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Abstract

This paper presents a triple diagram method (TDM) based on the Kriging technique for predicting future lake levels from two antecedent
measurements, which are considered as independent variables. The experimental semivariograms (SV) for three lags are obtained, and the
most suitable theoretical SV for the three cases is the Gaussian type. Based on these theoretical SVs, the contour lines of the dependent
variable are constructed by Kriging. The resulting maps are referred to as the TDM model for lake level fluctuation. It is expected that this
model will be used more extensively than the Markov or ARIMA (AutoRegressive Integrated Moving Average) models commonly available
for stochastic modelling and predictions. The TDM does not have restrictive assumptions such as the stationarity and ergodicity which are
preliminary requirements for the stochastic modelling. The TDM is applied to monthly level fluctuations of Lake Van in eastern Turkey. In
the prediction procedure lags, one, two and three are considered. I nterpretations from these three basic diagrams help to identify properties of
lake level fluctuations. It is observed that the TDM preserves the statistical properties. These diagrams also help to make predictions with

less than 10 % relative error.
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Introduction

Lakes are natural, inland, free-surface bodies and they
respond to atmospheric, meteorological, geological,
hydrological and astronomical influences. Hence, the
behaviour of natural lakes requires knowledge of these
driving events recorded within or around the lake
catchments. Streamflow data integrate the effects of the
various factors which influence the hydraulic balance of a
drainage area; similarly, lake-water level fluctuations
represent the end result of the complex interplay of the
various water balance components. Among those
components are the flow of incoming or outgoing rivers
and streams, direct precipitation onto the lake surface and
the groundwater exchange. Furthermore, meteorological
factors, including precipitation over the lake drainage area,
evaporation from the lake surface, wind velocity, humidity
and temperature in the adjacent lower atmosphere, al play
significant rolesin lakewater level fluctuations. Somelakes
in semi-arid regions are closed with no outlet. Large lakes
may modify the precipitation over and around the free water
surface. Simultaneous measurements of all the factors

affecting lake water level fluctuations are difficult and
measurements for the application of hydrological water
balance equations are incomplete for many large natura
lakes of the world. Perhaps the simplest lake behaviour
measurement sequences arethelake water level time series,
which incorporate all the combinations of possible effects.
Consequently, lake level time series in many parts of the
world may include nonstationarity components such as shifts
inthe mean value, trend and apparent or hidden periodicities.
It may, therefore, be sufficient to examine and model these
fluctuations in the hope of finding simple predictors for
future changes.

Since questions of gradual (trend) or abrupt (shifts) in
climate change have received particular attention in recent
years, most research on lakelevel changesisconcerned with
the meteorological factors of temperature and precipitation
data. Hubert et al. (1989), Vannitsni and Demaree (1991)
and Sneyers (1992) showed, statistically, that temperature,
pressure and flow seriesin Africa and Europe have altered
several times during the present century. On the other hand,
Slivitzky and Mathier (1993), have stated that most
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modelling of levels and flow series on the Great L akes has
assumed stationarity of time series using either Markov or
ARIMA (Auto Regressive Integrated Moving Average)
processes (Box and Jenkins, 1976). These models mainly
work on lags of one, two, three or more, but they take into
account thelinear structurein lakelevel fluctuations. Since
lake level fluctuations do not have the property of
stationarity, classical models such as Markov and ARIMA
processes cannot stimulate lake levelsreliably. Multivariate
models using monthly lake levels failed to reproduce
adequately the statistical propertiesand persistence of basin
supplies (Loucks, 1989; Iruine and Eberthardt, 1992). On
the other hand, spectral analysis of water levels pointed to
the possibility of significant trends in the hydrological
variables affecting lake level s (Prival sky, 1990; Kite, 1990).
Almost all these scientific studiesrelied significantly onthe
presence of an autocorrel ation coefficient asan indicator of
long-term persistence in lake level time series. However,
many researchers have shown that shifts in average lake
level might introduce unrealistic and spurious
autocorrelations. Thisis the main reason why the classical
stochastic and statistical models may fail to reproduce the
statistical properties. However, Mathier et al. (1992) were
ableto reproducethe statistical properties of ashifting-mean
model quite adequately.

Thisstudy devel ops an estimation procedure independent
of the autocorrelation concept and, accordingly, of
restrictive assumptions of linearity, normality (Gaussian
distribution), homoscedasticity (variance constancy) and
stationarity. A triple diagram model is suggested and then
used to predict monthly lake level fluctuations. This

methodol ogy is capabl e of depicting the non-linearity, non-
normality and non-stationarity features in the lake level
fluctuations. The method is applied to water level
fluctuationsin Lake Van in eastern Turkey.

Study area features

The world’s largest soda lake, Lake Van, located on the
Anatolian high plateau in eastern Turkey (38.5°N and 43°E),
(Fig. 1), experiences severe winters with frequent
temperatures below 0°C. In winter, most precipitation falls
as snow and, towardsthe end of spring, heavy rainfallsoccur.
High runoff ratesin spring during snowmelt result in more
than 80% of the annual discharge from the catchment
reaching the lake during this period. The summer (July to
September) iswarm and dry, with average temperatures of
20°C. Diurnal temperature variations are about 20°C.

Lake Van hasadrainage basin of 12 500 km? (Fig. 2) and
the lake surface presently averages about 3600 km? (Kempe
et al., 1978). The surface is approximately 1650 m above
mean sea level. The lake is surrounded by hills and
mountains which reach 4000 m above mean sealevel. The
volcanic mass, Siiphan Mountain, rises to about 4434 m.

Lake Van has no natural outlets. It is the world’s fourth
closed basin lake, with a volume of about 600 km®. From
thelake surface, on average, 4.2 km? of water islost annually
to the atmosphere by evaporation; this is balanced by the
long-term averages of annual surface runoff and
precipitation amounts of 2.5 km*and 1.7 km?, respectively.
Kadioglu et al. (1997) have shown that the fluctuations in
water level are entirely dependent on the natural variability
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Fig. 2. Lake Van catchment.

of the hydrological cycle and on any longer term climatic
changes which affect the drainage basin.

In the last decade, the water level in Lake Van has risen
about 2 m; and, consequently, thelow-lying inundated areas
aong the shore are now concerning local administratorsand
government officials, and affecting irrigation activities and
people’s properties. Figure 3 shows monthly lake level
fluctuations at a staff gauge located at the western corner of
the lake from 1944-1994; each year, water level risesfrom
January to June and fallsthereafter. Inthisfigure, the vertical
axis indicates the readings from. These changes are
superimposed on a larger scale of fluctuation. The long-
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Fig. 3. Lake Van water level fluctuations (1965-1996)
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term lake level average is at 1648 m. Under prevailing
climatic conditions, the lake level fluctuations have yearly
amplitudes of 40-60 cm. Degens and Kurtman (1978)
calculated the average annual amplitude as 49.7 £ 18 cm
for the period 1944-1974. However, the record from 1944
t0 1994 has average and standard deviation values of 136.8
cmand 70.8 cm, respectively (Sen et al., 1999). Comparison
of these two periods shows increases of 275% and 383% in
the mean lake level and amplitude, respectively, as aresult
of ariseinlakewater level 1974, perhaps caused by achange
in climate in the area. As a result the region has become
more humid with more precipitation but less evaporation.
In consequence, it is not realistic to assume linear, normal
and stationary lake level fluctuations.

Triple diagram method (TDM)

Human beings can visualise variationsin three dimensions,
using Cartesian coordinate systems through contour maps.
Generally, maps are regarded as the variation of avariable
by location variablesthat are either |ongitudes and | atitudes
or eastings and northings (Isaaks and Srivastava, 1989;
Cressie, 1993; Kitanidis, 1997). Hence, it is possible to
estimate the concerned (mapped) variable valuefor agiven
pair of location variables. Similarly, since one wants to
predict the current lake level from previous records, it is
suggested that two previous records replace thetwo location
variables. Thus the current value of a variable can be
mapped, based on two previous values of the samevariable.
Thefirst step prior to mapping isto determine the empirical
SV which guidesthe theoretical model that will beemployed
in the classical Kriging modelling. For this purpose, the
scatter of SV values versus distance is obtained for lag-
one, -two and -three. To depict the general trend of the scatter
diagram, the distance range is divided into nine intervals,
and the average of the SV valuesthat fall at eachinterval is
considered as the representative SV value within the mid-
point distance of that interval as suggested by Myerset al.
(1982). Different theoretical SV models such as linear,
power, spherical and Gaussian types have been tried for the
best fit and, in the end, the Gaussian SV wasthe best match
to the experimental SV trend (Fig. 4). The Gaussian model
isthe most suitable in al lags and the properties of afitted
Gaussian SV model are presented in Table 1.

Such amapping techniqueisreferred to hereafter astriple
diagram methodology (TDM). Such maps are based on three
consecutivelakelevels. TDMshelp to makeinterpretations
in spite of extremely scattered points. Although for mapping
Davis(1986) has suggested the application of varioussimple
regional techniques such as inverse distance, inverse
distance square, etc. which consider the geometrical
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configuration of the scatter points only without the use of a
third variable. In this paper, preparation of the TDM isbased
on classical Kriging technique.

The construction of a TDM requires three variables, two
of which arereferred to asindependent variables (predictors)
and constitute the basic scatter diagram. The third is the
dependent variable, which hasits measured val ues attached
to each scatter point. The equal value lines are constructed
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Figure 4. Empirical and theoretical semivariograms for three lags



Table 1. Theoretical Gaussian semivariogram parameters

Lag Nugget Sl Range Correlation
(cm?) (cr?) (cm) coefficient

1 10.0 31120.00  1516.50 0.979

2 12.0 31124.00  1558.20 0.990

3 15.0 31131.00  521.00 0.992

by the Kriging methodol ogy concept, whichisalso referred
to as geostatistics (Matheron, 1963). Details of this
methodology are explained for earth sciences applications
by Journel and Huijbregts (1978), Isaaks and Srivastava
(1989) and Cressie (1993).

The geostatistical methods take into consideration the
effective role of the measured values of aregional variable
at a set of irregular sites. In this paper, the positions of
irregular sites constitute the scatter points of two
independent variables. In the scatter diagram attached toits
points are the values of the dependent variable, which is
then mapped by conventional Kriging methodology. The
resulting map appearsin the form of contour lines covering
the whole variability domains of the two independent
variables. Preparation of such a map referring to the TDM
triple diagram helps to predict the value of the mapped
variable given the values of the independent variables.
Detailed information concerning the mapping procedure by
Kriging is presented elsewhere (Matheron, 1963; Journal
and Huijbrets, 1977; Kitanidis, 1997).

Application and interpretations

Lake Van water level records are used with Kriging
methodol ogy to obtain triple diagramsthat give the common
behaviour of three variables, which are taken consequently
from the historical time series data. The first two variables
represent two past lake levels and the third indicates the
present lake level. Hence, the model hasthree parts, namely,
observations (recorded time series) asinput, triple diagram
as response and the output as prediction. Lags between the
successive data at one, two, three, etc. intervals can be
considered. Such an approach is very similar to a second-
order Markov process, which can be expressed as

H,=oH,,+BH, _, +¢, 1)

whereH, H  and H, , are the three consecutive lake levels,
o.and B are model parametersand €, isthe error term. Prior
to any prediction procedure, the application of such amodel
requires parameter estimations from the available data.
Furthermore, its application requires assumptions which

Triple diagram model of level fluctuations in Lake Van, Turkey

include linearity, normality (Gaussian distribution of the
residuals, i.e. €.s), variance constancy, ergodicity and
independence of residuals. The triple diagram in the form
of a map replaces Eqgn.(1) without any restriction. Such a
map has the appearance of a natural relationship between
three consecutive time values of the same variable.

To apply the triple diagram approach, the data must be
divided into training and testing parts. Hence, 24 months
(two years, 1984,1985) are used for the test (prediction)
whereasall the other values are employed for training, which
is the mapping. Maps are prepared according to a Kriging
procedure through avail abl e software programs. Prior to any
prediction, thefollowing interpretations can be drawn from
these figures.

(1) In the case of lag-one there is a strong relationship
between H_, and H_, with increasing contour val ues of
H. along the 45° line (see Fig. 5). The small H, values
areconcentrated at small H_, andH_, values, thisimplies
the clustering of small values of the three consecutive
lakelevels. Similarly, high lakelevel values of thethree
consecutive levels also constitute a high value cluster.
That small values follow small values and high values
follow high valuesindicates positive correlations. Local
variationsin the contour lines appear at either low (high)
H., and high (low) H._, values. Consequently, better
predictions can be expected within acertain band around
the 45°line. The following set of logical rules can be
deduced from Fig. 6.

IFH_ islowandH ,islow THEN H, islow,
IFH_, ismediumlow and H,_,is medium THEN H,
is medium,
IFH,_, ishighand H ,ishigh THEN H, ishigh,
These rules can be used for a fuzzy logic inference
system as suggested by Zadeh (1968).

(2) InFig. 7 (lag-two), the variations in the contour lines
become very distinctive and rather haphazard compared
with Fig. 5. Thisimplies that with the increment in the
lag value, present time lake level prediction will have
more relative error. There is also a distinctive 45° line
but with a comparatively narrower band of certainty
around it.

(3) Finaly, at lag-three case (Fig. 8) the contour patternis
even more haphazard. This implies an increase in the
relative error of predictions.

Sen et al. (2000) identified suitable models and estimates
for lake level fluctuations and their parameters for trend,
periodic and stochastic parts. A second order Markov model
isfound suitable for the stochastic part. Triple diagrams of
lake levels can replace the second order Markov process.
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In this manner, it is not necessary to use first and second
order autocorrelation coefficients, in order to take more
persistence into account. To make predictions for the 24
monthsthat are not used in constructing the triple diagrams
shown in Figs. 5, 7 and 8, H, and H,, , for each month
must be emtered on vertical and horizontal axes,
respectively. The prediction value of H, can either be read
from this map approximately, or calculated using Kriging
prediction equations, which isthe course taken in this paper.
The prediction results are shown in Table 2 with
corresponding relative error amounts. Individual errors are

240

slightly greater than 10% but the overall prediction of
relative error percentage is about 2.16%. Figure 9 indicates
the observed and predicted H, values which follow each
other very closely; on average, observed and predicted |ake
level serieshaveamost the same statistical parameters. The
triple diagram model depicts even the increasing trend,
whichisnot possibledirectly with the second order Markov
process. During the prediction procedure, thereisno special
treatment for trend, but even so it is modelled successfully.
However, in any stochastic or statistical modelling, itisfirst
necessary to make atrend analysis and separate it from the
original data. To verify thetriple diagram approach for lake
level predictions, in Fig. 9 the test data are plotted against
the predictions; almost all the points are around the 45° line
and hencethe model isnot biased. Predictions are successful
at low or high values.

It is possible to look at the triple diagram model
performance at two and three lag values. Figures 10 and 11
show that whilethe deviations of predictionsare larger than
those in Fig. 9, they still depict the general trend. The
prediction results, shown in Tables 3 and 4 demonstrate
numerically that increases in the lag cause increases in the
relative error.
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Table 2. Lag-one lake level prediction (cm)

H, H H Prediction Relative error
(%)
180 183 187 187.06 0.03
183 187 200 190.76 4.62
187 200 213 214.10 0.52
200 213 222 220.99 0.45
213 222 219 227.61 3.78
222 219 210 214.13 1.93
219 210 197 200.94 1.96
210 197 184 189.50 2.90
197 184 181 183.60 141
184 181 180 182.79 153
181 180 179 182.95 2.16
180 179 177 182.21 2.86
179 177 185 181.02 215
177 185 206 193.21 6.21
185 206 226 213.56 5.50
206 226 228 237.59 4.04
226 228 220 223.41 152
228 220 209 211.17 1.03
220 209 195 197.77 1.40
209 195 184 186.15 1.16
195 184 179 182.68 2.02
184 179 180 180.48 0.26
179 180 181 184.69 2.00
180 181 184 184.63 0.34
Average 2.16
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Fig. 9. Observed and predicted lake levels at lag-one for the test
data

Conclusions

The concept of the triple diagram method (TDM) based on
asinglevariable such aslakelevel ispresented for tmaking
predictions from past records. The diagram is a map with
two independent values of the same variable at successive
timeintervals and the contours picture the current val ues of
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thesamevariable. In any application, the TDM mapisdrawn
using classical Kriging methodology based on the training
data set, which includes the first portion of the available
record. The TDM map is used for prediction provided that
the values of two independent variablesaregiven. The TDM
may be regarded as the mapping form of a second order
Markov process where three successive record values are
related to each other. In the TDM, there no restrictive
assumptions such as linearity, normality, stationarity,
ergodicity, independence of residuals, etc. Besides, it does
need estimations of first and second order autocorrelation
coefficients for prediction and yields more accurate
predictions. The methodology has been applied to water
level fluctuation records in Lake Van, in eastern Turkey.
The predictions are obtained for the two-year (24 months)
test data at lags of one, two and three. In all three lags, the
overall prediction relative error is less than 10%, which is
acceptablein practical terms. Inthe case of thelag-onetriple
diagram prediction, the relative error is the least (less than
5%). The procedure presented in this table can be used to
predict any hydrological variable.



Table 3. Lag-two lake level predictions (cm)
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Table 4. Lag-three |ake level predictions (cm)

H., H, H Prediction Relative error H, H., H Prediction Relative error
(%) (%)
181 180 187 184.88 113 182 181 187 190.86 2.02
180 183 200 191.20 4.40 181 180 200 187.19 6.41
183 187 213 196.44 7.78 180 183 213 197.73 7.17
187 200 222 219.85 0.97 183 187 222 207.27 6.64
200 213 219 237.44 .77 187 200 219 215.90 141
213 222 210 221.62 5.24 200 213 210 237.90 11.73
222 219 197 207.85 5.22 213 222 197 211.16 6.71
219 210 184 195.08 5.68 222 219 184 202.98 9.35
210 197 181 188.63 4.04 219 210 181 194.94 7.15
197 184 180 182.73 150 210 197 180 186.58 3.52
184 181 179 185.51 3.51 197 184 179 183.64 2.52
181 180 177 184.88 4.26 184 181 177 191.09 7.37
180 179 185 184.07 0.51 181 180 185 187.19 117
179 177 206 184.78 10.30 180 179 206 185.51 9.94
177 185 226 200.15 11.44 179 177 226 187.48 17.04
185 206 228 211.61 7.19 177 185 228 206.47 9.44
206 226 220 238.44 7.74 185 206 220 199.85 9.16
226 228 209 217.65 3.98 206 226 209 229.59 8.97
228 220 195 200.21 2.60 226 228 195 207.65 6.09
220 209 184 191.04 3.69 228 220 184 193.22 4.77
209 195 179 184.24 2.85 220 209 179 190.50 6.04
195 184 180 181.43 0.79 209 195 180 182.81 154
184 179 181 182.28 0.70 195 184 181 183.96 161
179 180 184 188.00 213 184 179 184 185.51 0.81

Average 4.39 Average 6.19
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