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Abstract: The potentially destructive flooding resulting from rain-on-snow (ROS) events motivates
efforts to better incorporate these events and their residual effects into flood-related infrastructure
design. This paper examines relationships between measured streamflow surges at streamgages
across the Western United States and the meteorological conditions preceding them at SNOTEL
stations within the same water catchment. Relevant stream surges are identified using a peak
detection algorithm via time series analysis, which are then labeled ROS- or non-ROS-induced based
on the preceding meteorological conditions. Both empirical and model-derived differences between
ROS- and non-ROS-induced stream surges are then explored, which suggest that ROS-induced stream
surges are 3—-20 percent larger than non-ROS-induced stream surges. Quantifying the difference
between ROS and non-ROS-induced stream surges promises to aid the improvement of flood-related
infrastructure design (such as culverts) to better guard against extreme flooding events in locations
subject to ROS.
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1. Introduction

Rain-on-snow (ROS) events occur when rain falls on the existing snowpack [1], often
leading to substantial snowmelt and occasionally resulting in dangerous amounts of water
runoff. The excess runoff resulting from ROS events is generally the result of soil saturation
levels being too high to absorb new moisture combined with snowmelt caused by warm
temperatures and high humidity accompanying rainfall [2]. If the combined rainfall and
snowmelt produced by an ROS event is large enough to cause flooding, it is referred
to as an ROS event with flood-generation potential [3]. Although not all ROS events
possess flood-generation potential, those that do pose an immediate concern because of
the catastrophic damage caused by ensuing floods on local infrastructure. The concern
surrounding ROS events with flood-generation potential is also supported by an observed
increase in their frequency over the past 50 years with rising global temperatures due to
climate change [4].

There are many existing methods that define the necessary weather conditions for an
ROS event to occur, all of which involve some nominal amount of precipitation falling on
snowpack. Specific variables used to provide these conditions relate to snowpack in and
outflow (e.g., temperature, precipitation, snowmelt, snow water equivalent (SWE), etc.).
Mazurkiewicz et al. (2008) [5] required there to be at least 0.254 mm of precipitation
falling on snowpack over a 24 h period (divided into three-hour time steps) in order to
qualify as an ROS event. Expanding the time window, Freudiger et al. (2014) [3] employed
a “3 mm over 6 days threshold” when screening for ROS events with flood generation
potential. In another example, the methodology of Musselman et al. (2018) [6] focused
on ROS events with flood-generation potential, described in detail in Section 2.4. We note
some of the differences in these ROS definitions stem from differences in geographical and
climatological contexts. For example, two of these studies focused on the Western United
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States [5,6], while one focused on Central Europe [3]. Further, each study used different
types of data, including historical in situ measurements [5], historical reanalysis data [3],
and model-based climate simulations [6]. Despite these differences, these studies provide
themes for identifying ROS events with flood-generation potential that inform our current
work, as will be explained in the following sections.

Snowmelt is a less commonly reported meteorologic variable that is often difficult
to precisely measure. Yan et al. (2018) [7] proposed the use of next-generation inten-
sity duration frequency curves—a recently adapted modeling method used in hydrologic
design to accommodate “extreme hydrometeorological events” in locations with heavy
snowfall—to estimate precipitation and the resulting “water available for runoff”, or snow-
pack drainage/melt. They calculate snowmelt directly by examining daily fluctuations in
precipitation and SWE within the snowpack to determine its net water content. This calcu-
lation is useful because recorded snowmelt measurements are difficult to directly obtain.

One weather-related variable excluded from Musselman et al. (2018) [6]'s ROS clas-
sification approach, but included in a number of other approaches, is air temperature.
Temperature often serves as a primary indicator for distinguishing between rain and snow-
fall; however, despite the freezing point being at 0 °C, precipitation type is also influenced
by factors like elevation and various other location-dependent conditions. Research on
phase partitioning methods to improve the accuracy of making this distinction was dis-
cussed by Harpold et al. (2017) [8], who stated that increased accessibility of more sophisti-
cated methods than those available currently is necessary to accurately determine phase
partitions. Wang et al. (2019) [9] suggested using wet-bulb temperature as an alternative
to near-surface air temperature to differentiate between rain and snowfall since the latter
tends to underestimate snowfall in drier regions. Due to the ambiguity in using tempera-
ture to distinguish between precipitation as rain and snowfall, ROS classification methods
relying on snowpack water content fluctuation are considered somewhat more reliable
than methods only employing temperature thresholds.

Much research has been conducted throughout the past several decades to investigate
how snowpack characteristics fluctuate during ROS events. Heggli et al. (2022) [10] dis-
cussed modeling weather and snowpack conditions for ROS events in order to inform snow-
pack runoff decision support systems at the site where snowfall occurs and “consider([s] the
potential for terrestrial water input from the snowpack”. Wayand et al. (2015) [11] focused
on how topography, vegetation, and storm energy influence melt from snowpack during
ROS events. Floyd and Weiler (2008) [12] examined snow accumulation measurements
and ablation dynamics in ROS events with a focus on snowpack, mentioning how ROS
“is the primary generator of peak flow events in mountainous coastal regions of North
America”. Wiirzer et al. (2016) [13] also called out the large peakflow magnitudes pro-
duced by ROS events in mountainous areas in the past. Both Wever et al. (2014) [14] and
Singh et al. (1997) [15] explored how rainfall, snowmelt, SWE, soil temperature, and addi-
tional weather parameters impact runoff observed at snow measurement stations. These
studies made valuable contributions to a deeper understanding of snowpack behavior
during ROS events, many of them mentioning impacts on streamflow, but none of them
directly addressed the impact of ROS on streamflow.

The limited research that exists linking ROS events to streamflow responses pre-
dominantly focuses on modeling and predicting streamflow behavior. For example,
Riicker et al. (2019) [16] discussed the effects of snowpack outflow on streamflow after
ROS events, factoring in the influence of vegetation in their study analyzing data from
2017 and 2018 at several locations in Switzerland. Further, Surfleet and Tullos (2013) [17]
investigated the correlation between ROS precipitation events and peak daily flow events in
Oregon. Their findings projected a decrease in ROS events leading to high stream peakflows
at lower and mid-level elevations, alongside an increase at higher elevations, as climate
change perpetuates rising global temperatures. Myers et al. (2023) [18] investigated the
impact of ROS events on the hydrology of the North American Great Lakes Basin under cli-
mate change, finding a significant reduction in melt in warmer regions but minimal change
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in colder areas. Additionally, their study highlighted the increasing proportion of rainfall
over snowfall, affecting snowpack formation and suggesting implications for freshwater
ecosystems and human activities reliant on snow. These studies emphasize the importance
of quantifying the magnitude of ROS impacts—since there are many areas across the world
with high flood risk due to elevation and changing climate conditions—but none of them
quantify the impact of ROS events on flooding in comparison with flooding produced in
non-ROS scenarios.

Quantifying increases in streamflow accompanying ROS events has the potential to
not only improve understanding of characteristic ROS magnitude in comparison with
typical floods but also influence culvert and infrastructure design in an engineering setting.
The Hydrologic Engineering Center Hydrologic Modeling System (HEC-HMS), built by the
US Army Corps of Engineers, is software “designed to simulate the complete hydrologic
processes of dendritic watershed systems” [19]. This engineering tool is used by engineers
to simulate hydrologic conditions within a watershed basin and generate predictions of
runoff volume and flow [20]. An estimated flood surcharge associated with ROS events
would allow engineers using HEC-HMS to adjust simulated flow rates to more accurately
model the output of ROS-induced floods and appropriately adjust infrastructure design in
at-risk areas.

The remainder of this paper explores temperature, snowpack, and precipitation con-
ditions that precede recorded stream surges in mountain locations across the Western
United States. Our unique approach links lower elevation stream gages to higher eleva-
tion snow measurement locations, rather than only observing the response of snowpack.
To accomplish this, we

¢  Create a dataset linking historical streamflow peaks across the Western United States
to spatially relevant weather conditions,

*  Use generalized additive models (GAMs) to represent both ROS and non-ROS-induced
peak surges at a regional scale, and

¢ Examine the differences between ROS- and non-ROS-induced surge representations
to quantify ROS impact on streamflow.

Modeling this relationship provides us with a better quantitative understanding of the
difference between these two characteristic flood types, allowing infrastructure designers to
better anticipate and prevent catastrophic flood damage from occurring in areas vulnerable
to ROS-induced flooding.

The remainder of this paper proceeds as follows: In Section 2, we give an explanation
of the Western United States streamflow /weather data cleaning and preparation processes
as well as the details behind the formation of a streamflow peak dataset. In Section 3, we use
GAMs and other machine learning (ML) models to represent streamflow surges from the
peak dataset formed in Section 2 and examine the distribution of ROS- to non-ROS-induced
surge ratios. In Section 4, we discuss conclusions and areas for future work.

2. Methods

A primary contribution of this paper is a new dataset relating observed surges in
streamflow to the weather conditions that preceded the surge. We then classify those
weather conditions as ROS or non-ROS-based on variable thresholds described later in this
section. To create the dataset, we aggregate streamflow measurements and weather data
based on watershed boundaries. The dataset is then used to compare surge size in ROS
and non-ROS-induced floods. Table 1 describes the data sources used to obtain the relevant
variables. Streamflow, SNOTEL, and PRISM data are accessed through functionality
available in the rsnodas package [21]. Data collection is limited to the area encompassed
by the Western United States, including the states of Arizona, California, Colorado, Idaho,
Montana, Nevada, New Mexico, Oregon, Utah, Washington, and Wyoming.
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Table 1. Data sources used in the creation of the stream surge dataset.

Source Abbr. Description

Streamflow data for 2586 streamgages at
United States Geological Survey [22] USGS a sub-hourly level and gage flood stages,
when available.

Daily weather data from 808 stations,

Snowpack Telemetry Stations [23] SNOTEL  used to identify conditions for

ROS events.

Hydrologic unit code (HUC) shapefiles
Watershed Boundary Dataset [24] WBD at the HUC 8 level.

Modeled weather data for comparison
PRISM  with and verification of
SNOTEL measurements.

Parameter-elevation Regressions on
Independent Slopes Model [25]

Our primary interest in the streamflow measurements is identifying peaks, or surges,
in streamflow. We employ the cardidates R package to identify peaks, which contains
the functionality to detect peaks within times series data [26]. The raw streamflow mea-
surements are available at both daily and sub-hourly frequencies, but are often reported
on irregular 15-min intervals with stretches of missing values. It is possible that these
intervals of missing measurements are sometimes the result of flow rising to unusually
high levels, causing gage sensors to malfunction [27,28]. In order to perform peak detection,
we require that the data resemble a complete time series, with non-missing measurements
reported at regular time intervals. To correct the time series intervals while still preserving
the temporal scale of the data, we retain hourly maximum streamflow measurements and
linearly interpolate any missing values in the hourly time series using the neighboring
streamflow measurements. While some streamgages required multiple attempts to success-
fully download their measurements, our data download process results in the collection of
22.1 million hourly streamflow measurements from 2348 of 2586 possible streamgages.

2.1. Peak Detection and Baseflow Calculation

Once the data are appropriately organized, we use an application of the peakwindow ()
function from the cardidates R package to detect peaks within the data based on a user-
specified threshold. Whenever possible, we use predefined flood stages as this thresh-
old. The National Weather Service defines flood stage as “the stage at which overflow
of the natural banks of a stream begins to cause damage in the local area from inunda-
tion (flooding)” [22]. Predetermined flood stages are published online by the USGS for
737 of the 2586 streamgages originally involved in our study (28.5 percent). Flood stages
for the remaining 1849 gages are estimated using a multiplier based on each station’s
maximum recorded streamflow measurement. The multiplier is defined as the median
ratio between the maximum recorded streamflow measurement and the recorded flood
stage from the previously described set of 737 stations. The ratio between the maximum
recorded streamflow measurement and the flood stage varies widely from 0.05 (i.e., flood
stage is 5 percent of the maximum recorded streamflow measurement) to more than 10
(i.e., flood stage is 10 times the maximum recorded streamflow measurement). That said,
the interquartile range of these ratios falls in a relatively tight range of 0.44 to 0.88, suggest-
ing that a typical flood stage tends to be between 44-88 percent of the maximum recorded
streamflow measurement. With this in mind, we select the median value of 0.67 as the
multiplier to estimate flood stages as a function of maximum recorded streamflow. In other
words, for stations lacking pre-defined flood stages, stream surges are only retained if
the surge is larger than 66 percent of the maximum recorded streamflow measurement.
The use of this multiplier attempts to strike a balance between focusing on streamflows
with flood generation potential, while still preserving an adequate sample size for analysis.
One limitation of this approach is the dependence upon the maximum recorded stream-
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flow measurement, which, while easy to obtain, is sensitive to outliers. While our results
suggest a reasonable balance between flood-stage-defined stream surges and flood-stage-
estimated stream surges, future work should consider alternative methods for imputing
flood stage thresholds.

The cardidates package documentation [26] describes how the peakwindow () func-
tion operates in two steps: (1) peak identification and (2) peak refinement. We summa-
rize their description of the peak detection process in the context of this specific project
as follows:

1.  Peak identification: Every streamflow value that exhibits a higher value than at the
timestamps directly before and after its occurrence is identified as a peak.

2. Peak refinement: The list of identified peaks is refined by defining ‘subpeaks’ that are
excluded from the finalized peak list. Subpeaks are characterized by either having a
height that falls below the flood stage threshold at their corresponding streamgage
or by not having a sufficiently large trough, or pit, between neighboring peaks. This
refinement process is repeated until there are no more subpeaks.

After defining existing/estimated flood stages for each streamgage, we implement
the peak detection algorithm using the peakwindow() function and identify peaks at
2199 of the 2348 available streamgages using each gage’s full period of record. We detect
a total of 60,811 peaks between all the streamgages. Of these 60,811 peaks, 55,207 are
reported at streamgages with estimated floodstages (90.8 percent). The majority of the
2199 gages reporting peaks have 30-40 years worth of data and began recording streamflow
measurements at the subhourly level between 1986 and 1990, the first recorded date being
1 January 1980. Note that this study treats each stream surge as a unique and independent
observation, which means that streamgages with longer periods of record have a greater
influence on model results.

In order to examine differences in streamflow surges between ROS and non-ROS
peaks, we obtain a baseflow (by) measurement preceding each peakflow (ps) measurement
and define stream surge () in Equation (1) as

Pr
g=1r 1)
by

Peakflow measurements for each streamgage are reported by the peak detection
algorithm along with the timestamp. We calculate baseflow by finding the median of
hourly streamflow measurements at the relevant streamgage in the two-week period prior
to the stream surge peak. For instances where two peaks occur in a time period shorter than
two weeks, we adjust the algorithm to use the median of the streamflow measurements in
the time between the two neighboring peaks to describe the baseflow of the latter peak.

2.2. Weather Data

Weather data measurements are obtained at a daily level for 808 SNOTEL stations
across the 11 states of interest. The specific variables we use to inform ROS flood classifica-
tion and surge representation include the following:
¢  Temperature (Temp in °C)

*  Precipitation (Precip in mm)

*  Snow Depth (SD in cm)

*  Snow Water Equivalent (SWE in mm)
*  Soil Moisture (SM as percentage)

e  Elevation (Elev in m)

*  Snowmelt (Melt in mm)

SNOTEL stations use devices called snow pillows to measure SWE, which describes
the water content available in the snowpack [29]. Melt (s;;) is not a variable reported
directly by SNOTEL stations, so we calculate it using Yan et al. (2018) [7]’s method with
measured Precip and SWE. This calculation is performed as follows:
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Sm = (P + qu) - qu,]/ (2)

where s, represents SWE, p represents Precip, and g represents day. Equation (2) assumes
that measured Precip is equivalent to the increase in water content of the snowpack on days
with no snow melt. Any bias in measurements of Precip or SWE would thus be reflected in
this calculation. Future research should compare this calculation to modeled estimates of
snow melt such as those available in the Snow Data Assimilation System (SNODAS) [30].
This snow melt measurement is used in the Musselman et al. (2018) [6]'s ROS classification
framework described previously.

2.3. Associating Streamgages and SNOTEL Stations

The USGS’s Hydrologic Unit Code (HUC) system divides the United States into a set
of drainage basins at six different spatial scales, ranging from continental (HUC 2) to local
(HUC 12). A drainage basin, or watershed, is an area of land that captures precipitation and
channels it into a creek, river, or stream, eventually leading to the ocean [31]. In order to
associate the streamgages and SNOTEL stations in our dataset, we group them together by
HUC 8 watershed boundaries. We only retain measurements contained in watersheds that
have at least one SNOTEL station and at least one streamgage. Connecting streamgages
and SNOTEL stations in this way assumes that measured water at SNOTEL stations will
flow to the streamgages existing in the same HUC 8 basin. After associating streamgages
and SNOTEL stations by HUC region, only 7807 of the 60,811 (13 percent) peaks remain
for analysis at 1279 unique streamgages. Of these remaining peaks, 4977 (64 percent) are
reported by streamgages with estimated flood stages. This considerable post-association
decrease as well as intermediary decreases in usable SNOTEL station and streamgage
counts are shown by Table 2. Despite the data loss, exploration of ROS in HUC 8 watersheds
containing SNOTEL stations allows us to target streamgages in mostly mountainous areas
prior to flood control measures (i.e., dams), which are likely the streamgages most sensitive
to fluctuations from ROS events.

Table 2. SNOTEL station and streamgage counts at each step in the data refinement process.

Processing Step SNOTEL Count Streamgage Count
Initial 808 2586
Post-Download 808 2384
Post-Peak Detection 808 2199
Post-Association 726 1279

2.4. Daily ROS Event Classification

Recall the many different ways of defining an ROS event in Section 1. In this study,
we employ the Snowmelt calculation utilized by Yan et al. (2018) [7] (and subsequently
defined in Equation (2)) in conjunction with Musselman et al. (2018) [6]’s ROS classification
approach. We implement this method using historical Precip and SWE values reported by
SNOTEL stations. This method requires that the following three conditions be met in order
to positively classify an ROS event:

1. sp >10mm
2. p > 10 mm
3. su/(p+sm)>02

where p is Precip, sy is SWE, and s, is Snowmelt. After identifying days when ROS event
conditions have been met at individual SNOTEL stations, we determine whether a day
qualifies as an ROS event day at the HUC 8 level by requiring that at least half of the
SNOTEL stations within a HUC region fulfill the requirements for an ROS event to occur.
We then classify peaks as ROS induced if they occur within seven days of an ROS event in
their respective HUC region. Of our remaining peaks, 2725 are classified as ROS induced
(34.9 percent) and the remaining 5082 (65.1 percent) as non-ROS-induced. Figure 1 shows
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the distributions of surge magnitude in ROS- and non-ROS-induced floods classified using
this method. We see that non-ROS-induced surges tend to be considerably smaller than
those that are ROS induced, and that the overall surge distribution most closely resembles
the distribution of non-ROS-induced surges.

We also explore the different distributions of the weather conditions preceding a
stream surge for both ROS and non-ROS events in Figure 1. The distributions of Temp,
Precip, and SWE are shown to highlight differences between ROS and non-ROS behaviors.
We see that temperatures for ROS-induced peaks tend to be around 2.8 °C lower than
those that are non-ROS-induced, possibly due to the time periods throughout the year in
which both peak types are more likely to occur. The left skew in ROS compared to the
right skew of the non-ROS Precip measurements indicate that for surges classified as ROS
induced, Precip measurements preceding the surge tend to be substantially larger. ROS
and non-ROS follow similar distributions for SWE.

051 0204 = = Overall
=== Non-ROS
== ROS

0.15 1
0.104
0.05 1
0.00 4 -
1 4 16 64 256 1024 4096 0 50 5 10 15 20
Surge (cfs, log2-scale) Temperature (in °C)

Density

1 2 4 8 16 32 64 128 256 512 1 4 16 64 256 1024 4096
Precipitation (in mm, log2-scale) SWE (in mm, log2-scale)

Figure 1. Densities of ROS vs. non-ROS classified streamflow surge, Temp, Precip, and SWE measure-
ments in comparison with the overall distributions of these variables.

However, Figure 1 ignores the spatial structure inherent in the data, as ROS events
do not occur at the same rate across the Western United States. Figure 2 visualizes the
spatial distribution of surge counts and relative surges attributed to ROS events in the
region of interest. We see that there is a higher proportion of ROS surges in the Northwest,
confirming that ROS events tend to occur more frequently in northern mountainous regions
near the coastline [6]. It also shows that the overall surge count per year by HUC 8 region
does not follow a clearly identifiable pattern across the region of interest.
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Figure 2. Choropleth maps comparing overall surge count per year in each HUC region (left, log2
scale) to the proportion of the surge count that is ROS induced (right, linear scale).

Figure 3 shows the frequency of ROS- and non-ROS-induced surges by month. We observe
that the majority of non-ROS-induced flooding occurs during the spring and summer
months, specifically in May and June, likely in the form of spring runoff. In contrast,
ROS-induced floods seem to occur in roughly equal proportions from November to January

as well as May:.
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Figure 3. Proportions of total peaks occurring in each month by ROS classification.
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We next examine the distribution of the ratios of ROS vs. non-ROS-induced surges.
This ratio is calculated for an individual streamgage in Equation (3):

r=9% ®)

(m)

where r is the ratio of surges, g, * is the station-level median of all ROS-induced surges, and

gﬁlm) is the station-level median of all non-ROS-induced surges. Only the 245 streamgages
with at least two non-ROS and ROS peaks are considered in the final distribution. Due to
our relatively small sample size of peaks and the inherently sensitive nature of ratio
calculations, 7 tends to be overly influenced by outlier observations. Figure 4 shows the full
range of these empirical ratios, with the largest and smallest outliers indicating, respectively,
that there were streamgages whose median ROS surges tended to be 30 times larger and
50 times smaller than their median non-ROS surges.

0.02 0.06 0.25 1.00 4.00 16.00 64.00
Ratio (log2-scale)

Figure 4. Boxplot showing the full range (log scale) of empirical ratios of ROS-induced surge to
non-ROS-induced surge measurements at streamgages with qualifying peaks. Values above one
indicate that ROS-induced surges tend to be larger than their non-ROS-induced counterparts and
vice versa.

2.5. Database Description

For each of the 7807 remaining flood peaks in our analysis, we link weather variables
to the streamgage’s peak occurrence by calculating summaries of measurements from
SNOTEL stations located in the same HUC region for the 5 days prior to the peak day. We
assume the dependence of streamflow response upon the accumulation of Precip, SD, etc.
during the 5 days leading up to the peak. The choice of five days is similar to the six-day
window explored by Freudiger et al. (2014) [3] and is intended to account for the fact that it
may take several days for streamflow to respond to an ROS event occurring in a separate
part of the same watershed. That said, future work should determine the sensitivity of
the ROS classification to variations in the period of time preceding a stream surge that
is considered for ROS classification. For each weather variable, values for all SNOTEL
stations within the relevant HUC region over the given time period are collected, and the
HUC-level median of the following summary statistics is calculated separately for each
station: mean, median (station-level), minimum, and maximum. The sum of Precip over
this time period is also calculated. The overall median value for the entire HUC region for
each summary statistic is then added to the data frame containing peak information. We
include an example of this aggregation for a single ROS-induced streamflow peak near
Reno, Nevada on 10 February 2017. The map in Figure 5 shows the spatial distribution of
the SNOTEL stations and streamgage within the HUC 8 boundary.

We show the aggregation of data required to connect SNOTEL weather data with the
streamgage in Table 3. This example only shows the aggregation for the means of each weather
variable to demonstrate the workflow—median, minimum, and maximum measurements are
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also computed and stored in a similar manner. The ‘HUC’ column in this table represents the
specific values appended to this peak observation in the peak data frame. This aggregation is
performed for each of the 7807 peaks. Additional relevant variables in the final data frame
used for analysis include peakflow, baseflow, surge, ROS classification, and the geographic
location (i.e., longitude and latitude) of the streamgage at which peak occurrence is observed.
Overall, there are 49 variables associated with each peak observation. A list of all variables
and the summaries applied to the weather variables is available in Table 4.

Table 3. Example of data aggregation by HUC region for a singular peak. Mean measurements
are found at each SNOTEL station for the 5 days prior to peak occurrence (stations are sorted
by increasing elevation). The ‘HUC” column contains the HUC-level medians of the station-level
mean measurements for each variable and are highlighted in bold. Variables include Temperature
(Temp), Precipitation (Precip), Snow Water Equivalent (SWE), Snow Depth (SD), Soil Moisture (SM),
Snowmelt (Melt), and Elevation (Elev).

SNOTEL Station Mean Measurements by ID

Variable 540 1242 809 539 784 340 541 652 HUC
Temp (°C) 27 44 2.8 21 0.5 0.4 -0.3 -0.8 1.3
Precip (mm) 315 40.1 37.6 33.5 57.4 224 40.6 55.4 38.9
SD (mm) 113 118 151 149 289 252 385 433 201.7
SWE (mm) 374 439 470 448 1386 845 1273 1408 658
SM (8-in %) 30.7 39.6 36.7 21.2 39.7 25.0 19.4 8.3 27.8
SM (20-in %) 28.2 39.3 38.7 25.0 274 17.7 19.6 9.5 26.2
Melt (mm) 29.4 39.1 36.1 26.9 1.0 0 0 7.6 17.3
Elev (m) 1962 1979 2072 2128 2442 2510 2541 2683 2285
39.8°N 4 3o Portola gwm-vmmn e )

39.6°N 4

2 Sierraville
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Figure 5. Map of HUC 16050102 with eight SNOTEL stations (IDs: 540, 1242, 809, 539, 784, 340, 541,
652—sorted by Elevation) and one streamgage (ID: 10349300).

The final dataset connects weather measurements to streamflow surges through HUC
association to establish spatial dependencies, allowing us to meaningfully investigate
streamflow response to weather behavior. It also contains information about ROS clas-
sification for each peak, which provides us with not only a better understanding of the
characteristics of ROS-induced floods, but also a better understanding of the relationship
between ROS and non-ROS floods and what distinguishes their behavior. The following
section demonstrates an application of this dataset to model differences between ROS- and
non-ROS-induced stream surges.
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Table 4. List of variables and their associated statistical summaries included in final dataset.
Variable Minimum Maximum Median Mean Sum
State
1D
HUC
Datetime
Peakflow
Baseflow
ROS Class
Surge
Temp X X X X
Precip X X X X X
SD X X X X
SWE X X X X
SM (8-in %) X X X X
SM (20-in %) X X X X
Melt X X X X
Elev X X X X
Coordinates

2.6. Model Selection and Tuning

We create generalized additive models (GAMs) for representing stream surge with the
intent to provide a more accurate and stable indicator of stream surge differences while
controlling for location-specific anomalies. GAMs are an adaptation of a linear model
that permits nonlinearity in the prediction of the response variable through the use of
data-driven smoothing functions [32]. Due to the highly skewed distribution of surge
measurements, we elect to use the log of surge as our response variable.

As an initial step in the modeling process, we determine which of the
37 eligible explanatory variables from the peak dataset are the most important in pre-
dicting log-surge through a combination of tests for statistical significance and practical
viability. For example, we remove SM percentage measurements from consideration for
practical purposes since over 80 percent of peak observations report it as missing. The
remaining variables are selected based on their significance and explanatory power, as
determined through the manual addition and removal of variables from the candidate
models. The initially retained variables for modeling log-surge are summarized in Table 5.

Table 5. List of variable summaries included in the initial version of the GAM formula. Base-
flow, latitude, and longitude do not undergo summarization so the ‘Baseflow (log-transform)’ and
‘Coordinates’ rows are left blank.

Variable Min Max Median Mean Sum

Baseflow (log-transform)

Temp X X
Precip X X X X

SD X

SWE X

Coordinates
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In order to introduce the mathematical representation of the simplified GAMs, let
u and v be vectors representing a collection of one or more geographic coordinates in
(longitude, latitude) format. Further, let u correspond to the geographic location of the
streamgage measuring the ith surge and v; correspond to the unique geographic location
of the jth SNOTEL station located in the same HUC region as the related streamgage.
Let 5, be the vector of length j containing mean SWE measurements at multiple SNOTEL
stations (with locations v;) for the 5 days prior to peak occurrence in the relevant HUC
region (k). Since there are often multiple SNOTEL stations within a HUC region, we
summarize over k, by finding the median, represented by the superscript (m), of the mean
SWE measurements from all j SNOTEL stations. Finally, let 7 indicate the index of the surge
in our dataset of flood peaks that this value is calculated for. For example,

§Z(£n)(0] € ka)i,
represents the median of the mean SWE for a particular stream surge measured at a stream
gage in watershed k,. We use similar notation for median Temp (t,,.4), mean SD (5;), and
maximum Precip (pmax). The remaining explanatory variables, including baseflow (bs) and
the geographic location of the gage (u), are derived from streamgage rather than SNOTEL
stations and require no statistical summary prior to inclusion in the model.

Let fi...fs denote the default smoothing functions used in our model that employ
penalized thin plate regression splines [33]. Additionally, let /(u) represent isotropic
second-order splines on the sphere for modeling any marginal geographic effects [34].
Equation (4) represents our final GAM post the variable selection described in Section 3.

logg(u € k)il = f1 |tmea™ (0] € k)] + f2 | pnar™ (0 € k)i
+ o507 (05 € ko] + a5 (05 € Ka)i ]+ @
+fs [logbf(u € k,x),} +h[(u € kq)i] +e.

3. Results
3.1. Cross Validation

To validate the accuracy of our GAM, we implement 10-fold cross-validation (CV)
at the streamgage rather than observation level. In other words, all observations from
a single stream gage are grouped together in the training or test sets in each fold of the
CV. We track GAM results when including and excluding SD to see if a simplified model
will yield similar results. Table 6 shows the mean squared error (MSE) and mean absolute
error (MAE) resulting from 10-fold CV. These results show that the model containing SD
performs slightly worse than the model excluding it, though this may be partially explained
by the fact that the model including SD has fewer observations available for training and
testing. Regardless, the performance suggests that there is little to no benefit in including
SD in the GAM model predicting stream surge.

Table 6. Initial GAM accuracies, both including and excluding SD.

GAM Formula R? MSE MAE Obs. Utilization
Without SD 0.75 0.83 0.48 6675
With SD 0.76 0.94 0.49 5143

To assess the effectiveness of these GAMs in surge representation, we observe the
performance of a null model to compare with the accuracy of the GAM predictions. The null
model does not contain explanatory or response variables—it simply provides the global
median of the log-surge multiplier we are predicting with the GAMs. After 10-fold CV, this
basic model produces a MSE of 3.28 and a MAE of 0.8. Since the fitted GAM excluding SD
reduces the MSE by 75 percent and the MAE by 40 percent and the GAM containing SD
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reduces the MSE by 71 percent and the MAE by 38 percent relative to the null model, we
have evidence that both GAMs produce meaningful predictions, and we proceed to further
simplify the models without substantial loss in predictive power.

GAM models with fewer variables are easier to deploy and less sensitive to small
changes in input data. This motivates us to narrow the model formula down to include
just one Temp and one Precip measurement type rather than several different summaries
of those two variables, as was the case for the models presented in Table 6. To do this, we
create a list of formulas in which we provide all possible combinations of individual Precip
and Temp variables while holding the other variables constant. We then fit a GAM with
each formula from this list to determine which has the smallest MSE after CV. Results for all
variable combinations, both including and excluding SD, are similar in accuracy, with the
models using median Temp and maximum daily Precip being the most accurate. The final
variables considered in the GAM modeling are median Temp, maximum Precip, mean
SWE, log of Baseflow, and geographic location (i.e., latitude/longitude), as was previously
shown in Equation (4).

3.2. Station Profiles

The primary purpose of the GAM models is to quantify changes in predicted stream
surge for different combinations of variables representing ROS and non-ROS events.
Using the final two GAM models (one including SD and one excluding SD), we formu-
late characteristic profiles for ROS and non-ROS conditions specific to each streamgage.
We do this by using the summary statistics shown in Table 7 for each explanatory variable
utilized in our GAM. The median annual maximum variable measurement is chosen in
several cases to represent what would be considered an “extreme”, though not uncommon,
ROS event. In this way, the profile is intended to provide a conservative estimate of the
relative difference between ROS- and non-ROS-induced stream surge. A more detailed
description of why we choose each specific summary statistic to represent the profiles is
given as follows:

¢ Temp: We use the global medians of non-ROS and ROS classified peaks, since measure-
ments for both scenarios remain somewhat consistent across locations. Unlike other
variables, these values are set globally rather than separately for each station.

*  Precip: We use the median annual maximum Precip measurement for both non-ROS
and ROS-induced peaks because current engineering design practice relies on projec-
tions of extreme Precip that do not discriminate between ROS and non-ROS events.

¢ SD: We use a measurement of zero for non-ROS-induced peaks because an ROS event
cannot occur if there is no snow. We then use the median annual maximum SD
measurement for ROS-induced peaks because it is representative of a large, though
not uncommon, snow accumulation event.

¢ SWE: We use a measurement of zero for non-ROS-induced peaks and the median
annual maximum SWE for ROS-induced peaks, using the same justification that we
use for SD.

*  Baseflow: We use the median overall baseflow measurement for each streamgage, as
it gives a sense of the typical flow at the gage.

Table 7. Values used to describe characteristic profiles for ROS and non-ROS events.

Variable ROS Non-ROS
Temp overall ROS median overall non-ROS median
SD median annual maximum 0
Precip median annual maximum median annual maximum
SWE median annual maximum 0
Baseflow overall median overall median

Coordinates station-specific station-specific




Water 2024, 16, 2826

14 of 21

3.3. Training the GAMs

With the profiles compiled for each streamgage, we train the GAMs on the original data
containing information about each peak and use those trained models to create a dataset
containing surge predictions for the characteristic profiles defined for each streamgage.
After generating predictions for both the ROS and non-ROS profiles at each streamgage, we
calculate the ratio between ROS and non-ROS exponentiated surge multipliers, furthermore
referred to as the ROS stream surge ratio (ROSSR). The ROSSR is calculated by streamgage
similarly to the empirical surge ratios in Equation (3), but without the aggregation by
median, resulting in the following simplified formula:

r = g/
n
where 7 is the ratio, §, is the predicted surge for the ROS profile, and g, is the predicted
surge for the non-ROS profile. The distributions of these ratios from the GAMs both
including and excluding SD are used to investigate the general behavior of surges in ROS
vs. non-ROS flood peaks, as shown in Figure 6. We see that the GAM excluding SD
generates surge predictions for ROS and non-ROS that are more similar to each other than
those produced by the GAM containing SD.

To better understand the role each term in Equation (4) plays in the predicted surge
values, we examine plots of the marginal effects for both GAMs. For simplicity, this paper
only shows the marginal effects for the model, excluding SD.

Starting with the GAM including SD, we see from Figure 7 that the variable with
the largest effect on predicted surge is baseflow. This is likely because baseflow is the
denominator of surge (see Equation (1)), so higher values produce lower predictions.
Precip is positively associated with predicted surge, though the effect size is small in
comparison with baseflow. Temp produces its highest effect size between zero and ten
degrees, trending up again as it approaches 40 °C. SWE does not appear to contribute much
to the predictions relative to the other variables, though we must recall that ROS events are
correlated with both Precip, and Temp (see Figure 1), making it difficult to isolate the SWE
effect in the model.

T
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: = With Snow Depth
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14
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Figure 6. Distribution of ratios of surge predictions for ROS and non-ROS behavior at streamgages
with qualifying peaks for both the GAM with SD and the GAM without.
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Figure 8 is a repeat of Figure 7 that uses local scales for the vertical axis of each marginal
effect to highlight trends that are not clearly visible in Figure 7. We see in Figure 8 that the
relationship between SWE and predicted surge is non-linear, though the association does
not appear to be significant based on the standard errors of the marginal effect. The model
calculates a p-value of 0.015, indicating that the SWE effect is marginally significant.

Figure 9 shows the marginal effect of the spatial term included in the GAM. It shows
that, after accounting for the effects contributed by all other variables, the gages located in
the southern and eastern parts of the region of interest tend to have slightly larger stream
surges. We postulate that the purpose of this trend is to smooth out differences between
areas with high and low water flows, but future work should investigate the reasons for
these spatial patterns.

Baseflow Precipitation

T wonmpry vwmige v g wewoy womeee v ol g e R L B R R
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SWE Temperature

Effect Size
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Figure 7. Marginal effects of numeric variables included in the GAM without SD with fixed vertical
axes. The solid line indicates the effect size, while the dashed line indicates 95 percent confidence
intervals for each effect. The tick marks along the x-axis represent the values of the individual

observations used to train the GAM.
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Figure 8. Marginal effects of numeric variables included in the GAM without SD with varying vertical
axes. The solid line indicates the effect size, while the dashed line indicates 95 percent confidence
intervals for each effect. The tick marks along the x-axis represent the values of the individual

observations used to train the GAM.
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Figure 9. Marginal effect of spatial term on the GAM excluding SD. Color represent the effect size for
a given geographical location, with the legend split by equally spaced intervals.

3.4. Model Sensitivity

Recall that Figure 6 showed the distribution of ROSSR predictions from the GAMs
across all streamgages. In this subsection, we use bootstrapping techniques to investigate the
sensitivity of the median ROSSRs shown in Figure 6. As a brief summary, bootstrapping is a
technique where the original dataset is sampled with replacement to create a “new” dataset
of identical size. The new dataset includes repeats of some observations and omits other
observations and provides a way to explore the sensitivity of estimations to perturbations in
the input data. In this case, we generate predictions for 200 bootstrap samples and use them
to approximate the distribution of the median r from each sample. The distributions of these
medians are shown in Figure 10 for both GAMs. We observe that the model containing SD
has notably more sensitivity /variability in the median ROSSR than the model excluding it.
There is little visual evidence to suggest that the medians of either of these distributions are
much different from 1.0, though the empirical results suggest that the values do tend to be
higher (by 3-9 percent) when the SWE values are nonzero.
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Figure 10. Distribution of bootstrapped median ROSSR for both the GAM with SD and the GAM without.
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To further explore the sensitivity of the GAM projections to changes in ROS, Figure 11
also includes curves showing the ROSSR if the quantity for SD and SWE in the characteristic
profiles were cut in half (for both the models including and excluding SD). Medians for
both distributions increase substantially and variability decreases. There is strong visual
evidence that the medians of both distributions are significantly above 1.0 after halving
the snow accumulation profile. With these smaller SWE values, the models predict that
surges will be 9-20 percent larger for an ROS characteristic profile as opposed to a non-ROS
characteristic profile.

12+
Without Snow Depth

= With Snow Depth

median = 1.2

0.75 1.00 1.25 1.50
Median ROSSR

Figure 11. Distribution of bootstrapped median ROSSR for both the GAM with SD and the GAM
without, where the SWE and SD values from the characteristic profiles for ROS are cut in half.

The results from Figures 10 and 11 suggest that the true median ROSSR lies in the
interval between 1.03 and 1.2. Recall that the ROSSR represents a ratio between the ROS-
typical surge and the non-ROS-typical surge as predicted by the GAM. This means that
ratios above one indicate that the predicted stream surge for an ROS typical event is larger
than the correpsonding prediction for a non-ROS event. In this case, the ratio indicates that
ROS surges tend to be somewhere between 1.03 and 1.2 times, or equivalently 3-20 percent,
larger than non-ROS surges in our region of interest. Keep in mind, however, that both
ROS and non-ROS stream surges tend to occur with snow on the ground. The implications
of using no snow in the non-ROS profile may overstate the influence of ROS on the model
results. Future work needs to further the non-ROS profile construction to determine
potential variations on the ROSSR results presented in this paper.

3.5. ML Application with Stressor

To compare the accuracy of ML approaches to predicting log-surge as compared to
the GAMs, we use the ML model implementation available in the stressor R package [35].
We examine results from using the same subset of variables as the GAM containing SD,
both including and excluding the latitude (lat) and longitude (lon) terms, as well as from
including all summary statistics from variables shown in Table 1 besides SM measurements.

Table 8 shows the accuracy metrics for the top 5 (of 17) ML and linear regression
models using the same 10-fold CV groupings at the streamgage level described previously.
For most modeling methods, the formula including the lat/lon terms performed either
the same or considerably better than the formula with no lat/lon. In addition to this, we
observe that the highest performing model—the Extra Trees regressor containing just the
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GAM variables in addition to lat/lon—achieves a MSE 0.2 smaller than the MSE reported
by the GAM model containing SD described previously. Only seven of the models applied
using stressor perform better than the GAM with SD, and only four perform better than
the GAM without. This suggests that our GAM models are competitive with other ML
methods for modeling representations of stream surges from our dataset.

Using the subset of variables from the GAM (including lat/lon) and the non-ROS
profiles with larger SWE, we plot the ROSSR distributions (no bootstrap) for the highest
performing models across the board from Table 8—Light GB, Extra Trees, and AdaBoost—in
Figure 12. The medians of all three distributions fall either close to or within the range of me-
dians found from bootstrapping in Section 3.3. The Extra Trees and Light GB distributions
have considerably more variability than the AdaBoost distribution. The AdaBoost distri-
bution closely resembles the ROSSR distribution for the GAM excluding SD in Figure 10,
while the Extra Trees and Light GB distributions follow a trend more similar to that of
the GAM including SD. These ML results are in agreement with what we obtained with
our GAMs, reinforcing the use of the GAM models as an effective method for modeling
stream surge.

Table 8. Cross validated results for the top five ML methods applied using the stressor R package.
Errors colored red are smaller than the MSE of 0.93 reported by the GAM containing SD. ‘MSE’
columns represent ML models that use all candidate explanatory variables, while ‘GMSE’ columns
only contain the subset of variables used in the final GAM formula from Equation (4). ‘+Geo’ indicates
that the model includes lat/lon terms, while ‘—Geo’ indicates it does not. Model acronyms include
Gradient Boosting (GB).

Method MSE +Geo MSE —Geo GMSE +Geo GMSE —Geo
Light GB 0.74 0.99 0.78 1.04
Extra Trees 0.77 0.98 0.73 0.97
AdaBoost 0.87 0.99 0.89 1.06
GB 0.95 1.02 1.09 1.12
Random Forest 1.05 1.10 0.83 1.09
47 : : : = AdaBoost
o
median=1 L1 1 = Extra Trees
1
| — Light GB
3 i \
P
22
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Figure 12. Distributions of ROSSR for top three performing ML models from Table 8.
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4. Conclusions

This paper presented a novel approach to quantifying the impact of ROS events on
surges in streamflow relative to non-ROS-induced stream surges. This process required
the development of a data workflow that automatically identified surges in streamflow
and paired them to the snowpack, temperature, and precipitation conditions preceding
the surge at nearby SNOTEL stations. The creation of this dataset allowed us to model
the direct impacts of ROS weather events on streamflow response using GAMs and ML
models, which suggested that ROS-induced stream surges tend to be 3—20 percent larger
than non-ROS-induced stream surges.

One potential area of future work includes researching alternative methods to those used
in this study for imputing flood stage thresholds not reported by the USGS. Additionally, we
hypothesized an explanation for the marginal effects shown for the spatial terms in our
GAMs in Figure 9, but a more in-depth investigation should examine more precise rea-
soning behind these spatial patterns. Further, the construction of non-ROS streamgage
profiles should be further developed to determine potential variations on ROSSR results.
Another area for future work, as mentioned previously in this paper, would be to replace
SNOTEL measurements with gridded snow data such as SNODAS [30]. This would allow
the analysis to be expanded to include non-mountainous regions. Additionally, future work
should consider the impacts of vegetation and landscape characteristics on streamflow
response to ROS events by incorporating data sources that provide that information.

Despite these opportunities for improvement, the adjustment factor we propose based
on the dataset we created has the potential to benefit hydrologic design. For example,
engineers can use our unitless flow adjustment factors (e.g., 1.03-1.2) to conservatively
adjust design flow calculations in areas where ROS is expected to be an issue within the
geographical limits of our study area, which is the western Continental United States.
Additionally, the dataset and software described in this paper, made freely available online,
facilitate exploration of the relationship between ROS events and streamflow data in areas
outside of our study area.
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HEC-HMS Hydrologic Engineering Center Hydrologic Modeling System

HUC Hydrologic Unit Code

MAE Median Absolute Error

ML Machine Learning

MSE Mean Squared Error

NDOT Nevada Department of Transportation

PRISM Parameter-elevation Regressions on Independent Slopes Model
ROS Rain-on-Snow

ROSSR Rain-on-Snow Stream Surge Ratio

SD Snow Depth

SM Soil Moisture

SNOTEL Snowpack Telemetry
SNODAS  Snow Data Assimilation System

SWE Snow Water Equivalent
USGS United States Geological Survey
WBD Watershed Boundary Dataset
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