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Abstract13

The Jan. 2014 Adriatic Bora storm produced a measurable impact in14

north Adriatic, where tidal gauges recorded 5-cm sea-level fluctuations15

with a characteristic period of 100 min. Given the sensitivity of Venice16

flooding to sea-level perturbations and the localized, basin-transversal17

jet structure of the Bora winds, the observations are both significant18

and surprising. We investigate the event based on field observations off19

the Senigallia coast, Italy, and use simple linear analytical and numer-20

ical models. The model suggests that the oscillations observed are a21

mixture of edge-waves and seiches with a significant basin-transversal22

component, generated during the relaxation of Bora wind setup. The23

spatial structure of seiches explains the surprising basin-longitudinal24

reach of Bora storm. Despite the model simplicity, simulations results25

are consistent with sea-level measurements. The study suggests that26

Bora winds may have an impact on Venice and its surroundings27

and deserve more consistent monitoring and more accurate modeling.28

Keywords: Bora wind forcing, Transversal Adriatic seiche, Period ≈ O(10029

min), Analytical model30
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1 Introduction31

In their study of resonant amplification of tides by longitudinal seiches in32

the northern Adriatic, Medvedev et al (2020) note the interesting fact that33

“coincident storm surge and high tide can double the flooded area of Venice”34

(our emphasis). They give the example of the Nov. 2019 flood, caused by the35

coincidence of lower high water (≈ 187 cm) and a 30-cm storm surge; 80% of36

Venice flooded, with damages estimated at 1.1 B e. Without the additional37

30-cm surge, the damage would have been 20-25% less (Medvedev et al, 2020;38

Ferrarin et al, 2021).39

As main contributors to Venice flooding, the basin-longitudinal seiches40

(fundamental period 21.5 hr) have been extensively studied (Vercelli, 1941;41

Stravisi, 1972; Poretti, 1974; Manca et al, 1974). However, the seemingly dis-42

proportionate effect of small sea-level perturbations raises the question of43

whether shorter fluctuations, in the order of hours, might have significant44

effects. Such fluctuations, with heights in the order of 20 cm, are frequent in45

winter (Figure 1(a)) and persist for several days, long enough to overlap with46

high tides. While many such events (e.g., A and B in Figure 1(a)) are associ-47

ated with longitudinal Adriatic surges, the Jan. 25th event (C in Figure 1(a))48

stands out as a basin-transversal phenomenon, caused by a Bora storm (Figure49

1(b)). Given the specific structure of Bora winds (Signell et al, 2010), with50

highly localized, fixed-positioned jets that mostly impact the Ancona-Ortona51

segment of the Italian shore (Figure 1(b)), it is surprising to detect measurable52

effects as far north as Venice.53

Here, we investigate the nature and generation mechanism of the Jan. 25th,54

2014 oscillations. The opportunity for this study is provided by the EsCoSed55

field experiment (Brocchini et al, 2017), which captured in detail the Jan. 201456

Bora storm. The experiment deployed an array of hydrodynamic sensors in a57

cross-shore transect covering the mouth of the Misa river and approx. 800 m58

in the nearshore (Figure 2(a)). Instruments included high-resolution velocity59

profilers, as well as pressure and sediment concentration sensors (for details60

of the suite of instruments and the experiment schedule, see Brocchini et al61

(2017)). The analysis presented here focuses on the measurements collected62

by the Nortek Aquadopp Profiler, deployed at the mouth of the Misa River63

(QR3, Figure 2(a)).64

2 Field observations and Methods65

At Senigallia, the storm generated a 0.35-m surge (Figure 2(c) and (e)) and66

energetic waves of 10-s peak period and 3-m significant height (Brocchini et al,67

2017). In the two relatively calm days following, the QR3 sensor recorded68

persistent low-frequency oscillations of sea level and flow velocity, with sea-69

level periods between 20 min and 120 min, and amplitudes in the order of 1070

cm and 10-20 cm/s (Figure 2(b) and (d); alongshore velocities ≈ 2 cm/s). The71

oscillations were in phase through the entire cross-shore array of instruments72

(QR1 to QS3, Figure 2(a)). Spectral estimates of the pressure, cross- and73
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along-shore velocity during this period (Figure 2(f)) exhibit discrete peaks at74

frequencies ≈ nf0, with n = 1, 2, · · · , and f0 = 0.01 min-1.75

The origin of these oscillations is not clear. For example, similar low-76

frequency observed at the Port of Rotterdam, Netherlands (De Jong and77

Battjes, 2004), were likely generated through Proudman resonance (Proudman,78

1929) by convection cells moving over the North Sea. However, this mechanism79

seems inconsistent with the persistence (2 days) of the oscillations, the Adri-80

atic scale, and its surrounding orography. The characteristic time scale of the81

oscillations and the structure of their power spectrum suggests seiche modes82

with a significant basin-transversal component.83

Figure 2 shows analyses of the measurements at the Misa River mouth84

(sensor QR3, Nortek ADV; see Fig 1a). To estimate the power spectra of veloc-85

ity components and pressure (Figure 2(f)), downsampled time series (from 286

Hz to a 1 min-1) covering the post-Bora time segment considered here, Jan.87

25th, 20:00 hr to Jan. 29th, 12:00 hr local time (local time is UTC+1) was88

divided into 6 segments of 1024 points (≈17 hr) with 50% overlap, Fourier89

transformed and averaged (Welch method, (Welch, 1967)). While 6 degrees of90

freedom is generally considered low for a spectral estimate of free surface ele-91

vation, the time average is used here mostly as a smoothing device to highlight92

the position of the spectral peaks.93

Sea-level time series recorded by tidal gauges at Venice, and Ortona have a94

coarse sampling interval of 10 min. The time series of envelope heights shown95

in Figure 1(a) were obtained by applying a moving mean band-pass filter that96

suppressed the signal outside the frequency band of [1/120, 1/20] min-1.97

In Section 3, seiche modes for the trapezoidal cross-shore profile are cal-98

culated by the shooting technique (Press et al, 2007), while edge-wave modes99

are calculated using the well studied free Stokes edge-waves on a plane beach100

(Kurkin and Pelinovsky, 2002).101

3 Mathematical model and simulations102

The nature of the observed oscillations is investigated here using a simplified103

approach that combines analytical and numerical methods, applied to a sim-104

plified geometric representation of the Adriatic basin. Adriatic bathymetry is105

quite complex. The northern transversal profiles are roughly trapezoidal, slop-106

ing on the eastern shore (e.g. Figure 3(a)), and become more symmetric in the107

southern half. In the longitudinal direction, the northern half does not exceed108

200 m depth, whereas the South Adriatic Pit is over 1,200 m deep. However,109

due to its roughly rectangular shape, the basin bathymetry in longitudinal110

direction has often been approximated as a prism in past analytical studies of111

Adriatic seiches (e.g. Defant (1961); Bajc (1972) with h ≈ 240 m, reviewed in112

Franco et al (1982); Vilibić et al (1998); Leder and Orlic (2004)).113
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3.1 Adriatic sea bathymetry and representations114

Following Defant (1961) and Bajc (1972), we consider several prismatic115

approximations of the Adriatic bathymetry. The planar shape of the basin116

is represented as rectangles with different lengths depending on the type of117

southern boundary (Figure 3(a)). The bathymetry is approximated as cylin-118

drical, i.e., h = h(x), with h(0) = h(W ) = 0, where h is the depth and x and119

y axes are transversal and longitudinal, respectively, with either a flat bottom120

(h =constant), or trapezoidal transversal profile (Figure 3(d); see also Tab. 1121

for details).122

The complexity of the Adriatic bathymetry allows for no obvious choice123

for the maximum depth hmax of the bathymetry. To overcome this problem,124

we conducted a preliminary numerical search (not a systematic optimization)125

for hmax values that returned seiche frequencies distributed like nf0, with126

n = 1, 2, · · · , and f0 = 0.01 min-1, similar to observations. The distribution of127

the eigenfrequencies for the selected values of hmax is shown in panels of top128

row in Figure 4.129

3.2 Simplified mathematical model130

Seiche hydrodynamics is represented here using the linearized shallow water131

equations132

ut + gηx = 0, vt + gηy = 0, ηt + (uh)x + (vh)y = 0, (1)

where x and y are coordinates along the transversal and longitudinal axes of the133

Adriatic (Figure 3(a)); h is the local still-water depth; η is the free surface eleva-134

tion; u and v are velocity components along the x and y axes and the subscripts135

give partial derivatives. It can be shown that for seiche time scales of interest136

here, the Coriolis effect may be neglected in the leading order. Nonlinear effects137

are negligible because the characteristic amplitude of the oscillations O(cm) is138

several orders of magnitude smaller than the characteristic wavelength O(km).139

At a closed side of the rectangle, solutions of Eq. (1) satisfy the boundary140

condition ~u · ~n |S = 0,where ~u = (u, v) is the flow velocity vector and n is the141

unit vector normal to the closed boundary S pointing outward. If the side S142

is open, the boundary condition is η|S = 0.143

For a sloping cylindrical bathymetry h(x), two tranversally distinct fam-144

ilies of solutions are possible: a) seiches, which have an oscillatory structure,145

and span the entire width of the basin, and b) edge-waves, which exhibit146

cross-shore turning point where they switch between oscillatory and exponen-147

tial behavior. Because we are interested here in oscillations detectable on the148

western Adriatic shore only, we will consider edge-wave modes, trapped on the149

western slope. Hence, western slope is treated as mildly sloping while eastern150

slope is vertical in trapezoidal representation (see Figure 3(d)).151

The linear shallow water seiche/edge-wave problem is well understood152

(Kirby et al, 2007; Rabinovich, 2010; LeBlond and Mysak, 1981). Our153
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bathymetric choices allow for using the method of separation of variables154





η

u

v



 = a





H (x)
U(x)
V (x)



Y (y)T (t) (2)

where a is the modal amplitude (constant), andH,U ,V , Y , and T are functions155

that describe the spatial and temporal structure of the oscillations. The Y156

functions are orthonormal, in the sense that 1
L

∫ 2L

0
YnYñdy = δnñ. For a basin157

closed at both ends in the y direction158





η

u

v



 = a



−
H(x) cos (kny) cos (ωt)

g
ω
Hx(x) cos (kny) sin (ωt)

gk
ω
H(x) sin (kny) sin (ωt)



 , (3)

where kn = nπ
L
, n = 1, 2, · · · . For a basin that has an open side at the southern159

end (e.g., red rectangle in Figure 3), the solution is160





η

u

v



 = a





H(x) sin (kny) sin (ωt)
g
ω
Hx(x) sin (kny) cos (ωt)

gk
ω
H(x) cos (kny) cos (ωt)



 (4)

with kn = (2n−1)π
2L , n = 1, 2, · · · . In both cases, the radian frequency of the161

oscillation ω(kn) is obtained as the eigenvalue of the singular Sturm-Liouville162

problem163
(

c2Hx

)

x
+
(

ω2 − k2nc
2
)

H = 0, (5)

completed by boundary conditions at x = 0 and x = W . Eq. (5) is a general164

equation for the cross-shore structure of the Adriatic oscillations, satisfied by165

both seiche and edge-wave modes.166

Changing the function H to G(x) = H(x) exp 1
2

∫ x dh
h

brings Eq. (5) to the167

form168

Gxx +R(x)G = 0, R =
ω2

gh
− k2n − 1

4

2hxxh− h2
x

h2
. (6)

The turning points of G (and H) are the roots of equation R = 0 . Seiches169

are solutions of Eq. (5) that correspond to R > 0 over the entire domain. If170

the bathymetric profile h(x) is mildly sloping, the derivatives of h in Eq. (6)171

may be provisionally neglected, yielding approximate turning point positions172

as roots of equation173

ω2 − k2nc
2 = 0. (7)

In Eq. (7), turning points represent depths for which the alongshore component174

of the modal phase speed equals c =
√
gh. Because ω2 − c2k2n → ω2 > 0 as175

h → 0, the existence of a turning point requires that ω2 − c2maxk
2
n < 0 at the176

deepest point hmax = max(h) of the transversal bathymetric profile. Using177

this approximation, the solutions of Eq. (5) are separated into the seiches,178

satisfying ω2 − c2maxk
2
n > 0, and edge-waves, satisfying ω2 − c2maxk

2
n < 0.179
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Seiche solutions have oscillatory behavior in the entire domain [0,W ] , and180

their transversal structure satisfies zero-flux boundary conditions at the lateral181

boundaries182

u(x = 0, y, t) = u(x = W, y, t) = 0, or Hx |0,W = 0. (8)

For a flat bottom h = h0, Eq. (5) takes the simple formHxx+k2mH = 0, where183

k2m =
ω2

n,m

gh
− k2n is the wave number component in the transversal direction.184

Imposing the boundary conditions (8) obtains185

ω2
n,m

gh
= k2m + k2n, km =

mπ

W
, m = 0, 1, 2, · · · , (9)

with H given by Hm = cos kmx. The functions Hm are orthonormal, i.e.,186

1
W

∫ 2W

0
HmHm̃dx = δmm̃.187

For the trapezoidal bathymetry, we obtain seiche modes solution with the188

shooting technique. Using substitution G = Hx, Eq. (5) is reduced to an189

initial value problem with initial value [H,G] (x = 0) = [1, 0], and value of190

[H,G] (x = W ) is approximated, using shallow water approximation of the191

eigenvalue, c =
√
ghmax. In subsequent iterations, value of c is modified so that192

other side boundary condition G (x = W ) = 0 is attained to reasonable accu-193

racy. For the edge-wave modes, plane beach solution (Kurkin and Pelinovsky,194

2002) is used, given by195

Hm = e(−knx)Lm (2knx) ,

where Lm is the Laguerre polynomial. One can also easily verify the edge-196

wave and seiche modes are orthogonal. The general solution for a trapezoidal197

bathymetry may therefore be written as198

η =
∑

n,m

aSn,mηSn,m +
∑

n,m

aEn,mηEn,m, (10)

where superscripts S and E denoting seiche and edge-wave modes. The199

modal amplitudes aS,En,m are obtained by projecting the initial condition η0 =200

η(x, y, t = 0) on the basis
{

ηSn,m, ηEn,m
}

,201

aS,Enxny
=

1

LW

∫ 2L

0

∫ 2W

0

(

Yny
HS,E

nx
η0
)

dxdy. (11)

3.3 Numerical simulation202

We hypothesize that the Bora winds create a localized wind setup in the north-203

western Adriatic and that the observations represent the relaxation process204

after the Bora forcing is removed. This hypothesis is tested here in two steps.205
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Step 1 solves Eq. (5) with the selected boundary conditions for the full set of206

eigenfrequencies and eigenfunctions, providing the orthonormal basis for the207

decomposition in Eq. 10. For the trapezoidal transversal profile, the solutions208

are computed numerically, using the shooting method described in Section 2.209

Step 2 computes the amplitude spectrum of a candidate wind setup model210

(Eq. (11)) by projecting its free-surface shape η0(x, y) on the eigenfunction211

basis generated at step 1. Both steps are iterative. At step 1, the iterations are212

used to select an “adequate” maximal depth hmax for each profile, as explained213

in Section 3. At step 2, the exact shape of the initial setup is unknown; we214

represent the initial perturbation as a Gaussian215

η(x, y, t = 0) = Ae−(
x

αW )
2
−( y−y0

βL )
2

, (12)

with the peak height of 0.35 m located at the approximate Senigallia position,216

150 km south of the northern Adriatic boundary. The width factors α and β217

given in Table 1, are selected to yield spectra which approximately match the218

observed spectra. The selected value of the width factor β is consistent with219

the longitudinal impact of Bora jets on western shore e.g see Figure 1.220

To demonstrate the features of the solution, the model is used to generate221

60-hours time series of the setup relaxation for all the cases at mock rep-222

resentation of Senigallia (red solid circle; Figure (3)(a)), and the time series223

are analyzed using the same procedure that was applied to the observations.224

Figure 4 shows a summary of the simulations. The upper row of panels show225

the distribution of eigenfrequencies for seiche and edge-wave modes. The mid-226

dle and lower rows of panels compare the simulations to the observations. The227

columns of panels correspond to the four bathymetrical approximations used228

(Figure 3 and Table 1). For the trapezoidal profile, the normalized amplitude229

spectrum shown in Figure (5)(a) highlights the relative contribution of differ-230

ent modes. Reconstructing the (simulated) free-surface elevation at any point231

of the Adriatic basin (in the simplified bathymetry) is straightforward. Pan-232

els (b), (c) and (d) of Figure 5 show an example of amplitudes of oscillations233

and spectrum at an arbitrary point, P in the north Adriatic near the north-234

west corner of the bathymetry, located in a longitudinal direction away from235

perturbation (shown as black arrow in Figure 3). The simulated wind setup236

produces oscillations in the order of 5 cm height (see Figure 5(b)), consistent237

with the magnitude of observations in north Adriatic (Figure 1(a)).238

Conclusion239

The hydrodynamic model presented here uses a highly simplified bathymetry,240

and does not account for Earth rotation, stratification, currents, and nonlin-241

earity. These processes were assumed to have a higher-order contribution to242

the oscillations, but the validity of this assumption was not investigated here243

in any detail. Despite its simplicity, the model supports the hypothesis that244
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the oscillations observed are a mixture of edge-waves and seiches with a sig-245

nificant transversal component, generated during the relaxation of the Bora246

wind setup. The model suggests that excited seiche and edge-wave modes247

have a strong longitudinal component, which explains why effects should be248

detectable throughout the Adriatic. The results suggest that Bora winds may249

have an impact on Venice flooding, and deserve more consistent monitoring250

and more accurate modeling.251

252

Fig. 1 Summary of effects and structure of the Jan. 2014 Bora storm. a) Smoothed height of
sea level perturbations in the frequency band [1/120, 1/20] min-1 (Italian National Tidegauge
Network, ISPRA

253
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Fig. 2 Observations of the Bora storm at Senigallia, Italy. a) Bathymetric profile and
instrument locations (for details see Brocchini et al (2017)). The data discussed in this study
was provided by the QR3 instrument (red circle) deployed at the Misa River mouth (Nortek
Vector ADV, sampling at 2 Hz in bursts of 40 min located 0.54 m above bed in 3.15 m deep
water. b,d) Example time series of the sea level and cross-shore velocity oscillations recorded
at QR3. c) Sea level observations (gray), mean sea level (blue line), and tide level at QR3.
e) Storm surge, calculated as the difference between mean water level and tidal level. f)
Normalized power spectra of sea-level and cross-shore velocity oscillations.

254
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Table 1 Parameters used in simulations for the flat bottom and trapezoidal transects.
“Open” and “Closed” describe the southern boundary condition: either allowing free flow
through, or not; L and W are the length of the longitudinal and transversal sides of the
rectangle; h is the depth.

Flat Trapezoidal
Basin L(km) W(km) Type h(m) α β h(m) Slope α β

Closed 750 150 LC 235 0.13 0.35 380 6.3×10−3 0.035 0.17
Open 750 150 LO 242 0.13 0.35
Open 500 150 SO 239 0.13 0.35

y

x

Fig. 3 Adriatic bathymetry and bathymetric models. a) Adriatic bathymetry with two
rectangular models with dimensions 750 km Ö 150 km (blue rectangle) and 500 km Ö 150
km (red rectangle). The blue half-ellipse represents elevations > 5 cm, corresponding to the
surge used in simulations. The black arrow marks an arbitrary location in the north Adriatic
(also see Figure (5)(b), (c) and (d)). b) Mean transversal bathymetric profile (black) for red
rectangle in panel (a); flat bottom profile (red) used in simulations. c) Bathymetric profile
of the Adriatic basin along section L − L′ in panel (a). d) Mean transversal bathymetric
profile (black) for the blue rectangle in panel (a); flat and trapezoidal profiles (blue) used in
simulations. The mean bathymetric profiles in panels Figure 3(b) and (d) were computed by
first stretching all basin-transversal profiles to the same width W and then averaging in the
longitudinal direction. Table 1 provides parameters for each representative profile shown in
panels (b) and (d).

255
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Fig. 4 Eigenfrequencies for the four cross-shore profiles (shown in Figure 3(b) , (d)). Top
row: dispersion relation. Mode with n > 0 (circles) exhibit basin-transversal oscillations.
Modes with n = 0 (dots) are purely basin-longitudinal modes. For the profiles selected for
simulations, the frequency of mode (n,m) = (1, 1) (blue disk) is 0.01 min −1, where m is
basin-longitudinal mode number. Middle and bottom rows: comparison of simulated (blue)
and observed (red) spectra of pressure and cross-shore velocity. Gray rectangles mark the
approximate location of the peaks of the observed spectra.

256
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Fig. 5 Numerical results using trapezoidal bathymetry of a) amplitudes of the modal con-
stituents of the simulation results at Senigallia (marked by red solid circle in Figure 3(a));
amplitudes normalized with maximum amplitude and expressed in percentage; blue pedestals
mark seiche modes; red pedestals mark edge-wave modes. b) Sea-level, c) cross-shore veloc-
ity and d) power spectra of the oscillations at an arbitrary location, P in north Adriatic
(marked by black arrow in Figure 3(a)).
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