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Abstract. In 2023, parts of eastern Colorado experienced their wettest three-month period (May - July) out of 129 years of
record. This extreme precipitation led to flash flooding, road washouts, and significant property damage among Colorado
communities along the Front Range including Denver, Boulder, and Fort Collins. Although the Front Range is the most
populated region in Colorado, few studies have explored the evaporative origin of Front Range precipitation. To better
anticipate and understand extreme precipitation events across the region, we focus our investigation on the evaporative origin
of the extreme precipitation in May, June, and July (MJJ) of 2023 and how it compares to moisture sources during the previous
two decades. This study uses the Water Accounting Model 2 Layers (WAM2layers) and hourly ERAS reanalyses to quantify
the evaporative sources of precipitation in Colorado’s Front Range during MJJ of 2023 and over the past 23 years (2000-2022).
Our moisture source analysis reveals that for the Front Range region in May-July of 2023: (1) the three primary moisture
sources are the Pacific Ocean, the western United States, and Colorado itself, contributing just over 66.2% of total precipitation;
(2) historically, those same regions dominate evaporative contributions in MJJ, but terrestrial contributions and local moisture
recycling (i.e., precipitation that recently evaporated from within the Front Range) in May-July of 2023 accounted for a slightly
greater proportion of precipitation than on average; (3) moisture sources in May-July 2023 were a statistical outlier in terms
of the magnitude of moisture contributed to the Front Range; and (4) anomalous evaporative contributions in May—July 2023
originated from a broad range of regions, more consistent with the leading mode of moisture source variability, which reflects
widespread anomalies from Colorado and the Pacific Ocean, rather than the second leading mode characterized by a north—
south dipole in anomalous contributions from regions north and south of the Front Range. This research provides new insights
into the origins of extreme rainfall in the summer of 2023 as well as the historical moisture sources of warm-season

precipitation in the Front Range.

1 Introduction

In May through July of 2023, parts of eastern Colorado experienced its wettest three-month period out of 129 years of record
(Colorado Climate Center, 2024; Fig. 1). Multiple heavy and convective rain events during these three months caused some

regions across eastern Colorado to receive over 400 mm of rain, exceeding their average annual precipitation. Out of
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Colorado’s 5.7 million residents, the Front Range urban corridor is home to an estimated 4.9 million people (U.S. Census
Bureau, 2020), making this region particularly susceptible to increased damage from heavy rainfall events. This record-
breaking rainfall affected many residents along the Front Range in the form of urban flooding, property damage, and
infrastructure damage such as road washouts and sinkholes.

Precipitation Rank: 3 Months Ending July 2023 (May-Jul)

statewide anomaly from 1901-2000 avg: +1.53 inches
statewide rank: 114th driest/16th wettest

source: NOAA/NCEI nclimgrid
map: Colorado Climate Center/Colorado State University
map generated 10 June 2024

{Immm g
record 10t 20th 35th 35th 20th 10th record
driest driest driest driest wettest  wettest  wettest  wettest

precipitation rank out of 129 years (1895-2023)

Figure 1: Ranking of precipitation from May-July 2023, compared to all 129 May-July periods in the NOAA’s Monthly U.S. Climate
Gridded Dataset (NClimGrid) precipitation dataset. The areas in darkest green had record-breaking wet conditions in 2023. Figure
adapted from the Colorado Climate Center’s Climate at a Glance webpage (Colorado Climate Center, 2024).

1.1 Moisture Source Research

One useful lens to study precipitation is through its evaporative source regions or evaluating where that moisture last
evaporated from before falling as precipitation. Studying moisture sources provides insight into how water is exchanged
between the surface and the atmosphere, and overall, furthers our knowledge of the hydrologic cycle (Gimeno et al., 2020).
Brubaker et al. (2001) suggests that proper identification of precipitation source regions could improve seasonal to interannual
precipitation forecasting. Koster at al. (2004) found that contributions from local, terrestrial moisture sources could be
important to precipitation anomalies in eastern Colorado due to a coupling between soil moisture and precipitation in the
region. Through the exploration of Front Range moisture sources, this study aims to better understand the extremely wet 2023

May-July season and identify specific regions that could lead to better anticipation of extreme wet seasons in the future.
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There is an extensive and growing body of research exploring extreme precipitation through the identification of its moisture
sources and the associated pathways of water vapor transport. The specific moisture sources and mechanisms behind water
vapor transport can vary considerably by location (Gimeno et al., 2020), so many researchers have opted to conduct regional
analyses of precipitation at multiple timescales (i.e. multi month to sub weekly periods). Previous studies have explored the
moisture sources of regions within Europe (e.g. Gustafson et al., 2010; Pinto et al. 2013; Rios-Entenza and Miguez-Macho,
2014; Ciric et al., 2018; Cloux et al., 2021), Asia (e.g. Zhao et al., 2016; Liu et al., 2021; Zhang et al., 2023; Liu et al., 2024;
Zhang et al., 2024), Africa (e.g. Durmond et al., 2011; Rapolaki et al., 2021), and South America (e.g. Arias et al., 2015;
Marengo et al., 2013). There is also abundant research studying the origins of precipitation in United States, including regions
such as the Southwestern US (e.g. Jana et al., 2018; Erlingis et al., 2019a; Erlingis et al., 2019b; Skinner et al., 2023),
Midwestern US (e.g. Dirmeyer and Brubaker, 1999; Yang et al., 2023; Kim and Dominguez, 2023), and broadly across the
country (e.g. Dirmeyer et al., 2009; Hu and Dominguez, 2015).

Previous literature has identified moisture sources of eastern Colorado during wet or extremely wet periods. However, the few
studies conducted in this region are either outdated or span too large of a region to study the precipitation events during May-
July of 2023. Eden et al. (2016) found that for the September 2013 Colorado flood event, eastern Colorado moisture sources
were substantially different from September climatological sources. Jana et al. (2018) used a particle tracking model
(HYSPLIT) to explore the moisture sources of warm season rainfall (July-September) in Eastonville, Colorado from 1979 to
2013. However, these previous studies only analyze July-September moisture sources up until 2013, making it unsuitable for
diagnosing the evaporative origins of precipitation after or during May and June. Erlingis et al (2019b) identified the Gulf of
Mexico, Gulf of California, and Southwestern US as moisture sources of flash flooding events in Colorado and New Mexico.
Skinner et al. (2023) found that during the wettest springs and summers in the Southwestern US, anomalous precipitation
predominantly originated from remote sources, and moisture recycling within the region amplified these already wet seasons
by up to 30%. Both investigations utilize study regions spanning multiple states and include precipitation not only from
Colorado’s Front range but also including rainfall from New Mexico and Arizona. Local features such as topography, land
cover, and circulation patterns inherently shape water vapor transport and availability in the atmosphere (Brubaker et al., 2001;
van der Ent et al., 2010; Gimeno et al., 2020). Thus, highlighting the need for updated, regional analyses to adequately capture

the evaporative origins of precipitation in Colorado’s Front Range.

1.2 Study Goals

Our goal is to better understand the extreme precipitation in the May-July season of 2023 by quantifying where it last
evaporated from and putting those results into the context of the past two decades (2000-2022). Exploring this region’s
historical sources of precipitation provides a baseline in which we can compare 2023 moisture sources to. If the dominant
moisture sources in May-July of 2023 were substantially different than average, then we could potentially identify source
regions that are important to extreme precipitation in the Front Range. In doing so, we would be building some capacity to

better anticipate or foresee extremely wet seasons before they occur. Ultimately these goals were designed to inform the

3



85

90

95

100

105

110

https://doi.org/10.5194/egusphere-2026-796
Preprint. Discussion started: 9 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

emergency management team within the Colorado Water Conservation Board (which partially funded this project) by
providing a better understanding on how the extreme precipitation in the May-July season of 2023 unfolded. Furthermore,
providing twenty-four years of continuous moisture source data for the Front Range, the most populated region in Colorado,
provides a foundation to understand the long-term moisture transport into the region. Although this paper focuses on
Colorado’s Front Range, we analyzed four other regions within eastern Colorado that also experienced an extremely wet May-

July season in 2023. These results can be found in the Appendix B.

2 Methodology
2.1 Water Vapor Tracking Methods

Water vapor in a given area can be thought of as the sum of two components: (1) moisture that evaporated remotely and
advected into a region and (2) moisture that evaporated from within the region itself (Burde and Zangvil, 2001). Moisture that
evaporates from the land surface and returns as precipitation within the same region is a process called moisture recycling
(Brubaker et al., 1993; Keys et al., 2012; Kostner et al., 2004; Skinner et al., 2023). To quantify the source regions of
precipitation, it is essential to have a method for tracking water vapor as it moves through the atmosphere. Observational data
related to moisture sources typically rely on measuring stable isotopes of water to infer the origins of precipitation in the region
(Dansgaard, 1964; Gimeno et al., 2020; Sprenger et al., 2016). To address the goals of our study, these observational
approaches are too spatially and temporally limited for a multi-year moisture source analysis in eastern Colorado. Furthermore,
isotope analysis cannot provide the level of spatial detail needed to conclude what specific geographical source regions are
important to Front Range precipitation intended for this analysis (van der Ent et al., 2013). Current methods of calculating the
evaporative sources of precipitation mostly rely on model-based tools that use numerical tracking methods (Gimeno et al.,
2020; Insua-Costa and Miguez-Macho, 2018). The types of numerical tracking methods can generally be defined by two
characteristics: (1) whether the methods are online or offline and (2) whether they use a Lagrangian or Eulerian framework
(van der Ent et al., 2013; Insua-Costa and Miguez-Macho, 2018).

In online methods, water vapor tracking occurs concurrently as the weather or climate model progresses in time and simulates
various atmospheric phenomenon (e.g. Bosilovich and Schubert 2002; Knoche and Kunstmann, 2013; Rios-Entenza and
Miguez-Macho, 2014). Offline methods use meteorological variables after reanalysis becomes available or after the
climate/weather model has completed to then calculate the evaporative origins of rainfall independently (e.g., Tuinenburg et
al., 2012; Tuinenburg and Staal, 2020). One of the major discrepancies in using either online or offline approaches is the
computational time needed to run these methods, with online approaches typically being more computationally expensive.
Eulerian approaches track the budget of moisture that enters and exits a given column of atmosphere with a fixed grid system
(e.g., van der Ent et al., 2010). Lagrangian approaches track the pathway of moisture through time following specific parcels
of air as they travel across the globe (e.g., Wei et al., 2013). This current work uses an Offline, Eulerian approach due to their

inexpensive computational nature compared to online, Lagrangian techniques.
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2.2 Model: WAM2layers

To estimate the moisture for Colorado’s Front Range, we used the WAM?2layers model (Water Accounting Model 2-Layers,
v3.0.0-beta.5). This specific version of the WAM?2layers model used in this study can be downloaded from van der Ent et al.
(2023), and more detailed information about version 3 can be found within Kalverla et al. (2025). Previous versions of the
WAM2layers model are documented in van der Ent et al. (2010) and van der Ent et al. (2014). This section will first describe
the model in general, how it was specifically used in this study, model assumptions, and close with other scholars who have
used this model before.

The WAM2layers model is an Offline, Eulerian model used to track water vapor forward and backward in time based on the
conservation of atmospheric moisture, sometimes referred to as water balance (van der Ent et al., 2014). Instead of simulating
atmospheric processes like a general circulation model, the WAM2layers model acts as an accounting system that tracks the
exchange of water vapor between grid cells using input meteorological data, most often a reanalysis dataset (Kalverla et al.,
2025). Atmospheric moisture balance implies that the change in water vapor overtime must be equal to the horizontal and
vertical fluxes in and out of the grid cell as well as the land-atmosphere moisture exchanges via evaporation and precipitation
(van der Ent et al., 2014). Some important limitations of this model include the exclusion of liquid and solid water in water
balance calculations (although adjusted for ad hoc inside the model), inability to explicitly resolve vertical exchanges of
moisture between the upper and lower layers (vertical moisture transport is treated as a balance closure term), and the reduction
of the atmosphere to two layers. Further information about the WAM?2layers model can be found in van der Ent et al (2014)
and Kalverla et al (2025).

In this study, we only utilized the backward tracking mode of the WAM?2layers model, commonly referred to as backtracking,
to identify where Front Range precipitation last evaporated from. The backtracking process begins with inputs of global hourly
meteorological data and a defined region of interest. Then, the tracking progresses backward through time, accounting for
water vapor that fell as precipitation within the region to where it most recently evaporated from. This process is then repeated
over the indicated period. Output from backtracking consists of daily tracked evaporation data on a latitude longitude grid
according to the resolution of the input meteorological data. Tracked evaporation is defined as the component of a given grid
cell’s total evaporation that will later fall as precipitation in the given region of interest (i.e. Colorado’s Front Range defined
in Sect. 2.4). For our purposes, we decided to aggregate daily tracked evaporation to the monthly scale for further confidence
in our results at the monthly scale instead of the daily timeframe.

We backtracked Front Range precipitation from 19 December 2023 to 1 January 2000. However, in our analysis, we do not
include data from December, November, October, nor September of 2023 to allow more than three months of spin-up time for
the model. Since water vapor is estimated to have a short lifetime in the atmosphere of around nine days on average (van der
Ent et al., 2014; van der Ent and Tuinenburg, 2017), three months is ample time required for the WAM?2layers model to reach
a stable state. We also decided to run the WAM2layers model with a limited domain of only the Northern Hemisphere from

80°N to 0°N/S to reduce the amount of core hours needed to run the model and store output. Limiting the domain to below
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80°N latitude is a common practice when using the WAM2layers model because at high latitudes, the model’s method for
moving moisture between grid cells can lead to unrealistic distribution of water vapor, a known issue related to numerical
diffusion (Kalverla et al., 2025). To ensure our results are unchanged by a reduction in model domain, we conducted a
sensitivity analysis where we compared a global domain run to the abbreviated domain used in this study. Results can be found
in the appendix, but in brief, reducing the domain to exclude the Southern Hemisphere did not dramatically affect the results
of this study but did, however, dramatically reduce the computational time of the model (Figure A6 in the appendix).

The results of this study are all derived from the WAM2layer model’s tracked evaporation variable. Later in this paper, we
discuss the average evaporative contribution of varying regions to Front Range precipitation. For clarity, we provide a
description of how those values were calculated. Beginning with monthly tracked evaporation data produced by the
WAM2layers model, we select the targeted month or months and take their mean through time. This produces a map of average
grid cell evaporative contribution to the Front Range during the selected period (e.g. May or May-July). We then multiply this
map by a binary mask of each source region with 1 representing a grid cell inside the region and 0 indicating outside of the
source region. For reference, a map showing each source region in this study can be found in the appendix. Finally, we take
the spatial sum of all grid cells to determine the evaporative contributions of the specified source region. To be clear, the
average regional contribution is not the simple average of regional contribution over time. We calculated regional contributions
in this way such that their relative contributions would all add up to 100% and be directly comparable to regional contributions

in the May-July 2023 season.

2.3 Data

The WAM?2layers relies on meteorological variables from the 0.25-degree latitude-longitude ERAS Reanalysis dataset
produced by the European Centre for Medium-Range Weather Forecasts (Hersbach et al., 2020). For this project, we use
variables analyzed hourly that include specific humidity, zonal and meridional wind speed, surface pressure, evaporation, and
precipitation. In addition to the meteorological variables from ERAS, we also used ECMWEF’s land-sea mask to quantify the
evaporative contributions of terrestrial versus aquatic regions. This land-sea mask assigns each cell a value ranging from 0 to
1 representing the cell’s land to water ratio based on land surface calculations last updated in December of 2019. ERAS is the
most current version of ECMWE’s global climate reanalysis data product and performs well against precipitation observations
in North America (Crossett et al., 2020; Beck et al., 2019; Tarek et al., 2020). Since the Front Range region sits just east of the
Rocky Mountains, local details of precipitation are unable to be well represented.

Since ERAS precipitation datasets do not directly assimilate in-situ precipitation observations into its precipitation product and
is known to have trouble representing convective precipitation (Hersbach et al., 2020), a full comparison of ERAS precipitation
to the Parameter-elevation Regressions on Independent Slopes Model (PRISM) monthly precipitation totals is included in
Appendix section A.1. The PRISM monthly precipitation dataset was a natural choice for comparison due to its gridded nature,
incorporation of in-situ precipitation observations, and ability to resolve complex terrains (Daly et al., 2021). We find that

although there are substantial differences in the amount and spatial distribution of precipitation in eastern Colorado, ERAS can
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correctly capture May-July of 2023 as very anomalously wet season compared to average, making it well suited for the

purposes of our analysis.

2.4 Study Region: Colorado’s Front Range

This study uses the Front Range region (FTR) of the alternate climate divisions specifically developed for Colorado by
Schumacher et al. (2024). The FTR region contains major cities such as Denver, Fort Collins, Greeley, Aurora, and Boulder.
To be clear, these alternate climate divisions are not NOAA’s (National Oceanic and Atmospheric Administration) official
climate divisions, which characterize Colorado regions by river basin. Instead, these alternate climate divisions characterize
regions in Colorado by climate variability (Schumacher et al., 2024). For our specific purposes, we focus on the Front Range
region of Colorado’s alternate climate divisions since this region both experienced extreme precipitation in May-July of 2023
and is the most populous region among all 11 alternate climate divisions. We adapted the original FTR definition from
Schumacher et al. (2024) to a quarter degree by quarter degree grid as depicted in Figure 2, and this region contains major
cities such as Denver, Fort Collins, Greeley, Aurora, and Boulder. We note that we also analyze four other alternate climate
divisions in eastern Colorado (the eastern Plains region, High Mountain Valley region, Pikes Peak region, and the Arkansas
Basin region) that also experienced an extremely wet May-July season in 2023. Results for these regions can be found in
Appendix B.

Colorado's Front Range Region

X l

i g -

Figure 2: Map of Colorado depicting the Front Range region in blue. Dark grey lines represent state boundaries, and the lighter
grey lines represent county boundaries.

2.5 K-Means Clustering Analysis

To identify how moisture sources in May-July of 2023 compared to individual years instead of a climatological average, we
applied a k-means clustering analysis to tracked-evaporation anomalies accumulated across May-July (MJJ) from 2000 to

2023. This method is an unsupervised machine learning algorithm chosen for its ease of physical interpretation and minimal
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required user inputs, reducing the interference from researcher specific bias. The goal of k-means clustering is to minimize the
distance between each sample and the centroid of its assigned cluster and maximize the distance between the sample and
centroids of different clusters (Loyd, 1982). For the purposes of this study, this method will group all twenty-four May-July
seasons (2000-2023) such that seasons with the most similar moisture source anomaly patterns will be sorted into the same
group and that each cluster will be as distinct from each other as possible. This allows us to understand which individual MJJs
are most similar to the 2023 MJJ season, further putting this extreme season into context.

To do so, we used Scikit-Learn’s k-means clustering algorithm as described in Pedregosa et al. (2012). In deciding how to
specify “k”, i.e. the number of clusters to create, we used clustering metrics in combination with our personal knowledge of
moisture sources to assess the optimal number of clusters and avoid over-fitting. Since there are only twenty-four MJJ periods
between 2000 and 2023, we decided to limit the maximum number of clusters to ten to avoid over-fitting. Using more than ten
clusters would decrease the interpretability of the results and could inhibit our ability to contextualize moisture sources in MJJ
of 2023. The further selection of our k value relies on a clustering metric, the elbow method. Results of the elbow method are

described in Sect. 3.3. To ensure cluster stability, the results shown in Sect. 3.3 are after 10,000 iterations.

2.6 Empirical Orthogonal Function (EOF) Analysis

Empirical orthogonal function (EOF) analyses, sometimes referred to as principal component analysis (PCA), is a popular and
robust method among the climate research community to study spatial patterns of the major modes of variability for a given
variable. In previous moisture source research, they have been applied to identify the spatial patterns of major modes of
moisture source variability for a specific study region (e.g. Keys et al., 2014; Hu and Dominguez, 2015). In this study, we use
tracked evaporation anomalies from the WAM2layers model to explore the interannual patterns of moisture sources associated
with Front Range precipitation. Specifically, we analyzed tracked evaporation anomalies across May-July from 2000 to 2023
by removing the grid cell mean with respect to time. Due to memory constraints, we reduced the size of the tracked evaporation
data by only including cells within the contiguous US and some of the surrounding oceans (67.0° W to 134.0° W longitude
and 23.0° N to 49° N latitude). Our results are thus constrained to the portion of Front Range moisture sources that are located
within these bounds. Our goal was to analyze how moisture sources across the 2023 MJJ season relate spatially to the major
patterns of moisture source variability of Front Range precipitation. Essentially identifying which mode of variability was

most important to moisture source anomalies in MJJ of 2023.

3 Results

The results of our study are organized into four subsections as follows: (1) moisture sources associated with the 2023 May-
July season, (2) comparison to average MJJ moisture source from 2000 to 2022, (3) comparison to individual MJJ season

moisture sources through k-means clustering, and (4) contextualization of 2023 MJJ moisture sources through an EOF analysis.
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3.1 Moisture Sources of May, June, and July 2023 Precipitation

Here we discuss the moisture sources of Front Range precipitation in the months of May, June, and July of 2023 spatially (Fig.
3.a), by absolute regional contribution (3.b and 3.c.), and by regional contributions relative to total precipitation (3.d and 3.¢).
Bar chart colors indicate the different evaporative source regions: terrestrial sources are shown in brown and yellow hues, with
yellow representing moisture originating from within Colorado. Aquatic sources are depicted in teal and blue, representing
contributions from the Atlantic and Pacific Ocean basins, respectively. The bar chart is organized such that contributions from
aquatic source regions are all stacked at the bottom, followed by all terrestrial sources on the top for easy differentiation
between terrestrial and aquatic contributions. In Figures 3.b and 3.c, the height of the bar charts represents the accumulated
monthly volume of evaporation that will fall as precipitation in the Front Range region. Bar height in Figures 3.d and 3.e all
add up to 100% to represent the proportion of regional contributions during the specified timeframe. Table 1 contains the
explicit values associated with Figures 3.b-e. Table 1 does not provide new information beyond what is shown in Figures 3.b-
e, but it does provide the exact values that can be hard to extract from them. It is important to note that we combine contributions
from FTR and Colorado in the table. Due to our study region being so small, we defined local moisture sources to include all
of Colorado.

At the monthly and annual time scale, total tracked evaporation (a spatial sum across all latitude and longitudes) can be
considered approximately equivalent to accumulated precipitation (van der Ent and Tuinenburg, 2017; Gimeno et al., 2021).
Moving forward, total annual or monthly tracked evaporation may also be referred to as annual or monthly total precipitation,
subject to the limitations of ERAS as outlined above.

As seen in Figure 3.a, precipitation in May-July of 2023 originated from both terrestrial and aquatic sources located
predominantly to the west or southwest of the Front Range. On the individual grid cell level, two prominent clusters of higher
water vapor contributions emerge around both Colorado and the Gulf of California. Contributions in Colorado generally
decrease as you move further away from the Front Range itself, whereas around the Gulf of California, evaporative
contributions sharply decrease following the Mexican coastline. Source regions, although close in proximity, can vary

dramatically.
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Figure 3: a), b), ¢), d), e) Spatial and monthly variation in moisture sources of Front Range (FTR) precipitation in May, June, and
July of 2023. a) Map of evaporative sources of FTR precipitation accumulating from May through July of 2023. b) Monthly regional
contribution to the FTR in volume of water vapor (m?). ¢) Cumulative regional evaporative contribution across May, June and July
of 2023 to FTR precipitation in volume of water vapor (m3). d) Monthly regional evaporative contribution as a percent of total
monthly evaporative contribution. ¢) Cumulative regional contribution as a percent of total monthly evaporative contribution. A
map defining each of these regions is provided in the supplementary.
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Table 1: Monthly and cumulative absolute evaporative contribution from May-July of 2023. For readability, values are rounded to
the nearest million cubic meter. Each row represents a different region, and columns represents different time periods. Evaporative
contribution is described in this table as volumes (m?®) of water vapor. Evaporative contribution is also referred to as tracked
evaporation.

2023 Absolute Evaporative Contribution by Region:
Regional Tracked Evaporation (millions of m’)
Region May 2023 June 2023 July 2023 MJJ Cumulatively
All Colorado 278 439 215 932
Midwestern US 112 68 13 193
Southern US 239 83 32 354
Western US 485 558 311 1,354
Other Land 266 242 178 686
Gulf of Mexico (GoM) 155 12 107 275
Atlantic Ocean 228 97 279 604
Gulf of California (GoC) 83 47 50 180
Pacific Ocean 1,017 968 382 2,367
Other Water 38 25 15 79
All Terrestrial Regions 1,381 1,390 748 3,520
All Aquatic Regions 1,523 1,148 833 3,504
All Regions 2,905 2,538 1,581 7,024

Table 2: Regional evaporative contribution in May-July of 2023 as a percentage of total Front Range moisture. Calculated by taking
the region’s absolute evaporative contribution, dividing by the total evaporative contribution from all regions, and multiplying by
one hundred. Table 2 is interpreted as the percentage of Front Range rainfall that originated from a given region during that
timeframe.

Relative Evaporative Contribution in 2023:
Percent of All Region Tracked Evaporation (%)
Region May 2023 June 2023 July 2023 MJJ Cumulatively
All Colorado 9.6 17.3 13.6 13.3
Midwestern US 3.9 2.7 0.8 2.7
Southern US 8.2 33 2.0 5.0
Western US 16.7 22.0 19.7 19.3
Other Land 9.2 9.5 11.3 9.8
Gulf of Mexico (GoM) 53 0.5 6.8 3.9
Atlantic Ocean 7.9 3.8 17.6 8.6
Gulf of California (GoC) 2.9 1.8 3.2 2.6

11



275

280

285

290

295

300

https://doi.org/10.5194/egusphere-2026-796
Preprint. Discussion started: 9 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Pacific Ocean 35.0 38.1 24.1 33.7
Other Water 1.3 1.0 1.0 1.1
All Terrestrial Regions 47.6 54.8 47.3 50.1
All Aquatic Regions 52.5 453 52.7 49.9
All Regions 100.1 100.0 100.1 100.0

Across the 2023 May-July season, terrestrial and aquatic sources were approximately equal in contribution to Front Range
precipitation, with terrestrial sources providing slightly more moisture (Figures 3.c and 3.d and Tables 1 and 2). Regionally,
the Pacific Ocean was the most important region, accounting for just over a third of all May-July rainfall. Then, followed by
the Western US and Colorado source regions. These three regions alone make up two thirds of Front Range precipitation
(Tables 1 and 2). Moisture recycling (moisture from within Colorado) accounted for a non-negligible proportion, making up
over a tenth of rainfall that season. These contributions from Colorado are greater than the combined evaporative contributions
from larger regions such as the Midwestern and Southern US (Table 1). Each month within May-July of 2023 experienced
variations in both precipitation totals and moisture sources.

May 2023 is characterized as the wettest month of this May-July (MJJ) season including multiple heavy, convective rainfall
events occurring within the month (Figure 3.b and Table 1). More precipitation in this period originated from aquatic surfaces
rather than terrestrial, but only minimally (Figure 3.b, Table 1, and Table 2). The Pacific Ocean made up over a third of May
rainfall, and the Western US followed by Colorado were the next largest contributors. Together these regions accounted for
around 60% of total rainfall (Table 2). When compared to June and July of 2023, terrestrial sources to the east (Southwestern
and Midwestern US) were more actively contributing moisture during this timeframe.

Notably, June 2023 received the most anomalous amounts of precipitation out of all months that year, despite being the second
wettest month (Table 1). In June, terrestrial sources were responsible for over half of Front Range precipitation with aquatic
sources contributing slightly less than half (Table 2 and Figure 3.d). The Pacific Ocean and Western US remained the most
contributing regions, and local moisture sources nearly doubled their evaporative contributions to the Front Range from the
previous month (Table 1 and 2). In June, these most dominant moisture sources made up over three quarters of Front Range
precipitation (Figure 3.b, Figure 3.d, and Table 2). Compared to May, less moisture originated from eastern aquatic and
terrestrial source regions, such as the Gulf of Mexico and Southern US (Table 1).

Of this extremely wet three-month period, July 2023 received the least precipitation (Figure 3.b and Table 1). This month,
aquatic sources slightly dominate over terrestrial regions with the Front Range receiving greater contributions from aquatic
source regions in the East (Figure 3.e and Table 2). Again, the Pacific Ocean and followed by Western US were the greatest
contributing regions, but the Atlantic Ocean surpasses evaporative contribution from within Colorado. As seen in Figure 3.b
and Table 1, water vapor received from the Pacific reduces by half while moisture from the Gulf of Mexico and Atlantic Ocean

returns to similar amounts as contributed in May of 2023.
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Overall, this section establishes the moisture sources of Colorado’s Front Range associated with extreme rainfall during May,
June, and July of 2023. Although moisture sources across these three months shifted in terms of direction and water vapor
contributed, the Pacific Ocean and Western US consistently dominated Front Range precipitation origins seasonally as well

and sub-seasonally.

3.2 Comparing 2023 to previous decades

The previous subsection established the moisture sources of extreme rainfall in May, June, and July of 2023 in the Front Range
region. This section describes the Front Range’s average moisture sources from 2000-2022 (Figure 4.a-e¢) and compares
moisture sources observed in May-July of 2023 to the climatological average. We compare moisture sources in these two
different timeframes by examining regional differences in total (absolute) evaporative contribution (Table 3) and relative
evaporative contribution (proportional share of total precipitation) (Table 4). Averaging the past twenty-three years of
evaporative contributions together highlights consistent moisture sources of Front Range precipitation and provides a baseline
to contextualize the moisture sources observed in May-July of 2023 against. It is important to note that when comparing one
year against an average, there will be inherent differences, so minor departures from the mean should be taken with caution.
Over the last twenty-three years, rainfall in May-July originated predominantly from aquatic and terrestrial areas directly to
the west and southwest of the FTR (Figure 4.a). Specific areas at the grid cell level emerge as consistent and major contributors
to Front Range precipitation overall. Figure 4.a demonstrates that areas within Colorado, the Gulf of California, the Pacific
Ocean, and Utah are consistent contributors to Front Range precipitation over the past twenty-three years. Comparing Figures
4.a and 3.a, most precipitation in May-July in 2023 originated from these same major source regions, but precipitation overall
originated from a broader range of directions.

Considering the surface type (terrestrial or aquatic) of moisture sources, historically, just over half of Front Range precipitation
in May-July originates from aquatic moisture sources opposed to terrestrial surfaces (Figure 4.e and Table 4). In May-July of
2023, the proportion of precipitation that originated from terrestrial and were nearly equal. As shown in Table 3, both terrestrial
and aquatic sources supplied more amounts of moisture to the Front Range during May-July 2023 than on average (Figure 3.c,
Figure 4.c, Table 3). Specifically, terrestrial regions provided nearly twice their average amount, compared with about one and

a half times for aquatic regions (Table 3).
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Figure 4: (a), (b), (c) Spatial and monthly variation of Front Range (FTR) moisture sources on average from 2000-2022. (a) Map of
330 average tracked evaporation accumulating from May through July. (b) Average monthly regional contributions to the FTR in
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volume of water vapor (m3). (c) Average cumulative regional contribution across May, June and July to FTR precipitation in volume
of water vapor (m3). A map defining each of these regions is provided in the supplementary material.

Table 3: Regional moisture contribution in May-July 2023 relative to average evaporative contribution. Table values are described
specifically as the percent of average regional evaporative contribution (tracked evaporation) in May-July of 2023. Calculated by
taking the regional absolute evaporative contributions in 2023 (Table 1), dividing them by the average evaporative contribution
from 2000-2022, and multiplying by one hundred. In this table, one hundred percent is interpreted as in 2023, regional contribution
was exactly average for that month or three-month period.

2023 Regional Evaporative Contribution Relative to Average:

Percent of Average Regional Tracked Evaporation (%)

Region May 2023 June 2023 July 2023 MJJ Cumulatively
All Colorado (FTR + CO) 138.1 288.9 133.2 181.1
Midwestern US 299.5 501.7 57.2 263.7
Southern US 991.7 444.8 69.4 401.1
Western US 161.1 241.2 138.7 179.0
Other Land 203.3 216.9 125.6 178.6
Gulf of Mexico (GoM) 1,142.4 50.1 174.0 276.0
Atlantic Ocean 774.6 72.9 155.9 177.2
Gulf of California (GoC) 215.1 188.8 195.0 202.0
Pacific Ocean 109.9 242.6 172.5 153.1
Other Water 209.1 198.2 140.9 188.1
All Terrestrial Regions 198.7 263.7 125.7 193.7
All Aquatic Regions 148.4 193.6 167.2 165.5
All Regions 168.7 226.6 144.6 178.5

Table 4: Relative regional evaporative contribution of each source region on average and in 2023. Values shown in the 2023 columns
are from Table 2 and are included for quick reference between average and 2023.

Relative Evaporative Contribution in 2023 and on Average:

Percent of All Region Tracked Evaporation (%)

May June July MJJ

Region Avg. 2023 g, 2023 g, 2023 g, 2023
All Colorado 11.7 1 9.6 13.6 | 17.3 14.8 | 13.6 13.1 | 13.3
(FTR + CO)

MidVIVjessterﬂ 22139 12127 2008 19| 2.7
Southern US 1.4 | 82 1.7 33 42120 22150
Western US 17.5 | 16.7 20.7 | 22.0 20.5 | 19.7 19.2 | 193
Other Land 7.6 92 10.0 | 9.5 13.0 | 11.3 9.8 9.8
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Gulf of Mexico 08 53 22105 56| 6.8 25|39
(GoM)

Atlantic Ocean 1.7 1 7.9 11.8 | 3.8 164 | 17.6 8.7 | 8.6
Gulf of

California 23129 22118 23|32 23126
(GoC)

Pacific Ocean 53.8 | 35.0 35.6 | 38.1 202 | 24.1 39.3 | 33.7
Other Water 1.1]13 1.1] 1.0 1.0 | 1.0 1.1 1.1

All Terrestrial 40.4 | 47.6 47.1 | 54.8 544|473 46.2 | 50.1
Regions

All Aquatic 59.6 | 52.5 53.0 | 45.3 45.6 | 52.7 53.8 | 49.9
Regions

All Regions 100.0 | 100.0 100.0 | 100.0 100.0 | 100.0 100.0 | 100.0

When considering the geographical regions responsible for average Front Range precipitation, the Pacific Ocean region
contributed the greatest amount of water vapor, followed by the Western US and Colorado regions. Together they account for
just under three quarters of average precipitation. In comparison, dominant moisture source regions during the May-July 2023
345 season were the exact same (Figure 3.c and Table 4). Interestingly, as seen in Figure 5, less dominant source regions, such as
Southern US, Midwestern US, and Gulf of Mexico, contributed up to four times that amount of water vapor they typically do

and accounted for a greater proportion of MJJ rainfall than the last 23 years.

May-July of 2023 Percent of Average Contribution
to Front Range Precipitation
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Figure 5: Regional percent of average contribution in May-July of 2023. Grey dashed line is plotted at 100% of average
350 differentiating between regions that contributed more than average (> 100%) and regions that contributed less than average (<
100%) to precipitation in the May-July of 2023 season. Each color represents a different source region.
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To briefly summarize this section, precipitation in May-July of 2023 originated from a broader range of regions when compared
to the past twenty-three years on average. The Front Range received more total moisture from all source regions, with the
Pacific Ocean, Western US, and Colorado responsible for most of the anomalous precipitation during this extremely wet
season. Contributions from eastern regions such as the Southern US, Midwestern US, and Gulf of Mexico delivered up to four

times the amount of water they usually do but were not responsible for most of the anomalous precipitation.

3.3 Clustering of Interannual Evaporation Patterns

To further contextualize the moisture sources in 2023 with individual years, we applied a k-means clustering analysis to May-
July tracked evaporation anomalies from 2000-2023. By doing so, we hope to identify whether source regions during the 2023
May-July season align with other anomalously wet May-July seasons rather than comparison to the average.

As stated in the methods section, we use the elbow method to partially determine the number of clusters to use for this analysis.
The elbow method is one of the most popular methods used to determine optimal k values. This method is often criticized for
its subjectivity when the ‘crook’ of the elbow is not well defined. However, as seen in Fig. 6, we believe the crook of the elbow
is clear and well defined. This method identifies the optimal number of clusters by calculating the within-cluster sum of the
squared errors (WCSS) between all samples and their identified centroid. The optimal cluster number is apparent when adding
more clusters does not significantly reduce the WCSS significantly (Syakur et al., 2018). As shown in Figure 6, after k values
of three or four, WCSS decreases minimally. As such, we decided to use three clusters in efforts to strike a balance between
model simplicity and capturing meaningful structure in the data.

This analysis was also conducted for k values of 4 and 2 to ensure that the main characteristics of clusters did not change
dramatically when choosing a different k value. We found very similar clusters when using a k value of 4, with nearly identical
clusters to those found here with an added cluster of one MJJ season, May-July of 2015. When using a k value of 2, the MJJ
season were sorted into clusters that resembled the wet and dry clusters shown in Figure 7 with May-July of 2023 being sorted
into the cluster with a composite of positive tracked evaporation anomalies around Colorado. The characteristics between

clusters found in this section did not change dramatically when altering the number of k values.
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lel5 The Elbow Method

Within-Cluster Sum of Squared Distances (WCSS)
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Figure 6: The elbow method with within-cluster sum of the squared error on the y axis and k, the number of specified clusters,
plotted on the x axis. Before WCSS was calculated, the centroid clusters were calculated iteratively 100 times.

K-means clustering was used to group the twenty-four MJJ seasons from 2000 to 2023 into three distinct categories with
similar spatial patterns. Figure 7.a-c describes the average MJJ tracked-evaporation anomaly pattern for each cluster. Figure
7.d is a time series of the spatially summed tracked evaporation for a given MJJ. At the 3-month timeframe, total tracked
evaporation is also equivalent to total precipitation (van der Ent and Tuinenburg, 2017; Gimeno et al., 2021). Each MJJ is then
colored by what cluster they were assigned to.

Clusters one and two represent years with generally increased or decreased moisture contributions from Colorado, along with
modest shifts in contributions from the Pacific Ocean, Gulf of California, and Western US (Figures 7.a and 7.b). From analysis
in Sect. 3.2, these regions closely coincide with major moisture sources of Front Range precipitation. Figure 7.d describes the
years assigned to each cluster as well as the total Front Range precipitation associated with that given season.

MJJ of 2023 was the only year assigned to cluster three (Figure 7.d), making it an outlier in this 24-year record. As a result,
the centroid in Figure 7.c reflects only 2023’s tracked evaporation anomalies and is not a composite of multiple years. Although
2023 shared the same dominant moisture sources (e.g. Colorado and the Pacific Ocean), the magnitude of contributions from

those regions was dramatically higher than in any previous year (figure 7.d).
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Figure 7: Spatiotemporal patterns of MJJ evaporation anomalies from k-means Clustering. (a), (b), (c) Cluster average MJJ

moisture contribution. (d) MJJ total precipitation (spatially summed e-track) plotted overtime. Color and shape assigned by cluster
number.
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3.4 Dominant Variability Patterns

In this last section of analysis, we identify the dominant variability patterns of MJJ season moisture sources using an empirical
orthogonal function (EOF) analysis. Figure 8 illustrates the percent of variance explained (PVE) by a given eigenvector sorted

from most to least variance explained. This value is determined by dividing the eigenvalue of a given eigenvector by the sum

400 of all eigenvalues and multiplying by one hundred.
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Figure 8: Percent variance explained (PVE) by eigenvectors ranked from least to greatest eigenvalue. Error bars represent 95%
confidence bounds as calculated in North et al. (1982) assuming that each MJJ season is independent of one another.

405 In this analysis, we only discuss the first two eigenvectors which together account for 72.0% of the variance in MJJ season
tracked evaporation from 2000 to 2023. Separately, eigenvector one accounts for 60.0% of variance and with 95% confidence,
it could range from 68.7% to 51.4% of variance in our data. Eigenvector two accounts for 12.8% of variance and its confidence
bounds range from 14.7% to 11.0%. By convention, eigenvector one represents the most variance in the system, but it accounts
for much more variance than all the other eigenvectors (i.e. vectors 2-28,245) combined. As seen in Figure 8, after eigenvector

410

two, percent variance explained decreases very little with increases in each subsequent eigenvector. As such, this analysis only

focuses on the first two eigenvectors and their associated principal components.

As seen in Figure 9.a, the first eigenvector (EOF1) describes a pulsing of positive and negative tracked evaporation anomalies

from within Colorado, the Pacific Ocean, and Gulf of California. The highest evaporation contribution anomalies occur within
the sink region itself, extending beyond the colorbar range plotted. This eigenvector accounts for the largest portion of variance

415 in the data, representing the dominant mode of variability among MJJ seasons from 2000 to 2023. Figure 9.b shows the

normalized principal component (PC1) associated with eigenvector one. Essentially, the values in PC1 represent how much of
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the spatial pattern shown in EOF1 is in a given year. The MJJ season of 2023 has the strongest expression of EOF1 with over

2.5 standard deviations above the average.

T

a) EOF 1 Spatial Pattern b) Principal Component 1 (Standardized)

2.5

2.01

1.51

1.04

0.5

Sigmas

0.0 1

-0.5 4

-1.01

[ .

4.0 2.0 0.0 2.0 4.0 -1.51
Amplitude (x10° m?)

2000 2003 2006 2009 2012 2015 2018 2021 2023
Year

Figure 9: (a) Spatial pattern of the first empirical orthogonal function (EOF1) of MJJ tracked evaporation anomalies for the Front
Range region (FTR) from 2000-2023. (b) Standardized principal component time series (PC1) corresponding to EOF1.

While EOF1 mainly represents the pulsing behaviour of Colorado moisture contribution, EOF2 describes a north-south dipole
pattern in anomalous tracked evaporation as seen in Figure 10.a. This spatial pattern implies that years with large positive
values in PC2 (Figure 10.b) received anomalously high amounts of moisture from Western US and anomalously low amounts
of moisture from the Pacific Ocean and the Southwestern US. The most intense tracked evaporation anomalies still reside
within Colorado but also expanded to northern Utah and the Pacific Ocean. EOF2 represents 12.8% of the variance in
evaporative contribution in MJJ, considerably less than EOF1, but nonetheless represents the secondary mode of variability in
our data. In 2023, PC2 value is only 0.2 standard deviations away from the average. Since the PC2 value in 2023 is near zero,
this secondary mode of variability had little role in the 2023 MJJ season precipitation.

This EOF analysis reveals the two dominant modes of moisture source variability among the past twenty-four MJJ seasons
and which modes were more important in precipitation observed in May-July 2023. The dominant mode of variability in our
dataset, EOF1, was a pulsing behaviour depicting whether a given year had anomalously high or low contributions from
Colorado, the Gulf of California, and the Pacific Ocean. The positive phase of EOF1 indicating increased evaporative
contributions from these regions played a significant role in 2023 compared to other years. In contrast, the secondary mode of

variability, EOF2, describes a dipole between northern and southern moisture sources and had much less of a role in 2023.
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Figure 10: (a) Spatial pattern of the second empirical orthogonal function (EOF2) of MJJ tracked evaporation anomalies from 2000—
2023. (b) Standardized principal component time series (PC2) corresponding to EOF2.

4. Discussion

In summary, this study provides new insights into the moisture sources of Colorado’s Front Range precipitation during May-
July, and more specifically for the 2023 season. Section 3.1 identified the Pacific Ocean, Western US, and Colorado as the
primary origins of two thirds of the extreme precipitation in May-July of 2023. Since the Front Range sits in a location
influenced predominantly by upper-level westerly winds, it is somewhat expected that major moisture sources were located to
the west of our sink region (Doesken et al., 2003). Section 3.2 found that the origins of 2023’s extreme precipitation were
dominated by typical source regions. The implications of these findings suggest that the extremely wet conditions in May-July
of 2023 likely occurred due to abnormally large amounts of water vapor from the Pacific Ocean, Western US, and Colorado
reaching and converging upon the Front Range region rather than being driven by an anomalous influx of moisture from an
atypical location. In this case, anomalous contributions from the Southern US, Gulf of Mexico, and the Midwest may have
only acted to enhance the already anomalous evaporative fluxes reaching the Front Range from major source regions. Thus,
we could not identify potential source regions that could be responsible for extreme precipitation in the Front Range.
Furthermore, although moisture contributions from local, terrestrial sources increased in May-July of 2023, their proportion
to overall rainfall was roughly the same as aquatic counterparts. Thus, we cannot conclude that local, terrestrial sources were
substantially important to the wet May-July conditions observed in 2023.

To thoroughly evaluate the uniqueness of May-July 2023, it was also important to evaluate the moisture sources of prior,
individual seasons. This allowed for comparison beyond a long-term average and highlights whether 2023 reflects typical

variability or a distinct departure from prior moisture sources. Section 3.3 identified moisture sources in the 2023 season as an
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analytical outlier among the past twenty-three years by sorting it into a cluster of its own. While the spatial pattern of source
region remains consistent with climatological norms found in previous sections, the volume of these contributions likely varied
enough to distinguish 2023 entirely. Even when compared to individual years, May-July of 2023 was truly unique and unable
to be contextualized with other wet seasons in the previous twenty-three years (2000-2022). Further inhibiting our ability to
identify source regions that could potentially enhance our early warning capacity for events like observed in May-July of 2023.
Finaly, section 3.4 identified two dominant patterns of variability associated with May-July moisture sources. The 2023 season
can be understood as an extreme expression of the dominant mode of variability throughout 2000-2024. This dominant mode
of variability highlights tracked evaporation anomalies originating from Colorado, the Pacific Ocean, and the Gulf of
California, this could suggest that anomalous moisture contributions to the Front Range typically arise from large-scale
increases across these regions rather than from localized shifts in individual sources. Although the second EOF could
potentially provide predictive insight during wetter or drier seasons, it is considered relatively less important to the moisture
sources in the 2023 season and lies outside the scope of this project. To understand the physical basis of EOF2, more research
would need to be conducted looking at the prominent synoptic environment within years with strong positive or negative PC2
values. To speculate, EOF2 could represent the movement of the subtropical jet stream altering north-south moisture sources
from latitudinal movement, or the variability in the North American Monsoon circulation which could lead to
increased/decreased contributions from the American Southwest and Pacific Ocean.

Due to the recency of the 2023 events, our conclusions were somewhat more difficult to corroborate since no peer-reviewed
studies had been published on these same events at the time of this writing. There is, however, literature examining moisture
sources during historically wet seasons for the entire Southwestern United States (including Colorado). Based on this, we can
qualitatively review how 2023 moisture sources compare broadly to sources during other wet years. Skinner et al. (2023) found
that during the wettest summers (June, July, August) in the Southwestern United States, the percent change in moisture from
areas inside the region compared to normal increased by 42% and from areas outside of the Southwest, increased by 48%
(Skinner et al., 2023). This could suggest that during wet years in the Southwest, there is a widespread increase in moisture
content from nearly all source regions, rather than a singular anomalous import from a specific source region. Our findings
indicate a similar pattern. We found that Colorado's northern Front Range received anomalously high precipitation
contributions from all dominant moisture source regions. To truly understand the potential mechanism of enhanced wet season
precipitation, additional modelling and analysis beyond the scope of this work would be required.

Our understanding of the northern Front Range’s typical moisture sources aligns with and contrasts various findings in existing
research. McKee et al. (2000) states that the statewide primary sources of summertime precipitation in Colorado strictly come
from aquatic sources such as the Pacific Ocean, the Gulf of Mexico and the Gulf of California. Our results concur that the
Pacific Ocean is the greatest moisture source by volume for the Front Range in May, June, and July, but we also find that the
western US and Colorado itself are some of the major sources of moisture. We also affirm that aquatic sources all together
make up over 50% precipitation on average and consider aquatic source regions to be more dominant source of moisture to

Front Range precipitation than terrestrial sources on average (Figure 4.e).
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However, our study indicates that the Gulf of California and the Gulf of Mexico are considered minor moisture sources in
terms of volume, only making up 2.3% and 2.5% of MIJ precipitation on average. It is important to note that compared to the
entire Pacific Ocean, the Gulf of California and the Gulf of Mexico are much smaller in area. Although they do not make up a
major source of precipitation by volume, they can contribute a lot of water vapor per unit area. McKee et al. (2000) did not
provide quantitative estimates of moisture sources for Colorado nor the Front Range specifically, so we are unable to directly
compare results. Nonetheless, we do find general agreement in the prominence of large-scale aquatic sources, particularly the
Pacific Ocean, as major contributors to MJJ precipitation in Colorado. Another likely source of discrepancy could be how we
define evaporative contributions from sources. Since we define moisture sources by where precipitation last evaporated from,
these regional contributions do not include moisture that initially evaporated from the Gulf of Mexico or Gulf of California
but later precipitated and reevaporated again before reaching the Front Range.

Jana et al. (2018) used the Lagrangian particle tracking model, HYSPLIT, to trace the moisture trajectories of precipitation
falling at a point location in Eastonville, Colorado (south of the Front Range region) from 1979-2013. This study found
evidence that the dominant source of moisture in eastern Colorado is almost exclusively land evaporation followed by modest
amounts from the Gulf of California (Jana et al., 2018). In contrast, our study found that on average, terrestrial sources make
up 46.2% in the Front Range which sits just north of Eastonville. Since these regions do not overlap, we expect some
discrepancies in moisture sources, but due to the proximity of these areas, it is interesting that Eastonville appears to receive a
much larger proportion of its rainfall from terrestrial sources.

One likely reason for this is that the Jana et al. (2018) study traced moisture backwards only for 3 days before the precipitation
event. It is possible that the moisture from other sources identified in our study, such the Pacific Ocean or Atlantic Ocean,
surpasses the three-day tracking limit for the HY SPLIT simulations, and so was excluded from consideration of this study. As
mentioned before, water vapor has an average residence time of under nine days (van der Ent et al., 2014), so considering the
Front Range’s distance from oceanic bodies of water, it is reasonable to expect water from aquatic sources to take longer than
3 days to travel to Colorado.

Our finding that terrestrial regions contributed a greater proportion of total precipitation during this specific wet year in
Colorado’s Front Range, is consistent with observations from other studies of wet years in the Southwest. The Skinner et al.
(2023) study discussed earlier in this section found that during the wettest Springs (March, April, May), 14-18% of springtime
precipitation in the Southwestern United States originated from inside the region itself (Skinner et al., 2023). Whereas during
the wettest summers, recycled moisture made up 30% of Southwestern precipitation. These estimates are higher than the
proportion FTR contributes to its own precipitation in May, June, and July of 2023 as shown in Figure 3.c. Given that moisture
recycling is very dependent on the selected study region (van der Ent et al., 2010), it is understandable that the paper by Skinner
et al. (2023) has a different proportion of moisture recycling due their study region covering a much broader area, spanning
multiple states.

In terms of the possible importance of land evaporation during wet years, Erlingis et al. (2019b) suggests that in Colorado and

New Mexico, summer precipitation in wetter years is prominently influenced by land surface evaporation (Erlingis et al.,
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2019b). Yet, more research is needed to truly understand the relationship between terrestrial sources of moisture and extreme
precipitation.

Finally, we consider the results of our EOF analysis to assess dominant patterns of moisture source variability in Front Range
precipitation from 2000 to 2023. As mentioned above, the lack of studies directly analysing this event or region limits direct
corroboration, so we interpret our results in the broader context of related work on large-scale moisture source variability. In
Keys et al. (2014), they find that for three distinct sink regions in China, Africa, and South America, the greatest year-to-year
variability in core moisture sources is characterized by a pulsing pattern of increased or decreased evaporative contributions.
This finding remains true even when using a different reanalysis dataset, MERRA (Keys et al., 2014). For the Front Range,
we reach the same conclusion that interannual variability in Front Range moisture sources can best be described by pulsing of

anomalous contributions from high-contributing source areas, as illustrated by EOF1 in Figure 9.a.

4.1 Future Work

As mentioned previously, moisture sources are unique and depend on the selected study region and period. Thus, the results
discussed above would be difficult to apply to other regions outside of eastern Colorado that differ in size and location
compared to the Front Range. However, the methodology and approach used in this study are versatile and can be applied
anywhere hydroclimatic extremes occur. This approach systematically relates a given extreme season against its recent
historical moisture sources to better understand moisture transport and potentially identify source regions associated with
hydroclimatic extremes. We would encourage other researchers to apply our approach to a given region and period of interest
to ultimately better contextualize and potentially predict extreme precipitation around the world.

Future research could also benefit from a more detailed examination of the specific atmospheric pathways that moisture takes
to the Front Range and the specific synoptic drivers associated with transporting water vapor. Since the origin of precipitation
in the Front Range primarily remained the same in 2023 compared to average, increased predictability of this event cannot
come from moisture source identification and comparison to average conditions alone. Further investigation of anomalous
evaporation and circulation anomalies is needed to discern whether these source regions simply evaporated more moisture into
the atmosphere overall or whether increased atmospheric pathways from these regions to the Front Range was more responsible
for the excess in water vapor arriving in our study region. Understanding the precise transport mechanisms such as low-level
jets, the North American Monsoon, and upslope flows could provide key insights into the drivers of extreme precipitation in
Colorado and increase forecast ability of extreme precipitation events in Colorado. Additionally, investigating the links
between large-scale teleconnections and moisture source variability would also improve our understanding of how climate
modes (e.g. ENSO) regulate moisture transport to the Front Range.

Furthermore, the distinctiveness of 2023 emerging as a cluster of its own highlights how abnormally intense the moisture
inflow was, despite the familiar major source regions. This raises compelling questions about the cause of such intense moisture

transport. Future research could examine the dynamical drivers behind moisture transport in the early summer of 2023.
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Although such interpretation is beyond the scope of this project, the isolation of 2023 underscores the value of moisture source
tracking in identifying and contextualizing the nature of extreme hydroclimatic events.

Additionally, this study’s results are limited to the reliability of our input data, the ERAS5 Reanalysis datasets. Thus,
contextualizing these results with observational datasets such as stable water isotope analysis or satellite-based water vapor
observations can corroborate the moisture sources found in this study.

Due to project time-constraints, our moisture source analysis was limited to tracked evaporation data from 2000 to 2023.
Continuing the analysis period beyond the twenty-four years used in this study could reveal whether moisture source patterns
in May-July of 2023 represent an increasingly relevant trend or simply an anomalous outlier for the Front Range. A longer-
term dataset would also strengthen the robustness of the results presented here.

Although our analysis focuses on moisture sources of seasonal and monthly precipitation, the WAM?2layers model does
provide moisture source data at smaller timescales. Finer time resolution analyses sit outside the scope of this work but
understanding the moisture sources of individual events or at the sub monthly time frame can provide important insights into

how moisture can be transported to and from the Front Range for individual high impact events.

5. Conclusions

Focusing on Colorado’s most populous regions, this research provides a comprehensive analysis on the moisture sources
associated with the extremely wet May-July season of 2023. Utilizing ERAS reanalysis data and the WAM2layers model, we
provide insight into the recent evaporative origins of warm-season precipitation in Colorado’s Front Range. This
extraordinarily wet May-July appears to result from an anomalous increase in water vapor contributions from typical dominant
source regions, with terrestrial sources and regions within Colorado playing an unexpectedly larger role than usual in the 2023
season. With these typical source regions likely driving much of the inter-annual variability in moisture sources, these findings
highlight the Front Range’s possible sensitivity to land-atmosphere feedback processes or changes in the evaporative fluxes of
local land surface. Specifically, this work demonstrated the following key findings for the evaporative origins of the 2023
May-July season:
1. The three primary moisture sources were the Pacific Ocean, Western US, and Colorado, accounting for just over
66.2% of total precipitation.
2. Historically, those same source regions dominate evaporative contributions in May-July, but terrestrial contributions
and local moisture recycling (i.e., precipitation that recently evaporated from within the Front Range) in May-July of
2023 accounted for a slightly greater proportion of precipitation than on average.
3. Moisture sources in May-July 2023 were a statistical outlier in terms of the magnitude of moisture contributed to the
Front Range, forming a cluster of its own relative to the past 24 years.
4. Between the two most dominant modes of variability, May-July of 2023 aligns more with a basin-wide pulsing pattern

rather than a north-south dipole pattern of moisture sources.
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Ultimately, this work lays the foundation to better understand May-July precipitation in eastern Colorado and provides novel
insights into the evaporative sources during the extremely wet May-July 2023 season. Addressing the evaporative origins of
extreme precipitation is one of the first steps in better predicting precipitation extremes in this region, and eventually better

preparing communities in the Front Range against damages associated with hydroclimatic extremes.

Appendix A
A.1 Comparison between ERAS and PRISM Monthly Precipitation Totals

In this study, we rely on the use and accuracy of hourly ERAS variables such as precipitation, evaporation, u and v wind
components, etc. to evaluate the moisture sources of precipitation across eastern Colorado. Since ERAS precipitation data does
not directly assimilate in-situ precipitation observations into its precipitation product and is known to have trouble representing
convective precipitation (Hersbach et al., 2020), it is important to ensure that the precipitation product used in this study can
capture the anomalously wet conditions observed in May-July of 2023.

In this section we compare ERAS monthly precipitation to the Parameter-clevation Regressions on Independent Slopes Model
(PRISM) monthly precipitation originally developed and maintained by researchers within the PRISM Group at Oregon State
University. This comparison uses the stable monthly total precipitation estimates from May 2000 to July 2023 and can be

downloaded from their website at https://prism.oregonstate.edu. The PRISM monthly precipitation dataset is a reasonable

choice for comparison due to its gridded nature, incorporation of in-situ precipitation observations, and ability to resolve
complex terrains (Daly et al., 2021). The goal of this comparison is to evaluate whether ERAS captures the anomalously wet
conditions observed in May-July of 2023. Since PRISM monthly precipitation has a much finer resolution than ERAS5, PRISM
monthly precipitation was regridded to ERAS’s coarser quarter degree latitude-longitude resolution using XESMF’s
conservative regridding algorithm (Zhuang et al., 2025).

Figure A1 describes the difference in the sink region monthly precipitation accumulation in May, June, or July between ERAS
(x-axis) and PRISM (y-axis) precipitation datasets. Figure A2 and A3 highlight the spatial differences between ERAS and
PRISM precipitation datasets across May, June, and July (MJJ).
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ERA5 and PRISM Regional Monthly Precipitation Totals
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Figure A1 Comparison of ERAS and PRISM monthly precipitation totals summed across source regions (ex. Northeast). Only
plotting precipitation totals in the months of May, June, or July. May-July of 2023 is plotted as yellow markers. Best fit line plotted
in red and slope, y-intercept, and r? value annotated in the top left corner. Dashed lines from left to right represent 2:1, 1:1, and 1:2
PRISM to ERAS precipitation ratios.

Our analysis presents the moisture sources of precipitation falling anywhere within these sink regions, so comparing
precipitation totals at the regional scale is a natural choice. As seen in fig. A1, precipitation totals across every sink region
have a positive and mostly linear relationship between PRISM and ERAS precipitation estimates. Generally, increasingly wet
months in PRISM coincide with wetter months in ERAS, suggesting that ERAS can represent changes in regional precipitation
accumulation, despite coarser resolution and exclusion of in-situ precipitation observations.

As shown in Figure A2 there are substantial differences in precipitation accumulation throughout eastern Colorado between
the two datasets. However, when we standardize precipitation amounts relative to each dataset’s long-term average and
variability, ERAS identifies May-July of 2023 as anomalously wet compared to average precipitation patterns. This indicates
that although biases exist in ERAS precipitation estimates, May-July of 2023 is relatively very wet among the past twenty-
three years. Since this study focuses on putting the evaporative origins of precipitation in May-July of 2023 into perspective

of the past twenty-three years, we believe that ERAS is well suited for this purpose and the research presented.
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Figure A2 Total monthly precipitation (mm) in eastern Colorado during May-July of 2023. Maps across the first (a-c) row reflect

precipitation data from the 0.25-degree latitude-longitude ERAS Reanalysis dataset. Maps across the second (d-f) row reflect

precipitation data from PRISM’s Monthly Time Series dataset regridded to a 0.25-degree resolution. Precipitation data is masked
635  to only show precipitation totals over the five sink regions used in this full study.
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Figure A3 Standardized anomalous monthly precipitation in eastern Colorado during May-July of 2023. These maps indicate how

many standard deviations 2023 was from the 2000-2022 average relative their respective datasets. Maps across the top row (a-d)

reflect standardized anomalous precipitation from ERAS whereas the bottom row (e-h) show estimates from the regridded PRISM
640 data. Precipitation data is masked to only show precipitation totals over the five sink regions used in this full study.
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A.2 Source and Sink Region Maps
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Figure A4: Colorado’s alternate climate divisions described in Schumacher et al. (2024) adapted to a 0.25°x0.25° latitude longitude
grid. State and county boundaries are marked in black and grey.
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Figure AS: Classification of moisture source regions. Broader ocean areas follow the Global Oceans and Seas dataset (Flanders
Marine Institute, 2021), and suboceanic regions, including the Gulf of Mexico and Gulf of California, are defined using International
Hydrographic Organization boundaries (Flanders Marine Institute, 2018). Land-based regions are based on the U.S. Census Bureau
regional divisions. The sink region shown here is the Front Range, but changes depending on the sink region for each analysis.
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A.3 Domain Sensitivity Analysis
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Figure A6: Sensitivity analysis comparing the monthly spatially summed tracked evaporation (m?) between WAM2layer runs with
different latitude-longitude constraints. The global run tracks evaporation from regions within 80°S to 80°N latitude whereas the
northern hemisphere runs from 0° to 80°N latitude.
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Appendix B: Other Sink Region Analyses

B.1 Eastern Plains Region Analysis

Sources of Easter Plains Precipitation
_ Mayjuly2023

Evaporative Origins of Eastern Plains
Precipitation in 2023 o

Volume of water (m)

il |
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arcont Contrbution (%

. . iE
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Figure B1: a), b), c), d), e) Spatial and monthly variation in moisture sources of eastern Plains (EPL) precipitation in May, June,
and July of 2023. a) Map of evaporative sources of EPL precipitation accumulating from May through July of 2023. b) Monthly
regional contribution to the EPL in volume of water vapor (m?). ¢) Cumulative regional evaporative contribution across May, June
and July of 2023 to EPL precipitation in volume of water vapor (m?®). d) Monthly regional evaporative contribution as a percent of
total monthly evaporative contribution. e) Cumulative regional contribution as a percent of total monthly evaporative contribution.
Sink region outlined in red. Note, y-axis ranges in b) and c) span a larger array of values since this region received more precipitation
than the Front Range.
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Figure B2: (a), (b), (c) Spatial and monthly variation of eastern Plains (EPL) moisture sources averaged from 2000-2022. (a) Map of
average tracked evaporation accumulating from May through July. (b) Average monthly regional contributions to the EPL in
volume of water vapor (m?%). (c) Average cumulative regional contribution across May, June and July to FTR precipitation in volume
of water vapor (m?®). Note, y-axis ranges in b) and c) span a larger array of values since this region received more precipitation than
the Front Range.
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Figure B3: Spatiotemporal patterns of MJJ evaporation anomalies of eastern Plains (EPL) precipitation from k-means Clustering.

shape assigned by cluster number.

(a), (b), (c) Cluster average MJJ moisture contribution. (d) MJJ total precipitation (spatially summed e-track) overtime. Color and
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Figure B4: Results from EOF analysis on the eastern Plains region (EPL). Percent variance explained (PVE) by eigenvectors ranked

each MJJ season is independent of one another.

from least to greatest eigenvalue. Error bars represent 95% confidence bounds as calculated in North et al. (1982) assuming that
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Figure BS: (a) Spatial pattern of the first empirical orthogonal function (EOF1) of MJJ tracked evaporation anomalies for the

eastern Plains region (EPL) from 2000-2023. (b) Standardized principal component time series (PC1) corresponding to EOF1. Sink
690 region marked in yellow.
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Figure B6: (a) Spatial pattern of the second empirical orthogonal function (EOF2) of MJJ tracked evaporation anomalies for the

eastern Plains region (EPL) from 2000-2023. (b) Standardized principal component time series (PC2) corresponding to EOF2. Sink
region outlined in black.
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B.2 Arkansas Basin Region Analysis

Sources of Arkansas Basin Precipitation
 Mayjuly2023
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Figure B7: a), b), ¢), d), e) Spatial and monthly variation in moisture sources of Arkansas Basin region (ARK) precipitation in May,
June, and July of 2023. a) Map of evaporative sources of ARK precipitation accumulating from May through July of 2023. b)
Monthly regional contribution to the ARK in volume of water vapor (m?). ¢) Cumulative regional evaporative contribution across
May, June and July of 2023 to ARK precipitation in volume of water vapor (m?). d) Monthly regional evaporative contribution as a
percent of total monthly evaporative contribution. ¢) Cumulative regional contribution as a percent of total monthly evaporative
contribution. Sink region outlined in red. Note, y-axis ranges in b) and c) span a larger array of values since this region received
more precipitation than the Front Range.
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Figure BS8: (a), (b), (c) Spatial and monthly variation of Arkansas Basin (ARK) moisture sources averaged from 2000-2022. (a) Map
of average tracked evaporation accumulating from May through July. (b) Average monthly regional contributions to the ARK in
volume of water vapor (m?). (¢) Average cumulative regional contribution across May, June and July to ARK precipitation in volume
of water vapor (m?). Sink region outlined in red. Note, y-axis ranges in b) and c) span a larger array of values since this region
received more precipitation than the Front Range.
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Figure B9: Spatiotemporal patterns of MJJ evaporation anomalies of Arkansas Basin (ARK) precipitation from k-means Clustering.
(a), (b), (¢) Cluster average MJJ moisture contribution. (d) MJJ total precipitation (spatially summed e-track overtime. Color and

shape assigned by cluster number.
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that each MJJ season is independent of one another.
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Figure B11: (a) Spatial pattern of the first empirical orthogonal function (EOF1) of MJJ tracked evaporation anomalies for the
720  Arkansas Basin region (ARK) from 2000-2023. (b) Standardized principal component time series (PC1) corresponding to EOF1.
Sink region marked in yellow.
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Figure B12: (a) Spatial pattern of the second empirical orthogonal function (EOF2) of MJJ tracked evaporation anomalies for the
Arkansas Basin region (ARK) from 2000-2023. (b) Standardized principal component time series (PC2) corresponding to EOF2.
725  Sink region outlined in black.
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B.3 High Mountain Valley Region Analysis
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Figure B13: a), b), ¢), d), e) Spatial and monthly variation in moisture sources of High Mountain Valley region (HMYV) precipitation
in May, June, and July of 2023. a) Map of evaporative sources of HMV precipitation accumulating from May through July of 2023.
b) Monthly regional contribution to the HMYV in volume of water vapor (m?). ¢) Cumulative regional evaporative contribution across
May, June and July of 2023 to HMYV precipitation in volume of water vapor (m?). d) Monthly regional evaporative contribution as
a percent of total monthly evaporative contribution. ¢) Cumulative regional contribution as a percent of total monthly evaporative
contribution. Sink region outlined in red.
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Figure B14: (a), (b), (c) Spatial and monthly variation of High Mountain Valley (HMV) moisture sources averaged from 2000-2022.
(a) Map of average tracked evaporation accumulating from May through July. (b) Average monthly regional contributions to the
HMY in volume of water vapor (m3). (¢) Average cumulative regional contribution across May, June and July to HMYV precipitation
in volume of water vapor (m?3). Sink region outlined in red.
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740 Figure B15: Spatiotemporal patterns of MJJ evaporation anomalies of High Mountain Valley (HMYV) precipitation from k-means
Clustering. (a), (b), (c) Cluster average MJJ moisture contribution. (d) MJJ total precipitation (spatially summed e-track) overtime.

Color and shape assigned by cluster number.
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(1982) assuming that each MJJ season is independent of one another.
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Figure B16: Results from EOF analysis on the High Mountain Valley region (HMYV). Percent variance explained (PVE) by
eigenvectors ranked from least to greatest eigenvalue. Error bars represent 95% confidence bounds as calculated in North et al.
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Figure B17: (a) Spatial pattern of the first empirical orthogonal function (EOF1) of MJJ tracked evaporation anomalies for the High

Mountain Valley region (HMV) from 2000-2023. (b) Standardized principal component time series (PC1) corresponding to EOF1.
750  Sink region marked in yellow.
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Figure B18: (a) Spatial pattern of the second empirical orthogonal function (EOF2) of MJJ tracked evaporation anomalies for the
High Mountain Valley region (HMV) from 2000-2023. (b) Standardized principal component time series (PC2) corresponding to
EOF?2. Sink region outlined in black.
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B.4 Pikes Peak Region Analysis

Figure B19: a), b), ¢), d), e) Spatial and monthly variation in moisture sources of Pikes Peak region (PKS) precipitation in May,
June, and July of 2023. a) Map of evaporative sources of PKS precipitation accumulating from May through July of 2023. b) Monthly
regional contribution to the PKS in volume of water vapor (m?). ¢) Cumulative regional evaporative contribution across May, June
and July of 2023 to PKS precipitation in volume of water vapor (m?). d) Monthly regional evaporative contribution as a percent of
total monthly evaporative contribution. e) Cumulative regional contribution as a percent of total monthly evaporative contribution.
Sink region outlined in red.
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Figure B20: (a), (b), (c) Spatial and monthly variation of Pikes Peak (PKS) moisture sources averaged from 2000-2022. (a) Map of
average tracked evaporation accumulating from May through July. (b) Average monthly regional contributions to the PKS in
volume of water vapor (m?). (¢) Average cumulative regional contribution across May, June and July to PKS precipitation in volume
of water vapor (m%). Sink region outlined in red.
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Figure B21: Spatiotemporal patterns of MJJ evaporation anomalies of Pikes Peak (PKS) precipitation from k-means Clustering.
770

(a), (b), (c) Cluster average MJJ moisture contribution. (d) MJJ total precipitation (spatially summed e-track) overtime. Color and
shape assigned by cluster number.
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Figure B22: Results from EOF analysis on the Pikes Peak region (PKS). Percent variance explained (PVE) by eigenvectors ranked

from least to greatest eigenvalue. Error bars represent 95% confidence bounds as calculated in North et al. (1982) assuming that
775 each MJJ season is independent of one another.

42



780

785

790

https://doi.org/10.5194/egusphere-2026-796
Preprint. Discussion started: 9 April 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

a) EOF 1 Spatial Pattern b) Principal Component 1 (Standardized)

Sigmas

40 20 0.0
Amplitude (x10° m”)

2000 2003 2006 2009 2012 2015 2018
Year

2021 2023

Figure B23: (a) Spatial pattern of the first empirical orthogonal function (EOF1) of MJJ tracked evaporation anomalies for the
Pikes Peak region (PKS) from 2000-2023. (b) Standardized principal component time series (PC1) corresponding to EOF1. Sink
region marked in yellow.
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Figure B24: (a) Spatial pattern of the second empirical orthogonal function (EOF2) of MJJ tracked evaporation anomalies for the
Pikes Peak region (PKS) from 2000-2023. (b) Standardized principal component time series (PC2) corresponding to EOF2. Sink
region outlined in black.

Code availability

The code used to plot original figures and analyze moisture source data for this manuscript can be found on GitHub

(Humphreys, 2026).

Data availability

Monthly moisture source outputs from the Water Accounting Model 2 Layers (WAM2layers) model, as well as corresponding
region masks, are available from the associated Dryad archive (Humphreys et al., 2026). The underlying ERAS data used to

run the WAM?2layers model are publicly available through ECMWF at https://cds.climate.copernicus.eu/datasets/reanalysis-

eraS-single-levels?tab=download for surface variables (total precipitation, evaporation, surface pressure, and total column

water) and https://cds.climate.copernicus.cu/datasets/reanalysis-eraS-complete?tab=d_download for model-level, 3d variables

43



795

800

805

810

https://doi.org/10.5194/egusphere-2026-796
Preprint. Discussion started: 9 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

(u and v components of the wind and specific humidity). The Parameter-elevation Regressions on Independent Slopes Model
(PRISM) gridded monthly precipitation data are supplied by Oregon State University and can be downloaded at

https://prism.oregonstate.edu/downloads/.
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