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Response to the review of os-2015-68 

 

Journal: OS 

Title: Seasonal renewal time variability in the Curonian Lagoon caused by atmospheric and 

hydrographical forcing 

Author(s): G. Umgiesser et al. 

MS No.: os-2015-68 

MS Type: Research article 

Special Issue: Oceanographic processes on the continental shelf: observations and 

modeling 

 

Dear Editor, 

Please find here our responses to the questions of the referees. I think we have responded 

to all the major questions. 

The following major points have been implemented in our new version of the paper: 

• We have added an extra simulation that excludes the baroclinic acceleration to test 
the role of density driven flows at the Klaipeda Strait on the transport time scales. 

• We compared the WRT to a gross estimate of flushing time. 
• We have added figures showing the circulation and salinity pattern in the lagoon as 

computed by the reference simulation and have added a description of the results. 
• We have added more detailed description on how the ice concentration was treated 

in our model. 
• We have added new figures showing the Nemunas discharge and the flow through 

the Klaipeda Strait. 
• We have also fixed a problem in the post processing routines. However, the overall 

results were not influenced by this problem. 

With these modifications I think we have fulfilled every request made by the editor and the 

reviewers. 

Sincerely, Georg Umgiesser and all co-authors. 
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Response to the editor: 

The ice cover treatment may need improvement. Depending on ice characteristics 
in the lagoon, thickness, concentration and extent, wind stress may or may not be 
able to transfer momentum. The lagoon is shallow enough for stationary land-
locked ice to form. 

 

Answer: We do appreciate this comment and we modified the manuscript to clarify 
the ice treatment in our study. Several ice characteristics (ice thickness, ice 
concentration and distance from shore) are daily observed in four stations in the 
lagoon. In our study we use the ice concentration, which is a dimensionless term 
that describes the relative amount of area covered by ice, to weight the wind 
momentum transfer in the hydrodynamic model. Ice concentration ranges between 
0 and 1; a value of 0 means the lagoon is ice free, while a value of 1 means the 
lagoon is completely covered with ice and momentum transfer to the sea is 
completely switched off. Fractional values transmit parts of the wind stress. This 
approach is widely used in coupled ice-ocean models. No ice-ocean stress is 
considered in this study. Ice concentration is also used to properly calculate the 
albedo to be used in the heat flux model. We included a more detailed description 
of the ice treatment in the methods section 2.2. 

Please note that due to the shallowness of the lagoon the freezing (and melting) 
happens in a short period (days) and once the lagoon is frozen the ice is land 
locked, not transmitting any wind stress to the underlying water. This important 
aspect of ice dynamics in the Curonian Lagoon is now presented and discussed in 
the manuscript with the help of a new figure describing the ice concentration 
variation over time in the four observing stations. 

 

The lagoon has a narrow strait as its outlet and this may entertain a classic two-
layer density driven flow, with fresher water going out and saltier water pouring in. 
Question is how does that affect water residence time? Also, normalized values 
using a gross estimate based on lagoon volume and riverine (or strait) inflow rate 
might be useful.  

 

Answer: The lagoon shows in fact sometimes a two layer flow at the inlet. The 
occurrence of this flow is depending on the strength of the riverine forcing and the 
barotropic water level forcing at the Baltic Sea. We have described this two layer 
flow in detail in Zemlys et al, 2013. We can show the influence of the two layer 
flow on the water renewal time by switching off the baroclinic acceleration. We 
have therefore carried out a new simulation to highlight this feature and have 
inserted the results into the text.  

We will also compare the renewal time with the flushing time, which is basically a 
gross estimate of the time scale of water overturning. This number would be equal 
to the water renewal time only with perfect mixing of the waters inside the lagoon. 
For a mixing efficiency of less than 1 we will have flushing times that will be much 
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lower than the water renewal time. We have included this into the discussion. 

 

Response to Referee 1 (osd-12-C1252-2015): 

This is a good research article where the authors present the results of the 
validated hydrodynamic model (the 3-D SHYFEM) applied to the Curonian Lagoon 
to simulate the circulation patterns for ten years (2004-2013), forced by river 
runoff, wind and Baltic Sea level fluctuations. The main results are well explained 
briefly in the abstract – and later explained in further detail in Section 4 
(Discussion and conclusions). Two main mechanics under wind forcing were 
identified (exchange with Baltic Sea, and internal mixing within the lagoon). The 
effect of the Nemunas River is discussed: a low effect on the internal water 
circulation but a strong influence of the river forcing on the water renewal time 
(WRT). The WRT at different seasons is compared, and the authors showed a low 
WRT in spring close to the Nemunas outflow and a high WRT in summer in the 
southern basin. Inter-annual low WRT are in winter and spring and highest in 
summer.  

 

In lines 3-5 of page 2057, the authors refer to high WRT in the southern basin (and 
a minor increase in the northern part) – can they perhaps explain why?  

 

Answer: In the northern part there is always a strong forcing of the Nemunas River 
that drives the water out from the lagoon. Therefore, even with lower winds the 
renewal times of the northern part are less affected. In the south, however, there is 
only wind forcing, and the Nemunas River does hardly influence the situation. 
Therefore, stronger effects can be found here, and higher renewal times are the 
consequence. We have reformulated this section as follows: 

On the other hand, the only physical forcing in the southern basin is the 
meteorological forcing which may vary considerably between different years. As 
can be seen from the figure, the summers of 2016, 2008, 2009 and 2012 show 
large WRTs in the southern basin, whereas the northern part only showed a minor 
increase due to the higher importance of the Nemunas discharge. 

 

The ice cover during long strong winters increases the WRT in the south and 
decreases in the north. Here the authors provide a possible explanation which 
explains such result. Finally, the strongest impact on the WRT distribution is 
shown to be the Nemunas inflow (7 months WRT for northern lagoon and 5 years 
for the southern part) – with the authors justifying such result. 

Section 1 (introduction) provides a good introduction to the Curonian Lagoon and 
a review of past numerical studies on the lagoon.  

 

In line 28 page 2045 maybe the authors meant “... Lagoon is also characterised by 
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...” or “Also the Curonian Lagoon is characterized by ...”?  

 

Answer: it is the first choice. We adjusted the sentence. 

 

In Section 2 the authors described the study area (the lagoon), the different 
sources of data for boundary conditions to the model and numerical modeling 
framework (the title in section 2.3 should read “modelling” [is using UK English]).  

 

Answer: we were always trying to use US English. We would prefer to continue to 
do so, unless the editor has some specific requests. 

 

Furthermore, the WRT computation is clearly explained in section 2.4, with 
reference to other articles for further details on the algorithm. In line 24 of page 
2050, are there references or reasons for fixing the parameter of the Smagorinsky 
type closure to 0.2?  

 

Answer: In another paper (Zemlys et al., 2013) we have used this value and had 
good agreement with data. We will insert a reference to this paper in the text. 

 

Interesting to note the energy budget being symmetric with wind speeds of 
opposite direction, followed by an explanation. Table 1 explains well to the reader 
a summary of simulations carried out. The WRT for different seasons and different 
regions (northern and southern parts of the lagoon) are compared over the 10 
years period.  

 

Reviewer’s Conclusion: The article is well structured: approaches are explained 
and results are identified and discussed. General comments are positive 

 

Answer: We are pleased with the positive comments of the referee and thank 
him/her for his review. 

 

 

Response to Referee 2 (osd-12-C1307-2015): 

 

The authors have applied their well-known 3-D finite element model SHYFEM 
developed 

at ISMAR, CNR, to the Curonian Lagoon to explore the factors that influence the 



 5

water renewal times (WRTs) in the lagoon. The study is interesting and a 
straightforward 

application of a numerical model, although the conclusions are quite obvious 

a priori. The lagoon is very shallow (3.8 m average depth) and is connected to the 

Baltic Sea via a very narrow strait that restricts the water mass exchanges 
between 

the lagoon and the sea. In addition, the tides in eastern Baltic are negligible and so 

tidal variations in the sea level in the Baltic are unimportant as far as the lagoon is 

concerned. However, wind-induced sea level changes in the Baltic Sea might be 
significant 

and that is where the Baltic Sea could influence the lagoon, albeit with the 

Strait restricting the exchange. The authors should have investigated this scenario 
as 

thoroughly as they have done the obviously influential river discharge. The 
Namunas 

river discharges a significant volume of fresh water into the very small lagoon, 
making 

it, as the authors point out, nearly a fresh water lagoon and hence plays a 
dominant 

role in WRT. 

 

Answer: The wind-induced sea level changes have been considered in the 
manuscript by switching off the water level variations in the Baltic Sea. In fact, as 
can be seen, these water level changes do influence the renewal time, but only to 
a minor extent. The other forcing that influences the exchange is the baroclinic 
driven two layer flow through the Klaipeda Strait. Since also the editor has asked 
about this feature we added another simulation where we treated the equations 
without the baroclinic acceleration and quantified its influence on the renewal time. 
These results have been added to the discussion.  

 

As an exercise in numerical model application, the study is fine. But it does not 
shed 

any light on physical processes underpinning the WRT. For example, I find it hard 
to 

understand why not even a single plot of the circulation in the lagoon is presented. 

Obviously, the prevailing circulation must affect WRT in various parts of the basin. 

And the restricted exchange through the Strait must affect the entire basin. 
Without 

a clear picture of what the circulation in various sections looks like, it is very hard 
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to 

understand why the model is producing the results it is producing. The discussion 
of 

various energies is interesting but not illuminative. The emphasis should have 
been 

on circulation. So I urge the authors to include currents in their analysis of the 
model 

results. It would also be nice to see a plot of the flow volume through the Strait 
over 

the 10 years of model simulation. It should be included in Figure 8. 

 

Answer: We have added a new figure that shows the average circulation and a 
figure that shows the flow through the Klaipeda Strait. 

 

The model does a decent job on sensitivity studies but is woefully brief on the 10 
year 

reference simulation (e.g. Figure 8). I would like to see more discussion of the 10- 

year simulations as presented in Figure 8 but supplemented with maps of currents 
and 

water mass properties. 

 

Answer: We agree with the referee that a circulation plot is useful and we have 
produced a map of average seasonal water circulation. We also added some more 
discussion to the 10 year simulation. We also added a plot of the salinity 
distribution in the Klaipeda Strait, the only area where salinity gradients can be 
detected. 

 

Overall, Major revisions addressing my concerns are in order before the 
manuscript 

can be accepted for publication in OS. 

 

Answer: We are thankful for the constructive comments of the referee. We revised 
the manuscript according to his/her guidelines. 

 

 

Detailed Comments: 

 

Page 2: Line 11-12: are mostly depended should be depend mostly Line 15: are 



 7

only 

marginally determining should be only marginally determine Line 21: remove due 

The manuscript needs a thorough going through to improve the language and 
gram- 

mar. Especially bothersome is use of continuing tense such as that pointed out in 
Line 

15 above, throughout the manuscript. There are too many language fixes needed 
and 

so it is impossible to point them all out. So I will not and instead will concentrate on 
the 

technical content. The authors should ask an English-knowledge person to go 
through 

the manuscript and correct the language deficiencies, before it can be accepted 
for 

publication in OS. However, that can be done during their response to reviewers 
and 

resulting revision of the paper. 

 

Answer: Thank you for pointing this out. We have reviewed the English language 
of the manuscript in our final version. 

 

The figures are very poor. The different colors and lines are very difficult to see. 
Please 

re-plot ALL the figures with thicker lines, better color distinctions and bigger fonts. 
In 

their current form, they are not fit for publication. 

 

Answer: all figures will be redone to better convey the information to the reader 

 

Page 4, Line 1: Replace importance by magnitude. 

 

Answer: done 

 

Figure 1: I could not see the gray lines without expanding the figure a lot. Re-plot 
with 

a suitable color and thickness. Change the color of the thick line also. It merges 
with 
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the FEM cell boundaries. 

 

Answer: Figure 1 has been redone. 

 

Page 5: List the average discharges of all rivers, even if Nemunas river dominates. 

A plot of the change in Nemunas discharge with time is necessary to understand 
its 

seasonal influence. 

 

Answer: we inserted a figure of the Nemunas discharge and the Minija River in the 
lagoon. These two rivers make up for 95% of the total discharge into the Curonian 
Lagoon.  

 

Page 6: Explain how data from different sources for different years affects the 
results. 

How reliable are the data from the “forecast” models? 

 

Answer: Data from a unique data source were not available, so we had to put 
together the open boundary data set from various sources. Water levels are 
reliable from all models. What concerns salinity and temperature, the model is not 
very sensitive to these parameters at the open boundary, because the flow 
direction is mainly from the lagoon to the sea. 

 

Page 6: Ice cover is characterized by two quantities: fractional area covered and 
the 

ice thickness. Looks like only the fractional area covered is available. You also say 
you 

ignore ice cover. Explain why. 

 

Answer: As also recommended by the editor, we have clarified how we treated ice 
in the model. Several ice characteristics (ice thickness, ice concentration, distance 
from shore) are daily observed in four stations in the lagoon. In our study we use 
the ice concentration, which is a unitless term that describes the relative amount of 
area covered by ice, to weight the wind momentum transfer in the hydrodynamic 
model. Ice concentration ranges between 0 and 1; a value of 0 means the lagoon 
is ice free, while a value of 1 means the lagoon is completely covered with ice and 
momentum transfer to the sea is completely switched off. Fractional values 
transmit parts of the wind stress. This approach is widely used in coupled ice-
ocean models. No ice-ocean stress is considered in this study. Ice concentration is 
also used to properly calculate the albedo to be used in the heat flux model. We 
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included a more detailed description of the ice treatment in the methods section. 

Please note that due to the shallowness of the lagoon the freezing (and melting) 
happens in a short period (days) and once the lagoon is frozen the ice is land 
locked, not transmitting any wind stress to the underlying water. This important 
aspect of ice dynamics in the Curonian Lagoon is now presented and discussed in 
the manuscript with the help of a new figure describing the ice concentration 
variation over time in the four observing stations. 

We ignored ice cover only in the open Baltic Sea, because the Baltic Sea is less 
likely to freeze at these latitudes and the wind stress over the Baltic Sea is not 
strongly affecting the dynamics of the Curonian lagoon. 

 

Page 10, Line 7: Replace Energy by Lagoon energy 

 

Answer: done 

 

Page 10, Line 26: Are these fluxes across the gray lines in Figure 1? If so, state it 
and 

refer to the figure. 

 

Answer: yes. We will make it clear in the text that the sections shown refer to the 
lines in figure 1 

 

Figure 3: Change the vertical scale of the bottom panel to 2500 mˆ3/s also, so that 
the 

strait discharge can be compared visually to the river discharge. 

 

Answer: done 

 

Page 11, Line 19: How much of the results are affected by model discretization of 
the 

Strait? Comment. 

 

Answer: The goodness of fit is only slightly lower when compared to a high 
resolution grid of the Curonian lagoon (Zemlys et al, 2013). The exchange mainly 
depends on barotropic forcing (river, water level in the Baltic Sea) and baroclinic 
two-layer flow. Both of these are quite insensitive to horizontal discretization. The 
latter one clearly depends on the vertical resolution, which was comparable to the 
aforementioned paper. 

 



 10 

Page 11, Line 26: Reason for “reinitialization?” 

 

Answer: After three months we start a new computation cycle for the renewal 
times. Therefore the concentrations have to be again initialized to 1. We have 
changed the text to: 

Every three months the renewal times are computed, and then the concentrations 
are re-initialized in order to start a new computation period. 

 

Page 12: A plot of the temporal variability of various (especially Namunas) river 
discharges 

is essential to understand the results in Figures 4 and 5. 

 

Answer: we have included a plot of the various river discharges over the 10 years. 

 

Page 15: Discuss the dynamical reasons why the ice cover influence is small and 
why 

the influence of how the ice cover was taken into account in the model might or 
might 

not have affected the results. If the lagoon is completely covered by ice, as 
happened 

during 2009 and 2010, and if the ice is land locked, the wind stress is NOT 
transmitted 

to the water underneath. Has that been taken into account? Does that affect WRT 
or 

doesn’t it? Explain. 

 

Answer: Yes, this has been taken into account. When there is ice cover, there is 
no transmission of momentum to the water column. Therefore, our “ice model” 
completely inhibits the momentum exchange. It is therefore the most severe case 
that can happen. We have inserted some explanation of this point into the text. 

 

Figure 7: Once again, the plots are too poor and hard to understand. Thicker lines, 

better color selections to highlight different situations in a particular lagoon etc. are 

needed. 

 

Answer: the figure has been redone. 
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Page 15: The paper draws obvious conclusions re WRT. The presence of the 
narrow 

Strait, which forms its outlet to the Baltic Sea and hence restricts exchange of 
water 

masses between the lagoon and the sea, must play an important role. And of 
course 

river discharge into such a small volume must also play an important role in WRT. 

 

Answer: We agree. 

 

Page 16: I do not understand why the lack of influence of ice cover is 
“astonishing.” All 

it does is mediate between the wind stress and the water column. So it affects 
vertical 

mixing in the water column mostly. WRT cannot be not sensitive to vertical mixing 
in 

such a shallow basin (3.8 m average depth), since even small winds mix up the 
water 

column, if the estuarine exchange through the very narrow Strait is highly 
restricted and 

so more saline water intruding along the bottom cannot be a major factor, at least 
in 

the southern section. A plot of the salinity in the basin would be very helpful. 
Actually, I 

would start the paper with a plot of the salinity and temperature (seasonal or 
average) 

in the lagoon immediately after Figure 1 showing the topography and the model 
cells. 

 

Answer: Ice cover not only restricts vertical mixing, but also horizontal acceleration 
of the water masses and therefore horizontal mixing. Before this study we thought 
that wind stress was a major factor in shaping the horizontal exchange. As it turns 
out, during the years of ice cover this inhibition is less important for the renewal 
time pattern. We have slightly rephrased this point in the text. 

We have produced temperature and salinity maps. The seasonal temperature map 
shows a homogeneous situation all over the lagoon. This is not surprising because 
of the shallow nature of the lagoon. Since this map does not add any information 
we have not included it. What concerns salinity, we have produced this map and 
inserted it when discussing the reference simulation. Since the only places where 
salinity can be found in the basin are close to the Klaipeda Strait, we have only 
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plotted the area of the strait. 
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ABSTRACT 17 

The aim of this study was to investigate the variability of the water exchanges in the 18 

Curonian Lagoon based on the hydraulic regime and the atmospheric forcings. A finite 19 

element hydrodynamic model has been applied to the Curonian Lagoon to simulate the 20 

circulation patterns for ten years. With the help of a transport-diffusion model the salinity 21 

distribution and the renewal times of the Curonian Lagoon have been investigated when 22 

forced by river runoff, wind and Baltic Sea level fluctuations. The hydrodynamic model 23 

has been validated using in situ salinity measurements.  24 
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Model results show that the variability depends mainly on seasonal changes in 25 

hydrographic forcing and on the dominant wind regimes that prevail over the Curonian 26 

Lagoon. Exchanges between the southern and the northern part of the lagoon are mostly 27 

depended on the wind forcing and are much less influenced by the river discharge. 28 

However, when looking at the water renewal time, the most important factor is the river 29 

discharge into the lagoon. Other physical forcings are only marginally determineing the 30 

renewal time, and not even ice cover is able to influence it. Even if ice cover is strongly 31 

inhibitsing the exchanges between the southern and northern lagoon, it is basically not able 32 

to change the absolute value of the renewal times. 33 

 34 

Keywords: Curonian lagoon, finite elements, numerical modeling, exchange mechanisms, renewal 35 

time, ice cover 36 

 37 

1 INTRODUCTION 38 

Lagoons are the most productive coastal habitats on earth. They are, however, also 39 

considered to be extremely vulnerable due to human impact and future climate change. 40 

They have crucial relevance what concerns ecological, social and economical importance, 41 

both in a historical and present day (Gonenc and Wolflin, 2005). Lagoons show extremely 42 

varying settings what concerns hydrological and biological characteristics. 43 

Lagoons depend are crucially depending on the exchange of their waters with the open sea. 44 

Especially in lagoons with no where direct fresh water inputs from the land is not available 45 

because no rivers discharge into the lagoon, the only water renewal mechanisms are the 46 

exchanges with the open sea. These exchanges are governed by water level variations 47 

(mainly tides and storm surges) and wind forcing (especially in lagoons with more than 48 

one inlet). 49 

Morphological constrains, like channels, salt marshes or solid boundaries could physically 50 

divide tidal wetlands in different sub-basins (e.g., Taranto Seas, Cardellicchio et al., 2015). 51 

On the other end, multi-inlet lagoon systems (like the Venice lagoon in the North Adriatic) 52 
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could can be roughly subdivided on the base of the total number of main inlets (Ferrarin et 53 

al., 2010).  54 

In lagoons with only one inlet and without internal morphological constrains its 55 

hydrodynamics could be used to characterize several sub-domains. This is the case of the 56 

Curonian Lagoon, a trans-national coastal system shared by Lithuania in the north and 57 

Russia (Kaliningrad province) in the south. This lagoon which couldcan be formally 58 

divided in 2 sub-basins (Ferrarin et al., 2008): a northern area influenced by both the fresh 59 

water flow and the lagoon-sea exchange and; a southern basin where hydrodynamics is 60 

mostly influenced by the wind. 61 

Understanding the degree and variability of water exchange between the different sub-62 

basins is crucial for describing the temporal and spatial ecological status lagoons (Lucas et 63 

al., 2009; McLusky and Elliott, 2004; Andutta et al., 2014). Such a hydraulic partitioning is 64 

often used to delineate administrative water basins with different physical, chemical and 65 

biological characteristics, as requested by the Water Framework Directive (WFD), (CEC, 66 

2000) 67 

The Curonian Lagoon in this aspect is quite an atypical lagoon. It is characterized by the 68 

fact that a major river directly discharges into the basin, with a climatological average of 69 

21.8 km3 per year (700 m3/s) (Jakimavičius, 2012). This river input makes it basically a 70 

fresh water lagoon. Other lagoons in Europe with a strong fresh water discharge similar to 71 

the Curonian lagoon are the Oder Haff in the southern Baltic Sea (Radziejewska and 72 

Schernewski, 2008) and the Razelm-Sinoe lagoon system in the Danube delta (Vadineau et 73 

al., 1997). The Curonian Lagoon also is also characterized by the absence of tidal action, 74 

because tides in the eastern Baltic Sea are of negligible importancemagnitude. 75 

In former times Tthe Curonian lagoons has been studied by previoussome modeling 76 

applications starting from 2008. Ferrarin et al. (2008) have studied the general circulation 77 

of the Curonian Lagoon with a 2D finite element model. They also studied the residence 78 

time distribution for one year and finally used these results to carry out a zonation of the 79 

lagoon. Hydrodynamic models focusinged mainly on investigation of water currents were 80 

developed for the Curonian Lagoon by Davulienė et al. (2002), Raudsepp and Kouts 81 

(2002) and Ferrarin et al. (2008).  82 

In recent years the salinity distribution has been studied (Zemlys et al., 2013). In this 83 
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application the model SHYFEM (Umgiesser et al., 2004) has been applied in a 3D setup. 84 

Even if the lagoon is rather shallow, a discretization of the vertical dimension is needed to 85 

adequately describe the two-directional flow in the Klaipeda Strait and the intermittent salt 86 

water intrusion events into the lagoon. 87 

In this study we use validated numerical models to investigate the seasonal and inter-88 

annual variability of the water exchange and water renewal time due to hydrological, 89 

atmospheric and open sea forcings. The water renewal time (WRT) has been studied with a 90 

3D application of SHYFEM. It is therefore a new development starting from the work of 91 

Ferrarin et al. (2008) computing the WRTs in a 3D mode. The work focuses especially on 92 

forcing mechanisms that determine the exchange and the variability of fluxes and WRTs 93 

over 10 years between 2004 and 2013. 94 

2 MATERIALS AND METHODS 95 

2.1 The Study Site 96 

The Curonian Lagoon is a coastal lagoons created by the long shore sediment transport in 97 

the eastern Baltic Sea (Fig. 1). It is a trans-national lagoon shared by Lithuania in the north 98 

and Russia in the south. Its only inlet is situated in the northern (Lithuanian) part. The total 99 

area of the lagoon is approximately 1584 km2, the volume is 6.3 km3, its length is 93 km, 100 

maximum width is 46 km in its southern part, and mean depth is 3.8 m (Žaromskis, 1996).  101 

The dynamics is dominated by the river discharge with a climatological average of 21.8 102 

km3/year (700 m3/s) (Jakimavičius, 2012). More than 90 % of this amount is contributed 103 

by the Nemunas River that discharges into the central and northern part of the lagoon.  104 

Every year the rivers carries the amount of fresh water about four times the lagoon volume. 105 

Therefore, the southern and central parts of the lagoon are freshwater (average annual 106 

water salinity is 0.08 ‰), while the northern part has an average annual water salinity of 107 

2.45 ‰, with irregular salinity fluctuations of up to 7 ‰ due to Baltic water intrusion 108 

(Dailidienė and Davulienė, 2008). 109 

Therefore the Curonian Lagoon is a transitory freshwater basin; and due to the inflowing 110 

rivers the average water level in the lagoon is normally higher compared to the sea level of 111 
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the Baltic Sea. 112 

2.2 Data 113 

For the calibration and validation results of salinity a data set of daily measurements 114 

performed by the Marine Research Department of Lithuanian Environmental Protection 115 

Agency, linked to the Lithuanian Ministry of Environment, for the period 2004-2010 for 116 

the northern part of the Curonian lagoon (Juodkrantė and Klaipėda Strait) were was used. 117 

Daily river discharges were provided by Lithuanian hydro-meteorological service. The 118 

fresh water input into the Curonian Lagoon was considered as the sum of the discharge of 119 

its major rivers (Nemunas near Smalininkai, Minija, Šešupė, Jūra, Šešuvis, Deima) 120 

(Jakimavičius, 2012). In Fig. 2 (top panel) the Nemunas discharge together with the Minija 121 

River is shown. Together both rivers make up more than 95 % of the total discharge into 122 

the Curonian Lagoon (Zemlys et al., 2013). 123 

Open sea boundary water temperature, salinity and water levels were obtained by three 124 

different sources. For the year 2004-2006 the boundary data was taken from the 125 

operational hydrodynamic model MIKE21 provided by the Danish Hydaulic Institute 126 

(DHI). For the year 2007-2009 the data was obtained by spatial interpolation of 1 nautical 127 

mile spatial resolution forecasts by operational hydrodynamic model HIROMB (Funkquist, 128 

2003) provided by the Swedish Meteorological and Hydrological Institute. For the year 129 

2010-2013 the data was taken from the model MOM (Modular Ocean Model) provided by 130 

the Leibniz Institute for Baltic Sea Research in Warnemünde, Germany. Meteorological 131 

forcing fields were obtained by forecasts of the operational meteorological model 132 

HIRLAM (http://www.hirlam.org) provided by the Lithuania hydro-meteorological service 133 

for the year 2009-2010. For other years data from European Centre for Medium-Range 134 

Weather Forecasts (ECMWF, http://www.ecmwf.int) were used. 135 

Finally ice data has been available only for the years 2007-2010. This data was provided 136 

by the Marine Research Department of the Environment Protection Agency of Lithuania. 137 

Ice thickness and ice coverconcentration has been daily measured in 4 points inside the 138 

lagoon (Juodkrantė, Nida, Ventė and Uostadvaris, see Fig. 1 for the location of the 139 

stations). These data has been used to derive an adimensional value called ice 140 

concentration and has been spatially interpolate onto the finite element grid. The ice cover 141 
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concentration is a value between 0 (ice free) and 1 (fully ice covered) and can be a 142 

fractional number. In this case it can be interpreted as the fraction of the area covered by 143 

icewhere momentum exchange on the water surface is inhibited. The Baltic Sea has been 144 

considered ice free for the whole simulations.The ice concentration for the years 2007-145 

2010 is shown in Fig. 2 (bottom panel). Please note that due to the shallowness of the 146 

lagoon the freezing (and melting) happens in a short period (days) and once the lagoon is 147 

frozen the ice is land locked, not transmitting any wind stress to the underlying water. The 148 

Baltic Sea has been considered ice free for all the simulations. 149 

2.3 The numerical modeling framework  150 

The framework of numerical models (SHYFEM, http://www.ismar.cnr.it/shyfem) was 151 

applied to the domain that represents the Curonian Lagoon and coastal area of the Baltic 152 

Sea (Fig. 1). These models consist of a finite element 3-D hydrodynamic model, a 153 

transport and diffusion model and a radiation transfer model of heat at the water surface. 154 

SHYFEM was successfully applied to many coastal environments (Ferrarin and 155 

Umgiesser, 2005; Ferrarin et al., 2010; Bellafiore et al. 2011; De Pascalis et al., 2011; 156 

Ferrarin et al., 2013, Zemlys et al., 2013, Umgiesser et al., 2014). 157 

The model resolves the 3-D primitive equations, vertically integrated over each layer, in 158 

their formulations with water levels and transports. The horizontal spatial discretization of 159 

the unknowns is carried out with the finite element method, which is especially well suited 160 

to describe the complex morphology of the investigated coastal system. In the vertical the 161 

water depth is divided into terrain following sigma levels. For the computation of the 162 

vertical viscosities and diffusivities a turbulence closure scheme is used. This scheme is an 163 

adaptation of the k-ε module of GOTM (General Ocean Turbulence Model) described in 164 

Burchard and Petersen (1999). 165 

The presence of iceIce cover has been simulated by weighting scaling the wind drag 166 

coefficient by the fractional ice coverconcentration. This corresponds to scaling the 167 

momentum input through the surface by the area of actual ice coverfree of ice. Where ice 168 

concentration equals 1 the momentum transfer to the sea is inhibited.  No ice-ocean stress 169 

is considered in this study. Ice concentration is also used to properly calculate the albedo to 170 

be used in the heat flux model. 171 
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The model also solves the 3-D advection and diffusion equation to compute water 172 

temperature and salinity. The transport and diffusion equation is solved with a first-order 173 

explicit scheme corrected by a total variation diminishing (TVD) method. A more detailed 174 

description of the model equations and of the discretization method is given in Umgiesser 175 

et al. (2004) and its 3D implementation to the Curonian Lagoon in Zemlys et al. (2013).  176 

The SHYFEM model has been applied previously to the Curonian Lagoon and has been 177 

validated in previous works reproducing water level, water temperature and salinity 178 

fluctuations and the structure of the flow in the Klaipeda Strait (Ferrarin et al., 2008; 179 

Zemlys et al., 2013). The reader can refer to Zemlys et al. (2013) for further details on 180 

model application and validation in the Curonian Lagoon. 181 

2.4 Renewal time computation 182 

The computation of the water renewal time (WRT) has been done according to the 183 

methodology indicated in Takeoka (1984) and subsequent modifications in Cucco and 184 

Umgiesser (2006) and Cucco et al. (2009). A conservative tracer is released in the whole 185 

Curonian lagoon, with the exception of the Baltic Sea. The model solves the 3-D advection 186 

and diffusion equation to compute the tracer dispersal using a first-order explicit scheme 187 

based on the total variation diminishing (TVD) method. The fate of this tracer is followed 188 

and the WRT is computed either through integration of the remnant function 189 

(concentration divided by initial concentration, a value between 0 and 1) or by fitting the 190 

logarithm of the tracer value in every point to a straight line (Umgiesser and Cucco, 2011). 191 

The second method gives the possibility of shortening the simulations and stopping them 192 

before the concentration arrives at very small values. This procedure allows also restarting 193 

the computation at given time periods. In our case we have repeated the computation every 194 

3 months trying to resolve the seasonal variability of the Curonian lagoon. 195 

2.5 Simulation setup 196 

In this application the numerical grid consists of 2027 elements and 1309 nodes. The 197 

resolution is much finer in the vicinity of the Klaipeda strait. A part of the Baltic Sea shelf 198 

has also been included in the numerical grid in order to not disturb the computations of the 199 
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exchanges through the Klaipeda strait. In the vertical a total of 12 sigma layers have been 200 

inserted. 201 

Several numerical simulations have been carried out in this study: 202 

- Idealized simulations for investigate the role of different forcing on the water 203 

exchange and energy content distribution. 204 

- 10 years realistic simulations using hydro meteorological forcing for the time period 205 

between 1 January 2004 and 31 December of the year 2013. 206 

The characteristics of the performed simulations are summarized in Tab. 1. The simulation 207 

called “Reference” is used as a base line against which all the other simulations have been 208 

compared. A part from the ice cover, it is the simulation which contains the complete 209 

forcings. 210 

The simulations have been carried out using a maximum time step of 100 s, and the model 211 

adopts automatic sub-stepping over time to enforce numerical stability with respect to 212 

advection and diffusion terms. The vertical viscosity and diffusivity are computed by the k-213 

epsilon model GOTM, and the horizontal ones by a Smagorinsky type closure with a 214 

parameter of 0.2 according to the value used also in Zemlys et al. (2013). The bottom drag 215 

coefficient has been set to a constant standard value of 2.5 10-3. Finally, the wind drag is 216 

being computed by the sea-air interaction model COARE (Fairall et al., 2003). Time-series 217 

of observed ice concentration have been spatially interpolated onto the finite element grid. 218 

3 RESULTS 219 

3.1 Calibration and validation through salinity 220 

Even if the calibration and validation has already been carried out in a former work 221 

(Ferrarin et al., 2008; Zemlys et al., 2013) we show one more time the validation for the 222 

salinity, because the numerical grid has been changed between the two applications. In 223 

Zemlys et al. (2013) the resolution of the grid was much finer. In the present application a 224 

coarser resolution has been used because of the need to run the model for longer time 225 

periods. 226 

To drive the model realistic forcing of boundary conditions (water levels, salinity, 227 
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temperature) and meteorological input has been used for the year 2004-2013. For the 228 

calibration and validation of modeled salinity a data set of daily measurements performed 229 

by the Marine Research Department of Lithuania Environment Ministry for the period 230 

2004-2010 for the northern part of the Curonian lagoon (Juodkrantė and Klaipėda Strait) 231 

were available.  232 

Statistical analysis results for salinity are reported in Tab. 2 in terms of root-mean-square 233 

error (RMSE, in ‰) and correlation coefficient between model results and observations 234 

(R). The results showed that the model with ice gives much better results compared to the 235 

reference simulation. The correlation coefficient between model results and observations 236 

for the period 2007-2010 (when the realistic ice data were used) is 0.641 (RMSE=2.3 ‰) in 237 

Klaipeda Strait and 0.427 (RMSE=2.1 ‰) in Juodkrantė. Still the comparison of results 238 

with previous studies showed that the high resolution model does a better job in describing 239 

salinity variations. 240 

3.2 Exchange mechanisms between the northern and the southern lagoon 241 

In a first set of sensitivity simulations the exchange mechanisms between the northern and 242 

southern part of the lagoon have been explored. It has been studied how the physical 243 

forcing influences and determines the circulation and exchange in the lagoon. 244 

A first simulation explores the dependence on wind direction. The wind speed has been 245 

fixed to 5 m/s which corresponds approximately to the long term average of winds from all 246 

directions. No Nemunas river water discharge has been imposed. Energy content (kinetic 247 

and potential) and fluxes between different sub-basins have been computed. The section 248 

over which these fluxes have been taken is plotted with a black continuous lines in Fig. 1. 249 

The results of this experiment are shown in Fig. 23. 250 

Lagoon eEnergy has been computed by excluding the grid area of the Baltic Sea, so only 251 

the water circulation and setup of the water level inside the lagoon have been taken into 252 

account. Energy is not equally distributed between its kinetic and potential part. The 253 

potential energy is normally much higher than its kinetic counterpart. This means that due 254 

to the shallow nature of the lagoon the currents contribute much less to the energy budget 255 

with respect to the change in water level which accumulates potential energy inside the 256 
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lagoon. 257 

The energy budget is symmetric with wind speeds of opposite directions (Fig. 23). The 258 

minimum of potential energy correspond to around 90 and 270 degrees, which are easterly 259 

and westerly winds. This direction corresponds to a minimum fetch over the lagoon where 260 

the wind can act to pile up the water on one side or the other. On the other side, wind 261 

directions of 0 and 180 degrees (northerly and southerly winds respectively) show highest 262 

accumulation of potential energy. In this case the potential energy is 50 times higher than 263 

in case of minimum potential energy (please note the logarithmic scale in the figure). 264 

Kinetic energy is differently distributed with wind speed. Its maximum is at around 50 and 265 

230 degrees, which corresponds to NE and SW winds. Kinetic energy is much less variable 266 

when compared with the potential energy, and it is higher than potential energy only close 267 

to where the minimum of potential energy occurs. 268 

In the bottom panel of Fig. 2 3 fluxes over selected sections (see Fig. 1 for the location of 269 

the sections) are presented. Shown are absolute fluxes, so positive and negative fluxes add 270 

up to each other. Fluxes through the Klaipeda strait are maximum at around 100 and 270 271 

degrees, which corresponds roughly to the direction of the inlet that connects to the Baltic 272 

Sea. Minimum fluxes occur with northerly and southerly winds. The more southerly 273 

situated section of Vente shows a similar form with higher fluxes, due to beingbecause 274 

much wider. Fluxes through the Nemunas section and the South lagoon section show much 275 

higher values, with maxima at around 30 and 200 degrees. This is the wind direction which 276 

favors highest exchange between the northern and southern sub-basin in the Curonian 277 

lagoon. 278 

In another simulation only the Nemunas discharge has been taken into account. The 279 

simulation has a duration of 250 days, while the Nemunas discharge is continuously 280 

increased until reaching the value of 2500 m3/s. No wind forcing has been applied. Results 281 

are shown in Fig. 34. With a low Nemunas discharge the kinetic energy is higher than the 282 

potential energy. This means that with low discharges there is little piling up of the water 283 

in front of the Nemunas delta and the water flows freely in direction of the strait. At higher 284 

discharges the ratio is reversed, and potential energy becomes more important, and at very 285 

high discharges total energy consists basically only in potential energy. This means that 286 

due to the big water masses inflowing the water cannot freely flow to the strait but 287 
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accumulates close to the Nemunas Delta, contributing to a rise in potential energy.  288 

Fluxes for the same simulation are shown in Fig. 34. Not surprisingly, the discharges 289 

through Klaipeda strait, Vente and Nemunas sections show exactly the same value than the 290 

Nemunas discharge. Is however surprising that this Nemunas discharge only influences 291 

marginally the fluxes through the South section. Fluxes still grow linearly with discharge, 292 

but are much lower than through the other sections. The ratio between Nemunas and South 293 

section is about 1/8. 294 

3.3 Renewal time variabilityGeneral hydrodynamic features of the 295 

Curonian Lagoon 296 

 Here we describe some general features of the Curonian Lagoon using the results of 297 

the reference simulation. The focus is on the seasonal evolution of circulation and salinity. 298 

In Fig. 5 the seasonal circulation is shown (averaged over 10 years). As can be seen the 299 

average circulation (which corresponds to the residual currents) is very stable throughout 300 

the seasons. In the north the current direction is from the Nemunas delta to the north, 301 

eventually out of the lagoon. Only in the Klaipeda Strait velocities of 15 cm/s are 302 

exceeded. Velocities in the north are around 5 cm/s, and very low velocities can be found 303 

in the southern part, around 2 cm/s. A cyclonic circulation cell is found in all seasons in the 304 

southern lagoon. Normally currents along the coast (west and east) are northward, and in 305 

the central part they are flowing south. In summer time the northward flow is less strong, 306 

and the cyclonic circulation cell is well developed in the south. 307 

 Fig. 6 shows the seasonal average salinity distribution close to the Klaipeda Strait. 308 

The southernmost isoline always indicates the 1 ‰ limit. The strongest gradients can be 309 

found close to the end of the strait, just before flowing into the Baltic Sea. The salinity 310 

gradient is strongest in winter and spring time, but is quite stable throughout the year. 311 

Please remember that this salinity distribution is the average over many intrusion events, 312 

where during these events, higher values can be found inside the lagoon.  313 

 Finally, temperature distribution in the lagoon throughout the year (not shown) is 314 

horizontally homogeneous and follows the yearly cycle, with values between 0 and 25 315 

degrees. 316 
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3.4 Renewal time variability 317 

3.3  318 

As described above the model has been applied to the Curonian Lagoon computing the 319 

water renewal time (WRT). Every three months the renewal times are computed, and then 320 

the concentrations are re-initialized in order to start a new computation period. The 321 

renewal time has been computed for 3 months and after this period concentrations have 322 

been re-initialized for a new computation. Renewal times have been computed separately 323 

for the northern and southern sub-basin, and for the total basin. They have also been 324 

seasonally averaged over the 10 years of simulation. The result of this run can be seen in 325 

Fig. 4 7 and 58. 326 

Fig. 4 7 shows the seasonal pattern of the WRT averaged over the 10 available years. In 327 

the figure a logarithmic scale has been used in order to be able to show the variability 328 

between the short WRTs in the northern and the longer ones in the southern sub-basin. The 329 

distribution is very similar between the different seasons. During spring lower WRT can be 330 

found close to the Nemunas outflow, due to the higher discharge of the river. In summer 331 

the highest values can be found in the south-western basin, and also the eastern shore of 332 

the southern lagoon has higher WRTs. However, the average overall pattern does change 333 

very little between seasons. In Fig. 5 8 the high variability of the WRT, both inter-annual 334 

and intra-annual, can be seen. For both sub-basins the WRT is always lowest during winter 335 

time, and highest in the summer. The northern basin also shows low WRT during the 336 

spring period, when Nemunas discharge is highest. The southern basin is not influenced by 337 

the Nemunas discharge, as already pointed out already when discussing the sensitivity 338 

simulations. 339 

The northern basin shows WRT of about 77 days (Tab. 3), while the average for the 340 

southern basin is well overnearly 200 days. This behavior can also be observed looking at 341 

the frequency curves of the WRT (Fig. 69). These frequency curves show the percentage of 342 

water volume that hasof a certain WRT value. The single WRTs have been averaged over 343 

the proper season. Clearly visible in all seasons is the first peak at around 50 days that is 344 

due to the water masses in the northern basin. A second peak, indicating the water masses 345 

of the southern sub-basin, is also visible during winter (180 days) and autumn (around 280 346 
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days), it is less pronounced in summer (broad peak at around 300 days) and not visible for 347 

spring time. 348 

3.43.5 Ice cover influence 349 

As already mentioned the influence of ice cover on the exchange capabilities and the WRT 350 

has been studied. Results can be found in Tab. 3. If only the four years where ice cover 351 

was available are studied (third column in the table), it can be seen that the total WRT is 352 

barely changing (149.5148.8 days with respect to the reference value of 148.0147.4 days). 353 

In the southern basin changes are a bit higher (1920.8.6 days with respect to 186.688.8 354 

days). 355 

The seasonal variability during the 4 years can be seen in Fig. 58. In the figure, the actual 356 

ice cover has been inserted as a black linegray band. The winters in 2007 and 2008 are less 357 

severe and hardly any difference in WRT can be found between the results without and 358 

with ice cover. The winters of 2009 and 2010 led to a longer period of ice cover, and 359 

especially in 2010 some differences in WRT can be seen. As expected WRT, when 360 

considering ice cover, goes up in the southern basin, but at the same time lower WRTs can 361 

be found in the northern basin. 362 

Finally, analyzing the frequency curves created only for the years 2007-2010, where ice 363 

cover was available (Fig. 69, bottom panelblack lines), it becomes clear that the first peak 364 

identifying the northern basin is not changing, but the second peak at around 150 days is 365 

lower and the distribution is shifting to longer WRTs. This can be seen especially in the 366 

very long tail of the winter with ice distribution that is very similar to the distribution in 367 

summer times. 368 

3.53.6 Dependence on other physical forcings 369 

Since ice cover (and therefore wind forcing) did not show a strong impact on WRT it was 370 

reasonable to check what other factors would determine the renewal capabilities of the 371 

Curonian lagoon. We decided to test two three other physical forcing mechanisms that are 372 

influencing the WRT, namely water level variations in the Baltic Sea, and the inflow of the 373 

Nemunas river and the role of baroclinic two-layer flow in Klaipeda Strait. 374 
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The results of simulation, when the water level variations in the Baltic Sea are set to zero, 375 

can be seen in Tab. 3 and in Fig. 710. Strongest Similar changes in WRT can be found in 376 

the northern lagoon (57%) and less so in the southern one (28%). Fluxes through the 377 

southern section are a little more sensitive to the changes and amount to around 121%. 378 

However, as can be seen also in Fig. 811, the changes are slight. 379 

However, if the Nemunas river discharge is switched off, the picture changes radically. 380 

Both from Tab. 3 and Fig. 7 10 it can be seen that WRTs shift to much higher levels. The 381 

WRT in the northern basin becomes similar to the value in the southern one of the 382 

reference situation (212 days), and the southern basin shows WRTs of more than 5 years 383 

on average, with strong inter-annual changes. However, the exchange between the northern 384 

and the southern basin only changes by as littleless than as 2%.  385 

Finally, a simulation has been carried out that switches off the baroclinic contribution to 386 

the equations. The results of this simulation can indicate how important the two-layer 387 

density driven flow in the inlet is for the calculation of the WRT. Results can be again seen 388 

in Tab. 3. Changes with respect to the reference circulation are hardly noticeable, pointing 389 

at the conclusion that density driven flow is not important for the Curonian Lagoon WRT. 390 

 391 

4 DISCUSSION AND CONCLUSIONS 392 

The simulations that were carried out to study the dynamics of the Curonian Lagoon under 393 

changing wind conditions indicated that there are two mechanisms that have to be taken 394 

into account. Minimum exchange between northern and southern sub-basin takes place 395 

with winds from N or S. These winds correspond to a minimum exchange through the 396 

Klaipeda Strait. This indicates that winds act in two ways: Either they enhance the water 397 

exchange with the Baltic Sea, or they contribute to the internal mixing and redistribution of 398 

the water masses inside the lagoon.  399 

The influence of the Nemunas on the internal water circulation is quite low, and it only 400 

marginally influences the exchanges between the southern and northern part. The Nemunas 401 

River contributes mostly to kinetic energy under lower discharges, but with high 402 

discharges a water level gradient is building up and potential energy is becoming the major 403 
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energy contribution. The discharge where potential and kinetic energy become similar is at 404 

around 900 m3/s which is close to the climatological average of the river discharge of 700 405 

m3/s (Jakimavičius, 2012). Therefore average kinetic and potential energy due to the 406 

Nemunas discharge are nearly equi-distributed. 407 

The pattern of the WRT distribution between different seasons is very similar between 408 

each other. The absolute numbers depend on the season, with spring showing low WRT 409 

close to the Nemunas outflow and highest WRT in the southern basin during summer time. 410 

This confirms the strong influence of the Nemunas forcing on the WRT, especially in the 411 

northern basin. 412 

The inter-annual changes of the WRT show a coherent picture. Lowest WRTs are always 413 

during winter and spring, and highest during summer (Fig. 58). The variability is much 414 

lower in the northern basin, where the inflow of the Nemunas is stabilizing the water 415 

exchange. On the other hand, the only physical forcing in the southern basin is really 416 

depending on the meteorological forcing which may vary considerably between different 417 

years. As can be seen from the figure, the summers of 2016, 2008, 2009 and 2012 leads 418 

toshow large WRTs in the southern basin, whereas the northern part only showed a minor 419 

increase due to the higher importance of the Nemunas discharge. 420 

It might also be interesting to compare the values of the total WRT (152 days) to a gross 421 

estimate of freshwater inflow into the lagoon. The relevant indicator is the flushing time, 422 

computed by dividing the volume of the lagoon by the fresh water fluxes. This flushing 423 

time gives the lowest possible time of exchange, when considering complete mixing with 424 

the lagoon waters. Inserting the numbers for the average riverine discharges and the 425 

average rain fall, the flushing time is about 110 days for the lagoon. This flushing number 426 

still does not take into account the fluxes with the Baltic Sea. This indicates a mixing 427 

efficiency of 0.7. Taking into account also the fluxes through the Klaipeda Strait, this 428 

number will be even lower, and well in the range of other lagoons (Umgiesser et al., 2014). 429 

Ice cover, even if important for the exchange in the inside of the lagoon, does not influence 430 

too much the WRT. As explained above, most of the time when ice is present, it is land 431 

locked, therefore inhibiting completely the momentum transfer between the atmosphere 432 

and the water. Only during strong winters, when ice cover is lasting for a considerable 433 

amount of time, the ice cover will be able to change the WRT. Two different effects can be 434 
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seen. While the WRT increases in the South, in the North it decreases. This can be 435 

explained by the fact that water exchange between the north and the south is decreasing. 436 

Less fresh water from the Nemunas goes to the south, increasing the WRT there. However, 437 

the fresh water that stays in the north contributes to lower WRTs there. Summarizing, the 438 

WRT in the whole basin is changing very little, showing that ice cover may inhibit the 439 

exchanges inside the lagoon, but does not too much influence the exchanges with the 440 

Baltic Sea. 441 

The other two Other physical factors that may influence the WRT distribution are water 442 

level variations in the Baltic Sea and the Nemunas discharge. Switching off the water level 443 

variation did result in slightly smaller WRTs in the basin (27-58%), and exchanges 444 

between the southern and northern basin were decreasing by around 10%. Again this result 445 

is astonishing. Most lagoons throughout the world are dominated by tidal exchange. Even 446 

in Mediterranean lagoons, where tides can be classified as micro-tidal, it is still the tide 447 

which mostly controls the exchange with the open sea (Umgiesser et al., 2014). However, 448 

in the eastern Baltic Sea tides are negligible, and intermittent water level changes are not 449 

strong enough (or not frequent enough) to influence the water exchange with the Baltic 450 

Sea. 451 

The strongest impact on the WRT distribution is exerted by the Nemunas inflow. The 452 

northern part of the lagoon shows WRTs of around 7 months, whereas the in the southern 453 

part the WRT increases to around 5 years on average between the years. As already 454 

mentioned this is only due to the missing fresh water input of the Nemunas, and not to any 455 

other mechanisms. If we compare the exchanges between the northern and southern basin 456 

we can see that with respect to the reference simulation the exchange only decreases by 457 

about 2%. Without the Nemunas discharge there is therefore still enough exchange 458 

between the basins. However, since there is no fresh water in the northern part, there is 459 

also nothing to be exchanged that might lower the WRTs in the South. 460 

In the last simulation we tested the contribution of the two layer density flow through the 461 

Klaipeda strait to the WRT distribution. The results indicate a negligible effect of the 462 

baroclinic flow. This is mainly due to three causes. The first is the fact that two layer flow 463 

exists only in case of low barotropic forcing. Therefore, when strong Nemunas discharge is 464 

active, or when water level fluctuations in the Baltixc Sea are important, the two layer flow 465 
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is destroyed. This was one of the main findings in Zemlys et al., (2013). The second cause 466 

is the existence of a sill just inside the Curonian lagoon, where the depth of the strait drops 467 

from 15 meters in the strait to 5 meters in the lagoon. The salt water normally does not get 468 

over this sill but is trapped outside in the strait. Finally, the third reason that the baroclinic 469 

acceleration is less important is the fact that salinity gradients in the Baltic Sea are much 470 

weaker than in normal cases. Whereas in other oceans the salinity gradient in the estuary is 471 

up to 35 ‰, here in the Eastern Baltic Sea it is only 7 ‰.  472 

 473 

Summarizing, the study has shown that the most important physical forcing that influences 474 

the WRT in the Curonian Lagoon is the Nemunas discharge. Other mechanisms do 475 

influence only the strength of exchange inside the lagoon, but not really contribute to the 476 

exchange with the Baltic Sea. This is especially true for the ice cover which It is especially 477 

astonishing that ice cover is influencing the overall WRT only marginally. Therefore, if 478 

climate change effects have to be taken into account, WRT changes will be more likely 479 

influenced by changing Nemunas discharges than by change in ice cover. 480 

 481 
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TABLES 574 

 575 

Sensitivity simulations with idealized forcings 

name period description 

Wind 36 days Only wind forcing, the wind 

rotates over 360 degrees 

Discharge 250 days Only fresh water discharge, the 

discharge varies from 0 to 2500 

m3/s 

10 year simulations with real forcings 

name period description 

Reference 10 years Reference simulation (used also 

for validation) 

Ice 10 years As reference, but with ice cover 

in the years 2007-2010 

No Level 10 years As reference, but without water 

level variation in the Baltic Sea 

No River 10 years As reference, but without river 

discharges 

No Baroclinic 10 years As reference, but without 

baroclinic forcing 

Table 1: Summary of simulations carried out. The first two simulations are idealized 576 

simulations to investigate the exchange capabilities depending on wind and river discharge. 577 

The other simulations are simulations with real forcings.  578 
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 Reference 

(without ice) 

2004-2010 

Ice        2004-

2010 
Ice        2007-

2010 
Ice 2009 2009 from 

Zemlys et 

al., 2013 

Klaipeda 

Strait 

R=0.584 

RMSE=2.433 

R=0.596 

RMSE=2.386 

R=0.641 

RMSE=2.312 

R=0.675 

RMSE=2.131 

R=0.74 

RMSE=2.3 

Juodkrante R=0.398 

RMSE=2.068 

R=0.410 

RMSE=2.024 

R=0.427 

RMSE=2.063 

R=0.499 

RMSE=1.759 

R=0.67 

RMSE=1.6 

 579 

Table 2: Model validation results for salinity. Given are correlation coefficients and root 580 

mean square error in ‰. The results refer to the reference simulation, the simulation with 581 

ice cover (10 years), only the 4 years where ice cover was available, only 2009 with ice 582 

cover and results from the article Zemlys et al. (2013). 583 

 584 

  585 
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 reference Ice    

2004-2014 

Ice    

2007-2010 

Ice winter    

2007-2010 

No level No river No 

baroclinic 

WRT north 

[days] 

76.5 

±21.3   

76.3   

±21.4   

79.7   

±26.3 

(80.4)   

51.9     

±2.4  

(52.7)     

81.7   

±24.8   

211.8 

±110.2  

76.7 ±21.4  

WRT south 

[days] 

193.5 

±55.5   

195.1 

±55.0   

190.8 

±48.2  

(186.6) 

175.6 

±33.1  

(158.6) 

208.8 

±63.8   

1703.5 

±1541.0   

192.2 

±55.3   

WRT total 

[days] 

151.7 

±445.5 

152.3 

±45.2 

148.8 

±41.4 

(147.4) 

125.1 

±20.3 

(119.1) 

156.9 

±36.9 

664.5 

±371.7 

151.5 

±46.2 

Flux through 

southern 

section 

[m3/s] 

1804.1   

±467.5 

1751.4 

±474.6 

1770.9 

±557.1 

(1902.6) 

1615.8 

±831.3 

(2088.2) 

1585.4 

±461.5 

1834.3 

±465.4 

1808.4 

±464.0 

 586 

Table 3: Summary of the results of the 10 year simulations. Shown are the renewal times 587 

for the northern, southern and the whole basin and the absolute fluxes through the southern 588 

section together with their standard deviations. Results are for the complete reference 589 

simulation, for the 10 year simulation using ice cover in the 4 years where ice cover was 590 

available, only for the 4 years with ice cover and only the winter months with ice cover. 591 

The other two three columns refer to the simulation with no water level variation in the 592 

Baltic Sea and, with no river discharge and with no baroclinic forcing. Numbers in 593 

brackets are the values for the reference run only for the specified period. 594 

595 
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FIGURES 596 

 597 

 598 

Fig. 1: The setting of the Curonian lagoon showings its bathymetry. Superimposed is the 599 

used numerical grid. The thick black line indicates the division into northern and southern 600 

sub-basin when computing the WRT. theThis section, named Southern LagoonSection, 601 

considered is also used for computing the fluxes between the north and the south basins. It 602 

also indicates the division into northern and southern sub-basin when computing the WRT. 603 

The three gray thinner lines are the other flux sections and are named (from north to south) 604 

Klaipeda Strait, Vente, and Nemunas. An asterisk marks the stations where ice data has 605 

been measured. (Juodkrante, Nida, Vente, Uostadvaris). 606 Formatted: English (U.S.)
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 608 

Fig. 2: River discharge from 2004 to 2014 into the Curonian lagoon (top) and measured ice 609 

concentration in the years 2007-2010 (bottom). In the discharge panel only Nemunas and 610 

Minija are shown. The contribution of all other rivers is less than 5%. The ice data shows 611 

that the freezing and melting happens very fast (order of days).  612 

  613 
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 614 

 615 

Fig. 23: Energy content in basin (top) and fluxes through selected sections (bottom) 616 

depending on the wind direction. For the location of the sections see Fig. 1. 617 

  618 
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 619 

Fig. 34: Energy content in basin (top) and fluxes through selected sections (bottom) 620 

depending on the Nemunas discharge. For the location of the sections see Fig. 1. 621 

622 
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 623 

 624 

Fig. 5: Seasonal maps of residual currents averaged over the years 2004-2014. Maps show 625 

winter (a), spring (b), summer (c) and autumn (d). 626 

 627 

628 
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 629 

 630 

Fig. 6: Seasonal maps of salinity distribution averaged over the years 2004-2014. Maps 631 

show winter (a), spring (b), summer (c) and autumn (d). Only the area of the Klaipeda 632 

Strait is shown. The southernmost isoline in the figures always indicates 1 ‰. 633 

634 
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 635 

 636 

Fig. 47: Seasonal residence renewal time maps averaged over the years 2004-2014. The 637 

residence renewal time is only computed inside the Curonian Lagoon and not in the Baltic 638 

Sea. Maps show winter (a), spring (b), summer (c) and autumn (d). Please note the 639 

logarithmic color scale.  640 
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 641 

Fig. 58: Water renewal times for the northern, southern basin. The WRT is computed every 642 

3 months to obtain a seasonal estimate. WRT is computed with and without ice cover for 643 

the years 2007-2010. The black curve shows the actual ice cover in the Curonian Lagoon. 644 

  645 
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 646 

Fig. 69: Seasonal frequency curves of WRT. Top: Results for 10 years (2004-2014), no ice 647 

cover considered. Bottom:The results refer to the whole 10 years period except the black 648 

curves which indicate the situation As above but with and without ice cover in winter only 649 

for years 2007-2010. 650 

651 



 46 

 652 

 653 

Fig. 107: Water renewal times for the northern, southern basin. The WRT is computed 654 

every 3 months to obtain a seasonal estimate. WRT is computed for the reference run 655 

(continuous line), with no water level variation in the Baltic Sea (dashed line) and with no 656 

river discharge (dotted line). The results for the no baroclinic run are not shown because 657 

basically identical to the reference simulation. The northern lagoon is in red, the southern 658 

lagoon in blue. 659 

  660 
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 661 

Fig. 811: Absolute fluxes through the south section (a) and through the Klaipeda Strait (b). 662 

Results are shown for the reference run compared to the simulation with no water level 663 

forcing in the Baltic Sea. In the case of Klaipeda strait also the fluxes computed with the 664 

non baroclinic case have been added. 665 


