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Abstract. Numerous inland Australian streams contain density-stratified or saline pools, 
which are usually located on channel bends. Saline pools consist of a layer of saline water 
underlying a layer of fresh water. Saline pools generally form as a result of saline 
groundwater seeping into the stream and collecting in scour depressions during periods of 
low flow. Inflows of saline river water can also collect in scour depressions. Field and 
laboratory investigations of saline pool mixing by overflowing fresh water reveal that 
mixing depends on a balance between interfacial shear and buoyancy forces acting on a 
thin dense layer flowing up the downstream slope of the scour depression, and on the 
bend sharpness. Convection associated with surface cooling also causes mixing. A model 
for saline pools formed by groundwater inflows and mixed by fresh overflows is proposed 
and applied to several saline pools in the Wimmera River. 

Introduction 

The acceleration of land and stream salinization, as a result 
of human activities, has been recognized as a significant prob- 
lem in parts of Australia since early this century [Loh, 1988]. 
The salinization is primarily the result of a major change in the 
hydrologic balance caused by changes to vegetative systems 
and the commencement of irrigation. Replacement of deep- 
rooted native vegetation with shallow-rooted crops and pas- 
tures since European colonization has substantially increased 
groundwater recharge, leading to rising water tables and con- 
sequent salinization [Ghassemi et al., 1991]. Even though the 
economic, environmental, and aesthetic impacts of land salin- 
ization are significant, the impact of salinization on streams 
may be an even greater problem in some areas, particularly in 
parts of Western Australia and western Victoria [Peck, 1993]. 
McGuckin et al. [1991] note that salt-affected rivers and 
streams occur throughout half of Victoria, notably on the 
lower-lying plains in northern and western Victoria. 

Density-stratified pools form in salt-affected rivers subject to 
inflows of highly saline groundwater and periods of very low 
flow. These density-stratified pools typically consist of a layer 
of fresh water overlying a layer of saline water, which is usually 
contained within a scour hole in the stream bed. They are 
referred to as saline pools and are typically located on channel 
bends. The saline water, which is usually anoxic and acidic, is 
thought to be unsuitable for habitation by fish and other aer- 
obic organisms [Anderson and Morison, 1989a, b]. Anderson 
and Morison [1989a, b] argue that stratified pools are an eco- 
logically significant phenomenon because significant proportions 
of the river bed and banks are unavailable for use by aerobic 
organisms and because branches and logs on the river bed, 
which provide important cover and spawning and feeding sites 
for fish and habitat for benthic invertebrates, are inaccessible. 
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The use of environmental releases to reduce the occurrence 

and severity of saline pools has been suggested. However, in 
the past, it has been difficult to assess the effect of such releases 
owing to the limited understanding of saline pool behavior. 

In this paper, descriptions of the Wimmera River and pre- 
vious studies of its saline pools are followed by an outline of 
pertinent material from the extensive literature relating to 
density-stratified flows. This is followed by descriptions of the 
field and laboratory investigations of saline pools. The results 
of these investigations are divided into three sections: mixing, 
formation, and modeling of saline pools. Qualitative observa- 
tions of mixing of saline pools by fresh overflows are described 
and used as the basis for proposing a theoretical model of the 
flushing process. Quantitative mixing results for fresh over- 
flows and observations of convective mixing are also presented. 
Next, the streamflow conditions under which saline pools form 
and the rate of formation due to inflows of saline groundwater 
are discussed. A model of saline pool behavior is then pro- 
posed on the basis of the above results and is applied to several 
saline pools in the Wimmera River. Model simulations provide 
further insights into the behavior of saline pools. The model 
provides a basis for analyzing the impact of environmental 
flows on saline pools. This work forms part of a wider study of 
salinity in the Wimmera River [Western, 1994]. 

The Wimmera River 

The Wimmera River is located in northwestern Victoria, 
Australia (Figure 1). In the reaches studied, the Wimmera 
River flows through flat alluvial plains underlain by Tertiary 
sediments containing saline regional aquifers [Land Conserva- 
tion Council of Victoria, 1985]. The river channel is located 
within Quaternary river alluvium. Bed and bank materials are 
typically clays, silts, and fine sands [Anderson and Morison, 
1989b]. The flow regime in the Wimmera River is seasonal and 
highly variable, and salinities are generally high. At Horsham 
(gauge 415200 (Figure 1), catchment area 4066 km 2) the mean 
annual discharge is 139,000 ML (34.2 mm of runoff). The 
coefficient of variation for mean annual discharge is 1.17. Dis- 
charge in the Wimmera River downstream of Horsham is usu- 
ally low or zero from November to June, and a series of 
rainfall-induced flow events typically occurs from July to Oc- 
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Figure 1. The Wimmera River catchment. Locations of field 
sites are shown. 

tober; however, this seasonal pattern is variable, and low flow 
conditions persist throughout dry years. Diversions upstream 
of Horsham also affect the flow regime. 

During periods of low or zero flow, the lower Wimmera 
River contracts to form a series of large pools separated by 
sections of either shallow flow or dry channel. These pools are 
typically 4-8 m deep, 30-60 m wide, and 1-4 km long and are 
more or less permanent. Each of these large pools extends over 
several meander bends and contains several scour depressions. 
Saline groundwater entering these pools collects in scour de- 
pressions, resulting in the formation of saline pools. The scour 
depressions are typically 1-3 m deep. Saline pools occur fre- 
quently downstream of Horsham. 

and the saline water in the lower layer of saline pools was 
similar. At most sites, saline pools consistently formed in the 
same locations, and the salinity and temperature of the saline 
layer were consistent between episodes of stratification. Seep- 
age of saline groundwater into the stream through the stream 
banks was observed as well. These observations strongly indi- 
cate that the saline water in saline pools is fed by the adjacent 
groundwater [Anderson and Morison, 1989a, b]. Observations 
of gradual increases in the volume of saline water stored in 
saline pools during low flow periods support this hypothesis 
[Western, 1994]. 

At some locations, stratification can also result from saline 
river water collecting in depressions in the streambed [Ander- 
son and Morison, 1989a, b]. Inflows of relatively fresh river 
water that spread over the surface of the existing water and 
cause stratification have also been observed in the Wimmera 

River [Western et al., 1993; Western, 1994]. 
Anderson and Morison [1989a, b] observed the effects of 

streamflows on saline pools in the Wimmera River. A natural 
flow event with an estimated peak flow of 700 ML/d at Dim- 
boola caused partial mixing of some stratified pools, while a 
second event, which had a peak discharge of 3130 ML/d at 
Horsham, led to substantial or complete mixing of all the pools 
surveyed. An artificial steady flow of 50 ML/d caused little or 
no mixing over a 1-month period. Rates of mixing were not 
studied. Observations during typical mixing events (with peak 
discharge exceeding 1500 ML/d) by Western [1994] indicate 
that saline pools are completely mixed. 

Figure 2 illustrates the flows of water associated with saline 
pools. During periods of low flow, saline groundwater seeps 
into the stream and collects in depressions in the streambed. 
Any fresh water flowing down the river during these periods 
flows over the top of the saline layer. At larger stream dis- 
charges, saline water is progressively removed from the depres- 
sion. Saline river water entering the pool from upstream can 
also contribute water to the saline layer. Convection due to 
surface cooling also can lead to mixing of water from the saline 
layer. Wind is unlikely to be a significant cause of mixing 
because the water surface is well sheltered by the river banks 
and riparian vegetation. 

Density Stratification and Mixing 

A brief review of the effects of density stratification is re- 
quired before discussion of saline pool mixing. Turbulence and 
vertical mixing are suppressed by stable density stratification 

Study Sites 

The behavior of saline pools was studied at five sites along 
the Wimmera River: Lower Norton 1; Lower Norton 2; 
Polkemmet; Big Bend; and Tarranyurk (Figure 1). These sites 
are all located on bends of different sharpness. During low flow 
periods, depth at the sites varies between 4.5 m and 9 m and 
channel width varies between 30 m and 60 m. The volume of 

the scour depressions varies between 500 m 3 and 11,000 m 3. 
This volume is that at which saline water would begin to spill 
from the scour depression into a neighboring scour depression. 
These variations are due to local geomorphic conditions. 

Saline Pool Processes 

Anderson and Morison [1989a, 1989b] studied saline pools in 
the Wimmera River. They observed that the relative cationic 
composition (Na >> Mg > Ca) of the adjacent groundwater 
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Figure 2. Formation and mixing processes associated with 
saline pools in the Wimmera River, Australia. Saline water is 
shaded. Stratification can form as a result of inflows of saline 

groundwater and/or saline river water. Mixing occurs as a re- 
sult of flushing by fresh overflows and convection associated 
with surface cooling. 
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[Sherman et al., 1978; Hannoun and List, 1988]. In a two-layer 
system such as saline pools, mixing can occur by turbulent 
entrainment when the velocity shear between the layers is 
sufficiently large. Turbulent entrainment is mixing due to tur- 
bulent eddies scouring the interface. Christodoulou [1986] sum- 
marized 12 experimental studies of turbulent entrainment and 
suggested that the nondimensional entrainment rate E = 
Ue/U is a function of the bulk Richardson number Ri b = 
g'h/U 2, where #' = gAp/p is the buoyancy, p is the density of 
water, Ap is the density difference between the two layers, h is 
the turbulent (upper) layer depth, U is the mean turbulent 
layer velocity, and Ue is the entrainment velocity, defined as 
the volumetric entrainment rate per unit interfacial area. 
Christodoulou [1986] suggested that entrainment could be pre- 
dicted using (1); however, there is significant uncertainty asso- 
ciated with the predicted mixing rates. It should be noted that 
many other relationships have been proposed between entrain- 
ment and various forms of Richardson number [see Fernando, 
1991]. 

E = 0.07 Rio < 0.01 (la) 

E = 0.007 Ri• •/2 0.01 < Rio < 0.1 (lb) 

E = 0.002 Riff • 0.1 < Rio < 10 (lc) 

E = 0.007 Ri• 3/2 Rio > 10 (ld) 

Where there is significant variation along the flow, two- 
dimensional effects can be significant, and other mixing mech- 
anisms should be considered. Initial field investigations [West- 
ern et al., 1993; Western, 1994] and subsequent laboratory 
investigations [Nolan, 1994] revealed that two-dimensional ef- 
fects dominate the removal of saline water from saline pools by 
fresh overflows. These laboratory experiments are described 
later. 

Convective Mixing 

In many natural water bodies, transfers of shortwave and 
longwave radiation, sensible heat, and latent heat to and from 
the atmospher e occur [Fischer et al., 1979; Henderson-Sellers 
and Davies, 1989]. These surface energy transfers can result in 
either heating of the surface water layers (net energy influx) or 
in cooling of the water surface (net energy effiux). If surface 
heating is occurring, the stability of the water body will be 
increased, and mixing will be suppressed. However, if the sur- 
face is cooling, the density of the surface water will increase 
(provided the water temperature exceeds 4øC), and the dense 
surface water tends to sink, leading to convective motions that 
mix the water body. Convective mixing has been recognized as 
an important process in both lakes and oceans [Fischer et al., 
1979; Henderson-Sellers and Davies, 1989] and could potentially 
be important in quiescent river pools. 

Field and Laboratory Investigations 
Field Measurements 

Vertical salinity and temperature profiles were measured at 
several sites in the Wimmera River over periods of 1-2 years. 
These profiles were measured manually using calibrated con- 
ductivity and temperature meters at the deepest point that 
could be located within the scour depression. A fixed anchor 
was installed during mixing events so that each profile was 
measured at the same location. Detailed measurements were 
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Depth 

..... Halocline, S=1.2S surf 

S• Volume Vj Sa ' ' } Sj = (Sa+Sb)/2 

ß Salinity measurement 

Figure 3. Procedure used to calculate the equivalent ground- 
water volume Vaw. The water column was divided horizontally, 
and the mass of additional (to that contained in the same 
volume of surface water) salt in each layer was calculated. This 
was then summed and used to calculate the volume of ground- 
water required to account for the salt below the halocline. 

made where vertical changes in salinity or temperature were 
significant. During low-flow periods, the interface is relatively 
diffuse, and the most intensive measurement was every 0.25 m. 
During higher flows the interface is sharper, and measure- 
ments were made every 0.05 m. Significant salinity fluctuations 
at timescales of 10-30 s were observed within 0.05-0.10 m of 

the interface during mixing. These were presumably associated 
with interfacial waves. Where salinity and temperature were 
nearly uniform, the separation between the measurements was 
increased (maximum separation was 2 m). These measure- 
ments extended from the water surface to the streambed. 

Continuous salinity measurements were also made at Lower 
Norton 1 (0.5 m, 1.5 m, and 2.5 m above the streambed), Big 
Bend (0.5 m and 5 m above the streambed), and Polkemmet 
(0.5 m above the streambed). Data from these sensors were 
used to detect the time at which the interface passed the sensor 
during flow events and to detect convective mixing. Contour 
maps showing the bathymetry of each field site were con- 
structed from surveyed cross sections. 

Characterization of the Stratification 

As part of the analysis, the measured salinity profiles were 
summarized. For data obtained during mixing events, the ele- 
vation of the interface was determined by finding the interval 
with the maximum salinity gradient and averaging the eleva- 
tions at either end of this interval. 

To study the rate at which stratification develops, the 
amount of stratification was quantified by calculating the 
equivalent volume of groundwater, Vaw, required to account 
for the additional salt below the halocline. To calculate Vaw, 
the halocline was defined as the point in the profile at which 
the salinity was equal to 1.2Ssurf , where Ssurf is the salinity at 
the water surface. The factor 1.2 was chosen to ensure that 

essentially all the water with increased salinity was included in 
the calculation of Vaw. Vaw is insensitive to the exact value 
chosen. Vaw was calculated by dividing the water column hor- 
izontally at points where the salinity was measured (Figure 3) 
and using 

n Sj- Ssurf 
Vw- E (2) 

/=0 
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Figure 4. Flow geometry used during laboratory investiga- 
tions of the flushing of saline pools. The density difference, 
upper layer discharge and saline water discharge were fixed 
and the interface elevation was allowed to adjust until equilib- 
rium was reached. 

where •. is the volume of slice j, S i is the salinity of slice j, and 
Saw is the salinity of the groundwater at the particular saline 
pool. Volumes were calculated by integrating the plan area of 
the scour depression over the depth of the slice, and Si was 
calculated as the mean of the measured salinity at the top and 
bottom of the slice. Where the stratification extended beyond 
the top of the scour depression, the profile was truncated at the 
top of the scour depression because the plan area and thus the 
volume above that point could not be defined and because it 
was then possible for saline water to drain to other scour 
depressions. 

Laboratory Experiments 

A series of laboratory experiments was conducted to inves- 
tigate the mixing of saline pools by overflows of fresh water. 
These experiments consisted of a two-layer stratified flow with 
a saline lower layer and a fresh upper layer. They were con- 
ducted in a laboratory flume. The laboratory model (Figure 4) 
was based on the geometry of an idealized saline pool, and the 
velocity range was based on Froude scaling. Saline water was 
fed into the bottom of this depression through a diffuser at a 
steady rate, which was set so that the interface remained within 
the depression. A steady flow of fresh water was passed over 
the top of the saline layer. The saline water was dyed to enable 
flow visualization. The experiment was allowed to come to 
equilibrium, at which time a sharp interface between the fresh 
and saline water existed and the depression was partially full of 
saline water. The water surface elevation, interface elevation, 
and discharge rates for the fresh and saline water were then 
determined. 

Mixing by Overflowing Fresh Water 
Qualitative Observations 

The predominant removal mechanism observed during the 
laboratory experiments consisted of a thin layer of saline water 
flowing up the downstream slope of the depression and along 
the bed of the flume. This layer extended across the full width 
of the flume, and its depth was approximately 1 mm. The 
interface along the majority of the depression was approxi- 
mately horizontal, beginning to slope only at the downstream 
limit of the main stratification or at the point where the shallow 
flow up the downstream slope of the depression began (Figure 
4). Sampling showed that the saline water flowing from the 
cavity was a mixture of upper and lower layer water. 

Interfacial waves formed near the upstream extremity of the 
interface. These waves grew as they progressed along the in- 
terface and entrainment due to the breaking of these waves 

was observed. This entrainment increased as the waves became 

larger downstream and as the upper layer velocity increased or 
the density difference decreased. The flow up the downstream 
slope of the depression was continuous, and although it was 
steady at a sufficiently long timescale, surges resulting from 
interfacial waves arriving at and progressing up the down- 
stream slope were observed on some occasions. It is possible 
that the partially mixed water flowing from the downstream 
end of the depression results from partial mixing during wave- 
breaking episodes. Experiments with varying end wall slopes 
(0) indicate that the mixing regime described above persists 
until 0 exceeds 20 ø [Nolan, 1994], which is greater than the 
majority of scour depressions in the Wimmera River. The 
process whereby saline fluid is removed by interfacial shear 
associated with the flowing upper layer will be referred to as 
flushing. 

The Flushing Process 

The flushing process is characterized by a thin saline layer 
flowing up the downstream slope of the depression. A force 
balance can be written for this layer (equation (3) below), 
which is referred to as the bed layer to distinguish it from the 
main body of saline water in the depression. For the bed layer 
it is assumed that convective accelerations are zero (the top of 
the bed layer is parallel to the flume bed), that boundary shear 
stress is negligible, that steady state exists and that 0 is small 
(cos 0 • 1). 

T i 0S 

ph b g•-•- - 9' tan 0 = 0 (3) 
In (3), T i is the interfacial shear stress, ht, is the vertical depth 
of the bed layer, H is the elevation of the water surface, and x 
is the horizontal distance downstream. The pressure term can 
be estimated by combining the steady state momentum and 
continuity equations for the upper layer 

OH ( q'• 2'rw U• Oh ll g -•-•- = - •-• + p B • • •5- ] (4) 
where *w is the wall shear stress, U• is the upper layer velocity, 
h • is the upper layer depth, and B is the channel width. Sub- 
stituting (4) into (3) gives 

T i Tt 2 rw U• Oh 1 
--+ + g' tan0=0 (5) p h t, •11 p B h • O x 

Now assuming that *w is of the same order as 'r i and noting 
that ht, << h • and that B is of the same order of magnitude or 
larger than h • means that the second and third terms on the 
left of (5) can be ignored. Furthermore, U•2/h• << #', and 
Oh •/Ox • tan 0. Therefore (5) can be simplified to 

•'i/Ph • = g' tan 0 (6) 

Equation (6) implies a local equilibrium between the interfa- 
cial shear and the buoyancy forces. 

Assuming that Ut, cr U• and that *i '" PU• 2, then h t, cr 
2 t 

U•/g tan 0 and 

Q• = h•UdB = C• g, tan 0 (7) 
where Cf is a flushing coefficient and Q t, is the volumetric flow 
rate in the bed layer. Equation (7) suggests that the flushing 
process does not depend on any externally determined length 
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scale. It is noted that interfacial waves can contribute energy to 
the outflow, as is evidenced by surges observed in the bed layer 
under some conditions, and that turbulent entrainment also 
contributes to the removal of saline water. Other equations 
would be required to describe these processes, and therefore 
(7) is expected to hold only where the dominant source of 
energy contributing to the removal of saline water from the 
depression is interfacial shear stress acting directly on the bed 
layer as it flows up the downstream slope of the depression. 

Quantitative Observations of Flushing 

Sequences of vertical salinity profiles were measured at 
Lower Norton 2 on August 15 and 16, 1992, and at Tarranyurk 
on September 3, 1993. Examples of the salinity profiles col- 
lected at Lower Norton 2 are provided in Figure 5. Figure 6 
shows the interface elevation data for Lower Norton 2. The 

position of the interface was determined for each measured 
profile, and a second-order polynomial was used to describe 
the variation of interface elevation over time. Q t, was calcu- 
lated by differentiating this polynomial with respect to time and 
multiplying by the plan area of the interface. River stage was 
monitored, and discharge was determined from a rating curve. 
U• was determined as the mean velocity at the point where the 
interface intersected the downstream slope of the scour de- 
pression. The density difference across the interface was esti- 
mated from the salinity difference over the region in which the 
salinity changed rapidly. B was calculated as the plan area of 
the interface divided by the length of the interface measured 
along the pool thalweg. U•B/#' tan 0 was then calculated. 

U•B/# tan 0 Figure 7 shows the relationship between Q•, and 3 , 
for the mixing events observed at Lower Norton 2 and Tar- 
ranyurk, combined with the laboratory measurements. Field 
estimates of Qb and U•B/#' tan 0 are subject to errors of +_5% 
and ___30% respectively. 

The values of the flushing coefficient in (7) determined from 
the field data are significantly greater than those expected on 
the basis of the laboratory results (Figure 7). A number of 
factors may contribute to this difference. There are slight dif- 
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Figure 5. Typical profiles of salinity collected during the mix- 
ing event in the Wimmera River at Lower Norton 2 on August 
15 and 16, 1992. Profile measurements extended to the stream- 
bed, and the saline water was completely removed by this 
event. 
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Figure 6. Variation of interface elevation with time during 
the mixing event in the Wimmera River at Lower Norton 2 on 
August 15 and 16, 1992. 

ferences in the velocity scale and the estimation of B used in 
the analyses of the field and laboratory data. In the river, B 
varies along the length of the pool, whereas B is constant in the 
laboratory experiments. It is difficult to assess the effect of B 
varying along the saline pool. The lateral velocity profile is 
almost uniform in the laboratory, except within the boundary 
layers at either wall. However, in the river the lateral velocity 
profile is nonuniform owing to changes in depth across the 
channel. The difference in lateral velocity profile could account 
for a flushing coefficient for saline pools in the field twice that 
obtained in the laboratory. However, the difference between 
the laboratory and the field data indicates an increase in flush- 
ing by a factor of 5. A significant difference between the lab- 
oratory and the field is that saline pools monitored in the field 
were located on bends, whereas the laboratory channel was 
straight. The hypothesis that bends affect the flushing of saline 
pools because of their influence on the upper layer flow is 
discussed in a later section. 

Convective Mixing 
Mixing of saline pools in the absence of significant stream- 

flows also occurs, for example, at Big Bend between March 23 
and April 27, 1994 (Figure 8). This was associated with a 3.5øC 
cooling of the water column. Continuously monitored salinity 
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Figure 7. Variation in the rate of flushing, Qt,, with U•B/#' 
tan 0 for mixing events in the Wimmera River at Lower Norton 
2 on August 15 and 16, 1992, and at Tarranyurk on September 
3, 1993, and for the laboratory experiments. Field data plotting 
above the line shown indicate that Cf is larger in the field than 
in the laboratory. 
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Figure 8. Vertical salinity profiles in the Wimmera River at 
Big Bend for March 23 and April 27, 1994. Flows during this 
period were low. The observed mixing is due to convection 
associated with surface cooling. 

and temperature data at elevations of 0.5 m and 5 m in the 
water column (Figure 9) show that the upper part of the water 
column began to cool before the lower part and that significant 
decreases in salinity of the lower part of the water column were 
associated with the cooling of the lower part of the water 
column. The periods of cooling are associated with periods of 
lower daily minimum and maximum air temperatures. These 
data suggest mixing due to convection associated with surface 
cooling. 

At Big Bend there is a seasonal variation of approximately 
10øC in the water temperature. Therefore convective mixing is 
likely to be an annual phenomenon; however, the actual mixing 
would occur as a series of diurnal mixing events. During the 
autumn of 1993 a similar mixing event was observed at Big 
Bend. Also, the observed stratification at Lower Norton 2 
during the autumn of 1993 was much less than expected, given 
the duration of low stream flow. This indicates that convective 

mixing may also have occurred at this site. The reader should 
note that convective mixing did not affect the flushing data 
presented above. 

Saline Pool Formation Due to Groundwater 

Inflows 

The formation of saline pools due to the inflow of saline 
groundwater was studied at Lower Norton 1, Lower Norton 2, 
Polkemmet, and Tarranyurk. Big Bend was not used because 
the formation of stratification at that site is complicated by 
inflows of saline river water. 

Salinity profiles for the four sites were examined, and the 
first profile indicating the presence of stratification following 
each high-flow event was identified. The stream discharge at 
this time provides a lower limit to the stream discharge at 
which stratification begins to develop. This analysis indicated 
that stratification develops when the stream discharge de- 
creases below 200 ML/d, 140 ML/d, 330 ML/d, and 300 ML/d 
at Lower Norton 1, Lower Norton 2, Polkemmet, and Tar- 
ranyurk, respectively. However, the flow provided for Lower 
Norton 2 may be artificially low owing to the small number of 
salinity profiles available there. The differences between sites 

are due to local geomorphic variations and to variation in the 
rate of groundwater discharge into the scour depressions. 

Using estimates of the equivalent groundwater volume Vaw, 
the rate of formation of stratification, I?aw, was calculated in 
two ways. First, following a high-flow period, the first stratified 
profile was identified, and it was assumed that the stratification 
began to develop when the stream discharge decreased below 
250 ML/d and that no mixing occurred thereafter. This flow 
was chosen because the results given above indicate that strat- 
ification develops and therefore groundwater inflows dominate 
outflows due to flushing when the stream discharge drops be- 
low 250 ML/d (on average). It should be noted that the dis- 
charge (and upper layer velocity) typically drops rapidly from 
250 ML/d, which minimizes any errors associated with this 
assumption. Second, when the recorded stream flows remained 
low for the period between two measured profiles, flaw was 
calculated as the difference in Vaw divided by the time elapsed 
between the measurements. Formation rates were not calcu- 
lated if the streamflows indicated that significant flushing may 
have occurred or if the scour depression was full of saline 
water, since saline water could then have overflowed into 
neighboring depressions. These estimates were used to calcu- 
late time-weighted mean formation rates, which were 10 kL/d, 
21 kL/d, 11 kL/d, and 8 kL/d for Lower Norton 1, Lower 
Norton 2, Polkemmet, and Tarranyurk, respectively. 

Variation in I?aw was also examined. It was found that I?aw 
increases with Vaw at Lower Norton 2 and at Polkemmet, but 
not at the other two sites (Figure 10). The observations at 
Lower Norton 2 and Polkemmet may be due to residual mixing 
occurring at the end of high-flow periods, which is the time that 
Vaw and I?aw are both small. Alternatively, a source of saline 
water may exist, that diffuses into the upper layer during pe- 
riods of limited stratification but contributes to the water be- 

low the halocline when the depth of the stably stratified water 
is larger. It is also possible that saline water may begin to 
overflow from neighboring scour depressions during periods of 
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Figure 9. Variations in salinity ani:t temperature at eleva- 
tions of 0.5 m (solid line) and 5.0 m (stippled line) above the 
streambed for the Wimmera River at Big Bend between March 
23 and April 28, 1994. Mixing due to convection associated 
with surface cooling occurs during the night and early morning. 
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more extensive stratification. It is interesting to note that 
prominent bank seepage was observed adjacent to scour pools 
that do not become stratified. Therefore inflowing saline 
groundwater does not necessarily lead to the development of 
stratification. Whether the groundwater inflows that contribute 
to the stratification occur through the streambed or banks or 
both is unclear. 

Modeling of Saline Pools 
The behavior of most saline pools in the Wimmera River is 

dominated by groundwater intrusion and mixing due to flush- 
ing by stream flows. A simple model of these pools can be 
constructed by representing the stratification with a layer of 
fresh water and a layer of saline water and solving the conti- 
nuity equation for the volume of water stored in the saline 
layer, Vs. Groundwater seepage contributes to this layer at a 
rate equal to Q gw, and flushing leads to an outflow from the 
layer at the rate Qt,. The continuity equation then becomes 

dVs/dt = Qgw- Qb (8) 

Equation (7) was used to calculate Qt,. It was assumed that the 
rate at which groundwater contributes to the saline layer is 
independent of the amount of stratification. This allowed Qgw 
to be specified as a time series. Equation (8) was solved nu- 
merically. The bathymetry of the saline pool was calculated 
using tabulated values measured from contour maps of the 
scour depressions, while the velocity of the upper layer was 
calculated using a time series of stream discharge, a stage- 
discharge relationship, a representative cross section, and the 
simulated halocline elevation, which was calculated from Vs. If 
the scour depression becomes full at any time during the sim- 
ulation, it is assumed that saline water overflows into neigh- 
boring scour depressions, and Vs is. set equal to a specified 
maximum value until subsequent flushing occurs. Simulation 
results during such periods need to be treated with caution. 

The density difference was calculated in two ways. For the 
majority of simulations it was assumed that the respective 
salinities of the upper and lower layers were constant. This was 
incorporated in a model referred to as Salipool. The ground- 
water salinity was then used for the lower layer, and a typical 
surface water salinity was used for the upper layer. This implies 
that Salipool predicts the equivalent groundwater volume 
stored below the halocline. Errors introduced by ignoring the 
temporal behavior of the salinity are small because temporal 
fluctuations in the salinity of either layer are usually an order 
of magnitude smaller than the difference in salinity between 
the two layers. Where detailed vertical salinity profiles were 
available (during some mixing events), the salinity of the lower 
layer was calculated using the salinity profile measured at the 
start of the mixing event. The point in the initial salinity profile 
immediately below the halocline was used to represent the 
salinity below the interface, and the surface salinity was used to 
represent the salinity above the interface. This modified model 
is referred to as Salipool-Pr. Salipool-Pr predicts the actual 
volume of saline water. Comparisons of simulations indicated 
that the same mixing coefficient was appropriate for both Sali- 
pool and Salipool-Pr, provided the salinity of the lower layer 
was relatively uniform with depth. 

Simulations were conducted for saline pools at Lower Nor- 
ton 1, Lower Norton 2, Polkemmet, and Tarranyurk to cali- 
brate Cf, to simulate the seasonal behavior of the saline pools, 
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Figure 10. Variations in the rate of accumulation of saline 
water with the equivalent groundwater volume for the Wim- 
mera River at (a) Lower Norton 2 and (b) Lower Norton 1. 

and to assess the sensitivity of Salipool to various parameters 
and variables. Simulations were conducted of a flushing event 
at Big Bend to calibrate Cf for that site. Other simulations 
were not conducted for Big Bend owing to the influence of 
convective mixing and inflows of saline river water at that site. 

Flushing Events 

To calibrate the flushing coefficient Cf for each site and to 
assess Salipool's utility in predicting flushing of saline pools, 
either Salipool or Salipool-Pr was applied to flushing events at 
each of the five field sites. Several detailed vertical salinity 
profiles were available during flushing events at Lower Norton 
2 on August 15 and 16, 1992, and at Tarranyurk on September 
3, 1993. To simulate these two events, Qaw was set to zero, and 
the first measured salinity profile was used as the basis for 
calculating the density difference. Cf was calibrated for each 
site by trial and error. Figure 11 shows the simulated and 
observed interface elevations at Lower Norton 2. The simula- 

tion of flushing at Tarranyurk was of similar quality to that at 
Lower Norton 2. 

At Big Bend, vertical salinity profiles were available on Au- 
gust 4, 1992, which was close to the end of an extensive low- 
flow period, and at 1620 hours on August 16, 1992, during the 
final stages of a flushing event. Cf was calibrated so that the 
end point of this event was correctly predicted. Since the 
groundwater inflow to Big Bend is small (the saline pool 
formed as a result of inflows of highly saline stream water prior 
to August 4, 1992), Qaw was set to zero, and the earlier profile 
was used to calculate the density difference. 

At Lower Norton 1 and Polkemmet, continuous salinity 
monitors located near the bed of the scour depression pro- 
vided the end point of flushing events. These end points, to- 



3204 WESTERN ET AL.: BEHAVIOR OF STRATIFIED POOLS 

3 

1.5 

0.5 

12:00 18:00 00:00 06:00 12:00 18:00 

15 August 1992 16 August 1992 

Figure 11. Simulated (line) and observed (squares) flushing 
for the Wimmera River at Lower Norton 2 on August 15 and 
16, 1992. The density difference was calculated using the first 
profile measured near the start of the event. 

gether with profiles measured several days before the flushing 
events, were used to calibrate C• for each site. Groundwater 
inflows to both Lower Norton 1 and Polkemmet are significant, 
and the time-averaged value of •gw was used to specify 
This implies that the vertical salinity profile changes over the 
time between measurement of the initial salinity profile and 
the start of the flushing event. Therefore Salipool was used, 
and Vew calculated from the initial profile was used to set the 
initial value of Vs. 

Calibrated values of C• for the five sites varied between 
0.0042 and 0.043. Values of C• were not validated on account 
of there being data for only multiple (two) flushing events at 
Lower Norton 1 and the fact that only the end points of the 
flushing were available for that site. However, at Lower Norton 
1, calibrated values of C• for two independent events were 
0.0042 and 0.0048, a difference of 13%. Furthermore, the 
flushing rates predicted for the events at Lower Norton 2 and 
Tarranyurk were substantially correct throughout the mixing 
events. These results provide some support for the hypothesis 
that C• is constant for a particular site and indicate that Sali- 
pool can predict adequately the flushing of saline pools by 
fresh overflows. 

Seasonal Behavior 

The seasonal behavior of saline pools at Lower Norton 1, 
Lower Norton 2, Polkemmet, and Tarranyurk was simulated 
using Salipool. The calibrated models were used, and Q ew was 
set to the time-averaged value of l/ew for each site. Figure 12 
compares the simulated and observed equivalent groundwater 
volume at Lower Norton 1, the site with the most data avail- 
able. The presence or absence of stratification is well predicted 
and the amount of stratification present is generally predicted 
to within an error of -50% and + 100%. Salipool overpredicts 
the amount of stratification during the middle part of 1993 at 
Lower Norton 1. This is partly due to the fact that the scour 
depression at Lower Norton 1 fills and overflows during ex- 
tended low flow periods. The calculated equivalent groundwa- 
ter volume accounts only for saline water within the scour 
depression. Because some of the water in the scour depression 
will be less saline than the assumed groundwater salinity, the 
equivalent groundwater volume is less than the total volume of 
the depression, even though the depression is completely full 
of saline water. However, Salipool assumes that all the water in 
the depression has a salinity equal to the groundwater salinity. 
Thus neglecting saline water that has overflowed from the 

scour depression can account for some of the observed error. 
Simulations of the seasonal behavior of saline pools at the 
other sites are of similar quality. 

The results from the simulations described above give some 
insight into the seasonal behavior of saline pools in the Wim- 
mera River. The timescales involved in saline pool formation 
and flushing are radically different. This is expected, since flow 
events are the primary cause of flushing and groundwater in- 
trusion is responsible for formation of the stratification. For 
saline pools under the current flow regime in the Wimmera 
River, the model predicts a dichotomy between low-flow peri- 
ods when flushing is insignificant and flow events when ground- 
water inflows are insignificant. 

Sensitivity Analysis of Salipool 

Sensitivity analyses of Salipool were conducted for three 
different situations: flushing caused by a discharge increasing 
linearly with time, appearance of stratification during flow re- 
cessions, and development of stratification during constant 
moderate flows (half the discharge at which stratification ini- 
tially appeared during flow recession simulations). These anal- 
yses were conducted for Lower Norton 1, Lower Norton 2, 
Polkemmet, and Tarranyurk. Relevant variables were in- 
creased and decreased by 20%, and the sensitivity was assessed 
by dividing the proportional change in the predicted variable 
by the proportional change in the parameter. The model is 
described as sensitive if the magnitude of the sensitivity is 
greater than 1. 

It was found that Salipool is sensitive to all variables con- 
sidered (stream discharge, Qaw, Cf, Ap) during steady mod- 
erate flows. During flushing events, Salipool is insensitive to 
the rate of increase in stream discharge, Cf, and Ap. The 
prediction of the initial development of stratification during a 
flow recession is insensitive to C•, Q gw, and Ap. During the 
flushing and flow recession simulations, the behavior of the 
model is dominated by flushing. However, during steady, mod- 
erate flows, a balance between the rate of flushing and the 
groundwater inflow rate develops, resulting in the increase in 
the model sensitivity. 

Discussion 

Relative Importance of Flushing and Convection 

While the importance of convective mixing compared with 
flushing due to flow events was not investigated in detail, the 
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Figure 12. Simulated (line) and observed (diamonds) strati- 
fication in the Wimmera River at Lower Norton 1 for the 

period June 30, 1995, to February 28, 1994. The maximum 
volume of saline water is limited to the volume of the scour 

depression. 
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following comments can be made. Flushing during flow events 
significantly smaller than the annual flood completely mixes all 
of the saline pools studied. Several of these flushing events 
would typically occur during the winter and spring months. 
However, convective mixing appears to be insignificant in 
pools with large density differences between the fresh and 
saline layers and in pools where there are large volumes of 
saline water present. Therefore it is probable that the domi- 
nant mixing process in most saline pools is flushing. 

Bends and Flushing 

The difference between flushing coefficients obtained in the 
laboratory and in the field may be due to the influence of 
bends. Channel bends induce secondary currents and have 
significant effects on the lateral and vertical velocity distribu- 
tions. For a fully developed bend flow in a channel with a 
uniform cross section, near-bed velocities tend to increase and 
change direction so that they have a component towards the 
inner bank [Rozovskii, 1957]. Dietrich and Smith [1983] argue 
that in natural streams this secondary circulation is often sig- 
nificantly altered or eliminated by point bars, which induce a 
secondary transverse flow toward the outer bank where the 
channel is shoaling in the downstream direction. With promi- 
nent point bars this flow can extend across the inner three 
quarters of the channel and across the full depth of the flow 
[Dietrich and Smith, 1983]. Channel surveys show that the field 
sites do not have significant point bar development and that 
the most significant characteristics of the bend flows at these 
sites are likely to be secondary circulations rather than trans- 
verse flows. Convective accelerations can also be important in 
bends; however, order of magnitude analysis shows that they 
are unimportant in this particular case. Whatever the detailed 
characteristics of the bend flows, the existence of significant 
scour holes indicates increased levels of shear stress. Assuming 
that (7) is an adequate description of the flushing process, 
which our results confirm, the larger flushing coefficient ob- 
tained in curved (field) compared with straight (laboratory) 
channels is expected. 

Figure 13 shows the relationship between Cf and D/Rt,, 
where D is channel depth and Rt, is the bend radius. D/Rt, is 
a measure of bend sharpness. The flushing coefficient for the 
laboratory data is also included in Figure 13. The flushing 
coefficient generally increases with bend sharpness. This is 
consistent with the hypothesis that bends increase flushing as a 
result of their effect on the interfacial shear stress. Further 

investigation of this hypothesis and testing of the provisional 
curve shown is required. Nevertheless, it appears likely that the 
bend sharpness could provide a reasonable basis for general- 
izing Cf. D/R•, is also easily measurable, which is advantageous. 

Flow Regime Implications 

The flow regime of the Wimmera River results in a dichot- 
omy between short periods of significant flushing and long 
periods of saline pool formation. This has several implications. 
On most occasions the observed formation rate will provide an 
accurate estimate of the rate at which groundwater contributes 
to the stratification. Therefore the use of the time-weighted 
formation rate as an estimate of Q aw is justified. Also, the 
formation and flushing components of Salipool must be cali- 
brated and tested with data collected on different timescales. 

Calibration of Cf and testing of predicted flushing requires 
detailed observations during short-term flushing events, while 
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Figure 13. Variation in flushing coefficient C/ with bend 
sharpness, measured as D/Rt,. C/was estimated by calibrating 
Salipool. 

observations of changes in stratification over lengthy low-flow 
periods are required to characterize saline pool formation. 

Another implication is that data collected from the Wim- 
mera River under the current flow regime are unlikely to be 
useful for directly assessing environmental flow releases aimed 
at limiting the impact of saline pools. Such an environmental 
flow requires a trade-off between consumption of water and 
decreasing the severity of stratification and will therefore re- 
quire a balance between formation and flushing to be devel- 
oped. The results of the sensitivity analysis of Salipool are also 
important in assessments of environmental flows. The model is 
sensitive to parameter values under conditions where a balance 
between flushing and formation is developing, but not under 
the current flow regime. As a consequence, model errors may 
be amplified with an environmental flow scenario. 

Conclusions 

The formation and flushing of saline pools have been stud- 
ied, and a model of saline pool behavior has been developed 
and applied to several saline pools in the Wimmera River, 
Australia. Mixing of saline pools in the Wimmera River occurs 
as a result of removal of saline water by overflows of fresh 
water during flow events. The dominant mechanism by which 
saline water is removed from saline pools during flow events 
consists of a thin layer of saline water flowing up the down- 
stream slope of the scour depression containing the saline 
pool. Velocity shear due to the overflowing water, and inter- 
facial waves that have developed on the density interface, con- 
tribute the energy required to remove the saline water from the 
depression. The flushing process can be modeled using (7). 
The value of the flushing coefficient Cf is larger for bends of 
greater sharpness (D/R•,), probably as a result of enhanced 
shear stresses associated with the bend flows. 

Convective mixing of saline pools in the Wimmera River 
also occurs as a result of surface cooling and is thought to be 
an annual phenomenon. It is likely that flushing during flow 
events is significantly more important than convection in mix- 
ing most saline pools in the Wimmera River. 

Density-stratified pools form in the Wimmera River as a 
consequence of inflowing saline groundwater collecting in 
scour depressions and as a consequence of buoyant river water 
entering pools and flowing over the surface, leaving denser 
water in the deepest part of the pool, or collecting in the 
deepest part of the pool. The time-averaged rate of accumulation 
of saline (ground)water was quantified for four saline pools. 
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Salipool, a model of saline pool behavior applicable to pools 
dominated by inflows of saline groundwater and flushing due 
to streamflows, has been developed and applied to saline pools 
in the Wimmera River. Salipool is able to simulate flushing 
during flow events and the seasonal behavior of the four saline 
pools to which it was applied. Sensitivity analyses showed that 
Salipool is insensitive to parameter and input variable values 
during flushing events but that the model is sensitive during 
periods when a balance between the inflow of groundwater and 
flushing from the saline pool develops. Simulations using Sali- 
pool indicate that the behavior of saline pools under the 
present flow regime, which is characterized by long periods of 
low flow interspersed with brief flow events, is characterized by 
a dichotomy between periods dominated by flushing and peri- 
ods dominated by accumulation of groundwater. 
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