
Salinity Zonation: The Altamaha River estuary always has a fairly long (>25 km) extent of tidal freshwater even at very low flows, 
but only a short (or non-existent) polyhaline zone (above, left).  This is due to the large freshwater flows that enter the estuary, which 
can shift the polyhaline zone onto the Continental Shelf.

Transit Times: Average transit times through each salinity zone as a proportion of the total transit time (above, middle) are 
somewhat different than would be expected from the proportional lengths of the zones (above, left).  A greater proportion of time is 
spent in higher-salinity zones (and a lesser proportion in tidal freshwater) than might be expected, largely due to the increase in 
estuarine volume that occurs towards the mouth.  Depending on flow rate, conservatively mixing substances entering at the head of 
tide would spend 17-44% of the time in tidal freshwater even though that zone constitutes 47-80% of the estuary length.  Although a 
proportionate view of transit times is useful for comparison, the extent to which materials are transformed depends on the absolute 
amount of time spent in relevant zones (above, right).  Transit times through tidal freshwater are short, only 0.7-1.9 d, and those 
through the higher-salinity zones range from 1-10 d in both zones combined.

Discussion
A potential application of these types of results is in conjunction with efforts by NOAA to address the potential problem of 
eutrophication in US estuaries.  Their approach was to summarize concentrations of parameters of concern (chlorophyll a, nitrogen, 
phosphorus and dissolved oxygen) within broad salinity zones (NOAA 1996 and related reports), aggregate this information over all 
zones, and use “Estuarine Export Potential” to assess the relative susceptibility of estuaries to increased nutrient loads (Bricker et al, 
1999).  Export potential, estimated as a combination of dilution and flushing potential, is a qualitative parameter that could be 
improved using actual flushing or transit times when available. Susceptibility estimation could also be improved by using data 
relevant to the most sensitive time of year (e.g. median summer flow) rather than average flow.  The model responses at different 
river flows show the value of estimating the range of an estuary’s response rather than the mean.  For example, susceptibility to
excess nitrogen inputs is likely to be higher in summer when flows are generally lower, transit times longer, temperatures higher, 
and oxygen saturation lower.  

This work combines several elements of NOAA’s approach to eutrophication assessments and demonstrates that susceptibility of 
estuaries to perturbations may be examined with regard to salinity-sensitive processes using relatively simple models.  SqueezeBox 
requires much the same data as that summarized in the NOAA (1996) survey but provides more detailed information on how 
materials move through estuaries, which could improve our understanding of estuarine susceptibility to increasing nutrient loads
within a framework that is still simple enough to apply to a broad range of estuaries.

New and Improved: Modeling Mixing Time Scales in the Altamaha River Estuary
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Abstract
SqueezeBox is a 1-D box-modeling framework for estimating mixing time 
scales and exploring transport of inert tracers in estuaries.  An earlier 
SqueezeBox module for the Altamaha River estuary was calibrated for flows 
between 185 and 538 m3 s-1 but could not adequately predict the higher 
salinities that occurred during the recent drought (1999-2002).  We have 
recalibrated the module using additional salinity data collected at low flows, 
and it now successfully reproduces salinity distributions and transit times 
(comparable with flushing times) for flows between 50 and 928 m3 s-1.  The 
new module also extends our understanding of how the salinity distribution 
of the estuary responds to changes in flow.  At above average flows (400 m3

s-1), the longitudinal center of the mixing zone (inflection point) is almost 
stationary near the mouth and the estuary responds to flow decreases by a 
broadening of the mixing zone.  As flows decrease below 400 m3 s-1 the zone 
continues to broaden, but the inflection point also moves upstream.  Models 
generated using the new module were used to estimate transit times through 
salinity zones of the Altamaha River estuary at different steady-state flow 
rates.  In each case, zone lengths and transit times were calculated for the 
tidal freshwater (≤0.5 PSU), oligo-mesohaline (>0.5 – 18 PSU), and 
polyhaline (> 18 PSU) zones.  The estuary always has a fairly long (>25 km) 
extent of tidal freshwater even at low flows but only a short (or non-existent) 
polyhaline zone.  The proportion of the transit time spent in tidal freshwater 
is shorter than expected based on the length of the zone, and time spent in 
higher-salinity zones is proportionately longer.  These types of observations 
can be compared to the time scale of a salinity-sensitive process of interest 
(e.g. nitrification) to determine the extent to which the process might occur 
within the estuary.

An Updated Altamaha Module
Results from an earlier Altamaha River estuary module calibrated for flows ranging from 185-538 m3 s-1 have 
been described previously (Sheldon and Alber, 2002; 2003), but it could not predict the higher salinities that 
occurred during the recent drought (1999-2002).  We have now recalibrated the equation for upstream flow of 
seawater so that it includes salinity observations collected at low flows (obtained from the Georgia Coastal 
Ecosystems LTER project (D. Di Iorio, pers. comm.) and the Georgia Coastal Resources Division Water 
Quality Monitoring Program).

Transit Times through Salinity Zones
The total amount of time it takes freshwater to transit through an estuary often controls the extent to which materials carried in the 
water can be processed within the system. Transit time is therefore a useful way to compare systems with regard to their relative 
susceptibility to potential perturbations such as increased nitrogen loading.  Although total transit times are useful, water that flows 
through a riverine estuary passes from tidal freshwater through sequentially saltier reaches, and some processes (e.g. nitrification) 
occur primarily in certain salinity zones.  More specific information on how long water spends within relevant reaches of the estuary 
would therefore allow for a better understanding of the processing of materials.  This study expands on our previous work by 
evaluating how transit times through specified salinity zones vary in the Altamaha River estuary.

Slow flow requires smaller boxes

Fast flow requires larger boxes
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Model Validation
Salinity: Predicted salinity distributions for 21 flows ranging from 50 m3 s-1 (1st percentile) to 928 m3 s-1 (90th

percentile) compare well with mid-tide-averaged salinity observed at those flows (right).  Salinity predictions 
are higher than observed for extremely high flows.

Modeling Framework

Salinity Response to Flow Changes
Mid-tide-averaged salinity along the estuary axis is well fit by a logistic curve (below, left).  Results from the 
earlier calibration (Sheldon and Alber, 2002; 2003) suggested that the salinity distribution has a constant 
inflection point near the mouth, so that the estuary responds to flow changes entirely through changes in the 
strength of the salinity gradient.  The new calibration extends our understanding of how the salinity 
distribution of the estuary responds to changes in flow (below, right).  It still appears that the inflection point is 
almost stationary near the mouth for flows above the average (400 m3 s-1), such that the estuary responds to 
decreases in flow by a broadening of the mixing zone.  However, below 400 m3 s-1 the zone continues to 
broaden with flow decreases but the inflection point also moves upstream.

If salinity is a logistic function of distance:

Inflection locates the middle
of the mixing zone.

Slope parameter 
(inversely related to 
slope) describes the 
compression of the 
mixing zone and 
the strength of the 
salinity gradient.
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Both potentially are 
functions of river flow 
(right).

Transit Time: Model estimates of average 
transit time corresponding to the salinity 
observations at right compare well with estuary 
flushing times calculated independently from a 
long-term salinity data set using a freshwater 
fraction method (Alber and Sheldon, 1999).

Model runs: Box models were generated using river flow rates from the 10th-90th

percentile of the range for 1937-2003 (Table, right) and a time step of 0.05 d.  Salinity 
zones were defined as follows: tidal freshwater extended from head of tide (54 km from 
the mouth) to the box boundary where salinity was ≤0.5 on the upstream side; the oligo-
mesohaline zone extended from this boundary to the box boundary downstream of salinity 
18; and the polyhaline zone extended downstream of the latter boundary.  To determine 
transit times through salinity zones, tracers were introduced into the most upstream box of 
each model by giving the box an initial relative concentration of 1 and all other boxes and 
boundary inputs initial concentrations of 0.  Models were run until 99% of tracer had 
exited the estuary, and whole-estuary average transit times (average amount of time tracer 
spends between head of tide and the mouth) were calculated (Sheldon and Alber, 2002).  
Similarly, tracers were introduced into the boxes below the salinity zone boundaries and 
average residence times (times to exit the estuary) were calculated.  Average transit time 
through each salinity zone was calculated by subtraction.

Salinity Predicted by Squeezebox (lines) 
and Mid-tide or Paired Low/High Tide 
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Core equations for the updated Altamaha River estuary 
module for SqueezeBox (graphs, left) and map 
(provided by Wade Sheldon) with reference transect 
GCE-AL showing distances from ocean (km).  Yellow 
diamonds are 1-km GCE-LTER monitoring stations.

Having modules for both the Altamaha and the slower-flowing Ogeechee 
River estuaries allows us to compare the two.  The transit time data presented 
here (extreme right) is part of such a comparison (Sheldon and Alber, 
submitted).

Altamaha River estuary

Ogeechee River estuary

Modules Developed

SqueezeBox, a 1-dimensional tidally averaged box-modeling framework 
(Sheldon and Alber, 2002), is a tool for producing box models of riverine 
estuaries under specified flow conditions. It is an improvement over 
conventional box models:

vConventional Box Models
•arbitrarily determined box boundaries

•numerically unstable

•unsuitable for simulations
vSqueezeBox

•optimum box boundaries determined for river flow rate

•numerically stable
•flow simulations used to track water movement and estimate mixing 
time scales

SqueezeBox uses smoothed equations for cross-sectional area and upstream 
flow of seawater vs. distance along the longitudinal axis of the estuary 
(above, right), so that box boundaries may be drawn at any points along the 
estuary and the characteristics of the resulting boxes (e.g. salinity) may be 
determined.  For any given river flow rate, boxes are not all the same length 
or volume.
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