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Civil and Environmental Engineering 

The Colorado River heavily relies on the annual pulse of snowmelt from the Rocky Mountains 

within the Upper Colorado River Basin (UCRB), where over 90% of streamflow originates. Since 

2000, the Colorado River has been delivering less water per unit precipitation than in preceding 

decades. The over 40 million people reliant on this water are concerned, where did that water 

go? Prior research has suggested the water loss is linked to warming temperatures, but prior 

work has not focused on the importance of seasonality in snow-dominated basins, which 

provide over 80% of Colorado River water. Spring weather must be considered because it 

controls when snow melts and how much energy is available for evaporation when the soil is 

wettest. These impacts make spring weather a critical contributor to annual streamflow. We 

found the most significant drop in seasonal precipitation since 2000 was during spring, with a 

decrease of 15-26% across Colorado headwater basins. These drier spring conditions bring 

about fewer clouds and result in warmer temperatures. Spring temperatures are better 

correlated with spring precipitation than with the temporal temperature trend associated with 

global warming. The greater radiation at the surface from cloud-free skies increases evaporative 

water losses, particularly in areas where snow has recently disappeared, leading to lower 

surface albedo and more net radiation available for evapotranspiration. Lower elevation 



headwater basins, where snowmelt occurs earlier, experienced the most substantial annual 

streamflow decreases of up to 41%. Refining spring precipitation estimates will be imperative for 

future water availability forecasts in snow-dominated water resource regions throughout the 

world.
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Introduction 
 

The Upper Colorado River Basin (UCRB) (Fig. 1A) constitutes approximately 90% of the total 

flow of the Colorado River (Lukas & Payton, 2020; McCabe & Wolock, 2007; Xiao et al., 2018), 

one of the most over-allocated water resource regions in the world (Christensen et al., 2004; 

Fleck & Udall, 2021; Vano, 2020). Annual streamflow at the outlet of the UCRB has decreased 

by 19% (SI Appendix, Table S2) during the ongoing Millennium Drought (“MD”) (2000-2023), 

relative to both the historical record (1906-1999) and the baseline period used in this analysis 

(1964-1999). The winter snowpack, originating in the headwater regions of the basin, is the 

most critical component to streamflow in the UCRB (Christensen et al., 2004; Li et al., 2017; 

Palmer, 1988). Given the relative importance of snow to streamflow (Q), 1 April snow water 

equivalent (SWE) is commonly used as a vital predictor for operational seasonal streamflow 

forecasts (Mahanama et al., 2012; Pagano et al., 2014). However, between the MD and 

Fig. 1. (A) Map of the UCRB with locations of headwater basins used in this analysis with the outlet at Lee’s Ferry (red 
star). (B) April 1 SWE snow course measurements from 1964 to 2022 within the Black Gore Creek basin, and area-
normalized annual streamflow from Black Gore Creek (USGS gage ID 09066000), in mm. Blue dots symbolize years 
during the baseline period, and red dots signify years during the Millennium Drought. Using the best fit line, the resultant 
streamflow estimate (Q) was made for each period with 500 mm SWE. Resultant streamflow estimates for the baseline 
period and Millennium Drought are shown in the blue and red text boxes, respectively. (C) UCRB Naturalized streamflow 
(blue line) as estimated at Lee’s Ferry and mean runoff efficiency (0.15) x precipitation (RE x P) (black line) in km3/year. 
Blue shading denotes periods when naturalized streamflow surpassed RE x P (surplus), and red shading denotes periods 
when naturalized streamflow fell below RE x P (deficit). Total deficits during each period are shown in the inset table. 
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baseline periods, streamflow has reduced for the same input of SWE in headwater basins 

(Lapides et al., 2022; McEvoy & Hatchett, 2023; Modi et al., 2022) (Fig. 1B).  

 

The reduction in UCRB streamflow during the MD has led to the largest basin-wide 
water deficit on record (Hoerling et al., 2019; Schmidt et al., 2023; Williams et al., 2022; Xiao et 
al., 2018) (SI Appendix, Fig. S3), yet the precipitation deficit during the same period does not 
fully account for this historic streamflow decline. To demonstrate this, we use the mean runoff 
efficiency, the ratio of mean annual streamflow to mean annual precipitation, which is 0.15 in the 
UCRB (Lukas & Payton, 2020; Vano et al., 2012). This ratio, multiplied by annual precipitation, 
provides a first approximation of annual streamflow. During the Millennium Drought, the 
observed streamflow was much less than would be expected from this ratio and the observed 
precipitation (Fig. 1C).  

Multiple studies have tried to explain this pattern (Fig. 1), without consensus. Some modeling 
studies point to the temperature sensitivity of streamflow to warming as the main contributor to 
streamflow decline (Christensen & Lettenmaier, 2007; Ficklin et al., 2013; McCabe et al., 2017; 
Udall & Overpeck, 2017; Xiao et al., 2018) due to temperature-driven increases in wintertime 
sublimation and warm-season evapotranspiration (ET), while others postulated that annual 
precipitation deficits outweigh the contributions from warming (Hoerling et al., 2019; Woodhouse 
et al., 2016). The disagreement among these studies is partly attributed to variations in model 
estimations of precipitation and to inherent model differences in how precipitation is allocated to 
streamflow, which can diverge widely across models (Vano et al., 2012). Thus, the choice of 
model can significantly influence how streamflow changes are explained (2019) (further 
discussion is available in the SI Appendix, Supplementary Text S2). To avoid challenges with a 
single model choice, we focus on observations of precipitation, temperature, and streamflow 
within a network of 26 unregulated UCRB headwater basins (Slack et al., 1994). 

While prior studies focused on annual changes, streamflow sensitivity to precipitation 
and temperature change is dynamic throughout the year (Lehner et al., 2017), suggesting the 
seasonality of annual water inputs is a vitally important metric to consider. Here, we specifically 
focus on the seasonality of precipitation to deduce its impact on annual streamflow. The timing 
and location of water fluxes in relation to ET play a primary role in mediating streamflow volume 
(Carroll et al., 2020; Foster et al., 2016; Meira Neto et al., 2020). Furthermore, seasonality 
strongly influences the energy available to transpire or evaporate water, defined as potential ET 
(PET) - the maximum amount of water that could be transferred to the atmosphere at a given 
time. PET is an energy-limited process during cooler months (November-April) and water-limited 
after the snowmelt season (July-October) (Gordon et al., 2022; Massari et al., 2022). PET 
increases rapidly as net radiation increases, especially once the highly reflective snow cover 
melts and disappears (SI Appendix, Fig. S9). Actual ET (AET) increases once sufficient water 
and energy are available and plants are ready to transpire. In the mountains, AET is closest to 
PET in the spring because sufficient water is available from recently melting snow (SI Appendix, 
Fig. S9).  

Spring (April – June) marks a rapid transition in snow-dominated headwater regions. As 
streamflow responds to snowmelt, the annual phenological cycle begins, PET rises rapidly, and 
precipitation transitions from snow to rain. With these changes, spring precipitation is critically 
important to streamflow in the UCRB, as it exhibits a stronger correlation with annual streamflow 
than winter precipitation does (S. Zhao et al., 2023) SI Appendix, Fig. S7). Observations have 
shown a decreasing trend in spring precipitation over the last century (Kalra & Ahmad, 2011), 
but research has not focused on spring precipitation changes during the MD as a driver for 
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UCRB streamflow declines. Previous work has indicated spring precipitation will decrease west 
of the Rocky Mountains during the 21st century (McAfee & Russell, 2008), due to a 
northeastward shift in storm tracks (Yin, 2005) and changes in large-scale climate signals (R. 
Miller et al., 2006). We hypothesize that spring precipitation has decreased significantly during 
the MD compared to the baseline in UCRB headwater basins and over the UCRB as a whole. 
We expect these decreases to constitute the largest portion of annual precipitation deficits when 
compared to other seasons. To evaluate this, we examined both gridded precipitation products 
(PRISM Climate Group, 2014) and point gauge observations (National Centers for 
Environmental Information., n.d.). 

Drier and warmer springs shift the timing of plant growth earlier (Cayan et al., 2001; 
Schwartz & Reiter, 2000), while decreases in precipitation (and its associated cloud cover) 
increase mean temperature (W. Zhao & Khalil, 1993) and radiative input (Betts et al., 2014), all 
important contributors to ET (Betts et al., 2014; Sumargo & Cayan, 2018). Thus, years with 
lower spring precipitation correspond to those with higher spring PET, due to warmer 
temperatures and higher radiative input associated with the decreased precipitation. The 
impacts from reduced spring precipitation and higher spring PET during drier springs should not 
impact all headwater basins equally. Snow in lower elevation headwater basins melts out earlier 
(Fassnacht et al., 2003; Lundquist et al., 2004). Two main consequences from this earlier 
snowmelt impact spring PET over lower, but not higher, elevation basins: (1) surface albedo 
decreases earlier, significantly increasing the radiative input into the surface, and (2) plant-
driven ET starts earlier. Here, we use stream gage records from the same headwater basins, 
which account for 24% of UCRB streamflow, separated into lower (<2900 m), middle (2900-
3200 m), and higher (>3200 m) elevation groups to test our second hypothesis: annual 
streamflow volume in lower (<2900 m) elevation headwater basins is disproportionately 
impacted by reduced spring precipitation and higher spring PET during drier springs during the 
Millennium Drought. 

Results 

Spring Precipitation Decreases Between Periods 
Over the entire UCRB, there was a statistically significant (P = 0.04) reduction in annual 

precipitation of 7% between the Millennium Drought and the baseline periods (SI Appendix, Fig. 
S3, and Table S2). Concentrating on the headwater basins, 17 of 26 basins show significant (P 
< 0.05) decreases in annual precipitation (SI Appendix, Table S2). Most of these significant 
changes were concentrated in the lower and middle elevation basins below 3200 meters. Seven 
of the 11 precipitation gages showed significant decreases in annual precipitation (Fig. 2B), 
consistent with the streamflow shifts seen in the corresponding basins (SI Appendix, Table S2).  

Widespread reductions in spring precipitation were evident throughout the UCRB (Fig. 
2B), which exhibited a significant (P = 0.01) 17% decrease in spring precipitation between 
periods (SI Appendix, Table S2). All headwater basins studied in this analysis showed at least a 
marginal decrease in spring precipitation between periods (SI Appendix, Table S2), while 15 of 
the 26 headwater basins registered significant (P < 0.05) decreases. Similar to the annual 
precipitation declines, lower and middle elevation basins below 3200 meters were the focal 
point for these declines, as 12 of 16 basins showed significant decreases (SI Appendix, Table 
S2). In line with these findings, all precipitation gages recorded decreases between periods, 
while significant (P < 0.05) reductions in spring precipitation occurred at nine of 11 gages (Fig. 
2B). 

At both the headwater basin and UCRB scales, spring precipitation decreases between 
the baseline and the MD accounted for the largest portion of the annual precipitation deficit. In 
16 of the 17 basins with significant decreases in annual precipitation between periods, spring 
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precipitation reductions accounted for the bulk (31-51%) of the annual deficit (SI Appendix, Fig. 
S8). Over the entire UCRB, the spring precipitation deficit accounted for the largest portion 
(43%) of the annual deficit, compared to the other seasons. We observed limited changes in fall, 
winter, and summer precipitation between periods throughout both the UCRB and the 
headwater basins (Fig. 2B). A more detailed discussion of these changes and the weak 
relationship between precipitation across seasons is available in the SI Appendix 
Supplementary Text S4.  

 

Streamflow Volume Decrease Differs by Headwater Basin Elevation 
We found years with less spring precipitation had amplified spring evaporative losses in 

the UCRB. With a median Pearson’s correlation of -0.5 (±0.13), spring precipitation negatively 
correlated with spring PET (for further details see SI Appendix, Supplementary Text S4, and Fig 
S5). Additionally, the spring precipitation-temperature relationship was stronger than the 
increasing temporal trend in spring temperature attributed to global warming (SI Appendix, 
Supplementary Text Fig. S11). Since ET increases more rapidly over bare soil compared to 
snow (Hutchison, 1966), we separated basins by elevation groups to examine whether the 
spring precipitation-PET relationship compounded streamflow reductions differently for lower 
basins with earlier snowmelt compared to higher basins with later snowmelt (Fig. 3). Reductions 
in annual streamflow were significant (P < 0.05) in two of the 10 higher elevation basins (>3200 
m) (SI Appendix, Table S3), with reductions between -10 and -19%. In the middle and lower 
elevation basins (<3200 m), 13 of 16 basins showed significant (P < 0.05) decreases in annual 
streamflow, ranging between -12 and -41%. The largest changes occurred in the lowest 
elevation group (Fig. 3, SI Appendix, Table S3).  

 

 

Fig. 2. (A) Climatological average (1991-2020) precipitation from PRISM over the UCRB. (B) Annual and seasonal 
precipitation difference between the Millennium Drought and the baseline periods. Colors indicate the magnitude of 
the difference in millimeters. Precipitation gages used for PRISM validation are also shown with significant decreases 
(downward red arrow) or insignificant (grey circle) changes in annual or seasonal precipitation between periods.  
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Fig. 3. Basin normalized daily streamflow averaged over water years within the baseline (gray) and Millennium 
Drought (colored) periods in mm/day for a representative lower, middle, and higher elevation basin. Basin locations 
are marked in Fig 4A. The percent changes of streamflow volume relative to the baseline are expressed in the text 
boxes. The mean snow disappearance date, derived from MODIS snow covered area data between 2000 -2018 
(O’Leary et al., 2020), is the date when 50% of each basin’s snow covered area has disappeared, More details are 
available in the SI Appendix, Supplementary Text S4. Note the earlier timing at lower elevations.  

Discussion 
Springtime precipitation decreases served as a major signal of reduced water input across 

the UCRB headwater regions and the greater basin area. Between the baseline and MD 
periods, spring was the only season with a significant reduction in seasonal precipitation, 
aligning with the significant annual precipitation reduction (Fig. 2B, SI Appendix, Table S2). 
These spring precipitation deficits dominated annual precipitation deficits in both the headwater 
basins and the entire UCRB during the MD (SI Appendix, Fig. S8). While spring precipitation 
decreased throughout all headwater basins, the largest decreases were centered in the lower 
and middle elevations (SI Appendix, Table S2).  

These spring precipitation decreases corresponded with decreases in annual streamflow 
(Fig. 4B), implying the reduction in spring precipitation during the MD is a vital contributor to 
these streamflow deficits. Nonetheless, these decreases alone do not fully account for the 
observed UCRB streamflow deficits (Fig. 1B). To address this incongruity and delve further into 
the consequences of reduced spring precipitation, we showed that springs with less 
precipitation incur greater PET, leading to increased surface water losses during this crucial 
season. Across the UCRB, we found a robust negative correlation between spring precipitation 
and spring PET, indicating drier springs exhibited more PET and warmer temperatures (SI 
Appendix, Fig. S5). However, these warmer temperatures were not simply due to the global 
warming signal, since the spring precipitation-temperature relationship was stronger than the 
temporal increasing trend in spring temperature (SI Appendix, Fig. S11). With less spring 
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precipitation, less cloud cover is observed, increasing solar radiation at the surface. This greater 
solar radiation increases temperatures and energy for PET (Betts et al., 2014; W. Zhao & Khalil, 
1993).  

 

Significant (P < 0.05) spring precipitation decreases were concentrated in lower and 
middle elevation basins (SI Appendix, Table S2), and streamflow change during the MD 
revealed lower and middle elevation basins also exhibited more significant (P < 0.05) decreases 
in annual streamflow volume compared to higher elevation basins (Fig. 3, Fig. 4B). The dual 
impact of less spring precipitation and amplified spring PET is exacerbated by earlier snowmelt 
in these lower elevation basins. In these lower elevation basins, the timing of the seasonal ET 
increase occurs earlier due to earlier snowmelt timing from warmer temperatures (Fassnacht et 
al., 2003; Lundquist et al., 2004). This earlier snowmelt timing increases the energy available at 
the surface and magnifies the spring PET increase from less spring precipitation (SI Appendix, 
Figs. S5 and S9). Spring is unique in this arid region because it is the only season when recent 
snowmelt and water availability let AET approach PET, keeping evaporation rates high. In 
winter, there are instances when AET matches PET, but with limited energy available, overall 
AET remains low. In summer and fall, even with sufficient energy, drier conditions constrain 
AET. Given this relationship, the combined effect of spring precipitation decreases and PET 
increases have a more direct impact on water availability than in other seasons, especially at 
lower elevations without long-lasting snow cover.  

Fig. 4. (A) Map of UCRB boundary with higher, middle, and lower elevation HCDN basin groupings. Basins depicted in 
Fig. 3. are pointed out by arrows. (B) Percent change in spring precipitation (shading) and annual streamflow volume 
(symbols) between baseline and Millennium Drought. Larger downward triangles indicate a larger decrease in 
streamflow volume, and the color describes the significance level of the change. 
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Higher elevation basins above 3200 m showed more modest reductions in annual 
streamflow volume (SI Appendix, Table S3). These basins are less sensitive due to their deeper 
snowpacks, which not only cover plants but also act to limit the energy available for ET and 
buffer against the negative spring precipitation-PET relationship. Higher elevation basins may 
lose this buffering effect if both winter and spring precipitation decrease significantly, resulting in 
diminished snowpacks at higher elevations. In addition, as temperatures continue to rise, 
snowmelt is predicted to occur earlier at all elevations (Clow, 2010; Fritze et al., 2011; Modi et 
al., 2022), further weakening this buffering capacity. In years with small snowpacks, low spring 
precipitation, and rapid or early spring snowmelt (McEvoy & Hatchett, 2023), streamflow volume 
within these basins would decrease further.  

We demonstrated a strong negative correlation between spring precipitation and PET in 
the UCRB. However, our analysis did not directly consider AET observations. While studying 
the spring period allows us to assume AET= PET, future investigations should focus on 
conducting a more comprehensive analysis of the relationship between springtime precipitation 
and spring AET and the impacts each exerts on basin hydrology.  

Our work highlights the importance of spring precipitation to UCRB streamflow, and 
further work should be devoted to exploring the underlying causes, such as larger-scale 
atmospheric and oceanic drivers, of these precipitation reductions. Recent research has used 
oceanic teleconnections, specifically North Pacific sea surface temperature, to predict spring 
precipitation and streamflow in the UCRB with encouraging results (S. Zhao et al., 2021, 2023). 
A better forecast of spring precipitation would benefit water managers in the UCRB region since 
the inclusion of spring precipitation in forecast models can improve streamflow forecasts 
(Lehner et al., 2017; S. Zhao et al., 2023) (SI Appendix, Fig. S10).   

Conclusion 
Since the onset of the Millennium Drought in the UCRB, annual precipitation and 1 April 

SWE have provided less streamflow than historically observed. By highlighting the importance 
of seasonality, we focused on changes specifically during the spring season to explain the 
observed inconsistency between SWE, precipitation, and annual streamflow declines in the 
UCRB during the Millennium Drought. Our analysis revealed significant spring precipitation 
decreases in headwater regions between the baseline (1964-1999) and the Millennium Drought 
periods, and spring precipitation decreases notably outweighed precipitation decreases in other 
seasons. We found that years with less spring precipitation corresponded with greater spring 
PET and warmer spring temperatures. The relationship between spring temperature and 
precipitation was stronger than the observed increasing trend in temperature related to global 
warming. The compounding impacts of springtime precipitation reductions and PET increases 
associated with these reductions impacted lower elevation basins most, with more significant 
reductions in annual streamflow volumes observed in these basins than at higher altitudes. 

With the continued projections of increasing temperature and reduced precipitation during 
spring, it will be paramount to highlight the importance of springtime conditions throughout the 
UCRB and better resolve our estimates of spring precipitation when forecasting water 
availability. Further work should be undertaken to enhance our understanding of precipitation 
changes during spring in mountainous headwater regions and focus on the interplay between 
precipitation and other hydrologic fluxes during this dynamic season.  
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Data and Methods 

Study Basins 
Twenty-six headwater basins distributed throughout the UCRB were used in this 

analysis to define the headwater regions (Fig. 4A, SI Appendix Table S1). Basins were selected 
from the USGS Hydro-Climatic Data Network (HCDN), a data set created for the study of 
hydrologic conditions in natural streams to highlight climatic influences on flow unimpeded by 
diversions, storage, or other water control structures (Slack et al., 1994). To span the period 
where all basins had continuous daily streamflow observations, we limited the streamflow data 
to span all water years in our period of analysis between 1964 and 2022. Daily streamflow data 
were obtained from the USGS National Water Information System. For each gage, each water 
year’s streamflow volume was calculated from the sum of daily streamflow divided by basin area 
and converted to millimeters depth.  

Basin elevation best characterized different hydrologic responses in each basin in terms 
of both center-of-mass timing and streamflow volume (SI Appendix, Supplementary Text S4, 
and Table S1). We calculated the area-normalized mean basin elevation for each HCDN basin 
using the 1-arc second (approximately 30-meter) 3DEP digital elevation model accessed 
through the USGS National Map. Basins were separated into higher (>3200 m), middle (2900 to 
3200 m), and lower (<2900 m) elevation groupings based on their area-normalized mean 
elevation (Fig. 4A). The ten high-elevation basins generally sustained higher area-normalized 
streamflow and received more annual precipitation than the eight lower elevation basins (SI 
Appendix, Table S1), with the eight mid-elevation basins falling in between (SI Appendix, Fig. 
S6B).  

Seasonal Precipitation Changes 
Monthly precipitation data were collected from the Parameter-elevation Regressions on 

Independent Slopes Model (PRISM) dataset at 4 km resolution for the 1964-2022 period over 
the UCRB (PRISM Climate Group, 2014). Additional information about PRISM is available in SI 
Appendix Supplementary Text S3. The monthly precipitation product was spatially averaged 
over each HCDN basin and the entire UCRB. Seasonal and annual aggregates of precipitation 
were created for each basin for each water year in the data record. Seasons were delineated as 
follows to align with the climatology of the UCRB headwaters region (SI Appendix, 
Supplementary Text S1): fall spans October 1 to December 31, winter spans January 1 to 
March 31, spring spans April 1 to June 31, and summer spans July 1 to September 30. 

One caveat of using PRISM, especially with a more extended time series, is that the 
data are not temporally homogenous, meaning the addition of new stations over time can 
impact the resulting product (Henn et al., 2018). Nevertheless, prior work tested the 
homogeneity of PRISM alongside two commonly used gridded precipitation datasets over the 
UCRB and found PRISM to be the most reliable during the more data-sparse period spanning 
1950-1999 (2010). We compared PRISM against 11 precipitation gages in the UCRB 
headwaters region for the 1964-2022 period (SI Appendix, Table S4). Daily precipitation data 
from these gages were acquired from the National Center for Environmental Information Climate 
Data Online service and aggregated to seasonal totals. Seven of the 11 stations were located 
within the boundary of basins used in this analysis, while the remaining four stations were 
distributed throughout the eastern portions of the UCRB (Fig. 4A). 

To compare annual and seasonal precipitation changes between periods within the 26 
headwater basins and the UCRB, we separated the seasonal precipitation totals into baseline 
(1964-1999) and MD (2000-2022) periods. We employed Student’s t-tests (t-tests), which 
require normally distributed data, to compare means between these two groups, and used the 
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Kolmogorov-Smirnov test to verify normality. We utilized one-sided t-tests to assess significant 
reductions in mean seasonal precipitation between periods in each basin. In these tests, the null 
hypothesis of no change in the mean was rejected when the probability value (P value) of the 
test statistic was determined to be less than the chosen significance level 𝛼 = 0.05. 

Spring Precipitation and PET Relationship 

To assess the spring precipitation-PET relationship over the UCRB, we estimated 
monthly PET values at each grid-cell from 4 km PRISM monthly mean temperatures between 
1964 and 2022 using the Thornthwaite equation (Thornthwaite & Holzman, 1939), which has 
been shown to provide a superior estimate of PET over the UCRB compared to other common 
empirical methods (Yates & Strzepek, 1994). From these monthly estimates, we calculated 
spring PET totals for each year. We computed Pearson’s correlations (r values) between spring 
PET and spring precipitation at each grid cell. In so doing, we produced a UCRB-wide 
correlation map between spring PET and spring precipitation over the UCRB (SI Appendix, Fig. 
S5).  We then computed the median and standard deviation of the UCRB r values derived from 
total spring precipitation and total spring PET estimates from PRISM. A comparison with other 
PET estimates is available in the SI Appendix, Supplementary Text S4, with similar results. 

Streamflow changes between periods by elevation group 
We calculated annual streamflow totals from the USGS gages at the outlet of each HCDN 

basin. To capture a water year estimate of streamflow from the entire UCRB, we used the US 
Bureau of Reclamation naturalized streamflow record at Lee's Ferry, AZ for water years 1964 to 
2022 (2020-2022 data is currently provisional), which is calculated from modeled unregulated 
flows into Lake Powell from the Colorado Basin River Forecasting Center. The product has 
been used in several model evaluation and water balance studies as an annual streamflow 
estimate from the UCRB (Hoerling et al., 2019; Vano et al., 2012; Xiao et al., 2018).  

To compare changes in streamflow volume between periods at the 26 headwater gages, we 
separated annual streamflow totals into baseline and MD periods. Since not all basins had 
normal distributions in their annual streamflow time series, we used the one-sided Wilcoxon 
rank sum test to assess significant decreases in the mean annual streamflow between periods. 
In these tests, the null hypothesis of no change in the mean was rejected when the probability 
value (P value) of the test statistic was evaluated to be less than the given significance level 𝛼 =
0.05. We then bundled each basin’s result into its elevation grouping and compared test results 
between these groupings. 

Data Availability 

Previously published data were used for this work. All data are publicly available, and 
sources are provided in SI Appendix, Table S5. 
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Supplementary Information (SI) Appendix 

Supplementary Text S1: The Climatology of the Upper Colorado River Basin 
The UCRB, defined as the drainage area of the Colorado River upstream of the Lee's 

Ferry gaging station (USGS station 09380000) (Fig. S1), contributes approximately 90% of the 
total flow of the CRB (Lukas & Payton, 2020; McCabe & Wolock, 2007; Xiao et al., 2018). An 
estimated 70-90% of this streamflow originates in the headwater basins of the UCRB 
(Christensen et al., 2004; Li et al., 2017; Palmer, 1988).  

The UCRB can be characterized as a region of contrast and diversity in its terrain and 
ecology. Most of the area within the UCRB is classified as arid or semi-arid, meaning less than 
500 millimeters of precipitation falls over it each year (Fig. S2A). These semi-arid areas 
contribute substantially less runoff to the region's rivers than the high-elevation basins, where 
complex topography enhances precipitation through orographic processes. In the intermediate 
zones between arid and alpine regions, strong gradients in temperature (Fig. S1B) and 
precipitation (Fig. S2A) support a wide range of vegetation zones. Forest cover closely aligns 
with regions of greater precipitation (Figs. S1 and S2), except for the uppermost reaches of the 
basin, which experience a harsher environment characterized by colder temperatures and 
shorter growing seasons, restricting tree growth. 

Spatial precipitation patterns, while driven by singular storm systems throughout the year 
and influenced by topography and elevation, are derived from large-scale atmospheric 
dynamics with distinct seasonal moisture sources and trajectories. These seasonal differences 
lead to seasonality in precipitation (Fig. S2 B through E) and streamflow that influence regions 
differently throughout the UCRB. Seasonal precipitation in higher-elevation basins is skewed 
towards the winter and spring months; however, in lower-elevation basins, precipitation is more 
equally distributed across the year (Lukas & Payton, 2020).  

We used seasonal means of PRISM precipitation between 1964 and 2022 to compare the 
distribution of precipitation over the year in the headwater basins of the UCRB that we analyzed. 
Winter precipitation (January through March) makes up around 29% of annual precipitation (Fig. 
S2B). Snow cover and low solar angles limit the amount of energy available evapotranspiration 
(ET), the combined process of water vapor transfer into the atmosphere through evaporation 
from surfaces and plant transpiration, is minimized. With much of the water in the UCRB frozen 
within the snowpack, streamflow remains low until snowmelt begins. Spring precipitation (April 
through June) constitutes 28% of annual precipitation (Fig. S2C). Spring also coincides with the 
startup of plant activity and increases in ET as snow cover decreases and solar energy 
increases. The onset of snowmelt and continued spring precipitation lead to the peak in the 
annual hydrograph late in spring or early in summer. Summer precipitation represents 
approximately 22% of annual precipitation (Fig. S2D). Summer contains the peak ET rates 
during the year, due to the high temperatures driving large water vapor gradients and peak solar 
energy needed to power evaporation and plant growth. Streamflow response to summer 
precipitation is limited due to plants' substantial influence on water partitioning to ET rather than 
runoff (Sprenger et al., 2022). Fall precipitation makes up 21% of annual precipitation (Fig. 
S2E). As plants senesce for the winter, so does the amount of ET as the region returns to winter 
conditions. With few significant precipitation events early in the fall, minimum annual flows that 
are driven by baseflow from groundwater stored within each basin usually occur during this 
time.  
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Supplementary Text S2: Additional Background Information 

Contextualizing the Millennium Drought in the UCRB 
The Millennium Drought has been characterized by 20% less annual naturalized 

streamflow at Lee's Ferry compared to the earlier historical record spanning 1906-1999 (Udall & 
Overpeck, 2017). Reconstructions of even longer historical CRB streamflow from tree-ring 
analysis further contextualized the extreme nature of the current low-flow state within the UCRB. 
Although currently shorter in duration, the ongoing Millennium Drought is similar in magnitude to 
some of the most severe multi-decadal drought periods in the past several centuries 
(Gangopadhyay et al., 2022; Gray et al., 2011; McCabe & Wolock, 2007; Salehabadi et al., 
2022). Relative to the baseline period (1964-1999), the mean streamflow deficit during the 
Millennium Drought was 3.35 km3 per year or a 19% difference between the baseline and the 
Millennium Drought (Fig. S3A). Concurrent with this change, precipitation decreased by 7% 
between periods (as estimated by PRISM) (Table S2), amounting to a mean annual deficit of 
8.31 km3 per year (Fig. S3B). The UCRB exhibits a mean runoff efficiency of around 0.15 
(Lukas & Payton, 2020; Vano et al., 2012), indicating that the precipitation decrease would need 
to be more than doubled to match the observed streamflow deficit, presuming this efficiency is 
constant in time (main text, Figure 1C). Thus, observations suggest that each unit of 
precipitation is no longer providing the same amount of streamflow since the onset of the 
Millennium Drought. 

Numerous future scenarios and historic modeling efforts have studied how recent 
warming and precipitation changes (Figs. S3A and S3B) have impacted UCRB flows to explain 
this decrease in runoff and precipitation-streamflow discrepancy, without consensus (Bass et 
al., 2023; Christensen et al., 2004; Christensen & Lettenmaier, 2007; Ficklin et al., 2013; 
Hoerling et al., 2019; McCabe et al., 2017; McCabe & Wolock, 2007, 2011; Udall & Overpeck, 
2017; Vano et al., 2012, 2014; Woodhouse et al., 2016; Xiao et al., 2018). Many of these 
investigations have contextualized the individual impact that precipitation change and 
temperature increase have on streamflow using land surface models (LSMs) (Bass et al., 2023; 
Christensen et al., 2004; Hoerling et al., 2019; McCabe & Wolock, 2007; Udall & Overpeck, 
2017; Vano et al., 2012, 2014; Xiao et al., 2018). These investigations separated the influences 
that precipitation and temperature change have on Colorado River flow by estimating 
streamflow temperature sensitivity and precipitation elasticity. 

Temperature sensitivity can be defined as the percent change in streamflow due to a 1⁰ C 
increase in temperature. Models indicate temperature sensitivities of UCRB streamflow range 
between -3% to -10% per 1⁰ C increase (Bass et al., 2023; Hoerling et al., 2019; McCabe et al., 
2017; McCabe & Wolock, 2007; Udall & Overpeck, 2017; Vano et al., 2012; Vano & 
Lettenmaier, 2014). Precipitation elasticity is the sensitivity of streamflow to a 1% change 
(positive or negative) in precipitation. UCRB precipitation elasticities typically range between 1.8 
and 4, but uncertainties are largely driven by the choice of LSM, and values can vary widely 
across the UCRB (Vano et al., 2012; Vano & Lettenmaier, 2014). However, relationships 
between these two metrics have been identified that can influence their values during drought 
periods. Vano & Lettenmaier (2014) found larger decreases in precipitation lead to reduced 
precipitation elasticity, implying that temperature sensitivity may play a greater role during 
warmer, dry conditions. This idea was supported by Woodhouse and Pedersen (2018), who 
found warm temperatures during persistent drought conditions exacerbate streamflow declines 
beyond what would be expected solely from precipitation deficits. 

Some modeling studies found rising temperatures to be the leading cause for the recent 
UCRB streamflow decline, and the streamflow decline was largely explained by temperature-
driven increases in wintertime sublimation and warm-season ET (Bass et al., 2023; Christensen 
& Lettenmaier, 2007; Ficklin et al., 2013; McCabe et al., 2017; Xiao et al., 2018). Model output 
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from these studies showed minimal change in annual precipitation (+1% to -3%) since 2000 
relative to the long-term mean.  

On the other hand, other modeling studies attributed the greatest portion of streamflow 
change to precipitation decreases (Hoerling et al., 2019; McCabe & Wolock, 2011; Udall & 
Overpeck, 2017; Woodhouse et al., 2016), with decreases ranging between -4 to -7% since 
2000. For example, Hoerling et al. (2019) and Woodhouse et al. (2016) each used different 
model setups to show precipitation decreases contributed to approximately 60-80% of the 
reduced UCRB flows during the Millennium Drought, with temperature rise being a secondary 
factor. McCabe & Wolock (2011) showed that precipitation accounted for almost all variability in 
streamflow throughout water resource regions of the U.S., including the UCRB, over the past 
century. Udall & Overpeck (2017) attributed approximately 70% of streamflow change to 
decreases in precipitation during the Millennium Drought.  

These studies disagree on whether decreased precipitation or increased temperatures 
have controlled UCRB streamflow decline during the Millennium drought, but the distinguishing 
difference in these findings appears to stem from how precipitation and temperature changes 
are estimated by different models and how each model translates precipitation into streamflow. 
Vano et al. (2012) demonstrated that commonly used LSMs diverge widely in determining how 
precipitation and temperature changes impact streamflow, due to different precipitation 
elasticities and temperature sensitivities between the LSMs. Bennet et al. (2019) also found 
stark variations in how water balance variables are treated across models. Thus, the choice of 
LSM can significantly influence how these changes impact modeled streamflow. In this analysis, 
we sought to avoid these potential issues associated with model choice by centering our 
analysis on observations of streamflow and precipitation throughout the UCRB during a period 
when we have reliable estimates for each.  

The Importance of Seasonality within the UCRB Headwater Regions 
Despite the focus on changes in precipitation and temperature since the onset of the 

Millennium Drought, few modeling or observational analyses have centered on when these 
changes have occurred on an intra-annual scale, particularly precipitation. The importance of 
seasonal precipitation in the UCRB region was underscored by Fatichi et al. (2012), who 
showed regions with large inter-annual variability in precipitation, like the UCRB, also have large 
intra-annual variability in the seasonal precipitation signal. While results from Woodhouse et al. 
(2016), McCabe et al. (2017), and Xiao et al. (2018) both differentiated intra-annual changes in 
the UCRB, they each limited their analysis to only cool (October to March) and warm (April to 
September) season precipitation signals. Recent research has also emphasized the importance 
of precipitation seasonality and its impact on streamflow in headwater regions. For instance, a 
modeling study focusing on a headwater basin of the UCRB from Carroll et al. (2020) found that 
summer rain produced half the amount of runoff as spring snow for the same input of 
precipitation due to the relative increase in ET between spring and summer within the lower 
elevation forests of the basin.  

Furthermore, attention in these historical investigations, either driven by models or 
observations, has generally been limited to changes in flow estimates over the entire UCRB, 
rather than focusing on the hydrologically impactful and sensitive headwater basins. It is in 
these basins that research has identified shifts towards earlier spring runoff timing (Cayan et al., 
2001; Clow, 2010; Heldmyer et al., 2022; Pribulick et al., 2016; Stewart et al., 2005; Tennant et 
al., 2015), driven by the earlier onset of snow melt due to warmer temperatures in recent 
decades (Barnhart et al., 2016; Clow, 2010; Fritze et al., 2011; McCabe & Clark, 2005; Modi et 
al., 2022). However, headwater basins do not respond equally to these changes: lower 
elevation basins that lie near the early-spring snow line, approximately 2500-3000 meters in the 
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UCRB (Moore, 2012), have been more broadly impacted (Bohr & Aguado, 2001; Knowles & 
Cayan, 2004; Mayer & Naman, 2011; Mote, 2006; Tennant et al., 2015; Van Kirk & Naman, 
2008). Thus, basin elevation has been identified as a primary driver for how a basin responds to 
temperature, precipitation, or land cover change (Biederman et al., 2022; Carroll et al., 2019; 
Foster et al., 2016; Mayer & Naman, 2011; Tennant et al., 2015), underscoring the importance 
of focusing on a variety of headwater basins when attempting to determine how changing water 
fluxes impact streamflow more broadly.  Additionally, since these basins have reliable, long-term 
observations of streamflow, we can test hypotheses related to elevational differences in 
streamflow response that do not need to only rely on model output to evaluate these changes. 
For example, these observations allow us to determine how spring ET increases might impact 
streamflow differently in basins with later snowmelt and reduced vegetation cover (i.e., higher 
elevations) compared to basins with earlier snowmelt and greater vegetation cover (i.e., lower 
elevations). 

Supplementary Text S3: Additional PRISM Details 

PRISM Selection 
PRISM uses statistical interpolation from point measurements alongside a digital elevation 
model (DEM) to account for the complex relationships between climate variables and elevation, 
allowing for more accurate predictions in mountainous regions where traditional linear models 
may not suffice. PRISM was selected due to its wide use as a spatial climate dataset in 
hydrologic models (Daly et al., 2008; Lundquist et al., 2015; Raleigh & Lundquist, 2012), 
including use in several investigations of precipitation and streamflow in the Colorado River 
basin (Biederman et al., 2022; Brooks et al., 2021; Castle et al., 2014; Clow, 2010; McCabe & 
Wolock, 2007; M. P. Miller, 2012; Nowak et al., 2012; Udall & Overpeck, 2017; Woodhouse & 
Pederson, 2018). While PRISM can produce large errors when evaluating precipitation totals for 
extreme storm events or uncommon storm configurations, its performance improves 
considerably when considering longer-term climatology where these outliers do not dominate 
over a longer period (Lundquist et al., 2015), as we do in this study. 

Supplementary Text S4: Additional Precipitation, PET, and Snow Analyses and 
Discussion 

Results from Fall, Winter, and Summer Precipitation Changes 
Significant decreases in fall precipitation between periods were limited to only three of 

26 headwater basins (SI Appendix, Table S). Decreases were insignificant (P > 0.05) over the 
UCRB (Fig. 2B), although the basin had a moderate 9% reduction in fall precipitation between 
periods (SI Appendix, Table S). Insignificant (P > 0.05) decreases in fall precipitation were also 
seen throughout most of the headwater basins. Only two of the 11 precipitation gages showed 
significant precipitation decreases (Fig. 2B), although 10 of these precipitation gages showed 
decreases, agreeing with the results from PRISM. 

We observed limited change in winter precipitation between periods throughout both the 
UCRB and the headwater basins (Fig. 2B). The entire basin showed an insignificant (P > 0.05) 
6% decrease in winter precipitation (SI Appendix, Table S2). While the largest changes in 
precipitation between periods were concentrated in the headwater regions, only six of the 26 
headwater basins showed a significant (P < 0.05) decrease in winter precipitation (SI Appendix, 
Table S2). All other basins showed insignificant (P > 0.05) decreases or increases in winter 
precipitation (SI Appendix, Table S). Similarly, four of the 11 precipitation gages distributed 
throughout the eastern portion of the UCRB showed significant (P < 0.05) decreases in winter 
precipitation (Fig. 2B) between -15% and -21%, with the remaining gages showing insignificant 
(P > 0.05) changes between +13% and -11%. This variability across stations generally agreed 
with the basin-specific analysis from PRISM. 
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Throughout the UCRB, summer precipitation changes were limited (Fig. 2B). A modest 
5% decrease in summer precipitation was observed across the UCRB, primarily impacting the 
northern and eastern reaches of the UCRB (Fig. 2B). No headwater basins showed significant 
(P < 0.05) decreases in summer precipitation (SI Appendix, Table S). In agreement with these 
findings from PRISM, only one of the 11 precipitation gages recorded a significant reduction in 
summer precipitation between periods (Fig. 2B).  

Evaluation of Seasonal Precipitation Correlations 
To distinguish the importance of precipitation seasonality across the UCRB, we 

evaluated how seasonal precipitation in one season correlated with precipitation in surrounding 
seasons. We would expect low correlation values if seasonal precipitation anomalies were not 
similar between seasons, e.g., a relatively wet winter would not imply a relatively wet spring 
would follow, or that a wet fall preceded it.  For each headwater basin we analyzed, we used the 
basin averaged time series of seasonal precipitation between 1964 and 2022 from PRISM to 
calculate Spearman’s correlation of precipitation between seasons. We found precipitation was 
not significantly correlated from one season to the next throughout the headwater basins (SI 
Appendix, Fig. S4). Therefore, we found it essential to evaluate how the annual precipitation 
decreases observed during the Millennium Drought were distributed across the four seasons. 

Potential Evapotranspiration Result Comparison 
We compared the results from PRISM to monthly gridded PET, temperature, and precipitation 
estimates from TerraClimate, a climate and water balance dataset that provides global gridded 
monthly estimates of various climate variables from 1958 to the present at ~4km resolution 
(Abatzoglou et al., 2018). From these monthly estimates, we calculated spring PET totals for 
each year. We computed Pearson’s correlations (r values) between spring PET and spring 
precipitation at each grid cell to assess the strength of the spring PET-precipitation relationship. 
In so doing, we produced a UCRB-wide correlation map between spring PET and spring 
precipitation over the UCRB for both PRISM and TerraClimate data. 

Results from the 4-km TerraClimate data and the 4-km PRISM data indicate a negative 
correlation between spring precipitation and spring PET, with median basin-wide r values of 0.72 
and 0.50, respectively (Fig. S5). Additionally, years with more significant negative spring 
temperature anomalies (colder springs) typically coincide with higher springtime precipitation 
(Fig. S5 C and D).  

Basin Snowmelt Timing Estimate 
 For each basin shown in Fig. 4 (main text), we estimated the mean snowmelt date with a 
snowmelt timing product derived from the MODIS snow-cover data from the Terra satellite 
(Snowmelt Timing Maps Derived from MODIS for North America, Version 2) (O’Leary et al., 
2020). This product offers an 18-year time series mean snowmelt date for each 500-m MODIS 
pixel across North America spanning 2000-2018. This dataset was utilized because it has been 
shown to have a high degree of agreement with in-situ observations (O’Leary et al., 2018). With 
this product, we estimated the mean snowmelt date of each basin used in Fig. 4 (main text) by 
clipping the raster to each basin boundary and calculating the mean snowmelt date from the 
time series. These basins included the North Fork Gunnison River, the East River, and the 
South Fork of Williams Fork (Table S1). The mean snowmelt date for the North Fork Gunnison 
River, the lowest elevation basin of the three, was approximately May 4 with a standard 
deviation of around 25 days across the basin. The mean snowmelt date for the East River, the 
middle elevation basin, was approximately May 20, with a standard deviation of around 25 days 
across the basin. The mean snowmelt date for the South Fork of Williams Fork, the highest 
elevation basin of the three, was approximately June 10 with a standard deviation of around 14 
days across the basin. 
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Basins Delineation by Elevation 
The ten high-elevation basins generally sustained higher area-normalized streamflow 

and received more annual precipitation than the eight lower-elevation basins (Table S1). The 
eight mid-elevation basins primarily rested between these groups (Fig. S6B). The USGS gages 
from these basins, along with station name, area normalized mean elevation, elevation 
grouping, drainage area size, and mean annual precipitation, are shown in Table S1. We also 
calculated the timing of the streamflow center of mass (Stewart et al., 2005). Center-of-mass in 
the higher elevation basins averaged about 9 days later than the middle elevation basins, while 
the average lower elevation basin center-of-mass timing was approximately 10 days earlier than 
the middle elevation basins (Table S1). 

Areas for Further Research 
Our study did not address the roles of soil moisture and groundwater, important 

contributors to the water balance in headwater basins (Carroll et al., 2018, 2019; Mayer & 
Naman, 2011; M. P. Miller et al., 2016; Ryken et al., 2020). Nevertheless, it is probable that 
these reductions in spring precipitation contribute to negative anomalies in fall soil moisture. 
Such anomalies have been demonstrated to play an important role in converting snow to 
streamflow(Harpold et al., 2017; Mahanama et al., 2012). To gain deeper insights into these 
water balance components, further research should be undertaken to examine how water 
partitions to soil moisture and groundwater during years with anomalously low spring 
precipitation. 

Supplementary Text S5: Data Sources 
Data sources and access dates are labeled in Table S5. The UCRB boundary was obtained 
from https://www.sciencebase.gov/catalog/item/4f4e4a38e4b07f02db61cebb. Basin elevations 
were calculated from the 30m 3DEP digital elevation model downloaded from the National Map 
from https://www.usgs.gov/programs/national-geospatial-program/national-map. Fractional tree-
covered area estimates were derived from the National Land Cover Dataset with data 
downloaded from https://www.mrlc.gov/data. UCRB Daily streamflow data from NWIS were 
downloaded from https://waterdata.usgs.gov/nwis? using the dataretrieval Python package 
(https://pypi.org/project/dataretrieval/0.1/). The USBR naturalized streamflow record was 
obtained from https://www.usbr.gov/lc/region/g4000/NaturalFlow/provisional.html. HCDN basins 
and basin polygons were obtained from 
https://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.xml. PRISM 
climatological normal and monthly estimates for precipitation and temperature were downloaded 
from https://prism.oregonstate.edu/. Precipitation data from stations used to validate PRISM 
results were acquired from the NOAA Climate Data Online portal at 
https://www.ncdc.noaa.gov/cdo-web/. Snow course and snow pillow SWE measurements were 
acquired from https://www.nrcs.usda.gov/resources/data-and-reports/snow-and-climate-
monitoring-predefined-reports-and-maps using the Metloom python package 
(https://metloom.readthedocs.io/en/latest/readme.html). Output from a 1987-2020 1 km WRF 
model run (Rudisill et al., 2022) was downloaded from  https://data.ess-
dive.lbl.gov/view/doi:10.15485/1845448. Snowmelt timing maps derived from MODIS were 
downloaded from https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1712. Monthly TerraClimate 
data were downloaded from https://www.climatologylab.org/terraclimate.html. 
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16 
 

Supplementary Figures 

  

Fig. S1 – (A) Map of the Upper and Lower Colorado River Basin with trace of major tributaries and the location of 
Lee’s Ferry. (B) UCRB 30-m resolution elevation map from 3DEP, annual mean temperature from PRISM climate 
normals, and tree covered area from the National Land Cover Dataset (NLCD).  
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Fig. S2 – (A) UCRB annual precipitation from PRISM climate normals (1980-2010). (B)-(E) Seasonal precipitation as 
a percent of annual precipitation in the UCRB for winter, spring, summer, and fall, respectively. 
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Fig. S3 – Annual anomalies relative to the baseline average, with 10-year rolling average (black line) for (A) 
streamflow acquired from the USBR, (B) precipitation acquired from PRISM, and (C) temperature acquired from 
PRISM over the period of record (1906 to 2022). The mean deficit values, in km3/year during the Millennium Drought 
are shown in (A) and (B). 
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Fig. S4 – Spearman’s rank correlation between seasonal precipitation for each HCDN basin, grouped by low, mid, 
and high elevations, over the period of analysis. Values range from -1 to 1, with values above +0.5 (or below -0.5) 
indicating a strong positive (negative) correlation between variables. Note that all values are between -0.23 and 
+0.36, demonstrating weak correlations in precipitation between adjacent seasons. 
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Fig. S5 – Pearson correlation values between spring precipitation and spring PET estimates (A, B) and spring 

precipitation and spring temperature (C, D) from PRISM (A, C) and Terraclimate (B, D). Results are colored by 
correlation values. 
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Fig. S6 – (A) Map of UCRB boundary with high-, mid-, and low-elevation HCDN basin groupings. (B) Average annual 
hydrograph for each HCDN basin separated by elevation groupings. 
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Fig. S7 – Spearman’s rank correlation between seasonal precipitation and annual streamflow for each HCDN basin 
over the period of analysis. Values range between -1 and 1, with values above +0.5 (or below -0.5) indicating strong 
positive (negative) correlation between variables. 
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Fig. S8 – High, mid-, and low- elevation basins with significant annual precipitation deficits between the baseline and 

Millennium Drought periods (gray) and the percent of the annual deficit accounted for by spring precipitation change 

(colored). 
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Fig. S9 – Daily SWE, streamflow, and PET and monthly precipitation over the East River basin for water years 2017 
(A) and 2018 (B) which showed dramatically different behavior in response to significant differences in monthly 
precipitation, particularly in fall and spring. Water year 2018 represents behavior expected from a lower-elevation 
basin (earlier snowmelt, earlier streamflow timing), wheras water year 2017 represents behavior from a higher -
elevation basin, providing a “time-for-space” substitution. The spring period (April through June) is highlighted in 
yellow, and the total spring PET is shown in the text box. Daily SWE values were acquired from the NRCS Butte 
SNOTEL site (site ID 380) contained within the East River basin, daily streamflow was acquired from the basin outlet 
USGS stream gage (ID 9112500), and daily PET and monthly precipitation were estimated from the 1 -km WRF 
model run from Rudisill et al. (2022).  
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Fig. S10 – (A) Linear regression results with April 1 SWE estimates from the Lake City snow course (site 07M08)  as 
the independent variable and annual streamflow for the Lake Fork basin as the dependent variable. (B) Multi-linear 

regression results between SWE and spring precipitation as independent variables and annual streamflow as the 

dependent variable. Spring precipitation totals color the baseline (circles) and the Millennium Drought (triangles). 
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Fig. S11 – (A) Scatter plot and a best-fit line showing the relationship between spring precipitation and spring 

temperature anomaly over the UCRB. (B) Temporal trend in spring temperature between 1963 and 2022. Note the 
greater variance explained in (A) relative to (B). Points in both plots are colored by temperature. 
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Supplementary Tables 
 

Table S1 – 26 headwater HCDN basins of the UCRB included in the analysis along with general basin 
characteristics.  
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Table S2 - Annual and seasonal (winter, spring, summer, fall) precipitation changes between the baseline (1964-
1999) and the Millennium Drought (2000-2022) for each HCDN basin and the entire UCRB, from PRISM. Each cell 
shows the difference between period means and the percent difference compared to the baseline period. Student t-
test results with p<0.05 are highlighted in red, bolded, and italicized. Student t-test results with 0.05≤p<0.10 are 
highlighted in yellow and italicized.  
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Table S3 – Basin-normalized volume change in millimeters depth and center of mass timing change in days between 
the baseline and Millennium Drought periods. Each cell shows the difference between period means along with the 
percent difference compared to the baseline period for the volume change. Student t-test results with p<0.05 are 
highlighted in red, bolded, and italicized. Student t-test results with 0.05≤p<0.10 are highlighted in yellow and 
italicized. 
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Table S4 Precipitation gage station ID, name, location, and elevation for the 11 gages used to validate the results 
from PRISM. 
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Table S5 – Datasets and URL access for the data 

Dataset URL and data accessed 

PRISM 4-km monthly precipitation and 
temperature (1964-2022) 

https://prism.oregonstate.edu/  
Accessed 24 April 2023 

UCRB basin boundary https://www.sciencebase.gov/catalog/item/4f4e4a38e4b07f02db61cebb 
Accessed 17 April 2023 

HCDN Basins derived from GAGES II: 
Geospatial Attributes of Gages for Evaluating 
Streamflow 

https://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.x
ml  
Accessed 17 April 2023  

National Center for Environmental Information 
Climate Data Online service   

https://www.ncdc.noaa.gov/cdo-web/ 
Accessed 25 July 2023 

USGS daily stream gage data from the National 
Water Information System (NWIS) 

https://waterdata.usgs.gov/nwis  
Accessed 26 April 2023 

3DEP from USGS National Map https://www.usgs.gov/programs/national-geospatial-program/national-
map   
Accessed 6 July 2023 

USBR Naturalized Streamflow  https://www.usbr.gov/lc/region/g4000/NaturalFlow/provisional.html   
Accessed 24 April 2023 

Fractional tree-covered area from the National 
Land Cover Dataset 

https://www.mrlc.gov/data  
Accessed 6 July 2023 

Snowmelt Timing Maps Derived from MODIS for 
North America 
 

https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1712  
Accessed 17 October 2023 

NRCS Snow Course Data https://www.nrcs.usda.gov/resources/data-and-reports/snow-and-
climate-monitoring-predefined-reports-and-maps  
Accessed 4 August 2023 

Monthly TerraClimate Data (1964-2022) https://www.climatologylab.org/terraclimate.html. 
Accessed 18 August 2023 

  

https://prism.oregonstate.edu/
https://www.sciencebase.gov/catalog/item/4f4e4a38e4b07f02db61cebb
https://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.xml
https://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.xml
https://www.ncdc.noaa.gov/cdo-web/
https://waterdata.usgs.gov/nwis
https://www.usgs.gov/programs/national-geospatial-program/national-map
https://www.usgs.gov/programs/national-geospatial-program/national-map
https://www.usbr.gov/lc/region/g4000/NaturalFlow/provisional.html
https://www.mrlc.gov/data
https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1712
https://www.nrcs.usda.gov/resources/data-and-reports/snow-and-climate-monitoring-predefined-reports-and-maps
https://www.nrcs.usda.gov/resources/data-and-reports/snow-and-climate-monitoring-predefined-reports-and-maps
https://www.climatologylab.org/terraclimate.html
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