
Coastal Engineering 183 (2023) 104328

Available online 29 April 2023
0378-3839/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Reductions in water level over coastal wetlands during storm surges and 
tsunamis: An analytical result and a critical review of the literature 

Alastair Grant a,*, Mark J. Cooker b 

a School of Environmental Sciences, University of East Anglia, Norwich, NR4 7TJ, UK 
b School of Mathematics, University of East Anglia, Norwich, NR4 7TJ, UK   

A R T I C L E  I N F O   

Keywords: 
Coastal protection 
Wetland 
Saltmarsh 
Mangrove 
Storm surge 
Tsunami 

A B S T R A C T   

Understanding how saltmarshes and mangroves reduce movement inland of high water levels resulting from 
storm surges and tsunamis is vital for disaster planning and predicting impacts of sea level rise. This has been 
examined using both site-specific hydrodynamic models and field measurement, but an overarching theoretical 
framework is lacking. To address this, we provide a simple analytical solution for the propagation of a surge 
across a uniform wetland surface. The distance that flooding penetrates inland is reduced by the presence of 
vegetation and increases with both surge height and duration. After 4 h, 1 m and 5 m floods will travel 5.5 and 
19.1 km inland over saltmarshes respectively. Penetration distances are approximately 2.5 times smaller for 
mangroves and are lower for short duration events, emphasising the effectiveness of mangroves in reducing 
impacts of tsunamis. The (absolute) reduction in water level per km depends strongly on surge duration and 
vegetation type, but only weakly on surge height. In a surge rising by 2m over 1 h, the reduction in water level 
over a saltmarsh can be as high as 45 cm/km, but reduces as surge duration increases or where the width of the 
low-lying land is small enough for the surge to fill “the bathtub”. So water level reductions will be greatest during 
short duration events or when large widths of wetland are maintained. Several studies report much higher rates 
of attenuation, but these involve up to 50-fold extrapolation from measurements made over short distances or 
misinterpretations of primary sources. Once these are excluded, field data are consistent with our model results.   

1. Introduction 

Many coastal communities and economic assets are vulnerable to 
flooding. Flood risks are increasing as a result of sea level rise (c.f. 
Kirezci et al., 2020; Kulp and Strauss, 2019) and potential greater fre-
quency of extreme storm events (Garner et al., 2017; Rahmstorf, 2017). 
A number of studies have argued that wetlands provide protection 
against coastal flooding, as a consequence of both wave energy dissi-
pation (Figueroa-Alfaro et al., 2022; Maza et al., 2022; Pinsky et al., 
2013; Zhang et al., 2022) and slowing of the rate that unusually high 
water levels are able to penetrate inland (Barbier et al., 2013; Kiesel 
et al., 2019, 2022; Leonardi et al., 2018; Paquier et al., 2017; Stark et al., 
2015). These flood protection ecosystem services make a substantial 
contribution to estimates of the economic value of coastal wetlands 
(Barbier, 2007). There has been some argument about the true impor-
tance of these processes (Gedan et al., 2011), including discussion of the 
extent to which flood protection results from the presence of vegetation 
directly; or via an indirect mechanism, whereby vegetation stabilises 

sediment at a higher elevation than would occur without vegetation 
(Feagin, 2008). Elsewhere, we have argued that importance of wave 
attenuation by wetlands during storm surges has been overstated (Alo-
taibi and Grant, Submitted). Here we examine the extent to which 
wetlands lead to a reduction in water level as one moves inland during a 
storm surge. We do not consider wave attenuation here, although the 
theory does give some insights into the extent to which wetlands will 
protect against coastal flooding during a tsunami. 

Empirical studies reviewed by Gedan et al. (2011) reported re-
ductions in water depth varying between 4.4 cm/km and 16.6 cm per km 
(values given in text – their Figure 7a shows a larger range than this). 
Leonardi et al. (2018) give a range of 1.7–25 cm/km and Krauss et al. 
(2009) report one value of 18.9 cm/km with all others were between 4.2 
and 9.4 cm/km. But more recent studies have reported reductions of 
water level as large as 100 cm/km (Kiesel et al., 2019) or even 270 
cm/km (Paquier et al., 2017). A number of authors have used hydro-
dynamic modelling to make predictions of storm surge behaviour at 
particular locations (Hu et al., 2015; Resio and Westerink, 2008; Stark 
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et al., 2016). However, our ability to synthesise these empirical mea-
surements and models of individual sites into a more generalised con-
ceptual framework and assess the plausibility of some of the very high 
estimates, has suffered from the lack of a simple theoretical framework 
giving us a plausible range of values for storm surge attenuation (Leo-
nardi et al., 2018). This also means that we lack clear guidance of what 
features of the environment should be quantified to aid the interpreta-
tion of measured surge attenuation. Here, we develop a simple analytical 
solution for the movement of a storm surge across a flat surface, 
including bare mud/sand, grassland/saltmarsh and wood-
land/mangrove. We use this to assess whether reported values for surge 
reduction are plausible and, for values which are too high to be physi-
cally plausible, critically examine the data on which the claimed re-
ductions are based. 

2. A simple analytical model 

The flow of water in an open channel can be described using the 
Manning equation. The depth-averaged horizontal velocity component 
is u, where 

u=
(

1
n

)

R2/3
̅̅̅
S

√
.

In the standard formulation, R is the hydraulic radius (cross sectional 
area/length of wetted perimeter). For an infinite sheet R equals the 
water depth. Quantity S is often referred to as channel slope, but is more 
precisely identified as the rate of hydraulic head loss. For flow across a 
flat impermeable bed, S is the magnitude of the slope of the free surface of 
the water. The choice of sign of the square-root must agree with the 
observation that u is positive when a wave of positive elevation is 
advancing from left to right into a region of zero elevation. 

The Manning coefficient n quantifies bed friction, and widely used 
empirical values are: 0.035 for unmown grassland; 0.140–0.150 for 
woodland (Engineering ToolBox, 2004; Schneider and Arcement, 1984). 
Values of n for unvegetated surfaces vary between 0.018 and 0.025, 
depending upon surface roughness (see pages 98–99 and Table 5.5 of 
Chow, 1959). Rather gentle slopes can generate water velocities that 
may be surprisingly high for those not familiar with hydraulic calcula-
tions. Using the value of the Manning coefficient for grassland given 
above, a slope of 1m per km generates a velocity of 0.9 m/s (3.2 km/h) 
in water that is 1 m deep and 2.6 m/s (9.4 km/h) in water that is 5 m 
deep. Hence, it is immediately apparent that a substantial lowering of 
water levels as a result from water needing to flow across a flat marsh 
surface will only occur when flood duration is short or the wetland area 
is large. For woodland, these velocities are reduced by a factor of 4 (to 
0.8 and 2.4 km/h) if we use a Manning coefficient of 0.140. Therefore, 
mangroves will be more effective than saltmarsh, but the results still 
imply that substantial and long duration lowering of water level requires 
wetlands that are several or tens of kilometres wide. 

We examine the flow of water over a flat marsh surface at an 
elevation of y = 0. The marsh lies in the region x > 0, with the seaward 
edge is at x = 0, as shown in Fig. 1. We assume that the rate of water flow 

onto the marsh has negligible effect on the water level in the region x <
0, seawards of the marsh edge. 

The leading edge of the encroaching water is at P, with coordinates x 
= xp(t), y = 0. We denote the depth of water at distance x from the marsh 
edge and time t as η (x,t), where 0 ≤ x ≤ xp. For x > xp(t), the water level 
is zero. Let the water level at the marsh edge be η0(t), a known function 
of time and possibly constant. 

As the tide rises, the free surface over the marsh rises and the leading 
edge at P moves to the right. We expect the horizontal component, u, of 
velocity to be positive, and given by Manning’s formula: 

u(x, t) =
1
n
η2/3

⃒
⃒
⃒
⃒
∂η
∂x

⃒
⃒
⃒
⃒

1/2

(1)  

Where the depth of water η is a function of independent variables x and t 
and 

⃒
⃒∂η
∂x

⃒
⃒1/2. 

is the square-root of the modulus of the slope of the free surface, 
under the assumptions that there is zero bed slope and the pressure 
gradient is only supplied by free-surface inclination. The position of the 
advancing edge of water, x = xp at time t, is then: 

xp =
1

n2/3
3

22/371/3η0
7/9t2/3. (2)  

And the water depth at time t and distance x from the marsh edge is 
given by: 

η(x, t)= η0(t)
(

1 −
x

xp(t)

)3/7

(3)  

where the factor η0(t) is a prescribed water depth at the marsh edge, and 
x ≤ xp (see appendix A for the derivation of these results). For a steadily 
rising tide at the marsh edge, we need η0 = vt, and we obtain: 

xp(t)=
1

n2/3

(
3
7

)1/3( 9
13

)2/3

v7/9t13/9 (4)  

and 

η(x, t)= vt
(

1 −
x

xp(t)

)3/7

(5)  

where v is the chosen positive constant rate at which the tide rises in this 
example. 

3. Model predictions 

We consider the movement of a flood inland under four different 
scenarios – a water level at the marsh edge rising at a linear rate, and 
flood penetration 1 min, 1 h and 4 h after an instantaneous rise in water 
level. These bracket the range of likely realities as most floods will rise at 
a rate that decreases as the peak is approached. One hour is a minimum 
estimate of the duration of a storm surge in areas where surges are 
comparable or less than the tidal amplitude, as is typical of storm surges 
on the UK and other North Sea coasts. Penetration over 4 h is chosen to 
be indicative of impacts of relatively long lasting hurricane driven 
surges in a microtidal context, such as the Gulf Coast of the USA (e.g. 
Krauss et al., 2009; McGee et al., 2006). We also use flood penetration 
over a period of 1 min to give a simplified indicator of the likely effect of 
vegetation on flooding during tsunamis (c.f. Dahdouh-Guebas et al., 
2005; Danielsen et al., 2005; Kathiresan and Rajendran, 2005). For the 
2013 North Sea surge, penetration over a 2 h period would probably be 
most appropriate. Water level peaked at 5.22 m at Immingham but 
remained above 5 m ODN for 2 h, and at Lowestoft peaked at 3.26m 
ODN, but was above 3 m for nearly 2 h (Spencer et al., 2015; durations 
measured from their Figure 5; see also Wadey et al., 2015). 

Fig. 2 shows the rate at which the leading edge of the flood moves 
inland over bare ground (n = 0.018), grass (n = 0.035) and woodland (n 

Fig. 1. Schematic diagram of the modelled water surface and 
model parameters. 
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= 0.140). With a fixed water level of 1m at the edge of the marsh (η0 =

1m) and a value of 0.035 for n, the Manning coefficient (a value for 
inmown grass) Xp, the distance inland of the leading edge of the flood 
will be 142m after 1 min; 2.2 km after 1 h and 5.5 km after 4 h. The 
distances are 55% higher over bare ground (n = 0.018) and reduced to 
39% of these values for woodland (n = 0.140). The distances that a 5m 
flood would penetrate inland are 3.5 times higher than this, rising from 
495m after 1 min to 19.1 km after 4 h for grass. If the water rises at a 
constant rate, the rate of movement is reduced (blue dotted line), 
reaching only 1.3 km over grassland after 1 h. After 2 h, this linear rise 
would lead to a water depth of 2m at the marsh edge and the distance 
travelled is similar to that resulting from a fixed water depth of 1m. 

The relationship between water depth and distance from the marsh 
edge is plotted in Fig. 3, showing that the slope of the water surface is 
steepest near the advancing edge at xp. Water depth is a non-linear 

function of the proportional distance to xp, and xp is a non-linear func-
tion of both η0 and time. Hence, the change in depth across the marsh 
cannot be exactly characterised by a single reduction in surge height per 
km. It would be most appropriate to express attenuation as a reduction 
in the height of a surge of a magnitude and duration that are typical at a 
location. This should be measured at a distance inland that is a sub-
stantial proportion of the area vulnerable to flooding or represents the 
distance inland of the significant economic assets that are closest to the 
coast, rather than being extrapolated from measurements made over 
very short distance (see section 5). The proportional reduction in water 
depth is greatest for smaller surges and for shorter time periods. How-
ever, for values of x up to about 60% of xp, the relationship between 
water depth and distance departs only a little from linearity and the 
absolute reduction in water depth is only weakly dependent on storm 
surge height, although it is strongly dependent on storm surge duration 
(Fig. 4). Over the first 1 km of the marsh, an instantaneous 1 and 5 m 
flood would be reduced by 23.3 and 29.4 cm respectively after 1 h, and 
by 13.7 and 18.2 cm respectively after 2 h. For a surge with a linear rise 
of 1 m per hour, after 1 h the elevation difference between the edge of 
the marsh and the 1 km point would be 46.9 cm and 26.6 cm after 2 h. 
For a linear rise of 2 m/h the difference in water level after 1 h would be 
45.2 cm. So flood attenuation can be quite well approximated as an 
absolute lowering of flood height per km, but it is vital to also state the 
time period over which this is occurring. 

If attenuation rates from modelling studies or empirical measure-
ments are quoted as values per km, they must be measured over hori-
zontal distances of around 1 km. For the majority of the seaward part of 
the flooded area, the non-linear process that we have described can be 
approximated as a linear function. But at locations immediately to 
seawards of the advancing front of the flood, the slope of the water 
surface is much steeper than the average slope over longer distances (c.f. 
Fig. 3). In addition, a steep local surface slope can result from water flow 
across topographic irregularities on the marsh surface, such as small 
levees along creek banks. It is not meaningful to measure differences in 
water level over distances of a few tens of metres and then extrapolate 
these into reductions in flood depth per km, but this is what has been 
done in a number of recent studies claiming very high reductions in 

Fig. 2. Movement of leading edge of flood over time for a 1m storm surge over 
bare ground (black/solid), unmown grassland (orange/long dashes) and 
woodland/mangrove (green/short dashes), assuming an instantaneous rise in 
water level at the wetland edge. Red dot/dash line indicates movement of a 5m 
flood over grassland, and inset shows movement over the initial minute. Blue 
dotted line show movement of a flood over grassland when water level rises 
linearly at a rate of 1 m/h. 

Fig. 3. Pattern of water depth against distance after 1 h of flooding assuming 
an instantaneous rise of water to 1m above the ground surface at the wetland 
edge over bare ground (black/solid), unmown grassland (orange/long dashes) 
and woodland/mangrove (green/short dashes). Dotted blue line shows rela-
tionship between water depth and distance for a linear increase in water depth 
to 1m over 1 h. 

Fig. 4. Reduction in water depth over grass against distance from the marsh 
edge for a water level that is 1m (blue; solid/dotted lines) and 5m (red; dashed 
lines) above the marsh surface and times of 1 h (solid and dotted lines) and 2 h 
(dashed lines). 
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flood depth (see section 5). 

4. When will the model be useful? 

The model examines water flow over a flat surface. This will often be 
a good approximation for the topography of coastal wetlands, which will 
only be vulnerable to flooding during extreme events if they are at el-
evations close to normal high water levels (c.f. Alotaibi and Grant, 
Submitted). However, it will not be a good approximation if the bulk of 
water flow occurs via tidal channels. Large channels, particularly if these 
are artificially dredged and/or straightened can transmit flooding large 
distances inland, such as the suggested role of the Mississippi River Gulf 
Outlet channel in increasing the severity of flooding during Hurricane 
Katrina (Shaffer et al., 2009; van Heerden et al., 2009). Our calculations 
give a maximum value for the lowering of water level, and analyses by 
Stark et al. suggest that the presence of channels will reduce this by an 
amount roughly proportional to the ratio of above marsh water volume 
to the water volume in channels and above the marsh surface (Leonardi 
et al., 2018; Stark et al., 2016). For the same reasons, if the flood is only a 
little above the elevation of the marsh surface, then water level at a 
particular location will be determined by proximity to the drainage 
network rather than to a steady reduction in water level moving in a 
landwards direction. This latter mechanism results in substantial dif-
ferences over short distances between the elevation reached by neap 
tides on saltmarshes in Norfolk, UK, when flooding occurs almost 
entirely via channels. On Spring tides, by contrast, the whole marsh 
surface is submerged and water levels are similar over much larger 
distances (Mossman et al., 2012). Another departure from the assump-
tion of a uniform flat surface is where one or more elevated ridges run 
parallel to the shoreline, such as the cheniers characteristic of the coastal 
plain of Lousiana and elsewhere or shingle/sand ridges that occur on 
some saltmarshes (Andrews et al., 2000; Augustinus, 1989; McBride 
et al., 2007; Neal et al., 2002; Otvos, 2012). Where coast-parallel ridges 
occur, flood behaviour is likely to be dominated by the extent of over-
topping of, or penetration through, these barriers, particularly if they 
have been reinforced as coastal defences or as routes for highways. 

5. Comparison with literature values for water level attenuation 

Section 3 indicates that water level reductions could be as high as 
23–47 cm/km for an event lasting 1 h and 13–27 cm/km after 2 h. A 
number of recent papers have compiled tables of attenuation rates 
(Engle, 2011; Glass et al., 2018; Kiesel et al., 2019; Paquier et al., 2017; 
Stark et al., 2015; Vafeidis et al., 2019; Van Coppenolle et al., 2018). 
These summarise data from the same primary sources, in some cases 
relying explicitly on other secondary literature rather than referring to 
original sources. Some also report their own empirical observations of 
attenuation rates (Paquier et al., 2017; Kiesel et al., 2019; Stark et al., 
2015). Quoted attenuation rates vary from a few cm/km up to a 
maximum of 270 cm/km (Paquier et al., 2017). The largest reported 
attenuation rates are examined in Appendix B. In a number of studies, 
particularly those reporting very high values, the estimated attenuation 
rates are extrapolated from measurements of water level differences of a 
few cm between points that are between 20 and 117m apart. This in-
volves multiplication by factors between 8.5 and 50 to express these on a 
scale of cm per km (Paquier et al., 2017; Kiesel et al., 2019; Stark et al., 
2015). The steepest gradient of the water surface occurs at the 
advancing front of the flood, as illustrated in Fig. 3, but the water surface 
is non-linear so extrapolating small-scale measurements made here 
across the whole extent of the flood is very misleading. In one case 
(Vafeidis et al., 2019), a reduction of 70 cm in water level across a whole 
estuary with 750 km2 of wetland (taken from Hu et al., 2015) is mis-
represented as a reduction per km. The maximum attenuation, of 29 
cm/km, quoted in the abstract of Stark et al. (2016) is the single highest 
value obtained across several model runs, and occurs in one location in a 
model scenario in which the marsh is enlarged. The maximum observed 

reduction in tidal height in the same paper is 5 cm/km. Gedan et al. 
(2011) quote a value of 16.6 cm/km taken from Wamsley et al. but this is 
the largest value from four model runs. Other model runs gave re-
ductions as small as 4 cm per km, and empirical measurements varied 
between 4 and 25 cm per km. 

Walmsley et al. (2010) calculated water level attenuation during 
Hurricane Rita in four locations on the Chenier Plain of Louisiana, using 
water level measurements recorded by McGee et al. (2006). The greatest 
attenuation is for a transect near Sabine. Walmsley et al. (2010) give a 
water level at the seaward end of transect as 3.3 m (McGee’s site LC13; 
actual measurement 10.62 feet) and water level at the landward end as 
2.3 m (McGee’s site LC12, 7.52 feet), with a distance between the sites of 
4 km. A more precise elevation difference is 94.5 cm, over a distance of 
4.22 km (calculated from UTM conversions of latitude/longitude loca-
tions in McGee), giving a reduction of 22.4 cm/km. However, site LC13 
was located at 29.76407 N 93.75285 E, just to the North of a highway 
(LA-82) that follows a linear natural ridge that runs East-West at an 
elevation of 1.9m (Google Maps; https://www.fisheries.noaa.gov/inpo 
rt/item/53702), with other smaller ridges lying between the two sites. 
So, a substantial part of the high-water attenuation will be due to the 
presence of these cheniers, rather than to the presence of vegetation. 

6. Conclusions 

Our modelling shows that the presence of vegetation substantially 
reduces the rate at which floods penetrate across low lying coastal 
wetlands. It also shows that woodland/mangrove is more effective than 
saltmarsh and other herbaceous vegetation, in line with Gedan et al. 
(2011) and Krauss et al. (2009). It provides a simple theoretical un-
derpinning for the observations of reduced flood damage on coastlines 
with vegetated wetlands, particularly mangroves, during tsunamis 
(Alongi, 2008; Danielsen et al., 2005; Kathiresan and Rajendran, 2005). 
Flood attenuation due to wetlands is an inherently non-linear process, 
but away from the advancing flood front can be quite well approximated 
by a linear relationship in which the reduction in water depth is 
expressed as an absolute reduction per km, irrespective of surge height. 
However, it is striking that the literature compiling flood attenuation 
rates does not systematically discuss duration of the surge. For a surge 
lasting for 1 h, the water level reduction is approximately 25 cm/km for 
an instantaneous increase in water level and 45 cm/km for a steadily 
rising water level, numbers that are approximately halved after 2 h. So 
the range of 4–25 cm/km given by Gedan et al. (2011) is physically 
plausible, with lower values being characteristic of longer lasting floods 
or contexts where wetland drainage channels carry substantial amounts 
of water in a landwards direction. However, it is clear that some of the 
larger estimates in the literature are not physically realistic and result 
from extrapolating measurements of differences in water level between 
points that are in close proximity. The model also gives guidance as to 
when it is appropriate to rely on a “bathtub” model of coastal flooding 
under sea level rise (Anderson et al., 2018; Cooper et al., 2013; Hinkel 
et al., 2014) by calculating how fast and how far a flood would progress 
across an area of low lying land and comparing these with the distance of 
rising ground from the current coastline. 
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Appendix A. an analytical model of storm surge propagation across a flat surface 

In order for the free surface to resemble Fig. 1 and to be in accord with Manning’s equation, we must have η in the x,t dependence of: 

η(x, t)= η0(t)
(

1 −
x

xp(t)

)m

. (2) 

The dependence on x in expression (2) is in keeping with Manning’s equation for a unidirectional flow without side boundaries. At x = 0, η = η0(t) 
is the given height of the tide at time t. At the advancing front, x = xp(t), we want η = 0 to match the surface y = 0 of the space into which the flow 
advances. This can only occur if the constant m > 0. We also need to choose m such that the velocity field in u is finite everywhere, and non-zero at P in 
order to allow P to move and not be fixed. These considerations will supply a unique value of m. Substituting (2) in (1) gives: 

u=
1
n
η7/6 m1/2

xp
1/2

(

1 −
x

xp(t)

)2
3 m+m

2 −
1
2

. (3) 

Now let x increase to xp so that the bracket tends to zero. If 23 m + m
2 −

1
2 > 0 then u → 0 and P is fixed in time. On the other hand, if 23 m+ m

2 −
1
2 < 0 then 

u = ∞ at P, which is not realistic. The only remaining possibility is that 23 m + m
2 −

1
2 = 0 whereupon u can still vary in time but no longer varies with x. 

From these considerations, the power m must have the unique value 

m= 3/7. (4) 

Consequently (3) shows that u depends on time only and the water has the same velocity everywhere in the region 0 < x < x_p: 

u=
1
n
η0(t)

7/6
(

3
7

)1/2 1
xp(t)1/2 . (5) 

P is a material fluid particle, so its horizontal velocity dxp
dt must equal u, as given by (5). 

dxp

dt
=

1
n
η0(t)

7/6
(

3
7

)1/2 1
xp

1/2 . (6) 

This is a separable ordinary differential equation for xp(t): 
∫ xp

0
xp

1/2dxp =

(
3
7

)1/2 ∫ t

0

η0(t)
7/6

n
dt, (7)  

where the integration limits come from assuming xp(0) = 0 at t = 0. We next carry out the left-hand integration. On the right-hand side, constant n can 
be taken outside the integral, leaving us with 

2
3

xp

3/2

=
1
n

(
3
7

)1/2 ∫ t

0
η0(t)

7/6dt. (8) 

Since η0(t) is known, (8) is a way to find xp as a function of time, and hence the velocity from (5) and the water surface from (2). Two general 
conclusions from (8) can be drawn. First, so long as η0(t) is positive the integral continues to increase in magnitude, and hence xp to increase. Second, if 
η0(t) increases towards some maximum value which it then holds, then xp continues increasing such that xp is directly proportional to t2/3, and a 
corresponding diminishing speed directly proportional to t− 1/3. 

We next calculate two examples: first, a constant water level at the marsh edge and second a tide rising linearly in time at the marsh edge. Equation 
(8) can be used to construct xp (t) from realistic data of tide height η0(t). 

Our first example is unrealistic, except perhaps as a result of a major failure of flood defences some distance away from the marsh, but it gives a 
maximum possible rate of flooding for a particular height of storm surge. For a constant water level, we set η0(t) = η0, a constant for t > 0. 

From (8) we obtain: 

xp =
1

n2/3
3

22/371/3η0
7/9t2/3. (9) 

Then (5) gives the water velocity as 

u=
1

n2/3
21/3

71/3
η0

7/9

t1/3 . (10) 

The velocity starts momentarily infinite over a zero width of fluid. This behaviour is due to the artificially sudden initial increase in water level at x 
= 0, but u declines rapidly as t increases from 0. Further, eq. (2) gives the free-surface position for 0 < x < xp (t): 
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η(x, t)= η0

(

1 −
x

xp(t)

)3/7

. (11) 

For x > xp (t), the free surface is assumed to coincide with y = 0. Equations (9)–(11) may also be useful for modelling the top of the tide when the 
water level at x = 0 changes little for some time. The front at x = xp (t) continues to advance according to (9). And (10) shows the water speed di-
minishes towards zero as t increases. Further, (11) predicts an ever flatter profile of near-constant elevation over a wide range of x. Water depth is 
equal to 0.84 η0 at 1/3 of the distance to xp and to 0.62 η0 at 2/3 of the distance to xp. 

For our second example, we have a steadily rising tide, η0(t) = vt, where v > 0 is a constant linear rate at which the tide rises. Then (8) gives: 

2
3

xp

3/2

=
1
n

(
3
7

)1/2

v7/6 6
13

t13/6  

xp(t) =
1

n2/3

(
3
7

)1/3( 9
13

)2/3

v7/9t13/9. (12) 

Then the water flows with a velocity given by expression (5): 

u=
v7/9

n2/3

(
3
7

)1/3(13
9

)1/3

t4/9. (13) 

The flow starts from a state of rest and the velocity continually increases with time. Also, from (2), the free surface position, for 0 < x < x_p(t), is: 

η(x, t)= vt
(

1 −
x

xp(t)

)3/7

. (14) 

By assumption, for x > xp (t), the free surface coincides with y = 0. If we let the solution (12,13,14) continue up to some instant t = T when the tide 
ceases to rise and we hold η0 constant for t > T, then three consequences of the modelling (not calculated here) are: xp (t) continues to increase; u 
diminishes like eq. (10); and η(t) continues to evolve towards a widening near-horizontal water surface, in line with the high-tide level. 

Appendix B. Critical assessment of the highest values of water level reductions by wetlands that have been reported in the literature  

Water level 
reduction 

Location/event Source Comments 

Up to 270 cm/ 
km 

Observational data, tides and 
storm surge, Virginia 

Paquier et al. (2017) Measures water level at five locations along a 250m transect. Largest “water level 
attenuation” is for points 20m apart (Paquier et al., 2017, table 1), and 
corresponds to an elevation difference of 5.4 cm. During any individual high tide 
(see their Fig. 7c), water level gradients are initially negative [as water is flooding 
onto the marsh], then increase, often followed by positive gradients after the time 
of high tide, as water drains from the marsh and water level at the seaward 
locations is lower than that of the water remaining on the marsh. What is claimed 
as “water level attenuation” is the gradient of the surface as water flows onto the 
marsh and also includes an element that is due to waves. When plotted on an 
absolute scale (Paquier et al., 2017, Fig. 7a) differences between locations are 
barely visible. 

Up to 100 cm/ 
km 

Saltmarsh, Eastern England 
during normal tides 

Kiesel et al. (2019) Water level was measured at multiple sites, and differences expressed as “HWL 
attenuation (cm km− 1)”. Largest values of this are 100 cm/km between locations 
8 and 9 and 50 cm/km between locations 5 and 6. However, these pairs of points 
are only 50 and 26m apart respectively, so the “attenuation” corresponds to 
water height differences are only 5 cm and 1.8 cm. Precision of each elevation 
measurement is between 2 and 5 cm, so there is no evidence that these height 
differences are significantly different from zero. 

70 cm/km Modelling study, validated against 
Hurricane Isaac, Louisiana. 

Vafeidis et al. (2019) misrepresenting 
Hu et al. (2015) 

Hu et al. (2015) developed a hydrodynamic model of hurricane driven surges in 
Breton Sound Estuary, Louisiana, obtaining a close match with measurements for 
the surge resulting from Hurricane Isaac. The effect of removing vegetation across 
the whole 750 km2 of wetland was estimated to reduce maximum surge height by 
between 25 and 70 cm. Vafeidis et al. (2019) have taken the highest value in this 
range and interpreted it as a per km reduction. 

70 cm/km Observational study Stark et al. (2015) Highest attenuation rates (Stark et al., 2015, Fig. 4) are measured over short 
distances. Measurements on their Fig. 1b indicate approximately 57m (between 
sites 3 and 4); 95 m (sites 3 and 5) and 114 m (sites 8 and 9). “70 cm/km” 
represents a height difference of approximately 4 cm between sites 57 m apart. 

20–50 cm/km Modelling study, calibrated 
against data from Hurricane 
Wilma 

Zhang et al. (2012) Greatest attenuation is for a fast moving hurricane (56 km radius, moving at 40 
km/h), where the surge does not have time to penetrate far into the mangroves. 
With slower moving hurricanes, “surges can still impact the area behind the 
mangrove zone because the wind has sufficient time to push the ocean water 
through the mangrove zone”. Attenuation is consistent with estimates from our 
analytical result 

29 cm/km Observational and modelling 
study, Scheldt Estuary, 
Netherlands 

Stark et al. (2016) 29 cm/km is the highest value found across the whole marsh surface in any of the 
model runs. The maximum observed reduction in tidal height (Stark et al., 2016, 
Fig. 4) was 5 cm/km. 

25 cm/km Sabine, Louisiana. Hurricane Rita Wamsley et al. (2010) based on water 
levels reported by McGee et al. (2006) 

Water level at seaward end of transect 3.3 m (McGee’s site LC13; actual 
measurement 10.62 feet); water level at landward end was 2.3 m (McGee’s site 
LC12, 7.52 feet). Actual elevation difference is 94.5 cm, over a distance of 4.22 
km (calculated from UTM locations in McGee), giving a reduction of 22.4 cm/km. 

(continued on next page) 
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(continued ) 

Water level 
reduction 

Location/event Source Comments 

However, site LC13 was located on a highway (LA-82) that follows a linear 
natural ridge at an elevation of 1.9m (see text for details), with other smaller 
ridges lying between the two sites. So much of the high water attenuation will be 
due to land topography rather than vegetation.  
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