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Abstract
Changes in precipitation impact water availability in river basins; therefore, it is important to perform detailed analyses of 
precipitation variables within regions to better understand drivers of precipitation variability. This study, which focuses on 
the Apalachicola-Chattahoochee-Flint River Basin in the southeastern United States, provides an analysis of precipitation 
variability during 1980–2021 and connects that information to circulation variables while also exploring the alignment 
between recent and projected precipitation changes. Data include daily precipitation totals from 33 stations, monthly values 
for circulation indices, and downscaled precipitation projections from climate models. Results show the pressure gradient 
across the southwestern North Atlantic Ocean and southeastern United States—which is a function of the strength and 
position of the Bermuda High—is strongly correlated with the precipitation variables and might be an important control 
of precipitation variability in the basin. In contrast, most teleconnection indices are relatively weakly correlated with pre-
cipitation. The basin has generally been getting wetter, with summer having the largest increases in precipitation totals and 
precipitation days and thus large decreases in maximum consecutive dry days. Increases in heavy-precipitation variables are 
relatively small, with the largest increases in the northern portion of the basin. Precipitation is projected to increase in the 
next several decades compared to recent decades, with heavy precipitation expected to have the largest increase. Since the 
Bermuda High is likely the dominant driver of precipitation in the basin, more information is needed about specific changes 
to the Bermuda High in upcoming decades to better determine how precipitation might change.

1  Introduction

Recent global warming has impacted precipitation. The 
current period of global warming dates to the 1970s, after 
significant reductions in anthropogenic aerosols halted a 
decades-long hiatus in warming (Jiménez-de-la-Cuesta and 
Mauritsen 2019). Global surface temperatures increased 
~1.2 °C during 1900–2022, with ~0.9 °C of that warm-
ing occurring since 1979 (GISTEMP Team 2023). There 
also has been a concomitant increase in atmospheric water 
vapor since the 1970s (Allan et al. 2022), resulting from 
increased sea-surface temperatures (Trenberth 2011). At 
the global scale, both precipitation totals and heavy-precip-
itation events should theoretically increase with increased 

temperatures (O’Gorman and Schneider 2009; Wetherald 
2009). Warming also causes shifts in large-scale circulation, 
with the primary change being the expansion of the Hadley 
Circulation (Davis and Rosenlof 2012). The main observed 
changes in precipitation since the 1970/1980s include the 
following: an increase in precipitation difference between 
the wet tropics and dry subtropics; an increase in northern 
high-latitude annual precipitation over land; and an increase 
in daily mean precipitation intensities in a majority of land 
regions (Douville et al. 2021).

One region in the middle latitudes—which has had far 
from uniform changes in precipitation—that has been sen-
sitive to precipitation variability is the southeastern United 
States (SEUS). The humid-subtropical climate type pre-
vails across the SEUS (Beck et al. 2018), and this climate 
is characterized by hot, humid summers and small seasonal 
differences in precipitation (Trewartha and Horn 1980). 
Therefore, much of the SEUS has a soil-water surplus during 
winter and a soil-water deficit during summer (Abatzoglou 
et al. 2018). Annual precipitation totals range from ~1000 
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mm to >2200 mm (Kunkel et al. 2013). Severe droughts of 
short duration do occasionally occur in the SEUS (Seager 
et al. 2009), and the consequences can be devastating; for 
example, the 2016 drought, which peaked in October and 
November, caused millions of dollars of crop losses and 
widespread wildfires (Williams et al. 2017). In addition, 
long-term water supply reliability and vulnerability for large 
metropolitan areas are more sensitive to precipitation totals 
than to municipal and industrial demand and ambient tem-
peratures (Schlef et al. 2018).

Prior research shows varying teleconnections between 
precipitation in the SEUS with conditions in the Atlantic and 
Pacific Oceans. The Atlantic Meridional Oscillation (AMO), 
which is a shift in sea-surface temperatures (SSTs) in the 
North Atlantic Ocean, is negatively correlated with precipi-
tation annually and during all seasons (Nigam et al. 2011; 
Maleski and Martinez 2018). The North Atlantic Oscillation 
(NAO), which is a shift in standardized sea-level pressure 
difference between the subtropical and northern portions of 
the Atlantic Ocean, is positively correlated with winter pre-
cipitation in the interior portion and has weak correlations 
for the SEUS as a whole for the other seasons (Henderson 
and Vega 1996). The El Niño-Southern Oscillation (ENSO), 
which is the shift in SSTs across the tropical Pacific Ocean, 
has its warm phase associated with precipitation totals annu-
ally (Maleski and Martinez 2018), precipitation totals in 
winter only (Henderson and Vega 1996), precipitation totals 
in winter and autumn (Wang and Asefa 2018), and heavy 
precipitation in winter (Skeeter et al. 2019). The Pacific-
North American teleconnection (PNA) pattern, which affects 
the strength and location of the jet stream entering North 
America, is negatively correlated with winter precipitation 
in the interior portion of the SEUS (Henderson and Vega 
1996; Burt et al. 2018) but is positively correlated with 
precipitation in Florida (Henderson and Vega 1996). Cor-
relations for spring and summer are positive throughout the 
SEUS (Henderson and Vega 1996).

Prior research also shows that precipitation in the SEUS 
is connected strongly to the strength and position of the Ber-
muda High (i.e., North Atlantic Subtropical High), which is 
located east of the region. Four indices, the Bermuda High 
Index (BHI), the Western Bermuda High Index (WBHI), the 
longitude of the western ridge of the Bermuda High, and the 
latitude of the western ridge of the Bermuda High have been 
connected to precipitation in the SEUS. The BHI is an index 
of the difference between normalized sea-level pressure over 
Bermuda and New Orleans, Louisiana (Stahle and Cleveland 
1992). The WBHI is an index of the difference between nor-
malized lower-troposphere pressure over the southwestern 
North Atlantic Ocean and Louisiana (Diem 2013a). The BHI 
and WBHI show the pressure gradient across the southwest-
ern North Atlantic Ocean and the southeastern United States; 
thus, positive values of the indices indicate more moisture 

advection into and less atmospheric stability over the SEUS 
(Henderson and Vega 1996; Diem 2013b). The longitude and 
latitude of the western ridge, which is the westernmost part of 
the Bermuda High, are summer-specific (Li et al. 2011). Both 
the BHI and WBHI are strongly correlated with precipitation, 
irrespective of season (Henderson and Vega 1996; Burt et al. 
2018). Correlations involving the western-ridge location are 
limited: Diem (2013a) shows for precipitation in the Atlanta 
region strong negative correlations and weak positive cor-
relations with the latitude and longitude, respectively, of the 
western ridge.

In general, previous studies show precipitation in the 
SEUS to have increased annually and during autumn and to 
have decreased during spring, while precipitation intensity 
has increased annually and during summer and autumn. The 
time periods used in the studies are as follows: 1895–2018 
(Bishop et al. 2019), 1900–2018 (Li et al. 2022), 1901–2015 
(Easterling et al. 2017), 1910–2001 (Michaels et al. 2004), 
1932–2003 (Wang et  al. 2021), 1948–2012 (Powell and 
Keim 2015), 1950–2016 (Skeeter et al. 2019), 1950–2018 (Li 
et al. 2022), and 1960–2017 (Brown et al. 2019). Michaels 
et al. (2004) and—for two periods—Li et al. (2022) show 
increased annual precipitation totals, but Brown et al. (2019) 
show decreased totals. Li et al. (2022), Skeeter et al. (2019), 
and Brown et al. (2019) report increased annual precipitation 
intensity. For winter precipitation totals, Brown et al. (2019) 
show a decrease. Easterling et al. (2017), Powell and Keim 
(2015), and Brown et al. (2019) report decreased spring pre-
cipitation totals. Powell and Keim (2015) show decreased 
summer precipitation totals, while Wang et al. (2010) and 
Wang et al. (2021) show increased summer precipitation 
intensity. Increased autumn precipitation total is reported by 
Bishop et al. (2019), Easterling et al. (2017), and Powell and 
Keim (2015), and increased autumn precipitation intensity 
is reported in Bishop et al. (2019) and Skeeter et al. (2019).

Recent climate-modeling projections of precipitation 
generally show increased precipitation totals and precipi-
tation intensity for the SEUS over the next several decades 
to the end of the century. All the results shown below are 
derived from the simulations of multiple models within 
CMIP6, which is the sixth phase of the Coupled Model 
Intercomparison Project. Based on the SSP5-8.5 emissions 
scenario (i.e., an additional 8.5 W m−2 of forcing by the 
year 2100), the region is projected to receive significantly 
more precipitation and have significantly more intense 
precipitation annually when comparing 2020–2059 with 
1980–2019 (Rastogi et al. 2022) and have an increasing 
trend in annual precipitation, except in Florida, during 
2015–2100 (Marvel et al. 2021). Also using the SSP5-8.5 
scenario along with the SSP2-4.5 (i.e., additional 4.5 W 
m−2 of forcing) and SSP1-2.6 (i.e., additional 2.6 W m−2 
of forcing) scenarios, the region is projected to receive sig-
nificantly increased precipitation annually when comparing 
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three periods (2021–2040, 2041–2060, and 2080–2099) 
with 1995–2014, and there is little difference among the 
three scenarios with respect to precipitation projections 
(Almazroui et al. 2021). Using the three scenarios, precipi-
tation intensity and number of precipitation days are pro-
jected to be larger in 2081–2100 compared to 1995–2014, 
with much more agreement among models for changes in 
precipitation intensity than changes in precipitation days 
(Douville et al. 2021). And based on the SSP2-4.5 scenario 
using the same time periods as above, annual and seasonal 
precipitation totals in the region are projected to increase 
but with low model agreement (Douville et al. 2021).

As can be gleaned from the preceding paragraphs, there has 
been substantial research on recent and projected precipita-
tion changes in the SEUS, but no single study has provided 
a detailed analysis of recent precipitation variability and 
attempted to connect that information to circulation variables 
while also exploring the alignment between recent and pro-
jected precipitation changes. Therefore, the objectives of this 
study are as follows: (1) to assess recent multi-decadal trends 
(i.e., trends within the recent global warming period) in mul-
tiple precipitation variables at the annual and seasonal scales; 
(2) to determine the temporal relationships between the pre-
cipitation variables and teleconnection and regional-circulation 
indices; and (3) to examine the congruence between current 
precipitation changes with precipitation projections.

2 � Study region

The Apalachicola-Chattahoochee-Flint (ACF) River Basin 
is an ideal region for assessing precipitation variability and 
changes in the SEUS (Fig. 1). The ACF basin, which is located 
in the center of the SEUS, has a 585 km latitudinal extent, with 
the far northern region and southern regions having the follow-
ing major differences: (1) the northern region has more extra-
tropical cyclones and associated fronts, especially during the 
cool season; (2) orographic lifting exists in the northern region; 
and (3) the southern region has daytime thunderstorm activity 
in the summer associated with land-ocean thermal contrasts 
(Kunkel et al. 2013). Precipitation is extremely important in the 
ACF basin, because water is an increasingly critical resource 
involving a variety of stakeholders that has led to the longest 
interstate water conflict—which involves Alabama, Florida, 
and Georgia—in US history (Wong and Bosman 2014). The 
two largest users of water, municipal consumption and agricul-
ture, are of roughly equal magnitudes, while the third-largest 
water user, thermoelectric power, is approximately half those 
magnitudes (Lawrence 2016). Surface-water withdrawals for 
municipal water occur primarily in the northern portion of 
the basin (i.e., the Atlanta metropolitan area) (Feldman 2008). 
The withdrawals come mostly from Lake Lanier, which is 
located anomalously far upstream for a large water source for a 

metropolitan area (Chattahoochee River Keeper 2023) (Fig. 1). 
Municipal water demand has increased and is projected to 
continue increasing: the population of the 11-county Atlanta 
metropolitan area (see Fig. 1) doubled during 1980–2021 to 
reach five million persons (U.S. Census Bureau 1996) and is 
projected to reach 7 million persons in 2050 (Atlanta Regional 
Commission 2020). The substantial consumptive use by agri-
culture occurs in the central and southern portions of the basin, 
which is mostly in Georgia (Wong and Bosman 2014). Much 
of the withdrawn water is groundwater (Lawrence 2016), and 
during droughts, there is excessive irrigation using ground-
water, thereby depleting aquifers (Mitra et al. 2016). Finally, 
the basin provides freshwater flow to Apalachicola Bay, an 
estuary that provides a large share of the nation’s seafood and 
is dependent on consistent flows of the Apalachicola River 
(Feldman 2008; Schlef et al. 2018). Florida has blamed col-
lapses of oyster harvests in the Apalachicola Bay on Georgia’s 
water consumption in the basin (Schmitz and McCreary 2022).

3 � Data and methods

3.1 � Precipitation regionalization

The ACF was divided into precipitation regions, and analyses 
were performed separately for each region. Gridded monthly 
precipitation totals for 1980–2021 used for the precipitation 
regionalization were obtained from the DAYMET database 
of the Oak Ridge National Laboratory (ORNL) (Thornton 
et al. 2022). DAYMET data were selected because of the high 
spatial resolution (1 km2) of the grid cells. Principal compo-
nent analysis (PCA) and k-means clustering were the main 
procedures used for the regionalization; these two procedures 
are used in other studies (e.g., Marston and Ellis 2020; Jam-
shidi and Nozar 2022) to delineate precipitation regions. A 
T-mode input matrix (i.e., rows were grid cells and columns 
were monthly precipitation totals) was used in the PCA. Scree 
plots (i.e., plots of explained variance for components), which 
are standard tools in PCA (Kachigan 1991), were used to deter-
mine the optimal number of components to retain. The elbow 
method (i.e., plots of explained variance as a function of num-
ber of clusters) was used with k-means clustering of the com-
ponent scores to determine the optimal number of precipitation 
regions, and, ultimately, each of the pixels was placed in one 
precipitation region. The elbow method is used successfully in 
other studies (e.g., Zhang et al. 2016, Lai et al. 2021).

3.2 � Precipitation stations

Data obtained during 1980–2021 at 33 precipitation stations 
that were part of the Global Historical Climatology Network 
of the National Oceanic and Atmospheric Administration 
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(NOAA) and within the ACF and within 20 km of the ACF 
were used for correlation, trends, and regression analyses 
(Fig. 1). All stations had at least 80% of daily data during 

1980–2021. For the entire 33-station database, only 5.9% 
of station-days were missing precipitation totals. Stations 
were either within a region or within 20 km of the region. If 

Fig. 1   The six precipitation 
regions and associated stations 
within the Apalachicola-Chat-
tahoochee-Flint (ACF) River 
Basin. The inset map shows the 
location of the Apalachicola-
Chattahoochee-Flint (ACF) 
basin within the southeastern 
United States
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a station had a precipitation observation that occurred in the 
morning, that precipitation was shifted to the previous day. 
For each precipitation region, each daily precipitation total 
was the mean of the stations within the domain (i.e., basin or 
region) and stations within 20 km of the domain. Using the 
mean value from multiple stations helped to minimize the 
impacts of inhomogeneities (Easterling and Peterson 1995). 
Daily precipitation totals for the basin were weighted means 
of the regional values (i.e., the weights were the proportional 
coverages of the regions).

3.3 � Precipitation variables

Multiple precipitation variables were calculated at the annual 
and seasonal scales for the ACF basin and the precipitation 
regions. The seasons were winter (i.e., December–Febru-
ary), spring (i.e., March–May), summer (i.e., June–August), 
and autumn (i.e., September–November). The variables were 
precipitation totals and precipitation days (i.e., days with ≥ 
1 mm) along with the following variables recommended by 
the World Climate Research Programme’s Expert Team on 
Climate Change Detection and Indices: precipitation inten-
sity, 90th percentile of precipitation totals on precipitation 
days, heavy-precipitation days, and maximum number of 
consecutive dry days. Precipitation intensity was the mean 
precipitation total of precipitation days.

3.4 � Correlations between precipitation variables 
and circulation indices

Temporal correlations between the six precipitation vari-
ables—for the entire ACF and the precipitation regions—
and multiple circulation indices were calculated at the 
annual and seasonal scales from 1980 to 2021. All time 
series were detrended using linear regression, and all sub-
sequent analyses were performed using residuals. Correla-
tions were assessed using Pearson product-moment corre-
lation tests (α = 0.05; two tailed). The circulation indices 
were the AMO index, NAO index, the Niño3.4 index, the 
PNA index, the BHI, the WBHI, and location of the west-
ern ridge of the Bermuda High in summer. AMO, NAO, 
and PNA indices were obtained from the NOAA’s Climate 
Prediction Center. The Niño3.4 index—the chosen ENSO 
index for this study because the Niño3.4 region (5°N–5°S, 
120°–170°W) is the key region for coupled ocean-atmos-
phere interactions in ENSO (Trenberth, 1997)—was 
obtained from NOAA’s Physical Sciences Laboratory. 
The BHI, WBHI, and location of the western ridge of 
the Bermuda High were calculated using North America 
Regional Reanalysis data obtained from NOAA. For the 
BHI, monthly sea-level pressure values were acquired for 
grid cells corresponding to 32.5°N and 64°W and 30°N 
and 90°W. For the WBHI, monthly 850-hPa geopotential 

heights were acquired for grid cells corresponding to 30°N 
and 75°W and 30°N and 92°W. The location of the sum-
mer western ridge is the point where the 1560-m line at 
850 hPa intersects the ridge line of the Bermuda High (Li 
et al. 2011).

3.5 � Trends in precipitation and circulation variables

Trends in precipitation and circulation variables over 
1980–2021 were calculated. The trends, which were 
assessed using Kendall tau correlation tests (α = 0.05; two 
tailed), were calculated at the annual and seasonal scales. 
Trends in precipitation variables also were calculated at the 
basin and regional scales. The Kendall-Theil robust line, the 
median of the slopes between all combinations of two points 
in the data (Helsel and Hirsch 2002), was used to estimate 
changes over the 42-year period.

3.6 � Atmospheric circulation and precipitation 
variability

Multiple-linear regression models were developed to deter-
mine the nature of relationships between circulation vari-
ables and precipitation at the annual and seasonal scales. 
PCA was used to screen the circulation variables that were 
potential predictor variables in the regression models with 
the precipitation variables as predictands. The screening 
was performed to ensure that the regression models did not 
have multicollinearity (Kachigan 1991). The screening was 
performed at the annual scale and for each of the seasons. 
For the five separate PCAs, each circulation variable was 
associated with the component on which it loaded the high-
est. All circulation variables except western-ridge longitude 
and latitude were potential predictors in all models. Western-
ridge longitude and latitude were only potential predictors in 
the summer models. Only circulation variables that loaded 
highly on different components were included as the initial 
predictors, and a backward-elimination procedure was used 
to remove variables that were not contributing significantly 
to the models.

3.7 � Precipitation projections

Projected changes in the six precipitation variables under 
future global warming were examined. Daily, gridded, 
downscaled precipitation estimates from 1980 to 2059 
were obtained from ORNL. The data were downscaled 
projections based on a six-member General Climate 
Model (GCM) ensemble—under the SSP5-8.5 emission 
scenario from CMIP6 (Kao et al. 2022). The spatial reso-
lution of the data was 4 km2. For the entire basin and the 
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precipitation regions at the annual and seasonal scales, 
2020–2059 estimates were compared with 1980–2019 
estimates. Mann-Whitney U tests (α = 0.05; two tailed) 
were used to identify significant inter-epochal differences.

4 � Results

4.1 � Characteristics of the precipitation regions

The ACF was divided into six precipitation regions, 
which had considerable differences in precipitation 
totals, frequency, intensity, and consecutive dry days for 
the seasons (Figs. 1 and 2). Annual precipitation totals 
exceeded 1500 mm in the most northern and mountainous 
region (i.e., region 1) and the most southern and coastal 
region (i.e., region 6), while totals in the central portion 
were approximately 1300 mm. The largest disparity in 
seasonal precipitation occurred for summer, when region 
6 had on average roughly 50% more precipitation than the 
other regions (Fig. 2a). For winter, spring, and autumn, 
approximately 35% of days had precipitation for the ACF 
as a whole (Fig. 2b). For those three seasons combined, 
region 6 had approximately 20% fewer precipitation days. 
Precipitation days throughout the basin increased in sum-
mer, with all regions having precipitation on at least 50% 
of days. The PI and P90 values across the regions and 
seasons were 9.7 mm day-−1 and 25 mm, respectively 
(Fig. 2c, d). PI and P90 were approximately 30% and 20% 
larger, respectively, in winter, spring, and autumn than 
in summer. Across all seasons, PI and P90 were approxi-
mately 25% and 30% larger, respectively, for region 6 
than for the other regions. The number of HPDs was rela-
tively small; therefore, it is difficult to summarize inter-
seasonal and inter-regional differences in HPDs (Fig. 2e). 
Seasonal maximum CDDs were largest in autumn and 
smallest in summer (Fig. 2f). The totals for autumn were 
typically twice that for summer. Region 6, which had 
the largest maximum CDDs among the regions for all 
seasons combined, also had a large number of maximum 
CDDs in spring.

4.2 � Stations per rainfall region

The northern precipitation regions had many more precipi-
tation stations than did the southern regions, with all of the 
regions having small inter-annual variabilities in station 
counts (Fig. 3). The mean number of stations for regions 1, 
2, 3, 4, 5, and 6 were eight, ten, nine, seven, four, and two, 
respectively. The coefficients of variation for station counts 
over the 42-year period ranged from 0.03 for region 6 to 0.09 
for regions 3 and 5.

4.3 � Correlations between precipitation variables 
and circulation indices

Most correlations with the AMO tended to be negative, 
stronger in the southern regions than in the northern regions, 
and strongest in winter and weakest in spring and summer 
(Fig. 4). In winter, all precipitation variables were negatively 
correlated with the AMO, significant correlations existed for 
all variables, and the southern regions had more significant 
correlation than did the northern regions. There were no sig-
nificant correlations in spring and summer. Significant nega-
tive correlations reappeared in autumn but did not involve 
the heavy-precipitation variables.

Correlations with the NAO were generally weak, but 
there was a large shift from strong negative correlations in 
spring to strong positive correlations in summer (Fig. 4). 
There were almost no significant correlations in autumn 
and winter. There were significant negative correlations in 
spring, and those correlations involved the heavy-precipi-
tation variables and the inverse of maximum CDD. Sum-
mer had significant positive correlations with PT and PD 
for every region.

Nearly all correlations with Niño3.4 were positive, with 
the correlations strongest in winter and autumn and in the 
northern regions (Fig. 4). All variables, except the inverse 
of maximum CDD, had significant correlations involving 
at least three regions in winter. Compared to winter, the 
number of significant correlations was markedly smaller in 
autumn. In spring and summer, the correlations were weak 
and there were virtually no significant correlations.

All correlations with the PNA were weak (Fig. 4). The 
strongest correlations were in winter, and the southern 
regions tended to have stronger correlations than did the 
northern regions. The only significant correlations, which 
were negative, occurred at the annual scale.

Strong correlations with the BHI and WHBI existed 
annually and during all seasons (Fig. 4). Significant correla-
tions with the BHI were prevalent across the variable/region 
combinations during winter and autumn. Spring and summer 
lacked significant correlations with the heavy-precipitation 
variables and the inverse of maximum CDD, respectively. 
With respect to the WBHI, there were significant correla-
tions with PT and PD for all season/region combinations. 
While all seasons had significant correlations with HPD, 
only summer had all significant correlations. On the other 
hand, summer had the fewest significant correlations with 
the inverse of maximum CDD.

Correlations with the position of the western ridge of the 
Bermuda High—which were only calculated for the sum-
mer—showed that the precipitation should change much 
more with latitudinal position than with longitudinal posi-
tion (Fig. 4). Correlations with longitude (WRlong) were of 
mixed sign and none of the correlations was significant. 
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Fig. 2   Box and whisker plots of a precipitation totals (PT), b precipi-
tation days (PD), c precipitation intensity (PI), d the 90th percentile 
of daily precipitation totals (P90), e heavy-precipitation days (HPD), 

and f maximum consecutive dry days (CDD) for the six precipitation 
regions at the seasonal scale
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Nearly all correlations with latitude (WRlat) were negative 
and were generally stronger for the northern regions than for 
the southern regions. Significant correlations were restricted 
mostly to PT and PI.

4.4 � Recent precipitation changes

PT increased for most combinations of spatial domains and 
temporal units, but only two of the trends were significant 
(Fig. 5a). The significant trends were a 23% increase for 
region 5 annually and a 37% increase for region 1 during 
summer. At the annual scale, all regions except region 6 
had increases of at least 10%. PT increased the most in sum-
mer and winter, with basin-wide increases of 22% and 17% 
respectively. The largest increase and decrease for all the 
region/season combinations were 37% for region 1 during 
summer and 15% for region 6 during spring, respectively.

PD also increased in general, but the significant increases were 
mostly restricted to summer (Fig. 5b). All the summer changes 
were positive, with the summer increase for the entire ACF being 
20% and the significant increases occurring for the ACF and 
regions 2, 3, 4, and 5. There were mostly PD increases annually 
and during the winter, but only region 3 had significant increases.

Values of the heavy-precipitation variables mostly 
increased; however, the consistency and magnitude 
were much weaker than those for PT and PD (Fig. 5c, d, 
e). Autumn was the only season with PI, P90, and HPD 
increases for the entire ACF and all regions. Only region 
1 had significant increases for PI, P90, and HPD, and the 
mean increases in those three variables for region 1 were 
18%, 28%, and 47%, respectively.

Significant trends in maximum CDD were restricted to 
spring and summer, and those seasons had opposite changes 
(Fig. 5f). Maximum CDD increased for all spatial domains 
in spring, with significant trends for regions 3 and 5. The 

mean increase based on all domains was approximately 30%, 
while regions 3 and 5 had increases of 44% and 35%, respec-
tively. All spatial domains had significant trends in summer, 
and the mean decrease was approximately 35%.

4.5 � Recent trends in circulation indices

Excluding trends in AMO, significant trends in the circulation 
indices occurred mostly during summer (Fig. 6). AMO increased 
annually and during all seasons. PNA decreased during spring 
and increased during summer. BHI increased annually and dur-
ing summer. WBHI increased during summer. WRlong increased 
(i.e., western ridge moved eastward) during summer, which was 
the only season when the variable was examined. Niño3.4 and 
the WRlat did not have any significant trends.

4.6 � Circulation contributors to multi‑decadal 
variance in precipitation variables

The amount of variance in precipitation variables explained 
by circulation variables differed substantially among the 
temporal units and among the precipitation variables 
(Fig. 7). The mean coefficients for the annual, winter, and 
summer models ranged from 0.47 to 0.58, while the mean 
coefficients for the spring and autumn models ranged from 
0.27 to 0.39. In fact, the summer models explained on aver-
age over twice as much of the variance compared to the 
spring models. Across all temporal units, the largest coef-
ficients occurred for PT, PD, and HPD: the mean coefficients 
for those variables ranged from 0.50 to 0.59. The models had 
much lower coefficients for PI, P90, and inverse of maxi-
mum CDD. The models with the two largest coefficients, 
which were greater than 0.70, were PT and PD during sum-
mer. The models with the two smallest coefficients, which 
were less than 0.15, were PI and P90 during spring.

All circulation indices except for WRlong appeared in at least 
one model, and either the WBHI or BHI was the most impor-
tant predictor in nearly all models (Fig. 7). WBHI was the most 
prevalent predictor: it appeared in 70% of models. Niño3.4 and 
the BHI occurred in 33% and 30% of models, respectively, 
and were thus the other more frequent predictors. Niño3.4 
appeared mostly in the annual, winter, and autumn models. 
The WBHI, BHI, and Niño3.4 always had positive coefficients. 
The WBHI was the most important predictor of precipitation 
in most annual, spring, summer, and autumn models. AMO, 
NAO, and PNA indices were relatively weak predictors and all 
three indices had both positive and negative coefficients. The 
weakest predictor on average was WRlat.

4.7 � Projected changes in precipitation variables

Mean projections from six climate models indicated that 
the ACF should be wetter during 2020–2059 compared to 

Fig. 3   Changes over time in the number of precipitation stations con-
tributing data to the precipitation regions
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Fig. 4   Annual- and season-specific correlations between the precipi-
tation variables and the Atlantic Multidecadal Oscillation (AMO) 
index, the North Atlantic Oscillation (NAO) index, the Niño3.4 
index, the Pacific North American Index (PNA), the Bermuda High 

Index (BHI), the Western Bermuda High Index (WBHI), and the lon-
gitude (λ) and latitude (ϕ) of the western ridge of the Bermuda High. 
Full names of the precipitation variables are provided in the caption 
for Fig. 2
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Fig. 5   Annual- and season-specific percent changes for the entire 
basin and the six precipitation regions during 1980–2021 in a precipi-
tation totals, b precipitation days, c precipitation intensity, d the 90th 

percentile of daily precipitation totals, e heavy-precipitation days, and 
f maximum consecutive dry days. Asterisks denote significant (α = 
0.05; two tailed) trends for 1980–2021
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Fig. 6   Trends in the circula-
tion indices—as indicated 
by Kendall’s tau correlation 
coefficients—over 1980–2021. 
Asterisks denote significant (α 
= 0.05; two tailed) trends. Full 
names of the circulation indices 
are provided in the caption for 
Fig. 4

Fig. 7   Coefficients of determination (r2) and circulation-index stand-
ardized slope coefficients for the linear regression models developed 
for the precipitation variables annually and for each season. An aster-
isk denotes the variable with the largest standardized slope coefficient 

for a model. Full names of the precipitation variables are provided in 
the caption for Fig. 2. Full names of the circulation indices are pro-
vided in the caption for Fig. 4
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1980–2019 (Fig. 8). PT and values for the heavy-precipita-
tion variables were projected to increase significantly annu-
ally and during all seasons for most regions. On average, 
PT, PI, P90, and HPD were projected to increase by 7%, 6%, 
8%, and 14%, respectively. The largest percentage increases 
in PT, PI, and P90 were projected to occur in autumn in the 
southern regions. The largest percentage increase in HPD 
was projected to occur in summer. PD did not have any sig-
nificant changes; however, 80% of the changes were positive. 
Most of the changes for maximum CDD were positive, but 
only two of the changes were significant.

5 � Discussion

5.1 � Precipitation variability is driven mostly 
by characteristics of the Bermuda High, rather 
than by teleconnection indices

The pressure gradient across the southwestern North Atlan-
tic Ocean and SEUS—which the BHI and WBHI measure—
is strongly correlated with the precipitation variables and 
appears to be an important control of precipitation variabil-
ity in the ACF. Most correlations between either the BHI or 
WBHI and the precipitation variables across the temporal 
units were positive and significant (Fig. 4). Therefore, most 
correlations with WRlat were negative; the analyses were 
restricted to summer. Similar findings for the BHI exist for 
most portions of the SEUS during all seasons (Henderson 
and Vega 1996), the BHI and WBHI and TP, PD, and HPD 
during most seasons in a portion of the southern Appala-
chian Mountains (Burt et al. 2018), and the BHI and WBHI 
and PT, PD, and HPD in the Atlanta region during sum-
mer (Diem 2013a). Significant negative correlations with 
WRlat also are present in Diem (2013a). Either the WBHI 
or BHI was the most important predictor in nearly all mod-
els (Fig. 7). The WBHI also has been found to be the most 
important predictor of summer precipitation totals in the 
Atlanta region (Diem 2013a).

Compared to the BHI and WBHI, teleconnection indices 
are generally not as strongly correlated with ACF precipi-
tation and—with the exception of Niño3.4—are relatively 
weak determinants of precipitation variability in the basin. 
The AMO is negatively correlated with precipitation, which 
confirms the findings in Nigam et al. (2011) and Maleski and 
Martinez (2018). The findings in this paper for precipitation 
correlations with the NAO during summer are similar to 
those in Burt et al. (2018) in the southern Appalachians: both 
studies show strong positive correlations. This study also 
reports strong positive correlations in winter, which also is 
shown in Henderson and Vega (1996) for the interior portion 
of the SEUS. The significant positive correlations between 
Niño3.4 and precipitation annually and during winter—and 

to a lesser degree during autumn—align with ENSO correla-
tions in Henderson and Vega (1996), Maleski and Martinez 
(2018), Skeeter et al. (2019), and Wang and Asefa (2018). 
And among all indices, this study finds Niño3.4 to be the 
strongest predictor in winter for PI and P90. This study finds 
weak correlations between the PNA and winter precipitation 
in the ACF, thereby showing that the ACF region is likely 
in a PNA-effects transition zone: strong negative correla-
tions exist north and west of the ACF (Henderson and Vega 
1996; Burt et al. 2018) and strong positive correlations exist 
southeast of the ACF (Henderson and Vega 1996).

5.2 � The ACF basin has been getting wetter 
and is projected to get wetter

This study shows that the ACF basin has been getting wetter 
for the most part, with summer having the largest increases 
in PT and PD and thus large decreases in maximum CDD. 
While multiple studies note increasing precipitation annu-
ally (Michaels et al. 2004; Li et al. 2022) or during autumn 
(Powell and Keim 2015; Easterling et  al. 2017; Bishop 
et al. 2019) for the SEUS in general, no other studies report 
increased summer precipitation. One reason for the unique-
ness of this study’s findings might be its time period of 
1980–2021, which is a much more recent time period com-
pared to others. Some studies do have a relatively recent 
ending year (Skeeter et al. 2019; Brown et al. 2019; Li et al. 
2022); however, the starting years are either 1950 or 1960. 
This study also shows that heavy precipitation has generally 
increased, and that the significant increases tend to be con-
fined to the northern portion of the basin. Previous studies 
(Wang et al. 2010; Skeeter et al. 2019; Bishop et al. 2019; 
Brown et al. 2019; Wang et al. 2021) also show an increase 
in heavy precipitation either annually or seasonally in the 
SEUS. The increased summer precipitation totals and fre-
quencies and associated decrease in the length of dry periods 
should be positive news to various stakeholders in the basin, 
since increased summer precipitation can reduce the severity 
of soil-water deficits during June–September (Diem et al. 
2021). Nevertheless, severe droughts have occurred recently 
(Williams et al. 2017), thereby illustrating that—especially 
with the increased water demand—it only takes a dry spring 
and summer to cause water shortages in the basin.

The precipitation projections for the ACF basin are simi-
lar to what other studies show for the SEUS. At the annual 
scale, there is agreement among all studies that PT and 
heavy-precipitation variables will increase (Almazroui et al. 
2021; Douville et al. 2021; Marvel et al. 2021; Rastogi et al. 
2022). The increased heavy precipitation is not surprising, 
since nearly all land areas globally should receive increased 
heavy precipitation (Douville et al. 2021). Further, this study 
agrees with the following additional findings in Douville 
et al. (2021): precipitation during all seasons will increase, 
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Fig. 8   Annual- and season-specific percent changes from 1980–2019 
to 2020–2059 in a precipitation totals, b precipitation days, c precipi-
tation intensity, d the 90th percentile of daily precipitation totals, e 
heavy-precipitation days, and f maximum consecutive dry days. 

Asterisks denote significant (α = 0.05; two tailed) differences in val-
ues between the two epochs. Full names of the precipitation variables 
are provided in the caption for Fig. 2
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and the increase in precipitation intensity is much stronger 
than the increase in precipitation days. Increased precipita-
tion intensity should not be welcomed by stakeholders in 
the basin, since—among other impacts—it will increase 
soil erosion (Eekhout and de Vente 2022) and the chance of 
floods (Blenkinsop et al. 2021).

5.3 � There is general agreement between recent 
precipitation trends and model‑derived 
projections

Recent precipitation trends and model-derived precipitation 
projections are in good agreement with respect to increasing 
PT and PD, moderate agreement with respect to increasing 
values of the heavy-precipitation variables, and poor agree-
ment with respect to changes in maximum CDD (Figs. 5 
and 8). Approximately 80% and 70% of combinations of 
spatial domain and temporal unit have the same current and 
projected directions of change for PT and PD, respectively. 
Recent changes in PT and PD are weaker and stronger, 
respectively, than projected changes in those variables. The 
agreement percentages decrease to between 50 and 60% for 
the heavy-precipitation variables. As should be expected, 
projected changes in heavy precipitation are much stronger 
and much more consistently positive compared to recent 
changes. Approximately 40% of the combinations have the 
same current and projected directions of change for maxi-
mum CDD. The projected changes in maximum CDD for 
spring and summer are weak and do not have consistent 
changes across the basin, while the current trends for maxi-
mum CDD in those two seasons are strong and show definite 
decreases and increases for spring and summer, respectively.

5.4 � How will the Bermuda High change 
in the future?

Since indices of the Bermuda High are major drivers of pre-
cipitation variability in the ACF and are strongly correlated 
with precipitation throughout the SEUS, it is important to 
understand how the Bermuda High will change in the future. 
The western ridge is projected to be in a more westward 
position at the end of the century, which might cause more 
precipitation extremes in the SEUS (Li et al. 2011). The Ber-
muda High in general also is projected to shift westward (Li 
et al. 2012; Shaw and Voigt 2015; Cherchi et al. 2018). The 
consensus about future changes in the Bermuda High seems 
paradoxical, given that there is disagreement about its recent 
changes: Li et al. (2011) note that the western ridge moved 
significantly westward from the late 1970s to 2007, while 
Diem (2013a,b) reports a significant eastward shift over the 
same time period. This study confirms the findings in Diem 
et al. (2013b) by showing that during 1980–2021 the west-
ern ridge was moving eastward at a rate of 0.8° decade−1. 

The eastward movement of the BHI has been hypothesized 
as the cause of increased summer precipitation days (Diem 
2013a). Nevertheless, this study shows that the BHI and the 
WBHI, rather than the location of the western ridge, are the 
principal drivers of precipitation variability and might be 
causing the increased precipitation during summer. There-
fore, it seems important to understand more fully how the 
BHI, WBHI, and—to a lesser degree—the location of the 
western ridge will change with increased global warming.

6 � Conclusions

Through the analysis of precipitation variables at annual and 
seasonal scales for six regions in the ACF basin, this study 
has shown that the basin has been getting wetter and the trend 
is projected to continue for the next several decades to the 
end of the century. The analyses in this study cannot attribute 
the trends over the past several decades to global warming; 
rather, all that can be stated is that the trends have occurred 
within the most recent period of global warming. Precipita-
tion totals and precipitation days tended to increase for all 
regions in the basin, but there were few significant trends. 
Increases in values of the heavy-precipitation variables were 
not as consistent as increases in precipitation totals and days; 
however, the northern portion of the basin—which likely has 
the most reliable results—did have multiple significant positive 
trends. All regions had increases and decreases in maximum 
consecutive dry days during spring and summer, respectively, 
with more significant trends existing for summer. Annual and 
seasonal values of the precipitation variables were typically 
strongly correlated with indices of the Bermuda High that 
showed the pressure gradient across the southwestern North 
Atlantic Ocean and southeastern United States, and those 
correlations were much stronger than the correlations with 
teleconnection indices. Therefore, linear regression analyses 
showed the strength and position of the Bermuda High to be 
the main driver of precipitation variability in the basin. Down-
scaled climate-model projections indicate that all regions in 
the basin should be wetter during the next several decades 
compared to the most recent several decades. Compared to 
recent changes in heavy-precipitation variables for the basin 
in general, projected changes in those variables are stronger 
and more consistently positive. The current trend of decreases 
in the maximum number of dry days in summer is not pro-
jected to continue. The projections should be treated with a 
fair amount of skepticism, since there is not strong agreement 
between the projections and current trends. Moreover, since 
the Bermuda High has had an outsized impact on precipitation 
in the basin and the southeastern United States in general, more 
information is needed about specific changes to the Bermuda 
High—and associated indices—in upcoming decades to better 
determine how precipitation might change.
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