N

N

Atmospheric Rivers and Weather Types in Aotearoa
New Zealand: A two-way story
Benjamin Pohl, Hamish D Prince, Jonathan Wille, Daniel G Kingston,

Nicolas J Cullen, Nicolas Fauchereau

» To cite this version:

Benjamin Pohl, Hamish D Prince, Jonathan Wille, Daniel G Kingston, Nicolas J Cullen, et al..
Atmospheric Rivers and Weather Types in Aotearoa New Zealand: A two-way story. Journal of
Geophysical Research: Atmospheres, 2023, 128 (15), pp.e2022JD037209. 10.1029/2022jd037209 .
hal-04179189

HAL Id: hal-04179189
https://hal.science/hal-04179189
Submitted on 9 Aug 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04179189
https://hal.archives-ouvertes.fr

JGR Atmospheres

RESEARCH ARTICLE
10.1029/2022JD037209

Benjamin Pohl and Hamish D. Prince
share co-first authorship

Key Points:

e Weather types (WTs) are major
drivers of atmospheric rivers (ARs)
(frequency, angle, moisture transport
direction, and landfalling region)

e ARs explain part of within-type
diversity (circulation and rainfall
anomalies)

e Combined or separate effects of WTs
and ARs strongly vary from one
region of Aotearoa New Zealand to
another

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

B. Pohl,
benjamin.pohl @u-bourgogne.fr

Citation:

Pohl, B., Prince, H. D., Wille, J.,
Kingston, D. G., Cullen, N.J., &
Fauchereau, N. (2023). Atmospheric
rivers and weather types in Aotearoa
New Zealand: A two-way story. Journal
of Geophysical Research: Atmospheres,
128, €2022JD037209. https://doi.
0rg/10.1029/2022JD037209

Received 30 MAY 2022
Accepted 28 JUL 2023

Author Contributions:

Conceptualization: Benjamin Pohl

Data curation: Benjamin Pohl, Hamish
D. Prince, Nicolas Fauchereau

Formal analysis: Benjamin Pohl, Hamish
D. Prince, Jonathan Wille, Daniel G.
Kingston, Nicolas J. Cullen, Nicolas
Fauchereau

Funding acquisition: Benjamin Pohl,
Nicolas Fauchereau

Methodology: Benjamin Pohl

© 2023. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

'.) Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

ok

Atmospheric Rivers and Weather Types in Aotearoa New
Zealand: A Two-Way Story

, Hamish D. Prince? (2, Jonathan Wille3
, and Nicolas Fauchereau®

Benjamin Pohl!
Nicolas J. Cullen*

, Daniel G. Kingston* =),

'Laboratoire Biogéosciences, UMR6282 CNRS/Université de Bourgogne Franche-Comté, Dijon, France, ?Department
of Atmospheric and Oceanic Sciences, University of Wisconsin-Madison, Madison, WI, USA, 3Université Grenoble
Alpes/CNRS/IRD/G-INP, IGE, Grenoble, France, *School of Geography, University of Otago, Dunedin, New Zealand,
SNational Institute of Water and Atmospheric Research, Auckland, New Zealand

Abstract Here, we analyze the inter-relationships between weather types (WTs) and atmospheric rivers
(ARs) around Aotearoa New Zealand (ANZ), their respective properties, as well as their combined and separate
influence on daily precipitation amounts and extremes. Results show that ARs are often associated with 3—4
WTs, but these WTs change depending on the regions where ARs landfall. The WTs most frequently associated
with ARs generally correspond to those favoring anomalously strong westerly wind in the mid-latitudes,
especially for southern regions of ANZ, or northwesterly anomalies favoring moisture export from the lower
latitudes, especially for the northern regions. WTs and ARs show strong within-type and inter-event diversity.
The synoptic patterns of the WTs significantly differ when they are associated with AR occurrences, with
atmospheric centers of actions being shifted so that moisture fluxes toward ANZ are enhanced. The location,
angle, and persistence of ARs appear strongly driven by the synoptic configurations of the WTs. Although

total moisture transport shows weaker WT-dependency, it appears strongly related to zonal wind speed to the
south of ANZ, or the moisture content of the air mass to the north. Finally, WT influence on daily precipitation
may completely change depending on their association, or lack thereof, with AR events. WTs traditionally
considered as favorable to wet conditions may conceal daily precipitation extremes occurring during AR days,
and anomalously dry days or near-climatological conditions during non-AR days.

Plain Language Summary We analyze here how atmospheric rivers (ARs) relate to weather types
(WTs), using the case study of Aotearoa New Zealand (ANZ). We show that, for each region of ANZ, ARs
tend to occur during different WTs. Generally, for a given region, most ARs form during 3 or 4 main WTs, and
these dominant WTs differ from one region to another. These WTs also show different patterns when they are
associated with ARs, compared to other days. AR days have atmospheric configurations that are more efficient
to direct moisture fluxes toward the coasts of ANZ. Combining both view of regional climate variability is
important to understand the drivers of extreme precipitation events.

1. Introduction

Atmospheric rivers (ARs) have been receiving increasing attention from the scientific community (Ralph
et al., 2017). According to the Glossary of Meteorology, they consist of “long, narrow, and transient corridor(s]
of strong horizontal water vapor transport that is typically associated with a low-level jet stream ahead of the cold
front of an extratropical cyclone” (Ralph et al., 2018). AR genesis occurs more frequently over oceans (Guan &
Waliser, 2019; Zhu & Newell, 1994), and ARs are a major conveyor belt of moisture toward the continent and
land masses [ibid.]. When they reach land, they can bring heavy precipitation: this is especially the case when and
where such ARs encounter a land mass with marked topography, which forces the strong moisture flux to ascend.

Because of its insularity (Figure 1a) and sharp topography almost perpendicular to the dominant westerly winds
at latitudes where oceans largely prevail, Aotearoa New Zealand (ANZ) is recurrently affected by AR events
(Prince et al., 2021a). AR events landfalling in ANZ have been identified as the key drivers for a vast major-
ity of daily rainfall extremes (Reid et al., 2021; Shu et al., 2021), floods (Kingston et al., 2016), and extreme
ablation and snowfall (Porhemmat et al., 2021a, 2021b) impacting the mountain glaciers (Little et al., 2019).
These extreme flooding events can cause instability in agriculture and hydroelectric power sectors (Dravitzki &
McGregor, 2011) while inflicting long-term social harm in rural regions of ANZ (Smith et al., 2011). With ARs
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projected to become more frequent and transport more moisture toward ANZ under climate change (Espinoza
et al., 2018), it is crucial to understand the circulation patterns that influence their behavior.

Looking at the synoptic-scale dynamics, the AR life cycle often begins where Rossby wave breaking in the exit
regions of mid-latitude jets streams initiates the penetration of troughs into the subtropics, creating a channel
for poleward moisture transport (Hoskins et al., 1985). This enhanced poleward transport of heat and moisture
increases upper-level latent heat release encouraging vertical motion from increased diabatic heating, which
creates downstream negative potential vorticity anomalies (Pfahl et al., 2015). The injection of negative potential
vorticity air masses into higher latitudes fuels atmospheric blocking which allows ARs to persist through multiple
extratropical cyclone life cycles (Sodemann & Stohl, 2013), while aiding in explosive cyclone deepening (Zhu
& Newell, 1994). Therefore, ARs are not necessarily attached to extratropical cyclones, but the two are mutually
beneficial to their development and transport (Z. Zhang et al., 2019).

Because they are embedded in the synoptic-scale variability, but also contribute to shape it in return, ARs tend
to show preferential associations, and increased probability, when co-occurring with favorable weather patterns
(Kingston et al., 2022). Around ANZ, a set of 12 weather types (WTs) based on a clustering of 1,000 hPa geopo-
tential height fields has been developed by Kidson (2000: K2K hereafter) to account for the space-time variability
of such synoptic weather patterns. These WTs have been extensively used by the regional climate community,
for paleoclimate reconstructions in the Holocene (Ackerley et al., 2011; Lorrey et al., 2007, 2008, 2012) and
Little Ice Age (Lorrey et al., 2014), and to analyze climate change projections (Parsons et al., 2014). Signifi-
cant relationships have been established between these WTs and the Madden—Julian oscillation (Fauchereau
et al., 2016), the interdecadal Pacific oscillation (Lorrey et al., 2007), and the Southern Hemisphere large-scale
background conditions (Renwick, 2011). At the more local and regional scales, these WTs have been shown
to drive daily climate anomalies (K2K; Pohl et al., 2023; Renwick, 2011), seasonal rainfall anomalies (Lorrey
et al., 2007), and to modulate ocean wave heights (Coggins et al., 2016) and ocean—atmosphere coupled summer
heatwaves (Salinger et al., 2020). Recently, they have been shown to conceal strong within-type variability (Pohl
et al., 2021b: P21 hereafter), a given type being associated with atmospheric ridges and troughs highly variable
in intensities and locations. These within-type changes are partly driven by large-scale climate conditions, and
explain about the same fraction of regional variability as changes in WT occurrence.

Although evidence has been provided (Kingston et al., 2022) that AR occurrence is significantly modified by
the 12 WTs of K2K, several questions remain unresolved to date, including (but not restricted to) the following
points:

* How WTs influence AR properties (vertically integrated horizontal vapor transport (IVT), main direction/
angle of the ARs, persistence, total vapor transport integrated over the whole life cycle of the AR). These
descriptors may determine the moisture sources of the ARs, and are very likely to be modulated by the synop-
tic configurations, as shown for example, by Pohl et al. (2021c) further south for ARs developing over the
Southern Ocean and landfalling in East Antarctica.

e WT patterns may differ when they co-occur versus when they do not co-occur with AR events. Part of the
strong within-type diversity linked to changes in the location and intensities of atmospheric centers of action
(ACAs: P21) could partly relate to the development (or lack thereof) of ARs in the ANZ sector.

e Although WT influence has been extensively assessed (K2K; Lorrey et al., 2007; Pohl et al., 2023;
Renwick, 2011), their separate and combined influence with ARs on daily precipitation amounts, including
extremes, remains to be determined. The picture of precipitation changes from one WT to another could be
strongly modified depending on their co-occurrence (or lack thereof) with ARs.

¢ Finally, it seems important to assess how these results change from one region of ANZ to another, depending
on the latitude, terrain exposure, local climate, coastline/land-sea contrasts and topography. This is expected
to be particularly interesting for ANZ considering previously documented substantial regional differences in
AR occurrence and characteristics (Kingston et al., 2022; Prince et al., 2021a) and unusual situation of land-
falling ARs occurring on both windward and leeward coasts relative to the prevailing large-scale circulation.

This paper aims at filling these gaps, and proposes therefore to analyze the inter-connections between ARs, WTs
and precipitation amounts across ANZ. Both ARs and WTs are considered not only in terms of (co-)occurrence,
but also through their properties, as inferred by the set of descriptors respectively proposed by Guan and
Waliser (2019) and P21. Daily precipitation fields are derived from a 5-km resolution interpolated product
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Figure 1. Domain locations, local climate and topography around Aotearoa New Zealand (ANZ). (a) Location of ANZ and domain boundaries used to analyze weather
types and their atmospheric centers of action (in red), and local precipitation anomalies in ANZ (in blue). (b) Location of the seven groups of ERAS grid-points used
for atmospheric river analysis. (c) Climatological mean annual precipitation amounts (mm) according to Virtual Climate Station Network data, period 1979-2019. (d)
Elevation (m above sea level).

constrained by observational networks, that allows for a detailed analysis of terrain influence on the spatial distri-
bution of daily amounts.

In the following, Section 2 presents the data and methods used in this work. Section 3 presents the AR count in
each region of ANZ, and their association with WTs. Section 4 next focuses on their separate versus combined
influences on daily precipitation, considering both anomalies and daily extremes. Section 5 addressed the
co-occurrence of ARs and WTs, how they change from one part of ANZ to another, and assesses to which extent
their intrinsic properties are interdependent. Finally, Section 6 summarizes and discusses our main results.

2. Data and Methods
2.1. Data

Atmospheric fields used here are taken from the ERAS ensemble reanalysis (Hersbach et al., 2020). ERAS is the
fifth generation of atmospheric reanalysis released by the European Center for Medium-Range Weather Fore-
casts. It currently covers the period 1979 onward (with an extension to 1950 but with weaker constraint by assim-
ilation due to the lack of satellite data) and includes a 10-member ensemble to quantify uncertainties associated
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Figure 2. Geopotential height at 1,000 hPa (m) associated with the 12 weather types (WTs) of Kidson (2000). Contours show composite mean Z1000 fields, colors
show corresponding Z1000 anomalies. Geopotential heights are derived from ERAS for the period 1979-2019. Only anomalies that are statistically different from

the climatology according to a one-tailed 7 test at the 95% level are represented. The inner rectangle represents the original domain used by Kidson (2000). Letter H
indicates local maximum Z1000 anomalies; L indicates local minimum Z1000 anomalies. ERAS definition of WTs is used. Each WT is labeled with a descriptor that is
used for referencing throughout the manuscript.

with the density and quality of the assimilated data. In this work, we use the regular 0.25° X 0.25° grids for daily
or 6-hourly fields of geopotential height at 1,000 hPa (m, Z1000) and 700 hPa (Z700) and horizontal wind at
700 hPa (m s~!), and vertically-integrated moisture transport (IVT: kg m~! s~!) over the period 1979-2019.

Daily precipitation data for ANZ come from the National Institute of Water and Atmospheric Research (NIWA)
Virtual Climate Station Network (VCSN). Data coverage for the NIWA VCSN (Tait & Turner, 2005; Tait
et al., 2006, 2012) is available from 1972 to present for 13 daily climate variables on a 5 X 5 km grid covering
the country. The approach to generate the NIWA VCSN uses a thin-plate smoothing spline model for spatial
interpolation between in situ station data, incorporating two location variables (latitude and longitude) and a third
“pattern” variable. For precipitation (Figure 1c), a digital version of an expert-guided 1951-1980 mean annual
rainfall isohyet map was used as the pattern variable as a way to represent orographic influences that arise from
prevailing circulation interacting with mountainous terrain (Figure 1d). Although they have been successfully
used in many previous studies that confirmed their overall good quality, VCSN data yield potentially biased esti-
mates of precipitation, especially in the most elevated parts of the country where the density of rain-gauge and
weather stations is much reduced (Jobst et al., 2018; Mason et al., 2017; Tait et al., 2012).

2.2. Methods

As in P21, this study uses the WT classification performed by K2K over the ANZ sector (Figure 2). The corre-
sponding 12 WTs, originally based on 12-hourly maps of Z1000 derived from NCEP/NCAR reanalyzes (Kalnay
et al., 1996), are updated here using ERAS daily ensemble fields. Two WT time distributions are therefore
considered, the original WT classification based on NCEP/NCAR timing, and the redefined distribution obtained
by ascribing each day of each member based on ERAS, over the period 1979-2019, to its nearest type centroid.
These two type definitions are seen to differ, with roughly 35% of the days of the period not being ascribed to the
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Table 1

Overview of the Internal Descriptors Used for Each of the 12 Weather Types (WTs) Seen in Figure 1 (in Rows), With Their Usual Abbreviations and Their Long
Names After Ackerley et al. (2011) and Cullen et al. (2019)

Low (trough) High (ridge) Gradient (trough and ridge)
Lat Lon Min,, Lat Lon Max,, Diff, Diff, Diff,, Grad

T (Trough) X X X

SW (Southwesterly) X X X

TNW (Trough Northwesterly) X X X X X X X X X X
TSW (Trough Southwesterly) X X X

H (High) X X X

HNW (High to the Northwest) X X X X X X X X X X
W (Westerly) X X X X X X X X X X
HSE (High to the Southeast) X X X

HE (High to the East) X X X X X X X X X X
NE (Northeasterly) X X X X X X X X X X
HW (High to the West) X X X X X X X X X X
R (Ridge) X X X X X X X X X X

Note. “Low” columns are for troughs, “High” columns for ridges, and “Gradient” columns for weather types showing both troughs and ridges. Descriptors depict the

spatial coordinates (Lat, Lon) and intensities (Min,, Max,,) of the corresponding atmospheric centers of action, and for gradient types, their differences (Diff

at’ DiffLon’

Diff,,). Grad corresponds to the geopotential height gradient between both centers of action (Diff,,/distance separating opposite centers of action).

same WT. However, the composite mean fields are very similar, because day swaps between types are associated
with similar patterns that differ only in the location of ACAs. The latter are expected to be more precisely defined
by ERAS data due to its much higher spatial resolution. Except when otherwise indicated, all results and conclu-
sions discussed below can be obtained with both WT distributions. More details and a comparison between both
WT timings are given in P21.

In addition to the partitioning into 12 discrete WTs, we reuse here the descriptors from P21 that monitor the
location and intensity of the main ACAs associated with each type. These descriptors are derived from Z1000
daily anomalies (noted Z1000"), after removing the mean annual cycle, and are calculated over the larger domain
shown in Figure 1a. Three groups of WTs are formed, depending on the presence or absence of regional extremes
of Z1000" (P21; Table 1). The “Low” group has only one such extreme, consisting of a regional minimum of
Z1000" denoting an atmospheric trough. Conversely, the “High” group only includes a regional maximum of
7.1000’, indicative of an atmospheric ridge. The “Gradient” group has both extremes. The descriptors defined in
P21 qualitatively differ from one group of WTs to another. For the “Low” group, three metrics depict the intensity
of the low, corresponding to the minimum Z1000" value within the whole domain (Min,,), and its corresponding
latitude and longitude (Lat, Lon) that define its location. The “High” types use the same metrics, but applied
to the Z1000" maximum to define the high ACA. The “Gradient” types use both metrics, with additional ones
used to depict the relative position and differences between both ACAs. This provides the difference between
71000" maximum and minimum (Diff,,), the latitudinal and longitudinal differences in their locations (Diff}

Diff,

Lon

at’

), and finally the slope of the geopotential height gradient, defined as Grad = Diff, /4 /Diff? + Diff? .
All descriptors are quantitative and thus help address one of the main weaknesses of the WT approach, which is

in discretizing naturally continuous climate variability (P21).

The AR catalog is taken from the Atmospheric River Tracking Method Intercomparison Project (ARTMIP) Tier
2 reanalysis intercomparison project (Marquardt Collow et al., 2022). We use here the catalog based on the Guan
and Waliser (2019) Tracking ARs Globally as Elongated Targets (tARget. algorithm, version 3. AR occurrence is
assessed for each grid cell individually and the passage of each AR object (over multiple timesteps) is considered
both as a series of contiguous timesteps, and as one event with the day of maximum IVT (Prince et al., 2021b),
depending on the AR variables (Table 2). AR objects are detected from ERAS reanalysis (Hersbach et al., 2020)
between 1979 and 2019 (40 years) using hourly IVT at 0.25° resolution. These ARs have been compared to the
AR catalog used in Prince et al. (2021a) and results revealed very weak reanalysis-dependency (e.g., Figure
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é Tw —Im . Tw similar according to these two generations of reanalyzes. For illustration purposes,
o o =
=) ED E) Eﬂ Figure 3a shows two examples of landfalling ARs, reaching the opposite regions

Vertically integrated vapor transport, zonal component

Overview of the Atmospheric River (AR) Metrics Given by the Guan and Waliser (2019) AR Detection Algorithm That Are Analyzed in This Work

Vertically integrated vapor transport, meridional component

Total vertically integrated vapor transport

Angle of the vertically integrated vapor transport

For each AR event (sequence of consecutive timesteps)

Maximum value of vertically integrated vapor transport

Maximum value of vertically integrated vapor transport, zonal component

Maximum value of vertically integrated vapor transport, meridional component

Angle of the maximum vertically integrated vapor transport

Duration of the AR sequence

Time integrated moisture transport

Note. The first category of metrics is given for each timestep associated with an AR event, while the second category is a statistics calculated over the whole duration (all timesteps included) of the AR

event. Units are given by the third column.

(West and East coasts) of the South Island.

The characteristics of the ARs are used throughout this study, specifically the
magnitude of the moisture flux in the meridional and zonal direction, the duration
of the event, and the maximum total moisture flux throughout the event (Table 2).
The relatively narrow landmass New Zealand, situated in the midlatitudes, allows
for ARs to make landfall on all coastlines (Prince et al., 2021a). This setup is
unique and requires additional consideration, especially when considering ARs
that may cause impacts on the eastern side of the country (Prince et al., 2021a).
To account for the landfalling direction of the AR, only ARs which have IVT
directed from the ocean onto land are considered (a restriction which is discussed
below). This leads to the exclusion of many ARs that pass over the eastern side
of the country since they made landfall on the western coast and passed over the
Southern Alps, rather than making landfall on the east coast. This technique is an
extension of the Guan and Waliser (2015) landfall detection which identifies the
landfall location based on the presence of ocean upwind of where an AR intersects
a coastline, however our method considered for each grid cell individually here
rather than for the entire AR object.

The deterministic member of ERAS, available at a 0.25° resolution, describes
the coastlines of ANZ with 157 grid-points, materializing all potential landfall-
ing locations for ARs. Although we performed systematically all analyses for all
these grid-points, we chose to regroup them below into coherent and homogeneous
regions, which were determined by the orientation of the coastline (see Figure S1
in Supporting Information S1 for details). In the remainder of this study, we merely
discuss these seven coherent regions (shown in Figure 1b), and provide more
detailed explanations and analyses for the West Coast region of the South Island
(where ARs are the most severe, due to the topographic forcing of the Southern
Alps), and the two most contrasted regions of the country (the South Coast and
the Northland regions), which allows us to consider most of the diversity in ARs
themselves, and their relationships with the regional WTs.

3. Co-Occurrence Between Atmospheric Rivers and Weather
Types

Figure 3 presents the contribution of the detected ARs to moisture transport reach-
ing the ANZ coasts, as a function of IVT. Figure 3d quantifies AR contribution to
overall moisture transport, depending on the IVT values. AR are found to occur on
average about 11.6% of the time. They contribute to 62% of the moisture transport
days for IVT values of 250 kg m~' s~! (a threshold often used in the AR commu-
nity, including the AR scale of Ralph et al., 2019). The relative importance of ARs
further increases for larger IVT values: 94% of the days with an IVT exceeding
500 kg m~! s7! do correspond to AR events. Hence, ARs (as detected by the Guan
& Waliser, 2019 algorithm) appear, by far, as the predominant feature that drives
moisture advections toward ANZ. While this conclusion is verified for all coastal
regions of ANZ, absolute values of IVT may strongly differ, especially between
the opposite (West and East) coasts (Figure 3d). Nonetheless, the statistical distri-

(=9
% g . bution of IVT (Figures 3b and 3c) confirm that ARs exhibit a statistical distribu-
£ ‘g‘E g 2. tion of IVT that strongly differs from other days, even when considering these
[T
% v o g '—EI e '§ Tgl regional differences. Thus, the 10% top ARs, whatever their landfalling location
o fé ; ; ; ; ZI ZI ZI %I .§ él in ANZ, are associated with IVT values that completely differ from those found
= g o & & 5 5 3 5 § 5 during NoAR days (Figures 3b and 3c), thereby highlighting that AR have a very
= 31 Sy g e =2 22285 specific signature in terms of moisture transport toward ANZ.
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Figure 3. Contribution of atmospheric rivers (ARs) to moisture transport in Aotearoa New Zealand (ANZ). (a) Two examples of landfalling ARs, in the West Coast
(left) and East Coast (right) regions of ANZ. Arrows represent vertically-integrated moisture transport (kg m~! s7!) and colors represent precipitable water (mm: see
color scale). (b, ¢) Histograms of IVT (kg m~' s~!) for non-AR days (blue), landfalling AR days (yellow) and top 10% IVT AR days (red). (d) Contribution of AR days
to moisture transport, as a function of IVT. The threshold of 250 kg m~! s~! often used in AR detection schemes is indicated in the figure. The case of Hokitika (West
Coast region), Dunedin and Christchurch (East Coast region), are shown to illustrate regional dependency.
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Figure 4. Co-occurrence of atmospheric river (AR) across regions (a: all ARs reaching ANZ; b: 10% strongest ARs according to the Max_IVT descriptor; c: filtered
ARs of all IVT but retaining those coming from open sea; d: filtered top 10% ARs). The named regions (groups of grid-points) are shown in Figure 1b. Diagonal:
number of days identified as ARs for region, period 1979-2019. Other cells: number of days identified as ARs co-occurring in the two corresponding regions.

Next, we assess the relationship between synoptic WTs and AR occurrence. The seasonality in these relationships
and in AR activity is shown and discussed in Supporting Information S1 (Figures S2 and S3). ARs tend to be
more frequent during the austral summer season for most parts of ANZ (and this tendency becomes increasingly
clear toward the north of the country), but there are more ARs during the winter season for its southern regions.
However, the association between ARs and WTs appears weakly modulated by the annual cycle.

Figure 4 shows the number of daily AR detections for each of the seven regions describing the coastlines of
ANZ (Figure 1b), and co-detections when ARs hit more than one region. These results first show the dramatic

POHL ET AL.

8 of 28

858017 SUOWWOD A1) 8|qed!jdde aus Aq pausenob ae e YO ‘8sn Josa|n. 10} Areiq1T8UIUO A8]IM UO (SUORIPUOD-pUR-SLUIBI/LICD" A3 1M ARIq U1 |UO//SdNY) SUORIPUOD pue SWwie 1 8y} 885 *[£202/80/60] U0 Areiq1TaulluO A8 ‘YesH JO AlSIuIN Ad 602.£0Ar2202/620T OT/I0p/w00 A8 Areiqjeuluo'sgndnbe;/sdny woly pepeojumoq ‘ST ‘€202 ‘96686912



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2022JD037209

change in AR occurrence found, for some region, when filtering those ARs that do not reach the corresponding
landfalling locations from the open sea (Section 2.2). This is especially true for the eastern and southern parts
of ANZ, often embedded in ARs landfalling along the West Coast, and leading to major intrusions of moist air
inland according to ERAS. In most cases, however, the topographic barriers of the Alps (Figure 1d) acts to block,
or dramatically weaken, the influence of ARs on their leeward side. Once filtered, these results confirm those of
Prince et al. (2021a), who depict very few events landfalling over the eastern coasts of both islands (as did for
instance a strong AR event in May 2021 that causes heavy rainfall and floods in these relatively flat regions). This
contrasts with the frequent AR detections in the northern and western parts of the country, where the combined
influence of land-sea contrasts, topographic forcings and moisture transport, enhance the influence of ARs on
local precipitation (Kingston et al., 2016; Reid et al., 2021; Shu et al., 2021).

Other values (out of the diagonals) in Figure 4 show the count of AR days co-occurring in the two corresponding
regions. Results show that co-detected AR events can be quite frequent for several groups of grid-points, espe-
cially for the neighboring regions of Tasman and Taranaki on the one hand, and Northland and Bay of Plenty on
the other hand. Figure S1 in Supporting Information S1 shows the co-detection of landfalling ARs for all 157
grid-points of ERAS describing the ANZ coastlines, and shows that ARs generally tend to be recorded at numer-
ous grid-points simultaneously. In general, the seven regions defined and used here identify the main groups of
similar grid-points, where ARs are likely to landfall. The filtering performed in Figure 4 implies that there are
very few events that co-occur in grid-points with contrasted terrain exposure (i.e., orientation of the coastline: for
instance, the opposite coasts of the South Island). The few events landfalling on the eastern parts of ANZ also
seem to show weaker co-variability between adjacent grid-points (Figure Sla in Supporting Information S1),
suggesting smaller AR sizes. Finally, the strongest AR events also tend to show weaker co-occurrence, propor-
tionally (Figure 4d). This could denote a more channeled moisture flux, hence the larger values of IVT.

Previous studies already analyzed the association between ARs and the 12 WTs obtained by K2K (Cullen
et al., 2019; Kingston et al., 2022; Porhemmat et al., 2021a). However, they mostly considered the AR events
leading to major snowfall/ablation or floods. Therefore, previous work mainly focused on the Southern Alps
region, where AR development is most frequent (Figure 4c; Prince et al., 2021a; Marquardt Collow et al., 2022).
A general assessment of the association between AR occurrence and WT, and how these relationships vary from
one region of ANZ to another, remains to be established. This is the aim of Figure 5. Here, we consider the
original definition of the WTs, following the work of K2K and based on NCEP/NCAR reanalyzes, but also their
redefinition using ERAS higher-resolution data (P21). This is because both methodologies led to non-negligible
differences (roughly 35% of the days being ascribed to a different WT on period 1979-2019), hence the need to
characterize the reanalysis-dependency of our conclusions.

Our results first confirm the main conclusions obtained in the aforementioned studies. For the western but also
most of the northern parts of ANZ, most AR events occur during the T type, which consists in a low-pressure
system located over, on average, south of ANZ, and favoring enhanced westerly winds north of the trough
(Figure 2). Thus, this type is generally associated with enhanced westerly winds. It is likely to be associated with
AR events for all regions of ANZ considered in Figure 5, albeit its very variable importance from one grid-point
to another.

The relationships between ARs and WTs are even more region-dependent for all other WTs. Generally speaking,
AR events landfalling in any region of ANZ tend to occur more frequently during the WTs that act to direct
atmospheric fluxes and circulation toward that particular region. This is for instance the case for type W (broadly
similar to T but shifted to the south: Figure 2) over the western parts of the country, HNW and SW (both favoring
southerly anomalies) for the southernmost regions, or TNW (favoring northwesterly anomalies over the north of
ANZ: Figure 2) for the northernmost ones (Figure 5) or HE (broadly similar but with ACAs shifted toward the
south) for the grid-points aligned along the west coasts of the islands. These side oppositions are, logically, less
marked when AR events are not filtered depending on their angle (Figure 4).

Figure 5 also confirms that the original NCEP/NCAR definition of the WTs and their ERAS redefinition sensibly
differ. The case of type W, already identified as associated with large reanalysis-dependency in P21, can also be
mentioned here and leads to dissimilar WT contributions to AR occurrences, especially in the West Coast and
Tasman regions (i.e., western ANZ: Figure 5). Other non-negligible differences can be found with types NE (e.g.,
Northland and East Coast), SW (South Coast) or TSW (East Coast), while the other types showing strong dissim-
ilarities between both reanalyzes (e.g., H and HW: P21) being more rarely associated with AR development.
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Figure 5. Atmospheric river (AR) occurrence by Kidson type for each region of Aotearoa New Zealand (as shown in Figure 1b), period 1979-2019. Outer pie plots:
ERAS redefinition of Kidson types; inner pie plot: original NCEP distribution. The number of AR days included in each pie plot is given in the diagonal of Figure 4c.
The 12 colors in the pie plots correspond to the 12 weather types. The arrows show the location of the central grid-point of each group of grid-points, used in the
analyses to analyze AR activity within each region (see Supporting Information S1 for details).
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Finally, another major result shown in Figure 5 is that, in all regions of ANZ, AR events are likely to occur during
very different synoptic configurations, as materialized here by the WTs. The largest contribution of a given WT is
30.9% (for the HNW type in the South Coast region), showing that the most favorable type is, at best, only respon-
sible for a third of all AR events occurring in a given region. Hence, ARs landfalling in any part of ANZ can
result from very different and diverse synoptic types, and these types differ from one region of ANZ to another.
The main common result across all regions is that WTs promoting stronger onshore winds are those generally
favoring the largest AR occurrences.

4. AR and WT Combined and Separate Influences on Precipitation
4.1. Precipitation Anomalies

The effects of landfalling ARs on precipitation in ANZ has already been assessed before (Reid et al., 2021; Shu
et al., 2021), as have been those of WTs (K2K; Pohl et al., 2023; Renwick, 2011). Here, we attempt to consider
how their respective influences combine, that is, we analyze precipitation anomalies by WT and depending
whether or not these WT days also correspond to AR occurrences. This could contribute to explain part of their
strong internal variability, as pointed out by P21. Unlike previous work, we base our analyses on the 5-km reso-
lution VCSN product, thereby allowing for a more detailed and precise assessment of the spatial coherence of
rainfall variability patterns associated with WTs and ARs.

Figure 6 shows the daily precipitation anomalies during the five WTs most favorable to AR development
(Figure 5), during all days ascribed to the corresponding WT, and then by differentiating NoAR days from AR
days. The latter are further separated into two groups, by considering the case of the particularly strong AR events
(corresponding to the top 10% ARs according to their associated IVT). Here, the case study retained is the West
Coast of the South Island of ANZ (Figures 1b and 5), identified as the region where ARs are responsible for the
largest rainfall amounts, and may cause significant damage and environmental impacts (Prince et al., 2021a; Shu
et al., 2021). Very similar results (not shown) are obtained, for the corresponding most AR-favorable WTs, in
other groups of coastal grid-points across ANZ, which correspond to other possible landfalling locations for ARs
(with different exposure due to the geometry of the coastline: Figure 1b).

Results (Figure 6, first column) reveal very strong differences in precipitation anomalies, from one type to
another, thereby corroborating previous work (K2K; Jiang et al., 2013; Pohl et al., 2023; Renwick, 2011). Most
WTs favorable to AR landfall along the West Coast are associated, on average, with wet anomalies there. The only
exception is the HNW type, which recurrently co-occurs with ARs (especially according to the ERAS redefinition
of the WTs: see Figure 5) and tends yet to correspond, on average, to near-climatological daily rainfall west of the
main divide. In other regions of ANZ, these regimes produce precipitation anomalies of much weaker amplitude,
but of contrasted sign (e.g., drier than normal over the North Island for types W and HE, while the reversed sign
prevails along the western slopes of the main reliefs for types T and TNW).

This average picture of WT influence on precipitation anomalies conceals strong internal variability, part of
which can be related to AR development. The same WTs, when they do not co-occur with AR events, are indeed
related to generally drier conditions over ANZ, and more particularly along the West Coast region (Figure 6,
second column). Wet anomalies are weakened for types W, T, and TNW (when not accompanied by any AR).
Type HNW, associated with near-normal conditions on average, is even accompanied by marked and significant
dry anomalies across ANZ, and more particularly along the West Coast, when no AR development occurs. In
sharp contrast, the same five types all show much wetter conditions, especially over the West Coast, during AR
landfall (third column), and the wet conditions recorded there are even larger during the 10% strongest AR events
(except for HNW; fourth column). Hence, AR occurrence is a key parameter to consider to explain the internal
diversity of precipitation amounts within each WT. This result shows that within-type diversity cannot be consid-
ered as negligible, when analyzing daily precipitation across ANZ (Pohl et al., 2023).

Although these general conclusions are qualitatively verified for all grid-points around ANZ, the magnitude
of the differences between AR and NoAR days is much reduced, quantitatively, over most other regions of the
country. This is because precipitation amounts and variability is largest over the West Coast, owing to its sharp
topographic barrier almost perpendicular to the dominant westerly winds. Other regions may also show weaker
spatial coherence in the precipitation anomaly fields linked to WT and AR occurrences. In the Supporting Infor-
mation S1, we discuss this issue for the southernmost and northernmost regions of ANZ, retained as case studies.
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Figure 6. Daily precipitation anomalies (mm) associated with weather types (WTs) when associated and not associated with atmospheric rivers (ARs), West Coast
region of Aotearoa New Zealand. Composite precipitation anomalies (mm) during the five most favorable WTs (all days considered: first column) and during their
occurrences not associated with ARs (second column), differences between NoAR days and moderate AR days (third column), and differences between strong AR
days and moderate AR days (fourth column). For the two first columns (left-hand colorbar), only significant anomalies against the climatology according to one-tailed
t-tests modified by Welch (95% level) are displayed. For the third and fourth columns (right-hand colorbar), only significant differences according to two-tailed #-tests
modified by Welch (95% level) are displayed. ERAS5 redefinition of WTs is used.

4.2. Precipitation Extremes

Because of the strong spatial contrasts in precipitation amounts, and their variability, across ANZ, considering
the mere amplitude of anomalies as done in Figure 6 is not convenient to assess to which extent WTs and ARs
contribute (jointly or separately) to precipitation extremes. Hence, with Figures 7 and 8, we explore to which
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Figure 7. Probability ratios for daily precipitation anomalies exceeding the 95th percentile for the five most favorable weather types (WTs), for the West Coast region
of Aotearoa New Zealand, and for: first column, all days of the WTs (against all days of all other WTs), second column: NoAR days (against all days of all other WTs),
third column: moderate atmospheric river (AR) (against NoAR days of the same WT) and fourth column: strong AR days (against NoAR AR days of the same WT).
Probability ratios less than 1 are shaded white. ERAS definition of WTs is used.
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Figure 8. Probability ratios for daily precipitation anomalies exceeding the 99th percentile for the five most favorable weather types, for the West Coast region of
Aotearoa New Zealand. All analyses and probability ratios are calculated and represented as in Figure 7.
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extent ARs, and their most favorable WTs, are over-represented in daily precipitation extreme occurrences, and
could therefore be considered as one of their main drivers. For each occurrence of a favorable WT (either associ-
ated or not with an AR event) in the West Coast of the South Island, we calculate the probability ratio to exceed
the 95th and 99th percentiles of daily precipitation anomalies, between contrasted groups of days. First, these
ratios are calculated for all days ascribed to one of the most AR-favorable WTs, against all other WTs; the same
is done only for NoAR days within the same WTs. This makes it possible to assess the influence of a given WT
on extreme occurrence, when including or excluding AR days. Next, during each of these AR-favorable WTs, the
probability ratios are calculated between NoAR and moderate AR days on the one hand, and NoAR and strong
AR days on the other hand. This second step further explores within-type diversity as explained by AR occur-
rence, and their influence on precipitation extremes. Figure 7 shows results for the 95th percentile, and Figure 8
for the 99th percentile, for the West Coast region. These analyses, duplicated for all seven landfalling locations
around ANZ (see Figure 1b), show strong regional-dependency. In order to focus on more inhabited regions and
also to illustrate the diversity and regional dependency of our results, analyses for the South Coast and Northland
regions of ANZ are given in Figures S4-S7 in Supporting Information S1.

When considering their total occurrences, these WTs all tend to promote daily extremes in the West Coast region,
except type HNW (identified as near-normal on average there: Figure 6). Type HE shows the weakest over-
representation of precipitation extremes, and was also previously identified as conducive to anomalously wet
conditions on the West Coast, but with magnitudes weaker than the remaining three types. The probability of
a daily precipitation extreme moderately decreases for the NoAR category (except for HNW; Figures 7 and 8).
In sharp contrast, daily precipitation extremes along the West Coast are much more frequent during moderate,
and even more clearly, strong ARs. Daily precipitation extremes there are much favored by the co-occurrence of
these selected WTs and ARs: for types W, T and TNW and for the 95th threshold (Figure 7), their probability
ratios often exceed 4 and even 7-8 for types W and T. Type W also supports a marked increase in 99th percentile
extreme occurrence, west of the main mountain range of the Southern Alps. Probability ratios there for 99th
percentile extremes are smaller for types HE and TNW; types T and HE more particularly favor extremes for
the south-westernmost parts of ANZ, but its influence decrease toward the North. Type TNW, on the other side,
is also associated with enhanced extreme occurrence over the North Island of ANZ, that is, far out of the West
Coast, in regions showing more exposure to northerly anomalies. This is consistent with the northwesterly circu-
lation anomalies associated with this type near ANZ (Pohl et al., 2023). Even during ARs or strong ARs, type
HNW does not yield increased extreme occurrence. This type, while often co-occurring with ARs (Figure 5), is
therefore mostly associated with quite weak to moderate precipitation intensities.

These AR-favorable WTs in the West are generally conducive to much drier conditions along the eastern coast
of the South Island, corresponding to the flatter coastal regions of Canterbury and Otago, and are only weakly
associated with increased probabilities of daily precipitation extremes there, even during strong ARs (Figure 6).
Even strong ARs landfalling on the West rarely lead to exceed the highest percentiles of daily anomalies on the
leeward side of the main divide (Figures 7 and 8). Intrusions to the East are more frequent in the North Island and
in the southern parts of the South Island, where the elevation of the mountains gradually decreases.

In the Supporting Information S1, we further show that ARs and their most favorable WTs often cause precipi-
tation extremes in the northern parts of the country (where ARs often correspond to poleward moisture transport
from the subtropical latitudes). In the southern regions, ARs are much more related to mid-latitude dynamics, and
their efficiency to produce large precipitation amounts, including extremes, appears much reduced. A noticeable
exception is the southwestern tip of ANZ, because of the stronger topographic lifting and the exposure facing the
dominant westerly winds.

Overall, this section confirmed that AR events are responsible for heavy precipitation amounts in ANZ, and are
likely to strongly modulate the influence of the 12 WTs of K2K on precipitation variability and amounts. Intense
to extreme daily precipitation anomalies tend also to occur preferentially during ARs, with their probability being
typically multiplied by 4-5 and up to 8—10 as compared to NoAR days occurring during the same WTs.

5. AR and WT Inter-Relationships

It seems reasonable to expect AR properties (Table 2) to be partly driven by the location and intensities of
synoptic ACAs (as is the case for Europe, the North Pacific and East Antarctica: see Eiras-Barca et al., 2018;
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Fish et al., 2019; Pohl et al., 2021c, respectively). Here, ACAs are themselves discriminated by the 12 discrete
synoptic WTs and their associated quantitative descriptors (Table 1). In this section, we assess how these two
families of atmospheric circulations are interrelated, over and near ANZ.

5.1. Synoptic Control on AR Properties

Figure 9 shows the statistical distribution of all AR properties, presented here as violin plots, for each WT and for
the West Coast region. The same analyses for the two most remote grid-points are shown in Figures S8 and S9 in
Supporting Information S1. Analysis of Fisher's test shown in Figure 9 for all quantitative metrics (thus excluding
AR directions) suggests that synoptic conditions, monitored through the 12 WTs, strongly and significantly influ-
ence AR characteristics, with estimated statistical significance exceeding the 99.99% (p < 10~). These statistics
are likely biased by the large sample sizes.

Figure 9 reveals that both zonal and meridional components of IVT, for these AR events reaching the West Coast
region, strongly differ from one WT to another. Although the zonal component is shifted toward positive values
(denoting a westerly component that was expected at these latitudes), some WTs (namely, TNW, HSE, HE, and
particularly NE: Figure 9) favor more balanced or more variables signs suggesting recurrent easterly advections.
The meridional component similarly shows a shift toward negative values indicative of moisture transport from
the lower latitudes, but some WTs (SW, HNW, HW) also correspond to ARs with a marked southerly component.
These results are true when all timesteps of the AR lifecycles are considered, but also hold for the only maxi-
mum of moisture transport (with generally stronger values). Overall, when combined, these results show that the
WTSs have a strong influence on AR directions (Figure 9). This conclusion is also true for other regions of ANZ
(Figures S8 and S9 in Supporting Information S1), although the filtering used here to select ARs coming only
from the sea may also strongly decrease the statistical spread of AR directions, depending on the geometry of the
coastline (Figure 5; Figures S8 and S9 in Supporting Information S1).

Finally, WTs also modulate AR durations and their time-integrated total IVT. While types HNW and HW tend to
coincide with the less persistent ARs (as shown by a median duration of just 6 hr, i.e., the AR detection timestep),
types HSE, W, HE and NE are associated with much longer AR events, as indicated both by their median duration
(18 hr, i.e., 3 detection timesteps) and largest values (reaching or exceeding 4 days, i.e., 96 hr). Time-integrated
total IVT (and their WT-dependency) are very consistent with the duration, the longer events logically leading
to larger moisture advections. These duration statistics of AR events embedded in WT sequences appear quite
disconnected from the typical persistence of the WT sequences themselves, as assessed by K2K (his Figure
4): the most persistent WTs are not those conducive to the most persistent ARs. The latter are also 2 to 3 times
shorter, suggesting that ARs preferentially develop within WTs in a vast majority of cases, rather than during the
transition from one WT to another. Because of their weak persistence, AR events associated with more than one
WT are rare, especially when WTs are defined at the daily timestep as done for this work.

The results discussed above generally hold for all grid-points shown in Figure 1b and used for AR detection, in
spite of a tendency for more persistent AR sequences over the northern parts of ANZ. Despite major differences
in sample sizes (in terms of AR count and their association with synchronous WTs: Figures 4 and 5), WT influ-
ence on AR properties appears strongly consistent from one region of ANZ to another (not shown).

5.2. Synoptic Differences Between AR and NoAR Days

In addition to the relationship between WT and AR occurrence, do ARs influence WT synoptic patterns in return,
and/or develop within synoptic patterns that may differ from the mean view of the WT, as obtained when merging
all days? This hypothesis, if verified, (a) would be consistent with the strong within-type variability suggested in
Section 4 and based on daily precipitation fields, (b) would be in line with the results of Eiras-Barca et al. (2018)
over the northern mid-latitudes, or Pohl et al. (2021c) over the southern high latitudes. It is therefore tested below.

Figure 10 shows changes in the regional-scale circulation (geopotential height and horizontal wind anomalies at
700 hPa) during the five WTs most favorable to ARs in the West Coast, and separates NoAR days from moderate
and strong AR events. Figure 11 similarly presents the 1000 hPa specific humidity and moisture flux anomalies
at 1000 hPa, these fields being of major importance for IVT and, therefore, for AR influence in ANZ. Both
definitions of the WTs are used in both figures, because they lead to slightly different results (both in terms of
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Figure 9. Modulation of atmospheric river (AR) properties by the weather types (WTs), West Coast region of Aotearoa New Zealand. Inner boxes: from first to third
quartiles (50% of the samples) with median value given by white circles. Whiskers show the range of the distributions, and violin plots represent smoothed observation
densities. For quantitative values (all except IVT directions), labels indicate the estimated significance according to analyses of variance. WTs are colored as in

Figure 5. The number of AR days N used in these analyses is given in Figure 4c (N = 5,909). ERAS definition of WTs is used.
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Figure 10. Differences in synoptic conditions between weather types (WTs) associated and not associated with atmospheric rivers (ARs), West Coast region of
Aotearoa New Zealand. (a) Composite mean geopotential height anomalies at 700 hPa (colors: m) and 700 hPa horizontal wind anomalies (vectors: m s~!) anomalies
during the five most favorable WTs, and for the ERAS redefinition of WTs (first column), and the original NCEP/NCAR definition of the WTs (second column). Only
significant anomalies according to one-tailed #-tests modified by Welch (95% level) are displayed. (b) Difference between AR and NoAR days for the same WTs, and
for the ERAS redefinition of WTs (first column), and the original NCEP/NCAR definition of the WTs (second column). Only significant differences according to
two-tailed r-tests modified by Welch (95% level) are displayed.

preferential associations between WTs and ARs, Figure 5, and within-type differences): please refer to Pohl
et al. (2021b, 2023) for more details. Figures S10 and S11 in Supporting Information S1 generalizes the results
of Figure 10 results for the South Coast and Northland regions of ANZ, respectively, and Figures S12 and S13 in
Supporting Information S1 similarly extend the results of Figure 11.

Daily geopotential and circulation anomalies associated with these WTs when not co-occurring with ARs are
similar to the average pattern of these types (Figures 10 and 2). They are also generally quite consistent for both
WT definitions (Figure 10a), even though ACAs (and more particularly the negative ones, indicative of atmos-
pheric troughs) tend to reach larger intensities using the newer ERAS distribution. This is probably due to the
more detailed and accurate resolution of the ridges and troughs in ERAS, in line with its finer grids. These WTs
favor moisture transport toward the West Coast of the South Island, either from the west or northwest (for types
W, HE, and TNW) or southwest (T and HNW).

Within-type differences between NoAR and AR days are weaker (half the magnitude) than the mean departures
from the mean annual cycles during the overall occurrences of this type (Figure 10b). This indicates that, even
during AR days, the concomitant WTs are still well characterized by their main synoptic-scale specific patterns.
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Figure 11. As Figure 10 but for specific humidity at 1,000 hPa (colors: g kg~") and 1,000 hPa horizontal moisture fluxes (vectors: g kg™! m s™).

Such within-type differences between NoAR and AR days are remarkably similar across the types, and do not
appear to be directly related to the mean anomaly patterns of the types. For all WTs, they consist in a dipole of
geopotential height, with positive differences northeast of ANZ, and negative ones west (and, for some types,
south) of it. This dipole is thus associated with a stronger geostrophic northwesterly component of the winds,
which favors moisture transport from the lower latitudes (Tasman and/or Coral Seas) toward the West Coast
of the South Island, perpendicularly to the main topographic barrier of the Alps. Albeit their weaker magni-
tudes, these differences are very consistent with the AR patterns landfalling there, as discussed in the literature
(Cullen et al., 2019; Kingston et al., 2016, 2022; Little et al., 2019; Prince et al., 2021a; Reid et al., 2021; Shu
et al., 2021). Within-type differences are also much larger according to the original NCEP/NCAR definition
of the WTs (Figure 10b), especially the negative geopotential height differences located west or southwest of
ANZ. Figures S10 and S11 in Supporting Information S1 confirm these conclusions for other parts of ANZ,
although the location and orientation of the geopotential dipole changes, so that the resulting fluxes reach the
landfalling region with stronger westerly/southwesterly (for the South Coast region: Figure S10 in Supporting
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Information S1) or northerly/northwesterly components (for the Northland peninsula: Figure S11 in Supporting
Information S1).

In contrast with the marked differentiation between NoAR and moderate AR days, differences between strong
and moderate ARs seem much noisier and less coherent, spatially and physically (not shown). This suggests that
the intensities and location of the main ACAs could have limited control on the strength of landfalling ARs, as
inferred by their IVT. Thus, the strength of the ARs could possibly be more related to the moisture content of the
air mass, than stronger synoptic ACAs. By analyzing anomalies of specific humidity and moisture fluxes around
ANZ, Figure 11 aims at exploring this issue. Here, lower-layer moisture fluxes are shown, together with anoma-
lies of specific humidity at 1,000 hPa, during overall WT occurrences. Next, we analyze the within-type diversity,
by calculating the differences between NoAR and AR days. Figures S12 and S13 in Supporting Information S1
complement this figure for the South Coast and Northland regions.

These results (Figure 11a) generally confirm previous work concluding that southerly anomalies advect dry air
toward ANZ, northerly fluxes having an opposite effect (e.g., Pohl et al., 2021c, 2023). Furthermore, they point
out that the air mass contains significantly more humidity during AR days (Figure 11b). These results are coher-
ent with Figure 10, the stronger northwesterly component of the lower-layer circulation favoring moisture export
from the lower latitudes. These conclusions can be extended to strong ARs, which significantly differentiate from
regular ARs in terms of air moisture but not significantly in terms of geopotential anomaly patterns (not shown).

However, Figures S12 and S13 in Supporting Information S1 (which respectively generalize these analyses for
the South Coast and Northland regions of ANZ) reveal strong regional dependency of the moisture sources,
which raise important questions related to the physical nature of the mechanisms associated with moisture trans-
port. These figures show that moisture transport reaching the southernmost parts of the country do not seem to
originate from the lower latitudes, but are embedded in the extratropical westerly circulation. The situation is
quite different in the northern regions, where the connection with the subtropical Coral and Tasman Seas is more
evident. This could question whether the strong moisture transport landfalling in southern ANZ do correspond to
ARs (following e.g., the definition of Ralph et al., 2018), or transient enhancement of the mid-latitude westerlies,
implying thus stronger zonal moisture transport but limited meridional export from the lower latitudes.

Overall, our results suggest that synoptic conditions have strong importance for AR development and for shaping
their location and angle, while corresponding IVT seems to be influenced by the available moisture content in
the subtropical latitudes that can next be advected southwards once the AR is formed. These results are verified
for the northern regions of ANZ, they still hold for the West Coast of the South Island, but air humidity from
the subtropics seems of little importance for the southernmost parts of the country (Figure S13 in Supporting
Information S1). The different moisture sources, from higher latitudes, that could affect this part of the coun-
try, corroborate the results of Bennet and Kingston (2022) on the spatial patterns of IVT in ANZ, and are also
coherent with Reid et al. (2022) who obtained similar results for Australia. More detailed assessment of moisture
sources is now needed, for example, through Lagrangian approaches, but this is not our scope here.

5.3. Interactions Between AR Properties and Synoptic Configurations

Section 5.1 discussed how synoptic configurations, as materialized by the 12 WTs, modify AR features.
Section 5.2 further established that synoptic configurations themselves differ depending on the presence,
absence, and for some cases, strength of the AR events. Here, we attempt to reconcile these views, and analyze
these interactions in a unified way. Figures 12 and 13 show how AR attributes (as summarized in Table 2)
relate to the synoptic descriptors of ACAs (as summarized in Table 1). These analyses are done for each day
ascribed to the five more favorable types promoting the largest numbers of ARs reaching the West Coast region.
Very similar results are obtained for other landfalling regions in other parts of ANZ, with their respective
AR-favorable WTs (not shown).

Whatever the definition of WTs, Figures 12 and 13 indicate that the intensity of atmospheric ridges is signifi-
cantly related to changes in AR properties. This is especially true for types TNW, W, and HE. The T type has
no positive ACA: it mostly relates to changes in AR characteristics through the latitude, and to a lesser extent,
the intensity, of its main atmospheric trough. In spite of the statistical significance of some associations between
within-type diversity and AR properties, the common variance between corresponding couples of descriptors
remains low. This may be due (a) to the large sample size (exceeding 1,800 days for the chosen grid-point
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Figure 12. Daily correlations between KT descriptors and atmospheric river features for the 5 most favorable KTs according to ERAS definition of weather types
(WTs) for the West Coast region of Aotearoa New Zealand, and for the ERAS redefinition of WTs. Correlations not significant at 95% omitted, correlations above the

99% threshold in bold.

representative of the West Coast region: Figure 4), and/or (b) to the fact that we are considering here residual
variability, the main changes being likely associated with differences between WTs (Section 5.1). Nevertheless,
this still suggests that, under a given synoptic context, AR diversity, from 1 day or event to another, cannot be
interpreted as simple linear functions of the location and intensities of ACAs. These general conclusions and
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Figure 13. As Figure 12 but for the original NCEP/NCAR definition of the weather types.

results, including a significant but still moderate role of the intensity of atmospheric ridges, are also verified for
all other regions of ANZ (not shown).

How within-type diversity could relate, physically, to changes in AR properties, cannot be assessed based on
correlation analyses. The negative correlation between ridge intensities and moisture transport may also seem
counter-intuitive, strong ridges or blockings being mentioned in the literature as a favorable condition for moisture
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Figure 14. Composite mean Z1000 fields associated with the opposite phases of weather type (WT) descriptors for WTs W, TNW, and T controlling atmospheric
river differences in grid-point #6 (West Coast of the South Island). The left-hand column shows the composite mean anomaly pattern of Z1000 raw fields (contours)
and corresponding anomalies (colors) during all days ascribed to the corresponding WTs. The two remaining columns show the sub-samples formed by the opposite
phases of the WT descriptor labeled in the figure. Opposite phases of each descriptor of each WT are extracted using their 20th and 80th percentiles. In all maps, only
significant anomalies according to one-tailed #-tests modified by Welch (95% level) are displayed.

transport channeling and, thus, AR development (Pohl et al., 2021a). Hence, Figure 14 shows composites of the
opposite phases of the synoptic descriptors found in Figures 12 and 13 to influence AR properties. The compos-
ite approach used here (based on the 20th and 80th percentiles of each descriptor), discussed in P21, does not
assume that relationships are linear, as do the correlation analyses of Figures 12 and 13. Qualitatively similar
results could be obtained with other percentile values (not shown).

The W type is formed by a strong negative ACA southwest of ANZ and a weaker positive one north it, that
channel westerly winds toward the country (Figure 14), hence its strong contribution to AR occurrences for parts
of ANZ (Figure 5). It is the positive ACA that mostly acts to modify AR properties, with larger ridge intensi-
ties corresponding to reduced moisture transport (Figures 12 and 13). Strongest ridges actually correspond to
a Z1000 pattern that sensibly differs from the canonical view of that WT, with an alternation of atmospheric
waves in the mid-latitudes that is associated with stronger sinuosities of the westerlies. This could correspond
to generally weakened winds, hence the decreased moisture transport. Similar results are obtained with type
TNW (not shown) or HNW (Figure 14): particularly strong ridges clearly increase the transient wave component
of mid-latitude circulation, as compared to the weaker ridge occurrences associated with this type. As a result,
corresponding AR events exhibit a weaker zonal moisture transport.

The T type is the most favorable one for AR development for many parts of ANZ (Figure 5). It shows a single
negative ACA consisting in a trough (hence its name) located near or just south of ANZ. The negative correlations
between IVT on the one side, and the intensity and latitude of the troughs on the other side, imply that stronger
troughs (larger negative values of geopotential height anomalies), and/or southernmost locations, both favor
increased moisture advections linked to ARs. Indeed, both types of configurations increase westerly winds north
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of the trough (Figure 14), leading to stronger atmospheric fluxes meeting the coasts and mountains of ANZ.
Similar mechanisms also prevail for the troughs associated with types W, TNW, and HE, albeit their weaker
correlations (Figures 12 and 13).

This section pointed out how synoptic ACAs, by modulating the westerly wind speeds, can modify AR-associated
IVT toward the West Coast of ANZ. These relationships remain quite weak, despite their statistical significance.
A possible reason is that our analyses are only based on atmospheric dynamics, hence the need to consider air
humidity and to identify moisture sources in future work (in agreement with Figure 11).

6. Discussion and Conclusion

In this work we analyze relationships between the 12 WTs of Kidson (2000), defined over the ANZ sector, and
AREs, as detected by the Guan and Waliser (2019) algorithm participating to the ARTMIP-Tier2 inter-comparison
exercise (Marquardt Collow et al., 2022), that make landfall in different parts of ANZ. Focus is given on inter-
type variability, and how differences in the weather patterns around ANZ act to modify AR properties (angle,
water vapor transport, ...), as well as within-type diversity, and how it relates to AR variability. To that end, two
series of descriptors are used: they monitor, on the one hand, the intensity and location of main ACAs associated
with the WTs, and on the other hand, the angle, duration and moisture transport associated with the ARs. Analyz-
ing jointly the co-occurrences of WTs, ARs, and their respective descriptors, allowed us to explore how they
are interrelated, thereby complementing the more usual analyses of AR probability depending on the synoptic
context, or the relative contribution of each WT to overall AR occurrences. The relative importance of inter-type
versus within-type diversity is also addressed from a precipitation point of view, by assessing the combined and
separate influence of WTs and ARs on daily amounts across ANZ. The case of precipitation extremes is consid-
ered, ARs being recurrently identified as a key driver of such precipitation excesses.

Our main results can be summarized as follows.

e While ARs make landfall, on average, about 12% of the time in (any) part of the coastlines of ANZ, they
contribute to 62% of the occurrences of moisture transport exceeding 250 kg m~! s~! (a threshold often
used in the AR community, e.g., Ralph et al., 2019), and nearly 95% of the occurrences with an IVT above
500 kg m~' s~!. This confirms (a) the predominant importance of ARs on moisture transport toward ANZ, and
(b) that detecting ARs is an appropriate way to detect on a vast majority of the very strong to extreme moisture
fluxes landfalling in ANZ.

¢ AR occurrences display clear preferential associations with a few WTs, and these associations are strongly
region-dependent across ANZ. The most favorable WTs are, quite logically, those that act to direct moisture
fluxes toward the country. However, a more meaningful result is that, for a given region, the most favorable
WT is responsible, at most, for only a third of overall AR events. Generally, three or four WTs can be iden-
tified as the main drivers of ARs, for a given region. These WTs strongly differ from one part of ANZ to
another, the most recurrent favorable types being those that promote increased westerly, or a marked north-
westerly component, to the regional atmospheric circulation.

e Within-type and inter-event variability and diversity is large, both for ARs and WTs. Some AR attributes
are strongly modulated by WTs. This is especially the case for their angle, but their persistence also differs
between WTs.

e  When co-occurring with AR events, the WTs tend in return to show changes in the location of their main
ACAs, that act to deviate the winds toward ANZ. ACAs do not appear to be significantly more intense during
the strongest ARs, that is, those associated with the largest moisture transport. However, the air mass is signif-
icantly more moist during the latter events, especially north of ANZ. While AR occurrence, location and angle
are favored and largely driven by synoptic-scale variability, vapor transport appears more tightly related to
lower-layer specific humidity (especially for the northern regions of ANZ, connected with subtropical regions
during major AR events). For the southern regions, key features involve the velocity of mid-latitude westerly
winds, while links with the subtropical latitudes are weaker. Whether such increase in the westerlies corre-
spond to ARSs is an issue that we further discuss below.

¢ Within-type variability has also major consequences for precipitation variability, and for the occurrence of
daily extremes. The composite mean anomaly patterns of precipitation conceal major changes between NoAR
and AR days. Strong AR events (in terms of moisture transport) also differentiate from moderate events. The
same WTs only yield weak anomalies when not co-occurring with ARs, or even, in some cases, anomalies
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of opposite sign (i.e., drier than normal). AR influence is particularly strong for wet extremes: depending on
the regions, the probability for daily precipitation extremes can be multiplied by 8-10, between AR days and
NoAR days ascribed to the same WT.

This study illustrates how WTs can drive and/or modify AR development and their associated attributes. The
reverse relationship remains still unclear to date. Another major aspect to consider could then be to assess to what
extent ARs influence WTs in return, that is, modify the strength and/or location of their main ACAs. Differenti-
ated evolutions of ACAs would be consistent with larger latent heat release during ARs, increasing cyclogenesis
through differential diabatic heating profiles (Madonna et al., 2014; Terpstra et al., 2021; Woollings et al., 2018).
A more detailed analysis of the life cycle of these ACAs could be performed, for instance using analogs, in order
to determine whether they evolve differently under AR and NoAR conditions.

In spite of ARs' predominant importance for moisture transport in the region, the present work also raised the
question of their definition and detection criteria, and how to differentiate ARs from other types of moisture
transport in the troposphere. ARs are defined in the American Meteorological Society Glossary of Meteorology
as “a long, narrow, and transient corridor of strong horizontal water vapor transport that is typically associated
with a low-level jet stream ahead of the cold front of an extratropical cyclone.” The relevance of this defini-
tion has already been extensively discussed by Ralph et al. (2018). Here, we show that detected ARs, while
responsible for a vast majority of strong to extreme moisture transport toward this region, are not restricted to
being associated with extratropical cyclones. In ANZ, landfalling ARs can be driven by other synoptic scale
features (including tropical cyclones: e.g., Prince et al., 2021a). Similarly, ARs in the polar regions (Gorodetskaya
et al., 2014), also discussed as narrow long bands of enhanced moisture fluxes originating from the mid-latitudes
and subtropics (Wille et al., 2022), were also found to develop when a ridging or blocking highs located further
east act to channel the geostrophic flow toward the higher latitudes (Pohl et al., 2021a), thereby transporting heat
and moisture poleward. In this regard, the association between ARs and extratropical cyclones, as mentioned in
the glossary, may appear as slightly too restrictive to encompass the diversity of synoptic configurations likely to
lead to AR development worldwide.

Thus, while the majority of ANZ ARs may be associated with an extratropical cyclone there is certainly a diver-
sity of synoptic configurations that give rise to extreme moisture fluxes, detectable as ARs in the region of ANZ.

The case study of ANZ can also be used to discuss the detection criteria for ARs, and especially the role of merid-
ional transport of moisture and heat. ARs landfalling in the northern parts of ANZ are in very good agreement
with the typical image one can have of ARs landfalling in the southern mid-latitudes (Bennet & Kingston, 2022;
Kingston et al., 2022; Prince et al., 2021a), that is, a connection linking the (sub)tropical latitude to the extra-tropics,
probable moisture sources located over the Coral and Tasman Seas east of Australia, and larger occurrence during
the austral summer season. By contrast, in the southern regions of ANZ, placed under the direct influence of the
dominant mid-latitude westerly winds, detected AR events are more zonal, and show limited connection with the
lower latitudes—a matter also discussed more generally by Guo et al. (2020) or Gimeno et al. (2021). Potential
moisture sources for ARs landfalling in the southernmost parts of ANZ include the Southern Ocean and, more
particularly, the Great Australian Bight, also identified as a potential moisture source for polar ARs reaching East
Antarctica (Pohl et al., 2021a). These events also tend to be more frequent during the austral winter season, when
the mid-latitude general circulation increases in strength. Thus, whether the detected moisture transport events
reaching southern ANZ do correspond to ARs could be questioned. This issue is of importance, since the southern
mid-latitudes correspond to one of the regions of largest AR development worldwide according to most AR detec-
tion schemes used in the ARTMIP project (Marquardt Collow et al., 2022). Algorithms excluding zonal IVT (e.g.,
Wille et al., 2021) lead to very different results in these regions. The difference could be meaningful for southern
ANZ, but also the southernmost parts of South America, that is, the only major landmasses present at these latitudes.

Our results also suggest that the available moisture in the subtropical regions east of Australia could be a key vari-
able to include in future studies, especially for the northern parts of ANZ. The question of the moisture sources for
ARs could be addressed for example, by using back trajectories or Lagrangian approaches—as already indicated
by Kingston and McMecking (2015) for flooding events in the Southern Alps. Latent heat fluxes at the interface
between atmosphere and oceans (e.g., over Tasman and Coral seas) or continent (Australia) are intuitive candidates
that could favor increased moisture in the lower troposphere, more likely to lead to AR formations. More generally,
convective activity in the tropical to subtropical latitudes (e.g., in the vicinity of the nearby South Pacific Conver-
gence Zone) could be a key parameter to consider in future work. By determining the available moisture ready to

POHL ET AL.

25 of 28

85UB017 SUOLILOD BA[aID 3|edl|dde ayy Ag pausenoh ake saiire YO ‘s Jo sani Joj Akid1TauluQ AS|IA\ UO (SUO N IPLOI-PUR-SWLRIAL0D A3 | 1M Aleq 1 Ul juo//sdiy) SUORIPUOD pue swid | 3Y) 39S *[£202/80/60] U0 AriqiauluQ AB[IM ‘UiesH JO AisiuliN Aq 602.£0Arz20z/620T 0T/10p/wod A |im Areiqipuliuo sgndnBe//sdny wouy papeojumoq ‘ST ‘€202 ‘96686912



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2022JD037209

Acknowledgments

Three anonymous reviewers are thanked
for their constructive comments that
helped improve the text and the figures of
this article. This study is a contribution

to the International Research Programme
VinAdapt funded by France and New
Zealand, and seadseas project funded

by the University of Burgundy. BP and
JW also acknowledge support from

the Agence Nationale de la Recherche
project, ANR-20-CE01-0013 (ARCA).
NF was supported by the NIWA Strategic
Science Investment Fund project “Climate
Present and Past.” The authors thank Prof.
James Renwick for making the original
Kidson type distribution available and

for updating it over the recent years. All
analyses were made with python (libraries
numpy, pandas, scipy, sklearn, math,
matplotlib, cartopy, seaborn, netCDF4),
the developers of which are thanked.
Calculations were performed using HPC
resources from DNUM CCUB (Centre de
Calcul de I’Université de Bourgogne).

be advected poleward, it could contribute to drive AR occurrence in the middle to high southern latitudes (e.g.,
Clem et al., 2022). Of particular interest could be the analysis of the influence of the Madden-Julian Oscillation (C.
Zhang, 2005), since this near-global mode of variability is of major importance to organize large-scale convection
in the tropics, and has been shown to modulate WT occurrence over ANZ (Fauchereau et al., 2016). How MJO and
WTs add influence to drive AR development remains however to be assessed.

Last but not least, this work solely analyzed the synoptic scale, at which both WTs and ARs develop and interact.
However, in the mid-latitudes of the Southern Hemisphere, atmospheric circulations strongly varied and evolved
since the early 20th century (Fogt et al., 2009; Polvani et al., 2011; Thompson & Solomon, 2002), at various
timescales spanning from interannual to multi-decadal (L’Heureux & Thompson, 2006; Oliveira et al., 2013).
Such changes are further projected for the future decades under ongoing climate change (Arblaster et al., 2011;
Perlwitz, 2011; Zheng et al., 2013): WTs (Gibson et al., 2016; Parsons et al., 2014) and ARs (Espinoza et al., 2018;
Ma et al., 2020) themselves will also show gradually-evolving properties under increasing greenhouse gas
concentrations. How these lower frequencies affect both WTs and ARs over the region is a major question to
address. How changes in the atmospheric and climate dynamics (Sansom & Renwick, 2007) could combine their
influence to the so-called Clausius-Clapeyron scaling (Betts & Harshvardhan, 1987; Kharin et al., 2007; Muller
etal., 2011; O’Gorman & Schneider, 2009; Pall et al., 2007; Trenberth et al., 2003; Westra et al., 2014) to modify
precipitation amounts, especially wet extremes at daily and sub-daily timescales, is another subject of concern for
the local societies and territories. Further work is strongly needed to cast light on these subjects and help adapt to
ever increasing changes in the local, regional and global climate.

Data Availability Statement

ERAS data (Hersbach et al., 2020) can be retrieved from https://cds.climate.copernicus.eu/cdsapp#!/search?-
type=dataset&text=era5S. The AR catalogs from the ARTMIP (https://www.cgd.ucar.edu/projects/artmip) Tier2
(Marquardt Collow et al., 2022) are available at https://zenodo.org/record/5773269#.Y4Ci4-zMJGA. AR detec-
tion is based on the algorithm originally introduced in Guan and Waliser (2015), refined in Guan et al. (2018), and
further enhanced in Guan and Waliser (2019). Weather types and their descriptors (P21) are available at https://
pohlben.files.wordpress.com/2022/02/ktdescriptors_era5.xlsx and https://pohlben.files.wordpress.com/2022/02/
ktdescriptors_ncep.xIsx. VCSN data (Tait & Turner, 2005; Tait et al., 2006, 2012) can be retrieved from the
NIWA website at https://niwa.co.nz/climate/our-services/virtual-climate-stations.
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