dipole and associated moist geostrophic flow
shifts southward as expected. AR genesis for all locations in Figure 7 has a weak high-pressure
anomaly off the coast of Antarctic at about 50°S between 90°E and 110°E, suggesting the presence
of a wave packet, with embedded synoptic scale waves, directed to the northeast. Notably, for
Fiordland ARs, the moisture anomaly stretches across the entirety of Australia, suggesting that AR

genesis that landfall in Fiordland is associated with broad moist conditions across Australia.

All genesis 75th percentile precip.

20°5[1691 N T
- DQ‘V v
40°S = RCIP >

s vNe

Auckland

Taranaki
L]
3
{ 1 %
| /?'

Hokitika
O

Fiordland
()]
o
w

=2 R —
90°E 180° 90°W 90°E 180° 90
-4 -3 =2 =1 0 1 2 3 4
IWV anomaly (kg m~2) = =100kgmls!

Figure 7. Atmospheric conditions at the time of atmospheric rivers (AR) genesis shown with
composites of anomalous vertically integrated water vapor (IWV; green and brown), 500 hpa
height anomalous (red and blue 10 m contours, 30 m in bold) and vapor flux vector anomaly
(arrows) for all landfalling ARs (left) and those that produce precipitation in the 75th percentile

(right).
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Considering the most impactful AR conditions reveals enhanced moisture flux, IWV and
geopotential height anomalies at genesis (Figure 7). For Auckland, the cyclonic anomaly deepens
and shifts to the northwest, rotating the pressure dipole and allowing for a much more meridional
flow, producing a much more moist northly flow towards New Zealand. Interestingly, these
impactful ARs for the North Island are also associated with a large low pressure region in the
South Pacific Ocean centered at 60°S off the coast of Antarctica, centered between 180°W and
90°W. This additional geopotential anomaly combines with the previously noted tripole to trace a
planetary-scale wave from 90°E to 90°W (half a hemisphere) with an embedded wave packet, with
an embedded shortwave trough initiating AR genesis for the North Island of New Zealand. These
features of enhanced geopotential anomalies, northward rotated moisture flux, greater moisture
anomalies and the presence of a planetary-scale trough are apparent for both Auckland and

Taranaki impactful (75" percentile precipitation) AR genesis.

South Island impactful AR genesis anomalies reveals a more mixed spatial pattern. In
Hokitika, the cyclonic anomaly shifts westward and broadens with enhanced northerly moisture
advection. For Fiordland, the high pressure located over New Zealand strengthens while two
cyclonic anomalies are distributed to the south of New Zealand at 55°S. For both South Island
locations, impactful ARs are associated with substantial moist anomalies over the landmass of
Australia paired with substantial dry advection to the east of New Zealand. The upwind high
pressure anomalies also become much more pronounced for the impactful ARs, a feature that is

observed for impactful genesis for all landfall locations.

3.4 Lagged composite analysis

To further examine the preconditions of ARs in New Zealand a lagged composite analysis is
undertaken by calculating mean atmospheric conditions at the time of genesis along with 2 and 5
days prior and following AR genesis for all and impactful ARs. Lagged composites are only shown
for Hokitika and Auckland as representative locations, with the results from Taranaki and
Fiordland are presented in the supplementary materials (Supporting Information S2 and S3). For
all ARs in Hokitika, there is no consistent pressure anomaly, moisture flux or organized regions
of anomalous moisture at 5 days prior to genesis (Figure 8). At 2 days prior and genesis, there is

development and intensification of the low pressure anomaly in the composite with anomalous
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Figure 8. Synoptic-scale composites (of the same properties as Figure 7) on the day of genesis and

2 and 5 days preceding and following the genesis of ARs that make landfall in Hokitika for all

ARs (left) and those that produce precipitation exceeding the 75" percentile (right).

moisture flux occurring at the time of genesis, when conditions first meet AR characteristics. After

2 days from genesis the noted anomalies persist, and intensify, demonstrating the normal

progression of an AR intensifying and making landfall. After 5 days following genesis the moisture

anomaly has typically moved past New Zealand as the cyclonic feature translates eastward

indicating that on average, AR conditions have made landfall and passed over the country within
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5 days. Impactful Hokitika ARs have a large moisture anomaly 2 days prior to genesis associated
with a low that is passing to the south of Australia. Following genesis, impactful ARs are
associated with a strengthening of all anomalies of pressure, IWV, and IVT observed up to 5 days

following genesis.

Similar to Hokitika, Auckland AR genesis for all ARs does not have a signal in pressure,
IWV or IVT at 5 days prior (Figure 9). At 2 days prior to genesis, moistening can be seen to the
northwest of New Zealand with a low pressure in the south Tasman Sea in the composite.
Following genesis, the cyclonic anomaly shifts eastward to be positioned over New Zealand which
shifts the core of the enhanced moisture flux offshore to the east of Auckland, with all anomalies
easing by 5 days following genesis. The lifecycle of impactful ARs for Auckland has some notable
differences, namely, a large, stationary low pressure anomaly to the southeast of New Zealand, off
the coast of Antarctica at about 135°W and 60°S. This low pressure remains relatively unchanged
at a constant pressure anomaly and position over the 10 days centered around impactful ARs
genesis. Another notable feature is the broad moist anomaly over much of Australia up to 5 days
prior to impactful AR genesis. In the following 5 days leading up to genesis, a small cyclonic
anomaly passes over the south of Australia, organizing this broad region of moisture into a narrow
corridor along the leading edge of the cyclone, associated with the poleward flowing air of the
circulation. By the time genesis occurs, the previously noted full planetary scale trough is apparent
which persists for up to 5 days following genesis. As noted for Hokitika, the pressure anomalies
tend to strengthen 2 days following genesis for impactful ARs, driving further development of the

moisture flux in the events that produce substantial precipitation.

3.5 MJO impact on AR lifecycle characteristics

The role of the MJO on AR lifecycle characteristics is examined as an initial quantification
of its impact on the weather systems that produce precipitation in New Zealand. The mean
atmospheric conditions during the 8 MJO phases around New Zealand are shown in Supporting
Information S4 and S5 accompanied by composites of New Zealand landfilling ARs that have
genesis during each phase. Four individual AR lifecycle properties are examined at the four
locations identified in Figure 6 during the 8 phases of the MJO: AR frequency, maximum IVT,
AR travel speed, and median precipitation (Figure 10). AR travel speed is the mean speed that the

AR object travels which will be broadly associated with the eastward translation of midlatitude
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cyclones. A slower AR travel speed will be associated with a more stationary synoptic system
possibly associated with blocking.

Auckland

All genesis 75th percentile precip.
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Figure 9. Synoptic-scale composites (of the same properties as Figure 7) on the day of genesis and
2 and 5 days preceding and following the genesis of ARs that make landfall in Auckland for all
ARs (left) and those that produce precipitation exceeding the 75™ percentile (right).

Maximum IVT and AR travel speed both demonstrate a distinct modulation with the
progression of the MJO. In phase 1 landfalling IVT is statistically significantly lower (an 8%
decrease) in Auckland, Hokitika, and Fiordland. Moving through phases 2 to 4, the sign of the
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difference changes to positive, however, these differences are not significant. At phase 5, Auckland
experiences significantly greater maximum IVT (a 5% increase in magnitude). Then moving
through to phase 8, the sign of the difference flips again with Taranaki experiencing significantly
lower maximum IVT. Generally, it appears the IVT tends to be decreased during phases 1, 2, 7
and 8, while IVT tends to be greater during phases 3 through to 6. AR travel speed (the speed that
an AR object is translated geographically) also has a distinct cycle. ARs travel faster (statistically
significant) for all landfall locations (up to 12% faster) in phase 1. Through phases 2 to 4 there is
no substantial difference, while in phases 5, 6 and 7 ARs appear to travel slower with statistical
significance in Fiordland, Hokitika, and Taranaki. Summarizing these two cycles, ARs tend to
have lower landfalling IVT and travel faster in phases 1, 2 and 8, while having greater IVT and

slower travel speeds in the middle phases, 4, 5, and 6.
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Figure 10. Percent change in AR frequency, maximum IVT, AR travel speed and median
precipitation for ARs that make landfall at the various locations in New Zealand during MJO

phases. Statistically significant differences at the 95% level shown with bold outlines.

AR frequency has a complex relationship with MJO phase, however, cyclicity appears
when examining individual landfall locations. In Auckland and Taranaki, AR frequency peaks in
phase 5 with substantially lower frequencies during phase 1, 2, 3, 7, and 8. In Hokitika and
Fiordland, AR frequency peaks in phase 2 with mostly reduced frequencies in all other phases.

Median precipitation also exhibits an intriguing relationship with MJO phase, with the largest
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anomalies occurring in phase 3 where Hokitika (and Fiordland to an extent) has increased median
precipitation, while Auckland experiences significantly reduced median precipitation. All other
phases do not have a significant impact on median precipitation, with the exception of phase 7,
where there is an apparent reduction in all locations (significant in Hokitika). Interestingly,
maximum IVT modulations and median precipitation statistics do not appear to covary with MJO

phase.

To aid in the discussion of the role of MJO on New Zealand ARs, the spatial differences
of AR lifecycle frequency is presented in Figure 11 (along with moisture, IVT, and pressure
anomalies) for notable MJO phases 1, 2, 5, and 7. A positive anomaly in lifecycle frequency
demonstrates that ARs (that makes landfall in New Zealand) tend to spend a longer duration at a
given location than when considering all landfalling ARs. Phase 1 is characterized by reduced
moisture to the north of New Zealand with a broad high pressure over the Tasman Sea and a low
to the south of New Zealand. AR lifecycle frequencies are reduced over a large region of Australia
and the South Pacific Ocean including much of New Zealand. Notably, the meridional pressure
dipole produces a zonal moisture flux anomaly to the south of Australia, originating from the
Indian Ocean that experiences increased AR occurrence and increased advection of moisture
during phase 1. Phase 2 has a similar pattern that is translated eastward as the central region of
tropical convection also shifts eastward. Increased atmospheric moisture in the eastern Indian
Ocean allows for increased AR occurrence in the south of Australia, which stretches to the South
Island of New Zealand. By phase 7 the region of increased moisture has shifted to be directly north
of New Zealand, with increased AR occurrence over much of Australia and to the north of New
Zealand. Phase 5 is associated with a poleward pointing geostrophic wind with a low pressure to
the west of New Zealand and a high pressure to the east. Phase 5 is also associated with a large
low pressure in the Amundsen-Bellingshausen Sea. Phase 7 has much drier conditions in the Indian
Ocean with reduced AR occurrence over Australia and New Zealand. The region of convection is

shifted into the Pacific Ocean with increased AR occurrence stretching across the Pacific Ocean.
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Figure 11. AR lifecycle frequency anomalies (red/blue shading) during selected MJO phases for

ARs that make landfall in New Zealand (only significant anomalies at the 5% level are shown).
500z height anomalies shown with black contours (5 m interval; solid for positive, dashed for
negative). IVT anomaly shown with black vectors (southward of 20°S). IWV anomalies in
aqua/brown contours (+/- 1 and 2 mm of precipitable water). All atmospheric fields averaged from

10 day means following AR genesis within each MJO phase.
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4 Discussion

4.1 New Zealand AR lifecycles

The composite and lagged-composite analysis (Figures 7, 8, and 9) allow for interpretation
of the initial dynamical conditions that generate AR conditions for New Zealand, with a particular
focus on impactful events. A schematic of the major geopotential and precipitable moisture
anomalies during AR genesis is presented in Figure 12 for both the North and South Islands.
Impactful South Island AR genesis tends to be associated with increased water vapor over much
of Australia associated with a cyclone positioned to the south of Tasmania (50°S). The
preconditioning of South Island ARs through moist anomalies over Australia has not been
explicitly noted in previous studies. Prince et al. (2021a) and Kingston et al. (2021) identify the
conditions during landfall with increased moisture advection immediately westward of New
Zealand. We show here that this anomalous vapor flux landfalling on the South Island of New
Zealand tends to be associated with greater than average precipitable water not just over the

Tasman Sea but extending back over the Australian continent.

Impactful North Island AR genesis is characterized by a wavetrain within a broad trough
with elevated moisture over the Coral Sea (northeast of Australia) and broad dry anomalies over
Australia (Figure 12). The persistent low-pressure anomaly in the Amundsen Sea, lasting for over
10 days, speaks further to the stationary nature of this large scale trough (Figure 9). The location,
magnitude, and size of this low-pressure anomaly resembles the characteristics of the Amundsen
Sea Low (Raphael et al., 2016) suggesting, a linkage between Antarctic atmospheric dynamics and
extreme weather in New Zealand. The same large-scale dynamics that initiate the Amundsen Sea
Low may setup conditions favorable for impactful precipitation in the North Island of New

Zealand.

The large-scale Rossby wave train for North Island ARs also bears resemblance to the
synoptic conditions that produce Australian northwest cloudbands, a large-scale cloud feature
related to widespread precipitation and warm advection over Australia (Reid et al., 2019; Black et
al., 2021). Black et al. (2021) discuss the role of this large-scale trough in fluxing momentum
equatorward, into the subtropical jet stream over New Zealand. This synoptic pattern is also
associated with AR activity over Australia and the climatology of Australian northwest cloudbands

also matches the climatology of ARs in New Zealand and Australia with maximum occurrence in
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the summer (Prince et al., 2021a; Reid et al., 2019, 2022) The source of this planetary-scale wave
that produces these numerous weather events for New Zealand and Australia requires further
examination and remains an interesting research question. The presented composites also only
resembles the mean conditions during AR genesis; an exploration of the various types of AR
genesis for New Zealand would reveal further details to better constrain the synoptic drivers since
they could vary somewhat between events, as have been studied for the Western U.S (e.g. Zhou
and Kim, 2019; Prince et al., 2021b).

. . North Island
w H AR genesis
40°S :
H }Mmst
60°S Dry L
—_— =
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50°5 N South Island
Moist H Dry AR genesis
40°S H Lv
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Figure 12. Schematic of the synoptic-scale setup for the genesis of impactful ARs that make
landfall in the North (upper) and South (lower) Islands of New Zealand. Moisture anomalies shown

with green and brown and pressure anomalies identified with blue and red regions.

The spatial extent of New Zealand AR genesis reveals insight in the passage of cyclones
and accumulation of moisture that passes over New Zealand, highlighting the broad region of
genesis extending back into the Indian Ocean through to termination in the South Pacific and
extending through the Drake Passage. The maximum westward extent of New Zealand AR genesis
extends approximately 90° west (with frequencies greater than 5%), almost half the longitudinal

extent of AR genesis for corresponding west coast landfall locations in North America (Oregon
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and Washington, between 35-40°N; Prince et al., 2021b). We speculate that the presence of the
Australian landmass may be considered as the first order difference, inhibiting evaporation and
initiating precipitation of transiting cyclones, limiting the supply of moisture available for
progressing midlatitude storms. However, an adjacent moisture source is not necessarily a
requirement of an AR, with examples from North Africa and the Middle East demonstrating the
rapid advection of moisture over broad landmass and deserts (namely over the Arabian Peninsula;
Esfandiari and Lashkari 2020; Dezfuli 2020) before initiating precipitation in mountainous
regions. It is important to note however, that AR precipitable water does not necessarily come
from the genesis region (Sodemann and Stohl, 2013), but rather ARs gain and lose moisture
throughout their entire lifecycle. Therefore, the conditions immediately upstream of AR
precipitation may be equally as important as the genesis region, suggesting that conditions in the
Tasman Sea, such as sea surface temperature may be fundamentally important in controlling the
amount of moisture that is advected over New Zealand. Further assessment of the source of
moisture in New Zealand ARs could reveal fascinating insight into the particular regions of interest

for the generation of moisture for New Zealand precipitation.

The dynamic difference between the North Pacific and westward of New Zealand (Tasman
Sea and Southern Indian Ocean) cannot be ignored here and may be equally, if not more, important
than the prior moisture source argument. The Northern Hemisphere jet stream maximum situated
to the east of Japan (downwind of the Tibetan Plateau) is associated with substantial baroclinic
growth in the north Pacific and consequently results in a broad region of enhanced transient eddy
activity across the entire north Pacific basin (James, 1994), which is associated with broad AR
genesis and elevated AR tracks (Zhang and Villarini, 2018; Guan and Waliser, 2019; Zhou and
Kim, 2019; Prince et al., 2021b). The region of maximum cyclogenesis immediately westward of
New Zealand is much closer to New Zealand than cyclogenesis for North America, with maximum
cyclogenesis occurring over eastern Australia (Trenberth, 1991; Sinclair, 1994, 1995; Hoskins and
Hodges, 2005). The cyclones that come further from the east, over the southern Indian Ocean (the
hemispheric maximum in cyclone activity and eddy kinetic energy) tend to migrate poleward
before reaching New Zealand, terminating well south of Australia (Sinclair, 1995; Hoskins and
Hodges, 2005). While this westward region in the Indian Ocean does have enhanced AR genesis
activity (Guan and Waliser, 2019), these ARs tend to have a substantial meridional component

following the poleward migration of the cyclones, terminating to the south of Australia and
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avoiding landfall with New Zealand. This understanding is in congruence with the results
presented here; New Zealand ARs tend to come from a smaller upstream region stretching across
Australia back to 90°E. The eastward propagation of New Zealand ARs following landfall, which
extends well beyond 90° in longitude, further demonstrates that New Zealand is positioned closer
to a region of AR genesis (and presumably cyclone genesis as demonstrated by Hoskins and
Hodges, 2005), where ARs make landfall relatively early in their lifecycle. The unique
characteristics of New Zealand AR lifecycles are crucial for understanding the occurrence of
extreme precipitation in New Zealand and must be considered when interpreting future climate

impacts for New Zealand.

4.2 Role of the MJO on New Zealand ARs

The presented connection between MJO and ARs in New Zealand generally agree with the
role the MJO has on New Zealand weather types (Fauchereau et al., 2016). Phase 5 produces
notable increases in North Island AR frequency, moisture flux and AR travel speed while aligns
with the northerly flow and north Tasman Sea cyclone typically associated with this phase
(Fauchereau et al., 2016). Interestingly, while phase 5 produces anomalous moisture flux and AR
frequencies, it is not associated with increased precipitation, shown here and by Fauchereau et al.
2016. The anomalously low precipitation (and AR frequency) on the western coast during phase 7
(Figure 10) also agrees with the reduced west coast precipitation presented by Fauchereau et al.
(2016), associated with anomalous easterly flow over the country. The increased AR frequency in
phase 2 in the South Island is shown by Fauchereau et al. (2016) as increased precipitation on the
South Island West Coast. The synoptic conditions are calculated as 10-day averages following the
MJO phase following the methodology presented by Zhou et al. (2021) to capture the potential
teleconnections initiated by the deep tropical convection associated with the MJO. Fauchereau et
al. (2016) demonstrate that the geopotential height anomaly near New Zealand is stable within 10-
days of a given MJO phase, consistent with the relevant timescales of stationary Rossby waves,

providing confidence in the presented results.

The motivation to examine the potential role of the MJO on New Zealand AR genesis was
to examine whether the geopotential anomalies associated with each phase resembled the
conditions during AR genesis (as presented in Figures 7, 8, 9, and 12). The MJO does modulate

the AR frequency for New Zealand landfalling ARs (x30% in their occurrence). The associated
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geopotential anomalies, especially associated with phase 5 sets up a low pressure in the Tasman
Sea that has some resemblance to North Island AR composites. While the AR geopotential height
composites will certainly involve interactions from a variety of wave sources, the position of the
pressure dipole over New Zealand during phase 5 is certainly a feature expected to produce
increased North Island AR activity. The exploratory analysis presented here acts as a benchmark
to continue exploring the dynamical explanation for precipitation variability in New Zealand.
Modern studies of MJO teleconnections have focused on North America, which has provided
significant understanding of the role of tropical convection plays on seasonal-to-subseasonal
forecasting (Wang et al. 2023). The results presented herein and by Fauchereau et al. (2016)
highlight the potential of building understanding of tropical teleconnections for New Zealand.

5 Conclusions

In this study, we present the first assessment of New Zealand AR lifecycles, identifying
the regions where New Zealand landfalling ARs are first detected and the synoptic conditions
associated with initiating ARs conditions. The genesis conditions of the most impactful ARs are
examined for various locations across New Zealand, with an assessment of the synoptic conditions
prior to and following genesis. Impactful AR genesis for the North Island of New Zealand is
associated with an embedded shortwave within a distinct planetary-scale trough extending over
New Zealand. This identified synoptic pattern is not dissimilar to synoptic conditions that produce
northwest cloudbands over Australia and the possible connection between Australian moisture
anomalies and precipitation with New Zealand ARs is demonstrated. South Island AR genesis
resembles a more typical synoptic scale wavetrain extending across New Zealand associated with
moist conditions over Australia. North Island and South Island ARs appear to come from distinctly
different geographic regions with the typical regions of genesis modulating for the most impactful

events.

The role of MJO on modulating New Zealand AR lifecycles is also examined through 10-
day composite analysis and changing AR characteristics. There is a distinct modulation in AR
moisture flux and travel speed with phase 8 and 1 being associated with reduced AR frequency,
low moisture flux, and faster travel speeds. The middle phases (4, 5, and 6) appear to be associated
with increased moisture flux, increased AR frequency and slower travel speeds. These results

appear consistent with the current understanding of MJO teleconnections in New Zealand. These
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results highlight the potential for developing seasonal-to-subseasonal forecasts for the New
Zealand region by identifying the role tropical dynamics play in generating midlatitude conditions

that enhance precipitation.
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