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Abstract 

 
Lakes and reservoirs, as the endpoint of their upstream catchment, collect their water as the resultant of the hydrological and 
ecosystem processes and, thus, act as a gauge of their catchment’s management. Physical processes, e.g. stratification and mixing 
and propagation of density currents, are the main drivers of the biochemical factors in lakes and reservoirs and are prone to be 
altered and affected by climate change. Hydrodynamic models are the tools to simulate the behavior of the water body under various 
forcing conditions. In this dissertation, hydrodynamics and limnological processes of the Maroon reservoir and the planned 
Abolabbas reservoir in southwest Iran were studied in a physical (the former) and biochemical (the latter) respect using 3D 
hydrodynamic (and biochemical) modeling. We used two 3D models and compared them in capturing hydrodynamics of the Maroon 
reservoir, studied the role of the reservoir’s morphology in its hydrodynamics, simulated nutrients cycle of the nearby Abolabbas 
reservoir and have an insight about these processes in the Maroon reservoir and eventually identified and predicted the effects of 
different climate change scenarios on the Maroon reservoir’s hydrodynamics and thermal regime in the 21st century. This 
dissertation is presented, based on the perspectives mentioned above, in four individual research studies, which have been published 
or are in press as follows: 

Chapter 1. Introduction 

The research on physical limnology and the concept of hydrodynamic modeling in lakes and reservoir are briefly introduced. The 
importance of climate change in limnology and its shown impacts on lakes and reservoirs in the literature are summarized, and 
finally the purpose and motivation of the research forming this dissertation is presented. 
Chapter 2. Comparison between two hydrodynamic models in simulating physical processes of a reservoir with complex 
morphology: Maroon reservoir 

Two 3D hydrodynamic models AEM3D and MIKE3 are compared in simulating hydrodynamics of the Maroon reservoir. The 
reservoir has a complex bathymetry with steep walls which makes it a good case for studying the performance of hydrodynamic 
models. The results indicated that the AEM3D model, by using a finite difference scheme with a purely z-level vertical 
discretization, shows better consistency with observations so that the AME and RMSE of the model remain below 1℃. The MIKE3 
model showed overall higher errors from 56 to 130% larger than AEM3D and the level of error strongly depends on its vertical 
discretization method and the turbulence model. The lowest errors by MIKE3 were seen by the k-ε turbulence model with a hybrid 
z-sigma discretization, while the highest errors were generated by the sigma discretization. The stand-alone vertical mixing model 
in AEM3D model, used instead of the constant-eddy-viscosity or k-ε formulation, showed a better performance in modeling vertical 
mixing and wind mixed layer, which is another reason of observing better results by this model than MIKE3.  

Chapter 3. Effects of morphology in controlling propagation of density currents in a reservoir using uncalibrated three-
dimensional hydrodynamic modeling 

Effects of basin morphology are shown to affect density current hydrodynamics of the Maroon reservoir using the AEM3D 
hydrodynamic model. The model results were validated with measured water temperature data at five locations in the reservoir. The 
Maroon reservoir consists of upper and lower basins that are connected by a deep and narrow canyon. Analyses of simulations 
indicate that the canyon strongly affects density current propagation and the resulting differing limnological characteristics of the 
two basins. The evolution of Wedderburn Number, Lake Number, and Schmidt Stability Number are shown to be different in the 
two basins, and the difference is attributable to the morphological separation by the canyon. Investigation of the background 
potential energy (BPE) along the length of the canyon indicated that a density front passes through the upper section of the canyon 
but is smoothed into simple filling of the lower basin. 

Chapter 4. Pre-impoundment assessment of the limnological processes and eutrophication in a reservoir using three-dimensional 
modeling: Abolabbas reservoir, Iran 

The 3D hydrodynamic and ecosystem model ELCOM-CAEDYM (former name of AEM3D) is used to simulate the oxygen and 
nutrient cycles (eutrophication processes) in the planned Abolabbas reservoir with three (one normal and two drought) reservoir 
scenarios. To evaluate the eutrophication, the Trophic State Index (TSI) and Vollenweider’s model are applied to the model outputs 
for the total phosphorus (TP). The results show that under normal conditions the reservoir will be oligotrophic, whereas the drought 
scenarios cause a general lowering of the water quality indices and the development of a mesotrophic-eutrophic or even a fully 
eutrophic state. Under drought conditions the reservoir might suffer from severe oxygen depletion, especially in the hypolimnion. 
The sensitivity analysis indicates that the wind drag coefficient, light intensity, and sediment oxygen exchange rate exhibit the 
strongest influence on the modeled eutrophication state in the planned reservoir. 

Chapter 5. A potential tipping point in the thermal regime of a warm-monomictic reservoir under climate change using three-
dimensional hydrodynamic modeling 

We modeled the response of the warm-monomictic Maroon reservoir to possible 21st century climate change, using projections of 
three CMIP5 GCMs under RCP4.5 and 8.5 scenarios. The raw GCM projections are bias-corrected by novel quantile mapping 
approaches to provide the boundary conditions for the model AEM3D model. Prior to the predictive modeling, a new so-called 
overturn bias analysis was applied to evaluate possible bias in the GCM predictors for properly simulating the lake dynamics in the 
observational (historic) time window and found to be negligible. The modeling results indicate for RCP4.5 a continuous reduction 
with a complete suppression of the lake’s winter mixing by the end of the 21st century, implying a switch from monomictic to 
weakly oligomictic behavior. Under the more extreme RCP8.5, such a transition occurs abruptly in the late 2050s in the form of a 
tipping point, followed within a decade - with yet some short periods of winter mixing - by a conversion to complete meromixis. 
This happens, because surface and mixing temperatures significantly increase due to climate warming, whereas the hypolimnion is 
less altered, partly due to cold river inflow (underflow) in the future winter. 
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Zusammenfassung 
Stehende Gewässer, wie Seen und Talsperren als der Endpunkt (Vorfluter) ihres Einzugsgebietes, sammeln das Wasser als Ergebnis 
von unterschiedlichen hydrologischen und ökologischen Prozessen und können somit als ein „Messgerät“ des 
Wasserressourcenmanagements ihres Einzugsgebiets aufgefasst werden. Physikalische Prozesse, z.B. die Sommerstagnation und 
die winterliche Durchmischung, sowie die Ausbereitung der Dichtströmungen sind die Haupttreiber der stofflichen und 
biochemischen Faktoren in Seen und Talsperren und sind, selbstverständlich, auch anfällig für Auswirkungen des Klimawandels. 
Durch hydrodynamische Modelle kann das Verhalten des Wasserkörpers auf verschiedene externe Einflüsse simuliert werden.  

In dieser Dissertation werden die hydrodynamischen und limnologischen Prozesse in den Talsperren Maroon und Abollabbas im 
Südwesten des Irans physikalisch (Maroon) und biochemisch (Abolabbas) durch 3D-hydrodynamische Modellierung simuliert und 
studiert. Die Ergebnisse der Simulationen der hydrodynamischen Prozesse der Maroon-Talsperre duch zwei 3D-Modelle werden 
vergliehen, und die Rolle der Morphologie der Talsperre auf die Hydrodynamik des Wasserkörpers wird analysiert, der 
Nährstoffzyklus (Trophie) und die Biochemie der Abolabbas Talsperre wird modelliert und vorhergesagt, und die Auswirkungen 
des Klimawandels auf die Hydrodynamik und die thermischen Schichtung der Maroon-Talsperre während des 21. Jahrhunderts 
ermittelt und vorhergesagt. Diese Dissertation wird mit der oben genannten Perspektiven in 5 Kapiteln in die folgenden 4 einzelnen 
Forschungsstudien gegliedert, wovon drei bereits veröffentlicht worden sind und eine „in press“ ist. 

Kapitel 1 (Vorwort): Der Stand der Forschung der physikalischen Limnologie und die Konzepte der hydrodynamischen 
Modellierung von Seen und Talsperren werden kurz vorgestellt. Die Fachliteratur zur Wichtigkeit des Klimawandels in der 
Limnologie und seine Auswirkungen auf Seen und Talsperren wird zitiert und analysiert, und schließlich werden der Zweck und 
die Motivation für diese Dissertation vorgestellt. 

Kapitel 2: Zwei hydrodynamische Modelle, AEM3D und MIKE3, werden in Simulationen der hydrodynamischen Prozesse der 
Maroon-Talsperre verglichen. Diese Talsperre hat eine komplizierte Bathymetrie, mit steilen Seiten, so dass diese Talsperre ein 
gutes Fall-Beispiel repräsentiert, die Leistung und Vertrauenswürdigkeit unterschiedlicher hydrodynamischer Modellen zu 
ermitteln. Laut der Ergebnisse ergibt das AEM3D-Modell, das eine reine z-level-Finite-Differenzen vertikale Diskretisierung 
verwendet, eine bessere Übereinstimmung mit den gemessenen Daten als das MIKE3-Modell, in der Weise, dass die AME- und 
RMSE-Werte des ersten Modells unter 1℃ bleiben. In Allgemeinen weist das MIKE3 um 56 bis 130 Prozent höhere Abweichungen 
zu den gemessenen Daten als AEM3D auf, wobei diese Diskrepanzen hauptsächlich von der vertikalen Diskritisierungsmethode 
und dem verwendeten Turbulenzmodell abhängen. Die niedrigsten Fehler des MIKE3-Modelles werden mit dem k-ε 
Turbulenzmodell mit einer hybriden z-Sigma-Diskretisierung, und die höchsten Fehler mit der Sigma-Diskretisierung erhalten. 
Gegenüber des „konstanten Wirbelviskositäts“- oder des „k-ε Turbulenz“- Modells“ zeigt das von AEM3D verwendete 
eigenständige Turbulenzmodell ein besseres Ergebnis in der Modellierung der vertikalen Vermischung und der durch die an der 
Wasseroberfläche agierenden Wind- Scherspannung durchgemischten Epilimnionsschicht, was als ein weiterer Grund der besseren 
Ergebnisse des AEM3D- Modells angesehen werden kann. 

Kapitel 3: Auswirkungen der Morphologie der Maroon-Talsperre auf die Bewegung und Ausbereitung von Dichteströmungen 
werden modelliert und ermittelt. Die AEM3D-Modellergebnisse werden durch die vor-Ort-gemessenen Wassertemperaturen an 5 
Stellen im Stausee validiert. Letzterer besteht aus einem oberen und einem unteren Becken, die durch einen tiefen und engen Canyon 
miteinander verbunden sind. Durch die Auswertung der Simulationen kann man ersehen, dass der Canyon sich stark auf die 
Bewegung und Ausbereitung der Dichteströmungen auswirkt; in der Weise, dass sich unterschiedliche limnologische Merkmale im 
oberem und unterem Becken einstellen. So sind, z.B. die Variationen der Wedderburn- , Lake- und Schmidt-Stabilitäts- Zahl 
nachweislich unterschiedlich in den zwei Becken und diese Unterschiede sind ihrer morphologischen Trennung durch den Canyon 
zu zuschreiben. Die Analyse der Hintergrundpotentialenergie im Canyon zeigt darüber hinaus, wie eine zunächst klare 
Dichteströmungs-Front sich entlang des Canyons allmählich durch Vermischung abbaut, was dann schließlich zu einer normalen 
Füllung des unteren Beckens führt. 

Kapitel 4: Das 3D-hydrodynamische Modell ELCOM-CAEDYM (ehemaliger Name von AEM3D) wird unter der Annahme von 
drei Klima Normal- und Dürreszenarien zur Simulation der Sauerstoff- und Nährstoffzyklen in der geplanten künftigen Talsperre 
Abolabbas verwendet. Über die Definitionen des Trophie-Status-Index (TSI) und des Trophiemodells nach Vollenweider werden 
die Ergebnisse des Modelles für die Gesamtphosphorkonzentrationen (TP) eingeordnet. Demzufolge sollte die Talsperre unter 
einem normalen Klima-Szenario oligotroph sein, währenddessen für die Dürre-Szenarien eine Senkung der Wasserqualität 
(Trophie) und die Entwicklung eines mesotroph-eutrophen oder sogar eines vollständig eutrophen Zustands erreicht wurde. Unter 
den Dürre-Szenarien wird ein starker Sauerstoffmangel im Hypolimnion beobachtet. Die Sensitivitätsanalyse des Modelles zeigt, 
dass der Wind- Scherspannungskoeffizient, die Lichtsintensität und die Sediment-Sauerstoff Austauschrate die stärksten Einflüsse 
auf die modellierten Eutrophierung in der geplanten künftigen Talsperre haben. 

Kapitel 5: Die Auswirkungen des Klimawandels auf die Maroon-Talsperre (warm-monomiktisch) bis Ende des 21. Jahrhunderts 
werden durch Klimaprojektionen dreier GCM-Modellen, unter RCP4.5 und 8.5 Klimaszenarien, modelliert. Die rohen Prädiktor-
Daten der GCM-Modelle werden durch neuartige Quantile-Mapping Methoden „Bias-korrigiert“, um sie dann als Randbedingungen 
und Treiber für das AEM3D-Modell verwenden zu können. Vor der eigentlichen Zukunfts-Modellierung wird zuerst eine neue, so-
genannte Overturn-Bias-Analyse angewendet, um möglichen Bias in den GCM-Prädiktoren zur korrekten Simulation der 
Seedynamik im historischen Zeitfenster zu bewerten. Glücklicherweise erweisen diese als vernachlässigbar. Die Modellierungs-
Ergebnisse zeigen für RCP4.5 eine durchgehende Reduzierung, mit einer vollständigen Unterdrückung der winterlichen 
Durchmischung bis zum Ende des 21. Jahrhunderts, was einen Wechsel von monomiktischem zu schwach oligomoktischem 
Verhaltens des Stausees impliziert. Für das extremere RCP8.5-Szenario tritt ein solcher Übergang schon in den späten 2050er Jahren 
abrupt in Form eines Kipppunktes ein, der innerhalb eines Jahrzehnts mit noch einigen kurzen Perioden winterlicher Durchmischung 
eine Veränderung in vollständige Meromixis folgt. Dies erfolgt, weil die Oberflächen- und Durchmischungstemperaturen aufgrund 
der Klimaerwärmung deutlich ansteigen, währenddessen das Hypolimnion weniger verändert wird, was zum Teil auf 
Unterströmung durch den Zufluss des kalten Maroon-Flusses in den zukünftigen Winterperioden zurückzuführen ist. 
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Introduction 

 

1.1 Background and scope 

“Lakes are a meter for gauging the success or failure of catchment management 
decisions” (Hodges et al. 2000a). Dam reservoirs are man-made lakes which have 
about half the characteristics of natural lakes (USACE, 1987), while still having their 
own characteristics that makes them different again from natural lakes in various 
aspects. Although lakes and reservoirs are similar in some senses, our knowledge of 
the physical and biochemical processes in the former is vaster than in the latter 
(Jørgensen et al. 2005).  
Many dams have been constructed and are being operated for decades all around the 
world. This shows the important role that they play in the human being life and 
development (Thornton et al. 1996). Iran, as a developing/emerging country, with a 
rather high rate of development in recent decades, albeit with an arid/semi-arid 
climate, always needs a secure source of water supply for its society, agriculture, and 
industry. Therefore, numerous large and small dams have been constructed in many 
basins to supply water, control extreme flood events, and generate hydropower. Like 
many other developing countries, in spite of the many dam construction projects in 
the country, no or little attention has been paid to the reservoirs as a part of the 
ecosystem after their impoundment. This is most likely due to the fact that in most 
developing countries, a higher priority is given to the mere constructional point of 
views in reservoir construction than on environmental considerations of the impacts 
of such a reservoir on its surrounding environment. This problem has resulted in a 
lack of insight into the reservoirs’ environments as well as a lack of structured, 
environmentally oriented operation plans for many reservoirs in Iran and beyond. 
The number of reservoirs with water quality problems appears to be increasing in arid 
and semi-arid mid-latitude regions of the world, arguably, due to decreasing inflows 
and the warming climate (IPCC, 2013). In fact, climate change is expected to affect 
sustainable reservoir discharge rates, water levels, water residence times, and the 
reservoir ecosystem (Mortsch and Quinn, 1996; Malmaeus et al., 2006) and can alter 
the thermal regime of a reservoir which, in turn, affects the physical processes, 
equilibrium and the sustainability of its aquatic ecosystem. Thus, climate change can 
elongate and strengthen the summer stratification period and, so, cause incomplete 
winter overturn (Kling et al. 2003; Eimers and Winter, 2005). As a consequence, the 
gradual warming of the entire water body and the strengthened stratification reduce 
the oxygen concentration, leading to hypoxia and anoxia, especially, in the 
hypolimnion, which affects the cold-water fish and other biota of the deep areas of a 
lake and/or reservoir.  
In addition to the problems mentioned above, climate predictions with Global 
Circulation Models (GCMs) have shown that in a warmer world more extreme climate 
events, such as extreme rainfalls and, thus, extreme floods and sediment inflows into 
reservoirs, and extreme droughts must be expected (Bolkhari, 2014). Understanding 
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how such changes in environmental forcing affect the reservoirs and their ecosystem, 
requires a good knowledge of the complex intertwined limnological (hydrodynamic 
and biochemical) processes taking place in the water body. 
Physical processes in lakes and reservoirs are the main driver of the biochemical and 
geochemical factors and play so a key role in the aquatic ecosystem. Physical 
processes, by which here we particularly mention the hydrodynamic processes, dictate 
the stratification and mixing patterns that, in turn, control the temporal and spatial 
distribution of nutrients and dissolved oxygen (Vincent et al., 1991; Hamilton and 
Schladow, 1997; Schladow and Hamilton, 1997; Löffler, 2004). Thus, increased 
thermal stratification in deep water bodies causes a significant degradation in water 
quality that in many cases leads to eutrophication and the inability of the reservoir to 
provide the necessary quality for the in-lake biota and the supplied water, wherefore 
the latter can also threaten the downstream ecosystem. 
Various methods and tools are used to study surface water systems to protect aquatic 
ecosystems, among which the following three are to be mentioned: 1) observation; 2) 
theoretical analysis; and 3) numerical modeling. The complexity of the aquatic 
ecosystems, besides, luckily, the very fast ongoing development of computing 
systems for the spatial and temporal simulation of these ecosystems, have made 
numerical hydrodynamic and water quality models an inevitable tool in studies and 
decision making in this regard (Ji, 2008). 
The global focus in hydrodynamic modeling during the last decades has been mainly 
on ocean, coastal ocean and estuaries whereas, in comparison, less attention has been 
paid to the freshwater systems, e.g. lakes and reservoirs (Adey and Loveland, 2007). 
Fortunately, this has somewhat changed during the last two decades, and numerical 
modeling of freshwater ecosystems has gained a significant improvement. However, 
because of the environmental concerns of the scientists of limnology, the focus has 
been more on natural lakes than that on reservoirs. Hence, the field of numerical 
hydrodynamic modeling in reservoirs is a rather young theme of study, especially in 
developing/emerging countries, such as Iran.  
In the following subsections, we present a general overview of physical limnology in 
lakes and reservoirs and introduce different types of hydrodynamic models to simulate 
the relevant physical processes taking place in such inland water bodies. 

1.2 Reservoir hydrodynamics: a review of physical limnology in reservoirs 

Lakes and reservoirs, besides rivers, are the main surface freshwater resources. 
Reservoirs, as manmade artificial lakes, have some specific characteristics that 
separate them from natural lakes. The assessment of the specific issues of reservoirs 
is much more complicated than that for natural lakes, because of various purposes of 
the construction of the former, as well as due to their morphologic, hydrologic, 
geologic, and biochemical complexities.  
In comparison with natural lakes of the similar size, reservoirs are often much deeper 
and, so, have larger water residence times. Reservoirs are generally stratified and have 
different limnological parameters than natural lakes (Wetzel, 1983; Kennedy et al. 
1985; Thornton et al. 1996), As reservoirs usually integrate a larger watershed than 

 Lakes and reservoirs: a brief comparison 
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natural lakes of similar size, their nutrients and sediment inflow is also higher, and 
with a high seasonal variation. On the other hand, unlike natural lakes, reservoirs can 
have in-/outflows on various depths varying from surface to bottom (Ji, 2008) which 
leads to considerable differences in their hydrodynamic characteristics.  
Since water withdrawal in a reservoir can also be from different depth levels, the 
physical, chemical, and biochemical processes in the reservoir’s water body have a 
noticeable effect on the withdrawn water’s quality: for example, a stratified reservoir 
releases water with a very different quality than that of a reservoir in the mixed state. 
Of the parameters of interest, water temperature which, in turn, defines the water 
density, plays the dominant role in the reservoir’s hydrodynamics, since it has a major 
effect on the stratification/mixing processes as well as on the biochemical processes 
within the reservoir. The effects of temperature on a reservoir are usually considered 
as important as those of the upstream hydrologic conditions (Mortsch and Quinn, 
1996). 

Horizontal (longitudinal) and vertical gradients in a reservoir affect its physical, 
hydraulic, and biochemical processes. Horizontally, reservoirs are divided into three, 
riverine, transition and lacustrine zones (Fig. 1.1). Each of the named zones has 
specific physical and biochemical characteristics, as the hydrodynamic behavior 
gradually changes from riverine to lake-like (lacustrine). 
In vertical direction, thermal stratification and mixing processes are the main sources 
of the variations. Thermal stratification is basically caused by solar radiation and 
surface heat exchanges and, to a lesser extent, inflow temperature differences. As light 
(solar radiation) penetrates the water column with an exponentially decaying (in clear 
water) intensity, in case of a sufficiently deep lake, thermal stratification is likely to 
occur. Ford and Johnson (1986) showed that lakes with an average depth of >10m and 
a retention time of >20 days have a potential of stratification. 
 
 

 

 General reservoir hydrodynamics 

 
Fig. 1.1 Schematic cross-sectional view of horizontal zones, with inflow and outflows in a 
reservoir (Ji, 2008, used with permission) 
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Stratification in freshwater lakes is described by a three-layer model (Hutchinson 
1957; Wetzel 1975; Imberger and Patterson 1990). A typical stratification structure of 
a reservoir and/or lake is shown in Fig. 1.2.  
The topmost layer or epilimnion is the warmest layer which responds to the wind-
induced mixing and it is the interface for oxygen and heat exchanges of the lake with 
the atmosphere.  
The middle layer or metalimnion is the layer with the major rate of temperature change 
in vertical direction. Several theories are developed to describe the details of the 
metalimnion: in classic limnology (e.g. Wetzel 1975; Straskraba 1980), when the 
temperature change is not linear in the metalimnion, the point where the highest 
change in the metalimnion occurs is generally called the thermocline. Imberger (1985) 
and Imberger (1987) called the latter the diurnal thermocline which once it reaches its 
maximum depth (due to a severe mixing or deepening event) is called the parent 
thermocline.  
The hypolimnion is the lowest layer, with the coldest water temperature, where the 
most oxygen depletion occurs, resulting in hypoxia and anoxia, due to the lack of 
oxygen exchange with the atmosphere and the sediments’ oxygen demand in the 
benthic (bottom) layer. 
Mixing and, particularly, vertical mixing, is a dynamic product of turbulent processes 
and vertical transport as a result of external energy inputs, such as surface heat 
exchange (surface cooling), wind-induced turbulence, inflow, outflow, density 
currents, etc. Understanding the mixing processes in reservoirs is indispensable, as 
they are an important factor in the reservoirs’ thermal regime (Ford and Johnson, 
1986). 

In physical limnology, lakes are typically classified into two major types: meromictic 
and holomictic.  
 

 

Fig. 1.2 Three-layer model of lake stratification 

 Thermal classification of lakes and reservoirs 
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Meromictic lakes are the lakes where the water remains partly or entirely unmixed 
(Findenegg, 1935). Although in most studies the term “meromictic” is generally 
associated with the vertical density gradients due to dissolved chemical materials or 
salinity (e.g. Findenegg, 1935; Hutchinson, 1957), it is traditionally assigned to 
permanent stratification due to any reason causing a sharp density gradient (i.e. 
chemocline, halocline or pycnocline) (Boehrer and Schultze, 2008). 
Holomictic lakes are generally classified as any type of lakes that are not meromictic, 
in other words, are not permanently mixed and undergo complete mixing. A schematic 
comparison of a holomictic lake in stratified and mixed status is illustrated in Fig. 1.3. 
The mictic status of the holomictic lakes strongly depends on their geographical 
location. The geographic location, including latitude and altitude, by defining the 
climate region of the earth, affects the lake’s thermal regime and controls its 
seasonal/annual stratification and mixing patterns. Hutchinson and Löffler (1956) 
suggested a classification of holomictic lakes with respect to their geographic location, 
as illustrated in Fig. 1.4. The class of the Maroon reservoir, studied in this dissertation, 
is also marked in the diagram. The prefix of the “mictic” term in this classification 
indicates how many mixing or overturn events occur in a year within the lake. This 
classification, reviewed and modified by Löffler (2004), is introduced briefly here: 
Amictic lakes, are located mostly in Antarctica, amongst other places, and are covered 
and sealed by a very thick ice sheet (100s to 1000s m thick). These types of lakes are 
also known to exist in high mountains e.g., the Alps, the Andes and Mt Kenya before 
the recent retreat of glaciers in most parts of the world. 
Cold monomictic lakes, circulate only in summer. Their summer surface temperatures 
do not exceed 10–12°C. A definition by Hutchinson (1957) characterizes cold 
monomictic lakes as those with water temperatures never exceeding 4°C at any depth, 
stating that this condition appears to be rather rare. Cold monomictic lakes are 
restricted to certain non-arid sub-polar and extratropical mountain regions. The 
incidence of long days during late spring and summer, results in surface temperatures 
of about 20°C in dry areas even at a latitude of 70°C. Cold monomictic lakes are seen 
in the Northern Hemisphere but not in the Southern Hemisphere. 
 

 
Fig. 1.3 A schematic view of a holomictic lake and its circulation patterns in stratified and mixed 
states 
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Warm monomictic lakes, particularly of interest in the present study, undergo 
circulation during winter, at temperatures well above 4°C. These lakes are typical in 
the Mediterranean climatic zones, as well as regions strongly influenced by oceans, 
and some mountains in sub-tropical latitudes (e.g. southern Prealpine lakes etc.). If 
warm monomictic lakes are exposed to an abnormally cold winter, the hypolimnion 
temperature may fall to such an extent that in the following years incomplete winter 
mixing may happen, and this could result in the onset of meromictic conditions. 
Dimictic lakes, which undergo two annual mixing events, are mainly restricted to the 
Northern Hemisphere, and extratropical mountains. 
Polymictic lakes, are lakes at high altitudes (above 4000m), which do not persistently 
become stratified. Nocturnal cooling results most often in complete mixing and is 
followed by a weak stratification during the day. Most of the lakes of this type are 
found in the tropical Andes and East Africa and on the mountain ranges of New 
Guinea. 
Oligomictic lakes, remain stratified and circulate occasionally at very infrequent 
irregular intervals, when abnormally cold spells occur. Lake Nyos in Cameroon and 
Lake Toba in Sumatra are examples of such oligomictic lakes. 

Another important issue in reservoir hydrodynamics are density and turbidity currents. 
Water density in a reservoir depends on the water temperature and suspended 
sediment concentration (Chung et al. 2009). Turbidity introduced by river inflows 
during storm events can directly affect an entire reservoir ecosystem by changing the 
light penetration into water body. If the altered light regime persists over an extended 
period, it can affect primary production and, hence, the distributions of fish and biotic 

 
Fig. 1.4 Classification of thermal regimes of lakes based on geographic location by Hutchinson 
and Löffler (1956), with the class of the Maroon reservoir studied in this dissertation marked 

 Density currents in reservoirs 
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organisms (Chung et al. 2009). When a storm flood enters a stratified reservoir, it 
forms a density current either as an underflow, interflow, or overflow, depending on 
the inflow density and reservoir stratification (Ford and Johnson, 1983). The density 
current can form either due to the difference between temperatures of the inflow and 
the ambient water, or the density difference due to the suspended sediment or both. 
Most studies on density and turbidity currents in reservoirs are limited and typically 
based on field-measured data analysis or analytical methods (Hu et al., 2012). 
However, even the field studies suffer from large uncertainties and lack of appropriate 
and costly-reasonable instrumentation and measurable data, as well as from the 
inherent dangers of field work during flooding times which limits the availability of 
good field data (Lai et al. 2015). Unfortunately, the interplay between density currents, 
stratification and internal processes in a reservoir cannot be quantified with any simple 
analytical expression; however, numerical modeling of density current 
hydrodynamics can provide insight into how these currents interact with the 
stratification and mixing processes in a reservoir. Such insight can assist in developing 
operating procedures to reduce the unwanted effects of density currents. 

1.3 Hydrodynamic modeling  

A proper understanding of the physical processes in lakes and reservoirs requires 
appropriate numerical simulations of these processes, namely to investigate and 
predict their response to changes in the quality and quantity of the inflowing water. 
Eventually, this will lead to better operational strategies.  
To model aquatic environments, three main methods are usually implemented 
(Hamilton and Schladow, 1997).  
The first method, which has been used the most in the past decades, is based on models 
which simulate the steady state, so-called “input-output models” (e.g. Muller et al. 
1982; Ahlgren et al. 1988). Generally, in these models, the concentration of the 
nutrients is predicted by the regression of the net input and the phytoplankton biomass 
(chlorophyll-a or other biomass indices), with the limiting nutrient concentration. 
From the hydrodynamic point of view, this category of models considers the modeled 
lake as a continuously mixed environment which, however, limits their use to the 
simulation of only a certain short period of the year when the lake is in a totally mixed 
state (Imberger and Patterson, 1990). Consequently, this simple model approach, 
known as a 0-dimension box model, is not an appropriate way to simulate the complex 
interplay of the spatial distribution of the various limnologic parameters in complex 
aquatic environments (Imberger and Patterson, 1990; Hamilton and Schladow, 1997). 
The second method, known as “ecological water quality modeling”, inserts many of 
the biochemical parameters, which are absent in the simple input-output models, into 
the aquatic processes. This family of models generally represents the ecological 
processes in a time-varying manner, so that a calibration of the aquatic parameters 
with the site-specific values is necessary (Hamilton and Schladow, 1997). The 
application of this class of models allows for a basic understanding of the physical, 
chemical, and biological processes, affecting the phytoplankton biomass and the high 
amount of nutrients in water (Jørgensen, 1983).  

 Overview of model types and methodologies  
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In general, both the above model types are designed to investigate the water quality 
varying with time, from a biochemical and ecological point of view, however, none 
of these two model groups have spatial dimensions to define the spatial variations of 
the different limnologic processes occurring simultaneously in the water body. 
The third method which is, in comparison with two previous ones, the most complete 
model methodology to date, is the group of numerical hydrodynamic models and, their 
concurrent add-ons, coupled biochemical and ecological models (either of type 1 or 
2, mentioned above) (Hamilton and Schladow, 1997). These complete hydrodynamic 
models, that may be run in steady state or dynamic (time-dependent) mode, may use 
different numerical methods (e.g. finite difference, finite element, finite volume, etc.) 
and different grid types (Cartesian, curvilinear, unstructured, etc.). The models are 
spatially implemented with one-, two- or three-dimensional numerical schemes which 
solve the time- and spatially-dependent partial differential equations of water and 
matter transport, (continuity, momentum and transport equations) advection and 
dispersion, taking into account the physical/geographical situation of the modeled lake 
as well as external climate forcing conditions. 
The majority of the presently available hydrodynamic models for reservoirs, lakes, 
coastal ocean, and estuaries are generally based on the shallow water approximation, 
which states that the horizontal motion scale should be much larger than the vertical 
scale (≥20x) (Ji, 2008) and, fortunately, this holds for a great majority of the lakes 
around the world. In fact, except for very large lakes which are less affected by 
buoyancy and have large circulation patterns, most of the regional lakes rarely have 
strong circulations, as their water motion is mainly dominated by internal waves due 
to stratification. This is because the duration of the wind stress effects, as the major 
forcing factor of the circulation, is seldom longer than the period of the internal waves 
(Imberger, 1998).  
The use of the shallow water approximation leads to a widely used “hydrostatic 
approximation” whereby the vertical pressure gradient is balanced by the forcing due 
to buoyancy excess and, thus, the vertical acceleration can be neglected. Nevertheless, 
the hydrostatic approximation is invalid where the vertical scale motion becomes 
important whereby the pressure also becomes a function of velocity. Convective 
plumes of wastewater discharge diffusers are a good example of nonhydrostatic flows 
(Ji, 2008).  
In the following subsections, a general overview of the different types of the 
hydrodynamic models (third group of methods as mentioned) is presented. 

Zero-dimensional hydrodynamic models, as is clear from their name, are used to 
represent a completely mixed water body, e.g. a tank, pool, or a pond without any 
spatial variations in any directions. The solution method of these models is based on 
solving the conservation of mass equation, without providing any complex 
hydrodynamic solution. Such kind of models are mainly considered as an initial-step 
solution in simple water quality studies (Ji, 2008). 

One-dimensional models, used to represent either a water body or a flow path, model 
the flow in a single direction (Fig. 1.5a), often horizontally, in case of a river or an  

 Zero-dimensional models 

 One-dimensional models 
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Fig. 1.5 Schematic illustration of the vertically different types of hydrodynamic models: a) 1D, b) 
2D (horizontally averaged), and c) 3D. 

 

estuary, or vertically in case of a lake. In the latter application, stratification and 
mixing of small lakes is simulated only for their vertical variations (Ji, 2008), i.e. as a 
single water column. In 1D models for lakes and reservoirs, the governing equations 
are typically based on the assumption of one-dimensionality, i.e. the variations in the 
vertical direction are much more important than those in the horizontal direction. 
Therefore, the entire reservoir is considered as a series of the horizontally mixed layers 
stacked above each other (Imerito, 2010). Examples of such 1D models are CE-
QUAL-R1 (USACE, 1995), MINILAKE (Riley and Stefan, 1988), and DYRESM 
(Imberger and Patterson, 1981). 
Although 1D models consider light penetration and thermal stratification in vertical 
direction, horizontal inhomogeneities are not simulated. As such they are unable to 
simulate the processes along sloping lake bottom boundaries, especially, at the 
intersection of the metalimnion and the benthic boundary layer where vertical mixing 
is dominant. As such, these models are not able to represent the inherently-three-
dimensional phenomena, e.g. internal wave breaking on the sloping boundaries and 
internal wave-driven pumping of the benthic boundary layer (Valerio et al. 2012). 
Hodges et al. (2000) showed that, in stratified reservoirs, these three-dimensional 
phenomena are strongly dependent on the wind-driven forcing and the lake 
bathymetry. Therefore, 1D models cannot predict the 1D mixing effects of the 3D 
internal wave breaking (Zamani et al., 2018). Even though being calibrated by field 
measurements, due to their inadequate internal mixing modeling, these 1D models can 
still lead to very large discrepancies between the simulated and measured data, 
particularly, in the bottom boundary layers (e.g. Gal et al., 2002). 

2D models are based on two-dimensional governing equations which define the space 
along two spatial coordinates, whereas in the 3rd coordinate direction, the model state 
variables are averaged. This 3rd dimension can be averaged either vertically or 
horizontally (laterally) (Fig. 1.5b), according to the specific requirements of the 
modeled water body.  
In the case of modeling shallow water bodies, e.g. broad and shallow well-mixed 
lakes, lagoons and estuaries, where the horizontal variations are more important, 
vertically-averaged 2D models are used. In such a case, the physical transport is 
mainly dominated by horizontal advection and the water body is assumed as a 
vertically mixed environment (Ji et al. 2001; Hayter et al. 1998).  
On the other hand, laterally averaged models are typically used for narrow and deep 
lakes and reservoirs where the vertical variations of the water body become important. 

 Two-dimensional models 



20 

 

Here the physical transport is primarily due to longitudinal advection, whereas vertical 
mixing is averaged over the lateral dimension (Ji, 2008). 

3D models allow for the most realistic representation of the physical processes in 
water bodies and aquatic environments (Fig. 1.5c). In deep and stratified lakes and 
reservoirs, the vertical turbulent mixing can be overridden by vertical density 
stratification (Ji, 2008). On the other hand, in such stratified reservoirs, there is a close 
relationship between vertical mixing at the boundaries (boundary mixing) and 
inherent 3D phenomena, e.g. internal waves and internal wave breaking (Valerio et 
al. 2012), especially on sloping boundaries where metalimnion meets the reservoir’s 
benthic boundary layer (Boegman et al. 2003; Marti and Imberger 2006) and with the 
wind forcing and bathymetry (Hodges et al., 2000b; Laval et al, 2003). Therefore, 1D 
and 2D models are unable to predict the mixing effects of 3D internal wave breaking 
due to insufficient representation of the bottom boundary layers, - causing very large 
disagreements between modeled and measured data (Zamani et al., 2018). Unlike 1D 
and 2D models, 3D models are capable of overcoming this deficiency, by adequately 
representing the hydrodynamic processes also in deep reservoirs where the physical 
processes play a similar role in all three dimensions.  
Most 3D hydrodynamic models use the hydrostatic approximation for large-scale 
model applications. In the hydrostatic approximation non-hydrostatic pressure and 
vertical acceleration are neglected, but nonlinear horizontal momentum is modeled. 
The hydrostatic approximation can generally be applied to processes with small aspect 
ratios (depth:length ≤ O(10-3)), e.g., most large-scale ocean and atmospheric 
problems; however, the it breaks down for mesoscale systems (aspect ratio ~ O(10-1 – 
10-2)) and small-scale processes, such as the steepening and breaking of nonlinear 
internal waves. Furthermore, the hydrostatic approximation generates several 
numerical errors which result from increased dissipation of internal wave energy, not 
physically modeling of internal wave dispersion, which basically require non-
hydrostatic pressure (Wadzuk and Hodges 2004). 
Although several non-hydrostatic models for large-scale modeling are developed (e.g. 
Mahadevan, et al., 1996a,b; Casulli and Stelling, 1998; Casulli, 1999; Fringer and 
Street, 2003), little research is done on quantifying the timestep and spatial grid scales 
necessary to model non-hydrostatic behavior. Wadzuk and Hodges (2004) showed 
that fine spatial and temporal resolution is needed to capture non-hydrostatic behavior, 
which would significantly increase computational time for hydrostatic models. 
Consequently, hydrostatic models are still a preferred option for large-scale modeling 
studies with long simulation periods. 

Hydrodynamic models are vertically discretized typically using two different 
methods: z-level or sigma-level.  
The z-level methodology (also known as geopotential coordinates) uses Cartesian 
coordinates to discretize the vertical domain, wherefore the sloping boundaries of the 
bathymetry are described by a stair-like function (Fig. 1.6a).  
The sigma-level approach, first introduced by Phillips (1957), is typically used in deep 
waters and consists in applying a transformation in the vertical domain that “stretches”  

 Three-dimensional models 

 Vertical discretization methods 
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Fig. 1.6 Vertical discretization methods: a) z-coordinates; b) sigma-coordinates (Ji, 2008, used with 
permission) 

 

the domain to provide a more uniform domain for the numerical calculations (Fig. 
1.6b).  
There is a vast domain of discussions on the pros and cons of each of the named 
methods in hydrodynamic modeling. Model intercomparison studies have shown the 
difficulty of choosing the appropriate method in ocean and coastal ocean studies, the 
suitabilitity (reliability) of a particular model depends on the vertical discretization 
chosen (Pietrzak et al., 2002). For example, in ocean modeling, the z-level models 
usually generate incorrect currents, as they are unable to represent neither barotropic 
nor baroclinic coastal trapped waves (Gerdes 1993) and can cause significant errors 
in capturing vorticity (Bell 1999). This is similarly expected to be so in lakes and 
reservoirs. Further details of the intricacies of the choice of these two vertical 
discretization methodologies will be presented in Chapter 2, where two hydrodynamic 
models using either one of these two discretization approaches will be compared. 
Choosing the appropriate vertical discretization is a well-discussed issue in the case 
of ocean and coastal ocean modeling, but for lakes only a very limited number of 
model intercomparison-studies exist. Several studies, e.g. Craig et al., (2014) studied 
and developed a new vertical hybrid grid for the Environmental Fluid Dynamics Code 
(EFDC) model that, instead of the typical sigma-only coordinates, combines a set of 
sigma- and z-level coordinates. However, to date, no studies of this kind were found 
for reservoirs. 

1.4 Reservoirs facing impacts of climate change 
Lakes and reservoirs have direct and indirect interactions with the atmosphere. The 
direct interaction with the atmosphere includes all processes which occur through the 
lake’s surface, e.g. shortwave and longwave radiation as well as surface heat and 
oxygen exchanges.  
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The indirect effects are various hydrologic and ecosystem processes acting across the 
catchment for which the lake is their endpoint. Examples of the indirect effects are 
river water temperature and oxygen concentration carried by the river into the lake.  
The above imply that a reservoir is affected by a change in the atmospheric conditions 
through two, a direct and an indirect source.  
Regarding the direct impacts of climate change on their physical processes, lakes and 
reservoirs have shown to be mostly sensitive to changes in their water temperature 
and stratification which directly affects their ecosystem (e.g. Hondzo and Stefan, 
1993).  
Of the indirect effects imposed by the upstream catchment, reservoirs are generally 
affected by the factors originating from hydrologic change (owing to climate change 
itself), e.g. alternating inflow rates and contaminant concentrations (e.g. Marcé et al., 
2010).  
While the modeling of physical processes in lakes is already a rather young field of 
study, future climate change impact studies on lakes and reservoirs is yet a younger 
field which has only recently started to develop. The majority of these studies are 
carried out after year 2012, of which a few will be reviewed in this dissertation. This 
is basically due the only recent development of computational resources and climate 
change models under the Coupled Model Intercomparison Project (CMIP) in the 
2000s and 2010s that has resulted in an increased awareness and focus on climate 
change effects on all kinds of ecosystem environments. Therefore, to date, there are 
only a limited, though increasing number of climate change impact studies on lakes 
in the world. In fact, while several studies have recently assessed the effects of climate 
change on lakes in different parts of the world, none was found for Iranian lakes or 
reservoirs. 
Moreover, most of these climate impact studies on lakes and reservoirs still suffer 
from different shortcomings, such as the use of only 1D or 2D hydrodynamic models 
(e.g. Bolkhari, 2014; Thiery, 2015; Lee et al., 2015; Schwefel et al., 2016; etc.) that 
limit the robustness of their results. As mentioned, these kind of models cannot 
represent appropriately the lake’s spatial characteristics e.g. bathymetry, mixing 
processes in morphologically complex areas, and other physical processes.  
Furthermore, some other studies use only historical long-term observational data as 
their forcing data in the models, but no GCM (Global Circulation Models) outputs, to 
predict the future climate change impacts on the lakes/reservoirs hydrodynamics (e.g. 
Wahl and Peeters, 2014; Elshemy et al, 2016 etc.). In fact, such GCMs, depending on 
their spin-up periods, historical runs and initializations are usually executed under 
different ensembles representing the models’ internal variability. Also, there are still 
unknown uncertainties in GCMs. Therefore, it is more reasonable, and is 
recommended to average different ensemble members of a model and use multi-model 
ensemble means (multiple GCMs) rather than relying on only one GCM to reduce the 
uncertainty of the predictions (Terink et al., 2013; IPCC, 2013). This is one (among 
others) lacking part of the few climate change impact studies on lakes and reservoirs 
known to date and will be one research item of the present dissertation. 
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1.5 Research objectives 
In this dissertation study, we investigate and model the hydrodynamics and 
limnological processes of the Maroon reservoir and the planned Abolabbas reservoir 
in southwest Iran, with a focus on the physical (for the former) and the biochemical 
(for the latter) aspects.  
The Maroon reservoir is combined of two large up- and downstream basins which are 
connected through a narrow and deep canyon and, thus, are expected to show different 
hydrodynamic behaviors, especially under the effects of extreme (flood) events. The 
data for the hydrodynamic models include meteorological data, bathymetry, water 
temperature, elevations, and flow. Measurements are carried out by the local water 
authority in mainly, the upstream basin in years 2011-12. 
We use two different three-dimensional hydrodynamic models; 1) AEM3D (Hodges 
et al., 2000a; Hodges and Dallimore 2016) and 2) MIKE3 (DHI, 2017). In summary, 
the aims of this study are the following:  

• Study of the hydrodynamics, thermal regime, stratification, and mixing 
patterns in the Maroon and Abolabbas reservoirs. 
 

• Study and comparison of the ability of the two 3D hydrodynamic models in 
capturing the hydrodynamics of the Maroon reservoir, as a good prototype of 
a reservoir with complex and steep topography. 
 

• Investigation of the role of the reservoir’s morphology in affecting its 
hydrodynamics interacting with the propagation of density currents and 
compensate the inappropriate measurements and missing unmeasured 
locations of interest in the Maroon reservoir to have a better insight of the 
density currents movement in this reservoir. 
 

• Pre-impoundment simulation of the nearby Abolabbas reservoir (for which the 
year-round river nutrient measurements are available) to assess and study the 
nutrients cycle and eutrophication and their interaction with the reservoir 
hydrodynamics and hydrological forcing (due to climate change), and to have 
an insight about these processes for the Maroon reservoir which is located 
nearby. 
 

• Identification and prediction of the effects of different climate change 
projections on the Maroon reservoir basin, and their eventual effect on the 
reservoir’s hydrodynamics and thermal regime (mixing and stratification 
pattern). 
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Abstract 
Two 3D hydrodynamic models, AEM3D and MIKE3, are compared in simulating 
hydrodynamics of the Maroon reservoir in southwest Iran. The reservoir has a complex 
bathymetry with steep walls, which makes it a good case for studying the performance of 
hydrodynamic models. The models were compared together and with measured water 
temperatures from different locations of the reservoir in a five-month period between December 
2011 and April 2012. The results indicated that the AEM3D model, which uses a finite 
difference scheme with a purely z-level vertical discretization, showed better consistency with 
observations so that the AME and RMSE of the model remain below 1 °C. The MIKE3 model 
showed overall higher errors from 56% to 130% larger than AEM3D and the level of error 
strongly depends on its vertical discretization method and the turbulence model. The lowest 
errors by MIKE3 were seen by the k-ε turbulence model with a hybrid z-sigma discretization, 
while the highest errors were generated by using the sigma vertical discretization. The vertical 
mixing model in AEM3D model, used instead of the constant eddy viscosity or k-ε formulation, 
showed a better performance in modeling vertical mixing and wind mixed layer, which is 
another reason of observing better results by this model than MIKE3. Overall, this study shows 
AEM3D as a more appropriate model for simulating deep and complex reservoirs with steep 
slopes and walls. 

Keywords: Maroon reservoir; AEM3D; MIKE3; hydrodynamic modeling; model 
intercomparison 

2.1 Introduction 
Dam reservoirs are man-made lakes which, although having nearly half of the 
characteristics of natural lakes [1], possess their own distinct characteristics in many 
other aspects. Physical processes in lakes and reservoirs are the main drivers of ensuing 
biochemical and geochemical processes occurring there and so play a key role in the 
evolution of their ecosystem. Hydrodynamic processes dictate stratification and mixing 
in lakes and reservoirs that, in turn, control the temporal and spatial distribution of 
nutrients and dissolved oxygen [2,3,4]. 

 
1 Zamani B, Koch M. 2020. Comparison Between Two Hydrodynamic Models in Simulating Physical Processes 
of a Reservoir with Complex Morphology: Maroon reservoir. Water. 2020; 12(3):814. 
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The importance of the numerous physical processes in reservoirs necessitates a deep 
understanding of their intricate mechanisms which, mostly, can only be achieved by 
advanced numerical modeling, allowing to investigate and to predict their responses to 
changes imposed on their environment. Hydrodynamic models are the tools to simulate 
the behavior of water bodies under various forcing conditions. These models are 
implemented with one-, two- and, nowadays increasingly, three-dimensional numerical 
schemes which solve spatially and temporally the differential equations describing 
water transport, advection and dispersion and other processes, driven by physical and 
climate conditions of the modeled lake.  
In fact, only three-dimensional models are capable of representing the various physical 
processes that can take place in water bodies and aquatic environments in a realistic 
manner. For example, in deep and stratified lakes and reservoirs, vertical turbulent 
mixing can be overridden or masked by vertical density stratification [5]. On the other 
hand, in stratified reservoirs, there is a close relationship between vertical mixing in 
boundaries (boundary mixing) and inherently-3D phenomena, e.g., internal waves and 
internal wave breaking [6], especially on sloping boundaries, where the metalimnion 
meets the reservoir’s benthic boundary layer [7,8], accentuated by wind forcing and 
bathymetry [9,10]. Both 1D and 2D models are unable to predict the mixing effects due 
to 3D internal wave breaking and to sufficiently resolve the bottom boundary layers 
that would lead to large disagreements between modeled and measured variables [11]. 
Consequently, 3D models are needed to adequately represent the hydrodynamic 
processes in deep reservoirs, where the physical processes are of similar importance in 
all three dimensions. 
Three-dimensional hydrodynamic models are typically vertically discretized using 
three different methods: z-level, sigma-level, or a combination of the two (hybrid). The 
z-level, also known as geopotential coordinates, uses Cartesian coordinates to discretize 
the vertical domain in which the sloping boundaries of the bathymetry are approximated 
by a stair-like grid. Examples of z-level models are GFDL [12], TRIM3D [13] and 
AEM3D [14]. The sigma-level (or sigma coordinate) discretization, first introduced by 
Phillips [15], is typically used in deep waters and applies a transformation in the vertical 
domain that “stretches” the domain to provide a more uniform computational domain. 
POM [16], SPEM [17], EFDC [18] and MIKE3 [19] are the models which employ this 
sigma-level vertical discretization. The latter two models are also examples of the 
hybrid discretization.  
There is a vast domain of discussions on the pro and cons of using one or the other of 
the named discretization methods in hydrodynamic modeling. Various model 
intercomparison studies showed the difficulty of choosing the appropriate method in 
ocean and coastal ocean applications, as these remarkably affect the suitability of a 
model in a particular case [20]. For example, in ocean studies, the z-level models 
usually generate incorrect currents, as they are unable to represent neither barotropic 
nor baroclinic coastal trapped waves [21] and can cause significant errors in capturing 
vorticity [22]. On the other hand, the sigma models usually resolve the surface and 
bottom boundary layers better [20]. Sigma models work particularly well for flat or 
relatively-flat and mild slopes of the bottom layer. Hodges et al. [9] showed that both 
z- and sigma-level lake models generate different kinds of errors, originating from their 
numerical methods in representing boundary mixing. Particularly, where the 
metalimnion meets sloping boundaries, the sigma models may solve the problem of the 
‘stair step’ representation of the slopes in the z-level models but insert another kind of 
error into the system, known as the pressure-gradient error, which leads to a distortion 
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of the baroclinic processes. Hybrid models with z- and sigma-level discretization 
possess the advantage of both of the named discretization methods (e.g., [23,24,25]). 
Burchard and Petersen [26] showed that the combination of the two models in coastal 
and ocean studies results in smaller errors in baroclinic conditions compared with pure 
z- or sigma-coordinate models. A difficulty that occurs in using such hybrid vertical 
coordinates is that the transition between the two z and sigma domains can be a 
noticeable source of errors and discrepancies, as it can produce an excess, unnecessary 
boundary condition and diminish the momentum there [27].  
The above are well-discussed issues in the case of ocean and coastal ocean modeling 
(e.g., [20]). However, for inland waters, there is only a very limited number of model 
intercomparison studies which mostly focus on natural lakes but exclude reservoirs. For 
example, Craig et al. [28] studied and developed a new vertical hybrid grid for the 
Environmental Fluid Dynamics Code (EFDC) model that, instead of the typical sigma-
only coordinates, combines a set of sigma- and z-level coordinates. They applied this 
new vertical discretization approach to Lake Washington, US, for different 
hydrodynamic regimes and indicated that the simulated output variables of their hybrid 
grid model had a remarkably better agreement with the field data, especially during 
stratification and in the presence of sharp density gradients.  
In this study, we model and assess the hydrodynamic processes of the Maroon reservoir 
in southwest Iran using two 3D hydrodynamic models, AEM3D and MIKE3. 
Stratification, mixing and propagation of cold density currents are simulated, and their 
outcome is compared with water temperature observations, allowing to assess the 
ability of each model in capturing the hydrodynamics of this large reservoir with a 
complex bathymetry and steep walls. A systematic intercomparison between the two 
named models is carried out in terms of their power to adequately mimic measured 
water temperatures and so to find the most appropriate model to simulate such a 
complex reservoir. 

2.2 Study site, data and methods 

The study area is the Maroon reservoir, a large dam reservoir located on the Maroon 
River in Khuzestan province in southwest Iran (see Fig. 2.1). The Maroon dam is 
located in the Tang-Takab canyon, 13 km northeast of Behbahan city. The Maroon 
reservoir provides downstream irrigation water needs and is also used for hydropower 
generation. The secondary purpose of the reservoir is to control floods of the Maroon 
River, one of the large rivers in Iran. The dam began its operation in 2000. Hence, it is 
classified as a young lake from a limnological point of view [29].  
The upstream watershed of the Maroon reservoir has an area of about 3840 km2 located 
in the Zagros Mountains. The main stream of the watershed, the Maroon River, is a 
perennial river, with a flow regime originating from rainfall and snowmelt. The long-
term annual mean flow of the river, upstream of the Maroon reservoir, is 47 m3s−1, 
which is seasonally highly variable. The maximum and minimum monthly flows are 
typically in April and October, respectively, although the flooding season starts in 
December. 
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Fig. 2.1 (a) Orientation map of the Maroon reservoir; (b) Maroon reservoir catchment and location of 
the Behbahan synoptic and Eydanak rain gauge stations; (c) Maroon reservoir bathymetry and sensor 
locations. 

 
The reservoir itself, with a surface area of 24.6 km2 and a thalweg length of 30 km (at 
normal pool level (NPL)), combines two basins which are connected through a deep 
and narrow canyon in which the flow moves downstream gravitationally. The mean 
depth of the reservoir, defined as the ratio of volume (1.2 × 109 m3) to its surface area, 
is 49 m, which classifies it as a deep reservoir [5]. The mean water residence time in 
the reservoir is 1.27 years.  
The Maroon reservoir is classified as a warm-monomictic lake using the thermal 
classification of lakes suggested by Hutchinson and Löffler [30]. This implies a major 
stratification in summer and a major overturn and mixing period in winter. In fact, most 
of the Iranian lakes and reservoirs, especially, in the study region (Khuzestan province 
and Zagros region) are classified in this category. 
The external and internal Rossby radius values [31] for the Maroon reservoir are 
estimated as 289,000 and 11,000 m, respectively; i.e., they are much larger than the 
lateral domain size of the reservoir at up- and downstream basins (~4000–5000 m). This 
means that the effects of Coriolis force on the reservoir hydrodynamics can be 
neglected, as is done in this study. 

Meteorological data from the Behbahan synoptic station, 13 km southwest of the 
Maroon dam and the nearest meteorological station from 2011–2012 were used. The 
data were applied in the model uniformly over the model domain. These data include 
hourly records of air temperature, atmospheric pressure, wind, cloudiness and humidity 
and were employed as boundary conditions and partly driving force of the models. The 

 Data 
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air temperature data were corrected to the Maroon reservoir surface elevation (at NPL) 
using the air temperature lapse rate of −5.5 °C km−1 suggested in [32] for the study 
region. As the solar (shortwave) radiation is not measured directly at the Behbahan 
station, it was estimated there from the measured bright sunshine data, using the FAO 
procedure [33], as the recommended approach for calculating solar radiation in Iran 
(e.g., [34,35]). Some studies (e.g., [36]) have found errors of up to 10% in the calculated 
peaks of hourly solar radiation using the named method in mountainous areas (in 
Japan). However, [35] and [37] found no significant difference between the calculated 
and observed solar radiation values in Iran, including the present study area (Khuzestan 
province). 
The bathymetric data used for this study (Fig. 2.1c) are taken from the bathymetric 
surveys performed by Mehrabani et al. [38]. We use daily river flow at the Eydanak 
gauge station (Fig. 2.1b). These river flow data are recorded and available in an hourly 
scale during the flooding periods. Continuously-measured water temperature data were 
measured at the inflow point and five locations in the reservoir (Fig. 2.1c) for a limited 
time interval. These data were measured by RBR logging sensors moored at stations R, 
St1, St2, St3, St4 and St5 in the hypolimnion 2 m above the bottom of the reservoir 
during the time of the flooding season, between December 2011 and April 2012 [38]. 
The recorded water temperatures at station R were used for the inflow boundary 
conditions and the data from St1 through St5 were used for comparisons with the 
models’ results.  

We ran the AEM3D model on the Linux cluster supercomputer of the University of 
Kassel with AMD 2.6 GHz processors (2 × 16 cores, 32 threads), and the MIKE3 model 
on a desktop PC with an Intel 3.40 GHz processor (4 cores, 8 threads) and Windows 7 
operating system to simulate five months of the reservoir operation (December 2011 to 
April 2012). The OpenMP (Open Multi-Processing) platform was used for both of the 
simulations as both AEM3D and MIKE3 allow parallel computing within a multi-core 
(or multi-thread) node(s). The five-month simulation using OpenMP parallel 
computation with the grid of AEM3D (discussed later) took 7 hours on the Linux 
cluster, while the same period by the standard (hybrid) grid of MIKE3 took ~60 hours 
on the desktop PC. We ran the both models under hydrostatic mode which neglects the 
non-hydrostatic pressure effects, as using the non-hydrostatic mode requires model 
grids of the order of 10 m [14,19], which drastically increases simulation times. Specific 
details of two models’ preparations are provided in Sections 2.4.2 and 2.5.2. 

2.2.4.1 Model description 
The Aquatic Ecosystem Model (AEM3D) [14] is a three-dimensional hydrodynamic 
and ecosystem model for estuaries, lakes and reservoirs, predicting space- and time-
varying water currents, temperature and salinity (in case of saline water). AEM3D uses 
the unsteady Reynolds-averaged Navier–Stokes (uRANS) and scalar transport 
equations with the Boussinesq and hydrostatic approximation. This model is a 
developed and improved combined version of the ELCOM [39] hydrodynamic and 
CAEDYM [40] ecosystem models. Albeit, in this study, only the hydrodynamic module 
of the model is used, as the focus is solely on the understanding of the physical 
processes prevalent in the Maroon reservoir. 

 Computational resources 
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The hydrodynamic governing equations solved by AEM3D are listed below. The 
equations of the transport of momentum are the frictional shallow water equations, 
assuming hydrostatic pressure: 
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(2.1) 

where 𝑈𝛼is the Reynolds-averaged velocity, 𝛼 and 𝛽 represent the two dimensions of 
the horizontal two-component space; 𝜂 is the free surface height, and 𝜌0 and 𝜌′ are the 
reference density and the density anomaly, respectively. 𝜖𝛼𝛽 is the two-component 
permutation tensor and 𝑓 is the Coriolis constant. The continuity equation is: 

𝜕𝑈𝑗

𝜕𝑥𝑗

= 0 (2.2) 

The free-surface evolution of 𝜂 is governed by vertical integration of the continuity 
equation (Equation (2.2)) for incompressible flow using the kinematic boundary 
conditions at the bottom (b) and the free surface (η) of the lake:  
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The equation of the transport of scalars (temperature and concentration (salinity)) is: 
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where 𝐶 is the scalar concentration/temperature, 𝑈𝑗  is the velocity obtained from the 
solution of Equations (2.1–2.3), and 𝜅 is the turbulent (eddy) solute/thermal diffusivity.  
The numerical scheme implemented in AEM3D to solve Equations (2.1–2.4) is a 
modified adaptation of the approach used in the TRIM-3D method [13]. The latter is a 
semi-implicit finite difference method that numerically solves the 3D shallow-water 
stratified flows. The solution grid of AEM3D is a rectangular Eulerian fixed Cartesian 
grid (with fixed longitudinal and lateral (horizontal, Δx and Δy) grid dimensions and a 
vertical Δz spacing which is horizontally uniform but can vary in vertical dimension 
(varying vertical layer thickness). The finite difference grid stencil is based on 
Arakawa’s C-grid [41] in which vector values (e.g., velocity) are defined on cell faces 
and scalar values (e.g., temperature and concentrations) are defined on cell centers. A 
semi-implicit method is used for the solution of the momentum Equation (2.1), 
including an Euler–Lagrange procedure for the advection of momentum, whereas the 
implicit linear algebraic systems of equations arise from the discretization of Equation 
(2.3). The free-surface height for a particular time step making up the computational 
burden of the AEM3D numerical method is solved iteratively by means of an efficient 
iterative conjugate-gradient method. With this implicit approach, the stability of the 
solution is not impeded when using large time steps, as may be advocated for 
computational efficiency. The scalars in Equation (2.4) are advected using a 
conservative Ultimate Quickest discretization [13].  
The turbulence closure in horizontal direction in AEM3D is represented by eddy 
viscosity. In vertical directions, there is a possibility of using two different methods: (1) 
a simple approach using eddy viscosity or (2) a developed mixed layer model. The latter 
is a development of the mixed-layer approach for vertical diffusion that is derived from 
the mixing energy budgets originally developed for 1D lake models [42, 43, 44]. Thus, 
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the AEM3D model applies a separate 1D mixed-layer model to each water column 
(defined by the horizontal grid) which solves for the vertical turbulent transport. As the 
named mixing model does not use the eddy-diffusion differential equations, unlike the 
classic hydrodynamic models, there is no need for very fine vertical grid resolutions 
with small time steps to model vertical mixing. Further details about the equations and 
numerical methods of AEM3D can be found in [9, 14, 39]. 

2.2.4.2 AEM3D model preparation 
The AEM3D model grid of the Maroon reservoir (shown in Fig. 2.2a) uses a rectangular 
grid with horizontal cell sizes of Δx = Δy = 100 m and uniform layers with a vertical 
thickness of Δz = 1 m. This 100-m cell size was selected as a compromise between 
minimizing computational time and capturing the complex bathymetry of the Maroon 
reservoir, including narrow and deep canyons at different sections of the water body. 
The entire domain of the named grid specification has 185,314 valid wet cells, of which 
4803 cells belong to the free surface (at maximum water level). A time step of 40 
seconds was chosen for the model solution advancement, considering both various 
(computational) restrictions and standard model stability criteria (e.g., [9, 14, 39]). 
In developing the appropriate AEM3D model grid of Fig. 2.2a, several geographical 
considerations of the Marron reservoir had to be taken into account. At the inflow point 
of the model domain, the Maroon River passes through a meandering valley into the 
reservoir (see Fig. 2.1 and Fig. 2.2a). This meandering valley is, depending on the 
reservoir’s water level condition, sometimes flooded and so becomes part of the 
reservoir’s riverine zone (high water levels), meanwhile, at other (low flow) times, it 
becomes only a part of the river channel’s flow path into the reservoir (low water 
levels). The water level in a large reservoir with hydropower facilities, like the Maroon 
reservoir, can have large variations, even on a daily scale, that can lead to frequent 
generation of dry cells at the inflow boundaries. To tackle that issue, it is possible to 
use the “flow_multi_sides” feature in AEM3D which allows to define one inflow 
boundary as a set of multiple cells with inflow from different faces, depending on the 
flow direction at that location [14]. This boundary configuration lets the model simulate 
the river inflow into the domain in the correct direction (see Fig. 2.3a) and provides the 
flow along the thalweg into the reservoir’s free surface without having any dry cells 
(that might cause errors). The river then flows along the thalweg with the predefined 
flow depth, without affecting the cells below or above it and without being enforced 
during that time step, and enters the reservoir, wherever the river flow meets the free 
surface. 

2.2.5.1 Model description 
The MIKE3 model [19, 20], similar to AEM3D, is also based on the incompressible 
Reynolds-averaged Navier–Stokes equation (RANS), assuming the Boussinesq and 
hydrostatic conditions, i.e., vertical accelerations are neglected. 
The vertical section of the model domain is discretized in MIKE3 using either sigma or 
a combination of the two z- and sigma-coordinates (hybrid mesh). In the latter case, the 
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Fig. 2.2 (a) AEM3D model grid; (b) MIKE3 model grid. 

 

sigma coordinates are used in the upper parts of the flow domain and z-coordinates in 
the lower parts, close to the bottom of the domain, allowing to partly overcome the so-
called “pressure gradient problem” of sigma-coordinate systems near varying bottom 
topography (e.g., [45, 46]). The governing hydrodynamic equations have slightly 
different forms for these two kinds of discretization.  
In z coordinates the momentum equations in x and y directions are: 
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(2.6)  

 

where 𝜌 is density; u, v and w are velocities in x, y and z directions, respectively; 𝑝𝑎 is 
the atmospheric pressure, 𝜈𝑡 is the turbulent eddy viscosity; 𝑠𝑦𝑥, 𝑠𝑥𝑦, 𝑠𝑥𝑥 and 𝑠𝑦𝑦 are 
components of the radiation stress tensor, which transfers excess momentum due to 
surface gravity (wind-induced) waves to the mean flow; S is the source/sink term and 
𝑢𝑠 and 𝑣𝑠 are the velocity components of discharged water from the S source/sink into 
the domain. The continuity equation is: 
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The free surface boundary condition at 𝑧 = 𝜂 is: 
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In sigma coordinates, having applied the sigma transformation (e.g. Phillips [15]) on 
the governing equations, the momentum equations, Equations (2.5), (2.6) and (2.7) 
change into: 
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where 𝜔 is the modified vertical velocity in sigma coordinates and is the velocity across 
a level of constant 𝜎 which is calculated by: 
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The set of the hydrodynamic equations above in MIKE3 are completed by scalar 
equations for temperature and solute transport, similar to Equation (4) for the AEM3D 
model. Further details about the governing equations of MIKE3 can be found in [19, 
20]. 
In MIKE3, the turbulence and vertical diffusivities are calculated using either a standard 
eddy viscosity or a k-ε formulation. The horizontal and vertical diffusivity coefficients 
in these formulations are empirical values which need further calibration. A careful 
calibration of the named coefficients was done by Rodi [47], and these values are the 
generally-accepted values in most modeling studies [19]. The k-ε model takes into the 
account the turbulent kinetic energy k (TKE) and its dissipation ε to calculate the 
vertical eddy viscosity. Such a k-ε formulation increases the accuracy of the model 
predictions in comparison to the standard eddy viscosity formulation using a constant 
eddy viscosity in the model [47]. 
In this study, the flexible mesh (FM) version of MIKE3 is employed allowing to run 
the simulations within reasonable computational times. In this FM version, the 
governing equations above are discretized over the domain by means of the finite 
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volume method, which has become the state-of-the-art in computational fluid dynamics 
over the last decade. Besides being well-suited for unstructured meshes, a particular 
asset of the finite volume method is its high mass-conservation (flux continuity) across 
the different cells of the computation domain (e.g., [48]). 

2.2.5.2 MIKE3 model preparation 
The horizontal domain of the Maroon reservoir was discretized in MIKE3 using the 
unstructured triangular mesh shown in Fig. 2.2b. Although the grid size in the FM 
version of MIKE3 varies over the horizontal domain, its average size is roughly 
identical to that of AEM3D (100 m). The vertical mesh is discretized, as discussed, 
using a structured and layered mesh, which can either be entirely sigma layers, or a 
combination (hybrid) of z-sigma layers. In this study, we implemented both vertical 
discretization approaches to compare the accuracy of the two as well as with that of the 
z-layer discretization of the AEM3D model, allowing for vertical mixing. In that case, 
the same vertical layer thickness as that of AEM3D (1m) was chosen. More specifically, 
in the pure sigma grid, the vertical mesh was discretized into 125 layers, which implies 
1 m layers. In the z-sigma hybrid grid 50 sigma layers between the top of the domain 
(at 515 m) to the 50 m depth, and further 75, 1 m thick z-layers to the bottom were 
defined. 
In the hybrid mesh, regardless of the real inflow depth, the inflow boundary condition 
and the flooding and drying of the model domain must remain within the sigma domain, 
as the free surface equation is solved in sigma coordinates. Thus, the sigma domain 
should not become completely dry during the simulation; otherwise, the model faces 
instabilities which may lead to a complete crash of the numerical computation [19]. To 
this avail, modifications on the inflow boundary of the reservoir, as the highest point of 
the reservoir’s thalweg (facing regular flooding and drying), are required. This 
modification (see Fig. 2.3b) could restrict the implementation of the rigorous physics 
of the inflow boundary and requires changes and smoothing of the bottom topography, 
even in most of the basin-scale estuary models (e.g., [47, 49]). In cases of lakes like the 
Maroon reservoir with even steeper topography in the bottom, these modifications seem 
unavoidable. Moreover, since it has been shown that while sigma-coordinate models 
are appealing for representing smooth bottom topography well, they may induce large 
pressure gradient errors in the presence of steep vertical topography (e.g., [45, 46]). In 
this study, the inflow boundary was defined by modifying the bathymetry of the riverine 
zone so that the depth range at inflow boundary, regardless of the real depth of the river, 
covered the range of the expected reservoir’s water level change. To avoid imposing 
unrealistic physics on the domain due to the named smoothing and changes, the distance 
between the inflow boundary and the location from where the real bathymetry of the 
reservoir begins should be taken as short as possible. To this avail, riverine zone of the 
reservoir was shortened by 3500 m in the MIKE 3 model domain (see Fig. 2.3a). 

It is shown in the literature that 3D hydrodynamic models can often be used by 
employing the standard coefficients in the literature without being calibrated. The term 
“model calibration” is specifically associated with 2D models (e.g., CE-QUAL-W2) 
where the cross-channel horizontal direction has been averaged and the reservoir is 
effectively straightened. Such models have difficulties in the relationship between 
water surface elevation and volume because each grid cell represents a different cross-
sectional area. Furthermore, 2D models have to include the relationship between the 

 Models’ parameters 
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measured wind direction and thalweg direction, which varies with the wind momentum 
introduced into the water. For 3D models, both of these problems disappear because the 
shape of the reservoir has not been distorted. AEM3D and MIKE3, for instance, are 
volume conservative models, so that the volume in the reservoir is precisely determined 
by the balance of inflows, outflows and evaporation. One should note that the goal of 
the present work is not to estimate the water yield of the reservoir (which is highly 
dependent on accuracy of evaporation), but to estimate the consequences of water scalar 
values, i.e., temperature. These are highly dependent on the stratification, which is 
determined by an interaction of the entire thermal balance and the turbulence in the 
surface mixed layer. The successful implementation of the 3D models without need for 
calibration has been clearly indicated by [11, 50, 51] who showed that AEM3D 
(formerly known as ELCOM) provided excellent agreement with field measurements 
for surface thermodynamics and mixing processes. Lee et al. [52] also used accepted 
literature values in simulating the thermal stratification and fate and transport of 
contaminants after a large flood event in a deep and stratified reservoir with the coupled 
ELCOM-CAEDYM (AEM3D) model. Their validation with field data indicated that 
the model performed well (within acceptable error) in simulating water temperature 
profiles and vertical mixing in both normal conditions and during the flood event. 
Consequently, following the named studies, we used the models in this study also by 
accepting the literature values. The parameters and their values used in AEM3D and 
MIKE3 are shown in Table 2.1 and Table 2.2, respectively. 

The simulated water temperature values at the sensor locations and sensor heights (2 m 
above bed) were extracted from the models’ results and were compared to the measured 
values by the sensors. Then the simulations were compared together to perform the 
model intercomparison. 
Model performance and accuracy was evaluated using the absolute mean error (AME) 
and the root-mean-square error (RMSE): 
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where 𝑌𝑖
𝑜𝑏𝑠 is the observed value measured at the station, 𝑌𝑖

𝑚𝑜𝑑is the corresponding 
value simulated by the model and 𝑛 is the number of data values. The named values 
were calculated for the water temperature. Correlations between simulated and 
observed temperatures were calculated after removing trends from the time series. 
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Fig. 2.3 (a) Inflow boundary of MIKE3. The gray line in the background outlines the boundary of the 
AEM3D grid for comparison. (b) Inflow boundary of AEM3D with meandering inflow boundary. The 
black arrows show the direction of the inflow at each cell of the inflow boundary (under the 
“flow_multi_sides” feature). 

 

2.3 Results and discussion  

In this subsection, the hydrodynamics obtained with the AEM3D and three variants of 
the MIKE3 model are illustrated and compared to each other over the five-month 
simulation horizon. For MIKE3, we mainly use its k-ε turbulence model and hybrid 
discretization, as this combination turns out to provide the most precise results. 
However, other variants of the MIKE3 model (i.e., sigma and z-sigma vertical 
discretizations and eddy viscosity turbulence model) are also evaluated (see Tables 2.3 
and 2.4). A brief statistical evaluation of the models (discussed below) at the different 
stage stations is also illustrated in Fig. 2.4. 
 

 

 Table 2.1 Parameters used in the AEM3D simulations.   
Parameter Description Unit Value 

CD Bottom drag coefficient - 0.05 

λPAR Light extinction coefficient m−1 0.25 

αsw Mean albedo for short-wave radiation - 0.08 

αlw Mean albedo for long-wave radiation - 0.03 

Cd Wind stress coefficient - 0.0013 

CH/S Bulk-transfer constant for surface scalar fluxes - 0.013 

 

 General results of hydrodynamics 
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Table 2.2 Parameters used in the MIKE3 simulations. 

Parameter Description Unit Value 

𝜈𝑣  Vertical eddy viscosity of k-ε model m2 s−1 1 × 10−6 to 1 × 10−5 

𝜈ℎ  Horizontal eddy viscosity m2 s−1 0.002 

𝐶𝑑 Wind stress coefficient - 0.0013 

𝐶𝐷  Bottom drag coefficient (bed resistance) - 0.055 

𝐷ℎ  Horizontal diffusion coefficients - 0.002, 0.0015 

𝐷𝑣  Vertical diffusion coefficient - 1.1 × 10−6 

 
Fig. 2.5 and 2.6 show transient hydrographs of the simulated and observed water levels 
and the simulated and observed temperatures at the five gauging stations, respectively, 
obtained with the two models. As can be seen from the two figures, both models predict 
the water balance and the water level reasonably well. The slight discrepancies (not 
statistically significant) between the modeled and observed water heights arise from the 
step-like introduction into the model of the steep walls of the Maroon reservoir. This 
results in slightly different volume–height relationships in the model, as the given 
model discretization cannot completely resolve the complex morphology of the 
reservoir in these points. A potential solution to overcome this bias would be to refine 
the model grid. However, Hodges et al. [53] showed that doing so in a hydrostatic 
model, although this might lead to slightly better results, will change the balance 
between numerical dissipation and numerical dispersion of the internal waves front. 
This would result in waves with greater artificial steepening which, however, does not 
imply a better representation of the real physics of the problem. Furthermore, for 
practical purposes, refining the grid entails long and, in case of limited computational 
resources, prohibitive simulation times.  
The statistical values listed in Table 2.3 indicate that the AEM3D model’s simulations 
are very well consistent with the measured data. Both the AME and RMSE at the five 
measurement stations are all well below 1 °C (also seen in Fig. 2.4), and their average 
for all stations is only ~1 °C, which is more remarkable, given that the total temperature 
range over the whole simulation period (December–April) is 10–29 °C. Moreover, these 
error measures are lower than those obtained in similar AEM3D model applications 
(e.g., [50, 54, 55]). Continuous plots of the observed and simulated temperatures are 
illustrated in Fig. 2.6 and show that the AEM3D-modelled temperatures fall within the 
range of the standard deviation of the observed data. This implies that the model 
predictions remain within the uncertainty range of the observations and indicates that 
the AEM3D model provides good consistency with field measurements by using the 
accepted values in the literature without separate calibration. Consequently, we believe 
that the AEM3D model is well capable in capturing water temperature, as the key 
parameter of the density variations and the hydrodynamic model, in the Maroon 
reservoir.  
As mentioned in the theory section, MIKE3 has two turbulence models implemented: 
the k-ε model and the constant-eddy-viscosity model. In addition, the vertical model 
discretization in this model can be done in Cartesian z-sigma hybrid or pure sigma 
coordinates. Fig. 2.7 shows the MIKE3-simulated water temperatures using these two 
vertical mixing models in combination with the two named discretization variants. 
Tables 2.3 and 2.4 list the quantitative statistics obtained at the five gauging stations 
obtained with these MIKE3-variants, as well as those of the AEM3D model. 
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Fig. 2.4 Simulation errors AME (a) and RMSE (b) for AEM3D and MIKE3 

 

All Fig. 2.7 and Tables 2.3 and 2.4 indicate that the k-ε variant of MIKE3 has smaller 
errors than the constant-eddy-viscosity model variant, a finding which is consistent with 
that of previous studies (e.g., [47, 56]). In fact, the RMSE of the temperatures of the 
latter turbulence model is 9% larger than that of the former k-ε model (see Table 2.3). 
This is also visually corroborated by the simulated temperature curves in Fig. 2.7, which 
run closer to the observed ones for the k-ε than for the constant-eddy-viscosity model.  
Regarding the effects of the vertical model discretization in MIKE3, using the 
(superior) k-ε turbulence model, Table 2.1 shows that the results using the sigma 
discretization are much worse than those of the hybrid z-sigma discretization, as the 
RMSE values of the sigma discretization variant are roughly 35%–46% larger than 
those of the hybrid variant. This result confirms the studies by [57] and [45] who found 
that the sigma discretization in steep topographies results in significantly higher errors 
due to under-/overestimating of the baroclinic pressure terms and sharp density 
gradients. This overestimation of the water temperature by the sigma discretization is 
also seen in Fig. 2.7, and it is more pronounced in the downstream locations after the 
February 2 flood, where up to 2 times higher simulated than observed temperatures are 
obtained by this MIKE3 discretization variant. 
Table 2.3 indicates that all three model variants of MIKE3 give results that are 
consistent with the observations. This is also supported by the acceptable correlation 
values between simulated and observed data, listed in Table 2.4, although MIKE3 
slightly overestimates the water temperature. 
Both Fig. 2.7 and Table 2.3 indicate that the MIKE3 k-ε model variant has smaller 
errors than the constant-eddy-viscosity model variant, a finding which is consistent with 
that of previous studies (e.g., [47, 56]). In fact, the RMSE of the temperatures of the 
latter turbulence model is 9% larger than that of the former k-ε model (see Table 2.3). 
This is also visually corroborated by the simulated temperature curves in Fig. 2.7, which 
run closer to the observed ones for the k-ε model than for the constant-eddy-viscosity 
model.  
More detailed inspection of Fig. 2.7 and Tables 2.3 and 2.4 shows that the RMSE of 
the different station locations vary. Higher error values are generally seen at 
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Fig. 2.5 Observed and AEM3D- and MIKE3-simulated Maroon reservoir water levels over the five-month 
simulation period. The color band illustrates the range of ±standard deviation of the observed water levels. 

 
 
 
 

 

Fig. 2.6 Observed (red dashed) and simulated water temperature using AEM3D (black) and MIKE3 with k-ε 
vertical discretization (blue dashed) versus measured values for the five gauging stations. All water 
temperatures are taken at sensor depths (2 m above bottom). Light red bands indicate the range of the 
±standard deviation of the measured data. The red band at St5 is intentionally not indicated, as the observed 
data of St5 represent a shorter period (from February) than other stations. 
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Table 2.3 Statistical results of AEM3D and MIKE3 (with different grid and vertical mixing 
models). 

Model Station Mean (obs) (°C) Mean (sim) 
(°C) 

AME 
(°C) 

RMSE 
(°C) 

 St1 14.27 14.96 0.82 0.97 

 St2 14.57 14.48 0.41 0.71 

AEM3D St3 14.59 14.97 0.65 0.81 

 St4 14.19 13.98 0.88 1.07 

 St5 13.05 13.08 0.71 0.91 

   Mean 0.70 0.89 

MIKE3 
z-sigma 

k-ε 

St1 14.27 14.20 0.71 0.90 

St2 14.57 14.60 0.96 1.16 

St3 14.59 14.85 0.90 1.04 

St4 14.19 13.87 0.79 1.02 

St5 13.05 15.20 2.65 2.83 

  Mean 1.20 1.39 

 
MIKE3 
z-sigma 

eddy viscosity 

St1 14.27 14.43 0.80 0.99 

St2 14.57 15.09 1.05 1.25 

St3 14.59 15.22 1.13 1.27 

St4 14.19 14.10 0.97 1.10 

St5 13.05 15.32 2.82 3.01 

  Mean 1.35 1.52 

MIKE3 
sigma 

k-ε 
 

St1 14.27 15.29 1.02 1.32 

St2 14.57 15.59 1.38 1.66 

St3 14.59 15.21 1.28 1.48 

St4 14.19 15.74 2.31 2.54 

St5 13.05 15.79 3.13 3.23 

  Mean 1.83 2.05 

 

 

 
 

Table 2.4 Correlations between models and measured data at different stations. 

Station AEM3D 
MIKE3 
z-sigma 

k-ε 

MIKE3 
z-sigma 

eddy viscosity 

MIKE3 
sigma 

k-ε 

St1 0.90 0.89 0.88 0.86 

St2 0.79 0.72 0.76 0.84 

St3 0.79 0.80 0.81 0.77 

St4 0.72 0.68 0.70 0.64 

St5 0.62 0.59 0.57 0.29 
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Fig. 2.7 MIKE3-simulated water temperature using different discretizations and vertical mixing models: 
z-sigma with k-ε turbulence model (blue), z-sigma with constant eddy viscosity (green) and sigma k-ε 
turbulence model (red) versus measured values (dashed) at measurement depths of each station. Light 
red bands delineate the range of the ±standard deviation of the measured data. The red band at St5 is 
intentionally not indicated as the observed data of St5 represent a shorter period (from February) than 
other stations. 

downstream stations (e.g., St4 and St5). Comparing the RMSE and AME values of 
MIKE3 with those of other modeling studies (e.g., [50, 54]) shows that these two 
statistical indicators are in a reasonable range of confidence and, still, mostly below the 
3 °C threshold defined by [54]. The highest errors, near this threshold value, are seen 
for St5 when using the sigma discretization (see also Fig. 2.4). In Fig. 2.7, it can further 
be noticed that the modeled temperatures by MIKE3 fall mostly within the ±1 standard 
deviation range of the observed values. As will be discussed in Section 2.3.2, by 
running the model with higher grid resolutions (within the limits of the computational 
resources), better results and smaller errors can be obtained. 
Regarding the major objective of the present paper, which is the intercomparison 
between the AEM3D and MIKE3 models, the results above show that AEM3D 
generally captures the reservoir hydrodynamics and water temperature variations more 
precisely than MIKE3. Although in both models, the AME and RMSE values are in 
acceptable range of near 1 °C, those of AEM3D are generally smaller while those of 
MIKE3 are slightly larger than 1 °C. This indicates a larger positive and negative bias 
(observed–simulated) of the MIKE3 simulations. More specifically, there is a negative 
bias at the upstream stations of the reservoir (St1 and St2) before the February 2 large 
flood, while a positive bias is obtained in the downstream locations (St3 to St5). This 
implies an excess dissipation of the mechanical energy of the cold density currents, 
which is used for mixing at upstream and is more pronounced in MIKE3 than in 
AEM3D. These currents become unable to reach the downstream of the reservoir and, 
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thus, the highest errors are observed at St4 and St5 where the cold density currents are 
not rigorously captured. This is also reflected in the less-accurately modeled water 
column temperatures by MIKE3 in the downstream lacustrine zone (St5) than at 
upstream locations, when compared with the AEM3D results (Fig. 2.6). This effect is 
particularly pronounced during the January 14 flood where, unlike AEM3D, MIKE3 
captures roughly no signal of this flood downstream at station St3. On the other hand, 
signals of the larger flood of February 2 with higher flow rates can be seen again in the 
MIKE3 temperature results, although these are higher than those of both the 
observations and the AEM3D-simulated ones, for the reasons discussed above. 
Fig. 2.8 and 2.9 show the single station water temperature and current speed profiles, 
respectively, simulated by the two models. Both models capture the winter mixing and 
the spring stratification development at different stages more or less equally well, as 
the entire water column temperatures from surface to bottom are consistently well 
simulated by the two models. However, some degree of underestimation is seen in the 
 
 

 

Fig. 2.8 Comparison between MIKE3 (continuous lines) and AEM3D (dashed lines) water temperature 
profiles simulated at different times and different locations of the Maroon reservoir. 
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MIKE3-simulated surface mixed layer temperatures again. In other words, MIKE3 is 
unable to simulate the surface wind-mixed layer which extends up to several meters in 
depth, unlike AEM3D. Although the absence of measured vertical water temperature 
profiles in the Maroon reservoir limits us in comparing the surface mixed layer exactly 
in the study location, a similar presence of this surface mixed layer in reservoirs near 
the present Maroon reservoir [58], and the good capability of AEM3D in precisely 
capturing the mixed layer depth, has been shown in the literature [9, 11, 59]. Based on 
these results, we are confident that AEM3D is capable of simulating the wind-mixed 
layer in the Maroon reservoir in a reliable manner as well. 
The inconsistency in simulating the wind-mixed layer depth between the two models is 
very likely due to the poor introduction of wind stress momentum at the reservoir’s 
surface boundary, which can happen for several reasons, depending on the vertical 
mixing model. As mentioned in Section 2.5.1, the vertical mixing in MIKE3 is 
formulated using either a constant eddy viscosity or a k-ε model. These formulations 
strongly depend on the empirical values of the eddy viscosity and diffusivity which 
normally need calibration. In fact, such a calibration was performed by Rodi [47], and 
his “best” values for eddy viscosity and diffusivity, listed in Table 2.2, have been 
accepted in most modeling studies since then and are also recommended by DHI [19]. 
In stratified systems, the depth, downwind velocity and velocity shear in the wind- 
 
 

 

Fig. 2.9 Comparison between MIKE3 (continuous lines) and AEM3D (dashed lines) simulated current 
speed profiles at different times and locations of the Maroon reservoir. 
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mixed layer are highly dependent on the values of these two coefficients above the 
thermocline. Therefore, the prediction of the mixed-layer depth requires, on one hand, 
fine grid resolutions, whereas, on the other hand, it is shown by [9] and [60] that k-ε 
models may not be capable of mimicking the rigorous dynamics of the wind-mixed 
layer, even at fine resolutions. Therefore, it can be concluded that the better 
representation of the wind-mixed layer by AEM3D than by MIKE3 is the result of the 
substitution of the “free” and uncertain eddy viscosity term in MIKE3 by the use of a 
standalone 3D vertical mixing model in AEM3D which predicts the wind-mixed layer 
depth and the distribution of momentum over depth better [9], while at the same time 
obviating the need for very fine resolutions to represent the wind-mixed layer 
appropriately. 

Continuous depth profiles of water temperature simulated by AEM3D and MIKE3 are 
shown in Fig. 2.10 and 2.11, respectively. Generally, AEM3D reproduces the various 
observed characteristics of the transient temperature field evolution in the reservoir 
better than MIKE3. For example, unlike the former, the latter is not capable of properly 
simulating the formation of the cold bottom layer after the propagation of the February 
2 large cold flood. Thus, the rapid fall of the water temperature in the wake of the cold 
flood bore is simulated better by AEM3D than by MIKE3; as for the latter, nearly no 
signal of that cold current is seen in the downstream basin of the reservoir (Fig. 2.10f), 
unlike for AEM3D (Fig. 2.11f), for which it is well pronounced. 
The overall poorer performance of MIKE3 than AEM3D is likely due to the different 
bathymetry representation in the two models, as the poor performance of MIKE3 can 
be seen within all its three vertical discretizations and turbulence models (discussed in 
Table 2.4) (Fig. 2.12). For example, the coarse MIKE3 grid size does not allow an 
accurate representation of the river channel and the thalweg in the reservoir, 
particularly, in the upstream narrow valleys and in the canyon connecting the up- and 
downstream basins. Although the flexible mesh (FM) option in MIKE3 made it 
possible, to some extent, to define a finer discretization in these narrow parts of the 
reservoir, a finer grid size yet seems to be necessary here to resolve the bottom boundary 
layers within the sigma domain to satisfy the “hydrostatic consistency” condition [46] 
and, so, to produce smaller errors. However, such a finer grid size would result in 
unacceptably long simulation runs, which are not feasible with the computing resources 
available to us. Overall, MIKE3 appears to need a finer grid than AEM3D to reproduce 
a similar degree of accuracy and to capture the details of the propagation of the cold 
flood (density) currents within the reservoir. 
The use of the sigma and/or z-sigma vertical discretizations in MIKE3, when compared 
with the purely z-level discretization of AEM3D, is likely another reason for the need 
of a finer grid size. In a steep topography (e.g., steep walls of a reservoir), the sigma-
discretization generates significant errors by under/overestimating the baroclinic 
pressure terms and the sharp density gradients [45, 57] that leads to the well-known 
horizontal pressure, scalar concentration and velocity gradient errors [46] which, in 
total, increase the model error (see Table 2.3). 
 
 

 Water column profiles  
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Fig. 2.10 River flow rate (continuous line) and temperature (dashed line) in the Maroon reservoir; (b–
f) temporal variation of AEM3D-simulated water column temperatures at the various measurement 
stations. 
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Fig. 2.11 Similar to Fig. 2.10, but with water column temperatures simulated by MIKE3 (k-ε) using 
z/sigma discretization. 

 

2.3.3.1 Effect of poor grid-size resolution  
It must be noted that the two models’ results represent the average water temperature 
(and other variables) of the entire cell (size of 100 m × 100 m area in AEM3D and a 
varying area size in MIKE3), while the measurements are recorded at the corresponding 
(x,y,z) coordinate of the sensor. Therefore, some discrepancies between the simulated 
and observed datasets are to be expected. However, the main cause of the named minor  

 General error discussion  
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Fig. 2.12 Temporal variations of the simulated water temperature by MIKE3 with different model 
discretizations and turbulence models as profiles of water column temperature at measurement locations 
in the Maroon reservoir. 

 
discrepancies between model and observations is the poor representation of the 
reservoir’s thalweg and of the overall geometry of the model grid. The geometry 
influences the dynamics of internal waves, transport and representation of the thermal 
cycle, thereby introducing a range of error sources. This is a common challenging 
modeling problem in reservoirs with complex morphometry [9]. In particular, Maroon 
reservoir’s thalweg is a narrow V-shaped valley with steep slopes in most sections, 
especially in the riverine and transition zones, with the bottom of the real thalweg being 
typically narrower than the grid size (see Fig. 2.3). Due to the steep slopes, the model 
grid size remains wider than the real thalweg up to several or, at some places, tens of 
meters above the bottom. This translates into a diminishing of the kinetic energy and 
excessive mixing of the propagating currents in the bottom of the mostly wider thalweg 
of the model when compared with the real one.  
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2.3.3.2 Effect of hydrostatic model assumption  
Hodges et al. [53] showed that another part of the model-observation discrepancies 
arises from the hydrostatic approximation assumed in both models which neglects the 
small-scale (relative to the hydrostatic pressure gradient) non-hydrostatic pressure 
gradients in the internal waves, while the nonlinear effects are still preserved. Because 
of this neglect, the internal waves steepen and show a temporal horizon, or what is 
called a steepening time scale. The latter is a fundamental problem phenomenon when 
using the hydrostatic approximation and cannot be removed by a pure model grid 
refinement. However, despite this grain of salt, we are confident that both models 
simulate the observed temporal water temperature variations for all stations reasonably 
well. Thus, the overall five-month trends and characteristic of simulations and 
observations are similar, with key events occurring at comparable scales and timing 
(e.g., rapid cooling in February seen in Fig. 2.6 and 2.7). The agreement seems to be 
higher in the upstream rather than downstream zones of the reservoir (see Table 2.3), 
which is also noticeable from the lower correlations between simulated and observed 
data at the downstream stations (Table 2.4). The downstream increase of the error is 
likely due to (i) the net downstream transport of the temperature, which is inherently 
accumulative over the residence time of the reservoir, as is the error; (ii) the incorrect 
modeling of the mixing processes and the energy balance in the sloping boundaries of 
the reservoir; and (iii) nonrepresentation of the non-hydrostatic effects in the internal 
waves in the two hydrostatic models used here [9].  

2.4 Conclusions 
Our study shows that both AEM3D and MIKE3 models simulate the hydrodynamics of 
the Maroon reservoir with errors in a reasonable range and the results are not 
significantly different from the observed data. However, AEM3D showed a 
performance better than MIKE3 in our studied reservoir. Depending on the vertical 
mixing model and the discretization method, MIKE3 generated errors from 59% to 
100% larger than those of AEM3D. The error values in both models, especially in 
MIKE3, increased in downstream stations, which is mainly because of the accumulation 
of the errors that are generated by the representation of bathymetry with a coarse 
resolution. This translates into a higher dissipation of the propagating currents upstream 
and more mixing in the reservoir which results in overestimation of temperature in 
downstream locations. We found that the 3D vertical mixing model in AEM3D [9], 
used instead of the constant vertical eddy viscosity and k-ε turbulence model 
formulations, more precisely models the surface wind-mixed layer depth than the eddy 
viscosity and k-ε approaches used in MIKE3. 
This paper is a first step to evaluate and study the capability of the MIKE3 model in 
simulating reservoirs. The performance of the MIKE3 model was examined under 
different model discretization approaches and turbulence model configurations, of 
which the best results (smallest errors) were seen by the k-ε model with z-sigma hybrid 
vertical discretization. Of the two possible vertical discretization methods of MIKE3, 
the sigma-only discretization generated the poorest results with errors 35%–46% larger 
than those of the z-sigma hybrid discretization of same grid size. These results indicate 
the weakness of the sigma discretization in the reservoirs with steep topography. 
Although a smaller grid size was defined in the narrow valleys than in the wider 
downstream lacustrine zone in MIKE3’s model grid, the complex and steep bathymetry 
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of these locations is not yet captured well. Even using the z-sigma hybrid vertical 
discretization, these steep walls still exist within the sigma domain and the boundary 
between the two domains, as shown by [27], which result in excess errors. These errors 
were not generated by the completely Cartesian z-coordinate grid in AEM3D, and its 
stair-like vertical discretization seems better in representing these complexities with 
considerably smaller errors. Therefore, the AEM3D model, with its inherent features 
for simulating reservoirs, proved to be a better model to simulate reservoirs with steep 
boundaries and noticeable water level fluctuations. 
Another restriction of MIKE3 that emerged during this study, was the weakness of 
bathymetry interpolation by the Mesh Generator tool in MIKE3. In the sections of the 
river where the longitudinal bed slope is not very steep and contours are far from each 
other, this tool is not able to rigorously interpolate and represent the thalweg slope in 
the river valley from the bathymetry data. Moreover, we found that further 
manipulations of the grid to correct these unrealistic slopes (after generating the mesh) 
would result in unknown model instabilities, which needs further investigation.  
Resolving the complex bathymetry of narrow and steep sections in the Maroon reservoir 
using the flexible mesh of MIKE3 typically needs a higher resolution than the other 
locations. This high resolution requires smaller time steps at these cells, leading to 
significantly higher simulation times. On the same computational platform, MIKE3 
requires a roughly 70% longer simulation time than AEM3D with a nearly similar 
average grid size. 
By comparing these two models, we found AEM3D as a more appropriate model for 
simulating reservoirs with complex bathymetry and steep walls. Any further use of 
MIKE3 on such reservoirs requires improvements in this model code to better introduce 
the reservoir-specific boundary conditions and prepare it for simulating such complex 
bathymetries while preserving the simulation time. We also add that MIKE3 is not 
tested for natural lakes or reservoirs with simple bathymetry, and it may perform better 
in such cases than the case of this study, which still needs to be studied. 
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Abstract 
In this study, effects of basin morphology are shown to affect density current hydrodynamics 
of a large reservoir using a three-dimensional (3D) hydrodynamic model that is validated (but 
not calibrated) with in situ observational data. The AEM3D hydrodynamic model was applied 
for 5-month simulations during winter and spring flooding for the Maroon reservoir in 
southwest Iran, where available observations indicated that large-scale density currents had 
previously occurred. The model results were validated with near-bottom water temperature 
measurements that were previously collected at five locations in the reservoir. The Maroon 
reservoir consists of upper and lower basins that are connected by a deep and narrow canyon. 
Analyses of simulations show that the canyon strongly affects density current propagation and 
the resulting differing limnological characteristics of the two basins. The evolution of the 
Wedderburn Number, Lake Number, and Schmidt stability number are shown to be different in 
the two basins, and the difference is attributable to the morphological separation by the canyon. 
Investigation of the background potential energy (BPE) changes along the length of the canyon 
indicated that a density front passes through the upper section of the canyon but is smoothed 
into simple filling of the lower basin. The separable dynamics of the basins has implications for 
the complexity of models needed for representing both water quality and sedimentation. 

Keywords: Hydrodynamic modeling, AEM3D, three-dimensional model, reservoir 
morphology, background potential energy, stratification, mixing 

3.1 Introduction 
Reservoirs, as artificial lakes, have characteristics and behaviors that differentiate them 
from most natural lakes due to rift-like depths and downstream flow controls (Ford and 
Johnson 1986). The assessment and prediction of physical and bio-geochemical 
processes (hereafter biochemical for simplicity) and their causes within reservoirs are 
important for both operations and environmental issues. Physical processes are drivers 
and controls of biochemical processes and play a key role in ecosystem behaviors. 

 
2 Zamani B, Koch M, Hodges BR. 2020. Effects of morphology in controlling propagation of density currents in a 
reservoir using uncalibrated three-dimensional hydrodynamic modeling: Effects of morphology in propagation of 
density currents. J Limnol. 79(3): 238-253. 
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Among the former, the most important ones are hydrodynamic processes which dictate 
the stratification and mixing that control the temporal and spatial distribution of 
nutrients and dissolved oxygen (Vincent et al., 1991; Hamilton and Schladow, 1997; 
Schladow and Hamilton, 1997; Löffler, 2004).  
Although hydrodynamics and water quality for natural lakes is a well-studied subject, 
and much of the research carried out up to date is applicable for issues common to both 
lakes and reservoirs (Jørgensen et al. 2005), specific differences between the 
characteristics of natural lakes and reservoirs (e.g. being embedded in river networks 
where natural geology would not allow impoundment, the location of deepest portions, 
water release locations) leave a range of issues where the natural lake literature does 
not provide much guidance (USACE, 1987; Hayes et al. 2017). One primary difference 
is that reservoirs are geologically “young,” which leads to geological complexities that 
would be smoothed by centuries or millennia of sedimentation and erosion in a natural 
lake. As a result, reservoirs have morphologic complexities that often lead to deeper 
depths, steeper slopes, and long water residence times.  
Numerous morphometric parameters, e.g. bathymetry, volume, area and depth, are 
controlling limnological and hydrodynamic characteristics of a reservoir and directly 
affect hydrodynamic processes, oxygen exchange, nutrient cycles and other water 
quality-related biochemical processes. The morphometric parameters are mutually 
connected, and their assessment provides insight into the present and likely future status 
of a reservoir. Reservoirs are typically located to maximize water storage for a 
minimum dam area, which typically results in deeper depths, stronger stratification, and 
different limnological indices than those of natural lakes in the same region (Kennedy 
et al. 1985; Thornton et al. 1996). From a hydrological perspective, many reservoirs are 
the water sink for a larger watershed than a natural lake of similar size (Ji 2008), which 
can result in higher nutrient and sediment inflows and strong seasonal variation. As a 
further complexity, reservoirs typically have controlled in-/outflows at various depths 
varying from surface to bottom (Ji, 2008), which can affect the stratification regime 
(Imberger and Patterson 1990). 
When a storm flood enters a stratified reservoir, unless its water has precisely the same 
density as the reservoir water, it forms a density current as an underflow, interflow, or 
overflow (Ford and Johnson, 1983). Density current behaviors, such as travel time 
throughout the reservoir, thickness of the current, dilution rates, current temperature, 
suspended sediment concentration and the consequent turbidity are affected by 
reservoir stratification and also have feedbacks that alter the stratification (Chung et al. 
2009; Cortés et al. 2014). Unfortunately, the interplay between density currents, 
stratification, and internal processes of a reservoir cannot be quantified with simple 
analytical expressions and, thus, computational approaches are required. Numerical 
modeling of density-current hydrodynamics provides insight into how these currents 
interact with the stratification and mixing processes. Such insight can assist in 
developing reservoir operating procedures to reduce undesirable effects of inflows (e.g. 
increase in stratification and longer residence time in the hypolimnion).  
Hydrodynamic models are used to simulate the behavior of lakes and reservoirs under 
various forcing conditions. Different physical and biochemical aspects of reservoirs 
have been investigated and numerically modeled in several studies. Hodges et al. (2000) 
and Hodges et al. (2006) studied basin-scale internal waves and their uncertainties in 
stratified lakes and demonstrated the good ability of the 3D-hydrodynamic model in 
predicting the internal waves dynamics and mixed layer depth, even for coarse vertical 
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resolutions. Botelho and Imberger (2007) and Hipsey et al. (2008) modeled pollutants 
fate and transport in reservoirs and lakes. Zamani et al. (2018) modeled the hydrological 
effects on the limnological processes in reservoirs. A considerable number of studies, 
e.g. Bournet et al. (1999), Chung et al. (2009), Marti et al. (2011), An et al. (2014), 
Cortes et al. (2014), Hogg et al. (2017) have investigated and modeled the propagation 
density currents in various stratified reservoirs, either at laboratory or geophysical scale.  
However, the interplay between the dynamics of density currents and reservoir 
morphometry appears to have received not enough attention in the previous studies. 
Even in studies involving the lakes’ morphometry, e.g. multi-basin or dendritic lakes 
and reservoirs, the focus has been mostly on the analysis of the performance of the 
numerical model (e.g. Rueda and McIntyre, 2010) or the prediction of the distribution 
of the density currents or their resulting sedimentation (e.g. Kim and Kim, 2006; Scheu 
et al. 2018).  
In this study we investigate and model how the morphology of a reservoir affects its 
hydrodynamics and propagation of density currents. The study object is the Maroon 
reservoir in southwest Iran. The Maroon reservoir consists of upper and lower basins 
that are connected through a narrow and deep canyon. We examine the different 
hydrodynamic behaviors in the basins under extreme events that are affected by the 
narrow canyon during a 5-month flooding period in 2011-12. During that time 
measurements of water temperature in the reservoir were taken by the local water 
authority, mainly in the upper basin, however, with only limited measurements in the 
lower basin. Although this limited data is insufficient for evaluating the physics of 
storm-driven density currents, such information is needed for reservoir managers to 
evaluate operational strategies. Notwithstanding these shortcomings, in this paper we 
show that this limited data is sufficient to validate an uncalibrated three-dimensional 
(3D) hydrodynamic model, allowing to get deeper insight in the physical processes 
taking place in the Maroon reservoir. 

3.2 Data and methods 

The Maroon reservoir is located on the Maroon River in southwest Iran (see Fig. 3.1). 
The Maroon dam is located 13 km northeast of Behbahan city. The reservoir provides 
storage of irrigation water, hydropower, and serves as flood control for the Maroon 
River, one of the large rivers in Iran with a long-term annual mean flow upstream of 
the Maroon reservoir of 47 m3s-1, although the flow in any year is seasonally variable. 
The maxima and minima of the monthly flow happen typically in April (snowmelt) and 
October, respectively, and the flooding season typically starts in December. 
The Maroon reservoir and dam began operation in 2000, so the reservoir is a young 
lake from a limnological point of view (Ford and Johnson 1986). The reservoir has a 
catchment area of 3840 km2 in the Zagros Mountains. The mean depth of the Maroon 
reservoir (the ratio of full storage volume to surface area) is 49 m, which classifies it as 
a deep reservoir (Ji, 2008). The reservoir is formed in a valley with steep side slopes, 
especially in the upper reservoir, and can be conceptually divided into an upper and 
lower basin separated by a narrow and deep canyon (Fig. 3.1c). Of the 30 km of the 
reservoir’s thalweg approximately 17 km extends over the upper basin. The major part 
of the upper basin is formed in the narrow and long valley of the Maroon River, with a 

 Study area 
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width ranging between 100 and 650 m (at the NPL3). The canyon connecting the two 
basins is a 2400 m long, with a width ranging between 170 m and 350 m at NPL. Based 
on volume, thalweg length, and flows, the reservoir has a mean water residence time of 
1.27 years. 
The Maroon reservoir is classified as a warm-monomictic lake using the thermal 
classification of lakes suggested by Hutchinson and Löffler (1956). This implies a 
major stratification in summer and a major overturn and mixing period in winter. Most 
of the Iranian lakes and reservoirs, especially in our study region (Khuzestan province 
and Zagros region), are also in this category. The winter mixing period in the lakes and 
reservoirs of the study area is in December. In this time of the year the onset of the 
flooding period of the Maroon River occurs also, providing cold flood inflows into the 
reservoir due to cold winter precipitation. Simultaneously, air temperature and the solar 
radiation start to increase after January, so the stratification gradually develops in the 
reservoir water column. 

The nearest meteorological station is the Behbahan synoptic station, 15 km southwest 
of the Maroon dam, which provides meteorological data for this study. The data are 
available from 1994 as hourly records of air temperature, atmospheric pressure, wind, 
cloudiness and humidity, and are used to set the thermal and wind stress boundary 
conditions of the model. The solar (shortwave) radiation is not measured directly at the 
Behbahan station and, therefore, was estimated from the measured bright sunshine data 
using the FAO procedure (Allen et al., 1998) for the station by implementing the 
Ångström coefficients (Ångström, 1924), calculated and validated for the region by 
Hajjam and Jamei (2009). Yang and Koike (2005) found underestimations of up to 10% 
in the calculated peaks of hourly solar radiation using this method in mountainous areas 
(in Japan). However, studies on the solar radiation in Iran (e.g. Alizadeh and Khalili, 
2009, Hajjam and Jamei, 2009) found no significant difference between FAO- 
calculated and observed solar radiation values in Iran, including the present study area 
(Khuzestan province).  
The river flow at the Eydanak station is available throughout the year as daily mean 
flows, with more frequent (hourly) measurements during the flooding seasons. 
Continuously-measured water temperatures were available for the Maroon reservoir at 
the upstream inflow of the Maroon River and at five locations across the reservoir (Fig. 
3.1c) for a limited time interval. These data were measured using RBR logging sensors 
moored at stations R, St1, St2, St3, St4 and St5 (Fig. 3.1c) in the hypolimnion at 2 m 
above the bottom. The sensors were deployed in the flooding season between December 
2011 and April 2012 (Mehrabani et al., 2013). The recorded water temperatures at 
station R were used for the inflow boundary conditions and those from St1 through St5 
for comparisons with the model’s results.  
 

 
3 Normal Pool Level 

 Data 
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3.2.3.1 Model description 
The Aquatic Ecosystem Model AEM3D (Hodges and Dallimore 2016) is a three-
dimensional hydrodynamic and ecosystem model for estuaries, lakes and reservoirs, 
and allows prediction of water temperature, salinity, nutrients and biota variations in 
space and time. AEM3D uses the unsteady Reynolds-Averaged Navier-Stokes (RANS) 
and scalar transport equations with the Boussinesq and hydrostatic approximations. 
This model is an improved version of the ELCOM (Hodges, 2000) hydrodynamic and 
CAEDYM (Hipsey et al 2006) ecosystem models. Here we only use the hydrodynamic 
module of the model, as the focus is only on an analysis of the physical processes of 
the Maroon reservoir.  
In AEM3D, the typical k-ε or eddy viscosity turbulence models (e.g. see Zamani and 
Koch, 2020) are substituted with a standalone 3D vertical mixing model (Hodges et al. 
2000) to predict the wind-mixed layer depth and a model to more precisely model the 
distribution of momentum over the depth. The latter, being separately applied in the x 
and y directions, provides a direct increase in the velocity field of the wind-mixed layer 
before the Navier–Stokes equations are solved. A detailed description of the equations 
solved in AEM3D and further explanations of the underlying theory are provided in 
Hodges (2000), Hodges et al. (2000).  
AEM3D uses a modified adaptation of the TRIM-3D approach of Casulli and Cheng 
(1992) as its numerical scheme. The solution grid is a rectangular Cartesian grid with 

 
Fig. 3.1 (a) Location of the Maroon reservoir, (b) Maroon reservoir catchment and the location of 
the Behbahan meteorological station, and (c) AEM3D model grid with bathymetry of the Maroon 
reservoir with the canyon and sensor locations. 

 Model description and setup 
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fixed longitudinal and lateral grid dimensions horizontally (Δx and Δy) and a vertical 
Δz spacing which is horizontally uniform but can vary in vertical dimension (e.g. 
different vertical layer thicknesses). The grid stencil is based on Arakawa’s C-grid 
(Arakawa and Lamb, 1977) in which velocity vector values are defined on cell faces 
and scalar values (e.g. concentrations) on cell centers. The TRIM-3D approach is a 
semi-implicit finite difference method that numerically solves the 3D shallow-water 
equations for stratified flows. 

3.2.3.2 Model setup and parameters 
The AEM3D model allows the inclusion of Coriolis rotational effects, which are 
important for some large lakes/reservoirs. However, using this feature substantially 
increases the computational execution time and should only be used when warranted. 
Coriolis is generally considered significant when the Rossby radius of deformation LR 
(Wüest and Lorke, 2003) is less than the lateral length scale of the system. The LR is 
computed as the ratio of inertial- to Coriolis forces:  

 𝐿𝑅 =
𝐶𝐼

𝑓
 (3.1) 

where 𝐶𝐼 is the phase speed of internal gravity waves given by 𝐶𝐼 = (𝑔′𝐷)1/2, with 𝑔′ 
the reduced gravity due to stratification, 𝐷 the water depth and 𝑓 the Coriolis parameter. 
Using Eq. (3.1) with appropriate parameters 𝐷 and 𝑓 for the Maroon reservoir, the 
Rossby radius 𝐿𝑅 is calculated as 11000m, which is larger than the lateral dimensions 
(4000-5000m) of the main basins. Thus, the standard approach indicates that the 
Coriolis force can be safely neglected in modeling the Maroon reservoir. However, a 
recent study by Amadori et al. (2019) argued that the Rossby radius criterion is only 
valid for investigating the Coriolis effect for inertial currents and barotropic and 
baroclinic waves, whereas the Ekman number could be a more important criterion for 
evaluating the Coriolis effect for wind-induced steady circulation. To date, tests of their 
hypothesis are limited to steady-state simulations in a one-dimensional and rectangular 
(with flat bottom) domain, and thus it is not clear whether it should apply to complex 
morphometry in a 3D basin with unsteady wind and flow conditions. To evaluate the 
relevance of the arguments of Amadori et al. (2019) to the present work, we performed 
a matched set of one-month-long simulations of the Maroon reservoir with Coriolis 
both on and off. The differences between these two simulations had a root-mean-square 
error (RMSE) of 0.12 °C. Furthermore, there were no significant differences in mean 
values (p = 0.004). Thus, we argue that Coriolis forcing can be neglected for the Maroon 
reservoir’s hydrodynamics and the Ekman number hypothesis of Amadori et al. (2019) 
requires further evidence for its extension to complex morphometry and unsteady 
forcing.  
For the model grid of the Maroon reservoir a horizontal cell size of Δx=Δy=100 m, as 
shown in Fig. 3.1c, was used. In the vertical, layers have a uniform vertical separation 
of Δz=1 m. The 100 m horizontal cell size is a compromise that allows reduced 
computational time while still capturing the complex bathymetry of the Maroon 
reservoir and the deep canyons. Based on these cell dimensions the domain has a total 
of 185314 valid wet cells, with 4803 horizontal cells across the free surface at maximum 
pool level. A model time step of 40 seconds is used, as it satisfies the model’s CFL 
stability criteria (Courant-Friedrichs-Lewy condition) for all model runs. The model 
was run on a Linux cluster supercomputer of the University of Kassel with AMD 2.6 
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GHz processors (2 x 16 cores, 32 threads) using the OpenMP parallel computing 
approach. 
The AEM3D model requires a number of physical parameters, which may be either a 
priori fixed to literature values or calibrated based on site-specific data. Parameters 
such as light extinction coefficient, wind drag coefficient, and bottom drag coefficient 
will affect the evolution of physical processes (e.g. stratification, mixing, internal waves 
and motion of density currents) within a lake and may differ from one lake to another. 
Ideally, such parameters should be calibrated with a site-specific study; however, where 
in-situ data are scarce or non-existent, prior research has shown that the hydrodynamics 
of a reservoir can be reasonably represented in a 3D model using standard coefficients 
from the literature. The AEM3D model has previously been shown to represent 
complex hydrodynamic processes - e.g. internal waves (Hodges et al. 2006), 
propagation of density currents (e.g. Chung et al. 2009) - and provide good agreement 
with field measurements for surface thermodynamics and mixing processes using 
literature parameters (e.g. Chung et al., 2009; Marti et al., 2016; Zamani et al., 2018) 
even in the Maroon reservoir (Zamani and Koch, 2020). Models using literature values 
are typically termed "uncalibrated," although the literature parameter values are 
generally based on observations and analyses over multiple sites and thus represent a 
form of generic calibration. Due to scarcity of observational data, site-specific 
calibration was not possible for the present study. The literature parameter values used 
herein are shown in Table 3.1.  
Further details of the AEM3D model set up, including specifics of the implementation 
of the boundary conditions for the Maroon reservoir are provided in Zamani and Koch 
(2020).  

3.2.3.3 Model statistical evaluation  
The model performance and accuracy are evaluated using the absolute mean error 
(AME) and the root mean square error (RMSE) applied to modeled and measured water 
temperature: 
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Table 3.1 Parameters used in the AEM3D 

Parameter Description Unit Value 

CD Bottom drag coefficient - 0.05 

λPAR Light extinction coefficient for Photosynthetically Active Radiation m-1 0.25 

αsw Mean albedo for short-wave radiation - 0.08 

αlw Mean albedo for long-wave radiation - 0.03 

Cd Wind stress coefficient - 0.0013 

CH/S bulk-transfer constant for scalar fluxes at air-water interface - 0.0013 
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where 𝑌𝑖
𝑜𝑏𝑠 is the observed value measured at the station, 𝑌𝑖

𝑚𝑜𝑑is the corresponding 
value simulated by the model, and 𝑛 is the number of data values. 

To analyze flood propagation through the Maroon reservoir, the AEM3D simulation 
was started in the middle of December 2011 when the reservoir, after the winter 
overturn, had a slight vertical temperature gradient (17°C at the surface and 16°C at the 
bottom). Our analyses herein focus on the propagation of the cold density currents from 
the flood events of January 14 and February 2, as the ensuing density signals were 
clearly visible in both the modeled and measured data. The current speed and the effects 
of the currents on the water temperature balance within the reservoir at the up- and 
downstream basins are also investigated below. 

The Wedderburn Number (𝑊), Lake Number (𝐿𝑁) and the Schmidt Stability (𝑆𝑡) are 
typically used with long-term data sets to analyze the limnological and hydrodynamic 
status of lakes. These indices provide general information on the mixing processes in 
the lake due to wind forcing (𝑊) and the stratification/stability of the lake (LN / St.). 
The Wedderburn Number (Imberger and Patterson, 1990) is defined as: 

𝑊 =
𝑔′ℎ1

2

𝑢∗
2𝐿

 (3.4) 

where 𝑔′ is the reduced gravity, i.e. 𝑔′ = 𝑔 ∆𝜌 𝜌−1 where ∆𝜌 is the density difference 
across the thermocline, ℎ1 is the upper layer thickness, 𝐿 is the fetch length, and 𝑢∗

2 is 
the wind stress which is computed from the wind speed as follows: 

𝑢∗
2 = 𝐶𝑑(

𝜌𝑎

𝜌𝑤
)𝑊2 (3.5) 

where 𝐶𝑑 is the wind stress coefficient (see Table 3.1), 𝜌𝑎 is the air density, 𝜌𝑤 is the 
water density and 𝑊 is the wind speed. 

The Lake Number is calculated as (Imberger and Patterson, 1990; Robertson et al., 
1994): 

𝐿𝑁 =
𝑆𝑡 (1 −

𝑧𝑇

𝑧 )

𝜌0 𝑢∗
2 𝐴𝑚

3/2 (1 −
𝑧𝑔

𝑧 )
 (3.6) 

where 𝑧𝑔 is the location of the lake’s center of volume, 𝑧𝑇 is the height to the center of 
the metalimnion (thermocline height), 𝑧0 is the center of gravity of the water mass with 
a density stratification 𝑟(𝑧) at height 𝑧 above the lake bottom, 𝑀 is the total mass of the 
water, Am is the surface area of the lake at the maximum height and 𝑔 is the acceleration 
of gravity (𝑚 𝑠−2).  

The Schmidt Stability term 𝑆𝑡  (J m−2) (Schmidt, 1928; Hutchinson, 1957) that defines 
the work needed for mechanically mixing the entire water body into a uniform density 
distribution without any heat exchange is calculated as follows: 

𝑆𝑡 =
𝑔

𝐴𝑀
∫ (𝑧 − 𝑧𝑔)𝐴𝑧(1 − 𝜌𝑧)𝑑𝑧

𝑍𝑚

0

 (3.7) 

where z is the height above bottom (cm), 𝐴𝑀 is the lake surface area (cm2) at the 
maximum height, 𝐴𝑧 is the lake surface area (cm2) at the height of 𝑧, and 𝜌𝑧 is the 
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water density (g cm−3) at height of 𝑧. The three quantities mentioned above were 
calculated from the model results for the Maroon reservoir using the Lake Analyzer 
MATLAB toolbox (Read et al., 2011). 

3.3 Results 

Statistical results of the model validation for the water temperature are shown in Table 
3.2. Overall, a good consistency between simulated (using the parameters’ literature 
values of Table 3.1 without site-specific calibration) and observed temperatures is 
noticed. The AME and RMSE at the five stations are below 1 °C, with the exception of 
the RMSE at St4, which is only slightly above 1 °C. The overall temperature range is 
11-16 °C (Fig. 3.2) so we argue the model-observations are in reasonable agreement 
relative to this range. Note that this level of error is lower than that of some previously 
published studies (e.g. Chung et al., 2009; Lindim, 2010). 
Continuous plots of the simulated and measured temperatures are shown in Fig. 3.2. 
Recall that the measured values at each station are taken at 2 m above the bottom and, 
hence, the large temperature falls observed in the various station plots of Fig. 3.2 are 
the consequence of the arrival of a cold-water density underflow in the wake of the two 
named flood events. To evaluate the modelled-observed data differences, note that the 
model values at a computational cell represent a volume of ~104 m3, whereas the 
measurements at a sensor point represent less than 1 cm3. This means that some 
differences are to be expected even for a perfect model. An overall good agreement 
between the temperature trends for all stations can be seen in Fig. 3.2. In contrast, we 
observe discrepancies for the large flood events, which increase from upstream station 
St1 to downstream station St5, and cannot simply be attributed to the difference 
between sensor volumes and model cell volumes.  

Vertical profiles for the four months of simulated water column temperatures at the 
observation locations are shown in Fig. 3.3. The pathways of the two major flood events 
on January 14 and February 2 are shown in Fig. 3.4 and Fig. 3.5, respectively. A 
turbulent and relatively mixed water column exists in the transition zone, characterized 
by stations St1 – St3 (Fig. 3.3b, c, d), where the advective downslope propagation of 
the flood is the dominant factor in pushing the density current forward. The first flood 
event entering the reservoir was on January 14 (~150 m3 s-1) and propagated as an 
underflow into the upper basin. This underflow took approximately 10 days to reach 
the downstream dam wall (Fig. 3.4), with an average propagation speed of 0.042 m s-1. 
The minimum temperature of the current front at the river inflow point was 11.6°C 
while the density current front temperature reaching the dam wall was 14.5°C, showing 
the effect of initial mixing and entrainment of ambient waters during the transit. Initial 
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mixing is the cumulative mixing happening in the vicinity of the plunge point where 
the river channel flow changes to a stratified flow. Entrainment of the ambient water 
into the current occurs by the turbulence generated from both interfacial shear and the 
bottom roughness affecting the density current (Ford and Johnson, 1983; Hürzeler et al. 
1996; Scheu et al. 2018). 
The reservoir was strongly affected by the second large flood on February 2, when the 
momentum of the inflowing density current (with a 9°C inflow temperature) dominated 
the buoyancy in the transition zone and mixed the entire water column during the peak 
of the flood event. After the density current passed through this zone, the water column 
remained nearly mixed for roughly three days (Fig. 3.5). Then the buoyancy forces 
dominated the weakened current during the recession limb of the flood hydrograph, 
pushing the mixed zone back, until the temperature stratification status came to an 
equilibrium within 10 days (Fig. 3.3c and d). Further downstream, as the underflow 
transited into downstream (St4 to St5), buoyancy forces dominated and turbulence was 
suppressed by stratification. At station St4 the density current was seen to arrive as a 
bore that is rapidly dissipated in the deepest sections which manifests itself in the form 
of some oscillations of the 14°C temperature contour, indicating the existence of 
internal waves propagating through the system. On the other hand, at the most 
downstream station St5 in the lower basin the dense current fills the lacustrine zone 
completely and slowly over time (Fig. 3.3f), which indicates that the upstream bore has 
dissipated, and substantial internal waves are not generated in this downstream section 
of the reservoir. These results prove that the sharp temporal changes associated with the 
flood are weakened through the canyon connecting the upper and lower basins. 

3.3.3.1 Limnological effects 

The narrow canyon (Fig. 3.1c) divides the reservoir into two basins. The upper basin, 
sampled by stations St1, St2, St3 and St4, is strongly affected by the dynamics of the 
density underflow, whereas the lower basin, with station St5, is dominated by the spring 
warming. These effects can be better understood by examining the Wedderburn 
Number (W) and the Lake Number (LN) which were shown by Imberger and Patterson 
(1990) to be separate indicators of mixing and stratification patterns, respectively: in a 
three-layered stratified system, in case of a small W and a large LN, only the upper region 
of the thermocline responds to wind forcing, while in case of both large W and LN the 
entire water column in the lake is affected and responds to the wind forcing. The 
transitional evolution of these two numbers over the simulation horizon is shown for 

Table 3.2 Statistical results of the AEM3D temperature validation (°C) 

 Station Mean  
(simulated) 

Mean  
(observed) 

AME RMSE  

 St1 14.96 14.27 0.82 0.97  

 St2 14.48 14.57 0.41 0.71  

 St3 14.97 14.59 0.65 0.81  

 St4 13.98 14.19 0.88 1.07  

 St5 13.08 13.05 0.71 0.91  

   mean 0.70 0.89  

       

 Effects of the narrow canyon 
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the two basins in Fig. 3.6, wherefore the upper basin has been represented by (the most 
appropriated) station St4 and the lower one by station St5. 
The plots show that the variations of W and LN in the upper and lower basin are evolving 
(with relatively large values) in parallel up to the beginning of March. These values 
diverge after that time, with LN strongly declining in the upper basin. In Fig. 3.6a and 
b, time intervals of LN>>1 and W>>1 are seen, especially in the upstream basin. 
Generally, the combination of LN>>1 and W>>1 is considered to represent strong 
stratification (Imberger and Patterson 1990; Robertson and Imberger 1994); however, 
the overall weak stratification seen in January and February (see also Fig. 3.7, to be 
discussed in the subsequent section) coincident with LN>>1 and W>>1 implies that 
these large values mainly reflect the density current propagation and turbulent 
entrainment of overlying waters into the plume. 
As the plume weakens and spreads over a thicker hypolimnion in March and April, both 
stratification in the hypolimnion and mixing energy become weaker and are overtaken 
by effects of the warming epilimnion. 
In contrast, St5 in the lower basin (as mentioned above in reference to Fig. 3.3) never 
sees a strong effect of the density current. Instead, a relatively consistent large LN 
throughout the period is obtained, with W being initially large and variable, then 
dropping rapidly in April with the onset of epilimnion warming by atmospheric forcing. 
The large LN indicates that the lake in the lower basin remains stratified while the 
decreasing W is evidence that the lake response to wind forcing is mainly in the 
epilimnion and does not significantly affect the thermocline or hypolimnion. Once W 
drops below unity, the baroclinic restoring force reaches a sufficiently strong level to 
limit the surface mixing to the upper 4 m of the water column.  
The analysis above is consistent with the evolution of St in the upper and lower basins 
(Fig. 3.6c). At the onset of the simulation, both basins begin with relatively low stability 
as there is not much solar radiation forcing of the lake’s surface in the wintertime. As 
time goes on, the upper basin St shows a small increase with the propagation of the 
density plume and then settles down to a smaller value than the St of the lower basin. 
The smaller value of St in the upper basin is consistent with the higher center of gravity 
(zg) of the cross-sections in this shallower region of the reservoir. In contrast, the St of 
the lower basin is steadily increasing over time, associated initially with the inflow of 
colder water and then later with the increasing spring temperature in the epilimnion. 
These findings are consistent with the temperature profiles of St4 (upper basin) and St5 
(lower basin) as discussed above for Fig. 3.3. 

3.3.3.2 Hydrodynamic effects 
The hydrodynamic processes in the narrow canyon connecting the two basins of the 
Maroon reservoir can be noticed from the anomalies of three simulated temperature 
profiles in Fig. 3.7, taken at three locations (shown in Fig. 3.1c), and are separated by 
a distance of 1000 m. The most upstream profile (Fig. 3.7a) shows the strong arrival of 
the head of the density current, similar to what occurred at station St4 in the upper basin 
(see Fig. 3.3e), whereas the most downstream profile (Fig. 3.7c) exhibits the simple 
filling behavior by cold water in the hypolimnion, similar to what has been observed at 
station St5 in the lower basin (see Fig. 3.3f). The central canyon profile (Fig. 3.7b) 
represents clearly a transition between the two sections named. A more quantitative 
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Fig. 3.2 Simulated (black line) water temperature at the measurement stations versus the measured 
values (red dashed line) at 2 m above bottom at each station. The light red bands denote the standard 
deviation of measured data. Note that the measured data for St5 are only available for February and 
later. 

picture of the processes occurring in the narrow canyon is presented in Fig. 3.8 which 
shows the time series of the temperature anomalies (temperature relative to the mean) 
at three discrete levels of the water column in the three canyon sections. These 
anomalies clearly show the signatures of the underflow at the upper and middle canyon 
sites at 15 and 30 m above the bottom, whereas the downstream site only a very small 
signature of the density current is seen at 15 m above the bottom, indicating that by then 
the current has slowed and spread. This transition from the upper-basin behavior to the 
simple filling behavior of the density current in the narrow canyon is also seen in Fig. 
3.5 discussed earlier where the contours do not follow the bottom topography through 
the canyon and a sharp downward bending of the temperature contours occurs in the 
hypolimnion therein. 
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3.3.3.3 Energy balance 
Potential energy has been previously used to analyze lake dynamics and behavior 
(Antenucci and Imberger, 2001). As the AEM3D simulation provides density data over  
 

 
Fig. 3.3 (a) Measured river inflow rate (continuous line) and temperature (dashed line) into the Maroon 
reservoir; temporal variation of the simulated water temperature by AEM3D as hourly profiles of water 
column temperature at (b), (c) and (d) transitional zone, (e) upper lacustrine zone and, (f) lower 
lacustrine zone. The white arrows show the 10 days period after the February 2nd flood in the transition 
zone (see text for more information). 
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Fig. 3.4 Pathways of the flood event of January 14 and 10 days afterwards, through the reservoir’s 
thalweg. The red boxes denote the canyon separating the two reservoir basins. 

the entire lake, it is possible to partition the total potential energy into (i) background 
(BPE) and (ii) available (APE). BPE is defined as the potential energy of the system 
when the water is adiabatically brought to rest whereas APE is defined as the difference 
between BPE and the total potential energy. In general, increased BPE is a sign of (i) 
irreversible mixing that raises dense water, or (ii) an influx of dense water that raises 
the water level or displaces less-dense water. Therefore, the BPE is a good measure to 
study energy variations due to density currents. 
Fig. 3.9b shows the BPE at the upstream, middle and the downstream sections of the 
canyon (circled in Fig. 3.1c). One can notice that after each of the floods on January 14 
and February 2, the upstream BPE rises, but returns then again roughly to its initial 
value. This indicates that the cold and dense water passes through the upstream section 
and does not return (except as mixed water). This rise is less pronounced in the  
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Fig. 3.5 Pathways of the flood event on February 2 and afterwards, through the reservoir’s thalweg. The 
red boxes denote the canyon separating the two reservoir basins. 

downstream section in Fig. 3.9b, so that the fall of the BPE is also not as severe as that 
of the upstream section.  
After the two flood events, each of the canyon sections shows different Schmidt 
Stability values 𝑆𝑡, as illustrated in Fig. 3.9c. This effect is strongest after the large 
February 2 flood when the 𝑆𝑡 stability graphs of the three sections diverge dramatically. 
The 𝑆𝑡 for the upstream section decreases steadily to its pre-flood value whereas the 𝑆𝑡 
of the downstream section continues to increase and that of the middle section is 
relatively invariant. This illustrates that the spring stratification increases the stability 
of the downstream canyon section (and lower basin) after middle of March but not that 
of the middle and upstream sections. The implication is that the upper basin, down to 
the middle of the canyon, is more strongly affected by the mixing processes which 
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compensate the increasing stratification caused by the spring seasonal heating in the 
epilimnion, with the latter taking over in the lower canyon section. 

3.4 General discussion of model errors  
The AEM3D model results for the near-bottom water temperatures shown in Fig. 3.2 
give a perspective of the model’s validation accuracy over the flooding season. There 
are three likely contributors to the observed differences between modeled and measured 
temperature values. 
Firstly, the transport of cold water by a density current in the hypolimnion has an 
inherent accumulative error effect, as the current speed depends on its size and mixing. 
The hydrodynamic system has a nonlinear feedback between its past and future 
evolution, so an accumulation of error in the density field leads to a bias error in the 
speed of propagation of the density front.  
Secondly, the 100×100×1 m numerical model grid is relatively coarse for properly 
representing the reservoir’s thalweg, as the steep valley morphometry is actually 
narrower near the bottom than the grid size over much of the domain, especially in the 
zones upstream of station St4 and in the canyon connecting the upper and lower basins. 
This coarse-grid effect occurs is predominantly in the lower two or three grid cells 
(which includes the model-data comparison points) and results in a broader cross-
sectional area for the model hypolimnion. The misrepresentation of the cross-sectional 
area in the thalweg will affect the overall thickness of a propagating density plume as 
well as its speed and mixing.  
 
 

 
Fig. 3.6 (a) Wedderburn number, (b) Lake Number and (c) Schmidt stability, calculated for 
the AEM3D simulation period (2011-12). Discontinuous time series of LN and W are due to 
having no wind on the corresponding days. 
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Fig. 3.7 Simulated water column profiles of the canyon connecting the two basins of the Maroon 
reservoir: (a) upstream of the canyon, (b) middle of the canyon, and (c) downstream of the canyon. 

 
A third likely source of error is the mechanism proposed by Hodges et al. (2006) who 
showed that models using the hydrostatic approximation (as AEM3D herein) lead, in 
the presence of large nonlinear internal waves, to a bias that alters the modeled wave 
propagation. This typically results in excessive steepening of the front of a model 
internal wave, as appears to be the case in Fig. 3.2. 
Although refining the model grid would undoubtedly help to resolve the under-
resolution problem (2) for the thalweg, a key point of Hodges et al. (2006) is that grid 
refinement cannot remove the underlying bias associated with the neglect of the non-
hydrostatic terms. Instead, refining the grid merely changes the balance between 
numerical dissipation and numerical dispersion (oscillation) at the wave front, typically 
leading to waves with greater artificial steepening. In the limit, grid refinement of a 
hydrostatic model is merely a better solution of the wrong equations and is not 
necessarily a better representation of the real world. This observation, while somewhat 
bleak, is actually quite helpful. Instead of wasting more computational time on finer 
grids, we can simply ask whether our hydrostatic model, while being “wrong” in the 
sense of Box (1976), is also “useful”. For the present purposes, Fig. 3.2 shows  
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Fig. 3.8 Anomalies of water temperature at selected elevations of upstream, middle and downstream 
of the canyon.  

 
  

 

Fig. 3.9 (a) Maroon River flow rate and temperature, (b) background potential energy (BPE) at 
upstream and downstream sections of the canyon and (c) Schmidt Stability value for up-, middle, and 
downstream sections of the canyon. 
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reasonable agreement between modelled and observed water temperatures across all of 
stations over the five-month simulation horizon. The key density-current events occur 
with similar scales and timing (e.g., rapid cooling in February) and the statistical 
analyses (Table 3.2) provide further validation. Therefore, the AEM3D hydrodynamic 
model achieves overall good agreement with the observations, using parameters based 
solely on literature values. Consequently, this work provides further evidence that 3D 
state-of-the-art modeling is able to provide valuable insights into various physical 
reservoir processes, namely, the hydrodynamics of the density currents, and this is 
accomplished without requiring extensive calibration data. 

3.5 Conclusions 
This study presents the application of an uncalibrated 3D hydrodynamic model to the 
Iranian Maroon reservoir. Our study shows the important role which the morphology 
of the reservoir plays in controlling the hydrodynamics in a way that alters the 
limnological character of the two reservoir basins connected by a narrow canyon. The 
cold density currents during the winter/spring floods are shown to propagate rapidly 
through the upper basin but are moderated by the narrow canyon separating the upper 
and lower basins. 
The analysis evaluated the response of the two basins to wind forcing in terms of the 
Lake Number (LN), Wedderburn number (W) and the Schmidt stability term (St). The 
results indicate that the upper basin is less stable than the downstream one (despite 
stronger stratification of the underflow) and is more prone to mixing by both wind and 
a flowing gravity current (cold plume in the wake of the two flood events). The lower 
basin is more stable and the main response to wind forcing is limited to mixing in the 
epilimnion.  
The analysis of the canyon hydrodynamics shows further that the narrow constriction 
is effectively partitioning the reservoir into two basins with different stratification and 
mixing behaviors. At the downstream section of the canyon, the background potential 
energy (BPE), after the passing of each density current (after the recession limb of the 
two flood events) shows higher values than those before the flood, whereas the opposite 
is observed for the upstream section of the canyon. These differences are even more 
prominently visible from the Schmidt stability values (𝑆𝑡) of the up- and downstream 
sections of the canyon. Due to stronger mixing processes, 𝑆𝑡 for the upstream canyon 
section initially decreases and undergoes a rapid increase due to the flood events’ bore 
flow, but then steadily regains its pre-flood value. In contrast, the 𝑆𝑡 for downstream 
canyon section (and that of the lower basin) continues to increase due to increased 
stratification by the spring seasonal heating in the epilimnion.  
From this analysis we are able show the canyon morphology in the Maroon reservoir 
dissipates the sharp front of the flood bore as it propagates downstream into the lower 
basin during the two flood events. These effects are reflected in the stratification and 
mixing behaviors that, in turn, may affect the evolution of reservoir’s water quality over 
seasonal timescales. 
The reservoir morphology clearly affects the overall energy balance and the fate of 
density currents, which are important factors in the sedimentation within the reservoir. 
It follows that future studies should examine suspended solids and turbidity, whose 
distribution may be affected by the propagation and dissipation of the flood underflows. 
However, to do so properly, long-term observations with thermistor chains that cover 
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the full depth of the lake are needed. Furthermore, additional sensors upstream and 
downstream at the entrance and exit to the canyon would be particularly valuable for 
future modeling. 
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Abstract  

Eutrophication in lakes and reservoirs plays a key role in aquatic environments and water 
quality management by affecting oxygen and nutrient cycles, especially in deep and large 
impoundments. Prior to reservoir construction, understanding the potential for eutrophication 
would provide valuable information to water resources planners on the critical factors affecting 
eutrophication and how reservoir operations might need to be limited or controlled. The pre-
impoundment problem, by definition, can only be studied by numerical models, and herein a 
methodology for applying three-dimensional (3D) hydrodynamic and ecosystem models is 
proposed. In this paper, the 3D hydrodynamic model ELCOM is coupled with the dynamic 
ecosystem model CAEDYM to simulate the oxygen and nutrient cycles (eutrophication 
processes) in a planned deep reservoir in southwest Iran (Abolabbas reservoir). The effects of 
three scenarios (one normal and two drought conditions) on the reservoir’s eutrophication are 
investigated. Simulated are the life, metabolism, and the settling/re-suspension cycles for two 
groups of phytoplankton (cyanobacteria and chlorophytes), as well as the nitrogen-
phosphorous-carbon and dissolved oxygen cycles within the water column. To evaluate the 
eutrophication, the Trophic State Index (TSI) and Vollenweider’s model are applied to the 
model output for the total phosphorus (TP). The results show that under normal conditions the 
reservoir should be oligotrophic, whereas the drought scenarios cause a general lowering of the 
water quality indices and the development of a mesotrophic-eutrophic or even a fully eutrophic 
state. Under drought conditions the reservoir might suffer from severe oxygen depletion, 
especially in the hypolimnion. The analyses indicate further that phosphorus in the reservoir's 
inflow is the eutrophication-limiting factor for all the scenarios. The sensitivity analysis 
indicates that the wind drag coefficient, the light intensity, and the sediment-oxygen exchange 
exhibit the strongest influence on the modeled eutrophication state in the planned reservoir. 

Keywords: Eutrophication, pre-impoundment assessment, ELCOM-CAEDYM numerical 
modeling, Abolabbas reservoir 
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4.1 Introduction 

Eutrophication, occurring by primary and secondary production as a result of increased 
nutrient levels, namely, nitrogen and phosphorus (Vollenweider, 1975), threatens the 
aquatic environment and water quality in many lakes and reservoirs (Chin, 2013). 
Effects of eutrophication include decreasing water clarity due to excessive growth of 
plants, depletion of dissolved oxygen in bottom layers (especially for deep reservoirs), 
and increasing pH. The latter is known to increase the toxicity of some chemical 
compounds found in lakes and reservoirs (USEPA, 1994). Eutrophication can be 
considered a natural process that is a step along the geological time-scale evolution of 
the landscape, as lakes accumulate sediment, then evolve into swamps, peat bogs, and 
eventually disappear into meadows. However, for constructed reservoirs we seek to 
break the natural geological evolution and maintain a pristine water source for human 
use.  

Reservoirs can be prone to eutrophication as they typically accumulate water from a 
large upstream watershed with unnaturally high nutrient and sediment loads due to 
human activities and are, consequently, experiencing more extensive and/or rapid 
eutrophication than natural lakes (Kennedy et al., 1985; Smith et al., 1999). The 
resulting growth of summer algal blooms can adversely impact the reservoir’s 
ecosystem and its water quality (WHO, 2004). Eutrophication in a deep reservoir with 
summer stratification typically leads to reduced dissolved oxygen replenishment in the 
hypolimnion and the development of hypoxic dead zones, which are often located 
where sediment-oxygen demand is a controlling factor.  

The number of reservoirs with water quality problems appears to be increasing in arid 
and semi-arid mid-latitude regions of the world, arguably due to decreasing inflows and 
the warming climate (Desortova and Puncochar ,1998; IPCC, 2007). Climate change is 
expected to affect sustainable reservoir discharge rates, water levels, water residence 
time, and the reservoir ecosystem (Mortsch and Quinn, 1996; Malmaeus et al., 2006). 
Understanding how changes in environmental forcing related to the sustainable 
reservoir output requires a good knowledge of the complex intertwined hydrodynamic 
and limnological processes that lead to eutrophication.  

Hydrodynamic processes and the thermal state are the main drivers of the reservoir’s 
ecosystem; these dictate the stratification that controls the temporal and spatial 
distribution of nutrients and dissolved oxygen. The latter, in turn, directly affect the 
eutrophication state (Vincent et al., 1991; Hamilton and Schladow, 1997; Schladow and 
Hamilton, 1997; Löffler, 2004).  

Clearly, it would be valuable to understand the potential for eutrophication in a reservoir 
prior to construction, so that offtake locations and the operational yields could be 
designed to inhibit or minimize possible eutrophic conditions (USACE, 1987, Zamani 
et al., 2012). Changes to the dam structure after completion are typically infeasible, due 
to costs and/or structural impediments (Marce et al., 2010). Moreover, during the initial  
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6-10 years of the reservoir impoundment, the eutrophic state can be slowly evolving 
towards its long-term behavior (USACE, 1987), which implies that initial data 
collection might not provide an accurate estimate for the multi-decadal-, to century- life 
cycle that is typically expected for a reservoir. It follows that a pre-impoundment study 
of a proposed reservoir can be useful for both the reservoir design and the initial 
reservoir management.  

To date, the only viable approach for a pre-impoundment study is application of coupled 
hydrodynamic and ecosystem models. Such models have been applied in studies of a 
wide range of limnological systems (Imberger and Patterson, 1989; Straškraba and 
Gnauk, 1985; Ji, 2008). The various hydrodynamic and ecological processes that affect 
eutrophication can be simulated with some confidence, albeit depending on the kind 
and complexity of such a model (see Section 2) as well as the skill of the modeler. 

This study investigates the hydrodynamics, temperature, dissolved oxygen and 
eutrophication state for the proposed Abolabbas reservoir in southwest Iran (Khuzestan 
Province). The reservoir stratification and mixing processes, as well as the phosphorus 
and oxygen cycles are simulated to predict the performance of the reservoir under 
normal and two drought conditions. For this work the 3D Estuary, Lake and Costal 
Ocean Model (ELCOM) is coupled to the Computational Aquatic Ecosystem Dynamic 
Model (CAEDYM) (Hodges and Dallimore, 2010; Hipsey et al., 2006). 

As this is a pre-impoundment study, the Abolabbas reservoir model cannot be directly 
calibrated or validated with in-situ sampled data. It has been proposed that reservoirs 
with similar conditions in the same area can be used in such cases (USACE, 1987). The 
nearby Karkheh reservoir (located 180 km to the northwest) was selected to provide 
these comparisons. Furthermore, the Maroon reservoir (located 100 km to the south), 
for which a eutrophication analysis has been conducted, is used for comparison of the 
eutrophication analysis. These reservoirs are in the same watershed and same 
limnological classification with the Abolabbas reservoir (warm-monomictic). 
Moreover, the Karkheh and Maroon reservoirs have passed their post-impoundment 
transition period (operating for 12 and 15 years, respectively) and are now in a relatively 
stable limnological state.  

The purpose of a pre-impoundment study is to determine if there are any unusual 
features in the proposed system that would make its operation different than nearby 
limnologically-similar reservoirs. That is, the a priori assumption is that the proposed 
reservoir should have similar behaviors to existing nearby reservoirs, which will be 
captured by an uncalibrated model (using standard coefficients). If the results from the 
uncalibrated model show significantly different behaviors, and/or eutrophication is 
extremely sensitive to parameters that have a large uncertainty range, then there is cause 
for concern and a more detailed study of the proposed reservoir is needed.  
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4.2 Modeling of hydrodynamic and ecological processes in reservoirs  

Hydrodynamic processes that control distribution of nutrients and biochemical 
parameters play key roles in determining the ecological conditions in a water body 
(Vincent et al. 1991). The challenge is: how to model such processes in a reservoir that 
does not yet exist? Clearly, there is no data yet available for calibration or validation. 
So if we are to make any progress with a pre-impoundment study we need to use models 
that either require no calibration, or where hydrodynamic or water quality related 
coefficients can be set to generally accepted values.  

It is well understood that the simplest approach, a 0-dimension box model, cannot 
represent the complex interplay that inhomogeneous spatial distributions have on 
ecology (Imberger and Patterson, 1989; Hamilton and Schladow, 1997). At the next 
level of complexity, 1D vertical-layer models (e.g. DYRESM, Imberger and Patterson, 
1981) are able to represent the dominant effects of light penetration and thermal 
stratification, but the 2D lateral inhomogeneities are lost and the vertical transport 
between layers must be parameterized with a turbulence model. The important insight 
developed over the past 15 years is that lake vertical mixing (i.e. mixing between 
thermal layers) is dominated by processes along sloping boundaries where the 
metalimnion intersects the benthic boundary layer rather than vertical processes in the 
interior (Boegman et al., 2003; Yeats and Imberger, 2004; Marti and Imberger, 2006). 
Unfortunately, 1D models parameterize mixing as a form of turbulent diffusion that is 
functionally based on the lake area rather than perimeter effects. The boundary mixing 
is strongly affected by internal wave breaking on the sloping boundaries and internal-
wave-driven pumping of the benthic boundary layer, which are inherently 3D (Valerio 
et al. 2012). In stratified reservoirs, these phenomena depend on relationships between 
the wind-driven forcing and the bathymetry (e.g. Hodges et al., 2000; Laval et al., 
2003). There does not presently exist any simplified model for predicting the 1D mixing 
effects of 3D internal wave breaking, so a 1D vertical model requires calibration by 
field measurements (e.g. Spigel et al., 1986; Gal et al. 2002; Romero et al. 2004). Even 
so, the inadequate modeling of internal mixing processes and the insufficient 
representation of bottom boundary-layers may cause considerable discrepancies 
between simulated and observed values (e.g. Gal et al., 2002). Therefore, in a pre-
impoundment study without field data, vertical mixing in a 1D model would require a 
companion lake with sufficiently similar physical forcing and bathymetry to be used 
for calibrating model coefficients; obtaining a sufficiently similar lake is an almost 
impossible challenge. In contrast, internal waves can be well represented (within limits, 
e.g. Hodges et al, 2006) by a 3D model using coefficients from the literature and without 
calibration (Hodges, et al 2000). Thus, a 3D hydrodynamic model is preferable for a 
pre-impoundment study of the possible stratification physics in a reservoir. 

A 3D model is also preferable for ecosystem modeling in a pre-impoundment study. 
The nutrient and phytoplankton dynamics in a 1D simulation provide the average 
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concentrations in a layer and compute the response using equations applied to these 
average values. However, for any nonlinear process the spatial average of the local 
response to stimuli (which is what we would like to know) is not the same as the 
response equations applied to the spatially-averaged values (which is what a 1D model 
predicts). Thus, a 1D ecological model is inherently homogenizing the ecological 
process equations across two spatial dimensions. It follows that the ecological process 
coefficients in a 3D model (explicitly representing spatial inhomogeneity) should be 
closer to the laboratory-determined coefficients than those of a calibrated 1D model.  

In this study the 3D Estuary, Lake and Costal Ocean Model (ELCOM) is coupled with 
the Computational Aquatic Ecosystem Dynamic Model (CAEDYM) (Hodges and 
Dallimore, 2010; Hipsey et al., 2006) for simulation of the limnological processes and 
eutrophication of the planned Abolabbas reservoir. 

ELCOM is a 3D hydrodynamic flow and transport model for simulating temporal 
variations of flow temperatures and densities in thermally (density) stratified lakes and 
reservoirs with environmental forcing (inflows, winds, radiation). The model uses 
numerical solution of the Reynolds-averaged Navier-Stokes (RANS) equation for flow 
and a scalar transport equation for temperature (or solutes). The governing equations 
use both the hydrostatic approximation (neglecting non-hydrostatic pressure) and the 
Boussinesq approximation (neglecting density variations except in buoyancy terms) 
(Cassuli and Cheng, 1992; Hodges, 2000; Hodges and Dallimore, 2010).  

CAEDYM is an aquatic ecological model which includes comprehensive process 
representations of the C, N, P, Si and DO cycles, several size classes of inorganic 
suspended solids, and phytoplankton dynamics with numerous options for additional 
biological and state variables to represent species or group-specific ecological 
interactions (Hipsey et al., 2006). For this research, CAEDYM is configured to simulate 
the two groups of phytoplankton (freshwater cyanobacteria and chlorophytes), 
nutrients, oxygen, two groups of suspended solids, and 14 groups of geochemical 
components. A diagenesis sub-model is activated for the simulation of sediment and 
benthic exchanges.  

4.3 Location of the study region 
There are plans to construct a concrete arch dam to create a reservoir on the Abolabbas 
River northeast of Bagh-Malek town in Khuzestan province, southwest Iran. 
Downstream of the planned dam, the Abolabbas River joins the Jarahi River and 
eventually flows into the Persian Gulf (Fig. 4.1). The Abolabbas dam is the further 
upstream of two proposed dams, which are projected to supply downstream irrigation 
needs, urban water supply for Bagh-Malek, and hydroelectric power. The dam site is 
located in a section of the river without significant upstream water withdrawals or 
wastewater release. The reservoir will have a capacity of 75×106 m3, and a catchment 
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Fig. 4.1 Study area with location of the Abolabbas dam, Iran, and the model mesh with bathymetry (in m) 

 

area of 155.6 km2. The catchment has a pristine natural environment with no known 
point pollution sources.  

The data used in the modeling is from year 2007. The water quality data was collected 
on a monthly basis during that year at 5 sections of the river, including the proposed 
dam-site and upstream of the likely inlet to the reservoir at its proposed operating level. 
Hourly meteorological data were collected at the two nearest Iranian Meteorological 
Organization stations, Bagh-malek, 1 km southwest of, and Izeh, 30 km north of the 
dam-site. Hydrological data includes the daily river flow series for 2007 and a 40-year 
monthly flow series. The average annual flow is 3.39 m3s-1, but is seasonally variable. 

4.4 Model setup and simulation scenarios 

The coupled ELCOM-CAEDYM model for the Abolabbas reservoir has 200 m×200 m 
horizontal and 2 m vertical resolution, resulting in 12×23 elements for the horizontal 
grid at the maximum surface level of the reservoir. The maximum depth of 130 m in 
the narrow thalweg of the reservoir requires 65 layers, but the depth decreases strongly 
along the sharply sloping canyon flanks (see the bathymetry plot of Fig. 4.1).  

Because both ELCOM and CAEDYM conduct computations only on cells that contain 
water, there are a total of 2616 computational cells rather than the 17,940 implied by 
the raw grid size. This grid resolution would be considered coarse for post-
impoundment studies where data are available and observations can be used to constrain 
the model such that only a small number of simulations are typically needed. However, 
pre-impoundment studies require simulation of a wide range of scenarios, each for a 
full year of simulation, along with implementation of sensitivity analyses (with herein 
more than 60 simulations) that requires perturbing model parameters. While such 
simulations might be conducted at fine grid resolution on a supercomputer, most water 
resource agencies are limited to desktop workstations during preliminary reservoir 
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studies. Thus, of particular interest is the ability to conduct pre-impoundment studies 
without resorting to supercomputer resources. The question of whether a model grid is 
too coarse for a pre-impoundment study revolves around whether or not the grid 
captures the critical physics that is driving the evolution of the thermal structure. That 
is, as the horizontal grid is coarsened, in the limit the 3D model would become a 1D 
vertical model, which requires calibration of the physics (as discussed above). Hodges 
et al. (2000) demonstrated that basin-scale internal waves and their physics could be 
approximated at 400 x 400 m resolution without calibration, albeit within a larger lake. 
Results herein (see Sec 6.2) indicate that the thermal structure is adequately represented 
for the Abolabbas reservoir, which makes the coarse-resolution model acceptable for 
the kind of a pre-impoundment study proposed here. 

Model inflows are the daily-measured river flow upstream of the future dam site for the 
year 2007. The Abolabbas River provides the main and only permanent inflow into the 
reservoir. Other ungaged tributaries with short-term inflows from small sub-basins 
around the reservoir were neglected. Outflow conditions include a hydropower outlet 
at the elevation of 1090 m and an irrigation outlet at 1055 m above sea level (masl), 
corresponding to 63 m and 95 m below the proposed normal reservoir operating level, 
respectively. The outflow rates were defined by the water resources plan of the project 
(Mahab, 2005). The corresponding water quality parameters including oxygen, 
phosphorus and other standard contaminants (e.g. organic carbon, nitrate, nitrite, etc.) 
were measured at the reservoir inflow section during year 2007. As an initial condition, 
a water column profile from the nearby Karkheh reservoir (which is in the same “warm 
monomictic” limnological class with the Abolabbas reservoir) during the overturn 
period (when the reservoir is vertically well mixed) was applied across the entire model 
domain.  

It is well understood that 3D-hydrodynamic models can often be used without 
calibration by employing standard coefficients for the k-epsilon turbulence sub-model 
and boundary drag. This has been clearly indicated by Chung et al. (2009) who showed 
that ELCOM provided excellent agreement with field measurements for surface 
thermodynamics and mixing processes without calibration. Lee et al. (2013) also used 
accepted literature values in simulating the thermal stratification and fate and transport 
of contaminants after a large flood event in a deep and stratified reservoir with the 
coupled ELCOM-CAEDYM model. Their validation with field data indicated that the 
model performed well (within acceptable error) in simulating water temperature 
profiles and vertical mixing in both normal conditions and during the flood event.  

Although ecosystem models can be difficult to parameterize, Yajima and Choi (2013) 
successfully used ELCOM-CAEDYM with mostly default parameters to simulate the  
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Table 4.1 Parameters used in the ELCOM simulation 

Parameter Description Unit Value 

CD Bottom drag coefficient - 0.055 

λPAR Light extinction coefficient for Photosynthetically Active Radiation m-1 0.25 

αsw Mean albedo for short-wave radiation - 0.08 

αlw Mean albedo for long-wave radiation - 0.03 

CD Bulk-transfer constant for momentum flux at air-water interface - 0.013 

CH/S bulk-transfer constant for scalar fluxes at air-water interface - 0.013 

 

Table 4.2 Parameters used in the CAEDYM simulation 

Parameter Value Description 

rSOs 0.3 Static sediment exchange rate (g DO m2 per day) 

KSOs 5.0 DO Half-saturation constant for sediment dissolved oxygen fluxes (mg DO 
L-1) 

kOP,kON 0.01 POP and PON aerial mineralization rate (d-1) 

KOP,KON 5.0 Half-saturation constant for POP and PON mineralization 

YP:chla 0.3 Fixed algal P to chlorophyll-a ratio (mg N/mg chla) 

YN:chla 9.0 Fixed algal N to chlorophyll-a ratio (mg N/mg chla) 

kn 0.02 Nitrification rate (d-1) 

kd 0.01 Denitrification rate (d-1) 

Kd 0.5 DO half saturation constant for denitrification 

YO:C 2.67 Photosynthetic stoichiometry ratio of DO to Carbon (mgDO /mg C) 

YC:chla 40 Carbon to chlorophyll-a ratio (mg C/mg chla) 

θNIT,θDNIT 1.08 Nitrification and denitrification temperature multipliers (constant) 

TS G,B 20 Standard temperature for algal growth (°C) 

TO G,B 28,30 Optimum temperature for algal growth (◦C) 

TM G,B 35,39 Maximum temperature for algal growth (◦C) 

τC G,B 0.001 Critical shear stress for algal resuspension (N/m2) 

ηw 0.25 Light extinction coefficient (Photosynthetically Active fraction) (constant) 

   

changes in phytoplankton biomass in a reservoir. Their results showed good agreement 
with field measurements for water temperature, dissolved oxygen, turbidity, nutrients 
and phytoplankton. In a pre-impoundment study, there is no choice, but to accept 
default parameters for both the hydrodynamic and ecological modeling. However, as 
mentioned, sensitivity analyses, which are often neglected in post-impoundment 
studies, are vital in pre-impoundment studies to evaluate the critical parameters 
affecting the model results (e.g. USACE, 1987; Hamilton and Schladow, 1997; Yajima 
and Choi, 2013). The key parameters used for the baseline models herein are provided 
in Table 4.1 and Table 4.2, which are obtained from studies in regions within a similar 
limnological category (Hamilton and Schladow, 1997; Romero et al., 2004; Hipsey, 
2006; Marce et al., 2010). 
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Three different scenarios are simulated: 1) A reservoir at the normal operating level and 
two open irrigation and power outlets (coded as FULRES), 2) a full reservoir with low 
flow (FULWF), and 3) a minimum reservoir level with low flow (MINLWF). The 
FULWF case represents the ideal operating condition at the start of a drought, whereas 
the MINLWF represents non-ideal operating conditions when a drought is not 
recognized, and the reservoir is drawn down to the minimum level prior to imposing 
low flow limits. 

4.5 Results and discussion 

The simulation results for water temperature in the Abolabbas reservoir are similar to 
observed values from the Karkheh Reservoir (Fig. 4.2). These two reservoirs have 
similar depths and experience relatively similar meteorological conditions, so that 
similar thermal behavior is expected. The correspondence between the model output 
and the observations indicates that the standard physical coefficients are acceptable for 
use in ELCOM. The model captures the deepening of the thermocline, the magnitude 
of the stratification, as well as the pattern of surface cooling for the entire simulation 
period with acceptable accuracy. 

An assessment of the model performance was performed by defining the absolute mean 
error (AME) and the root mean square error (RMSE) for each of the assessed output 
variables: 

 𝐴𝑀𝐸 =
1

𝑛
(∑|𝑋𝑖 − 𝑀𝑖|

𝑛

𝑖=1

) (4.1) 

 

 𝑅𝑀𝑆𝐸 = √
1

𝑛
∑(𝑋𝑖 − 𝑀𝑖)2

𝑛

𝑖=1

  (4.2) 

where Xi is the observed value from the reference Karkheh reservoir, Mi is the 
corresponding value simulated by the model for the Abolabbas reservoir, and n is the 
number of data values. The output parameters validated are water temperature, oxygen 
and phosphorus, i.e. the key factors dictating the eutrophic conditions. Table 4.3 lists 
the statistical results of the validation process. We believe that these error measures are 
acceptable for a pre-impoundment prediction of the eutrophic state of the Abolabbas 
reservoir. 

 

 Simulation scenarios 

 Comparison to Karkheh Reservoir 
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In the Abolabbas reservoir’s watershed, the land sources for N and P are mainly non-
point sources (e.g. agricultural fertilizers) in the landscape runoff. There are no 
 anthropogenic point-sources, as the upstream catchment does not include residential or 
industrial development. Within the lake itself, important nutrient sources/sinks  
 

 
Fig. 4.2 Results of model validation for water temperature 

 
Table 4.3 Statistical results of the model validation 

Variable Unit 
Mean 
(simulated) 

Mean 
(observed) 

AME RMSE 

Water temp. °C 17.90 18.70 1.20 0.36 

Dissolved 
Oxygen 

mg/L 7.00 9.10 2.32 1.31 

Phosphorus mg/L 0.028 0.037 0.019 0.010 

      

 Nutrients and eutrophication analysis 
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considered in this study are the surface exchange of N with the atmosphere, 
sediment/benthic nutrient exchanges, and phytoplankton dynamics.  

Nitrogen (N) and phosphorus (P) are the primary nutrients causing eutrophication and 
are the main controllable nutrients in most systems (Chapra, 1997). Although P is often 
known as the eutrophication limiting nutrient in reservoirs, the N:P ratio is typically 
used to specifically identify the limiting nutrient. An N:P ratio greater than 7.2 indicates 
P as the limiting nutrient (Chapra, 1997). The total N and P input loads into the 
Abolabbas reservoir are 16898 kg/yr and 929 kg/yr, respectively, demonstrating that P 
is the limiting nutrient in the reservoir. 

In the eutrophication analysis we apply two of the most common trophic state 
identification models, the Trophic State Index or TSI, (Chin, 2013) and that of 
Vollenweider (1975). In lakes that are P-limited the TSI is usually assessed by the water 
transparency, as measured by a Secchi disk (Carlson, 1977). The TSI is considered to 
be directly related to the total phosphorus (TP) and the concentration of Chlorophyll 
(Chla). Using correlations between Chla, TP, and Secchi depth, the TSI is estimated by: 

 𝑇𝑆𝐼 = 4.14 + 14.43 𝑙𝑛(𝑇𝑃) (4.3) 

Table 4.5 shows the TSI categorization of the trophic state of a lake.  

Vollenweider’s eutrophication model also suggests that in P-limited systems the trophic 
state is correlated with TP. Table 4.6 shows the trophic state classification, according 
to Vollenweider’s model. The hypolimnetic saturated DO values are calculated from 
the correlation between water temperature and saturated dissolved oxygen 
concentration as provided by USEPA criteria (USEPA, 2012). The results of the 
eutrophication analysis of the nearby Maroon and Karkheh reservoirs (Ghorbani, 2006; 
Parham et al, 2008; Salimi-Nasab et al., 2008) were compared with the eutrophication 
analysis for the Abolabbas reservoir to ensure that our results are reasonable. Both 
existing reservoirs are classified as oligotrophic-to-mesotrophic. The critical 
concentrations indicating eutrophication are selected from the simulated and 
corresponding measured values during the winter overturn time, as the nutrient 
concentrations in summer are low, due to algal uptake (Chin, 2013). A comparison 
between the reservoirs and simulations is provided in Table 4.6. 

The full reservoir scenario (FULRES) serves as the baseline, as it describes normal 
conditions prevailing in a reservoir. The simulation results, shown in Fig. 4.2 and Fig. 
4.3a, indicate the general limnological behavior of the reservoir. The results show that 
the typical “warm monomictic” limnological classification can be expected for the 
reservoir. This is confirmed by both types of lakes categorization, as proposed by 
Hutchinson and Löffler (1956) and Löffler (2004). For the summer, which is the season 
with the strongest temperature stratification of the reservoir, Fig. 4.2 indicates that T  
 

 Limnological analysis and full reservoir (FULRES)-scenario 
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Table 4.4 Trophic state classification of lakes according to TSI (Chin, 2013) 

TSI range <40 35-45 45-60 >60 

Trophic state Oligotrophic Mesotrophic Eutrophic Hypertrophic 

     
 

Table 4.5 Trophic state classification based on total phosphorus concentration by 
Vollenweider’s advanced model (Chapra, 1997) 

Variable Oligotrophic Mesotrophic Eutrophic 

Total Phosphorus (mg L-1) <0.010 0.010 – 0.020 >0.020 

Hypolimnion oxygen (% saturation) >80 10 – 80 <10 

 
 

Table 4.6 Comparison of the simulated results of eutrophication indices in the 
Abolabbas reservoir with observed ones from the Karkheh and Maroon reservoirs 

Parameter Abolabbas Karkheh Maroon 

Hypolimnetic DO (% Saturation) 28 38 20 

TP (mg/L) 0.006 0.005 0.007 

Trophic state O-M* O-M O-M 

*O: Oligotrophic; M: Mesotrophic 

 

decreases from a high 30 oC at its surface to a low 15 oC at its bottom. The T-panel of 
Fig. 4.2a shows that the main overturn process inside the reservoir starts at the end of 
December and has disappeared by the middle of April, when stratification starts with 
the rising air temperatures. Stratification reaches its peak in July/August, when the air 
temperature climbs to extremes of 45ºC in the study region. The depth range of the 
thermocline is between 18 and 48 m, and a maximum temperature difference of nearly 
20ºC is observed between epilimnion and hypolimnion during the summer months. 

The temporal evolution of dissolved oxygen (DO) and total phosphorus (TP) in a water 
column are shown in Fig. 4.3b, and c. A typical TP distribution along the vertical 
longitudinal cross-section of the reservoir is shown in Fig. 4.3d. With a simulated P 
concentration of 0.005 mg L-1, Vollenweider’s model (Table 4.6) indicates an 
oligotrophic reservoir, which is also corroborated by the TSI = 30 (Table 4.5), 
calculated with Eq. (1).  

The monthly changes in T, DO and TP shown in Fig. 4.3 provide evidence of the 
evolution of the stratification process. Thus, during the peak of the stratification period 
(August), the thermocline isolates the hypolimnion from the layers above, causing 
hypoxia to anoxia, with DO depletion in the hypolimnion that, eventually, leads to a 
release of phosphorus from the sediments (Chapra, 1997). However, this P-release is 
not large enough to impact the trophic state of the reservoir during this normal condition 
simulation. 
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Because of the absence of upstream pollution sources, the total nutrient load into the 
Abolabbas reservoir is only due to non-point sources. The transport of any non-point 
source nutrient is generally positively correlated with the flow rate, which means that 
low inflows during droughts will carry proportionally lower nutrient loads. If the 
upstream nutrient runoff processes are assumed to be linearly related to flow, the inflow 
concentrations will be constant for any flow rate (Zamani, 2012). With this assumption 
the present and the subsequent drought scenario have been executed. Note that this 
approach cannot necessarily be used with nutrient point sources, where the load can be 
relatively independent of, or vary nonlinearly with, the flow rate. 

The results of the FULWF scenario are illustrated in Fig. 4.4. The water level 
experiences a 30 m decrease over the course of the 1-year simulation period. In contrast 
to the FULRES scenario, higher TP concentrations are observed, accentuated by the 
drawdown of the reservoir. Also, the sedimentary TP release starts earlier in the year, 
and reaches again its peak during the summer stratification (August). The DO depletion 
in the hypolimnion is also more pronounced which, likely, has several contributing 
causes. Lower water levels (less surface area) leads to a reduced oxygen transfer from 
the atmosphere (Wanninkhof, 1992), and the downward transport is further inhibited 
by the stronger thermocline. Changes in benthic processes with increased phosphorous 
release can be a further contributing factor (Chapra, 1997). 

With the increase in TP concentration, a TSI increase of up to 58 is obtained, which 
indicates the reservoir could be categorized as eutrophic in the FULWF scenario. In 
addition, the simulated TP concentration of 0.014 mg L-1 with Vollenweider’s model 
indicates a mesotrophic status, which is also in agreement with Vollenweider’s 
advanced model that considers the hypolimnetic DO saturation percentage, indicating 
the trophic state (Chapra, 1980; Chapra, 1997). However, comparing the obtained 
values with the ranges of Vollenweider’s advanced model in Table 4.6, one may notice 
that both the values of TP and hypolimnetic DO of 0.014 mg L-1 and 28% of saturation, 
respectively, provide evidence for a tendency from meso- to eutrophic conditions as the 
severity of the drought increases. Thus, both approaches indicate a significant 
degradation in the eutrophication state when a drought begins with the lake at normal 
(high) operating levels.  

The MINLWF scenario simulates the start of a drought period while the reservoir is at 
its the minimum powerplant operation level, i.e. the powerplant outlet is closed and 
only a minimum planned environmental river flow of 0.2 m3s-1 is released via the 
irrigation outlet. Fig. 4.5 illustrates the results of this simulation scenario. A rapid water 
level drop of 40 m can be seen in summer, as well as an earlier and stronger start of the 
P release from sediments (early July). The calculated TSI for this scenario is 66, 
indicating a completely eutrophic state. This result is also confirmed by Vollenweider’s  

 Drought starting from full reservoir (FULWF-scenario)  

 Drought starting from minimum operation level (MINLWF-scenario) 
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Fig. 4.3 Results of FULRES- simulation: a) Water temperature; b) Dissolved oxygen; c) Total 
phosphorus; d) TP- distribution along a longitudinal cross section over the reservoir thalweg during the 
winter overturn time. 

 

model (Table 4.6), as the simulated TP concentration is 0.075 mg L-1. All this means 
that the eutrophic state has clearly degraded in this MINLWF scenario, when compared 
with the less extreme FULWF scenario. In addition, a permanent DO depletion below 
the thermocline is detectable during the entire simulation period and is much more  
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Fig. 4.4 Results of FULWF- simulation. See Fig. 4.3 for notations 

 

pronounced than the FULWF scenario. The thickness of the hypolimnetic anoxic layer 
varies between 25 m to 50 m over most of the months of the year. 

The key insight from the present study is that the proposed Abolabbas Reservoir, with 
existing non-point nutrient loads from the landscape, will have acceptable water quality 
behavior under ideal operating conditions (full reservoir, normal inflows/outflows).  

 

 Discussion and synthesis 
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Fig. 4.5 Results of MINLWF- simulation. See Fig. 4.3 for notations 

 

However, under drought conditions the water quality will be degraded, due to sediment 
release of P, that is the degradation (increasing TP) is not a function of the inflow P, 
but of the stored P in the sediments. The amount of degradation depends on the water 
level that can be maintained (higher water levels result in reduced degradation). Of 
interest is that the non-point nutrient loads from the landscape are actually decreased 
under drought conditions (due to reduced inflow), but the nutrient release from the 
sediments is increased, such that the trophic state moves through mesotrophic to 
eutrophic with declining lake levels. These results also imply that future catchment 
development including point sources (i.e. nutrient sources that do not reduce linearly 
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with inflow rates) could significantly affect the trophic state of the lake during drought 
conditions, leading to more rapid eutrophication.  

A sensitivity analysis for the key physical and biochemical parameters affecting 
stratification and the phosphorus cycle has been conducted to investigate the 
uncertainty that can be expected with the model. Sixty simulations were performed with 
adjusted values of various input parameter within defined ranges. Table 4.7 lists these 
parameters, together with a summary of the sensitivity analysis results. Here the 
sensitivity S for a variable x is defined as the ratio of a change in the normalized model 
output variable Δy/y0 to the normalized change Δx/x0 of that variable, i.e. S = 
(Δy/y0)/(Δx/x0), where y0 and x0 are the output and input reference values of the 
calibration (e.g., van Griensven et al., 2006).  Here we select TP as the model output 
variable y, given the importance of TP in the ecological cycle and in determining 
eutrophication.  

Following the order of the parameters as listed in Table 4.7, the results of sensitivity 
analysis show that the wind drag coefficient Cwind has one of the highest sensitivities, 
due to its role in generating mixing across the thermocline and setting up internal waves 
(Ji, 2008). In contrast, the results are relatively insensitive to the bottom drag coefficient 
CD as the latter principally controls the dissipation rates at the bottom boundary which 
are small. However, the model is more sensitive to changes in the light extinction 
coefficient η than to the fraction of light incident I in the hypolimnion. Because of the 
Beer-Bouguer and Beer-Lambert laws (Cole, 1983), the intensity of the light weakens 
exponentially through the water column. The light extinction coefficient thus affects 
the strength of the stratification and, hence, works in concert with Cwind in determining 
the thermal structure of the reservoir. 

The highest sensitivities in the chemical/biological parameters are for changes of the 
static sediment exchange rate rSOs and the half-saturation constant for sediment oxygen 
fluxes, KSOs. These both affect the hypolimnetic effects on the benthic water layer, 
immediately above the bottom sediments (Hipsey et al., 2010). The model shows also 
some sensitivity to the phosphorus-related parameters, i.e. the half-saturation constant 
for phosphorus, Kp, and, less so, the maximum rate of the phosphorus uptake, UPmax for 
the simulated phytoplankton (chlorophytes and cyanobacteria). However, the 
sensitivity of UPmax to chlorophytes is significantly lower than those of the parameters 
listed in Table 4.7. 

In summary, the sensitivity analysis indicates that the eutrophication output of the 
model is not overly sensitive to the parameters of either the hydrodynamics in ELCOM 
or of the water quality parameters simulated in CAEDYM. This result is gratifying, as 
it confirms the suitability of the modeling approach for pre-impoundment studies. 

 

 Sensitivity analysis of the model 
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4.6 Conclusions 

In this study, simulations for the Abolabbas reservoir by means of the coupled ELCOM-
CAEDYM model have been conducted with three different operational withdrawal 
strategies for the year 2007. In these simulations the reservoir operating levels, outlet 
conditions, and different inflow/outflows were varied as the forcing conditions to create 
scenarios for a full reservoir under normal operation (FULRES), drought operations 
starting from a full reservoir (FULWF) and drought operations starting from a minimum 
reservoir level (MINLWF).  

The results and the subsequent limnological analysis show the typical “warm 
monomictic” limnological classification can be expected for the reservoir, for which 
the probability of occurrences of eutrophic conditions is high. The comparison of the 
model results to observations in two nearby reservoirs indicate that the temperatures 
and the predicted eutrophication state of the reservoir is reasonable for normal operating 
conditions. 

 In fact, for a normal operating scenario, with a full reservoir and normal inflow, no 
significant problems with eutrophication or dissolved oxygen are seen, so that the 
reservoir can be classified as oligotrophic. During the peak stratification period the 
model predicts a phosphorus release from the sediments which, however, is not large 
enough to change the eutrophic state.  

Simulations for two drought conditions show that significant amounts of phosphorus 
are released from the sediments due to anoxic near-sediment layers. In these situations, 
the reservoir’s eutrophic state changes to mesotrophic and, eventually, to eutrophic, as 
indicated by a rise of the TSI index from 42 to 66. 

The sensitivity analysis of the model indicates that the key model output, total 
phosphorous (TP) concentration, is not dramatically changed by adjusting either 
physical or biogeochemical parameters over an acceptable range. These results indicate 
the model application for a pre-impoundment survey is not unreasonable. Of interest 
here is that the highest sensitivity of the TP concentration is not to a biogeochemical 

Table 4.7 Results of the sensitivity analysis for different parameters (see text for meaning) 

Parameter Specification Assigned value x0 Range of change Δx  Sensitivity(%) 

Cwind  0.013 0.008-0.018 2.8 

η  0.3 0.1-0.9 1.9 

CD  0.055 0.025-0.075 0.9 

KSOs  5 2 -7 1.3 

rSOs  0.3 0.1-0.5 4.4 

KP 
Cyanobacteria 0.008 0.004-0.016 1.8 

Chlorophytes 0.005 0.0025-0.01 1.8 

UPmax 
Cyanobacteria 0.1 0.025-0.5 1.4 

Chlorophytes 0.3 0.06-1.5 0.8 
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parameter, but to the wind drag coefficient, which influences mixing between the 
epilimnion and hypolimnion, and, hence, the replenishment of dissolved oxygen as well 
as the transport of phosphorous out of the hypolimnion. These results appear to confirm 
a wide range of previous studies on the importance of the reservoir’s hydrodynamics as 
the controlling factor on eutrophication. 
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Abstract 

The response of the Maroon reservoir in southwest Iran is modeled to evaluate possible impacts 
of 21st century climate change. Projections of three CMIP5 GCMs are investigated using the 
RCP4.5 and 8.5 scenarios. The raw GCM projections are bias-corrected by quantile mapping 
approaches to provide boundary conditions for the three-dimensional lake hydrodynamic model 
AEM3D. A new overturn bias analysis method is developed to evaluate possible bias in the 
GCM predictors for properly simulating the lake dynamics in the observational (historic) time 
window; the bias was determined to be negligible. The modeling results, quantified by the 
analysis of various limnological parameters (onset and length of mixing and stratification 
periods, hypolimnion and epilimnion thickness and temperature, Brunt-Väisällä frequency and 
Schmidt stability) indicate for RCP4.5 a continuous reduction in the lake’s winter mixing with 
a complete suppression by the end of the 21st century, implying a switch from monomictic to 
weakly oligomictic behavior. Under the greater warming of RCP8.5, the behavior transition 
occurs abruptly in the late 2050s in the form of a tipping point, followed by intermittent 
oligomictic behavior and transitioning to complete meromixis within a decade. The change in 
behavior occurs because the surface and mixing temperatures significantly increase due to 
climate warming, whereas the hypolimnion is less altered, partly due to milder warming of cold 
winter river inflows (underflow) and partly due to strengthening stratification. The climate-
change-induced tipping point for the thermal regime of the Maroon reservoir might serve as an 
indicator of the potential fate for other warm-monomictic lakes/reservoirs. 

Keywords: 3D hydrodynamic model, bias correction, CMIP5, AEM3D, lake thermodynamics, 
arid and semi-arid region 

5.1 Introduction 
Lakes and reservoirs are the endpoint for the hydrologic and ecosystem processes of 
their catchment and are process integrators over both space and time. Climate change 
directly affects sustainable water resource management through allowable discharge 

 
1 Zamani B, Koch M, Hodges BR. 2021. A potential tipping point in the thermal regime of a warm-monomictic 
reservoir under climate change using three-dimensional hydrodynamic modeling. Inland Waters, 11:3, 315-334. 



100 

 

rates, water levels, and water residence time from a lake (Mortsch and Quinn 1996). 
More indirectly, climate change has the potential to alter the thermal "memory" of a 
lake through interannual changes to the stratification regime, which in turn alters 
mixing processes and possibly long-term ecosystem sustainability. The annual 
evolution of the thermal structure of lake is a time-space integration of oscillatory 
nonlinear processes from weather and climate, catchment runoff, and the flux balances 
within the water body itself. Further, the interannual evolution of the thermal structure 
depends on the accumulation of these successive small net changes over multiple years 
to decades. The mixing regime of a lake is typically considered an invariant or slowly-
changing characteristic, but climate change provides the possibility of rapid regime 
transition – a tipping point. A tipping point, if it exists, occurs when gradual change 
leads to some critical feedback effect that rapidly alters successive behavior. As such, 
the behavior at and beyond the tipping point cannot be extrapolated or calibrated from 
prior behavior, but requires mechanistic system models to understand.  

The existing literature is neither dispositive nor unanimous on the likely effects of 
climate change on lakes around the world. Prior lake-specific research, such as studies 
in Table 5.1, provide insight into climate change effects for these systems, but such 
results cannot be used to predict likely outcomes for systems with significantly different 
geographical and/or local forcing conditions (O’Reilly et al. 2015). In particular, 
catchment effects have been previously modeled using only trends (e.g. Wahl and 
Peeters 2014; Elshemy et al. 2016; Råman Vinnå et al. 2017, etc.), or with a single 
General Circulation Model (GCM) (e.g. Modiri-Gharehveran et al. 2014; Tang et al. 
2015; Sahoo et al. 2016) rather than GCM ensembles (Aalbers 2018), or through 
calibration of surface temperatures from historic satellite data (e.g. Woolway and 
Merchant 2019). For the purposes of analyzing thermal regime change, a critical flaw 
in prior reduced-dimensional studies, i.e., one-dimensional (1D) or two-dimensional 
(2D) models, is that they cannot capture changes of internal mixing mechanisms 
associated with underflows, interflows, or internal waves that are outside the calibration 
or trend data used for thermal modeling. Despite these caveats, prior studies of lake 
response to climate change do provide some insights into expected behaviors. Climate 

 
 

Table 5.1 Examples of lakes with climate change impact studies 

Name Dimensions / depth 
(max) 

Climate / classification Modeled climate 
change scenarios 

 Remarks 

Lake Tahoe  
(U.S.) 

35×19 km / 500m Dry hot summer Dsb / 
warm-monomictic 

A2, B1 (CMIP4) Sahoo et al. (2016) 

Oneida Lake  
(U.S.) 

33×7 km / 16.8 m Warm summer humid 
cont. (Dfb) / polymictic 

A1, B1 (CMIP4) Hetherington et al. 
(2015) 

Lake Geneva 
(Switzerland/France) 

73×14 km / 310 m Temperate (Cfc) / warm-
monomictic 

A0, B0, C0 (CMIP4) Schwefel et al. (2016) 

Lake Maggiore 
(Italy) 

64 × 10 km / 372 m Humid subtropical (Cfa) / 
Oligomictic 

A1B, A2 (CMIP4) Fenocchi et al. (2017) 
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change generally results in longer and more intense stratification periods (e.g. Sahoo et 
al. 2016), with warmer surface temperatures and longer hypoxic/anoxic periods (e.g. 
Hetherington et al. 2014). Oligomictic lakes show a tendency toward longer periods 
without mixing and, possibly, transition to permanent stratification (thermal 
meromixis2) (e.g. Fenocchi et al. 2018). For many cold temperate lakes (those that are 
either dimictic monomictic (Woolway and Merchant, 2019). For warm-monomictic 
lakes in hot and arid regions (the focus herein), the global lake study by Woolway and 
Merchant (2019) shows the possibility of transition from monomictic to meromictic; 
i.e., climate warming overcomes weak winter cooling and allows stratification to extend 
over multiple years, but their approach cannot categorically prove a thermal regime 
transition as it relies on simplified modeling developed outside of such transitional 
conditions. In any case, none of the existing studies analyzes the changes in physical 
mechanisms across the thermal regime transitions for any specific lake.  

The mechanisms driving thermal regime transition might be through (i) increased 
thermal input in summer, (ii) decreased cooling in winter, (iii) changes in mixing 
energetics, (iv) changes in catchment input, or (v) some combination thereof. Lakes 
have nonlinear feedbacks between internal mixing, inflows, atmospheric thermal 
forcing, and wind mixing that will control how climate effects are distributed through 
a lake in space and time. For example, if an increase in thermal energy is equally 
distributed over the depth, then the change from monomictic to permanent stratification 
(thermal meromixis) is less likely as the relative stratification strength remains 
consistent over time (i.e., transitioning to meromixis would then require a net decrease 
in the annual input of mixing energy). In contrast, if thermal inputs are biased towards 
the epilimnion and strengthens the stratification, then a change to permanent 
stratification (thermal meromixis) is more likely and could form a tipping point; i.e., 
once the threshold to thermal meromixis is crossed the stratification memory of the lake 
is enhanced each year rather than reset to winter uniform values. Thus, models that 
represent the nonlinear physical mechanisms of transport and mixing of thermal energy 
are of crucial importance to understanding the potential for thermal regime change. 

The vertical distribution of thermal energy in a lake cannot be directly parameterized 
from first principles using only the wind-induced mixing as it also depends on mixing 
events along the boundaries that are controlled by the internal wave field (Boegman et 
al. 2005; Marti and Imberger, 2006). The internal waves are inherently three-
dimensional (3D) phenomena that depend on the stratification, wind forcing, and river 
inflows. Arguably, 3D models are necessary to understand the physics underlying 

 
2 Although in classical limnology the term meromixis has been used historically to describe 
only chemically- and salinity-induced permanent stratification (e.g. Findenegg 1933; Hutchinson 1957), 
more recent lake literature (e.g. Boehrer and Schulze 2008; Woolway and Merchant 2019) has broadened 
the term to also include thermally-induced stratification in the class of meromixis. However, to not 
further adding confusion to this scientific debate, we prefer in the context of the present study to 
associate the term meromixis with "thermal meromixis" and will thus name it like this heretofore. 
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thermal regime transitions. Previously, 1D and 2D models have proven effective in 
general reservoir management (e.g. Romero et al. 2004; Marcé et al. 2010; Takkouk 
and Casamitjana 2016; Schwefel et al. 2016); however, the reduced spatial dimension 
implies the nonlinear 3D spatial mixing mechanisms are averaged in the model (e.g., 
Bolkhari 2014; Thiery 2015; Lee et al. 2015; Hetherington et al. 2015; Schwefel et al. 
2016), which inherently requires calibration from observed data. Such models should 
be considered with caution outside of their calibration range. For example, the global 
lake study of Woolway and Merchant (2019) used the one-dimensional (1D), two-layer 
FLake model (Mironov 2008) with empirical mixing parameterizations. There is an 
unanswered question as to whether the FLake model parameterizations include 
sufficient real-world data of lakes transitioning from monomictic to oligomictic or 
thermally meromictic. We argue that reduced-dimensional models cannot be used to 
infer controlling mechanisms for regime transitions or how behavior changes crossing 
a tipping point unless observations of such phenomena are included in the calibration 
data set. On the other hand, well-founded 3D hydrodynamic models have proven robust 
in representing the annual thermal evolution of lakes and reservoirs, even when using 
a priori literature coefficients rather than a posteriori calibration coefficients (Liu et al. 
2014; Zamani et al. 2018; Zamani et al. 2020). Further details are provided in Appendix 
3. 

Evaluating error uncertainty and bias in using and downscaling GCM climate 
predictions remains a challenge (Onyutha et al. 2016; Prudhomme and Davies 2009). 
Of interest in the present work is whether such error could be exacerbated by a lake 
physics model as it integrated through time. That is, overall predictions could be biased 
if the lake thermal model has a consistent tendency to gain or lose small amounts 
thermal energy over annual cycles. Fortunately, warm monomictic lakes provide a 
simple avenue for bias analysis that we have not seen previously exploited in the 
literature: For such a lake, the winter mixing period provides a homogenous condition 
where knowing only a single temperature value provides a proxy for the total lake 
thermal content. Hence, the historic record can be used to analyze bias by comparing 
the difference between the model-predicted and observed winter mixed temperatures. 
Analysis of this difference over a number of seasons provides indication of whether the 
model has a thermal bias. This issue is critical for long-term modeling of warm 
monomictic lakes because the winter mixing temperature is the initial condition for the 
following year – an integrated memory of the residual from the prior year's thermal 
budget that is carried over into future behavior. Therefore, a model that consistently 
provides a slightly higher (or lower) winter state can be expected to bias thermal 
accumulation in long-term simulations. 

We hypothesize that a monomictic lake in an arid, hot region under climate change can 
evolve with nonlinear thermal effects that are dominated by warming of the epilimnion, 
such that the ensuing stronger stratification leads to a decrease in the number of mixed 
days and, eventually, to permanent stratification (thermal meromixis). The 
confirmation of the above hypothesis implies the system possibly switching from 
monomictic to thermally meromictic – a clear tipping point as the crossing to thermal 
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meromixis provides an interannual memory of stratification (i.e., a foundation for 
increasing future stratification) that is otherwise destroyed by winter mixing in a 
monomictic system. Thus, we focus on (i) whether the mechanisms confirming the 
hypothesis can be demonstrated for a given system, (ii) the likely time-scales to the 
tipping point, and (iii) how uncertainty in warming affects the prediction. 

In the present work, we use the Maroon river basin and the Maroon reservoir in 
southwest Iran as the study site. This is an arid, desert-to-steppe region that is expected 
to face a future air temperature rise of 0.5 to 5 °C over the 21st century (Sarzaeim et al. 
2017; Rezaei and Lashkari 2019). Rainfall is projected to decrease by 10%, while crop 
evapotranspiration in the catchment will increase up to 9% (e.g. Terink et al. 2012). 
This hydrological system is a prototypical southwest Iranian (or generally West-Asian) 
reservoir system affected by climate change. We analyzed the physical response of the 
reservoir with forcing imposed by projections of multiple ensemble members from 
several GCMs under two different Representation Concentration Pathways (RCPs), 
under the CMIP5 project (Meehl et al. 2009). We modeled the reservoir in 3D, using 
the AEM3D hydrodynamic model, and analyzed the mean annual evolution of the 
thermal structure over the 21st century. Previously established and novel statistical bias 
correction methods were employed to downscale the variables of the coarse-grid GCM 
projections to local scale. The possible bias of the GCMs coupled with the 
hydrodynamic model was examined with our new overturn bias analysis method. 

5.2 Methods and Data 

The Maroon dam is constructed on the Maroon River flowing through parts of the 
Zagros region in southwest Iran. This region includes the largest rivers of Iran (Karoon, 
Karkheh, Jarrahi, Maroon etc.) and the largest dams/reservoirs (Karkheh, Karoon 1-4, 
Maroon, Dez etc.), which supply water for over 10% of the total dam-irrigated cropland 
of the whole country (IWRM, 2020) as well as 61% of the total hydropower (IWRM, 
2017). The Maroon dam site is located at the Tang-Takab canyon, 10 km northeast of 
Behbahan city (see Fig. 5.1). The main purposes of the dam are providing downstream 
irrigation water and hydropower generation, with a secondary purpose of controlling 
river flooding. The reservoir was initially impounded in year 2000, so the system is 
classified as a “young” reservoir (Ford and Johnson 1986). Reservoir water is 
withdrawn from two outlets at 435 and 420 mASL (m above sea level). The former 
represents the power plant intake and the latter is the bottom outlet (closed in normal 
operating conditions).  

In the Maroon reservoir area, the maximum and minimum monthly-mean air 
temperatures are 38°C (July) and 9°C (January), respectively. Fig. 5.2a illustrates the 
local seasonal variability of the monthly air temperature. The reservoir collects water 
from its 3840 km2 watershed area in the Zagros Mountains, which receives an average 
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Fig. 5.1 (a) Location of the Maroon reservoir, (b) Maroon reservoir catchment and location of the 
Behbahan synoptic and Eydanak rain gauge stations, (c) Maroon reservoir bathymetry/AEM3D model 
grid and the sensor locations. 

 

annual precipitation of 398 mm from rain and/or snow, depending on altitude. The 
seasonal variability of the precipitation in the watershed is shown in Fig. 5.2b. The 
main stem of the watershed is the Maroon River, one of the large, perennial rivers of 
Iran. Upstream of the reservoir the long-term annual mean flow of the river amounts to 
47 m3/s, but the flow is seasonally highly variable, with the maximum and minimum 
monthly flows occurring generally in April and October, respectively. However, the 
flooding season starts as early as December. Several smaller ungauged rivers also flow 
directly into the reservoir, but their flows are small compared to the main stem river so 
that their discharge contributions are neglected in the present analysis.  

The mean depth of the reservoir (defined as the ratio of the volume to its surface area) 
is 49 m, which classifies it as a deep reservoir (Ji 2008). The mean water residence time 
is 1.27 years. The reservoir is limnologically classified as a warm-monomictic lake 
using the system suggested by Hutchinson and Löffler (1956). The reservoir 
experiences sustained stratification through summer and a major overturn and mixing 
period in winter without seeing ice cover or reaching the water temperature of 
maximum density. Most of the Iranian lakes and reservoirs, especially in our study 
region (Zagros region) are classified in this category.  
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We used meteorological data from the Behbahan synoptic station, 13 km southwest of 
the Maroon dam, which is the nearest meteorological station for which the data are 
available from 1994. Daily means of air temperature and pressure, wind, cloudiness, 
humidity and daily sunshine data from the station were employed to bias-correct the 
coarse-grid GCM projections. Air temperatures were corrected to the Maroon 
reservoir’s surface elevation (at NPL3) using the air temperature wet lapse rate of −5.5 
°C/km suggested by Karandish et al. (2016) for the study region. Incoming shortwave 
and longwave radiation are not measured at Behbahan station and so were estimated 
from the measured bright sunshine data using the FAO procedure (Allen et al. 1998). 
This approach has been recommended for calculating solar radiation in Iran (Kamali 
and Moradi, 2006; Alizadeh and Khalili, 2009). Some studies have noted errors of up 
to 10% in the calculated peaks of hourly solar radiation using the FAO method in 
mountainous areas (Yang and Koike, 2005). However, studies by Kamali and Moradi 
(2006) and Hajjam and Jamei (2009) showed no significant differences between FAO-
calculated and observed solar radiation values in Iran, including our study area 

 
3 Normal pool level 

 
Fig. 5.2 Seasonal variability (1994-2014) of (a) precipitation in the Maroon reservoir’s catchment 
area and (b) air temperature in the Maroon reservoir’s area. 

 

 Data 
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(Khuzestan province). For precipitation, we use the daily precipitation from Eydanak 
climatology and flow gauging station, which is located within the catchment upstream 
the Maroon reservoir and represents the hydrology of the catchment better than 
Behbahan station.  

Detailed water temperature data for the Maroon reservoir are available for the flooding 
season between December 2011 and April 2012. These data were measured by the 
regional water authority (KWPA 2012; Mehrabani et al. 2013) and include water 
temperature time series that are measured at five locations using RBR autonomous 
logging sensors. The mooring stations are shown in Fig. 5.1c. Data are collected at 10 
min intervals at 2 m above the bottom in the hypolimnion. The recorded water 
temperatures at station R were used for defining the inflow boundary conditions and 
the data from St1 through St5 were used for validating the models results.  

The Aquatic Ecosystem Model (AEM3D) is a three-dimensional hydrodynamic and 
ecosystem model for estuaries, lakes, and reservoirs. The model has been demonstrated 
to reliably predict evolutions of water temperature in lakes and reservoirs through space 
and time (Hodges et al. 2000; Chung et al. 2009; Lee et al 2013). AEM3D uses the 
unsteady RANS and scalar transport equations with the Boussinesq and hydrostatic 
approximations. The numerical scheme implemented in AEM3D to solve the governing 
equations is a modified adaptation of the approach used in the TRIM-3D approach 
(Cassuli and Cheng, 1992) with a semi-implicit finite difference method that 
numerically solves the 3D shallow water stratified flows. The finite difference grid 
stencil is based on Arakawa’s C-grid (Arakawa and Lamb, 1977) in which velocity 
vectors are defined on cell faces and scalar values (e.g. temperature) on cell centers. 
This model is a combination of the rebranded version of the ELCOM (Hodges 2000) 
hydrodynamic and CAEDYM (Hipsey et al. 2006) ecosystem models and includes bug-
fixes and improvements to its predecessor. The numerical method of AEM3D and its 
semi-implicit method with a stand-alone vertical mixing model represents a different 
physical processes of the Maroon reservoir. Further details on the governing equations 
and numerical methods incorporated in the AEM3D model can be found in Hodges 
(2000); Hodges et al. (2000), Zamani et al. (2018) and a comparison of AEM3D with 
other 3D hydrodynamic models can be found in Zamani and Koch (2020). For the 
details of the model setup for this study see Appendix 4.  

General (Atmosphere-Ocean) Circulation Models (GCMs) are tools for evaluating 
potential future impacts of climate change (Hawkins et al. 2013). For the present 
purposes, the advantage of the use of GCMs over simple regional linear trend analyses 
is that GCMs provide an internally-consistent set of environmental/meteorological 
forcing variables (e.g., temperature, relative humidity, wind), which are necessary for 
 

 Model setup 

 GCMs and downscaling methods 
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Table 5.2 Parameters used in the AEM3D simulation 

Parameter  Description Unit Value 

CD bottom drag coefficient - 0.05 

λPAR light extinction coefficient for photosynthetically active radiation m-1 0.25 

αsw mean albedo for short-wave radiation - 0.08 

αlw mean albedo for long-wave radiation - 0.03 

Cd wind stress coefficient - 0.0013 

CH/S bulk-transfer constant for scalar fluxes at air-water interface - 0.013 

    
Table 5.3 GCMs used in this study 

Modeling center (or group) Model name 
 Output  
 time step  

 Resolution 
(atmospheric grid) 

Max Planck Institute for Meteorology (MPI-M) MPI-ESM-LR 1 day  1.9° x 1.9° 

The University of Tokyo, National Institute for 
Environmental Studies, and Japan Agency for 
Marine-Earth Science and Technology 

MIROC5 1 day  1.4° x 1.4° 

Institut Pierre-Simon Laplace (IPSL) IPSL-CM5A-LR 1 day  1.9° x 1.9° 

    

a 3D lake hydrodynamic model. Furthermore, time series of GCMs predictors may 
reveal sharp changes in trends due to tipping points that cannot be extracted from 
classical trend analyses. Climate impact analyses with downscaled GCM data have 
become a standard approach for regional studies of water resources (e.g. Randall et al. 
2007; Li et al. 2010). These techniques have been used in prior studies of Iranian 
watersheds (e.g. Afshar et al. 2017; Asadi Vaighan et al. 2017; Emami and Koch 2018; 
Taie Semiromi and Koch 2020), including climate regions similar to the Maroon 
catchment (e.g. Sarzaeim et al. 2017; Akbari‐Alashti et al. 2018; Fereidoon and Koch 
2018)).  

This study uses outputs from the fifth phase of the Coupled Model Intercomparison 
Project (CMIP5) (Meehl et al. 2009) under two scenarios of the IPCC Representative 
Concentration Pathways (RCP4.5 and RCP8.5). These scenarios provide radiative 
forcing pathways leading to 4.5 and 8.5 W/m2, respectively, by year 2100, which are 
consensus values for exacerbated greenhouse emissions from the 2015 Paris 
Agreement. Numerous GCMs have been developed for simulating the CMIP scenarios. 
We use the three GCMs of Table 5.3 to provide the climate predictors for the boundary 
conditions of our hydrodynamic model. These GCMs include multiple ensembles that 
provide data at a daily time step.  

Since the spatial resolution of GCMs is rather coarse (with an order of 1-2 degrees 
latitude/longitude, i.e. 100-200 km horizontal), their projections generally cannot be 
used directly at regional or local scales. Conventional approaches (as used herein) 
require downscaling/bias-correcting to transfer GCM output data to meteorological or 
hydrological impact studies (Piani et al. 2010). The literature on downscaling methods 
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and applications is too broad to review here (e.g. Wilby and Wigley 1997: Maraun and 
Widmann 2018). As a synopsis, downscaling methods can be classified as either (i) 
statistical methods, or (ii) dynamical methods using regional climate models (RCMs). 
Although RCMs are arguably preferred for local climate predictions, they are 
computationally much more complex. Furthermore, RCMs are unavailable for many 
regions across the globe (including our study region). Thus, most climatological impact 
studies still employ one of the many variants of statistical downscaling methods (Wilby 
et al. 2002). In statistical downscaling, a regression model is calibrated based on 
historical observed local climate variables and a transfer function is developed from a 
few selected large-scale atmospheric predictors of the parent GCM to predict a climate 
variable on the local scale. The transfer function is typically an additive or 
multiplicative bias-correction or a multiple linear regression model. Although statistical 
downscaling proven to work well for temperature, the method is more problematic for 
precipitation due to its intermittent time scales. However, the recently developed 
Quantile Mapping (QM) bias correction technique has shown improved representation 
of precipitation at the local scale (Themeßl et al. 2011, Terink et al. 2013; Bruyére et 
al. 2014; Maraun and Widmann 2018).  

We use the additive bias correction method (Maraun and Widmann 2018) for 
downscaling the GCM predictors air temperature, humidity, pressure and radiation, i.e. 
all the GCM outputs except wind and precipitation. 

For the downscaling of precipitation, we employ an extension of the QM bias correction 
approach suggested by Piani et al (2010). The improvement of Piani et al. (2010) is in 
extending the correction formula (Supplemental Eq. 2) by a dry-day correction factor 
to account for the positive bias of the GCMs in the number of wet days. This bias is 
known as the drizzle effect that prevents conventional downscaling approaches from 
accurately representing extreme events (Piani et al. 2010; Maraun 2013). 

For downscaling of wind, we apply the quantile mapping approach suggested by 
O’Neill et al. (2017) for downscaling wind vectors on a daily scale and, separately, for 
the zonal and meridional wind vectors.  

For further details of the above downscaling methods employed for the different climate 
predictors see Appendix 5. 

The bias-corrected precipitation values under each of the two RCP scenarios were used 
to estimate daily inflow into the reservoir over the 21st century. The HEC-HMS 
distributed hydrological rainfall-runoff model (Feldman 2000) is applied over the 
catchment. The parameters for the hydrological model were previously calibrated and 
validated for the Maroon reservoir catchment by Shokri et al. (2012), including 
snowmelt parameters by Raeisian and Porhemmat (2014) and Karandish et al. (2016). 
Details of the HEC-HMS calibration process are provided in these references and not 
reiterated here.  

 River flow and temperature models 
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Arguably, one of the most challenging aspects of long-term reservoir simulations in a 
hot, arid climate is providing estimates of inflowing river temperatures. In temperate 
lakes whose source of water is near the snow melt, the river temperature will be near 
the temperature of maximum density for water (~4 °C), and climate change is likely to 
affect runoff flow rates without altering inflow water temperatures. However, where 
snow melt is a small portion of the inflow or where a lake is far from the snow melt 
source, the thermal exchanges during transit across the catchment will control the 
inflow temperature to the lake. This remains a relatively poorly-understood aspect of 
modeling the impact of climate change on lakes as most of the lake studies have only 
considered discharge (e.g. Sahoo et al. 2016; Fenocchi et al. 2018), or oxygen and 
contaminants (e.g. Schwefel et al. 2016), or have used simple linear regressions 
between historical air/water temperature records (e.g. Modiri-Gharehveran et al. 2014). 
None of the prior studies analyzed the direct effects of altered inflow temperature on 
lake dynamics. This issue is important for two reasons: (i) in a warm, monomictic lake, 
the winter river inflow temperature is a control on the hypolimnion temperature that is 
the baseline for the upcoming stratification season, and (ii) throughout the year, the 
temperature of the inflow affects its density, which controls where the inflow inserts in 
the lake thermal structure (e.g., Cortes et al, 2014). Note that suspended sediment load 
also affects the inflow density but predicting changes in catchment sediment dynamics 
as part of hydrological modeling (e.g., Zhang et al, 2019) is beyond the scope of the 
present work. 

Rather than attempting a complex thermal hydrological budget to predict the river 
inflow temperature, we follow Mohseni et al. (1998) in using an empirical relationship 
between the inflow water temperatures of the Maroon river and the observed air 
temperature. This approach provides a regression model as an S-shaped logistic 
function for the stream temperature is defined by four parameters as: 

 𝑇𝑠 = 𝜇 +
𝛼 + 𝜇

1 + 𝑒𝛾(𝛽−𝑇𝑎)
 (5.1) 

where 𝑇𝑠 is the estimated stream temperature for the period of interest (herein using the 
daily mean air temperature), 𝑇𝑎 is the measured air temperature, 𝜇 is the parameter 
denoting minimum stream temperature, 𝛾 is the function of the steepest slope (inflection 
point) of the 𝑇𝑠 function (when plotted against 𝑇𝑎), 𝛼 is the coefficient for upper bound 
stream and 𝛽 is the air temperature at the inflection point. We used mean daily air 
temperatures and their corresponding mean water temperatures of the Maroon river, 
measured in 2006 (Ghorbani 2006) and 2011-12 (KWPA 2012) to estimate the 
parameters of Eq. 1 (i.e. 𝛼, 𝛽, 𝜇, 𝛾). The least-squares adjusted nonlinear regression 
model (Eq. 1) is shown in supplemental Fig. S 1. The Nash-Sutcliffe (NS) efficiency of 
the fit between the model and the observations is NS=0.72, which can be considered 
adequate (Nash and Sutcliffe 1970). 
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The model for the Maroon Dam outflows through the 21st century is based on the 
reservoir’s available monthly water withdrawal plan (KWPA 2012), with modifications 
to ensure the reservoir level does not cross below its minimum operation level (440m 
ASL4). To prevent crossing the minimum threshold, in the RCP8.5 scenario the 
reservoir outflow was reduced to 60% of planned values after 2060.  

GCM predictions under the RCP scenarios are considered the major sources of 
uncertainty in climate predictions (Onyutha et al. 2016). The bias correction methods 
for downscaling constitute an additional contribution to the uncertainty (Prudhomme 
and Davies 2009). In general, it is difficult to directly analyze the effects of uncertainty 
and/or bias of the GCM output on downstream hydrological applications (e.g. a lake 
model), so understanding is usually sought through sensitivity analyses. However, in 
the present work we have an additional potential source of bias in the hydrodynamic 
model itself. Water bodies are integrators of oscillatory, nonlinear thermal processes. 
Hydrodynamic models can readily capture the scales and timing of processes and 
nevertheless might introduce a slight positive or negative bias in the integrated result. 
To address this issue, we propose a new idea that we call an overturn bias analysis that 
uses a comparison of modeled and measured winter mixing behavior during a historic 
period to evaluate the bias of the hydrodynamic model and the GCM.  

Warm-monomictic lakes have a winter overturn temperature that depends on how the 
stratification weakens over the autumn and the wind/storms that force overturn. The 
winter-mixed temperature will evolve over the winter (due to thermal exchange) and 
the minimum value can vary from year to year. Hence, warm-monomictic lakes have 
an interannual "memory" of recent climate encoded in their winter temperatures. The 
important point is that a succession of warm winters (or cold winters) can potentially 
lead to cascading nonlinear effects that might either enhance or reduce stratification, 
thus altering the trend towards a tipping point in the thermal regime. It follows that a 
hydrodynamic model that introduces a consistent thermal bias might erroneously create 
such a cascade. Hence, bias in predicting the winter overturn and mixing temperature 
effectively provides the wrong thermal energy state or “memory” for the succeeding 
year and affects the subsequent modeled lake behavior in a way that could cause further 
bias accumulation.  

We argue that a comparison between two hindcast runs of the hydrodynamic model, (1) 
a hindcast model driven by GCM data and (2) a hindcast model driven directly by 
observations, provides a measure of the bias coming from the GCM data. We call this 
idea GCM overturn bias.  

 
4 Above Sea Level 

 Maroon dam outflow 

 Overturn bias analysis method 
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To quantify this GCM overturn bias, we define a relationship between an index of 
winter air temperature and the winter mixed water temperature as the basis for overturn 
bias analyses. The median of the low air temperature during the mixing period is 
considered representative of the winter air temperature. For the winter water 
temperature, we use the minimum temperature during the mixing period, which is 
defined as when the difference between surface and bottom temperatures is consistently 
2 °C or less. This definition is useful for a warm monomictic lake where the fully 
homogenous period might only be a few days (as for the Maroon reservoir), but the 
effectively mixed period with extremely weak or episodic stratification is much longer. 
In the present study, we performed two hindcast simulations of AEM3D, one driven by 
downscaled (bias-corrected) GCM data and one using observed meteorological data 
from the Behbahan meteorological station. These two model variants are noted as GCM 
and OBS, respectively.  

5.3 Results 

The AEM3D model uses literature parameter values that are considered reasonable for 
lake studies (e.g. Chung et al. 2009, Lee et al. 2013, and Zamani et al. 2018; see Model 
setup). The model was validated for the Maroon reservoir using a five-month hindcast 
simulation (December 2011-April 2012), which is the only period for which measured 
water temperature data were available. The results are presented in Fig. 5.3 and Table 
5.4. Overall, there is a good consistency between simulated and measured temperature 
values. The AEM3D model captures the variations of water temperature within the 
reservoir. The average mean error (AME) and root-mean square error (RMSE) at the 
four stations remain below 1 °C except the RMSE at St4, which is only slightly above 
1 °C. The simulation period includes floods (and their resulting cold density currents) 
on January 14 and February 2 during which a rapid drop in water temperature can be 
observed. The overall temperature range within this period is between 10 and 16 °C 
(Fig. 5.3). The model results are in reasonable agreement given the temperature range, 
and the overall error is lower than that of some previous studies (e.g. Chung et al. 2009; 

   

 Table 5.4 Statistical results of the AEM3D temperature validation in 2011-
12 simulation 

 

 Station  Mean/simulated  
 (°C) 

 Mean/observed  
 (°C) 

AME 
(°C) 

RMSE 
(°C)  

 ST 1 15.58 14.27 1.40 1.54  

 ST 2 15.52 14.57 1.05 1.21  

 ST 3 14.99 14.59 0.67 0.84  

 ST 4 14.37 14.19 0.76 0.93  

   mean 0.97 1.13  

       

 Validation of the hydrodynamic model  
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Lindim 2010). Further details of the validation of the AEM3D model for the Maroon 
reservoir and improvements that can be achieved through calibration for light extinction 
coefficient, bottom drag coefficient, wind stress coefficient (not used herein) can be 
found in Zamani and Koch (2020) and Zamani et al. (2020).  

The winter minimum mixed temperatures for the lake model driven by meteorological 
observations (OBS; Fig. 5.4a) show somewhat different relationships than the lake 
model driven by the downscaled GCM data (Fig. 5.4b). These differences primarily 
reflect differences in the median winter air temperature (Fig. 5.4c); that is, the OBS and 
GCM data are scattered (Fig. 5.4c), and we expect such scatter will result in different 
modeled winter minimum mixed temperatures in the lake, hence the different 
relationships seen in Figs. 4a and b. However, it can be seen that the winter mixed water 
temperatures (Fig. 5.4d) with both OBS and GCM as drivers for the lake model are 
scattered around the 1:1 slope line. These results indicate that the combined effects of 
the GCM downscaling and the lake hydrodynamics model do not significantly bias the 
winter overturn temperature. To provide a qualitative analysis in support, Fig. 5.4e 
shows evolution of the temperature difference from the surface to the bottom for the 
lake model as driven separately by the OBS and the GCM data. Again, no systematic 
bias is apparent over the decadal time scale of the simulations. Student's t-test can be 
applied to the hypothesis Ho: time series are similar, versus H1: time series are different. 
The result is p-value = 0.8 which hypothesis Ho cannot be rejected, and the time series 
are similar.  

Although our new overturn bias analysis cannot prove zero bias with the limited 
historic time series available, it provides confidence that the combination of the GCM 
and the lake hydrodynamic model (for the Maroon reservoir) does not have bias that 
dominates the other uncertainties in the GCM and downscaling. If there were significant 
bias, we would expect that Fig. 5.4d would show greater departures from the 1:1 line, 
indicating the GCM data driving the lake hydrodynamics produces winter mixed 
temperatures that are significantly different than those produced by the model driven 
by meteorological observations. Furthermore, we would expect significant bias would 
be apparent in the decadal stratification evolution shown in Fig. 5.4e. 

 Downscaling of the GCM predictors  

5.3.3.1 Air temperature and radiation 

Comparison between the raw, downscaled and bias-corrected temperature differences 
estimated from the ensemble means of the three GCMs indicates that the ΔT curves all 
fall within the one standard deviation of the bias-corrected temperatures, which implies 
the latter are representative of the multiple GCMs (see Supplemental Fig. S 2). 

In the bias-corrected air temperature under the two RCP scenarios (Fig. 5.5a), a 
significant increasing trend of the annual air temperature is observed for both RCPs,  
 

 Results of overturn bias analysis 
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Fig. 5.3 Simulated (black line) and measured (red dashed line) time series of daily average water 
temperature at the measurement stations. Color bands delineate the ±standard deviation of the 
observed data. 

 

which is quantitatively supported by a Mann-Kendall test (p < 2 × 10−16, i.e. rejection 
of the H0 – hypothesis: “no trend”). The trends in the two RCP temperature time series 
are similar until year 2040, but the increasing trend weakens for RCP4.5 after 2040 and 
almost disappears after 2070. In contrast, the trend for RCP8.5 shows continually 
increasing temperature through the end of the century with no sign of weakening. By 
year 2100, the mean annual air temperature of the Maroon basin is predicted to be ~2.5 
°C warmer than the year 2006 under RCP4.5. Under RCP8.5 the temperature is 
expected to be ~4 °C warmer. It is notable that these local temperature projections are 
greater than the global average increases of 1.4 and 2 °C under RCP4.5 and RCP8.5, 
respectively (IPCC 2013). The monthly variability of air temperature during the 
historical period and for two future time slices (2040-2050 and 2060-2070) under the 
two RCPs (see Supplemental Fig. S 3a) are useful in discussing the possible drivers of 
climate change on the reservoir’s hydrodynamics, seasonal stratification, and mixing 
processes. 
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Fig. 5.4 (a) Minimum mixed water temperature from OBS lake simulation versus meteorological 
observed median air temperature during winter mixing time; (b) Same as (a) but for GCM simulated 
lake temperatures; (c) Meteorological observed air temperature versus GCM-simulated air 
temperature; (d) OBS-simulated versus GCM-simulated lake mixed temperature; (e) OBS and GCM 
simulated time series of the difference between surface and bottom water lake temperatures. Dashed 
line denotes the threshold difference (2 Co) that define mixing period. 

 

The downscaled longwave radiation (LW) time series (Fig. 5.5b) shows trends similar 
to the air temperature (as discussed above). These results are expected as longwave 
radiation is a function of the greenhouse gas densities in the lower atmosphere that 
correlate with the air temperature and provide a direct indicator of global warming 
(Philipona et al. 2004; Wild 2008). The calculated correlation coefficient (after 
removing trends) between the air temperature and the longwave radiation amounts to 
r= 0.62 and r= 0.54 for RCP4.5 and RCP8.5, respectively. Incoming longwave radiation 
is an important input parameter in the lake model and turns out to have a large effect on 
the simulated lake thermal budget.  
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Fig. 5.5 21st century time series of projected downscaled (bias-corrected) mean annual climate 
variables for RCP 4.5 (black lines) and 8.5 (red lines): (a) Air temperature, (b) Incoming longwave 
radiation, (c) Shortwave radiation, (d) Daily precipitation and (e) Inflow to the Maroon reservoir 
calculated with the HEC-HMS rainfall-runoff model under the bias-corrected basin-averaged 
precipitation. Green lines depict observed values available during parts of the historic period.  

 

Shortwave radiation (SW) is primarily controlled by solar activity with atmospheric 
scattering playing a minor role. Thus, unlike LW and air temperature, the evolution of 
the future downscaled mean annual SW (Fig. 5.5c) does not show much of a trend 
across the whole 21st century. There appears to be a slight, but significant (p=7×10-8) 
positive trend up to year 2050 for RCP4.5, this increase tapers off after that time and 
this holds as well for the other RCP8.5 scenario. 

5.3.3.2 Precipitation  
Both of the downscaled annual precipitation time series (see Fig. 5.5d) have significant 
negative trends (p-value < 0.01). Under RCP4.5, the decadal (10-year running) mean 
of the cumulated annual precipitation reduces from historic 454 mm/yr to 380 mm/yr 
by 2100, which implies a 21% of decrease by the end of the 21st century. Under the 
more extreme RCP8.5 scenario, this negative trend (p-value << 0.01) is even larger 
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(from 490 to 343 mm/yr which constitutes a 30% precipitation decrease). Thus, the 
Maroon reservoir catchment is expected to have a drier climate than the recent past. 
The monthly variations of the observed and bias-corrected (historic and two future time 
slices) precipitation are shown in Supplemental Fig. S 3b. The effect of bias correction 
on the precipitation is reflected in the CDFs of precipitation (an example for January 
RCP4.5 shown in Supplemental Fig. S 4). For the historic periods the bias correction 
moves the raw GCM prediction towards observations but does not entirely remove the 
error. 

5.3.3.3 Wind 
The quantile mapping (QM) bias correction approach for the two (zonal and meridional) 
wind vectors is accomplished using the approach described Appendix 5 (see also 
Supplemental Fig. S 5). Although the bias-corrected CDFs for both wind components 
are consistent, a slightly better fit for the historical data is apparent for the zonal (u) 
compared to the meridional (v) vector. Moreover, the u and v wind vector components 
seem to be uncorrelated to each other in observed and model values. Monahan (2012) 
show that in regions with dominant east-west winds and storms, similar to our study 
area, the zonal wind anomalies are always from west while the meridional wind 
anomalies show a changing pattern from northward to southward. Thus, we speculate 
that the better skill of the present bias correction downscaling method in correcting the 
u than the v component is because of the dominant eastward pattern of the winds and 
storms in our study region. These results indicate that the downscaling of GCM-
predicted wind vectors still constitutes a challenging area for further research.  

The discharge predictions of HEC-HMS model (driven by observations) were validated 
for the period of 1995-2010 using daily mean observed flow values of the Maroon 
River, resulting in a correlation coefficient of r=0.70 after removing trends. As the 
simulation time step used here in HEC-HMS was one day, the model cannot represent 
properly the lag (concentration) times of small sub-basins that have sub-daily values. 
In fact, another HEC-HMS study on the Maroon catchment, using the same calibration, 
but with smaller (hourly) time steps to predict single sub-daily scale flood hydrographs 
(Shokri et al., 2012), resulted in a higher correlation coefficient of r= 0.89. Thus, it 
seems likely that this discrepancy in the model fit to the data of the two studies 
originates mostly from an incapability of the HEC-HMS here to simulate the sub-daily 
lag times of the sub-basins. Nevertheless, the “daily-time-step” modeling approach for 
runoff appears to provide reasonable daily mean flows for long-term inflow prediction 
in the Maroon reservoir. There remains an open question as to how sensitive the overall 
lake response is to uncertainties associated with the runoff predictions.  

The modeled Maroon river discharge from the downscaled rainfall across the basin was 
predicted with the RCP scenarios and using available historic data (through 2014; Fig. 
5.5e). A negative trend is visible for both RCP scenarios. By the end of the 21st century, 
the RCP4.5 scenario shows an average decrease in the mean annual flow of 14% from  

 Climate change effects on the catchment runoff  
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Fig. 5.6 Various 21st century projected reservoir response parameters under climate change scenarios 
RCP4.5 (black lines) and RCP8.5 (red lines): (a) number of stratified days per year, (b) number of 
mixing days per year, (c) annual means of surface and hypolimnion temperatures, maximum and 
minimum winter inflow temperature, (d) day of year of onset of summer stratification, (e) day of year 
of onset of winter mixing and (f) difference between surface and bottom temperature during summer 
stratification and minimum mixed temperature during winter mixing. The two red points in years 2059 
and 2066 for RCP8.5 in (b), (c), and (d) correspond to the two instances where the duration of the 
summer stratification in (a) returns to less than a full year after the 2055 tipping point, i.e. indicate 
transitional oligomixis states before final meromixis is reached. 

 

the baseline historic conditions, and the more extreme RCP8.5 provides a decline of 
24% in the mean annual flow. These decreases correspond to reductions of the mean 
annual flow by 8 m3/s and 10 m3/s, respectively. The long-term means (2006-2100) of 
the river flow discharge are 45 and 36 m3/s under these RCP scenarios, respectively. 
The discharges predicted under both RCP scenarios are consistent with the observed 
data. Although the HEC-HMS rainfall-runoff model does not appropriately capture the 
low flow happening in years 2009 and 2010 (a typical problem of such models), it 
shows a better agreement with the observed discharge values afterwards.  
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Fig. 5.7 Annual mean of (a) square of the buoyancy frequency, (b) Schmidt stability, (c) epilimnion 
and metalimnion thicknesses, (d) hypolimnion thickness and (e) thermocline depth. Dashed lines 
denote linear trend lines for pre- and post- year 2055 periods. 
 

Using the results from the GCM-driven lake hydrodynamic model, the number of 
stratified days (Fig. 5.6a) and its complement – the number of winter mixed days (Fig. 
5.6b) – were calculated. The RCP4.5 scenario indicates a relatively linear trend towards 
oligomictic behavior that begins around 2030 and results in the first year without 
mixing in 2077. The RCP8.5 has similar behavior in the first half of the century, with 
an increasing trend that accelerates in 2040 and results in the first oligomictic year in 
2055 along with meromictic behavior beyond 2066. The changes in the onset of 
stratification/mixing (Fig. 5.6d and e) are relatively balanced for RCP4.5 around the 
stratification season; that is, by the end of the century the onset of stratification occurs 
roughly 30 days earlier and the onset of mixing occurs roughly 30 days later. The 

 Evolution of lake temperatures 
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RCP8.5 has similar behavior (with slightly greater gradients) up until 2045, after which 
the onset of mixing is dramatically delayed without significant alteration in the onset 
of stratification. These results indicate that the tipping point of the RCP8.5 is related to 
a sudden change in the delay of the onset of winter mixing. 

The maximum (summer) inflow temperature (Fig. 5.6c) for both scenarios initially 
rises, but appears to stabilize after 2045 for RCP4.5 while it continues to rise throughout 
the century for RCP8.5. Similar behavior is seen in the minimum (winter) inflow 
temperature, although the divergence only becomes apparent after 2050. The average 
temperatures at the surface and in the hypolimnion also have similar trends in the 
scenarios that begin to diverge in the period 2040-50, with the surface temperature 
effects appearing earlier. There is visible similarity of the interannual variability for the 
maximum and minimum inflows and surface temperatures for both scenarios across the 
entire century; however, the hypolimnion temperature has greater interannual 
variability in RCP8.5 than in RCP4.5 from the late 2010s, and has a dramatically 
changed behavior in 2060, which is 5 years after the onset of oligomictic episodes (see 
Fig. 5.6b).  

The sudden increase in the hypolimnion temperature in 2060 is coincident with the 
reduction of the reservoir outflow after 2060 that was needed to prevent the lake level 
from dropping below operating thresholds (as discussed in Methods and Data, above). 
In a separate simulation, we tested the effect of this outflow reduction after 2060 on the 
hypolimnion temperature by reducing the reservoir outflow to 60% of the water 
withdrawal plan for the entire simulation period (2006-2100). The results (see 
Supplemental Fig. S 6) indicate that the reduction of the reservoir’s outflow after 2060 
in the RCP8.5 scenario causes an offset in the hypolimnion temperature compared to 
the uniform reduced outflow case. However, the warming trend in the hypolimnion 
remains unchanged and is same for both simulation cases. 

The winter mixed temperatures (Fig. 5.6f) are quite similar for both scenarios up 2055. 
However, the overall summer stratification strengths (Fig. 5.6f) evolve similarly only 
up until 2045, after which the RCP8.5 case sees stratification continue to increase while 
the RCP4.5 seems to level off. This is also the time when the air temperature trends and 
longwave forcings of the scenarios begin to diverge (Fig. 5.5a, b). Overall, in terms of 
summer stratification strength, the RCP4.5 appears to have a relatively stable value 
around 14.8 °C up until 2025, followed by an upward trend that continues until 2045, 
after which it reaches another relatively stable value around 15.8 °C. The RCP8.5 
arguably has a shorter stable period around 15 °C prior to 2020, and then shows an 
increasing trend throughout the century.  

Fig. 5.7 provides model results analyzed for water column stratification and stability 
with both mean annual values and fitted linear trend lines. The square of the mean 
annual Brunt-Väisälä buoyancy frequency (N2; see Appendix 6) shows similar trends 
for both scenarios up until 2055-2060 (Fig. 5.7a), after which an accelerated increasing 

 Water column stability and mixing 
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trend is established for RCP8.5 while RCP4.5 begins a slowly decreasing trend. The 
year 2055 is the first occurrence of oligomixis in RCP8.5, and 2060 is coincident with 
both the first lake overturn since oligomixis and the reduction in the lake outflow to 
prevent the water level from dropping below the allowable operating level. The Schmidt 
stability (St; see Appendix 6) shows similar behavior of changing trends for both 
scenarios during 2055-2060. The RCP8.5 trend increases and the RCP4.5 decreases, 
but unlike the N2 results the St trend for RCP4.5 is flattened (not significantly 
decreasing). The beginning of the decreasing trend in RCP4.5 is coincident with the 
flattening of the increasing trend in the surface water temperature (Fig. 5.6c) and the 
stabilization of the surface-to-bottom temperature difference (Fig. 5.6f). 

The changes in the mean annual lake thermal structure show up in changes in the 
thickness of the hypolimnion and epilimnion, while the overall metalimnion thickness 
remains relatively unchanged (Fig. 5.7c, and d). In concert, the thermocline depth (Fig. 
5.7e) deepens over the century of warming. Again, the period 2055-2060 shows a shift 
in trends across all these metrics. For RCP8.5, up to 2055 we see a strong increasing 
trend in the epilimnion thickness with a decreasing trend of the hypolimnion thickness 
and deepening of the thermocline. After 2060 these trends are all reduced. In contrast, 
RCP4.5 shows relatively weaker trends up until 2055-2060, and then the trends 
accelerate in both positive (epilimnion thickness, thermocline depth) and negative 
(hypolimnion thickness). The slope of each of the trend lines is provided in Table 5.5. 

5.4 Synthesis and discussion 

A lake's thermal exchange with the atmosphere is controlled by shortwave radiation 
longwave radiation, air temperature, and wind-driven evaporative fluxes. The GCM-
predicted radiation (Fig. 5.5c) has no significant trend; however, there is an open 
question as to whether the GCM can adequately predict significant changes in cloud 
cover that would alter shortwave radiation input. The GCM predicts wind directional 
shifts (Supplemental Fig. S 5), but does not appear to show a substantial change in the 
overall wind speeds that would affect evaporative fluxes. Of course, such fluxes are 
nonlinear and depend on relative humidity, atmospheric stability, atmospheric 
temperature, and the lake surface temperature, so the net evaporative effects on thermal 
transfer into the lake could be either positive or negative. We have not attempted 
detailed analyses of the relative importance of changes in evaporation. The 
 

Table 5.5 Deepening of thermocline under two RCP scenarios, before and after the tipping year 

Variable 
RCP4.5 RCP8.5 

pre-2055 post-2055 pre-2055 post-2055 

Deepening of thermocline (m/decade) 0.4 1.3 1.6 0.2 

     

 Climate change effects on lake forcing 
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contributions of GCM-predicted increases in future air temperature and incoming 
longwave radiation shown in Fig. 5.5a and b are more straightforward. In a warming 
climate these are clearly one-way contributors to the lake thermal budget and their 
increases are echoed in the modeled mean annual surface water temperature for both 
scenarios (Fig. 5.6c). After removing trends, the correlation of surface water 
temperature with air temperature was r=0.87 and with longwave radiation was r=0.77. 
Thus, both inputs serve to increase surface temperatures, but the air temperature 
arguably is somewhat more important. 

Despite air temperatures being important to the overall lake thermal budget, analysis of 
detrended GCM-predicted air temperatures (Fig. 5.5a) and hypolimnion temperatures 
(Fig. 5.6c) shows poor correlation (r~0.3). This indicates the hypolimnion temperature 
is an accumulator of the combined effects of winter cooling, winter inflows, mixing 
during stratification, and the interannual accumulation of thermal energy; i.e., the 
winter cooling from air temperatures is important, but not determinative for the Maroon 
reservoir.  

Arguably, changes in precipitation (Fig. 5.5d) do not play a significant direct role in 
the Maroon reservoir’s thermal budget. Instead, it appears their impact is primarily 
through runoff reduction (Fig. 5.5e), which combines the effects of precipitation 
reduction, higher air temperatures, and increased longwave radiation (Fig. 5.5a,b) to 
cause higher evapotranspiration across the catchment. That is, the overall discharge is 
lower than would be expected by the decline in precipitation alone. The decrease in 
runoff in the RCP8.5 case is noticeably greater than in the RCP4.5 case, which is 
consistent with the divergence of their GCM-downscaled air temperatures and 
longwave radiation behaviors. Nevertheless, we have no clear idea as to whether the 
runoff prediction values by the HEC-HMS and the empirical river temperature models 
will remain valid in the future – an issue that goes beyond climate change in and of 
itself. For example, future changing surface vegetation and/or land use in the Maroon 
river basin can alter the river discharge and temperature which, in turn, will affect the 
lake mixing/stratification as well. Thus, the unknown anthropogenic response to 
climate change in the river basin will play a role in the future of the reservoir. 

Climate change that increases the thermal load to a lake can have several possible 
impacts: (i) increasing temperatures, (ii) altering the water column partitioning between 
hypolimnion, metalimnion, and epilimnion, (iii) increasing the duration of 
stratification, and/or (iv) altering the overall strength of stratification. These effects are 
interrelated and depend on how the increased thermal load is distributed in time/space 
through the lake. For example, temperatures that increase uniformly over the water 
column and are biased towards a larger summer thermal load will not significantly 
change the strength or duration of stratification (neglecting changes due to wind-mixing 

 Climate change effects on lake thermal structure 
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or internal wave-mixing). In contrast, if the temperature increase is biased towards the 
epilimnion, the stratification strength and duration might both increase. Further, the 
stratification strength and duration may not be directly linked – if the increase in thermal 
load is primarily in winter months, then the stratification strength might be unchanged, 
but the stratification duration increased. Unfortunately, there are no simple theories for 
predicting the apportionment of the increased thermal load given the complexity of the 
relationships between the physical mechanisms distributing thermal energy through a 
lake and the nonlinear oscillatory nature of climate dynamics. Herein, we use the 
Maroon reservoir model results under climate change to provide insight into how the 
thermal load distribution changes over the course of the two scenarios for this warm 
monomictic lake. Although we have presented our results above and further discuss 
below in terms of mean annual behavior, for context it is useful to examine the overall 
lake thermal structure at representative times in the simulations (see Fig. 5.8). The 
successive frames (Fig. 5.8a,b) show winter and summer conditions in both scenarios 
for years 2025, 2055, and 2095. The 2025 frames (Fig. 5.8c,f,i,l) show the conditions 
as the warming trends (see Fig. 5.5) are just beginning to have impact (see Fig. 5.6). 
Although the winter temperature is relatively uniform over the lake in RCP4.5 (Fig. 
5.8c), we see some weak and ephemeral stratification in the reservoir’s lower basin in 
RCP8.5 (Fig. 5.8f). 

 
Fig. 5.8 2D cross sections of water temperature along the Maroon reservoir’s thalweg for (a) to (f) 
winter, and (f) to (l) summer for three representative 21st century years (as indicated) under the two 
RCP scenarios. 
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Zamani et al. (2020) showed the narrow and deep canyon separating the Maroon 
reservoir into the upstream and downstream basins (Fig. 5.1c) controls the 
hydrodynamic response of the reservoir to the propagating density currents and allows 
cold inflows to rapidly move into the lower basin. The weak winter stratification of the 
downstream basin in 2025 is the signature of these cold inflows, whose timing and 
mixing during the winter is variable. However, by 2055, the first year of oligomixis in 
RCP8.5, the winter stratification has become more pronounced through warmer upper 
waters for RCP8.5 (Fig. 5.8g, Supplemental Fig. S 7) and an evanescent signature of 
similar stratification in RCP4.5 can be seen in Fig. 5.8d. For RCP8.5 in 2055, the 
autumn and winter winds are mixing down to 70-80 m depth and entirely destroying 
the summer thermocline, but the deep cold water in the lower basin becomes persistent; 
the stratification is too strong for mixing to overcome. This stratification is enhanced 
because the winter inflow temperatures are still significantly colder than the 
hypolimnion (Fig. 5.6c and f), indicating that the overall warming in the thermal budget 
is biased towards the upper waters. These results show the importance of the 
relationship between warming of winter inflows and warming of the summer 
epilimnion: if winter inflow temperatures increase in parallel with the overall warming, 
then the deep stratification will be weaker and can be overturned by mixing, thus 
delaying (or preventing) oligomixis. Indeed, for the RCP4.5 case, epilimnetic warming 
and inflow warming are increasing at similar rates (Fig. 5.6c), and we see the winter 
stratification is either nonexistent or weak, as illustrated in Fig. 5.8c,d,e. In year 2095 
(Fig. 5.8e,h,k,n) the RCP4.5 shows a deep winter stratification, but it is not strong as 
in RCP8.5. An interesting point is that in year 2095 the deep water in RCP8.5 is colder 
than the deep water in RCP4.5, despite the fact that RCP8.5 has had substantially 
warmer inflows (Fig. 5.6c) for more than three decades. For RCP8.5 the establishment 
of oligomixis in 2055 leads to long-term trapping of deep hypolimnetic water whose 
temperature (in 2095) is lower than the minimum inflow temperature. Once this layer 
is established its strength depends on the water winter temperatures before oligomixis 
begins. Arguably, our results indicate different evolutionary paths for weak oligomixis 
(RCP4.5 beginning after 2070) and strong oligomixis (RCP8.5 from 2055-2065). Weak 
oligomixis is characterized by more mixing years than stratified, which leads to 
frequent reset of the deep-water temperatures. In contrast, strong oligomixis (with few 
mixing years) allows a deep minimum to be retained. A key observation from Fig. 5.8 
is that the transition to oligomictic and thermally meromictic behavior is driven by a 
deep thermocline (70-80 m depth) rather than the seasonal thermocline (20 m depth). 
For the Maroon reservoir this behavior is strictly confined to the lower basin, which 
implies that any 1D model of the system would probably be unable to capture it and 
should represent the upper and lower basins separately, e.g. as recently proposed for 
multi-basin MB-DYRESM (Zhou et al, 2020). 

To return to analysis of mean annual behavior, a critical indicator is the stratification 
duration, which identifies transitions between monomictic, oligomictic, and thermally 
meromictic states. For the Maroon reservoir the trend in stratification duration (Fig. 
5.6a) is flat through year 2030 for both RCP scenarios, then two different trends are 
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seen. The RCP4.5 trend shows linear growth (with significant interannual variability) 
throughout the century. Post 2070 the RCP4.5 lake would be classified as weakly 
oligomictic since mixing-free years appear at least twice per decade. In contrast, the 
RCP8.5 appears to have accelerating stratification duration and the lake becomes 
strongly oligomictic by 2055 and permanently stratified (thermally meromictic) by 
2070. 

Until circa 2040, the RCP4.5 and RCP8.5 scenarios have similar forcing behaviors (Fig. 
5.5) and impacts (Figs. 5.6, 5.7). During this period, the warmer RCP8.5 case shows 
only small increases in stratification duration, hypolimnion temperatures, and 
thermocline depth over the RCP4.5 case. Interestingly, prior to circa 2030, the duration 
and strength of stratification are relatively unchanged for both cases, indicating that the 
increased thermal load of climate change is primarily increasing the winter minimum 
temperature (Fig. 5.6f). 

After circa 2030, the winter minimum temperatures continue to rise for both scenarios, 
but in addition we see increases in the summer stratification duration and strength. 
Increases in stratification duration have also been predicted in other studies of other 
warm-monomictic lakes (e.g. Sahoo et al. 2016; Missaghi et al. 2017), as well as for 
lakes with other classifications (e.g. Elo et al. 1998; Niedrist et al. 2018; Ayala et al. 
2019). The shift of behavior from pre-2030 to post-2030 is visible in the analysis of 
annual means for stability (Fig. 5.7a,b), but the shift is too small to clearly identify as 
a trend change using these numbers. From the present analyses we cannot explain these 
minor behavior changes across the threshold from pre-to-post 2030; there does not 
appear to be a change in climate forcing that explains the shift from affecting only 
winter minimum temperatures to affecting both temperatures and stratification. We 
speculate that these effects are driven by some change in mixing behavior, which will 
require further detailed investigation of annual to decadal behavior of lake thermal 
structure. 

Results for RCP8.5 indicate the increased thermal load is primarily exerted into the 
surface waters as evidenced by both increased surface temperature and epilimnion 
thickness (Fig. 5.7). Increase of the epilimnion thickness and deepening of the 
thermocline was noted by Liu et al. (2014) in Lake Erie as a potential consequence of 
climate change. In contrast, the RCP4.5 after 2040 shows the thermal load is primarily 
increasing the stratification duration, with effects on the epilimnion thickness delayed 
until 2060. The stratification duration (Fig. 5.6a) appears to increase linearly 
throughout the century for RCP4.5, but the stratification strength (Fig. 5.6f) seems to 
stop increasing circa 2050; both the surface temperature and hypolimnion temperature 
appear to rise in tandem past that point (Fig. 5.8c). Thus, the period 2030-2050 seems 
to be transitional for the RCP4.5, resulting in post-2050 thermal loads that are relatively 
uniformly distributed over the water column, so the main impact thereafter is the 
increasing stratification duration. This analysis is consistent with the delay of 
oligomixis (compared to RCP8.5). There also appears to be a minor reduction of the 
rate of increase in the winter mixed temperature (Fig. 5.6f) at about the same time in 
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RCP4.5. This might indicate that warming has reached a temporary near-equilibrium 
condition during the winter period that provides redistribution of thermal energy over 
the depth of the lake. With these conditions, the winter warming of the hypolimnion is 
consistent with warming of the surface waters and thus inhibits successive increases in 
the overall stratification strength.  

The most notable changes post 2040 are in the RCP8.5 case, where the stratification 
duration (Fig. 5.6a) increases from 320 to 365 days in the following 15 years. The 
change principally comes through delay of winter mixing (Fig. 5.8e). These results 
indicate that the increased thermal load in the summer for RCP8.5 is altering the overall 
lake thermal structure (as compared to the RCP4.5 case), which is borne out by the 
increased deepening of the thermocline and reduction of the hypolimnion thickness in 
for RCP8.5 in Fig. 5.7d, e. We believe this is the signature of a positive feedback effect 
where the increased stratification strength leads to reduced summer mixing, increased 
surface temperatures and delay of winter mixing, which sets up the system for a rapidly 
increasing cycle that heads towards oligomixis. Indeed, we see that the sudden increase 
in the stratification strength circa 2045 is accompanied by an increase in the minimum 
winter mixed temperature (Fig. 5.6f) and delays in the onset of mixing (Fig. 5.6e) 
whose peaks are lagged by about 2 years from the onset of the stratification increase. 
Within a decade of the sudden stratification increase we see the first year (2055) without 
mixing in the RCP8.5 case. However, the increased stratification strength and duration 
across the transitional period 2040-2055 for the RCP8.5 does not show up as a trend 
change in N2 or St (Fig. 5.7a, b), perhaps because the change magnitudes are too small 
and the period of their effect (before oligomixis) is too short. Thus, it is not clear 
whether or not the switch from the thermal input being partitioned in a balanced way 
over the lake structure (pre 2040) to being biased to the epilimnion (post 2040) 
constitutes a true tipping point where the positive feedback predestines the result. 
However, the contrast between RCP8.5 and RCP4.5 is clear: the latter does not see the 
onset of oligomixis until 2075 and never sees the increased stratification strength of the 
former (Fig. 5.6f).    

Once the RCP8.5 case reaches oligomixis, circa 2055, we are on firmer ground in 
identifying a tipping point. Trends in stratification (N2, St) are visibly increased for the 
remainder of the century (Fig. 5.7a, b), and other trends for the RCP8.5 case also have 
clear transitions. Interestingly, the trend in the rate of change of the thermocline depth 
(Fig. 5.7e) is moderated rather than increased, which corresponds to relatively stable 
epilimnion and hypolimnion thicknesses (Fig. 5.7c, d). As a consequence of these 
trends, once strong oligomixis is established, the RCP8.5 case appears to be unable to 
readily return to monomixis. As stratification strength continues to rise throughout the 
latter half of the century for RCP8.5 (Fig. 5.6f), an increase of wind energy would be 
needed to mix the system during the winter season. In contrast, the stratification 
strength remains bounded in the range of 14 to 16 oC for RCP4.5 up to the 2090s. In 
RCP8.5 we see the first mixing period after onset of oligomixis is in 2060, wherein 
mixing is coincident with a sudden increase in the hypolimnion temperature and is 
followed by an equally dramatic decrease in the following year (Fig. 5.7c). As noted in 
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Results, above, this shift is related to the change in the outflow demand that was 
required to maintain the operating reservoir level (see also Supplemental Fig. S 6).  

The RCP4.5 does not show clear evidence of tipping point behavior. Both Fig. 5.6 and 
Fig. 5.7 show some trend changes mid-century, but the precise year is difficult to pin 
down due to the weakness in the change. In Fig. 5.7, the RCP4.5 trends are computed 
as changing in 2058 to be consistent and comparable with the clearer trend changes in 
RCP8.5. However, the weakness of the trend changes (with respect to the interannual 
variability) makes a less compelling case for 2058 as a transition point for RCP4.5. 
Nevertheless, with the presumption we observe that for 𝑁2 and St the post 2058 trends 
are flattening in RCP4.5 whereas they are rising in RCP8.5. This change is attributable 
to the lesser warming of the epilimnion in RCP4.5 (Fig. 5.6c) which limits increases in 
the stratification strength. Arguably, these trend changes in RCP4.5 results are initiated 
in the period 2040-2050, when the stratification strength begins to stabilize and the rate 
of increase in the surface temperature begins to reduce. The interannual variability in 
annual means over the period 2040-2060 for RCP4.5 (see Fig. 5.7) could easily be 
interpreted as trends beginning circa 2045. Thus, our interpretation for RCP4.5 is that 
there is no mid-century tipping point. Instead, the lake slowly evolves toward 
oligomixis, but does not reach a point where non-mixing years dominate mixing years, 
which is arguably the trigger for the tipping point in RCP8.5. However, the trends in 
the RCP4.5 at the end of the century are clear and it seems likely that dominant 
oligomixis and the switch to thermal meromixis would follow within a few decades.  

Although the winter minimum inflow temperatures are colder than the mean annual 
hypolimnion temperatures in the Maroon reservoir (Fig. 5.6c), the overall mean annual 
inflow temperature is warmer than the hypolimnion (Fig. 5.9). This has implications 
for the transition to oligomixis. Under monomictic conditions, major inflows during the 
winter mixed period are uniformly distributed over the entire lake, and only the warm 
inflows during stratified periods are directed to the epilimnion. Therefore, increasing 
temperatures under monomictic conditions increases the baseline annual lake 
temperature without increasing stratification strength. In contrast, once oligomixis is 
established the majority of the inflow temperature increase is directed to the epilimnion 
(except for a few cold winter inflows and the occasional mixing year). Thus, after 
oligomixis the inflows tend to increase the stratification strength, which decreases 
mixing and establishes a positive feedback loop. These ideas are supported by a 
comparison of the two scenarios in Fig. 5.9, where the year 2055 (the first non-mixing 
year for the RCP8.5 case), is used as an a priori transition point for analysis. The 
relationship between the hypolimnion and inflow temperatures only changes weakly (if 
at all) for the RCP4.5 case in Fig. 5.9a, indicating that 2055 is not its tipping point. This 
result is consistent with the view that climate change for the RCP4.5 case causes a slow 
linear climb towards oligomixis. In contrast, the year 2055 forms a clear behavior 
change for RCP8.5 in Fig. 5.9b. Post 2055, the rate of increase of the hypolimnion  
 

 Inflow trends and their thermal impact on the lake 
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Fig. 5.9 Mean annual hypolimnion temperature versus mean annual river inflow temperature under 
(a) RCP4.5 and (b) RCP8.5. Black dots and lines show the values before year 2055 and red dots and 
lines after 2055. 

 

temperature with the runoff is moderated, which indicates (i) a greater portion of the 
inflow thermal budget is directed to the epilimnion, and (ii) stronger stratification 
causes weaker mixing across the metalimnion. Once oligomixis is established, cold 
winter inflows maintain the hypolimnion and further increase stratification, as indicated 
in Fig. 5.6c and f. Note that rates of change for thermal inputs are critical to the 
establishment of the proposed feedback loop that creates a tipping point. For example, 
one can imagine climate change conditions that cause the cold winter inflow 
temperatures increase more rapidly than predicted for the present system, which would 
cause the hypolimnion temperature to rise more rapidly. Under such conditions, the net 
thermal effect of inflows might serve to actually weaken stratification (warming the 
hypolimnion faster than the epilimnion) and hence prevent the onset of oligomixis. 
Thus, to fully understand the thermal effects of inflows requires analysis of changes to 
inflow timing, which goes beyond the use of mean annual analysis in the present work.  

The RCP8.5 scenario may also be understood from the monthly variations of the 
precipitation (see Supplemental Fig. S 3), which indicates an abrupt increase of the 
January precipitation (and thus more cold inflows) from the pre- to the post-2055 period 
under RCP 8.5. Therefore, the approximately 1:1 slope of the post-2055 regression line 
seen for RCP8.5 in Fig. 5.9b implies that the hypolimnion temperature 𝑇ℎ𝑦𝑝 follows 
more that of the river inflow (𝑇𝑠), accordingly also its lower temperature in the winter 
that, eventually, inhibits mixing. This effect is less pronounced in the lake dynamics 
under RCP4.5 due to the reduced duration of winter mixing, which causes a lengthened 
period of stratification. However, the higher slope of the post-2055 than the pre-2055 
regression line indicates that a warmer winter air temperature will remain the dominant 
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cause of the hypolimnion temperature variation during the shortened winter mixing 
period. 

Our study indicates that the thermal effects of future increases in air temperature and 
longwave radiation are more pronounced in the epilimnion of the Maroon reservoir and 
have lesser effect on the hypolimnion, which is in agreement with other studies of mid-
latitude deep lakes (e.g. Adrian et al. 2009; Shimoda et al., 2011; Palmer et al. 2014; 
Butcher et al., 2015; Schwefel et al. 2016; Winslow et al. 2017; Niedrist et al. 2018). 
The bias of the thermal effect to the epilimnion is important as it can be a driver of 
increased stratification strength and eventual development of a tipping point to 
oligomixis/meromixis, as illustrated above for the RCP8.5 case. In contrast, shallow 
lakes that have less thermal inertia have been shown to have relatively similar warming 
responses in the epilimnion and hypolimnion (e.g. Hetherington et al. 2015). From our 
work, we infer that stratification strength in shallow lakes is unlikely to be strongly 
affected, which implies a tipping point to oligomixis is less likely to occur.  

An important implication is that simplified lake thermal analyses should not be 
undertaken without also considering changes to the temperature of catchment runoff 
and its relationship to the seasonal lake structure. If the winter catchment runoff warms 
faster than the lake, the winter runoff will tend to reduce stratification strength and thus 
delay a tipping point. However, if the same warmer-than-hypolimnion runoff is 
temporally-biased towards the stratified period it will have the opposite effect and could 
be a positive feedback towards a tipping point. In general, inflow temperatures between 
the hypolimnion and epilimnion temperatures will weaken stratification and those 
either colder than the hypolimnion or warmer than the epilimnion will strengthen 
stratification. The importance of river water temperatures highlights a key deficiency 
of the present approach: the regression model used to predict inflow temperatures (Eq. 
1) from downscaled GCM results is based on the unverified assumption that calibrated 
historic relationship between air and runoff temperatures will be valid in the future. 
This points toward the need to include hydrologic models that capture changes in land 
use, evapotranspiration, and transport time that can affect river temperatures.  

Coincident with the rise of the stratification strength is a significant and similar increase 
of the minimum mixed temperature during the winter overturn (Fig. 5.6f). However, 
the interannual fluctuations of the minimum mixed temperature are smaller than those 
of stratification strength because the latter is controlled by the increasing surface water 
temperature that is driven by the highly variable air temperature and surface heat fluxes. 
In contrast, the minimum mixed temperatures are mainly a function of the mixing 
between warm surface water with cold hypolimnion water, with the latter less affected 
by variations of surface heat fluxes and thus acts as a thermal buffer. Sahoo et al. (2016) 
observed a similar mechanism in historical water temperature data (1990s - 2010s) for 
Lake Tahoe, California, which exhibited less frequent winter mixing events in recent 
years with increasing stratification. We might call this a stratification damping effect 
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imposed by winter mixing, which resets a lake’s baseline thermal conditions and results 
in smaller annual and interannual temperature fluctuations within the lake. Based on 
this argument, the absence of complete winter mixing after year 2055 under RCP8.5 
climate forcing is expected to cause higher interannual fluctuations of stratification 
strength effect which we might call stratification enhancement.  

Table 5.6 provides the predicted limnological states of the Maroon reservoir from the 
present modeling exercise. The RCP8.5 case for the Maroon reservoir indicates that the 
switch to oligomixis is essentially irreversible and evolves to thermal meromixis within 
15 years due to the stratification strength. In contrast, the RCP4.5 case sees weakly 
oligomictic conditions for three decades without becoming thermally meromictic or 
seeing a stratification feedback effect that might be irreversible. Indeed, the first sign 
that a tipping point might eventually occur for the RCP4.5 case is the sudden increase 
in stratification strength in 2096 (see Fig. 5.6f), but unlike the mid-century increases in 
RCP8.5, the stratification strength in four subsequent years returns to its long-term 
trend. Thus, the present study does not indicate that a tipping point is inevitable, but it 
is certainly possible. There remains an open question as to whether a warm monomictic 
lake can remain in a stable, weakly oligomictic state as the climate warms, or whether 
the endpoint is necessarily permanent stratification (thermal meromixis).  

Although this study is of a single reservoir, it provides insights into possible fates of 
other warm-monomictic lakes. Such lakes are inherently at greater danger for 
oligomictic/meromictic state transitions than either dimictic or cold-monomictic lakes. 
Warm lakes have a winter temperature that reflects the memory of past years, whereas 
the temperature of maximum density of water is an annual reset of the lake thermal 
budget in cold lakes. Of particular concern is that mixing transitions might be 
effectively irreversible. Restoring a thermally meromictic lake to monomictic 
conditions would likely require dramatic changes in forcing trends. One possibility is a 
substantial, seasonal cooling driven by lower air temperatures, which reduces the 
stratification strength and would allow mixing to occur. Such an air temperature drop 
is unlikely for any plausible climate scenario. A second possibility for a return to 
monomixis is through increasing in wind speeds or frequency of extreme events that 
provide greater mixing energy. Any such increase is likely to strongly depend on local 
topography, and there are open questions as to whether the present GCMs and  
 

   

 Table 5.6 Summary of the classifications of the Maroon reservoir in different 
sections of the study period 

 

 Scenario  2006-2050  2050-2070  2070-2100  

 RCP4.5 warm-monomictic transition to oligomictic oligomictic  

 RCP8.5 warm-monomictic 
tipping to oligomictic/ 
thermally meromictic 
(2055) 

thermally meromictic  
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downscaling methods can be relied upon to adequately predict such phenomena. 
Finally, permanent stratification (thermal meromixis) might be ameliorated by 
catchment runoff events that are colder than the epilimnion but warmer than the 
hypolimnion and hence weaken stratification. 

5.5 Conclusions 
This study identifies the existence of potential tipping point to oligomixis/meromixis 
for a warm-monomictic reservoir under one of two tested climate change scenarios. Our 
focus has been confined to analysis of the mean annual thermal behaviors extracted 
from the AEM3D hydrodynamic lake model data over the period 2006-2100, which is 
a necessary precursor to future studies using the full 3D behaviors to understand the 
lake mixing mechanisms and their relationships with climate change drivers. To drive 
the lake hydrodynamic model, climate projections of three GCMs were statistically 
downscaled by bias-correction methods including quantile mapping bias correction 
approaches for precipitation and wind vectors. River inflow rates to the reservoir were 
predicted with a catchment hydrological model (HEC-HMS), with temperatures 
predicted from a historic regression model. The potential for the lake model to create a 
biased memory of climate change in its hypolimnion temperature was analyzed with a 
new method of overturn bias analysis, which provides confidence that the present work 
does not include systematic interannual bias caused by integrating the lake thermal 
budget through successive years.  

The results and analyses indicate the Maroon reservoir is unlikely to remain warm-
monomictic under climate change forcings of RCP4.5 and RCP8.5. The difference 
between the weaker forcing (RCP4.5) and the stronger forcing (RCP8.5) is that the 
weaker shows a gradual climb to oligomixis whereas the stronger shows a rapid climb 
with evidence of a tipping point where oligomixis progresses quickly and irrevocably 
to permanent stratification (thermal meromixis). The weak oligomictic conditions of 
RCP4.5 scenario are reached in the late 2070s, but winter seasons continue to be 
predominantly mixed through the end of the tested period. In contrast, the RCP8.5 
reaches a strong oligomictic condition by mid-2050s and sees few mixing years from 
then until the onset of full thermal meromixis in the late 2060s. 

The general response of the reservoir to climate change includes: (i) lengthening of the 
duration of stratification, (ii) strengthening of the summer stratification, (iii) shortening 
of the duration (and eventually disappearing) of winter mixing, (iv) increasing of the 
surface temperature, and (v) increasing of the hypolimnion temperature. From the 
present work we infer the key feedback effects are in the relationship between the 
changing inflow temperatures and the stratification season, which determines whether 
the inflow thermal budget is distributed over the entire lake or is biased towards the 
hypolimnion or epilimnion.  

The study confirms the hypothesis that a transition from monomixis to oligomixis and 
permanent stratification (thermal meromixis) for the Maroon reservoir is possible under 
climate change. Furthermore, we have shown that the behavior might be characterized 
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by either a tipping point (rapid transition between states) or a gradual evolution. Future 
studies should focus on (i) the lake mechanisms that control spatial/temporal 
distribution of the increased thermal budget under climate change, (ii) the key drivers 
of a tipping point, and (iii) how the rates of change of different thermal components of 
climate drivers interact with the lake stratification season. Such insight can perhaps be 
elucidated from future study of 3D lake modeling results around critical transitional 
time periods.  

The results herein illustrate the complexity of a single lake's response to climate change 
and possible fates under different forcings. Although the results cannot be directly 
applied to any other lake, they imply the existence of internal feedback effects within a 
lake that arguably cannot be neglected. Simplified 1D, regression, or 2-layer models of 
lake hydrodynamics used in climate change studies should be analyzed to determine if 
they can reproduce similar behaviors. 
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Supplemental Figures 

 
Fig. S 1 Nonlinear regression model (Eq. 3) of Maroon river daily water temperatures against daily air 
temperatures.  
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Fig. S 2 Five-year running mean projected air temperature increases (relative to their 2006 value) of the 
GCMs used in this study and the bias-corrected values under RCP4.5 and RCP8.5 scenarios. Each line 
represents the mean of different ensembles of the corresponding GCM. Shadow bands delineate the 
±standard deviation of the bias corrected projections. 
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Fig. S 3 Observed, and GCM projected (bias corrected) (a) surface air temperature and (b) precipitation 
for the historical period and two future 21st century non-overlapping periods under RCP4.5 and 8.5. 
Historical period is years 1994-2006. Pre-2055 is decade 2040-2050. Post-2055 is decade 2060-2070. 
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Fig. S 4 Cumulative distribution function (CDF) of raw and bias-corrected GCM projections for 
historical and future periods in January for daily precipitation. OBS: observed, BC: bias-corrected; 
RAW: raw GCM data (not bias-corrected), hist: historical period (1994-2006), future: 2006-2100. 

 
Fig. S 5 Cumulative distribution function (CDF) of raw and bias-corrected GCM projections for 
historical and future periods in January for (a) daily eastward- and (b) daily southward component of 
wind. OBS: observed, BC: bias-corrected; RAW: raw GCM data (not bias-corrected), hist: historical 
period (1994-2006), future: 2006-2100. 
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Fig. S 6 Comparison between the annual mean hypolimnion temperature under two simulation runs of 
the RCP8.5 scenario: the red line shows the RCP8.5 run with planned outflow rates (reduced to 60% 
after 2060 to avoid hydrodynamic model crash) and the blue line shows the RCP8.5 scenario run with 
outflow overall reduced to 60% throughout the whole simulation time (2006-2100). 

 
 

 
Fig S7 Annual time evolution of water column temperature profiles in the Maroon reservoir (St5) for (a) 
beginning of the RCP simulations and (b) to (g) three different periods under the two RCP scenarios as 
indicated. 
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Details of AEM3D model 
 
This Appendix introduces the hydrodynamics, thermodynamics, and the numerical 
scheme of the AEM3D model, comprehensively and briefly. The descriptions in this 
section are based on the descriptions of AEM3D model’s development and methods 
by Hodges (2000a), Hodges (2000b), Hodges et al. (2000), Hodges and Dallimore 
(2010), and Hodges and Dallimore (2016). 

 

Vertical mixing model: 

The turbulence closure in horizontal direction in AEM3D is represented by eddy-
viscosity. In vertical directions, there is a possibility of using two different methods: 
1) a simple approach using eddy viscosity or, 2) a developed mixed layer model.  
 

Eddy viscosity 

The eddy viscosity in AEM3D is represented by the following tensor: 

 𝑣𝑗𝑘

𝜕𝑢𝑖

𝜕𝑥𝑘
≡ 𝛿𝑗𝑘𝜈

𝜕𝑢𝑖

𝜕𝑥𝑘
− 𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅ (A.1)  

Where v is the molecular viscosity, 𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅ is the sub-time-scale velocity fluctuations 
under the Reynolds-averaging filter, and 𝛿𝑗𝑘 is the Kronecker delta which is set to 0 
or 1 for i≠j and i=j respectively. 

The wind momentum in this approach is calculated by the model suggested by Casulli 
and Cheng (1982) that uses a stress boundary condition at the free surface: 

 𝜈
𝜕𝑢

𝜕𝑥
|𝑧=𝜂 = 𝑢∗

2 (A.2) 

where ν is the eddy viscosity and 𝑢∗
2 is the wind stress. 

The use of this approach in stratified systems will result in inaccurate results in coarse 
grids; because, in this case, the depth, downwind velocity, and velocity shear in the 
wind-mixed layer will be the functions of the values used for eddy viscosity above the 
thermocline. 

 

Mixing model 

In physical limnology and hydrodynamic modeling, the stratification and mixing in 
the majority of the lakes can be described adequately by a three-layer stratification 
model (Heaps 1960; Imberger and Patterson 1990) which is briefly shown on Fig. 1.2. 
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Mixing in lakes and reservoirs is a result of the cumulative effects of external energy 
inputs (Ford and Johnson, 1986). In stratified fluids, mixing is characterized to two 
types: 1) convective mixing that converts the potential energy of the fluid to the 
turbulent kinetic energy (TKE) by mixing of unstable density gradients (e.g. unstable 
invert stratification due to surface cooling), and 2) stable mixing that uses the TKE to 
mix the stable density gradients, which increases the potential energy of the fluid. 

The mixing model in AEM3D is a development of the mixed-layer approach for 
vertical diffusion that is derived from the mixing energy budgets originally developed 
by Imberger and Patterson (1981), Spigel et al. (1986) and Imberger and Patterson 
(1990) for 1D lake models. The developed 3D approach uses an Eulerian fixed-grid 
framework, so that the model applies a separate 1D mixed-layer model to each water 
column (defined in horizontal grid) providing vertical turbulent transport. 

In classic hydrodynamics, to model the vertical mixing, the vertical eddy-diffusion 
differential equations are used, where the surface thermodynamics enter the model as 
boundary conditions of the transport or mixing equations. One major disadvantage for 
this method is limiting the model’s vertical grid to fine grid resolutions to be able to 
adequately solve the named differential equations. This limits the models in practical 
lake modeling studies and increases the simulation time because of the need for small 
time steps to keep the model stability. Therefore, in AEM3D, a new method is 
introduced with the 3D approach mentioned above that does not use the eddy-
diffusion differential equations. The surface thermodynamics in AEM3D are 
introduced into the model as discrete changes of the temperature. The nonpenetrative 
and penetrative heat fluxes (will be discussed in the next section) are respectively 
added in the uppermost grid cells and throughout the water column at the beginning 
of each time step. Then the density due to the new heat transfer conditions (stable or 
unstable mixing) is computed and the corresponding mixing process is modeled on a 
layer-by-layer process in each water column with i and j horizontal indexes.  

On the basis of the processes mentioned above, the following sequences of the mixing 
algorithm in AEM3D is as follows for each (i,j) water column (Hodges, 2000a): 

1) Mix scalars and momentum in regions with unstable density gradients 
2) Compute the TKE released from unstable mixing 
3) Compute additional TKE available for mixing due to wind stirring 
4) Mix scalars and momentum from the free surface to depth of mixed layer, as 
long as the available mixing energy (Ea) is larger than the TKE required for 
mixing (Er) 
5) Compute additional TKE available due to shear production for any stable 
density gradient 
6) Mix scalars and momentum where Ea > Er 
7) Decrease available TKE through dissipation (Eϵ) 
8) Advect TKE using transport equation  
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The algorithms of computing the unstable and stable mixing are illustrated in Table 
A.1. 

The mixing energy budget also must be calculated for the mixing model. This is done 
by computing the energies available for mixing (Ea), required for mixing (Er), and 
dissipated energy (Eϵ). The named terms are derived based on the 3D TKE transport 
equation. The simplified form of this equation for coarse grid resolutions (that 
neglects the viscous transport terms and horizontal gradients) yields: 
 

 
 𝜕𝐸

𝜕𝑡
+ 𝑈𝑗

𝜕𝐸

𝜕𝑥𝑖
= −𝑅𝑖3

𝜕𝑈𝑖

𝜕𝑥3
−

𝜕

𝜕𝑥3
{
𝐸𝑢3
̅̅ ̅̅ ̅

2
+

𝑢3𝜌′̅̅ ̅̅ ̅̅

𝜌0
} − 𝜖 −

𝑔

𝜌0
𝑢3𝜌′̅̅ ̅̅ ̅̅  (A.3) 

where E is the turbulent kinetic energy, Rij is the Reynolds stress tensor and ϵ is the 
dissipation.  
By neglecting the vertical gradients in the mixed layer and the turbulent leakage at its 
bottom boundary and reformulating the Equation A.3, we obtain this equation in form 
of TKE sources and sinks (the complete process of the reformulation can be found in 
Spigel et al. (1986) and Hodges (2000a)): 
 

 
𝐷

𝐷𝑡
∫ 𝐸 𝑑𝑧

𝑏

𝑎

=
𝐸𝑎

∆𝑡
−

𝐸𝑟

∆𝑡
−

𝐸𝜖

∆𝑡
 (A.4) 

where a and b are the upper and lower boundaries of the mixed layer, respectively, 
and 𝐸𝑎, 𝐸𝑟 and 𝐸𝜖 , known as the sources and sinks of TKE, respectively are the energy 
available for mixing, required from mixing at each layer and the dissipation of TKE. 
The detailed approach of calculating each of the named sources and sinks is described 
in Hodges (2000a). 
In this mixing model approach, the vertical diffusion term, and therefore the eddy-
diffusivity, is eliminated from the discretized equations. A model by Imberger and 
Patterson (1990) is then substituted to predict the depth of the mixed layer which is 
being affected by the introduced wind momentum which is applied separately in x and 
y directions: 

 𝑆𝑖,𝑗,𝑘 =
𝑑𝑈

𝑑𝑡
|𝑖,𝑗,𝑘 =

𝑢∗
2|𝑖,𝑗,𝑘

ℎ|𝑖,𝑗
∶  𝜂 − ℎ <  ∑ Δ𝑧𝑚

𝑘

𝑚=1

< 𝜂 (A.5) 

where η is the free surface height in water column (i,j). 
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Model thermodynamics: 

Thermodynamic processes play an important role in hydrodynamic models because 
of their effect on water density variations. The main heat source for a lake is the 
radiation (short- and longwave) coming from the sun penetrating into the water 
column via the water surface. Therefore, heat transfer at the free surface is the input 
point of heat in lakes thermodynamics. A classical classification divides the surface 
heat transfer sources to four categories: radiation, convection, conduction, and 
evaporation. However, this classification becomes different in numerical modeling to 
enable us to apply the numerical methods on the physics of the model. Thus, in 
numerical modeling, the heat transfer is classified with respect to its ability in 
penetrating the water surface. Of the classical categories, evaporation, conduction, 
and longwave radiation are the non-penetrative parts of the surface heat transfer, 
which affect only the water surface. The only penetrative part is the shortwave 

Table A.1 Algorithms of unstable and stable mixing in AEM3D (Hodges et al. 2000) 

Unstable mixing 

1 begin with the mixed layer containing the free surface k=kη 

2 compute the potential density difference between k and k-1 layers 

3 if density gradient in (2) is stable, skip to (h) 

4 for unstable density gradient, mix the k-1 layer with all the cells in the mixed layer that contains the k layer 

5 compute the energy released by unstable mixing 

6 add energy released by unstablem mixing to Ea stored in cell k 

7 move Ea at cell k to cell k-1 for later use in stable mixing 

8 Decrement K and return to (2) until the bottom of the water column (k=kλ) is reached 

Stable mixing 

1 find the base cell (k) of the current mixed layer 

2 compute energy due to velocity shear between the k and k-1 layers 

3 add velocity shear energy to the Ea storage in the current mixed layer 

4 compute the energy required to mix the k-1 layer to the current mixed layer Er(k) 

5 if Ea(k)+Em(k) +Em(k-1)-Er≥Er(k) *, mix the k-1 layer into the current mixed layer 

6 If mixing did not occur in (4), skip to (11) 

7 reduce available mixing energy for the potential energy required to mix and move to the new mixed layer 
base 

8 Zero out the energy storage in Em(k),Em(k-1) and Ea(k) 

9 Decrement k to k-1, the new mixed layer base for the current mixed layer 

10 continue at (2) unless the bottom (k=kλ) is reached 

11 If mixing did not occur in (5), then E ã(k)=Ea(k)+Em(k) 

12 Decrement k to k-1 and continue from (1) in the new mixed layer unless the bottom is reached 

* Ea: TKE available, Em: TKE storage, Er: TKE required 
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radiation that affects the water column through certain patterns. In this section, the 
main components of the penetrative and non-penetrative heat fluxes simulated by 
AEM3D, with the models used for representing them, are explained. 
 

Shortwave (solar) radiation flux 

Shortwave radiation (300 to 1000 nm) is usually measured directly. It is often 
considered as the most important part of the heat fluxes in water bodies since, unlike 
the other three, it penetrates into the water column (Ji, 2008). The visual light (400-
700 nm) is also within the range of the shortwave radiation, which includes 
approximately 47-47% of the solar energy reaching the earth. The pattern and the 
depth of the shortwave radiation’s penetration varies for each lake because the albedo 
(reflection coefficient) of the water varies depending on the color of the water, the 
surface wave state and the angle of the sun (Imberger and Patterson, 1990). However, 
it attenuates exponentially in vertical direction with depth complying Beer-Lambert’s 
law (Reynolds, 1998): 

 𝐼𝑧 = 𝐼0𝑒
−𝑧𝜀𝜆  (A.6) 

where 𝐼𝑧 is the solar radiation at depth z, I0 is the solar radiation at the water surface, 
휀𝜆 is the light extinction coefficient for the specified wavelength 𝜆. 

The heat change in water surface in AEM3D is governed by standard bulk transfer 
models (Imberger and Patterson, 1981; Jacquet, 1983).  

In AEM3D, shortwave radiation is divided into four components, of which, the 
Photosynthetically Active Radiation occupies the largest portion of the entire radiation 
(45%). The depth of the penetrated shortwave in the water column, and the depth of 
its penetration, depends on the net shortwave radiation reaching the water surface and 
the extinction coefficient that controls the attenuation of the penetrated shortwave. 
Table A.2 shows the components of the shortwave radiation and percentages and 
default extinction coefficient for each band in AEM3D model. 

The net shortwave radiation penetrating into the water column is calculated by the 
equation given by Jacquet (1983):  

 𝑄𝑠𝑤 = 𝑄𝑠𝑤(𝑡𝑜𝑡𝑎𝑙)(1 − 𝑟𝑎
(𝑠𝑤)

) (A.7) 

where 𝑄𝑠𝑤 is the net shortwave radiation penetrating into the water column, 𝑄𝑠𝑤(𝑡𝑜𝑡𝑎𝑙) 

is the shortwave radiation reaching the water surface, and 𝑟𝑎
(𝑠𝑤) is the shortwave 

albedo of the water surface. 

Shortwave radiation in each band penetrates according to the Beer-Lambert law: 

 𝑄(𝑧) = 𝑄𝑠𝑤𝑒−𝜂𝑎𝑧 (A.8) 

where z is the depth below the water surface and 𝜂𝑎 is the attenuation coefficient for 
each band. For heating purposes, in AEM3D, it is assumed that all of the energy 
originating from the shortwave radiation is converted to heat (Hodges, 2000b). 
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Longwave (atmospheric) radiation flux 

Longwave radiation or atmospheric radiation is the heat flux receiving from 
atmosphere which is resulted from the downward radiation from the atmosphere and 
the upward radiation being emitted from the water surface. It has a longer wavelength 
than the shortwave solar radiation, and depends on the atmospheric conditions e.g. 
temperature, cloudiness, humidity etc. The longwave radiation only occurs on the 
water surface and can have significant effects on water temperature cycle particularly 
at nighttime and cloudy conditions. 

The longwave energy flux in AEM3D can be introduced to the model using three 
different methods: incident longwave radiation, net longwave radiation, and cloud 
cover.  

 

Numerical scheme and TRIM3D approach 

Following the adapted TRIM approach, the semi-implicit evolution of the velocity 
equations is discretized as follows: 
 

 𝑈
𝑖+

1
2
,𝑗

𝑛+1 = 𝐴
𝑖+

1
2

−1 𝐺
𝑖+

1
2

𝑛 − 𝑔
∆𝑡

∆𝑥
[𝜃1(𝜂𝑖+1,𝑗

𝑛+1 − 𝜂𝑖,𝑗
𝑛+1) + (1 − 𝜃1)(𝜂𝑖,𝑗

𝑛+1 − 𝜂𝑖+1,𝑗
𝑛+1 )] (A.9) 
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1
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𝑛+1 = 𝐴
𝑖,𝑗+

1
2

𝑛 𝐺
𝑖,𝑗+

1
2

𝑛 − 𝑔
Δ𝑡

Δ𝑦
[𝜃1(𝜂𝑖,𝑗+1

𝑛+1 − 𝜂𝑖,𝑗
𝑛+1) + (1 − 𝜃1)(𝜂𝑖,𝑗

𝑛+1 − 𝜂𝑖,𝑗+1
𝑛+1 )] (A.10) 

where G is the explicit source term vector, 𝜃1 is the implicitness of the free surface 
discretization, and 𝜂𝑖,𝑗 is the height of the free-surface. The generalized implicitness 
(𝜃1) ranges between 0.5 and 1, and since in AEM3D the default semi-implicit scheme 
is a backwards-Euler discretization of the free surface evolution (1st order), then 𝜃1 is 
assumed equal to 1.  

The A matrix for AEM3D is represented as follows for any implicit or any explicit 
discretization method (Hodges, 2000a): 

 

Table A.2 Components of shortwave radiation simulated by AEM3D (Hodges and 
Dallimore, 2016) 

Band name Abbreviation Percentage (%) Extinction coeff.* (m-1) 

Photosynthetically Active 
Radiation 

PAR 45 0.25 

Near Infrared NIR 41 1.0 

Ultra Violet A UVA 3.5 1.0 

Ultra Violet B UVB 0.5 2.5 

* AEM3D default values 
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𝐀 =

[
 
 
 
 
 
𝑏𝑛 + 𝛾𝑘 𝑐𝑛 0 0 0
𝑎𝑛−1 𝑏𝑛−1 𝑐𝑛−1 0 0

0 𝑎𝑛−2 𝑏𝑛−2 𝑐𝑛−2 0
⋮ ⋮ ⋮ ⋮ ⋮
0 0 𝑎2 𝑏2 𝑐2

0 0 0 𝑎1 𝑏1 + 𝛾1]
 
 
 
 
 

 

 

where: 

 𝑏𝒌 = −𝑎𝑘 + ∆𝑧𝑘 − 𝑐𝑘 (A.11) 

 𝑎𝑘 = −𝜃2

𝑣3∆𝑡

∆𝑧
|𝑘+1/2 (A.12) 

 𝑐𝑘 = −𝜃2

𝑣3∆𝑡

∆𝑧
|𝑘−1/2 (A.13) 

In the equations 12 to 13, 𝜃2 = 0 is set, when the mixed-layer of AEM3D is selected 
as the vertical mixing model. In this case, the model is discretized explicitly and, thus, 
the components of the matrix A are zero for all terms out of the main diagonal. When 
the vertical turbulent diffusion is selected by the user, the 𝜃2 = 1 is set and, therefore, 
the vertical viscous term is discretized implicitly by a backwards Euler technique. 

The numerical simulation of the transport of scalars with concentration C in AEM3D 
is simulated through a three-stage algorithm. In this algorithm, the vertical mixing by 
Reynolds stress is represented as: 

 �̃� = 𝑀(𝐶𝑛) + 𝑆(𝑠) (A.14) 

The advection of the scalar field is represented as: 

 𝐶∗ = �̃� − ∆𝑡
𝜕

𝜕𝑥𝑗
(�̃�𝑈𝑗) (A.15) 

where 𝐶∗ is the discrete advected scalar concentration field. Finally, the horizontal 
diffusion by turbulent motions is represented as: 

 𝐶𝑛+1 = 𝐶∗ +
𝜕

𝜕𝑥𝛼
{𝜅

𝜕𝐶∗

𝜕𝑥𝑎
} + 𝑂(∆𝑡)2 (A.16) 

where 𝑆(𝑠) represents scalar sources such as heat transfer etc. and 𝜅 is diffusivity. 

 

Time steps in AEM3D 

In pure barotropic flows, the TRIM method and, therefore, AEM3D is unconditionally 
stable for any size of time step. In stratified flows, the TRIM approach uses explicit 
discretization for the barotropic terms of momentum equation. Thus, the time step will 
be constrained based on the baroclinic internal wave Courant-Friedrichs-Lewy 
condition (CFL number): 



150 

 

 (𝑔′𝐷)1/2 =
∆𝑡

∆𝑥
< √2 (A.17) 

where D is the effective depth and 𝑔′ is the reduced gravity due to stratification: 

 𝑔′ = 𝑔∆𝜌𝜌0
−1 (A.18) 

In equation 17, the term (𝑔′𝐷)1/2 is in fact an approximation of the wave speed of an 
internal wave.  
The maximum allowable time step for a limiting CFL condition is: 

 ∆𝑡 <
𝐶𝐹𝐿 ∆𝑥

𝑈
 (A.19) 

where U is the horizontal speed of flow. In a stratified flow, U is taken as the internal 
wave speed, rather than the horizontal velocity of water. Because, the maximum time 
step limit for the internal wave horizontal speed is smaller than that of the flow 
velocity. In vertical direction, the internal waves can produce vertical velocities of O 
(10-2) m/s, and thus, the time step will be very limited for fine grid resolutions. 
The final model stability limit, which is important in AEM3D, is the viscous stability 
condition. This constraint is less restrictive than the baroclinic stability condition 
(Equation 17): 

 ∆𝑡 <
∆𝑥2∆𝑦2

2𝜈(∆𝑥2 + ∆𝑦2)
 (A.20) 

 
The baroclinic time step limitation (Equation 17) is the most restrictive time step limit 
in terms of the internal wave CFL condition. Thus, a time step that satisfies this 
limitation, also satisfies the other limitations which are typically of less restrictive. 
However, beyond the numerical stability issues and the baroclinic time step limitation, 
which is an absolutely computational term, another constraint is more important in 
geophysical scale modeling studies. This constraint that takes also the physics of the 
model is the numerical Lipschitz constant or the iteration convergence condition 
(Smolarkiewicz and Pudykiewicz, 1992; Hodges, 2000): 

 𝐵 = ‖
𝜕𝜈

𝜕𝑥
‖ ∆𝑡 (A.21) 

where 𝜈 is the average velocity of the velocity field, 𝑥 is the distance (here the grid 
size) and ∆𝑡 is the time step. Although the model might remain stable for large values 
of 𝐵, the best accuracy of the model would be obtained at the values of the time step 
and grid size resulting in B < 1.  
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Details of MIKE3 model 
 
This Appendix is written based on the descriptions on MIKE3 model and its theory 
by DHI, (2014) and Pietrzak et al. (2001). MIKE3 model is bundled and presented in 
two hydrostatic and non-hydrostatic versions. The former uses the hydrostatic 
assumption and an approximation regarding the vertical velocity. The latter uses an 
artificial compressibility method to enforce a faster convergence in steady state 
simulations that overrides the common hydrostatic assumption in hydrodynamic 
modeling. The hydrostatic version of MIKE3 with flexible mesh (FM) has been used 
and introduced herein because the hydrostatic assumption is a rather more appropriate 
assumption for lakes that the hydrostatic pressure term is dominating. 
 
Governing equations in sigma coordinates 

The equations in sigma coordinates also are based on the same equations discussed in 
section 1.8.2, being solved using a vertical sigma (σ) transformation: 

 𝜎 =
𝑧 − 𝑧𝑏

ℎ
, 𝑥′ = 𝑥, 𝑦′ = 𝑦 (A.22) 

where σ is the vertical transformation factor varying between 0 and 1, representing 
the vertical domain: 0 denotes the bottom height and 1 denotes the surface height. The 
partial differential form of x, y and z under the sigma coordinates transformation is 
then: 

 𝜕

𝜕𝑧
=

1

ℎ

𝜕

𝜕𝜎
 (A.23) 
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𝜕

𝜕𝑦′
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ℎ
(−

𝜕𝑑

𝜕𝑦
+ 𝜎

𝜕ℎ

𝜕𝑦
)

𝜕

𝜕𝜎
) 

(A.24) 

By applying the new coordinates’ transformations, the governing equations of 
continuity, momentum, temperature and scalar transport become as follows 
respectively (neglecting the Coriolis term): 

 
𝜕ℎ

𝜕𝑡
+

𝜕ℎ𝑢

𝜕𝑥′
+

𝜕ℎ𝑣

𝜕𝑦′
+

𝜕ℎ𝜔

𝜕𝜎
= ℎ𝑠 (A.25) 
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𝜕ℎ𝑢
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(A.26) 
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(A.27) 
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(A.28) 
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) − ℎ𝑘𝑝𝐶 + ℎ𝐶𝑠𝑆 

(A.29) 

 
where 𝜔 is the modified vertical velocity in sigma coordinates and is the velocity 
across a level of constant 𝜎 which is calculated by: 

 𝜔 =
1

ℎ
[𝑤 + 𝑢

𝜕𝑑

𝜕𝑥′
+

𝜕𝑑

𝜕𝑦′
− 𝜎 (

𝜕ℎ

𝜕𝑡
+ 𝑢

𝜕ℎ

𝜕𝑥′
+ 𝑣

𝜕ℎ

𝜕𝑦′
)] (A.30) 

Finally, the boundary conditions of the governing equations under sigma 
transformation are: 

 𝜎 = 1 ∶  𝜔 = 0, (
𝜕𝑢

𝜕𝜎
,
𝜕𝑣

𝜕𝜎
) =

ℎ

𝜌0𝑣𝑡
(𝜏𝑠𝑥, 𝜏𝑠𝑦) (A.31) 

 𝜎 = 0 ∶  𝜔 = 0, (
𝜕𝑢

𝜕𝜎
,
𝜕𝑣

𝜕𝜎
) =

ℎ

𝜌0𝑣𝑡
(𝜏𝑏𝑥, 𝜏𝑏𝑦) (A.32) 
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Heat exchange 

The MIKE3 model basically uses the same heat exchange formulation as the AEM3D 
model does. The light attenuation is described by the Beer’s law (see section 0) and 
the heat exchange is based on the typical latent heat flux, sensible heat flux, Net 
shortwave radiation, and net longwave radiation. The heat source term is calculated 
as follows: 

 �̂� =
𝜕

𝜕𝑧
(
𝑞𝑠𝑟,𝑛𝑒𝑡(1 − 𝛽)𝑒−𝜆(𝜂−𝑧)

𝜌0𝑐𝑝
) =

𝑞𝑠𝑟,𝑛𝑒𝑡(1 − 𝛽)
𝑒−𝜆(𝜂−𝑧)

𝜆
𝜌0𝑐𝑝

 (A.33) 

where 𝛽 (=0.3)is the term describing absorbed fraction of near infrared into the surface 
and 𝜆 (= 1.0 𝑚−1) is the light extinction coefficient and 𝑞𝑠𝑟,𝑛𝑒𝑡 is the shortwave 
radiation near surface. 
 

Shortwave radiation 

In spite of AEM3D, that needs the shortwave radiation data as model input, in MIKE3 
there are two options to input the shortwave radiation. In the first option, similar with 
AEM3D, the shortwave radiation is calculated by equation 3.5 using the specified data 
by the user’s input. The other option is a built-in model that estimates the shortwave 
radiation using the local conditions, and is based on the empirical model suggested by 
Iqbal (1983).  
  

Longwave radiation 

The net longwave radiation in MIKE3 can be directly specified where available or can 
be calculated by using two different methods. In the first method, it is calculated by a 
built-in empirical model using Brunt’s equation (Brunt, 1932): 

 𝑞𝑙𝑟,𝑛𝑒𝑡 = −𝜎𝑠𝑏(𝑇𝑎𝑖𝑟 + 𝑇𝐾)4(𝑎 − 𝑏√𝑒𝑑) (𝑐 + 𝑑
𝑛

𝑛𝑑
) (A.34) 

where 𝑞𝑙𝑟,𝑛𝑒𝑡 is the net longwave radiation (𝑤 𝑚−2), 𝑒𝑑 is the vapor pressure at dew 
point temperature (mb), 𝑛 is the number of sunshine hours, 𝑛𝑑 is the maximum 
number of sunshine hours, 𝜎𝑠𝑏 is Stefan Boltzman’s constant, 𝑇𝑎𝑖𝑟 is the air 
temperature (°C) and 𝑎 = 0.56, 𝑏 = 0.077, 𝑐 = 0.1 and 𝑑 = 0.9 are constant 
coefficients. 
In the second method, the longwave radiation is calculated from the incident 
atmospheric radiation specified as an input data: 

 𝑞𝑙𝑟,𝑛𝑒𝑡 = 𝑞𝑎𝑟,𝑛𝑒𝑡 − 𝑞𝑏𝑟 (A.35) 

where: 
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 𝑞𝑏𝑟 = (1 − 𝑟)휀𝜎𝑠𝑏𝑇𝐾
4 (A.36) 

where r=0.03 is the reflection coefficient and 휀 = 0.985 is the emissivity factor. 
 

Numerical method 

In the sigma discretization, the sigma domain is represented by a user-chosen number 
of discrete σ-levels, where σ varies between 0 and 1, representing bottom and free 
surface boundaries, respectively. Each σ-layer is a fraction of the constant σ-levels. 
The variable sigma coordinate is derived from the discrete and equidistant formulation 
of the general vertical coordinate system, known as general vertical coordinate system 
or s-coordinate (Song and Haidvogel, 1994): 

 𝑠𝑖 = −
𝑁𝜎 + 1 − 𝑖

𝑁𝜎
 , 𝑖 = 1, (𝑁𝜎 + 1) (A.37) 

where 𝑠𝑖 is the discrete representation of each layer in s-coordinate, 𝑁𝜎 is the total 
number of layers and 𝑖 is the desired layer number. Then the discrete sigma 
coordinates is defined as below: 

 𝜎𝑖 = 1 + 𝜎𝑐𝑠𝑖 + (1 − 𝜎𝑐)𝑐(𝑠𝑖) , 𝑖 = 1, (𝑁𝜎 + 1) (A.38) 

where 0 < 𝜎𝑐 ≤ 1 is the waiting factor between the equidistant distribution and the 
stretch distribution in which 0 and 1 correspond to fully-stretched and equidistant 
distribution of layers, respectively. 𝑐(𝑠𝑖) denotes the s-curves in the s-coordinate 
system, which is calculated as follows: 

 𝑐(𝑠) = (1 − 𝑏)
sinh (𝜃𝑠)

sinh (𝜃)
+ 𝑏

𝑡𝑎𝑛ℎ (𝜃 (𝑠 +
1
2)) − tanh (

𝜃
2)

2tanh (
𝜃
2
)

 (A.39) 

where 𝜃 and 𝑏 are the surface and bottom control parameters respectively, which 
control the resolution of the vertical grid near bottom/surface. 

In the hybrid sigma/z-level coordinates mode, the z domain is discretized by a certain 
number of z-layers and the maximum z-level is the minimum σ-level. 

Considering the finite volume method of the MIKE3 model, and applying the shallow 
water assumption, the 3D governing equations are obtained from the general shallow 
water equation: 

 𝜕𝑈

𝜕𝑡
+ ∇. 𝐹(𝑈) = 𝑆(𝑈) (A.40) 

Where 𝑈 is the vector of conserved variables, 𝐹 is the flux vector function and 𝑆 is 
the source terms vector. In the 3D Cartesian coordinates the shallow water equation 
is rewritten as below: 
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𝜕𝑈
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+

𝜕𝐹𝑥
𝐼

𝜕𝑥′
+

𝜕𝐹𝑦
𝐼

𝜕𝑦′
+

𝜕𝐹𝜎
𝐼

𝜕𝜎
+

𝜕𝐹𝑥
𝑉

𝜎𝑥
+

𝜕𝐹𝑦
𝑉

𝜎𝑦
+

𝜕𝐹𝜎
𝑉

𝜕𝜎
= 𝑆 (A.41) 

where 𝐼 is the convective flux and 𝑉 is the viscous flux . 

After integrating the Equation 1.8.2.19 over the ith cell the discrete finite volume form 
of the transport equation is obtained as: 

 
𝜕𝑈𝑖

𝜕𝑡
+

1

𝐴𝑖
∑𝐹.𝑛 ∆Γ𝑗 = 𝑆𝑖

𝑁𝑆

𝑗

 (A.42) 

where 𝐴𝑖 is the area/volume of the cell, Γ𝑗 is the boundary of the ith cell and 𝑛 is the 
unit outward normal vector along the boundary. 

 

Boundary conditions 

The boundary conditions of the MIKE3 model are the typical boundary conditions of 
hydrodynamic models: 
 
a) Solid (land boundaries): normal fluxes are zero for all variables, and 
momentum equations can be either in free-slip or no-slip conditions. 
b) Open boundaries: Typical open boundaries (if any) controlling the water level. 
c) Flooding and drying: A certain value can be defined as the minimum drying 
depth ℎ𝑑𝑟𝑦, another for the flooding depth ℎ𝑓𝑙𝑜𝑜𝑑 and another as wetting depth ℎ𝑤𝑒𝑡.  

When the water depth is small in a cell, but larger than ℎ𝑑𝑟𝑦, the problem is 
reformulated for that depth. In case the depth drops to a value smaller than ℎ𝑑𝑟𝑦, that 
cell will be removed from the calculations and will be considered as a dry cell. 
Contrariwise, in a cell where its one face is a dry cell, if the water depth becomes 
greater than the ℎ𝑓𝑙𝑜𝑜𝑑 the cell will be flooded and if it passes the ℎ𝑤𝑒𝑡, the cell be 
considered as a wet cell in the computations. In a flooded cell, only the mass fluxes 
are calculated, while in a wet cell both the mass and momentum fluxes are calculated. 
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Are 3D hydrodynamic models necessary? 
An interesting question is whether computationally time-consuming 3D 
hydrodynamic models (as used in the present application) are needed to evaluate the 
impacts of climate change on lakes and reservoirs. Such analyses would be easier if 
1D lake models (e.g. Ayala et al. 2019) could be substituted. We argue that existing 
1D models should not be used where thermal regime transitions are possible. Instead, 
prognostic, uncalibrated, 3D hydrodynamic modeling is needed to simulate possible 
future tipping points from monomictic to oligomictic states of a lake. Our argument 
is founded on three observations: (i) 1D lake models require site-specific calibration, 
(ii) 1D models calibrated for present conditions are questionable for far future 
conditions under thermal regime change, and (iii) there exist 3D models that do not 
need site-specific calibration. 

For 1D lake models, calibration integrates the complex interactions of 
geomorphology, stratification, wind, inflows, and thermal forcing into a simple basin-
wide vertical mixing model. The need for site-specific calibration can be illustrated 
by examining one of the important sources of the mixing energy: the breaking of 
internal waves along a sloping boundary (Marti and Imberger, 2006; Boegman et al. 
2005). Internal waves are forced by the wind and their response frequencies and 
amplitudes depend on stratification strength and the thermocline thickness. The 
mixing they cause depends on how the waves behave as they run up a sloping 
boundary, similar to breaking ocean waves on a beach. As a further complexity, even 
in a modest size lake (20 km diameter) the internal waves can be rotationally affected 
by Coriolis. The relationships between lake geomorphology, stratification, forcing, 
internal waves and their mixing effects cannot be fit into a priori theory to form a 1D 
model with coefficients from either first principles or deducible from data. Thus, site-
specific calibration for a 1D model consists of adjusting one or more vertical mixing 
parameters to account for the observed net interaction effect of all the 3D internal 
processes and the wind/thermal forcing.  

Using 1D models outside of their calibration conditions might be possible, but only if 
it can be shown that the fundamental physics remain close enough to the originally 
calibrated conditions (i.e., so that future behaviors are reasonably similar to calibrated 
behaviors). One possible effect of climate change is strengthening lake stratification, 
which can easily transition a lake into a regime for which there are no observations. 
If we reasonably expect similar behaviors afterwards, then such a transition might not 
be a problem. Unfortunately, under increased stratification we will see changes of 
internal wave amplitudes and frequencies driven by the wind. Antenucci and Imberger 
(2003) observed that almost identical wind conditions will energize very different 
internal wave characteristics when the stratification strength changes. As mixing is 
driven by the breaking characteristics of the internal waves, it would be quite 
surprising if changes in the internal waves did not change the 1D mixing rates. At this 
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point, we do not have good general evidence of how changes in the internal wave 
characteristics will alter mixing, but we expect that stronger stratification will create 
internal waves that are more resilient to breaking under weak forcing. As a result, we 
speculate that a 1D model calibrated to present conditions is likely to overestimate the 
mixing under future strong stratification conditions. The effect of this systemic bias 
in the mixing model will be to limit the increase of stratification and hence 
underestimate the likelihood of a transition from monomictic to oligomictic. A 
calibrated 1D model simply cannot be expected to predict the correct mixing rate when 
the 3D physical phenomena have changed characteristics outside the observed limits 
of the calibration data set. 

The clear advantage of modeling with 3D hydrodynamics is that the different 
spatial/temporal mixing processes affected by geomorphology are directly 
represented, rather than lumped together as basin-averaged mixing. Ideally a 3D 
model has sufficient grid resolution so that the turbulence processes in any grid cell 
are "generic,'' and can be represented by coefficients extracted from the literature 
based on studies from numerous lakes. Indeed, the use of general literature 
coefficients in 3D models has been validated for lake simulations without using any 
site-specific calibration (Chung et al. 2009; Liu et al. 2014; Zamani et al. 2018; 
Zamani and Koch 2020). These models are successful because physics-based 3D 
mixing models provide a good representation of the subgrid-scale mixing effects that 
are driven by the local velocities which are, in turn, well-represented in the 3D models. 
These physics-based parameterizations are based on local behaviors, rather than 
integrations over the entire lake and, thus, the models can capture the large-scale wave 
behaviors that drive mixing energetics and the spatial variability of mixing (Hodges 
et al. 2000; Valerio et al. 2012; Dorostkar et al. 2017). Note that mixing in 3D lake 
models is quite different than in 3D GCM models: the coarse resolution of the latter 
does not resolve all the spatial/temporal scales that affect mixing. Unfortunately, our 
overall argument is presently unprovable: to our knowledge there are no available data 
for a lake transitioning from monomictic to meromictic that can be used to firmly 
demonstrate that 3D models will correctly predict lake thermal transitions. 

Arguably, the biggest challenge for 3D modeling is the extended computational time 
required. This typically limits how many computational runs can be conducted, which 
makes it difficult to analyze model sensitivity and bias in the predictions. Clearly, 1D 
models are superior for running large number of models under a variety of forcing 
conditions and synthesizing the results. We suggest that a union of the two approaches 
might be beneficial. That is, 3D models could be used create data sets under a wide 
range of stratification and forcing conditions (including thermal regime transitions) 
that could be used for site-specific empirical mixing coefficients. This approach might 
provide 1D models that are robust to future transitions. However, we do not know if 
existing 1D models are suited to using empirical coefficients that are temporally 
varying; thus, a new form 1D lake mixing model might need to be developed. 
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 Details of the AEM3D model setup 
 

The rectangular model grid used for representing the Maroon reservoir uses horizontal 
cell sizes of Δx=Δy=200 m and uniform layers with vertical separation of Δz=1 m. 
The bathymetric data were obtained from the bathymetric surveys by KWPA (2012). 
The 200 m cell size is a compromise between minimizing the computational time for 
multi-decadal simulation and accurately capturing the bathymetry of the Maroon 
reservoir. These cell dimensions result in a domain with a total of 52143 wet cells, 
with 1646 horizontal cells across the free surface at maximum pool level. A time step 
of 200 seconds was used to satisfy the Courant-Friedrichs-Lewy (CFL) stability 
condition for advection and baroclinic motions. We ran the model on the Linux cluster 
of the University of Kassel to simulate 21st century reservoir operation (2006-2100).  

Several studies have shown that the uncalibrated AEM3D model and its predecessor, 
ELCOM, can represent hydrodynamics and the thermal evolution of reservoirs using 
accepted literature values for the parameters required to run the model (Chung et al., 
2009; Lee et al., 2013; Zamani et al., 2018). Their model validations with field data 
indicate that the model performs well (within acceptable error) in simulating water 
temperature profiles and vertical mixing. The study of Zamani et al. (2018) showed 
that the AEM3D is robust to the hydrodynamic parameters, with sensitivity analyses 
showing changes below 3% for parameter variation over a range of ±300%. The key 
difference between parameters in the 3D model and reduced-dimension (1D, 2D) 
models is that the latter must integrate mixing effects driven by spatial heterogeneity, 
i.e., features that are explicitly simulated in the 3D model. Further works using 
AEM3D for the Maroon reservoir with literature parameters have provided validation 
between simulated and observed temperature values from prior observations (Zamani 
and Koch, 2020; Zamani et al. 2020). The literature model parameters for the present 
study are shown in Table 5.2, and have not been specifically selected or otherwise 
calibrated for application to the Maroon reservoir. 
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 Downscaling of climate predictors 
 

Downscaling of air temperature, humidity, pressure, and radiation 

The additive bias correction (also called the delta approach) assumes that the principal 
bias in the GCM output can be corrected by adjusting for the difference (delta) 
between the monthly mean of historical observations in the study region and the 
predicted hindcast GCM outputs, i.e. the bias-corrected future GCM output 𝑦𝑐𝑜𝑟𝑟,𝑖

𝑓  is 
computed as (e.g. Miao et al. 2016): 

 𝑦𝑐𝑜𝑟𝑟,𝑖
𝑓

= 𝑦𝑖
𝑓
− (�̅�𝑝 − �̅�𝑝) (A.43) 

where 𝑦𝑐𝑜𝑟𝑟,𝑖
𝑓  is the bias-corrected GCM value at time step i (day) in future (𝑓), 𝑦 is 

the raw GCM value on that day, �̅�𝑝 is the mean observed value in the present 
(historical) time and �̅�𝑝 is the mean simulated value at present, i.e. of the historical 
simulation. 

 

Downscaling of precipitation  

In quantile mapping (QM), a statistical relationship, known as a Transfer Function 
(hereinafter TF), is established first between the different quantiles of the cumulative 
distribution functions (CDF) for GCM outputs and observations. Based on these 
differences, the future bias-corrected model value is computed as (Li et al. 2010; 
Maraun and Widmann 2018): 

 𝑥𝑐𝑜𝑟𝑟,𝑖 = 𝐹𝑜𝑐
−1(𝐹𝑚𝑐(𝑥𝑚𝑝,𝑖)) (A.44) 

where 𝑥𝑐𝑜𝑟𝑟,𝑖 is the bias-corrected model value at future time 𝑖, 𝑥𝑚𝑝,𝑖 is the raw GCM 
output at future time 𝑖, 𝐹𝑚𝑐 is the CDF of the model in the current climate (historical 
period), and 𝐹𝑜𝑐

−1 is the inverse CDF of the observations in current climate. The 
subscripts (c) and (p) denote current and projection periods, respectively, and (m) and 
(o) model and observation, respectively. 

Several studies have successfully implemented the Piani et al. (2010) approach (e.g. 
Dosio and Paruolo 2010; Gudmundsson et al. 2012). This dry-wet day bias correction 
can, depending on location and time, vary from a simple additive bias correction to a 
linear quantile mapping or an exponential quantile mapping. For the present work, the 
best fit of three TFs for each calendar month (based on the observed number of wet 
days in that month in the historical period) was developed by an automatic procedure 
(written in the Python language) and the optimal one used to finally bias-correct the 
daily precipitation. Following Piani et al. (2010), the bias correction in the present 
study used the additive approach for the dry months (May-Oct) and the exponential 
correction method for the wet months (Nov-Apr). 
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Downscaling of wind 

The wind speed and its direction are important physical drivers of lake dynamics and 
hence important inputs to a 3D hydrodynamic model. Prior GCM downscaling studies 
often focus on temperature and precipitation (e.g. Li et al. 2010; Hawkins et al. 2013; 
Terink et al. 2013; USBR 2013 etc.) and do not include wind predictions. Furthermore, 
the few studies including wind downscaling generally consider only wind speed and 
not direction (Devis et al. 2013; Kirchmeier et al. 2013). It appears that the foundations 
for consistent downscaling of both wind speed and direction were recently developed 
by O’Neill et al. (2017). They employed a quantile mapping bias correction approach 
to spatially and temporally downscale daily near-surface wind vectors over San 
Francisco Bay. They combined the daily wind with a temporal downscaling technique 
(using multiple near-by stations) to reproduce a high-resolution sub-daily scale wind 
that capture the extremes of sub-daily winds. We follow their approach with the 
quantile mapping for downscaling wind vectors on a daily scale, but recognize the 
limitations associated with insufficient data for the wind spatial distribution in our 
study area.  
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 Analysis methods and methods of calculating the analysis 
metrics 
 

Monthly and annual means  

All monthly and annual means in this study are averaged over the daily values.  

 

Mean Brunt-Väisälä buoyancy frequency and Schmidt stability 

The buoyancy and stability values in are calculated using the Lake Analyzer R toolbox 
(Read et al., 2011) for the deepest water column profile of the Maroon reservoir and 
then averaged. In the water column, the Brunt-Väisälä buoyancy frequency is defined 
as: 

 𝑁2 = −
𝑔

𝜌

𝛿𝜌

𝛿𝑧
 (A.45) 

where 𝑔 is gravitational acceleration, and 𝜌 is density at height z. The value of 𝑁2 is 
a measure of the local (convective) stratification stability. The Schmidt stability 
number (Schmidt 1928; Hutchinson 1957) is defined as 

 𝑆𝑡 =
𝑔

𝐴𝑀
∫ (𝑧 − 𝑧𝑔)𝐴𝑧(1 − 𝜌𝑧)𝑑𝑧

𝑍𝑚

0

 (A.46) 

where 𝐴𝑀 and 𝐴𝑧 are the lake surface area at maximum height and at height 𝑧, 
respectively, and 𝜌𝑧 is the water density at height 𝑧. The St represents the system-wide 
stratification by the work needed to mechanically mix the whole water body into a 
uniform density distribution without any external heat exchange. 

 

Mean thermocline depth and epilimnion thickness and metalimnion thickness  

Depth and thicknesses are calculated as the annual means of their daily outputs from 
AEM3D and are calculated for the deepest water column profile of the Maroon 
reservoir (same with buoyancy frequency) using the Lake Analyzer R toolbox. The 
criteria of calculating the thermocline depth, epilimnion, metalimnion and epilimnion 
thickness are based on the standard three-layer stratification theory, explained by 
Imberger and Patterson (1990). 
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The End 
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