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Abstract

The vertical transport of solutes in the anoxic hypolimnion of thermally stratified lakes can be described by
a one-dimensional diffusion model. Using ammonium and dissolved methane as inert tracers, the model was
solved, both analytically and numerically, for Lake Kinneret while taking into account sedimentary release,
hypolimnetic transport, and the deepening of the thermocline depth. An average seasonal turbulent diffusion
coefficient in the hypolymnion of 1.5 6 0.5 m2 d21 was confirmed independently by both tracers. In all cases, the
modeled hypolimnetic distribution pattern was highly correlated with the actual measurements.

In thermally stratified lakes, the differentiation into
a nutrient-enriched hypolimnion and a nutrient-depleted
epilimnion is a common feature, and the vertical mixing
between both layers affect geochemical and biological
processes and, as such, the water quality. In the hypolim-
nion, horizontal transport is governed by advection (e.g.,
Marti and Imberger 2005). Vertical hypolimnetic transport
is a result of diapycnal mixing events, which have to
overcome the vertical density gradient and, therefore, is
several orders of magnitude slower. Many models do not
resolve these mixing events. Instead they are parameterized
by averaging and are represented by a vertical diffusion
coefficient. Literature values on the vertical diffusion
coefficient (DT) vary at large by up to four orders of
magnitude (Table 1).

While the reported studies rely on indirect measure-
ments and experiments to estimate the vertical diffusivity,
we introduce an approach using natural tracers. Ideally,
such a tracer should be constrained by the following
features: being easy to measure, well-defined source and
sink terms, and being inert to biogeochemical uptake. The
hypolimnetic enrichment of solutes is a common feature
among thermally stratified eutrophic lakes (Wetzel 1983).
Among these are ammonium and dissolved methane, both
of which are inert under anoxic conditions. Their distribu-
tion within the hypolimnion is governed by release and
mixing processes, and their concentrations have been
repeatedly shown to decrease from the lake bottom toward

the chemocline (Imboden et al. 1983; Bedard and Knowles
1991; Nishri et al. 2000). Similar was the total hypolimnetic
content of both molecular species reported to increase
linearly over time during the stratified period (Bedard and
Knowles 1991). Both observations render NH þ

4 and CH4

(diss) as ideal tracers for hypolimnetic transport processes.
In the present study, we introduce a one-dimensional

model, aimed to evaluate the seasonal dynamics of both
tracers in the hypolimnion of thermally stratified Lake
Kinneret. With the model, we solve simultaneously for their
release from the sediment–water interface (SWI), their
vertical transport in the hypolimnion, and for the mixing at
the thermocline, i.e., upper boundary of the hypolimnion.
A major objective was to verify the vertical diffusion
coefficient in the hypolimnion based on natural tracers.

Methodology

Study area—Lake Kinneret (LK) is a warm, monomictic
freshwater lake located in the northern part of the Afro-
Syrian Rift valley. The lake has a surface area of 168 km2

(22 km long by 12 km wide) and a total volume of 4 3
109 m3 (Fig. 1). Average and maximum depths are 24 and
42 m, respectively. The Jordan River is the major inflow,
while water pumped into the National Water Carrier
constitutes the main outflow. Because maximum water
input and exploitation occur in different seasons, the lake
level fluctuates between 209 and 213 m below mean sea
level. The lake is thermally stratified from April until
December/January, with surface water temperatures rang-
ing between 15uC in winter to 30uC in summer. During the
summer months (May–August), it is strongly forced by
daily westerly winds (e.g., Serruya 1975; Antenucci et al.
2000). The thermocline depth (Fig. 2) is initially (April) at
9–13 m, stabilizes during summer at 15–20 m, and begins
to decline gradually in October until full mixis (late
December–mid-January). The chemical stratification in
the water column of LK conforms to a distinct seasonal
pattern. During the time period of mixis (December–
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March), oxygen concentrations are high throughout the
water column (Serruya 1978). With the onset of thermal
stratification in April, hypolimnetic oxygen is gradually
depleted (Fig. 2), followed by the accumulation of reduced
solutes, such as sulfide, ammonium, and methane.

Theory

The governing equations—The temporal development of
a vertical inert tracer distribution in the hypolimnion was
illustrated in Fig. 3. It can be described by the one-
dimensional diffusion equation,

LC
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where C represents the concentration of the tracer in the
hypolimnion (g m23); DT is the vertical eddy diffusion
coefficient (m2 d21); Sc is the in situ production/consump-
tion rate (g m23 d21); t is the time (day), and z the vertical
coordinate pointing upward, with z 5 0 at the lake floor.

For solving Eq. 1, we made the following assumptions:
(a) On a seasonal time scale, DT can be treated as a vertical
and temporal averaged constant for the mixing processes
(Goudsmit et al. 1997). (b) Because the chosen tracers are
inert under anoxic conditions and the hypolymnetic pro-
duction is negligibly small (see results and discussion), Sc $
0. This assumption should be implemented with caution. In
other lakes (for example, Lake Biwa in Japan, M. Kumagai
unpubl. data), oxic conditions may continuously dominate
the hypolimnion, and as such prevent ammonium accumu-
lation.

With the above assumptions (a and b), Eq. 1 now
simplifies to

LC

Lt
~ DT

L2C

Lz2
ð2Þ

The analysis proposed for Eq. 2 focuses on a one-di-

mensional vertical solution of the diffusion equation, and

Table 1. Literature values on the vertical diffusion coefficient (DT).

DT Method Reference

0.173–8.64 m2 d21 Review of estimates of basin averaged methods Imberger and Patterson (1990)
0.008–0.086 m2 d21 Tracer distribution and heat flux measurements Goudsmit et al. (1997)
0.008–0.086 m2 d21 Turbulent kinetic energy balance Wüest et al. (2000)
1.7–3.5 m2 d21 Tracer (phosphate) Stiller (1974)
0.008–86.4 m2 d21 High resolution temperature profiles Yeates and Imberger (2003)
0.09–0.9 m2 d21 Comparison of different methods Imboden and Wüest (1995)

Fig. 1. Bathymetric map of Lake Kinneret, with the location
of the monitoring stations at the lake’s center.

Fig. 2. Isopleth diagram of the seasonal variability of
dissolved-oxygen concentrations (0–12 mg L21) in the water
column of Lake Kinneret for the years 1998–2001. Black circles
represent the thermocline depth calculated from weekly temper-
ature profiles using the method of Rimmer at al. (2005); the solid
line represents the smoothed thermocline used for the model.
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we are particularly interested in the characteristics of

solutes that originate at the SWI.

Boundary conditions—If we define the tracer’s inventory
S in the hypolimnetic column as

S tð Þ~
ðz ~ zL

z ~ 0

C z, tð Þdz ð3Þ

where z 5 z0 is the SWI and z 5 zL is the elevation of the
thermocline, then the time change in the tracer’s inventory
is given by

dS tð Þ
dt

:
L
Lt

ðz ~ zL tð Þ

z ~ z0 tð Þ

C z, tð Þdz ~ q zL, tð Þz q 0, tð Þ ð4Þ

where q represents the inward Lagrangian fluxes of a tracer

through the lower (Eq. 5) and upper (Eq. 6) boundaries of

the hypolimnion, e.g., the SWI and the thermocline.

q z, tð Þ: {DT
LC z, tð Þ

Lz
~ A; z ~ 0, t > 0ð Þ ð5Þ

q z, tð Þ: DT
LC z, tð Þ

Lz
z C z, tð Þ dz

dt

~ C z, tð Þ| vTh; z ~ zL, t w 0ð Þ
ð6Þ

DT qD/qz is the diffusive flux through the respective
hypolimnetic boundary, and C qdz/qt is the solute flux
associated with the speed of the thermocline deepening vTh.

Our assumption to set the diffusion flux of NH þ
4 and

CH4 (diss) at the SWI in Eq. 5 constant is justified by long-
term pore-water measurements of both solutes. During the
stratified seasons (May–December) of the years 1998 until
2004, NH4

+ concentrations in the uppermost sediment
layer at the central lake station A varied between 4.2
and 6.2 mg N L21, and in the case of dissolved methane,
the pore water was found to be CH4 saturated (,25 ppm)
at all times below a depth of 1–2 cm (Eckert unpubl. data).
As such, the concentration gradient at the SWI was always
greater than 4 mg N cm21 and 15 ppm CH4, supporting
our postulation of seasonally constant release rates.

The postulation of a constant sedimentary flux is further
justified by the findings of Berner (1980), who showed, for
the case of ammonium, that under typical steady-state
conditions, not only the ammonium concentration in the
pore water, but also the gradient dC/dz at the water–
sediment interface is constant in time.

The solute flux across the thermocline (Eq. 6) includes
both mixing due to the erosion of the thermocline and the
diffusive flux. Regarding the latter, vertical eddy diffusivity
becomes nearly zero at the thermocline because the high-
density gradient introduces a large restoring force that
greatly inhibits vertical motion. This condition allows
setting the term DT qC(zL, t)/qz 5 0 (which is mathemat-
ically equivalent to setting DT 5 0 at z 5 zL in Eq. 6). This
simplification is confirmed by the findings of Rimmer et al.
(2005), who showed that the transport of solutes from the
hypolimnion to the epilimnion in LK is quantitatively
described by the mass transfer due to thermocline
deepening.

Once the whole water column is mixed, both tracers are
readily oxidized due to nitrification and microbial methane
oxidation. As a result, the system is reset for the next
accumulation period, with

C z, tð Þ~ 0; z, t ~ 0ð Þ ð7Þ

The numerical solution—The governing Eq. 2 and the
boundary conditions (Eqs. 5–7) were converted to finite
differences explicit forward time-step formula as follows
(see also Fig. 3):

C zj, ti z 1

� �
~ C zj, ti

� �
z DT

Dt

Dzð Þ2
C zj z 1, ti

� ��

z C zj { 1, ti

� �
{ 2C zj, ti

� �� ð8Þ

where i 5 0,1,2…Ni, and j 5 0,1,2,…Nj are the time step
and z elevations, respectively. The constant flux at z 5
0 (Eq. 5) and the no diffusive flux boundary at z 5 zL

(Eq. 6) were produced by

C z0, ti z 1ð Þ~ C z0, tið Þz Dt

Dzð Þ2

| A | Dz z DT C z
1
, tið Þ{ C z0, tið Þð Þ½ �

ð9Þ

Fig. 3. Schematic representation of the proposed model
setup. The water column is separated into two layers with z0 the
sediment–water interface, Cs represents the pore-water concen-
tration, zL is the vertical extension of the hypolimnion and zH 2
zL that of the epilimnion. The zLi’s are vertical locations of the
thermocline while it is deepening toward the end of the stratified
period, and the Cti’s are the profiles of concentrations in
the hypolimnion.
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C zL, ti z 1ð Þ~ C zL, tið Þz DT
Dt

Dzð Þ2

| C zL�1, tið Þ{ C zL, tið Þ½ �
ð10Þ

The thermocline location for every timestep was interpo-
lated from temperature profiles as described by Rimmer et
al. (2005) to create the distinct series of (ZL, ti). The fluxes
across the thermocline and the exchange of tracer between
the hypolimnion and epilimnion were rephrased for the
numeric scheme as follows:

q zL, tið Þ~
C zL,tið Þ| i | Dz;

0;

�
i > 0

i ~ 0
ð11Þ

Here, the flux that leaves the hypolimnion at any time
step is a product of the concentration at the thermo-
cline and the rate of displacement of zL during a single time
step, and i indicates the number of Dz units of the
thermocline displacement. Mass balance of C in the
epilimnion (which is not included in the model), was
conducted in order to ensure the quality of the numerical
scheme.

C e, ti z 1ð Þ| zH ti z 1ð Þ{ zL ti z 1ð Þ½ �~

C zL, tið Þ| Dz z C e, tið Þ| zH tið Þ{ zL tið Þ½ �
ð12Þ

Here, e represents the entire depth of the epilimnion
and zH is the elevation of the lake surface. Equation 12 is
identical to the mass-balance equation proposed by
Rimmer et al. (2005) and similar to the one by Varekamp
(2003).

The goal of the simulation was to determine the mean
seasonal values of both A and DT. They were optimized
over a range of DT and A values that best fit a set of
simulated results to measured concentration profiles. The
numerical solution process was as follows:

1. The season was selected (1998, 1999, 2000, etc.); initial

concentration was set to C 5 0, and Dz was set at

0.4 m for the entire season.

2. Initial realistic ranges of DT (0.5–2.5 m2 d21) and A

(50–250 mg m22 d21) were defined.

3. For each DT, the criterion for the scheme’s stability

was calculated as Dt , (0.5 3Dz2)/DT (Botha and

Pinder 1983) and the numerical solution (Eqs. 8–12)

was calculated for the entire range of the A values.

4. Modeled C profiles for the entire season were

compared with measured concentrations of ammoni-

um (or methane) in the hypolimnion. For each

comparison, a value of correlation (r2) was calculated.

5. Best-fit DT and A parameters were defined for each

season from the best value of r2.

The analytical solutions—One advantage of using ana-
lytical rather than numerical solutions is in the procedure
of extracting the optimal parameters. The disadvantage in
our case is that the problem of diffusion with moving
boundary falls into the category of Stefan-problems that
generally cannot be solved analytically. This obstacle can
be circumvented by solving the problem for either a limited
time or for limited depth.

Limited time: At the beginning of stratification, the
diffusive distribution of materials released from the lake
floor is affected only by the lower boundary condition
(Eq. 5). The upper boundary (Eq. 6) will come into play
once the tracer has reached the thermocline, e.g., C(zL, ti) .
0. By replacing Eq. 6 with a different type of upper
boundary condition,

C ~ 0 ; z ~ L, t > 0ð Þ; L >> zL ð13Þ

where L is an arbitrarily chosen, very large height (i.e.,
1,000 m) throughout the stratification period, we ensure

Fig. 4. Numerical solution of Eq. 2 with A 5 160 mg m22 d21, DT 5 2 m2 d21, zH 5 42 m, Dz 5 2 m,
and Dt 5 1 d, subjected to two different upper boundary conditions. B (dotted lines) indicates the case
when the upper boundary drops down and affects the tracer distribution (Eq. 6). NB (solid lines)
indicates no effect of the upper boundary (Eq. 13). (a) Solution vs. time for 36, 30, 26, and 20 m
depth; (b) solution vs. depth for 150, 180, 210, and 240 ds.
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that the solution for short time periods will not be affected
by the upper boundary. Using the hypolimnetic ammonium
accumulation as an example, Figure 4 shows the numerical
solution of Eq. 2 for both scenarios. The dotted line
represents the first case (with Eq. 6) and the solid line
represents the second case (with Eq. 13). Both accumula-
tion patterns follow initially the same trend. The time point
of diversion increased with the size of the selected t and z
values. We therefore propose that, for small t and z, Eq. 2,
subject to the boundary conditions Eqs. 5, 7, and 13, may
be solved analytically using separation of variables (e.g.,
Pinchover and Rubinstein 2005):

C z, tð Þ~ z { Lð ÞA� z
8A�L

p2

|
X?

n ~ 1

exp {DT 2n { 1ð Þ2p2 t { tð Þ
.

2Lð Þ
2

� �

2n { 1ð Þ2

| cos
2n { 1

2

� �
pz

L

A� ~ {A=DT; n ~ 1, 2, 3, . . . , ?

ð14Þ

Here, t is the day when ammonium or methane begins to
accumulate in the hypolimnion and n is an arbitrary
variable over which we sum the terms on the right-hand
side of Eq. 14.

Limited depth: Alternatively, we can replace the
boundary condition on the moving thermocline, by pre-
scribing the measured value C(b, t) 5 f(t) at a constant
level b, for as long as b is located within the hypolim-
nion. For this problem, we write the solution once more
using separation of variables (e.g., Pinchover and Rubin-
stein 2005). We first approximate f(t) as a sum of
exponential functions of time (e.g., via least-squares
approximation):

f tf g~
XN

n ~ 1

an 1 { exp DTa2
nt
�

b2
� �� �

ð15Þ

The values an are chosen so that the series describes well the
variation of f(t). We define

C1 z, tð Þ~ z { bð ÞA� z
XN

n ~ 1

an | 1 {½

exp DTb2
nt
�

b2
� �

cosh anz=bð Þ=cosh bnð Þ
� ð16Þ

Then C1 satisfies the boundary conditions for C at z 5
0 and at z 5 b. In order to satisfy the initial condition, C(z0)
5 0, we add the function

C2 z, tð Þ~
XM

m ~ 1

bm exp {DT m { 1=2ð Þ2p2t
�

b2
	 


| cos m { 1=2ð Þpz=bð Þ

ð17Þ

Using the orthogonality of cos((m 2 1/2)pz/b) over 0 , z
,2b, we find

bn ~
2bA�

m { 1=2ð Þ2p2
z {1ð Þn

|
XN

n ~ 1

2b2
nan

p m { 1=2ð Þ m { 1=2ð Þ2p2 z b2
n

h i
ð18Þ

Making

C z, tð Þ~ C1 z, tð Þz C2 z, tð Þ ð19Þ

the required solution.
With the solutions in Eqs. 14 or 19, we can use several
standard functions in MATLAB to find both the best-fit
values of A*, DT, and t, and the 95% confidence interval
for each season.

Monitoring data

The proposed analysis was tested in detail on long-term
data sets of (1) lake level, measured on a daily basis by the
Israeli Hydrological Service. (2) Temperature profiles from
the central monitoring stations of LK (sta. A; ,42 m
depth; Fig. 1) provided by the LK database (LKDB).
Temperature profiles were measured on a weekly basis
using STD-12 Plus (Applied Microsystems Ltd.) with an
error of 60.005uC. (3) Detailed biweekly to monthly
ammonium concentration profiles from the central lake
stations (A, 101, and 108; Fig. 1). Data for the period
1998–2001 were provided by the MEKOROT water
company. The ammonium assay used is that of the
indophenol technique (APHA 2001). Dissolved methane
in station A was measured biweekly in water samples,
sampled at 5-m intervals plus three thermocline samples (1-
m interval) using gas-chromatographic headspace analysis
on water samples (after Schmidt and Conrad 1993). Typical
methane and ammonium concentration profiles measured
during the 1998 lake cycle are presented in Fig. 5a,b,
respectively, confirming the nearly linear increase of both

Fig. 5. (a) Methane and (b) ammonium concentration
profiles measured in the water column of Lake Kinneret during
the stratification period of 1998.

(14)
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solutes from the SWI to the thermocline. The accumulation
pattern of the hypolimnetic ammonium concentration
during two consecutive stratified periods (35- and 30-m
series in Fig. 6) substantiates our constant-release-rate
assumption.

Results and discussion

Numerical solution—The results of the numerical solu-
tion were tested against measured profiles of NH þ

4 and
CH4 (diss) for the period 01 May–31 Dec of the years 1998–
2001 and 1999–2000, respectively. The contour plot of the
cumulative square error between the predicted and
measured NH4+ in the hypolimnion during the year 2001
(Fig. 7) shows that the optimum values of DT and A were
defined well in the range of 0.5–2.5 m2 d21 and 50–
250 mg m22 d21, respectively. The contours also demon-

strate that the proposed diffusion mechanism has a unique
solution for these two parameters. The correlation factor
between measured and calculated concentrations using the
best-fit parameters for each season was always large (r2 .
0.79, Table 2). Calculated and measured profiles of hypo-
limnetic ammonium concentrations are compared in Fig. 8
for the 1998–1999 stratification periods. While both data sets
are generally in good agreement, discrepancies occur mainly
near the SWI during early stratification (Fig. 8, profiles of 30
August 1998 and 27 June 1999). We assume that, during the
months May–August, the water profile is typically influ-
enced by the relatively strong westerly winds, which, in turn,

Fig. 7. Contour plot and best fit (+) of the cumulative square
error between predicted and calculated NH4

+ concentrations in
the hypolimnion of Lake Kinneret during 2001 for DT and A
values ranging between 0.5 and 2.5 m2 d21 and 50 and 250 mg N
m22 d21, respectively.

Table 2. Optimal parameters A, DT and t; 5% error; and r2 as they were calculated using the analytical solution (Eq. 14) for the
period 01 May to 31 Dec in station 108, and 01 May to 30 Sep in stations 108, 101, and A.

A sA DT sDT t st

r2Year Station (g m22 d21) (m2 d21) (day of the year)

01 May to 31 Dec

1998 108 150 18 2.53 0.45 126 4 0.81
1999 108 166 19 1.50 0.26 123 6 0.88
2000 108 153 14 2.64 0.35 129 3 0.87
2001 108 137 15 1.74 0.29 122 6 0.89

01 May to 30 Sep

1998 108 143 17 4.08 0.67 122 3 0.85
1999 108 165 22 3.23 0.65 115 4 0.90
2000 108 155 15 3.79 0.51 127 2 0.87
2001 108 165 18 3.54 0.59 123 4 0.89
1998 101 133 32 5.48 1.91 123 3 0.74
1999 101 174 30 4.04 1.07 116 4 0.89
2000 101 199 22 6.22 1.07 132 3 0.88
2001 101 200 32 5.39 1.37 125 5 0.82
1998 A 133 23 4.62 1.17 123 5 0.90
1999 A 118 19 1.61 0.39 104 10 0.94
2000 A 134 18 2.53 0.50 125 5 0.90
2001 A 135 20 2.50 0.57 120 7 0.89

Fig. 6. Time series of the ammonium concentration in the
water column of Lake Kinneret at four fixed depths (35, 30, 20,
and 10 m) from March 2000 to March 2002.
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increase the diffusion coefficient in the benthic boundary
layer, an effect that is ignored by the proposed constant DT

model. A second discrepancy can be observed near the
thermocline boundary, especially at the end of the stratifi-
cation period (Fig. 8, profiles of 03 Jan 1999 and 03 Oct
1999). This difference is due to the fact that the model was
developed for a two-layer system, e.g., hypolimnion and
epilimnion, while ignoring the existence of a metalimnion.
However, in view of our general goal to model hypolimnetic
transport processes, the error induced by this simplification
is minor.

We are aware of the possibility of secondary sources of
the chosen tracers within the hypolimnion, i.e., NH þ

4
generation during the mineralization of sinking particulate
organic matter or dissolution of gaseous methane from
sedimentary gas ebullition events. In the course of our
investigations, and after tests of solutions with Sc . 0, we
arrived at the conclusion that the influence of these
secondary sources is negligible because, in this case, we
would anticipate considerable differences between mea-
sured profiles and the model results.

A second means to verify the model output data is to
follow time series of hypolimnetic NH þ

4 and CH4 (diss)
concentrations at fixed depths (Fig. 9a–f). The resulting
accumulation pattern approaches a nearly linear increase
at all occasions. The seasonal best-fit values of DT and A
are listed for both solutes in Fig. 9b,f, respectively. It
is important to note that DT values for the 1999 and
2000 seasons were nearly identical for both solutes
while being calculated independently. This finding empha-
sizes DT as being an actual physical property of the

Fig. 9. Measured (markers) and calculated (lines) time series
of (a–d) hypolimnetic NH4

+ and (e, f ) methane concentrations at
three representative depths (35, 30, and 25 m) during the
seasons 1998–2000.

Fig. 8. Comparison between calculated and measured ammonium profiles during the 1998–1999 stratified periods.
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hypolimnetic profile, which characterizes the seasonal
process.

We further integrated in situ and model data, in order to
follow seasonal changes in the hypolimnetic ammonium
inventory (Fig. 10). According to the model, the linear
increase observed from the beginning of May until the
end of October is explained by the constant inflow of
released ammonium from the SWI (Eq. 5), while the
outflows (Eq. 6) are negligible because of the small
concentration at the thermocline plane and the slow
thermocline erosion. The gradual decrease during Novem-
ber and December is explained by the increased erosion of
the thermocline, while at the same time the concentration
of the tracer at the thermocline is significantly larger than
at the beginning of the stratification period. The product
C(zL, t)dzL/dt, attributed to the outflow from the hypo-
limnion, keeps increasing, and during December, it
becomes larger than the inflows from the lake floor. At
this time, the hypolimnetic ammonium inventory starts to
decrease until the whole water column is mixed, accompa-
nied by the fast depletion of NH þ

4 by aerobic nitrifying
bacteria.

Analytical solution—The optimal parameters A, DT, and
t were calculated for stations A, 108, and 101 (Table 2)
using the analytical solution (Eq. 14). First, it was shown
that, by taking into account all the measured profiles in
station 108 between 01 May and 31 December, the optimal
results of the analytical solution were similar to those of the
numerical analysis. However, because the analytical solu-
tion is valid only for the first half of the stratification
period and for large depth (Fig. 4), we calculated the
optimal parameters only for the period 01 May to 30
September (,150 d, Table 2). The conclusions from this
comparison are: (a) The proposed analysis results in similar

optimal parameters and similar deviations for all three
stations and therefore represents well the vertical transport
processes in the entire area of the center of the lake. (b)
There is a two times larger optimal DT if we take into
account the first half of the stratification compared with
the entire period. It probably reflects the increased
diffusion coefficient of the benthic boundary layer (BBL)
during the months May–August, as was shown also in
Fig. 8.

The results of the second analytical solution (Eq. 19) are
demonstrated in Fig. 11, for the NH þ

4 distribution in 0 , z
,10 m during the stratification period of the year 2000. We
compared between the contours, which were produced by
the NH þ

4 measurements, and those that were created by the
prediction of the diffusion model. The prediction was based
on the measurements of NH þ

4 in one single depth (,35 m)
after they were applied to form the top boundary condition
(Eq. 15), and on the constants A 5 120 mg m22 d21 and
DT 5 1.9 m2 d21 for the year 2000.

The proposed model approach, based on natural tracer
distribution, was applied successfully to investigate the
parameters that control the mechanism of solute transport
in the hypolymnion. We showed one numerical and two
analytical methods to calculate A and DT.

Overall, the comparison between modeled and measured
profiles reveals that the entire seasonal process can be
described reasonably well using only two constants. The
observed deviations reflect the limitations of the proposed
model when applied to short time scales, such as a single
measured profile or to a single depth during long-term
measurements. The results of the one-dimensional model
provide a systematic approach and better understanding of
the changes in nutrients inventories, which is based on the
history of the measured data.

An advantage of the proposed model and calibration is
its potential usage to increase the certainty of the measured
nutrient inventories and their change in time. The fact that
the sedimentary release and hypolimnetic transport of an
inert tracer can be sufficiently characterized by two
constants is expected to be extremely useful when dealing
with nonconservative solutes, such as phosphate or

Fig. 10. Time change in the hypolimnetic ammonium in-
ventory integrated from measured (circles) and modeled (lines)
profiles during the 1998–2001 stratified periods. For 1998, the
modeled inventory (H; solid line) is presented as the difference
between the theoretical sedimentary input (T; dashed line) and
outflow (O; dotted line) due to thermocline erosion.

Fig. 11. The NH þ
4 distribution in 0 , z , 10 m during the

stratification period of the year 2000. (a) Contour plot based on
the NH þ

4 measurements. (b) Contour plots based on the NH þ
4

prediction of the diffusion model (Eq. 19) with A 5 120 mg N
m22 d21 and DT 5 1.9 m2 d21.
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dissolved organic carbon, that form similar steep gradients
across the SWI. With DT being readily accessible from the
inert tracer and A being a function of the concentration
gradient across the SWI, the difference between measured
and modeled inventories should correspond to the sink
term affecting the investigated solute.

The results from our study point out some challenging
questions for future research. One addresses the interan-
nual variability found regarding the driving parameters of
our model: A and DT. So far, we have tried in vain to link
the observed fluctuations to annual changes in biogeo-
chemical, hydrodynamic, and meteorological master vari-
ables. It will be further important to compare the DT values
from this research with basin-scale vertical diffusion
calculated from temperature and salinity measurements.
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