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Abstract

The development of healthy mangroves strongly depends on several factors including water
physiochemical characteristics, soil composition and tidal inundation regimes. This paper presents a
characterization of tidal inundation regimes for mangroves in Abu Dhabi, based on a field
measurement campaign combined with hydrodynamic modelling. Water-level measurements were
collected over a 9-month period at a site where Avicennia marina is present and widespread, capturing
spring-neap cycles and seasonal variability. The results provide a detailed quantification of tidal
inundation characteristics. Mangroves at the study site were inundated for approximately 33-56% of
the time, depending on the season, with higher inundation durations during summer months
associated with seasonal mean sea level variability. Mean inundation durations averaged 371 min
per event and 620 min per day, with an average of 1.7 inundation events per day. A hydrodynamic
numerical model was developed and validated against in situ measurements. Model outputs were
used to spatially extend site-specific observations and derive estimates of suitable ground elevation
for mangrove development, corresponding to values between +0.12 m and +0.14 m relative to local
mean sea level. These findings provide a physically based framework to support mangrove
restoration and conservation efforts in Abu Dhabi, where improper tidal exposure remains a key
factor limiting restoration success.

Keywords: mangrove; restoration; tidal inundation; numerical modelling

1. Introduction

Mangroves act as ecosystem engineers, stabilizing the soil and creating a habitat that is exploited
by a range of organisms, from microbial communities to diverse assemblages of fauna and flora.
Mangrove trees are uniquely adapted to conditions that include alternating desiccation and
submergence across tidal cycles, low oxygen concentrations in the water, variable and often high
salinity, and high air and sea temperatures inherent to the tropics (Friis and Killiea, 2024 [1]).
Furthermore, mangrove forests also play a critical role in global carbon sequestration (Alongi, 2014
[2]). It is estimated the carbon stored by mangroves globally to be more than twice the annual
emissions caused by anthropogenic activities worldwide (Elwin et al, 2019 [3]). Mangrove
deforestation is occurring at a rate of 1-2 % per year across the tropics, which implies that most forests
may disappear within this century (Alongi, 2002). Therefore, it is important to understand, conserve
and restore such valuable ecosystems.

Mangroves ecosystems represent the only evergreen forests in the United Arab Emirates (UAE),
covering approximately 156 km?2 of land along the coasts of the country (Friis and Killiea, 2024 [1]).
The grey mangrove (Avicennia marina) is the predominant mangrove species along the coasts of the
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UAE and provides important nursery grounds for many fish and crustacean species, some of which
are commercially exploited (Spalding et al., 2010 [5]). This mangrove species, which occupies one of
the driest habitats in the world (Howari et al., 2009 [6]), has genetic signatures of selection associated
with stress tolerance for both hyper salinity and extreme temperatures (Friis et al., 2024 [7]), and has
an important ecological importance in the Arabian Gulf (Saenger and Blasco, 2000 [8]).

Coastal development has substantially degraded the mangrove forests, saltmarshes, seagrass
meadows, oyster beds, coral reefs and other coastal ecosystems that traditionally provided invaluable
ecosystem goods and services to coastal trading villages of the Arabian Gulf (Burt and Bartholomew,
2019 [9]), although there is strong evidence of recent growth in mangrove extent in the Emirates as a
result of afforestation efforts (Mohan et al., 2024 [10]). Planting and maintaining mangroves in
shallow areas that are exposed to low wave energy could create valuable habitat and reduce or
eliminate the need for hard coastal defense structures in the Gulf (Burt and Bartholomew, 2019 [9]).
However, rehabilitation in urban areas have some unique challenges associated with space
constraints and the need to utilize novel spaces and habitats that may be less suitable for mangrove
establishment (Friess, 2017 [11]).

Successful development of mangroves depends on several factors including physiochemical
characteristics, soil composition, and tidal inundation regime. The duration and frequency of the tidal
inundation are one of the critical aspects in a successful mangrove site which is often overlooked
(Crase et al., 2013 [13]).

The survival of Avicennia marina in anaerobic, waterlogged sediments depends on its specialized
aerial roots, or pneumatophores, which provide oxygen to the submerged root system. These roots
facilitate gas exchange through surface pores called lenticels and an internal network of air spaces
known as aerenchyma (Al-Khayat & Alatalo, 2021 [14]). However, this mechanism is highly
vulnerable to prolonged flooding. Because oxygen diffuses much slower in water than in air, the
submergence of these aerial roots effectively blocks the intake of atmospheric oxygen (Su et al., 2022
[15]). This leads to root anoxia, forcing the plant into a state of suffocation where it cannot maintain
its metabolic needs. Research has shown that if water levels remain high enough to cover the
pneumatophores for extended periods, it results in rapid root death and widespread mortality within
the forest (Adams & Human, 2016 [16]; Scholander et al., 1955 [17]).

A recent regional analysis using machine learning identified elevation (and associated tidal
inundation exposure) as a key determinant of mangrove afforestation success (Dutta Roy et al., 2025
[18]), underscoring the need for studies that directly quantify tidal suitability. Insufficient regard is
often given to understanding local hydrology, topography relative to sea level, and the effects these
have on soil conditions (Wodehouse and Rayment, 2019 [19]). Previous studies (Crase et al., 2013 [13];
Rogers et al.,, 2017 [20]; Kumbier et al, 2021 [21]; Sahana et al.,, 2022 [22]) found hydrological
parameters to moderately explain mangrove distribution. Tidal dynamics vary substantially
worldwide, with mangroves of the same species found in different tidal ranges (macro, meso and
micro) and tidal classifications (diurnal, semidiurnal) (Henderson and Glamore, 2024 [23]).

Other studies correlate mangrove mortality (natural or planted) with inadequate inundation
exposure (Erftemeijer and Hamerlynck, 2005 [24]; Samson and Rollon, 2008 [25]; Lee et al., 2019 [26];
Friess et al., 2022 [27]). Van Loon (2007) [28] extended the pioneering work of Watson (1928) [29] on
characterizing the hydrological classification for mangroves which include inundation frequency and
duration for various species in Southeast Asia.

Primavera and Esteban (2008) [30] indicate that the long-term survival rates of replanted
mangroves are generally low at 10-20%. Poor survival can be mainly traced to two factors:
inappropriate species and site selection. The main factor is associated with the planting sites being
poorly located in the lower intertidal to subtidal zones where mangroves may not persist.

Kodikara et al. (2017) [31] indicate that rate of survival of the restoration of 1,000 to 1,200 ha of
mangroves planted after the India Ocean 2004 tsunami along the coast of Sri Lanka was
approximately 20%. One of the main reasons highlighted is the choice of topographic positioning.
Some planting efforts were situated in the high intertidal areas and even beyond whilst others were

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1870.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 April 2026 d0i:10.20944/preprints202604.1870.v1

3 of 17

in the low intertidal zone where tidal inundation regime was not adequate for species development
and survival.

Collectively, these studies demonstrate that inappropriate topographic positioning relative to
tidal inundation remains a dominant, yet preventable, cause of mangrove restoration failure, despite
advances in planting techniques and species selection.

Wodehouse and Rayment (2019) [19] assessed several mangrove restoration projects at 13 sites
in South-East Asia (Thailand and Philippines) and found that survival rates depend on various
factors such as mangrove species, planting material (propagules, seedlings, wildlings) and ground
elevation (directly related to inundation). Areas with good hydrology showed higher survival rate
compared to others with partial or poor hydrological connection.

Erftemeijer et al. (2020) [32] analyzed the plantation of mangroves at an island in the UAE to
protect it from coastal erosion. Planting efforts, over a 30-year period, resulted in successfully
established mangrove vegetation along 6.7 km of coastline. Survival rates were approximately 26%
averaged over the entire period, with best results obtained at planting sites established in artificial
tidal channels excavated parallel to the causeway, ensuring appropriate tidal hydrological conditions
and protection from wave exposure.

Several studies across the world have been carried out to characterize the tidal inundation
characteristics in well-established mangrove areas. Avicennia marina was present in the studies listed
below and only the results for this species are summarized.

A simple methodology to determine hydrological suitability for various mangrove species based
on water level measurements carried out in Vietnam and Indonesia is presented in Van Loon et al
(2016) [33]. It was observed that the area was subject to an average inundation of 254 min day-1
(corresponding to 18% of the time) and 219 min inundation-1.

Inundation characteristics of mangroves in Australia were investigated in Kumbier et al. (2021).
Pressure transducers were deployed along several profiles at different ground elevations within an
estuary. Mangroves were inundated for 15-71% of the time (corresponding to 216 to 1,022 min day-
1) with 1-2 inundations per day, average inundation duration between 113-283 min inundation-1 and
average inundation depths between 0.07 and 0.38 m.

Basyuni et al. (2022) [34] carried out a field investigation in North Sumatra, Indonesia, to analyze
mangrove survivability in aquaculture ponds. A sensor was deployed and measured average
inundations of 304 and 843 min event-1 at two ponds, respectively, with maximums of 4,203 and
13,845 min event-1. Survivability was very low at both locations due to poor hydrological conditions.

Following on the work reported in Erftemeijer et al. (2020) [32], Erftemeijer et al. (2021) [35]
indicated that mangrove planting efforts in the UAE at sites that experience tidal inundation between
180-450 min day-1 (13% to 31% of the time) have been generally successful. Sites inundated for more
than 500 min day-1 (35% of the time) were generally unsuccessful, apparently exceeding the
mangroves’ tolerance for waterlogging, leaving them insufficient time at low tide to bring enough
oxygen back into the soil through their pneumatophores for root survival.

Henderson and Glamore (2024) [23] carried out a thorough investigation of mangrove extent
across different types of estuaries along the East coast of New South Wales, Australia. Results from
the study indicated that inundation frequency differed at the slope limits of the mangrove extent
across a profile and between various types of estuaries. However, there were commonalities in extent
and inundation characteristics between sites with similar typologies. The annual inundation varied
from less than 2% to nearly 80% (29 to 1,152 min day-1), and inundation frequency varied from 20 to
704 times per year (average of 0.1 to 1.9 events day-1).

The hydrological suitability of several mangrove species in restoration efforts in abandoned
aquaculture ponds in Indonesia was assessed by Sidik et al. (2025) [36]. The measured average
inundation regime was 342 min day-1 (24% of the time) with an inundation frequency of 1.3 events
day-1 and a duration of 235 min inundation-1.

In the Arabian Gulf, extreme aridity, high evaporation rates, and seasonal steric sea-level
variability introduce distinct tidal and hydroperiod dynamics that limit the transferability of
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inundation thresholds derived from humid or river-influenced systems (Hosseinibalam et al., 2007
[37]; Lachkar et al., 2022 [38]).

To date there is limited research on mangrove tidal inundation regimes in the UAE and in Abu
Dhabi (Figure 1) in particular. Considering that knowledge generated from one location may not
apply to others (Bunt, 1996 [39]) it is essential to collect location-specific information. Furthermore,
location-specific measurements are important as hydrological characterization based on an open
water tide gauge does not provide sufficient information to extrapolate to the specific mangrove
project site due to tidal attenuation or amplification (Van Loon et al., 2016 [33]; Hughes, 2019 [40];
Kumbier, 2021 [21]; Henderson and Glamore, 2024 [23]). Existing tidal inundation studies for
Avicennia marina are also limited to measurement periods of approximately 1 to 3 months which can
be considered too short to assess a site’s seasonal variability.

Figure 1. Abu Dhabi location (top left box), spatial distribution of mangroves in Abu Dhabi (source: EAD, 2025
[12]), hydrodynamic model extraction points (yellow diamonds) and location of deployed equipment (red

circles, bottom right box).

This study aims at filling that knowledge gap and developing a preliminary adequate ground
elevation for mangroves based on tidal inundation regimes across Abu Dhabi, information that
would better inform mangrove restoration projects that are being widely deployed in the UAE
(Rondon et al., 2023 [41]). Our findings provide quantitative thresholds for tidal conditions favorable
to mangroves in the UAE, in support of local restoration initiatives that call for evidence-based site
selection (EAD, 2024 [42]). The tidal levels are based on a validated hydrodynamic model covering
the Abu Dhabi region including any attenuation/amplification effects due to bathymetry, bed friction
and coastline geometry. The study includes a comprehensive analysis of tidal inundation regimes
including the seasonal variation captured throughout the 9-month measurement period.

The paper is divided into 4 sections. Following the introduction in Section 1, Section 2 presents
the study area, field measurements and numerical model. The results are described in Section 3.
Discussion of the study results are presented in Section 4. Section 5 presents the main Conclusions.
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2. Materials and Methods

2.1. Study Area

The climate in the Gulf region is classified as arid to hyperarid. This aridity results in a significant
hydrological deficit, with an excess of evaporation of approximately 2.0 m yr-1 (Lachkar et al., 2022
[38]) over precipitation, which is typically less than 150 mm of annual rainfall (Campos et al., 2020
[43]). The climate can be divided into four periods: a summer season (Jun-Sep), a fall transition (Oct-
Nov), a winter season (Dec-Mar), and a spring transition (Apr-May) (Walters, 1990 [44]). Land surface
temperatures can reach 50°C or more during summer days, while winter temperatures can be as low
as 8°C (Patlakas et al. 2019 [45]). More specifically, temperatures recorded in the mangrove canopy
at Ras Ghurab Island, Abu Dhabi, revealed annual ranges of 37°C in the canopy, 30°C on the ground
level, and 25°C underground (~15 cm depth). The minimum and maximum temperatures recorded
in this micro-habitat ranged from 8°C to 45°C (Friis and Killilea, 2024 [1]).

The tides in Abu Dhabi are mixed semi-diurnal (Daquan et al., 2024 [46]) with an amplitude of
approximately 1 m between MLW and MHW (micro-tidal).

2.2. Field Measurements and Analysis

Water level measurements were collected at a mangrove location (Figure 1) within Abu Dhabi,
UAE (Figure 1). A pressure, conductivity and temperature gauge (Van Essen CTD-Diver, hereafter
referred to as “Diver”), with accuracy of +0.5 cm and a resolution of 0.2 cm, was installed inside a
perforated PVC pipe and laid on the existing ground (Figure 2). The PVC pipe was inserted into the
ground and supported by steel rods. The gauge was secured and lowered with a rope to the ground
level. Measurements were collected continuously at 5 min intervals throughout the measurement
period from 1 April 2025 to 31 December 2025 (9 months). This duration was sufficient to capture
spring-neap periods and monthly variability. The Diver ‘zero” was defined at the installed ground
surface at the deployment point (i.e., the elevation of first inundation at that point), and all inundation
metrics are therefore referenced to the local ground datum. While geodetic benchmarks (e.g., national
vertical datums) are required for construction control, restoration ecology often also uses a ‘biological
datum’ (e.g., elevation of first seedling establishment); here we focus on the physical inundation
datum while noting the value of biological calibration in future work.

Perforated | .

PVC pipe

Water ‘

Level 4 i v of
| Pressure

measured here

Figure 1. Schematic of Diver deployment (left) and actual photograph of site installation (right).
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A barometer (Van Essen BaroDiver) was also installed at the site for subsequent atmospheric
pressure correction. Rainfall contributions were negligible during the measurement period and were
therefore not explicitly included in the analysis. A schematic of the deployment is presented in Figure
2. A photograph of the actual installation is also depicted in Figure 2.

A YSI EXO2 sonde (CTD) was deployed in the main mangrove internal channel (see Figure 1).
The instrument was placed at an approximate depth of 3 meters and was located about 400 meters
from the permanent mangrove water level station. Water level data was collected from the sonde's
depth sensor every 60 minutes during the same period. This collected water level data was
subsequently used to perform the hydrodynamic model validation.

Raw pressure data from the Diver was post-processed with Matlab® scripts to correct for
atmospheric pressure and calculate tidal inundation regime (inundation min per day, min per
inundation, inundation frequency and inundation depth). Figure 3 illustrates how inundation
parameters were calculated. An event, as described in this paper, corresponds to one high-tide cycle.

100 F §
90

Inundation
events

70 - per day

80

60

50

40

Water Level (cm)

30

Inundation
20

10

May 31 Jun 01 Jun 02
date/time 2025

Figure 2. Example of water level signal and inundation characteristics.
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Figure 3. Hydrodynamic model computational mesh and bathymetry.
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2.3. Numerical Modelling

2.3.1. Model Setup

Version 9.0.0 of TELEMAC-2D was applied to this study. TELEMAC -2D (Hervouet, 2007[47])
is an open-source model developed by the French National Laboratory for Hydraulics and
Environment. The model is used widely for calculating hydrodynamics and coastal simulations, by
using finite element methods to solve the two-dimensional shallow water equations, which can be
calculated as follows:

Oh/ot+u-V(h)+hdiv(u)=Sh (1)
ou/ot+u-V(u)=-g 0Z/0x+Sx+1/h div(hve Vu) (2)
ov/ottu-V(v)=-g 0Z/0y+Sy+1/h div(hv: V v) 3)

Where h is the water depth (m), t is the time (s), g is the gravitational acceleration (ms?2), Z is the
free surface elevation (m), x and y are the horizontal space coordinates (m), u and v are the velocity
components (ms-1) in x and y directions, respectively, vt is the momentum coefficient (m?2s1), Sh is
the source or sink of fluid (ms”), and Sx and Sy (ms? are source terms in x and y directions,
respectively, representing the wind, Coriolis force, bottom friction.

TELEMAC -2D was used for accurate simulations of tidal water levels within the domain
presented in Figure 4. The model was run for a simulation period of 37 days from March 25t to May
1st, 2025, with a time step of 3 sec. The time series of the water levels was extracted from 15t April 2025
at 00:00 to ensure the results were not affected by the model’s spin-up period.

The hydrodynamic model was implemented to cover the Abu Dhabi coastline, approximately
200 km in length. The model has a flexible, triangular finite element mesh, allowing for increased
resolution around the shoreline, channels, shallow areas and locations of interest. At the offshore
boundary, the resolution of the mesh is approximately 2,000 meters and gradually refines down to
25 meters. Bathymetric information was obtained from a collection of site surveys (within Abu Dhabi)
and the General Bathymetric Chart of the Oceans, GEBCO (The GEBCO_2014 Grid,
http://www.gebco.net) for offshore areas. The model domain and bathymetry are presented in Figure
4.

12 I T T I T
.
3 osf
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e 0
4
8.0z
5 04 I Y
T 08 !
= 08 vt
-1 { Measured - - - - Modelled
12 1 1 1 1 I T T 1 I I I

01;Apr-25 03-Apr-25 05-Apr-25 07-Apr-25 09-Apr-25 11-Apr-25 13-Apr-25 15-Apr-25 17-Apr-25 19-Apr-25 21-Apr-25 23-Apr-25 25-Apr-25 27-Apr-25 29-Apr-25

v

Figure 4. Measured (black solid line) and modelled (red dashed line) tidal water levels.

2.3.2. Model Validation

Water levels from model results were extracted at the CTD location (Figure 1). Model
performance statistics were computed against the field measurements. The statistics include Bias,
root mean square error (RMSE) and correlation coefficient (r). The statistics can be defined by the
formulas:

Bias= mean(y)-mean(x) 4)

RMSE=\Yi(xi-yi )2 )/n (5)

r=)i[(xi-mean(x))(yi-mean(y))] ANl (xi-mean(x)]2 Yi[(yi-mean(y)]? 6)

Where x and y represent the measured and modelled values, respectively.

The comparison of water level time series depicted in Figure 5 shows good agreement between
model results and measurements. Figure 6 presents the Quantile-Quantile scatter density plot of
measured vs modelled water levels and associated error statistics. The correlation coefficient is 0.97,
the root mean square error is 0.09 m, and the bias is 0.03 m. The statistical analysis results demonstrate
the good performance of the model. Model validation was performed against the in situ record
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available for this study period. Other long-term tide gauges within the project area would provide
an additional check on potential seasonal MSL drift and are recommended for future regional
applications.
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Figure 6. Q-Q Scatter Density of Measured CTD tidal water levels against modelled tidal water levels.
3. Results

3.1. Tidal Inundation Regime
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The water level measurements, after atmospheric pressure correction, for the full measurement
period are presented in Figure 7 (top). The figure shows that the tidal range varies throughout the
measurements period with clear neap-spring tidal cycles and non-tidal influence which may be
attributed to meteorological effects. It is also observed that the tidal ranges are larger during the
summer months, in line with seasonal variations in the Arabian Gulf due to both atmospheric and
steric effects as reported in literature (Sultan et al., 1995 [48]; Hosseinibalam et al., 2007 [37]; Ali et al.,
2010 [49]).

The calculated inundation duration per event is depicted in Figure 7 (bottom). An example of
long inundation events is presented in Figure 8. Two consequent events occurred on 2 and 3 of July
where both high tides (smaller and larger) remained above ground elevation. Although the total
inundation of the event is long, the inundation depth decreases to less than 20 cm during lower tide
periods.

A summary of the tidal inundation parameters from this and other studies is presented in Table
1. In general, tidal inundation periods (in min event-1 and min day-1) of this study are larger with
mean values of 371 min event-1 and 620 min day-1. There is relatively large variability with
inundation events varying from 5 min to 1,060 min (17.7 h, see Figure 8). The number of inundation
events per day is 1.7, as expected given the semi-diurnal tide (two high and two low tides per day)
at the project site. Mangroves are inundated 43.2% of the time on average throughout the 9-month
field campaign duration. Average and maximum inundation depths recorded are 15.5 and 101.3 cm,

respectively.
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Figure 8. Measured water level (top) and inundation duration per event (bottom) over a 5-day period illustrating

some of the larger duration events and corresponding measured water level signal.

Table 1. Summary of tidal inundation regime at the mangrove site analysis from literature and this study.

Inundation Inundation . Inundation  [nundation
. . Inundation
Reference (Min/Mean/Max, (Min/Mean/Max, (events day-) depth (mean /
min event) min day) y (% time) max, cm)
Van Loon et ok
al. (2016) -/219/ - -/254 /- - 18 -
Kumbier etal. = 115 o5/ 216 to 1,022* 1to2 15 to 71 71038/ -
(2021)
Erftemeijer et -
al. (2021) - -/180 to 450/ - - 13 to 31 -
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Henderson
and Glamore - 29 to 1,152* 0.1to1.9 2 to 80 -
(2024)
Sidik et al.
-/2 - -/342 /- 1. 24 -
(2025) /235 / /342 / 3
This Study 5/371/1,060 320/622 /1,040 1.7 43.2 15.5/101.3

*calculated from % time. **calculated from min day

Despite relatively high inundation durations, satellite imagery indicates that the mangroves at
the study site have persisted for several decades, suggesting long-term tolerance to local hydroperiod
conditions.

The relatively long measurement period enabled a monthly analysis to evaluate potential
seasonal variations. Table 2 and Figure 9 present the results of the monthly tidal inundation
characteristics. It can be observed that the tidal inundation varies throughout the duration of the
measurements, with higher inundation times (min event-1, min day-1 and overall percentage) during
summer months (July, August and September) and lower during spring (April) and winter
(November / December) periods. The number of events per day only varies slightly between 1.5 and
1.8 events per day. The total inundation time ratio between the highest and lowest values is
approximately 1.68 (68% increase in inundation time in July compared to April). Mean inundation
depths are also larger during the summer months.

Table 1. Summary of monthly tidal inundation regime analysis.

Inundation Inundation Inundation Inundation Inundation
Month (Min/Mean/Max, min (Min/Mean/Max, 1 % time) depth (mean /

event?) min day) (events day”) max, cm)
April 1/291 /455 320/ 478 / 660 1.7 33.2 9.2/77.2
May 7/364/1,025 440 / 638 / 995 1.7 44.3 15.2/93.3
June 15 /348 / 560 385 /624 /905 1.8 43.3 16.2/99.8
July 19 /481 /1,060 460 /804 /1,040 1.7 55.8 22.6/101.3
August 11/ 405 / 940 520/ 675 / 880 1.6 46.9 16.7 / 80.4
September 16 /414 /895 485 / 678 / 885 1.6 471 17.1/82.3
October 9/395/870 470/ 619 / 815 1.5 43.0 15.0/83.3
November 5/323 /860 355 /537 /860 1.7 37.3 12.5/87.4
December 4 /314 /1,050 330/541 /1,005 1.6 37.6 13.0/90.1

3.2. Numerical Modelling

Time series of water levels were extracted from the hydrodynamic model at five locations across
Abu Dhabi (Figure 1). Levels are shown in local Mean Sea Levels at each location. These vary across
Abu Dhabi with a maximum range for the selected locations of approximately 10 cm. The probability
exceedance curves for the five locations presented in Figure 10 show that the tidal ranges vary across
the study area. Location 1, closer to open waters, has a larger tidal range (~1.9 m), whilst locations
within shallow areas have a lower range (~1.0 m). This is mainly due to the uneven tidal propagation
and distortion across the area caused by complex systems of islands, shoals and channels. However,
the 50% exceedance level is similar for all locations.
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Figure 6. Exceedance probability of water levels for each of the five extraction locations.
4. Discussion

4.1. Numerical Modelling

Avicennia marina trees experience different inundation regimes depending on estuarine typology
or slope position (Henderson and Glamore, 2024 [23]) and therefore a direct comparison across
different regions or even areas within the same region may not be conclusive. Whilst previous studies
provide variables related to tidal inundation, some variables are missing and therefore not available
for direct comparison purposes of each parameter analyzed in this study. The measured number of
inundation events per day, total duration of inundation and inundation depths are in line with
existing literature. Beyond total inundation time, the maximum continuous exposure (longest dry
spell) may be a critical constraint for sapling establishment in arid environments due to desiccation
risk. Longer tidal periods can mitigate soil hypersalinity, whereas longer dry exposures may intensify
salt stress via surface crusting. Framing inundation thresholds within this tide—salinity nexus is
therefore essential when translating physical thresholds into restoration guidance and shall be
assessed in future studies.

Based on the average of the full measurement period, the inundation durations (min per event
or min per day) obtained are exceeded when compared to the results of some previous studies which
were conducted in other geographical areas with different tidal regimes, presence of rainfall and
associated river flow effects, and limited measurement duration (maximum of 1 to 3 months). In
Kumbier et al. (2021) [21] although the average inundation durations are lower than those measured
in this study, the total inundation duration in some areas is even greater (up to 71% of the time).
Henderson and Glamore (2024) [23] also reported total inundation of up to 80%.

It is important to highlight that satellite imagery shows that the mangroves at the project area
were already present since the 1980’s. It is therefore expected that the Mean Sea Level was
approximately 12 cm lower than present day (assuming a representative long-term rate of sea level
rise of 0.3 cm per year for the Arabian Gulf, based on the estimates presented in Al-Subhi and
Abdulla, 2021 [50], over a 40-year period) when these were established. Based on this, the overall
inundation would be 32.7% (compared to the measured 43.2%).
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The findings of the current study are in line with previous studies that found that mangroves
generally occur between mean sea level and mean high water (Clarke and Myerscough, 1993 [51];
Henderson and Glamore, 2024 [23]) which indicates the mangroves are inundated less than 50% of
the time.

The data was collected for a 9-month period which covered most of the year. It can clearly be
observed in Table 2 that during summer months, July to September, inundation periods are larger
which corresponds with reported seasonal positive variation of the Mean Sea Level (Hosseinbalam
etal., 2007 [37]; Ali et al 2010 [49]; UKHO, 2025 [52]). The inundation times (in min day-1 and overall)
increased by around 68% from April to July. Mean inundation depths are also increased during
summer due to the increase in mean sea level. The Avicennia marina has previously revealed patterns
of adaptive variability correlating with a temperature gradient in Arabian mangrove populations
(Friis et al., 2021 [53]).

Hosseinbalam et al., 2007 [37] and Ali et al 2010 [49] estimate that sea level annual variability in
the Gulf is +15 cm based on analysis of long-term tide level records. The seasonal variation inundation
times presented in this study agrees well with the results of those studies where an increase of 15 cm
in mean sea level during summer results in increased inundation periods.

For example, during April/May, where seasonal sea level variation is reported to be close to zero,
the inundation periods (min event-1 and min day-1) are closer to those reported in previous studies
(Kumbier et al., 2021 [21]; Erftemeijer et al., 2021 [35]).

4.2. Ground Elevation Guidance for Mangrove Development

An analysis was carried out to define the local ground elevation that results in a total inundation
period of 38.8% of the time corresponding to the average of the months of April and May, where
seasonal variation of MSL in the Arabian Gulf is close to zero (Al et al., 2010 [49]; Hosseinbalam et
al., 2007 [37]). The resulting level is between +0.12 m and +0.14 mMSL across Abu Dhabi based on the
site-specific measurements. This consistency suggests that the thresholds derived from our study site
are potentially transferable across Abu Dhabi, subject to local geomorphology and hydrological
connectivity. This corresponds to the potential suitable ground elevation for mangrove development
based on the information collected at a single site. Given the wide range of inundation times reported
in existing literature, it is likely that mangroves can survive at different levels than those presented
in this study and as observed in the field, mangroves survive within a wider band of elevations.
Importantly, this narrow elevation band should be interpreted as a provisional target zone inferred
from a healthy reference site and a representative seasonal baseline (April-May). It does not
necessarily define the full survival envelope of Avicennia marina across Abu Dhabi. Occurrence
outside the target band may reflect stressed persistence, local geomorphic controls (e.g.,
drainage/connectivity), or site-specific adaptation; distinguishing ‘survival range’ from ‘optimal
growth range’ will require coupling elevation-hydroperiod metrics with independent indicators of
vegetation condition (e.g., canopy density) in future work.

Because restoration projects must remain effective over decadal time scales, the elevation
thresholds derived here should be interpreted within a ‘future proofing’ context: any sustained rise
in mean sea level will shift hydroperiod exposure at fixed ground elevations and may therefore alter
the suitability band for planting over the project life.

The hydrodynamic model allowed us to extend the single-site findings across the region. Areas
inside the Abu Dhabi channels (further away from the open sea) have slightly shorter inundation
periods at the optimal elevation than eastern areas (due to larger tidal range or different bathymetry),
but overall, the required hydroperiod band is consistent with the field site’s range. Therefore, the
values presented above can be adopted at a preliminary stage of restoration projects when site
specific data is not yet available.

5. Conclusions
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This work presents tidal inundation regimes in a healthy mangrove area in Abu Dhabi, UAE. A
combination of field data and a hydrodynamic model was adopted to estimate potential suitable
ground elevation for mangrove development in support of conservation and restoration actions.

Data was continuously measured over a relatively long period of 9 months covering multiple
neap-spring cycles and seasonal variations of sea level and associated inundation characteristics. The
field study established that healthy Avicennia marina in Abu Dhabi, at the study site, endures tidal
inundations of approximately 33 to 56% of the time depending on the time of the year, with larger
inundation times associated with the summer period.

Because field observations were obtained at a single site, spatial variability in mangrove
hydroperiod across Abu Dhabi cannot be fully resolved from observations alone; the regional
interpretation therefore relies on the model framework and should be corroborated by additional
monitoring locations. A hydrodynamic model was therefore developed and calibrated to evaluate
tidal propagation across the area of interest. It was found that the tidal range is attenuated at some
of the inner channel areas away from the open sea. However, there are relatively small differences in
Mean Sea Level at the various locations within Abu Dhabi. An analysis was carried out to estimate
the ground elevation corresponding to the measured inundation periods.

Based on single site observations and regional hydrodynamic modelling, a preliminary elevation
target zone (approximately +0.12 to +0.14 m relative to local MSL) is proposed as an initial screening
guide. Given coastline heterogeneity (e.g., sheltered lagoons vs. exposed channels) and potential
interannual sea level variability, these thresholds should be treated as a baseline that requires multi-
site and multi-year validation before being applied as a uniform rule for the full Abu Dhabi coastline.
This can be adopted as an initial estimate at early stages of restoration/conservation projects when
site-specific data is not yet available.

From an implementation perspective, it is rarely feasible to achieve centimetric elevation control
over large restoration footprints using conventional construction equipment. We therefore
recommend using the derived elevation as a target accompanied by an explicit tolerance (buffer)
band to support constructability and uncertainty management. In practice, the buffer should be
refined per project based on survey/control capability, expected consolidation, and local hydrological
connectivity. Accordingly, we present the +0.12 to +0.14 m MSL range as a preliminary target that
should be applied with an engineered tolerance and verified through monitoring of establishment
outcomes.

Furthermore, because restoration projects must remain effective over decadal time scales, the
elevation thresholds derived here should be interpreted within a ‘future proofing’ context: any
sustained rise in mean sea level will shift hydroperiod exposure at fixed ground elevations and may
therefore alter the suitability band for planting over the project life

The study included measurements at a single site. It is known that mangroves thrive in different
conditions and therefore additional data at other healthy mangrove sites will be required to further
validate the findings of this study. Whilst this study is limited to the adequacy of ground elevation,
it is important to highlight that adequate hydrological conditions, including the presence of tidal
channels, are also met for successful development of mangroves. Additionally, other physiochemical
parameters such as temperature, salinity, and soil composition shall also be collected to provide a
broader understanding of healthy mangrove sites.

By explicitly linking tidal inundation regimes to ground elevation suitability, this study provides
a practical framework for integrating hydrodynamic evidence into mangrove restoration planning in
arid, micro-tidal environments.
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