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Abstract

New Zealand atmospheric river (AR) lifecycles are analyzed to examine the synoptic conditions that produce extreme precipi-

tation 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.
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Key Points: 8 

• New Zealand atmospheric rivers (ARs) tend to have genesis within the Tasman Sea and 9 

terminate in the South Pacific Ocean. 10 

• Impactful ARs originate further from landfall, in the north Tasman Sea for the North 11 

Island and southern Australia for the South Island. 12 

• New Zealand ARs are modulated by the MJO with phase 5 notably bringing anomalous 13 

meridional moisture flux and AR frequency over the country.  14 
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Abstract 15 

New Zealand atmospheric river (AR) lifecycles are analyzed to examine the synoptic 16 

conditions that produce extreme precipitation and regular flooding. An AR lifecycle tracking 17 

algorithm, novel to the region, is utilized to identify the genesis location of New Zealand ARs: the 18 

location where moisture fluxes enhance and become distinct synoptic features capable of 19 

producing impactful weather conditions. Genesis locations of ARs that later impact New Zealand 20 

cover a broad region extending from the Southern Indian Ocean (90°E) into the South Pacific 21 

(170°W) with the highest genesis frequency being in the Tasman Sea. The most impactful ARs, 22 

associated with heavy precipitation, tend to originate from distinct regions based on landfall 23 

location. Impactful North Island ARs tend to originate from subtropical regions to the northwest 24 

of New Zealand, while impactful South Island ARs are associated with genesis over southeast 25 

Australia. The synoptic conditions of impactful AR genesis are identified with North Island ARs 26 

typically associated with a cyclone in the central Tasman Sea along with a distant, persistent low 27 

pressure off the coast of West Antarctica. South Island AR genesis typically occurs in conjunction 28 

with moist conditions over Australia associated with a zonal synoptic-scale wavetrain. The 29 

Madden–Julian oscillation (MJO) is examined as a potential source of variability that modulates 30 

New Zealand AR lifecycles. It appears that the MJO modulates AR characteristics, especially 31 

during Phase 5, typically bringing more frequent, slow moving ARs with greater moisture fluxes 32 

to the North Island of New Zealand. 33 

Plain Language Summary 34 

The occurrence of atmospheric rivers (ARs) in New Zealand regularly results in extreme 35 

precipitation and flooding. This study presents the lifecycle of atmospheric rivers, identifying the 36 

atmospheric conditions that allow for ARs to form which then cause precipitation in New Zealand. 37 

The majority of New Zealand ARs tend to come from the Tasman Sea and then propagate across 38 

the South Pacific Ocean. The ARs that cause extreme precipitation originate from distinct regions 39 

in the Tasman Sea and over southern Australia. Northern landfalling ARs are associated with a 40 

large trough and a cyclone in the north Tasman Sea while southern ARs in New Zealand are 41 

associate with a cyclone position to the south of Australia. The Madden-Julian Oscillation, the 42 

position of tropical deep convection, is examined as a modulator of AR lifecycle characteristics. 43 

Phase 5 of the MJO is identified as an important phase for increasing the moisture flux and AR 44 
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activity over northern New Zealand, indicating an opportunity to improve seasonal-to-subseasonal 45 

forecasting. 46 

1 Introduction 47 

Flooding regularly causes hazardous conditions and substantial damage to infrastructure 48 

and property in New Zealand, resulting in significant environmental and socioeconomic impacts 49 

(Revell et al., 2019; Prince et al., 2021a). Historical individual flood events are recorded to cost 50 

more than USD$25 million (based on adjusted insurance claim data) with recent events exceeding 51 

USD$100 million (Reid et al., 2021; ICNZ, 2023). Identifying the atmospheric conditions across 52 

all spatiotemporal scales associated with hazardous conditions allows for an accurate impact-based 53 

assessment of geophysical properties. Furthermore, describing the specific atmospheric dynamics 54 

associated with such events provides a physically-based, dynamical understanding (compared to 55 

commonly cited probabilistic changes, e.g. Stone et al., 2022; Rhoades et al., 2021) of how 56 

changing atmospheric circulations may impact livelihoods. 57 

An increasingly common method for studying the atmospheric controls on heavy 58 

precipitation and flooding is to identify landfalling atmospheric rivers (ARs), plumes of enhanced 59 

midlatitude water vapor transport, and their associated dynamics (Ralph et al., 2019). Numerous 60 

studies in recent years have identified that precipitation in New Zealand is dominated by the 61 

occurrence of ARs, with the vast majority of heavy precipitation events occurring during these 62 

extreme moisture fluxes (Kingston et al., 2016; Prince et al., 2021a; Reid et al., 2021; Shu et al., 63 

2021). Prince et al., (2021a) presented a climatology of New Zealand ARs that account for up to 64 

75% of total precipitation and >90% of heavy rainfall on selected West Coast weather stations. A 65 

more comprehensive calculation of New Zealand AR precipitation impacts for weather stations 66 

across the country (from the NIWA CliFlo database; https://cliflo.niwa.co.nz/) is presented in 67 

Figure 1 (corroborating Shu et al., 2021). There is a distinct spatial structure to the amount of 68 

precipitation ARs deliver in NZ, which is related to topography. On the western side of both 69 

islands, ARs account for between 50% and 85% of total annual precipitation (70% to 90% of 70 

extreme precipitation), and account for between 30% and 50% on eastern sides of the country (less 71 

than 50% of extreme precipitation).  72 
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Figure 1. Mean percentage of (left) annual precipitation and (right) annual extreme precipitation 73 

(in the 98th percentile) from ARs in New Zealand from the NIWA CliFlo weather station network 74 

(https://cliflo.niwa.co.nz/). The presented 118 stations were selected with hourly precipitation 75 

records spanning more than 10 years with less than 10% missing data. Position of New Zealand in 76 

the Southwest Pacific basin shown in upper left and topography of New Zealand is shown with 77 

gray shading over the country with the Southern Alps (> 1000 m.a.s.l.) identified as the dark gray 78 

region extending the length of the South Island. 79 

The broad synoptic scale conditions associated with landfalling ARs in various regions of 80 

New Zealand was presented by Prince et al. (2021a), highlighting the important orientations of the 81 

dipole pressure anomalies directing moisture laden air masses towards various coastlines of New 82 

Zealand. Prince et al. (2021a) and Reid et al. (2021) both discuss the seasonality and impact of 83 

ARs, with almost double the amount of ARs occurring in summer compared to in winter. 84 

Furthermore, AR precipitation is distinctly related to the moisture flux and duration, as defined by 85 

the AR rank; Ralph et al. (2019), especially for the western coast of New Zealand (Prince et al., 86 

2021; Reid et al., 2021). Pohl et al., (2021) highlight the importance of the vapor transport 87 

orientation towards the landmass of New Zealand for producing extreme precipitation, which 88 
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directly relates to the pressure anomalies and preferential geostrophic flow. Results from Kingston 89 

et al. (2021) and Prince et al. (2021a) further demonstrate the importance of landfalling moisture 90 

flux direction through flooding case studies and calculated composites, respectively. Intense 91 

moisture flux across the Tasman Sea, directed towards the mountainous regions of New Zealand, 92 

has also been shown as a key driving mechanism in producing both heavy snowfall and snow/ice 93 

melt (Little et al., 2019; Cullen et al., 2019; Kropac et al., 2021; Porhemmat et al. 2021). These 94 

studies have all focused on the landfalling characteristics and statistics of New Zealand ARs ,with 95 

the full dynamical description of New Zealand ARs lifecycle, genesis and termination, remaining 96 

elusive. 97 

The modulation of extreme weather and particularly extreme precipitation in New Zealand 98 

through larger scale climate modes and oscillations is an emerging avenue of study which adds 99 

understanding to seasonal-to-subseasonal forecasting and teleconnections (Mariotti et al., 2020). 100 

The Southern Annular Mode (SAM), El Niño Southern Oscillation (ENSO), Interdecadal Pacific 101 

Oscillation (IPO), and the Madden-Julian Oscillation (MJO) have all been shown to influence 102 

weather regimes that impact New Zealand (Salinger et al., 2001; Kidston et al., 2009; Fauchereau 103 

et al., 2016). The SAM, ENSO and IPO are low frequency, large-scale climate modes that manifest 104 

as variations in wind speed, surface pressure, and sea surface temperatures at monthly to decadal 105 

time scales (Salinger et al., 2001; Fogt and Marshall, 2020). Due to the large spatiotemporal scales 106 

of SAM, ENSO, and IPO, the synoptic-scale impacts on New Zealand are not straightforward, and 107 

rather appear as statistical anomalies on the climate scale. 108 

The MJO however, is a convectively coupled, eastward propagating tropical wave that 109 

follows a 30 to 60-day cycle that has direct dynamical influences (Zhang et al., 2020). The direct 110 

thermodynamic signature allows for effective understanding of teleconnections propagating from 111 

regions of enhanced tropical convection, through upper-tropospheric divergence and the 112 

generation of poleward extending stationary Rossby waves (Hoskins and Karoly, 1981; Henderson 113 

et al., 2017). Midlatitude precipitation anomalies in particular are described well throughout the 114 

MJO lifecycle through propagating Rossby waves (Wang et al., 2023). The Northern Hemisphere 115 

teleconnections of the MJO have received a lot of attention, most recently, focusing on AR 116 

occurrence in North America (Zhou et al., 2021; Toride and Hakim, 2022; Wang et al., 2023). 117 

Fauchereau et al. (2016) demonstrated that, for New Zealand, the MJO has a direct influence of 118 

the type of weather regimes that influence the country, suggesting an ability to improve 119 
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predictability of impactful weather events as modulated by the MJO. Importantly, moist, west to 120 

northwesterly flows toward the country can be up to 50% more or less frequent based on the phase 121 

of the MJO. Pohl et al. (2022) goes on to demonstrate that New Zealand weather types are closely 122 

linked to AR occurrence, therefore, it is likely that the lifecycle of New Zealand landfalling ARs 123 

are also influenced by the MJO and the shifting location of tropical deep convection. The role of 124 

MJO on AR lifecycles forms the secondary focus of this study due to its importance for moisture 125 

flux (and presumably ARs) in New Zealand and the potential scientific advances that MJO-AR 126 

relationships can elicit as demonstrated for the North Pacific (Zhou et al., 2021; Toride and Hakim, 127 

2022). 128 

Tracking ARs throughout their lifecycle, including identifying conditions conducive to 129 

their formation and controls on lifecycle characteristics, has become an active research topic (Guan 130 

and Waliser, 2019; Kim and Chiang 2021). Recent advances in AR lifecycle tracking algorithms 131 

provide details such as the genesis location, travel speed, age and termination location of ARs 132 

(Guan and Waliser, 2019). AR lifecycle tracking on the West Coast of the USA has allowed for a 133 

unique understanding of the initial, distal atmospheric conditions conducive to the development of 134 

heavy precipitation and consequently substantial societal impacts to the region. ARs that travel 135 

further over the ocean prior to landfall tend to have greater integrated vapor transport (IVT; Zhou 136 

and Kim, 2019). Prince et al. (2021b) also demonstrates that the spatial distribution of AR genesis 137 

tends to shift further from the coastline for more damaging ARs, increasing the distance travelled 138 

over ocean prior to landfall and increasing the vapor transport (corroborating with Zhou and Kim, 139 

2019). The identified AR genesis location (and associated time step) is the point in time and space 140 

when a region of moisture flux increases in magnitude (from quiescent conditions), becoming 141 

sufficiently large and intense to be considered an AR and consequently, a synoptic-scale feature 142 

capable of producing heavy precipitation. AR genesis can therefore be considered as the 143 

strengthening of lower-level winds (often through a pre-cold frontal lower lever jet) within a moist 144 

environment, often associated with a developing midlatitude cyclone (Ralph et al., 2018). The 145 

presence of strong vapor transport can also generate a positive feedback for cyclonic 146 

intensification, with additional latent heating generating lower level diabatic potential vorticity 147 

(Lackmann, 2002; Zhang et al., 2019). 148 

These emerging studies on AR lifecycle were all focused on the west coast of North 149 

America with AR genesis across the North Pacific (Sellars et al., 2017; Zhou et al., 2018; Zhou 150 
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and Kim, 2019; Kim and Chiang, 2021). The focus of this study is to examine the lifecycle, 151 

specifically the genesis, of ARs that make landfall in New Zealand in order to provide insight into 152 

the synoptic patterns and large-scale dynamics associated with the transport of moisture leading to 153 

heavy precipitation events. The genesis and termination locations of New Zealand ARs are 154 

examined for ARs throughout the entire year, followed by an assessment of how these vary based 155 

on landfall location. The modulation of AR genesis location based on extreme precipitation is 156 

presented at four individual weather stations, with an examination of the atmospheric conditions 157 

associated with AR genesis for these locations. Lagged composites of AR genesis are calculated, 158 

examining the atmospheric conditions prior and following AR genesis, to examine the antecedent 159 

and subsequent conditions for impactful AR genesis. Finally, an examination of the role of MJO 160 

on AR life cycles in New Zealand is presented to provide the first examination of the role of MJO 161 

on New Zealand ARs and subsequent extreme precipitation. 162 

2 Data and Methods 163 

A historical climatology of landfalling ARs in New Zealand is developed from the ERA-164 

Interim reanalysis of 6-hourly instantaneous fields of global IVT (eastward and northward water 165 

vapor fluxes) from 1979 to 2019 (40 years) at 1.5° resolution (Dee et al., 2011). Landfalling ARs 166 

in New Zealand are identified using the Guan and Waliser (2019) Version 3, Tracking 167 

Atmospheric Rivers Globally as Elongated Targets (tARget) algorithm (henceforth GW19). ARs 168 

are detected as objects of coherent, elongated regions of increased vapor transport (IVT) as 169 

described in Guan and Waliser (2015, 2019). GW19 is a widely used AR detection algorithm and 170 

has undergone extensive validation and iterations of improvements, with the most recent version 171 

being a benchmark for object-based global AR tracking (Guan and Waliser, 2015, 2017, 2019; 172 

Guan et al., 2018). Examples of AR lifecycles are shown in Figure 2 for New Zealand, with 173 

identified genesis and termination regions. While only a single AR lifecycle tracking algorithm is 174 

used in this study (GW19), validation from Zhou et al. (2021) has shown that new lifecycle tracking 175 

algorithms (namely from Guan and Waliser, 2019, Zhou and Kim, 2019 and Shearer et al., 2020) 176 

tend to perform consistently in identifying genesis location, especially for ARs of stronger 177 

magnitude.  178 
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Figure 2. Examples of two AR lifecycles that made landfall in New Zealand and produced 179 

substantial precipitation (in the top 5 ARs recorded at the Hokitika rain gauge; exceeding 600 mm 180 

within 3 days). The genesis location is identified with the blue outline and the yellow color and 181 

the termination location is identified in purple. The relative age begins at zero at genesis and scales 182 

linearly to termination at unity.  183 

GW19 assigns individual ARs a unique identification allowing each landfalling AR (an AR 184 

that crosses the coastline of New Zealand) to be tracked throughout its lifecycle. The genesis and 185 

termination locations are identified as the grid cells where an AR object is first detected and where 186 

the final timestep of its presence is identified. A spatial relationship algorithm is applied in GW19 187 

to quantify the relationship between detected AR objects between time and space to assess the 188 

persistence of the same AR object throughout a lifecycle. An additional measure analyzed herein 189 

is the lifecycle frequency, which is considered as the amount of time an AR is present for each 190 

grid cell throughout its entire lifecycle, considering all time steps the AR is detected. The AR 191 

lifecycle frequency may then be calculated over a set period (i.e. a year) to calculate the frequency 192 

of time ARs are present in each cell.  193 

Hourly precipitation records were examined from four locations on the western side of 194 

New Zealand spanning the latitudinal range of the country (from north to south: Auckland, 195 

Taranaki, Hokitika, and Fiordland). These precipitation records are used to examine the lifecycle 196 

properties and atmospheric conditions for ARs that cause heavy precipitation; the ARs with the 197 

potential to cause extensive damage. Storm-total precipitation is calculated as the amount of 198 

precipitation that falls within 12-hours of an AR being present over the weather station. The 75th 199 
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percentile of AR storm-total precipitation is chosen as the cut off to select the most extreme storms, 200 

above which the amount of precipitation increases exponentially (Figure 3). Changes in AR 201 

genesis with landfalling precipitation impact is examined using a one-sided Fishers-exact test (at 202 

the 95% level; e.g. Orskaug et al., 2011), to examine differences in frequency of events with 203 

differing sample sizes. Atmospheric composites and anomalies are calculated for all and impactful 204 

ARs using Era-Interim 500 hPa geopotential height, vertically integrated water vapor (IWV), and 205 

vertically integrated vapor transport (IVT). 206 

Figure 3. Storm total precipitation associated with landfalling ARs from four selected weather 207 

stations in New Zealand (named above figure) used throughout this research. The ARs are ordered 208 

along the x-axis from greatest to least storm total precipitation. The 75th percentile in storm total 209 

precipitation is identified with the red dotted line. ARs left of this line are selected as those that 210 

are most impactful. 211 

The multivariate MJO index (Wheeler and Hendon, 2003) is used to examine the role MJO 212 

has on modulating New Zealand ARs. The index consists of two amplitudes (RMM1 and RMM2) 213 

from empirical orthogonal functions of tropical zonal winds and outgoing longwave radiation 214 

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

magnitude (√𝐑𝐌𝐌𝟏𝟐 + 𝐑𝐌𝐌𝟐𝟐) exceeds 1, a common distinction for identifying MJO days 216 

(Henderson et al., 2017; Zhou et al., 2021). New Zealand landfalling ARs that have genesis during 217 

an MJO phase are identified, however, since ARs can exist over multiple days it is possible for an 218 

AR to have genesis in one MJO phase and termination in another. The initial conditions are the 219 

focus of this study and so genesis during each phase is the focus to connect downstream impacts 220 
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(in New Zealand) over the entire AR lifecycle to the conditions that were present at the time of 221 

genesis (following similar justification to Zhou et al., 2021). Across all landfall locations, 222 

approximately 62% of landfalling ARs have a genesis during an identified phase of the MJO, with 223 

New Zealand AR genesis occurring on 12-19% of all days with an identified MJO. 224 

3 Results 225 

3.1 New Zealand AR lifecycles 226 

We begin by examining AR lifecycles for all ARs that make landfall in New Zealand 227 

irrespective of their landfall location, magnitude, or moisture flux direction. The genesis region 228 

for New Zealand ARs stretches from 90E to 160W, from the Indian to the Pacific Ocean, with 229 

the highest frequency of AR genesis located in the Tasman Sea, westward of the North Island 230 

(Figure 4a). Tasman Sea genesis frequencies exceed 6 per year, with the highest grid cell 231 

frequencies exceeding 10 per year. The greatest genesis frequencies are located immediately 232 

adjacent to New Zealand, typically to the north-west. While AR genesis frequency does decrease 233 

over the landmass of Australia, it remains elevated indicating that AR genesis is not limited to 234 

maritime locations and advected moisture over the landmass of Australia is able to meet the 235 

characteristics of a genesis AR. The eastward extent of AR genesis downwind of New Zealand is 236 

notable and may also be associated with ARs that have genesis at the point of landfall with a large 237 

shape that extends well beyond the landmass of New Zealand (Prince et al., 2021b). This eastern 238 

genesis region will also reflect the genesis of ARs that make landfall on the east coast of New 239 

Zealand (Figure 5; Prince et al., 2021a).  240 

Termination locations for New Zealand ARs extend across the entire South Pacific from 150E to 241 

60W (Figure 4b), with an average of 1.5 ARs per year terminating through the Drake Passage, 242 

between South America and the Antarctic Peninsula. Similar to genesis, the highest termination 243 

rates are immediately adjacent to the landmass of New Zealand representing ARs that have 244 

termination at the time or shortly after landfall. A region of increased termination extends from 245 

the southern end of New Zealand to the southeast, possibly indicating the direction most ARs travel 246 

following landfall. Notably, over 3 ARs per year on average that landfall in New Zealand reach 247 

the Antarctic continent, extending from Victoria Land and the front of the Ross Ice Shelf, across 248 

the coastline of West Antarctic and to the western edge of the Antarctic Peninsula (Figure 4b). 249 
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Figure 4. Mean frequency of AR (a) genesis and (b) termination for ARs that make landfall in 250 

New Zealand at any point throughout their lifecycle (in counts per year) between 1979 and 2019. 251 

(c) Lifecycle frequency of all AR objects for New Zealand landfalling ARs are shown as a percent 252 

of annual time steps. 253 
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Figure 5. AR genesis (a) and termination (b) frequency for ARs that make landfall in New Zealand 254 

separated by regions as identified in (c) shown as percentages. For landfall to be selected in this 255 

figure, the moisture flux of the AR must be directed from the ocean and towards the land. Total 256 

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

These termination locations are also well within the northern most extent of seasonal sea ice cover 258 

around Antarctica (Parkinson and Cavalieri, 2012). The range between the westward extent of 259 

genesis (90E) and the eastward extent of termination (60W) is over 210 of longitude, extending 260 

more than half way around the globe, demonstrating the importance of planetary scale circulation 261 

features on synoptic-scale cyclonic processes that initiate precipitation in New Zealand.  262 
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Mapping the AR lifecycle frequency further adds to this understanding by demonstrating 263 

where ARs that make landfall in New Zealand tend to occur, rather than their instantaneous genesis 264 

or termination statistics (Figure 4c). The lifecycle frequency reveals important information about 265 

the duration of AR conditions rather than the instantaneous genesis or termination object. Over the 266 

landmass of New Zealand, AR frequencies of 10-12% of timesteps within the year are observed 267 

which matches well with previous, location specific New Zealand AR frequencies (Prince et al., 268 

2021a). Furthermore, ARs that make landfall in New Zealand occur over southeast Australia (New 269 

South Wales and Victoria) for 6-8% and Western Australia for 2-4% of annual timesteps. The 270 

lifecycle map also reveals that New Zealand landfalling ARs are also present southward of 70°S, 271 

well within the range of Antarctic sea ice for up to 2% of annual timesteps, corresponding to AR 272 

conditions (associated with New Zealand ARs) on 7 days within a year. 273 

Dividing the genesis and termination frequencies based on landfall location further reveals 274 

the nature of AR lifecycles for various regions around the country (Figure 5). ARs that make 275 

landfall on the western side of New Zealand (Central and Fiordland in Figure 5) have the largest 276 

spread of genesis locations with up to 5% of landfalling ARs with genesis in the Indian Ocean, 277 

westward of Australia (120°E). As observed in Figure 4, the genesis frequency increases with 278 

proximity to the landfall location, increasing to up to 15% in locations adjacent to the coastline. 279 

Elevated genesis frequencies of over 2.5% extend norward up to 20°S and across central Australia. 280 

ARs that make landfall on the Northern coast of New Zealand have a more concentrated genesis 281 

region, with frequencies over 2.5% remaining eastward of 120°E, over the landmass of Australia. 282 

Towards the coastline, Northern ARs have genesis frequencies over 20%. East Coast landfalling 283 

ARs have the most unique genesis region, being constrained mostly eastward of Australia in the 284 

Tasman Sea and South Pacific Ocean. The core region of AR genesis for the East Coast is at about 285 

180°E, to the northeast of New Zealand.  286 

The spatial distribution of AR termination separated by region also reveals further insight 287 

into the lifecycle of New Zealand landfalling ARs. Central and Northern landfalling ARs have 288 

similar termination regions, with up to 4% of landfalling ARs having termination on the coast of 289 

Western Antarctica. These regions also display two regions of enhanced termination, over the 290 

landmass of New Zealand (over 12% of ARs) and in the South Pacific centered at 140°W and 60°S 291 

(up to 8%). About 2% of Northern and Central ARs cross the entire South Pacific Ocean and have 292 

termination in the Drake Passage. Fiordland ARs do not travel as far, with almost all termination 293 
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occurring westward of the Antarctic Peninsula and less than 2% of ARs having termination 294 

eastward of 90°W. Fiordland ARs exhibit a narrow band of increased AR termination indicating a 295 

preferential pathway for ARs that landfall in this region, extending to the southeast of the South 296 

Island with frequencies up to 12%. East Coast ARs tend to all have termination immediately east 297 

of the North Island of New Zealand at 40°S and eastward of 180°E. The colocation of East Coast 298 

AR genesis and termination regions suggests that ARs that make landfall in this region do not 299 

travel far and have relatively short lifetimes compared to those that make landfall in other regions 300 

of New Zealand. 301 

3.2 Genesis frequency as a function of impact 302 

A key question in this research is the role that genesis has on the impact of New Zealand 303 

landfalling ARs. The difference in genesis frequency between all ARs and those that produce 304 

impactful weather events (precipitation in the stations 75th percentile) is presented in Figure 6 305 

across four locations spanning the length of the western coast of New Zealand (from south to north, 306 

Fiordland, Hokitika, Taranaki, and Auckland). As found in Figures 4 and 5, AR genesis for all 307 

locations on the western coast extends over Australia and towards 90°E, with those making landfall 308 

further south having genesis regions extend further westward. The distribution of genesis locations 309 

appears to shift notably when considering impactful ARs (75th percentile precipitation) across all 310 

landfall locations (statistically significant, at the 95% level from a one-sided Fisher-exact test). 311 

The median genesis centroid and relationship between strom total precipitation and IVT is shown 312 

in Supporting Information S1. 313 

For Auckland, ARs tend to have more frequent genesis (frequencies up to 5% greater) in 314 

the north Tasman Sea stretching between Brisbane and New Caledonia between 30°S and 40°S of 315 

rates that are for individual grid cells. The reduced frequency to the south of the distribution 316 

demonstrates that impactful ARs for Auckland tend to come from north of 35°S. Further south, 317 

Taranaki exhibits a similar region of enhanced AR genesis in the North Tasman Sea, between the 318 

top of the North Island and New Caledonia with an extended zonal range stretching northwest 319 

across Australia. In the middle of the South Island, impactful ARs in Hokitika tend to have genesis 320 

along the western side of the Tasman Sea, on the east coast of Australia with a broad range of 321 

increased genesis across much of southern Australia. In Fiordland, at the southern end of New 322 

Zealand, impactful ARs only have a small region of increased genesis in a narrow band along the 323 
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southern coast of Australia. In summary, impactful North Island ARs tend to come from 324 

subtropical regions to the northwest of New Zealand, while impactful South Island ARs are 325 

associated with genesis over southeastern Australia, with the western Tasman Sea being a key 326 

region of impactful AR genesis for all regions. 327 

Figure 6. The conditional frequency of atmospheric river (AR) genesis for ARs making landfall 328 

at the four weather stations identified in Figure1 for all landfalling ARs (left) and those that 329 

produce precipitation in the 75th percentile (center). Conditional frequency is the probability an 330 

AR object originates from a grid cell given that it makes landfall in each location and causes 331 

precipitation in the specified range (i.e., exceeding the 75th percentile). The numerical absolute 332 

increase in frequency (center column minus the left column) is shown (right) with statistical 333 

significance (p < 0.05) shown with dashed lines (from a one-sided Fisher-exact test). 334 

3.3 Synoptic conditions during AR genesis 335 

To further investigate characteristics of these primary AR genesis regions, atmospheric 336 

composites of vertically integrated water vapor (IWV), vertically integrated water vapor transport 337 

(IVT), and 500 hPa surface heights are assessed for the four individual landfall locations for ARs 338 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021GL093947#grl63009-fig-0001
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that occur throughout the entire year (Figure 7). Genesis of all ARs for Auckland is associated 339 

with a low pressure centered to the west of the South Island of New Zealand with higher pressures  340 

to the northeast of the North Island. This pressure dipole initiates an anomalously moist, 341 

northwesterly geostrophic flow directed toward the North Island of New Zealand. Considering the 342 

other landfall locations, the location of this pressure dipole and associated moist geostrophic flow 343 

shifts southward as expected. AR genesis for all locations in Figure 7 has a weak high-pressure 344 

anomaly off the coast of Antarctic at about 50°S between 90°E and 110°E, suggesting the presence 345 

of a wave packet, with embedded synoptic scale waves, directed to the northeast. Notably, for 346 

Fiordland ARs, the moisture anomaly stretches across the entirety of Australia, suggesting that AR 347 

genesis that landfall in Fiordland is associated with broad moist conditions across Australia. 348 

Figure 7. Atmospheric conditions at the time of atmospheric rivers (AR) genesis shown with 349 

composites of anomalous vertically integrated water vapor (IWV; green and brown), 500 hpa 350 

height anomalous (red and blue 10 m contours, 30 m in bold) and vapor flux vector anomaly 351 

(arrows) for all landfalling ARs (left) and those that produce precipitation in the 75th percentile 352 

(right). 353 
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Considering the most impactful AR conditions reveals enhanced moisture flux, IWV and 354 

geopotential height anomalies at genesis (Figure 7). For Auckland, the cyclonic anomaly deepens 355 

and shifts to the northwest, rotating the pressure dipole and allowing for a much more meridional 356 

flow, producing a much more moist northly flow towards New Zealand. Interestingly, these 357 

impactful ARs for the North Island are also associated with a large low pressure region in the 358 

South Pacific Ocean centered at 60°S off the coast of Antarctica, centered between 180°W and 359 

90°W. This additional geopotential anomaly combines with the previously noted tripole to trace a 360 

planetary-scale wave from 90°E to 90°W (half a hemisphere) with an embedded wave packet, with 361 

an embedded shortwave trough initiating AR genesis for the North Island of New Zealand. These 362 

features of enhanced geopotential anomalies, northward rotated moisture flux, greater moisture 363 

anomalies and the presence of a planetary-scale trough are apparent for both Auckland and 364 

Taranaki impactful (75th percentile precipitation) AR genesis. 365 

South Island impactful AR genesis anomalies reveals a more mixed spatial pattern. In 366 

Hokitika, the cyclonic anomaly shifts westward and broadens with enhanced northerly moisture 367 

advection. For Fiordland, the high pressure located over New Zealand strengthens while two 368 

cyclonic anomalies are distributed to the south of New Zealand at 55°S. For both South Island 369 

locations, impactful ARs are associated with substantial moist anomalies over the landmass of 370 

Australia paired with substantial dry advection to the east of New Zealand. The upwind high 371 

pressure anomalies also become much more pronounced for the impactful ARs, a feature that is 372 

observed for impactful genesis for all landfall locations. 373 

3.4 Lagged composite analysis 374 

To further examine the preconditions of ARs in New Zealand a lagged composite analysis is 375 

undertaken by calculating mean atmospheric conditions at the time of genesis along with 2 and 5 376 

days prior and following AR genesis for all and impactful ARs. Lagged composites are only shown 377 

for Hokitika and Auckland as representative locations, with the results from Taranaki and 378 

Fiordland are presented in the supplementary materials (Supporting Information S2 and S3). For 379 

all ARs in Hokitika, there is no consistent pressure anomaly, moisture flux or organized regions 380 

of anomalous moisture at 5 days prior to genesis (Figure 8). At 2 days prior and genesis, there is 381 

development and intensification of the low pressure anomaly in the composite with anomalous   382 
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Figure 8. Synoptic-scale composites (of the same properties as Figure 7) on the day of genesis and 383 

2 and 5 days preceding and following the genesis of ARs that make landfall in Hokitika for all 384 

ARs (left) and those that produce precipitation exceeding the 75th percentile (right). 385 

moisture flux occurring at the time of genesis, when conditions first meet AR characteristics. After 386 

2 days from genesis the noted anomalies persist, and intensify, demonstrating the normal 387 

progression of an AR intensifying and making landfall. After 5 days following genesis the moisture 388 

anomaly has typically moved past New Zealand as the cyclonic feature translates eastward 389 

indicating that on average, AR conditions have made landfall and passed over the country within 390 
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5 days. Impactful Hokitika ARs have a large moisture anomaly 2 days prior to genesis associated 391 

with a low that is passing to the south of Australia. Following genesis, impactful ARs are 392 

associated with a strengthening of all anomalies of pressure, IWV, and IVT observed up to 5 days 393 

following genesis. 394 

Similar to Hokitika, Auckland AR genesis for all ARs does not have a signal in pressure, 395 

IWV or IVT at 5 days prior (Figure 9). At 2 days prior to genesis, moistening can be seen to the 396 

northwest of New Zealand with a low pressure in the south Tasman Sea in the composite. 397 

Following genesis, the cyclonic anomaly shifts eastward to be positioned over New Zealand which 398 

shifts the core of the enhanced moisture flux offshore to the east of Auckland, with all anomalies 399 

easing by 5 days following genesis. The lifecycle of impactful ARs for Auckland has some notable 400 

differences, namely, a large, stationary low pressure anomaly to the southeast of New Zealand, off 401 

the coast of Antarctica at about 135°W and 60°S. This low pressure remains relatively unchanged 402 

at a constant pressure anomaly and position over the 10 days centered around impactful ARs 403 

genesis. Another notable feature is the broad moist anomaly over much of Australia up to 5 days 404 

prior to impactful AR genesis. In the following 5 days leading up to genesis, a small cyclonic 405 

anomaly passes over the south of Australia, organizing this broad region of moisture into a narrow 406 

corridor along the leading edge of the cyclone, associated with the poleward flowing air of the 407 

circulation. By the time genesis occurs, the previously noted full planetary scale trough is apparent 408 

which persists for up to 5 days following genesis. As noted for Hokitika, the pressure anomalies 409 

tend to strengthen 2 days following genesis for impactful ARs, driving further development of the 410 

moisture flux in the events that produce substantial precipitation. 411 

3.5 MJO impact on AR lifecycle characteristics 412 

The role of the MJO on AR lifecycle characteristics is examined as an initial quantification 413 

of its impact on the weather systems that produce precipitation in New Zealand. The mean 414 

atmospheric conditions during the 8 MJO phases around New Zealand are shown in Supporting 415 

Information S4 and S5 accompanied by composites of New Zealand landfilling ARs that have 416 

genesis during each phase. Four individual AR lifecycle properties are examined at the four 417 

locations identified in Figure 6 during the 8 phases of the MJO: AR frequency, maximum IVT, 418 

AR travel speed, and median precipitation (Figure 10). AR travel speed is the mean speed that the 419 

AR object travels which will be broadly associated with the eastward translation of midlatitude 420 
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cyclones. A slower AR travel speed will be associated with a more stationary synoptic system 421 

possibly associated with blocking.  422 

Figure 9. Synoptic-scale composites (of the same properties as Figure 7) on the day of genesis and 423 

2 and 5 days preceding and following the genesis of ARs that make landfall in Auckland for all 424 

ARs (left) and those that produce precipitation exceeding the 75th percentile (right). 425 

Maximum IVT and AR travel speed both demonstrate a distinct modulation with the 426 

progression of the MJO. In phase 1 landfalling IVT is statistically significantly lower (an 8% 427 

decrease) in Auckland, Hokitika, and Fiordland.  Moving through phases 2 to 4, the sign of the 428 
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difference changes to positive, however, these differences are not significant. At phase 5, Auckland 429 

experiences significantly greater maximum IVT (a 5% increase in magnitude). Then moving 430 

through to phase 8, the sign of the difference flips again with Taranaki experiencing significantly 431 

lower maximum IVT. Generally, it appears the IVT tends to be decreased during phases 1, 2, 7 432 

and 8, while IVT tends to be greater during phases 3 through to 6. AR travel speed (the speed that 433 

an AR object is translated geographically) also has a distinct cycle. ARs travel faster (statistically 434 

significant) for all landfall locations (up to 12% faster) in phase 1. Through phases 2 to 4 there is 435 

no substantial difference, while in phases 5, 6 and 7 ARs appear to travel slower with statistical 436 

significance in Fiordland, Hokitika, and Taranaki. Summarizing these two cycles, ARs tend to 437 

have lower landfalling IVT and travel faster in phases 1, 2 and 8, while having greater IVT and 438 

slower travel speeds in the middle phases, 4, 5, and 6. 439 

Figure 10. Percent change in AR frequency, maximum IVT, AR travel speed and median 440 

precipitation for ARs that make landfall at the various locations in New Zealand during MJO 441 

phases. Statistically significant differences at the 95% level shown with bold outlines. 442 

AR frequency has a complex relationship with MJO phase, however, cyclicity appears 443 

when examining individual landfall locations. In Auckland and Taranaki, AR frequency peaks in 444 

phase 5 with substantially lower frequencies during phase 1, 2, 3, 7, and 8. In Hokitika and 445 

Fiordland, AR frequency peaks in phase 2 with mostly reduced frequencies in all other phases. 446 

Median precipitation also exhibits an intriguing relationship with MJO phase, with the largest 447 
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anomalies occurring in phase 3 where Hokitika (and Fiordland to an extent) has increased median 448 

precipitation, while Auckland experiences significantly reduced median precipitation. All other 449 

phases do not have a significant impact on median precipitation, with the exception of phase 7, 450 

where there is an apparent reduction in all locations (significant in Hokitika). Interestingly, 451 

maximum IVT modulations and median precipitation statistics do not appear to covary with MJO 452 

phase. 453 

To aid in the discussion of the role of MJO on New Zealand ARs, the spatial differences 454 

of AR lifecycle frequency is presented in Figure 11 (along with moisture, IVT, and pressure 455 

anomalies) for notable MJO phases 1, 2, 5, and 7. A positive anomaly in lifecycle frequency 456 

demonstrates that ARs (that makes landfall in New Zealand) tend to spend a longer duration at a 457 

given location than when considering all landfalling ARs. Phase 1 is characterized by reduced 458 

moisture to the north of New Zealand with a broad high pressure over the Tasman Sea and a low 459 

to the south of New Zealand. AR lifecycle frequencies are reduced over a large region of Australia 460 

and the South Pacific Ocean including much of New Zealand. Notably, the meridional pressure 461 

dipole produces a zonal moisture flux anomaly to the south of Australia, originating from the 462 

Indian Ocean that experiences increased AR occurrence and increased advection of moisture 463 

during phase 1. Phase 2 has a similar pattern that is translated eastward as the central region of 464 

tropical convection also shifts eastward. Increased atmospheric moisture in the eastern Indian 465 

Ocean allows for increased AR occurrence in the south of Australia, which stretches to the South 466 

Island of New Zealand. By phase 7 the region of increased moisture has shifted to be directly north 467 

of New Zealand, with increased AR occurrence over much of Australia and to the north of New 468 

Zealand. Phase 5 is associated with a poleward pointing geostrophic wind with a low pressure to 469 

the west of New Zealand and a high pressure to the east. Phase 5 is also associated with a large 470 

low pressure in the Amundsen-Bellingshausen Sea. Phase 7 has much drier conditions in the Indian 471 

Ocean with reduced AR occurrence over Australia and New Zealand. The region of convection is 472 

shifted into the Pacific Ocean with increased AR occurrence stretching across the Pacific Ocean.  473 
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Figure 11. AR lifecycle frequency anomalies (red/blue shading) during selected MJO phases for 474 

ARs that make landfall in New Zealand (only significant anomalies at the 5% level are shown). 475 

500z height anomalies shown with black contours (5 m interval; solid for positive, dashed for 476 

negative). IVT anomaly shown with black vectors (southward of 20S). IWV anomalies in 477 

aqua/brown contours (+/- 1 and 2 mm of precipitable water). All atmospheric fields averaged from 478 

10 day means following AR genesis within each MJO phase. 479 
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4 Discussion 480 

4.1 New Zealand AR lifecycles 481 

The composite and lagged-composite analysis (Figures 7, 8, and 9) allow for interpretation 482 

of the initial dynamical conditions that generate AR conditions for New Zealand, with a particular 483 

focus on impactful events. A schematic of the major geopotential and precipitable moisture 484 

anomalies during AR genesis is presented in Figure 12 for both the North and South Islands. 485 

Impactful South Island AR genesis tends to be associated with increased water vapor over much 486 

of Australia associated with a cyclone positioned to the south of Tasmania (50°S). The 487 

preconditioning of South Island ARs through moist anomalies over Australia has not been 488 

explicitly noted in previous studies. Prince et al. (2021a) and Kingston et al. (2021) identify the 489 

conditions during landfall with increased moisture advection immediately westward of New 490 

Zealand. We show here that this anomalous vapor flux landfalling on the South Island of New 491 

Zealand tends to be associated with greater than average precipitable water not just over the 492 

Tasman Sea but extending back over the Australian continent. 493 

Impactful North Island AR genesis is characterized by a wavetrain within a broad trough 494 

with elevated moisture over the Coral Sea (northeast of Australia) and broad dry anomalies over 495 

Australia (Figure 12). The persistent low-pressure anomaly in the Amundsen Sea, lasting for over 496 

10 days, speaks further to the stationary nature of this large scale trough (Figure 9). The location, 497 

magnitude, and size of this low-pressure anomaly resembles the characteristics of the Amundsen 498 

Sea Low (Raphael et al., 2016) suggesting, a linkage between Antarctic atmospheric dynamics and 499 

extreme weather in New Zealand. The same large-scale dynamics that initiate the Amundsen Sea 500 

Low may setup conditions favorable for impactful precipitation in the North Island of New 501 

Zealand.  502 

The large-scale Rossby wave train for North Island ARs also bears resemblance to the 503 

synoptic conditions that produce Australian northwest cloudbands, a large-scale cloud feature 504 

related to widespread precipitation and warm advection over Australia (Reid et al., 2019; Black et 505 

al., 2021). Black et al. (2021) discuss the role of this large-scale trough in fluxing momentum 506 

equatorward, into the subtropical jet stream over New Zealand. This synoptic pattern is also 507 

associated with AR activity over Australia and the climatology of Australian northwest cloudbands 508 

also matches the climatology of ARs in New Zealand and Australia with maximum occurrence in 509 
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the summer (Prince et al., 2021a; Reid et al., 2019, 2022) The source of this planetary-scale wave 510 

that produces these numerous weather events for New Zealand and Australia requires further 511 

examination and remains an interesting research question. The presented composites also only 512 

resembles the mean conditions during AR genesis; an exploration of the various types of AR 513 

genesis for New Zealand would reveal further details to better constrain the synoptic drivers since 514 

they could vary somewhat between events, as have been studied for the Western U.S (e.g. Zhou 515 

and Kim, 2019; Prince et al., 2021b). 516 

Figure 12. Schematic of the synoptic-scale setup for the genesis of impactful ARs that make 517 

landfall in the North (upper) and South (lower) Islands of New Zealand. Moisture anomalies shown 518 

with green and brown and pressure anomalies identified with blue and red regions. 519 

The spatial extent of New Zealand AR genesis reveals insight in the passage of cyclones 520 

and accumulation of moisture that passes over New Zealand, highlighting the broad region of 521 

genesis extending back into the Indian Ocean through to termination in the South Pacific and 522 

extending through the Drake Passage. The maximum westward extent of New Zealand AR genesis 523 

extends approximately 90° west (with frequencies greater than 5%), almost half the longitudinal 524 

extent of AR genesis for corresponding west coast landfall locations in North America (Oregon 525 
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and Washington, between 35-40°N; Prince et al., 2021b). We speculate that the presence of the 526 

Australian landmass may be considered as the first order difference, inhibiting evaporation and 527 

initiating precipitation of transiting cyclones, limiting the supply of moisture available for 528 

progressing midlatitude storms. However, an adjacent moisture source is not necessarily a 529 

requirement of an AR, with examples from North Africa and the Middle East demonstrating the 530 

rapid advection of moisture over broad landmass and deserts (namely over the Arabian Peninsula; 531 

Esfandiari and Lashkari 2020; Dezfuli 2020) before initiating precipitation in mountainous 532 

regions. It is important to note however, that AR precipitable water does not necessarily come 533 

from the genesis region (Sodemann and Stohl, 2013), but rather ARs gain and lose moisture 534 

throughout their entire lifecycle. Therefore, the conditions immediately upstream of AR 535 

precipitation may be equally as important as the genesis region, suggesting that conditions in the 536 

Tasman Sea, such as sea surface temperature may be fundamentally important in controlling the 537 

amount of moisture that is advected over New Zealand. Further assessment of the source of 538 

moisture in New Zealand ARs could reveal fascinating insight into the particular regions of interest 539 

for the generation of moisture for New Zealand precipitation.  540 

The dynamic difference between the North Pacific and westward of New Zealand (Tasman 541 

Sea and Southern Indian Ocean) cannot be ignored here and may be equally, if not more, important 542 

than the prior moisture source argument. The Northern Hemisphere jet stream maximum situated 543 

to the east of Japan (downwind of the Tibetan Plateau) is associated with substantial baroclinic 544 

growth in the north Pacific and consequently results in a broad region of enhanced transient eddy 545 

activity across the entire north Pacific basin (James, 1994), which is associated with broad AR 546 

genesis and elevated AR tracks (Zhang and Villarini, 2018; Guan and Waliser, 2019; Zhou and 547 

Kim, 2019; Prince et al., 2021b). The region of maximum cyclogenesis immediately westward of 548 

New Zealand is much closer to New Zealand than cyclogenesis for North America, with maximum 549 

cyclogenesis occurring over eastern Australia (Trenberth, 1991; Sinclair, 1994, 1995; Hoskins and 550 

Hodges, 2005). The cyclones that come further from the east, over the southern Indian Ocean (the 551 

hemispheric maximum in cyclone activity and eddy kinetic energy) tend to migrate poleward 552 

before reaching New Zealand, terminating well south of Australia (Sinclair, 1995; Hoskins and 553 

Hodges, 2005). While this westward region in the Indian Ocean does have enhanced AR genesis 554 

activity (Guan and Waliser, 2019), these ARs tend to have a substantial meridional component 555 

following the poleward migration of the cyclones, terminating to the south of Australia and 556 
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avoiding landfall with New Zealand. This understanding is in congruence with the results 557 

presented here; New Zealand ARs tend to come from a smaller upstream region stretching across 558 

Australia back to 90°E. The eastward propagation of New Zealand ARs following landfall, which 559 

extends well beyond 90° in longitude, further demonstrates that New Zealand is positioned closer 560 

to a region of AR genesis (and presumably cyclone genesis as demonstrated by Hoskins and 561 

Hodges, 2005), where ARs make landfall relatively early in their lifecycle. The unique 562 

characteristics of New Zealand AR lifecycles are crucial for understanding the occurrence of 563 

extreme precipitation in New Zealand and must be considered when interpreting future climate 564 

impacts for New Zealand. 565 

4.2 Role of the MJO on New Zealand ARs 566 

The presented connection between MJO and ARs in New Zealand generally agree with the 567 

role the MJO has on New Zealand weather types (Fauchereau et al., 2016). Phase 5 produces 568 

notable increases in North Island AR frequency, moisture flux and AR travel speed while aligns 569 

with the northerly flow and north Tasman Sea cyclone typically associated with this phase 570 

(Fauchereau et al., 2016). Interestingly, while phase 5 produces anomalous moisture flux and AR 571 

frequencies, it is not associated with increased precipitation, shown here and by Fauchereau et al. 572 

2016. The anomalously low precipitation (and AR frequency) on the western coast during phase 7 573 

(Figure 10) also agrees with the reduced west coast precipitation presented by Fauchereau et al. 574 

(2016), associated with anomalous easterly flow over the country. The increased AR frequency in 575 

phase 2 in the South Island is shown by Fauchereau et al. (2016) as increased precipitation on the 576 

South Island West Coast. The synoptic conditions are calculated as 10-day averages following the 577 

MJO phase following the methodology presented by Zhou et al. (2021) to capture the potential 578 

teleconnections initiated by the deep tropical convection associated with the MJO. Fauchereau et 579 

al. (2016) demonstrate that the geopotential height anomaly near New Zealand is stable within 10-580 

days of a given MJO phase, consistent with the relevant timescales of stationary Rossby waves, 581 

providing confidence in the presented results. 582 

The motivation to examine the potential role of the MJO on New Zealand AR genesis was 583 

to examine whether the geopotential anomalies associated with each phase resembled the 584 

conditions during AR genesis (as presented in Figures 7, 8, 9, and 12). The MJO does modulate 585 

the AR frequency for New Zealand landfalling ARs (±30% in their occurrence). The associated 586 
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geopotential anomalies, especially associated with phase 5 sets up a low pressure in the Tasman 587 

Sea that has some resemblance to North Island AR composites. While the AR geopotential height 588 

composites will certainly involve interactions from a variety of wave sources, the position of the 589 

pressure dipole over New Zealand during phase 5 is certainly a feature expected to produce 590 

increased North Island AR activity. The exploratory analysis presented here acts as a benchmark 591 

to continue exploring the dynamical explanation for precipitation variability in New Zealand. 592 

Modern studies of MJO teleconnections have focused on North America, which has provided 593 

significant understanding of the role of tropical convection plays on seasonal-to-subseasonal 594 

forecasting (Wang et al. 2023). The results presented herein and by Fauchereau et al. (2016) 595 

highlight the potential of building understanding of tropical teleconnections for New Zealand. 596 

5 Conclusions 597 

In this study, we present the first assessment of New Zealand AR lifecycles, identifying 598 

the regions where New Zealand landfalling ARs are first detected and the synoptic conditions 599 

associated with initiating ARs conditions. The genesis conditions of the most impactful ARs are 600 

examined for various locations across New Zealand, with an assessment of the synoptic conditions 601 

prior to and following genesis. Impactful AR genesis for the North Island of New Zealand is 602 

associated with an embedded shortwave within a distinct planetary-scale trough extending over 603 

New Zealand. This identified synoptic pattern is not dissimilar to synoptic conditions that produce 604 

northwest cloudbands over Australia and the possible connection between Australian moisture 605 

anomalies and precipitation with New Zealand ARs is demonstrated. South Island AR genesis 606 

resembles a more typical synoptic scale wavetrain extending across New Zealand associated with 607 

moist conditions over Australia. North Island and South Island ARs appear to come from distinctly 608 

different geographic regions with the typical regions of genesis modulating for the most impactful 609 

events. 610 

The role of MJO on modulating New Zealand AR lifecycles is also examined through 10-611 

day composite analysis and changing AR characteristics. There is a distinct modulation in AR 612 

moisture flux and travel speed with phase 8 and 1 being associated with reduced AR frequency, 613 

low moisture flux, and faster travel speeds. The middle phases (4, 5, and 6) appear to be associated 614 

with increased moisture flux, increased AR frequency and slower travel speeds. These results 615 

appear consistent with the current understanding of MJO teleconnections in New Zealand. These 616 
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results highlight the potential for developing seasonal-to-subseasonal forecasts for the New 617 

Zealand region by identifying the role tropical dynamics play in generating midlatitude conditions 618 

that enhance precipitation. 619 
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Key Points: 8 

• New Zealand atmospheric rivers (ARs) tend to have genesis within the Tasman Sea and 9 

terminate in the South Pacific Ocean. 10 

• Impactful ARs originate further from landfall, in the north Tasman Sea for the North 11 

Island and southern Australia for the South Island. 12 

• New Zealand ARs are modulated by the MJO with phase 5 notably bringing anomalous 13 

meridional moisture flux and AR frequency over the country.  14 
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Abstract 15 

New Zealand atmospheric river (AR) lifecycles are analyzed to examine the synoptic 16 

conditions that produce extreme precipitation and regular flooding. An AR lifecycle tracking 17 

algorithm, novel to the region, is utilized to identify the genesis location of New Zealand ARs: the 18 

location where moisture fluxes enhance and become distinct synoptic features capable of 19 

producing impactful weather conditions. Genesis locations of ARs that later impact New Zealand 20 

cover a broad region extending from the Southern Indian Ocean (90°E) into the South Pacific 21 

(170°W) with the highest genesis frequency being in the Tasman Sea. The most impactful ARs, 22 

associated with heavy precipitation, tend to originate from distinct regions based on landfall 23 

location. Impactful North Island ARs tend to originate from subtropical regions to the northwest 24 

of New Zealand, while impactful South Island ARs are associated with genesis over southeast 25 

Australia. The synoptic conditions of impactful AR genesis are identified with North Island ARs 26 

typically associated with a cyclone in the central Tasman Sea along with a distant, persistent low 27 

pressure off the coast of West Antarctica. South Island AR genesis typically occurs in conjunction 28 

with moist conditions over Australia associated with a zonal synoptic-scale wavetrain. The 29 

Madden–Julian oscillation (MJO) is examined as a potential source of variability that modulates 30 

New Zealand AR lifecycles. It appears that the MJO modulates AR characteristics, especially 31 

during Phase 5, typically bringing more frequent, slow moving ARs with greater moisture fluxes 32 

to the North Island of New Zealand. 33 

Plain Language Summary 34 

The occurrence of atmospheric rivers (ARs) in New Zealand regularly results in extreme 35 

precipitation and flooding. This study presents the lifecycle of atmospheric rivers, identifying the 36 

atmospheric conditions that allow for ARs to form which then cause precipitation in New Zealand. 37 

The majority of New Zealand ARs tend to come from the Tasman Sea and then propagate across 38 

the South Pacific Ocean. The ARs that cause extreme precipitation originate from distinct regions 39 

in the Tasman Sea and over southern Australia. Northern landfalling ARs are associated with a 40 

large trough and a cyclone in the north Tasman Sea while southern ARs in New Zealand are 41 

associate with a cyclone position to the south of Australia. The Madden-Julian Oscillation, the 42 

position of tropical deep convection, is examined as a modulator of AR lifecycle characteristics. 43 

Phase 5 of the MJO is identified as an important phase for increasing the moisture flux and AR 44 
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activity over northern New Zealand, indicating an opportunity to improve seasonal-to-subseasonal 45 

forecasting. 46 

1 Introduction 47 

Flooding regularly causes hazardous conditions and substantial damage to infrastructure 48 

and property in New Zealand, resulting in significant environmental and socioeconomic impacts 49 

(Revell et al., 2019; Prince et al., 2021a). Historical individual flood events are recorded to cost 50 

more than USD$25 million (based on adjusted insurance claim data) with recent events exceeding 51 

USD$100 million (Reid et al., 2021; ICNZ, 2023). Identifying the atmospheric conditions across 52 

all spatiotemporal scales associated with hazardous conditions allows for an accurate impact-based 53 

assessment of geophysical properties. Furthermore, describing the specific atmospheric dynamics 54 

associated with such events provides a physically-based, dynamical understanding (compared to 55 

commonly cited probabilistic changes, e.g. Stone et al., 2022; Rhoades et al., 2021) of how 56 

changing atmospheric circulations may impact livelihoods. 57 

An increasingly common method for studying the atmospheric controls on heavy 58 

precipitation and flooding is to identify landfalling atmospheric rivers (ARs), plumes of enhanced 59 

midlatitude water vapor transport, and their associated dynamics (Ralph et al., 2019). Numerous 60 

studies in recent years have identified that precipitation in New Zealand is dominated by the 61 

occurrence of ARs, with the vast majority of heavy precipitation events occurring during these 62 

extreme moisture fluxes (Kingston et al., 2016; Prince et al., 2021a; Reid et al., 2021; Shu et al., 63 

2021). Prince et al., (2021a) presented a climatology of New Zealand ARs that account for up to 64 

75% of total precipitation and >90% of heavy rainfall on selected West Coast weather stations. A 65 

more comprehensive calculation of New Zealand AR precipitation impacts for weather stations 66 

across the country (from the NIWA CliFlo database; https://cliflo.niwa.co.nz/) is presented in 67 

Figure 1 (corroborating Shu et al., 2021). There is a distinct spatial structure to the amount of 68 

precipitation ARs deliver in NZ, which is related to topography. On the western side of both 69 

islands, ARs account for between 50% and 85% of total annual precipitation (70% to 90% of 70 

extreme precipitation), and account for between 30% and 50% on eastern sides of the country (less 71 

than 50% of extreme precipitation).  72 
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Figure 1. Mean percentage of (left) annual precipitation and (right) annual extreme precipitation 73 

(in the 98th percentile) from ARs in New Zealand from the NIWA CliFlo weather station network 74 

(https://cliflo.niwa.co.nz/). The presented 118 stations were selected with hourly precipitation 75 

records spanning more than 10 years with less than 10% missing data. Position of New Zealand in 76 

the Southwest Pacific basin shown in upper left and topography of New Zealand is shown with 77 

gray shading over the country with the Southern Alps (> 1000 m.a.s.l.) identified as the dark gray 78 

region extending the length of the South Island. 79 

The broad synoptic scale conditions associated with landfalling ARs in various regions of 80 

New Zealand was presented by Prince et al. (2021a), highlighting the important orientations of the 81 

dipole pressure anomalies directing moisture laden air masses towards various coastlines of New 82 

Zealand. Prince et al. (2021a) and Reid et al. (2021) both discuss the seasonality and impact of 83 

ARs, with almost double the amount of ARs occurring in summer compared to in winter. 84 

Furthermore, AR precipitation is distinctly related to the moisture flux and duration, as defined by 85 

the AR rank; Ralph et al. (2019), especially for the western coast of New Zealand (Prince et al., 86 

2021; Reid et al., 2021). Pohl et al., (2021) highlight the importance of the vapor transport 87 

orientation towards the landmass of New Zealand for producing extreme precipitation, which 88 
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directly relates to the pressure anomalies and preferential geostrophic flow. Results from Kingston 89 

et al. (2021) and Prince et al. (2021a) further demonstrate the importance of landfalling moisture 90 

flux direction through flooding case studies and calculated composites, respectively. Intense 91 

moisture flux across the Tasman Sea, directed towards the mountainous regions of New Zealand, 92 

has also been shown as a key driving mechanism in producing both heavy snowfall and snow/ice 93 

melt (Little et al., 2019; Cullen et al., 2019; Kropac et al., 2021; Porhemmat et al. 2021). These 94 

studies have all focused on the landfalling characteristics and statistics of New Zealand ARs ,with 95 

the full dynamical description of New Zealand ARs lifecycle, genesis and termination, remaining 96 

elusive. 97 

The modulation of extreme weather and particularly extreme precipitation in New Zealand 98 

through larger scale climate modes and oscillations is an emerging avenue of study which adds 99 

understanding to seasonal-to-subseasonal forecasting and teleconnections (Mariotti et al., 2020). 100 

The Southern Annular Mode (SAM), El Niño Southern Oscillation (ENSO), Interdecadal Pacific 101 

Oscillation (IPO), and the Madden-Julian Oscillation (MJO) have all been shown to influence 102 

weather regimes that impact New Zealand (Salinger et al., 2001; Kidston et al., 2009; Fauchereau 103 

et al., 2016). The SAM, ENSO and IPO are low frequency, large-scale climate modes that manifest 104 

as variations in wind speed, surface pressure, and sea surface temperatures at monthly to decadal 105 

time scales (Salinger et al., 2001; Fogt and Marshall, 2020). Due to the large spatiotemporal scales 106 

of SAM, ENSO, and IPO, the synoptic-scale impacts on New Zealand are not straightforward, and 107 

rather appear as statistical anomalies on the climate scale. 108 

The MJO however, is a convectively coupled, eastward propagating tropical wave that 109 

follows a 30 to 60-day cycle that has direct dynamical influences (Zhang et al., 2020). The direct 110 

thermodynamic signature allows for effective understanding of teleconnections propagating from 111 

regions of enhanced tropical convection, through upper-tropospheric divergence and the 112 

generation of poleward extending stationary Rossby waves (Hoskins and Karoly, 1981; Henderson 113 

et al., 2017). Midlatitude precipitation anomalies in particular are described well throughout the 114 

MJO lifecycle through propagating Rossby waves (Wang et al., 2023). The Northern Hemisphere 115 

teleconnections of the MJO have received a lot of attention, most recently, focusing on AR 116 

occurrence in North America (Zhou et al., 2021; Toride and Hakim, 2022; Wang et al., 2023). 117 

Fauchereau et al. (2016) demonstrated that, for New Zealand, the MJO has a direct influence of 118 

the type of weather regimes that influence the country, suggesting an ability to improve 119 
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predictability of impactful weather events as modulated by the MJO. Importantly, moist, west to 120 

northwesterly flows toward the country can be up to 50% more or less frequent based on the phase 121 

of the MJO. Pohl et al. (2022) goes on to demonstrate that New Zealand weather types are closely 122 

linked to AR occurrence, therefore, it is likely that the lifecycle of New Zealand landfalling ARs 123 

are also influenced by the MJO and the shifting location of tropical deep convection. The role of 124 

MJO on AR lifecycles forms the secondary focus of this study due to its importance for moisture 125 

flux (and presumably ARs) in New Zealand and the potential scientific advances that MJO-AR 126 

relationships can elicit as demonstrated for the North Pacific (Zhou et al., 2021; Toride and Hakim, 127 

2022). 128 

Tracking ARs throughout their lifecycle, including identifying conditions conducive to 129 

their formation and controls on lifecycle characteristics, has become an active research topic (Guan 130 

and Waliser, 2019; Kim and Chiang 2021). Recent advances in AR lifecycle tracking algorithms 131 

provide details such as the genesis location, travel speed, age and termination location of ARs 132 

(Guan and Waliser, 2019). AR lifecycle tracking on the West Coast of the USA has allowed for a 133 

unique understanding of the initial, distal atmospheric conditions conducive to the development of 134 

heavy precipitation and consequently substantial societal impacts to the region. ARs that travel 135 

further over the ocean prior to landfall tend to have greater integrated vapor transport (IVT; Zhou 136 

and Kim, 2019). Prince et al. (2021b) also demonstrates that the spatial distribution of AR genesis 137 

tends to shift further from the coastline for more damaging ARs, increasing the distance travelled 138 

over ocean prior to landfall and increasing the vapor transport (corroborating with Zhou and Kim, 139 

2019). The identified AR genesis location (and associated time step) is the point in time and space 140 

when a region of moisture flux increases in magnitude (from quiescent conditions), becoming 141 

sufficiently large and intense to be considered an AR and consequently, a synoptic-scale feature 142 

capable of producing heavy precipitation. AR genesis can therefore be considered as the 143 

strengthening of lower-level winds (often through a pre-cold frontal lower lever jet) within a moist 144 

environment, often associated with a developing midlatitude cyclone (Ralph et al., 2018). The 145 

presence of strong vapor transport can also generate a positive feedback for cyclonic 146 

intensification, with additional latent heating generating lower level diabatic potential vorticity 147 

(Lackmann, 2002; Zhang et al., 2019). 148 

These emerging studies on AR lifecycle were all focused on the west coast of North 149 

America with AR genesis across the North Pacific (Sellars et al., 2017; Zhou et al., 2018; Zhou 150 
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and Kim, 2019; Kim and Chiang, 2021). The focus of this study is to examine the lifecycle, 151 

specifically the genesis, of ARs that make landfall in New Zealand in order to provide insight into 152 

the synoptic patterns and large-scale dynamics associated with the transport of moisture leading to 153 

heavy precipitation events. The genesis and termination locations of New Zealand ARs are 154 

examined for ARs throughout the entire year, followed by an assessment of how these vary based 155 

on landfall location. The modulation of AR genesis location based on extreme precipitation is 156 

presented at four individual weather stations, with an examination of the atmospheric conditions 157 

associated with AR genesis for these locations. Lagged composites of AR genesis are calculated, 158 

examining the atmospheric conditions prior and following AR genesis, to examine the antecedent 159 

and subsequent conditions for impactful AR genesis. Finally, an examination of the role of MJO 160 

on AR life cycles in New Zealand is presented to provide the first examination of the role of MJO 161 

on New Zealand ARs and subsequent extreme precipitation. 162 

2 Data and Methods 163 

A historical climatology of landfalling ARs in New Zealand is developed from the ERA-164 

Interim reanalysis of 6-hourly instantaneous fields of global IVT (eastward and northward water 165 

vapor fluxes) from 1979 to 2019 (40 years) at 1.5° resolution (Dee et al., 2011). Landfalling ARs 166 

in New Zealand are identified using the Guan and Waliser (2019) Version 3, Tracking 167 

Atmospheric Rivers Globally as Elongated Targets (tARget) algorithm (henceforth GW19). ARs 168 

are detected as objects of coherent, elongated regions of increased vapor transport (IVT) as 169 

described in Guan and Waliser (2015, 2019). GW19 is a widely used AR detection algorithm and 170 

has undergone extensive validation and iterations of improvements, with the most recent version 171 

being a benchmark for object-based global AR tracking (Guan and Waliser, 2015, 2017, 2019; 172 

Guan et al., 2018). Examples of AR lifecycles are shown in Figure 2 for New Zealand, with 173 

identified genesis and termination regions. While only a single AR lifecycle tracking algorithm is 174 

used in this study (GW19), validation from Zhou et al. (2021) has shown that new lifecycle tracking 175 

algorithms (namely from Guan and Waliser, 2019, Zhou and Kim, 2019 and Shearer et al., 2020) 176 

tend to perform consistently in identifying genesis location, especially for ARs of stronger 177 

magnitude.  178 
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Figure 2. Examples of two AR lifecycles that made landfall in New Zealand and produced 179 

substantial precipitation (in the top 5 ARs recorded at the Hokitika rain gauge; exceeding 600 mm 180 

within 3 days). The genesis location is identified with the blue outline and the yellow color and 181 

the termination location is identified in purple. The relative age begins at zero at genesis and scales 182 

linearly to termination at unity.  183 

GW19 assigns individual ARs a unique identification allowing each landfalling AR (an AR 184 

that crosses the coastline of New Zealand) to be tracked throughout its lifecycle. The genesis and 185 

termination locations are identified as the grid cells where an AR object is first detected and where 186 

the final timestep of its presence is identified. A spatial relationship algorithm is applied in GW19 187 

to quantify the relationship between detected AR objects between time and space to assess the 188 

persistence of the same AR object throughout a lifecycle. An additional measure analyzed herein 189 

is the lifecycle frequency, which is considered as the amount of time an AR is present for each 190 

grid cell throughout its entire lifecycle, considering all time steps the AR is detected. The AR 191 

lifecycle frequency may then be calculated over a set period (i.e. a year) to calculate the frequency 192 

of time ARs are present in each cell.  193 

Hourly precipitation records were examined from four locations on the western side of 194 

New Zealand spanning the latitudinal range of the country (from north to south: Auckland, 195 

Taranaki, Hokitika, and Fiordland). These precipitation records are used to examine the lifecycle 196 

properties and atmospheric conditions for ARs that cause heavy precipitation; the ARs with the 197 

potential to cause extensive damage. Storm-total precipitation is calculated as the amount of 198 

precipitation that falls within 12-hours of an AR being present over the weather station. The 75th 199 
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percentile of AR storm-total precipitation is chosen as the cut off to select the most extreme storms, 200 

above which the amount of precipitation increases exponentially (Figure 3). Changes in AR 201 

genesis with landfalling precipitation impact is examined using a one-sided Fishers-exact test (at 202 

the 95% level; e.g. Orskaug et al., 2011), to examine differences in frequency of events with 203 

differing sample sizes. Atmospheric composites and anomalies are calculated for all and impactful 204 

ARs using Era-Interim 500 hPa geopotential height, vertically integrated water vapor (IWV), and 205 

vertically integrated vapor transport (IVT). 206 

Figure 3. Storm total precipitation associated with landfalling ARs from four selected weather 207 

stations in New Zealand (named above figure) used throughout this research. The ARs are ordered 208 

along the x-axis from greatest to least storm total precipitation. The 75th percentile in storm total 209 

precipitation is identified with the red dotted line. ARs left of this line are selected as those that 210 

are most impactful. 211 

The multivariate MJO index (Wheeler and Hendon, 2003) is used to examine the role MJO 212 

has on modulating New Zealand ARs. The index consists of two amplitudes (RMM1 and RMM2) 213 

from empirical orthogonal functions of tropical zonal winds and outgoing longwave radiation 214 

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

magnitude (√𝐑𝐌𝐌𝟏𝟐 + 𝐑𝐌𝐌𝟐𝟐) exceeds 1, a common distinction for identifying MJO days 216 

(Henderson et al., 2017; Zhou et al., 2021). New Zealand landfalling ARs that have genesis during 217 

an MJO phase are identified, however, since ARs can exist over multiple days it is possible for an 218 

AR to have genesis in one MJO phase and termination in another. The initial conditions are the 219 

focus of this study and so genesis during each phase is the focus to connect downstream impacts 220 
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(in New Zealand) over the entire AR lifecycle to the conditions that were present at the time of 221 

genesis (following similar justification to Zhou et al., 2021). Across all landfall locations, 222 

approximately 62% of landfalling ARs have a genesis during an identified phase of the MJO, with 223 

New Zealand AR genesis occurring on 12-19% of all days with an identified MJO. 224 

3 Results 225 

3.1 New Zealand AR lifecycles 226 

We begin by examining AR lifecycles for all ARs that make landfall in New Zealand 227 

irrespective of their landfall location, magnitude, or moisture flux direction. The genesis region 228 

for New Zealand ARs stretches from 90E to 160W, from the Indian to the Pacific Ocean, with 229 

the highest frequency of AR genesis located in the Tasman Sea, westward of the North Island 230 

(Figure 4a). Tasman Sea genesis frequencies exceed 6 per year, with the highest grid cell 231 

frequencies exceeding 10 per year. The greatest genesis frequencies are located immediately 232 

adjacent to New Zealand, typically to the north-west. While AR genesis frequency does decrease 233 

over the landmass of Australia, it remains elevated indicating that AR genesis is not limited to 234 

maritime locations and advected moisture over the landmass of Australia is able to meet the 235 

characteristics of a genesis AR. The eastward extent of AR genesis downwind of New Zealand is 236 

notable and may also be associated with ARs that have genesis at the point of landfall with a large 237 

shape that extends well beyond the landmass of New Zealand (Prince et al., 2021b). This eastern 238 

genesis region will also reflect the genesis of ARs that make landfall on the east coast of New 239 

Zealand (Figure 5; Prince et al., 2021a).  240 

Termination locations for New Zealand ARs extend across the entire South Pacific from 150E to 241 

60W (Figure 4b), with an average of 1.5 ARs per year terminating through the Drake Passage, 242 

between South America and the Antarctic Peninsula. Similar to genesis, the highest termination 243 

rates are immediately adjacent to the landmass of New Zealand representing ARs that have 244 

termination at the time or shortly after landfall. A region of increased termination extends from 245 

the southern end of New Zealand to the southeast, possibly indicating the direction most ARs travel 246 

following landfall. Notably, over 3 ARs per year on average that landfall in New Zealand reach 247 

the Antarctic continent, extending from Victoria Land and the front of the Ross Ice Shelf, across 248 

the coastline of West Antarctic and to the western edge of the Antarctic Peninsula (Figure 4b). 249 
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Figure 4. Mean frequency of AR (a) genesis and (b) termination for ARs that make landfall in 250 

New Zealand at any point throughout their lifecycle (in counts per year) between 1979 and 2019. 251 

(c) Lifecycle frequency of all AR objects for New Zealand landfalling ARs are shown as a percent 252 

of annual time steps. 253 
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Figure 5. AR genesis (a) and termination (b) frequency for ARs that make landfall in New Zealand 254 

separated by regions as identified in (c) shown as percentages. For landfall to be selected in this 255 

figure, the moisture flux of the AR must be directed from the ocean and towards the land. Total 256 

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

These termination locations are also well within the northern most extent of seasonal sea ice cover 258 

around Antarctica (Parkinson and Cavalieri, 2012). The range between the westward extent of 259 

genesis (90E) and the eastward extent of termination (60W) is over 210 of longitude, extending 260 

more than half way around the globe, demonstrating the importance of planetary scale circulation 261 

features on synoptic-scale cyclonic processes that initiate precipitation in New Zealand.  262 
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Mapping the AR lifecycle frequency further adds to this understanding by demonstrating 263 

where ARs that make landfall in New Zealand tend to occur, rather than their instantaneous genesis 264 

or termination statistics (Figure 4c). The lifecycle frequency reveals important information about 265 

the duration of AR conditions rather than the instantaneous genesis or termination object. Over the 266 

landmass of New Zealand, AR frequencies of 10-12% of timesteps within the year are observed 267 

which matches well with previous, location specific New Zealand AR frequencies (Prince et al., 268 

2021a). Furthermore, ARs that make landfall in New Zealand occur over southeast Australia (New 269 

South Wales and Victoria) for 6-8% and Western Australia for 2-4% of annual timesteps. The 270 

lifecycle map also reveals that New Zealand landfalling ARs are also present southward of 70°S, 271 

well within the range of Antarctic sea ice for up to 2% of annual timesteps, corresponding to AR 272 

conditions (associated with New Zealand ARs) on 7 days within a year. 273 

Dividing the genesis and termination frequencies based on landfall location further reveals 274 

the nature of AR lifecycles for various regions around the country (Figure 5). ARs that make 275 

landfall on the western side of New Zealand (Central and Fiordland in Figure 5) have the largest 276 

spread of genesis locations with up to 5% of landfalling ARs with genesis in the Indian Ocean, 277 

westward of Australia (120°E). As observed in Figure 4, the genesis frequency increases with 278 

proximity to the landfall location, increasing to up to 15% in locations adjacent to the coastline. 279 

Elevated genesis frequencies of over 2.5% extend norward up to 20°S and across central Australia. 280 

ARs that make landfall on the Northern coast of New Zealand have a more concentrated genesis 281 

region, with frequencies over 2.5% remaining eastward of 120°E, over the landmass of Australia. 282 

Towards the coastline, Northern ARs have genesis frequencies over 20%. East Coast landfalling 283 

ARs have the most unique genesis region, being constrained mostly eastward of Australia in the 284 

Tasman Sea and South Pacific Ocean. The core region of AR genesis for the East Coast is at about 285 

180°E, to the northeast of New Zealand.  286 

The spatial distribution of AR termination separated by region also reveals further insight 287 

into the lifecycle of New Zealand landfalling ARs. Central and Northern landfalling ARs have 288 

similar termination regions, with up to 4% of landfalling ARs having termination on the coast of 289 

Western Antarctica. These regions also display two regions of enhanced termination, over the 290 

landmass of New Zealand (over 12% of ARs) and in the South Pacific centered at 140°W and 60°S 291 

(up to 8%). About 2% of Northern and Central ARs cross the entire South Pacific Ocean and have 292 

termination in the Drake Passage. Fiordland ARs do not travel as far, with almost all termination 293 
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occurring westward of the Antarctic Peninsula and less than 2% of ARs having termination 294 

eastward of 90°W. Fiordland ARs exhibit a narrow band of increased AR termination indicating a 295 

preferential pathway for ARs that landfall in this region, extending to the southeast of the South 296 

Island with frequencies up to 12%. East Coast ARs tend to all have termination immediately east 297 

of the North Island of New Zealand at 40°S and eastward of 180°E. The colocation of East Coast 298 

AR genesis and termination regions suggests that ARs that make landfall in this region do not 299 

travel far and have relatively short lifetimes compared to those that make landfall in other regions 300 

of New Zealand. 301 

3.2 Genesis frequency as a function of impact 302 

A key question in this research is the role that genesis has on the impact of New Zealand 303 

landfalling ARs. The difference in genesis frequency between all ARs and those that produce 304 

impactful weather events (precipitation in the stations 75th percentile) is presented in Figure 6 305 

across four locations spanning the length of the western coast of New Zealand (from south to north, 306 

Fiordland, Hokitika, Taranaki, and Auckland). As found in Figures 4 and 5, AR genesis for all 307 

locations on the western coast extends over Australia and towards 90°E, with those making landfall 308 

further south having genesis regions extend further westward. The distribution of genesis locations 309 

appears to shift notably when considering impactful ARs (75th percentile precipitation) across all 310 

landfall locations (statistically significant, at the 95% level from a one-sided Fisher-exact test). 311 

The median genesis centroid and relationship between strom total precipitation and IVT is shown 312 

in Supporting Information S1. 313 

For Auckland, ARs tend to have more frequent genesis (frequencies up to 5% greater) in 314 

the north Tasman Sea stretching between Brisbane and New Caledonia between 30°S and 40°S of 315 

rates that are for individual grid cells. The reduced frequency to the south of the distribution 316 

demonstrates that impactful ARs for Auckland tend to come from north of 35°S. Further south, 317 

Taranaki exhibits a similar region of enhanced AR genesis in the North Tasman Sea, between the 318 

top of the North Island and New Caledonia with an extended zonal range stretching northwest 319 

across Australia. In the middle of the South Island, impactful ARs in Hokitika tend to have genesis 320 

along the western side of the Tasman Sea, on the east coast of Australia with a broad range of 321 

increased genesis across much of southern Australia. In Fiordland, at the southern end of New 322 

Zealand, impactful ARs only have a small region of increased genesis in a narrow band along the 323 



manuscript submitted to Journal of Geophysical Research Atmospheres 

 

southern coast of Australia. In summary, impactful North Island ARs tend to come from 324 

subtropical regions to the northwest of New Zealand, while impactful South Island ARs are 325 

associated with genesis over southeastern Australia, with the western Tasman Sea being a key 326 

region of impactful AR genesis for all regions. 327 

Figure 6. The conditional frequency of atmospheric river (AR) genesis for ARs making landfall 328 

at the four weather stations identified in Figure1 for all landfalling ARs (left) and those that 329 

produce precipitation in the 75th percentile (center). Conditional frequency is the probability an 330 

AR object originates from a grid cell given that it makes landfall in each location and causes 331 

precipitation in the specified range (i.e., exceeding the 75th percentile). The numerical absolute 332 

increase in frequency (center column minus the left column) is shown (right) with statistical 333 

significance (p < 0.05) shown with dashed lines (from a one-sided Fisher-exact test). 334 

3.3 Synoptic conditions during AR genesis 335 

To further investigate characteristics of these primary AR genesis regions, atmospheric 336 

composites of vertically integrated water vapor (IWV), vertically integrated water vapor transport 337 

(IVT), and 500 hPa surface heights are assessed for the four individual landfall locations for ARs 338 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021GL093947#grl63009-fig-0001
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that occur throughout the entire year (Figure 7). Genesis of all ARs for Auckland is associated 339 

with a low pressure centered to the west of the South Island of New Zealand with higher pressures  340 

to the northeast of the North Island. This pressure dipole initiates an anomalously moist, 341 

northwesterly geostrophic flow directed toward the North Island of New Zealand. Considering the 342 

other landfall locations, the location of this pressure dipole and associated moist geostrophic flow 343 

shifts southward as expected. AR genesis for all locations in Figure 7 has a weak high-pressure 344 

anomaly off the coast of Antarctic at about 50°S between 90°E and 110°E, suggesting the presence 345 

of a wave packet, with embedded synoptic scale waves, directed to the northeast. Notably, for 346 

Fiordland ARs, the moisture anomaly stretches across the entirety of Australia, suggesting that AR 347 

genesis that landfall in Fiordland is associated with broad moist conditions across Australia. 348 

Figure 7. Atmospheric conditions at the time of atmospheric rivers (AR) genesis shown with 349 

composites of anomalous vertically integrated water vapor (IWV; green and brown), 500 hpa 350 

height anomalous (red and blue 10 m contours, 30 m in bold) and vapor flux vector anomaly 351 

(arrows) for all landfalling ARs (left) and those that produce precipitation in the 75th percentile 352 

(right). 353 
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Considering the most impactful AR conditions reveals enhanced moisture flux, IWV and 354 

geopotential height anomalies at genesis (Figure 7). For Auckland, the cyclonic anomaly deepens 355 

and shifts to the northwest, rotating the pressure dipole and allowing for a much more meridional 356 

flow, producing a much more moist northly flow towards New Zealand. Interestingly, these 357 

impactful ARs for the North Island are also associated with a large low pressure region in the 358 

South Pacific Ocean centered at 60°S off the coast of Antarctica, centered between 180°W and 359 

90°W. This additional geopotential anomaly combines with the previously noted tripole to trace a 360 

planetary-scale wave from 90°E to 90°W (half a hemisphere) with an embedded wave packet, with 361 

an embedded shortwave trough initiating AR genesis for the North Island of New Zealand. These 362 

features of enhanced geopotential anomalies, northward rotated moisture flux, greater moisture 363 

anomalies and the presence of a planetary-scale trough are apparent for both Auckland and 364 

Taranaki impactful (75th percentile precipitation) AR genesis. 365 

South Island impactful AR genesis anomalies reveals a more mixed spatial pattern. In 366 

Hokitika, the cyclonic anomaly shifts westward and broadens with enhanced northerly moisture 367 

advection. For Fiordland, the high pressure located over New Zealand strengthens while two 368 

cyclonic anomalies are distributed to the south of New Zealand at 55°S. For both South Island 369 

locations, impactful ARs are associated with substantial moist anomalies over the landmass of 370 

Australia paired with substantial dry advection to the east of New Zealand. The upwind high 371 

pressure anomalies also become much more pronounced for the impactful ARs, a feature that is 372 

observed for impactful genesis for all landfall locations. 373 

3.4 Lagged composite analysis 374 

To further examine the preconditions of ARs in New Zealand a lagged composite analysis is 375 

undertaken by calculating mean atmospheric conditions at the time of genesis along with 2 and 5 376 

days prior and following AR genesis for all and impactful ARs. Lagged composites are only shown 377 

for Hokitika and Auckland as representative locations, with the results from Taranaki and 378 

Fiordland are presented in the supplementary materials (Supporting Information S2 and S3). For 379 

all ARs in Hokitika, there is no consistent pressure anomaly, moisture flux or organized regions 380 

of anomalous moisture at 5 days prior to genesis (Figure 8). At 2 days prior and genesis, there is 381 

development and intensification of the low pressure anomaly in the composite with anomalous   382 
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Figure 8. Synoptic-scale composites (of the same properties as Figure 7) on the day of genesis and 383 

2 and 5 days preceding and following the genesis of ARs that make landfall in Hokitika for all 384 

ARs (left) and those that produce precipitation exceeding the 75th percentile (right). 385 

moisture flux occurring at the time of genesis, when conditions first meet AR characteristics. After 386 

2 days from genesis the noted anomalies persist, and intensify, demonstrating the normal 387 

progression of an AR intensifying and making landfall. After 5 days following genesis the moisture 388 

anomaly has typically moved past New Zealand as the cyclonic feature translates eastward 389 

indicating that on average, AR conditions have made landfall and passed over the country within 390 
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5 days. Impactful Hokitika ARs have a large moisture anomaly 2 days prior to genesis associated 391 

with a low that is passing to the south of Australia. Following genesis, impactful ARs are 392 

associated with a strengthening of all anomalies of pressure, IWV, and IVT observed up to 5 days 393 

following genesis. 394 

Similar to Hokitika, Auckland AR genesis for all ARs does not have a signal in pressure, 395 

IWV or IVT at 5 days prior (Figure 9). At 2 days prior to genesis, moistening can be seen to the 396 

northwest of New Zealand with a low pressure in the south Tasman Sea in the composite. 397 

Following genesis, the cyclonic anomaly shifts eastward to be positioned over New Zealand which 398 

shifts the core of the enhanced moisture flux offshore to the east of Auckland, with all anomalies 399 

easing by 5 days following genesis. The lifecycle of impactful ARs for Auckland has some notable 400 

differences, namely, a large, stationary low pressure anomaly to the southeast of New Zealand, off 401 

the coast of Antarctica at about 135°W and 60°S. This low pressure remains relatively unchanged 402 

at a constant pressure anomaly and position over the 10 days centered around impactful ARs 403 

genesis. Another notable feature is the broad moist anomaly over much of Australia up to 5 days 404 

prior to impactful AR genesis. In the following 5 days leading up to genesis, a small cyclonic 405 

anomaly passes over the south of Australia, organizing this broad region of moisture into a narrow 406 

corridor along the leading edge of the cyclone, associated with the poleward flowing air of the 407 

circulation. By the time genesis occurs, the previously noted full planetary scale trough is apparent 408 

which persists for up to 5 days following genesis. As noted for Hokitika, the pressure anomalies 409 

tend to strengthen 2 days following genesis for impactful ARs, driving further development of the 410 

moisture flux in the events that produce substantial precipitation. 411 

3.5 MJO impact on AR lifecycle characteristics 412 

The role of the MJO on AR lifecycle characteristics is examined as an initial quantification 413 

of its impact on the weather systems that produce precipitation in New Zealand. The mean 414 

atmospheric conditions during the 8 MJO phases around New Zealand are shown in Supporting 415 

Information S4 and S5 accompanied by composites of New Zealand landfilling ARs that have 416 

genesis during each phase. Four individual AR lifecycle properties are examined at the four 417 

locations identified in Figure 6 during the 8 phases of the MJO: AR frequency, maximum IVT, 418 

AR travel speed, and median precipitation (Figure 10). AR travel speed is the mean speed that the 419 

AR object travels which will be broadly associated with the eastward translation of midlatitude 420 
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cyclones. A slower AR travel speed will be associated with a more stationary synoptic system 421 

possibly associated with blocking.  422 

Figure 9. Synoptic-scale composites (of the same properties as Figure 7) on the day of genesis and 423 

2 and 5 days preceding and following the genesis of ARs that make landfall in Auckland for all 424 

ARs (left) and those that produce precipitation exceeding the 75th percentile (right). 425 

Maximum IVT and AR travel speed both demonstrate a distinct modulation with the 426 

progression of the MJO. In phase 1 landfalling IVT is statistically significantly lower (an 8% 427 

decrease) in Auckland, Hokitika, and Fiordland.  Moving through phases 2 to 4, the sign of the 428 
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difference changes to positive, however, these differences are not significant. At phase 5, Auckland 429 

experiences significantly greater maximum IVT (a 5% increase in magnitude). Then moving 430 

through to phase 8, the sign of the difference flips again with Taranaki experiencing significantly 431 

lower maximum IVT. Generally, it appears the IVT tends to be decreased during phases 1, 2, 7 432 

and 8, while IVT tends to be greater during phases 3 through to 6. AR travel speed (the speed that 433 

an AR object is translated geographically) also has a distinct cycle. ARs travel faster (statistically 434 

significant) for all landfall locations (up to 12% faster) in phase 1. Through phases 2 to 4 there is 435 

no substantial difference, while in phases 5, 6 and 7 ARs appear to travel slower with statistical 436 

significance in Fiordland, Hokitika, and Taranaki. Summarizing these two cycles, ARs tend to 437 

have lower landfalling IVT and travel faster in phases 1, 2 and 8, while having greater IVT and 438 

slower travel speeds in the middle phases, 4, 5, and 6. 439 

Figure 10. Percent change in AR frequency, maximum IVT, AR travel speed and median 440 

precipitation for ARs that make landfall at the various locations in New Zealand during MJO 441 

phases. Statistically significant differences at the 95% level shown with bold outlines. 442 

AR frequency has a complex relationship with MJO phase, however, cyclicity appears 443 

when examining individual landfall locations. In Auckland and Taranaki, AR frequency peaks in 444 

phase 5 with substantially lower frequencies during phase 1, 2, 3, 7, and 8. In Hokitika and 445 

Fiordland, AR frequency peaks in phase 2 with mostly reduced frequencies in all other phases. 446 

Median precipitation also exhibits an intriguing relationship with MJO phase, with the largest 447 
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anomalies occurring in phase 3 where Hokitika (and Fiordland to an extent) has increased median 448 

precipitation, while Auckland experiences significantly reduced median precipitation. All other 449 

phases do not have a significant impact on median precipitation, with the exception of phase 7, 450 

where there is an apparent reduction in all locations (significant in Hokitika). Interestingly, 451 

maximum IVT modulations and median precipitation statistics do not appear to covary with MJO 452 

phase. 453 

To aid in the discussion of the role of MJO on New Zealand ARs, the spatial differences 454 

of AR lifecycle frequency is presented in Figure 11 (along with moisture, IVT, and pressure 455 

anomalies) for notable MJO phases 1, 2, 5, and 7. A positive anomaly in lifecycle frequency 456 

demonstrates that ARs (that makes landfall in New Zealand) tend to spend a longer duration at a 457 

given location than when considering all landfalling ARs. Phase 1 is characterized by reduced 458 

moisture to the north of New Zealand with a broad high pressure over the Tasman Sea and a low 459 

to the south of New Zealand. AR lifecycle frequencies are reduced over a large region of Australia 460 

and the South Pacific Ocean including much of New Zealand. Notably, the meridional pressure 461 

dipole produces a zonal moisture flux anomaly to the south of Australia, originating from the 462 

Indian Ocean that experiences increased AR occurrence and increased advection of moisture 463 

during phase 1. Phase 2 has a similar pattern that is translated eastward as the central region of 464 

tropical convection also shifts eastward. Increased atmospheric moisture in the eastern Indian 465 

Ocean allows for increased AR occurrence in the south of Australia, which stretches to the South 466 

Island of New Zealand. By phase 7 the region of increased moisture has shifted to be directly north 467 

of New Zealand, with increased AR occurrence over much of Australia and to the north of New 468 

Zealand. Phase 5 is associated with a poleward pointing geostrophic wind with a low pressure to 469 

the west of New Zealand and a high pressure to the east. Phase 5 is also associated with a large 470 

low pressure in the Amundsen-Bellingshausen Sea. Phase 7 has much drier conditions in the Indian 471 

Ocean with reduced AR occurrence over Australia and New Zealand. The region of convection is 472 

shifted into the Pacific Ocean with increased AR occurrence stretching across the Pacific Ocean.  473 
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Figure 11. AR lifecycle frequency anomalies (red/blue shading) during selected MJO phases for 474 

ARs that make landfall in New Zealand (only significant anomalies at the 5% level are shown). 475 

500z height anomalies shown with black contours (5 m interval; solid for positive, dashed for 476 

negative). IVT anomaly shown with black vectors (southward of 20S). IWV anomalies in 477 

aqua/brown contours (+/- 1 and 2 mm of precipitable water). All atmospheric fields averaged from 478 

10 day means following AR genesis within each MJO phase. 479 
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4 Discussion 480 

4.1 New Zealand AR lifecycles 481 

The composite and lagged-composite analysis (Figures 7, 8, and 9) allow for interpretation 482 

of the initial dynamical conditions that generate AR conditions for New Zealand, with a particular 483 

focus on impactful events. A schematic of the major geopotential and precipitable moisture 484 

anomalies during AR genesis is presented in Figure 12 for both the North and South Islands. 485 

Impactful South Island AR genesis tends to be associated with increased water vapor over much 486 

of Australia associated with a cyclone positioned to the south of Tasmania (50°S). The 487 

preconditioning of South Island ARs through moist anomalies over Australia has not been 488 

explicitly noted in previous studies. Prince et al. (2021a) and Kingston et al. (2021) identify the 489 

conditions during landfall with increased moisture advection immediately westward of New 490 

Zealand. We show here that this anomalous vapor flux landfalling on the South Island of New 491 

Zealand tends to be associated with greater than average precipitable water not just over the 492 

Tasman Sea but extending back over the Australian continent. 493 

Impactful North Island AR genesis is characterized by a wavetrain within a broad trough 494 

with elevated moisture over the Coral Sea (northeast of Australia) and broad dry anomalies over 495 

Australia (Figure 12). The persistent low-pressure anomaly in the Amundsen Sea, lasting for over 496 

10 days, speaks further to the stationary nature of this large scale trough (Figure 9). The location, 497 

magnitude, and size of this low-pressure anomaly resembles the characteristics of the Amundsen 498 

Sea Low (Raphael et al., 2016) suggesting, a linkage between Antarctic atmospheric dynamics and 499 

extreme weather in New Zealand. The same large-scale dynamics that initiate the Amundsen Sea 500 

Low may setup conditions favorable for impactful precipitation in the North Island of New 501 

Zealand.  502 

The large-scale Rossby wave train for North Island ARs also bears resemblance to the 503 

synoptic conditions that produce Australian northwest cloudbands, a large-scale cloud feature 504 

related to widespread precipitation and warm advection over Australia (Reid et al., 2019; Black et 505 

al., 2021). Black et al. (2021) discuss the role of this large-scale trough in fluxing momentum 506 

equatorward, into the subtropical jet stream over New Zealand. This synoptic pattern is also 507 

associated with AR activity over Australia and the climatology of Australian northwest cloudbands 508 

also matches the climatology of ARs in New Zealand and Australia with maximum occurrence in 509 
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the summer (Prince et al., 2021a; Reid et al., 2019, 2022) The source of this planetary-scale wave 510 

that produces these numerous weather events for New Zealand and Australia requires further 511 

examination and remains an interesting research question. The presented composites also only 512 

resembles the mean conditions during AR genesis; an exploration of the various types of AR 513 

genesis for New Zealand would reveal further details to better constrain the synoptic drivers since 514 

they could vary somewhat between events, as have been studied for the Western U.S (e.g. Zhou 515 

and Kim, 2019; Prince et al., 2021b). 516 

Figure 12. Schematic of the synoptic-scale setup for the genesis of impactful ARs that make 517 

landfall in the North (upper) and South (lower) Islands of New Zealand. Moisture anomalies shown 518 

with green and brown and pressure anomalies identified with blue and red regions. 519 

The spatial extent of New Zealand AR genesis reveals insight in the passage of cyclones 520 

and accumulation of moisture that passes over New Zealand, highlighting the broad region of 521 

genesis extending back into the Indian Ocean through to termination in the South Pacific and 522 

extending through the Drake Passage. The maximum westward extent of New Zealand AR genesis 523 

extends approximately 90° west (with frequencies greater than 5%), almost half the longitudinal 524 

extent of AR genesis for corresponding west coast landfall locations in North America (Oregon 525 
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and Washington, between 35-40°N; Prince et al., 2021b). We speculate that the presence of the 526 

Australian landmass may be considered as the first order difference, inhibiting evaporation and 527 

initiating precipitation of transiting cyclones, limiting the supply of moisture available for 528 

progressing midlatitude storms. However, an adjacent moisture source is not necessarily a 529 

requirement of an AR, with examples from North Africa and the Middle East demonstrating the 530 

rapid advection of moisture over broad landmass and deserts (namely over the Arabian Peninsula; 531 

Esfandiari and Lashkari 2020; Dezfuli 2020) before initiating precipitation in mountainous 532 

regions. It is important to note however, that AR precipitable water does not necessarily come 533 

from the genesis region (Sodemann and Stohl, 2013), but rather ARs gain and lose moisture 534 

throughout their entire lifecycle. Therefore, the conditions immediately upstream of AR 535 

precipitation may be equally as important as the genesis region, suggesting that conditions in the 536 

Tasman Sea, such as sea surface temperature may be fundamentally important in controlling the 537 

amount of moisture that is advected over New Zealand. Further assessment of the source of 538 

moisture in New Zealand ARs could reveal fascinating insight into the particular regions of interest 539 

for the generation of moisture for New Zealand precipitation.  540 

The dynamic difference between the North Pacific and westward of New Zealand (Tasman 541 

Sea and Southern Indian Ocean) cannot be ignored here and may be equally, if not more, important 542 

than the prior moisture source argument. The Northern Hemisphere jet stream maximum situated 543 

to the east of Japan (downwind of the Tibetan Plateau) is associated with substantial baroclinic 544 

growth in the north Pacific and consequently results in a broad region of enhanced transient eddy 545 

activity across the entire north Pacific basin (James, 1994), which is associated with broad AR 546 

genesis and elevated AR tracks (Zhang and Villarini, 2018; Guan and Waliser, 2019; Zhou and 547 

Kim, 2019; Prince et al., 2021b). The region of maximum cyclogenesis immediately westward of 548 

New Zealand is much closer to New Zealand than cyclogenesis for North America, with maximum 549 

cyclogenesis occurring over eastern Australia (Trenberth, 1991; Sinclair, 1994, 1995; Hoskins and 550 

Hodges, 2005). The cyclones that come further from the east, over the southern Indian Ocean (the 551 

hemispheric maximum in cyclone activity and eddy kinetic energy) tend to migrate poleward 552 

before reaching New Zealand, terminating well south of Australia (Sinclair, 1995; Hoskins and 553 

Hodges, 2005). While this westward region in the Indian Ocean does have enhanced AR genesis 554 

activity (Guan and Waliser, 2019), these ARs tend to have a substantial meridional component 555 

following the poleward migration of the cyclones, terminating to the south of Australia and 556 
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avoiding landfall with New Zealand. This understanding is in congruence with the results 557 

presented here; New Zealand ARs tend to come from a smaller upstream region stretching across 558 

Australia back to 90°E. The eastward propagation of New Zealand ARs following landfall, which 559 

extends well beyond 90° in longitude, further demonstrates that New Zealand is positioned closer 560 

to a region of AR genesis (and presumably cyclone genesis as demonstrated by Hoskins and 561 

Hodges, 2005), where ARs make landfall relatively early in their lifecycle. The unique 562 

characteristics of New Zealand AR lifecycles are crucial for understanding the occurrence of 563 

extreme precipitation in New Zealand and must be considered when interpreting future climate 564 

impacts for New Zealand. 565 

4.2 Role of the MJO on New Zealand ARs 566 

The presented connection between MJO and ARs in New Zealand generally agree with the 567 

role the MJO has on New Zealand weather types (Fauchereau et al., 2016). Phase 5 produces 568 

notable increases in North Island AR frequency, moisture flux and AR travel speed while aligns 569 

with the northerly flow and north Tasman Sea cyclone typically associated with this phase 570 

(Fauchereau et al., 2016). Interestingly, while phase 5 produces anomalous moisture flux and AR 571 

frequencies, it is not associated with increased precipitation, shown here and by Fauchereau et al. 572 

2016. The anomalously low precipitation (and AR frequency) on the western coast during phase 7 573 

(Figure 10) also agrees with the reduced west coast precipitation presented by Fauchereau et al. 574 

(2016), associated with anomalous easterly flow over the country. The increased AR frequency in 575 

phase 2 in the South Island is shown by Fauchereau et al. (2016) as increased precipitation on the 576 

South Island West Coast. The synoptic conditions are calculated as 10-day averages following the 577 

MJO phase following the methodology presented by Zhou et al. (2021) to capture the potential 578 

teleconnections initiated by the deep tropical convection associated with the MJO. Fauchereau et 579 

al. (2016) demonstrate that the geopotential height anomaly near New Zealand is stable within 10-580 

days of a given MJO phase, consistent with the relevant timescales of stationary Rossby waves, 581 

providing confidence in the presented results. 582 

The motivation to examine the potential role of the MJO on New Zealand AR genesis was 583 

to examine whether the geopotential anomalies associated with each phase resembled the 584 

conditions during AR genesis (as presented in Figures 7, 8, 9, and 12). The MJO does modulate 585 

the AR frequency for New Zealand landfalling ARs (±30% in their occurrence). The associated 586 



manuscript submitted to Journal of Geophysical Research Atmospheres 

 

geopotential anomalies, especially associated with phase 5 sets up a low pressure in the Tasman 587 

Sea that has some resemblance to North Island AR composites. While the AR geopotential height 588 

composites will certainly involve interactions from a variety of wave sources, the position of the 589 

pressure dipole over New Zealand during phase 5 is certainly a feature expected to produce 590 

increased North Island AR activity. The exploratory analysis presented here acts as a benchmark 591 

to continue exploring the dynamical explanation for precipitation variability in New Zealand. 592 

Modern studies of MJO teleconnections have focused on North America, which has provided 593 

significant understanding of the role of tropical convection plays on seasonal-to-subseasonal 594 

forecasting (Wang et al. 2023). The results presented herein and by Fauchereau et al. (2016) 595 

highlight the potential of building understanding of tropical teleconnections for New Zealand. 596 

5 Conclusions 597 

In this study, we present the first assessment of New Zealand AR lifecycles, identifying 598 

the regions where New Zealand landfalling ARs are first detected and the synoptic conditions 599 

associated with initiating ARs conditions. The genesis conditions of the most impactful ARs are 600 

examined for various locations across New Zealand, with an assessment of the synoptic conditions 601 

prior to and following genesis. Impactful AR genesis for the North Island of New Zealand is 602 

associated with an embedded shortwave within a distinct planetary-scale trough extending over 603 

New Zealand. This identified synoptic pattern is not dissimilar to synoptic conditions that produce 604 

northwest cloudbands over Australia and the possible connection between Australian moisture 605 

anomalies and precipitation with New Zealand ARs is demonstrated. South Island AR genesis 606 

resembles a more typical synoptic scale wavetrain extending across New Zealand associated with 607 

moist conditions over Australia. North Island and South Island ARs appear to come from distinctly 608 

different geographic regions with the typical regions of genesis modulating for the most impactful 609 

events. 610 

The role of MJO on modulating New Zealand AR lifecycles is also examined through 10-611 

day composite analysis and changing AR characteristics. There is a distinct modulation in AR 612 

moisture flux and travel speed with phase 8 and 1 being associated with reduced AR frequency, 613 

low moisture flux, and faster travel speeds. The middle phases (4, 5, and 6) appear to be associated 614 

with increased moisture flux, increased AR frequency and slower travel speeds. These results 615 

appear consistent with the current understanding of MJO teleconnections in New Zealand. These 616 
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results highlight the potential for developing seasonal-to-subseasonal forecasts for the New 617 

Zealand region by identifying the role tropical dynamics play in generating midlatitude conditions 618 

that enhance precipitation. 619 
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Figure S1. (upper) Median genesis location for ARs that make landfall at each 

weather station separated by precipitation percentile. (lower) The relationship 

between median landfalling IVT and storm total precipitation at the four weather 

stations.
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Figure S2. 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 Taranaki for all ARs (left) and those that produce precipitation 

exceeding the 75th percentile (right). 
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Figure S3. 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 Fiordland for all ARs (left) and those that produce precipitation 

exceeding the 75th percentile (right).  
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Figure S4. Atmospheric composites during MJO phases (left) and landfalling New 

Zealand ARs during MJO phase (right) of vertically integrated water vapor (IWV; 

green and brown), 500 hPa height anomalous (black 5 m contours, 10 m in bold) 

and vapor flux vector anomaly (arrows). Composites and anomalies are calculated 

from 10-day averaged starting from day of MJO phase or AR genesis during an 

MJO phase. The vapor flux anomalies are separated into tropical (gray arrows) and 

midlatitude vapor flux anomalies due to the difference in scale with the midlatitude 

vapor flux anomalies bring half the magnitude for the same scale.  
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Figure S5. Atmospheric composites during MJO phases (left) and landfalling New 

Zealand ARs during MJO phase (right) of vertically integrated water vapor (IWV; 

green and brown), 500 hpa height anomalous (black 5 m contours, 10 m in bold) 

and vapor flux vector anomaly (arrows). Composites and anomalies are calculated 

from 10-day averaged starting from day of MJO phase or AR genesis during an 

MJO phase. The vapor flux anomalies are separated into tropical (gray arrows) and 

midlatitude vapor flux anomalies due to the difference in scale with the midlatitude 

vapor flux anomalies bring half the magnitude for the same scale. 
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