UC Berkeley
UC Berkeley Previously Published Works

Title
Atmospheric River Frequency-Category Characteristics Shape U.S. West Coast Runoff

Permalink
bttgs:ééescholarshiQ.orgéucéitemg7dt8d88§
Journal

Journal of Geophysical Research: Atmospheres, 130(2)

ISSN
2169-897X

Authors

Zhou, Yang
North, Joshua S
Rhoades, Alan M

Publication Date
2025-01-28

DOI
10.1029/2024jd041805

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,
available at bttgs://creativecommons.orq/licenses/bv/4.0,|

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/7dt8d88s
https://escholarship.org/uc/item/7dt8d88s#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

JGR Atmospheres

RESEARCH ARTICLE
10.1029/2024JD041805

Key Points:

e High-category atmospheric rivers
(ARs) and land preconditions signifi-
cantly influence runoff response

o Weaker ARs can cause extreme runoff
given saturated soil or high snowmelt

® Back-to-back ARs intensify runoff
response and may increase flood risks

Supporting Information:

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

Correspondence to:

Y. Zhou,
yzhou2 @lbl.gov

Citation:

Zhou, Y., North, J. S., Rhoades, A. M.,
Tao, J., Rudisill, W., Risser, M. D., &
Collins, W. D. (2025). Atmospheric river
frequency-category characteristics shape
U.S. West Coast runoff. Journal of
Geophysical Research: Atmospheres, 130,
€2024JD041805. https://doi.org/10.1029/
2024JD041805

Received 13 JUN 2024
Accepted 24 DEC 2024

Author Contributions:

Conceptualization: Yang Zhou, Joshua
S. North, Alan M. Rhoades, Jing Tao,
William Rudisill, Mark D. Risser

Data curation: Yang Zhou, Alan

M. Rhoades

Formal analysis: Yang Zhou, Joshua
S. North

Funding acquisition: William D. Collins
Investigation: Yang Zhou, Alan

M. Rhoades

Methodology: Yang Zhou, Joshua

S. North, Alan M. Rhoades

Project administration: William

D. Collins

Supervision: William D. Collins
Validation: Yang Zhou

Visualization: Yang Zhou, Joshua

S. North, William Rudisill

Writing — original draft: Yang Zhou
Writing — review & editing: Yang Zhou,
Joshua S. North, Alan M. Rhoades,

© 2025. The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

'

Atmospheric River Frequency-Category Characteristics
Shape U.S. West Coast Runoff

Yang Zhou! ©, Joshua S. North! ©, Alan M. Rhoades"
Mark D. Risser! 2, and William D. Collins'?

, Jing Tao' ©©, William Rudisill’,

'Lawrence Berkeley National Laboratory, Berkeley, CA, USA, 2University of California, Berkeley, CA, USA

Abstract This study investigates the factors influencing runoff response to atmospheric rivers (ARs) over
the U.S. West Coast. We focused on runoff time series variations impacted by AR characteristics (e.g., category
and frequency) and land preconditions during Northern Hemisphere cool seasons in the period of 1940-2023.
Results show that high-category ARs significantly increase local runoff with higher hourly precipitation rates
leading to a greater incremental rate and peak runoff. Extreme runoff increases greatly with the AR category
with an increase rate up to 12.5 times stronger than non-extreme runoff. Besides the AR category, land
preconditions such as soil moisture and snowpack also play crucial roles in modulating runoff response. We
found that runoff induced by weak-category ARs is more sensitive to land preconditions than high-category
ARs, with high peak runoff occurring when soil is nearly saturated. Additionally, more than 50% of high-peak-
runoff events in snow-covered grid cells are associated with rain-on-snow events particularly for the events
associated with weaker ARs. Regression analysis reveals that AR precipitation and land preconditions jointly
influence runoff, emphasizing the importance of including soil moisture and snowpack levels in AR impact
assessments. The study also highlights the intensified runoff response to back-to-back ARs with short intervals,
which may become more frequent with climate warming, posing increased flood risks via facilitating wet soil
conditions. Our findings have significant implications for AR risk predictions and the development of prediction
models for AR-induced runoff.

Plain Language Summary Atmospheric rivers are narrow bands of concentrated moisture in the
atmosphere that can bring heavy rain when they reach land. Although it is known that stronger ARs carry more
moisture and could lead to higher flood risk, the specific factors that influence these effects are not fully
understood. For example, is a single strong AR as capable of producing flooding as a tightly sequenced set of
less intense ARs, and how do antecedent land surface conditions (e.g., soil moisture and snowpack) attenuate or
accentuate flood risk? This research investigates the relationship between AR characteristics, namely their
intensity and landfall coupling frequency and the resulting runoff response on land at different AR landfall
interval times and antecedent land surface conditions. We showed that weaker ARs can also cause significant
runoff if they occur in conditions where the soil is already wet or the snow is ready to melt. Additionally, when
ARs occur close together in time, the runoff from the second AR is often much higher because the land has not
had enough time to release the water brought by the first one. This “back-to-back” effect is expected to become
more common as the climate warms, potentially increasing flood risks.

1. Introduction

Atmospheric rivers are elongated corridors of intense moisture transport that play a crucial role in the hydro-
logical cycle and are closely connected to extreme weather (Ralph et al., 2005; Zhu & Newell, 1998). Atmo-
spheric rivers generally originate in tropical and subtropical regions and extend toward polar regions. Upon
making landfall, ARs release large amounts of moisture as heavy precipitation due to frontal and orographic uplift
(Rutz et al., 2014), leading to significant hydrological responses. Along the U.S. West Coast, ARs significantly
contribute to precipitation and runoff, influencing regional water resources and flood risks (Dettinger et al., 2011;
Konrad & Dettinger, 2017; Ralph & Dettinger, 2011; Ralph et al., 2006). Paltan et al. (2017) show that about 22%
of total global runoff is attributed to ARs, and in California, ARs contribute between 20% and 50% of the state's
annual precipitation and streamflow (Dettinger et al., 2011).

The hydrological impacts of a landfalling AR vary drastically depending on its intensity and duration (Ralph
et al., 2019). Moderate ARs can act as drought busters, increasing water supply through landfall precipitation.
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Approximately 30%—70% of persistent drought endings along the U.S. West Coast are associated with landfalling
ARs (Dettinger, 2013). On the other hand, AR-associated extreme precipitation and strong winds during landfall
often lead to hydrological extreme events (e.g., floods, flash floods, and landslides), posing additional risks to
coastal urban areas (Chen et al., 2018; Hou & Chen, 2020; Lavers & Villarini, 2013; Ralph et al., 2006; Waliser &
Guan, 2017). Additionally, studies focused on the U.S. West Coast have shown that higher temperatures at
landfall can induce more rain-on-snow incidents, contributing to increased runoff (Chen et al., 2019; Rhoades
et al., 2023). AR-associated precipitation events result in an almost doubling of the magnitude of runoff response
compared to non-AR precipitation events (Siirila-Woodburn et al., 2023). Future warming scenarios project
strengthened AR intensity, leading to more destructive land responses and increased economic losses (Cor-
ringham et al., 2022; Dominguez et al., 2018; Rhoades et al., 2020, 2021). Given the substantial role of ARs in
local hydrology, advancing our understanding of how land-atmosphere interactions and their associated impacts
vary with different AR characteristics is urgent for preventing hazards, mitigating risks, and establishing a
resilient environment and infrastructure.

Antecedent soil moisture profoundly affects runoff generation and plays a crucial role in flood simulation and
prediction (Hardie et al., 2011; Pathiraja et al., 2012; Tao & Barros, 2013; Tao et al., 2016; Wasko et al., 2020).
Although runoff driven by extreme precipitation is less dependent on antecedent soil moisture (Wasko
et al., 2020), decreasing soil moisture can offset future flood magnitudes, even though extreme precipitation is
projected to increase (Sharma et al., 2018). Despite the direct impacts of landfalling ARs, pre-landfall land
conditions (or preconditions), such as soil moisture and snowpack, influence the AR hydrological response. Only
a handful of studies have specifically investigated changes in AR-related runoff responses under different land
preconditions. For example, case studies have shown that the melting of antecedent snowpack caused by a
category 4 AR significantly contributed to the extreme runoff at Oroville Dam in 2017 (Henn et al., 2020) and
across northern California in 1997 (Rhoades et al., 2023). Higher runoff-to-precipitation ratios have been linked
to antecedent soil moisture and existing snowpack (Leung & Qian, 2009), whereas low antecedent soil moisture
has weakened the runoff response to a category 5 AR (Cao et al., 2019; Ralph et al., 2013). Additionally, the
presence of snow potentially decreases the AR landfall temperature, which can influence the rate of snowmelt
(Rudisill et al., 2021). Albano et al. (2020) analyzed the spatial variation of AR hydrologic impacts over the
western U.S. in historical records and emphasized the important roles of water availability, temperature, and
antecedent soil moisture in AR hydrologic responses. Recognizing the importance of land preconditions, Bowers
et al. (2022) developed an AR flood risk model incorporating antecedent hydrological conditions. Prior to this
study, Bowers et al. (2022) was the only one that included land preconditions in AR landfall impact assessments.

The impact of an AR event is not solely limited to AR intensity. Temporally consecutive back-to-back ARs can
also significantly affect land surface hydrology, potentially strengthening the response to subsequent ARs. When
multiple ARs make consecutive landfalls within a short period, high soil moisture from previous events increases
the likelihood of flooding and landslides. Zhou et al. (2024) demonstrated that sequential ARs occurring within a
short time could result in up to a 200% increase in runoff compared to ARs occurring further apart in time. During
the 2017 Oroville Dam spillway incident, two back-to-back ARs with a 2-day interval contributed to extreme
runoff with inflows from the second AR being approximately 46% stronger than those from the first (Henn
et al., 2020). Using a water tracer model, H. Hu et al. (2018) showed that a large fraction of AR precipitation was
retained in the soil for up to 6 months, indicating long-lasting impacts from ARs on surface hydrology. Within the
context of increased AR frequency in future climates (Payne et al., 2020; Wang et al., 2023; Zhang et al., 2024),
back-to-back AR occurrences are also projected to rise with rising temperatures and background moisture content
(Bowers et al., 2023; Zhou et al., 2024). Therefore, understanding the relationship between runoff response,
interval days between AR events, and AR categories is essential for prevention and mitigation actions regarding
flooding and for building resilient environments and infrastructure.

Although existing research has highlighted the impacts of AR characteristics and land preconditions on runoff
responses, significant gaps remain in understanding the complex interactions between these factors. For instance,
although moderate ARs can alleviate drought conditions, the precise conditions under which weak ARs produce
extreme runoff are still unclear. Moreover, the effects of back-to-back AR occurrences have not been thoroughly
explored, particularly concerning their intensity and frequency. Although prior work has briefly discussed the
response of runoff to back-to-back ARs (Zhou et al., 2024), this research builds on that foundation by delving
deeper into the role of land preconditions and assessing the cumulative impacts of multiple consecutive ARs.
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Given the substantial role of AR in local hydrology, it is urgent to advance our understanding of how land-
atmosphere interactions and their associated impacts vary with different AR characteristics. Motivated by the
need to understand the complex interactions between AR characteristics and their hydrological responses, this
study aims to investigate the impacts of back-to-back AR events on runoff and assess the role of land pre-
conditions, specifically soil moisture and snowpack, in modulating AR-induced runoff. Here, we will address two
questions (a) How do AR intensity and frequency (i.e., the interval days between ARs) affect precipitation and the
associated hydroclimate response over land? And (b) How do land preconditions impact the AR-related runoff
response?

The paper is organized as follows. Section 2 introduces the data and methodology. Section 3 examines multiple
variables that affect AR-induced runoff, including AR category, AR interval days, and land preconditions. In
Section 4, we developed a regression model to estimate the overall runoff responses under different ARs and land
conditions. We conducted a sensitivity test regarding AR detection uncertainty in Section 5. The summary and
discussion are included in Section 6.

2. Data and Methodology
2.1. Reanalysis

We retrieved relevant variables from the fifth generation of the European Center for Medium-Range Weather
Forecasts Reanalysis (ERAS5) (Copernicus Climate Change Service, 2017; Hersbach et al., 2020). ERAS provides
high-resolution data with hourly intervals and a spatial resolution of 0.25° latitude by 0.25° longitude. In this
study, we used 6-hourly time series, where the variables are 6-hourly averages. We focused on the cool season
(September to March) from 1940 to 2023. We used integrated vapor transport (IVT), which is the vertical
integration of moisture flux, to detect ARs. Additional relevant variables include runoff, volumetric soil moisture
(VSM), 2 m temperature, and total precipitation. We obtained the VSM for four soil layers (0-7, 7-28, 28—-100,
and 100-289 cm) and then calculated the saturation degree for each layer by dividing the VSM by the porosity.

To identify the influence of snow conditions on runoff characteristics during AR events, we utilized ERA5 snow
water equivalent (SWE) and snow depth to describe the lifecycles of the mass and energy of the snowpack. Snow
water equivalent represents the depth of liquid water that would be produced by a snowpack if it were instan-
taneously melted. From an energy perspective, we used snow temperature across the five levels of the snowpack
provided by ERAS and calculated the cold content (CC) of the snowpack offline. The CC (MJ/m?) is the vertical
integral of snowpack internal energy, which shows the extent of energy needed for snowpack to melt. As
described in Equation 6.27 of DeWalle and Rango (2008), CC is computed at each grid cell as

cC= Ci*/)s*hs*(Ts - Tm)

where c; is the specific heat of ice (0.00209 MJ/kg*K), p, is the density of the snowpack (kg/m?), A; is the snow
depth (m), T is the average temperature of the snowpack across all available snow layers (K), and 7, is the
melting point of ice (273.15 K). The CC data set is retrieved from Rhoades (2023).

2.2. Selection of AR-Associated Runoff Events

To investigate the coastal runoff response to ARs, we selected eighteen 4-digit hydrological unit code (HUC)
watershed basins along the U.S. West Coast (Figure 1a) (Jones et al., 2022). These selected watersheds are crucial
as they represent diverse hydrological responses to AR events, allowing for a comprehensive assessment of how
varying watershed characteristics influence runoff behavior. More information about selected HUC4 basins such
as basin name and area size is provided in Supplemental Table S1 in Supporting Information S1. Within the
selected watersheds, AR landfall activity is detected at each grid cell where the IVT exceeds 250 kg m™' s™' (Rutz
et al., 2014). Atmospheric river landfall events were flagged by marking AR time steps with a value of 1 and non-
AR time steps with a value of 0. Events lasting less than one day (4 time steps) were neglected. Additionally,
multiple events were merged into a single event if there was only one non-AR time step between them.

We acknowledge the detection uncertainty in ARs caused by different algorithm designs, which has been
extensively discussed in previous studies (Lora et al., 2020; O’Brien et al., 2020; Rutz et al., 2019; Shields
et al., 2018; Zhou et al., 2021). The AR detection method used in this study relies on an absolute IVT threshold
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Figure 1. (a) Spatial map of the U.S. West Coast study region. The color and text denote the HUC4 watersheds. (b) Spatial map showing the percentage of time steps
covered by snow with respect to total selected time steps in the 83 cool seasons analyzed.

and represents an Eulerian perspective of AR conditions. As explained in Ralph et al. (2019), the observer (or a
grid cell) experiences the passage of an AR through the sequential change of meteorological and hydrological
conditions. Consistent with Ralph et al. (2019), the term AR event’ in this study refers to a period (i.e., the
landfall period of the AR lifecycle) characterized by AR conditions over a given location. This Eulerian
perspective on AR detection was selected for several reasons: (a) it is straightforward, intuitive, and practical for
other forecast and prediction data sets; (b) it is relatively permissive, allowing for a large sample of possible AR-
associated runoff time series especially for inland grid cells; and (c) it is consistent with (Ralph et al., 2019),
making it effective for determining AR categories. A discussion on the sensitivity of the AR detection choice is
included in Section 5.

Local runoff is greatly influenced by the seasonality of the snow fraction (Barnhart et al., 2016). Snowmelt
contributes approximately 70% of total runoff in the mountainous regions of the U.S. West Coast (Li et al., 2017).
To isolate the influence of snowmelt on runoff, contributions from snowmelt were excluded by considering only
AR events that occur during the snow accumulation period of the cool season. The snow accumulation period is
defined as the time before the SWE reaches its maximum, marking the end of the accumulation period and the
beginning of the snowmelt period. Given that the onset of the snowmelt period has year-to-year variations (Cayan
et al., 2001), there is a slight variation in the timing of the end of the snow accumulation period across each grid
cell, primarily occurring between February and March.

Our discussion focuses on the relationship between ARs and the peak of associated runoff. The change in the
runoff hydrograph caused by ARs is summarized in a schematic plot (Figure 2a). When an AR makes landfall, we
record the runoff value, referred to as “runoff at AR landfall,” along with the soil saturation degree and CC to
represent land preconditions. During the AR landfall period, runoff increases over time, reaching a maximum
value before gradually decreasing as the drainage flux flows downstream. To characterize ARs, we record grid-
cell-based variables such as AR category, IVT, AR-induced precipitation, and AR duration (the period between
AR landfall and termination on land). Additionally, we calculate the time gap between two AR landfalls as
“interval days” to investigate the role of back-to-back ARs in modulating runoff response. In terms of runoff
response, we focus on the peak runoff and incremental runoff defined as the difference between the runoff at AR
landfall and the peak runoff. The period between AR landfall and peak runoff is termed “time to peak.”
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Figure 2. (a) Schematic plot showing the AR-induced runoff curve with metrics of interest marked. (b) Averaged AR-
associated runoff time series grouped by selected interval days between atmospheric rivers (ARs) (time spacing between two
landfalling AR events in the unit of days).

Approximately 75% of the time series reaches its maximum runoff before the termination of ARs, indicating that
the time to peak is less than the AR duration.

During the snow-accumulating cool season, we select AR-associated runoff time series at grid cells within the U.
S. West Coast HUC4 watersheds. The selection of AR-runoff events and associated metrics involves three steps.

1. AR Landfall Detection: For each grid cell within the region of interest, we detect AR landfall activity and
generate AR landfall flags using a threshold of 250 kg m™" s™' on IVT. ARs lasting less than one day (4 time
steps) are removed.

2. Runoff Time Series Selection: We identify the beginning of an AR landfall for each landfall period and select
the runoff time series for 14 days (56 time steps) after the beginning of AR landfall. We choose 14 days as the
cutoff point to sufficiently capture AR hydrological impacts upon careful investigation (See Section 3.1).

3. Variable Identification: For each runoff time series, we identify the AR-runoff metrics of interest. Time series
where runoff remains constant or is monotonically increasing or decreasing imply that there is no AR influence
on the runoff curve and therefore are neglected. The neglected time series is determined by the time peak runoff
occurs after AR landfall. We identify time periods without AR influence as those in which peak runoff coincides
with AR landfall (indicating that runoff remains constant or decreases monotonically) or occurs up to 2 days
after the termination of AR conditions. About 32% of time series are removed from our further analyses.
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Table 1
10-Fold Cross Validation Results for the Number of Basis Functions K; and K, for Each Runoff and Grid Cell Type Pairing

Grid cell type Response Accumulated precipitation (K ) Saturation degree (K,)

No snow Peak runoff 15 10
No snow Incremental runoff 10 10
Snow Peak runoff 6 9
Snow Incremental runoff 6 6
HUC-averaged Peak runoff 25 10
HUC-averaged Incremental runoff 25 15

We selected approximately 287,000 time series over 83 cool seasons with about 37.5% of the time series indi-
cating snow presence and 62.5% without snow. A grid cell is considered snow-covered if SWE is greater than
zero. During the 83 cool seasons, most grid cells in the Pacific Northwest have been covered by snow for an
average of 54% of the time steps with respect to the selected AR-related time steps over individual grid cells
(Figure 1b). For grid cells in California, on average, about 25% of AR-related time steps have snow presence.
Regarding spatial distribution, about 97% of grid cells in the Pacific Northwest have snow during over 90% of
AR-related time steps. In addition to the grid cell time series, we also calculated domain-averaged time series for
each HUC4 watershed to represent the domain response to ARs. It should be noted that spatial averaging will
smooth out some strong signals. For example, extreme precipitation over grid cells may be smoothed and not
accurately represented in the HUC-averaged perspective.

2.3. Runoff Regression Model

This study examines multiple factors that contribute to AR-induced runoff. We constructed a generalized additive
model (GAM) (Hastie & Tibshirani, 1987) to predict changes in runoff under the combined effects of AR pre-
cipitation and land preconditions. We utilized the GAM because the relationship between land preconditions and
AR precipitation on runoff is not necessarily linear (more discussion in Section 3). We constructed a separate
GAM for each runoff variable (peak or incremental runoff) and grid cell type (grid cells without snow, grid cells
with snow, or HUC-averaged) pairing. Here, we describe the process for one pair, specifically peak runoff from
grid cells without snow, while the same process applies to the other pairs.

Let Y; be the peak runoff from grid cells without snow for observationi = 1,...,N. Because the peak runoff and
incremental runoff data are skewed, we model the log response of both as a function of the accumulated pre-
cipitation, Precip;, and saturation degree, Sr;, using the GAM

E(Y) =By + /i (Precipi) +f,(Sr;),

where E(Y;) is the expected value of peak runoff, f, is an intercept, f, (Precipi) = Z,’f;l Pubik (Precipi),

f(Sr) = Zsz:1 Bobai(St;), by (Precip;) and by, (Sr;) are thin plate splines for accumulated precipitation and
saturation degree, respectively, that are specified prior to model estimation, #, and /3, are regression coefficients,
and K; and K, are the number of thin plate splines for accumulated precipitation and saturation degree,
respectively. The GAM was estimated using the mgcv package (Wood, 2010) in R (R Core Team, 2023) using a
double penalty to impose smoothing (Marra & Wood, 2011) and assuming normally distributed errors. To
determine the number of basis functions K; and K, in each model fit, we performed 10-fold cross-validation
based on minimizing the Akaike information criterion, deviance, and root mean square error and on model
parsimony. The results of the 10-fold cross-validation are shown in Table 1.

3. Multifactor Impacts on Runoff Curve

In this section, we investigate various factors that influence the AR-associated runoff curves. The runoff response
to ARs varies depending on AR characteristics and hydrological preconditions. Figure 3 shows the Pearson
correlation coefficients of multiple variables against peak runoff.
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Figure 3. Pearson correlation coefficient (bars) and mutual information scores (lines) of selected variables against peak
runoff for grid cells without snow, grid cells with snow, and hydrological unit code averaged time series. The acronyms
“neg_dSWE” and “pos_dSWE” mean the negative and positive changes in snow water equivalent, respectively. The
acronym “Sr_Iv1” and “SrDiff_lv1” represent the saturation degree and change in saturation degree before and after
atmospheric river (AR) landfall (using the peak saturation degree minus the one at AR landfall) at layer 1, respectively. The
same applies to other Sr terms at layers 2—4. The red X marks the NaN value. All correlation coefficients have a p-value
smaller than 0.01 except the ones marked by red dots.

Starting from the left of the x-axis of Figure 3, the results indicate that the peak runoff is closely correlated with
both incremental runoff (1*' column) and runoff at AR landfall (2" column). The runoff value at AR landfall can
be influenced by preceding ARs. For example, Figure 2b shows composites of selected runoff curves resulting
from two consecutive ARs with different interval days. After the landfall of the first AR, the runoff increases to a
peak value and then decreases. We observe different runoff magnitudes at the landfall of the second AR based on
interval days with higher runoff values when interval days are small. For ARs that are 9-10 days apart, the runoff
magnitude at the landfall of the second AR is close to the background value.

The 377" columns in Figure 3 are related to AR activity. The peak runoff is positively correlated with the
accumulated precipitation during AR landfall. A high precipitation rate (labeled as ‘maximum precip’ in Figure 3)
is also positively correlated with peak runoff, suggesting that higher precipitation intensity can lead to greater
peak runoff. The accumulated AR-associated precipitation is influenced by the intensity (‘maximum IVT’) and
landfall duration (‘AR duration’) of ARs. Results indicate that both intensity and duration are positively corre-
lated with peak runoff, with comparable coefficients. Notably, a negative correlation is observed between interval
days to prior AR events and peak runoff, suggesting that higher peak runoff occurs when multiple ARs happen
within a short period (i.e., small interval days). However, the correlation with interval days is relatively lower
compared to other AR-related variables. This is reasonable because the effect of interval days gradually dissipates
as it increases (more in Section 3.1).

The 8"-17" columns of Figure 3 represent the land preconditions including snow and soil moisture. The 8
column indicates that snowmelt, reflected by the negative dSWE, can lead to higher peak runoff. A positive
correlation is observed between peak runoff and positive dSWE, which means snowpack growth. We argue
that this positive correlation may be due to the co-occurrence of snowpack growth and runoff increase during
an AR landfall especially for grid cells without snow. The 10"-17" columns show the correlation of all four
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layers of soil saturation degree, which are consistently positive correlations with peak runoff, meaning that higher
peak runoff occurs when the soil saturation degree is greater. This relationship arises because soil moisture
storage is nearly full and more water becomes overland or subsurface flow, contributing to the peak runoff.
Meanwhile, the change in saturation degree (“SrDiff_lv1 to 4”), calculated as the difference between the satu-
ration degree (Sr) at peak runoff and AR landfall, shows an increasing trend in correlation coefficients with deeper
layers mainly due to the increasing layer thickness and thus more soil water storage in deep layers, which controls
the water table position and runoff generation from the saturation-excess flow. This difference in saturation
degree between layers will be further discussed in Section 3.3.

We observe consistent results between the three grid cell types. The correlation coefficients of AR-related var-
iables and land precondition variables are generally higher for HUC-averaged time series. This could be explained
by the fact that the HUC-averaged time series are more likely to contain the upstream and downstream in-
teractions of river networks. For example, the correlation with maximum IVT is lower in grid cells without snow,
this could be due to (1) the maximum IVT over that grid cell is moderate or weak compared to the AR core or (2)
the AR-related precipitation contributes to the infiltration of soil moisture. Similar correlation coefficients are
found between incremental runoff and selected variables (Supplemental Figure S1 in Supporting Information S1).
The only outstanding difference is that the incremental runoff shows a relatively lower correlation with runoff at
AR landfall. This difference is expected, as runoff at AR landfall represents the system's hydrological memory
from prior precipitation events and baseflow, whereas incremental runoff captures the immediate increment
directly induced by the landfalling ARs.

In addition to the Pearson correlation analysis, we also assessed the relationships between the variables and peak
runoff using mutual information. Mutual information is a measure that quantifies the amount of information
gained about one random variable through another. Unlike Pearson correlation, which assesses only linear re-
lationships, mutual information captures both linear and nonlinear associations between variables. The mutual
information analysis corroborates many findings from the Pearson correlation results. Notably, the variables
related to AR characteristics, including accumulated precipitation and maximum precipitation, exhibit high
mutual information scores, further indicating their strong predictive value regarding peak runoff. Interestingly,
the mutual information scores reveal that the interval days between AR events have a low predictive value
regarding peak runoff as indicated by the near-zero mutual information. This suggests that although shorter in-
tervals tend to correlate with higher peak runoff, the actual variability in peak runoff is not strongly determined by
the interval days alone. Thus, although the timing of consecutive ARs may influence runoff responses, other
factors likely play a more critical role in determining peak runoff levels. This underscores the complexity of the
relationships among these variables. Additionally, the mutual information scores for the soil saturation degrees
(columns 10”-17" in Figure 3) confirm the positive association with peak runoff. Higher saturation degrees in the
soil lead to an increased likelihood of runoff generation, as demonstrated by the significant mutual information
values for all four layers.

In conclusion, the mutual information analysis highlights the potential for identifying interactions between
variables that may not be apparent through Pearson correlation alone. This reinforces the necessity for further
investigation into nonlinear relationships (results in Section 2.3). In particular, the interactions between AR
conditions, land preconditions, and their collective impact on runoff dynamics warrant deeper exploration.

3.1. Interval Days Between Consecutive Atmospheric Rivers

Studies show that ARs landfalling over the U.S. West Coast are temporally clustered at a greater-than-random rate
(Slinskey et al., 2023). Densely packed AR clusters are more impactful because the time spacing between AR
events, or interval days, is shorter, reducing the runoff response time to AR-associated precipitation. Zhou
et al. (2024) indicate that dense AR clusters can result in increased runoff by up to 200% compared to sparse AR
clusters. The spatial distribution of interval days between ARs is determined by the frequency of AR occurrences
and the extent of AR inland penetration. During the Northern Hemisphere cool season, the most active AR season
on the U.S. West Coast (Mundhenk et al., 2016), ARs generally make at least one landfall every 14 days
(Figure 4). Interval days increase further inland as fewer ARs reach these grid cells. Overall, ARs reach the inland
region approximately every 30 days during active seasons. The interval days between ARs increase from north to
south in the focused region due to infrequent AR activity over southern California (Mundhenk et al., 2016).
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Figure 4. Spatial distribution of (a) the median of interval days since prior atmospheric rivers (ARs) and (b) percentage of
ARs occurring within 1 week after the end of prior ARs. The percentage is compared to the total number of AR events.

We subset the AR-related runoff time series based on interval days (in increments of 2 days per bin) to the prior
AR event (Figure 5). Figures 5a and 5b show the 957 percentile of runoff at landfall and peak runoff by different
interval day groups. Here, we show the 957 percentile because groups with shorter interval days have longer tails
toward higher values. More complete percentile distributions including the mean and the 25", 99" percentile are
provided in Supplemental Figure S2 in Supporting Information S1. Time series with interval days larger than
30 days are excluded from this discussion.

We observe strong peak runoff in shorter interval days especially for grid cells with snow (Figure 5a). For
example, the 957 percentile of peak runoff by ARs occurring in 0-2 days after a prior AR is about 1.5 times
stronger than those by ARs occurring 6-8 days after a prior AR. By examining the distribution of runoff at AR
landfall and incremental runoff by AR, we see higher consistency in the distribution of runoff at AR landfall with
peak runoff (Supplemental Figure S2 in Supporting Information S1). We hypothesize that runoff at AR landfall is
modulated by the interval days to prior ARs as the soil moisture memory from the prior AR is still in place.
Results indicate that grid cells covered with snow are much more sensitive to AR interval days. For snow-covered
grid cells, the runoff magnitude at the landfall of the current AR decreases significantly as the interval day in-
creases. Specifically, the 95" and 99" percentile of runoff at landfall when the current AR occurs within 2 days
following the prior AR is nearly twice or even three times as much as within 6-8 days of prior ARs (Figure 5a and
Supplemental Figure S2 in Supporting Information S1). This sensitivity in snow-covered grid cells is associated
with snowmelt activity, which will be further examined later. Conversely, grid cells without snow show less
sensitivity to interval days, indicated by the similar distribution among interval-day groups. The 99" percentile
values suggest a relatively higher runoff at landfall from interval days shorter than a week (Supplemental Figure
S2 in Supporting Information S1). We also present the HUC-averaged values to summarize the regional runoff
response. Results indicate that the snow response is greatly smoothed in the HUC-averaged data (Figure 5a),
although the 99" percentile magnitude decreases with increasing interval days. The peak runoff displays a similar
distribution to runoff at landfall (Figure 5b) with grid cells covered by snow showing the highest sensitivity to
interval days.

As the interval days increase, a consistent decreasing trend in surface soil saturation degree is observed in both
snow-covered and no-snow grid cells (Figure 5c). We present the mean value of soil saturation in the interval day
groups because the soil saturation has a fully saturated cap. Unlike runoff responses, the impact of interval days on
surface soil saturation persists even when the interval exceeds 2 weeks. For regional averages, the saturation
degree can vary by up to 15% when two ARs occur back-to-back within 2—4 days compared to when they occur
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Figure 5. (a)—(c) Distribution of (a) runoff at atmospheric river (AR) landfall (mm/hr), (b) peak runoff (mm/hr), and (c) layer 1 soil saturation degree (%) based on
interval days since prior AR events. Colored lines show (a)—(b) 95" percentiles and (c) mean of different subsets of data: grids without snow, grids covered by snow, and
domain averaged by hydrological unit code regions. (d) Percentage distribution of AR categories (identified by grids) within each interval day group. The text indicates the
percentage values contributed by each AR category.

2 weeks apart. Higher soil saturation with shorter interval days contributes to a higher peak runoff, as less pre-
cipitation is infiltrated into the soil and more is converted to runoff. A similar decreasing trend is observed in soil
layer 2 but is not evident in the deeper soil layers (layers 3—4, Supplemental Figure S3 in Supporting Informa-
tion S1), as subsurface flow has not drained soil water away from these depths.

In addition to the spacing to prior ARs, another factor contributing to the peak runoff is incremental runoff, which
is attributed to the intensity of the current AR. Generally, the ratio of category 1-5 ARs is similar among interval-
day groups larger than 6 days. For interval days shorter than 1 week, we observe a higher ratio of strong ARs
(category >3) within shorter interval days (Figure 5d), indicating that the succeeding ARs that occur within short
interval days are more likely to be of a higher category. However, the distribution of incremental runoff does not
show a clear trend among interval-day groups except for a slight decrease in incremental runoff with increasing
interval days of 0—7 days in snow-covered grid cells (Supplemental Figure S2 in Supporting Information S1).

Figure 5 emphasizes that ARs with shorter interval days to prior events are more likely to result in higher runoff
and highly saturated soil, leading to an increased flood hazard. By grouping the time series into different interval
days, we demonstrate that the influence of interval days diminishes as the interval increases. Groups with ARs
occurring more than 7 days after a prior AR show a similar distribution of the runoff at landfall, suggesting that the
memory of prior ARs is largely dissipated, minimizing the effect of interval days. Figure 4b shows the spatial
distribution of interval days shorter than 1 week. Given the same AR category, areas with a higher frequency of
short interval days potentially have higher runoff responses due to the memory of previous events. Areas with a
high percentage (greater than 30%) include the west coast of the Pacific Northwest, the San Francisco Bay Area
and two hotspots along the South Coast in the Transverse and Peninsular Ranges.

Further, we identify rain-on-snow (RoS) events in every grid cell to examine the role of snowmelt in modulating
AR-induced runoff response. These determination metrics follow previous studies on RoS events (McCabe
et al., 2007; Musselman et al., 2018). More specifically, a RoS event is defined when the grid cell has
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Figure 6. All panels show snow-covered grid cells only (a)-(b) Boxplots of snow-covered grids that have a negative change in snow water equivalent (SWE) during
atmospheric river (AR) landfall for (a) elevation and (b) change value of SWE grouped by interval days since prior AR event. (c) Percentage of counts where cold
content (CC) equals zero relative to all CC grid cells. (d) Boxplot of peak runoff (mm/hr) from (green bars) AR-associated rain-on-snow events and (orange bars) other
AR-associated rainfall events. The whiskers of boxplots mark the 95" and 5" percentile of data. The 25" and 75" percentiles encapsulate the box region. The median
and mean of data are denoted by the horizontal line and dot within the box region.

1. SWE greater than 10 mm,
2. Precipitation during AR landfall is greater than O mm, and
3. The sum of rainfall and snowmelt contributes to greater than 20% of the increase in runoff.

The snow ripeness (or how close it is to producing meltwater) can be measured by its CC. A CC value of zero
indicates that the snow is ready to melt. Active snowpack usually exists in low-elevation regions with small
magnitude CCs (Jennings et al., 2018). With back-to-back ARs, snowmelt occurs at much higher altitudes as
interval days decrease (Figure 6a). All groups in Figure 6a are significantly different from their next group using #-
tests with a p-value less than 0.01 except for groups with interval days between 10 and 12 days (p-value = 0.018).
Groups in Figure 6b are also significantly different with a p-value less than 0.01 except for interval day groups 4—
6 days (p-value = 0.047), 6-8 days (p-value = 0.015), and 8-10 days (p-value = 0.25). We find that shorter
interval days between ARs can lead to a much higher proportion of ripened snowpack (Figure 6¢). When two ARs
occur within 2 days, about 80% of AR-affected snow-covered grid cells are ready to melt during the landfall of the
succeeding AR (Figure 6¢) likely due to increased temperatures from the preceding AR (Gonzales et al., 2022).
Our results also indicate that the 2 m air temperature anomaly associated with ARs is higher with smaller interval
days (Supplemental Figure S4 in Supporting Information S1). Additionally, the mostly saturated soil contributes
to the runoff increase (Figure Sc). The percentage of ripened snowpack drops by 30% when interval days increase
to 2—4 days. This is likely due to the snowpack having sufficient time to refreeze and build back CC. For interval
days longer than a week (68 days in Figure 6¢), the portion of ripened snowpack remains at a semi-constant level
of 40%.

Generally, AR-associated RoS events lead to significantly stronger peak runoffs compared to other AR-associated
rainfall events (Figure 6d). Specifically, the peak runoff from RoS events with interval days of 0-2 days is
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Figure 7. Boxplots of (a) maximum 1 hr precipitation (6-hourly averaged), (b) peak runoff (mm/hr), and (c) time to peak
(days) grouped by atmospheric river (AR) categories. Time to peak is determined by the time between AR landfall and the
peak runoff. Colors mark the three subsets of data: grid cells without snow, grid cells with snow, and grid cells averaged by
Hydrological Unit Code regions. The whiskers of boxplots mark the 95" and 5™ percentile of data. The 25" and 75"
percentiles encapsulate the box region. The median and mean of data are denoted by the horizontal line and dot within the box
region.

approximately twice as strong as non-RoS events. This high peak runoff is due to increased snowmelt represented
by the negative change in SWE (-dSWE) (Figure 6b). For ARs with interval days of less than 2 days, the mean
snowmelt amount is about twice that of other interval days. For interval days longer than 2 days, the distribution of
snowmelt by AR is similar with a mean value of 5 mm. To summarize, the temporal clustering of ARs signif-
icantly impacts snow conditions for the succeeding ARs by increasing the proportion of ripened snowpack areas
across elevations.

3.2. Atmospheric River Category

We apply the AR scaling metric developed by (Ralph et al., 2019) to determine AR categories, utilizing the
maximum IVT and landfall duration of AR conditions in a given grid cell. During an AR landfall, the AR category
is determined at each grid cell affected by the event, meaning that the same AR event can result in different
categories across the impacted grid cells. The determination method is consistent with (Ralph et al., 2019) and
effectively connects to the local extreme impact of ARs. To represent the regional response, we also determine the
AR categories over the HUC regions using the maximum IVT and landfall duration for the entire region.

Besides the high correlation (Pearson correlation coefficient of 0.46 with a p-value of 0) found between ARs and
their accumulated precipitation, we also observe increasing maximum one-hour precipitation with increasing AR
category (Pearson correlation coefficient of 0.34 with a p-value of 0) in Figure 7a. The median values, indicated
by the horizontal lines within each box, suggest that grid cells with snow tend to experience higher maximum
precipitation rates compared to grid cells without snow across most AR categories. Additionally, the range of the
whiskers, which indicates variability in precipitation rates, grows with higher AR categories, highlighting the
influence of local hydrological conditions on precipitation extremes during AR events.

The time from AR landfall to reach peak runoff increases with AR categories (Figure 7b), because given similar
IVT intensity, higher-category ARs have a longer duration over land (Ralph et al., 2019). On average, it takes
about one day for runoff induced by category 1 ARs to peak, whereas it takes about 2 days for category 5 ARs. In
some cases, it may take 4-5 days to peak. Grid cells with and without snow have a similar time for runoff to peak.
Results indicate that higher AR categories cause a higher rate of increase in runoff, contributing to a greater flood
risk due to shorter system response times (Miller, 1977).

Previous studies have discussed how the temperature of landfalling ARs affects changes in the snowpack of
the U.S. West Coast. Guan et al. (2010) showed that ARs contribute about 30%—40% of SWE accumulation
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Figure 8. Boxplots showing the distribution grouped by atmospheric river category for (a) 2 m temperature anomaly (°C), (b) negative change, and (c) positive change of
snow water equivalent (mm). (a) Include all grid cells and the colors denote snow presence in the grid cells. (b) and (c) only include grid cells with snow. The whiskers of
boxplots mark the 95" and 5" percentile of data. The 25" and 75" percentiles encapsulate the box region. The median and mean of data are denoted by the horizontal

line and dot within the box region.

annually with the contribution dominated by a handful of extreme events, which is supported by J. M. Hu and
Nolin (2019). They also showed that the AR-related increases in SWE are negatively correlated with surface
temperature. Gonzales et al. (2022) later discussed that the origin conditions of ARs (i.e., where their lifecycle
starts over the ocean), rather than AR intensity, have a greater influence on the landfall temperature of ARs. Our
results suggest a spread in positive and negative AR landfall temperatures (Figure 8a). The two-m temperature
anomaly is calculated by removing the daily two-m temperature climatology of the grid cell. There are no
significant discrepancies among grid cell types and AR categories except for category 5 ARs over snow-covered
grid cells, where most of the temperature anomalies are below zero.

We further examine the distribution of snowmelt (represented by negative dSWE, Figure 8b) and snow accu-
mulation (represented by positive dSWE, Figure 8c) by AR categories. The distributions of negative and positive
dSWE exihibit different trends. For category 1-2, the magnitude of positive dSWE is about three times as strong
as negative dASWE, suggesting that most categories 1-2 ARs contribute to building the snowpack. Category 3 ARs
show comparable contributions to positive and negative dSWE with a slightly higher value in negative dSSWE. In
contrast, category 4-5 ARs largely contribute to negative dSWE, with values about 3—-6 times stronger than
positive dSWE. High flood hazards are posed when such strong AR events are accompanied by active snowpack
and saturated soil (Henn et al., 2020; Rhoades et al., 2023).

To further understand AR category contributions to runoff, we subset the total runoff events into extremes and
non-extremes. Extreme runoff cases are selected when the peak runoff exceeds the 95" percentile of the HUC-
averaged runoff value within the historical period (1940-2023). Extreme events have a higher percentage of
higher AR categories compared to non-extreme events. The occurrence percentage of categories 3—5 ARs in-
creases by about 100% for extreme events. We observe a 40% decrease in the occurrence percentage of category 1
ARs. Nevertheless, 25% of extreme runoff events are still associated with category 1 ARs (Figure 9a). Addi-
tionally, results show that ARs causing extreme runoff are approximately 30% more likely to be connected to RoS
events compared to AR-related non-extremes. Especially, for weaker categories, 70% of extreme-runoff-
associated category 1 ARs are RoS events (Figure 9b).

Figures 9c and 9d show the distribution of peak runoffs for extremes and non-extremes in different grid cell types.
In both grid cell types, the peak runoffs of extremes are 3—5 times stronger than non-extremes. Notably, extreme
peak runoff from category 5 ARs over snow-covered grid cells is eight times higher than non-extreme ones. We
apply a linear regression to the mean value of peak runoffs as the AR category increases. Both extremes and non-
extremes show positive slopes with increasing AR categories; however, the rate of increase in extreme runoff for
grid cells with snow is 12.5 times stronger than that of those non-extreme runoff. For grid cells without snow, the
rate of increase in extreme runoff is 3.5 times stronger.
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Figure 9. Comparison between AR-associated extreme runoff and total runoff by atmospheric river (AR) category. The first row is related to grid cells with snow and the
second row is for grid cells without snow. (a) Percentage distribution of AR category including both grid cells with and without snow. (b) The relative percentage of the
counts of rain-on-snow events to the total events under AR categories (c)—(h) Boxplots of (c)—(d) peak runoff (mm/hr) (e)—(f) soil saturation degree (%) at layer 1 (0—

7 cm), and (g)—(h) time of occurrence for (green bars) extreme runoff events and (orange bars) non-extreme runoff events. The whiskers of boxplots mark the 95" and
5" percentile of data. The 25" and 75" percentiles encapsulate the box region. The median and mean of data are denoted by the horizontal line and dot within the box
region.

Other factors affecting peak runoff intensity (extremes or non-extremes) include land preconditions and runoff
seasonality. Figures 9e and 9f indicate that extreme runoff mostly occurs with high soil saturation degrees. Higher
AR categories generally correspond to larger soil saturation degrees except for Category 5 ARs over snow-free
grid cells as shown by the pattern of increasing mean soil saturation with increasing AR categories (Figures 9c and
9d). The saturation degree distributions by AR category are significantly different from each other with a p-value
less than 0.01 except for category 1-2 ARs over grid cells with snow. The mean surface soil saturation degree
associated with extreme runoffs is 10%-20% higher than that associated with non-extreme events except for
category 5 ARs over grid cells without snow, where similar distributions of saturation degree appear in both
extreme and non-extreme cases. This suggests that some extreme ARs can rapidly alleviate soil dryness, leading
to extreme runoff even when the soil is initially dry.

We also analyze the timing of extremes and non-extremes to assess the influence of seasonality (Figures 9g and
9h). Note that we only include the snow accumulation period of the cool season in the discussion; thus, the runoff
seasonality here solely refers to the cool season. For grid cells covered with snow, the mean occurrence time of
extreme runoff is generally 2—3 weeks later than that of non-extreme runoff (Figure 9g). There is a shift toward an
earlier time as the AR category increases for extreme runoff. For example, extreme runoff from category 1-2 ARs
can occur from November to March, but extreme runoff from category 4-5 ARs mostly occur between November
and mid-January. The timing discrepancy is more pronounced in grid cells without snow (Figure 9h). Most non-
extreme runoff occurs in the early half of the cool season, between mid-October and mid-December, whereas
extreme runoff happens in the latter half between December and late January or February. This may be attributed
to the change in background runoff: as the cool season progresses, background runoff starts to build up (Bass
et al., 2023), making it easier for weaker AR categories to generate extreme runoff.

3.3. Land Preconditions

Besides AR frequency and intensity, the land precondition before AR landfall plays a crucial role in the runoff
response to ARs. By decomposing the peak runoff into runoff at AR landfall and incremental runoff, we find that
both runoff fractions increase across the peak runoff percentiles (Figure 10a). The runoff at AR landfall can be
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Figure 10. (a) Boxplots of runoff at atmospheric river (AR) landfall and incremental runoff grouped by percentile of peak
runoff. (b) Percentage of contribution to peak runoff by runoff at AR landfall and incremental runoff. The whiskers of
boxplots mark the 95" and 5" percentile of data. The 25", median, and 75" percentiles encapsulate the box region with
horizontal lines.

considered a combination of the memory from prior events and the background runoff, whereas the incremental
runoff represents the increased runoff induced by the landfalling AR.

We show the distribution of all events because grid cells with and without snow have similar distributions (not
shown). Comparable runoff magnitudes at AR landfall and incremental runoff are observed for 80% of the total
events. Notably, for the top 20% of events, the incremental runoff is stronger than the runoff at AR landfall with
the mean value of incremental runoff being twice as much as the latter. The contribution percentage of runoff at
AR landfall decreases with higher peak runoff percentiles (Figure 10b). Overall, the runoff at AR landfall
contributes about 35%—-50% of the peak runoff. Figure 10 indicates that strong peak runoff events (e.g., above the
80" percentile) require both high runoff pre-landfall and a significant runoff increment from strong AR events.

Figure 9 indicates that extreme peak runoffs occur with high surface soil saturation degrees. Here, we show the
distribution of soil saturation degrees across all ERAS soil layers (Figure 11). A positive connection is observed
between soil saturation degree and peak runoff: higher peak runoff is accompanied by more saturated soil. For
small peak runoffs (below the 20" percentile), the soil is less saturated across depth levels with the median
saturation degree around 50%—60% between 0 and 100 cm.

For intensive peak runoffs, the soil is much more saturated, with the saturation degree across layers reaching about
90%. This high saturation greatly reduces soil infiltration and increases the likelihood that precipitation con-
tributes more directly to runoff. The discrepancies in soil saturation among peak runoff percentiles are relatively
smaller in soil layer 4, likely because it is a much deeper subsurface layer and contributes less to peak runoff,
which is usually dominated by faster overland flow and subsurface interflow (Tao & Barros, 2013).

The top 7 cm of soil shows the most immediate response when an AR makes landfall. This layer experiences the
greatest change during an AR event with the saturation degree increasing by about 20% (Figure 11b). The changes
in layers 1-3 decrease as the starting saturation degree approaches full saturation. The occurrence of the greatest
change in saturation degree varies across the layers. Soil layer 1 shows the greatest increase when the peak runoff
is moderately weak (20"-40" percentile). The biggest increase in soil layer 2 appears with moderately stronger
peak runoff (60”-80"" percentile). Finally, the greatest increase in soil layers 3—4 occurs with peak runoff over the
80"-100" percentile. This variation implies that the infiltration depth is jointly determined by precipitation and
antecedent soil moisture, thereby influencing the runoff response (Guo, 2020).
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Figure 11. Boxplots of (a) soil saturation degree (%) at atmospheric river (AR) landfall and (b) changes in saturation degree
between AR landfall and peak runoff. Colors mark the soil layers. The whiskers of boxplots mark the 95" and 5 percentile
of data. The 25", median, and 75" percentiles encapsulate the box region with horizontal lines.
For grid cells covered with snow, the intensity of peak runoff is closely connected to the ripening level of snow.
Figure 12a shows the percentage of active snowpack by peak runoff percentiles. Weaker peak runoffs (below the
60" percentile) have much less active snowpack with less than 30% being active. For stronger peak runoffs (above
the 80" percentile), about 40% of snow-covered grid cells have active snowpack. Consequently, more than 50% of
strong peak runoff events are associated with RoS (Rain-on-Snow) events (Figure 12b). The connection between
peak runoff intensity and snowpack is consistent with previously discussed results: high peak runoff is more likely
to occur under conditions of saturated soil and a ripened snowpack, which could result from back-to-back ARs
(Figures 5 and 6).
4. Statistical Quantification of Runoff Response
Section 3 discusses how AR-induced runoff changes by the saturation degree and AR characteristics. We show
that high soil saturation and high AR category can lead to a higher increase in runoff. However, the combined
effect of soil saturation and AR precipitation on runoff is still not clear. Notably, weak AR categories can also
produce extreme runoff when nearly saturated soil is present due to preceding ARs. Here, we construct a GAM
particularly to quantify the impact of soil saturation (represented by saturation degree) and AR precipitation
(represented by accumulated precipitation during landfall) on peak runoff and incremental runoff. The reason for
ZHOU ET AL. 16 of 23
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Figure 12. Percentage of (a) counts of grid cells with cold content equals zero at atmospheric river landfall and (b) counts of
rain-on-snow events, grouped by percentiles of peak runoff. The calculation only considers grid cells covered with snow.

selecting these two variables is that they show relatively high mutual information with runoff (Figure 3 and
Supplemental Figure S1 in Supporting Information S1).

To visualize the relationship between saturation degree and accumulated precipitation for each runoff variable
and grid cell pair, we compute the estimated mean response and 95% confidence interval as a function of
accumulated precipitation, ranging from O to 200 mm, for a given percentile of saturation degree, the
25,50, 75%, 951 and 99,

Figure 13 shows a consistent increase in both peak and incremental runoff as accumulated precipitation increases.
Additionally, for multiple runoff variables and grid cell type groupings, the runoff response significantly differs
depending on the saturation degree percentiles, as indicated by the 95% confidence intervals not overlapping,
which means that the preconditioning of the soil significantly impacts the runoff response. For grid cells without
snow (Figures 13a and 13d), the peak runoff is stratified for all percentiles except the 95" and 99", which overlap
for nearly all values of accumulated precipitation. However, for incremental runoff, the delineation between
percentiles is less clear, with only the 25" percentile being clearly different for all values of accumulated pre-
cipitation. For grid cells with snow (Figures 13b and 13e), the stratification based on percentiles for both peak and
incremental runoff is the same as for the corresponding response when considering grid cells without snow. One
difference is the shape of the response curves, where the curves for grid cells without snow do not appear to flatten
as accumulated precipitation nears 200 mm.

For HUC-averaged data (Figures 13c and 13f), both runoff variables are stratified based on the increasing
percentile, with the 25" percentile resulting in the lowest mean runoff and the 99" in the highest. Interestingly, the
significance of the difference between saturation degree percentiles for both peak and incremental runoff for
HUC-averaged cells depends on the accumulated precipitation. For runoff variables, the confidence intervals
widen as accumulated precipitation increases, and there is no clear significant difference between the saturation
degree percentiles when accumulated precipitation is greater than 175 and 125 mm for peak and incremental
runoff, respectively. Additionally, for HUC-averaged data, the response curves appear to flatten or decline as
accumulated precipitation approaches 200 mm, which we attribute to the lack of observations with accumulated
precipitation values greater than 200 mm (see Supplemental Figure S5 in Supporting Information S1), and the
uncertainty in the mean response widens, which is also a product of fewer observations for high values of
accumulated precipitation. One possible explanation is that the spatial averaging smooths out the extreme signals
so that the sample size for such strong accumulation precipitation is smaller (Supplemental Figure S5 in Sup-
porting Information S1).

In summary, by analyzing the estimated mean responses and 95% confidence intervals for peak and incremental
runoff across varying saturation percentiles and accumulated precipitation levels, we observe a consistent
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Figure 13. Mean response (solid line) and 95% confidence intervals (shaded area) for peak runoff (a—c) and incremental runoff (d—f) for increasing values of accumulated
precipitation and different levels of soil saturation degree (color of lines and shaded region) for grid cells without snow (left column), grid cells with snow (middle
column), and grid-cell averages by Hydrological Unit Code regions (right column).

increase in runoff as AR precipitation rises. Notably, the distinct stratification of runoff responses based on
saturation degree indicates that soil preconditioning plays a critical role in determining runoff outcomes. As
accumulated precipitation approaches higher thresholds, the confidence intervals widen, and distinct differences
among saturation percentiles become less evident, suggesting that extreme conditions may dilute the effects of
saturation. This analysis underscores the importance of soil saturation in modulating runoff responses during AR
events while also acknowledging the limitations associated with high precipitation observations.

5. Sensitivity Discussion

The large uncertainty in AR characteristics could originate from AR detection uncertainty, which can, in turn,
affect the interpretation of AR-runoff relationships (O’Brien et al., 2020; Rutz et al., 2019; Shields et al., 2018;
Zhou et al., 2021). Different AR detection algorithms (ARDTs) are developed based on specific questions of
interest. For example, restrictive algorithms highlight the core area of ARs with the strongest intensity, which can
be used to understand the lifecycle activity and the physical development of ARs. Meanwhile, permissive al-
gorithms tend to include more grid cells impacted by AR conditions, which are useful from the impact perspective
of ARs (e.g., precipitation that occurs away from the AR core region). Previous studies (e.g., Figure 6 in Rutz
et al. (2019)) emphasized that only a handful of the permissive ARDTs can identify AR conditions over the
interior region of the coastal western U.S., which is the area located about 10° away from the coastline and
embedded within complex topography (e.g., California Sierra Nevada). This limitation, however, restricts our
selection of ARDTs because it is essential to include AR hydroclimate responses in these interior grid cells. To
address the detection uncertainty in this study, we include two ARDTs that are developed by Guan and Wal-
iser (2015) (denoted as tARget) and Ullrich et al. (2021) (denoted as Tempest) to compare with our selected
method of absolute threshold on IVT (denoted as IVT250). The tARget algorithm uses multiple criteria, including
an 85" percentile relative threshold on the IVT field, constraints on IVT direction, and the geometric shape. It is
one of the most permissive algorithms among all ARDTs (Zhou et al., 2021). The Tempest algorithm applies an
absolute threshold on the Laplacian of IVT and a threshold on the geometric shape. The frequency of ARs
detected by Tempest along the U.S. West Coast falls within the median range among all ARDTs (Rutz
et al., 2019). The period for the sensitivity test is the cool seasons from 1985 to 2014.
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Figure 14. (a)—(c) Atmospheric river (AR) frequency (percent of time steps) of the focused season for (a) absolute integrated vapor transport threshold (IVT250),
(b) tARget, and (c) TempestExtreme (TE) (d)—(e) Percentage of agreement for (d) IVT250 against tARget, and (e) tARget against IVT250. (f) Density distribution of
AR categories among the three AR detection algorithms.

All three ARDTs show higher AR frequency over the Pacific Northwest, but the amplitude of AR frequency
differs (Figure 14). Atmospheric river frequency using IVT250 shows the highest amplitude with AR conditions
occurring on average 16% of time steps over the Pacific Northwest and 2%-8% over California (Figure 14a). The
AR frequency by tARget is in weaker amplitude over the Pacific Northwest with AR conditions happening in
about 10% of time steps, but it has a higher amplitude over California, with about 6%—10% of AR-affected time
steps (Figure 14b). The Tempest ARs show the smallest amplitude over the U.S. West Coast compared to the
other two ARDTSs with most grid cells having less than 4% of AR-affected time steps. The comparison suggests
that Tempest may not be the most suitable ARDT for this study, likely because its use of an IVT Laplacian
threshold combined with geometric shape limits its ability to detect AR conditions over land.

Next, we calculate the percentage of agreement between IVT250 and tARget. We define the agreement between
the two ARDTs as occurring when both detect an AR condition at the same time step over the same grid cells.
Figures (Figures 14d and 14e) show the percentage of time steps in agreement between the two ARDTSs. The
results suggest a high percentage of agreement between [IVT250 and tARget. Specifically, for IVT250, most grid
cells over the U.S. West Coast have more than 70% of time steps consistent with ARs detected by tARget. For the
tARget algorithm, the higher agreement appears near the coastline, with more than 50% of time steps agreeing
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with IVT250. However, the percentage of agreement drops as one moves further inland. Additionally, we find a
high consensus in the density distribution of AR categories between IVT250 and tARget (not shown).

Despite the high agreement in spatial distribution between IVT250 and tARget, we observe a disagreement in the
number of selected time series. Over 1985 to 2014, IVT250 returns about 123,000 time series, whereas tARget has
240,000, which is almost twice as many as [IVT250. However, the correlation coefficients of peak runoff against
AR-related variables and land preconditions show high agreement between IVT250 and tARget (Figure 14f),
indicating the robustness of the results presented in this study.

To summarize, we observe high agreement in the detection of AR conditions between IVT250 and tARget, which
is one of the most widely used permissive ARDT. Although tARget has a larger sample size in AR-related
hydrologic time series, we use IVT250 because of its ease of application and provides instantaneous AR
detection on data sets such as reanalyses and model forecast outputs.

6. Summary and Discussion

In this study, we extensively investigate the contributing factors to runoff response from ARs over the U.S. West
Coast. Results demonstrate that high-category ARs can result in a stronger increase in local runoff consistent with
previous studies (Chen & Leung, 2020). By examining the distribution of related variables by AR categories, we
show that higher AR categories have higher maximum one-hour precipitation rates and result in greater incre-
mental and peak runoff. Besides the direct impact of the AR category, we emphasize that the occurrence fre-
quency of ARs, land preconditions (including soil moisture and the ripeness of the snowpack), also play crucial
roles in modulating the runoff response.

Runoff responses from weaker AR categories are more sensitive to land preconditions because the conditions
before AR landfall establish the baseline runoff state, which may be compensated for if the AR is strong enough.
We demonstrate that the upper percentiles of peak runoff occur when the soil is already in a nearly saturated state.
Higher peak runoffs also lead to deeper soil infiltration.

We observe different runoff magnitudes between grid cell types (with snow or without snow) in response to ARs.
The increased runoff is of much higher magnitude in grid cells with snow due to the contribution from snowmelt.
For grid cells covered with snow, high-runoff-peak events are mostly associated with RoS events especially for
weaker ARs. Although high-category ARs are more likely to induce extreme runoff, we find that weaker AR
categories (such as categories 1 and 2) can also lead to extreme runoff given pre-existing high runoff conditions or
significant snowmelt amounts. Snowmelt from ripened snowpacks contributes to incremental runoff, greatly
increasing the potential for extreme runoff. We also highlight that there is a much higher ratio of active snowpack
when two ARs occur within a week. Some ARs contribute to snow accumulation as the moisture they carry cools
when passing over mountains. Our results show that ARs contributing to the growth of the snowpack are mostly
category 1-2 ARs.

We apply aregression model to examine the combined effect of AR precipitation and land preconditions on runoff
responses. Uniformly increasing trends in peak runoff and incremental runoff are observed across grid cell types
as AR precipitation increases. Clear distinctions are noted with different soil saturation levels, emphasizing the
importance of soil dryness when assessing the impacts of AR landfall. When evaluating landfall impacts using the
AR category scale (Ralph et al., 2019), it is crucial to include land preconditions (soil dryness and snowpack
ripeness) for a more accurate estimation of local runoff response and flood hazard.

Our results have significant implications for the risk assessment of ARs by examining relevant factors that
contribute to runoff response. These factors, including AR characteristics (intensity, occurrence frequency, and
precipitation) and land preconditions (soil saturation and snowpack), could be incorporated into prediction
models to assess AR-induced runoff curves. Additionally, the current study provides model evaluation metrics for
runoff response to ARs. Beyond comparing individual variables, the GAM regression model is a valuable tool for
evaluating the effects of multiple variables (AR characteristics plus land conditions) on runoff.

Several limitations are noted in this study. First, some runoff time series were not included due to the lack of
indication of AR-induced changes, which may lead to an incomplete representation of AR impacts. Why some
AR-influenced grid cells showed no evident runoff change is not discussed in this study. Second, the permissive
AR detection algorithm used in this study may include some rainfall events that are not classified as ARs by other
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detection algorithms, potentially overestimating AR-related runoff. Third, the ERAS5 land surface model esti-
mates runoff using a single-column model without subsurface transfer of water between grid cells, which may not
fully capture the complexity of real-world hydrological processes nor the influence of water management and
infrastructure on runoff.

The discussion on the interval days between consecutive ARs reflects the specific land conditions set by prior
ARs. The impact of interval days between ARs is prominent until two ARs are a week apart or more. When two
ARs occur back-to-back within a week, the runoff response to the succeeding AR is greatly intensified due to the
“memory” of the preceding AR, characterized by higher runoff values and increased soil saturation. We observe a
slightly higher ratio of moderate and strong ARs occurring in back-to-back sequences, which could exacerbate
their already hazardous land impacts. It has been shown that back-to-back AR clusters may occur more frequently
in warmer climates (Bowers et al., 2023). Key questions to be addressed include how the mean-state land con-
ditions prior to AR landfall will change with warming temperatures and whether AR-associated runoff will
become more sensitive to back-to-back ARs in the future.

Challenges remain in quantifying and understanding the impacts of preceding ARs, as 30%-50% of ARs
along the West Coast occur in succession (i.e., two ARs within a week; Figure 4). To address this challenge
and isolate runoff responses from the preceding and succeeding ARs, our ongoing research focuses on
building a machine learning model to predict the AR-induced runoff curve using inputs from AR charac-
teristics and land preconditions. Additionally, this model has the potential to be applied to Earth system
models as a diagnostic tool for land-atmosphere interactions and to assess the influences of climate change on
these interactions.

Data Availability Statement

The ERAS hourly data can be retrieved from https://cds.climate.copernicus.eu/datasets/reanalysis-eraS-pressure-
levels?tab=overview. The ERAS cold content is calculated and archived in https://portal.nersc.gov/archive/
home/a/arhoades/Shared/www/ERA5_Cold_Content.
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