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ABSTRACT

This study investigates the changes of the North Atlantic subtropical high (NASH) and its impact on summer

precipitation over the southeastern (SE) United States using the 850-hPa geopotential height field in the Na-

tional Centers for Environmental Prediction (NCEP) reanalysis, the 40-yr European Centre for Medium-Range

Weather Forecasts (ECMWF) Re-Analysis (ERA-40), long-term rainfall data, and Intergovernmental Panel on

Climate Change (IPCC) Fourth Assessment Report (AR4) model simulations during the past six decades

(1948–2007). The results show that the NASH in the last 30 yr has become more intense, and its western ridge

has displaced westward with an enhanced meridional movement compared to the previous 30 yr. When the

NASH moved closer to the continental United States in the three most recent decades, the effect of the NASH

on the interannual variation of SE U.S. precipitation is enhanced through the ridge’s north–south movement.

The study’s attribution analysis suggested that the changes of the NASH are mainly due to anthropogenic

warming. In the twenty-first century with an increase of the atmospheric CO2 concentration, the center of the

NASH would be intensified and the western ridge of the NASH would shift farther westward. These changes

would increase the likelihood of both strong anomalously wet and dry summers over the SE United States in the

future, as suggested by the IPCC AR4 models.

1. Introduction

Summer precipitation over the southeastern (SE)

United States is important for regional hydrology and

agriculture. In recent decades (1948–2007), observations

have shown intensified year-to-year fluctuations in sum-

mer rainfall over this region (Wang et al. 2010). During the

boreal summer [June–August (JJA)], the frequency of

summers with strongly anomalous precipitation, defined

as summers with total seasonal precipitation anomalies

greater than one standard deviation, has more than dou-

bled in the second 30 yr of this period compared to the

first 30 yr (Fig. 1). This change is mainly caused by a sig-

nificant increase in non rainy days during anomalously dry

summers and an increase in heavy rainfall events during

the anomalously wet summers (Wang et al. 2010). Chi-

square tests suggest that the change in the number of

summers with strongly anomalous rainfall between the

two periods is significant. Compared to changes in the

annual mean, strong summer rainfall anomalies have

far more impact on human and natural systems (Wehner

2004). Increased drought and more intense thunder-

storms have been shown to alter runoff, increase soil
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erosion, and affect crop yields across the United States

(Riha et al. 1996).

Many factors could influence summer precipitation var-

iability in the SE United States, such as sea surface tem-

peratures (SSTs) and associated atmospheric circulation

anomalies (Wang and Enfield 2001; Seager et al. 2003;

Schubert et al. 2009; Kushnir et al. 2010), hurricane activ-

ities (Elsner and Tsonis 1993; Chan and Misra 2010), and

soil moisture (Koster et al. 2004; Wu et al. 2007). Among

them, the subtropical high over the North Atlantic is prob-

ably one of the most important contributors to the vari-

ability in the SE U.S. precipitation (Katz et al. 2003).

This subtropical high is a semipermanent system over

the North Atlantic. During boreal summer, its surface

center is located near Bermuda within an area bounded by

(258–408N, 208–508W) and is commonly referred to as the

‘‘Bermuda high’’ (Zishka and Smith 1980; Davis et al.

1997). In the past, the North Atlantic subtropical high

(NASH) has been studied to improve prediction of

hurricane tracks (e.g., Liu and Fearn 2000) and to under-

stand weather and climate over the eastern United States,

western Europe, and northwestern Africa (Davis et al.

1997; Kushnir et al. 2010). However, unlike the subtropical

high over the Pacific (e.g., Sui et al. 2007), the impact of the

interannual-to-decadal–scale variations of the subtropical

high over the North Atlantic, and especially its western

ridge, on the summer rainfall variability over the SE

United States has not been investigated. In this study, we

investigate the impact of the NASH on summer rainfall

over the SE United States on interannual and decadal

scales, using the National Centers for Environmental

Prediction (NCEP)–National Center for Atmospheric

Research (hereafter referred to as the NCEP) reanalysis

data, the 40-yr European Centre for Medium-Range

Weather Forecasts (ECMWF) Re-Analysis (ERA-40)

dataset, long-term rainfall data, and the climate models

that participated in the Intergovernmental Panel on Cli-

mate Change (IPCC) Fourth Assessment Report (AR4).

In the following section, the data and primary methods

are described. The definition of the NASH’s intensity and

movement is also discussed. Section 3 gives the results,

and the conclusions and discussion are given in section 4.

2. Data and methods

The data used in this study consist of precipitation, the

atmospheric geopotential height, wind, and humidity

fields. Summer seasonal means are obtained by averaging

over JJA. To be consistent with our previous work (Wang

et al. 2010), we analyzed the precipitation data from

the National Oceanic and Atmospheric Administration

(NOAA) Climate Prediction Center (CPC) U.S. Unified

Precipitation for 1948–98 and from the real-time U.S.

Daily Precipitation Analysis for 1999–2007 in the same

area (258–36.58N, 768–918W) as in Wang et al. (2010). Both

datasets are on a 0.258 3 0.258 (latitude 3 longitude) grid.

The 850-hPa geopotential height was chosen instead of

sea level pressure to characterize the NASH in this study to

avoid possible topographic effect on the west edge of the

NASH because the semipermanent NASH has a baro-

tropic structure below 600 hPa (not shown). NCEP rean-

alysis data were analyzed from 1948–2007 (Kalnay et al.

1996), the same period of observed precipitation as in

Wang et al. (2010). We also analyzed ERA-40 reanalysis

for the period of 1958 to 2002 (Uppala et al. 2005) to verify

our results obtained from NCEP. These are the two widely

used reanalysis products with relatively long periods (60 yr

for NCEP and 45 yr for ERA-40) and have shown a con-

sistency with previous observation to study decadal vari-

ability over the North Atlantic (Wu and Liu 2005).

FIG. 1. Observed JJA precipitation anomaly over the SE United States for a 60-yr period

(mm day21). Horizontal dashed lines represent 1 standard deviation of the summer rainfall.
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We have examined the 850-hPa geopotential field

from the coupled ocean–atmospheric general circula-

tion models organized and coordinated by the World

Climate Research Group (WCRP) Working Group on

Coupled Modeling (WGCM) for the IPCC AR4 that is

available at the Program for Climate Model Diagnosis

and Intercomparison (PCMDI). We considered three sets

of the simulations: preindustrial runs (PICNTRL), twen-

tieth-century forced runs (20C3M), and the twenty-first-

century simulations under the emission scenario A1B

(A1B). The PICNTRL experiments represent the natural

variability of a coupled ocean and atmosphere climate

system with greenhouse gases fixed at the pre-industry

level. The forced experiments for the twentieth century

(20C3M) are driven by estimated changes in a variety of

anthropogenic forcings and, for some models, the changes

in natural external forcings such as solar irradiance varia-

tion and volcanic aerosols. The A1B scenario describes

a future world of very rapid economic growth and global

population that peaks in the midcentury and declines

thereafter, and it describes the rapid introduction of new

and more efficient technologies (Nakicenovic et al. 2000).

The CO2 concentration doubles to 720 ppm in 2100 at the

twenty-first-century simulations, after which it is fixed.

There are 23 models in the pre-industry controlled run,

the twentieth-century forced runs, and the twenty-first-

century simulations.

The center of the NASH is defined as the location with

the highest geopotential height at 850 hPa within the

climatological mean area (208–458N, 808–108W) of the

NASH (Davis et al. 1997); the highest geopotential height

value is thus defined as the NASH’s intensity. The com-

parison between using the domain-averaged geopotential

height value over the region (208–458N, 808–108W) and

using the highest geopotential height value to represent

the NASH’s intensity showed similar results for our pur-

pose. The location of the 850-hPa center has a similar lat-

itude and longitude to the center of the NASH at the sea

level during the 60-yr period (not shown). The ridge line

of the NASH is defined as a roughly zonal line north of

which the trade winds reverse to westerly, thus satisfying

u 5 0 and ›u/›y . 0, where u is the zonal wind (Liu and

Wu 2004). Traditionally, meteorologists plot geopotential

height at a 20-gpm interval on 850 hPa. The 1540-gpm line

is far into the continent while the 1580-gpm line is still

over the North Atlantic; therefore, the1560-gpm line was

used to represent the western boundary of the migration

of the NASH. The summer western ridge is subsequently

identified as the point where the 1560-gpm line intersects

the ridge line of the NASH. To avoid the possible spread

of the western ridge among the phase 3 Coupled Model

Intercomparison Project (CMIP3) models and to make

results comparable, we used the climatological contour

straddling the longitude of 868W to represent the western

edge of the NASH similar to that in Zhou et al. (2009).

This longitude is derived according to observed climato-

logical NASH location based on the NCEP reanalysis

data. To identify how changes of the NASH are linked to

natural decadal variabilities, indices for the Atlantic multi-

decadal oscillation (AMO) and the Pacific decadal oscilla-

tion (PDO) are considered. AMO and PDO indices are

available online from http://www.esrl.noaa.gov/psd/data/

climateindices/list/. Our work investigates the relationship

between the changes of the NASH and the intensification

of summer precipitation variability over the SE United

States in recent decades and its implications for the future

climate over the region.

3. Results

Both NCEP and ERA-40 reanalyses suggest a decadal-

scale shift of the NASH (Fig. 2). Figure 2 shows a remark-

able difference in the position of the western extension of

the NASH between the 1948–77 and 1978–2007 periods

for NCEP and between the 1958–77 and 1978–2002 pe-

riods for ERA-40. During the first period (1948–77 for

NCEP, 1958–77 for ERA-40), the mean position of the

western ridge of the NASH was located at 818W (828W)

in the NCEP (ERA-40) reanalysis, where in the second

period (1978–07 for NCEP, 1978–02 for ERA-40), the

mean western ridge shifted to 878W (868W) in NCEP

(ERA-40) reanalysis (Fig. 2). There are some discrep-

ancies between the two reanalysis datasets. The decadal

shift of the western ridge is about 68 (60 yr) in the NCEP

and 58 (45 yr) in ERA-40 (Fig. 2). However, both datasets

indicate a significant westward trend of the western ridge

of the NASH since the late 1970s (Fig. 3), similar to the

results of the subtropical high over the western Pacific

(Zhou et al. 2009). For NCEP and ERA-40 reanalysis

data, the ridge moved westward at an average speed of

21.22 8 decade21 and 21.19 8 decade21 at the 1% and 5%

significance levels, respectively, during the entire periods.

In addition, both NCEP and ERA-40 reanalysis data

demonstrate that the intensity of the NASH center in-

creased at a trend of 0.9 gpm decade21 and 0.87 gpm

decade21 at the 5% and 30% significance level during the

60- and 45-yr period, respectively. The correlation coef-

ficient between the center’s intensity and the western

ridge’s longitude is the 20.42 (20.34) at the 1% (1%)

significance level for NCEP (ERA-40) reanalysis data.

The intensity variation of the NASH’s center appears to

explain 38% of the westward extension of the ridge based

on linear regression (not shown). Thus, the westward

extension of the ridge is closely related to the intensity

change of the NASH.

With the westward extension of the NASH, the north–

south (N–S) migration of its western ridge has had a
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greater impact on the summer precipitation over the SE

United States. Figure 4 shows the time series of the 30-yr

(20-yr) moving correlation coefficient between the

latitudinal variation of the western ridge using NCEP

(ERA-40) and the normalized precipitation index (NPI)

over the SE United States. NPI is defined as rainfall

anomaly (Fig. 1) divided by its standard deviation (Wang

et al. 2010). As more years from the second period are

factored into the calculation, the correlation coefficient

increases to about 0.7 for both NCEP and ERA-40, in-

dicating a larger impact of the NASH on the SE U.S.

summer precipitation during the second period.

The impact of latitudinal variation of the west ridge on

the SE U.S. rainfall can also be seen in Fig. 5, which shows

the linear regression coefficient of rainfall against the lat-

itude of western ridge during the two periods using NCEP

and ERA-40, respectively. Significant negative coeffi-

cients (less than 20.3 at the 5% significance level) are

FIG. 2. Interannual variations of 1560-gpm contour line at 850 hPa during JJA in both NCEP and ERA-40 re-

analysis data for the two periods considered. (a) NCEP first period 1948–77; (b) NCEP second period 1978–2007;

(c) ERA-40 first period 1958–77; and (d) ERA-40 second period 1978–2002. Red thick curves represent the mean

location of the NASH in JJA for the two periods, and green and brown lines represent the NASH in wet and dry

years, respectively. Note ERA-40 only covers the period 1958–2002, thus the two periods considered are 1958–77 and

1978–2002 to be in agreement with the two periods considered for the NCEP reanalysis data.

FIG. 3. West–east movement of the western ridge of the summer NASH at 850 mb in NCEP

(blue bar, unit: degree) and ERA-40 (red bar, unit: degree) reanalysis datasets, relative to their

climatological mean longitude. Summer AMO (solid curve) and PDO (dashed curve) indices

are also plotted.
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found in the SE United States except some parts of Florida

in the second 30-yr (25-yr) period for NCEP (ERA-40;

Figs. 5b and 5d). Moisture fluxes for the two periods

plotted in Fig. 5 also suggested the stronger influence of

the NASH on the climate over the SE United States in

the second period. When the western ridge moves to the

north, rainfall tends to decrease in the SE United States

because this region is located within the western part of

the NASH and the weather pattern is dominated by sub-

sidence (Fig. 2). Likewise, when the NASH shifts south-

ward, rainfall tends to increase in the SE United States

because this region is located to the northwest of the

NASH where winds along the western edge of the NASH

transport ample warm and moist air from Gulf of Mexico.

The variance of N–S movement of the western ridge in

the second 30-yr (20-yr) period increased by 47% (25%)

using NCEP (ERA-40) at the 1% (1%) significance level

relative to the first period, corresponding to the enhanced

variation of the summer precipitation over the SE United

States (Fig. 1). Such negative coefficients of precipitation

are not significant in the first period (Figs. 5a and 5c),

indicating significantly increased impacts of the NASH

on the summer rainfall over the SE United States from

the first to the second period.

Are the observed changes of the NASH caused by

natural climate variability or anthropogenic forcing? We

have examined the relationship between the changes of

NASH and other natural decadal variability modes, such

as the AMO and the PDO (Fig. 2). The correlation be-

tween the AMO (PDO) index and longitude of the western

ridge is only 20.19 (0.18) and does not pass significance

tests. Thus, natural decadal modes do not appear to ex-

plain the changes of NASH. We therefore examine the

potential impact of anthropogenic forcing on the changes

of NASH by comparing the observed trends with model-

based estimates of unforced trends and of the forced

changes in the twentieth-century experiments following

Santer et al. (2006) and Li et al. (2008).

Figures 6a and 6b illustrate the fractional distribution of

the NASH intensity trends and the western ridge trends in

the preindustrial (PICNTRL, 50 yr), the twentieth-century

(20C3M, 1950–99), and the twenty-first-century simula-

tions (A1B, 2050–99) obtained from all the 23 CMIP3

models. In the twentieth century, about 58% of models

show an increase of the NASH center’s intensity com-

pared to the distribution (20%) in the PICNTRL sim-

ulations (Fig. 6a). The percentage reaches 100% in the

twenty-first century (Fig. 6a). More than 60% of the models

demonstrate a higher rate of the increase in the center’s

intensity (greater than 1.5 gpm decade21; Fig. 6a). The

western boundary of the NASH further expands with the

increase of the center’s intensity in both the 20C3M and

A1B simulations. In the twenty-first century with the in-

crease of greenhouse gases, all models suggest westward

expansions (Fig. 6b) compared to 65% models in the

twentieth century, indicating a more important role of

the NASH in the SE U.S. climate. On the contrary, the

PICNTRL simulations indicate a majority of the models

without trends or showing slight eastward movement of the

NASH west edge, instead of observed westward move-

ment (Fig. 6b). Figure 6c demonstrates the trend of stan-

dard deviation in N–S change of the western ridge in the

preindustrial (PICNTRL), the twentieth (20C3M), and

the twenty-first (A1B) centuries. In the twentieth cen-

tury, the enhanced meridional movement of the NASH

western ridge has been captured by about 30% models,

similar to the percentage suggested by the PICNTRL

simulations. However, the NASH is located relatively

FIG. 4. The 30-yr (20-yr) moving correlation between the NPI and the latitude of the NASH

west ridge endpoint in the NCEP (ERA-40) data. NPI is defined as rainfall anomaly divided by

its standard deviation (Wang et al. 2010).
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eastward from the continental United States in the

PICNTRL simulations (Fig. 6b); thus, its impact on rain-

fall of the SE United States is weaker than observed.

The enhanced N–S variations of the western ridge are

more apparent in the twenty-first century, with 70% of

models showing an increased trend of standard deviations

(Fig. 6c). The summer precipitation has also indicated an

enhancement of variability. Figure 6d shows the differ-

ence of the precipitation variance between the twenty-first

and the twentieth centuries. About 70% of the models

show an enhancement of rainfall variability in the SE

United States with the increase of greenhouse gases in the

twenty-first century, suggesting an increase of the summer

precipitation variability associated with the westward ex-

tension of the NASH and increase of the NASH’s impact.

4. Conclusions and discussion

In recent decades, enhanced variability of the summer

precipitation has been observed over the southeastern

United States (Wang et al. 2010). Our results show that

such an enhancement of rainfall variability is closely re-

lated to the changes of the NASH. Using 850-hPa geo-

potential height data from NCEP, ERA-40 reanalysis,

and CMIP3 models used for the IPCC AR4, we analyzed

the intensity and western ridge movement of the NASH

in recent summers. Our results suggest that the NASH

has moved westward with the increase of its center’s

intensity during the period since 1978 compared to the

period before 1978 in both NCEP and ERA-40 reanalysis.

The westward extension of the subtropical high’s ridge

FIG. 5. Linear regression of precipitation (shaded, mm day21) and moisture flux (vectors, Kg m s21, only grid points passing the 95%

confidence level are plotted) against the latitude of the NASH western ridge during (a) the first 30-yr period (1948–77), (b) the second

30-yr period (1978–2007) in NCEP, and (c) first period (1958–77) and (d) the second period (1978–2002) in ERA-40, respectively.

Stippling denotes areas where precipitation is statistically significant at the 95% level.
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enhances the influence of the high system on the SE U.S.

precipitation through the north–south displacement of

the western ridge in the period after 1978. Our results

indicated that the NASH has significant trends of the

increased center’s intensity and westward movement,

whereas the N–S movement enhanced in the three recent

decades. The different changes/variations between the

ridge’s meridional movement and the center’s intensity

as well as the ridge’s zonal movement suggest that other

factors such as local SST anomalies and midlatitude wave

activities need to be considered besides the center’s in-

tensity of the NASH.

Our attribution analysis suggests that global warming

seems to be contributing to the changes of the NASH. The

physical processes that control the changes of the NASH

are complex, including monsoon heating in remote areas

(Ting 1994; Chen et al. 2001; Rodwell and Hoskins 2001),

heating contrasts between the subtropical continents and

adjacent oceans (Wu and Liu 2003; Miyasaki and Nakamura

2005), local air–sea interaction (Seager et al. 2003), and

shifts in the atmospheric mean circulation (Davis et al.

1997). How global warming influences these processes

needs to be investigated in future.

Our analysis of the IPCC AR4 models suggests that the

NASH system will likely intensify, expand, and move

farther westward in the twenty-first century with the in-

crease of CO2, indicating increased likelihoods of both

extreme rainfall events and droughts over the SE United

States in the future.
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