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ABSTRACT

Summer extreme heat waves (EHWs) over the Texas area and their trend are investigated using observations and

atmospheric general circulation model (AGCM) output. There is a positive linear trend in Texas EHW days for the

period 1979–2015.While the interannual variability of the Texas EHWs is linked toENSO conditions, the upward trend

in Texas EHWs is found to be significantly associated with the tropical Pacific zonal SST gradient (PZSSTG). The

amplification of PZSSTG leads to both enhanced convection in the western Pacific and suppressed convection in the

central-eastern Pacific (i.e., LaNiña–like pattern), both of which can induce anomalous anticyclones over the Texas area

through two distinct planetary wave trains in the antecedent spring. As a result, anomalously sinking motions and

divergentwatervaporfluxappearover theTexasarea,whichreduceprecipitationand increasedownward solar radiation,

leading to dry and hot soil that favors the occurrence of Texas summer EHWs. In addition, all AGCMs using observed

SSTs as boundary conditionswere able to simulate the observed decreasing trend inTexas summer precipitation and the

observed increasing trend inTexas summer surfaceair temperature.TheobservedrelationshipsbetweenwinterPZSSTG

and the following spring–summer Texas precipitation/temperature were also reproduced by these models, where the

intensified PZSSTG tended to reduce the Texas precipitation while increasing the surface air temperature.

1. Introduction

Texas and its surrounding areas have experienced

numerous extreme heat waves (EHWs) over the past de-

cades, which have produced large impacts on human

health, agricultural productions, and the natural ecosystem.

For example, an EHW swept the central and southern

United States in 1980, causing 107 heat-related deaths in

Texas (Karl and Quayle 1981; Greenberg et al. 1983). In

1998, a more localized EHW struck Texas and Oklahoma

that led to an estimated loss of 6 billion U.S. dollars, pri-

marily due to decreased agricultural production (Chenault

and Parsons 1998; Hong and Kalnay 2000). In 2011, an

unprecedented EHW occurred over the Texas area, with

an average temperature almost 38C above the 1981–2010

mean for June through August (Nielsen-Gammon 2012;

Hoerling et al. 2013), which substantially increased the

emergency department visits for heat-related illnesses
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(Zhang et al. 2015). Among these cases, the 2011 EHW

was the most notable in both intensity and duration,

and was accompanied by a record-breaking burned

area in southern and southwestern Texas due to wild-

fires (Williams et al. 2013). Smith et al. (2013) indicated

that the EHW frequency over southern North America,

in terms of EHWdays per year, experienced an upward

trend based on the various EHW definitions. More

intense and longer-lasting EHWs over the Texas area

have raised concerns of the potential impact of green-

house warming on the increasing frequency of Texas

EHWs.

The potential mechanisms associated with EHWs in-

clude the precipitation–evaporation–temperature feed-

back (e.g., Fischer et al. 2007; Lorenz et al. 2010;Mueller

and Seneviratne 2012) and persistent anticyclones or

blocking highs (e.g., Dole et al. 2011; Trenberth and

Fasullo 2012; Screen and Simmonds 2014). Both of these

can be triggered or forced by the remote sea surface

temperature anomalies (SSTAs) or internal atmo-

spheric dynamics. For example, Hong and Kalnay

(2000) found that the Pacific SSTAs could establish

large-scale conditions for a Texas drought during the

antecedent spring through atmospheric teleconnection.

The spring soil moisture anomalies subsequently play an

important role inmaintaining the drought and triggering

the summer EHWs by a positive feedback associated

with lower evaporation/precipitation. On the other

hand, Lyon and Dole (1995) analyzed the large-scale

circulations associated with the Texas EHW in 1980, and

found that this particular event was primarily forced by a

stationary wave propagating southeastward from an

apparent source region south of the Aleutians. Using an

atmospheric general circulation model (AGCM), Teng

et al. (2013, 2016) indicated that the EHWs in theUnited

States tend to be preceded by a pattern of anomalous

atmospheric planetary waves with a wavenumber of 5 by

15–20 days. Petoukhov et al. (2013) further noted that

the 2011 Texas EHWs were significantly connected with

the planetary waves with zonal wavenumbers 6, 7, or 8

that are trapped within the midlatitude waveguide.

Screen and Simmonds (2014) also proposed that the

amplification of quasi-stationary waves with zonal

wavenumbers 3–8 preferentially increases the proba-

bility of EHWs in North America.

Other studies have compared the roles of greenhouse

warming and oceanic forcing in affecting the drought/

heat waves in the Texas area. Using an AGCM, Rupp

et al. (2012, 2015) investigated the influence of anthro-

pogenic greenhouse warming on the Texas EHW in 2011

and concluded that the likelihood of exceeding a given

unusually high summer temperature in the Texas region

was about 10 times greater with 2011 anthropogenic

emissions compared to preindustrial forcing. Further-

more, Rupp et al. (2013, 2017) assessed the influences of

greenhouse gases and the ocean’s role for the 2012

central United States drought and found that the

SSTAs, rather than the anthropogenic forcing, were

more likely to increase the occurrence of the 2012

drought/heat. Wang et al. (2014) compared the roles of

SST forcing in the 2011 and 2012 drought and heat

events in the United States using the NASA Goddard

Earth Observing System, version 5 (GEOS5), AGCM,

and found that the winter/spring responses over the

United States to the Pacific SSTAs were remarkably

similar for these two years despite substantial differ-

ences in the tropical Pacific SST, implying that the

SSTAs outside the central and eastern Pacific might also

play some roles.

It is well known that precipitation deficits in southern

and southwestern North America are linked to the

tropical Pacific SSTA, notably to the cold state of the

eastern Pacific, which usually leads to anticyclonic

anomalies over these regions that favor high pressures

and dry conditions (e.g., Schubert et al. 2004; Seager and

Ting 2017). However, there is no conclusive evidence

showing whether La Niña activities have been enhanced

or dampened in recent decades because of the relatively

small samples of the ENSO events (Collins et al. 2010).

Thus, ENSO alone may not be sufficient to explain the

increasing Texas EHWs.

Hoerling and Kumar (2003) linked the drought/heat in

the United States to the cooling in the eastern tropical

Pacific and the warming in the western Pacific. The

warmth of the Indo-Pacific Oceans has been un-

precedented in recent decades, accompanied by an en-

hanced Pacific zonal SST gradient (PZSSTG; L’Heureux

et al. 2013; McGregor et al. 2014). A strengthened

PZSSTG, on the one hand, favors the cold state mainte-

nance in the central-eastern Pacific, which can induce

robust anticyclones over southernNorthAmerica and the

occurrence of EHWs. On the other hand, the intensified

PZSSTG can also enhance convective activities in the

western tropical Pacific, which may also affect the North

American EHWs through teleconnection. Thus, it is of

interest to determine the possible impacts of ENSO and

the PZSSTG on the increasing trend in Texas EHWs and

to explore the underlying mechanisms.

In the current study, the trend and year-to-year vari-

ability in Texas EHWs are investigated. We also com-

pare the different physical processes associated with

ENSO and PZSSTG, focusing mainly on the tropical

western Pacific. The rest of the paper is organized as

follows. In section 2, we describe the datasets and

analysis methods. In section 3, we discuss the overall

features of EHWs in North America. In section 4, we
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explore the drivers and associated mechanisms. The

AGCM simulated results are discussed in section 5,

followed by a summary in section 6.

2. Data and method

a. Observations and model output

For comparison purposes, we use two sets of data for

SST, precipitation, and maximum 2-m temperature

(Mx2t). The monthly mean SST datasets are obtained

from the National Oceanic and Atmospheric Adminis-

tration (NOAA) extended reconstructed dataset, ver-

sion 4 (NOAA–ERv4; Huang et al. 2015), and the

Hadley Centre Sea Ice and Sea Surface Temperature

dataset (HadISST; Rayner et al. 2003), with horizontal

resolutions of 28 3 28 and 18 3 18, respectively. The land
precipitation datasets are acquired from the Global

Precipitation Climatology Centre (GPCC; Schneider

et al. 2014) and the European Centre for Medium-

Range Weather Forecasts (ECMWF) interim reanalysis

(ERA-I; Dee et al. 2011), both having a horizontal res-

olution of 0.58 3 0.58. The daily Mx2t datasets are used to

define EHWs, which are obtained from ERA-Interim

(Dee et al. 2011) and the NCEP–DOE Reanalysis-2

[provided by the NOAA/OAR/ESRL Physical Sciences

Division (PSD), Boulder, Colorado; http://www.esrl.

noaa.gov/psd/], with a resolution of 0.58 3 0.58 and a

global spectral T62 Gaussian grid (192 3 94), respec-

tively. For most figures, the Texas EHWs and their

relations with other variables are shown based on the

ERA-Interim data.

The atmospheric variables, including geopotential

height, three-dimensional velocity at 17 levels, the four-

layer volumetric soil moisture, and the vertical integrals

of eastward and northward moisture fluxes, are used to

diagnose the associated large-scale conditions for the

variation in EHWs. These datasets, with a horizontal

resolution of 2.58 3 2.58, are also obtained from ERA-

Interim (Dee et al. 2011). TheNiño-3.4 index is defined as
the area-averaged SSTAs over the central and eastern

Pacific (58S–58N, 1708E–1208W) based on the NOAA–

ERv4 data. The PZSSTG is computed from the NOAA–

ERv4 SSTA differences between the tropical western

Pacific (108S–108N, 1208–1508E) and Niño-3.4. The anal-

ysis period in this study is 1979–2015.

To assess the impacts of ENSO and PZSSTG on Texas

precipitation and temperature, we analyze the output

from several AGCMs provided by the NOAA Drought

Task Force (DTF; Schubert et al. 2009). The reason these

DTF experiments were chosen here is that the models

tend to have good skill at simulating different drought

mechanisms, feedbacks, and potential predictability of

several high-profile cases (Wood et al. 2015). These cases

include the southeastern U.S. drought during 2006/07, the

Texas drought of 2011, the central Great Plains drought

of 2012, and the western U.S. drought from 1998 to 2002.

The model output used in this study are from the AGCM

experiments forced by observed SST for the period of

1979–2014. The models are ECHAM5, CFSv2, CAM4,

GEOS5, and NCAR CCM3, whose horizontal resolu-

tions are 0.758 3 0.758, 18 3 18, 1.258 3 0.758, 1.258 3 18, and
2.58 3 2.58, respectively. Each AGCM produced 12–20

ensemble members. We calculate the ensemble means

for each model before analyzing the results.

b. EHW thresholds and EHW days

The EHWs are defined by a percentile-based thresh-

old method, which is widely used (e.g., Meehl and

Tebaldi 2004; Della-Marta et al. 2007; Kuglitsch et al.

2010). For a specific day within the June–August period,

its maximum temperature threshold is determined by

the 95th percentile of Mx2t for a total of 555 days

(37 years3 15 days; the 15 days correspond to 7 days on

either side of the target date) for the 37-yr period from

1979 to 2015. By moving the 15-day window forward or

backward, we get the consecutive threshold for every

target date. An EHW event is identified by two criteria:

1) there are at least 3 consecutive days that the Mx2t

exceeds its 95th-percentile threshold, and 2) the average

Mx2t during the EHW event must exceed 308C. There-
fore, the EHW days (EHWD) can be acquired by

computing the total days of EHWs over a specific period

(an example shown below in Fig. 2c for the 2011 summer

in Texas). A large EHWD represents that there are

more threshold-breaking hot days or more frequent

EHWs, and vice versa.

In addition, we also use the singular value decomposi-

tion (SVD) method to explore the relationship between

Pacific SSTAs and North American EHWD, which al-

lows us to identify their covariability (Bretherton et al.

1992). In sections analyzing the interannual variability in

Texas EHWs, the linear trends and low-frequency signals

in Texas EHWs are removed by the 10-yr running-mean

method. The statistical significances of the composite and

correlation results are tested by the two-tailed Student’s

t test, with a degree of freedom of 35 for a total of 37 years

(1979–2015).

3. Characteristics of EHWs over North America

Figure 1a shows the climatological patterns of North

American Mx2t and 500-hPa geopotential height aver-

aged for the boreal summer (JJA).We can see that there

exist two high-temperature centers, which are located

over southwestern and south-central North America,

whereMx2t exceeds 338C. The hot regions coincide with
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the subtropical anticyclone, which stretches from the

subtropical NorthAtlantic to the eastern Pacific. It is well

understood that a subtropical high is often accompanied

by descending air motion, less precipitation, and clear

skies, thus resulting in high daily maximum temperature.

Figure 1b presents the total EHWD in North America

during JJA for the period 1979–2015. In general, the

relatively high values of EHWD can be found over

western, southwestern, and south-centralNorthAmerica,

compared to the northern and eastern regions. Such dis-

tribution is expected given the North American climate

landscape of dry west–wet east as well as the frequently

reported droughts over the regions with large EHWDs

(e.g., Yin et al. 2014; Rupp et al. 2015). The largest values

of EHWD seem to appear over the Texas/Oklahoma

areas, where there are more than 80 summer days (out of

3404 days) during JJA when the Mx2t exceeds the EHW

threshold.

FIG. 1. (a) ClimatologicalMx2t and 500-hPa geopotential height (H500; m); (b) total summer

EHWD over the period of 1979–2015; (c) linear trends in EHWD. The blue box in (c) outlines

the Texas area (288–388N, 1058–908W). Variables in (a)–(c) are obtained from ERA-I product.
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The linear trend in EHWD is shown in Fig. 1c. Al-

though strong EHW activities exist over western North

America, the trend there is insignificant. In comparison,

the largest trend in EHWD is clearly seen over Texas

and its nearby areas, which is significant at the 95%

confidence level. The EHWD trends shown in Fig. 1c are

consistent with many previous studies (e.g., Lau and

Nath 2012; Smith et al. 2013; Teng et al. 2016), which

reported that the largest trends in EHWD occurred in

southeastern North America and the Great Plains.

However, these studies did not address why the largest

trend in EHWD appeared in the Texas area. Therefore,

it is our goal here to determine why the Texas areas

seem to be the preferred locations of increasing EHWs

and what the underlying mechanisms are.

To answer these questions, we further investigate the

year-to-year variations of Texas EHWs and associated

atmospheric and oceanic conditions. Figure 2a shows

the area-averaged EHWD over the domain (288–388N,

1058–908W) based on both 90% and 95% thresholds

over the 37 years. While large interannual variation

exists in the Texas EHWD, the 10-yr running mean

FIG. 2. (a) Light blue curve and gray bar indicate the 90th- and 95th-percentile EHWDs,

respectively. The dashed curve denotes the 10-yr running mean of the 90th-percentile EHWD.

The 10 EHWyears (1980, 1986, 1989, 1996, 1998, 2000, 2006, 2009, 2011, and 2012) are marked.

(b) Niño-3.4 index (shading, NOAA–ERv4; 8C) and Texas precipitation (green, GPCC; cyan,

ERA-I; mmmonth21) from January 1979 to December 2015; each of the 10 EHWs is indicated

by black triangle. (c) Mx2t (shading) and its 95th-percentile threshold (curve) at a site within

Texas state, based on ERA-I product.
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(Fig. 2a, dashed line) seems to indicate a consistent

upward trend from 1979 to 2015. The largest EHWD

was found in 2011, which has been recognized as one of

the most extreme summers (e.g., Zhou et al. 2014; Rupp

et al. 2015; Zhang et al. 2015). As a way to remove the

trend and focus on interannual variation, we identified

10 years when the values of EHWD exceeded the 10-yr

running mean (i.e., 1980, 1986, 1989, 1996, 1998, 2000,

2006 2009, 2011, and 2012; see Fig. S1 in the online

supplemental material for each year’s EHWD spatial

patterns), as marked in Fig. 2a. These 10 years are se-

lected to make the composite analysis next.

Figure 2b shows the monthly Niño-3.4 index and area-

averaged precipitation for Texas and the surrounding

area (288–388N, 1058–908W; blue box in Fig. 1c) from

January 1979 to December 2015. The 10 severe EHW

summers are indicated by the black triangles in Fig. 2b,

which correspond well with the central and eastern Pa-

cific SST cooling during the preceding winter and spring.

Further examinations reveal thatmostwinters (8 out of 10)

preceding the Texas summer EHWs are featured by

anomalously cold SSTAs in the central and eastern

Pacific, except for the 1979/80 and 1997/98 winters (see

supplementary Fig. S2). As seen from Fig. 2b, large

precipitation deficits are also found preceding each

occurrence of Texas EHWs. In fact, Texas pre-

cipitation and Niño-3.4 are well correlated for all

months from January 1979 to December 2015, with a

correlation coefficient (CC) of 0.47, suggesting that the

central and eastern Pacific cooling can lead to signifi-

cant rainfall deficit in spring and summer, which further

lead to drought in the Texas region in the summer

(Seager and Hoerling 2014).

The 2011 summer is seen as the case with the most

extreme EHWD for the entire study period, which

follows a strong La Niña event with reduced spring and

summer Texas precipitation (Fig. 2b). We show in

Fig. 2c a selected site (348N, 988W,), which is a grid cell

near Wichita Falls, Texas, to illustrate the evolution of

this extreme case based onERA-Interim data. As can be

seen, the 95th-threshold temperature is generally lower

in the beginning and the end of the summer, and peaks in

midsummer. Most of the dates above the 95% threshold

during this summer were between mid-June and late

August, when there were consecutive days with maxi-

mum Mx2t exceeding 408C (1048F).
To determine statistically whether the increase in

Texas daily Mx2t was simply due to the background

warming (thus a shift of the mean Mx2t) or it might in-

volve additional processes, Fig. 3a shows the probability

density function (PDF) of Texas daily Mx2t for the 10

extreme summers (red), the rest of the 27 summers

(gray), the first half of the period from 1980 to 1997

(blue), and the second half of the period from 1998 to

2015 (cyan). The PDFs for the two different periods

(blue vs cyan) show a clear shift due to changes in the

mean, from 328C in the first half to 358C in the second

half, which could reflect a global warming contribu-

tion or the Pacific/Atlantic multidecadal modulation

(McCabe et al. 2004) to the Texas EHWs. The PDF for

the 10 extreme summers, however, shows a more dra-

matic increase in probability of the high daily Mx2t

compared to all three other PDFs in Fig. 3a. Compared

to the normal years, that is, the rest of the 27 years, the

possibility of occurrence of Mx2t above 358C is much

higher in these 10 extreme summers. In particular, the

probability of occurrence of Mx2t between 368 and 398C
is substantially higher in extreme summers. Thus, the

increased EHWs in the Texas area could be affected not

only by the shift in mean temperature, but could be also

influenced by additional processes involved in causing

these extremes. In Fig. 3b, we illustrate that the

seasonal-mean Mx2t and the EHWD averaged over the

Texas area are highly correlated, with a correlation co-

efficient of 0.87. This linear relationship is more evident

for the 10 EHW summers. Therefore, in cases when

FIG. 3. (a) PDF of Texas summer daily Mx2t (ERA-I). The red

and gray curves, respectively, indicate the 10 EHW years and the

other 27 years; the blue and cyan curves, respectively, indicate the

early period (1980–97) and the late period (1998–2015).

(b) Relationship of Texas summer Mx2t to EHWD. The red dots

indicate the 10 EHW years.
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daily Mx2t is not available, it is an alternative method to

use the seasonal-mean surface temperature to represent

EHWs in the Texas area.

4. Drivers and mechanisms associated with Texas
EHWs

a. Relationship between Pacific SSTA and Texas
EHW

It is clear from Fig. 2b that there is a strong relation

between Texas EHW and SSTA in the tropical Pacific.

Figure 4 explores this relationship further by compos-

iting tropical Pacific SSTAs and 200-hPa geopotential

height in the preceding winter, spring, and simultaneous

summer based on the 10 strongest EHWevents in Texas.

We can see that warming and cooling SSTAs appear in

the western and central Pacific, respectively, resembling

the mature and decaying La Niña patterns from winter

to summer. Correspondingly, as shown in the right

panels of Fig. 4, stationary Rossby waves are triggered in

the upper troposphere, which originate from the central

Pacific and propagate poleward. The stationary waves

branch out in two directions over the North Pacific, one

continuing across the Arctic region and dissipating in

the Eastern Hemisphere, and the other turning south-

eastward in both winter and spring. By the spring season,

an anomalous high pressure is found over the Texas

area, which persists into the summer season.

The precipitation and vertically integrated water

vapor flux (WVF) composites for the EHW years are

shown in Fig. 5 for both the spring and summer sea-

sons. During the antecedent spring, the westward and

eastward WVF anomalies prevail over the subtropical

and midlatitude regions, respectively, because of the

FIG. 4. Composites of (left) SSTA (NOAA–ERv4; 8C) and (right) H200 (ERA-I; m) for the antecedent winter

(DJF), antecedent spring (MAM), and simultaneous summer (JJA) with respect to the 10 EHW years. Shading

denotes the areas that exceed the 90% confidence level. The Texas area is marked in the right panels by a red box.
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anomalous atmospheric anticyclones, which results

in a significant precipitation deficit in southern North

America. During summer, the divergent WVF anom-

alies intensified, and were accompanied by anomalous

southward WVF leading to a widespread precipitation

deficit in Texas and its surrounding regions.

The results in Figs. 4 and 5 suggest a plausible mech-

anism for the Texas EHWs under La Niña conditions. A
La Niña event first causes anomalous downstream sta-

tionary wave propagation, which induces anticyclonic

anomalies over the Texas area in spring and summer.

The anomalous anticyclone then reduces cloud cover

and precipitation, which leads to drier soils, and thus

fosters more EHWs there (Hong and Kalnay 2000). It is,

however, unclear if the La Niña SSTAs could have

caused the increasing trend in Texas EHWs. Previous

studies indicated that the PZSSTG had intensified over

the past three decades, which was accompanied by the

recent strengthening of the Pacific Walker circulation

(e.g., Kosaka and Xie 2013; McGregor et al. 2014). Is the

increasing trend in Texas EHWs the result of intensified

PZSSTG or purely due to La Niña conditions?

To answer this question, Fig. 6 shows the time series of

the PZSSTG andNiño-3.4, as well as their relations with

FIG. 5. Composites of precipitation (shading, GPCC; mm month21) and vertical integrals of

WVF (vectors, ERA-I; kg m21 s21) for the (a) antecedent spring and the (b) simultaneous

summer with respect to the 10 EHWyears. For precipitation, the negative anomalies exceeding

the 95% confidence level are stippled.
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Texas precipitation. We can see that the PZSSTG

presents a significant strengthening trend in both ERSST

and HadISST datasets, while the trend in Niño-3.4 is

small and insignificant, implying that the western Pacific

SST warms faster than that in the central and eastern

Pacific in observations. As shown in Figs. 6c and 6e, the

intensification of PZSSTG tends to significantly decrease

the spring and summer precipitation over the Texas area.

The correlation coefficient between antecedent winter

PZSSTG and the following spring (summer) Texas

precipitation reaches 20.45 (20.40), exceeding the 99%

(95%) confidence level. As a special case, the pre-

cipitation anomaly during the 2011 summer is marked in

Fig. 6e, which coincided with the largest PZSSTG.

In comparison, the scatterplots between Texas pre-

cipitation and the Niño-3.4 index are shown in the right

panels of Fig. 6. The correlation between Texas pre-

cipitation and the winter Niño-3.4 index decreases

from 20.45 to 20.33 (from 20.40 to 20.36) during the

boreal spring (summer), though still significant above

FIG. 6. Normalized (a) PZSSTG and (b) Niño-3.4 index. (c),(e) The relationship between normalized Texas

spring and summer precipitations and the PZSSTG, respectively; (d),(f) the relationship between normalized Texas

spring and summer precipitations and the Niño-3.4, respectively. The red dots/black crosses in (e) and (f) indicate

the 2011 EHW case.
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the 95% confidence level. The 2011 case is marked in

Fig. 6f, showing the Texas precipitation deficit corre-

sponded to a moderately large Niño-3.4 value, but not

the strongest La Niña.
Figure 7 further shows the relationships between DJF

PZSSTG (Niño-3.4) and Texas-area soil water and be-

tween DJF PZSSTG (Niño-3.4) and Mx2t. It should be

noted that although significant linkages between these

variables are found, the uncertainties in these values are

relatively large, especially for the soil water provided by

ERA-Interim. Therefore, one should be more cautious in

explaining these correlation relationships. The summer

Texas soil water shows a significantly negative correlation

with the winter PZSSTG, with a correlation coefficient

of 20.42, which could be related to the precipitation

deficits in previous seasons. Figure 7c shows that the

Texas Mx2t tends to increase corresponding to the am-

plification of DJF PZSSTG, which likely results from the

precipitation–soil moisture–temperature feedback (Schär
et al. 1999; Fischer et al. 2007). The 2011 summer was

extremely hot, which was accompanied by the largest

precipitation deficit and dry soil condition. Similar to the

Texas precipitation, the correlation coefficient between

Niño-3.4 and Texas soil water/Mx2t is less significant

compared to that with PZSSTG. In fact, the correlation

coefficient between DJF negative Niño-3.4 (i.e., multi-

plied by 21) and Texas JJA Mx2t is only 0.29, which is

below the 95% confidence level. Thus, although the DJF

La Niña may play an important role in the occurrence of

Texas summer EHWs, the western Pacific SSTAs can also

contribute to some extent, which enhances the PZSSTG

and the associated tropical convection.

b. Physical mechanisms associated with Texas EHWs

How much can the Pacific SSTAs and associated

convections explain the trend and variability of Texas

EHWs? To answer this question, we performed singular

value decomposition (SVD) analysis between the Pacific

outgoing longwave radiation (OLR) in DJF and the

North American EHWD in the following summer (JJA)

to extract the covariability between tropical convection

and extreme heat waves. The OLR is usually used to

measure the convective intensity in the tropics, where a

smaller (larger) OLR value indicates stronger (weaker)

convection. As seen from Fig. 8a, the first SVD mode

presents negative correlation in the western Pacific

FIG. 7. As in Fig. 6, but for (a),(b) normalized Texas soil water (blue: CPC; cyan: ERA-I), and (c),(d) normalized

Texas Mx2t (purple, NCEP2; green, ERA-I). Soil water is averaged over 0–200-cm layers. CCs between Texas soil

water from CPC and PZSSTG/Niño-3.4 from NOAA–ERv4 are given in (c),(d).
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(WP), positive correlation in the central Pacific (CP),

and negative correlation in the eastern Pacific (EP),

implying enhanced convection over the WP and sup-

pressed convection over the CP. Meanwhile, the OLR

pattern is correlated with significant warming in the WP

and cooling in the CP, implying an intensification of

PZSSTG. It is well known that an intensified PZSSTG

could drive a stronger Walker circulation in the equa-

torial Pacific, which favors theWP convection. Thus, the

enhanced convection over the WP may be viewed as a

response to the increased PZSSTG.

Correspondingly, the EHWDover most of the United

States, particularly in Texas and Oklahoma, increases

(Fig. 8b), which accounts for 47.8% of the total co-

variance between OLR and EHWD. Figure 8c shows

the time series of the first SVD mode for OLR and

EHWD, both showing an upward trend, with a corre-

lation coefficient of 0.63 between the two variables,

FIG. 8. Heterogeneous CCs for the first SVD mode between OLR and EHWD. (a) CCs of

OLR (shading) and SST (contour) with the time series of EHWD. (b) CC of EHWD with the

time series of OLR. In (a),(b) the explained covariance is at the top right. (c) Normalized OLR

(blue) and EHWD (red) time series and the linear trend in OLR (black). The square box in

(a) outlines the WP domain (158S–208N, 1008E–1358W) used to define a WP OLR index next.
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indicating a direct link between enhanced convection

over WP and the Texas EHWs. To better understand

the dynamical linkage between WP convection and

Texas EHWs, a WP OLR index is constructed using the

area-averaged OLR over the WP domain (158S–208N,

1008–1308E).
The WP OLR and PZSSTG indices are shown in

Fig. 9a. The WP OLR shows a significantly downward

trend, implying that theWP convection became stronger

in recent decades. In comparison, the PZSSTG shows a

significantly increasing trend, which corresponds well

with the decrease in WP OLR, with a high correlation

coefficient of 20.78. To determine the atmospheric cir-

culation features associated with theWP convection, we

show in Fig. 9b the regression pattern of 200-hPa geo-

potential height onto the negative WP OLR index

FIG. 9. (a) Normalized WP OLR index (black curve; downward trend indicated by the blue

line) and NOAA–ERv4 PZSSTG (gray bars; upward trend indicated by the red line).

(b) Regression of spring H200 (ERA-I; m) onto WP OLR index. (c) As in (b), but after re-

moving the Niño-3.4 signals from theWPOLR index. Shadings in (b) and (c) indicate the areas

exceeding the 95% confidence level. Letters L and H denote the anomalous low- and high-

pressure centers, respectively.
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(i.e., multiplied by 21). Corresponding to the en-

hancement of WP convection, there exist two distinct

Rossby wave trains. One originates from the central

Pacific, similar to that shown in Fig. 4, which is likely

triggered by ENSO SST anomalies. The other originates

from the WP and propagates across the North Pacific,

contributing to the anomalously high pressure over

southern North America during boreal spring. After

removing the ENSO signal by regressing out Niño-3.4
from the WP OLR index, the Rossby waves originating

from the central Pacific disappear almost completely

(Fig. 9c), while the WP-originated Rossby waves in-

tensified. By comparing Figs. 9b and 9c, one can see

clearly that both La Niña and the enhanced convection

in theWP contribute to the anticyclones and thus EHWs

over the southern United States.

The anomalous circulation pattern associated withWP

OLR tends to persist to the summer (see supplementary

Fig. S3), although the magnitude of the wave train

weakens, which results in anomalous high pressure over

the Texas area, leading to prolonged dry and hot condi-

tions. The correlation coefficient between the spring

(summer) Texas precipitation and the ENSO-removed

negative WP OLR index is approximately 20.3 (20.2),

which is significant at the 90% (80%) confidence level.

The summer Texas Mx2t also shows a positive relation-

ship (0.28) with the ENSO-removed negative WP OLR

index, which confirms the hypothesis that the WP con-

vectionmay contribute to the occurrence of Texas EHWs

through wave propagation, although the relationship is

not as strong as the one including ENSO.

5. AGCM experiment results

Five AGCMs from the NOAA Drought Task Force

simulations (Schubert et al. 2009) are used in this section

to further examine the linkage between Texas climate

and Pacific SST conditions. Forced by observed SST,

these AGCMs simulated well the climatology of sum-

mer precipitation and 2-m temperature (T2m) over

North America, with a dry west–wet east pattern re-

gardless of their different horizontal resolutions (see

supplementary Fig. S4).

Figure 10 shows the ensemble means of precipitation

and T2m averaged over the Texas area during the

summer. All five AGCMs simulated a negative trend in

Texas precipitation since the 1990s and a positive trend

in T2m. Because of the lack of daily model output, the

EHWs cannot be defined in the same way as before.

Instead, we use monthly mean T2m temperature to de-

fine extreme hot summers, a reasonable alternative

considering the close relationship between seasonal-

mean Mx2t and EHWD as shown in Fig. 3b. The

increasing trend in Texas summer T2m simulated by all

models implies more frequent EHWs over the Texas

area in Fig. 10b. The correlation coefficient between the

multimodel mean (MMM) T2m and precipitation in

summer is as high as20.9, indicating that the increase in

Texas surface air temperature primarily results from the

reduction in local precipitation. In comparison, the

correlation coefficient between Texas surface air tem-

perature and precipitation from the observation

is 20.84, only slightly smaller than that from the model

simulations. The small reduction in correlation is due to

the larger atmospheric internal variability in observa-

tions as compared to the multimodel ensemble mean.

The high correlation confirms that lower precipitation

could lead to drier soil conditions and reduced evapo-

ration, leading to higher surface temperature and less

precipitation. In addition, the decreased precipitation is

usually accompanied by fewer clouds and more surface

solar radiation, which lead to a higher surface air

temperature.

Figure 11 shows the regression maps of simulated

spring 200-hPa geopotential height onto the antecedent

winter PZSSTG. One of the most prominent features is

the La Niña–forced wave pattern, showing anomalously

low-pressure centers over the tropical Pacific and north-

ern North America, and anomalously high-pressure

centers over the North Pacific and southern North

America. After linearly removing the ENSO signals, the

WP-originated wave trains become more obvious, which

propagate across the North Pacific and lead to anoma-

lously high pressure over the Texas area. Note that sub-

stantial heterogeneity exists in the intensity and location

of the simulated wave trains among different AGCMs,

although the anomalous anticyclones over the Texas area

were simulated by most AGCMs, implying that both the

WP and EP SSTAs exert influences on Texas climate.

We further examine the relationships between Texas

precipitation/temperature and PZSSTG/Niño-3.4 within

the AGCM framework. The left panels of Fig. 12 show

that the winter PZSSTG has a negative correlation with

the MMM precipitation over Texas during the following

spring (summer), with a correlation coefficient of 20.82

(20.73). The correlation coefficients between PZSSTG

and Texas precipitation simulated by the AGCMs are

much higher than those in observations, as expected

from the multimodel mean that reduces atmospheric

internal variability and emphasizes the SST-forced

signal. Correspondingly, the PZSSTG shows a posi-

tive correlation with the MMM T2m over Texas during

summer, with a correlation coefficient of 0.77. The

AGCM results confirm that the amplification of winter

PZSSTG tends to reduce precipitation and increase

T2m over the Texas area.
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FIG. 10. (a) Normalized precipitation and (b) T2m over the Texas area during the boreal summer, which are

obtained from each AGCM simulation (solid color) and observations (blue dashed). The observational precipitation

(GPCC) andMx2t (ERA-I) have been multiplied by a factor of 0.5 to match the model simulations. (c) Relationship

between normalized Texas precipitation and T2m from each AGCM simulation (dots). The MMM is indicated by

black curves in (a) and (b) and black crosses in (c).
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The right panels of Fig. 12 show the similar scatter-

plots between Texas precipitation/temperature and

negative Niño-3.4 index. While the DJF SSTAs in the

central-eastern Pacific also show significant relation-

ships with Texas precipitation and temperature in the

following spring and summer, the magnitudes of the

correlation coefficients are much reduced compared

with those for the PZSSTG. These results confirm again

that the WP SSTAs and the associated wave trains

contribute to the variability in precipitation and tem-

perature over the Texas area.

6. Summary

This study investigated the trend and year-to-year

variability in Texas extreme heat wave events. In

FIG. 11. (left) Regression maps of the AGCMH200 (MAM; m) onto PZSSTG (DJF). (right) Similar to the left,

but after removing the Niño-3.4 signals from the PZSSTG by linear regression. Areas exceeding the 95% confi-

dence level are shaded.
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climatology, the EHWs mainly occur over western,

southwestern, and southern North America, as revealed

by previous studies (e.g., Lau and Nath 2012; Smith et al.

2013; Teng et al. 2016). The largest trend of EHWs is

found over the Texas area, which is found to be related to

the enhanced tropical PZSSTG in the antecedent winter

and spring. The enhanced PZSSTG can be a result of La

Niña conditions, which lead to the cooling of the eastern

tropical Pacific and result in anticyclonic circulation

anomalies over the Texas areas through planetary wave

propagation. However, La Niña alone is found to be in-

sufficient to explain the increasing trend in Texas EHWs,

suggesting the possible contributions of the warming

western tropical Pacific to the Texas EHWs.

FIG. 12. (left) Relationship between DJF PZSSTG and the following season’s precipitation and T2m over the

Texas area, where these values have been normalized. (right) Similar to the left, but for the Niño-3.4 index. Each

model is marked by one specific color, and theMMM is indicated by black crosses. CCs of MMM precipitation and

T2m with the PZSSTG/Niño-3.4 index are given.
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The SVD analysis between tropical Pacific OLR and

North American extreme heat wave days reveals that

the WP convection associated with the amplification of

PZSSTG is correlated with the increased frequency of

Texas EHWs. In recent decades, the winter PZSSTG

has experienced an increasing trend, consistent with the

Texas EHWs. The winter PZSSTG also shows a signif-

icant correlation with the Texas precipitation in the

following spring (summer). In comparison, the correla-

tion coefficients between Niño-3.4 and the Texas pre-

cipitation/temperature in the following spring and

summer are weaker than that with the antecedent

PZSSTG, suggesting that the warm WP SSTAs may

contribute to the Texas EHWs.

The physical mechanisms linking the occurrences of

Texas EHWs and the PZSSTG are found to be associated

with two distinct wave trains. One is triggered by La Niña
conditions and originates from the central tropical Pacific.

This wave train propagates northeastward, leading to an

anomalous anticyclone over the Texas area. The other

originates from the western tropical Pacific and propa-

gates northeastward across the North Pacific, which also

contributes to theTexas high-pressure anomaly.Although

the La Niña–related wave trains dominate the Texas cli-

mate, the WP-originated wave trains add significantly to

the relationships between PZSSTGand theTexas climate.

The increased PZSSTG favors the intensification of WP

convection and the maintenance of stronger Pacific cool-

ing, both of which contribute to the anticyclone anomalies

over the Texas area. Under the control of a persistent

anticyclone, sinking air and clear skies prevail, which

suppress the local convection and reduce precipitation.

Through precipitation–soil moisture–temperature feed-

back, higher surface temperatures and the increased oc-

currences of EHWs are expected.

Our study points to the importance of the anomalous

WP SSTAs and convection to the Texas spring and

summer precipitation as well as the summer heat wave

events. Previous studies (e.g., Kosaka and Xie 2013;

McGregor et al. 2014) have found an enhanced PZSSTG

as a result of greenhouse warming based on the coupled

ocean–atmosphere model simulations, which would

point to possible future increases in Texas heat wave

occurrences and exacerbated drought in the region

through atmosphere teleconnection. It should be cau-

tioned that our study does not explicitly address the role

of anthropogenic forcing in recent Texas droughts/heat.

Rupp et al. (2015) indicated that no simulated increase

in the frequency of large precipitation or soil moisture

deficits was detected from preindustrial to year-2011

conditions. The dynamic mechanism proposed here

could also apply to shorter time scales, such as the in-

traseasonal time scales, when the western tropical

Pacific convection due to the Madden–Julian oscillation

(e.g., Barlow and Salstein 2006; Zhou et al. 2012) can

trigger similar wave trains and lead to Texas heat waves.
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