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A Multicentury Perspective on the Relative Influence
of Seasonal Precipitation on Streamflow in the
Missouri River Headwaters
S. E. Frederick1,2 and C. A. Woodhouse1,2

1School of Geography and Development, University of Arizona, Tucson, AZ, USA, 2Laboratory of Tree‐Ring Research,
University of Arizona, Tucson, AZ, USA

Abstract The impacts of warming temperatures and declining snowpack on seasonal water yields in the
Missouri River Headwaters are not well understood, revealing a gap in our understanding of regional
hydroclimate and drivers of streamflow within the Upper Missouri River basin. This study presents the first
annually resolved tree‐ring reconstruction of spring precipitation for the Missouri River Headwaters. This
reconstruction along with existing tree‐ring reconstructions of 1 April snow water equivalence (SWE) and
water year streamflow are used to detect variable influences of winter and spring precipitation on
streamflow over past centuries, and relative to the modern period. The results suggest that spring
precipitation has been a more consistent influence on water year streamflow in the Missouri River
Headwaters over past centuries than winter snowpack. The strong relationship between 1 April SWE values
and water year streamflow in the Missouri River Headwaters observed over much of the 20th century is not
found to be a consistent feature of these multicentury paleorecords. Instead, the climatic influences on
streamflow within the Missouri River Headwaters are likely more variable than 20th‐century instrumental
records indicate.

1. Introduction

The Missouri River stretches over 3,700 km in length from its headwater tributaries in the Rocky Mountains
of southwestern Montana to its confluence with the Mississippi River, just north of St. Louis, Missouri
(Hamon, 1984). Glaciated peaks along the basin's western perimeter give way to grasslands of the Interior
Plains, sprawling floodplains, and river valleys. The basin's vast size and highly varied topography, climate,
and hydrology make it a complex system to characterize, particularly in terms of the climate controls of run-
off and streamflow. Our limited understanding of the seasonal drivers of streamflow and their variability
through time presents a critical knowledge gap since water yields on the Missouri River have long been
recognized to be of great economic, societal, and environmental significance both for basin residents and
the nation.

Persistent drought in the 1930s, which combined with unsustainable agricultural practices in the region
resulted in the Dust Bowl, prompted the design of large‐scale infrastructure projects on the Missouri River
(Basara et al., 2013; Hamon, 1984). Development of the region's water resources and construction of dams,
reservoirs, and power generation facilities peaked in themid‐20th century following the establishment of the
Pick‐SloanMissouri River Basin Program in 1944 (Hamon, 1984). Today, the river is still managed through a
system of dams and reservoirs to provide flood control, water for irrigation, and to support downstream flows
during extended droughts. But even with this development of the region's water resources, communities
within the basin remain vulnerable to climate anomalies and associated high‐ and low‐flow events
(Basara et al., 2013; Mehta et al., 2013).

The Missouri River supplies municipal water to 3.1 million basin residents, and its flow is a driving force for
the nation's agricultural and energy sectors ((NRC) National Research Council, 2002). Extended periods of
drought and low‐flow conditions impact the operations of municipal water systems (affecting water quantity
and quality), hinder the operation of power plants and hydroelectric dams, and restrict navigation on the
Missouri River mainstem (Mehta et al., 2013). Though urban area water needs are increasing, the largest
consumer by far of water in the region is agriculture. The agricultural sector produces a significant
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portion of the nation's grain and cattle yields (Mehta et al., 2013). In fact, in 2008, crops and livestock pro-
duced in the basin were valued at more than $100 billion (Mehta et al., 2013). However, any shift in the tim-
ing or amount of streamflow can greatly impact irrigation capacity and reliability and thus threaten
agricultural operations (Whitlock et al., 2017).

A recent study by Wise et al. (2018) found that the Missouri River is largely reliant on two subregions for
nearly 75% of its average total water year (October–September) flow—the Upper Missouri (as measured at
the confluence of the Yellowstone River with the Missouri River mainstem) and the Lower Missouri (the
lowermost drainage area of the Missouri River that includes the Osage watershed). The Lower Missouri
encompasses the humid continental portion of the basin upstream of the convergence of the Missouri
River and the Mississippi River, just north of St. Louis, Missouri, where the river is largely fed by runoff from
local precipitation (Wise et al., 2018). The Upper Missouri encompasses the cold, mostly semiarid, northwes-
tern reaches of the basin; elevation in this region ranges from peaks greater than 4,000 m to just under 600 m
above sea level at the confluence of the Yellowstone River and the Missouri River mainstem (Figure 1).
Streamflow in the upper basin is correlated positively with both winter and spring precipitation and nega-
tively with spring and summer temperatures (Wise et al., 2018). Runoff peaks in the spring months (May–
June) due to both runoff from the accumulated winter snowpack, a product of moisture transported by wes-
terly flow from the Pacific Ocean, and spring rainfall delivered from the Gulf of Mexico via a low‐level jet
(Wise et al., 2018).

The relative contribution of Upper Missouri River flows fluctuates greatly; in some years these flows have
accounted for as little as 14%, while in other years they represent over half of total Missouri River outflow
(Wise et al., 2018). These flows in the Upper Missouri are critical both locally, particularly in terms of sup-
porting municipalities, natural ecosystems, and multibillion dollar agricultural and tourism economies, and
for fueling the Missouri River mainstem, especially through the central, more arid sections of the basin that
produce little runoff (Whitlock et al., 2017).

The varying contribution of the upper Missouri River is due to differences in the climatic controls in the
upper and lower basins and, perhaps increasingly, related to trends in factors that influence streamflow.
In the Upper Missouri River basin, statistically significant increases in early spring and summer tempera-
tures (March–July) over the 1912–2011 period of record have been detected (Wise et al., 2018). Although
no significant trends in seasonal precipitation have been identified, a significant decline in the relative por-
tion of precipitation falling as snow has been observed (Wise et al., 2018). These trends in seasonal tempera-
ture and snowpack are associated with a shift in the amount and timing of runoff (Pederson et al., 2013).
Peak flows, especially those of higher elevation tributaries, are occurring earlier in the spring (Pederson,
Gray, Ault, et al., 2011; Pederson et al., 2013). Greater evapotranspiration demands associated with warmer
early spring and summer temperatures are expected to decrease runoff efficiency and streamflow in the
Upper Missouri (Livneh et al., 2016; Wise et al., 2018). Drought duration and frequency are expected to
increase, and there are also concerns that Missouri River streamflow is becoming more variable (Pederson
et al., 2010; Whitlock et al., 2017; Wise et al., 2018).

The focus of this study is the uppermost tributaries of the Missouri River Headwaters, where these trends in
temperature and snowpack are most evident and are likely to have significant impacts on streamflow and
the occurrence of drought. The Missouri River Headwaters, a United States Geological Survey
(USGS)‐designated HUC 4 subregion of the Missouri River basin, encompasses southwestern Montana
and part of the northwestern edge of Wyoming. Three main watersheds compose the Missouri River
Headwaters subregion—those of the Jefferson, Madison, and Gallatin Rivers. These rivers merge just south
of Toston, Montana, to form the start of theMissouri River mainstem (Figure 1). Flows from these tributaries
make a significant contribution to the Missouri River mainstem—they supply a critical component of
streamflow in the Upper Missouri that is important in determining flow conditions for much of the
Missouri River.

The USGS stream gauge on the Missouri River mainstem at Toston, Montana, measures the drainage of the
Missouri River Headwaters and accounts for nearly a quarter of upper Missouri River flow, as measured at
the junction of the Yellowstone River and the Missouri River mainstem (Wise et al., 2018). Instrumental
records of climate and streamflow indicate that snowpack is the most important climate influence on
streamflow in these upper headwater tributaries, explaining half of the variance in Missouri River
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streamflow at the Toston gauge (Wise et al., 2018). However, with warming spring temperatures and
declining snowpack, snowmelt could become a less reliable source of runoff (Pederson, Gray, Woodhouse,
et al., 2011). Spring precipitation, which peaks in May and June (Figure 2), is also significantly correlated
with water year streamflow in the Upper Missouri (r = 0.372, p < 0.01 for the period 1930–1988). Given
these observed trends, it is possible that spring precipitation is becoming an increasingly influential driver
of streamflow in the Missouri River Headwaters.

Instrumental records of climate and streamflow document 20th‐century variability and trends in hydrocli-
mate and the climatic controls of streamflow. However, these instrumental records rarely span more than
a century and thus provide only limited insight into long‐term trends or the potential range of variability
in hydroclimate and its impacts on the flow of the Missouri River. This study therefore utilizes climate
and stream gauge data, as well as multicentury tree‐ring‐based reconstructions, to disentangle the role of
the various climate controls of runoff and streamflow. Specifically, this study investigates the role of winter
snowpack and spring precipitation in driving streamflow variability within the Missouri River Headwaters,
both over the modern period and the multicentury paleorecord. First, the relationships between streamflow,

snowpack, and spring precipitation in the instrumental data are reviewed.
Then, a new reconstruction of spring precipitation and existing recon-
structions of winter snowpack and water year streamflow at Toston are
analyzed together in order to assess the feasibility of detecting variable
influences of winter and spring precipitation on streamflow in the
Missouri River Headwaters over past centuries. After establishing this fea-
sibility, specific questions we address using these modern and paleore-
cords include the following: How important are snowmelt and spring
rainfall as seasonal sources of runoff in these headwater tributaries in
the modern period and over past centuries? Is there evidence of spring
precipitation becoming a stronger predictor of streamflow as tempera-
tures rise and snowpack in the Northern Rocky Mountains declines? Is
the 20th century representative of the range of hydroclimatic variability
in the Missouri River Headwaters documented in the tree‐ring data over
past centuries, particularly in terms of the duration, intensity, and the cli-
mate conditions associated with drought events?

Figure 1. Upper Missouri River basin and the locations of the Missouri River headwater tributaries (the Jefferson, Madison, and Gallatin Rivers), the Missouri
River mainstem, the Yellowstone River, and the USGS stream gauge at Toston, Montana.

Figure 2. Monthly average precipitation for the Missouri River Headwaters
for 1905–2015 (Daly et al., 2008) and monthly average natural streamflow of
the Missouri River at Toston for 1929–2002 (Brekke et al., 2009).
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2. Data and Methods
2.1. Observed Climate Data and Analysis

Since an objective of the study was to assess the feasibility of employing tree‐ring‐based reconstructions to
evaluate the variable influences of winter snowpack and spring precipitation on water year streamflow over
past centuries, we first assessed the relationships between spring precipitation, 1 April snow water equiva-
lent (SWE), and streamflow in the instrumental data. Streamflow in theMissouri River Headwaters has been
found to be highly correlated with both winter and spring precipitation over the 20th‐century instrumental
record (Wise et al., 2018); therefore, we focused on these seasons. For these analyses, monthly precipitation
from the Parameter‐Elevation Regressions on Independent Slope Model (PRISM) data set (Daly et al., 2008)
was obtained for the Missouri River Headwaters subbasin region, HU1002. In an average year in the
Missouri River Headwaters, precipitation peaks in May and June (Figure 2), so we used the May–June pre-
cipitation total to represent spring precipitation. This is supported byWise et al. (2018), who found that after
winter precipitation (November–January), May–June total precipitation is the precipitation season most
highly correlated with water year streamflow in the Upper Missouri. A 1 April SWE record for the
Missouri River Headwaters (HU100200) was employed as a measure of maximum winter snowpack. This
series was generated by averaging the observational 1 April SWE records from snow telemetry and snow
course sites for the Missouri River Headwaters (for full description of methods, see Pederson, Gray,
Woodhouse, et al., 2011). Estimated natural water year streamflow for the Missouri River at Toston
(USGS gauge #6054500) was obtained from the U.S. Bureau of Reclamation (Brekke et al., 2009). These
gauge data reflect the agency's best estimate of water year natural flow (Figure 2). Correlation and regression
analysis were used to assess hydroclimatic relationships.

2.2. Spring Precipitation Reconstruction Model Development

In order to evaluate the relationships between winter and spring precipitation and water year streamflow in
a long‐term context, a set of tree‐ring‐based reconstructions was employed. Reconstructions exist for water
year streamflow at Toston (Martin et al., 2019), 1 April SWE (Pederson, Gray, Woodhouse, et al., 2011), and
warm season (June–August) temperature for the Missouri River Headwaters (Kipfmueller, 2008), but no
reconstruction exists for spring precipitation. To assess the contribution of spring precipitation to runoff, a
reconstruction of spring precipitation for the Missouri River Headwaters subbasin was developed. This
reconstruction was calibrated using total monthly May–June precipitation data for the Missouri River
Headwaters subbasin region, HU1002, obtained from PRISM (Daly et al., 2008), and a previously developed
network of tree‐ring chronologies for the greater Missouri River basin region (https://www.ncdc.noaa.gov/
paleo/study/26831).

To ensure that the spring precipitation reconstruction was as independent as possible from the other recon-
structions, tree‐ring chronologies used as predictors in either the streamflow reconstruction (Martin
et al., 2019) or snowpack reconstruction models (Pederson, Gray, Woodhouse, et al., 2011) were removed
and not used as potential model predictors. To extend the reconstruction, the remaining 277 tree‐ring chron-
ologies were then limited to those spanning, at minimum, the 1400–1990 period. Remaining chronologies
were then screened, using correlation analysis, for sensitivity to spring precipitation. Of those remaining
chronologies, only those significantly correlated with spring precipitation over the period of record, 1905–
1998 (at p < 0.05), and over split periods, 1905–1954 and 1955–1998 (at p < 0.10), were retained for model
development. After screening, nine chronologies made up the pool of potential predictors of
spring precipitation.

A reconstruction model was generated using stepwise multiple linear regression. The predictor tree‐ring
chronologies were calibrated with total May–June precipitation over the 1905–1998 period of the PRISM
data. The PRISM data set extends back to 1895; however, the first 10 years of the data are not used due to
the limited number of stations in the region during these early years. The residuals resulting from the step-
wise regression were visually assessed to confirm that the assumptions of multiple linear regression analysis
(residuals were normally distributed, displayed homoscedasticity, with no significant autocorrelation)
were satisfied.

The reconstruction model was evaluated using a set of calibration and verification statistics. For assessing
the model over the calibration period, 1905–1998, the coefficient of determination (R2), the coefficient of
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determination adjusted for the degrees of freedom (R2
adj), and the standard error of the calibration period

were calculated and evaluated. A sign test was performed over the common period of the instrumental data
(1905–1998), evaluating the frequency in which the observational record and predicted series follow the
same increasing or decreasing patterns. For model validation, a k‐folds leave‐10‐out cross‐validation method
replicated 100 times was employed. The root‐mean‐square‐error of cross‐validation (RMSEv) and the
reduction‐of‐error statistic, a measure of the predictive skill of the model compared with estimates based
on the mean of the validation data, were computed (Fritts, 1976) using validation data generated by the
k‐folds process and compared with the model calibration statistics to assess the skill of the
reconstruction model.

2.3. Assessment of the Spring Precipitation Reconstruction With Other
Hydroclimatic Reconstructions

The existing reconstructions of streamflow and 1 April SWE were used with the spring precipitation recon-
struction developed for this study to evaluate long‐term hydroclimatic relationships in the Missouri River
Headwaters. The reconstruction of estimated natural streamflow of the Missouri River at Toston from
Martin et al. (2019) spans 679–2008 CE. The years 1376–1998 were used for this study, and over this period,
the reconstruction explains approximately 70% of the variance in the gauge record. For 1 April SWE for the
Missouri River Headwaters subbasin, a reconstruction spanning 1376–1998 from Pederson, Gray,
Woodhouse, et al. (2011) was used. The explained variance of this reconstruction is similar to the streamflow
reconstruction (R2 = 0.68), although the earlier part of the record is less skillful due to limited tree‐ring data
available. The period during which there is the most reconstruction skill across the spring precipitation, esti-
mated natural streamflow, and 1 April SWE reconstructions, is 1670–1998. Most of the analyses were per-
formed on this period, except for the drought analysis, which used the full common period, 1399–1998.

Analysis of hydrologic drought discussed later in this paper employs the tree‐ring‐based reconstruction of
June–August temperatures, spanning 1234–1998, for the Selway‐Bitterroot Wilderness Area near the border
of Idaho and Montana (Kipfmueller, 2008). This warm season temperature reconstruction explains 40% of
the variance in warm season temperature and is most reliable after 1544. Because this reconstruction is less
skillful than the others, we use it only to infer relative temperatures during periods of hydrologic drought.

In all reconstructions, uncertainties exist as trees are not perfect recorders of hydroclimate. Variance is
inherently compressed through the reconstruction process, as the tree‐ring models never capture 100% of
the variance in the observed record, and extreme values tend to be underestimated. These reconstructions
do replicate the sequences of values, and this is reflected in sign test results (positive and significant at
p < 0.01) (Fritts, 1976). This test indicates that the reconstructions are capturing the sequence of wet and
dry years, important for analyses undertaken in this research, which does not include the assessment of
extreme single year events.

2.4. Long‐Term Relationships Between Streamflow and Seasonal Precipitation

A key question of this study concerns the relationship between water year streamflow and the two key sea-
sonal contributions to streamflow—winter snowpack and spring rainfall—through time. Two types of ana-
lyses were conducted to more closely examine these relationships, moving correlation analysis and stepwise
regression, to address contributions of 1 April SWE and spring precipitation to streamflow.

A 50‐year moving window correlation was calculated between reconstructed streamflow and the reconstruc-
tions of 1 April SWE and spring precipitation. To help verify the associations between these variables, cor-
responding 50‐year moving window correlations were calculated over the common length of the
instrumental records. Together, these moving window correlations were used to assess (1) whether the rela-
tionship between streamflow and these two seasonal sources of runoff is accurately expressed by the
tree‐ring based reconstructions and (2) whether these relationships have changed through time. Moving cor-
relations for 15 and 25 years were also examined and assessed. Significance of correlations was established
using the Bonferroni adjustment to account for sliding correlation window (Snedecor & Cochran, 1989).

To further assess the influences of winter snowpack and spring precipitation on water year streamflow, a set
of stepwise regression models was constructed. For each model, water year streamflow was used as the pre-
dictand, and 1 April SWE and spring precipitation were used as predictors. Stepwise regression analysis was
run using (1) the instrumental records over the years 1937–1998, and the reconstructions over (2) the period
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of the instrumental record, (3) the most reliable part of the reconstructions, 1670–1998, and (4) 100‐year
subsets of the reconstructions over the same set of years.

2.5. 20th‐Century Droughts in a Long‐Term Context

In the last part of the study, periods of below‐average streamflow were identified, and the relationships
between hydrologic drought duration, intensity, and frequency were plotted and evaluated. Hydrologic
drought events were characterized in order to compare 20th‐century droughts with droughts in prior centu-
ries. Because the cumulative effects of persistent multiyear to decadal‐scale drought events are often of more
concern than single‐year events in water resource management (Basara et al., 2013; Mehta et al., 2013),
droughts are defined here as three or more consecutive years of below‐average water year streamflow (aver-
aged over the 600‐year length of the streamflow reconstruction, 1399–1998). Runs analysis on the stream-
flow reconstruction using this criterion for the period 1399–1998 yields 36 individual drought events
ranging from 3 to 15 years in length. For each drought event, the intensity and cumulative streamflow deficit
were computed. Intensity is defined here as the percent of the long‐term average, and the cumulative stream-
flow deficit refers to the sum of the annual flow anomaly (water year departure from average streamflow).

For the longest periods of hydrologic drought (10 years or more), we assessed the associated hydroclimate
conditions. In addition to runoff from snowmelt and spring rainfall, seasonal temperatures influence
year‐to‐year streamflow variability in the Missouri River basin (Wise et al., 2018). Although the temperature
reconstruction used here is less reliable than the others, it is used to gain a sense of the warm season tem-
perature conditions during these periods of drought. Percentile rank was calculated and averaged over these
periods of drought for the reconstructions of water year streamflow, spring precipitation, 1 April SWE, and
warm season temperature. The hydroclimate and streamflow conditions during these periods of drought
were then evaluated relative to one another and to the distribution of conditions observed across the
600 years of the reconstructions.

3. Results
3.1. Observed Hydroclimate

Correlation analysis documents a strong association between Missouri River at Toston water year stream-
flow and 1 April SWE in the Missouri River Headwaters, in agreement with previous studies (Wise
et al., 2018), while a weaker but significant association exists with the peak season of annual precipitation
(May and June) in this region (Table 3, top). However, no significant correlations exist between 1 April
SWE and spring precipitation. The lack of a relationship between these two variables is expected given
the different modes of moisture delivery during the winter and spring seasons, with snowpack delivered
by the winter storms from the Pacific Ocean guided by the jet stream and the spring moisture largely from
the Gulf of Mexico conveyed by a low‐level jet (Wise et al., 2018). 1 April SWE explains 45% of the variance
in water year streamflow at Toston, while May–June total precipitation explains an additional 10% of the
variance for the period in common to all three instrumental records (1937–2006). Although it accounts for
a smaller proportion of the total variance in streamflow, the influence of spring precipitation may outweigh
that of winter snowpack in some lower flow years (e.g., several extremely low flow years in the 1930s were
characterized by relatively high snowpack but very dry springs, suggesting a lack of spring moisture played a
role in the low flows).

Table 1
Metadata for Tree‐Ring Sites Used in the Reconstruction Model

Site code Species Period Latitude Longitude Elevation (m)

CANA333 PSME 1377–2004 49.700 −114.000 1395
MTBTL PSME 1399–2007 45.045 −109.406 2713
ABOLDMPF PIFL 1204–2004 49.8333 −113.1833 1425
MT130 PSME 1307–2008 46.817 −114.250 1794
WYCOOKCN PSME 1392–1998 44.050 −107.3833 1560
WYCWC PSME/PIFL 1098–2006 44.480 −109.670 2000

Note. Tree species are abbreviated: PSME, Pseudotsuga menziesii (Douglas‐fir) and PIFL, Pinus flexilis (Limber pine).
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3.2. Spring Precipitation Reconstruction

The predictors for the statistical model used to reconstruct spring precipitation for the 1399–1998 period con-
sisted of six tree‐ring chronologies (Table 1). Though three of the six chronologies contain only one or two
tree ring series in 1399, by 1450, the expressed population signal for all six chronologies exceed 0.85, a com-
monly used threshold (Wigley et al., 1984). The spring precipitation reconstruction model is moderately
skillful, explaining 50.5% of the variance in the instrumental precipitation record (Table 2, Figure 3). This
predictive power is on par with other reconstructions for the Upper Missouri River basin, including
Bighorn Basin, Wyoming precipitation (R2 = 0.42) (Gray et al., 2004), Glacier National Park, Montana sum-
mer moisture variability (R2 = 0.47) (Pederson et al., 2006), and precipitation for the Yellowstone National
Park region of Wyoming and Montana (0.41 < R2

adj < 0.52) (Gray et al., 2007).

Analysis of the regression residuals does not reveal any violations of the assumptions of multiple linear
regression analysis. The positive reduction‐of‐error value (0.41) indicates that the model has predictive skill.
The small difference between the standard error, an estimate of the variance of the regression model in the
calibration period, and the RMSEv, a measure of the average prediction error in the k‐fold 10‐year validation
periods, supports the reliability of the reconstruction model.

The reconstruction model captures both wet and dry spring conditions with similar accuracy (Figure 3).
Whilemoderately high spring precipitation years andmoderately low spring precipitation years are captured
well, the tree rings underpredict the magnitude of spring precipitation in some years with very high rainfall
(such as the 1944–1945 peak and the 1908 rains that fueled the historic 1908 flood), as well as some low rain-
fall years (e.g., 1919, 1924, 1950–1951, and 1960–1961).

The 600‐year reconstruction of total May–June precipitation for the Missouri River Headwaters extends
from CE 1399–1998 (Figure 4), augmenting the instrumental record by about 500 years. This reconstruction
complements the existing suite of hydroclimatic reconstructions for this part of the Upper Missouri River
basin (Figure 4).

In order to determine the ability of the tree‐ring reconstructions to replicate the climate relationships in the
instrumental data, correlation analyses were performed for the same set of
years (1937–1998). These analyses yielded the same general patterns of
correlations between the three variables, although the correlation for
reconstructed streamflow and 1 April SWE is lower than for the observed
records, and the correlation between streamflow and spring precipitation
is slightly higher (Table 3). Both the instrumental records and the recon-
structions confirm a strong relationship between streamflow and 1 April
SWE, as well as a less strong relationship between streamflow and spring
precipitation in the Missouri River Headwaters. These multicentury
reconstructions of streamflow, spring precipitation, and 1 April SWEwere
therefore found to generally reflect the hydroclimatic relationships
reflected in the instrumental data and were employed for analysis of
hydrologic variability in the Missouri River Headwaters.

3.3. Long‐Term Relationships Between Streamflow and
Seasonal Precipitation

Instrumental records indicate that both 1 April SWE and spring precipita-
tion are important controls on streamflow in the upper tributaries of the

Table 2
Calibration and Validation Statistics for the Reconstruction Model: Coefficient of Determination (R2), Coefficient of Determination Adjusted for Degrees of Freedom
(R2adj), F Level and p Value, Standard Error of the Estimate (SE), Reduction of Error Statistic (RE), Root Mean Square Error of Cross‐Validation (RMSEv), and
Sign Test

R2 R2adj F level p value SE RE RMSEv Sign test

May–June precipitation 0.51 0.47 14.78 0.000 3.27 0.41 3.44 73/20

Note. SE and RMSEv are reported in units of total spring precipitation (cm).

Figure 3. Reconstructed (solid black line) and observed (dashed gray line)
total May–June precipitation (cm) for the Missouri River Headwaters
subbasin.
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Missouri River (Whitlock et al., 2017; Wise et al., 2018), but these relationships have been variable over time.
Moving correlations, using 50‐, 25‐, and 15‐year moving windows (Figure 5), show the variations in the
strength of the relationships between streamflow and 1 April SWE, and streamflow and spring
precipitation, over time. At all three time scales, a stronger link between streamflow and spring
precipitation is evident, except for two intervals of time, one peaking in the early eighteenth century and
the other beginning in the mid‐20th century, when the snowpack/streamflow relationship becomes
stronger and exceeds the strength of spring precipitation/streamflow relationship. At the shortest window,
there are several other brief periods with a stronger snowpack/streamflow relationship, including the
early and mid‐19th century and early 20th century. The moving correlations also show a gradual increase
in the strength of the snowpack/streamflow relationship starting in the mid‐19th century through the
mid‐20th century (most evident in the 50‐year window), while the relationship between spring
precipitation and streamflow weakens rather abruptly in the mid‐20th century (most evident in the 25‐
and 15‐year windows). The observed correlations generally agree with those of the reconstructions over
the period of overlap, although correlations between snowpack and streamflow are higher in the observed
values, as expected, given the results in Table 3. This is more notable over the 50‐year window, while less

so over the shorter windows.

While 1 April SWE is significantly positively correlated with streamflow
over the 20th century (Figure 5), this analysis suggests that this sustained
high level of correlation is unusual over the longer period of analysis, at
least as reflected in these reconstructions. This analysis, however, still
leaves open the question of the relative importance of these sources of
runoff in their contribution to streamflow in the Missouri River
Headwaters and whether their influence has changed through time.

The stepwise regression analysis indicates the importance of 1 April SWE
as a predictor of water year streamflow during the mid‐ and late‐20th cen-
tury (1937–1998) in both observed and reconstructed records (Figure 6).
For the 20th century period of analysis, 1 April SWE explains a larger por-
tion of the variance in water year streamflow than spring precipitation:

Table 3
Correlations between Missouri River Water Year Streamflow at Toston,
Spring (May–June) Precipitation, and 1 April SWE Over the Years 1937–
1998, for the Instrumental Data (Top) and the Reconstructions (Bottom)

Water year streamflow Spring precipitation

Instrumental
Spring precipitation 0.27 ‐

Apr 1 SWE 0.70 −0.03
Reconstruction
Spring precipitation 0.38 ‐

Apr 1 SWE 0.49 −0.02

Note. Values that are bolded indicate p < 0.05.

Figure 4. From top to bottom: Reconstructed 1 April SWE (standard deviation), spring (total May–June) precipitation
(cm) for the Missouri River Headwaters, and total water year streamflow (m3/s) for the Missouri River at Toston,
1399–1998. Annual values are plotted in gray, along with 15‐year centered moving averages in the colored lines.
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44% (vs. 9% explained by spring precipitation) for analysis of the instrumental records and 24% (vs.15%
explained by spring precipitation) for analysis of the reconstructions. However, over the longer length of
the paleorecord, 1670–1998, 1 April SWE only accounts for 3% of the variability in streamflow, while spring
precipitation explains 21% of the variability in streamflow. This finding is consistent from century to century;
though a variable amount of the variance in water year streamflow is explained by spring precipitation and 1
April SWE in each of these periods, spring precipitation consistently accounts for a substantially larger pro-
portion of the explained variance prior to the mid‐1900s. These results suggest that spring precipitation has
had a greater influence on water year streamflow over the multicentury time scale than is observed during
the 20th century period of analysis. Given that the reconstructions underestimate the strength of the rela-
tionship between 1 April SWE and streamflow during the observed period (Figure 6), it is likely that the var-
iance explained by 1 April SWE is also underestimated. However, even accounting for this, the proportions
still suggest a stronger role for spring precipitation over past centuries.

Since a goal of this analysis is to assess the contributions of snowpack and spring precipitation over past cen-
turies, other variables are not considered. Consequently, there is also a significant amount of unexplained
variance in the models. Some of this unexplained variance likely reflects the reconstructions' underestima-
tion of the relationship between 1 April SWE and streamflow, as well as the fact that there are clearly other
factors influencing streamflow at this gauge. In some years seasonal temperatures and summer precipitation
may play a more significant role in determining streamflow levels. The contribution of groundwater from
shallow alluvial aquifers may also account for a good portion of the unexplained variance; within the
Missouri River Headwaters, baseflow composes over half of total annual streamflow (Montana
Department of Natural Resources and Conservation [Montana DNRC], 2015).

3.4. Hydroclimate Conditions Associated With Multiyear Hydrologic Droughts

While spring precipitation and 1 April SWE have variable relationships with streamflow in the Missouri
River Headwaters over time, we next seek to address whether the hydroclimate conditions that characterize
extended periods of streamflow drought in the Missouri River Headwaters have similarly varied
through time.

Over the 600 years of the paleorecord for water year streamflow at Toston, 36 individual periods of drought
—defined in this study as three or more consecutive years of below‐average streamflow—are identified
(Table 4). Average annual streamflow over the duration of these events ranged from 125.99 (70% of average
streamflow) to 171.0 m3/s (95% of average streamflow)—both of which were 3‐year events. The cumulative
streamflow deficit (severity) ranged from 27.22 (3‐year event) to 617.43 m3/s (15‐year event) (Table 4). As
expected, the greatest cumulative deficits correspond to the longest droughts. The iconic 1930s drought,
which extended 13 years from 1930–1942, is surpassed in its cumulative streamflow deficit by the 15‐year
drought event that extended from 1430–1444 (Table 4). Figure 7 indicates that the shorter droughts are most
frequent and include the most intense droughts, while the longest droughts are less common but tend to be
more intense. Of the four 20th‐century droughts, one (1930–1942), is the second longest that has occurred
since 1399. In two other cases, (10‐year drought of 1954–1963 and 3‐year drought of 1900–1902), the
20th‐century droughts are the least intense of the droughts of the same duration in our record (Figure 7).
However, both are only slightly less intense than droughts in prior centuries. Overall, the 20th‐century
droughts in the streamflow record appear to be within the range of variability in terms of duration and inten-
sity but on the periphery of the distribution in two cases.

The cumulative impacts of these longer duration drought events can have large economic consequences and
be particularly destructive to ecosystem health and biodiversity (Basara et al., 2013; Whitlock et al., 2017).
Thus, while the majority of the drought events are five or fewer years in length, a subset of the longest of
these events—those extending 10 years or longer—are more closely examined in Figure 8 in terms of relative
streamflow and associated hydroclimate conditions.

These seven longer drought events ranged from the 16th to the 33rd percentiles in terms of average flow
levels (Figure 8). Spring precipitation associated with these drought events have a larger range, extending
from the 23rd percentile during the 1930–1942 drought to the 57th percentile during the 1954–1963 drought,
though most of these events are associated with spring precipitation conditions within the lowest 35th per-
centile (Figure 8). Values for winter snowpack show the greatest variation between droughts. The 1930–1942
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Figure 5. Moving window correlations for 50‐, 25‐, and 15‐year windows for 1 April SWE and water year streamflow
(gray) and total May–June precipitation and water year streamflow (green). The heavy lines show the moving window
correlations calculated between the observational record of water year streamflow at Toston and total May–June
precipitation (1930–1998) and 1 April SWE (1937–1998) for the Missouri River Headwaters. The dotted lines indicate the
95% confidence interval. All correlations windows are aligned right.

Figure 6. The relative importance of total May–June precipitation and 1 April SWE in explaining variability in Missouri
River water year streamflow at Toston over (1) the instrumental record of climate and streamflow, 1937–1998, (2) the
instrumental period of the paleorecord, 1937–1998, individual centuries of the paleorecord: (3) 1837–1936, (4) 1737–1836,
(5) 1637–1736, and (6) the most skillful portion of the multicentury paleorecord of climate and streamflow, 1670–1998.
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drought was the most severe in terms of exceptionally low 1 April SWE (13th percentile). In contrast, the
1855–1865 drought was the least severe in terms of 1 April SWE (73rd percentile) but was also a period of
low spring precipitation (24th percentile). With the exception of the two 19th‐century drought periods
(1855–1865 and 1886–1895), which are associated with cooler warm season conditions, these persistent
drought events are associated with average or above‐average warm season temperatures (Figure 8). While
the 1430–1444 drought stands out as the warmest of the drought periods (75th percentile), the similarly
warm 1930–1942 drought was the most severe in terms of associated streamflow values, spring
precipitation values, and snowpack values.

These droughts are consistently associated with below‐average values for one or both of the seasonal runoff
sources—spring precipitation and 1 April SWE—and typically coincide with above‐average warm season
temperatures (Figure 8). Though snowmelt is a primary driver of streamflow in the Missouri River
Headwaters over the instrumental period (Pederson, Gray, Ault, et al., 2011; Wise et al., 2018), 1 April
SWE conditions during these long duration droughts fluctuate from severely low (13th percentile) to well
above average (73rd percentile) over the past seven centuries. Instead, these periods of droughts more

Table 4
Individual Multiyear Droughts, Within the Streamflow Reconstruction, and Their Streamflow Conditions: Drought
Duration (Years), Streamflow Intensity (% of Average Annual Streamflow Deficit), and Cumulative Deficit (Sum of the
Flow Anomaly, m3/s)

Period Duration (years) Intensity (%) Cumulative deficit (m3/s)

1399–1405 7 20.37 256.78
1415–1418 4 29.19 210.30
1421–1428 8 17.75 255.68
1430–1444 15 22.86 617.43
1446–1448 3 18.54 100.18
1474–1476 3 30.04 162.28
1503–1513 11 22.74 450.56
1518–1520 3 20.85 112.65
1531–1536 6 24.04 259.75
1560–1563 4 6.52 46.97
1578–1586 9 15.72 254.71
1592–1595 4 25.42 183.12
1629–1632 4 21.94 158.03
1634–1639 6 17.17 185.53
1646–1650 5 18.05 162.56
1652–1661 10 22.90 412.46
1677–1680 4 10.34 74.51
1684–1686 3 18.12 97.88
1688–1690 3 5.69 30.76
1695–1697 3 22.21 119.99
1710–1713 4 14.66 105.61
1717–1722 6 19.97 215.80
1734–1738 5 16.26 146.38
1755–1760 6 22.7 245.28
1762–1766 5 11.67 105.07
1782–1785 4 8.54 61.53
1793–1798 6 24.31 262.66
1800–1802 3 20.09 108.52
1804–1808 5 13.27 119.50
1855–1865 11 17.19 340.51
1881–1883 3 6.28 33.92
1886–1895 10 12.02 216.41
1900–1902 3 5.04 27.22
1930–1942 13 24.52 574.00
1954–1963 10 11.39 205.07
1987–1992 6 18.35 198.32

Note. Bolded values indicate the droughts that extend a decade or longer in duration that are characterized in terms of
hydroclimate conditions in Figure 8.
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often coincide with below‐average spring precipitation values, with two
exceptions (1430–1444 and 1954–1963) where spring precipitation is
around average. During these two exceptional drought events, snowpack
may have been a more important control on drought, and in the case of
the 1430–1444 event, particularly warm temperatures may have increased
evapotranspiration demands. Overall, it appears from this examination of
the longest hydrologic droughts within the paleorecord that
below‐average spring precipitation is more consistently associated with
persistent drought conditions.

4. Discussion

A tree‐ring‐based reconstruction of spring precipitation, independent of
the existing tree‐ring reconstructions of 1 April SWE and Missouri River
at Toston streamflow, was developed for the Missouri River Headwaters
subbasin region. This new spring precipitation reconstruction, along with
existing reconstructions for the Missouri River Headwaters, replicates the

relationships between streamflow, 1 April SWE, and spring precipitation in the instrumental records reason-
ably well. This set of reconstructions allows for an assessment of the relationships between these hydrocli-
mate variables in the context of past centuries and, in particular, the stability of the relationships between
streamflow, SWE, and spring precipitation over time. Results suggest that the relative influence of spring
precipitation and 1 April SWE on water year streamflow has varied over past centuries, with the relationship
between spring precipitation and streamflow being stronger more consistently over time, until the
20th century.

Moving correlations analyses suggest that spring precipitation is generally more closely linked to water year
streamflow than 1 April SWE over past centuries, except for two periods, one centered on the early 18th cen-
tury and the other starting in the mid‐20th century. Although the reconstructions underestimate the
strength of the snowpack/streamflow relationship to some extent, they replicate the relationships in the
20th‐century instrumental data in a relative sense. While the reconstructions suggest a pattern of shifting
relationships between streamflow and seasonal precipitation, the causes of these shifts are not clear. One
possible cause could be related to underlying long‐term trends in regional 1 April SWE, which has been
documented in tree‐ring reconstructions over the larger Greater Yellowstone region, of which the Upper
Missouri River basin is a part. Pederson, Gray, Woodhouse, et al. (2011) found a general decrease in 1
April SWE in this region from the early 18th century to 1940, when SWE levels begin to increase again.
However, the 20th‐century snow levels do not recover to 18th‐century levels, so the two periods (early
18th century and 20th century) are not similar with respect to levels of SWE.

Figure 7. Droughts in the Missouri River at Toston reconstruction (1399–
1998), plotted by duration (years) and intensity (% of average annual
streamflow deficit), as listed in Table 4. Low intensity values indicate less
intense droughts. Red dots identify events that occurred in the 20th century.

Figure 8. Clustered bar graph characterizes individual drought events in terms of seasonal climate controls. The
percentile rank for water year streamflow, spring precipitation, 1 April SWE, and warm season (June–August)
temperature anomaly are averaged over the years of the drought.

10.1029/2019WR025756Water Resources Research

FREDERICK AND WOODHOUSE 12 of 16



These two periods of time with strengthened relationships between streamflow and 1 April SWE share
some characteristics that suggest a possible role for large‐scale ocean/atmosphere circulation. The early
18th century period of higher correlation between 1 April SWE and streamflow is characterized by aver-
age to above‐average SWE and streamflow and decreasing spring precipitation (Figure 4). Over this per-
iod, wet winter conditions may have made up for the reduced contribution of spring precipitation to
streamflow. In winters with high snowpack, moisture is transported from the North Pacific Ocean via
the jet stream, while during dry winters, the jet stream is blocked by high pressure, diverting the storm
track away from the Upper Missouri River basin (Wise et al., 2018; Woodhouse & Wise, 2020). Spring
moisture conditions are largely influenced by the advection of moisture from the Gulf of Mexico via the
Great Plains low‐level jet, which can be blocked, diverted, or weakened by patterns of pressure, in some
cases due to the influence of conditions in the North Atlantic Ocean (Hu et al., 2011; Weaver &
Nigam, 2008; Wise et al., 2018). This early 18th century period may have been characterized by a cir-
culation that favored winter moisture from the Pacific Ocean and blocked the spring flow of Gulf of
Mexico moisture. The 20th century period of strengthened relationship between SWE and streamflow
shares some similarities with the early 18th century. Both streamflow and SWE indicate increasing
values over the observed record, peaking near the end of the 20th century, although spring precipitation
is near average. This could indicate a more consistently favorable flow of moisture from the Pacific
Ocean over this interval of time as well. Similar conditions could also have occurred during some of
the shorter intervals in the 15‐year moving correlations that show stronger snowpack/streamflow rela-
tionships, which appear to occur on a multidecadal time scale.

In agreement with the moving correlation and regression analyses, periods of persistent drought in the
Missouri River Headwaters are more consistently associated with lower spring precipitation values.
Persistent multiyear droughts were found to be largely associated with below‐average spring rainfall
and/or 1 April SWE, as well as above‐average warm season temperature anomalies (Figure 8). However,
while spring precipitation values during these periods of hydrologic drought range from average to well
below average, 1 April SWE conditions across this subset of long duration drought events spread from the
73rd percentile during the drought of 1855–1865 to the 13th percentile during the 1930–1942 drought
event (Figure 8).

The 1930s drought, which sustained low‐flow conditions in the Missouri River Headwaters from 1930–1942,
was the second longest with the second greatest cumulative departures (Table 4). In addition to its low
streamflow levels, it was also themost severe in terms of both exceptionally low 1 April SWE and spring rain-
fall and stands out as one of the warmest of the drought periods. This is consistent with analysis of observa-
tional records, which show that the 1930s drought is associated with the highest average warm season
temperature conditions of 20th century in the Missouri River Headwaters.

The 20th century stands out for containing two consecutive droughts of 10 or more years in length (1930s
and 1950s) (Table 4). While the 1930s drought is notable for its combined duration and intensity, the
1430–1444 drought identified in the streamflow reconstruction exceeds the 1930s drought by 2 years in dura-
tion and over 40 m3/s in cumulative streamflow deficit. This indicates that the 20th century may not be
representative of the full range of potential variability in hydroclimate or streamflow and suggests that
longer, more severe droughts than those observed within the 20th century have and can occur in the
Missouri River Headwaters.

It is important to note that these results are based on reconstructions of past hydroclimate, which contain a
substantial amount of uncertainty. While these reconstructions demonstrate skill in capturing the sequences
of values, the magnitude of the peaks and troughs is underestimated. In addition, other factors besides win-
ter snowpack and spring precipitation influence streamflow in this region. Seasonal temperatures, particu-
larly winter and early warm season temperatures, likely impact runoff efficiency (Livneh et al., 2016;
Woodhouse & Pederson, 2018). The significant contribution of baseflow to streamflow in this region, though
directly related to snowmelt and rainfall, likely also has the effect of delaying and reducing the direct influ-
ences that these analyses attempt to capture. Thus, the reconstructions are a plausible representation of the
relative conditions through time. As such, these reconstructions and analyses can provide some insight
related to the characteristics of water year streamflow, 1 April SWE, spring precipitation, and warm season
temperature anomaly and their relative relationship through time.
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5. Conclusions

This study demonstrates that an independent and skillful reconstruction of spring precipitation can be gen-
erated from tree rings and, with existing reconstructions of streamflow and 1 April SWE in the Missouri
River Headwaters, can be used to investigate hydroclimate relationships over the past seven centuries.
The relationship between the three reconstructed variables match the relationships in the instrumental data,
with some underestimation of the relationship between streamflow and 1 April SWE in the reconstructions.
This preservation of the relative relationships between the three hydroclimate variables provides justifica-
tion for examining variable influences of 1 April SWE and spring precipitation on streamflow in the past,
compared to the 20th century.

While 1 April SWE values are highly correlated with water year streamflow in the Missouri River
Headwaters in the final decades of the 20th century, the strength of this relationship is found to be a rela-
tively recent feature in the reconstructions. The 20th century, especially the latter half, is a period of unu-
sually strong correlation between streamflow and 1 April SWE. Only one other period, in the early 18th
century, shows a similar relationship. Overall, this study finds that the climate influences of runoff and
streamflow within the Missouri River Headwaters are more variable than the 20th‐century instrumental
records would seem to indicate. Themulticentury history of hydroclimate and streamflow variability suggest
that 1 April SWE may not always be a consistent indicator of water year streamflow in the Missouri
River Headwaters.

Looking to the future, global climate model projections indicate a slight increase in end‐of‐century average
warm season (April–September) precipitation relative to the 1986–2005 reference period for the broad
Central Plains region. However, there is not much predictive strength to this projected change as the global
climate model output indicates that there is little agreement between models on the sign of this change
(IPCC, 2013). At a more regional scale, downscaled climate models show mid‐century and end‐of‐century
projections with an increase in spring precipitation across the 21st century (Vose et al., 2017; Whitlock
et al., 2017). With the historically strong relationship between spring precipitation and water year stream-
flow in the Missouri River Headwaters, an increase in spring rainfall might be able to compensate, at least
in part, for below‐normal snowmelt driven runoff (Reclamation (Bureau of Reclamation), 2016). Given that
declining snowpack since the 1970s has been documented across the Northern Rocky Mountains (Pederson,
Gray,Woodhouse, et al., 2011), the finding that persistent hydrologic droughts more consistently correspond
with periods of lower spring precipitation values in the past is perhaps encouraging news for the
Upper Missouri.

This finding might bode well for streamflow in the Upper Missouri were it not for the substantial decrease in
the strength of the correlation between spring precipitation and water year streamflow observed in the sec-
ond half of the 20th century (Figure 5). During the latter half of the 20th century, as the fraction of precipita-
tion falling as snow declines and warm season temperatures rise (Wise et al., 2018), 1 April SWEmaintains a
strong correlation with water year streamflow, while the relationship between spring precipitation and
water year streamflow appears to decline, but with some indication of strengthening near the end of the
20th century. This corresponds with the conditions observed during the 2000–2007 drought in the Upper
Missouri River basin: Very low streamflow levels were observed during this period of low snowpack, average
spring rainfall, and above‐average spring temperatures. This decline in the influence of spring precipitation
on water year streamflow may be related to increasing warm season temperatures, which can significantly
impact runoff timing and efficiency. But the recent upturn, more evident in the instrumental data, may be
an early indication that the relative importance of spring precipitation is beginning to increase again, as
snowpack decreases or melts off earlier.

Warming trends are anticipated to continue in coming decades within the Upper Missouri, as well as further
declines in snowpack and shifts in the timing of runoff and peak flows (Pederson, Gray, Ault, et al., 2011;
Vose et al., 2017; Whitlock et al., 2017). Warming temperatures may result in earlier, less rapid snowmelt
(Barnhart et al., 2016; Musselman et al., 2017) but could also mean more rain on snow events—thus, future
effects on runoff efficiency are uncertain (Pederson, Gray, Ault, et al., 2011; Whitlock et al., 2017). These
trends are expected to exacerbate future droughts, potentially producing more droughts with conditions
similar to those of the 1930s, but even warmer. These droughts and water supply shortfalls could threaten
energy and agricultural productivity, the growing tourism sector, and municipal water (Livneh
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et al., 2016; Mehta et al., 2013; Whitlock et al., 2017). Given the significance of the region's water resources in
terms of economic, societal, and environmental concerns, a greater understanding of hydroclimate and
streamflow variability in the Upper Missouri is needed to help inform how water users choose to adapt to
changes in the amount and timing of streamflow and to plan for future droughts.
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