Climate Dynamics
https://doi.org/10.1007/500382-019-04708-1

=

Check for
updates

Impacts of the North Atlantic subtropical high on interannual
variation of summertime heat stress over the conterminous United
States

Wenhong Li'® - Tian Zou'2 . Laifang Li' - Yi Deng? - Victor T. Sun® - Qinghong Zhang? - J. Bradley Layton’ -
Soko Setoguchi®

Received: 27 June 2018 / Accepted: 1 March 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Heat index (HI) provides a proven indicator of heat stress and discomfort for the general public. The index takes the inte-
grated effects of both temperature and humidity into account, and both factors are regulated by large-scale circulation pat-
terns. This study examines the impacts of the North Atlantic Subtropical High (NASH) on HI over the conterminous United
States (CONUS). The analysis suggests that the HI is primarily controlled by surface air temperature over the CONUS; but
is negatively correlated with relative humidity in the western and Central US north of 40°N. In addition, winds contribute to
the variation of HI in the Midwest and the southeastern US. By regulating these meteorological parameters, the movement
of the NASH western ridge significantly impacts HI over the US, especially the Southeast. When the NASH western ridge is
located northwest (NW) of its climatological mean position, abnormally high temperatures are observed due to fewer clouds
and a precipitation deficit, leading to positive HI anomalies over the southeastern US. In contrast, when the western ridge
is located in the southwest (SW), temperature decreases and HI anomaly becomes negative over the Southeast, even though
relative humidity increases east of 100°W. NASH has a weaker impact on the HI when it is far from the North American
continent, especially during southeast (SE) ridge years. In the future, CMIP5 models project an increase in HI over the entire
CONUS, while NASH-induced HI will be weakened during the NW, SE and NE ridge years but strengthened when its ridge
moves to the SW quadrant. These results suggest that future increases in heat stress are likely caused by climatological
warming and NASH intensification.
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which harm sensitive populations especially the elderly and
people with pre-existing health conditions (Gao et al. 2012).
For example, the 1995 Chicago heat wave claimed hundreds
of lives (Whitman et al. 1997); in 2014, more than 400 Min-
nesotans went to the emergency department, and two died
from hear-related illness (Minnesota Department of Health
2015). As the climate warms in the future, more intense
heat waves are likely to occur (Meehl and Tebaldi 2004;
Ganguly et al. 2009), causing extensive human suffering and
economic loss.
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Extreme heat waves generally occur in summer and are
usually associated with large-scale displacement of air
masses (Grotjahn et al. 2016). In summer, as the jet stream
weakens and moves poleward, the weather and climate in
the US are strongly influenced by the North Atlantic Sub-
tropical High (NASH) (Davis et al. 1997; Li et al. 2011;
Arias et al. 2012). The NASH, also known as the Bermuda
High, is a semi-permanent high-pressure system over the
North Atlantic Ocean in the lower troposphere (Nigam and
Chan 2009). In boreal summer, the high-pressure system
intensifies, and its western ridge extends into the eastern
coast of the US. The variabilities of the NASH intensity
and location significantly impact summertime weather and
climate in the US, especially the regional hydroclimate over
the Southeastern US, Central US and North American mon-
soon region (Stahle and Cleaveland 1992; Davis et al. 1997;
Gamble and Curtis 2008; Li et al. 2011; Arias et al. 2012;
Wei et al. 2018a, b). Previous studies found that when the
NASH western ridge is located to the southwest of its clima-
tological mean position, excessive precipitation is observed
in the eastern US due to increased moisture transported from
adjacent tropical oceans. In contrast, when the western ridge
is located in the northwest, a precipitation deficit prevails
over the southeastern US because of the subsidence, clear
skies, and prolonged dry conditions at the surface produced
by the high-pressure system (Li et al. 2012a).

The impact of NASH on precipitation is mainly associ-
ated with the unique circulation dynamics along its western
ridge, i.e., the balance between the stretch of the vortex tube
and the advection of planetary vorticity. Such rich features
of circulation dynamics along the NASH western ridge can
influence atmospheric temperature directly through tempera-
ture advection and adiabatic heating/cooling and indirectly
through the radiative processes associated with convection
and precipitation (Trenberth and Shea 2005). The impact
of the NASH on heat stress and associated physical mecha-
nisms over the contiguous United States (CONUS), however,
has not yet been systematically investigated.

Generally, atmospheric high-pressure systems have strong
influence on atmospheric humidity, temperature, and winds
(Wallace and Hobbs 2006). When an area is controlled by a
high-pressure system, it is difficult for other weather systems,
especially cyclones, to move into the region. As a result, heat
waves can last for several days, or even weeks. Further, the
high-pressure system inhibits winds, making them faint to
nonexistent. In addition, high-pressure systems also prevent
the formation of clouds, allowing increased direct sunlight
which heats the region even more. The combination of these
effects often induces exceptionally hot weather.

In the future as the climate warms, the NASH is projected
to be intensified, and its western ridge is predicted to move
further westward by state-of-the-art global climate models
(Li et al. 2012b). The intensified NASH and its westward
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expansion will not only enhance hydroclimate extremes such
as droughts in the southeastern US (Li et al. 2013a) and the
North American monsoon region (Arias et al. 2012), but also
change the local thermodynamic conditions (e.g., tempera-
ture and humidity). This study aims to elucidate the impact
of the NASH on summer heat stress over contiguous United
States on interannual time scales. The specific objectives in
the study are: (1) to understand the relationship between the
NOAA heat index and climate parameters over the CONUS;
(2) to explore the interannual variation of US heat stress
associated with the NASH variabilities in summer; and (3) to
study future changes of US heat stress and their association
with an intensified NASH in a warmer climate.

The manuscript is organized as follows: in Sect. 2, data
and methods employed in the study are introduced. In
Sect. 3, results about the relationship between the heat index
and climate variables as well as heat stress associated with
the NASH are presented. Concluding remarks are included
in Sect. 4.

2 Data and methods

The heat index (HI) analyzed in this study, also known as the
apparent temperature, was developed by George Winterling
and was adopted by the USA’s National Weather Service in
1979. Hl is an index to illustrate the human body’s comfort,
and it is what the temperature feels like to the human body
when relative humidity is combined with the air temperature
(Steadman 1979). Such a definition has important considera-
tions for the human body’s comfort, and HI is calculated as
follows:

HI = —42.379 + 2.04901523T,, + 10.14333127RH

— 0.22475541T,RH — 6.83783 x 107°T,’

— 5481717 x 107*RH? + 1.22874 x 107°T,’RH

+ 8.5282x 107*T,RH* — 1.99 x 107°T,’RH’

ey

where T, is air temperature in Fahrenheit, and RH is relative
humidity expressed as a percentage (%). In this study, we
use the daily maximum temperature following Russo et al.
(2017). Our results and overall conclusion are quite similar
when using daily mean air temperature (not shown). Daily
maximum temperature is obtained from 1218 stations in The
United States Historical Climatology Network (US-HCN,
Quinlan et al. 1987; Easterling et al. 1996); relative humidity
(RH) is derived from the National Center for Environmen-
tal Prediction/National Center for Atmospheric Research
(NCEP/NCAR) Reanalysis dataset (Kalnay et al. 1996) dur-
ing the 1950-2017 period. Compared to observed RH from
171 weather stations over the continuous US at the World
Meteorological Organization (WMO) webpage https://web.
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archive.org/web/2016063012502 1/http://data.un.org/Data.
aspx?d=CLINO&f=ElementCode%3all, NCEP/NCAR
reanalysis generally capture the pattern of RH—the spatial
correlation between the two is 0.87; however, the reanalyzed
RH is overestimated by about 4-5% over the southeast,
northeast and Midwest compared to observation (Supple-
mentary). As the aim of the paper is to understand the inter-
annual changes in summertime HI induced by the NASH in
the current and future climate, we focused on the summer
(June—July—August) mean HI instead of daily extremes dur-
ing the 1950-2017 period.

Following previous studies (Li et al. 2012a, 2013a;
Wei et al. 2018a), the NASH and associated atmospheric
circulation and cloud amount are analyzed using NCEP/
NCAR reanalysis (Kalnay et al. 1996) and by the Interna-
tional Satellite Cloud Climatology Project (ISCCP) Stage
D2 data from 1984 to 2009 (Rossow and Schiffer 1991),
respectively. We utilized NCEP/NCAR reanalysis data due
to its relatively longer temporal coverage, and the consist-
ency between NCEP/NCAR and the other more up-to-date
reanalysis datasets in quantifying the NASH variability
has been confirmed (Li et al. 2011, 2013b).

The ISCCP cloud amount data are de-trended to
avoid spurious long-term changes caused by satel-
lite artifacts (Clement et al. 2009). The summer mean
(June—July—August) records during 1984—2009 are ana-
lyzed in this study due to the data availability. Cloud
amount derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) data and the Clouds and
the Earth’s Radiant Energy System (CERES) during
2000-2017 are also analyzed to compare the cloud cover-
age variation associated with different NASH ridge types.

The 850-hPa geopotential height has been chosen in this
study to avoid complications due to possible topographic
effects on the western edge of the NASH. The ridge-line
of the subtropical highs is where winds with an easterly
component reverse to winds with a westerly component
(Fig. 1), and thus mathematically fulfills u=0 and ‘;7 >0,

where u is the zonal wind component (Liu and Wu 2004).
Following Li et al. (2011), the western ridge is defined as
the point of intersection between the 1560-gpm isopleth
and the above-defined ridge line (Fig. 1).

In order to analyze the relationship between the NASH
variation and summer HI over the conterminous US, we
categorize the ridge locations according to their rela-
tive position to the climatological mean NASH western
ridge (86°W, 27°N) during 1950-2017, and divide its
area of influence into four different quadrants: northeast
(NE), northwest (NW), southwest (SW), and southeast
(SE) types, respectively. Composite analysis of the heat
index and climate variables related with the HI such as air
temperature (T,,), wind, and relative humidity (RH) are
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Fig. 1 Spatial distributions of the NASH western ridge position (blue
dots), together with the climatological mean position (86°W, 27°N,
red dot), the 850-hPa wind field (vectors), the 1560-gpm isoline of
850-hPa geopotential height (bold curve) and the 850-hPa subtropical
high ridge line (dashed curve) during the period 1950-2017

analyzed based on the ridge types. Among the 68 sum-
mers, the numbers of NW, SW, NE and SE type of NASH
western ridge are 21, 16, 10 and 21, respectively.

In the future, as the climate warms, the NASH is pro-
jected to be strengthened (Li et al. 2012a, b). The HI
changes associated with an intensified NASH are ana-
lyzed using CMIP5 model output under the historical
(1950-1999) and the Representative Concentration Path-
ways 8.5 (RCP8.5) scenario (2050-2099). The historical
experiments represent the current climate which are driven
by observed changes in atmospheric composition (Taylor
et al. 2012). In the RCP 8.5, greenhouse gas emissions
continue to rise throughout the twenty-first century and
the radiative forcing values will be increased by 8.5 W/m?
in the year 2100 relative to pre-industrial values (Taylor
et al. 2012).

In this study, the multi-model ensemble (MME) is
applied to project future climate. The MME emphasizes
HI changes due to climate forcing and deemphasizes dif-
ferences in models’ dynamic cores and parameterization
schemes (Gleckler et al. 2008). Of the 29 CMIP5 models,
16 are chosen because these models reasonably capture
the climatology and interannual variations of HI, T,,, and
RH compared to observations (Table 1), and the pattern
correlations between the simulation and observation are
higher than their lower quartile, i.e., 0.76, 0.69, and 0.73
for HI, T,, and RH, respectively over CONUS. The overall
results are similar when using a stricter standard to choose
models; although there is some improvement of the HI
climatology and the relationship between HI and NASH
in the Historical scenario, fewer “good” models make it
hard to pass the significant test. We employ one member
of each model (rlilpl) in the study following Biasutti and
Giannini (2006).
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Table 1 CMIP5 models in study

Model Modeling center Correlation coefficient

w/ observation

HI Ty RH
ACCESS1-0 CSIRO-BOM 0.81 0.79 0.84
ACCESSI1-3 0.82 0.70 0.90
CCSM4 NCAR 0.85 0.76 0.87
CESM1-BGC NSF/DOE NCAR 0.84 0.74 0.85
CESM1-CAM5 0.84 0.79 0.84
CNRM-CM5 CNRM-CERFACS 0.77 0.75 0.74
CSIRO-Mk3-6-0 CSIRO-QCCCE 0.77 0.70 0.81
GFDL-CM3 NOAA GFDL 0.87 0.77 0.74
GFDL-ESM2G 0.85 0.79 0.83
GFDL-ESM2M 0.87 0.76 0.74
GISS-E2-H NASA GISS 0.85 0.79 0.87
GISS-E2-R 0.86 0.74 0.82
GISS-E2-R-CC 0.86 0.74 0.81
HadGEM2-AO MOHC 0.83 0.76 0.76
MIROCS MIROC 0.81 0.73 0.90
NorESM1-M NCC 0.80 0.79 0.87

Correlation coefficients of HI, T,, and RH between each model and
observation are also listed (see details in Sect. 2)

3 Results

3.1 Relationship between the heat index
and climate parameters over the CONUS

Figure 2a shows the climatology of the HI during
June—July—August (JJA) over the CONUS. In boreal sum-
mer, the HI value tends to decrease with latitude (Fig. 2a).
Specifically, HI is highest in the southeastern and south-
western US, with HI maximized in Florida, Georgia, South
Carolina, Alabama, Mississippi, Louisiana, Southern Texas,
and the stations at the boundary of Arizona and Southern
California. Lower HIs are observed in the northern US
including the Central US, Pacific Northwest, New York,
Minnesota and Wisconsin, where the HI value is usually
lower than 82 °F. In addition, the standard deviation of the
summer HI suggests that the interannual variability of HI is
higher east of the 100°W, especially over the southeastern
US where standard deviation of the HI is greater than 7.2 °F
(Fig. 2b). Comparatively, there is less HI variability over the
Western US. Overall, Fig. 2 suggests that the Southeastern
US experiences the highest HI and the strongest variability
during 1950-2017.

In order to further understand the relationships between
the HI and meteorological variables, the correlations
between the HI and temperature, relative humidity, and
low-troposphere winds over the CONUS are calculated
and shown in Fig. 3. Overall, temperature has the highest
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correlation with the HI, with correlation coefficients greater
than 0.8 over most of CONUS, with the exception that the
correlation is slightly lower over the Texas and Oklahoma
(between 0.6 and 0.8). HI is negatively correlated with the
temperature at a few stations along the California and Ore-
gon coast (Fig. 3a). The close relationship observed between
the HI and temperature is expected, as air temperature makes
the largest contribution to the summer HI over CONUS in
the estimation of the HI (Eq. 1).

Compared to temperature, relative humidity is less well-
correlated with HI and shows mostly a negative correlation
in the Northern US (Fig. 3b). The negative correlation is
most significant over the Western and Central US north of
40°N, where the correlation coefficient is between —0.4 and
—0.8 (Fig. 3b). The correlation coefficient between RH and
the HI becomes weakly positive in the Southwestern US
(Fig. 3b).

Besides the two thermodynamic variables, winds also
indirectly contribute to the variation of the HI over the Great
Plains, Midwest, and Eastern US. The correlation between
the HI and 850-hPa wind speed is positive over the US.
Midwest and northern Central US (Fig. 3c). The positive
correlation is more significant in the states of Nebraska,
South Dakota, Iowa, and southern Minnesota, indicating
that stronger southerly winds (Fig. 1) are linked to higher
HI values and is presumably due to the advection of warm,
moist air by the southerly wind (Fig. 3¢) associated with the
NASH in the region (Wei et al. 2018b). In contrast, HI shows
a negative correlation with the wind speed at the stations in
the eastern US especially in Georgia, Alabama, Mississippi,
Indiana, Ohio, West Virginia, Pennsylvania and New York
(Fig. 3¢).

In summary, the HI is primarily controlled by surface
air temperature in the CONUS; relative humidity shows a
negative correlation with the HI in the Western and Central
US north of 40°N. Figure 3 also illustrates that atmospheric
winds play a role over the Midwest and eastern US, suggest-
ing that the interannual variation of the HI involves dynamic
processes.

3.2 Variations of the NASH western ridge and its
impact on the US heat index

Results from Sect. 3.1 demonstrate that interannual varia-
tions of the HI are not only affected by the variation in ther-
modynamic variables (T, and RH), but also that dynamic
parameters (winds) indirectly influence the HI. This natu-
rally suggests a strong link between the HI and the NASH
whose variation generates climate impacts both thermody-
namically and dynamically (Li et al. 2015).

There has been considerable interannual variation of the
NASH intensity and associated atmospheric circulation in
recent decades (Li et al. 2011). When the NASH intensifies,
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its western boundary expands more westward to the North
American continent; whereas the western boundary associ-
ated with a weaker NASH tends to retreat eastward (Li et al.
2011, 2012b). Thus, the movement of the NASH will likely
alter the abovementioned thermodynamic and dynamic vari-
ables that affects HI (Arias et al. 2012; Wei et al. 2018b).

3.2.1 Interannual variations of Hl associated with the NASH
variability

Figure 4 shows the composite of US summer HI on the four
NASH western ridge locations. The northwest ridge pattern

100W 80w
2.4<=x<3.2 ° 4,8<=x<5.6 ° 7.2=x<8.0
3.2<=x<4.0 ° 5.6<=x<6.4 ° 8.0<=x<8.8
4.,0<=x<4.8 o 6.4=x<7.2 o x>=8.8

corresponds to positive HI anomalies over the southeast-
ern US, where the HI anomalies exceed 2 °F except Florida
(Fig. 4a). Over Missouri and Arkansas, positive HI anoma-
lies are also observed. The spatial distribution of HI anoma-
lies (Fig. 4a) shares some similarities to the negative precipi-
tation anomalies (Li et al. 2012b) and positive temperature
anomalies (Fig. 5a) over the region, which increases the heat
stress during the NW ridge position years (Fig. 4a).

HI anomalies corresponding to the southwest (SW)
ridge type exhibit the opposite pattern of those corre-
sponding to the NW ridge type (Fig. 4b). Negative HI
anomalies are mainly located east of 100°W, whereas
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Fig.3 Correlation coefficient
between the HI and a T, b

RH, and c total wind speed at
850-hPa. Stations passing 95%
confidence level are plotted with

black circles
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Fig.4 Composite summer HI anomalies (unit: °F) based on 850-hPa NASH western ridge types a northwest, b southwest, ¢ northeast, and d
southeast, respectively. Stations passing 95% confidence level are plotted with black circles

positive anomalies are observed only over the Pacific
northwest and California. The HI anomalies are below
—3 °F in most of the southeastern US states. Figure 4a,
b demonstrates a strong response of the HI to the meridi-
onal migration of the NASH western ridge when the ridge
extends westward.

When the western ridge retreats eastward, its impacts
on CONUS HI are weaker (Fig. 4c, d). Specifically, when
the ridge is located in the northeast (NE) quadrant relative
to its climatological mean position, HI is characterized by
weak negative anomalies over the Southeastern US, and
positive anomalies over the Northern US east of 105°W
(Fig. 4c). HI anomalies become negative in Georgia and
South Carolina. The HI anomalies are weakest when the
NASH western ridge is located in the southeast (SE)
quadrant (Fig. 4d), indicating that NASH has little impact
on the HI when far from the North American continent
with its ridge southward.

3.2.2 Through what parameters/processes does the NASH
ridge control the heat index over the US?

To elucidate the mechanism through which NASH impacts
the HI, we analyze the changes of T,,, RH, and winds asso-
ciated with NASH western ridge position. We focus on the
NW- and SW-ridge not only because these two ridge types
have greater impact on CONUS HI than their eastward
counterparts, but also because their occurrence is likely to
increase in the future as climate warms (Li et al. 2013b).
Figure 5 shows the T, variations associated with the four
different ridge types. When the NASH ridge is located in
the NW quadrant, positive T, anomalies can be observed
over the Southeastern US, and negative anomalies can be
observed over the Northwestern US. Over the Southeastern
US and central Great Plains, T, is about 0.6—1 °F above
summer climatology. The spatial pattern of the T, anomalies
resembles that of the HI (Fig. 4a), suggesting the importance
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Fig.5 Same as Fig. 4, but for T, (unit: °F) derived from USHCN

of temperature variation in heat index changes. In the north-
western US, T, is below normal by 0.4-0.6 °F which is
insignificant (Fig. 4a).

T, responses to the SW, NE, and SE ridges (Fig. 5b—d)
are also similar to the HI anomalies (Fig. 4b—d). When the
NASH ridge is located in the SW quadrant, T,; anomalies
tend to be negative over the US east of 100°W, but they
are positive over the Pacific Northwest (Fig. 5c). When the
NASH ridge is in the NE quadrant, temperature is above
normal by 0.6—1 °F over the north Central, north Midwest
and Northeastern US, and T, anomalies are negative over
southern US and Pacific Northwest (Fig. 5b). T, anomalies
are almost zero over the entire CONUS when the NASH
ridge is in its SE quadrant (Fig. 5d). Figures 4 and 5 suggest
that the position of the NASH western ridge is closely linked
to the observed variability in HI by altering atmospheric
temperature (T,,), since T is a primary factor to determine
the strength of HI (Eq. 1).

The temperature impact on HI, however, can be modified
by the RH whose changes are subject to the spatial vari-
ation of the NASH western ridge (Fig. 6). Generally, RH
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anomalies are stronger when the NASH western ridge is
located in the NW, SW, and NE quadrants (Fig. 6a—c) com-
pared to the ridge in the SE quadrant (Fig. 6d). Different
from the T, responses to the NW ridge type which is more
apparent over southeastern US (Fig. 5a), positive RH anoma-
lies are mainly observed over northwestern US, especially
over Idaho; NW ridge location has a minor impact on the RH
over the Central and Eastern US (Fig. 6a). When the ridge
places at the SW and NE directions relative to its climatolog-
ical position, the responding RH patterns are similar to those
of T, (Fig. 5b, c), but in the opposite direction (Fig. 6b, c).
RH positive anomalies is much stronger in the CONUS east
of 100°W during the SW-ridge years. The opposite sign of
RH and T, anomalies corresponding to these NASH ridge
types reflects an inverse relationship between local relative
humidity and temperature (Aguado and Burt 2015). Figure 6
suggests that the heat stress modulated by local RH is likely
through variations of T, during SW- and NE-ridge years.
Wind also varies with the movement of the NASH west-
ern ridge (Li et al. 2011), as shown in Fig. 7. The sum-
mer atmospheric circulation with the NW-type ridge is
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characterized by an intensification of the Great Plains low
level jet (GPLLJ) and an abnormal anticyclonic circulation
over the Central and Southeastern US (Fig. 7a). Such abnor-
mally strong southerly winds carry tropical warm air to the
Great Plains and Midwest (Ting and Wang 1997; Wei et al.
2018b), which increases temperatures (Fig. 5a) but has less
of an impact on humidity (Fig. 6a). Thus, the meridional
wind is positively correlated with the HI (Fig. 3c), contrib-
uting to an increased heat stress over the region (Fig. 7a).
The anticyclonic circulation over the southeastern US also
inhibits local vertical motion, prevents clouds formation, and
allows sunlight to further heat up the land surface. Indeed,
the cloud coverage decreases over the southeastern US in
the NW-ridge years (Fig. 8a). All these processes lead to
increased T, and HI over the central and southeastern US
(Figs. 4a, 5a).

In contrast, when the NASH western ridge moves to the
SW quadrant, an anomalous cyclonic circulation can be
found over the Great Plains and Southeastern US (Fig. 7b).
With the same mechanism in action, a decreased HI will be
observed. This result agrees with the analysis by Li et al.

(2012a) which found that the SW ridging corresponds to
wetter than normal summers, resulting in relatively higher
clouds (Fig. 8b), colder T, and negative HI anomalies over
the regions (Figs. 4b, 5b).

When the NASH western ridge is located in the NE
quadrant, different wind anomaly patterns are found over
the Northern and Southern US east of 100°W (Fig. 7c).
Specifically, in the Northern US (40°N northward) and east
of 100°W, abnormally anticyclonic flows can be observed.
Such wind patterns lead to higher T, (Fig. 5c) over Midwest
due to decreased cloud amount (Fig. 8c), deficit rainfall (Li
et al. 2012a), and increased surface insolation (not shown).
The abnormally high T, contributes to a higher HI over
the region (Fig. 4c). Similarly, abnormally cyclonic flows
correspond to negative T,, and weaker heat stress (Fig. 4c)
over the southern US east of 100°W. During the SE ridge
years when the high-pressure system is far from the North
American continent, atmospheric winds do not vary much
compared to the climatology (Fig. 7d), and the impact of the
NASH circulation on HI is minimal. These results are sup-
ported by the CERES/MODIS cloud data during 2000-2017,
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especially when the western ridge is located in the NW and
SW quadrants (not shown).

3.3 Future changes of heat index over the CONUS

In the future as the climate warms, atmospheric tempera-
ture will increase over the entire CONUS according to the
CMIPS models (Wuebbles et al. 2013; Intergovernmental
Panel on Climate Change 2014), potentially increasing the
HI. Figure 9 shows changes in summer HI from 1950 to 1999
to 2050-2099. The multimodel ensemble (MME) mean HI
increases over the entire CONUS, especially east of 105°W;
and future HI will be 21% higher over southeastern US.
The background warming alters the NASH circulation
(Li et al. 2011, 2012b, 2013b) and can potentially change
the way NASH influences the interannual variation of the HI
over CONUS. Figure 10 shows the CMIP5 model-simulated
HI anomalies based on different NASH ridge types during
1950-1999. In comparison with the historical observations
(Fig. 4), the modeled HI show similar patterns correspond-
ing to the four ridge types especially when the NASH ridge
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sits in the NW (Fig. 10a) or SW quadrant (Fig. 10b). NW
and SW ridge types correspond to higher and lower HI
anomalies, respectively, over the area east of the 100°W;
and the pattern correlation (0.7 for NW and 0.69 for SW)
between the modeled and observed HI is statistically signifi-
cant at the 0.05 level, taking into account the spatial corre-
lation between meteorological variables (Dave et al. 2012).
Simulated HI is underestimated, especially over the Midwest
and Northeast US, when the NASH is located in the NE
quadrant (Fig. 10c); contrarily, modeled HI is significant
overestimated for the SE-type ridge (Fig. 10d). On average,
the magnitude of modelled HI anomalies is about 51%, 90%
and 240% weaker in the NW, SW, SE ridge years, but it is
about three and a half times stronger in the SE ridge years.

In the future as greenhouse gas concentration increases,
NASH will be intensified and move further westward (Li
et al. 2012b), leading to an increased number of NW and SW
ridge years (Fig. 11). Specifically, the NW-type and SW-type
ridges are projected to increase by 67% and 80%, respec-
tively, under the RCP8.5 scenario compared to Historical
scenario, where the SE- and NE-type ridges decrease by
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Fig. 9 Changes in HI (unit:

°F) from Historical to RCP8.5
scenarios as simulated by the 16
CMIP5 models
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Fig. 11 Occurrence rate of NASH ridge types as simulated by the
CMIP5 models under Historical and RCP8.5 scenarios. The bottom
and top of each error bar shows the 25th and 75th percentile value
among CMIP5 models

76% and 73%, similar to results present in Li et al. (2015)
using RCP4.5 scenario.

The NASH-induced interannual variability of the HI tends
to be weakened in the future except the SW summers (Fig. 12).
Under the RCP8.5 scenario, the MME HI anomaly is about
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0.5-1.2F higher over the area east of 105°W correspond-
ing to the NW-type ridge, the higher HI (0.9-1.2F) area is
mainly confined in the southern Appalachian region (Fig. 12a),
smaller than that in the Historical simulation (Fig. 10a). Simi-
larly, the projected HI anomaly is also weaker during the NE
and SE ridge years (Fig. 12c, d). When the NASH ridge is
located at the SW quadrant, the magnitude of negative HI
anomaly enhances over the area east of 100°W, especially
over the southeastern US where it drops by more than 30%
(Fig. 12b).

In summary, in a warmer climate, the impact of NASH
on the HI will be weakened over the area east of 100 W for
the NW, SE, and NE ridge types; but the NASH may cause
stronger negative HI anomalies when its ridge moves to the
SW quadrant. The results suggest that the increased heat stress
in the future could be caused by the background warming
effect and NASH intensification.
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4 Conclusion and discussion

The NASH plays an important role in altering precipitation
over the conterminous US in summer. However, its impacts
on HI over CONUS have not been systematically investi-
gated. This study evaluates the impact of NASH on observed
HI, the physical processes, and its implication for future HI.

Our analysis suggests that the HI is primarily controlled
by air temperature in the CONUS; whereas RH is negatively
correlated with the HI in western and Central US north of
40°N. In addition, atmospheric wind modulates HI over the
Midwest and Southeastern US. These parameters, and thus
the HI in the CONUS, are sensitive to the location change of
the NASH western ridge. When the NASH western ridge is
located northwest (NW) of its climatological mean position,
abnormally high temperature is observed due to the reduc-
tion of clouds and deficit in precipitation. Although humidity
does not significantly change during the NW ridge years, the
increased temperature leads to positive HI anomalies over
the Southeastern US. In contrast, when the western ridge is
located in the southwest, anomalously low temperature is

observed over the Southeastern US which leads to negative
HI although RH increases over the US east of 100 W. When
the ridge is located at the NE quadrant, HI is characterized
by weak negative anomalies over the Southeastern US and
positive anomalies over the Northern United States east
of 105°W; The HI does not significantly change when the
NASH western ridge is located in the SE quadrant, indicat-
ing that the impact of NASH is weakened when it is far away
from the North American continent with its ridge southward.

Under the future RCP 8.5 scenarios, CMIP5 models pro-
ject HI to increase over the entire CONUS, especially east
of 100°W. Meanwhile, the models project that the NASH-
induced HI anomaly is weaker during the NW, NE, and SE
ridge years, but stronger during SW years when the climate
warms. The results suggest that the increased heat stress over
the CONUS in the future is likely through both climatologi-
cally warming effect and the NASH intensification.
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