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Abstract
Dirnberger, J. M. and J. Weinberger. 2005. Inﬂuences of lake level changes on reservoir water clarity in Allatoona Lake, Georgia.
Lake and Reserv. Manage. Vol. 21(1):24-29.
In Allatoona Lake (Georgia USA), secchi transparency (measured every 2 to 4 weeks during a Phase I U.S. EPA Clean Lakes
Study) was typically 5- to 8- fold greater in summer than late autumn and winter. The intensity of storms increased in late autumn
and winter resulting in high sediment loads from the watershed, but lake level was also drawn down, confounding the inﬂuence of
external sediment load with that of resuspended lake sediments. For 4 of the 5 years studied, decreases in water clarity were more
closely synchronized with lowering of lake level than with storms. Continuous automated sampling of turbidity and other water
quality parameters at 15-minute intervals allowed us to assess whether turbidity increases were derived from erosion of the exposed
shoreline (i.e., by rain and runoff), or wave-driven resuspension. Regular increases in turbidity and decreases in pH occurred each
weekend during the summer, suggesting increased mixing by boat trafﬁc. Increases in turbidity on weekends and after rain events
were greater after initiation of drawdown and were particularly strong when lake surface elevation approached that of the summer
metalimnion depth. It appears that sediment focused (deposited) in deeper areas during the spring and summer is resuspended by
wave action as lake levels drop in autumn.
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While differences between natural lakes and impoundments
have been well documented (e.g., Thornton 1990), less attention has been paid to the uniqueness of impoundments
managed speciﬁcally for ﬂood control. Suspended sediment
dynamics, in particular, are likely to be different. Not only are
watershed areas above impoundments often large resulting
in large inﬂows with high sediment loads (e.g., Dirnberger
and Threlkeld 1986, Gloss et al. 1980), but also, water level
ﬂuctuations in ﬂood control reservoirs expose those sediments previously deposited in deeper areas to resuspension
by waves and rain.
Resuspension of sediment by wind has been documented in
shallow lakes with constant lake levels, (e.g., Douglas and
Rippey 2000, Signell et al. 2002) and in lakes that become
shallower due to declining lake levels (e.g., Laenen and LeTourneau 1996, Gibson and Guillot 1997), though effects on
water column turbidity were not evaluated in these studies.
In Lago de Chapala (Mexico), turbidity increases during
the dry season as the lake becomes shallower and results
in greater resusupension of the clay lake bottom by surface
waves (Lind et al. 1992). Effects of waves and rain on water
clarity may be particularly important if lake levels drop to
elevations where sediments were focused during periods
of previously high lake levels. “Sediment focusing” occurs
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as particles are transported and deposited to deeper bottom
areas isolated from upper layer wind mixing (Davis 1973,
Davis and Brubaker 1973, Likens and Davis 1975, Hilton et
al. 1986, James and Barko 1993).
Understanding the relative influences of high sediment
inﬂows and ﬂuctuating lake levels on water clarity is particularly difﬁcult in ﬂood control reservoirs because drawdowns are timed to coincide as nearly as possible with the
beginning of seasonal increases in runoff. While drawdown
in ﬂood-control reservoirs typically precedes seasonal increases in precipitation, temporal resolution in traditional lake
monitoring schemes is unlikely to resolve whether sources of
suspended sediment are from watershed, shoreline, or lake
bottom processes. In Lake Allatoona (Georgia, USA), based
on monitoring at 2-4 week intervals over several years, water
clarity declines in the late autumn as the reservoir is drawn
down for ﬂood control and seasonal rainfall increases. In this
study, short-term changes in turbidity collected by automated
monitoring probes at 15-minute intervals from summer to
winter are used to assess contributions from three possible
sources: (1) sediment inputs from tributaries, (2) erosion of
the exposed lakebed by rain and runoff, and (3) resuspension
of focused sediments by wind (waves) at lower lake levels.
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Methods
Allatoona Lake, a 4804-hectare impoundment of the Etowah
River (which contributes 70% of inﬂow to the lake), was built
and is operated for ﬂood control by the U.S. Army Corps of
Engineers. Watershed area is 3100 km2 and suburban development around Atlanta (Georgia, USA) is occurring rapidly
in the lake’s southern subwatersheds (U.S. EPA 1998). The
lake is a major drinking water source for the northwest Atlanta region (located ~40 km from downtown). Water depth
usually exceeds 40 m at the dam from late spring to early fall.
Allatoona Lake is monomictic and mean annual residence
time is 3.8 months (varying from 1 to 10 months depending
on time of year). Water entering from major tributaries often
enters the lake as underﬂows and less typically as overﬂows
or mixes immediately, and inﬂows are usually well mixed
in the middle and lower segments of the lake. Typically
the lake is drawn down from an elevation of 256 m above
mean sea level (“top of conservation”) in summer to ~251
m by December, exposing more than one third of the lake
bottom (USACE 1991) (elevation in this paper refers to
ﬁxed distances above mean sea level, whereas depth refers
to distance below lake surface). Aquatic macrophytes in the
lake are rare, presumably as a result of drawdown (U.S. EPA
1998). Allatoona Lake ranges from strongly mesotrophic to
eutrophic depending on location and season, and primary
productivity of phytoplankton is generally phosphorus-limited (U.S. EPA 1998).
Seasonal changes in water clarity were documented by measurements of secchi depth and of turbidity in photic-zone
composite samples at bimonthly (April-October) and monthly
(November-March) intervals over most of a 5-year period in
the 1990s as part of a U.S. EPA Phase I Clean Lakes Study.
Five sites were monitored throughout the study (Fig. 1).

The instrument was suspended by ﬂoat at 1.5 m depth from
the surface off the pier of the Cobb-Marietta Water Authority intake structure on the Allatoona Arm of the lake (Fig.
1) ~25 m from the shoreline and 5 m above the bottom (at
normal summer pool level). Sensor probes were cleaned and
calibrated at 7 to 14 day intervals. The turbidity sensor readings drifted noticeably over these intervals due to fouling, so
relative changes in turbidity over short time periods (days)
are compared in this study. On calibration dates, turbidity
was measured independently by a ﬁeld turbidimeter (Hach
2100P), and secchi depth was recorded. Meteorological data
were monitored by nearby automated weather stations located
13 km southeast (Kennesaw State University) and 13 km
west-northwest (Cartersville Airport, Cartersville, GA).

Results
Monthly and bimonthly monitoring from 19921996
Secchi depths measured at monthly and bimonthly intervals
were typically 5- to 8-fold greater in summer months than
during late autumn and winter. In all 5 autumns of the study,
declines in secchi depth were more closely synchronized
with lowering of lake levels (Fig. 2) than with increases in
inﬂows (Fig. 3). In order to more easily visualize the timing of these changes, secchi depths above and below 256 m
elevation (normal summer pool elevation) and 253 m (mean
summer metalimnion elevation) are compared. Mean secchi
depth (based on 5 stations) was consistently <1.9 m when
lake levels were below 256 m (normal summer pool elevation). Secchi depth continued to decrease throughout each
autumn as lake levels dropped (secchi <1.25 m when lake
levels were below 253 m). The observed decreases in secchi
depth to <1.25 m preceded large autumn-winter inﬂow events

Summer metalimnion depth was estimated for 1994 in order
to compare changes in water clarity associated lake level
changes during the proceeding autumn among stations. The
1994 season was chosen for this analysis because data were
collected through the winter, and rainfall during that autumn
was minimal reducing possible confounding effects on
water clarity. Summer metalimnion depth was estimated as
the depth above which temperature decreased by more than
0.5°C over the next deeper 1-m depth interval (mean of 6
dates from June to August).
Sampling resolution during the Clean Lakes study was
insufﬁcient to separate the effects of wave resuspension of
previously deep lake bottom from the effects of erosion of
the exposed lakebed by rain, so we conducted high-frequency
monitoring of turbidity, pH, dissolved oxygen, temperature,
and speciﬁc conductance with an automated multiprobe
device (Hydrolab Datasonde 4A) at 15-minute intervals
(over most of the period from 15 May 2002 to 3 January
2003) to assess turbidity contributions from these sources.

Figure 1.-Map of Allatoona Lake and sampling sites.
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in 1993, 1994, and 1996, and declines to <1.9 m preceded
high inﬂows in all 5 years (Fig. 2).
Declines in water clarity during the autumn occurred later
at deeper sampling sites (Stations 1E near the dam and 18E
midway up the main arm) than at shallower uplake sampling sites (28A, 45E, and the Little River Embayment).
For example, during 1994 timing of the most rapid declines
in secchi depth tended to coincide with dates at which lake
level dropped below elevations of summer metalimnions for
4 of the 5 sites (Fig. 4).

Figure 2.-Secchi depth (5 station mean) (ﬁlled circles) and lake
surface level elevation daily (solid line) from 1992 to 1996. Vertical
dashed lines indicate dates on which seasonal drawdown drops
lake elevation below 256 m (summer pool) and below 253 m
(mean summer metalimnion).

Figure 3.-Secchi depth (5 station mean) (ﬁlled circles) and total
tributary inﬂow daily (solid line) from 1992 to 1996. For comparison
with Figure 2, vertical dashed lines indicate dates on which
seasonal drawdown drops lake elevation below 256 m and below
253 m.

Figure 4.-Secchi depth for all ﬁve sampling sites during the
summer and autumn of 1994. Vertical gray bars cross trend
lines for each site to indicate the date that lake surface elevation
dropped below mean summer metalimnion elevation for each site
(mean metalimnetic depth for all sites = 3.0 m). Labels (in italics)
adjacent to gray bars indicate the depth of metalimnion.

26

Automated monitoring of water quality at 15minute intervals in 2002
Short-term automated monitoring revealed a 7-day repeating
pattern in most parameters measured. The pattern was most
clearly seen in pH, which tended to increase from Monday
to Thursday, and then decrease through the weekend (Fig.
5 and 6). Declines in pH over weekends could be caused
by increased recreational boating that mixes surface waters
with deeper layers low in pH, or that resuspends sediments
resulting in reductions in photosynthesis. Turbidity tended
to be greater on weekends than at mid-week (Fig. 6) though
statistically signiﬁcant differences could not be shown due
to variability in this parameter that was increased in part by
sensor fouling between calibrations.
Assuming that day-of-week variability in water quality
parameters truly represents mixing by boats, then weekend
mixing can be viewed as an experimental manipulation of
resuspension over a range of lake levels. Drought resulted
in an earlier-than-normal drop in lake level (beginning in
June 2002 rather than September) and relative change in
turbidity from Saturday to Sunday increased as lake levels
dropped below normal summer pool (Fig. 7). This suggests
that weekend mixing had a greater effect on resuspension as
lake level decreased. After the Labor Day weekend (August
31-September 2) a trend in relative change in turbidity from
Saturday to Sunday is not obvious, with most dates near or
less than zero (Figure 7). Boating activity decreases dramatically during this period, down from summer means by
18% in September, 37% in October, 52% in November, and
65% in December based on Army Corps of Engineer usage
estimates for Lake Allatoona (USACE 2002).
Short-term changes in turbidity coincident with strong winds
were not apparent until lake level dropped in late summer,
and the intensity and duration of turbidity increased further
as lake levels dropped further during the autumn (Figure
8). In the summer, wind speeds typically exceeded 5 m·s-1
during midday, but had no measurable effect on turbidity
(Fig. 8a) when lake level was at normal summer pool (256
m elevation). Turbidity over time was more variable as lake
level dropped in early autumn with the most abrupt changes
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occurring during rainless wind events >5 m·s-1 (Fig. 8b; 20,
23, and 24 September). Rain events with lower wind speeds
had little or no effect on turbidity (Fig. 8b; 21 and 22 September). These wind-induced changes in early autumn were
transient (over hours) relative to more persistent changes in
turbidity that occur later in the season (over days; Fig. 8c; 9,
13, and 17 December). Inﬂuences of turbidity by rain eroding
exposed lake bottom appeared relatively minor as indicated
by only a small (2 NTU) change in turbidity during a strong
(>5 mm/h), yet windless rain event (Fig. 8c; 10 December).
Fine-scale examination of a strong storm during the most
dramatic change in turbidity (24 December) also supports
the importance of wind resuspension relative to rain erosion of exposed lake bottom as indicated by a rapid increase
in turbidity coincident with increased wind and preceding
rainfall by several hours (Fig. 8d).

and Brubaker 1973, Likens and Davis 1975, Hilton et al.
1986, James and Barko 1993). When lake levels in Allatoona
are drawn down in autumn, sediments focused at depths in the
summer become accessible for resuspension both by mixing
from surface waves and by direct wave attack on recently
exposed shoreline (though the relative contributions of these
source were not estimated in this study).
Resuspension of these focused sediments should increase
as soon as drawdown begins (as observed in Allatoona), but

It is possible that increases in turbidity as a function of lake
level are an artifact of sampling location (as lake level is
lowered, the shoreline and bottom are closer to the probes).
However, there was little difference in turbidity with depth
(<9%) or between near shore and mid-channel (<3%) measured periodically during 2002.

Discussion
Decreases in water clarity in autumn were more closely associated with drops in lake level than with major rain events,
suggesting sediments from tributaries are not the immediate
source of autumn increases in turbidity. We propose that
resuspension in this reservoir is especially inﬂuential as
dropping lake levels expose previously focused sediments.
Wave action induced both by wind and by boat trafﬁc had
greater effects on turbidity after drawdown began than before.
Presumably, particles are gradually transported and settle to
deeper depths during spring and early summer (when pool
levels are high) due to sediment focusing (Davis 1973, Davis

Figure 5.-pH measured at 15-minute intervals during summer
2002. Vertical lines indicate 12 am on Mondays.

Figure 6.-Mean pH (black bars) and turbidity (gray bars) by
day-of-the-week during the summer of 2002. Paired t-tests
compared mean values among days-of-the-week for Sundays
compared to following Thursdays and Thursday compared to the
following Sundays (both comparisons were performed in order to
eliminate the possibility that a systematic seasonal trend might
result in differences between days-of-the-week). Turbidity was not
signiﬁcantly different (P>0.05) in either comparison whereas pH
was signiﬁcantly different (P<0.05) in both comparisons.

Figure 7.-Lake level (solid line), turbidity (measured on calibration
dates) (solid circles), and relative change in mean daily turbidity
on Saturday compared to the following day, Sunday (expressed
as percentage of the Saturday value) (open circles). Saturdays
were compared to Sundays because the greatest increase over
weekdays occurs over these days (Figure 6), while a short oneday time interval minimizes inﬂuences of fouling on the turbidity
sensor and of systematic seasonal changes.
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should be most noticeable when lake level elevation drops
nearer to summer metalimnion depths because greater net
sedimentation occurs below the metalimnion as has been
observed in other lakes (Weyhenmeyer, 1996). Mean summer metalimnion depth in Allatoona is 3 m, and it is not until
lake levels are lowered below this elevation (253 m above
mean sea level) that the greatest seasonal declines in water
clarity are observed. Sediments should be focused deeper at
sites with deeper metalimnia, resulting in later declines in
water clarity as observed in this study (Fig. 4). Other factors
could also contribute to earlier declines in water clarity at
sites farther uplake. Uplake segments have proportionally
more shallow area and shoreline relative to volume and
greater tributary sediment deposition, making detection of
early changes in water clarity more likely.

in resuspension (James and Barko 1993, Weyhenmeyer
1996 Weyhenmeyer et al. 1997). However, in Allatoona,
destratiﬁcation alone cannot account for autumn decreases in
water clarity. Destratiﬁcation occurs in mid-September (U.S.
EPA 1998) yet the most rapid decreases in water clarity (Fig.
2) did not occur until mid to late October at many stations.
In addition, in 1993, 1995, and 2002, drought resulted in
initiating drawdown earlier than September, coinciding with
initial decreases in water clarity and preceding destratiﬁcation in these years (Fig. 2 and 7). Similarly, resuspension
coincided with drawdown and preceded autumnal overturn
in Lough Erne (Gibson and Guillot 1997). Destratiﬁcation
may enhance resuspension of focused sediments in Allatoona,
though its contribution appears to be minimal compared to
the effects of lake drawdown.

Destratiﬁcation closely coincides with autumn drawdown,
and wind-induced vertical circulation, deeper after the autumn turnover, has been used to explain observed increases

Sediment focusing would also explain the minimal effects
of runoff from rainfall on exposed lakebeds. As lake surface
level drops, direct wave action would efﬁciently transport
sediment to deeper depths leaving less mobile material on
the exposed lakebed as shorelines recede.
As lake levels are stabilized at low pool in the winter, greater
inﬂows and complete mixing associated with destratiﬁcation
probably contribute to maintaining high turbidity into the
spring. Sediment focusing should continue to occur after
drawdown, though less efﬁciently because sediments at
greater depths can be more efﬁciently resuspended by wind
in the absence of stratiﬁcation (Weyhenmeyer 1996). From
March to April, the lake reﬁlls with waters high in sediment
(U.S. EPA 1998) that can settle (and be resuspended) at all
elevations as the lake returns to normal summer pool.

Figure 8.-Examples of turbidity (NTU; solid circles) over four time
periods in relation to wind (m.s-1; open diamonds) and rain (mm.
h-1; open triangles). Panel a is during summer, prior to drawdown,
Panel b is in early autumn, early in the lake level drawdown
process, Panel c is in early winter, later during drawdown process,
and Panel d is later during one particularly strong weather event
(note that horizontal and vertical scales differ among panels).
Mean wind direction during times when wind speed exceeded
5 m.s-1 are labeled above each wind event (E=east, S=South,
W=west, N=North).
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Implications for lake management of drawdown effects on
resuspension of focused sediment are complex. Rapid resuspension of sediments in the autumn results in impacts to
lake uses associated with decreased water clarity. Phosphorus
associated with resuspended sediments may contribute to
increases in autumn phytoplankton productivity as suggested
by increases in phosphorus and chlorophyll at most sites in
October and November relative to summer months (U.S.
EPA, 1998) (which contribute further to the autumn decrease
in water clarity). However, lower lake levels during the winter and spring must focus sediment even deeper, potentially
reducing in summer the availability of phosphorus associated
with sediment. Regardless of how lake levels are managed
in winter, the increase demand for water due to predicted
growth in regional population will increase the likelihood
of early drawdown in Allatoona Lake during summer, and
in turn could lead to greater availability of focused sediments and nutrients to the surface. A step in answering these
management questions could involve applying resuspension
models (e.g., Hilton 1985, Vlag 1992) to lake systems with
variable water levels.
This study has implications for monitoring designs in lakes.

Inﬂuences of Lake Level Changes on Reservoir Water Clarity in Allatoona Lake, Georgia

In many cases, understanding aquatic ecosystems using traditional weekly, semi-monthly, and monthly sampling regimes
is analogous to comprehending a full-length feature movie
from a handful of screen shots and sound bites. Day-of-week
variation in water quality suggests that measurements may be
unrepresentative of normal condition if sampling is scheduled
only on a particular day of the week, or that trends may be
biased if sampling day of the week changes systematically
across a season or set of sampling sites. In ecosystems highly
regulated by humans, such as ﬂood-control reservoirs, hightemporal monitoring resolution is also useful in untangling
the inﬂuences of natural events from actions anticipating
and responding to those events. In this study, decreases in
water clarity in autumn initially result from drawdown that
exposes previously accumulated sediments to waves, rather
than from increased tributary inﬂow which drawdowns are
planned to anticipate.
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