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ABSTRACT: Recent studies suggest springtime wet extremes and summertime dry extremes will occur more frequently
in the U.S. Midwest, potentially leading to devastating agricultural consequences. To understand the role of circulation pat-
terns in the projected changes in seasonal precipitation extremes, the k-means clustering approach is applied to the large-
ensemble experiments of Community Earth System Model, version 2 (CESM2-LE), and ensemble projections of CMIP6.
We identify two key atmospheric circulation patterns that are associated with the extremely wet spring and extremely dry
summer in the U.S. Midwest. The springtime wet extremes are typically linked to baroclinic waves with a northward shift
of the North American westerly jet and positive anomalies in sea level pressure over the western Atlantic, which favor the
development of the Great Plains low-level jet. The summertime dry extremes are associated with the development of an
anomalous ridge with suppressed storm tracks over the central United States. The projected increase in springtime wet ex-
tremes and summertime dry extremes can be attributed to significantly more frequent occurrences of the associated atmo-
spheric regimes. Particularly, the intensity of wet extremes is expected to increase mainly due to the enhanced moisture
flux from the Gulf of Mexico. The moisture budget analysis suggests that the precipitation extremes are mainly associated
with the dynamic component of atmospheric circulation. CESM2-LE and CMIP6 exhibit good agreement in the projected
changes in circulation patterns and precipitation extremes. Our results explain the mechanism of the projected changes in
the Midwest seasonal precipitation and highlight the contribution of circulation patterns to hydroclimatic extremes.
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1. Introduction

Precipitation extremes, such as heavy precipitation and
drought, can result in significant environmental impacts on
water resources and ecosystems, and socioeconomic impact
on agriculture, transportation, and industry. Particularly, var-
iations of warm-season precipitation extremes may lead to
devastating consequences in agricultural production in the
U.S. Midwest, which is one of the most intense agricultural
areas in the world. For instance, the 2012 drought resulted in
widespread failure of corn, sorghum, and soybean crops, with
an estimated loss of $36.9 billion (NOAA 2022). Meanwhile,
extremely wet springs can limit corn and soybean yields in the
Midwest (Urban et al. 2015), and the impacts of excessive
rainfall on crop yields can be equivalent to those caused by
extreme droughts (Li et al. 2019). Several studies have demon-
strated significant socioeconomic impacts of seasonal precipi-
tation variability and precipitation extremes in the Midwest,
including water quality (Loecke et al. 2017), native flora and
fauna (Swanston et al. 2018; Magee et al. 2019), and storm-
water management (Moore et al. 2016).

Global climate change is expected to increase atmospheric
moisture and affect the hydrological cycle (O’Gorman and
Schneider 2009), resulting in the changes in frequency and in-
tensity of precipitation extremes (both heavy precipitation
and drought). Observations have shown significant increasing
trends in heavy precipitation in the Midwest during the warm
season over the past decades (Kunkel et al. 2020; Li et al.
2022). Climate projections also suggest significant increases in
extreme precipitation intensity and frequency in spring by the
end of the century (Chen and Ford 2021). Although the his-
torical change in droughts over the Midwest is not as evident
as heavy precipitation extremes, future projections suggest an
increasing trend in some metrics of dry extremes, such as con-
secutive dry days (Akinsanola et al. 2020), and warm-season
extreme drought risks (Cook et al. 2020). However, it is im-
portant to understand the mechanisms driving precipitation
extremes and how global climate change affects these ex-
tremes through large-scale atmospheric circulation. Indeed,
confidence or uncertainty in such projections of future precip-
itation changes is partly informed by the models’ capability to
represent synoptic-scale circulation patterns associated with
such extremes. However, relatively few studies have evalu-
ated projected changes in the atmospheric drivers of precipi-
tation extremes.

Using the k-means clustering approach, Zhang and Villarini
(2019) found that up to 40% of precipitation in the Midwest
can be associated with a zonally aligned wave train propagat-
ing from the North Pacific to North America, which leads to
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strong moisture flux transport from the Gulf of Mexico to the
Midwest. A similar mechanism of heavy precipitation is also
confirmed by a deep learning approach (Davenport and
Diffenbaugh 2021), which suggests increased frequency and
intensity of extreme precipitation over the past two decades.
Recent studies (Chen and Ford 2023; Zhou et al. 2022) find
that there are likely to be significantly intensified wet and dry
extremes across the Midwest by the end of the century, with
more frequent transitions from an extremely wet spring to an
extremely dry summer. In Zhou et al. (2022), the wetter
spring is linked to the enhanced Great Plains low-level jet
(GPLLJ) (and consequently inland moisture transport) while
the drier summer is linked to the weakened storm track (and
consequently weakened synoptic disturbance). Both the en-
hanced springtime GPLLJ and the summertime weakened
storm tracks are further linked to the poleward shift of the
North American westerly jet. However, the relationship between
the wet/dry extremes and synoptic-scale circulation patterns and
how climate change affects the synoptic-scale circulation patterns
are not well understood.

To fill the knowledge gap discussed above, in this study, we
will use the k-means clustering analysis and large-ensemble
climate experiments to examine the relationship between
large-scale circulation patterns and precipitation extremes in
the Midwest. We aim to address two research questions: 1) What
circulation patterns are related to the Midwest springtime wet ex-
tremes and summertime dry extremes? 2) How are those patterns
expected to change in a warming climate?

2. Data and method

a. Large-ensemble experiments

Large-ensemble experiments are designed to separate forced
response from internal variability of the climate system in the
past and future evolution (Kay et al. 2015; Milinski et al. 2020).
The mean of a large ensemble can sufficiently eliminate the
noise of internal variability (e.g., ENSO), which has consider-
able impacts on global precipitation, and can be used as an
estimator for the forced response (Frankcombe et al. 2018).
Therefore, to sufficiently understand the effects of external
forcing [e.g., greenhouse gas (GHG)-induced global warming],
we use the large ensemble of Community Earth System
Model, version 2 (CEMS2-LE). CESM2 is the latest genera-
tion of the coupled Earth system model developed as collabo-
rative efforts among the National Center for Atmospheric
Research (NCAR), universities, and other research institu-
tions, and contains significant improvements compared to its
predecessor CESM1 (Danabasoglu et al. 2020). It also contrib-
utes to phase 6 of the Coupled Model Intercomparison Project
(CMIP6).

The CESM2-LE experiments consist of 100 ensemble members
produced with CESM2. Initial conditions of the 100 ensemble
members include a mix of macro- and microperturbations, in
which macroinitializations have one member for each initialization
year (with a total of 20 initialization years) and microinitializations
have twenty members applied with a small random perturbation
for each initialization year (with a total of 4 initialization years).

Meanwhile, both the macro- and microperturbations use two
different forcing fields to represent the variability of biomass
burning (Rodgers et al. 2021). Due to the data availability of
the CESM2-LE from NCAR’s Climate Data Gateway, 79 en-
semble members are used in our analysis. Daily output of total
precipitation and 500-hPa geopotential height (Z500) are pro-
vided for the period 1850–2100 following the historical and
shared socioeconomic pathway (SSP) SSP370 forcing proto-
cols with a spatial resolution of 1.258 in longitude and 0.98 in
latitude, and 32 vertical levels with the top level at 2.26 hPa.
The output during the period 1981–2100 is used in our analy-
sis. More details of the CESM2-LE experiments can be found
in Rodgers et al. (2021).

b. CMIP6

To examine the uncertainty related to the choice of model,
we also use the historical and future SSP370 simulations from
eight climate models in CMIP6, shown in Table S1. The eight
models are used because they provide daily output of precipi-
tation and Z500 in both the historical and SSP370 periods.
Although multiple ensemble members are available for some
models, to maintain the consistency among the models, only
their first ensemble member is used in our analysis.

c. Reanalysis datasets

To evaluate the performance of CESM2-LE, we compare
the ensemble mean of CESM2-LE with two reanalysis datasets:
ERA5 (Hersbach et al. 2020) from the European Centre for
Medium-Range Weather Forecasts (ECMWF) and the Modern-
Era Retrospective Analysis for Research and Applications,
version 2 (MERRA-2; Gelaro et al. 2017), from the Global
Modeling and Assimilation Office (GMAO) at NASA. The
evaluation is conducted for the period 1981–2014. Those two
reanalysis datasets have been used to investigate the connec-
tion between meteorological phenomena (e.g., heatwaves,
droughts, and heavy precipitation) and large-scale circulation
patterns in recent studies (Agel and Barlow 2020; Gibson et al.
2017; Mastrantonas et al. 2021; Thomas et al. 2021). For com-
parison, results from ERA5 and MERRA-2 are regridded to
the spatial resolution of CESM2-LE.

d. Identifying circulation patterns

According to previous studies (Chen and Ford 2023; Zhou
et al. 2022), CMIP6 models show more frequent wet extremes
in spring (March–May) and dry extremes in summer (July–
September) by the end of the century, which is also confirmed
by the CESM2-LE projections (shown in Fig. S1). Therefore,
we first use composite analysis to explore the large-scale cir-
culation patterns that are related to extremely wet spring and
extremely dry summer. Following the method in Chen and
Ford (2023), we identify extremely wet springs and extremely
dry summers based on the 30-day standardized precipitation
index (SPI). If any 30-day SPI during spring (MAM) is above
1.6, that spring is considered extremely wet; if any 30-day SPI
during summer (JAS) is below21.6, that summer is considered
extremely dry. We focus on the mid- and late summer (JAS)
because both CMIP6 and CESM2-LE suggest significantly
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more frequent dry extremes in those months (Fig. S1, and
Chen and Ford 2023). We use the 30-day SPI as an indicator of
wetness and dryness in spring and summer instead of the full
3-month seasonal SPI because precipitation extremes}both
wet and dry extremes}at subseasonal time scales can induce
significant agricultural and ecological impacts, even if they are
embedded in a season with near-normal precipitation. For ex-
ample, Westcott et al. (2005) showed Midwest corn yields were
particularly sensitive to the subseasonal timing of 1-month wet
and dry extremes in the spring and summer.

Meanwhile, atmospheric circulation patterns are classified
through the k-means clustering method (Hartigan and Wong
1979), which is applied to daily Z500 anomalies from each en-
semble member of CESM2-LE (for the period 1981–2100)
and two reanalysis products (for the period 1981–2014). For a
given calendar day, we detrend the Z500 time series using a
cubic spline detrending method so that the nonlinear trends
of thermodynamic warming in the troposphere can be re-
moved. Figure S2 gives an example of the raw and detrended
Z500 time series from an ensemble member of CESM2-LE. It
should be noted that the detrending is done by removing the
calendar trend in the regional average Z500 over a certain do-
main (Jézéquel et al. 2018; Agel et al. 2021; Chen et al. 2021;
Davenport and Diffenbaugh 2021). This allows us to remove
the uniform thermal dilation caused by tropospheric warming
but preserve circulation patterns. For spring, the domain cov-
ers the continental United States (108–508N, 1408–608W), and
it is also used by Zhang and Villarini (2019). Considering the
spatial pattern of Z500 anomalies during the Midwestern ex-
treme dry summer (Fig. 1), the domain during summer covers
the majority of the United States (308–508N, 1158–808W).

The k-means clustering method is then applied to the
detrended daily Z500 for those two domains in the spring
(MAM) and summer (JAS) months, respectively. The k-means
method is a centroid-based unsupervised clustering method
and has been commonly used to classify synoptic patterns
(Straus 2019; Zhang and Villarini 2019; Chen et al. 2021; Agel
et al. 2021). The algorithm starts with k randomly selected ini-
tial seeds for k clusters. Each sample is classified into a cluster
based on the nearest Euclidean distance to the cluster centroid,

and the centroid is then recalculated. The process is repeated
with a maximum of 100 iterations until the sum of variances
within the cluster reaches a minimum. The number of clusters
(k 5 5) is determined based on a previous study (Zhang and
Villarini 2019). We have tested other numbers of clusters. Four
clusters are too few and six clusters do not generate more pat-
terns. The maximum number of iterations is chosen based on
Chen et al. (2021), and our sensitivity analysis suggests that
more iterations do not affect the classification results (not
shown). It should be noted that k-means clustering is an unsu-
pervised machine learning algorithm, so its results from some
ensemble members can be inconsistent with the identified clus-
ters from other ensemble members. For instance, Fig. S3 shows
the clusters from two ensemble members. The first ensemble
(cmip6.f09_g17.LE2–1001.001) represents the patterns from the
majority of the ensemble members of CESM2-LE, but some
clusters in the second ensemble (cmip6.f09_g17.LE2–1251.008)
do not have consistent patterns with other ensemble members.
Therefore, those ensemble members (5 out of 79) are not used
in our analysis. Nevertheless, the high level of reproducibility in
the cluster patterns demonstrates their significance.

e. Vertically integrated moisture flux

To understand how moisture transport is associated with
large-scale circulation patterns, we calculate daily vertically
integrated moisture flux (MF), which is defined as

MFu � 2
1
g

�300hPa

1000hPa
qudp, (1)

MFy � 2
1
g

�300hPa

1000hPa
qy dp, and (2)

MF �
������������������
MF2

u +MF2
y ,

√
(3)

where MFu and MFu represent the moisture flux in the zonal
and meridional directions (in units of kg m21 s21), respec-
tively; u and y represent wind speed in the zonal and meridio-
nal directions; p is the pressure level; and g is the gravitational
constant.

FIG. 1. Seasonal average of Z500 anomalies (m, shading) and vertically integrated moisture flux (kg m21 s21, vec-
tors only shown over the eastern United States) in (a) extreme wet springs and (b) extreme dry summers during
1981–2014. The extreme wet springs and extreme dry summers are identified based on the 30-day SPI.
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f. Vertically integrated water budget

To further investigate the large-scale contributions to pre-
cipitation anomalies in the Midwest, we conduct a moisture
budget analysis using the vertically integrated moisture bud-
get equation:

P � E 2 v
q
p

2 V ? =q 2
q
t

, (4)

where P is precipitation, E is evapotranspiration, v is vertical
velocity, q is specific humidity, V is horizontal vector wind,
and the brackets denote the mass integration through 100 hPa
(Seager and Vecchi 2010; Cao et al. 2019; Hernandez and
Chen 2022). The second and third terms on the right side of
the equation represent the vertical and horizontal moisture
advection, respectively. The fourth term, the time derivative
of q, corresponds to the change in the atmospheric moisture stor-
age, which is usually negligible and can be ignored (Sudharsan
et al. 2020).

The variability of moisture budget can be further decom-
posed into

(P 2 E)′ � 2v′ q
p

2 v
q′

p
2 V ? =q′, (5)

where the overbar denotes the monthly climatological value
for the period 1981–2010, and the prime denotes the depar-
ture from the climatology. The first and second terms on the
right side of Eq. (5) represent the dynamic and thermody-
namic components of the vertical moisture advection, respec-
tively (Chou and Lan 2012). The calculation of moisture
budget is based on daily output from CESM2-LE, and all the
terms in Eqs. (4) and (5) have units of millimeters per day.

g. NAWJ and storm tracks

According to Zhou et al. (2021, 2022), the projected changes
in precipitation over the U.S. Midwest can be associated with

the shift of the North American westerly jet (NAWJ) and
changes in storm tracks. Here we use 500-hPa zonal wind as an
NAWJ indicator. Storm tracks are estimated based on 850-hPa
meridional wind v850, which is filtered using a fourth-order
Butterworth bandpass filter with a 3–15-day cutoff period to
only retain power at a synoptic time scale (Lutsko et al. 2019).
The filtered meridional wind squared (vv850) is used to mea-
sure the storm-track intensity (Feng et al. 2019).

3. Seasonal circulation patterns

Figure 1 shows the seasonal mean Z500 anomalies in ex-
tremely wet springs and extremely dry summers. During ex-
tremely wet springs, the seasonal average Z500 is characterized
by a ridge (positive anomalies) over the eastern United States
and a trough (negative anomalies) over the western United
States with strong moisture transport from the south to the
Midwest (Fig. 1a), which is consistent with the spatial pattern
of Z500 anomalies associated with precipitation extremes in
previous studies (Zhang and Villarini 2019; Davenport and
Diffenbaugh 2021). During extremely dry summers, there are
positive Z500 anomalies over central North America (Fig. 1b),
a pattern that is commonly associated with historical droughts
with limited moisture flux in this region (Schubert et al. 2004;
Hoerling et al. 2014).

4. Identified clusters during 1981–2014

To evaluate the performance of CESM2-LE, the k-means
clustering method is applied to the detrended daily Z500 from
CESM2-LE, ERA5, and MERRA-2. Figure 2 shows the five
springtime circulation patterns and corresponding precipitation
anomalies from the three datasets for the period 1981–2014.
Overall, the ensemble mean of CESM2-LE shows a good
agreement in the spatial pattern and magnitude of the identi-
fied circulation patterns. The pattern correlation (r) between
the two reanalysis datasets is above 0.99; while the pattern

FIG. 2. Five springtime (MAM) circulation patterns identified using k-means clustering based on Z500 anomalies (m) during 1981–2014 in
(a)–(e) CESM2-LE, (f)–(j) ERA5, and (k)–(o) MERRA-2. The frequency of each cluster is shown at the top-left corner of each panel.
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correlation between CESM2-LE and ERA5/MERRA-2 is
0.71–0.92 (r 5 0.92 for cluster 1 MAM). Cluster 1 MAM shows
strong positive anomalies in Z500 over the eastern United States
and relatively weak negative anomalies in the western United
States, which is consistent with the Z500 anomalies during the
Midwest’s extreme wet springs (Fig. 1a). This “zonal wave train”
pattern is also identified in previous studies (Zhang and Villarini
2019; Davenport and Diffenbaugh 2021), and is associated with
strong positive precipitation anomalies in the Midwest (Fig. 3a).

Cluster 2 MAM shows an opposite pattern to cluster 1
MAM}strong negative anomalies in Z500 over the eastern
United States and relatively weak positive anomalies in the
western United States}and is associated with strong dry
anomalies in the Midwest. Cluster 3 MAM is characterized by
general positive anomalies over the United States. However,
CESM2-LE shows stronger anomalies over the central United
States, while ERA5 and MERRA-2 show stronger anomalies
over the western United States. The positive Z500 anomalies
correspond to overall dry anomalies in the Midwest. Cluster 4
MAM shows positive Z500 anomalies over the East Coast
and West Coast, and cluster 5 MAM shows negative anoma-
lies over the coasts. Consequently, these two patterns are as-
sociated with negative and positive precipitation anomalies in
the eastern Midwest, respectively.

It should be noted that discrepancies exist in the corre-
sponding precipitation anomalies among the three datasets.

For instance, CESM2-LE underestimates the wet anomalies
in cluster 1 MAM, mainly because the large-ensemble mean
has smoothed the variability. Also, there is less agreement in
spatial patterns of the precipitation anomalies between
CESM2-LE and reanalyses (or between ERA5 and MERRA-2)
compared with the Z500 anomalies. Nevertheless, CESM2-LE
can well capture the five springtime synoptic patterns identified
in ERA5 and MERRA-2. Cluster 1 MAM is closely associated
with extreme wet springs and will be the focus of our following
analysis. Although cluster 4 MAM also corresponds to higher
precipitation (particularly over the southeastern Midwest), its
spatial pattern and magnitude do not well agree with the Z500
anomalies in extremely wet springs (Fig. 1a), and the wet anoma-
lies are not evident in most areas of the Midwest according to
CESM2-LE.

Five circulation patterns and associated precipitation anom-
alies in summer (JAS) are shown in Figs. 4 and 5. CESM2-LE
well captures the spatial pattern and magnitude of the identi-
fied patterns. The pattern correlation between the two reanalysis
datasets for each cluster is above 0.98; while the average pattern
correlation between CESM2-LE and ERA5/MERRA-2 is
0.84–0.95 (r 5 0.95 for cluster 1). Cluster 1 JAS is character-
ized by strong positive anomalies over the north-central
United States and Canada and is associated with dry anoma-
lies in the Midwest (Fig. 5a). This pattern is also found in the
Z500 anomalies during the Midwest’s extremely dry summers

FIG. 3. Precipitation anomalies (mm day21) associated with the springtime circulation patterns during 1981–2014 in (a)–(e) CESM2-LE,
(f)–(j) ERA5, and (k)–(o) MERRA-2. The frequency of each cluster is shown at the top-left corner of each panel.
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(Fig. 1b). It should be noted that the orders of the patterns in
Figs. 2 and 4 are not consistent. Cluster 1 MAM and cluster 1
JAS represent the springtime wet extremes and summertime
dry extremes, respectively, because they are the two atmo-
spheric patterns we are most interested in in this study (being
consistent with Fig. 1). Accordingly, both cluster 2 MAM and
cluster 2 JAS represent the opposite conditions.

Cluster 2 JAS is an opposite pattern to cluster 1 JAS. It
shows negative Z500 anomalies in the north-central United
States and Canada, consequently, corresponding to more pre-
cipitation over the Midwest. Cluster 4 JAS shows a strong low
pressure system over the Great Lakes regions and positive
anomalies over the Pacific Northwest. We find a mix of dry
anomalies in the northwestern Midwest and wet anomalies in

FIG. 4. Five summertime (JAS) circulation patterns identified using k-means clustering based on Z500 anomalies (m) during 1981–2014 in
(a)–(e) CESM2-LE, (f)–(j) ERA5, and (k)–(o) MERRA-2. The frequency of each cluster is shown at the top-left corner of each panel.

FIG. 5. Precipitation anomalies (mm day21) associated with the summertime circulation patterns during 1981–2014 in (a)–(e) CESM2-LE,
(f)–(j) ERA5, and (k)–(o) MERRA-2. The frequency of each cluster is shown at the top-left corner of each panel.

J OURNAL OF CL IMATE VOLUME 361948

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/30/24 02:50 PM UTC



the southeastern Midwest in the three datasets. Clusters 3
JAS and 5 JAS are generally two opposite patterns, with op-
posite anomalies over the eastern and western United States.
Again, we see a good agreement in the circulation patterns
between CESM2-LE and reanalyses, and cluster 1 JAS is
identified as the synoptic pattern that is closely related to the
summer dry extremes.

5. Projected changes in the identified patterns

From the analysis of circulation patterns and associated
precipitation anomalies in the historical period, we identify
two patterns or clusters that were consistently associated with
wet spring extremes and dry summer extremes, respectively,
and find a good agreement between CESM2-LE and ERA5/
MERRA-2. Therefore, we focus our analysis on the projected
changes of these two patterns and their associated precipita-
tion anomalies.

Figure 6 shows the time series of frequency of cluster 1 in
spring and summer since 1981. Both clusters show a gradual
increase, indicating more frequent wet extremes in spring and
more frequent dry extremes in summer are expected under a
warming climate. The increase rate is 0.4 6 0.2 days decade21

for cluster 1 in spring, and 0.6 6 0.1 days decade21 in summer.
When scrutinizing the frequency in different months (Figs. 6c,d),
the frequency of springtime cluster 1 shows significant increases
in April and May, and summertime cluster 1 becomes more fre-
quent in all three months (July, August, and September).

Meanwhile, we examine the projected changes in precipita-
tion anomalies associated with the wet/dry clusters in spring
and summer (Fig. 7). The wet anomalies in spring and dry
anomalies in summer are projected to get stronger over the

Great Lakes regions, indicating that springtime wet extremes
and summertime dry extremes can possibly get more intense.
We also see the wet anomalies in summer are getting stronger
(Fig. 7d), but with no significant changes in dry anomalies
in spring (Fig. 7b). Additionally, we examine the projected
changes in the intensity of extremely wet events, which is
defined as the upper decile of precipitation in the wet days
(cluster 1 MAM and cluster 2 JAS) during a given period
(Fig. S4). Similar to the changes in wet anomalies (Figs. 7a,d),
the intensity of extremely wet events shows a significant in-
crease across the Midwest during spring, particularly over the
central Midwest(e.g., Illinois, Wisconsin, Iowa, and Missouri)
with more than a 2 mm day21 increase. Significantly intensified
wet events are also found in the southern Midwest during sum-
mer. It is notable that changes in extreme wet events are dispro-
portionately larger than the changes in the mean precipitation.

Figure 8 shows the climatology of vertically integrated
moisture flux associated with the five circulation clusters in
spring and summer during 1981–2010, and its projected
changes by the end of the century. During spring, cluster 1
MAM is associated with strong moisture flux from the Gulf of
Mexico into the Midwest (Fig. 8a), resulting in high precipita-
tion over this region. Such moisture flux–extreme precipitation
relationships are also documented in previous studies (Zhang
and Villarini 2019; Davenport and Diffenbaugh 2021). On the
other hand, cluster 2 MAM shows a very small amount of mois-
ture flux from the southern plains (Fig. 8b), corresponding to
strong dry anomalies. During summer, cluster 1 JAS is associ-
ated with limited moisture flux into the Midwest (Fig. 8c), corre-
sponding to the extremely dry conditions identified in Fig. 5.
Cluster 2 JAS, which presents strong wet anomalies in the Mid-
west (Fig. 3), exhibits strong moisture flux from the Gulf of

FIG. 6. Time series of frequency (days) of cluster 1 in (a) MAM and (b) JAS based on CESM2-LE during the period 1981–2100, and box
plots of frequency (days) cluster 1 in individual (c) spring and (d) summer months. Shading in (a) and (b) shows the 25th–75th -percentile
range. In (c) and (d), the blue boxes are based on the historical period 1981–2010, and red boxes are based on the SSP370
period 2071–2100.
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Mexico (Fig. 8d). By the end of the century, there is a significant
increase in moisture flux into the Midwest in cluster 1 MAM
(Fig. 8e). Again, this suggests that the intensity of springtime
wet extremes will potentially increase. However, cluster 1 JAS
does not show evident changes in moisture flux over the Mid-
west. Meanwhile, we note that the moisture flux tends to in-
crease under cluster 2 in summer, preferentially leading to an
increase in precipitation intensity during wet days, even though
the frequency of cluster 2 is projected to decrease.

6. Mechanism of projected changes

First, we examine the anomalies of moisture budget associ-
ated with the wet and dry conditions in spring and summer
(Fig. 9). Generally, the vertically integrated water budget can
well resemble the precipitation anomalies but with a different

magnitude. It should be noted that the anomalies of evapo-
transpiration are negligible (not shown), so the anomalies of
P 2 E are mostly from the precipitation anomalies. Also, all
the water budget terms show opposite patterns between the
wet and dry conditions (e.g., cluster 1 MAM vs cluster 2
MAM, cluster 1 JAS vs cluster 2 JAS).

Among the three terms of the vertically integrated water
budget, the contribution from the thermodynamic component
of vertical moisture advection is minimal, while the dynamic
component plays a dominant role, suggesting the variability
of precipitation is strongly associated with atmospheric circu-
lation and convection. For instance, during the wet conditions
in spring (Figs. 9a–e), the dynamic term shows evident posi-
tive moisture anomalies over the majority of the Midwest and
the eastern United States (Fig. 9c), which agree with the posi-
tive precipitation anomalies (Fig. 9e). Although the horizontal

FIG. 8. Climatology of vertically integrated moisture flux (kg m21 s21) associated with (a),(b) clusters 1 and 2 in spring and (c),(d) clus-
ters 1 and 2 in summer during the period 1981–2010 and (e)–(h) the projected changes in moisture flux by 2071–2100. Arrows in all the
panels show the actual magnitude and direction of moisture flux.

FIG. 7. Projected changes in precipitation anomalies (mm day21) associated with (a),(b) clusters 1 and 2 in spring and (c),(d) clusters 1
and 2 in summer. The changes are calculated based on the difference between the SSP370 period 2071–2100 and the historical period
1981–2010. Stippling indicates that over 75% of the ensembles of CESM2-LE agree on the sign of the change.
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moisture advection also shows strong anomalies, the sign of
the changes and their spatial patterns do not resemble the
precipitation anomalies. The dominance of dynamic effects in
precipitation extremes also agrees with previous studies (such
as Sudharsan et al. 2020; Tan et al. 2022).

Figure 10 shows the projected changes in moisture budget
by the end of the twenty-first century. Although the seasonal
total precipitation shows a significant increase in spring and a
decrease in summer (not shown), changes in the term (P 2 E)
are less evident because evapotranspiration follows the changes
in precipitation (increase during spring and decrease during
summer over the central United States, not shown). Like the
anomalies of moisture budget during the historical period,
the vertically integrated water budget can well resemble the
projected changes in P 2 E, and the dynamic effects play a
more important role with respect to the magnitude and spa-
tial pattern. However, the dynamic term shows an increased
contribution to precipitation in most areas of the Midwest
during both spring and summer. The seasonal overall in-
crease in dynamic effects would favor the wet conditions
(e.g., cluster 1 MAM), but the projected increase in dry

extremes in summer cannot be explicitly explained by the
moisture budget.

Furthermore, we examine the anomalies of 500-hPa zonal
wind, sea level pressure (SLP), and storm tracks during the
wet and dry conditions in spring and summer, and the pro-
jected changes in their seasonal average (Fig. 11). In cluster 1
MAM, there are an evident northward shift of NAWJ and
positive SLP anomalies over the western Atlantic, which
strengthen the southerlies to its west and leads to intensified
Great Plains low-level jet (Fig. 8). The link between large-
scale circulation, synoptic patterns, and associated precipita-
tion anomalies well agrees with the findings of Zhou et al.
(2022), in which the projected increase in springtime precipi-
tation over the Midwest is attributed to the poleward shift of
the NAWJ that favors the development of cluster 1 MAM
pattern and lead to more precipitation. The dry conditions
(cluster 2 MAM) exhibit an opposite pattern in the anomalies
of NAWJ and SLP to that in cluster 1 MAM. During the dry
conditions in summer (cluster 1 JAS), the poleward shift of
NAWJ and the anomalies of SLP are relatively weak. When
examining the anomalies of storm tracks, the dry cluster in

FIG. 9. Composite anomalies of (first column) horizontal moisture advection, (second column) thermodynamic and (third column) dy-
namic components of vertical moisture advection, (fourth column) the sum of all the terms on the right side of Eq. (5), and (fifth column)
precipitation minus evaporation associated with (a)–(e) cluster 1 MAM, (f)–(j) cluster 2 MAM, (k)–(o) cluster 1 JAS, and (p)–(t) cluster 2
JAS during summer of the historical period 1981–2010.
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summer corresponds to evidently reduced storm tracks over
the Midwest (Fig. 11n). Nevertheless, the projected changes
in NAWJ, SLP, and storm tracks well resemble their anoma-
lies in cluster 1 JAS, suggesting that future large-scale condi-
tions would promote the dry conditions in summer.

7. Model-associated uncertainties

It should be noted that the projected changes discussed
above are based on the large-ensemble experiments of
CESM2. To explore the uncertainties related to the choice of
climate models, we conduct the k-means clustering in 10
CMIP6 models (Table S1). Figure S5 shows cluster 1 of Z500
anomalies and associated precipitation anomalies in spring
and summer. Similar to the CESM2-LE and reanalysis data-
sets, cluster 1 MAM is characterized by positive anomalies
over the eastern United States and slightly negative anomalies
over the western United States, and cluster 1 JAS features a
high pressure system over the Great Lakes region. Conse-
quently, the two clusters are associated with evident wet
anomalies in spring and dry anomalies in summer (Fig. S6).
Overall, the identified circulation patterns and associated pre-
cipitation anomalies in CMIP6 are consistent with the results
based on CESM2-LE.

The frequency trends of cluster 1 in CMIP6 are shown in
Fig. S7. CMIP6 models exhibit an increasing trend of cluster 1
in both summer and spring but with a smaller magnitude than
CESM2-LE. Similarly, the trend in summer is slightly greater
than that in spring, but there is a considerable intermodel
spread in both seasons. When checking the projected changes
in associated precipitation anomalies (Fig. S8), there is a good
consensus that springtime wet conditions are getting more in-
tense. Similar to the CESM2-LE results, the CMIP6 models
suggest intensified dry conditions in summer over the north-
ern Midwest.

8. Discussion and conclusions

This study reveals the key atmospheric circulation patterns
that are associated with the springtime wet extremes and sum-
mertime dry extremes in the U.S. Midwest. The identified pat-
terns are consistent with recent studies that use different
approaches (e.g., Zhang and Villarini 2019; Davenport and
Diffenbaugh 2021; Paxton et al. 2021). The springtime wet ex-
tremes are typically linked to baroclinic waves, which favor
the development of the Great Plains low-level jet (Feng et al.
2016); the summertime dry extremes are concurrent with the
development of an anomalous ridge (Ford and Labosier 2017;
Wang et al. 2015). The k-means clustering applied to 500-hPa
geopotential height anomalies can well characterize the atmo-
spheric conditions of wet and dry extremes in the Midwest.
For instance, the time series of frequency of cluster 1 JAS
based on ERA5 and MERRA-2 shows high frequency in the
years 1983 and 2012, which correspond to two severe drought
events in the Midwest, and very low frequency in the years
1986 and 1993, which correspond to two flood disasters in the
Midwest (Fig. S9). This approach is also beneficial because
geopotential height itself is inherently more predictable and
more skillfully represented in models (compared to precipi-
tation which depends heavily on convective parameteriza-
tion and interaction with the land surface). Therefore, this
approach can potentially be used to improve the subseaso-
nal to seasonal predictability and prediction skill of these
extremes. Along these lines, one might use a model to pre-
dict the frequency of occurrence of each cluster in conjunc-
tion with the observed relationship between clusters and
precipitation (i.e., downscaling), and possibly improve pre-
cipitation forecasts.

Meanwhile, we see a good agreement in the identified at-
mospheric patterns among reanalysis datasets, CESM2-LE,
and CMIP6 simulations, but a discrepancy in the associated
precipitation anomalies of each cluster among the datasets,

FIG. 10. Seasonal changes in (first column) horizontal moisture advection, (second column) thermodynamic and (third column) dynamic
components of vertical moisture advection, (fourth column) the sum of all the terms on the right side of Eq. (5), and (fifth column) precip-
itation minus evaporation in (a)–(e) spring and (f)–(j) summer during the SSP370 period 2071–2100 relative to the historical period
1981–2010.
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FIG. 11. Anomalies (shading) of (a)–(f) 500-hPa zonal wind, (g)–(l) sea level pressure, and (m)–(r) storm tracks in
(left),(center) wet and dry clusters in spring and summer and (right) the projected changes in seasonal average during
the SSP370 period 2071–2100 relative to the historical period 1981–2010. Contours in the maps show the seasonal cli-
matology during the historical period 1981–2010.
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suggesting the uncertainty of representing precipitation pro-
cesses in state-of-the-art global climate models (GCMs).
Because land–atmosphere interactions (such as soil moisture–
rainfall feedback) can be an important mechanism for the pre-
cipitation processes of the U.S. Midwest during the spring or
summer (Pal and Eltahir 2001; Sun and Liang 2020), the dis-
crepancy in the associated precipitation anomalies can also be
attributed to the uncertainties related to land–atmosphere
coupling in different climate models (Sippel et al. 2017; Dong
et al. 2020). Nevertheless, our study suggests robust changes
in large-scale circulation patterns among the ensemble simula-
tions, providing useful insight into the projections of hydrocli-
matic extremes.

Our results show that the increased wet extremes in spring
and dry extremes in summer can be attributed to significantly
more frequent occurrences of the associated atmospheric
regimes. The mechanism analysis further reveals that the
anomalies and trends in precipitation extremes are mainly as-
sociated with the dynamic component of atmospheric circula-
tion, and the atmospheric regimes can be linked to the
changes in NAWJ, SLP, and Great Plains low-level jet during
the springtime wet extremes, and to the suppressed storm
tracks during the summertime dry extremes, thus proving a
more complete picture of the mechanism of projected hydro-
climatic extremes in the Midwest. The trend of extreme pre-
cipitation and associated large-scale environment in spring is
also documented in the observation-based study (Feng et al.
2016), which suggests that the observed springtime extreme
precipitation can be explained by increased frequency and in-
tensity of long-lasting mesoscale convective systems. This
agreement indicates that the analysis of atmospheric regimes
can provide insight into the physical mechanisms of regional
precipitation extremes despite the poor representation of me-
soscale processes in current GCMs. The projected increase in
summer drought also agrees with the historical analysis
(Wang et al. 2015), which reveals that there is persistent
subseasonal rainfall reduction from June to July since 1979,
and the enhanced summer drought can be associated with
tropospheric subsidence, enhanced evaporative fraction,
and elevated planetary boundary layer height. Although
our results do not show the summer precipitation deficit
will be intensified in large areas, the associated atmospheric
conditions (such as elevated temperature and vapor pres-
sure deficit; Zhao and Dai 2022) and land–atmosphere in-
teractions (such as soil moisture and vegetation feedback;
Zhou et al. 2019; Zhang et al. 2021) can also intensify sur-
face drying.

Both CESM2-LE and CMIP6 suggest increased wet spring
and dry summer, which pose a significant threat to water man-
agement and agricultural production in the Midwest. The in-
creased frequency and intensity of wet extremes will raise
flood risks and challenge drainage systems in urban areas
(Yazdanfar and Sharma 2015). Meanwhile, excess rainfall in
spring can cause planting delay and shortened growing season
(Shirzaei et al. 2021), and lead to nutrient loss and soil erosion
(Rao and Li 2003; Kleinman et al. 2006). Furthermore, the
combined effects of wet spring and dry summer will be of

great concern for Midwest producers, which have devastating
impacts on crop production (Grady et al. 2021).
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