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Abstract
This study quanti�es the impact of atmospheric rivers (ARs) on rainfall in New Zealand. Using daily
rainfall records from 654 rain gauges and the ERA-Interim and ERA-5 reanalysis, we investigate the
contribution of ARs to the annual and seasonal rainfall totals and extreme rainfall events between 1979–
2018 across the country. Results indicate that these �lamentary synoptic features play an essential role
in regional water resources and are responsible for many extreme rainfall events on the western side of
mountainous areas and northern New Zealand. Depending on the season in these areas, 40–86% of the
rainfall totals and 50–98% of extreme rainfall events are shown to be associated with ARs, with the
largest contributions predominantly occurring during the summer. Furthermore, the median daily rainfall
associated with ARs is 2–3 times that associated with other storms. The results of this study extend the
knowledge of the critical roles of ARs on hydrology and highlight the need for further investigation of the
hydrological hazards caused by ARs in New Zealand. 

Introduction
Atmospheric rivers (ARs) are global phenomena primarily occurring in the midlatitudes, distinguished by
�lamentary regions of strong horizontal water vapour transport in the atmosphere1. Firstly described by
Newell et al.2, ARs are synoptic-scale �laments representing 4 or 5 largest water vapour �uxes that occur
between the midlatitudes and the tropics on any given day, and the length of an AR is generally �ve times
its width. ARs are often linked to extratropical cyclones and fronts3,4 that are a key mechanism of
precipitation5,6 and play a critical role in extreme precipitation events7 in the mid-latitudes. As part of
extratropical cyclones and fronts, ARs have signi�cant hydrological impacts when making landfall for
most mid-latitude regions globally, including extreme precipitation events8 and the frequency of the
occurrence of droughts and �oods9.

ARs signi�cantly contribute to precipitation totals and produce heavy orographic precipitation when
passing mountainous regions in the midlatitudes. Notable contributions of ARs to precipitation totals
have been documented on the west coast of North America10,11, the central United States and western
Europe12, the southern south America13, and South Africa14. ARs can contribute to more than 50% of
annual or seasonal precipitation totals (winter in particular) for these regions. Further, there is a strong
connection between the heavy precipitation events and ARs in these regions13–17. For example, storm
events (3-day precipitation total exceeds 400 mm) between the 1998–2008 water year are all associated
with ARs in California10.

Rainfall caused by the combined effect of extratropical cyclones and their associated fronts with
orographic lifting is typical in New Zealand18. For example, the highest annual precipitation totals in New
Zealand (over 10,000 mm) occurs in the Southern Alps19 because this extended mountain range provides
a signi�cant barrier of the prevailing air�ows. Due to the global general circulation, the overall seasonal
pattern of rainfall in the North Island sees higher rainfall in winter and lower rainfall in summer, whilst the
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South Island sees the opposite seasonal pattern. The combined effect also determines the location and
intensity of heavy rainfall events in New Zealand, generally on the western side of mountainous areas
and northern New Zealand20.

In New Zealand, several global AR studies have noted a considerable occurrence of landfalling ARs and
their association with heavy precipitation8,21,22 and the frequency of drought and �ood occurrences9.
However, these global studies are unable to re�ect regions that highly impacted by ARs, especially
considering the diverse orography in New Zealand. Additionally, AR frequency and strength is projected to
increase by 60% and 20%, respectively, under the most severe future climate scenario in the southern
midlatitudes23. To this end, the hydrological impact of ARs is likely to be altered in New Zealand.
Therefore, evaluating the impact of ARs on rainfall at a local scale in New Zealand is essential, given the
local climate features, the critical role that ARs play in the global water cycle and mid-latitude weather
and hydrology, and the changing climate.

In this study, we hypothesize that this evaluation will be useful for better understanding the causes of
both the spatial distribution of annual and seasonal rainfall totals and heavy rainfall events across the
country to provide more useful information for the assessment of climate change impacts. The
objectives of the present study are (1) to investigate the climatology of ARs in New Zealand; (2) to
evaluate the fraction of seasonal and annual rainfall totals linked with ARs; (3) to compare the intensity
of AR rainfall and non-AR rainfall, and the association between the ARs and heavy rainfall events.

Results

Climatology of ARs over New Zealand
Due to the higher spatial resolution of the ERA-interim dataset, this section presents the results using
ERA-interim ARs over New Zealand from 1979 to 2018 (39 years), results from ERA-5 are shown in the
supplementary documentation. Note that the analysis in this section only represents ARs at some
moment of their life cycle as the temporal resolution of both reanalysis datasets is 6 hours.

The frequency of AR days and the coe�cients of variation (CV) of AR days for each grid cell are shown in
Fig. 1 (ERA-Interim) and Supplementary Fig. 1 (ERA5). Generally, there are 70 to 90 days per year with AR
occurrence across New Zealand, and the South Island experiences more AR days than the North Island
(Fig. 1a and Supplementary Fig. 1a). The frequency of AR days is higher in the warm seasons than in
cold seasons, and the South Island experiences more AR days than the North Island in summer, yet fewer
AR days in winter (Fig. 1b-e and Supplementary Fig. 1b-e). The interannual variation for seasonal AR
frequency (0.2–0.4) is notably higher than the annual scale (generally less than 0.1), and cold seasons
experience larger variation compared with warm seasons (Fig. 1f-j and Supplementary Fig. 1f-j).

Geometric characteristics and the mean direction of landfalling ARs are shown by the histograms and
maps of Fig. 2 (ERA-Interim) and Supplementary Fig. 2 (ERA5). Results from the two datasets generally
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agree with each other, despite some small differences. The long and narrow feature of landfalling ARs is
notable, the median of the length and the length/width ratio is about 5,730 km (5,500 km) and 8.9 (8.4)
for ERA-Interim (ERA-5), respectively. In some cases, ARs can be longer than 10,000 km with the
length/width ratio greater than 20. The landfalling ARs commonly have a southwest direction, the median
of the mean direction is about 121.5° (121.9°) for ERA-Interim (ERA-5). Some landfalling ARs also display
a southeast direction. Figure 2d and Supplementary Fig. 2d show the mean direction of detected
landfalling ARs at their corresponding landfall locations. Overall, ARs commonly approach the west side
of New Zealand with a southwest direction, and in some cases with a southeast direction on the east
side.

Contribution of ARs to rainfall totals
This section examines the impact of detected ARs on rainfall totals across New Zealand. Results from
ERA-interim and ERA-5 are shown in Figs. 3–4 and Supplementary Figs. 3–4, respectively.

Average annual and seasonal rainfall totals are shown in Fig. 3a–e. Generally, highest rainfall totals
occur on the western side of the mountain ranges and mountain peaks across New Zealand. The highest
annual and seasonal rainfall totals are recorded on the west side of the mountain range in the South
Island (the Southern Alps). Seasonality in rainfall totals is notable in North Island, being highest in the
winter and lowest in summer.

The average fraction of annual and seasonal rainfall totals linked with ARs for each rain gauge are
shown in Fig. 3f–j and Supplementary Fig. 3a-e. Frequency of wet AR days is shown in Fig. 3k-o and
Supplementary Fig. 3f-j. The annual and seasonal fraction of rainfall totals linked with ARs is mostly over
50% except during winter on the west side of mountain ranges, mountain peaks, and northern North
Island. For these areas, the highest fractions are recorded in summer (75–86%) and the lowest recorded
in winter (15–40%). Seasonal frequency of wet AR days in these areas ranging from 5–31 days, with the
highest frequency in summer and lowest in winter (see Fig. 3k-o and Supplementary Fig. 3f-j).

Impact of ARs on extreme rainfall events
The ratio of the median daily AR rainfall over non-AR rainfall at the annual and seasonal scales are
shown in Fig. 4a–j (ERA-Interim) and Supplementary Fig. 4a-j (ERA-5). Interestingly, AR storms are found
to produce more than 2 times more daily rainfall than non-AR storms at most stations, and signi�cantly
more than three times for the west side of mountainous areas and northern New Zealand. The ratios in
winter are also notably high, particularly for some stations where the ratio can be over 20.

The connection of the most intense rainy days between ARs is explored by considering those days that
rainfall exceeds the 90th percentile values of the series of daily rainfall. Figure 4k–o(ERA-Interim) and
Supplementary Fig. 4k–o (ERA-5) show the annual and seasonal fractions of those intense rainy days
associated with ARs at each station. Generally, 50–98% extreme rainfall events are associated with AR
conditions on the west side of mountainous regions and northern New Zealand, depending on the
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season. The highest fraction for each station in these areas occurs in summer, whereby some exhibit
values over 90% and 80% in the South and North Island, respectively.

Discussion
The investigation of the impact of ARs on rainfall in this study is a major step toward understanding the
hydrology and extreme rainfall events in New Zealand. New Zealand is an AR-highly impacted
country8,9,22. In this study, the impact of ARs on rainfall was evaluated using two atmospheric reanalysis
datasets and a network of station rainfall data, combined with an automated AR detection algorithm
introduced by Guan and Waliser22. Overall, ARs are found to have a strong hydrological impact over
western areas of mountain ranges and mountain peaks, and northern New Zealand. Note that the
discussion below focuses only on these areas.

The �lamentary synoptic feature is notable as the median length of landfalling ARs is more than
5,000 km, and the median ratio of length/width is about 9. Landfalling ARs generally have a
southeastward direction, but some exhibit a southeast direction along some coasts. The basic landfalling
ARs characteristics found across New Zealand generally agree with results in Guan and Waliser 22.

Overall, 40–86% of the annual and seasonal rainfall totals accumulated only within several 10 wet AR
days, depending on the location of the rain gauge and season. This indicates that AR storms in these
regions play a key role in water resources, and particularly true for the western coast of the Southern Alps
where 50–65% of annual rainfall totals (nearly 7,000 mm) accumulated within 60–82 wet AR days.
Additionally, the highest AR contribution occurs in summer, which is also the season that the western
coast of the Southern Alps receives the highest amount of rainfall. The results suggest that ARs and
orography largely determine the water availability in these regions.

AR storms are more intense than non-AR storms year-round and found to be able to produce 2–20 times
the non-AR rainfall depending on the rain gauge location and season. Particularly, cold-season AR storms
are more intensive. The connection between the extreme rainfall events and ARs are notably high, ranging
from 50–98% across the rain gauge locations and seasons. Indeed, the percentage is over 90% in some
areas on the west side of the Southern Alps in summer. As ARs are often related to fronts, the impact of
ARs on extreme rainfall events in this study agrees with Catto and Pfahl7, although the 99th threshold
was used in their study.

Further, results in this study suggest a potential connection between the hydrological droughts and �oods
in northern New Zealand and where the orography dominates the weather progression. Droughts and
�oods are the most costly and damaging natural hazards in New Zealand24. Under changing climate
conditions, the frequency and magnitude of �oods are likely to increase as a result of increased
frequency and intensity of extreme rainfall in New Zealand25. Climate change is expected to also lead to
increases in the frequency of droughts in most North Island26, including regions where ARs are the major
contributor to water resources. Moreover, climate change is suggested to result in a 60% and 20%
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increase in the AR frequency and strength in the southern midlatitudes, respectively23. Therefore, further
work will investigate the connection between hydrological hazards and ARs focusing on regions exposed
to both ARs and these hazards, for a better assessment of climate change impact on natural hazards.

Methods

Reanalysis and station rainfall data
It is common to employ more than one dataset to assess the robustness of AR detection techniques.
Datasets used to identify ARs are the European Centre for Medium-Range Weather Forecasts (ECMWF)
Interim (ERA-interim)27 and the most recent reanalysis dataset version from ECMWF, namely the ERA-5
reanalysis project28. Atmospheric reanalysis data between 1979 and 2018 from ERA-interim and ERA-5 at
0.125°×0.125° and 0.25°×0.25° horizontal grid resolution were retrieved, respectively. Data used are 6-
hourly speci�c humidity and zonal wind and meridional wind components at 20 vertical pressure levels
(300hPa to 1000hPa), and land-sea mask. The integrated water vapour transport (IVT) vector at each grid
cell was calculated in an Eulerian framework13,17 as:

where q, u, ν and are speci�c humidity (kg kg-1), zonal and meridional vectors (m s‐1), respectively; g is the
gravitational acceleration (9.81 m s-2), and dp (Pa) is the pressure difference between two adjacent
atmospheric pressure levels. Note that all parameters in equation (2) and (3) were collected at discrete
atmospheric pressure levels from the selected datasets. According to Guan and Waliser22, the median
length of global 1997-2014 ARs is about 3,665.1km. For the ARs detected in the Southern Hemisphere,
ARs commonly have a southeastward direction with a median degree of 120.6°, and the median latitude
of the AR equatorward end, centroid, and the poleward end is 28.5°S, 41.1°S, and 49.5°S respectively.
Considering that the longitude length of a degree at 49.5°S is approximately 72km and the �rst eastward
meridian line across New Zealand is at about 166°E. Therefore data retrieved over the 0-70°S and 100°E-
120°W domain is considered adequate (166°E– 100°E = 66°, 66° × 72km/degree = 4,725km > 3,665.1
km).

Station-based daily rainfall totals were obtained from New Zealand’s national climate database web
system hosted by the National Institute of Water and Atmospheric Research (NIWA). Note that the periods
of records differ among sites, and the observation times of the day are 2100 UTC (2000UTC) during the
wintertime (summertime). Sites with less than 10 years of daily rainfall records between (September–
August) 1979 to 2018 and completeness less than 100% were excluded because the lack of daily rainfall
data could potentially lead to under- or overestimations in the hydrological impacts of ARs. Given these
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conditions, a total of 654 stations with a mean length of 19 years were selected over the whole country
(see Fig. 5).

AR detection method
The AR detection algorithm introduced in Guan and Waliser22 was used, and ARs were detected based on
the ERA-interim and ERA-5 reanalysis dataset, respectively. IVT and IVT threshold (monthly 85th
percentile within a 5-month window centred at that month) for each grid cell and the land-sea mask from
the two datasets are the inputs. Note that the land-sea mask values were adjusted only to contain grid
cells represent New Zeland landmasses (1s represent New Zealand landmasses, 0s refer to others).
Brie�y, criteria of the AR detection algorithm include the IVT magnitude at each grid cell within a
contiguous region being above the IVT threshold and a �xed limit (IVT > 100 kg m-1 s-1) for that grid cell,
the apprepicable poleward direction of the AR (IVTy >50 kg m-1 s-1), and the length of an AR greater than
2,000km with a length/width ratio greater or equal to 2. Outputs from the algorithm include the variables
of shape, axis, and landfall location of the ARs in netCDF �les and detailed characteristics of landfalling
ARs in text �les. The AR shape variable was used to compute the AR area, the axis was used to calculate
the AR length, and the width was calculated as the area divided by the length. The landfall location was
marked the �rst grid cell that the AR axis intersects the coastlines alone the IVT vector direction and that
AR was labelled as a landfalling AR. The content in Fig. 2 and Supplementary Fig. 2 is based on the
characteristics of landfalling ARs. The detailed description of the AR detection procedure and criteria of
this technique are in Guan and Waliser22. Fig. 6 shows one of the strongest detected ARs passing New
Zealand.

AR frequency and AR impacts on rainfall
The AR frequency was calculated as the average number of days per year that an AR was detected for
each grid cell. The calculation was based on the shape of detected ARs. For example, at least one of the
four reanalysis time steps per day meeting the AR detection criteria for it to be counted as an AR day13.
Seasonal AR frequency is expressed as the anomalies from the mean seasonal AR days. The coe�cients
of variation (CV) for annual and seasonal AR days were calculated to evaluate the interannual variation
of AR frequency.

Consider a given station with daily rainfall records (measured at 2000 UTC or 2100 UTC) on 15 June
2000. To determine if the rainfall should be associated with an AR, the �rst step is to search for AR
conditions (based on AR shape) at the four grid points that enclosed the station site between 2000 UTC
(2100 UTC) 14 June 2000 and 2000 UTC (2100 UTC) 15 June 2000. If any of the four ERA-interim (ERA-5)
time steps that AR conditions (based on AR shape) were found in the 4 grid points, the daily rainfall
recorded between this period is considered to be AR-generated rainfall, and that day herein considered as
a wet AR day. Unlike previous studies that any of the four grid points that AR conditions were present13
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and rainfall in the next day10,13,29 (e.g., here the 16 June 2000, if any) considered as AR-precipitation
event, only AR conditions presented at 4 grid points and rainfall occurred in the same day were
considered as AR-generated rainfall in the present study.

Rainfall intensity under AR and non-AR conditions were compared by the median daily rainfall13

(calculated separately for days with and without AR conditions at each station, and the ratio was
subsequently obtained). Further, the fraction of annual and seasonal highest 10% rainfall events that are
attributed to ARs were also investigated.
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Figure 1

The climatology of AR frequency over New Zealand. a Annual frequency of AR days on each grid cell per
year. b-e The difference between seasonal AR frequency and its seasonal mean frequency on each grid
cell per year. f-j Annual and seasonal coe�cients of variation of AR frequency for each grid cell. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 2

Histograms of geometric characteristics of detected landfalling ARs and a map of the landfalling ARs
mean direction at their corresponding landfalling locations over New Zealand, the blue vertical lines
indicate the median value in each histogram. a Length. b Length/width ratio. c Landfalling AR mean
direction. d Landfalling AR mean direction at corresponding landfall locations. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.
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Figure 3

Maps of annual and seasonal rainfall totals, percentage of rain totals linked with ARs, and the frequency
of wet AR days per year for each site. a-e Average annual and seasonal rainfall totals. F-j Annual and
seasonal average percentages of rain totals linked with ARs. k-o Annual and seasonal frequency of wet
AR days per year. Note: The designations employed and the presentation of the material on this map do
not imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.
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Figure 4

Maps of the average annual and seasonal AR/Non-AR rain ratio and the average percentage of the
highest 10% rainy days linked with ARs, and histograms of AR/Non-AR rain ratio. The red vertical lines in
histograms locate the ratio 1, and the blue vertical lines indicate the median values. a-e Annual and the
seasonal mean ratio of AR/Non-AR daily rainfall totals for each site. f-j Histograms of the annual and
seasonal mean ratio of AR/Non-AR daily rainfall totals. k-o The annual and seasonal average percentage
of highest 10% rainy days linked with ARs. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 5

A map of New Zealand showing the location of 654 rain gauges. Note: The designations employed and
the presentation of the material on this map do not imply the expression of any opinion whatsoever on
the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 6

An example of detected AR by the detection algorithm at UTC 2010-10-27 18:00:00. The outputs of the
algorithm include the shape boundary (yellow), axis(red), landfall location (white). Colour shading area
and vectors refer to the AR IVT magnitude (kg m-1 s-1) and direction, respectively. This case was one of
the strongest ARs between 1979-2018. The landfall location is at (174°E, 40.625°S) with the IVT
magnitude of 2,176 kg m-1 s-1 and 145° direction. The mean AR IVT magnitude and direction is 397 kg
m-1 s-1 and 123°, respectively. The length and width is 13,236km and 1,216km, respectively. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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