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Abstract An atmospheric river (AR) event is a strong poleward moisture transport that is composed of a
series of spatiotemporally connected instantaneous AR objects. A new object-based tracking algorithm is
developed in this study, which aims to identify an AR event and investigate its life cycle from origin to
termination. The algorithm identifies duration, intensity, propagation speed and direction, and the
traveled distance throughout the life cycle of the AR event. The tracking algorithm is applied to 6-hourly
column-integrated water vapor flux from November to March during the period of 1979–2017, with a focus
on the North Pacific. Most North Pacific AR events originate in the subtropics over the Northwest Pacific
and terminate at higher latitudes over the Northeast Pacific including western North America. On average,
long AR events that last more than 72 hrs travel 7 times longer in distance and have stronger intensity than
short AR events that last less than 24 hrs. Finally, a new accumulated AR intensity index is developed, which
summarizes the overall impact of AR events over a given domain during a certain period by incorporating
number, lifetime, and intensities of AR events.

Plain Language Summary Atmospheric rivers (ARs) are “rivers” in the sky that transport water
vapor from the tropics to higher latitudes. ARs play an important role in water resources because they
transport as much water as the largest rivers on the ground and can often induce extreme precipitation when
making landfall. A technique is developed to numerically detect and track ARs as they propagate in time and
space. Based on this technique, we study the climatological characteristics of the life cycle (i.e., from
appearance to disappearance) of winter ARs over the North Pacific. Most of the ARs originate at about 25°N
over the Northwest Pacific and terminate between 50°N and 60°N over the Northeast Pacific. We also found
that longer-lived ARs can travel 7 seven times longer distances compared to shorter-lived ARs. Finally, an
index is developed to represent the overall activity of ARs of a given time period.

1. Introduction

Atmospheric rivers (ARs) are narrow plumes of intense water vapor transport with filamentary structure,
which are responsible for over 90% of the poleward moisture transport while only taking up about
10% of Earth’s circumference (Zhu & Newell, 1994, 1998). ARs play an important role in global hydrology
and energy cycles. Typical ARs are 3,000–4,000 km long and 500–600 km wide (Guan & Waliser, 2015)
while having a flow rate of water vapor (in terms of mass flux) roughly equivalent to 2.6 Amazon
Rivers or 27 Mississippi Rivers (Ralph et al., 2017). ARs are synoptic phenomena that are usually associated
with extra-tropical cyclones (Bao et al., 2006). ARs can relieve preexisting droughts because they usually
induce precipitation in coastal regions at landfall (Dettinger, 2013). Approximately 30–50% of precipitation
and snow water equivalent over the west coast of United States are attributed to landfalling ARs
(Dettinger et al., 2011; Guan et al., 2010, 2013). On the other hand, coastal landmass during active AR
season is at the risk of experiencing disastrous events like floodings, extreme winds, and precipitations
(Bao et al., 2006; Guan & Waliser, 2017; Neiman et al., 2008; Neiman et al., 2013; Ralph et al., 2006;
Waliser & Guan, 2017).

To detect ARs, one of the fundamental approaches is “condition” parameter detection, which is to iden-
tify the time step where AR conditions are met (Shields et al., 2018). The most frequently used detec-
tion parameter is the column-integrated water vapor transport (IVT; Zhu & Newell, 1998), which is
calculated as
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where g is gravitational acceleration (m s�2), p is pressure (hPa), q is specific humidity (kg kg�1), and u and v
are zonal and meridional wind vector (m s�1), respectively. A variety of AR detection methods have been
developed for different uses (Shields et al., 2018). For example, to detect in-land penetrating ARs, Rutz
et al. (2014) defined a threshold with IVT exceeding 250 kg m�1 s�1 and the length being longer than
2,000 km. To study ARs globally, Guan and Waliser (2015) (hereafter, GW15) used multiple parameters includ-
ing IVT, geometric shape, and directions of IVT components. If the given set of AR conditions is met, an
enclosed two-dimensional (longitude and latitude) instantaneous area of strong IVT is defined as an AR
object. The AR frequency is conventionally defined as the grid-point accumulated number of such AR objects
over a certain period. Variability and predictability of AR frequency from subseasonal to seasonal time scales
have been widely studied (Baggett et al., 2017; DeFlorio, Waliser, Guan, Lavers et al., 2018; DeFlorio, Waliser,
Guan, Ralph et al., 2018; Guan &Waliser, 2015; Kim et al., 2017; Mundhenk, Barnes, Maloney, 2016; Mundhenk,
Barnes, Maloney, Nardi, 2016; Mundhenk et al., 2018; Payne & Magnusdottir, 2014; Zhou & Kim, 2017).
Alternatively, numerous studies investigate the temporal transportation of moisture related to ARs via the
Lagrangian trajectory model. Given AR conditions, the Lagrangian model calculates the trajectories and
moisture contents of single-layer air parcels within specific AR objects backward or forward in time (Bao
et al., 2006; Knippertz & Wernli, 2010; Neiman et al., 2013; Ramos et al., 2016; Rutz et al., 2015; Ryoo et al.,
2015; Sodemann & Stohl, 2013; Stohl et al., 2008; Stohl & James, 2004).

Another approach to detecting ARs is a “tracking”method, which considers AR objects trackable in space and
time (Shields et al., 2018). AR tracking methods utilize the spatial connection between AR objects of conse-
cutive time steps. Here we define an AR event in three dimensions (longitude, latitude, and time) as a series
of spatiotemporally connected AR objects. The AR object refers to an instant snapshot of the AR event. In this
study, the AR life cycle represents the spatiotemporal evolution of AR objects within an AR event. Previous
studies examined the origins and terminations of extreme AR events (IVT > 750 kg m�1 s�1) and their
responses to climate variability (Sellars et al., 2015; Sellars et al., 2017). Payne and Magnusdottir (2014,
2016) developed a semiautomated algorithm to track persistent AR events landfalling over U.S. West
Coast. These studies are focused on the subsets of AR events that exceed a certain criterion of intensity, life-
time, or location. To understand the long-term climatological characteristics (origin and termination, inten-
sity, lifetime, track, traveled distance, and propagation speed) of AR events over the entire North Pacific, a
new tracking algorithm is developed. We further develop a new accumulated AR intensity (ARI) index that
represents the overall activity of AR events during a certain period. The tracking algorithm is introduced in
section 2. Climatological characteristics of AR life cycles and the ARI index are discussed in section 3.
Summary and discussion are provided in section 4.

2. Data and Methods
2.1. Data

We employed IVT to detect AR objects. To calculate IVT, 20 vertical levels (1,000 hPa–300 hPa) of 1° longitude
and latitude 6-hourly horizontal winds and specific humidity are retrieved from the European Centre for
Medium-Range Weather Forecasts Interim Reanalysis (ERA-Interim; Dee et al., 2011). 6-hourly temporal reso-
lution is the common denominator between all global reanalysis products, which is also the resolution
currently adopted for archiving many climate model simulations (e.g., Guan & Waliser, 2017). The analysis
season covers from November to March of 1979/1980 to 2016/2017, which is the relatively high AR landfall
season in U.S. West Coast (Mundhenk, Barnes, Maloney, 2016). Hereafter, 2016/2017 winter, for example,
represents all time steps between November 2016 and March 2017. In this study, we only focus on the AR
events over the North Pacific (0°N–90°N, 120°E–100°W).

Following GW15, we detect AR object as a contiguous region of enhanced IVT relative to background
transport. This detection method successively applies the following limits to IVT field: (i) IVT exceeds the
85th percentile or 100 kg m�1 s�1, whichever is greater; (ii) IVT directions are consistent among the grids
and the mean IVT matches the AR object’s elongated orientation; (iii) the mean IVT displays a poleward direc-
tion; and (iv) the detected AR object is spatially longer than 2,000 km, and the length-width ratio exceeds 2.
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2.2. Tracking Algorithm

Figure 1a shows the example of an identified AR event from the tracking algorithm. This AR event lasted for
72 hrs between 23 and 26 February 2017, which contains thirteen 6-hourly time steps with overlapping AR
objects. The life cycle of this AR event shows the imprints of the northeastward propagation of moisture
(Figure 1a). The initial AR object (purple shading, Figures 1a and 1b) in this AR event indicates when and
where this AR event first appeared, and the last AR object (magenta shading) shows when and where it
terminated. For example, this AR event originated near Japan and terminated near Alaska. The positions of
AR objects (dots, Figure 1b) indicate the propagation direction of this AR event. The propagation track (yellow
line, Figure 1b) connects the dots (more details later).

The AR frequency, which has been frequently used in previous studies, and the AR life cycle are different
perspectives of an AR event. The AR frequency shows the potential local influence of an AR event from a
Eulerian perspective, and the AR life cycle represents the spatial and temporal evolution of an AR event from
a Lagrangian perspective. To compare the two perspectives, we calculate AR frequency of the same AR event
(Figure 1c). The AR frequency represents the accumulated number of AR objects at each grid point. As shown
in Figure 1c, the magnitude of AR frequency varies among the grids. Some grids show higher frequency (like
the regions near Japan and Alaska in Figure 1c) because AR conditions persist longer on these grids. However,
when considering multiple AR events, high AR frequency may be attributed to multiple AR events or a single
persisting AR event (Figure 1a).

Figure 2 shows the flowchart of the tracking algorithm and corresponding output. First, AR objects are
detected from the IVT field using GW15 detection method. Note that AR objects from other detection
methods are also suitable for our tracking algorithm. Step I of the tracking algorithm is to select the origins
of AR events from the detected AR objects. The origins are classified into four types. With the selected origins,
we can track the life cycles by recording the propagation track, lifetime, intensity, traveled distance, and
propagation speed (Step II). A detailed explanation of each step of the tracking algorithm follows.
2.2.1. Step I: Selection of Origins
As mentioned previously, AR objects in adjacent time steps tend to overlap with each other in the same AR
event. We mark the AR object from the first time step, which has no overlap with any AR objects from the

Figure 1. (a) Overlaying atmospheric river (AR) objects in the AR event during 23–26 February 2017. AR objects are marked
with different colors representing consecutive time steps. (b) Selected time steps including the origin (purple), middle
(blue), and termination (magenta). The black dots indicate the positions of integrated water vapor transport centroid at
each time step; the black diamonds denote the origin and termination positions; the red diamondmarks the position of the
fifth time step. The yellow line represents the AR track. (c) Corresponding AR frequency distribution (number per grid) of
the AR event shown in (a).
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preceding time step, as the origin of an AR event. The AR origin in Figure 1
a shows the simplest case and will be referred to as type I origin (other
types are defined later). To define the origin, the overlapping ratio of AR
object at time step t (ARt) is calculated as

Overlapping ratio of ARt ¼ Overlapping grids of ARtwith ARt�1

Total grids of ARt
�100%;

(2)

which is the grid point ratio of ARt’s overlapping grids with its preceding
ARt � 1 (6 hrs earlier) to the total grids of ARt. Figure 3a shows the sche-
matic of the calculation, which is the overlapping area (marked in yel-
low) of ARt with ARt � 1 divided by the total area of ARt (yellow area
plus blue area). Figure 3b shows 38-winter averaged distribution of over-
lapping ratios, which includes all detected AR objects over the North

Pacific. On average, 1,271 instantaneous AR objects (using 6-hourly data) are detected each season.
Each bin includes the right edge but not the left edge except for the leftmost bin (filled in red), which
represents the number of AR objects having exactly 0% overlapping ratio with its previous time step.
On average, 69% of ARt have higher overlapping ratio than 50% with ARt � 1, indicating that the spatial
connection between consecutive time steps within one AR event is high within the 6-hourly time interval
of the data set. The wide distribution of overlapping ratios could result from (but not limited to) various
propagation speeds of AR objects, since faster propagation speed could result in smaller overlapping ratio,
or deformation of an AR object over its lifetime. On average, 19% (244 counts) of the total AR objects have
no spatial connection with its previous time step (red bin, Figure 3b). We define these AR objects as type I
origins of AR events.

The shape and number of instantaneous AR objects can change between time steps, even in the middle of
the same AR event. Some AR objects may combine into one object (combination, Figure 4), while one
object can divide into several smaller ones (division, Figure 4). Although these AR objects overlap with

previous steps (overlapping ratio >0%), the changing number of AR
objects in one event complicates the definition of origin and termina-
tion. Besides, some AR objects can experience abrupt changes in shape
(deformation, Figure 4), which occurs as expanding or shrinking in the
spatial grids between time steps. The deformation of AR objects may
break the geometrical consistency in the same AR event.

To distinguish these AR objects with inconsistent number or shape, we
mark these AR objects after the changes in number or shape as origins
of type II (combination), type III (division), and type IV (deformation; the
blue ellipses in Figure 4). The multiple origins of type III are marked and
tracked separately. The type IV origin specifically refers to deformation of
a single AR object, that is, no changes in the number before and after
the deformation.

Figure 4 shows the schematics of the computational selection of origins
(Step I). Type I origin at t is selected when ARt has zero overlap with the
preceding time step t � 1 (Figure 4). The type I origins are excluded from
the iterations for type II/III/IV origins. The combination (division) decreases
(increases) the number of involved AR objects. Therefore, we count the
number of overlapping AR objects at neighboring time steps during the
iteration. The type II origin at t is selected when it overlaps (overlapping
ratio > 0%) with two or more AR objects at t � 1 (Figure 4). Similarly, we
can select the type III origins at t when ARt � 1 overlaps with two or more
AR objects at t. A type IV origin corresponds to the shape deformation such
as expanding or shrinking. Thus, the type IV origin at t is defined when the

Figure 2. Schematic of the tracking algorithm and corresponding output
(gray boxes).

Figure 3. (a) Schematic of the calculation of overlapping ratio. (b) The num-
ber of North Pacific atmospheric river (AR) objects based on the overlapping
ratio. The leftmost bin (filled in red) marks the number of AR objects with
exactly 0% overlapping ratio.
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ratio of the area between ARt � 1 and ARt is less than 1/2 (expanding) or
larger than 2 (shrinking).

In summary, the iteration first proceeds backward in time from the event
termination (through the comparison of t and t � 1) in order to find type
I and type II origins; then it proceeds forward in time (through comparison
of t� 1 and t) in order to find type III and IV origins (Figure 4). The average
number of AR events during each winter over the North Pacific is 102 and
73% start with type I, 8% with type II, 11% with type III, and 8% with type
IV origins.
2.2.2. Step II: Recording the Life Cycle of an AR Event
Figure 5 illustrates the AR life cycle defined by the tracking algorithm.
Once the origins are selected by Step I, the iteration to track the life cycle
of AR events proceeds as follows: (i) Start from origin at t and record the
overlapping AR object at t + 1; (ii) continue with ARt + 1 and record the
overlapping ARt + 2; and (iii) repeat (ii) and stop when there is no more
overlapping AR objects in the next time step (e.g., t + [n + 1] in Figure 5),

or when combination/division/deformation occurs (in this case, the overlapping AR object in the next time
step will be marked as a type II/III/IV origin).

Note that the origin and termination of AR event may not necessarily be the “true” start and end of the strong
and persistent IVT. The identified life cycle may miss or partly miss the developing or decaying time steps due
to strict IVT threshold (exceeding 85th percentile) in AR condition detection. It is also worth noting that the
algorithm proceeds under the assumption that the AR objects overlap in consecutive time steps. In this study,
only the AR objects that persist for at least 12 hrs after their origins are retained. By this process, we neglect
the very short-lived AR events. The identified AR events are archived respectively in sequential time order.

The algorithm tracks the life cycle of AR event by defining its origin, termination, and lifetime. The position
(longitude and latitude) of AR object at each iteration step is determined by the centroid of IVT, which is
calculated as

x ¼ ∑n1ximi

∑n1mi
; (3)

y ¼ ∑n1yimi

∑n1mi
; (4)

where x and y are the longitude and latitude of the IVT centroid; xi and yi are the longitude and latitude of the
ith grid of AR object; mi is area-weighted IVT of ith grid; n is total number of grids within the AR object. We
define the line connecting these positions as track of AR objects (hereafter, AR track). For example,
Figure 1b shows the recorded AR track (yellow line). The two black diamonds (Figure 1b) denote the origin
and termination positions of AR track. The centroid of IVT may be located outside of the AR object when
the shape of AR object is nonconvex (e.g., the red diamond mark corresponds to the blue object in
Figure 1b).
2.2.3. Resolution Sensitivity
The sensitivities of the tracking algorithm to spatial and temporal resolutions are assessed. By comparing the

detected AR objects using 1.5° and 2.5° ERA-Interim, GW15 found that
coarser spatial resolution smooths the IVT field, so the detected AR objects
are overall wider than those of higher resolution. Figure 6 shows the over-
lapping ratios of AR objects using ERA-Interim data with coarser spatial
resolutions (1.5° versus 2.5° in 6-hourly). Our results suggest that the distri-
bution of overlapping ratios does not change significantly as spatial reso-
lution decreases to coarser resolutions (from 1° to 2.5°, Figure 6). Although
the number of AR objects having 0% overlapping ratios drops with coarser
resolution, the relative ratio to total remains similar (about 20%) due to the
overall decrease in the counts of AR objects (leftmost bar in Figure 6). The

Figure 4. The selection of origin types. The arrows mark the iteration order.
The blue ellipses denote the defined origins.

Figure 5. Life cycle of atmospheric river event with type I origin.
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average number of total AR events (including 4 types) over the North
Pacific is 102 for 1°, 96 for 1.5°, and 90 for 2.5°.

We also compare the sensitivity to temporal resolution using 1° daily IVT,
which is the average of 6-hourly data (orange bars in Figure 6). Since tem-
poral steps are reduced by a factor of 4 with daily frequency, the distribu-
tion of overlapping ratios is scaled by 4 for a fair comparison. Comparing
with 6-hourly IVT over the North Pacific, the number (relative ratio to total
AR objects) of AR objects with 0% overlapping ratio of daily IVT increases
from 244 (19%) to 408 (37%) per winter, and the nonzero peak of overlap-
ping ratios shifts from 70% to 30% (Figure 6). The number of identified AR
events drops about 50% from 6-hourly (102 AR events) to daily (47 AR
events) IVT. Overall, the tracking algorithm is more sensitive to temporal
than spatial resolution.

3. Results
3.1. AR Life Cycle: Origin, Termination, and Track

We focus on the AR events originating over the North Pacific (0°N–90°N, 120°E–125°W). Figure 7a shows the
climatological origin frequency (number per winter) integrating the four origin types. Due to the abundant
moisture at low latitudes, most of the AR events start from the subtropics between 20°N and 35°N with high
occurrence frequency along 25°N over the Northwest Pacific between 130°E and 170°E (dash box in Figure 7
a), which agrees with previous study (Sellars et al., 2017). The high origin frequency over the subtropical
Northwest Pacific may be associated with cyclone activity (Cordeira et al., 2013). Another high origin

Figure 6. Same as Figure 3b but with data of various horizontal and tem-
poral resolutions. Note that the distribution of 1°daily data is scaled by 4.

Figure 7. Climatological frequency (number per winter) of (left) origins and (right) terminations from (a and b) all atmo-
spheric river (AR) events, (c and d) long AR events, and (e and f) short AR events.
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frequency region appears over the Northeast Pacific (solid box [20°N–35°N,
140°W–160°W] in Figure 7a). This high origin frequency region corre-
sponds to the features described as “Pineapple Express” events, which
describes the strong and persistent IVT from the Hawaiian Islands (about
19°N, 150°W) to the west coast of North America.

The regions of high termination frequency shift roughly 20° north and 20–
40° east of origins (Figure 7b), which implies that the propagation of AR
objects is mainly northeastward. Most of the AR events terminate over
the Central and Northeast Pacific, especially over western North America.
Although the origins are packed in the subtropics, the terminations spread
over the North Pacific because of the changes in propagation, lifetime, and
intensity in the life cycles. The zonally distributed high termination fre-

quency at 30°N is related to AR events with relatively shorter lifetime (Figures 7b and 7f, discussed in
section 3.2).

Figure 8 shows the 38-season averaged intensity distribution of origins and terminations. The intensity is cal-
culated as domain-averaged IVT of AR object. The intensities of origins concentrate between 400 and
600 kg m�1 s�1, with a mean value of 460.8 kg m�1 s�1. The intensities of terminations spread widely
between 250 and 500 kgm�1 s�1 with amean of 403.0 kgm�1 s�1. Themean origin intensity is stronger than
mean termination intensity at 95% significance level, using a t test. The probability of intensities being less
than 380 kg m�1 s�1 is significantly higher for terminations (~65%) than the origins (~35%) because the
AR events generally terminate at higher latitudes with less moisture. However, about 50% of AR events ter-
minate with intensities stronger than 400 kg m�1 s�1. The location and characteristics of such terminations
with strong intensities will be further studied.

The AR track (yellow line in Figure 1b) illustrates the pathway of AR objects from origin to termination.
Figure 9 shows the climatological AR track density over the North Pacific in 6-hourly time step from
November to March. For displaying purpose, the AR track density is interpolated into 5°×5° grid to reduce
noise. Note that the AR track density shows the mean track of AR events, which is distinguished from AR fre-
quency (e.g., Figure 1c). The distribution of AR track density agrees with Payne and Magnusdottir (2014), who
showed the tracks of AR events determined by different criteria. The mean AR track density distributes zon-
ally across the North Pacific and tilts northeastwardly. High AR track density mainly appears over the Central
and Northeast Pacific between 30°N and 40°N, indicating the major pathway of AR objects. The spread of AR
track density over the west coast of North America implies the vast range in the landfalling latitudes of AR
events (Figure 9).

3.2. Long Versus Short AR Events

Previous studies define AR duration using the number of hours that an AR condition sustains over a given
grid cell, which represents the potential AR impact on a given location (Guan & Waliser, 2015; Payne &
Magnusdottir, 2016; Ralph et al., 2013; Rutz et al., 2014; Sellars et al., 2017). Here by taking advantage of
the tracking algorithm, we define the lifetime (i.e., duration of an AR event) by adding up the total hours

((time steps � 1) × 6 hrs) between origin and termination defined by
Step II (Figure 5). Figure 10 shows the 38-season averaged distribution of
AR lifetime. Each bin includes the left edge but not the right edge. For
example, the first bin from the left indicates that about 33% of total AR
events last in the range of ≥12 and <24 hrs. The mean lifetime of all iden-
tified AR events is about 42 hrs. We compare the characteristics of two
groups of AR events based on lifetime (Figure 10): short AR events
(<24 hrs, roughly the 30th percentile) and long AR events (>72 hrs, the
85th percentile). The reason we choose the 30th percentile of lifetime is
that the minimum lifetime among all AR events is 18 hrs based on 6-hourly
time interval, which is about 30% of the total AR events. Meanwhile, 72 hrs
marks the 85th percentile of lifetime, which is a reasonable cutoff for long
AR events.

Figure 8. Distribution of intensities for origins and terminations.

Figure 9. Climatological atmospheric river (AR) tracks density (number of AR
tracks per winter) interpolated to 5°×5° grid.
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The origin and termination frequency of long AR events are investigated
(Figures 7c and 7d). High origin frequency of long AR events assembles
over the Northwest Pacific at 25°N (Figure 7c), which takes up about
30% of total origin frequency over the Northwest Pacific (Figure 7a).
High termination frequency of long AR events is located over the
coastal and inland of western North America (Figure 7d), which occupies
up to 40% of total termination frequency over North America
(Figure 7b). For short AR events, the origin frequency spreads over the
entire North Pacific with high frequency along the subtropics
(Figure 7e). Over the Northeast Pacific, the high origin frequency at
the subtropics shows a southwest-northeast orientation between

25°N–45°N and 130°W–150°W, which coincides with the pathway of “Pineapple Express” (Figure 7a).
The terminations of short AR events are generally located close to their origins due to the short lifetime
(Figure 7f). The origin frequency of short AR events is relatively higher adjacent to the west coast
(Figure 7e). These short AR events can landfall over North America (Figure 7f), which explains about
15–20% of total termination frequency over North America (Figure 7b).

By comparing the distances between origins and terminations of long and short AR events, we hypothesize
that the traveled distance of an AR event is positively correlated with its lifetime. To test the hypothesis, we
define the traveled distance of AR event as the sum of great circle distance between two adjacent positions in
the AR track (e.g., black dots in Figure 1b). The average traveled distance of all detected AR events over the
North Pacific is about 2,500 km (Figure 11a), which is around 6% of Earth’s circumference. The distributions of
long and short AR events are 95% significantly different from the total distribution based on a t test. The
average traveled distance of long AR events is 6,000 km (Figure 11a), which takes up to 15% of Earth’s circum-
ference. The mean traveled distance of short AR events is 860 km, which is nearly one-seventh of that of long
AR events. As expected, with more than 3,800 AR events over the North Pacific during 38 winters, a strong
relation between traveled distance and lifetime is shown such that the traveled distance increases propor-
tionally with longer lifetimes, with a correlation coefficient of 0.91.

The propagation speed in AR events is defined as the averaged moving speed of AR objects of all time steps
within one AR event. The propagation speed is calculated by dividing the
traveled distance with lifetime (Figure 11b). The average propagation
speed of all AR events is about 60 km/hr. The propagation speeds are com-
parable between long AR events (61 km/hr) and short AR events (59 km/
hr), although the standard deviation in the propagation speeds of short
AR events (33 km/hr) is more than twice of those of long AR events
(14 km/hr; Figure 11b). The probability of propagation speeds being less
than 45 km/hr increases in short AR events (30%) comparing to long AR
events (10%).

We define the intensity of an AR event as the average intensity of AR
objects of all time steps within one AR event. The intensity distributions
of all, long and short AR events are 95% significantly different from one
another based on a t test (Figure 11c). The average intensity of all AR
events over the North Pacific is 458 kg m�1 s�1. The long AR events show
a compact distribution of intensities with a mean of 489 kgm�1 s�1, which
is 95% significantly stronger than the mean intensity of short AR events
(431 kg m�1 s�1). However, no linear relationship is found between inten-
sity and lifetime.

3.3. Accumulated AR Intensity Index

To represent the overall activity of the North Pacific AR events during win-
ter, we develop a new index called the ARI index. The concept is similar to
the Accumulated Cyclone Energy index that represents the overall tropical
cyclone activity of a certain period (Bell et al., 2000). The ARI index employs

Figure 11. Percentage distributions of the (a) traveled distance (103 km), (b)
propagation speed (km/hr), and (c) intensity (kgm�1 s�1) for all atmospheric
river (AR) events (gray shading), long AR events (red line), and short AR
events (blue line).

Figure 10. The number of atmospheric river events as a function of lifetime
(hrs). The dash lines mark the 30th and 85th percentiles.
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the number, lifetime, and intensities of AR events recorded by the new tracking algorithm. The ARI index
is defined as

∑i¼N
i¼1∑

t¼T i
t¼1 IVT tð Þ½ �i; (5)

where N is the number of AR events of each winter season; Ti is the number of time steps of the ith AR event
(e.g., Ti = n in Figure 5), which represents the lifetime; and [IVT(t)]i is the intensity of AR object at time step t of
the ith AR event. The unit of ARI index is 104 kg m�1 s�1.

Figure 12a shows the year-to-year change of seasonal ARI index during the winter of 1979/1980 to 2016/2017
over the North Pacific. The mean value of ARI index is 38.7 × 104 kg m�1 s�1. Multiple factors can affect the
interannual change of ARI index. To compare the relative contributions, time series of the number of AR
events, seasonal mean lifetime, and seasonal mean intensity are calculated (Figures 12b–12d). The interann-
ual variability of the number of AR events is not significantly related to the ARI index, which has a correlation
coefficient of 0.30 (Figure 12b). The seasonal mean lifetime is the dominant factor in the interannual change
of ARI. The correlation coefficient of mean lifetime against ARI is 0.40, which exceeds the 95% significance
level of a t test (Figure 12c). Interestingly, the number of AR events and mean lifetime are significantly antic-
orrelated, with a correlation coefficient of�0.54. This indicates that during winter, the mean lifetime tends to
decrease with increasing number of AR events. Finally, the mean intensity shows the least influence on ARI,
with a correlation of 0.23 (Figure 12d). Overall, the interannual variability of ARI is modulated mainly by the
seasonal mean lifetime. The interannual variability of the overall AR activity and the contribution of each
factor will be explored in depth in future study.

4. Summary and Discussion

An object-based tracking algorithm is developed in this study to identify AR events and track their life cycles.
The AR event contains a series of spatiotemporally connected AR objects of contiguous time steps. The new
tracking algorithm can record the life cycle of AR event including its origin and termination, track, lifetime,
intensity, traveled distance, and propagation speed. This tracking algorithm is applicable to gridded reanaly-
sis products or model outputs and suitable for different AR detection methods. Results from the tracking
algorithm show that the North Pacific AR events mostly start between 20°N and 40°N and terminate over high
latitudes of 40°N–60°N, including western North America. The climatological AR tracks display a zonally
elongated pathway of AR objects. Most of the long AR events start from the subtropics and make landfall
along the west coast of North America, extending inland, while the origins of short AR events spread over
the North Pacific. The propagation speeds in long and short AR events are comparable. The traveled distance
of an AR event increases proportionally with a longer lifetime. On average, long AR events travel 7 times

Figure 12. Year-to-year variation of (a) accumulated atmospheric river (AR) intensity index (104 kgm�1 s�1); (b) number of
AR events (number per winter); (c) seasonal mean lifetime (hrs); (d) seasonal mean intensity (kg m�1 s�1) in the North
Pacific during November–March from 1979/1980 to 2016/2017.
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longer in distance with stronger intensity than short AR events. Finally, the ARI index is developed to repre-
sent the AR activity over a given region and during a certain period, which includes the number, lifetime, and
intensities of AR events. A high ARI index may come from frequent AR events or strong and persistent AR
events during a season. However, it remains unclear that how these components are linked with each other
and how each component responses to various climate modes.

We will further examine the interannual variability of the AR life cycles and underlying mechanisms and their
local impacts. For example, with the new tracking algorithm, it is feasible to sort out specific AR events to
study their unique synoptic features and possible mechanisms, which has implications for improving the
understanding of the causes and processes of local hydrological events. Moreover, the tracking algorithm
can be applied to climate model output for a process-based model evaluation, and to forecast output to
assess predictability and skills of ARs, and to global warming scenarios to provide detailed characteristics
of AR life cycles associated with climate change.
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