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Abstract Annual precipitation in the largely agricultural
South-Central United States is characterized by a primary
wet season in May and June, a mid-summer dry period in
July and August, and a second precipitation peak in Sep-
tember and October. Of the 22 CMIP5 global climate mod-
els with sufficient output available, 16 are able to reproduce
this bimodal distribution (we refer to these as “BM” mod-
els), while 6 have trouble simulating the mid-summer dry
period, instead producing an extended wet season (“EW”
models). In BM models, the timing and amplitude of the
mid-summer westward extension of the North Atlantic Sub-
tropical High (NASH) are realistic, while the magnitude of
the Great Plains Lower Level Jet (GPLLJ) tends to be over-
estimated, particularly in July. In EW models, temporal var-
iations and geophysical locations of the NASH and GPLLJ
appear reasonable compared to reanalysis but their magni-
tudes are too weak to suppress mid-summer precipitation.
During warm-season droughts, however, both groups of
models reproduce the observed tendency towards a stronger
NASH that remains over the region through September, and
an intensification and northward extension of the GPLLJ.
Similarly, future simulations from both model groups under
a+1 to +3 °C transient increase in global mean temperature
show decreases in summer precipitation concurrent with an
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enhanced NASH and an intensified GPLLJ, though mod-
els differ regarding the months in which these decreases are
projected to occur: early summer in the BM models, and
late summer in the EW models. Overall, these results sug-
gest that projected future decreases in summer precipitation
over the South-Central region appear to be closely related
to anomalous patterns of large-scale circulation already
observed and modeled during historical dry years, patterns
that are consistently reproduced by CMIP5 models.
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1 Introduction

The South-Central (SC) United States is characterized by
a strong east-to-west precipitation gradient that results in
highly diverse climate zones, from the coastal wetlands of
the Gulf Coast to the agricultural semi-arid plains of West
Texas. Throughout this region, precipitation is driven by
a complex set of features that span a broad spectrum of
temporal and spatial scales, from mesoscale convective
systems to synoptic-scale fronts, mid-latitude storms, and
hurricanes. In recent years, extreme precipitation deficits
combined with record high temperatures have led to record-
breaking droughts that have impacted water availability,
crop and rangeland productivity, human health, and the
economy (Fannin 2012; Basara et al. 2013). For example,
the 2011 drought and heat wave caused over $12B in dam-
ages and 95 deaths across the Southern Plains including
Texas, Oklahoma, and New Mexico (NCDC 2013) while in
2014, the USDA designated 588 drought-stricken counties
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covering nearly the entire West and Southern Great Plains
(USDA 2015).

Planning for the impacts of global climate change on
extreme heat and drought risk represents a significant chal-
lenge for resource managers and policy makers throughout
this region. Observed trends and future projections suggest
that, although annual precipitation may not change signifi-
cantly in the SC region, climate change is likely to affect
the frequency and severity of future heat waves and grow-
ing season drought risk, with more frequent heat waves
(Barriopedro et al. 2011) and increased risk of spring and
summer precipitation deficits (Hoerling et al. 2013; Shafer
et al. 2014; Garfin et al. 2014) that scale with global mean
temperature (Swain and Hayhoe 2015). While modeled
precipitation depends on a complex mix of the physical
parameterizations used to represent convective processes,
boundary-layer processes, and land-surface interactions,
the large-scale circulation features that drive variability and
trends in regional precipitation and drought risk occur at
spatial scales resolved by climate models. Therefore, exam-
ining how climate models reproduce these patterns and
their relationship to precipitation variability and drought,
and the extent to which future changes in precipitation and
drought risk are linked to shifts in large-scale patterns, may
provide insight into projected future change.

A key large-scale dynamical feature that affects sum-
mer precipitation over much of the U.S. is the North
Atlantic Subtropical High (NASH), a semi-permanent
anti-cyclonic system dominating the lower troposphere
over the North Atlantic (Davis 1997). While the NASH
has been shown to strongly influence warm season pre-
cipitation variability over the southeastern U.S. at sea-
sonal, interannual and decadal scales (Henderson and
Vega 1996; Diem 2006; Li et al. 2011; Ortegren et al.
2011), Henderson and Muller (1997) suggest that the
westward expansion of the Atlantic subtropical high also
affects summer surface climate variability in the South
Central region. A westward extension of the NASH could
affect precipitation by setting up and maintaining a pre-
vailing high pressure system, resulting in moisture flux
divergence and mid-tropospheric stability that in turn
suppresses convective activity over the region. Its rel-
evance to drought is emphasized by many other obser-
vational analyses that have demonstrated how the 1930s,
1950s, and 1980s Great Plains droughts were character-
ized by anomalous anti-cyclonic circulation over the
region (Namias 1955, 1982; Klein 1952; Dickson 1980).
In terms of long-term trends, Li et al. (2012) also found
that a westward shift in the NASH has become more fre-
quent in recent decades, associated with anthropogenic
forcing as well as internal climate variability such as the
Pacific Decadal Oscillation (PDO). In previous work,
however, we found that CMIP5 models vary in their
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ability to simulate the timing and magnitude of annual
variations in the NASH, with implications for model abil-
ity to simulate the cycle of annual precipitation in the
Caribbean and moisture transport throughout the Gulf of
Mexico region (Ryu and Hayhoe 2014).

The Great Plains Low-Level Jets (GPLLJ) is another
large-scale dynamical feature that affects summer precipi-
tation in the South Central region, through moisture trans-
port from the Gulf of Mexico and jet-induced low-level
convergence (Higgins et al. 1997; Mo et al. 2005; Cook
2008; Weaver and Nigam 2008; Weaver et al. 2009; Ruiz-
Barradas and Nigam 2013). The GPLLJ is a supergeos-
trophic wind that arises from the spatially uneven heating
of sloping terrain over the eastern Rocky Mountains and
boundary layer frictional effects (Blackadar 1957; Wexler
1961; Holton 1967; Bonner and Paegle 1970; Hoxit 1975).
Although the GPLLJ is primarily nocturnal, it is still dis-
tinct at the monthly scale as its southerly winds advect
moisture from the Gulf of Mexico over the continental
U.S. (Helfand and Schubert 1995; Davis et al. 1997; Hig-
gins et al. 1997). In terms of its influence on precipitation
variability across the Great Plains, the GPLLJ’s moisture
transport dominates over local evaporation (Ruiz-Barradas
and Nigam 2005), influencing both wet and dry precipita-
tion extremes, including the 1988 drought and the 1993
floods (Ting and Wang 2006; Cook et al. 2008; Weaver
and Nigam 2011). The GPLLJ is also affected by large-
scale factors such as the westward extension of the NASH
(Rodwell and Hoskins 2001). In terms of long-term trends,
Barandiaran et al. (2013) have documented a strengthening
and northward extension of the GPLLJ from 1979 to 2012,
with concurrent decreases in precipitation across the south-
ern Great Plains. Future projections suggest that the GPLLJ
could intensify under anthropogenic forcing, reducing pre-
cipitation in the southern Great Plains, while increasing it
to the north (Cook et al. 2008).

Future projections from regional climate model simu-
lations forced by boundary conditions from both previ-
ous- and present-generation coupled global climate models
(CMIP3 and CMIP5) show decreases in warm season rain-
fall in the Southern Plains (Patricola and Cook 2013a, b;
Harding et al. 2013; Harding and Snyder 2014) related to
a strengthening of the GPLLJ accompanied by an intensi-
fication of the western portion of the NASH. Other recent
studies emphasize the importance of large-scale drivers
such as the NASH in driving warm season precipitation
and dry spells in the central and southern U.S. (Wuebbles
et al. 2014; Li et al. 2015; Zhao et al. 2016). Aiding in
the interpretation of this work, Harding et al. (2013) con-
cluded that the ability of regional climate models to accu-
rately simulate precipitation over the Great Plains is closely
related to the performance of the CMIP5 models providing
the boundary conditions for the downscaling, particularly
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their ability to simulate the Atlantic Warm Pool as well as
central U.S. precipitation.

Here, we build on the results of these previous studies
to examine the ability of a comprehensive ensemble of all
available output from atmosphere-only and coupled CMIP5
model simulations to simulate the climatological annual
cycle of precipitation and its link to the NASH and GPLLJ
in both historical and future simulations, with a focus on
warm-season precipitation and drought. Through analyzing
such a large ensemble of models, we specifically seek to
determine whether model ability to reproduce the observed
historical influence of large-scale circulation patterns on
regional precipitation affects projected changes in warm-
season precipitation and drought risk. In other words, does
precipitation and summer drought risk respond differently
to future anthropogenic forcing in models that are able to
connect historical NASH and GPLLJ variations to precipi-
tation, as compared to in models that can’t? In examining

this large ensemble of simulations, we also seek to extend
the work of Patricola and Cook (2013b) to determine
whether projected decreases in summer precipitation in the
Southern Great Plains is generally related to a strengthen-
ing of the GPLLJ accompanied by an intensification of the
western portion of the NASH in all coupled model simula-
tions, or whether this is only a feature of models that are
able to reproduce the observed relationship between these
large-scale circulation features and warm-season precipita-
tion. In pursuing these questions, we seek insight regarding
the robustness of large, multi-model ensemble projections
of changes in drought risk and warm-season precipitation
over the Southern Great Plains.

Our study area includes Texas, Oklahoma, Kansas,
Missouri, Arkansas, and Louisiana, and is bounded by a
rectangle from 103 to 92°W and 28 to 40°N, as shown in
Fig. 1. Using gridded observations and reanalysis data, we
first examine how the NASH and GPLLJ are related to the
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Fig. 1 Spatial distribution of U.S. continental seasonal mean pre-
cipitation from 1979 to 2008 (center) and the climatological annual
cycle averaged over four sub-regions marked with red boxes; Region
1 (97.5-103°W/34-40°N, top-left), Region 2 (92-97.5°W/34-40°N,

J FMAMJJASOND

top-right), Region 3 (97.5-103°W/28-34°N, bottom-left), and Region
4 (92-97.5°W/28-34°N, bottom-right). Climatological annual pre-
cipitation cycle averaged over the entire SC region is shown in the
top-center plot
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month-to-month variations in the climatological annual
cycle of precipitation, and how their anomalous behavior
affects precipitation during historical droughts. We next
assess the ability of global climate models to reproduce the
observed relationships between climatological and inter-
annual precipitation and the NASH and GPLLJ. Finally,
we examine the relationship between projected changes
in warm-season precipitation and changes in large-scale
dynamics under a range of future scenarios, and the extent
to which these long-term trends in response to anthropo-
genic forcing reflect the patterns observed during historical
droughts.

2 Data and model output

Gridded monthly precipitation at a resolution of 0.5° x 0.5°
latitude and longitude was obtained from the Climate
Research Unit Time Series (CRU TS) version 3.23. This
dataset integrates observations from 1901 to 2014 from
over 4,000 stations records across the globe (Harris et al.
2014). We also used precipitation from the North Ameri-
can Regional Reanalysis (NARR), a long-term set of high-
resolution (32 km) gridded reanalysis output from 1979
through near present (Mesinger et al. 2006), as it assimi-
lates rain gauge data for improved representation of pre-
cipitation over the U.S., particularly nocturnal precipitation
over the Plains associated with the GPLLJ (Bukovsky and
Karoly 2007). For the large-scale dynamical analysis, we
used NARR monthly mean geopotential height, zonal and
meridional wind from 1979 to 2012, focusing on 700 hPa
geopotential height to depict the NASH and 925 hPa
meridional wind for the GPLLJ.

Monthly precipitation and vertically-resolved atmos-
pheric variables were also obtained from global climate
models participating in phase 5 of the Coupled Model
Intercomparison Project (CMIP5; Taylor et al. 2012). We
use atmosphere-only AMIP experiments where sea ice and
surface temperature are determined by observations rather
than model simulations, and coupled CMIP experiments
where the entire climate system, including atmosphere,
ocean, and cryosphere, is allowed to respond directly to
observed anthropogenic and natural inputs. For the large-
scale dynamical analysis, we required monthly geopotential
height and zonal and meridional wind as well as 2 m daily
maximum and mean air temperature and precipitation, and
used all available models that had the outputs required for
this analysis. This included AMIP simulations from 14 dif-
ferent models and 12 different institutions, and CMIP sim-
ulations from 22 different models and 13 different institu-
tions, all of which were archived by CMIPS5.

A brief description of the models used in this study,
including their names, provenance, and horizontal
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resolution, is provided in Table 1. For the present-day
analysis, we used model outputs for 30 years, beginning in
1979, in order to cover the same period for which NARR
output is available. These ‘“historical” simulations corre-
spond to historical total-forcing simulations (Taylor et al.
2012) from 1979 to 2005 and the Representative Concen-
tration Pathway (RCP) 4.5 scenario from 2006 to 2008
(Moss et al. 2010).

To analyze the projected future changes in precipita-
tion and large-scale circulation features that would occur
under a given global mean temperature target, we began
with CMIP5 simulations by the 22 models listed in Table 1
using RCP higher (8.5) and lower (4.5) scenarios for the
period 2006 to 2100. For each individual simulation, we
identified the first 20-year period for which area-weighted
global mean 2 m temperature increases by +1, +2, and
+3°C relative to the present (1971-2000) climatology.
The timing of the first period when global mean tempera-
ture reaches each threshold varies according to each model,
scenario, and simulation; this method is described in more
detail in Swain and Hayhoe (2015) and an explanatory
figure and text is included in the Supplemental Materials.
Each 20-year period was then used to identify the output
from each model/scenario combination to be averaged to
calculate the ensemble mean change for each global mean
temperature threshold.

3 Annual precipitation climatology
3.1 Observations

Figure 1 (center) shows the spatial distribution of seasonal
mean precipitation over the central U.S. for a 30-year cli-
matology from 1979 to 2008, derived from the CRU grid-
ded station data. The South Central region, as indicated by
the red box, is characterized by a strong west-east gradient
and seasonal cycle, with wetter conditions in summer and
drier in winter. Closer examination (Fig. 1, top) shows that
climatological annual cycle of the SC region has a weak
bimodal distribution, with a wet season from May through
September that can be divided into a maximum in May
and June and a second maximum in September and Octo-
ber, punctuated by a mid-summer dry period in July and
August.

Dividing the SC region into four sub-regions shows that
this bimodal feature is strongest in the southeast, and weak-
est in the northwest, part of the region (Fig. 1, corners).
Beginning with northern Texas and eastern Oklahoma
and Kansas, Region 1 is relatively dry, with annual mean
precipitation of 1.6 mm/day and a continuous wet season
from May through August. Region 2, covering the eastern
halves of Oklahoma and Kansas and some of Missouri and
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Table 1 A description of the CMIP/AMIP models used in this analysis, including their names, institutes, and horizontal resolution (approximate

degrees in longitude and latitude) of atmospheric models

Modeling center Models Resolution (atmosphere)
Beijing Normal University, China BNU-ESM* T42 (2.8°)
Center for Climate System Research (University of Tokyo), National Institute for MIROCS5* T85 (1.4°)

Environmental Studies, and Frontier Research Center for Global Change JAM-  MIROC-ESM* T42 (2.8°) w/carbon cycle

STEC), Japan

Centre National de Recherches Meteorologiques/Centre Europeen de Recherche et
Formation Avancees en Calcul Scientifique

Commonwealth Scientific and Industrial Research Organization (CSIRO) and
Bureau of Meteorology (BOM), Australia

CSIRO (Commonwealth Scientific and Industrial Research Organisation, Australia),
and BOM (Bureau of Meteorology, Australia)

Geophysical Fluid Dynamics Laboratory (GFDL), USA

Hadley Centre for Climate Prediction and Research/Met Office, UK

Max Planck Institute for Meteorology, Germany

Meteorological Research Institute, Japan

National Aeronautics and Space Administration (NASA)/Goddard Institute for
Space Studies (GISS), USA

National Center for Atmospheric Research, USA

National Science Foundation, Department of Energy, National Center for Atmos-
pheric Research

MIROC-ESM-CHEM

T42 (2.8°) w/ carbon
cycle +chemistry

CNRM-CM5* T127 (1.4°
ACCESS1-0* 1.875° x 1.25°
ACCESS1-3* 1.875° x 1.25°
CSIRO-MK3.6.0 T63 (1.9°)
GFDL-CM3* 2.5° % 2.0°
GFDL-ESM2M
HadGEM2-AO/HadGEM2-A* 1.875° x 1.25°
HadGEM2-CC

HadGEM2-ES

MPI-ESM-LR* T63 (1.9°)
MPI-ESM-MR*

MRI-CGCM3* TL159 (1.1°)
GISS-E2-H 2.5°%2.0°
GISS-E2-R*

CCSM4* 1.25° % 1°
CESMI1(BGC) 1.25° % 1°
CESM1(CAMS)*

NorESM1-M#* 2.5°% 1.9°

Norwegian Climate Centre, Norway

The models of which the AMIP experiment output are utilized in this study are marked with asterisk

Arkansas, is the wettest part of the domain, with annual
mean precipitation of about 2.9 mm/day. Its strongest pre-
cipitation peak is in May and June, with a much weaker
second peak in September and October. Region 3 includes
mostly the west and central Texas. It is the driest region in
the domain, with an annual mean of about 1.5 mm/day. Its
annual cycle features two nearly equal precipitation peaks
punctuated by a distinct mid-summer dry period in July and
August. Finally, Region 4, encompassing eastern Texas and
Louisiana, has the most distinct bimodal pattern, with two
distinct peaks and a very dry period in July and August. It
is also the wettest part of the region, with annual mean pre-
cipitation of about 3.1 mm/day.

To further quantify the annual cycle of the spatially
coherent pattern of the precipitation across the SC region,
we conducted a principal component analysis of the
30-year monthly precipitation after Kutzbach (1967). As
shown in Fig. 2, the first two EOFs explain about 47% of
total variance. The first EOF, that accounts for 30% of total
variance, is positive across the entire SC region and its time
series is characterized by a familiar bimodal pattern with a
mid-summer dry period in July and August, consistent with

the climatological annual cycle of the precipitation shown
in Fig. 1 (top). The second EOF explaining about 17% of
total variance is related to the variation of cold season pre-
cipitation in the eastern Texas, Louisiana and Arkansas and
warm-season precipitation in northern Texas, Oklahoma,
and Kansas. It is consistent with Fig. 1 in that Region 4 is
relatively wet during the cold season, and Region 3 is less
dry during the warm season compared to other regions.

3.2 Historical CMIPS5 simulations

In Fig. 3, we next compare the annual climatological pre-
cipitation cycle from gridded observations with NARR,
AMIP and CMIP simulations. Compared to observations,
it can be seen that the NARR distribution is not as strongly
bimodal; in the Supplementary Information we show this
is unique to NARR by comparing NARR to two additional
observational datasets. In terms of the magnitude of pre-
cipitation, it is obvious that the AMIP simulations tend to
underestimate precipitation amounts during the wet season,
and the second peak in September and October is barely
discernible in the AMIP experiments (Fig. 3a). In contrast,

@ Springer
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CMIP simulations are better able to simulate precipita-
tion amounts during the wet season (Fig. 3b), producing
results that more closely resemble both observed gridded
and reanalysis data. This result is interesting in that sea sur-
face temperature, one of primary components influencing
atmospheric circulation, is prescribed in the AMIP experi-
ments but simulated in CMIP experiments. Assuming that
the physical parameterizations related to precipitation do
not significantly differ between the AMIP and CMIP exper-
iments of each model, it appears that atmosphere bias in
the AMIP experiments might be mediated by the local and
remote influence of simulated SST in CMIP experiments.
Further investigation into the origins of the AMIP bias and
the response to simulated SST in the CMIP simulations is
needed, but lies beyond the scope of this paper.

When precipitation cycles are normalized, it is clear that
the wet season tends to begin about a month early in both
experiments (Fig. 3c, d). As a result, both AMIP and CMIP
simulations overestimate precipitation in April, a time
when net shortwave radiation at the surface increases rap-
idly to near summer values. Previous studies have reported
that convective parameterizations employed in climate
models tend to strongly respond to surface forcing, which
results in the diurnal cycle of the simulated precipitation
over land having a peak at or near noon, unlike observed
precipitation which peaks in late afternoon and nighttime
in the Great Plains (Betts et al. 1996; Bechtold et al. 2004;
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Dai 2006; Dirmeyer 2012). Combining these findings with
the bias shown in Fig. 3c, d suggests that an overly-strong
response of modeled convective parameterization to sur-
face heating could be responsible for the early onset of the
wet season in both experiments; further discussion of this
hypothesis is provided in the Supplementary Information,
as this study focuses primarily on the summer season.

Based on model ability to simulate the bimodal annual
cycle of precipitation in the South Central region in CMIP
simulations, we divide the models into two groups: those
that are able to reproduce a bimodal distribution (“BM”
models), and those that have an extended wet season
through July and August (“EW” models). As indicated in
Fig. 4a, BM models are able to simulate a mid-summer dry
period in July and August and a weak second peak in Sep-
tember and October, although summer rainfall tends to be
underestimated compared to both NARR and CRU data.
In contrast, EW models tend to overestimate summer rain-
fall, particularly in July and August, resulting in a single
extended wet season, rather than a bimodal distribution
(Fig. 4b).

The inverse relationship between warm-season sur-
face temperature and precipitation in the US Great Plains
is well-known: when it’s wet, it’s cool and when it’s dry,
it tends to be hot (Madden and Williams 1978; Chang
and Wallace 1987; Durre et al. 2000). Most CMIP mod-
els tend to have a cold bias in daily maximum temperature
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Fig. 3 Climatological (1979-2008) annual precipitation averaged
over the SC region derived from a 14 AMIP simulations and b 22
CMIP simulations. Individual model simulations are plotted in light
blue and multi-model ensembles are plotted in blue, while the black

throughout the year except during the warm season
(Fig. 4c, d). EW models, which have a wet bias during July
and August, also tend to have a cold bias during the same
months (Fig. 4d), while BM models that have a dry bias
during July and August also have a slight warm bias or are
comparable to the observed data (Fig. 4c). This implies
that the observed inverse relationship between the surface
temperature and precipitation during warm season is rea-
sonably simulated in both EW and BM CMIP models; fur-
ther evidence for this correlation between precipitation and
temperature biases is provided in the Supplementary Infor-
mation. In the next section, we will continue to explore

JFMAMUJ JASOND
Month

and red lines correspond to CRU and NARR data, respectively. Nor-
malized annual precipitation cycles from ¢ AMIP and d CMIP simu-
lations are also shown

possible causes for model bias, focusing on large-scale
dynamical features such as the NASH and GPLLJ.

3.3 Relationship to the GPLLJ and the NASH

Large-scale dynamical features such as the NASH and
GPLLJ are associated with moisture flux convergence and
divergence as well as with the promotion and suppression
of vertical motion, all of which affect the occurrence and
magnitude of precipitation across the South Central U.S.
Since these features occur at spatial and temporal scales
consistent with the resolution of reanalysis and global
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Fig. 4 Climatological (1979-2008) annual precipitation (fop) and temperature (bottom) annual cycles averaged over the SC region from a 16

“BM” and b 6 “EW” models

climate model output, we next examine model ability to
simulate the magnitude and variability of these features, as
well as their potential role in driving both observed precipi-
tation variability and the precipitation biases in both BM
and EW CMIP5 models described above.

In Fig. 5, we use meridional wind at 925 hPa (shaded)
and the 700 hPa geopotential height (contoured) to cap-
ture the month-to-month variations in the GPLLJ and the
NASH during the wet season from April to September.
In May, the GPLLJ begins to strengthen in the southern
part of the domain; this enhanced GPLLJ and its meridi-
onal gradient can drive moisture transport from the Gulf
of Mexico and moisture flux convergence in the SC region
throughout May and June (see Supplementary Informa-
tion), contributing to the first and largest precipitation peak
in the wet season across the region (Mo et al. 2005). At the
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same time, the NASH begins to extend westward over the
region, stalling over the southern U.S. in July and August.
Its dampening influence on convection (Myoung and
Nielsen-Gammon 2010) accounts for the mid-summer dry
period observed across the region, as a high pressure sys-
tem, large-scale subsidence, and relatively warm conditions
above the convective boundary layer suppress convective
activity, as well as possibly preventing mesoscale convec-
tive systems that develop over the Rocky Mountains from
passing across the SC region. Towards the end of the sum-
mer, the NASH begins its eastward retreat while the GPLLJ
begins to weaken, both factors that likely contribute to a
second, smaller peak in precipitation in September.

In Fig. 6, we compare present-day NARR climatology
of meridional wind at 925 hPa (again shaded) and geo-
potential height at 700 hPa (contoured) with the composite
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of the BM and EW model groups, with values averaged
over the longitude range between 103°W and 92°W. Com-
pared to NARR, both groups of CMIP models are able to
reproduce the basic characteristics of how the GPLLJ and
the NASH shift over the year: in early summer, the GPLLJ
strengthens south of 28°N while the NASH expands over
the region; after summer, the jet quickly weakens and the
NASH retreats. At the same time, there are some impor-
tant differences between NARR and CMIP models, and
between the two groups of CMIP models themselves. The
first difference relates to the GPLLJ. NARR shows GPLLJ
to be strongest around 28°N in May and June. The EW
models show a peak in GPLLJ around 28°N at the correct
time (i.e. May and June) although the amplitude is some-
what weak. In the BM models, the GPLLJ peaks later, from
June to July, and its overall magnitude is too strong even
in August. The BM models’ bias in the timing and north-
ward extension of the GPLLJ during summer, which pre-
sumably enhances moisture flux divergence, would logi-
cally result in the dry bias discussed previously. The second
difference between NARR and CMIP models relates to the
NASH. BM models simulate the westward extension of the
NASH at the correct time, although the simulated NASH
is slightly stronger than observed in July and August. This
likely explains why the BM models do produce a bimodal
pattern, as well as why every BM model’s mid-summer dry
period has even less precipitation than observed (Fig. 4a).
In addition, in the BM models, the NASH tends to stall over
the region in September, rather than moving out quickly as
it does in NARR. This continued presence of the NASH
over the region could explain the BM models’ tendency
towards a weaker-than-observed second precipitation peak
in late summer as well. In the EW models, the westward
extension of the NASH again occurs at the correct time, but
is much weaker than observed during the summer, suggest-
ing that—as hypothesized earlier—simulated circulation
is not strong enough to suppress precipitation to the extent
that would create a mid-summer dry period.

4 Contributions of the NASH and GPLLJ
to summer drought

In the previous section, we showed how the mid-summer
dry period that punctuates the wet growing season over
the South Central region is likely related to the westward
extension of the NASH over the region in July and August
that tends to suppress convective precipitation during those
months. We also showed how the ability of CMIP models
to simulate this annual precipitation cycle is closely related
to the simulated strength of the westward extension of the
NASH over the region in summer. The GPLLJ is related to
the primary wet season in May and June through moisture
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transport from the Gulf of Mexico and the moisture flux
convergence over the SC region. Its meridional gradient
seems to be reasonably simulated in both the BM and the
EW models, except for the overestimation of the GPLLJ
in July by the BM models. Given the relationship between
the NASH, the GPLLJ, and summer precipitation over the
region, we now examine the role these large-scale features
may play during warm season drought both in NARR out-
put and as simulated by CMIP5 models.

4.1 Observed and simulated historical droughts

To examine the pattern of large-scale circulation associated
with observed and modeled drought years, we first identi-
fied historical dry years from gridded CRU precipitation
data covering the period 1979 to 2012 to span the range of
NARR output. This period also includes the droughts of
the 1980s and 2010s. Dry years were identified by averag-
ing seasonal (June—July—August) precipitation anomalies
over the entire SC region (Fig. 1, red box) and normalizing
them to zero mean and unit variance. Defining a dry year as
occurring when the standardized anomaly is less than —1
identifies 5 dry years over the 30-year period: 1980, 1983,
1984, 2011 and 2012. Dry years in CMIP models were
identified in the 30-year period 1979-2008 using the same
approach. The number of dry years varies from three to six,
depending on the models, and occurs in different years in
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Fig. 7 Composite means of monthly precipitation anomalies aver-
aged over the SC region for dry summers. Red dots indicate indi-
vidual CMIPS5 historical simulations and the red line represents the
multi-model ensemble mean, while the black dot and blue star repre-
sent CRU and NARR data, respectively
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each simulation as the timing of drought is determined pri-
marily by natural variability rather than external forcing.

Composite monthly precipitation anomalies for the dry
years calculated from CRU observations, NARR, and the
22 CMIP models are shown in Fig. 7. The multi-model
CMIP ensemble mean shows a similar pattern to the obser-
vational data in that the precipitation deficit is the largest
in June, followed by July, although the actual deficits vary
widely from one model to the next.

Since Patricola and Cook (2013a) show that precipita-
tion changes (primarily in June) can be explained by sta-
tionary moisture flux convergence related to a strengthen-
ing of the GPLLJ, we further examine the behavior of the
NASH and the GPLLJ during warm season drought by
calculating vertically integrated moisture flux convergence
(hereafter referred to as “moisture flux convergence”). Fig-
ure 8 shows the NASH (contours) and GPLLJ (shaded)
anomalies in historical dry years with respect to present-
day climatology side-by-side with moisture flux conver-
gence derived from the monthly variables that represent
stationary moisture flux convergences. To examine soil
moisture effect due to land-atmosphere interaction, soil
moisture content anomaly is also displayed in bottom panel
of Fig. 8.

During dry years, the GPLLJ is stronger and its north-
ward extension during June—the driest month of the dry
years—is much greater in the NARR analysis. A stronger
and broader GPLLJ would act to increase moisture diver-
gence and hence reduce precipitation over the SC region. In
addition, the NASH is stronger and although its westward
extension over the region occurs at the same time in early
summer, in dry years it remains over the region through
September. This implies the presence of a semi-permanent
high pressure system over the region from June through
September that would contribute to suppressing convec-
tive activity by large-scale subsidence in the upper-level
atmosphere accompanied by intensification of the NASH’s
western ridge. Li et al. (2012) showed that the 850 hPa geo-
potential height anomaly of the western ridge of the NASH
is closely related to the 500 hPa vertical pressure velocity
anomaly. During historical dry summers, soil moisture def-
icits increase across the SC region and persist in late sum-
mer, a pattern that is reproduced by both BM and EW mod-
els. As addressed in previous studies (Trenberth et al. 1988;
Koster et al. 2004, 2009), reduced precipitation is strongly
linked to soil moisture deficit through both land—atmos-
phere interaction as well as large-scale circulation. In other
words, meteorological drought is closely related to agri-
cultural drought in the SC region due to the sensitivity of
evaporation to soil moisture in a drier regime (Koster et al.
2009).

Are CMIP models able to reproduce the observed dif-
ferences between dry years and the climatological average?

Yes: both the BM and the EW models simulate a stronger
GPLLJ with the northward extension during dry years,
although the simulated enhancement of the GPLLIJ tends
to be underestimated in June, particularly by BM models
that have stronger GPLLJ than the climatological average
(Fig. 6). Associated with the strengthening of the GPLLJ
with northward extension, both BM and EW models also
simulate the increase in the moisture flux divergence across
the SC region in June and July. In addition, the simulated
westward extension of the NASH western ridge in the
early summer and its intensification across the SC region
throughout the summer resembles the anomaly patterns of
precipitation in each group of models. However, it is inter-
esting to see that the intensification of the NASH western
ridge over the SC is overestimated in August by the EW
models that simulate a weaker NASH western ridge and
consequently fail to simulate the mid-summer dry period
in the climatological average. The deficit of soil moisture
dominating over the SC region (to the south of 40°N) and
persisting throughout late summer is also reasonably simu-
lated by both groups of the models.

In drought years, both BM and EW models are able to
reproduce the observed combined influence of a stronger
GPLLJ that reaches further north and a strengthened NASH
western ridge, and are also able to reproduce the impact of
these dynamical changes on precipitation throughout the
summer. In other words, CMIP models are able to consist-
ently reproduce the relationship of large-scale dynamical
features and warm season drought over the South Central
region, regardless of model ability to reproduce the behav-
ior of these features on an annual basis and their impact on
the climatological annual cycle of the precipitation over
the region. This result builds confidence in model ability to
simulate the large-scale characteristics of regional drought,
while also raising critical questions regarding the utility
of weighting models based on climatological performance
when generating future projections of long-term trends.

4.2 Future projections

Future projections of precipitation for the South Central
region show little change in annual average precipita-
tion, but a consistent increase in summer dry conditions
or drought (Walsh et al. 2014; Swain and Hayhoe 2015).
Could this change be related to shifts in the NASH and/or
GPLLJ that—as indicated above—occur in the historical
record and are largely reproduced by CMIP models?

To answer this question, we compare projected changes
in summer precipitation over the SC region with pro-
jected change in the NASH and GPLLJ under global mean
temperature thresholds of +1, +2 and +3°C relative to
1971-2000. As Fig. 8 indicates, while the sign and the
magnitude of precipitation change varies from one model
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Fig. 8 Composites of historical dry summer’s monthly mean anoma-
lies in precipitation (mm day~!, fop), geopotential height at 700 hPa
(m, contoured) and meridional wind at 925 hPa (m s~', shaded)
(second panel), vertically integrated moisture flux convergence (mm
day™!, third panel), and soil moisture content (kg m~2), averaged over
longitude between 103°W and 92°W from the NARR (left) and the
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multi-model ensemble means from CMIP5 BM models (center) and
EW models (right). Stippling with dots (precipitation, 925 hPa merid-
ional wind, and soil moisture) and lines (700 hPa geopotential height)
indicates where more than 75% (60%, for moisture flux convergence)
of the simulations used to create the composite map agree on the sign
of the multi-model ensemble mean changes
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to the next throughout the year, as the world warms, the
multi-model ensemble mean shows a tendency towards
drier conditions in June and July, offset by an increase in
March and April. Furthermore, this pattern of increased
precipitation in early spring and decreased rainfall in mid-
summer strengthens, as global mean temperature increases.
Converting the multi-model average absolute values to per-
centages shows that, on average, precipitation is projected
to decrease (increase) by up to 10% of the present climato-
logical monthly value in July (April) under a global mean
temperature increase of 3 °C (not shown).

Although the models tend to agree on these seasonal
changes, agreement does not necessarily imply truth. What
light can this analysis shed on the possible credibility of
these projections? In terms of the projected increase in
April precipitation, one regional climate modeling study
(Patricola and Cook 2013a) suggested that it is related to
the enhanced daytime convection. On the other hand, CMIP
models tend to have a wet bias in April in the historical
simulations (Fig. 3). Hence, we can’t exclude the possibil-
ity that the projected increase in April precipitation might
be related to the combined effects of a too-strong model
response to surface heating in spring, combined with an
increase in atmospheric moisture content due to warming
of surface air. The extent to which this bias relates to sur-
face heating and therefore the extent to which the projected
increase in spring precipitation over the South Central
region may be an artifact of this bias is an important ques-
tion that remains to be investigated in future work. In con-
trast, the projected decrease of summer precipitation occurs
during a time when models are able to simulate the impact
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Fig. 9 Future changes of monthly precipitation over the SC region
projected by the CMIP5 models under the RCP4.5 (left) and RCP8.5
(right) scenarios corresponding to global mean surface temperature

of large-scale circulation on monthly precipitation and, as
discussed previously in Sect. 3, their precipitation biases
(including a too-strong mid-summer dry period in the BM
models and a too-wet period in the EW models) appear to
be linked to their ability to reproduce the annual (although
not interannual) variability of these large-scale features.

To investigate whether changes in the NASH and GPLLJ
are related to the projected decrease in future precipitation
over the SC region in June and July, we compare projected
changes in the NASH and GPLLJ (Fig. 10) under a global
temperature increase by 1 and 2 °C with those in the histor-
ical climatology. Individual model results used to generate
the composites in Fig. 10 as well as Fig. 6 are provided in
the Supplementary Information. Not as much upper-air out-
put is available for future as compared to historical CMIP5
simulations; for that reason, Fig. 9 shows results from only
14 models, 10 from the BM group and 4 from the EW
group based on both the RCP4.5 and RCP8.5 simulations.

Comparing the top and bottom panels of Fig. 10, it is
immediately obvious that in both the BM and the EW
model groups the NASH is projected to strengthen, remain-
ing strongest in July and August, and the GPLLJ is also pro-
jected to intensify as the global temperature increases. This
intensification is most notable in July, when the GPLLIJ
is already strongest in historical simulations and when it
becomes even stronger during historical dry years. For a
global temperature increase of 2 °C, the GPLLJ becomes as
strong in June as it is in July, which could be the result of
an earlier westward extension of the NASH (as can be seen
by comparing the 3100 and 3200 m contours between his-
torical and future simulations). Overall, projected changes
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Fig. 10 The multi-model ensemble means of 700 hPa geopotential
height (contoured) and 925 hPa meridional wind (shaded) averaged
over the longitude range from 103°W to 92°W for 1971-2000 (left)
and future projections corresponding to transient global mean surface

in the GPLLJ seem to be closely related to changes in the
NASH, and projected changes in both features—a stronger
GPLLJ that extends northward and a stronger NASH that
remains over the region through September—are similar to
those observed and simulated during dry years in the his-
torical period, and are consistent across both BM and EW
models.

Projected changes in precipitation, 700 hPa geopoten-
tial height, 925 hPa meridional wind, moisture flux con-
vergence, and soil moisture from historical climatology
to mean conditions under a transient global temperature
increase of 2°C are presented in Fig. 11. The all-model
ensemble mean shows a decrease in summer precipitation
over the SC region (left, Fig. 11). Comparing the timing of
these precipitation decreases with projected changes in the
GPLLJ and moisture flux convergence, the June precipita-
tion decrease appears concurrent with the strengthening
and meridional extension of the GPLLJ that is in turn asso-
ciated with an increase in moisture flux divergence, con-
sistent with the results of Patricola and Cook (2013a). On
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temperature increases of +1 °C (middle) and +2 °C (right) relative to
1971-2000, respectively, for the CMIP5 BM models (top) and EW
models (bottom)

the other hand, July and August precipitation decreases are
concurrent with intensification of the NASH western ridge.

Comparing projected changes between the BM and EW
model groups (middle and right, Fig. 11) shows that the
BM models, those able to reasonably simulate the clima-
tological mid-summer dry period in July and August, tend
to project a precipitation decrease that is greatest in early
summer (May—July), a decrease which appears to be asso-
ciated with both moisture flux divergence from the north-
ward extension of the GPLLJ as well as intensification of
the NASH. In contrast, the EW models that fail to simulate
the mid-summer dry period in the historical record tend to
project a precipitation decrease that is greatest in late sum-
mer (July and August). This difference could explain why
the projected change in precipitation over the SC region has
a diverse distribution in Fig. 8, while the July precipitation
change is more robust. Although the GPLLJ and the NASH
begin to intensify in the early summer, their changes are
greater in July and August. The resulting enhanced mois-
ture flux divergence and the intensification of the NASH’s
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Fig. 11 Composites of projected future changes in (top) precipitation
(mm day‘l, contoured) and soil moisture (kg m~2, shaded), (middie)
geopotential height at 700 hPa (m, contoured) and meridional wind
at 925 hPa (m s~!, shaded), and (bottom) vertically integrated mois-
ture flux convergence (mm day™'), averaged over longitude between
103°W and 92°W under a+2°C transient global mean temperature

western ridge drive the decrease in precipitation in July and
August.

Projected soil moisture decreases in the SC region
(mostly south of 40°N) due to near-surface warming is sim-
ulated by both BM and EW models, although BM models
show more robust deficits, as land—atmosphere interactions
modify the response to reduced early summer precipitation.
These results emphasize the need for future work, beyond
the scope of this study’s focus on the influence of large-
scale circulation on precipitation variability, to quantify the

change derived from RCP4.5 and RCP8.5 scenarios. Stippling with
dots (925 hPa meridional wind, soil moisture, and moisture flux con-
vergence) and lines (precipitation and 700 hPa geopotential height) is
used to indicate where more than 60% of the models used in the com-
posite agree on the multi-model ensemble means

possible influence of land—atmosphere interactions on pro-
jected changes in soil moisture across the region.

S Discussion and conclusions
Understanding the relationship between large-scale cir-
culation, precipitation, and drought in water-short areas

such as the South Central U.S., and assessing the extent to
which global climate models are able to reproduce these
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relationships and predict the direction of future change, can
provide valuable insight into the future of agriculture and
water management in the region. In this study, we exam-
ined the relationship between the NASH, the GPLLJ, and
summer precipitation and drought in observational and
reanalysis data. We then assessed the extent to which the
22 CMIP5 models for which sufficient data were available
were able to reproduce these relationships from month to
month, and whether they were able to simulate the anoma-
lies in large-scale circulation patterns observed during dry
years.

Climatological precipitation over the SC region is char-
acterized by a bimodal distribution with a primary wet sea-
son in May and June, and a second peak in September and
October punctuated by a mid-summer dry period in July
and August. The majority of the 22 models were able to
capture the bimodal distribution; we designated these as
“BM” models. A fewer but still significant number of mod-
els did not have a dry period but rather just one extended
wet period throughout the summer; we called these “EW”
models. Comparing large-scale circulation patterns in the
BM and EW models, we found that the BM models were
able to reasonably simulate the timing and amplitude of
the westward extension of the NASH and the intensified
GPLLJ during the warm season, whereas the EW models
tended to underestimate the amplitude of the westward
extension of the NASH and the GPLLJ, a factor that could
explain their wet bias during summer.

During historical dry summers, both observations and
historical simulations agree that the precipitation deficit
occurs at the same time as a stronger NASH that remains
over the region through September, rather than shifting
back eastward in August as it does on average. Summer pre-
cipitation in dry years could also be affected by a stronger
GPLLJ with a greater northward extension, observed in
June but primarily simulated to occur in July. The stronger
and longer NASH and the more intense and northward
extended GPLLJ could contribute to a precipitation deficit
over the SC region by creating unfavorable conditions for
convective activity such as mid-tropospheric stability and
moisture flux divergence. Regardless of whether they lie
in the BM or the EW group, CMIP5 models are generally
able to capture these anomalies in both monthly precipita-
tion and large-scale circulation during dry years, with some
small differences between the two groups (for example, that
the enhanced GPLLJ tends to peak in July rather than in
June, as observed).

Future projections under a range of global mean tem-
perature thresholds, from +1 to 4+3°C relative to the
present climatology, suggest that precipitation across
the South Central region is likely to decrease in sum-
mer, particularly in June and July. This decrease appears
to be related to the combined influence of a stronger and
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longer-lasting NASH and an intensified GPLLJ—a simi-
lar pattern to what already occurs in both NARR reanaly-
sis and historical simulations of extreme dry years. Both
projected precipitation deficits and changes in the NASH
and GPLLJ become more evident under greater amounts
of warming.

In summary, this analysis suggests that projected
decreases in summer precipitation over the region may be
robust: future changes in warm-season precipitation and
the large-scale circulation patterns that affect it appear to
be similar to the observed and simulated historical rela-
tionships between warm-season drought and anomalous
large-scale circulation. CMIP5 models are generally able
to capture the anomalous intensification of the westward
extension of the NASH, the intensification and northward
extension of the GPLLJ, and the consequent moisture flux
divergence that occurs during dry years, driving summer
precipitation deficits in the historical record. This ability
appears unrelated to model performance in simulating the
annual cycle (i.e. whether the model falls into the BM or
the EW group). However, when the projected precipita-
tion deficits occur does appear to depend on model per-
formance. In BM models, summer precipitation decreases
are projected to be greatest in early summer (May—June),
a result of anomalous large-scale circulation patterns
extending over the region in a manner reminiscent of
historical dry years. In EW models, on the other hand,
future decrease in precipitation are projected to be great-
est in late summer (July—August) when anomalous large-
scale circulation patterns are projected to be dominant.
Since our results imply that the NASH is closely related
to the historical droughts as well as the future precipita-
tion changes in the South Central U.S., in future work we
plan to investigate how SC droughts could be affected by
natural modes of climate variability such as the Pacific/
North Atlantic (PNA) and the North Atlantic Oscillation
(NAO) that affect multi-year NASH variability, as well as
low-frequency variability of sea surface temperature in
the Atlantic and Pacific Oceans, factors that have previ-
ously been shown to be related to the drought across the
region (Hoerling and Kumar 2003; Schubert et al. 2004,
2009; Nigam et al. 2011; Seager et al. 2014; Harding and
Snyder 2015; Patricola et al. 2015).
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