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Abstract Historically, extreme hot, dry summers over the South-Central (SC) United States are dominated
by an isolated dome of high pressure centered over the region. Applying self-organizing map techniques to
North American Regional Reanalysis reanalysis and historical and future Coupled Model Intercomparison
Project version 5 (CMIP5) simulations, we find that as the world warms, this type of high-pressure system is
likely to become stronger and more frequent—even after removing the effect of surface warming on the
expansion of the lower atmosphere. These projected changes appear to be related to self-reinforcing
ocean-atmosphere interactions in a warming world. Specifically, intensified easterly winds over the Atlantic
and Gulf of Mexico drive an increase in the meridional sea surface temperature gradient due to oceanic
Ekman transport, which further enhances the ridge of high pressure extending across the SC United States: a
dynamical relationship that increases confidence in regional projections of summer drought risk over the
SC United States.

Plain Language Summary Water is already a scarce resource in the South-Central United States.
The region’s frequent droughts pit its agriculture community against the energy industry, ecosystem
managers, and growing municipalities in competition for the region’s increasingly over-allocated water
resources. Our study identifies the daily weather patterns associated with historical drought and examines
how these are likely to change as the world gets warmer. We find that the main weather pattern associated
with drought, an isolated dome of high pressure centered over the South-Central region, is likely to
become stronger and more frequent by the late 21st century under human-induced climate change. We also
find that this appears to be related to self-reinforcing ocean-atmosphere interactions: in other words, the
warmer the world gets, the stronger this pattern becomes. This is not good news for the region, as it
establishes a physical mechanism that explains why projected summer rainfall is expected to decrease, and
droughts to become stronger and longer, as climate continues to change.

1. Introduction

Understanding and quantifying projected changes in large-scale atmospheric and oceanic circulation that
could affect precipitation variability and drought in the semiarid South-Central (SC) United States would
improve confidence in future precipitation projections and provide valuable information for robust, long-
term agriculture and water management. For both the Southern and Central United States, it has been shown
that the North Atlantic Subtropical High (NASH) influences summer precipitation by setting up and maintain-
ing a prevailing high-pressure system (Dickson, 1980; Diem, 2006; Henderson & Vega, 1996; Li et al., 2011;
Namias, 1955; Zhao et al., 2016; Ryu & Hayhoe, 2017). This results in moisture flux divergence and midtropo-
spheric stability (i.e., subsidence) across the region, which can in turn suppress precipitation. Looking to the
future, both regional and global climate simulations project a decrease in SC summer precipitation related to
the intensification of the western edge of the NASH (Harding et al., 2013; Harding & Snyder, 2014; Patricola &
Cook, 2013; Ryu & Hayhoe, 2017).

This study examines dominant summertime circulation patterns during historically extreme hot and dry sum-
mers across the SC region using a self-organizing map (SOM) analysis, an unsupervised training technique
that can identify shared common features from input patterns. The SOM technique has been applied to
various research topics in atmospheric sciences including studies of the influence of large-scale circulation
on heat/droughts in the Southern and Central United States (e.g., Cavazos, 1999; Horton et al., 2015). Huth
et al. (2008) provides a good review of SOM applications for classifying atmospheric circulation patterns.
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Here we apply the SOM technique to daily 700 hPa geopotential height (700Zg) from observation/reanalysis
and Coupled Model Intercomparison Project version 5 (CMIP5) historical total-forcing simulations to objec-
tively identify observed and model-simulated atmospheric circulation patterns concurrent with summertime
extreme droughts in the SC region over the last few decades. We also investigate how these circulation pat-
terns are projected to change in the future under the higher Representative Concentration Pathways (RCPs),
as simulated by CMIP5 global climate models (GCMs) with sufficient daily output available for both historical
and future simulations. Since future changes in daily circulation patterns are less significant under the lower
RCP4.5 scenario, our analysis of daily outputs focuses primarily on the results for the higher RCP8.5 scenario,
while the monthly analysis focuses on both scenarios.

2. SOM Analysis

SOM is an unsupervised or automated training technique that can be used to identify recurring patterns in
large data sets. Here we apply SOM to daily 700Zg fields to identify distinct recurring weather patterns in his-
torical reanalysis and GCM simulations. During the iterative training, daily patterns are mapped to selected
neurons based on the distances between a specific input pattern and the neurons. The closest neuron
becomes the winning neuron (or best matching unit) representing that input pattern. The positions of its
neighboring neurons are also updated so the patterns close to the input pattern will bemapped to the neigh-
boring neurons. The neighborhood of the neuron is specified by a neighborhood function (e.g., Gaussian
function) to preserve the topology in the input patterns. The initial best matching unit was approximated
from a linear initialization using the first two principal components of the input data. In this study, we applied
2 times and 10 times of the number of objects for iteration numbers in the first and the second training,
respectively, which is a default setting in R package, som (https://cran.r-project.org/web/packages/som/
som.pdf). More information on Kohonen’s SOMs is available in Kohonen (2001).

We constructed an initial set of two-dimensional (3 × 5) SOM nodes from the daily 700Zg fields. We then cal-
culated the correlations between each node and the days assigned to the node and re-calculated the SOM
nodes from a composite of the input data assigned to each node based on the correlations. This second step
combined similar patterns, resulting in a more unique or distinct set of daily weather patterns with an aver-
age correlation of about 0.8, indicating that the 3 × 5 SOM nodes reasonably represent the common features
of the daily patterns of 700Zg. As output, SOMs generate a two-dimensional map of the most common pat-
terns that occur most frequently in the input data set. We then examine how the frequency of those patterns
shifts from drought and nondrought years to determine which patterns may be associated with drought-
like conditions.

3. Observational Data and CMIP5 Simulations

To identify extreme drought years in the historical observations, we used the Standardized Precipitation-
Evapotranspiration Index (SPEI) calculated from CRU TS 4.01 3-month precipitation and potential evapotran-
spiration using the R package provided by Vicente-Serrano and NCAR (2015). To identify daily circulation
patterns associated with drought and high-temperature extremes across the SC region, we used daily mean
700Zg over 3 months (June-July-August [JJA]) from the North American Regional Reanalysis (NARR), a long-
term high-resolution (32 km/45 layer) data set available from 1979 through near present (Mesinger et al., 2006).

To examine how GCMs reproduce summertime daily circulation patterns and their relationship to drought
and high-temperature extremes in the SC region, we obtained monthly precipitation and temperature data,
daily 700Zg, and monthly SST and zonal wind at 1,000 hPa from GCMs participating in CMIP5 for Historical
total-forcing simulations (Taylor et al., 2012) from 1979 to 2005 and future projections under the lower
RCP4.5 and higher RCP8.5 scenarios from 2006 to 2100 (Moss et al., 2010). Historical drought years in
CMIP5 simulations were identified by estimating potential evapotranspiration based on the Penman-
Monteith method (Allen et al., 1994) using monthly data of surface relative humidity, wind speed, solar
radiation, and daily maximum and minimum temperature from CMIP5 model outputs, then using it as input
to the same SPEI R package used above.

Because 2011 and 2012 were such notable drought years in the observational record (although of course not
necessarily in historical GCM simulations), we used a 34-year period for the historical observed analysis, from
1979 to 2012, but only a 30-year period for the historical GCM analysis from 1979 to 2008, to minimize the
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years of post-2005 RCP simulations used for the so-called historical time period. Future analyses are based on
2070 to 2099. Complete outputs were only available from 16 CMIP5 models for RCP8.5 and 13 models for
RCP4.5. A brief description of the GCMs used is provided in Table S1.

4. Results
4.1. Observed Summer Circulation Patterns and Droughts

Using SOMs, we first extracted recurring features of daily 700Zg large-scale circulation patterns over the SC
region during summertime (JJA) based on reanalysis from 1979 to 2012. The resulting 3 × 5 SOM nodes
are presented in Figure 1, where the numbers in the top-left corner of each node indicate the percentage
of the daily patterns corresponding to each node. Unlike the midlatitudes, where atmospheric circulation
is dominated by the synoptic-scale features of eastward propagating high- and low-pressure systems on time
scales of days, the SC region is governed by more slowly evolving subtropical circulation features, particularly
during summer. Specifically, large-scale circulation over the SC region during summer is characterized by a
westward extension and intensification of the western edge of the NASH (Ryu & Hayhoe, 2017). From daily
700Zg fields, the western edge of the NASH over the Atlantic Ocean (patterns A1 and B1) and its extension
to the west and intensification (A5 and B5) can be clearly seen in the SOM analysis (Figure 1a). In addition,
the SOMs also identify patterns with a high-pressure system over the South-West U.S. region (C1 and C2)
and with a strong high-pressure system centered over the SC region (C5). The patterns on the left-hand nodes
(A1 and C1) occur mostly in June, while the patterns on the right-hand nodes (A5 and C5) prevail in July and
August (Figure 1b). A5 is the most frequent pattern in July and August; in it, the western edge of the NASH
intensifies over the South-East U.S. C5 is the second most frequent pattern in July and August; it is classified
as an isolated high pressure overlaying the SC region (hereafter referred to as the SC high-pressure system).
While the C5 pattern is prevalent throughout the entire troposphere, the A5 pattern is more prevalent in
the lower troposphere, according to a composite analysis of geopotential height at 200, 500, and 700 hPa
corresponding to each node (not shown).

To identify which of these patterns correspond to historical droughts, we select extreme drought summers
based on the percentage of land area (greater than 40%) in moderate to extreme drought (SPEI < �0.8)
across the SC region (103–92°W, 28–40°N) throughout the summer. Historically, these are 1980, 1998, 2006,
2011, and 2012 (Figure S1). As shown in Figure 2, in most historical drought years, C5 is more frequent
than A5, particularly in July. The sole exception is 2012, which was the only sequential drought year in
the record, implying that it was dry due to both previous and current precipitation deficits. During drought
years, C1 is also slightly more frequent in June. Repeating this analysis with a longer time period
(1948–2014) of daily 700Zg fields from National Centers for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR) reanalysis, which includes twice as many extreme drought years,
yielded nearly identical SOM patterns and the same result: in average summers, daily summer weather
patterns are dominated by A5, the western edge of the NASH stalling over the Southeast United States,
particularly in July and August, while in exceptionally dry summers circulation is dominated by C5, an
isolated high-pressure system centered over the SC region (not shown). These results based on daily
reanalysis are also consistent with the monthly analysis in Ryu and Hayhoe (2017) showing that the
western edge of NASH extends further west to intensify over the SC region during drought years, rather
than stalling over the Southeast United States as in normal years.

4.2. Historical Simulations of Summer Circulation

To quantify the extent towhich CMIP5models are able to reproduce these recurring features of observed daily
atmospheric circulation during summer, we applied the same SOM analysis to daily 700Zg from 16 CMIP5
GCM total forcing simulations for 1979–2008, then again for future projections under the higher RCP8.5 sce-
nario for 2070–2099. In comparing projected future change to historical simulations, we specifically use eddy
700Zg to exclude the effect of the expansion of the lower atmosphere due to surface warming. Eddy 700Zg is
obtained by subtracting the long-term mean of 700Zg averaged between 0 to 360° (in longitude) and
between the equator and 40°N (in latitude), after all daily GCM output fields have been regridded to a spatial
resolution of 1.5° × 1.5°. The SOM analysis was applied to the daily eddy 700Zg for each GCM individually.

The multimodel ensemble means, obtained by averaging the 3 × 5 SOMs from 16 models for each of the his-
torical and future time periods, are presented in Figure 3a. All of the models’ historical simulations reproduce
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the common daily patterns observed in the reanalysis, though with some differences in the amplitude and
frequency of the patterns (Figures 3a and S2). A majority of models find that A5 is more dominant than C5
in summertime, consistent with observations. On the other hand, many of GCMs underestimate the
frequency of the C5 pattern in the historical simulations (1979–2008) compared to observations. This result
might be, to a certain extent, attributed to sampling uncertainty, as the observational analysis was based
on a slightly longer time period of 34 years (1979–2012) that included the historic 2011–2012 drought.
However, it could not be guaranteed that such a severe drought occurs in every historical simulation, due
to the role of internal natural variability in determining the occurrence and duration of such events.

Figure 1. (a) The 3 ×5 self-organizing map of daily large-scale circulation patterns derived from daily 700 hPa geopotential height fields for June-July-August from
1979 to 2012 from North American Regional Reanalysis. The percentage of the daily patterns designated to each node is given at the top-left corner of each node.
The three rows and the five columns are denoted by A–C and 1–5, respectively. For example, C5 indicates the pattern at the third row and fifth column. (b) The
frequency of occurrence of each node in each of June, July, and August.
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Nevertheless, most models do show the C5 pattern becoming more frequent during three extreme drought
years selected from each historical simulation based on areal-averaged SPEI over the SC region (Figure S3).
During the three drought years, the mean occurrence of the C5 pattern exceeds the third quartile (the med-
ian of the upper half of the data set), although the A5 pattern appears to be still more dominant during the
drought years in some models.

These results indicate that most of the 16 CMIP5 models examined here are able to reproduce the observed
recurring patterns of daily circulation during summer to a reasonable and recognizable extent, including the
isolated high-pressure system centered over the SC region (Texas and Oklahoma) during historical droughts.
This in turn implies that quantifying any projected change in frequency and amplitude of the summer circu-
lation patterns associated with historical droughts could help to improve confidence in projected drought
risks simulated by GCMs.

4.3. Future Projections of Drought Risk

How are the frequencies of these daily weather patterns projected to change in the future? By the late 21st
century (2070–2099) under the higher RCP8.5 scenario, all but one of the GCMs show an increase in the

Figure 2. The frequency distribution of each node during summer (JJA) and each month, June, July, and August from 1979
to 2012 based on the values of minimum, first quartile, median, third quartile, and maximum. The orange markers and
red dot indicate the days of occurrence of each node for each exceptionally dry summer (1980, 1998, 2006, 2011, and 2012)
and 5-year mean.
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Figure 3. (a) Multimodel ensemble means of 3 × 5 SOM of eddy geopotential height patterns at 700 hPa for JJA from historical (1979–2008) and future RCP8.5
(2070–2099) simulations. The percentage of the daily patterns designated to each node is indicated by the number at the top-left corner of each node. (b) Kernel
density functions of the A5 and C5 patterns for historical (black) and future RCP8.5 (red) simulations. The red (blue) shades indicate an increase (decrease) in the
probability density function for the future time period (2070–2099) compared to the historical time period (1979–2008).
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occurrence of the C5 pattern in summer (Figure S2). Consistently, both individual GCMs and multimodel
ensemble means indicate that the C5 pattern is likely to become more frequent in the future as the world
gets warmer, while A5 pattern becomes less frequent (Figure 3a). In addition, the models also agree on pro-
jected increases in eddy 700Zg over the SC region, although the effect of expansion of the lower atmosphere
in response to surface warming was deliberately excluded prior to analysis (see Figure 3a and Figure S2).
These projections clearly indicate that the C5 high-pressure pattern that is already more frequent during
extreme dry years in both the NARR reanalysis and historical simulations is projected to become stronger
and more frequent under a warmer climate as compared to the recent past.

To quantify projected changes in the occurrence frequency of each node, we applied a kernel density estima-
tion based on a Gaussian basis function (Canty & Ripley, 2006; Silverman, 1986) to the occurrence of daily
weather patterns in the multimodel ensemble to generate a probability density function for each node for
1979–2008 and 2070–2099. This composite analysis illustrates the projected shift in the relative frequency
of occurrence of A5 and C5 patterns (Figure 3b) that is statistically significant (p < 0.05) according to the
two-sample Kolmogorov-Smirnov test (Conover, 1971). For C5, the future probability density function is
shifted to the right compared to the historical, increasing the frequency of future years with a greater number
of C5 days (as indicated with red shaded area) and decreasing the frequency of future years with a lower
number of C5 days (as indicated with blue shaded area), and vice versa for A5. In other words, there is a gen-
eral agreement among the CMIP5 GCMs that the pattern of a stronger SC high-pressure system tends to
occur more frequently under the higher RCP8.5 scenario by the end-of-century, compared to the recent past.
It should also be noted that under RCP4.5, more than a half of the models show that the C5 pattern becomes
more frequent and stronger by end of century, and most of the models also show an increase of the eddy
700Zg by late 21st century. In summary, projections imply that the C5 SC high-pressure system at 700Zg
tends to be stronger and occur more frequently in the future. On the other hand, only one third of themodels
shows an intensification at 500 hPa, while most models show little to no change in the C5 pattern at 200 hPa.
In other words, the intensification of C5 pattern is strongest in the lower troposphere, implying a possibility of
a bottom-up influence on projected changes in the C5 pattern. In the next section, we explore a possible
mechanism that could explain these projected changes.

4.4. Relationship to Sea-Surface Temperature

The intensification of eddy 700Zg in a warming world is evident from both daily and seasonal (JJA) mean pat-
terns (Figure S4). By 2070–2099, the climatological western edge of the NASH in JJA extends westward from
its historical position under the higher RCP8.5 (and to a lesser extent, the lower RCP4.5) scenario, so that eddy
700Zg intensifies over the SC region. The projected intensification of the eddy 700Zg is consistent with pro-
jected changes in the north-south sea surface temperature (SST) gradient in the Gulf of Mexico, the
Caribbean Sea, and the Atlantic Ocean. We analyzed this further by comparing historical to future eddy
SST, calculated by removing the long-term mean of SST in the same way as for the eddy 700Zg. To visualize
the atmosphere-ocean connections, Figure 4 shows the projected change in multimodel ensemble mean
eddy SST (shaded) and near surface zonal wind (arrows) for 2070–2099 compared to 1979–2008 under the
lower RCP4.5 (top) and higher RCP8.5 (bottom) scenarios. The future 40-m eddy 700Zg contour (solid) and
historical 40-m contour (dashed) have been added to geolocate the strengthened western edge of the
NASH and its relationship to the projected change in eddy SST. In the future, the 40-m 700Zg contour
expands over the U.S. continent compared to the historical 40-m contour, indicative of a strengthening of this
feature. Note that the zonal wind changes (arrows) are only drawn for negative values around the subtropical
ridge to highlight the change of the easterly over the oceans.

In future simulations, enhanced near-surface easterlies along the south side of the stronger and more persis-
tent subtropical ridge could induce oceanic Ekman transport to the north through wind stress on the ocean
surface. This would result in a relative surface ocean warming to the north of the easterly winds, as warm
ocean water converges, and a relative cooling to the south, due to divergence of surface water and upwelling
of deep, cold water to replace the surface water being transported to the north. This movement of water
northward would induce a positive meridional SST gradient seen in Figure 4. In turn, the surface warming
resulting from the positive SST anomaly to the north occurs right under the western edge of the NASH, where
it could promote an increase in the geopotential height above that would in turn enhance the anticyclonic
circulation accompanying the enhanced easterlies along the south side of the NASH, resulting in a positive
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atmosphere-ocean feedback. Although the dynamical and physical processes for the increase of the
westward surface wind in the tropical Northern Atlantic Ocean in response to global warming still need to
be understood, enhanced easterly winds provide a dynamical circumstance that is relevant to the
projected increase in the eddy 700Zg.

5. Conclusions

We use SOM analysis to identify daily circulation patterns associated with historical droughts in the SC region
and quantify how these patterns are projected to change in the future as simulated by CMIP5 models driven
by the RCP 8.5 and 4.5 scenarios. In average summers, daily summer weather patterns in both reanalysis and
historical climate model simulations are dominated by the western edge of the NASH stalling over the
Southeast United States, particularly in July and August (pattern A5). In exceptionally dry summers, the most
dominant pattern in both reanalysis and most climate simulations is an isolated high-pressure system cen-
tered over the SC region (pattern C5)—a pattern that is projected to become more frequent by the end of
this century at the expense of A5, particularly under the higher RCP8.5 scenario. It is also projected to become
stronger at lower compared to higher geopotential height levels, implying a connection to surface processes.

Figure 4. Multimodel ensemble means of eddy sea surface temperature change (shaded) and near-surface zonal wind
change (arrows) for the future (2070–2099) compared to the historical time period (1979–2008). The solid lines
represent 40-m contour of eddy geopotential height at 700 hPa (solid line) from the lower RCP4.5 (top) and higher RCP8.5
(bottom) scenarios for 2070–2099. The dashed contour lines indicate the 40-m contour of eddy geopotential height at
700 hPa from historical simulations (1979–2008). Zonal wind changes (arrows) are drawn around the subtropical ridge for
negative values only to highlight the simulated change in easterly winds.
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Investigating the dynamics of the projected change, we find that eddy 700Zg tends to intensify over the SC
region in the future, even though the effect of expansion of the lower atmosphere due to surface warming
was deliberately excluded prior to analysis. A stronger high-pressure system is consistent with the projected
intensification of the easterly winds along the south side of the system, which in turn could drive an increase
in the meridional SST gradient in the Gulf of Mexico, the Caribbean Sea, and the subtropical North Atlantic
Ocean through oceanic Ekman dynamics. This would push warmer surface water northward, where it could
further strengthen the high-pressure system. The result of the self-reinforcing cycle would be a stronger and
more frequently occurring high-pressure system that would drive precipitation deficits in the SC region by
enhancing atmospheric stability and moisture flux divergence across the region.

Quantifying the impacts of natural variability and human-induced changes on regional drought is a complex
task. Here we build confidence in projected increases in summer precipitation deficits in the SC region by pro-
viding an explanation of dynamical processes that would enhance drought risk under future warming. To
assess the full impact of future warming on drought risk, however, it is necessary to consider other critical
processes such as land-atmosphere interactions, that also influence on water availability and soil moisture
at the local to regional scale, and the remote influence of large-scale circulations related to natural variability
(e.g., Pacific North American pattern).
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