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Inversions of Estuarine Circulation Are Frequent in a
Weakly Tidal Estuary With Variable Wind Forcing
and Seaward Salinity Fluctuations

Xaver Lange' (), Knut Klingbeil', and Hans Burchard'

!Leibniz Institute for Baltic Sea Research Warnemiinde (IOW), Rostock, Germany

Abstract The hydrodynamics in estuaries is mainly governed by the competition between a horizontal
density gradient, friction, and wind stress. The sensitivity of the estuarine exchange flow to the wind
stress increases in the absence of tides, which is investigated here using the example of the weakly tidal
‘Warnow river estuary in the southwestern Baltic Sea—the mouth of which is characterized by strongly
varying salinities of 8 to 20 gkg™". The interaction between a volatile salinity gradient and along-estuary
wind forcing is found to cause temporary inversions of the estuarine circulation. Despite the highly dynamic
conditions, the applicability of recent theories for isohaline mixing, using the framework of Total
Exchange Flow, and the strength of the exchange flow, using a non-dimensional parameter space, could be
confirmed. By analyzing salinity fluxes at the mouth of the estuary, a mixing completeness of 84% was
calculated for the estuary. Furthermore, inversion of estuarine circulation was typically found for a local
Wedderburn number (ratio of non-dimensional wind stress to non-dimensional horizontal density gradient)
exceeding 0.33, indicating a high sensitivity to along-estuary wind.

Plain Language Summary Physics in estuary systems is mainly controlled by friction, wind, and
the salinity difference between the coastal sea and the river. The importance of wind increases when the
tidal range is small. This is investigated here at the weakly tidal Warnow estuary in the southwestern
Baltic Sea, which is characterized by a strongly varying salinity. Both the wind and the salinity gradient
reverse the direction of the exchange flow if a critical threshold value is exceeded.

1. Introduction

Estuaries are complex coastal systems that can be found all over the world and differ in numerous aspects,
such as bio-geo-chemistry, morphology, and physics. Focusing on the latter, Wang et al. (2017) recently
described an estuary as “a mixing machine that combines high salinity water from the ocean with fresh
water from the river to form intermediate-salinity water.” Classical (or positive) estuaries have in common
that a net near-bottom landward inflow transports seawater into the estuary which is then transformed by
estuarine processes (e.g., mixing) into a net near-surface seaward directed outflow, when averaged over a
certain period of time. This bidirectional exchange flow, also referred to as estuarine circulation, is a key
mechanism in estuarine dynamics (Geyer & MacCready, 2014; MacCready & Geyer, 2010). Earliest studies
identified the longitudinal density gradient, resulting from the salinity difference between seawater and riv-
erine water, as the major driver for this process (Chatwin, 1976; Hansen & Rattray, 1965; Pritchard, 1952,
1954, 1956), motivating a more precise phrasing of this type of exchange flow as gravitational circulation.
In contrast to a positive circulation, inverse (or negative) estuaries are identified by a net near-surface
landward transport of volume in combination with a compensating net outflow near the bottom pointing
seaward. Negative estuaries, as those existing, for example, in arid regions characterized by strong evapora-
tion, have a reversed longitudinal salinity gradient as, for example, the Persian Gulf (Johns et al., 2003) or the
Spencer Gulf in south Australia (Nunes & Lennon, 1986). Temporary inverted circulation in classical
estuaries can also be observed in the presence of strong landward wind (Lange & Burchard, 2019; Scully
et al., 2005). Observations by Scully et al. (2005) in the York River estuary showed a strong correlation
between the exchange flow and the longitudinal wind, with seaward wind increasing estuarine circulation
(and stratification) and landward wind decreasing the exchange flow. Chen and Sanford (2009) investigated
this competition between wind straining and wind mixing using a bulk formulation of the Wedderburn
number (ratio of wind stress to density gradient). They showed in a set of numerical simulations that the
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latter controls the effectiveness of wind straining, with up-estuary wind stress decreasing stratification and
down-estuary winds being able to increase or decrease stratification depending on their strength.

Based on a set of non-dimensional parameters, Lange and Burchard (2019) studied the influence of up- and
down-estuary wind forcing on either supporting or opposing gravitationally driven estuarine circulation.
They showed that the circulation reverses its direction when the ratio of local non-dimensional wind stress
to local non-dimensional density gradient exceeds a critical value. Through the use of a series of parameter
studies, it was found that the latter, introduced as the basic Wedderburn number, is largely independent of
the state of an estuary but rather describes the sensitivity of a system to wind stress itself. Its value ranges
from 0.15 (stationary analytical solution), over 0.45 (including tidal straining), up to 1.3 (additionally includ-
ing lateral effects), pointing out that the more processes are involved in driving classical estuarine circula-
tion, the more up-estuary wind forcing is needed to invert the circulation direction. Applied to a realistic
tidal inlet in the Wadden Sea in the southeastern North Sea, the basic Wedderburn number yielded a value
of We,=0.6, which indicates a reversal if the non-dimensional wind stress is greater than 60% of the
non-dimensional longitudinal density gradient. In addition to strong up-estuary wind forcing, a rapidly
decreasing coastal salinity has been observed to reverse the exchange flow temporary (see, e.g., Floser et al.,
2011). This is the case when the adaptation time of the estuary to the outer salinity is slower than the outer
changes and the salinity stored in the estuary is larger than in the coastal water.

In order to quantify mixing in estuaries, different approaches have been suggested in the past. Aside from
using the eddy diffusivity as a measure for tidal mixing (e.g., Hansen & Rattray, 1965; Hetland & Geyer,
2004), a quantification in terms of the dissipation of salinity variance (Burchard & Rennau, 2008) drew some
attention recently. Wang et al. (2017) applied the latter in order to study volume-integrated mixing in the
Hudson River estuary using a numerical model and the isohaline Total Exchange Flow (TEF) framework
(MacCready, 2011), for describing transports of volume and salt. Using TEF and a salinity variance budget,
MacCready et al. (2018) showed that the total system-wide mixing in an estuary can be estimated as the sim-
ple product of inflow salinity, outflow salinity, and freshwater discharge when considering long-term
averages. Based on this, Burchard et al. (2019) derived a more detailed formulation by allowing additionally
non-constancy of salinity and including the effect of storage of volume and salt.

Thus, the estuarine exchange flow and its related salt fluxes and volume transports are dependent on the
amount of freshwater discharge, mixing and stratification, local tidal characteristics, and the prevailing
buoyancy gradient and wind stress. Note that apart from the mechanisms mentioned above estuarine circu-
lation may be modulated by local topographic features such as curvature (Becherer et al., 2015; Chant, 2002;
Geyer, 1993) or channel convergence (longitudinally changing cross-estuary area, Burchard et al., 2014;
Geyer & Ralston, 2015; Ianniello, 1979; Schulz et al., 2015).

The aim of this study is to understand the interplay of high variable coastal salinity, wind forcing, and river
runoff, which can regularly drive a temporary reversed exchange flow and cause mixing in estuaries. Since
this analyzes works best when the tidal mixing is low and the control mechanisms are therefore reduced to
wind stress and buoyancy gradient forcing, this study uses realistic model results of a weakly tidal estuary as
an example. The question is of how an estuary responds to changes in salinity and wind stress in terms of
exchange flow, mixing, and stratification from a long- and short-term perspective and which parameters
are suitable for description. This study is structured as follows: Diagnostic quantities and the study site
are introduced together with the numerical model in section 2, followed by presentation of observational
data in section 3.1 and numerical model results in section 3.2. Finally, results are discussed in section 4,
and conclusions are drawn in section 5.

2. Methods
2.1. Diagnostic Quantities

The conventions used in this study are defined as follows: The Cartesian x-coordinate points into the estuary

(longitudinal direction), the y-axis points cross-estuary (lateral direction), and the z-axis points upward, fol-

lowing the right-hand rule, with the corresponding velocity vector denoted as (u,v,w) and the abbreviated

differential operator V = (6x, Oy, dz). With this, the seabed is located at z= —H and the free surface at

P=Po
o

z=n defining the total water depth as D = n+H. By using the buoyancy b = —g with the gravitational
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acceleration g=9.81 ms~2 and the density p with its reference value of py=1,025kgm™ as well as the
- . 7 - .
longitudinal wind stress p—" =ulul| and surface friction velocity us,
o
non-dimensional parameters are defined as

the following essential

« Simpson number Si = d,bH?/U?2, describing the balance between stratification, caused by density gradi-
ent forcing, and destratification due to vertical mixing (Burchard et al., 2011; Stacey et al., 2010)

« Non-dimensional wind stress Ts = u |u?|/U?, ratio of surface momentum flux to momentum flux at the
seabed stating the relative strength of wind stress to bottom stress (Lange & Burchard, 2019)

« Local Wedderburn number We = u$|uf|/(0xbH?) = Ts/Si, measure for the competition between
gravitational forcing and wind forcing in driving estuarine circulation (Lange & Burchard, 2019;
Purkiani et al., 2016)

where the reference bottom friction velocity scale
o\ 1/2
v, =((@)’)", M

has been used, with the bottom friction velocity ub. For any quantity X, the time averaging operator ( -)
and the volume-average = are defined as

1 to +T/2 1
(X)(to) = f/ X(t)dt and X = —/X(x, ¥, 2)dV, )
TJi-1)2 14

with the averaging period T and the averaging volume V denoting the total estuarine volume in this study.

Based on this, the temporal variance (X ’2> and spatial variance X*? are defined as

(X7) = (X~ X)) and X2 = (X~ %), ®)
respectively.

To quantify the importance of longitudinal wind stress and density gradient on the strength of the
non-dimensional exchange flow through an estuarine cross-section, a dimensionless circulation parameter
I is used:

rw =4[ won [ aw.2)(z+3)@w, @

0

with the non-dimensional velocity @ = u/U.,, the cross-estuarine transect area (A) = fg<D(y)) dy, the
width of the transect L, and the non-dimensional water depth 7 =z/H. I is defined in a way that a
hypothetical exchange flow with @ = +u, below mid-depth and # = —u, above mid-depth would result
in I = u.. Note that although (4) was originally introduced for the analysis of two-layer velocity profiles,
the definition is robust for more complex situations with, for example, three layers.

With this, three situations can be distinguished: I > 0 describes classical (or positive) estuarine circulation,
I < 0is a reversed (or negative) circulation direction with inflow near the surface and outflow near the bot-
tom, and the special case I = 0 describes situations where the drivers of the estuarine circulation cancel out
each other. An analytical solution for the critical condition I = 0 is given by

a-U,
Si

Ts. = Si-Wep + a- U, © We, = We, + (5)
where «a is a constant and U, = u, /U, is a non-dimensional formulation of the residual flow velocity u,.
Equation 5 states that if the actual Wedderburn number is larger than a critical value (We >We,), the
circulation direction will be negative. Lange and Burchard (2019) showed that this critical Wedderburn
number is composed of an estuary-specific basic Wedderburn number We,, which is largely a constant
value for a study site, and a dynamic term depending on the actual Simpson number and the
non-dimensional residual flow velocity.
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In order to investigate the fluxes corresponding to the estuarine exchange flow MacCready (2011) proposed a
transformation from the Eulerian parameter space into an isohaline parameter space described in the frame-

work of the TEF:
9Q(s)
S)=— d S) = dA
a(s) = - 25 and Q) </A<s>” > ©)

where g is the net volume transport per salinity class and A(S) is the cross-sectional transect area with sali-
nities larger than S. The corresponding inflow and outflow salinities are calculated as

Q; Q%
Sin =S and  Soue = S,
Qin Qout

(7

with the inflow and outflow salt flux Qf, and QF, and volume transport Qi, and Q. respectively
(Burchard et al., 2019; Geyer & MacCready, 2014; MacCready, 2011):

anlout = /Sqin\outds and Qin\out = /qin|outds7 ®

where the inflow contribution of a quantity X is calculated as (X)in =max(X,0) and the outflow contribu-
tion as (X)°"" = min(X,0). The analysis of discrete model data is described in Klingbeil et al. (2019) and
Lorenz et al. (2019). Based on the TEF framework, MacCready et al. (2018) found by analysis of a salinity
variance budget that the long-term averaged and volume-integrated salinity mixing M in an estuary can be

approximated as
M= < / ngv> (9a)
v

& Sin Sout Qr» (gb)

with river discharge Q,, the local salt mixing y* = 2 {Kh(axs)2 + K, (ays)2 + Kv(azs)z], and the horizontal
and vertical eddy diffusivity K, and K, respectively. Here, mixing is used as a measure for the rate of

destruction of salinity variance 2. Based on (9b), MacCready et al. (2018) and Burchard et al. (2019)
showed that for classical estuarine circulation the ratio of actual mixing to the maximum possible mixing
Mc= M/Mmax = Sin SoutQr/Sin SinQr = Sout/Sin €stimates the mixing completeness of an estuary in terms of
inflow and outflow salinities.

Finally, the potential energy anomaly ¢ (Burchard & Hofmeister, 2008; Simpson, 1981) is used as a measure
for the strength of local stratification:

n
¢= 1 / gz(p — p)dz, (10)
-H

D
with the depth-averaged density p. The potential energy anomaly is equal to the energy needed to instan-
taneously homogenize the entire water column, with larger values corresponding to larger stratification.

2.2. Study Site

The Warnow River Estuary is located at the German coast of the southwestern Baltic Sea (see Figure 1) in the
city of Rostock. Its river discharge varies seasonally with typical values between 50 m>s~! in February and 5
m’s~! in August with an annual mean value of about Q,=15m>s™". The discharge into the estuary is
highly variable in time, as it is controlled by a weir, which limits the spatial extent of the estuary to the south.
In the north the estuary is bounded by two pier heads with a distance of 230 m, which also serve as endpoints
of the transect later used for further analyses. In addition, the shoals are largely artificially fortified, since the
Warnow estuary plays a large role in tourism and industry. Because of these barriers, the boundaries of the
study site are well defined leading to a total estuary length of about 13 km and a mean water depth of 5.6 m.
Deepest points in the estuary are located in the dredged shipping channel with a depth of about 15m
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Figure 1. Water depth and expanse of the 20 m model of the Warnow estuary (left) and of the 200 m model of the western Baltic Sea (right). Open boundaries of
the latter are highlighted in green, with the larger-scale model (600 m) in semi-transparent. The position of the measurement station “Darss Sill” is marked

as a black dot.

reaching 5.5 km into the adjacent Bay of Mecklenburg (Figure 1). Due to this channel, the Warnow estuary is
hydrologically connected with deeper parts of the ambient coastal water. The semi-diurnal M,-tide has an
amplitude of about 8 cm which is why the Warnow estuary can be considered as a micro-tidal estuary,
synonymously referred to as weakly tidal in the following. Because the estuary is located midlatitude and
thus in the region of the prevailing westerlies, the largest wind velocities are observed coming from west
to north-west.

2.3. The Numerical Model

The numerical simulations in this study were carried out with the General Estuarine Transport Model
(GETM) (Burchard & Bolding, 2002; Hofmeister et al., 2010; Klingbeil & Burchard, 2013) using the
General Ocean Turbulence Model (GOTM) (Burchard et al., 1999; Umlauf & Burchard, 2005) as turbulence
closure model (second-order, k—e). GETM is a three-dimensional numerical model that solves the
Reynolds-averaged Navier-Stokes equations under Boussinesq approximation by using the finite-volume
approach (see review in Klingbeil et al., 2018). It was developed for studying coastal ocean processes and
has been successfully applied in numerous studies (e.g., Grawe et al., 2015, 2016; Holtermann et al., 2014).
GETM is used for modeling exchange processes (Purkiani et al., 2016), dynamics of sediments (Sassi et al.,
2015), particle tracking (Grawe & Wolff, 2010), and bio-geo-chemistry (Schiele et al., 2015).

In this study the simulations were performed in two steps: A large-scale model, covering the region of the
western Baltic Sea, was applied in order to calculate boundary conditions for the subsequent simulations
of the smaller-scale model of the Warnow estuary and its ambient coast. The model for the western Baltic
Sea makes use of a numerical grid in 200 m spatial resolution and 40 vertical layers with their layer height
adapting to the vertical density gradient (Grawe et al., 2015; Hofmeister et al., 2010). Time series of water
temperature, salinity, horizontal velocities, and water level at the open boundaries of the 200 m model (high-
lighted in green in Figure 1) are obtained from output of a larger-scale model of the western Baltic Sea with a
resolution of 600 m (see Grawe et al., 2015, for details). Since the 200 m model has two open boundaries and
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Figure 2. Mid-depth salinity measured at station Darss Sill (red) compared to calculated model results (black) for the
western Baltic Sea in 12 m depth.

its hydraulic resistance is different than in the 600 m model, the barotropic pressure gradient has been
calibrated to compensate for the deviating salinity transports (see, e.g., Burchard et al., 2009).
Meteorological forcing is calculated from output of the German Weather Service Local Model (DWD-LM)
with 3hr temporal and 7km spatial resolution. The resulting model output of the 200m model is
subsequently used to force the small-scale model of the Warnow estuary at its open boundaries (shown in
black in Figure 1).

The model domain of the Warnow estuary and its adjacent coast are discretized on a structured numerical
grid with a horizontal resolution of 20 m using Cartesian coordinates and 25 equidistant bottom-following
o-coordinates. For the meteorological forcing the same underlying data set as in the large-scale 200 m model
is used. The daily-averaged values for the discharge of the Warnow river are provided by the Office for
Agriculture and Environment Mittleres Mecklenburg. Both models have a spin-up time of 1 year, starting
from initial conditions of temperature and salinity, spatially interpolated from their larger-scale outer model,
respectively. In the following, this study focuses exemplarily on the results for the year 2014, as most of the
validation data for the estuary are available during this period.

2.4. Model Validation

Before the numerical results, calculated by the 200 and 20 m models, are used for further analysis, their qual-
ity is estimated by comparison with observational data. The focus here is especially on the reproduction of
the observed salinity, as it largely determines the density and thus the buoyancy gradient as an important
driver of estuarine circulation. Note that the temperature plays only a minor role in changing the density
in the western Baltic Sea. A nearby measurement station is the autonomously operating measurement tower
Darss Sill (marked in Figure 1) which is part of the MARNET network for marine ecosystem monitoring in
the North Sea and the Baltic Sea. Results show that the large-scale 200 m model of the western Baltic Sea
reproduced most of the inflow events of saline water in good agreement with observations (exemplarily
shown for mid-depth [12 m] in Figure 2). Note that the specific position of the station at Darss Sill aims to
identify inflow of high saline (and usually oxygen-rich) water originating from the North Sea, into deeper
layers of the central Baltic Sea (Burchard et al., 2018; Griwe et al., 2015).

Figure 3 compares output from the 20 m model of the Warnow estuary in black to observations in red in
terms of water level (a), bottom temperature (b), and bottom salinity (c) for the year 2014. The underlying
observational data for temperature and water level are provided by the Office for Agriculture and
Environment Mittleres Mecklenburg, and the salinity is calculated from conductivity measurements of a
CTD-probe (Conductivity-Temperature-Depth).

The measured water level includes small tidal variations which is successfully reproduced by the numerical
model in terms of timing as well as magnitude. Larger variations of the sea level in the estuary are mainly
driven by changes of the water level in the western Baltic Sea caused, for example, by storm events and
the resulting compensation movements. The water level is reproduced by the model with a coefficient of
determination of *=0.84 and a root mean square error (rmse) of 8.3 cm. The observed and modeled tem-
perature follow a yearly cycle with a highest value of 6 =22.3°C in August and a lowest value of 6 = 1.2°C
in February. Observations and numerical simulations agree well with an r* value of 0.99 but with the
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Figure 3. Observation of sea level (a), bottom water temperature (b), and bottom salinity (c) in the Warnow estuary in red compared to model results in black for

the year 2014.

model slightly underestimating the bottom temperature between March and May resulting in an rmse value
of 0.8°C. The exceptionally strong upwelling event at the end of May, where the temperature dropped by
about 10°C within 2 days, is captured by the model in good agreement to measured data in time and
magnitude. The bottom salinity (Figure 3c) shows large variations in a range between 9.5 and 21.4 gkg ™.
Daily values of measured salinity indicate that the modeled salinity is overestimated in February, which is
due to overestimated salinities in the 200 m model of the western Baltic Sea (see February 2014 in
Figure 2) passing the error via the open boundaries into the small-scale model. However, in general, the
inflow events into the estuary (increased salinity peaks) are well reproduced by the model with r*=0.74.

2.5. Mixing in the Estuary

While the inflow volume transport only takes place in a small salinity range corresponding to the bottom
salinity outside the estuary, the outflow may extend over several salinity classes due to salinity mixing pro-
cesses in the estuary (Figure 9d). In order to estimate the degree of mixing for the Warnow estuary, the
inflow and outflow salinities s;, and soy; for the transect at the mouth are consistently calculated in the
TEF framework (7) from the time series shown in Figure 9d. Each data point in the s;,—s.,; parameter space
(Figure 4) represents a certain point in time in 2014 while the color code gives the respective strength of the
exchange flow I (see Figure 9c). The solid line represents a unity line, indicating equal values of inflow and
outflow salinity, dividing the parameter space in two sections with (I) Sou/Sin<1 and (II) Sou¢/Sin>1.

Data points in Section II represent situations with water leaving the estuary having a higher salinity than
water entering the estuary, which is the case when the circulation direction is reversed (I <0 in blue) and
high saline bottom water is transported seaward. In contrast to this, classical estuarine circulation (I>0),
with low saline surface water leaving the estuary, is represented by data shown in Section I in red. A
linear regression through data points within a positive circulation, indicated as a dashed line, gives a
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Figure 4. Relationship between outflow salinity s,y and inflow salinity sj, for classical (red) and reversed (blue)
estuarine circulation, with the color code giving the corresponding strength of the exchange flow I. The dashed lines
are linear regressions through data points within a common circulation direction, and the solid line represents the unity
condition sou¢=sj, for comparison.

relationship how the outflow salinity changes with respect to s;,. The slope of the regression has a value

OSout
f
© OSin

= M = 0.84 stating that the outflow salinity is about 84% of the inflow salinity.

While this regression only represents a long-term average, the instantaneous estuarine-wide mean salinity §
is still a function of time (Figure 5a). Its value is generally increasing in the presence of a positive circulation,
since saline coastal bottom water is transported into the estuary, and decreases if the exchange flow reverses
its direction (I <0). This dependence of the estuarine-wide salinity on the strength of the exchange flow
highlights the applicability of I for system-wide descriptions even though it is calculated only for a transect
at the mouth of the estuary.

Besides the spatially averaged salinity §, its volume-integrated deviation Sj? = ['s*2dV and the mixing M give
insights into the estuarine dynamics (Figure 5b). Here, the latter is calculated as the sum of numerical and
physical mixing obtained from output of the exact mixing analyses in the numerical model (Klingbeil et al.,
2014). Results show that the analytical estimation of the salinity mixing (blue) defined in (9b) is in good
agreement with the exact mixing (red) although there are some deviations. In general, the mixing increases
when the salinity variance increases, while the latter results from inflow of high saline water into the estuary
(Figures 3 and 5a).

The ratio of total salinity variance S’{,Z to total mixing M has the dimension of a timescale Tpiy:

2

Tmix M i

(€3))
which can be interpreted as the time needed to homogenize the estuarine-wide salinity distribution
(Figure 5b) by using the actual mixing. Results show that the typical mixing timescale for the Warnow
estuary is in the order of Ty~ 1 day (red line in Figure 5c), which is exceeded at certain events during
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Figure 5. Mixing analysis for the Warnow estuary. (a) Strength of Total Exchange Flow I at the mouth in black and estuarine averaged salinity § in red. (b)
Volume-integrated salinity variance S;? (black) compared to total mixing in the estuary calculated by the numerical model (red) and by the analytical
approximation (9b, blue). (c) Mixing timescale Si?/M in black and the 1 day line for reference (red). (d) Absolute surface stress 7° (black) and the
volume-integrated potential energy anomaly in red.

the year to 3-4 days and in June even to 1-2 weeks, resulting from small values of M (Figure 5b). The
reduced mixing can be explained by analyzing the density stratification in terms of the spatially
integrated potential density anomaly ¢, as defined in (10), representing the total energy needed to
homogenize the individual water columns in the estuary vertically (Figure 5d). Smaller values of ¢
indicate reduced stratification, suggesting that the water column is well mixed locally. As a result, the
values of M decrease, as already mixed water cannot be further mixed. The vertically low stratification
at certain events coincides with larger values of wind stress (shown in red), indicating a decrease of ¢
due to wind-induced mixing. Note that the vertically mixed water may still have a horizontal salinity
gradient (see also Figure 8a) resulting in a still existing total salinity variance.

3. Results

3.1. Observations

In order to get a broader overview about the dynamics in the near-estuary coastal area, the sea surface tem-
perature (SST) in the western Baltic Sea is calculated from radiances measured by the Earth observation
satellite Landsat 8 for a situation in March and July in 2014 (Figures 6a and 6b). For that its spectral band
10 (wavelength: 10.3-11.3 um) with a spatial resolution of 100 m and a swath width of 185 km has been
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Figure 6. Sea surface temperature (SST) in the Bay of Mecklenburg and parts of the western Baltic Sea calculated from
satellite radiances for a situation in (a) March and (b) July 2014. (c) Time series of observed salinity in 2 m depth in
red and mid-depth in black (12 m). The black dot denotes the corresponding position of the measurement tower

Darss Sill. Irregular dark blue patterns are caused by clouds.

used. Atmospheric correction is applied by using upwelling and downwelling radiances as well as the
transparency of the atmosphere calculated using a model of a standard atmosphere (for details, see, e.g.,
Barsi et al., 2003). Both measurements show a lateral gradient in temperature where warmer water is
found in the west and colder water in the east with a difference of about 2°C. The origin of these two
different water bodies is identified by considering salinities observed in 2014 by the stationary
measurement tower located at Darss Sill (Figure 6¢). The near-surface salinity (2m depth) in red varies
between 8 and 15 gkg™" while the mid-depth salinity (12 m depth) varies between 8 and 19 gkg™'. While
in July the colder water has a low surface salinity with values of s~ 8 gkg™, the situation in March, with
warmer water approaching the measurement tower, is captured just a day before the surface salinity
increased from 8.5 to 12 gkg™". This indicates that the warmer water body has a higher salinity than the
colder one, suggesting its origin in water from the North Sea with different properties than the brackish
water of the Baltic Sea in the east. Since the shipping channel of the Warnow estuary has a depth of about
15 m, increases of salinity in mid-depth potentially increase the salinity in the estuary as well. With this,
the Warnow estuary is located in a zone strongly influenced by two different water masses resulting in an
exposure to ambient water with high salinity (Figure 6a) as well as with low salinity (Figure 6b) leading
to the high variability shown in Figure 3. The time series in Figure 6c indicates that changes in salinity
(even a doubling) can occur on short time scales of within 2-3 days.

3.2. Model Results

In addition to the observed temperature gradient, numerical simulations of the western Baltic Sea averaged
over the year 2014 show a lateral salinity gradient in the surface water with salinities larger than 20 gkg ™" in
the north-west and about 8 g kg™ in the east (Figure 7a). The corresponding bottom salinities are larger in
the deeper parts and approximately follow bathymetric features. Results show that the near-bottom currents
are generally directed into the Baltic Sea, indicating an inflow of higher saline water with increased current
speeds in the channels (Figure 7d), while the velocities at the surface indicate an outflow of near-surface
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Figure 7. Annually averaged salinity (a,d) and its temporal variance (b,e) at the surface and at the bottom, respectively. The corresponding number of days with
salinities larger than 15¢g kg_1 is shown in (c) and (f). Arrows represent the mean current velocity. The underlying data are obtained from a numerical

model for the year 2014.

water. This bidirectional exchange flow indicates that the western Baltic Sea shows the flow characteristics
of a classical estuary with saline water being transported into the system, which is then mixed and
transported outward (Burchard et al., 2018; Knudsen, 1900). Note that the long-term freshwater discharge
into the Baltic Sea is estimated as approximately 15,200 m*s™* (Matthius & Schinke, 1999). The annual
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Figure 9. Transect-averaged longitudinal buoyancy gradient (a), wind stress (b), and strength of estuarine circulation (black) as well as bottom friction velocity
scale (red) (c) at the mouth of the Warnow estuary calculated with a numerical model. The corresponding volume transport per salinity class is shown in
(d). Shaded areas are examples of different realizations of inverse estuarine circulation.

salinity variance <s’2>, calculated using deviations of daily-averaged values from its annual mean, is small
(<2 (g/kg)®) at the surface in the eastern part of the western Baltic Sea, indicating only minor temporal
changes in salinity (Figure 7b), while its value increases to 6-8 (g/kg)® in the western parts, which include
the coastal area in front of the Warnow estuary. This highlights the variability of salinity due to the
changing water bodies observed in Figure 6. The latter is underlined when counting the days with
salinities larger than 15 gkg™" (Figure 7c). Simulations show that at the surface in the west this threshold
value is exceeded on every day of the year 2014 while it is never reached in the eastern part. However, in
the central area, including the coastal water in front of the Warnow estuary, increased salinities are found
on about 120 days. Note that this (arbitrary) threshold of s, =15g kg_1 is chosen as an intermediate value
between typical maximum (20gkg™") and minimum (10gkg™") bottom salinities observed in the
Warnow estuary (Figure 3c). Bottom salinities are almost always larger than s, in the deeper channels
and basins (Figure 7f).

When considering the higher resolved model results for the Warnow estuary, they confirm mean salinities of
about 12 gkg ™" at the surface of the coastal water, as already found in the large-scale model, decreasing in
the estuary when moving landward (Figure 8a). The salinity variance at the bottom indicates that the shal-
lower coastal areas are exposed to larger variations in contrast to the deeper parts (Figure 8e). Besides the
large-scale dynamics of high saline and brackish water in the western Baltic Sea, results show that the
near-coastal water is additionally influenced by the effect of coastal upwelling, as indicated by increased
values of days exceeding the threshold of 15gkg™" (Figure 8e). The bottom salinity highlights the role of
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Figure 10. Strength of estuarine circulation I dependent on varying Simpson number Si and non-dimensional wind stress Ts. The straight line indicates the
critical condition I = 0 for the transition of classical circulation (red) to an inverted circulation (blue), obtained from a 3-D planar regression (a).

the shipping channel in connecting the estuary with the deeper and more saline offshore water (Figures 8d
and 8f). Current velocities in this channel show a near-bottom up-estuary transport and a near-surface
seaward transport verifying the existence of estuarine circulation in the Warnow estuary.

The volume transports per salinity class g, calculated according to the TEF framework (6), into and out of the
estuary, associated with the exchange flow, show, similar to the dynamics in the western Baltic Sea, a high
temporal variability (Figure 9d). The time series is calculated for a transect at the mouth of the estuary, with
positive values in red meaning inflow (up-estuary) while outflow (negative) is shown in blue. Note that the
salinity axis is inverted since in a stably stratified water column larger salinities are found near the bottom
and lower salinities can be interpreted as being located near the surface. With this, classical estuarine circu-
lation is described by inflow in high salinity classes and outflow in low salinity classes and reversed circula-
tion correspondingly vice versa. The transition from positive to negative circulation is often connected with a
shift in the salinity regime where the lowest occurring salinities decrease rapidly (see, e.g., Figure 9d at the
end of May with a decrease in salinity from about 15 to 9 g kg™"). This low saline water must originate from
the outer ambient coastal area, since the volume transport in the low salinity classes points into the estuary
(shown in red), underlining the findings of section 3.1 of an alternating salinity varying between relatively
large values and more brackish ones in the western Baltic Sea. Since the outer changes in salinity may occur
on short time scales (Figure 6c) compared to the estuarine adaption time to the new salinity, the density gra-
dient potentially reverses its direction. Due to this, the resulting longitudinal buoyancy gradient d,b at the
mouth (transect-averaged) varies in a range between —8 and +8 x 10> s~ (Figure 9a). The corresponding
strength of the estuarine circulation I generally follows the trend of the buoyancy gradient (Figure 9¢) with
a negative gradient resulting in an inverted circulation direction. However, when analyzing the frequency of
inversion of the buoyancy gradient (3,b < 0), it turns out that 49% of this occurred in 2014, while only 33% of
the data show inversion for the estuarine circulation (I<0). This imbalance indicates that wind straining
must be involved in additionally driving the exchange flow and opposing the gravitational forcing. Note that
the adjustment time of I at the mouth to changes in buoyancy gradient and wind stress is in the order of up to
1 hr, so the inertia of the estuary plays only a minor role. By scaling d,b, 75, and I with the bottom friction
velocity scale U,, according to the definitions presented in section 2.1, the sensitivity of the estuary with
respect to wind straining can be estimated in terms of the basic Wedderburn number We,. Lange and
Burchard (2019) showed that the estuarine circulation T is fully described in a parameter space spanned
by the Simpson number Si and the non-dimensional wind stress Ts allowing the estimation of We, from
the I = 0 condition. Contrary to their study, the Warnow estuary is a micro-tidal estuary with typical values
of U, found to be smaller than 1 cms ! (Figure 9c) and thus an order of magnitude smaller than friction
velocities found in tidally energetic estuaries, resulting in much larger values of the Si, Ts, and T.
However, results show that the non-dimensional exchange flow I, presented in a Ts-Si parameter space,
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can still be distinguished between positive and negative circulation, shown in red and blue in Figure 10a, as
suggested by Lange and Burchard (2019). The critical condition for cancellation of estuarine circulation by
opposing wind stress and gravitational forcingI = Oseparates both states, indicated by a bold line. Its slope is
obtained from a least squares surface regression (Figure 10a) according tol = a - Ts + b - Si + ¢, with (a, b, ¢)
being fitting parameters, resulting in a basic Wedderburn number of We, = 0.33 for the Warnow estuary.

4. Discussion

In this study the Warnow estuary in the southwestern Baltic Sea is used exemplarily as a prototype for a
weakly tidal estuary in a highly variable environment. Because tidal forcing plays only a minor role in driv-
ing estuarine circulation, the governing mechanisms are reduced to wind straining and buoyancy gradient
forcing including the resulting effects of stratification and mixing. Results show that the formation of the
buoyancy gradient in the estuary is driven by various processes: Large-area temperature observations in
the western Baltic Sea, obtained from satellite data, local offshore time series of salinity measurements,
and high-resolution model results suggest that the study site is exposed to strong changes in the outer water
body, alternating between relatively high saline water and low saline brackish water originating from the
North Sea and the Baltic Sea, respectively. In times of water with high salinity in front of the estuary, the
results show that the buoyancy gradient is generally positive resulting in a classical circulation transporting
the saline bottom up-estuary and therefore increasing the salinity in the estuary (see also Figure 5a). When
the saline coastal water is replaced by the brackish water of the Baltic Sea, the density gradient at the mouth
of the estuary is found to reverse its direction, since the salinity of the estuarine water is still increased by the
former influx of saline coastal water. This suggests that in the Warnow estuary the salinity gradient can be
temporally reversed similar to inverse estuaries found in arid regions (Johns et al., 2003; Nunes & Lennon,
1986). Contrary to the latter, the cause here is not strong evaporation but the storage of salt in the estuary in
combination with the water exchange time of the estuary (flushing time ~30 days, not shown) being larger
than the time scale of changes in the ambient water, which can be in the order of 1-2 days (Figure 6c).

When further analyzing the density gradient and wind forcing in terms of Simpson number Si and
non-dimensional wind stress Ts at the mouth of the river, it turns out that due to the missing tides the bot-
tom friction velocity scale is much smaller (~10~>ms™") than in tidally energetic estuaries (~10%ms™),
leading to unusual large values of Si, Ts, and I. Note that the Simpson number was originally introduced
for studying tidal mixing in estuaries (Simpson et al., 1990). Nevertheless, the method of calculating the basic
Wedderburn number in the Si-Ts parameter space turns out to still be valid. When using a least squares sur-
face regression method, the basic Wedderburn number results in We,~0.33 for the Warnow estuary
(Figure 10). This is only half of the value found by Lange and Burchard (2019) for a tidal inlet in the
Wadden Sea (Wey, = 0.6) and smaller than the dynamic 1-D model result (We, = 0.45) but larger than the sta-
tionary analytical and dynamic non-tidal solution (Wep, = 0.15). A possible reason for this is that even in the
absence of tidal forcing, wind straining still has to counter effects induced by lateral processes in addition to
the gravitational circulation. The smaller basic Wedderburn number indicates that the exchange flow in the
weakly tidal estuary is more sensitive with respect to wind stress than the estuarine circulation in the tidal
energetic inlet in the Wadden Sea. This sensitivity is expressed in the fact that the intensity of the exchange
flow in the Warnow estuary varies more with the wind for a constant buoyancy gradient than it would for
larger Wedderburn numbers found in tidally driven estuaries.

With this, the results show that an inversion of estuarine circulation in the Warnow estuary can occur in sev-
eral ways (see shaded areas in Figure 9 for examples): (i) Inversion due to an inversed buoyancy gradient
resulting from varying coastal waters. This turned out to be here the most effective driver of inversed estuar-
ine circulation. The strength of this exchange flow is modified by along-estuary winds. (ii) Inversion due to
up-estuary wind straining resulting from a relative high sensitivity of the estuary to wind forcing. This hap-
pened occasionally on the time scale of a few hours and when the buoyancy gradient forcing is weak, for
example, larger local Wedderburn numbers. (iii) Inversion of the inversed circulation resulting in a classical
exchange. The latter is the case when down-estuary wind forcing drives a positive circulation even though
the buoyancy gradient is reversed. This complex interaction of gravitational circulation and wind forcing,
both with varying signs, is found to result in three-layered velocity profiles (Figure 9d).
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When considering long-term averages of inflow and outflow salinity, resulting from the exchange flow and
mixing in the estuary, it turns out that they change proportionally with increasing inflow salinity causing an
increase in the outflow salinity. The proportionality factor of 84% suggests that the outflowing water consists
to 84% of recirculated seawater and 16% of freshwater discharge. Recent salinity mixing theories by
MacCready et al. (2018) and Burchard et al. (2019) suggest that this factor additionally represents the mixing
completeness (ratio of actual mixing to maximum possible mixing) of the estuary, connecting estuarine-wide
mixing information with salinity values at the mouth. The mixing completeness of M= 84% is larger than
values calculated by Burchard et al. (2019) for the Baltic Sea (Mc = 54%). Making use of an idealized estuary
with tidal forcing, MacCready et al. (2018) recently showed that the mixing completeness in their study var-
ied between 95% and 62% during spring and neap tide, respectively. As pointed out by MacCready et al.
(2018), more estuaries have to be studied in terms of this new mixing approach in order to put these numbers
into context.

However, the results show that the volume-integrated mixing, the volume-averaged salinity, and the
volume-integrated salinity variance are highly variable over time. The comparison of the
volume-integrated mixing (i) obtained by the numerical model and (ii) calculated using the simple relation
M % SinSoutQy proposed by MacCready et al. (2018) shows largely good agreement. Deviations between the
exact and the analytically calculated mixing can be explained by the fact that the simple analytical formula-
tion neglects inflow and outflow fluxes of s* as identified by Burchard et al. (2019). When calculating the
mixing timescale as the ratio of the total salinity variance to the total mixing, the results for the Warnow
estuary are in the order of 1 day but increase if the total mixing decreases. A possible reason for the decreased
mixing during certain events is an already vertically homogenized water column as indicated by small values
of the volume-integrated potential energy anomaly. The latter coincides with increased values of surface
stress, suggesting that the estuary is mixed vertically due to wind and thus decreased in stratification, while
still existing horizontal density gradients result in spatial salinity variance.

5. Conclusions

The Warnow estuary is exposed to volatile along-estuary wind forcing as well as strong variations in salinity,
due to its location between the high saline North Sea and the brackish water of the Baltic Sea. The exchange
flow changes between classical and inversed circulation, which is described in a parameter space spanned by
the Simpson number Si and the non-dimensional wind stress Ts. The basic Wedderburn number of
We;, = 30% for cancellation of gravitational forcing by wind forcing could be confirmed as a promising para-
meter for comparisons between different estuaries with respect to their sensitivity to wind stress, since Wey is
found to be largely independent of the state of the estuary. The results underline the importance of the orien-
tation of the estuary with respect to the prevailing wind directions. Using the framework of the TEF, recent
formulations for the volume-integrated mixing and the mixing completeness showed their robustness when
applied to a volatile system. The newly introduced mixing time scale Ty, can extend the set of bulk para-
meters for understanding mixing processes in estuaries.

Unanswered is the question which non-dimensional parameter may describe the dynamics driven by grav-
itational forcing in weakly tidal estuaries, since the Simpson number turns out to be unusually large as a con-
sequence of small bottom friction velocities. A promising candidate might be the reciprocal Wedderburn
number 1/We = Si/Ts = d,bH?/us|u| = Si* which may be interpreted as a modified Simpson number
using the surface friction velocity scale. Investigating additional estuaries would be helpful in setting the
mixing completeness in a broader context, which is also true for the basic Wedderburn number and the
estuarine mixing time scale Tyy;x. The latter raises the question whether time values of 1 day, as found for
the Warnow estuary, are typical of certain types of estuaries.

Data Availability Statement

The data analysis was performed by computers financed by PROSO (FKZ: 03F0779A), and the data under-
lying this study are available online (at https://thredds-iow.io-warnemuende.de/thredds/catalogs/regions/
baltic/regions/catalog_jgr2020_xlange.html).
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