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ABSTRACT. Rapid population growth, urban sprawl, and increased agricultural production in the Apalachicola-
Chattahoochee-Flint (ACF) river basin are threatening the availability of freshwater resources and greatly affecting the
supply of freshwater to Apalachicola Bay, which supports a struggling shellfish industry. As a result, Alabama, Georgia,
and Florida have been fighting over the allocation of ACF river basin water for the past three decades. The water conflict
heats up every time there is drought in the basin. In the Southeast U.S., droughts are mainly caused by the La Nifia phase
of the seasonal-to-interannual climate variability phenomenon known as the El Nifio Southern Oscillation (ENSO). Un-
derstanding and quantifying the impact of ENSO-induced climate variability on precipitation, soil moisture, streamflows,
and groundwater levels can provide valuable information for sustainable management of water resources in this region.
This study was undertaken to quantify the impact of ENSO on groundwater levels in the lower ACF river basin, an area
highly dependent on groundwater for agricultural water use. Twenty-one observation wells with 30 years of monthly
groundwater level data were used to study the ENSO-groundwater level relationship. Wavelet analysis techniques were
used to study the teleconnection between ENSO and groundwater levels, while Mann-Whitney tests were conducted to
quantify the impact. The effect of prolonged La Nifia events on groundwater levels and their corresponding recovery peri-
ods were also studied. Results indicate a strong relationship between groundwater level fluctuations and ENSO. This rela-
tionship was found to be stronger during the recharge season (December-April) as compared to the non-recharge or agri-
cultural irrigation season (May-November). The results obtained can be used to develop procedures for forecasting

groundwater levels, which can then be used to better manage the groundwater resources of this region.
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atural climate variability phenomena such as the
El Nifio Southern Oscillation (ENSO), North
Atlantic Oscillation (NAO), and Pacific Decadal
Oscillation (PDO) affect precipitation, tempera-
ture, and streamflows and can significantly alter the behav-
ior of extreme events such as hurricanes, floods, droughts,
and cold waves (IPCC, 2001). Among these phenomena,
ENSO-induced climate variability is one of the major caus-
es of natural variability in the global climate system (Diaz
and Markgraf, 1992). Identification, understanding, and
quantification of this variability are important for minimiz-
ing the effects of ENSO on water resources and agriculture
(NRC, 1995).
ENSO is a complex ocean-atmospheric phenomenon
that occurs in the equatorial Pacific Ocean and has three
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phases: El Nifio, La Nifia, and neutral (oceanic component).
El Nifo and La Nifa refer to the warm and cool phases,
respectively, of sea surface temperatures (SST) in the cen-
tral Pacific Ocean that lead to changes in climatic condi-
tions around the world (Quinn, 1974; Aceituno, 1992).
Several indices, including Nifio-1+2, Nifio-3, Nifio-4, and
Nifio-3.4, have been derived based on SST anomalies. EN-
SO has been found to affect temperature and precipitation
around the world (Chiew et al., 1998; Roy, 2006; Keener et
al., 2007). ENSO has also been shown to affect groundwa-
ter, streamflow, monsoon, droughts, flood frequency, and
crop yield in different parts of the world (McCabe and
Dettinger, 1999; Kahya and Dracup, 1993; Gurdak et al.,
2007; Chiew et al., 1998; Rajagopalan and Lall, 1998; Kul-
karni, 2000; Roy, 2006; Keener et al., 2007; Tootle et al.,
2005; Hansen et al., 2001).

In the Southeast U.S., rapid population growth, urban
sprawl, and increased agricultural production in the Apala-
chicola-Chattahoochee-Flint (ACF) river basin are threat-
ening the availability of freshwater resources and greatly
affecting the supply of freshwater to Apalachicola Bay,
which supports a struggling shellfish industry. This stress
on the basin’s water resources is further exacerbated by the
large seasonal-to-interannual climate variability experi-
enced by this region. Climate variability in the Southeast is
mainly influenced by ENSO, which the primary reason for
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droughts in the Southeast (Enfield et al., 2001). The El Ni-
fio phase of ENSO is characterized by cooler and wetter
(than normal) winters, while the La Nina phase is charac-
terized by warmer and drier winters in the Southeast U.S.
(Kiladis and Diaz, 1989; Hansen and Maul, 1991a, 1991b;
Schmidt and Luther, 2002).

ENSO has been found to affect rainfall, water quality,
and streamflow in the watersheds of Alabama, Georgia, and
Florida (Sharda et al., 2012; Schmidt et al., 2001; Keener et
al., 2010; Johnson et al., 2013). ENSO-induced droughts
during 2000-2001, 2007, and 2010-2012 caused losses in
agricultural productivity, prompted water-use restrictions,
and intensified long-term conflicts among competing water
interests in neighboring states, i.e., the “tri-state water
wars” between Alabama, Georgia, and Florida (SELC,
2014). Over the last two decades, this conflict has been
marked by litigation and failed negotiations. One of the
major aspects of the conflict is the streamflow reduction in
the Flint River (FR) during droughts due to increased
pumping for irrigation, municipal, and industrial purposes
from surface and groundwater sources in southwest Geor-
gia.

Agriculture in southwest Georgia is heavily dependent
on irrigation water withdrawals from surface and ground-
water sources. In this region, groundwater sites outnumber
surface water sites, and groundwater withdrawal can run
into hundreds of millions of gallons per day. During La
Nifia events, excessive irrigation from the Upper Floridan
Aquifer (UFA), which is the major groundwater-bearing
unit, can cause lowering of groundwater levels in the aqui-
fer and reduce streamflows due to the hydrologic connec-
tion between the UFA and FR. Additionally, unhindered
exploitation of the groundwater resources in the UFA may
not be sustainable in the long term. Large groundwater
withdrawals adversely affect groundwater levels, particu-
larly during dry periods and in areas where the aquifer is
overlaid by thick overburden conditions that severely limit
aquifer recharge (Torak and Painter, 2006; Jones and To-
rak, 2006). This reduction in groundwater levels due to
irrigation can cause further reduction in streamflow levels
at places where the stream and aquifer are hydrologically
connected. Irrigation-induced streamflow reduction in the
FR also contributes to water quality degradation, high-
temperature issues, and endangered/threatened species con-
cerns in the Apalachicola River, downstream of the FR
(fig. 1).

Georgia’s major drought management policy, The Flint
River Drought Protection Act (formulated to compensate
farmers for not irrigating their crops in the event of drought
to avoid irrigation-induced streamflow reduction), has
failed in solving the water conflicts in the region, owing to
the infectiveness of the policy and lack of funds. Due to the
complexity of water management issues, the failure of pre-
sent drought management policies, and the importance of
groundwater resources for agricultural, municipal, and in-
dustrial purposes in the watershed, it is important to under-
stand the relationships between ENSO-induced droughts
and groundwater levels in the region. This study is part of a
larger project that aims at understanding the relationships
between droughts, irrigation, and groundwater levels, with
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Figure 1. Apalachicola-Chattahoochee-Flint (ACF) river basin. Most
of the basin lies in Georgia, the Chattahoochee River forms the
boundary between Alabama and Georgia, and the Chattahoochee and
Flint Rivers meet in Lake Seminole at the Georgia-Florida border to
form the Apalachicola River.

the ultimate goal of developing a methodology for forecast-
ing (seasonal) groundwater levels. The groundwater level
forecasting methodology will help stakeholders (farmers
and state agencies) avoid irrigation-induced streamflow
reductions during drought periods and will help state agen-
cies formulate alternate drought management policies and
resolve the complex water management issues and conflicts
in the region. In this study, the link between ENSO-induced
climate variability and groundwater levels in the lower
ACEF river basin was explored using wavelet analysis. Non-
parametric Mann-Whitney tests were used to quantify the
impact. Effects of severe droughts on groundwater levels
and recovery periods were also studied to present a com-
plete picture of ENSO-induced droughts on groundwater
levels in the region.

MATERIALS AND METHOD
STUDY AREA

The study area is located in the lower ACF river basin in
parts of southwestern Georgia, northwestern Florida, and
southeastern Alabama (fig. 2). The climate of the lower
ACEF river basin is humid subtropical, with long summers
and mild winters. The average annual temperature and pre-
cipitation in the study area are about 18°C (64°F) and
1270 mm (50 in.), respectively. About 4,632 mi” of the land
area recharges groundwater that is contained in the karst
UFA, which eventually contributes to surface water in the
ACF river basin. The UFA system is the major water-
bearing formation of the region and consists of aquifers and
semi-confining layers with four distinct hydrogeologic
units: the surficial aquifer system, the upper semi-confining
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*  Location of Selected Wells 12

Geohydrologic Zones
0 Apalachicola River floodplain
Flint River upstream of Lake Seminole
to Cooleewahee Creek
2 Headwater Upland
3 Interstream Karst
4 Interstream Karst Swamp
5 Marine and fluvial terrace deposits
6  Northeast of Lake Seminole, east of Flint River
7 Solution Escarpment
8 Solution Escarpment Upland
9  Terrace and Undifferentiated deposits, dry
10 Upland Interstream
11 Upland Interstream Karst
Upland Outcrop
13 Upland, Dry
14 Upland, east of Lake Blackshear

Figure 2. Location of the study area, observation wells, and geohydrologic zones (modified from Torak and Painter, 2006).

unit (USCU), the UFA, and the lower confining unit (Torak
and Painter, 2006). These hydrogeologic units are defined
by differences in hydraulic characteristics and lithology,
which might not coincide with the geologic unit bounda-
ries. The USCU, lying above the UFA, is the major source
of vertical leakage to the UFA.

Groundwater levels in the UFA respond to seasonal cli-
matic effects, such as changes in precipitation, temperature,
and stream and lake stage, in addition to stresses such as
groundwater withdrawal for agricultural, municipal, and
industrial purposes. Fluctuations in groundwater levels in
the UFA also depend on aquifer thickness and location in
the ACF river basin, hydraulic characteristics of the USCU,
proximity to surface streams or lake system, and pumping.

ENSO INDEX AND GROUNDWATER DATA

The Nifio-3.4 index provided by the National Oceanic
and Atmospheric Administration (NOAA) Climate Predic-
tion Center was used for the definition of the ENSO phase
(NOAA, 2010). This index is based on 3-month running
means of SST anomalies (ERSST.v3b) in the Nifo-3.4 re-
gion (5° N to 5° S, 120° W to 170° W). The El Nifio phase
is defined when the Nifio-3.4 index is above +0.5°C, while
the La Nifia phase is defined when the Nifio-3.4 index is
below -0.5°C. A neutral phase is defined when the Nifio-
3.4 index is between -0.5°C and +0.5°C. For this study, the
middle month of the 3-month running average value of the
Nifio-3.4 index was assigned to that month.

Daily groundwater (GW) level data for 21 observation
wells in the study area were obtained from the U.S. Geo-
logical Survey. All the wells were in the UFA, and the pe-
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riod of recorded data varied from 25 to 30 years. Time se-
ries of monthly average groundwater levels were calculated
for each observation well. Finally, the period with the most
complete monthly data for each well was used for the anal-
ysis. ENSO phase effects on monthly groundwater levels
were studied using groundwater anomalies, which were
calculated by subtracting the historical (period of record)
monthly average GW levels from the time series of month-
ly average GW levels. Thus, a negative anomaly indicates a
lower monthly GW level than the historical, or normal,
monthly average GW level, and a positive anomaly indi-
cates a higher than normal GW level. For the wavelet anal-
ysis, the wells with the most complete data were used. Av-
erage GW levels for months having five or fewer missing
daily values were calculated by ignoring the missing data
and computing the monthly average GW levels.

WAVELET ANALYSIS

Hydrological time series are statistically non-stationary
(Coulibaly and Baldwin, 2005). The series may exhibit
periodic signals that can vary in amplitude and frequency
during the historical time period. Wavelet analysis exam-
ines the relationship between two time series to determine
the prevailing modes of variability and their variation over
the time period. In this study, wavelet analysis was used to
quantify and visualize statistically significant changes in
ENSO SST anomalies and GW level variance during the
historical time period. Using wavelet analysis, the magni-
tude and frequency of occurrence of ENSO phases and
their relationship (co-variance, shared power, and phase
correlations) to GW level anomalies can be detected over a
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multi-decadal time scale. Wavelet analysis was done for
wells under three overburden conditions: (1) well 08G001
with overburden less than 50 ft (shallow aquifer), (2) well
10G313 with overburden of 50 to 100 ft (moderately deep
aquifer), and (3) well 15L020 with overburden greater than
100 ft (deep aquifer). Wavelet analysis was conducted to
determine if GW levels respond to changes in ENSO SST
anomalies. In the following discussion, we provide brief
explanations of the wavelet analyses performed in this
study. More detail can be found in Torrence and Compo
(1998).

Continuous Wavelet Transform (CWT)

The CWT analyses localize recurrent oscillations in time
series by transforming them into time and frequency space.
Any time series x, (n = 0...N—1) with time spacing &¢ has a
wavelet function Wy(1) with zero mean and is localized in
time and frequency space. The choice of the wavelet func-
tion is determined by the data series. This analysis uses the
Morlet wavelet function, which depends on a non-
dimensional frequency , (default value 6) and non-
dimensional time parameter 1:

-1/ 4e—iw0ne—n /2

M

The continuous wavelet transform W,(s) of a discrete
sequence x,, which is a scaled and translated version of
Yo(n), is given by the following equation:

(n'— n)St}
s

yom=mn

n—1
W (s)= Zanw*{ )
n’=0

where 7’ is the translated time index, # is the localized time
index, s is the wavelet scale, W is the normalized wavelet,
and (*) is the complex conjugate. The null hypothesis is
that the signal is created by a static process with a back-
ground power spectrum (Py), and the statistical significance
of the wavelet power can be assessed relative to the null
hypothesis. Time series can generally be modeled by a
first-order autoregressive (AR1) method (Grinsted et al.,
2004). The equation of the Fourier power spectrum of an
ARI1 process (Allen and Smith, 1996) is given by:

2
P = 1-o
‘l—oce

3)

—2imk|?

where £k is a Fourier frequency index, and o is autocorrela-
tion at lag-1.

Cross- Wavelet Transform (XWT) and
Wavelet Coherence Transform (WCT)

Although regions of high power can be seen in the
WCT, a direct analysis of two time series will help in find-
ing distinct regions of high shared power and thus signifi-
cance. XWT examines whether regions in time-frequency
space with high common power have a consistent phase
relationship, suggestive of causality between the time series
(Grinsted et al., 2004). For two time series X and Y, with
different wavelet transforms W,x(s) and W,y(s), the cross-
wavelet transform is defined as:
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where [7,? (s)| is the cross-wavelet power, and (*) repre-

sents the complex conjugate. In addition to XWT, WCT
was used to evaluate the local co-variance of the two time
series in time-frequency space, which may or may not ex-
hibit high power. As XWT lose significance in visualizing
shared power, WCT finds larger significant areas compared
to XWT. The wavelet coherence transform for two time
series (Grinsted et al., 2004) is given by:

_ 2
2 ‘S(s Iy XY (s)‘

' S(s_l‘S(WnX (s)

. )

st son) o))

where S is a smoothing operator for the wavelet function.
This expression resembles the correlation coefficient, indi-
cating that wavelet coherence is actually correlation in
time-frequency space. Statistical significance levels for the
wavelet coherence were evaluated using Monte Carlo
methods. XWT and WCT were performed on Nifio-3.4 SST
time series with GW level anomalies for different overbur-
den conditions, calculated to 95% significance levels. The
software package used for CWT, XWT, and WCT analyses
was from the Matlab code developed by Aslak Grinsted
(http://noc.ac.uk/using-science/crosswavelet-wavelet-
coherence).

GROUNDWATER LEVEL FLUCTUATION
AND CLIMATE VARIABILITY ANALYSIS

Monthly GW level anomalies were sorted by La Nifia
phases and averaged by recharge (December to April) and
non-recharge (May to November) months for all the obser-
vation wells. El Nifio and La Nifia phases of the ENSO
cycle were analyzed to study the effects of drought periods
on GW level anomalies. The year 2000-2001 was especial-
ly analyzed to study the effects of strong La Nifia events
(prolonged droughts) on GW level anomalies. Non-
parametric Mann-Whitney tests were used to evaluate the
impacts of ENSO phases on the medians of GW level
anomalies in the ACF. The Mann-Whitney tests assess
whether the observations in one sample tend to be higher
than another, make no assumption of normality, and con-
sider the same distribution for both the samples.

RECOVERY PERIOD

For this study, groundwater recovery was associated
with the criteria of six consecutive 3-month running aver-
ages (CMRA) of GW level anomalies above -0.25 ft after
the end of the La Nifia phase. The recovery period was cal-
culated by the time required for the GW levels to meet the
CMRA criteria after the end of the La Nifia phase. Due to
the lack of definitive criteria to study groundwater recov-
ery, the CMRA criteria provided a good representation of
the recovery periods. For the calculation of the recovery
periods, two particular La Nifia event years (1988-1989 and
2000-2001) were used, representing short and prolonged La
Nina (drought) occurrences, respectively.
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RESULTS
WAVELET ANALYSIS

The wavelet power spectra for Nifio-3.4 SST, and GW
level anomalies for wells 08GO001 (shallow), 10G313
(moderately deep), and 15L020 (deep) are shown in fig-
ure 3. As previously known (Wang and Wang, 1996; Tor-
rence and Compo, 1998), SST power is concentrated within
the band group of 3 to 7 years, although the dominant
modes and magnitude tend to shift with time.

Groundwater levels in the ACF basin follow the distinct
pattern of seasonality of precipitation in the Southeast U.S.
Groundwater levels in the ACF basin reach a yearly maxi-
mum from late winter to early spring due to steady rain,
low evapotranspiration, and low agricultural pumping in
winter months. Groundwater levels start declining during
the growing season due to decrease in recharge by precipi-
tation and are at yearly lows during the mid-fall (Torak and
Painter, 2006). Seasonal GW level fluctuations vary
throughout of the study area (Torak and Painter, 2006).
Groundwater levels fluctuate more where the USCU is thin
(less than 30 ft) or absent due to direct infiltration (where
the USCU is absent) and vertical downward leakage (re-
charge) from and/or through the USCU. The wavelet power
spectra used GW levels that spanned 1977 to 2012 for well
08G001 and 1976 to 2012 for wells 10G313 and 15L020.
For wells 08G001 and 10G313, regions of high power rela-
tive to noise background, although not statistically signifi-
cant, are seen in the wavelet power spectra in the 3 to
7 year periodicities (figs. 3b and 3c), which are similar to
the periodicities in Nifio-3.4 SST (fig. 3a). Both wells
showed strong power in the periodicities of 3 to 5 years and
4 to 7 years during 1982 to 1990 and 1995 to 2005, respec-
tively (figs. 3b and 3c), although the power is not statisti-
cally significant for well 08G001. High and significant
power are seen in wells 08G001 and 10G313 in the 1 to
2 year period, which is perhaps related to seasonal storms

Period (years)

2000

1880

1985 1990 1995 2005 2010

Period (years)

or La Nifa events during 1989 to 1990 and 1999 to 2001.
High power was not seen in any periodicities for well
15L020 (fig. 3d). The high power 3 to 7 year periodicities
observed in the wavelet spectra of wells 08G001 and
10G313 and the lack of such power in well 15L020 suggest
that GW levels in shallow and moderately deep overburden
conditions exhibit ENSO teleconnection, while such a tele-
connection is missing under deep overburden conditions.

CROSS-WAVELET ANALYSIS

Unlike wavelet power spectra, where two time series
show high common power independently, cross-wavelet
spectra analyze the two time series directly. Significance
levels for the cross-wavelet transform between Nifio-3.4
SST anomalies and monthly GW level anomalies are calcu-
lated against regions of red noise background delineated
with thick black outlines in figures 4a to 4c. The cross-
wavelet transform between SST and GW level anomalies
indicates high shared power in areas that also share high
power in the single wavelet spectra. That is, wells 08G001
and 10G313 shared high and significant power in periodici-
ties of 3 to 5 years and 4 to 7 years from 1982 to 1990 and
1995 to 2005, respectively (figs. 4a and 4b). Both wells
shared high power in the 3 to 7 year periodicities, and the
significant areas within these periodicities are positively
phase locked. This suggests causality between SST and
GW level anomalies, which attest to ENSO being the major
climate variability phenomenon in the Southeast U.S.

The cross-wavelet spectra for well 15L020 did not indi-
cate shared high and significant power in any period. It can
be inferred from this lack of shared high and significant
power in the cross-wavelet spectra that GW levels under
deep overburden conditions are not affected by ENSO be-
cause of the high thickness of the USCU having low water-
bearing properties, which restricts recharge of the UFA by
vertical leakage in seasonal response to ENSO-produced

——

1995 2000 2005
(d)

1980 1885 1990 2010

1980 1985 1980 1995 2000 2005 2010

Figure 3. Significant wavelet power spectra shown within the cone-of-influence for (a) monthly Niiio-3.4 sea surface temperatures (°C), (b) GW
level anomalies (ft) for well 08G001, (c) GW level anomalies (ft) for well 10G313, (d) GW level anomalies (ft) for well 15L.020. Cool colors (blues
and white) indicate low wavelet power; warm colors (reds and oranges) indicate high wavelet power. Black outlines indicate areas significant at

the 95% confidence level.
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Figure 4. Cross-wavelet spectrum between Nifo-3.4 sea surface temperatures and monthly GW level anomalies (ft) for wells (a) 08G001,
(b) 10G313, and (c) 151020, and wavelet coherence analysis between Nifio-3.4 sea surface temperatures and monthly GW level anomalies (ft) for
wells (d) 08G001, (e) 10G313, and (f) 15L.020. Black outlines indicate areas significant at the 95% confidence level. Arrows indicate variable’s
phase relationship. Arrows pointing counter-clockwise represents anti-phase behavior, while clockwise arrows indicate in-phase behavior.

variations in precipitation.

WAVELET COHERENCE TRANSFORM

WCT for Nifio-3.4 SST and GW level anomalies for
wells under different overburden conditions are shown in
figures 4d to 4f. Significant commonality in cross-wavelet
transform spectra and wavelet coherence transform analysis
does not necessarily translate to causality, as significant
correlation between the two variables being investigated
could occur by chance. Although small significant areas in
wavelet coherence transform likely can occur by chance
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and would not necessarily indicate causality, large areas of
significance are unlikely due to chance and should be fur-
ther examined for relationships between the two series.
WCT for Nifio-3.4 SST and GW level anomalies for
well 08G001 (fig. 4d) delineate small areas that have high
and significant power corresponding with 3 to 7 year perio-
dicities and are positively phase locked. These small but
significant areas also shared high power in the cross-
wavelet spectrum (fig. 4a) in a phase-locked condition,
implying a causal relation between SST and groundwater
level anomalies. More areas having high and significant
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power were prevalent in the WCT for well 10G313 (fig. 4¢)
than for well 08G001 (fig. 4d). For well 10G313, the WCT
indicates high and significant power with 3 to 4 year perio-
dicities and phase lock during 1982 to 2000. These areas of
shared power in WCT also shared power in the cross-
wavelet spectra (fig. 4b), further supporting causality. WCT
for well 15L020 (fig. 4f) did not indicate significant areas
of high power, implying a non-causal relationship. The
results of wavelet power spectra, XWT, and WCT demon-
strates that groundwater levels in wells 08G001 and
10G313 exhibit ENSO teleconnection in shallow and mod-
erately deep overburden conditions, while groundwater
levels under deep overburden conditions (well 15L020) do
not show any such relationship.

MANN-WHITNEY TESTS

In the previous sections, teleconnections between GW
level anomalies and ENSO phases were inferred from
wavelet analysis. Further analysis of 21 wells identified a
high level of significant difference (p < 0.01) between the
El Nifio and La Nifia phase GW level anomalies for all
wells, except for well 150020 (table 1). The median GW
level anomalies during the El Nifio and La Nifia phases
were above and below average, respectively. Ropelewski
and Halpert (1986) found that El Nifio and La Nifia condi-
tions were associated with above and below average precip-
itation, respectively, in the Southeast U.S., which explains
the results in table 1 that consider the connection between
precipitation and groundwater levels in the UFA. Well
08K001 showed the highest increase in the median of GW
level anomalies during the El Nifio phase, having a median
GW level anomaly of 5.74 ft. The highest decline in GW
levels during the La Nifia phase is seen in well 08G001,

Table 1. Mann-Whitney test results for ENSO phases and monthly
GW level anomalies during the entire period of record (p-values are
significant at 0.01).

El Niio® La Niiial® Diff."! p

Well (ft) (ft) (ft) Value
06F001 1.35 -3.96 5.30 0.0000
09F520 0.31 -0.62 0.93 0.0000
09G001 1.01 -2.02 3.03 0.0000
10G313 0.72 2.82 3.54 0.0000
08G001 3.66 -5.50 9.16 0.0000
11J012 0.88 -1.56 2.44 0.0000
137004 1.32 -1.53 2.85 0.0000
08K001 5.74 242 8.16 0.0000
12K014 0.98 -1.56 2.54 0.0000
13K014 1.32 241 3.73 0.0000
11K003 3.35 -1.52 4.87 0.0000
13L012 0.73 -1.55 2.28 0.0000
121030 233 2.56 4.88 0.0000
121028 1.76 3.19 496 0.0000
131049 2.89 -3.68 6.57 0.0000
12M017 2.20 -1.38 3.58 0.0000
13M006 3.24 -1.62 4.86 0.0000
07H002 3.79 -2.76 6.56 0.0000
121029 1.82 224 4.07 0.0000
11K015 0.36 -2.03 239 0.0000
10K005 0.29 -0.19 0.48 0.0000
150020 0.60 -1.95 2.56 0.4129
Median 1.36 2.02 3.66

[
[
[

" Values indicate the median for each well.
1 Difference in median for El Nifio and La Nifia phase.
<) Non-significant well.
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with a GW level anomaly of -5.50 ft (table 1). The differ-
ences in GW level anomalies for El Nifio and La Nifia var-
ied for different wells, with the highest difference of ap-
proximately 9 ft occurring in well 08G001 and a low of
0.48 ft occurring in well 10K005 (table 1). The medians of
monthly GW level anomalies for all wells during the El
Nifio and La Nifla phases were 1.36 and -2.02 ft, respec-
tively (table 1).

The El Nifio and La Nifa phases affected GW level
anomalies differently during recharge and non-recharge
seasons, resulting in larger anomalies during the recharge
season than during the non-recharge season, with a few
exceptions (table 2). It is important to note that ENSO
phases predominantly influence winter precipitation in the
Southeast U.S. (Sharda et al., 2012; Hanson and Maul,
1991a, 1991b; Schmidt et al., 2001), which explains the
occurrence of larger differences in GW level anomalies
during the recharge season compared to the non-recharge
season. The difference in GW level anomalies between the
two ENSO phases during the recharge season is approxi-
mately 2.5 times that of the non-recharge season. All wells,
except 150020, showed significant differences in GW level
anomalies during the recharge season, while 17 wells
showed significant differences during the non-recharge
season (table 2).

Figure 5 shows the distribution of differences in GW
level anomalies during recharge and non-recharge seasons
corresponding with the different ENSO phases. The distri-
bution of differences in GW level anomalies during re-
charge and non-recharge seasons corresponding with the
two ENSO phases varies considerably by geohydrologic
zone (GHZ). Figure 5 shows that during non-recharge sea-
sons, wells in the Solution Escarpment GHZ (well 13J004)
and Solution Escarpment Upland GHZ (well 15L020) did
not show any significant difference. In contrast, significant
differences in groundwater anomalies were exhibited dur-
ing the recharge season in wells located in the Solution
Escarpment GHZ but not in the Solution Escarpment Up-
land GHZ. Except for wells 09F520 and 11K015 during the
non-recharge season, all wells in the Upland Interstream
Karst and Interstream Karst GHZs showed significant dif-
ference in both the seasons. The variation in differences in
GW level anomalies during the two ENSO phases through-
out the GHZs indicates that overburden conditions alone do
not contribute to the fluctuations in GW levels. This sug-
gests that other factors, such as proximity to streams and
lakes, and the distribution of GW withdrawal for irrigation,
municipal, and industrial use, also play an important role in
the development of GW level anomalies. These factors
uniquely combine at every location with uncertainty in the
hydraulic properties of the UFA system that govern vertical
leakage, regional GW flow and storage, and GW and sur-
face water exchange, and hence add uncertainty to the re-
charge in the UFA.
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Table 2. Mann-Whitney test results of differences in median monthly GW level anomalies caused by El Nifio and La Niiia phases during

recharge and non-recharge seasons (p-values are significant at 0.05).

Recharge Season

Non-Recharge Season

El Niio® La Nifia™ Diff.! p El Nifo™ La Nifia™ Diff.! p
Well (ft) (ft) (ft) Value Well (ft) (ft) (ft) Value
06F001 5.40 -5.77 11.17 0.0000 06F001 0.10 -3.38 3.48 0.0001
09F520 1.44 -0.83 227 0.0000 09F52014 -0.23 -0.29 0.06 0.3801
09G001 3.01 272 5.73 0.0000 09G001 0.59 -1.66 2.25 0.0000
10G313 1.91 -3.37 5.29 0.0000 10G313 -0.30 -2.40 2.10 0.0026
08G001 731 -7.93 1523 0.0000 08G001 2.18 -4.35 6.53 0.0000
11J012 2.08 241 4.49 0.0000 11J012 0.56 -0.89 1.45 0.0000
137004 2.22 -3.37 5.59 0.0000 137004 0.31 -0.75 1.05 0.1152
08K001 4.54 221 6.75 0.0000 08K001 6.27 -3.30 9.56 0.0000
12K014 2.56 279 5.35 0.0000 12K014 0.41 -1.08 1.48 0.0001
13K014 3.12 -3.40 6.52 0.0000 13K014 0.69 -1.69 2.39 0.0000
11K003 4.61 -3.23 7.84 0.0000 11K003 2.06 -0.86 2.92 0.0376
13L012 2.19 238 457 0.0000 13L012 0.57 -0.94 1.51 0.0010
121030 3.64 277 6.42 0.0000 121030 1.47 245 3.92 0.0019
121028 4.02 -4.06 8.08 0.0000 121028 0.51 317 3.68 0.0136
13L049 6.31 442 10.73 0.0000 13L049 1.17 2.82 3.99 0.0006
12M017 2.94 -1.96 4.90 0.0000 12M017 1.06 -0.71 1.77 0.0285
13M006 3.35 -1.51 4.86 0.0000 13M006 2.93 -1.73 4.66 0.0000
07H002 3.78 247 6.25 0.0000 07H002 3.81 -4.16 7.97 0.0000
121029 3.14 -2.87 6.01 0.0000 121029 1.02 -1.78 2.81 0.0040
11K015 3.34 321 6.54 0.0000 11K015M -0.41 -1.26 0.86 0.9206
10K005 0.33 -0.39 0.73 0.0000 10K005 0.26 0.08 0.19 0.0311
15L0201! 0.7 -3.91 4.61 0.1559 1500201 0.53 1.28 -0.75 0.7482
Median 3.13 -2.83 6.13 Median 0.58 -1.68 2.32

EE S E

I

Non-significant wells.

Table 3 shows the mean GW level anomalies during an
average La Nifia phase and for 2000-2001 (representing a
severe La Nifia event). Comparison of mean GW level
anomalies resulting from average and severe La Niifia
events indicates that severe La Nifia events, such as the one
that occurred during 2000-2001, yield, on average, twice
the negative anomalies as those resulting from an average
La Nifa phase (table 3). Unlike an average La Nifia phase
(where GW level anomalies differ during the recharge and
non-recharge seasons), GW level anomalies associated with

A

(a)

Upland
Interstream
Karst GHZ

Interstream
Karst GHZ

Solution
Escarpment
GHz

p= 01

. difference > 8 ft

® 4ft < difference < 8 ft
*  difference < 4 ft

I:l Geo-hydrologic zones

40
Kilometers

Solution
Escarpment
Upland GHZ

Values indicate the median monthly groundwater level anomalies for each well for the El Nifio phase.
Values indicate the median monthly groundwater level anomalies for each well for the La Nifia phase.
Difference in median monthly groundwater level anomalies for El Nifio and La Nifia phases.

the severe La Nifia event of 2000-2001 exhibited similari-
ties in magnitude during the recharge and non-recharge
seasons. Groundwater levels in nearly all wells yielded
larger negative anomalies during the severe La Nifia event
than during the average La Nifia phase. Maximum negative
GW level anomalies for 2000-2001 were nearly 3.25 to
5.12 times larger than anomalies associated with average
La Nifa phases during recharge and non-recharge seasons.
Negative GW level anomalies exceeded -10 ft at eight
wells and -5 ft at 20 wells. In wells 08G001, 08K001, and

p>=01
difference = 4 ft

2 ft < difference < 4 1t

o @0

difference < 2 ft
I:l Geo-hydrologic zones

30 40
Kilometers

Figure 5. Distribution of differences in groundwater level anomalies produced by El Niiio and La Nifia phases during (a) recharge and (b) non-

recharge seasons (GHZ = geohydrologic zone).
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Table 3. Comparison of monthly average GW level anomalies for
severe (2000-2001) and average La Nifia phases during recharge and

Table 4. Comparison of recovery periods (months) for prolonged
(2001) and short (1989) La Nifia phases.

non-recharge seasons. Well 2001 1989
Recharge Non-Recharge 2000-2001 06F001 18 1
Well Average Severe Average  Severe Minimum 09F520 23 2
06F001 520 -4.49 -2.86 -4.24 -10.44 09G001 25 2
09F520 -1.11 -3.23 -0.19 -3.16 -5.13 10G313 24 gl
09G001 200  -3.34 -1.35 -3.00 -5.22 08G001 18 1
10G313 -2.90 -6.70 215 -6.38 -9.60 11J012 24l 1
08G001 -5.83 -8.83 -3.68 -7.90 -14.31 131004 28t glel
11J012 -1.93 -2.52 -0.98 -2.07 -4.64 08K001 181 0
13J004 -2.54 -5.91 -0.94 -5.92 -8.13 12K014 24l 1
08K001 -3.58 -3.02 -3.48 -6.19 -15.26 13K014 2411 1
12K014 249 332 -1.13 2.62 -6.01 11K003 25 2
13K014 276 -3.64 -1.57 -3.03 -6.31 131012 25 0
11K003 321 -8.47 -1.26 -7.37 -13.66 121030 26 2
13L012 -1.88  -2.57 -0.84 270 -5.11 121028 26 6
121030 228 -39 -1.65 -3.83 -6.71 13L049 26 1
120028 -3.56 -6.21 -2.09 -4.73 -10.13 12M017 1 1
13L049 357 -6.13 212 -5.38 -8.50 13M006 25 1
12M017 -1.69 221 -1.13 -1.39 -8.84 07H002 o 2l
13M006  -1.93 -2.06 -3.01 -3.93 -17.43 120029 25 1
07H002 2,56 =319 -1.77 0 2180 -5.83 11K015 25 gl
121029 379 =370 -3.76 -4.96 -10.44 10K005 25 0
11K015 378 -9.07 -1.03 -7.15 -14.38 Mean 22 2
10K005 -0.51  -0.32% -0.49 -1.93% -5.48 ] Did not meet the six consecutive 3-month running average criteria.
Mean -2.81 -4.42 -1.78 -4.29 -9.12 ) Met the six consecutive 3-month running average criteria followed by

" For year 2000 only.

13M006, negative groundwater level anomalies exceeded -
15 ft during 2000-2001, which demonstrates the effect of a
severe and prolonged La Nifia phase on groundwater levels
(table 3). GW level depletion during prolonged droughts is
caused not only by decreased precipitation but also by in-
creased agricultural pumping. The results in table 3 demon-
strate the combined effect of these two aspects on GW lev-
els in the area. Such a drastic fall in GW levels can lower
streamflows in the Flint River and prohibit meeting the
minimum flow requirements in the Flint and Apalachicola
Rivers.

RECOVERY PERIOD

Recovery in GW levels following La Nifia events varies
according to the severity of the phase. On average, the se-
vere La Nifia phase during 2000-2001 required a signifi-
cantly longer recovery time (22 months) than the short La
Nifia event during 1988-1989 (2 months) (table 4). During
2000-2001, GW levels tended to recover during the end of
the La Nifia phase (March 2001), although not always ex-
hibiting positive anomalies. However, with the onset of the
growing season in April 2001, GW levels declined to fur-
ther low levels as a result of increased irrigation and evapo-
transpiration demands. The recovery period for wells dur-
ing 2000-2001 varied from 18 to 26 months, except for
wells 12M017 and 07H002, which recovered within a
month, thus meeting the six consecutive 3-month running
average (CMRA) criteria. However, GW levels in these
two wells also fell below normal with the onset of pumping
during the growing season.

The recovery time for wells during the short-duration La
Nifia phase of 1988-1989 varied from 0 to 9 months (ta-
ble 4). Recovery time for wells 10G313, 13J004, 121028,
and 11KO015 exceeded 5 months, even though all other
wells exhibited a recovery period of 2 months or less. This
again can be explained by the unique hydraulic characteris-

57(5): 1393-1403

negative anomalies due to onset of growing season (April 2001).
Showed positive anomalies for a brief period at the end of the La Nifia
phase (March 2001) but did not meet the six consecutive 3-month run-
ning average criteria.

tics at each well location, which is responsible for the in-
consistent GW level fluctuations and recovery throughout
the study area. Tables 3 and 4 show that GW resources are
vulnerable during severe La Nifia events, and dependence
on GW needs to be reduced immediately when a severe La
Nifia is forecasted. Considering the UFA-FR connectivity,
reducing dependence on GW for irrigation during severe La
Nifia events may help ensure minimum levels of stream-
flow in the river.

SUMMARY AND CONCLUSION

This study used wavelet analysis and the non-parametric
Mann-Whitney test to identify and quantify the teleconnec-
tion between the climate variability phenomenon known as
the El Nifio Southeast Oscillation (ENSO) and groundwater
(GW) levels in the lower Apalachicola-Chattahoochee-Flint
river basin. Wavelet analysis was used to find teleconnection
between Nifo-3.4 sea surface temperature anomalies and
GW level anomalies, while the Mann-Whitney test was used
to quantify this teleconnection. Analysis of GW level fluctu-
ations in the event of a severe drought (prolonged La Nifia
phase) was also performed to estimate recovery periods.

Results of wavelet analysis indicated that wells repre-
senting shallow and moderately deep overburden condi-
tions respond to ENSO in periodicities of 3 to 7 years. The
well in deep overburden did not respond to short-term cli-
mate fluctuations, indicating that GW levels under deep
overburden conditions are not affected by ENSO. Mann-
Whitney tests found significant differences (p < 0.01) in
GW level anomalies between the two ENSO phases (El
Nifio and La Nifa) for all wells except the well in deep
overburden. GW levels were higher than the long-term av-
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erage during El Niflo phases while lower than average dur-
ing La Nifia phases. The results of the Mann-Whitney tests
confirmed the results of the wavelet analysis. Analysis for
recharge and non-recharge periods indicated that ENSO-
induced anomalies were approximately 2.5 times greater
during the recharge season than during for the non-recharge
season, which is in agreement with previous studies that
indicate the predominant effect of ENSO on winter precipi-
tation and temperature in the Southeast U.S.

Comparison of La Nifla phases representing severe
(2000-2001) and average conditions indicated that average
GW levels dropped approximately twice as much during
the severe La Nifla as compared to the average La Nifia
during recharge and non-recharge seasons. Unlike the aver-
age La Nifia phase, where GW level anomalies are large
during the recharge season, the severe La Nifia event during
2000-2001 produced similar GW level anomalies for both
the recharge and non-recharge seasons, which could be due
to increased irrigation during the non-recharge season
stemming from prolonged drought conditions. Recovery
times for the severe La Nifia during 2000-2001 were signif-
icantly longer (22 months vs. 2 months) than those during
the short La Nifia of 1988-1989.

The results of this study illustrate that La Nifa severely
impacts GW levels in the study area, especially during se-
vere events. The prolonged recovery periods during severe
droughts validate the point that GW level fluctuates at a
different time scale as compared to soil moisture and
streamflows. Therefore, this study suggests that GW levels
should also be used (in combination with precipitation defi-
cit, soil moisture, streamflows, and other factors) as an in-
dicator of drought in this area. It was also found that the
role of irrigation cannot be ignored for such large recovery
periods because GW level depletions during droughts are
caused not only by the lack of precipitation but also by in-
creased irrigation pumping. It was also found that GW lev-
els are affected by local geohydrologic characteristics.
Therefore, in order to use GW levels as an indicator of
drought in this region, a number of wells in different geo-
logic formations and overburden conditions should be used.
Further, although ENSO forecasts (e.g., those issued by the
NOAA Climate Prediction Center and the International
Research Institute at Columbia University) can be used to
forecast GW levels, reduce irrigation pumping based on
those forecasts, and maintain streamflows in the Flint and
Apalachicola Rivers, ENSO forecasts should be combined
with a detailed GW model and irrigation water withdrawal
projections to develop an effective GW level forecasting
methodology. Such a modeling effort will also help identify
critical areas where timely reductions in irrigation water
withdrawal will help maintain streamflows. This would
help resolve the complex water management issues and
conflicts (i.e., the tri-state water wars) in this region.
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