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ABSTRACT: Potential predictability of 2-yr droughts indicated by low runoff in the consecutive April–September sea-
sons in the upper Missouri River basin (UMRB) and lower Missouri River basin (LMRB) is examined with observed esti-
mates and climate models. The majority of annual runoff is generated in April–September, which is also the main
precipitation and evapotranspiration season. Physical features related to low April–September runoff in both UMRB and
LMRB include a dry land surface state indicated by low soil moisture, low snowpack indicated by low snow water equiva-
lent, and a wave train across the Pacific–North American region that can be generated internally by the atmosphere or
forced by the La Niña phase of El Niño–Southern Oscillation. When present in March, these features increase the risk of
low runoff in the following April–September warm seasons. Antecedent low soil moisture significantly increases low runoff
risks in each of the following two April–September, as the dry land surfaces decrease runoff efficiency. Initial low snow wa-
ter equivalent, especially in the Missouri River headwaters of Montana, generates less runoff in the subsequent warm sea-
son. La Niña increases the risk of low runoff during the warm seasons by suppressing precipitation via dynamically induced
atmospheric circulation anomalies. Model simulations that differ in their radiative forcing suggest that climate change in-
creases the predictability of 2-yr droughts in the Missouri River basin related to La Niña. The relative risk of low runoff in
the second April–September following a La Niña event in March is greater in the presence of stronger radiative forcing.

SIGNIFICANCE STATEMENT: Drought spanning consecutive years in the upper Missouri River basin (UMRB)
and lower Missouri River basin (LMRB) poses threats to a region whose economy depends on reliable water quantity
to support transportation and recreation, adequate water supply for irrigated agriculture, and sufficient streamflow to
generate hydroelectric power. We examined physical features in March related to low runoff in the following April–
September}low soil moisture, low snow water equivalent, and La Niña events}and examined their effect on the risk
of 2-yr drought occurrences. These physical features lead to sustained impacts on the surface water balance. Low snow
water equivalent generates less runoff, low soil moisture reduces the runoff efficiency of converting precipitation into
runoff, and La Niña inhibits warm-season precipitation and runoff via atmospheric circulation anomalies.
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1. Introduction

Drought in the Missouri River basin (Fig. 1a) threatens the
livelihood of a region whose economy depends on riverine
transportation, irrigated agriculture, hydroelectric power gen-
eration, and aquatic recreation (Mehta et al. 2012; Conant
et al. 2018). Droughts spanning consecutive years, as were
observed in the 1930s, 1950s, and late 1980s (Fig. 1b; e.g., Ho
et al. 2016), especially imperil this region by reducing the buff-
ering capacity that is maintained by the reservoir network
along the main stem of the Missouri River and its tributaries
(Mehta et al. 2012; U.S. Army Corps of Engineers 2018). The
effects of the 1930s “Dust Bowl” were particularly damaging
societally (e.g., Hurt 1981) and economically (e.g., Hornbeck
2012) and transcended popular culture based on novels like

The Grapes of Wrath (Steinbeck 1939). Concerns regarding
drought spanning consecutive years have been heightened re-
cently based on reported increases in the frequency of such
events in some regions (Wise et al. 2018; Martin et al. 2020)
and projected increases in sustained drought throughout the
twenty-first century (Wehner et al. 2011; Cook et al. 2015).
However, such events have yet to be realized broadly across
upper Missouri River basin (UMRB) and lower Missouri
River basin (LMRB) regions and have especially not been ap-
parent in streamflow records of the last century. Instead, the
observed stream gauge data reveal fewer 2-yr droughts in
the recent 3 decades compared to the prior 6 decades in the
Missouri River basin (Fig. 1b), associated with upward trends
in the region’s precipitation (Norton et al. 2014; Hoell et al.
2021, 2023). Nonetheless, 2-yr droughts in the UMRB and
LMRB do occur, if irregularly (Fig. 1b), and better understand-
ing of their causes and predictability would inform hydroclimate
forecasts and efforts to enhance drought preparedness in this re-
gion (National IntegratedDrought Information System 2020).

Spatial characteristics, temporal persistence, and physical
features related to sustained drought events of the Missouri
River basin have been studied, especially those of the 1930s
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and 1950s Dust Bowl era (e.g., Schubert et al. 2004; Hoerling
et al. 2009; Cook et al. 2011; Mehta et al. 2012; Heim 2017; Wise
et al. 2018; Woodhouse and Wise 2020; McCabe et al. 2023).
Flash droughts (e.g., Otkin et al. 2018, 2022; Pendergrass et al.
2020; Christian et al. 2024), characterized by their rapid onset
and intensification, have been more common in recent decades
(Hoell et al. 2020, 2021, 2023). Given the limited instrumental re-
cord (Fig. 1b), sampling hinders our ability to fully understand
the characteristics and causes of hydrologic droughts spanning
consecutive years.

Physical features related to low runoff in the Missouri River
basin have been examined from land surface, atmospheric,
and oceanic perspectives. Snowmelt in the UMRB generates
approximately one quarter of the entire Missouri River basin
runoff measured at Hermann, Missouri (Norton et al. 2014;
Qiao et al. 2014; Wise et al. 2018), so it follows that warm-season
drought is related to below-average springtime snow water
equivalent. Atmospheric circulation patterns related to droughts
are often comprised of a persistent wave train of alternating
high and low pressure over the Pacific–North American sector
with drought-inducing high pressure over the west-central
United States (Wise et al. 2018; Hoell et al. 2021), although pat-
tern details differ between events (e.g., Cook et al. 2011; Seager
and Hoerling 2014; Burgdorf et al. 2019). The atmospheric wave
trains related to drought in the central United States have also
been linked to the global patterns of circulation variability de-
scribing a circumglobal teleconnection pattern (e.g., Ding and
Wang 2005).

These atmospheric circulation patterns may be generated in-
ternally by the atmosphere, although they can also be favored by
particular states of surface boundary conditions including remote
sea surface temperature (SST) variations and local land surface
states (e.g., Wu and Kinter 2009; Schubert et al. 2008; Seager and
Hoerling 2014; Teng et al. 2019). Examples of droughts in which
SSTs forced atmospheric circulations that led to drought in the
Missouri River basin include the 1950s (Cook et al. 2011;
Hoerling et al. 2009; Seager and Hoerling 2014), whereas the

influence of SSTs on the Dust Bowl (Schubert et al. 2004) was
comparably weaker (Cook et al. 2011) or perhaps nonexistent
(Hoerling et al. 2009). Generalizable SST features related to
drought in the Missouri River basin include Pacific and Atlantic
SST variability (e.g., McCabe et al. 2004; Wu and Kinter 2009;
Wise et al. 2018). The relationship between LaNiña andMissouri
River basin hydroclimate appears to be inconsistent in the ob-
served record and is further complicated by potential differing re-
lationships between the UMRB and LMRB and between warm
and cold seasons (cf. Hoerling et al. 2009; Wu and Kinter 2009;
Wise et al. 2018). Links between the Pacific decadal oscillation
(PDO; Mantua et al. 1997) and Missouri River basin drought
have also been identified (Ting and Wang 1997; McCabe et al.
2004; Mehta et al. 2011), although a more recent study by
Newman et al. (2016) has argued that the PDOmay bemore cor-
relative than causal because it represents the effects of many dif-
ferent processes. Additionally, warm North Atlantic SSTs have
been related to Missouri River basin drought (McCabe et al.
2004; Hu et al. 2011;Wise et al. 2018). Linkages between drought
in the UMRB and LMRB have been established with land–
atmosphere coupling and persistent and/or reemergent soil mois-
ture anomalies (e.g., Wu and Kinter 2009; Mo et al. 2012; Kumar
et al. 2019, 2020; Shin et al. 2020; Esit et al. 2021). Regarding
land–atmosphere coupling, idealized sensitivity experiments
have revealed that low soil moisture in the central United
States is related to anomalous atmospheric circulation pat-
terns (Teng et al. 2019). Kumar et al. (2020) found that the
land surface coupling increases soil moisture memory during
the warm season, but the mechanism by which this occurs re-
mains unknown. Regarding soil moisture memory and soil
moisture reemergence, soil moisture has been found to be a
better predictor of itself despite limited precipitation predict-
ability (Esit et al. 2021).

In this article, we examine features related to drought in
the Missouri River basin with a particular goal to provide a
predictive understanding of 2-yr droughts. We address three
questions related to drought spanning consecutive years:

FIG. 1. (a) The Missouri River basin (heavy black polygon). Also indicated are the (UMRB) and LMRB parts of the basin, HUC4
regions used to define the two areas of the basin (thin gray lines), and USACE gauges at Sioux City (circle) and Hermann (square),
used to estimate the observed runoff from the UMRB and LMRB, respectively. Based on Hoell et al. (2023) and used with permission
from the American Meteorological Society. Time series of April–September runoff percentiles from USACE in the (b) UMRB and
(c) LMRB.
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• What is the intrinsic persistence of Missouri River basin
hydroclimate?

• How do land surface, atmosphere, and ocean features con-
tribute to droughts in warmer and cooler climates?

• Can snow water equivalent, soil moisture, and ENSO state
potentially predict 2-yr warm-season droughts?

Concerning hydroclimatic persistence, we document the
seasonality and memory of runoff, soil moisture, and precipi-
tation minus evaporation (P 2 E) to establish a baseline from
which to examine the predictability of low runoff spanning
consecutive years. We use observed estimates and transient
climate model simulations during 1940–2019, focusing on the
warm season (April–September) because it is the time of year
in which the majority of runoff is observed. A transient cou-
pled climate model ensemble based on the Community Earth
System Model, version 1 (CESM1; Kay et al. 2015), is used to
generate large samples that observed estimates cannot pro-
vide. A single transient coupled climate model realization is
directly comparable with observed estimates because they in-
dicate a single realization of the climate. Concerning land sur-
face, atmospheric, and oceanic features related to UMRB and
LMRB drought, we sample climate model ensembles based
on CESM1 during low runoff occurrences to identify the rela-
tionships between soil moisture, snow water equivalent, atmo-
spheric circulation, and ENSO. In addition to the CESM1
transient simulations, we use three 1200-yr CESM1 equilib-
rium simulations in which aspects of the climate system do
not vary, which allows us to further isolate the relationships
between these aspects of the climate system and Missouri
River basin drought. Concerning potential predictability of
2-yr droughts, we quantify the relative risk of low April–
September runoff in two consecutive April–September seasons
based on soil moisture, snow water equivalent, and ENSO in
March prior to the first warm season.

This article is organized as follows. In section 2, we present
the data and methods used. In sections 3 and 4, we present
the results concerning physical features and potential predict-
ability of drought spanning consecutive years in the UMRB
and LMRB. In section 5, we summarize principal conclusions
based on the three questions posed previously.

2. Data and methods

a. Observed estimates and model simulations

We use observed estimates during 1920–2019 to document
hydroclimatic variability and drought in the UMRB and
LMRB and their relationships with land surface states, atmo-
spheric circulation, and SSTs (Table 1). The U.S. Army Corps
of Engineers (USACE) naturalized Missouri River flow at
Sioux City, Iowa, and Hermann, Missouri, are used to esti-
mate runoff originating from the UMRB and LRMB, respec-
tively (Fig. 1a). This naturalized flow estimate, also used in
Hoell et al. (2023), removes the effects of dams, diversions,
and withdrawals, which allows for it to be compared to histor-
ical hydroclimatic variability in each subbasin of the Missouri
River catchment. We use gridded estimates from the fifth ma-
jor global reanalysis produced by ECMWF (ERA5) and the
NOAA U.S. Climate Gridded Dataset (NClimGrid), the for-
mer a reanalysis based on the model assimilation of observed
conditions and the latter based on interpolating historical sta-
tion observations to a grid. Estimates of SSTs are from the
Extended Reconstructed SST, version 5 (ERSST.v5; Huang
et al. 2017), and estimates of atmospheric circulation and land
surface states are from ERA5.

We use simulated conditions from CESM1 integrated on a
0.98 3 1.258 latitude–longitude horizontal grid to contextual-
ize hydroclimatic variability and to diagnose predictability
sources for 2-yr droughts in the UMRB and LMRB. Four cli-
mate model experiments are used (Table 2): one consists of
40 fully coupled transient realizations during 1920–2019 in
which natural and anthropogenic radiative forcing vary in
time (CESM1-Transient) and the remaining three consist of
1200-yr equilibrium simulations in which the radiative forcing
remains the same. All components of the climate system in two
of the equilibrium experiments are simulated, with one driven
by radiative forcing from 1850 (B1850) and the other by radia-
tive forcing from 2000 (B2000). A third equilibrium experiment
is driven by radiative forcing from 1850, but ocean conditions
are set to a repeating annual cycle of average conditions from
the B1850 simulation (F1850). Like our observed analyses, we
diagnose temperature, precipitation, evaporation, runoff, soil
moisture, snow water equivalent, 700-hPa wind, and SSTs.

TABLE 1. Observed estimates.

Source USACE NClimGrid ERA5 ERSST5

Variables Streamflow to estimate
basin runoff

Temperature Temperature SSTs
Precipitation
Evaporation

Runoff
Soil moisture

Precipitation 700-hPa wind
Snow water equivalent

Spatial resolution Sioux City, Iowa;
Hermann, Missouri

0.04178 3 0.04178 0.258 3 0.258 28 3 28

Reference USACE (2018) Vose et al. (2014) Hersbach et al. (2020) Huang et al. (2017)
Availability Personal

communication, see
acknowledgments

https://www.ncei.noaa.
gov/data/nclimgrid-
monthly/access/

https://www.ecmwf.int/
en/forecasts/dataset/
ecmwf-reanalysis-v5

https://psl.noaa.gov/
data/gridded/data.noaa.

ersst.v5.html
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b. Missouri River basin

We separate the entire drainage area into UMRB and LMRB
subbasins (Fig. 1a). Following an approach that is consistent
with common research and operational definitions of the
Missouri River basin (Livneh et al. 2016; U.S. Army Corps of
Engineers 2018; Badger et al. 2018; Hoell et al. 2023), the
UMRB and LMRB are defined by river routing across second-
level Hydrologic Unit Code (HUC4; Fig. 1a, gray polygons) in
the first-level Hydrologic Unit Code (HUC2; Fig. 1a, black poly-
gon) that defines the Missouri River basin (Hoell et al. 2023).
UMRB runoff flows to the main stem of the Missouri River
above Sioux City, Iowa (Fig. 1a, dot), and LMRB runoff flows
to the main stem of the Missouri River above Hermann, MO
(Fig. 1a, square). Estimates of conditions in the UMRB and
LMRB based on gridded data are computed from averages of
all points in the areas that define each subbasin.

Additional reasons for separating the Missouri River basin
into the UMRB and LMRB include the reports of changes in
the relationship between the two regions during drought
(Woodhouse and Wise 2020) and an April–September runoff
correlation between the two basins of 0.41 (Fig. 1b). As noted
by Hoell et al. (2023), this perspective differs from some other
studies of the hydrologic catchment, many of which have fo-
cused on smaller areas of the Missouri River basin like the
headwaters (Wise et al. 2018; Martin et al. 2020; Woodhouse
and Wise 2020; Frederick and Woodhouse 2020), the Milk
River (Martin and Pederson 2022), and the southeastern
part of the catchment (Norton et al. 2014; Wise et al. 2018;
Woodhouse and Wise 2020).

c. Drought and potential predictability

Our examination of UMRB and LMRB drought focuses on
attendant and antecedent land surface, atmospheric, and oceanic
features associated with low warm-season runoff. Warm-season
drought is defined as April–September seasons in which UMRB
and LMRB runoff falls below the 20th percentile. This definition
is consistent with drought categories from the U.S. Drought
Monitor (Svoboda et al. 2002). Atmospheric and oceanic fea-
tures related to low UMRB and LMRB warm-season runoff are
identified based on the composite analysis of attendant 700-hPa

wind and SST anomalies, respectively. Antecedent land surface
features related to low UMRB and LMRB warm-season runoff
are identified based on composite analysis of standardized 1-m
soil moisture and snow water equivalent standardized anomalies
during the prior March. Percentiles, standardized anomalies,
and anomalies in observed estimates and CESM1-Transient are
computed based on 1940–2019, the common period of record of
the data. For the equilibrium simulations, percentiles, standard-
ized anomalies, and anomalies are computed based on the entire
1200-yr record relative to their own climate to highlight drought
variability.

The four CESM1 climate model experiments are used in dif-
ferent ways to diagnose UMRB and LMRB drought and its po-
tential predictability. Individual CESM1-Transient realizations
are compared to observations because both indicate a single re-
alization of the climate in which radiative forcing varies. This
comparison is used to identify physical features related to
UMRB and LMRB drought and assess the model’s ability to
simulate these features. The equilibrium climate model experi-
ments are used to isolate the effect of certain aspects of the earth
system on UMRB and LMRB drought. SSTs do not vary from
the annual cycle in the F1850 simulation, and we use them to de-
termine the effect of atmosphere and land surface processes on
drought. The B1850 and B2000 simulations differ in their radia-
tive atmospheric forcing, and we use these simulations to judge
how the radiative forcing is related to drought variability, as well
as atmosphere, land surface, and ocean behaviors, which all vary
freely in each simulation.

We diagnose the potential predictability of low UMRB and
LMRB runoff in two consecutive April–September based on
ENSO, 1-m soil moisture, and snow water equivalent states in
March prior to the first warm season. Our metric for diagnos-
ing potential predictability is the relative risk ratio. We use
the relative risk ratio to compare the frequency of April–
September runoff falling below the 20th percentile when
ENSO and land surface conditions are met in March to the
frequency of April–September runoff falling below the 20th
percentile when those conditions are not met in March in the
equilibrium climate model simulations. A relative risk of
greater than 1 indicates that conditions are related to an in-
creased occurrence of low runoff while a relative risk of less

TABLE 2. Climate model simulations.

Climate model CESM1 CESM1 CESM1 CESM1

Experiment CESM1-Transient B2000 B1850 F1850
Simulation type Transient Equilibrium Equilibrium Equilibrium
Realizations 40 } } }

Duration 1940–2021 1200 years 1200 years 1200 years
Radiative forcing Historical before 2005

(Taylor et al. 2012)
Year 2000 Year 1850 Year 1850

RCP8.5 after 2005
(Taylor et al. 2012)

SST forcing Simulated Simulated Simulated Prescribed
Source https://www.cesm.ucar.

edu/projects/
community-projects/
LENS/data-sets.html

See data availability
statement

https://www.cesm.ucar.
edu/community-
projects/lens/

instructions#ESG

https://www.cesm.ucar.
edu/community-
projects/lens/

instructions#ESG
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than 1 indicates that conditions are related to a decreased
occurrence of low runoff. The conditions we focus on are
La Niña, El Niño, low 1-m soil moisture, high 1-m soil mois-
ture, low snow water equivalent, and high snow water equiva-
lent. La Niña and El Niño are defined based on threshold
exceedances of SSTs averaged in the Niño-3.4 region (58S–
58N and 1208–1708W). Thresholds of 20.5 and 0.5 standard-
ized departures of the Niño-3.4 index are used to define La Niña
and El Niño, respectively. 20th and 80th percentile thresholds of
1-m soil moisture and snow water equivalent states are used to
identify wet and dry conditions, respectively.

We construct confidence intervals based on the bootstrap-
ping approach described by Efron (1979). Confidence inter-
vals are estimated by repeatedly (10 000 times) performing a
calculation based on random draws with replacement from a
population. The 95% confidence interval (2.5th percentile
and 97.5th percentile) is used because there is less than a 5%
chance of the values at these percentiles occurring randomly
(p , 0.05). Concerning relative risk, statistically significant
relative risks are found when the 95% confidence interval ex-
ceeds or falls below 1.

3. Hydroclimatic persistence

We begin by examining the seasonality and persistence of
hydroclimatic quantities in observed estimates and transient
climate model simulations during 1940–2019. Monthly aver-
age conditions in observations reveal a distinct seasonal cycle
in the region’s hydroclimate, with temperatures, precipitation,
evaporation, and runoff all reaching their maxima during April–
September and minima during October–March (Fig. 2). Regard-
ing temperatures, monthly average temperatures based onERA5
and NClimGrid reveal the highest (lowest) observed monthly
temperatures in July–August (December–February) in both sub-
basins (Fig. 2, left column). Monthly average temperatures from

the CESM1-Transient simulations closely match these observa-
tions counterparts, with little spread across the 40 realizations,
which demonstrates the strong constraint of the seasonal cycle.

Precipitation and evaporation also display distinct seasonal
cycles in the UMRB and LMRB, reaching maxima during
late spring and summer and minima during the cold season
(Fig. 2, center column). NClimGrid and ERA5 precipitation
in both UMRB and LMRB reach their maxima in May and
June, with appreciable precipitation in the lead}up to these
months, through summer, and into autumn. ERA5 evapora-
tion closely follows the seasonal cycles of temperature and
precipitation, given the effect of temperatures on evaporative
demand by the atmosphere and precipitation on water availabil-
ity. CESM1-Transient monthly averages follow the NClimGrid
and ERA5 seasonal cycles but reveal a positive bias in precipita-
tion and evaporation, neither of which can be reconciled with
sampling variability.

Given temperature, precipitation, and the resulting hydrologi-
cal balance of the land surface, observed runoff also exhibits a
distinct seasonal cycle in the UMRB and LMRB, reaching
maxima in late spring and early summer and minima in the cold
season (Fig. 2, right column). While the ERA5 and USACE
seasonal cycles align, it is important to note that there is ob-
servational uncertainty across these estimates. Both differ in
their magnitudes, particularly in the LMRB where ERA5
simulates less runoff compared to USACE naturalized flow.
The 40 CESM1-Transient realizations simulate a seasonal
runoff cycle that closely resembles that of ERA5 and USACE,
although once again a high bias in runoff compared to observed
estimates is evident likely due to the high precipitation bias in
the model during the warm season. Prior to using these data
to diagnose drought in the Missouri River basin, it is impor-
tant to note that potential biases could affect the results and
interpretation.

FIG. 2. For 1940–2019 in the (top) UMRB and (bottom) LMRB, monthly average (left) temperature (8C), (center) evaporation
(mmmonth21; negative values) and precipitation (mmmonth21; positive values), and (right) runoff (mm month21). ERA5 is indicated by
the black lines, NClimGrid is indicated by the blue lines, CESM1-Transient realizations are indicated by the thin orange lines, and
USACE runoff is indicated by the cyan lines.
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Lead–lag correlations of runoff and P 2 E centered on
each month in ERA5 and USACE observed estimates (Fig. 3)
are used to diagnose hydroclimatic persistence in the UMRB
and LMRB. In both subbasins, we find systematic month-over-
month persistence in runoff, but no persistence in P 2 E. There
is, therefore, inherent memory in the land surface that acts to
constrain surface runoff. The seasonality and magnitude of the
serial runoff correlations based on ERA5 (Fig. 3, left column)
and USACE (Fig. 3, right column) indicate runoff persistence
between the warm season, the following cool season, and the
beginning of the next warm season, indicating that land sur-
face memory plays a role in shaping runoff during the follow-
ing 6–12 months. Although both ERA5 and USACE indicate
the systematic persistence of runoff based on statistically sig-
nificant serial runoff correlations from each month, the mag-
nitude of these correlations between both observed analyses
differs at given leads and lags as a function of season. P 2 E
based on ERA5 at all leads and lags centered on each month
are not systematically correlated with one another in the UMRB
and LMRB, indicating no persistence in the simultaneous supply
and demand of moisture by the atmosphere (Fig. 3, right
column).

To further explore hydroclimatic persistence in the UMRB
and LMRB, Fig. 4 presents lead–lag runoff and P 2 E correla-
tions centered on March. The observed estimates are compared
to those based on the 40 CESM1-Transient realizations. March
is presented because it immediately precedes the seasonal wet

season for much of the Missouri River basin so we can quantify
how initial conditions in that critical month constrain hydrocli-
mate during the following April–September. Statistically signifi-
cant serial correlations in runoff for up to 9 months are found
for both the UMRB and LMRB, with positive correlations up to
18-month leads, which indicate runoff memory from before the
first prior April–September warm season into the next warm
season (Fig. 4, left column). Although differences in ERA5 and
USACE serial correlations demonstrate observational uncer-
tainty owing to the differences in their runoff computations,
both estimates indicate statistically significant serial correlations
spanning the prior April–September warm season into the next
warm season, with the former generally indicating stronger serial
correlation.

The lead–lag correlations for the two observed estimates
generally fall within the spread of the 40 CESM1 realizations
for the UMRB and LMRB, indicating that CESM1 simulates
reasonably realistic runoff memory. Note also the appreciable
spread in the serial runoff correlations among the CESM1-
Transient realizations, which demonstrates a sampling range
for these serial correlations even within 80-yr climate records.
One can, thus, not reject the hypothesis that the model runoff
persistence statistics are inconsistent with observations. One
notable exception concerns the model’s minimum in serial
persistence in the UMRB for the prior February (the blue
lines in Fig. 4a), which may be due to a model bias in simulat-
ing frozen ground, and/or the amount and type of wintertime

FIG. 3. For 1940–2019 in the (top) UMRB and (bottom) LMRB, monthly lead–lag correlations of (left) ERA5 runoff, (center) USACE
runoff, and (right) ERA5 P 2 E. Positive values on the ordinate indicate the correlation between a given month on the abscissa and a
future month. Negative values on the ordinate indicate the opposite. Stippling indicates the correlations that are not statistically significant
at p, 0.05.
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precipitation (Fig. 2). The contrast in memory of the land sur-
face runoff versus P 2 E is again striking. Consistent with
Fig. 3, there is no systematic persistence in UMRB and LMRB
P 2 E from March in observed estimates nor in the CESM1-
Transient realizations. This result reinforces that there is no
memory in the simultaneous supply and demand of moisture by
the atmosphere (Fig. 4, right column).

It is, therefore, evident that runoff persistence arises from
properties of the land surface, not the atmosphere. To demon-
strate this further, Fig. 5 presents lead–lag correlations of
ERA5 soil moisture estimates centered on March in the con-
text of the CESM1-Transient realizations (Fig. 5). Two soil
depths are considered, 1–30 cm and the other to 1 m, to deter-
mine how layer depth determines land surface memory. Serial
soil moisture correlations from March indicate statistically
significant persistence for the 30-cm and 1-m layers in the
UMRB and LMRB (cf. Fig. 5, left and right columns), al-
though correlations are generally larger in the latter layer,
given that it is less exposed to surface processes. Soil moisture
is most persistent in the cold season leading up to spring, par-
ticularly in the UMRB, since this is the time of year when less
precipitation is observed and the ground is frozen (Fig. 2).
Conversely, soil moisture is less persistent in springtime at the
beginning of the wet season that immediately follows March
since this is a time of year in which P 2 E exceeds 0 on aver-
age (Fig. 2, center column). Statistically significant serial soil
moisture correlations are not found greater than 1 year fol-
lowing March in either subbasin (Fig. 5), which suggests that
relationships between soil moisture and future land surface
states}including runoff}are not found when all initial land
surface states in an 80-yr period are considered. However, we

will later show that low soil moisture in March is related to
low runoff in the two following April–September, which sug-
gests the importance of extreme land surface states to runoff
predictability.

4. Drought and its potential predictability

a. Transient climate

We turn our attention to drought in the UMRB and LMRB
to identify physical features that could potentially predict low
runoff spanning two consecutive April–September. Based on
ERA5 observed estimates and CESM1-Transient realizations,
low April–September runoff in the UMRB and LMRB are re-
lated to concurrent atmospheric conditions that include anticy-
clonic circulation over the north-central United States (vectors
in Fig. 6) and oceanic features that include La Niña (shading in
Fig. 6). The concurrent SST relation, although significant in the
model ensemble based on the average of 40 realizations, is ab-
sent in the observed estimates. Here, it is important to note that
a single realization of climate provided by the observed history
is akin to a single CESM1 realization over the same period. The
results in the supplementary material (see Figs. S1 and S2 in the
online supplemental material) illustrate the considerable sam-
pling variability in the SST relationships to Missouri River basin
drought among such realizations. The inherent sampling noise
evident even in the concurrent ERA5 wind composites indi-
cates a noisy perspective, although common features related
to drought include anticyclonic circulation over the Northern
Rockies associated with UMRB drought and anticyclonic circu-
lation over the central United States associated with LMRB
drought (Fig. 6, left column). The analogous concurrent wind

FIG. 4. For 1940–2019 in the (top) UMRB and (bottom) LMRB, monthly lead–lag correlations from March for
(left) runoff and (right) P2 E. Blue lines indicate the ERA5, orange lines indicate the CESM1-Transient realizations,
and the cyan lines indicate the USACE runoff. Positive values on the ordinate indicate the correlations between
March and a future month. Negative values on the ordinate indicate the opposite. The gray shading indicates the 95%
confidence interval.
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composites for each of the 80-yr CESM1-Transient realizations
shown in Figs. S1 and S2 indicate similarly noisy features. The
most prominent feature across the CESM1 realizations is the
presence of anomalous anticyclonic circulation over the central
United States related to UMRB and LMRB drought similar to
that of the ERA5 observed estimates, which indicates the impor-
tance of the atmospheric circulation. A concurrent SST anomaly
pattern resembling La Niña appears to be a preferred ocean
state in the CESM1 ensemble, a feature appearing in many,
though not all, of the CESM1-Transient realizations (Figs. S1
and S2). A variety of SST anomaly patterns related to UMRB
and LMRB drought in April–September, however, suggest that
SSTs may not be a requirement nor offer a strong constraint on
drought likelihoods in the Missouri River basin, a topic we will
further explore below.

The SST and 700-hPa wind anomaly composite related to low
runoff in all 40 CESM1-Transient realizations clarifies conditions
associated with UMRB and LMRB drought in April–September,
given the large sample provided by the ensemble simulations
(Fig. 5, right column). This analysis reveals distinct atmospheric
and oceanic features related to Missouri basin drought. From the
atmospheric perspective, concurrent anticyclonic circulation over
the central United States is a prominent feature, which centered
just to the west of the Missouri River basin is accompanied by
anomalous precipitation-reducing subsidence (not shown) and
opposes the flow of moisture into the region, thereby resulting
in low runoff. A second anticyclone is present over the North
Pacific Ocean, which, while not directly forcing Missouri River
basin drought, may be part of the same wave train as the anticy-
clonic circulation over North America associated with La Niña,

which is prominent in the SST anomaly composite. Regarding
concurrent relationships with La Niña, low runoff in both the
UMRB and LMRB is associated with statistically significant
below-average SSTs in the tropical east-central Pacific Ocean,
above-average SSTs in the tropical west Pacific. Above-average
SSTs in the North Pacific are also prominent in the CESM1 SST
anomaly composite in the same area as anomalous anticyclonic
atmospheric circulation, which would further aid in the mainte-
nance of the warm SSTs (e.g., Alexander et al. 2002).

Focusing now on land surface preconditioning of low runoff
in a transient climate, we find that low 1-m soil moisture in
March is related to low runoff in the following April–September
in the UMRB and LMRB based on ERA5 and the CESM1-
Transient realizations (continental shading in Fig. 6). The same
perspective for each of the 40 CESM1-Transient realizations is
provided in Figs. S1 and S2 in the UMRB and LMRB, respec-
tively. The pattern of 1-m March soil moisture related to low
warm-season runoff for an 80-yr trace of the climate based on
ERA5 (Fig. 6, left column) and CESM1 realizations (Figs. S1
and S2) are noisy due to sampling, yet reveal common features
that include low antecedent soil moisture in the Missouri basin
itself. The same composite conditions, but including all samples
from the 40 CESM1-Transient realizations (Fig. 6, right col-
umn), clarify 1-m soil moisture in March related to low runoff in
the following April–September, given the many droughts consid-
ered. This analysis reveals a close relationship between low
warm-season runoff and antecedent soil moisture in the UMRB
and LMRB in addition to milder, yet statistically significant rela-
tionships elsewhere in the United States. In the UMRB, the
March 1-m soil moisture pattern related to low April–September

FIG. 5. For 1940–2019 in the (top) UMRB and (bottom) LMRB, monthly lead–lag correlations from March for
(left) up to 30-cm soil moisture and (right) 1-m soil moisture. Blue lines indicate ERA5 and orange lines indicate
CESM1-Transient realizations. Different layer depths in the left column for ERA5 (28 cm) and CESM1-Transient
(21 cm) are considered because data are not available at the same layer depths. Positive values on the ordinate indi-
cate the correlations between March and a future month. Negative values on the ordinate indicate the opposite. The
gray shading indicates the 95% confidence interval.
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runoff indicates the strongest relationships in the Southwest and
Southeast United States (Fig. 6b). In the LMRB, this perspec-
tive indicates the strongest relationships resembling a precipita-
tion pattern related to La Niña, with large anomalies in the
southern tier of the United States, which suggests a role for
La Niña on the persistence of hydrological drought into the fol-
lowing year’s warm season (Fig. 6d).

We also find that low snow water equivalent in March in
the Missouri River basin is related to low runoff in the follow-
ing April–September in the UMRB and LMRB based on
ERA5 and CESM1-Transient realizations (Fig. 7). The same
perspective for each CESM1-Transient realization is provided
in Figs. S3 and S4in the UMRB and LMRB, respectively.
The pattern of snow water equivalent anomalies in individual
traces of the climate like ERA5 (Fig. 7, left column) and
CESM1-Transient (Figs. S3 and S4) indicates the differences
between each realization, but all share generalizable features
with conditions compiled over all CESM1-Transient realiza-
tions (Fig. 7, right column). That is, drought is related to low
snow water equivalent in the colder and elevated areas of the
Missouri River basin that generate considerable runoff like
the headwaters region in Montana (see Norton et al. 2014;
Qiao et al. 2014; Wise et al. 2018). This is especially true for
the UMRB (Fig. 7, top row), where snow-generated runoff
from the upper reaches of the basin is considerable. By con-
trast, the precipitation seasonal cycle and the lower elevations of
the LMRB result in less contribution to runoff by snowmelt,

which, in turn, leads to a weaker relationship between April–
September runoff and antecedent snowpack.

b. Equilibrium climate simulations

We use equilibrium simulations F1850, B1850, and B2000
to disentangle relationships between land–ocean–atmosphere
features and low April–September runoff in the UMRB and
LMRB (Fig. 8). The F1850 simulation, in which ocean condi-
tions are prescribed to a repeating annual cycle, indicates that
the atmosphere alone can lead to drought in the Missouri
River basin via anomalous circulations confined to the
Pacific–North American sector. A prominent anticyclone over
the central United States is related to UMRB and LMRB
drought in April–September, as indicated by 700-hPa wind
anomalies related to low runoff (Fig. 8, left column). The anti-
cyclones related to UMRB and LMRB drought over the cen-
tral United States are similar in location and position to those
identified in the CESM1-Transient realizations (cf. Fig. 8, left
column, to Fig. 6, right column). Such similarity indicates that
the drought in the transient realizations can be caused by pro-
cesses internal to the atmosphere only. UMRB and LMRB
drought in the F1850 simulation is also related to two addi-
tional atmospheric circulation centers in the North Pacific}
cyclonic circulation to the west of North America and anticyclonic
circulation to the southwest of the Aleutian Islands}which is
indicative of the relationship between the Missouri River basin

FIG. 6. When April–September basin average runoff is in the lower 20th percentile during 1940–2019, composite
concurrent 700-hPa wind (vectors; m s21) and SST anomalies (blue-red shading; 8C) and composite antecedent stan-
dardized 1-m soil moisture anomaly (brown-green shading; standard deviations) during the prior March for the (left)
ERA5 and (right) 40 CESM1-Transient realizations in the (top) UMRB and (bottom) LMRB. Shading for SSTs and
1-m soil moisture indicates anomalies that are statistically significant at p , 0.05. Conditions for the UMRB and
LMRB in each of the 40 CESM1 transient realizations are shown in Figs. S1 and S2, respectively.
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drought and an atmospherically generated wave train spanning
the Pacific–North American sector.

The inclusion of coupled SST variability in the B1850 and
B2000 simulations affirms that the atmospheric circulation
roots for Missouri River basin drought (Fig. 8, center and right
columns). However, there are notable differences between this
wave train and that identified in the atmosphere-only (F1850)
simulation. Specifically, the circulation centers that comprise the
wave train in a climate without SST variability are weaker than in
a climate with SST variability, which indicates a role for SSTs in
modulating the magnitude and nature of the atmospheric circula-
tion related to Missouri River basin drought. Additionally, the
scale of the circulation in the coupled models is larger, with con-
nections to the tropics evident that are indicative of LaNiña influ-
ences. The contributions of tropical SST forcing to the circulation
pattern also yield a North Pacific SST signature in the coupled
models that is consistent with the well-known atmospheric bridge
mechanism linking tropics and extratropics (e.g., Alexander et al.
2002). It cannot be discounted, however, that inherent extratropi-
cal SST variations alone could contribute to a drought-producing
extratropical wave train over the Pacific–NorthAmerican sector.

The B1850 and B2000 equilibrium simulations show that both
intrinsic atmosphere and ocean variations can either individually

or collectively lead to drought in the Missouri River basin. The
similarity with results from theCESM1-Transient realizations in-
dicates that increasing radiative forcing during 1940–2019 is not
a necessary factor for MRB drought. However, it is intriguing to
note that the relationship between La Niña and MRB drought
during April–September is stronger in a climate with enhanced
radiative forcing (cf. Fig. 8, center and right columns). Anoma-
lous SSTs related to low April–September runoff in both the
B2000 andB1850 are similar in sign and pattern, but the compos-
ite tropical Pacific SST anomalies in the B2000 simulation re-
lated to Missouri River basin drought are a factor of two larger
than its B1850 counterparts. Moreover, the sign and patterns of
anomalous 700-hPa winds across the Pacific–North American
sector related to low April–September are similar in the B2000
and B1850 simulations, though likewise differ in the magnitude
of the wind anomalies, with the former stronger than the latter.
This also suggests that stronger greenhouse gas forcing leads
to stronger atmospheric circulation anomalies in tandem with
LaNiña when related toUMRB and LMRBdrought.

We further identify the relationship between La Niña and
Missouri River basin drought in Fig. 9 by showing composite
SSTs and atmospheric circulation when both low UMRB and
LMRB runoff and cold equatorial central and eastern Pacific

FIG. 7. Composite March standardized snow water equivalent anomaly when basin runoff during the following
April–September is in the lower 20th percentile during 1940–2019 for the (left) ERA5 and (right) 40 CESM1 transient
realizations in the (top) UMRB and (bottom) LMRB. Stippling indicates the standardized departures that are not sta-
tistically significant at p , 0.05. Conditions for the UMRB and LMRB in each of the 40 CESM1-Transient realiza-
tions are shown in Figs. S3 and S4, respectively.
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states are met in the B1850 and B2000 simulations. This perspec-
tive more clearly identifies the relationship between drought and
La Niña than Fig. 8 because it omits cases in which La Niña
is not operating. A stronger relationship between UMRB and
LMRB drought and Pacific SSTs is found in both simulations in
Fig. 9 compared to Fig. 8 as well as a wave train of alternating
high and low pressure areas emanating from the tropics, to the
North Pacific Ocean, and across North America in both equilib-
rium simulations. Moreover, SST and circulation anomalies are
stronger in the B2000 simulation in which radiative forcing is
stronger than the B1850 simulation.

Also using equilibrium simulations F1850, B1850, and B2000
shown in Fig. 8, we examine the relationships between 1-m soil
moisture in March and low runoff during the following April–
September in the presence of forcing only by the atmosphere
and forcing by both the atmosphere and oceans. The F1850 sim-
ulation reveals that in the presence of only atmospheric variabil-
ity that 1-m March soil moisture is significantly related to
drought in the next warm season in an area local to, and just to
the east of, the Missouri River basin (Fig. 8, left column). The
localized nature of these relationships contrasts those same rela-
tionships in the B1850 and B2000 simulations, which are wide-
spread across North America (Fig. 8, center and right columns).
These widespread relationships between 1-m March soil mois-
ture and low runoff in the following April–September suggest
that the addition of oceanic forcing leads to a widespread dry
land surface state that includes the Missouri River basin. More-
over, the magnitude of the 1-m soil moisture standardized
anomalies related to warm-season low runoff in the UMRB and
LMRB is larger and more widespread in the B2000 simulation

compared to the B1850 simulation. The more intense and wide-
spread low soil moisture in the B2000 simulation suggests an im-
portant role of a warmer climate in leading to such occurrences
in the Missouri River basin. These conditions are consistent with
stronger La Niña events described previously, which lead to
stronger atmospheric anomalies that increase the magnitude and
footprint of low 1-m soil moisture that precedes low runoff oc-
currences in the Missouri River basin.

Further examination of 1-m soil moisture in March and run-
off in the following April–September suggests that a mecha-
nism responsible for low warm-season runoff to follow a dry
land surface state concerns runoff efficiency (the fraction of
precipitation that becomes runoff). This is based on Fig. 10,
which relates UMRB and LMRB 1-m soil moisture in March
to runoff in the following April–September, and its runoff ef-
ficiency in equilibrium simulations F1850, B1850, and B2000.
All equilibrium simulations indicate that low antecedent soil
moisture is associated with lower warm-season runoff effi-
ciency and, hence, runoff. That is, when the land surface state
before April–September is dry, less runoff is generated by the
same amount of precipitation because more precipitation is
used to moisten the land surface. The runoff efficiency differs
by a factor of 2 between initial dry versus wet soil moisture
states. Note that the constraint of soil moisture on subsequent
runoff is not via a change in the subsequent rainfall during the
warm season (that signal is found to be negligible in the
model), but rather via a dramatic change in the fractional con-
version of the summer rains into runoff. It is also important to
note that these relationships are similar across the equilibrium
simulations regardless of SST variability and radiative forcing,

FIG. 8. When April–September basin average runoff is in the lower 20th percentile during 1940–2019, composite concurrent 700-hPa
wind (vectors; m s21) and SST anomalies (blue–red shading; 8C) and composite antecedent standardized 1-m soil moisture anomaly
(brown–green shading; standard deviations) during the prior March for the (left) F1850, (center) B1850, and (right) B2000 equilibrium
simulations in the (top) UMRB and (bottom) LMRB. Shading for SSTs and 1-m soil moisture indicates anomalies that are statistically sig-
nificant at p, 0.05. Note that there is no SST variability from mean conditions in the F1850 simulation as SSTs are prescribed to a repeat-
ing annual cycle from the B1850 simulation.
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which suggests the importance of land surface effects on the
preconditioning of low runoff.

The equilibrium simulations also indicate that below-average
snow water equivalent in March is related to low runoff in the
Missouri River basin during the following April–September
(Fig. 11). However, there are notable differences between each
of the equilibrium simulations that principally reflect the effects
of radiative forcing, which determines warmer and cooler cli-
mates of the B2000 and B1850 simulations (cf. Fig. 11, left col-
umn to Fig. 11, right column). The F1850 simulation reveals a
close relationship between warm-season UMRB runoff and
snow water equivalent in Montana}the headwaters for the
Missouri River}just prior to the warm season, indicating
the importance of this relationship in a climate without SST var-
iability. This relationship is not particularly strong for the
LMRB, however, because this subbasin lacks the considerable
snowpack development during winter compared to the UMRB.
The B1850 simulation, which shares the same atmospheric radi-
ative forcing as the F1850 simulation, but with SST variability,
displays a similar relationship between warm-season runoff and
snow water equivalent prior to the warm season in the UMRB.
This indicates that once snow water equivalent is in place in
March that SST variability itself is not a principal intervening
factor in determining its relationship with runoff in the follow-
ing April–September.

A notable difference between the B2000 and B1850 simula-
tions concerns the dissimilar relationships between low warm-

season runoff and snow water equivalent just prior to the
warm season (cf. Fig. 11, center column, and Fig. 11, right col-
umn). Unlike this relationship documented previously for the
B1850 simulation, low runoff in the B2000 simulation in the
UMRB is weakly related to antecedent snow water equivalent
in the elevated areas of Montana that have historically served
as the principal source for runoff in this subbasin. A reason
for this is considerably less snow water equivalent is present
in the B2000 climate compared to that of B1850 because high
temperatures in the former compared to the latter reduce
snow accumulation (Fig. S5). This suggests that causes of
hydrological drought in a warmer climate are different from
those in a cooler climate because the responsible physical
mechanisms differ between them.

c. Potential predictability

Having identified several factors constraining Missouri River
basin hydroclimate in April–September, we conclude with a
quantification of potential predictability of drought in two con-
secutive warm seasons. Here, we use the relative risk ratio (see
methods), which provides an indication for predictability based
on the change in drought frequency given the presence of a pre-
dictor. For example, for an initial dry state of 1-m soil moisture
in March, a nearly threefold increase in the drought risk exists
for the first April–September and a nearly twofold increase in
the risk of drought for the second April–September (Fig. 12).
These results indicate that 2-yr warm-season droughts}or their

FIG. 9. When April–September basin average runoff is in the lower 20th percentile during La Niña events in
1940–2019, composite concurrent 700-hPa wind (vectors; m s21) and SST anomalies (blue–red shading; 8C) and com-
posite antecedent standardized 1-m soil moisture anomaly (brown–green shading; standard deviations) during the
prior March for the (left) B1850 and (right) B2000 equilibrium simulations in the (top) UMRB and (bottom) LMRB.
Shading for SSTs and 1-m soil moisture indicates anomalies that are statistically significant at p, 0.05.
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absence}are potentially predictable based on the antecedent
state of the land surface.

The initial state of snow water equivalent in March is related
to statistically significant differences in the relative risk of
UMRB and LMRB runoff in the warm season immediately fol-
lowing (Fig. 12), though having a somewhat smaller impact as
measured by risk alone than initial soil moisture. This signifi-
cant, though weaker constraint, is likely because the soil mois-
ture signal is confined to a smaller fraction of the Missouri
River basin overall, also accounting for its greater relevant
to UMRB rather than LMRB warm-season runoff (Figs. 7
and 11). However, the state of snow water equivalent in March
is not significantly related to differences in the relative risk of
low runoff in a second consecutive April–September across all
equilibrium simulations in the UMRB (Fig. 12). These results
suggest that snow water equivalent is not a reliable potential
predictor of low runoff in two consecutive warm seasons in the
UMRB as we found for 1-m soil moisture. This is especially im-
portant in the UMRB, where we found that low warm-season
runoff is more closely related to antecedent snow water equiva-
lent compared to the LMRB. The B1850 simulation is the only
equilibrium climate that indicates a significant increase in low
runoff in consecutive warm seasons related to low snow water
equivalent prior to the first. Potential reasons for this include

a higher contribution to runoff by snow water equivalent in
the B1850 simulation because of its cooler climate and
greater snowpack in March compared to the B2000 simula-
tion (Fig. S5).

The ENSO state in March is also related to statistically signifi-
cant differences in the relative risk of low runoff during following
April–September seasons, indicating that La Niña is a potential
predictor of UMRB and LMRB drought (Fig. 12), though with
an efficacy less than that exerted by initial soil moisture states.
There are, however, notable relative risks of future warm-season
drought related to La Niña between the B1850 and B2000 cli-
mates. The CESM1 simulations reveal La Niña to be a better
predictor in the warmer than colder climate states, especially for
the risks of drought in a second year. Potential reasons for this
include a closer relationship between ENSO and Missouri River
basin hydroclimate in the year 2000 climate compared to the
year 1850 climate, a change in the teleconnection itself indicated
in Fig. 8. Another possibility is that ENSO variability itself may
change in the warmer climate, perhaps via stronger variance in
tropical Pacific SSTs and a greater likelihood for La Niña events
last for 2 years. These are intriguing issues that merit further in-
vestigation using a larger suite of coupled models.

Finally, we examine the potential predictability of low UMRB
and LMRB runoff in consecutive April–September based on

FIG. 10. Scatter diagram of April–September standardized runoff anomaly and standardized 1-m soil moisture anomaly from the prior
March with shading indicating April–September runoff efficiency, defined as the fraction of runoff to precipitation for the (left) F1850,
(center) B1850, and (right) B2000 equilibrium simulations in the (top) UMRB and (bottom) LMRB. Indicated by the dashed black line is
the 20th percentile runoff in April–September.
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both 1-m soil moisture and ENSO states in the prior March, rec-
ognizing that anomalous behavior of both predictors could be
operating at the same time. Figure 13 indicates that the combina-
tion of low 1-m soil moisture and La Niña in March greatly in-
creases the relative risk of low runoff during the following April–
September in the UMRB and LMRB beyond the individual
effects of low soil moisture or La Niña (Fig. 12). The results are
consistent between basins and simulations. Figure 13 also indi-
cates that the combination of high soil moisture and La Niña in
March decreases the risk of low UMRB and LMRB runoff dur-
ing the April–September immediately following and does not
significantly change the risk of low runoff in the subsequent
April–September. This indicates that a wet antecedent land sur-
face provides a buffer to avert low runoff in the presence of
La Niña, which otherwise increases the likelihood of drought in
the UMRB and LMRB (Fig. 12). Concerning El Niño, its pres-
ence generally leads to no difference in the risk of low warm-
season runoff when combined with low 1-m soil moisture, which
indicates its effects on averting drought in following warm sea-
sons. Of the two subbasins and equilibrium simulations consid-
ered, this is not true for the LMRB and B1850 climate, perhaps
a result of the relationship between LMRB hydroclimate in 1850
identified previously (Figs. 8 and 11).

5. Summary and conclusions

a. What is the intrinsic persistence of Missouri River
basin hydroclimate?

Observed estimates and a transient coupled climate model
ensemble based on CESM1 indicate persistent runoff and soil

moisture anomalies in the UMRB and LMRB whose decorre-
lations depend on the seasonal cycles of precipitation and
temperature. These results are similar to those found in prior
studies that focused on different aspects of North American
hydroclimate (e.g., Delworth and Manabe 1988; Koster and
Suarez 2001; Rahman et al. 2015; Kumar et al. 2019). We prin-
cipally focused on the persistent anomalies from March so we
could examine how land surface memory preconditioned hy-
droclimate in future April–September wet seasons. Statisti-
cally significant serial runoff correlations from March indicate
runoff persistence from the prior wet season into the next wet
season, which is consistent with Badger et al. (2018). Like-
wise, statistically significant serial soil moisture correlations
from March in the 30-cm and 1-m layers were also found, the
largest of which were found in the dry season months leading
up to March, with lower yet statistically significant correla-
tions into the following wet season. The persistent land sur-
face anomalies were not accompanied by persistent P 2 E
anomalies, as we found no statistically significant serial corre-
lations in P 2 E. These persistent runoff and soil moisture
anomalies motivated our diagnosis of multiyear low runoff
predictability based on antecedent land surface soil moisture
in the two subbasins that comprise the largest hydrologic
catchment in North America (Seaber et al. 1987).

b. How do land surface, atmosphere, and ocean features
contribute droughts in warmer and cooler climates?

We found that low April–September runoff in the UMRB
and LMRB are related to inherent atmospheric variability,
antecedent local soil moisture, snow water equivalent, and

FIG. 11. Composite March standardized snow water equivalent anomaly when runoff during the following April–September is in the
lower 20th percentile for the (left) F1850, (center) B1850, and (right) B2000 equilibrium simulations in the (top) UMRB and (bottom)
LMRB. Stippling indicates the standardized departures that are not statistically significant at p, 0.05.
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remote tropical Pacific SST states associated with ENSO.
Moreover, the relationship between low runoff, snow water
equivalent, and ENSO is different in warmer and cooler cli-
mates, which indicates that anthropogenic effects alter the re-
lationship between these physical features and warm-season
drought, and, thus, also may alter their predictability. A key
difference between prior studies concerning central United
States drought under anthropogenic effects (e.g., Wehner et al.
2011; Cook et al. 2015) and our study is that we do not include
secular changes related to atmospheric forcing based on our
analysis of equilibrium simulations compared to their own cli-
mate. This perspective allows us to isolate the variability of
drought in warmer and cooler climates (see also Cheng et al.
2019), which is important for assessing and responding to
drought in a warmer world (Parker et al. 2023).

Inherent atmospheric variability and La Niña are related to
atmospheric circulations that result in low UMRB and
LMRB runoff during the warm season. Inherent atmospheric
behaviors are indicated in the F1850 simulation (no SST vari-
ability from a prescribed annual cycle) by a wave train of al-
ternating high and low pressure areas spanning the Pacific–
North American sector with precipitation-suppressing high
pressure over the central United States. La Niña is indicated

by a wave train of high and low pressure areas emanating
from the tropics associated with below-average SSTs in
the tropical central Pacific Ocean that are associated with
precipitation-suppressing high pressure over the central
United States.

The relationship between La Niña and Missouri River basin
drought in April–September is stronger in a warmer climate
compared to a cooler climate, as indicated by larger SST and
circulation anomalies in the former climate (B2000 simula-
tion) compared to the latter (B1850 simulation). These results
suggest that La Niña plays a larger role in driving UMRB and
LMRB drought during the warm season and offering poten-
tial predictability under anthropogenic influences. Many cli-
mate models indicate that ENSO variability increases under
anthropogenic influences (e.g., Cai et al. 2021), the effect of
which would alter hydroclimates sensitive to La Niña like the
central United States (e.g., Singh et al. 2022). CESM1, the
model used in our study, indicates an increase in ENSO vari-
ability under increased radiative forcing (Newman et al. 2018;
Berner et al. 2020; Maher et al. 2023).

Soil moisture and snow water equivalent anomalies are
closely related to low April–September runoff in the UMRB
and LMRB. The relationships between soil moisture within

FIG. 12. Relative risk ratio of runoff falling in the lower 20th percentile in April–September of years 1 and 2 following low snow
water equivalent, high snow water equivalent, low 1-m soil moisture, high 1-m soil moisture, La Niña, and El Niño in March prior
to year 1 compared to when those conditions are not met based on (left) B1850, and (right) B2000 equilibrium simulations in the
(top) UMRB and (bottom) LMRB. ENSO conditions are shaded in the F1850 simulation because there is no SST variability from the
seasonal cycle.
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the Missouri River basin and low runoff are similar in
warmer and cooler climates as well as those without ENSO
variability. Low soil moisture decreases runoff efficiency,
which leads to more precipitation being used to replenish
moisture in the soils and less being converted to runoff. By
contrast, the relationship between snow water equivalent
and runoff differs between UMRB and LMRB and warmer
and cooler climates. Snowmelt-driven runoff was shown to
be important in the UMRB (e.g., Norton et al. 2014; Wise
et al. 2018), and it follows that we found a closer relationship
between drought and snow water equivalent in the UMRB.
We also found a closer relationship between drought and
snow water equivalent in a cooler climate (B1850) than a
warmer climate (B2000) related to notable decreases in snow
water equivalent from the former to the latter. These results
suggest a decreased role of snowpack in driving runoff in a
warmer world.

c. Can snow water equivalent, soil moisture, and ENSO
state potentially predict 2-yr warm-season droughts?

Snow water equivalent, soil moisture, and ENSO state in
March are the potential predictors of 2-yr warm-season
droughts in the UMRB and LMRB as indicated by their rela-
tionships with statistically significant changes in the relative
risk of low runoff in future April–September seasons. Consis-
tent with our analysis of mechanisms related to warm-season
drought in the Missouri River basin, potential predictability
of low runoff based on each of these three features in March
differs between warmer and cooler climates, which suggests
that anthropogenic effects influence drought predictability.

Soil moisture and snow water equivalent in March were
found to be potential predictors of runoff in the following
April–September, with the former related to larger relative
risks of drought at longer lead times. Concerning 1-m soil

FIG. 13. Relative risk ratio of runoff falling in the lower 20th percentile in April–September of years 1 and 2 follow-
ing combined low soil moisture and La Niña, combined high soil moisture and La Niña, combined low soil moisture
and El Niño, combined high soil moisture and El Niño in March prior to year 1 compared to when those conditions
are not met based on (left) B1850 and (right) B2000 equilibrium simulations in the (top) UMRB and (bottom)
LMRB. The F1850 simulation is not shown because there is no ENSO variability.
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moisture, we found that the predictive information gained
from soil moisture is consistent in warmer and cooler climates
as well as climates without ENSO variability. Low 1-m soil
moisture is related to statistically significant increases in the
relative risk of low runoff in the two following April–September,
while high 1-m soil moisture is related to statistically significant
decreases in the relative risk of low runoff in the two following
April–September. By contrast, the predictive power of snow wa-
ter equivalent on runoff differs between the UMRB and LMRB
and warmer and cooler climates. In the UMRB, low snow water
equivalent in March is related to statistically significant increases
in the risk of low runoff in the following April–September. The
B1850 simulation is the only equilibrium climate that indicates a
significant increase in the relative risk low UMRB runoff in two
consecutive warm seasons related to low snow water equivalent
prior to the first. Potential reasons include the importance of
snowmelt-driven runoff in the UMRB (e.g., Norton et al. 2014;
Wise et al. 2018) and notable reductions in snow water equiva-
lent in the UMRB from cooler to warmer climates, the latter of
which suggests a decrease in the prevalence of snowmelt-driven
runoff in a warmer world.

Statistically significant changes in the risk of low runoff in
April–September seasons were also found to follow ENSO
events in March. Relative risks related to ENSO are not as
large as the relative risks related to 1-m soil moisture, differ
between warmer and cooler climates, and differ between
La Niña and El Niño events. The larger relative risk of warm-
season drought related to ENSO in the B2000 simulation
compared to the B1850 simulation may be due to increased
ENSO variability in the former compared to the latter in the
CESM1 model under increased radiative forcing (Newman
et al. 2018; Berner et al. 2020; Maher et al. 2023). Differences
in statistically significant relative risks of drought related to
La Niña and El Niño events suggest asymmetry in the hydro-
climatic response to ENSO, which could be related to the
asymmetric relationship between precipitation and opposing
ENSO phases suggested by Wang et al. (2007).

The combination of high soil moisture and La Niña in
March is related to statistically significant decreases in the risk
of low runoff in the following April–September, which indi-
cates that a wet land surface provides a buffer to avert low
runoff in the presence of La Niña. Moreover, these results
also suggest the primacy of the land surface state regarding fu-
ture runoff compared to the state of ENSO. Our analysis also
revealed that a dry land surface state combined with La Niña
in March increased the likelihood of low runoff in two consec-
utive April–September compared to if just one of these condi-
tions were operating.

A feature of La Niña events relevant to Missouri River ba-
sin drought in consecutive April–September concerns the pro-
pensity of such events to last multiple years (e.g., Okumura
and Deser 2010; Okumura et al. 2011; Hu et al. 2014; Wu et al.
2019). While we did not specifically address this feature, the
effects of multiyear La Niña events suggest prolonged dryness
in the North American Great Plains that includes the Mis-
souri River basin (e.g., Anderson et al. 2017; Jong et al. 2020),
as was observed on occasion in the 1800s, the Dust Bowl (e.g.,
Schubert et al. 2004), and in the 1950s (Cole et al. 2002), for

example. Multiyear La Niña events are potentially predictable
at 6–25-month lead times based on CESM1, the model archi-
tecture we used in our study (DiNezio et al. 2017; Wu et al.
2021). These results also suggest that 2-yr droughts in the
Missouri River basin may also be potentially predictable
based on the predictability of La Niña itself, which could be a
reason for statistically significant increases in the chances of low
runoff in consecutive April–September in the LMRB based
on La Niña in the first year. Moreover, future projections of
ENSO events under increased greenhouse gas forcing, similar to
our comparison of B2000 and B1850 simulations, indicate an in-
creased likelihood of multiyear La Niña events (Geng et al.
2023). This increase in multiyear La Niña events due to anthro-
pogenic forcing suggests an increase in the potential predictabil-
ity of 2-yr droughts in the Missouri River basin.
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