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Abstract Atmospheric rivers (ARs) are intensive poleward moisture transport events that are essential

to the global hydrological cycle and are often linked to extreme weather events. We categorize the winter
North Pacific ARs into two “flavors”: wind-dominated (windy ARs) and moisture-dominated (wet ARs) using
40 years of hourly data from fifth generation of the European Centre for Medium-Range Weather Forecasts
Interim Reanalysis. We compare the differences between windy ARs and wet ARs including the lifecycle
characteristics (such as genesis locations and changes of meteorological elements through the lifecycle), overall
AR frequency, landfall impacts, and variability. The windy ARs are more likely to occur in the midlatitudes,
while wet ARs are more active in the subtropics. Windy ARs are associated with intensive surface pressure
lows, where the strong pressure gradient can support the strong wind within ARs. Due to larger size and longer
lifetime, wet ARs are more likely to produce more precipitation over a lifecycle. By scaling the landfalling
ARs, we show that wet ARs dominate the high-category ARs (Category 4 and 5) with higher spatial frequency
and more precipitation, and windy ARs have higher contributions in the lower AR categories especially over
British Columbia. Windy ARs are modulated by El Nifio Southern Oscillation (ENSO) teleconnections via

the anomalous geopotential height and extended subtropical jet. Wet ARs are affected by the anomalous sea
surface temperature over the midlatitudes related to ENSO. Sensitivity analysis with an alternate AR detection
algorithm shows consistent results on AR flavors but with disagreement on the amplitude.

Plain Language Summary Atmospheric rivers (ARs) are long and narrow plumes in the
atmosphere that transport water vapor from the tropics to high latitudes. ARs generally have strong wind and
rich moisture, but the relative strength of wind and moisture can be different for individual ARs. This study
divides the ARs into two flavors: windy ARs (stronger wind and less moisture) and wet ARs (weaker wind and
more moisture) and compares the differences within. Results show that windy ARs are more likely to occur

in the midlatitudes and make landfall in British Columbia. Wet ARs are more active over the subtropics and
more prevalent over the U.S. West Coast, especially in California. Windy ARs and wet ARs respond differently
to climate variability like El Nifio Southern Oscillation. This study could help us to understand the processes
related to AR lifecycles and their variability, and help to address how ARs will change in the future warming
climate.

1. Introduction

Atmospheric rivers (ARs) are narrow plumes of poleward moisture transport that have close connections to
weather and climate extremes (Neiman et al., 2008; Ralph et al., 2004). ARs play a key role in the global hydro-
logical cycle (Nash et al., 2018; Newell et al., 1992; Zhu & Newell, 1994). In recent decades, the number of
AR-related studies has increased rapidly, which indicates that the scientific interest in ARs has grown quickly in
studies related to regional and global extremes and hydroclimate (Ralph et al., 2017). ARs are characterized by
high water vapor content and strong wind and usually occur ahead of cold fronts associated with mid-latitude
storms (Bao et al., 2006; Cordeira et al., 2013; Ralph et al., 2005). They are important sources of water resources
in coastal regions due to the precipitation caused by orographic lifting when ARs make landfall (Dettinger, 2013;
Dettinger et al., 2011; Gershunov et al., 2017; Lavers & Villarini, 2015; Lavers et al., 2012). Over the U.S. West
Coast, about 30%—50% of winter precipitation is sourced from landfalling ARs (Dettinger et al., 2011; Gershunov
et al., 2017; Guan et al., 2010, 2013; J. Kim et al., 2013). ARs are also associated with heavy precipitation and
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can cause hazardous impacts like floods and landslides (Dettinger et al., 2011; Lavers et al., 2011; Neiman
et al., 2013). Waliser and Guan (2017) showed that 40%—75% of extreme wind and precipitation over 40% of
the world's coastline. Because ARs can be either beneficial or hazardous to natural resources, infrastructure,
and human activity, a better understanding of the characteristics and development of ARs including the relative
contributions from the dynamic and thermodynamic processes is necessary.

Generally, ARs are identified by the column-integrated vapor transport (IVT) which is the magnitude of the
vertically integrated product of wind and moisture. Indeed, moisture is essential to ARs because it maintains
the status of ARs and supports precipitation (Dacre et al., 2015). The moisture sources of ARs include the local
moisture convergence, moisture carried by the mean wind, and direct transport from the tropics (Bao et al., 2006;
Knippertz & Wernli, 2010; Sodemann & Stohl, 2013). Besides the importance of moisture, an increasing number
of studies emphasize the importance of wind-both horizontal and vertical-in the precipitation resulting from
ARs. By analyzing landfalling ARs over Alaska, Papineau and Holloway (2011) show that ARs with rich mois-
ture cannot produce a large amount of precipitation due to a lack of dynamical forcing. Besides, studies highlight
the role of the low-level jet in AR-related precipitation (Hu & Dominguez, 2019; Smith et al., 2010). Zavadoff and
Kirtman (2020) compare the dynamic and thermodynamic modulators of ARs and conclude that although ARs
depend on the atmospheric moisture availability, the intensity, structure, and variability of ARs are largely modu-
lated by dynamic processes such as Rossby wave breaking and the modulation of the jet stream. Additionally,
Oueslati et al. (2019) conducted a case study and find that vertical motion has the most dominant contribution
to AR-related extreme precipitation. Studies also investigated how the changes in wind and moisture by climate
variability (such as El Nifio Southern Oscillation [ENSO]) can affect AR activity. Research shows that during El
Nifio, the AR activity over the Northeast Pacific is significantly increased (Guan & Waliser, 2015; Mundhenk
et al., 2016; Payne & Magnusdottir, 2014), which is associated with the extended subtropical jet and the deepened
Aleutian Low (H. Kim et al., 2017; Xiong & Ren, 2021). Besides, the increased AR activity during El Nifio is also
attributed to enhanced cyclonic wave breaking activity that is facilitated by the extended jet (Ryoo et al., 2013).
Given that an increasing trend in AR frequency is demonstrated in climate projection models (Dettinger, 2011;
Espinoza et al., 2018; Lavers et al., 2013; Warner et al., 2015), numerous studies have focused on attributing
future changes in ARs to contributions from changes in large-scale circulation (dynamic forcing) and changes in
atmospheric moisture content due to the rising temperature (thermodynamic forcing). Overall, studies suggest
both the dynamic and thermodynamic effects are important for future AR changes, to extents that vary seasonally
and geographically (Gao et al., 2015; Lavers et al., 2013; McClenny et al., 2020; Payne & Magnusdottir, 2015).

The aforementioned literature demonstrates the complexity in quantifying the relative importance of dynamic
and thermodynamic processes—wind versus moisture—in ARs and how they contribute to AR precipitation.
Due to the large variance in wind and moisture profiles, ARs can have different characteristics, or “flavors,”
which will lead to different precipitation and other landfall impacts. A recent study by Gonzales et al. (2020)
categorizes the U.S. West Coast landfalling ARs into “wind-dominated” and “moisture-dominated” flavors and
shows that wind-dominated ARs can produce more daily precipitation at a given IVT. They also demonstrated an
increasing trend in the moisture-dominated ARs in the observational record. However, Gonzales et al. (2020) is
limited by only focusing on landfalling ARs and their impacts over land. How the relative dominance of wind and
moisture will change through the lifecycle of ARs remains unanswered. Previous studies showed that landfalling
ARs in different regions have various impact levels and distinct characteristics including genesis locations and
AR sizes, and are connected to different large-scale patterns (Inda-Diaz et al., 2021; Prince et al., 2021; Zhou &
Kim, 2019). Therefore, it is important to extend the discussion of AR flavors to the perspective of AR lifecycles
and investigate whether the dominance of wind or moisture is constant throughout the lifecycle. Moreover, as
the dominant mode of tropical variability on the interannual scale, ENSO is driven by a complex interaction
between ocean and atmospheric circulations (Jin et al., 2006). It remains unclear whether ARs would respond
differently to ENSO based on flavors. Utilizing an AR lifecycle tracking algorithm (Zhou et al., 2018), we can
identify AR lifecycles and categorize the winter North Pacific AR lifecycles into two flavors: wind-dominated
and moisture-dominated. The categorization method for AR flavors is different from Gonzales et al. (2020),
whereas in this paper we will group ARs based on the whole lifecycle (more details later). Here, we would like
to address the following questions: (a) what are the differences in the frequency, lifecycle characteristics (e.g.,
intensity, precipitation, and duration), and variability between wind-dominated ARs and moisture-dominated
ARs? (b) how do the two AR flavors respond to climate variability (such as ENSO)?
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This paper is organized as follows. In Section 2, we introduce the data and methodology for AR detection and
tracking. In Section 3, we investigate the differences between the two AR flavors including climatology, lifecycle
development, landfall impacts, and response to ENSO. In Section 4, we discuss the uncertainty induced by AR
detection algorithms (ARDTs). Summary and discussion are provided in Section 5.

2. Data and Methods
2.1. Data

The data set used in this study is retrieved from the fifth generation of the European Centre for Medium-Range
Weather Forecasts Interim Reanalysis (ERAS; Hersbach et al., 2020). We use the hourly IVT in 0.25° latitude
by 0.25° longitude grids for AR detection. Hourly IWV and 850 hPa horizontal wind from ERAS are adopted to
categorize AR flavors. ERAS hourly precipitation is used to understand AR landfall impacts. The focused period
is December to February from 1979 to 2018, which is the active season for North Pacific ARs to make landfall
over the U.S. West Coast (Mundhenk et al., 2016).

We investigate the connections between ARs and low-frequency climate variability such as ENSO. To identify
El Nifio and La Nifi events, we include the ENSO Longitude Index (ELI; Williams & Patricola, 2018), which is
a metric, based on the weak-temperature gradient approximation, that captures how the average longitude of the
Pacific tropical deep convection responds to changes in tropical sea surface temperature (SST) patterns. The ELI
can characterize the diversity of ENSO events in a single index, it is also shown to better describe the seasonal
variations in western U.S. winter precipitation compared with other ENSO indices (Patricola et al., 2020).
Following Patricola et al. (2020), we define ENSO events using the December-February average of ELI: eastern
Pacific El Nino (EPEN) when ELI > 170°, central Pacific El Niiio (CPEN) when 170° > ELI > 162°, and La
Nifia (NINA) when 162° > ELI > 152°.

2.2. AR Detection and Tracking

We applied the Toolkit for Extreme Climate Analysis Bayesian AR Detector (TECA; O’Brien, Payne, et al., 2020;
O’Brien, Risser, et al., 2020) to detect binary masks of ARs from the IVT field. The TECA-BARD includes a
set of “plausible” AR detectors sampled by a Bayesian framework, which can produce AR masks similar to ARs
manually identified by experts. Previous studies have shown uncertainty in the detection of ARs, due to different
algorithm choices (e.g., the use of relative vs. absolute thresholds), can affect conclusions in AR analyses (Lora
et al., 2020; O’Brien, Payne, et al., 2020; O’Brien, Risser, et al., 2020; Shields et al., 2018; Zhou et al., 2021).
Among all global AR detections, TECA is considered more restrictive compared to others because TECA tends to
capture areas close to AR cores and is one of the algorithms that detect the fewest instantaneous AR mask counts
globally (Zhou et al., 2021). To explore the impact of detection uncertainty on the determination of AR flavors,
we repeat the analyses in this paper with ARs detected by the algorithm developed by Guan and Waliser (2015)
(GW15). The GW15 uses a relative IVT threshold along with criteria on geometric shape and direction, which is
shown to be less restrictive than other ARDTs (Rutz et al., 2019; Shields et al., 2018). Our previous study shows
that on average, GW15 detects twice as much as AR binary masks as TECA in a time step. We use the AR track-
ing algorithm developed by Zhou et al. (2018) and Zhou and Kim (2019) to identify the lifecycle of ARs based on
instantaneous AR binary masks. The Zhou et al. (2018) tracking algorithm has been applied to most of the global
ARDTs in the Atmospheric River Tracking Method Intercomparison Project (Zhou et al., 2021).

3. Windy ARs Versus Wet ARs
3.1. Climatology

We use the 850 hPa wind speed (UV850) and IWV to represent the dynamic and thermodynamic components
of ARs. UV850 provides a representative measure of the AR winds because 850 hPa is approximately the core
level where the low-level jet is typically located (Cordeira et al., 2013; Ralph et al., 2004). For each AR event,
we first calculate the area-weighted averaging of UV850, IWV, and IVT at each time step along the lifecycle, and
then calculate the mean of all time steps (Figure 1). Figure 1a shows that lifecycle-averaged UV850 and IWV
are significantly negatively correlated: a correlation coefficient of —0.54 and a p-value of 3.62e—75. A previous
study regarding midlatitude cyclones also showed that the wind speed and moisture in cyclones are negatively
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Figure 1. (a) Scatter plot of wintertime North Pacific atmospheric rivers (ARs) with the x-axis representing the 850 hPa wind speed (UV850), and the y-axis
representing integrated water vapor IWV). The purple arrow marks the direction of the first principal component. (b—e) Distribution of all ARs (black line), wet ARs
(blue line), and windy ARs (red line) in (b) UV850, (c) IWYV, (d) integrated vapor transport (IVT), and (e) maximum precipitation. The texts in panels (b—e) show the
p-values of a two-tailed #-test between windy ARs and wet ARs.

related because the air-ocean system tends to locate stronger storms (i.e., storms with stronger wind) poleward
(because moisture generally decreases in poleward direction) (Field & Wood, 2007). The categorization of AR
flavors proceeds as follows. First, we perform principal component analysis (PCA) on the combined matrix of
normalized UV850 and IWV associated with ARs. The first principal component (PC1) explains 77% of the
variance. Next, we project each AR lifecycle onto PC1 and categorize the ARs into two flavors based on their
loading values: moisture-dominated ARs (hereafter, wet ARs) and wind-dominated ARs (hereafter, windy ARs)
(Figure 1a). There are 745 events marked as wet ARs and 838 events for windy ARs over 39 winters. One major
difference in the determination of AR flavors between this study and Gonzales et al. (2020) is that the seasonal
change of the mean states (such as the seasonal shift of jet stream and moisture background) is considered here,
where they are removed in Gonzales et al. (2020). We intend to keep the background states because past studies
showed that the propagation of ARs is largely impacted by the background circulation (Guirguis et al., 2019;
Zhou & Kim, 2019). Although disagreements may occur between our method and Gonzales et al. (2020) due to
different choices of ARDTs and different focus of scientific questions (Gonzales et al. (2020) focus on landfall-
ing ARs only), we speculate consensuses exist in the categorization of AR flavors. For example, the wet ARs
with extra strong moisture here (e.g., top left corner of Figure 1a) are most likely marked as wet ARs as well in
Gonzales et al. (2020). However, addressing the agreements and disagreements between the two methods requires
a further detailed comparison and is beyond the scope of the current study.

The distribution of UV850 and IWV are significantly different between windy ARs and wet ARs (Figures 1b
and Ic). The mean UV850 of windy ARs (27.3 m/s) is 21% stronger compared with that of wet ARs (22.5 m/s).
Contrarily, the mean IWV of wet ARs is about 30.4 mm, which is 17% higher than that of windy ARs (24.9 mm).
Interestingly, with such distinct distribution in wind and moisture, the IVT distribution is almost identical for the
two AR flavors (Figure 1d). The maximum precipitation of an AR event is calculated as the average of the maxi-
mum precipitation (within an AR binary mask) along the lifecycle. The distribution of maximum precipitation is
significantly different between windy ARs and wet ARs. Wet ARs are more likely to have intense precipitation
(Figure le). When forecasting AR-related precipitation, one of the most common assessments in past studies
is the magnitude of IVT (Ralph et al., 2019), given that precipitation and IVT have been shown to be strongly
correlated (Neiman et al., 2002). Figure 1 suggests that two AR events with similar IVTs could have different
wind and moisture profiles, and therefore lead to different precipitation amounts. Consistent results can be found
in Gonzales et al. (2020). Additionally, we examine the second mode of the PCA (Figure S1 in Supporting Infor-
mation S1), which further classifies ARs into subcategories as windy ARs with stronger or weaker moisture, and
wet ARs with stronger or weaker winds. Results indicate that for both windy and wet ARs, ARs with stronger
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Figure 2. (a and b) Winter climatological atmospheric river (AR) frequency (contour, unit: percent of time steps) and
the ratio of (a) windy AR- and (b) wet AR-associated precipitation (shading, unit: %) to total winter precipitation. (c) The
difference in AR frequency (contour, unit: percent of time steps) and winter precipitation (shading, unit: mm per winter)
between panels (a) and (b). The thickened contours mark the values with a p-value <0.05.
moisture have significantly stronger IVTs, suggesting that the IVT magnitude is mainly determined by the mois-
ture content (Figure S1c in Supporting Information S1).
Windy ARs and wet ARs differ in terms of their climatological frequencies, associated precipitation, and inland
penetration (Figure 2). Note that in Figure 2, the overland impacts (shading) are only from landfalling ARs, which
are a subset of North Pacific ARs (shown in contours). Although the frequencies of both AR flavors spread across
the North Pacific basin, the locations of maximum frequency differ. The maximum frequency center of windy
ARs is located over the central Pacific between 30°-35°N and 170°E—170°W, while the highest frequency of wet
ARs displaces westward around 30°N, 160°E—180°. By taking the difference in frequencies between the two AR
flavors, we show that more wet ARs tend to occur over the subtropics between 25° and 35°N, and windy ARs
ZHOU ET AL. 5of 18
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Figure 3. (a) The change in area-weighted integrated vapor transport (IVT) along atmospheric river (AR) lifecycle for all ARs (solid black line), windy ARs (red line),
and wet ARs (blue line). Panels (b—d) same as panel (a), but for (b) maximum precipitation, and (c) integrated water vapor (IWV) and (d) 850 hPa wind speed (UV850)
at the location of maximum precipitation. The black dotted line in panel (a) shows the relative change in IVT from the previous timestep, and the orange lines in panel
(a) mark the points of 5% and 95% of the lifecycle. The table in panels (c and d) shows the Pearson correlation coefficient (PCC) and p-value between (c) IWV and
maximum precipitation, and (d) UV850 and maximum precipitation, on windy ARs and wet ARs. The p-value is measured by a two-tail #-test.

are more frequent over the mid-latitude (Figure 2c). This is likely due to the background of poleward decreas-
ing water vapor and stronger eastward wind in the mid-latitudes. Over the subtropics, there are two positive
anomalous centers for wet ARs: one is over the western Pacific, which may be associated with tropical cyclone
activities (Cordeira et al., 2013); the other one is over the eastern Pacific, which represents the well-known
“Pineapple Express.” Previous studies demonstrated that even with a few events, ARs that can penetrate inland
are of great importance to local hydroclimate (Neiman et al., 2013; Rutz et al., 2014). Our results agree with
previous literature: ARs account for up to 30% of total winter precipitation over the interior western US, even
though inland-penetrating ARs only occur about 1%—-3% of the total winter steps (Figures 2a and 2b). Wet ARs
are more likely to penetrate further inland compared with the windy ones, possibly due to the high moisture
content which can compensate for the moisture depletion when passing the topographical barriers and extend the
duration of landfall. The distribution of AR-related precipitation is different between AR flavors. The wet ARs
account for up to ~35% of total winter precipitation over the interior western US, especially over Oregon, Wash-
ington, and northern California (Figure 2b). The windy ARs contribute about up to 30% of total winter precipita-
tion over British Columbia, and the contribution decreases southward. Compared with windy ARs, precipitation
caused by wet ARs is about 20 mm more over the U.S. West Coast and about 5 mm more over inland regions in
every winter (Figure 2c). Over British Columbia, windy ARs bring more coastal precipitation than wet ARs by
an average of 25 mm per winter. More discussion of AR-related precipitation over land is provided in Section 3.3.

3.2. Lifecycle Development

It is unclear how the wind and moisture properties of ARs may change along their lifecycle. For example, will
an AR event that starts as “wet” later become “windy” as it propagates? To demonstrate how the meteorological
elements (wind, moisture, and precipitation) change along AR lifecycles with different lifetimes, we interpolated
the AR lifecycles into 100 portions so that 0% of the lifecycle means genesis and 100% represents termination.
The dashed line in Figure 3a denotes the rate of change in area-weighted AR IVT magnitude during the lifecycle.
The rapid change of IVT occurs in the first and last 5% of the AR lifecycles, mostly due to the expansion or reduc-
tion of AR sizes (Figure S2 in Supporting Information S1). The first 5% of the lifecycle is generally the genesis
stage, where AR starts to expand quickly to 40% more than its very first size. The expansion of AR size lowers the
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magnitude of area-averaged IVT (Figure 3a). A previous study showed the expansion of size may be related to the
development of low-level jet that is associated with cold fronts or cyclones (Cordeira et al., 2013). Another rapid
change occurs at 95%—100% of the lifecycle when the AR size diminishes to about 40% due to moisture loss from
precipitation and results in a rapid increase in the area-averaged IVT. Based on the change rate of IVT, we divide
the AR lifecycles into three stages: genesis (0%—5%), mature (5%-95%), and decay (95%—100%).

Along the AR lifecycles, we record the maximum precipitation within an AR mask (MaxPrecip) to estimate the
rainfall intensity associated with AR. We do not use the area-averaged precipitation because not all grid cells in an
AR mask will precipitate because precipitation usually requires lifting. The MaxPrecip of each AR event is then
interpolated into 100 lifecycle stages (Figure 3b). In general, the MaxPrecip of ARs increases at the first 30% of
the lifecycle and gradually decreases until termination. The MaxPrecip of wet ARs is stronger than windy ARs
in a range of 20%—48% during the entire lifecycle. For wet ARs, the MaxPrecip is about §8—10 mm per hour at
the genesis stage and intensified by ~37% to 10.5 mm per hour at the mature stage. The windy ARs, on the other
hand, have only a 15% increase in MaxPrecip compared with their genesis. Previous studies have demonstrated
that the cyclone precipitation intensity is proportional to the product of near-surface wind speed and column
moisture (Pfahl & Sprenger, 2016; Yettella & Kay, 2016). Here, to estimate the relative importance of wind and
moisture to AR precipitation, we record the IWV and UV850 at the point of MaxPrecip (marked as IWV_MaxP
and UV850_MaxP) (Figures 3c and 3d). Figures 3b and 3c suggest that on average, wet ARs have more moisture
and weaker wind compared to windy ARs through the lifecycle. As discussed in Cordeira et al. (2013) on the
evolution of two AR events, even though precipitation occurs during the whole lifecycle, the IWV within an AR
is supplemented by the IWV from the extratropics and subtropics via frontogenesis or IVT convergence. The
IWV_MaxP of wet ARs is, on average, 26% stronger than windy ARs, which indicates that wet ARs have more
IWYV to support precipitation. The connection of MaxPrecip to wind or moisture is measured by the Pearson
correlation coefficients (PCC; see tables in Figures 3c and 3d). For windy ARs, the PCC of IWV_MaxP and
UV850_MaxP to MaxPrecip is 0.88 and 0.75, respectively. This indicates that moisture and wind are compa-
rably important in affecting the precipitation intensity for windy ARs. However, for wet ARs, the PCC is 0.82
for IWV_MaxP and —0.04 for UV850_MaxP, suggesting that the precipitation intensity is dominated solely by
moisture amount in the wet ARs. Interestingly, the majority of AR events with strong precipitation (MaxPrecip
>10 mm per hour) are wet ARs with relatively weak wind (see Figure S1 in Supporting Information S1).

Previous studies have explored the relationship between ARs and extratropical cyclones. Zhang et al. (2019)
show that surface pressure gradient is key for maintaining the moisture transport in ARs. A similar conclusion
is drawn by Guo et al. (2020), who also highlight that the anticyclone, which is at the downstream equatorward
side of the cyclone, is important for AR occurrence. To examine how windy ARs and wet ARs respond to the
pressure environment, we connect ARs with their nearest sea-level pressure (SLP) minimum. Zhang et al. (2019)
show that the AR IVT maximum points are mostly located over the south-southeast of the extratropical cyclones
within the range of 2,500 km. Here, we find the AR-associated SLP minimum within a 2,500 km X 2,500 km box
centered at the AR IVT maximum. Zhang et al. (2019) categorizes the extratropical cyclone strength into five
categories: >1,010, 1,010-998, 998-986, 986-974, and <974 hPa. We group the windy ARs and wet ARs by
the lifecycle-averaged SLP minimum following Zhang et al.'s (2019) categorization (Figure 4). We observe that
windy ARs are connected to deeper surface pressure lows than wet ARs, which implies that windy ARs are more
linked to strong extratropical cyclones, whose stronger pressure gradient supports the enhancement of low-level
wind. Although most of the wet ARs are connected to pressure lows with moderate strength, they produce more
precipitation than windy ARs (Figure 4b). The accumulated AR precipitation shown in (Figure 4b) is calculated
by the lifecycle-accumulation of the summation of the precipitation within each AR mask along the lifecycle.
For SLP minimum between 1,010 and 986 hPa, the accumulated AR precipitation by wet ARs is 25%—-35% more
than windy ARs. For stronger cyclones (<986 hPa), wet ARs produce 50%—-80% more accumulated AR precip-
itation than windy ARs, which could possibly be attributed to larger precipitation area, longer lifetime, and/or
higher precipitation rate. Results indicate that generally with stronger cyclones, ARs have a larger size and longer
lifetime (Figure S3 in Supporting Information S1). The wet ARs, on average, last longer with a larger size than
windy ARs in every cyclone intensity category (Figures S3c and S3d in Supporting Information S1). We also
calculated the lifecycle average of AR precipitation averaged over AR grids with non-zero precipitation (Figure
S3b in Supporting Information S1). This variable can represent the overall precipitation rate within AR during its
lifecycle. The overall precipitation rate does not change much (within a change of about 10%) between cyclone
intensities. Interestingly, windy ARs have a slightly higher precipitation rate in stronger cyclones (<998 hPa).
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Figure 4. (a) The number of atmospheric river (AR) by different groups of minimum sea-level pressure (SLP, unit: hPa) in percentage. Panel (b) same as panel (a), but
for accumulated AR precipitation over the lifecycle (unit: mm).

Therefore, the greater accumulated precipitation of wet ARs is mainly due to their larger coverage (size) and
longer duration (lifetime).

3.3. Landfalling Impacts

To better address the hydrological impacts when an AR makes landfall over North America, the landfalling ARs
are categorized into five scales based on the maximum IVT magnitude at landfall and landfall duration (details
in Ralph et al. (2019)). The AR scales assess the level of beneficial and hazardous impacts of landfalling ARs.
For western North America, the Cat 1 and Cat 2 ARs are most beneficial with little hazardous impacts, Cat 3
ARs contain a balance of beneficial and hazardous, and Cat 4 and Cat 5 ARs are most hazardous. The Ralph
et al. (2019) AR scales are grid-point-based, meaning that for the same landfalling AR event, AR scales vary in
different locations. In this study, it is more convenient to label each landfalling AR with only one AR category.
Instead of using the grid-point-based maximum IVT and landfall duration (Ralph et al., 2019), here, the landfall-
ing ARs are categorized using the maximum IVT over land during the entire landfall and the landfall duration of
the whole event, which is the same method as our previous work (Zhou et al., 2021). Therefore, the AR categories
in this study potentially overestimate the events. On average, about 10 ARs make landfall over North America
every winter.

We estimate the AR-related precipitation (hereafter, AR precipitation) by calculating the precipitation within
the binary AR masks. On average, ARs account for 40%—50% of total winter precipitation along the coast of
British Columbia, and the AR contribution decreases southward, with about 40% over Washington and Oregon,
and 25%-40% over California (Figures 2a and 2b). Our results are within the range of previous studies that
showed the contribution of AR precipitation to the total precipitation. Large uncertainty exists in the estimation of
AR's contribution to total precipitation, which can range from 20% to 70%, depending on different studies using
different detection methods and reanalyses of various horizontal resolutions (Dettinger et al., 2011; Gershunov
et al., 2017; Lavers & Villarini, 2015; Shields et al., 2018). Besides that different ARDT can induce uncertainty
in AR precipitation (Leung et al., 2022), one source of the large uncertainty is that a higher temporal resolution
can increase the percentage of AR precipitation because the duration of an AR is measured in finer time steps
(Collow et al., 2022). Precipitation data sources could also contribute to the difference in AR precipitation. For
example, with hourly ERAS reanalysis, ARs detected by Guan and Waliser (2015) contribute 60%—-80% of total
winter precipitation over North America (summing the left column of Figure 9). However, the contribution drops
to 30% when using daily Global Precipitation Climatology Project product (Figure 2c in Shields et al. (2018)).
Other studies highlighted that precipitation reanalyses are biased high compared to satellite products and that
the consensus between reanalyses and satellite products are regional dependent (Arabzadeh et al., 2020; Collow
et al., 2022). It is also important to note that different reanalysis products produce different results for AR clima-
tology, which is also shown in Collow et al. (2022).
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We break down AR's contribution to total winter precipitation by AR categories. The AR's contribution to total
winter precipitation increases with the AR category (Figures 5a—5e). For Cat 1 and 2 ARs, the maximum contri-
bution is between 40° and 60°N, where Cat 1 and 2 ARs only contributes about 2%—4% to total winter precipita-
tion (Figures 5a and 5b). The maximum contribution shifts southward from Cat 3 to Cat 5 ARs (Figures 5c-5e).
For Cat 4 and 5 ARs, the maximum contribution is over Oregon, Washington, the northern California, with about
10%—12% contribution, respectively. The higher contributions of Cat 4 and 5 ARs over the northern part of the
U.S. West Coast, especially between 40° and 50°N, are consistent with Ralph et al. (2019).

It is of interest to compare how windy ARs and wet ARs are categorized by the AR scale since the two AR flavors
have similar distributions of IVT magnitude (Figure 1d), which is one of the main metrics used in the AR scale.
We calculated the number of landfalling ARs by counting ARs hitting western North America between 32° and
60°N. Since the AR precipitation is associated with both precipitation frequency and intensity, we also calculated
the precipitation intensity by dividing the AR precipitation by AR frequency. Figure S4 in Supporting Informa-
tion S1 shows the zonal average (5° box along the west coast) of coastal AR precipitation, AR frequency, and AR
precipitation intensity. For Cat 1 and 3, the number of windy ARs is comparable with wet ARs, with only 1%—3%
more than the latter (Figure 6). Although the number of Cat 2 windy ARs is approximately 50% more than that of
Cat2 wet ARs, the difference in spatial distribution between wet and windy Cat 2 AR precipitation is consistent
with Cat 1 and 3: more windy AR frequencies appear between 40° and 60°N and therefore windy ARs are more
associated with precipitation over British Columbia (Figures 5f—5h). Wet ARs, on the other hand, contribute
more precipitation to the U.S. West Coast. More Cat 4 ARs are marked as wet ARs instead of windy ARs. The
difference decreases for Cat 5 ARs where wet ARs are only slightly over windy ARs (Figure 6). However, for
spatial distribution, more wet AR frequency occurs almost over the entire U.S. West Coast, which results in more
wet AR precipitation compared to windy ARs (Figures 5i and 5j). We found that the difference in AR precipita-
tion between AR flavors is mainly attributed to differences in AR frequency (Figure S4 in Supporting Informa-
tion S1). Therefore, the spatial difference between Cat 4 and 5 AR flavors is likely due to wet ARs having wider
landfall coverage and longer duration than windy ARs, even though the two AR flavors have comparable counts.
A previous study by Gonzales et al. (2020) on AR flavors has shown that windy landfalling ARs have a higher
daily precipitation rate over U.S. West Coast. Here, we show that AR precipitation over U.S. West Coast is mostly
contributed by wet ARs. Although our results may seem contradictory to Gonzales et al. (2020), the two studies
are not calculating the same variables, where we use the winter-accumulated precipitation and they calculated the
daily precipitation rate. The latitudinal variation of precipitation intensity indicates that in some categories (e.g.,
Cat 1 and 2), windy ARs have higher precipitation intensity over the U.S. West Coast, especially over California
(Figure S4 in Supporting Information S1), which is consistent with Gonzales et al. (2020).

3.4. Connections to ENSO

Numerous studies have examined how North Pacific ARs respond to ENSO (Guan & Waliser, 2015; H. Kim
et al., 2017; Mundhenk et al., 2016; Payne & Magnusdottir, 2014; Ryoo et al., 2013). Generally, during EPEN
winters (i.e., cold Tongue El Nifio, hereafter EPEN), with the anomalously warm SST over the eastern Pacific,
the Aleutian Low is deepened which induces an anomalous cyclonic flow over the northeastern Pacific (gray
contours in Figure 7d). Note that the circulation and SST anomalies shown in the second and third rows of
Figure 7 (contours) are based on all winter days under the specified ENSO conditions. Associated with the east-
ward extended subtropical jet (magenta contours in Figure 7d), AR activity is increased in the subtropics between
25°N and 35°N across the Pacific basin (Figure 7a). For CPEN winters (i.e., Warm Pool El Nifio, hereafter
CPEN), the anomalously warm SST center is located over the center of the equatorial Pacific. The corresponding
teleconnection patterns have weaker amplitude compared with EPEN (Figure 7e). The frequent landfall locations
of ARs over the U.S. West Coast shift southward in CPEN compared with EPEN (Figures 7a and 7b), which can
bring more rainfall to southern California (H. Kim et al., 2017). For NINA winters, with cold SST anomalies
concentrated over the eastern Pacific, the Aleutian Low is weakened as a high-pressure anomaly appears over the
northeastern Pacific (Figure 7f). The subtropical jet is retracted westward. Driven by the anomalous circulation,
more ARs occur at higher latitudes between 40° and 60°N, and fewer ARs appear between 25° and 40°N over the
northeastern Pacific (Figure 7c).

The different flavors have distinctly different responses to changes in ENSO (the second and third rows of
Figure 7). Note that the summation of the anomalous windy and wet AR frequencies (the second and third rows
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Figure 6. The number of landfalling atmospheric rivers (ARs) per winter over western North America (between 32° and
60°N) from five categories detected by Toolkit for Extreme Climate Analysis (TECA) (red and blue bars; O’Brien, Payne,
et al., 2020; O’Brien, Risser, et al., 2020) and GW 15 (yellow and green bars; Guan & Waliser, 2015).

of Figure 7) equals the total anomalous AR frequency (the top row of Figure 7). The changes of windy ARs
are associated with the circulation pattern. During EPEN, the windy AR frequency is significantly increased
in the subtropics, especially at the south branch of the anomalous low (Figure 7d). Similar changes in windy
AR frequency occur in CPEN but with weaker amplitude (Figure 7e). During NINA, a zonal band of decreased
windy AR frequency occurs in the subtropics, which is associated with the anomalous high (Figure 7f). Unlike
the windy ARs that are modulated by ENSO teleconnections, the wet ARs are largely affected by the local change
of SST (Figures 7g—7i). During EPEN, the wet AR frequency is significantly increased over the northwestern
Pacific because more moisture is evaporated in the atmosphere due to the local warm SST anomaly. The negative
anomaly of wet AR frequency appears over the central Pacific between 20° and 50°N, which overlaps with the
cold SST anomaly below (Figure 7g). During CPEN winters, cold SST anomalies spread over most of the North
Pacific basin, which leads to a decrease in wet AR activity (Figure 7h). During NINA, warm SST anomalies fill
the western and central northern Pacific with a maximum of around 35°N and 160°W. Consequently, the wet
AR activity is significantly increased over these regions (Figure 7i). Closer inspection of the anomalous patterns
between windy ARs and wet ARs shows that in some locations, the ENSO response is nearly opposite between
AR flavors, which explains the asymmetry of total AR responses to different phases of ENSO. For example, the
positive AR frequency anomalies over subtropics during El Nifio are almost entirely attributed to more frequent
windy ARs. Also, the positive AR anomalies over mid-latitude between 40° and 60°N during NINA are contrib-
uted by the increased wet ARs. To summarize, the ARs' responses to ENSO can be attributed to AR flavors to
different extents depending on locations. The changes in windy ARs are mainly induced by the large-scale circu-
lation pattern in response to ENSO, which are more prevalent over the subtropics. The changes of wet ARs are
more prevailing over the mid-latitudes, which are associated with SST anomalies related to ENSO.

4. Uncertainty From AR Detection Algorithms

There have been extensive discussions on the uncertainty in AR measures due to ARDTs. In particular, the
occurrence and areal coverage of landfalling ARs are shown to have a great range of diversity based on different
ARDTs. For example, Shields et al. (2018) shows that the landfalling AR frequency over the U.S. West Coast
can range from 2 counts to 65 counts in 3-hourly time steps for the month of February with various choices of
ARDTs. It is also shown in Shields et al. (2018) that AR's contribution to total winter precipitation over California
can vary from 30% to 50% by different ARDTs. The ARDTs can be assessed with a level of restrictiveness (Rutz
etal., 2019). The TECA-BARD algorithm used in this study is considered a restrictive algorithm. This means that
the detected AR masks by TECA-BARD are fewer or smaller than ARs detected by other algorithms (O’Brien,
Payne, et al., 2020; O’Brien, Risser, et al., 2020). Here, to provide a comprehensive discussion on windy ARs and

Figure 5. (a—e) Winter accumulated atmospheric river (AR) precipitation (shading, mm per winter) attributed to Category 1-5 ARs. Contours: Percentage of
winter-accumulated AR precipitation to the winter-accumulated total precipitation. The contours are interpolated into a 1° X 1° grid to provide a clear and smooth
representation. (f—j) Difference between wet ARs and windy ARs under the same AR category on precipitation (shading, mm per winter) and AR frequency (contour,
percent of time steps). The thickened contours and green dots in the second column mark the values with a p-value <0.05. For cleaner presentation, the green dots are

plotted every five grids.
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Figure 7. Composite of anomalous atmospheric river (AR) frequency (shading, unit: percent of time steps, note that the intervals are uneven) for (upper row) all
winter ARs, (middle row) windy ARs, and (bottom row) wet ARs in (left column) eastern Pacific El Nifio (EPEN), (middle column) central Pacific El Nifio (CPEN),
and (right column) eastern Pacific La Nifia (NINA) winters. The gray dots denote the area with a p-value smaller than 0.05. Also in the middle row: winter anomalous
200 hPa zonal wind (magenta and green contours, unit: m/s) and anomalous 500 hPa geopotential height (gray contours, interval: 20 m) during all winter days under
the specified El Nifio Southern Oscillation (ENSO) conditions. Also in the bottom row: sea surface temperature anomaly (red and blue contours, unit: °C) under the
specified ENSO conditions. All thickened contours show areas with a p-value smaller than 0.05.

wet ARs and to investigate the robustness of the previous results, we did the same analysis on the ARs detected
by Guan and Waliser (2015) (hereafter, GW15), which is one of the less restrictive algorithms.

The distributions of AR-associated UV850 and IWYV identified by GW15 are more scattered than those by TECA
(Figure 8). The magnitude of GW15 UV850 ranges from 5 to 30 m s~!, which is broader than TECA UV850
(10-30 m s~'). An even broader range occurs in IWV in GW15, which ranges from 5 to 65 mm. The IWV range
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Figure 8. Scatter plot of the atmospheric river (AR)-associated 850 hPa wind speed (UV850) against integrated water
transport (IWV) for ARs detected by (a) TECA-BARD and (b) GW15. Panel (a) is a replot of Figure 1a. The gray dots in
panel (b) marks a subset of events excluded from the AR flavor calculation.
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in TECA is 15-45 mm. There is a subset (about 15% of total AR events, gray dots in the upper left of Figure 8b)
of GW15-detected AR events that have different characteristics than others, which have strong IWV (30-60 mm)
and moderate wind speed of 7-17 m s~!. Examining further, we find that the majority of these events occur to
the south of 25°N and travel within a latitude and longitude range of 10°. These events may be tropical distur-
bances picked up by the GW15 (Lora et al., 2020; Zhou et al., 2021). To reduce the impact of tropical distur-
bances, we filter out these events before the PCA process by excluding events that meet these three criteria:
lifecycle-averaged latitude <25°N, the longitude and latitude difference between genesis and termination <10°.
After removing the tropical disturbances, the GW15 detects approximately 5% more AR lifecycles compared to
TECA. It is worth noting that the method that we used to categorize AR flavors is dependent on data sets, which
means the eigenvalues and loading patterns are different between TECA and GW15. As a result, in the 39 winters,
707 events are categorized as wet ARs, and 949 events as windy ARs. The number of windy ARs is 34% more
than wet ARs for GW15 detection.

Although GW15 detects more windy ARs over the northern Pacific, the number of GW15-detected landfalling
windy ARSs is comparable with wet ARs, which is about eight windy ARs and eight wet ARs per winter (summing
all categories in Figure 6). The number of Cat 1 windy ARs is about 10% more than Cat 1 wet ARs. For Cat 2
ARs, the average numbers of the two AR flavors are the same. Wet ARs are dominant for Cat 3—-5 ARs, where the
number of wet ARs is 10%, 53%, and 78% more than windy ARs for Cat 3, 4, and 5, respectively. Overall, GW 15
detects twice as much as the landfalling ARs detected by TECA, which is consistent with our previous study
(Zhou et al., 2021). The GW15-detected AR precipitation is overall 50% more along the coast, and above 90%
more inland compared to TECA-detected ARs (not shown). The AR's contribution to total winter precipitation by
GW15 almost doubles the value by TECA (Figures 9a—9¢). The main reason is that, despite the rapid decrease in
moisture over land, GW15 captures more inland penetration by using a relative IVT threshold (Figure 9) (Zhou
etal., 2021). This agrees with the results in Lora et al. (2020), where they show that GW 15 has a higher frequency
of “false positives” over land, which means GW15 includes more landfalling ARs than most of the other ARDTs
(i.e., six or more ARDTs of total 14 ARDTs in Lora et al. (2020)). Meanwhile, Lora et al. (2020) also shows that
TECA has relatively frequent “false negatives” along the west coast of North America, meaning that TECA does
not detect as many landfall activities as other ARDTSs. Also, due to less restrictive detection criteria, the landfall
duration is potentially longer in GW15. In other words, a Cat 1 TECA-detected AR may be categorized as a Cat
2 in GW15-detected ARs because of the longer landfall duration. This is reflected in Figure 6, where the relative
AR counts between GW15 and TECA are not consistent between AR categories. For example, GW15 detected
1.25 times more Cat 1 ARs and 2 times more Cat 3—4 ARs than TECA. In addition, the differences in AR precip-
itation between GW15-detected wet ARs and windy ARs are in good agreement with TECA, except that the AR
precipitation by GW15 has greater amplitude (Figures 9f—9j).

As for the AR-ENSO connection, the total changes in AR frequency are almost dominated by windy ARs (Figures
S5d-S5f in Supporting Information S1). Although in small amplitude, changes in wet ARs detected by GW15
are consistent with the local SST anomaly pattern (Figures S4g—S4i in Supporting Information S1), which agree
with TECA's results. Overall, the total AR changes in GW15 agree with TECA results to some extent, except that
the anomalous AR frequency in GW15 is in greater amplitude than that in TECA. GW15 also captures the AR
anomalies at higher latitudes (>60°N) (Figure S5 in Supporting Information S1).

To summarize, despite amplitude discrepancies in AR frequency and AR precipitation, the overall findings on
windy AR and wet AR characteristics and the connection to ENSO are mostly consistent between TECA and
GW15. Both ARDTSs suggest that windy ARs are more prevalent in the lower-category ARs (e.g., Cat 1 and 2)
with a higher frequency between 40° and 60°N and make more contribution to the precipitation over the British
Columbia. We showed wet ARs are more prevalent in Cat 4-5, especially over the U.S. West Coast. As discussed
in Rutz et al. (2019), each ARDT was developed for a different scientific question. Although robust results of
AR flavors are shown between GW15 and TECA, future research related to AR flavors should choose ADRT
carefully based on the focused question. For example, the GW15 would be more suitable for AR flavors in high
latitudes, and TECA can benefit from questions related to the dynamic mechanisms of AR flavors.
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5. Summary and Discussion

Our study aims to distinguish the characteristics of wind-dominated (windy) and moisture-dominated (wet) ARs
given similar IVT magnitude. Focusing on the winter seasons, we apply the TECA BARD detection algorithm
to identify instantaneous AR masks from ERAS reanalysis and use the Zhou et al. (2018) tracking method to
track the AR lifecycle. We classify the wintertime North Pacific ARs as windy ARs or wet ARs using the PCA
analysis on AR-related wind and moisture. With a nearly identical distribution of IVT magnitude, the mean wind
speed of windy ARs is 27% stronger than wet ARs, and the mean moisture is 22% weaker. The windy ARs are
more active over the mid-latitudes and contribute about 25% of total winter precipitation over British Columbia.
The wet ARs occur more frequently over the subtropics and contribute about 30% of winter total precipitation
over California. Windy ARs are more connected to stronger surface pressure lows, whose strong pressure gradi-
ent favors the intensification of AR wind. Although most of the wet ARs are associated with surface lows with
weaker intensity, wet ARs still produce more rainfall than windy ARs, due to their larger size and longer lifetime.
The windy ARs and wet ARs have comparable contributions to precipitation brought by Cat 1-3 landfalling ARs
and their contribution differ by locations. Wet ARs are the dominant contributor to precipitation from extreme or
exceptional ARs (Cat 4 and 5), even the number of Cat 4/5 wet ARs is not significantly different from windy ARs.

We demonstrate that ENSO modulates the windy ARs and wet ARs via different processes. During El Nifio,
the extended subtropical jet and the deepened Aleutian Low foster a zonal band of positive anomalies of windy
AR frequency that emerges over the subtropics. Meanwhile, the cold SST anomalies over the mid-latitudes lead
to reduced wet AR frequency. The windy ARs have similar patterns in response to the two flavors of El Niflo,
despite the that the amplitude of AR anomalies is greater in EPEN than CPEN. For wet ARs, with different longi-
tude of the tropical SST warming and mid-latitude SST cooling, the anomalous negative wet AR frequency is
shifted when comparing EPEN and CPEN. During NINA winters, the occurrence of windy ARs is significantly
decreased due to the retracted subtropical jet and weakened Aleutian Low. Also, enhanced wet AR activity occurs
due to the warm SST anomaly. ENSO's impact on AR flavors suggests that differentiating ARs with distinct char-
acteristics can help us to better understand their connections to modes of climate variability. Our study shows that
the response of ARs to ENSO is considered as the superposition of two AR flavors, which could help to explain
the variance of AR response in different ENSO cases (Patricola et al., 2020).

One source of AR uncertainty comes from detection algorithms. As discussed in Section 4, the less restrictive
GW15 algorithm shows similarity in the characteristics and variability of windy ARs and wet ARs, although
discrepancy exists in the amplitude of AR frequency and AR precipitation. With different algorithm designs,
the boundary of AR objects varies substantially, which explains the large discrepancies in AR's impact on the
land. The comparison of algorithms supports the conclusion in previous papers that algorithm recommendation
is needed for specific scientific questions. While less restrictive algorithms are more recommended for impact
studies (such as AR-associated heavy rain and flooding), more restrictive algorithms are suitable for address-
ing the physical processes associated with ARs (such as the mechanisms associated with wind-dominated and
moisture-dominated ARs).

Characterizing ARs into different “flavors” has great implications for different research topics. Questions remain
on why ARs can have different flavors. The difference in the connection to extratropical cyclones and associated
precipitation implies that different processes may act together in the wind and moisture environment to form ARs
and the dominant process may determine the AR flavors. Also, AR flavors can help to understand changes in
ARs in the future climate. Past studies generally consider how changes in future dynamic and thermodynamic
processes can influence AR as a whole. Here, we demonstrate that ARs with different flavors can respond to
dynamic and thermodynamic forcings to different extents, which provides a way to quantify the relative contri-
butions from these forcings. Future research will include evaluating the representation of AR flavors in climate
model simulations, and understanding how different AR flavors will respond to the warming climate.

Data Availability Statement

The Guan and Waliser's (2015) AR detection code can be obtained from Guan (2021, https://doi.org/10.25346/
S6/SJGRKY). The ERAS reanalysis is downloaded from the Copernicus Climate Change Service (C3S) Climate
Data Store. The results contain modified Copernicus Climate Change Service information 2020. Neither the
European Commission nor ECMWEF is responsible for any use that may be made of the Copernicus information
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