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Abstract. The sensitivity of a shelf sea model of the Gulf area to changes in the bathymetry, lateral and vertical resolution,

vertical coordinates and external forcing is explored. Two new Gulf models with a resolution of 1.8 km named GULF18-

3.6 and GULF18-4.0 differing only in the vertical coordinate system and the NEMO codebase employed (NEMO-3.6 and

NEMO-4.0.4, respectively) are introduced. We compare them against the existing 4 km PGM4 model, which is based on

NEMO-3.4 and is developed and used by the Met Office. PGM4 and GULF18-3.6 use a similar type of quasi-terrain-following5

vertical levels while GULF18-4.0 employs the multi-envelope method to discretise the model domain in the vertical direction.

Our assessment compares non-assimilative hindcast simulations of the three Gulf models for the period 2014-2017 against

available observations of tides, hydrography and surface currents. Numerical results indicate that both high resolution models

have higher skill than PGM4 in representing the sea surface temperature and the water column stratification on the shelf.

In addition, in the proximity of the shelf-break and the deep part of the domain GULF18-4.0 generally presents the highest10

accuracy, demonstrating the benefit of optimising the vertical grid for the leading physical processes. For the tides and the

surface currents the three models give comparable results. However, our tidal harmonic analysis suggests that future work may

be needed in order to get real benefit from using a more realistic bottom topography as in the case of the GULF18 models.

1 Introduction

The Arabian/Persian Gulf (hereafter, "Gulf") is a shallow, semi-enclosed sea located between the Arabian Peninsula and the15

south west of Iran and connected to the open Indian ocean via the Strait of Hormuz, the Gulf of Oman and the Arabian Sea.

It is an elongated shelf sea representing the main supply of water for industrial and domestic usage for all its surrounding

countries. The Gulf region can be impacted by various natural and anthropogenic factors that can importantly affect the quality

of its waters and influence the equilibrium of its marine ecosystem (Richlen et al., 2010; Al Shehhi et al., 2014; Zhao and

Ghedira, 2014; Gherboudj and Ghedira, 2014). For example, the Gulf area represents one of the major oil-rich regions of the20

World, where the risk for oil spills and illicit discharges with potential adverse ecological impacts is extremely high (Essa et al.,

2005; Zhao et al., 2014, 2015). Therefore, it is of fundamental importance to understand and accurately predict the short-term
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dynamics and state of the waters of this basin as well as its climatic and anthropogenic-induced variability.

The Gulf dynamics arise from complex interactions between topography, atmospheric fluxes of heat (Al Senafi et al., 2019),25

freshwater and momentum, river discharges and tides (see for example the exhaustive review given by Hyder et al. (2013)).

A general wind- and buoyancy-driven cyclonic inverse estuarine circulation transports low salinity water originating from the

Arabian sea and primarily entering the basin from the northern part of the Strait of Hormuz towards the northwestern and

southeastern areas of the Gulf (Reynolds, 1993; Johns et al., 1999; Al Senafi and Anis, 2020b). Here, the combination of large

evaporation and shallow depths leads to the formation of highly saline waters which leave the Gulf through the deep part of30

the Strait of Hormuz forming dense bottom waters cascading at the shelf-break (e.g., Shapiro et al. (2017)). Tidal currents

are strong and important in controlling the stratification and fronts formation of the basin (particularly close to the Strait of

Hormuz, e.g. Matsuyama et al. (1998); Pous et al. (2013); Li et al. (2020)). Whilst early modelling studies found the tidal

residual flow to be weak and to not contribute significantly to the main circulation of the Gulf (e.g. Pous et al. (2013)), more

recent numerical efforts (e.g. Mashayekh Poul et al. (2016)) showed strong tide-induced residual currents of the order ≈ 1535

cm s−1 in the Strait of Hormuz, more than 5 times greater than previous studies.

Few 3D numerical models of the Gulf hydrodynamics exist in literature. For example, Pous et al. (2015) used a 9 km resolu-

tion regional implementation of the MARS3D model (Lazure and Dumas, 2008) with 30 terrain-following σ-levels to describe

the intraseasonal to interannual variability in the Gulf circulation and exchange through the Strait of Hormuz. Similarly, Al40

Azhar et al. (2016) implemented the Regional Ocean Modeling System (ROMS, Shchepetkin and McWilliams (2005)) in the

Gulf region with a resolution of 5 km and 25 terrain-following s-levels to study the sensitivity of the model to different vertical

turbulence mixing and light penetration schemes. Hyder et al. (2013) presented and evaluated the forecasting skills of PGM4,

a regional tidal implementation of the Nucleus for European Models of the Ocean (NEMO) (Madec and NEMO-team, 2016)

numerical code with a horizontal resolution of 4 km and 31 s-levels. Shapiro et al. (2017) used the NEMO ocean model with45

a resolution of ≈ 1.8 km and 52 hybrid s-z levels (Shapiro et al., 2013) to characterise the seasonal variability of the dense

outflow from the Gulf into the Gulf of Oman. Likewise, Vasou et al. (2020) used NEMO with a resolution of ≈ 2.6 km and 50

z-levels with partial steps to study the variability of the water mass exchange between the Gulf and the Indian Ocean. Recently,

Lorenz et al. (2020) applied the General Estuarine Transport Model (GETM; Klingbeil and Burchard (2013)) with a resolution

of ≈ 1.8 km and 40 adaptive vertical layers (Hofmeister et al., 2010) to investigate the properties of the exchange flow of the50

Gulf.

In this paper we describe and assess GULF18, a new 1.8 km resolution tidal ocean model of the Gulf area, against observa-

tions and PGM4, the model developed and used by the Met Office (Hyder et al., 2013). The aim of this study is to explore the

impact of using a more realistic bottom topography and coastline, increasing the lateral and vertical resolution, optimising the55

vertical discretisation scheme for the leading physical processes and updating the external forcing on the accuracy of a Gulf
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model .

Some of these developments were motivated by the lessons learned from the operational ocean forecasting system that the

Met Office runs for the north-west European shelf (NWS). For example, Graham et al. (2018a, b) and Tonani et al. (2019)60

showed that resolving the internal Rossby radius both on the shelf and in the deep ocean improves the accuracy of the sim-

ulated mesoscale dynamics, better resolving important circulation patterns of the NWS such as the European slope currents

or the across shelf transport. Similarly, Siddorn and Furner (2013) and O’Dea et al. (2017) demonstrated the importance of

increasing the vertical resolution, especially in the case of haline ocean fronts in shallow, tidally-mixed areas or for the fluxes at

the sea surface. More recently, Bruciaferri et al. (2020) and Wise et al. (2021) proved that using a multi-envelope s-coordinate65

system (Bruciaferri et al., 2018) allows significant improvements in the accuracy of an ocean model including shelf and deep

ocean areas when compared to traditional models employing geopotential or terrain-following levels.

At the time when the model development was carried out, the latest available stable version of the NEMO code was v4.0.4

(Madec and NEMO-team, 2019). This new version of the code differs significantly from v3.4 (Madec and NEMO-team, 2012),70

the release used by PGM4. For this reason, two GULF18 models differing only in the NEMO code version and the vertical

discretisation scheme are developed and compared to PGM4 in this study, allowing a better understanding and assessment of

the impact of each model development included in this new configuration.

Freely accessible observations of the water column physical properties for oceanographic research purposes are scarce in75

the Gulf (Hyder et al., 2013) and extensive efforts have been spent in this study to gather all the possible available observations

to validate the skill of our models. To the best of our knowledge, freely accessible and reasonably recent (collected during the

last decade) datasets cover the 2014-2017 span. While such a period is not long enough to evaluate the skill of our models on

climatic time scales, it is suitable to assess their ability in predicting the short term variability of the Gulf dynamics.

80

The paper is organised as follows. Section 2 details the main features of the new GULF18 model, highlighting the key

differences with the existing PGM4 model in the model domain geometry (Sec. 2.1), vertical discretization schemes (Sec. 2.2),

model core and physics (Sec. 2.3) and external forcing and initialisation (Sec. 2.4). After, Sec. 3 describes the methodology to

assess models’ skill while Sec. 4 presents and discusses our main results for tides (Sec. 4.1), sea surface temperature (Sec. 4.2),

water column stratification (Sec. 4.3) and sea surface currents (Sec. 4.4). Finally, Sec. 5 summarises our main conclusions and85

future development’s plans.

2 GULF18 ocean model

In this study, two different GULF18 models are developed and compared to the existing PGM4. Both GULF18 configurations

share the same bathymetry and horizontal grid but they differ in the vertical discretisation scheme and the version of the NEMO

3
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MODEL PARAMETERS PGM4 GULF18-3.6 GULF18-4.0

DOMAIN, HORIZONTAL GRID AND BATHYMETRY (SEC. 2.1)

Bathymetry GEBCO 2008 GEBCO 2014

+ ad-hoc modific.

Horizontal grid Number of points 244× 172 584× 432

Resolution [km] ≈ 4.3 ≈ 1.8

Land-Sea mask from bathymetry from bathymetry

& coastline + ad-hoc modific.

VERTICAL DISCRETISATION (SEC. 2.2)
Discretisation scheme vanishing quasi-sigma vanishing quasi-sigma multi-envelope

Song and Haidvogel (1994) Siddorn and Furner (2013) Bruciaferri et al. (2018)

Number of levels 31 52

Surface level thickness[m] ≈ 0.3− 6 1

DYNAMICAL CORE AND PHYSICS (SEC. 2.3)

NEMO code v3.4-stable v3.6-stable v4.0.4

Reference density [kg m−3] 1027 1020 1026

Lateral SGP Harmonic diffusivity 3D-constant Smagorinsky-like 3D-constant

[m2s−1] 50 1− 30 2

Bi-harmonic viscosity 3D-constant 3D-constant Mesh size and depth dependent

[m4s−1] −1.0× 1010 −4.5× 108 [−3.84× 108,−4.54× 108]

Penetrative solar POLCOMS NEMO

radiation fixed length scale formulation RGB formulation

EXTERNAL FORCING (SEC. 2.4)

Surface boundary Flux Large and Yeager (2009)

conditions formulation BULK formulae

Tidal forcing TPXOv7.2 FES2014

Rivers 1 5

Table 1. Summary of the differences between the currently operational PGM4 configuration and GULF18-3.6 and GULF18-4.0 ocean

models.

code employed. The first model, named GULF18-3.6, uses NEMO v3.6 (Madec and NEMO-team, 2016) and vanishing quasi-90

sigma (VQS) vertical levels (Dukhovskoy et al., 2009) similarly to PGM4. The second configuration, named GULF18-4.0,

is based on NEMO v4.0.4 (Madec and NEMO-team, 2019) and employs the multi-envelope (ME) method (Bruciaferri et al.,

2018) to discretise the domain in the vertical direction. Table 1 summarises the main differences between both GULF18

configurations (hereafter GULF18-*) and PGM4. In the next sections, the key components and parametrizations of GULF18-*

along with their main differences with PGM4 are outlined and discussed.95
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2.1 Domain, horizontal grid and bathymetry

GULF18-* and PGM4 configurations cover the same area extending from 47◦ 36′ E to 57◦ 38′ E and from 23◦ 03′ N to 30◦ 30′

N in the zonal and meridional directions, respectively. In addition, they also share the same single open boundary with the ad-

jacent Indian Ocean located in the Gulf of Oman (see Fig. 1a and b).

100

Both GULF18 configurations and PGM4 implement a regular geographical horizontal grid with grid lines aligned with

parallels and meridians. However, PGM4 uses 244×172 grid points in the zonal and meridional directions, respectively, corre-

sponding to a nominal lateral resolution of≈ 4 km, while GULF18-3.6 and GULF18-4.0 discretise the horizontal domain with

584× 432 grid points, achieving a nominal resolution of ≈ 1.8 km. Considering that in the Gulf the first baroclinic Rossby

radius is of order a few km (Hyder et al., 2013), PGM4 can be classified as an eddy-permitting model while GULF18-* con-105

figurations are eddy-resolving except in limited areas near the coast where the Rossby radius is very small.

In both GULF18 configurations the bottom topography H(x,y) (with x and y representing the zonal and meridional direc-

tions, respectively) is computed from the 30 arc-second resolution General Bathymetric Chart of the Oceans (GEBCO) 2014

dataset (see Fig. 1b). In the deep part of the domain (depth > 300 m) GULF18-* bathymetry is merged with the bottom topog-110

raphy of the Met Office GO6 global ocean configuration at 1/12◦ resolution ((Storkey et al., 2018)). Conversely, the PGM4

model bathymetry is based on the GEBCO 2008 dataset with some additional smoothing to alleviate horizontal pressure gra-

dient errors with terrain-following vertical coordinates (especially in the proximity of the shelf-break, see Fig. 1a) and ad-hoc

modifications to widen the channels around Bahrain and the Gulf of Salwa in order to minimise salinity drift due to evaporation

(Hyder et al., 2013).115

In order to deal with the large tidal excursion characterising the Gulf area, GULF18-* and PGM4 models apply the same

strategy of setting the minimum depth of their bottom topography to 10 m - i.e. the model bathymetry is modified deepening

to 10 m at every grid point where the original depth is shallower than this threshold. Such a crude modelling choice represents

the only available solution when tidal ranges are large but the numerical model employed has no wetting-and-drying capability.120

Figure 1c presents the land-sea mask of GULF18-* (in green) and PGM4 (in red) ocean models while Fig. 1d illustrates the

areas where the minimum depth parameterization is applied only in PGM4 (in red), only in GULF18-* (in light green) or in

both ocean configurations (in dark green). Both figures clearly show that in the case of PGM4 the land-sea mask and coastline

significantly diverge from the original model bathymetry, including important ad-hoc modifications, especially in the northern

and southern regions of the domain and in the proximity of Bahrain. In these areas, PGM4 model sets to land all those ocean125

grid points where the depth is < 3 m. On the other hand, GULF18-* land-sea mask and model coastline perfectly agree with

the original model bathymetry: this modelling choice was preferred since starting from v4.0 the NEMO code is equipped with

a wetting-and-drying algorithm (O’Dea et al., 2020) which could be employed in the future to have a more realistic represen-
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PGM4

c) d)

a) b)

GULF18

PGM4
GULF18-*
PGM4 & GULF18-*

PGM4
GULF18-*

LAND-SEA MASKS 10m APPROXIMATION

Figure 1. Upper row: bottom topography of PGM4 (a) and GULF18-* (b) models; Bottom row: Land-sea mask (c) and grid cells where the

10 m approximation has been applied (d) only in PGM4 (red), only in GULF18-* (light green) or in both configurations (dark green). The

red square and triangle in panel a and b represent the location where the profiles of models’ levels vertical distribution shown in Fig. 4 are

extracted.

tation of the water level evolution.

130

2.2 Vertical discretisation

In the vertical direction, GULF18-3.6 and PGM4 models implement a vanishing quasi-sigma (VQS) vertical discretization

scheme where computational surfaces follow an envelope bathymetry surface rather than the actual model bottom topography

(Dukhovskoy et al., 2009; O’Dea et al., 2012). Such an envelope is computed smoothing the model bathymetry with the Mart-

inho and Batteen (2006) algorithm to ensure that the maximum value of the slope parameter r = |Ha−Hb|/(Ha + Hb), with135

Ha and Hb the depths of adjacent grid points (Mellor et al., 1998), is less than a given threshold rmax. This solution allows one

to have computational surfaces that are less tilted than in pure terrain-following models, hence reducing the errors in comput-

ing horizontal pressure gradients (e.g. Shapiro et al. (2013); Bruciaferri et al. (2018)). However, since computational surfaces

6
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GULF18-3.6PGM4 GULF18-4.0

a) b) c)

Figure 2. Example of cross-sections showing the model bathymetry and the numerical mesh of PGM4 (a), GULF18-3.6 (b) and GULF18-4.0

(c) configurations. In the case of PGM4 (a) and GULF18-3.6 (b), the red lines represent the envelope bathymetry; in the case of GULF18-4.0

(c), they identify the generalised upper and deeper envelopes H1
e (x,y) and H2

e (x,y).

are no longer strictly terrain-following, model cells are masked out in those grid points where the envelope is deeper than

the model bathymetry. As a result, when a too severe rmax threshold is used, the model bathymetry can include ‘saw-tooth’140

structures similar to z-level steps that can potentially affect the accuracy of the bottom boundary layer dynamics represented

by the model, including cross-shelf cascading and tides (Bruciaferri et al., 2020; Wise et al., 2021).

Both GULF18-3.6 and PGM4 models use a gentle maximum slope parameter threshold rmax = 0.3 to generate their enve-

lope bathymetry (see panels a and b of Fig. 2). In the case of GULF18-3.6, this rmax value was chosen after sensitivity tests145

for horizontal pressure gradient errors (HPGE) and tidal dynamics accuracy. The HPGE test is a classical (e.g., Haidvogel

and Beckmann (1999)) idealised numerical experiment where the model is initialised with no horizontal density gradients and

neither external forcing nor explicit diffusion is applied. In this type of problem, the analytical solution for ocean currents is

0 m s−1. However, when model levels are not aligned with geopotential surfaces finite difference mathematics may introduce

errors in the computation of the pressure gradient force generating undesired numerical spurious currents (e.g., Mellor et al.150

(1998); Berntsen (2002)). GULF18-3.6 sensitivity tests showed that whilst decreasing the rmax did not significantly reduce

HPGE (after 30 days models using rmax equal to 0.3 or 0.1 developed similar basin averaged spurious currents of≈ 4 cm s−1),

using a more severe rmax had a negative impact on the accuracy of the tidal dynamics represented by the model (e.g., the Mean

Absolute Error of the simulated M2 tidal component increased by ≈ 1 cm when the rmax was reduced from 0.3 to 0.1).

155

GULF18-4.0 model discretises the vertical domain via a multi-envelope (ME) s-coordinate system (Bruciaferri et al., 2018).

This is a generalised vertical coordinate system where model levels are curved and adjusted to arbitrarily defined surfaces (aka

envelopes) rather than following geopotential levels, the actual bottom topography or a single envelope bathymetry, as is the

case for the GULF18-3.6 and PGM4 models. In such a way, computational levels can be optimised for the leading dynamics

in different sub-domains of the model (see Bruciaferri et al. (2018, 2020) for the details).160
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GULF18-3.6
GULF18-4.0
GULF18-*

Figure 3. Grid points where spurious currents diagnosed via a HPGE test were > 5 cm s−1 only in GULF18-3.6 (blue), only in GULF18-4.0

(orange) or in both high resolution configurations (magenta).

In the case of a shelf sea model such as GULF18, the physical processes that a vertical grid should be able to accurately

represent and prioritise are the strong tides and vertical mixing on the shelf, the cross-shelf transport and dense water cascading

at the shelf-break and the turbulent exchanges with the atmosphere at the surface (Simpson and Sharples, 2012). Keeping this

in mind, the ME vertical grid of GULF18-4.0 is configured using 2 envelopes (see Fig. 2c):165

– the upper envelope H1
e (x,y) follows the actual topography H(x,y) from a minimum depth of 10 m to a maximum depth

of 180 m and is smoothed via the Martinho and Batteen (2006) algorithm to have rmax = 0.3;

– the deeper envelope is computed as H2
e (x,y) = max{H1

e (x,y)+h, H(x,y)}, where h = 30 m represents a user-defined

offset parameter, and the Martinho and Batteen (2006) smoothing algorithm is applied to ensure that rmax = 0.1

Wise et al. (2021) showed that in a NWS model using a ME system with envelopes optimised to have HPGE < 5 cm s−1170

gives significantly increased accuracy compared to VQS levels. Learning from this experience, both GULF18-4.0 envelopes

were additionally smoothed at grid points where HPGE (assessed with a HPGE test) were larger than 6 cm s−1 in the case

of H1
e (x,y) and 3 cm s−1 for H2

e (x,y), with target rmax parameters equal to 0.09 and 0.04, respectively. In the case of the

upper envelope, a less restrictive threshold is applied than Wise et al. (2021) since GULF18-3.6 sensitivity tests showed that

the accuracy of the simulated tidal dynamics is highly sensitive to how the model represents the bottom topography.175
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PGM4
GULF18-3.6

b)a)

GULF18-4.0

Figure 4. Model cell thickness as a function of depth for PGM4 (in red), GULF18-3.6 (in green) and GULF18-4.0 (in blue) models in two

representative locations of the shelf (a) and the deep basin (b), respectively. The location of the two profiles is identified by the red square

(panel a) and triangle (panel b) in Fig. 1.

Figure 3 shows the model cells where the maximum (in the vertical and time) spurious velocities were > 5 cm s−1 only in

GULF18-3.6 (in blue), only in GULF18-4.0 (in orange) and in both GULF18-* configurations (in magenta) after a 30 days-

long HPGE test. Numerical results show that the multi-envelope configuration chosen for GULF18-4.0 allows the use of a 3D

varying rmax parameter which reduces the large HPGE affecting GULF18-3.6 in the proximity of the continental slope while180

minimising the number of undesired artificial saw-tooth structures on the shelf and shelf-break.

Both GULF18-* configurations use 52 computational surfaces to discretise the vertical domain while PGM4 employs 31

model levels. Figure 4 presents the vertical resolution of PGM4 (in red), GULF18-3.6 (in green) and GULF18-4.0 (in blue)

models at two representative locations of the shelf (a) and the deep basin (b), respectively. The vertical distribution of PGM4185

computational surfaces is stretched according to the Song and Haidvogel (1994) function while GULF18-3.6 uses the Siddorn

and Furner (2013) stretching formulation. In the case of GULF18-4.0, 35 ME s-levels are allocated to the upper sub-zone (i.e.,

between the free surface and the upper envelope) stretched according to Siddorn and Furner (2013) while 17 levels are used in

the deeper part of the domain distributed to ensure that the vertical coordinate transformation and its Jacobian are continuous

(see Bruciaferri et al. (2018) for the details). Because of the Siddorn and Furner (2013) stretching formulation, the surface190

vertical level of GULF18-* configurations has a constant thickness of 1 m while in PGM4 it ranges from 0.3 m on-shelf to

6 m off-shelf (Fig. 4). In addition, PGM4 presents uniformly distributed vertical levels in areas shallower than 150 m, while

GULF18-* models switch off model levels’ stretching only in areas shallower than 50 m (Fig. 4a).

As shown in Fig. 2c and Fig. 4b, GULF18-4.0 is configured to have increased resolution in the proximity of the maximum195

depth of the upper envelope, which corresponds to the depth where the shelf-break occurs (≈ 200 m). Such increased reso-
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lution near the envelopes is a feature of the ME system which help to mitigate potential inaccuracies when simulating dense

water cascading down a steep topography in those areas where model levels are not strictly terrain-following (see Fig 2c and

experiment two of Bruciaferri et al. (2018)).

2.3 Dynamical core and model physics200

GULF18-4.0 is based on NEMO v4.0.4 (Madec and NEMO-team, 2019), GULF18-3.6 on NEMO v3.6-stable (Madec and

NEMO-team, 2016) while PGM4 uses NEMO v3.4-stable (Madec and NEMO-team, 2012). NEMO v4.0.4 presents nu-

merous differences from v3.4-stable, while v3.6-stable can be considered an intermediate release between the two - see

http://forge.ipsl.jussieu.fr/nemo/wiki/Changelog for a comprehensive list of the main features of each NEMO release.

205

GULF18-* configurations build upon, and thus share, many of the core features of PGM4 model. For example, in order

to accurately resolve the important tidal dynamics PGM4 and GULF18-* configurations implement a similar non-linear free

surface via the NEMO variable volume layer (Levier et al., 2007) and time-splitting algorithms, using baroclinic and barotropic

time-steps of 60 s and 2 s, respectively. In addition, the three models also use the same pressure Jacobian scheme to compute

hydrostatic pressure gradients and the Energy and ENstrophy (EEN, Arakawa and Lamb (1981)) conserving scheme to advect210

momentum. Similarly, the 2nd order Flux Corrected Transport (FCT) scheme, referred to as Total Variance Dissipation (TVD)

scheme in the case of NEMO v3.4 (PGM4) or v3.6 (GULF18-3.6), is applied by all models to advect active tracers along with a

non-linear equation of state based on EOS-80 formulation UNESCO (1983). The three models agree also on the turbulent bot-

tom boundary layer formulation, implementing an implicit logarithmic bottom friction with a roughness length z0 of 3×10−3

m and a minimum drag coefficient CD of 2.5× 10−3. Finally, PGM4 and GULF18-* models implement the General Length215

Scale (GLS) turbulent closure scheme with similar settings to compute the vertical eddy viscosity and diffusivity coefficients.

GULF18-* and PMG4 configurations present also some important differences in the physics they implement (see Table 1).

One major difference concerns the formulation of the lateral eddy fluxes. PGM4 is an eddy permitting model that needs to

parameterize some of the mesoscale and the full sub-mesoscale eddy turbulence. Therefore it uses a Laplacian operator with a220

3D constant diffusivity of 50 m2 s−1 for tracers and a bi-harmonic operator with a constant viscosity of −1×1010 m4 s−1 for

momentum. On the other hand, GULF18-* configurations are eddy-resolving almost everywhere and therefore need to param-

eterise only the sub-mesoscale eddy fluxes. Both GULF18-* configurations use a horizontally aligned Laplacian operator for

tracers and an along-levels oriented bi-harmonic operator for momentum. In the case of GULF18-3.6, it was chosen to test a

Smagorinsky-like diffusivity ranging between 1 m2 s−1 and 30 m2 s−1 while for GULF18-4.0 it was preferred a 3D constant225

diffusivity of 2 m2 s−1 (the correspondent eddy velocity and length scales are Uscl = 0.01 m s−1 and Lscl = 200 m, respec-

tively). In the case of momentum, GULF18-3.6 applies a constant mixing coefficient of −4× 108 m4 s−1 while GULF18-4.0

uses a mesh size and depth dependent viscosity ranging between 3.84×108 m4 s−1 and 4.54×108 m4 s−1 (the correspondent

velocity scale is 0.85 m s−1).

230
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In the case of PGM4, the NEMO code was modified to include a POLCOLMS-style scheme for the penetration of the

incoming solar short-wave radiation and the model was set to use a fixed 1-D attenuation length scale of 6.49 m (Hyder et al.,

2013). In contrast, GULF18-* configurations employ the standard NEMO RGB light penetration scheme.

2.4 External forcing and initialisation

Ocean simulations discussed in this manuscript are free-running (i.e., with no data assimilation) numerical experiments span-235

ning five years, from 2013 to 2017. Each model is initialised from rest with temperature and salinity fields computed by PGM4

on 16 January 2013 (in the case of GULF18-* configurations a pre-processing 3D regridding procedure was applied). The first

year of the simulations is considered as spin-up time and hence is not included in the analysis.

At the surface, GULF18-* and PGM4 are forced with atmospheric fields from the Numerical Weather Prediction (NWP)240

configuration of the global Met Office Unified Model (Walters et al., 2019). NWP hindcast data are available at a horizontal

resolution of ≈ 25 km before 2014-07-17, ≈ 17 km from 2014-07-17 to 2017-07-13 and ≈ 10 km after 2017-07-13 and in-

clude three-hourly data for heat and freshwater fluxes, while the momentum flux is provided with a hourly resolution. A major

difference between GULF18-* and PGM4 configurations is the way they compute the boundary conditions at the surface.

While PGM4 uses directly prescribed NWP fluxes (i.e., the NEMO flux formulation), GULF18-* models apply the Common245

Ocean-ice Reference Experiment (CORE) bulk formulae (Large and Yeager, 2009) to NWP atmospheric fields to compute

momentum, heat and freshwater fluxes at the air-sea interface.

At the single open boundary in the Gulf of Oman, GULF18-* and PGM4 apply a Flather (1976) radiation boundary condi-

tion to propagate tidal energy in the domain. In the case of GULF18-*, tidal elevation and velocity are derived from eight tidal250

constituents extracted from FES2014 gridded tidal analysis (Lyard et al., 2021) while PGM4 uses the TPXOv7.2 dataset (Eg-

bert and Erofeeva, 2002). In this study, GULF18-* and PGM4 configurations are one-way nested within the Met Office Indian

Ocean FOAM 1/12◦ model (Storkey et al., 2010). GULF18-* and PGM4 models use the flow relaxation scheme (Martinsen

and Engedahl, 1987) to relax temperature and salinity fields to the values specified by the Indian Ocean FOAM 1/12◦ model

over a ten point relaxation zone and the Flather boundary condition to add Sea Surface Height (SSH) and barotropic currents255

from the Indian Ocean FOAM system to the tidal constituents.

GULF18-* and PGM4 use climatological river run-off forcing. However, in PGM4 only the Shatt al-Arab (Tigris and Eu-

phrates) river inflow at the Gulf’s head is considered, while in GULF18-* domain also the Zohreh, Helleh, Mond and Minab

rivers are included.260
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3 Models’ evaluation approach

In this study we assess and compare the skills of PGM4, GULF18-3.6 and GULF18-4.0 models in reproducing the observed

Gulf ocean dynamics during the period 2014-2017. Such a time-frame was chosen considering the number of available obser-

vations for the validation.

In addition to the hydrodynamics simulations, we conduct also Lagrangian experiments to assess the accuracy of the surface265

dynamics reproduced by our three Gulf models. Numerical experiments consisted of forcing a Lagrangian particle transport

model with surface current velocities computed by PGM4 and GULF18-* models to numerically reproduce the trajectories of

satellite-detected drifter tracks.

The next three Sections describe the observational datasets used for the verification (Sec. 3.1), the set-up of the additional

Lagrangian simulations (Sec. 3.2) and the metrics used in the assessment (Sec. 3.3).270

3.1 Observational datasets

CTD
MOORING

TSG

2014

2015

DRIFTER DEPLOYMENT
TIDAL GAUGE

AREA 1

AREA 3

AREA 2

2017

Figure 5. Map describing the three areas applied to analyse models’ results together with the location and the temporal availability of the

observations used in this study.

Observations used to validate the numerical results include:
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– Tidal constituents’ amplitude and phase data computed by Pous et al. (2013) and Mashayekh Poul et al. (2016) conduct-

ing harmonic analysis on 34 tide-gauges recorded water-level time-series (see red triangles in Fig. 5 for location of the

tide-gauges’ included in the analysis).275

– The Met Office Operational Sea surface Temperature and sea Ice Analysis (OSTIA) dataset (Donlon et al., 2012). This is

a high resolution analysis of the global ocean sea surface temperature (SST) produced by combining satellite and in-situ

SST observations with an accuracy (RMSE) of 0.57◦C and zero bias (Donlon et al., 2012).

– The global ocean, near real-time (NRT), in situ quality controlled observational dataset (Wehde et al., 2021) from the

Copernicus Marine Environment Monitoring Service (CMEMS). This dataset includes profiles of temperature (T) and280

salinity (S) from Conductivity-Temperature-Depth (CTD) measurements, T and S observations from ThermoSalinoG-

raphers (TSG) and satellite-tracked iSphere drifters trajectories. The locations of CTD and TSG measurements (squares

and small circles, respectively) and where drifters were deployed (big circles) are shown in Fig. 5.

– Two hydrographic observational datasets. The first dataset includes 3 months measurements from mid-January to mid-

April 2014 at a mooring station located approximately 44 km off the coast of Kuwait and 120 km south of the Gulf’s285

northern tip (see cyan star in Fig. 5 for location). The nominal water depth at mooring station was 23 m. The mooring

was equipped with four high resolution temperature sensors (RBR, SOLO T) sampling at 2 Hz and two CTDs (RBR,

XR-420) sampling every 18 seconds. Unfortunately, only the six instruments described above were recovered from the

lower half of the mooring station and used for analysis. The second dataset includes 12 day measurements in July 2017 at

mooring station located approximately 4 km off the coast of Kuwait (see green star in Fig. 5 for location). The nominal290

water depth at mooring station was 23 m. The mooring was equipped with nine high resolution temperature sensors

(RBR, SOLO T) sampling up to 16 Hz and two CTDs (RBR, XR-420) sampling every 4 seconds. These two datasets are

the only observations that provide time series of the water column vertical thermal structure in the northern Gulf, and

several studies have analysed these data (e.g., Li et al. (2020); Al Senafi and Anis (2020b, a)).

Not all the observations are covering the entire period of the numerical experiments, see Table 2 and Fig. 5. The model295

validation has been tailored on the uneven distribution of the different type of observations.

MEASURED VARIABLE INSTRUMENT AVAILABLE OBSERVATIONS UNITS

2014 2015 2016 2017

Water column T
CTD profiler 61 136 − − num. of downcasts

Moored CTD 80 14 days of the timeseries

Water column S CTD profiler 55 136 − − num. of downcasts

Near-surface T/S TSG sampler 1978 − − 111 num. of measurements

Lagrangian trajectories iSphere drifters 17 11 − − num. of trajectories

Table 2. Number and type of T/S and Lagrangian observations available for this study. The location of the measurements is shown in Fig. 5.
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3.2 Lagrangian simulations of iSphere drifters

iSphere drifters are half submerged spherical drifting buoys transported by surface ocean currents, wave-induced drift and the

direct leeway of the wind (e.g., De Dominicis et al. (2016)). However, since the aim of our Lagrangian simulations was to

validate ocean currents, in order to facilitate the results’ interpretation it was preferred to not include the Stokes’ drift in our300

Lagrangian simulations, similarly to Barron et al. (2007); Carniel et al. (2009); Amemou et al. (2020).

We use OpenDrift Lagrangian framework (Dagestad et al., 2018; Dagestad and Röhrs, 2019) with a 4th order Runge-Kutta

scheme and a timestep of 3600 s to integrate the following initial value problem for the drifter position x(t) = (x(t),y(t)):





dx(t)
dt

= u(x(t), t) +uw(x(t), t) +u′(x(t), t) , (1a)

x(t0) = x0 , (1b)

where x0 is the initial drifter position at time t0, u(x(t), t) represents the surface Eulerian currents computed by the three305

Gulf models, u′(x(t), t) = α R with R ∈ [−1,1] and α = 0.04 m s−1 is used to simulate sub-grid turbulent diffusion and

uw(x(t), t) is the wind drag velocity parameterised as uw(x(t), t) = γ U10(x(t), t), with U10(x(t), t) the wind velocity at 10

m (from NWP fields) and γ = 0.01 in agreement with De Dominicis et al. (2016).

In order to maximise the usability of the observational dataset and to reduce the separation distance between observed and310

simulated track to an acceptable level (e.g., Dagestad and Röhrs (2019)), available satellite-tracked drifters trajectories were

chunked into segments of 48 h duration. Then, similarly to Bruciaferri et al. (2021), for each segment 100 numerical drifters

were released at the same initial location and time and the drift 48 h ahead was computed.

3.3 Evaluation metrics

In the case of tidal components and T/S measurements, the accuracy of PGM4 and GULF18-* models is quantified using the315

following metrics:

– Mean Bias Error:

MBE = N−1
N∑

i=1

xi,m−xi,o (2)

– Root Mean Square Error:

RMSE =
[
N−1

N∑

i=1

(xi,m−xi,o)2
]1/2

(3)320

– Correlation coefficient:

r =
∑N

i=1(xi,m−xm)(xi,o−xo)[∑N
i=1(xi,m−xm)2(xi,o−xo)2

]1/2
(4)
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where N is the total number of available observations, xi,m and xi,o are the values of the ith realisation of model and ob-

servational datasets, respectively, with mean values xm = N−1
∑N

i=1 xi,m and xo = N−1
∑N

i=1 xi,o.

325

For T/S observations, metrics are computed bilinearly interpolating hourly model outputs on the geographical location of

each T/S measurement. Then, in the case of hydrographic datasets, both observed and modelled profiles are also linearly inter-

polated on 26 reference depths with increased vertical resolution (from 2.5 m to 25 m) in the first 200 m of the water column.

Harmonic analysis for computing models’ tidal constituent amplitudes and phases is carried out using hourly Sea Surface

Height (SSH) model fields for the year 2014. Then, the comparison with observations is conducted considering the closest grid330

point to the location of each tide-gauge.

The accuracy of the Lagrangian simulations is quantified using the Liu and Weisberg (2011) skill score (ss). This metric

evaluates the separation between modelled and observed drifter trajectories normalized by their total length:

s =
∑N

i=0 di(xs(ti),xo(ti))∑N
i=0 loi(xo(t0),xo(ti))

, (5)335

where N is the total number of observed drifter positions in a given trajectory, ti is the time at which the ith drifter position

has been recorded, t0 is the time at which the drifter has been deployed, di are distances between simulated xs(ti) and observed

xo(ti) drifter positions at time ti and loi is the length of the observed trajectory at time ti. The skill score ss is then defined as

ss =





1− s , if s≤ 1 ,

0 , if s > 1 ,

so that ss = 1 indicates a perfect simulation while ss = 0 identifies a simulation with no skill. For each drifter simulation,340

100 particles were released at the same initial location and time and the skill score of each numerical track was computed

following Bruciaferri et al. (2021).

Whilst increasing the resolution of an ocean model typically allows one to better resolve finer-scale features, metrics based

on direct point matchup between interpolated model data and observations could not improve with higher granularity. This345

is due to the double penalty effect (e.g., Crocker et al. (2020)): features correctly predicted but misplaced with respect to the

observations are penalised twice, for not occurring at the observed location and at the same time for occurring at the location

where they were not observed. In this study, we found at least comparative performance of the high resolution GULF18 mod-

els with PGM4 using traditional verification techniques for the majority of the metrics included in the analysis. However, in

the case of the surface currents assessment it was preferred to include in the analysis only those trajectories that presented a350

skill score ss≥ 0.35 for all the three Gulf models to avoid a potential double penalty bias, resulting in a total of 183 iSphere

trajectories (145 in 2014 and 38 in 2015).
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Models’ evaluation metrics are computed considering the entire basin or dividing the domain in three zones as shown in

Fig. 5: the shelf area (longitude < 56.1◦E, grey zone), the deep basin (depth > 300 m, yellow area) and the shelf-break zone355

(longitude > 56.1◦E and depth < 300 m, pink area).

4 Results and discussion

4.1 Tidal harmonics

The Gulf presents a complex tidal regime, characterised by tidal standing waves varying from being primarily semi-diurnal

to diurnal and a large tidal range, with M2 peak amplitudes > 1 m throughout the whole domain (e.g. Proctor et al. (1994);360

Hyder et al. (2013)). The Gulf topography includes a shallow zone near the closed end which combines with an asymmetric

cross-sectional depth profile (see Fig. 1). This particular conformation of the basin leads the generation of resonant interactions

between semi-diurnal and diurnal waves resulting in tidal amplification at the northern end of the basin and a Kelvin-Taylor

type system of amphidromic points shifted towards the coast to which the reflected Kelvin wave is bound (Roos and Schutte-

laars, 2011). Consequently, semi-diurnal constituents present two amphidromic points in the northwestern and southern ends365

of the Gulf while diurnal constituents have a single amphidromic point in the central western part of the basin (Pous et al.,

2013).

P
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a) b)

c) d)

M2

K1

PGM4 GULF18-4.0

Figure 6. K1 (top panels) and M2 (bottom panels) co-tidal plots for PGM4 (a,c), and GULF18-4.0 (b,d). Shading shows amplitude (m) while

contours present the phase lag (◦). GULF18-3.6 maps are not shown for clarity, being very similar to GULF18-4.0 results.

Figure 6 presents co-tidal charts of the principal diurnal (K1, top row) and semi-diurnal (M2, bottom row) components of

PGM4 (a,c) and GULF18-4.0 (b,d) models (for clarity, here and in Fig. 7a,b only GULF18-4.0 results are shown, being the370
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differences between the two GULF18 configurations almost negligible). In general, the three models reproduce the typical

pattern of the amphidromic points of the Gulf as in Pous et al. (2013). The main differences between PGM4 and GULF18-*

models are where the coastline and the bathymetry differ the most, i.e. near the coasts of Qatar, Bahrain and south UAE.

[o
] [o

]

[c
m

]

M2 amplitude a) M2 phase

PhaseAmplitude

b)

c) d)

Figure 7. Upper row: difference in the absolute errors |xm−xo| of PGM4 and GULF18-4.0 models for M2 amplitude (a) and phase (b) for

each tide-gauge included in the assessment; Bottom row: Root Mean Square Error (RMSE) against Mean Bias Error (MBE) of amplitude (c)

and phase (d) of the seven tidal components included in the assessment from harmonic analyses of model sea surface height and tide gauges.

The upper row of Fig. 7 presents the difference in the absolute errors of PGM4 and GULF18-4.0 models for M2 amplitude375

(a) and phase (b) for each tide-gauge included in the assessment. Similarly to Fig. 6, PGM4 has smaller errors than GULF18-*

along the northwestern and western coast, especially in the proximity of Kuwait, Bahrain and Qatar. In those areas PGM4

bathymetry and land-sea mask were importantly modified (see Fig. 1) in order to improve the accuracy of the tidal dynamics

represented by the model (Hyder et al., 2013). On the other hand, along the Iranian coast GULF18-* configurations seems

to have slightly improved accuracy. This is probably due to the better representation of the coastline in the higher resolution380

models which can affect the propagation of coastally-trapped Kelvin waves, especially in the case of near-resonantly forced

Kelvin waves in channel-like basins (Griffiths, 2013).

17

https://doi.org/10.5194/gmd-2022-189
Preprint. Discussion started: 8 August 2022
c© Author(s) 2022. CC BY 4.0 License.



The bottom row of Fig. 7 presents the RMSE against MBE of amplitude (c) and phase (d) computed by the models with

respect to tide-gauges measurements for the seven tidal components included in the assessment. In general, the solutions of the385

three models for the phase lag are similar while for the amplitude, PGM4 seems to have a slightly better accuracy in the case

of M2 and K1 components - e.g., in the case of M2 PGM4 presents MBE=−2.6 cm and RMSE= 6.5 cm, GULF18-3.6 has

MBE=−5.3 cm and RMSE= 10.5 cm while GULF18-4.0 shows MBE=−5.8 cm and RMSE= 11.0 cm.

Shallow water waves propagate with a wave celerity proportional to (gH)1/2, where H is the water depth and g the gravi-390

tational acceleration. Therefore, when applying the ‘minimum depth approximation’ as it is the case in our three models, the

simulated tidal wave speed would be higher than the observed one. Hence, it is likely that the decreased accuracy of M2 and

K1 amplitudes and phases in the north-western part of GULF18-* domain could be partly explained considering that in those

areas GULF18-* models apply more often the minimum depth approximation in comparison to PGM4, as it is shown in Fig.

1d - see in particular the coastal areas near the closed end of the domain, which is where tidal waves are reflected and most of395

the resonant interactions occur.

The small differences between GULF18-3.6 and GULF18-4.0 models (Fig. 7c and d) can be probably explained considering

the additional smoothing of the upper envelope of GULF18-4.0 to reduce HPGE (see Sec. 2.2 for the details) and the different

value of the reference density used by the two models (see Tab. 1), similarly to O’Dea et al. (2017).400

4.2 Sea surface temperature

SST strongly influences fluxes of heat, moisture and momentum across the ocean-atmosphere interface and the importance of

more accurate SST simulations is widely recognised, both for long (e.g., Minobe et al. (2008)) and shorter (e.g., Mahmood

et al. (2021)) timescales. In this section, we assess the skill of PGM4 and GULF18-* models in predicting the SST of the Gulf405

in the period 2014-2017.

Figure 8 presents monthly time-series of basin averaged MBE, RMSE and correlation coefficient r of the three Gulf

models with respect to OSTIA SST observed signal while Tab. 3 reports annual averages and standard deviations of mod-

els’ MBE and RMSE. SST from model outputs was retrieved considering the temperature of the first model level. Nu-410

merical results demonstrate that the three models reproduce a seasonal and interannual variability in good agreement with

OSTIA observations, with GULF18-* configurations having consistently improved accuracy in comparison to PGM4, both

in terms of MBE and RMSE. Mean metrics indicate that generally PGM4 is affected by a persistent warm bias (MBE=

0.31± 0.31◦C, RMSE= 0.66± 0.29◦C) while GULF18-3.6 presents a close to zero bias but larger RMSE and variability

(MBE= 0.04±0.38◦C, RMSE= 0.51±0.26◦C) than GULF18-4.0, which has a slightly cold bias and the smallest RMSE and415

variability (MBE=−0.11± 0.26◦C, RMSE= 0.46± 0.26◦C).
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Figure 8. Monthly time-series of basin averaged OSTIA SST (a) and MBE (b), RMSE (c) and correlation coefficient r (d) of PGM4 (in red),

GULF18-3.6 (in green) and GULF18-4.0 (in blue) models.

Figure 9 explores the spatial distribution and the seasonal variability of models’ errors. In general, GULF18-* configura-

tions significantly reduce PGM4 inaccuracies throughout the domain and for all the seasons, with GULF18-4.0 presenting the

largest improvements. In winter (DJF), GULF18-* models are able to mitigate the PGM4 warm bias in the central-eastern part420

of the domain and Strait of Hormuz and to reduce the marked cold bias of PGM4 along the western coast of the basin. In

spring (MAM), both high resolution models present an overall small positive bias in contrast to the widely spread across the

domain SST overestimation of PGM4. This seems to be the case also in autumn (SON), although GULF18-4.0 seems to be

affected by a slightly cold anomaly (especially in the central western part of the domain) that it is not present in GULF18-3.6.

In summer (JJA), both GULF18-* configurations perform well, with GULF18-4.0 presenting the largest reduction of PGM4425

errors, especially for the warm bias in the southern part of the domain and the cold anomaly in the proximity of the shallow

closed end of the basin. In addition, both GULF18-* seem to introduce an SST underestimation in northern-central part of the

domain which appears to be more intense in the case of GULF18-4.0.

SST biases often affect ocean models, particularly in summer when inaccuracies in the atmospheric forcings and/or in the430

upper mixed layer physics may be larger (e.g., Ezer and Mellor (2000), Hordoir et al. (2019) and Bruciaferri et al. (2020)) and

SST data assimilation is typically used to constrain such model deficiencies (e.g, O’Dea et al. (2012); Hyder et al. (2013)).
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MODEL 2014 2015 2016 2017

MBE RMSE MBE RMSE MBE RMSE MBE RMSE

PGM4 0.45± 0.25 0.73± 0.24 0.36± 0.22 0.58± 0.28 0.11± 0.24 0.54± 0.22 0.33± 0.37 0.79± 0.33

GULF18-3.6 0.21± 0.33 0.54± 0.23 0.04± 0.29 0.47± 0.26 −0.15± 0.30 0.50± 0.27 0.05± 0.37 0.54± 0.26

GULF18-4.0 0.06± 0.24 0.43± 0.23 −0.20± 0.19 0.42± 0.26 −0.29± 0.20 0.50± 0.28 −0.10± 0.27 0.47± 0.28

Table 3. Annual means and standard deviations of MBE and RMSE of SST fields reproduced by PGM4, GULF18-3.6 and GULF18-4.0

models in comparison to OSTIA SST observations. Annual metrics for the correlation coefficient r are not presented since the three models

show very similar high values (> 0.99) during the whole simulated period.

In the case of our models, the improved accuracy of GULF18-* configurations in comparison to PGM4 could be due to

differences in the horizontal resolution and sub-grid physics, the formulation of the surface boundary conditions, the light

penetration schemes, the rivers forcing and the thickness of the first model level (as shown by Siddorn and Furner (2013)).435

One of the aims of this study was to assess the impact of the vertical coordinate system on the accuracy of a Gulf model.

Therefore, a sensitivity test was conducted running GULF18-3.6 with a vertical coordinate system similar to the one of PGM4

(i.e., with an upper model level having a 2D varying thickness) to assess whether using a constant level thickness throughout

the domain is important in terms of SST accuracy. Numerical results showed a basin averaged signal very similar to the orig-

inal GULF18-3.6 simulation, suggesting a minor impact of the vertical coordinate system on the accuracy of the simulated SST.440

GULF18-4.0 presents slightly improved accuracy in comparison to GULF18-3.6. This is consistent with the fact that the

two models differ only in the NEMO code revision, the vertical coordinate system below the sub-surface and some numeri-

cal/physical choices. Since the two GULF18 configurations present similar vertical resolution in the upper part of the water

column, it is likely that the differences between the two models can be attributed to their different formulation of the diffusivity445

and viscosity (see Sec. 2.3 for the details).

4.3 Water column stratification

In this Section, the accuracy of PGM4 and GULF18-* models in reproducing the thermal and haline stratification of the Gulf

during the period 2014-2017 is assessed against CTD measured T/S profiles, TSG sub-surface T/S observations and T time-

series from two on-shelf moorings of the Kuwait coast.450

Table 4 presents the average MBE and RMSE of the three Gulf models against CMEMS CTD measured T/S profiles for the

three analysis areas defined in Sec. 3.3 and for the total domain. Overall, basin averaged metrics indicate that GULF18-4.0 has

higher T accuracy when compared to PGM4 and GULF18-3.6, with larger improvements in 2014 than 2015, especially with

respect to PGM4. To the contrary, in the case of S there does not seem to be a clear pattern - in 2014 GULF18-4.0 presents455

the highest accuracy while in 2015 it results to be the less precise, with differences in the basin averaged metrics of the models
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Figure 9. Seasonal SST anomalies (model minus observations) for PGM4 (top row), GULF18-3.6 (middle row) and GULF18-4.0 (bottom

row) models. All panels show 4-year mean anomalies for the period 2014-2017, with spatially averaged mean errors and standard deviations

reported in each panel.

< 0.03 PSU .

Figure 10 presents T and S models’ errors as a function of depth for the three areas considered in the analysis. In general, the

three models seem to broadly overestimate T and S in the upper 200 m of the water column, suggesting that the GLS turbulent460

closure scheme might need some tuning to improve the vertical mixing in the surface mixed layer.

On the shelf (Area 1), a limited number of available observations (two T profiles in 2014) seems to indicate that both

GULF18-* configurations may have improved accuracy in comparison to PGM4. Panel 10a presents the on-shelf vertical dis-

tribution of T MBE and RMSE of the three models in 2014. Both GULF18-* configurations have improved accuracy in the465

proximity of the upper (0-10 m) and bottom (40-50 m) boundary layers with respect to PGM4, with GULF18-4.0 present-

ing slightly higher skill near the surface. This is probably due to the fact that in the upper and bottom mixed layers the two

GULF18-* models have increased vertical resolution in comparison to PGM4 (see Fig. 4). Similarly, the better performance

of GULF18-3.6 at medium depths (≈ 20− 40 m) could be explained by its higher vertical resolution in this depth range with
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a) TEMPERATURE [◦C]

MODEL 2014 2015
AREA 1 (2) AREA 2 (12) AREA 3 (47) TOTAL (61) AREA 1 (0) AREA 2 (15) AREA 3 (121) TOTAL (136)

MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE

PGM4 1.48 2.81 0.64 0.80 0.50 1.14 0.56 1.12 - - 1.30 1.60 0.60 1.06 0.68 1.12

GULF18-3.6 0.70 1.80 0.39 0.60 0.67 1.28 0.62 1.16 - - 0.90 1.34 0.79 1.20 0.80 1.22

GULF18-4.0 0.59 2.10 0.22 0.53 0.51 1.13 0.46 1.05 - - 0.72 1.25 0.66 1.11 0.66 1.12

b) SALINITY [PSU ]

MODEL 2014 2015
AREA 1 (0) AREA 2 (11) AREA 3 (44) TOTAL (55) AREA 1 (0) AREA 2 (15) AREA 3 (121) TOTAL (136)

MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE

PGM4 - - 0.10 0.16 0.10 0.23 0.10 0.21 - - 0.20 0.47 0.09 0.22 0.10 0.25

GULF18-3.6 - - 0.03 0.10 0.10 0.23 0.09 0.20 - - 0.08 0.42 0.09 0.22 0.09 0.24

GULF18-4.0 - - -0.02 0.09 0.08 0.21 0.06 0.18 - - 0.05 0.43 0.10 0.25 0.09 0.27

Table 4. Mean MBE and RMSE of PGM4, GULF18-3.6 and GULF18-4.0 models when compared against CMEMS CTD T (a) and S (b)

profiles for the three areas defined in Sec. 3.3 as well as for the whole domain in 2014 and 2015 (values between parenthesis indicate the

number of observations included in the average).

respect to the other two models.470

Panels 10b, 10d and 10f, 10h show the vertical distribution of T and S models’ errors, respectively, in the Strait of Hormuz

and near the shelf-break (Area 2). Generally, in this area GULF18-4.0 presents the smallest MBE and RMSE in the upper

≈ 100 m for both T and S in 2014 and for T in 2015 while PGM4 has typically larger errors than GULF18-4.0 in the upper ≈
120 m of the water column for T in both years and for S in 2014. GULF18-3.6 has lower accuracy than GULF18-4.0 for T in475

the period 2014-2015 and for S in 2014, while there seems to be not a clear general pattern in comparison to PGM4. The higher

skill of GULF18-4.0 in comparison to PGM4 can be probably explained by the lower vertical resolution of the latter model in

the upper 300 m of the water column in Area 2 and 3, as depicted in Fig. 4. In the case of the two GULF18-* configurations,

while the higher vertical resolution of GULF18-4.0 at depths between 100 m and 200 m (see Fig. 4b) is likely to play a role,

the lower accuracy of GULF18-3.6 can be probably partially attributed also to its larger inaccuracies in computing HPGs in the480

proximity of the shelf-break (see Fig. 3), in agreement with the findings of Wise et al. (2021) for a model of the European NWS.

In the deeper part of the domain (Area 3), GULF18-4.0 and PGM4 present, in general, a similar higher accuracy than

GULF18-3.6 for T, while for S there is not a clear pattern (see Tab. 4). Figures 10c, 10e and 10g, 10i report the vertical

distribution of models’ MBE and RMSE in Area 3. In the upper ≈ 100 m of the water column PGM4 seems to have a similar485

(or slightly better in 2015) skill than GULF18-4.0 for T, while GULF18-3.6 shows the lowest accuracy. For S, in the upper

≈ 200 m of the water column GULF18-* models show consistently better accuracy than PGM4, with GULF18-3.6 showing
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GULF18-3.6

MEAN ERR.
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GULF18-4.0

f) g) h) i)

Figure 10. Vertical profiles of temperature (T, top row) and salinity (S, bottom row) MBE (dotted line) and RMSE (solid line) averaged

over the three analysis areas defined in Sec. 3.3 for PGM4 (red), GULF18-3.6 (green) and GULF18-4.0 (blue) in 2014 and 2015. During the

2014-2015 period there were no available S observations for Area 1. Also, in 2015 there were no available T observations for Area 1.

the best improvements, especially in 2015. Below ≈ 200 m, where the dynamics is typically more stagnant, PGM4 shows

consistently better accuracy than the new GULF18-* configurations.

In Area 3, the dynamics of the three models is strongly influenced by the exchanges with the adjacent Indian Ocean. As490

explained in Sec. 2.4, all the three models apply a T/S relaxation zone of 10 grid points at the single lateral open boundary.

However, given the coarser resolution of the 4 km model, this will result in a wider buffer zone in the case of PGM4, creating

T/S fields that are smoother and more heavily nudged to the data assimilating forcing at the open boundary. To the contrast,

in the case of GULF18-* models the dynamics of Area 3 is less influenced by the open boundary and can evolve more freely.

Therefore, whilst the good skill of the PGM4 here is partly due to the fact that a large portion of the deep area is strongly495

relaxed to the data assimilating solution forcing the open boundary, the higher skill of GULF18-4.0 for T and both GULF18-*

for S in the upper part of the water column can be considered a model improvement over PGM4.
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Figure 11. Examples of PGM4, GULF18-3.6 and GULF18-4.0 cross-sections representing salinity-driven cascading events occurred in

2014-2015. The location of the cross-sections is shown in the insets. The leftmost column of each row shows observed and modelled S

profiles located at the off-shore end of each cross-section.

In order to better understand the reasons behind the general improvements of GULF18-* configurations at the shelf-break

(Area 2) and the upper part of the water column in Area 3, in Fig. 11 we investigate how the three models represented four500

salinity-driven cascading events observed in 2014-2015. Measured and modelled salinity profiles at the off-shore end of each

cross-section are shown in the leftmost column of each row. In the case of GULF18-* models, gravity currents seems to be

affected by less numerical diffusion, enabling a stronger and more coherent cascading signal than in PGM4, where the solution

appears to be generally smoother, more spread and less accurate in comparison to observations. The vertical grid of GULF18-

4.0 has higher resolution in the proximity of the upper envelope (see Sec. 2.2). This enhanced vertical resolution seems to be505

able to mitigate potential errors in the deeper part of the domain where model levels are not strictly terrain following, resulting
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a) TEMPERATURE [◦C]

MODEL 2014 2017

MBE RMSE MBE RMSE

PGM4 0.68 0.91 0.61 0.70

GULF18-3.6 0.44 0.78 0.35 0.41

GULF18-4.0 0.19 0.68 0.32 0.39

b) SALINITY [PSU ]

MODEL 2014 2015

MBE RMSE MBE RMSE

PGM4 0.59 1.07 -0.02 0.07

GULF18-3.6 0.86 1.45 -0.07 0.10

GULF18-4.0 0.71 1.33 -0.07 0.09

Table 5. Average MBE and RMSE of PGM4, GULF18-3.6 and GULF18-4.0 models when compared against CMEMS TSG T (top row) and

S (bottom row) sub-surface hourly measurements collected in 2014 (from 23 to 25 March and from 21 May to 1 June) and 2017 (from 1 to

2 March). The location of the observations is shown in Fig. 5.

in GULF18-* models having similar accuracy when simulating bottom intensified gravity currents.

Table 5 reports the average MBE and RMSE of the three models with respect to TSG sub-surface (between 0 and 5 m)

hourly observations of T and S. In 2014, TSG measurements are located in the shallow southern part of the shelf (area 1) while510

in 2017 they are along a transect crossing Area 2 (see Fig. 5). For T, the assessment against TSG, SST and CTD observations

seems to agree - GULF18-* configurations consistently present higher accuracy than PGM4, with GULF18-4.0 showing the

larger improvements. For S, the general outcome is that PGM4 seems to present a better skill, especially in 2014.

We conclude the analysis of this Section by assessing how the models represented the evolution of the thermal stratifica-515

tion of the water column against two mooring temperature time-series collected in 2014 (Fig. 13) and 2017 (Fig. 14) off the

coast of Kuwait (see Fig. 5 for the location). Unfortunately, in 2014 instruments attached to the upper part of the mooring

failed to record and only bottom observations are available. In general, GULF18-3.6 shows an average MBE with magnitude

of ≈ 0.2− 0.4◦C, corresponding to a slightly cold bias with respect to observations, especially in the first ≈ 20 days of the

time-series (Fig. 13c and e). Conversely, in comparison to observations PGM4 presents a consistent warm bias for the first two520

months of the assessed period, with larger errors than GULF18-3.6 (the average difference of the absolute value of GULF18-

3.6 and PGM4 MBEs is ≈−0.3/− 0.6◦C). On the other hand, GULF18-4.0 presents a very similar solution to GULF18-3.6,

with differences between the magnitude of their MBEs of ≈±0.3◦C.

In July 2017, all the three models present a cold bias in comparison to observations. In the case of GULF18-3.6, cold525

anomalies of ≈ 1◦C mainly interest the upper part (≈ 10− 15 m) of the water column (Fig. 13c and e). The same occurs for
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Figure 12. Hourly time-series of: a) mooring temperature profiles observed from 16 January to 6 April 2014 off the coast of Kuwait in

the location identified by the cyan star in Fig. 5; temperature profiles computed by PGM4 (b), GULF18-3.6 (c) and GULF18-4.0 (d) and

interpolated in the location of the mooring; absolute value of GULF18-3.6 MBE (e); differences between the magnitude of GULF18-3.6

MBE and the absolute value of PGM4 (f) and GULF18-4.0 (g) MBEs, respectively. Instruments attached to the upper part of the mooring

failed to record and only bottom observations are available for this period.

GULF18-4.0, although with slightly colder values of ≈ 1.2◦C on average (Fig. 13d and g). Conversely, PGM4 is affected by

very strong and consistent cold biases larger than 2◦C, especially at depth (Fig. 13b and f). The analysis presented in Fig. 9 for

the seasonal variability of SST errors seems to agree well with the results shown here: PGM4 presents a cold bias in summer

(JJA) in the northern-west corner of the domain off Kuwait coasts that is not present in GULF18-* configurations.530
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Figure 13. The same as in Fig. 12 but for the period from 14 to 28 July 2017.

4.4 Sea surface currents

One of the main purposes of an ocean forecasting system is to provide accurateise data on the sea surface circulation to support,

for example, search and rescue or oil spill and plastic dispersal monitoring and control operations (e.g. Proctor et al. (1994);

Breivik et al. (2013)). Therefore, in this Section we evaluate the skill of PGM4 and GULF18-* models in drift prediction

against a total of 183 48 h long observed drifters trajectories.535

Table 6 presents the mean skill score ss and standard deviation of our Lagrangian simulations for the three areas defined in

Sec. 3 as well as for the whole domain during the period 2014-2015. In general, numerical trajectories simulated using surface

currents from PGM4 and GULF18-* show similar basin averaged ss > 0.65 and standard deviations < 0.15, demonstrating a

consistently good agreement with satellite-tracked drifters for all the three models.540
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MODEL 2014 2015
AREA 1 (60) AREA 2 (59) AREA 3 (26) ENTIRE DOMAIN AREA 1 (32) AREA 2 (6) AREA 3 (0) ENTIRE DOMAIN

PGM4 0.69± 0.16 0.66± 0.12 0.50± 0.09 0.65± 0.15 0.70± 0.10 0.56± 0.11 − 0.68± 0.11

GULF18-3.6 0.71± 0.12 0.64± 0.15 0.57± 0.13 0.66± 0.14 0.67± 0.12 0.64± 0.10 − 0.67± 0.12

GULF18-4.0 0.69± 0.14 0.64± 0.14 0.56± 0.09 0.65± 0.14 0.67± 0.14 0.64± 0.10 − 0.66± 0.13

Table 6. Average Skill Score ss and standard deviation of numerical Lagrangian simulations for the year 2014 and 2015. Metrics are

computed for each of the three areas defined in Sec. 3 and shown in Fig. 5 and the whole domain. Values between parenthesis indicate the

number of tracks included in the averages.

Metrics averaged over the three analysis areas can help us to identify regions where models present some differences. On

the shelf (Area 1), the majority of the tracks considered in the analysis are located in the southern side of the central Gulf.

Here, a well known cyclonic circulation pattern driven by the inflow of surface water through the Strait of Hormuz generates a

southward coastal flow along the entire southern coast of the Gulf (Reynolds, 1993). Figure 14 shows that, in this area, most545

of our satellite-tracked drifters consistently drifted in a southerly direction, demonstrating such a cyclonic flow. In addition, in

this area Lagrangian simulations using currents from PGM4 or GULF18-* present similar averaged ss (differences are≤ 0.03)

and variability, suggesting that the three models are representing a comparable southward coastal circulation in the central part

of the Gulf which transports the numerical drifting buoys in good agreement with the real ones.

550

In the proximity of the Strait of Hormuz and the shelf-break (Area 2), Lagrangian simulations seems to be quite similar

in 2014 (differences in the average ss are ≤ 0.02), while in 2015 GULF18-* surface currents seem to have higher accuracy

(+8%) than the ones simulated by PGM4. Figure 15a presents examples of numerical and observed trajectories in Area 2. The

visual inspection of the actual simulated tracks seem to indicate that in general PGM4 surface currents are slightly weaker than

the real ones. Because of the Song and Haidvogel (1994) stretching function, in Area 2 and 3 PGM4 presents a surface layer555

thickness > 5 m, while GULF18-* models, using a Siddorn and Furner (2013) stretching formulation, present a uniform 1 m

grid cell thickness at the surface (see Fig. 4). Hence, it is possible that part of the inaccuracies of PGM4 surface currents may

be explained considering the too coarse resolution of the upper model layer, that may cause underestimation of the upper ocean

shear and generates too weak grid cell averaged surface currents. Likewise, the larger lateral diffusivity of PGM4 may play

also a role in simulating smoother current fields. However, it is also possible that in the case of 2015 metrics under-sampling560

(6 tracks against 59 in 2014) may be affecting the results.

In the deep portion of the domain (Area 3), GULF18-* models presents higher accuracy (+6/7%) than PGM4 in 2014 while

for 2015 there are no available observations. The visual inspection of entire satellite-detected trajectories (see Fig. 15b for

some examples) indicates the presence of a clockwise gyre in the western part of the Gulf of Oman, in agreement with existing565

literature (e.g. Reynolds (1993)) and the three models generally simulate consistent trajectories following such an anti-cyclonic

circulation (Fig. 15b). Probably, also in this area the reduced accuracy of PGM4 currents could be explained by a too coarse
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AREA 1

Figure 14. Examples of iSphere simulations located on the shelf (Area 1) during the 2014-2015 period. Observed drifter tracks are shown

in black while numerical trajectories computed forcing the Lagrangian model with ocean surface currents from PGM4, GULF18-3.6 and

GULF18-4.0 are shown in red, green and blue, respectively.

vertical resolution at the surface and a too large lateral diffusivity.

5 Conclusions and future work570

This study explores the sensitivity of a shelf sea model of the Gulf area to changes in the bathymetry, lateral and vertical resolu-

tion, vertical coordinates and external forcing. To this end, two high resolution (1.8 km, 52 vertical levels) Gulf models named

GULF18-3.6 and GULF18-4.0 differing only in the vertical discretization scheme and the NEMO codebase (NEMO-v3.6

against NEMO-v4.0.4, respectively) have been developed and compared against the existing Met Office PGM4 model (4 km,

31 vertical levels, NEMO-v3.4). Both PGM4 and GULF18-3.6 use similar flavours of quasi-terrain-following vertical levels575

while GULF18-4.0 employs generalised multi-envelope (ME) vertical coordinates. The assessment compares non-assimilative

hindcast integrations of the three Gulf models spanning the period 2014-2017 against available observations of the tidal dy-

29

https://doi.org/10.5194/gmd-2022-189
Preprint. Discussion started: 8 August 2022
c© Author(s) 2022. CC BY 4.0 License.



AREA 2 AREA 3

Figure 15. The same as Fig. 14 but for the Strait of Hormuz and shelf-break (Area 2, a) and the deep part of the domain (Area 3, b)

namics, sea surface temperature, water column stratification and ocean currents at the surface.

Numerical results indicate that, overall, PGM4 and both GULF18 models give a comparable representation of the majority580

of the tidal constituents, despite their considerable differences in the domain geometry and tidal forcing. The three models use

the same strategy of limiting the minimum depth of the model domain to deal with the large tidal excursion of the Gulf basin.

Such a crude parameterization seems to be particularly penalizing in the case of the new high resolution models suggesting

that, in order to get real benefit from using a more accurate and detailed bathymetry, the physical processes explicitly resolved

by the model must be improved as well, in agreement with previous studies (e.g. Graham et al. (2018a); O’Dea et al. (2020)).585

Therefore, one future development will be the implementation of a wetting and drying algorithm to obtain a more realistic

representation of the water level evolution.

GULF18-3.6 and GULF18-4.0 present similar skill for the tidal dynamics. This seems to indicate that using a ME vertical

coordinate system optimised to reduce errors in the computation of the pressure force does not have significant detrimental

impact on the accuracy of the simulated tides, in agreement with the findings of Wise et al. (2021).590

Both GULF18 configurations present significantly reduced sea surface temperature (SST) biases in comparison to PGM4,

improving the RMSE by ≈ 20% in the case of GULF18-3.6 and ≈ 29% for GULF18-4.0. While the increased resolution is
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likely to partially play a role in this, improvements are probably mainly due to processes that directly affect the local SST such

as the surface fluxes formulation, river forcing and the light penetration scheme.595

Although the two GULF18 models differ in the vertical coordinate system, they present similar resolution near the surface.

Therefore, it is likely that the overall slightly better SST accuracy of GULF18-4.0 over GULF18-3.6 is due to the different

sub-grid physics settings and the version of the NEMO code employed.

GULF18-4.0 seems to introduce a slightly cold bias in summer and autumn. Umlauf and Burchard (2005) showed the im-

portance of carefully tuning the GLS vertical mixing scheme when dealing with stably stratified marine environment, as is the600

case for the shallow parts of the Gulf. Therefore, future work could involve sensitivity numerical tests to improve the vertical

mixing at the surface.

Available observations of the water column thermal stratification indicate that both GULF18 configurations may have higher

accuracy than PGM4 on the shelf, especially in the proximity of the upper (0-10 m) and bottom (40-50 m) boundary layers.605

Similarly, in the proximity of the shelf-break both GULF18 models represent a more accurate vertical stratification than

PGM4, with an average reduction of the RMSE of ≈ 22% for temperature and ≈ 25% for salinity. This is probably due to

their more realistic bathymetry and enhanced vertical resolution in the upper 300 m of the water column, which allows the two

GULF18 models to represent, for example, a more realistic saline dense water cascading at the shelf-break.

In the deep part of the domain, both high resolution configurations present a similar accuracy to PGM4 for temperature610

while for salinity there seems to be not a clear pattern. The good accuracy of PGM4 is probably due to the fact that, in this

area, a larger portion of the model domain is strongly relaxed to the data assimilating solution forcing the open boundary. To

the contrary, the improvements of GULF18 models are probably due to their higher horizontal and vertical resolution and their

updated formulations of the atmospheric, river and light penetration forcings.

Our assessment seems also to suggest that, in general, GULF18-4.0 might have higher accuracy than GULF18-3.6 in repre-615

senting the water column stratification, especially in the upper ≈ 120 m near the shelf-break. This is probably due to the larger

inaccuracies of GULF18-3.6 in computing the pressure gradient force in areas where the bottom topography is particularly

steep, in agreement with the findings of Wise et al. (2021) for a model of the north-west European shelf.

Numerical trajectories simulated forcing a Lagrangian model with surface currents from PGM4 and GULF18 models present620

similar accuracy, with basin averaged ss > 0.65 and standard deviations < 0.15, demonstrating a good agreement with satellite-

tracked drifters. This is the case especially on the shelf and near the shelf-break (differences in the ss are less than 3%), areas

where tidal currents are stronger. Hence, these results seem to support the conclusions of our tidal harmonic analysis, indicating

that PGM4 and both GULF18 models might simulate tides with comparable accuracy.

In the deeper area of the domain PGM4 shows lower accuracy than the two high resolution models (−6%). In this area,625

barotropic tides are less important and the surface transport is mainly controlled by the wind-driven circulation. It is likely that

the poorer skill of the PGM4 model might be due to its too coarse lateral and vertical resolution which ultimately generate too
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weak and smoother grid cell averaged surface current fields.

In conclusion, our results indicate that both GULF18 models are broadly more accurate than the PGM4 model, proving the630

benefit of increasing the horizontal and vertical resolution and using a more realistic and detailed bathymetry. In addition, we

found GULF18-4.0 to be generally more accurate than GULF18-3.6, demonstrating the advantage of optimising the vertical

grid for the prevailing physical processes at stake, in agreement with previous numerical studies (e.g. Bruciaferri et al. (2020);

Wise et al. (2021)).

635

In a future study, data assimilation could be applied to the GULF18-4.0 model to assess and understand the additional

predictive skill that might be obtained on short-term forecasting time-scales. Similarly, GULF18-4.0 could be also used for

longer hindcast integrations to assess its skill on climatic time-scales and for future climatic projections of the Gulf marine

environment.

Code and data availability. The three Gulf models described and compared in this study are based on NEMO ocean model code, which640

is freely available from the NEMO website (www.nemo-ocean.eu). Additional modifications to the NEMO original code are required

for running PGM4, GULF18-3.6 and GULF18-4.0 simulations. The actual NEMO source code, list of code branches, compilation keys

and namelists adopted by the three models used in this manuscript are available at https://zenodo.org/record/6865886. Lagrangian sim-

ulations were run using OpenDrift Lagrangian modelling framework available at https://opendrift.github.io/. The nature of the 4-D data

generated by the three models requires a large tape storage facility. The data that comprise the PGM4, GULF18-3.6 and GULF18-4.0 hind-645

cast simulations are of the order of tens of TB. However, the data can be made available by contacting the authors. Processed data used

in this paper for the production of figures and the analysis and the outputs of the Lagrangian simulations are available at https://zenodo.

org/record/6862364. OSTIA data are freely available via the European Copernicus Marine Environment Monitoring Service (CMEMS,

https://marine.copernicus.eu/) at https://resources.marine.copernicus.eu/product-detail/SST_GLO_SST_L4_NRT_OBSERVATIONS_010_

001/INFORMATION. Similarly, data for temperature and salinity of the Gulf water column and observed drifter trajectories are freely avail-650

able at https://resources.marine.copernicus.eu/product-detail/INSITU_GLO_NRT_OBSERVATIONS_013_030/INFORMATION. Tidal ob-

servations from Pous et al. (2013) and Mashayekh Poul et al. (2016) are available at https://zenodo.org/record/6862364.

Author contributions. DB developed GULF18-* models, run GULF18-* simulations, run the Lagrangian simulations, conducted the formal

analysis, prepared the figures and wrote the draft of the paper. DB, MT and IA conceptualised the numerical experiments and gathered the

available observations. IA run PGM4 simulations. FA collected and provided the two hydrographic observational datasets off the coast of655

Kuwait. EO provided the original code and support for the tidal harmonic analysis. All the co-authors contributed to the discussion of the

results and to the final version of the manuscript.

32

https://doi.org/10.5194/gmd-2022-189
Preprint. Discussion started: 8 August 2022
c© Author(s) 2022. CC BY 4.0 License.



Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. Simulations were carried out on the Cray HPC at the Met Office, UK. Funding support is gratefully acknowledged

from the Ministry of Defense and the Public Weather Service. The projects collecting the northern Gulf datasets were funded by the Kuwait660

Foundation for the Advancement of Sciences, project numbers 2012640103 and P21644SE01.

33

https://doi.org/10.5194/gmd-2022-189
Preprint. Discussion started: 8 August 2022
c© Author(s) 2022. CC BY 4.0 License.



References

Al Azhar, M., Temimi, M., Zhao, J., and Ghedira, H.: Modeling of circulation in the Arabian Gulf and the Sea of Oman: Skill assessment

and seasonal thermohaline structure, Journal of Geophysical Research: Oceans, 121, 1700–1720, https://doi.org/10.1002/2015JC011038,

2016.665

Al Senafi, F. and Anis, A.: Internal Waves on the Continental Shelf of the Northwestern Arabian Gulf, Frontiers in Marine Science, 6, 1–19,

https://doi.org/10.3389/fmars.2019.00805, 2020a.

Al Senafi, F. and Anis, A.: Wind-driven flow dynamics off the Northwestern Arabian Gulf Coast, Estuarine, Coastal and Shelf Science, 233,

106 511, https://doi.org/10.1016/j.ecss.2019.106511, 2020b.

Al Senafi, F., Anis, A., and Menezes, V.: Surface heat fluxes over the northern Arabian Gulf and the northern Red Sea: Evaluation of670

ECMWF-ERA5 and NASA-MERRA2 reanalyses, Atmosphere, 10, 1–30, https://doi.org/10.3390/atmos10090504, 2019.

Al Shehhi, M. R., Gherboudj, I., and Ghedira, H.: An overview of historical harmful algae blooms outbreaks in the Arabian Seas, Marine

Pollution Bulletin, 86, 314–324, https://doi.org/10.1016/j.marpolbul.2014.06.048, 2014.

Amemou, H., Koné, V., Aman, A., and Lett, C.: Assessment of a Lagrangian model using trajectories of oceanographic drifters and fishing

devices in the Tropical Atlantic Ocean, Progress in Oceanography, 188, 102 426, https://doi.org/10.1016/j.pocean.2020.102426, 2020.675

Arakawa, A. and Lamb, V. R.: A Potential Enstrophy and Energy Conserving Scheme for the Shallow Water Equations, Monthly Weather

Review, 109, 18–36, https://doi.org/10.1175/1520-0493(1981)109<0018:APEAEC>2.0.CO;2, 1981.

Barron, C. N., Smedstad, L. F., Dastugue, J. M., and Smedstad, O. M.: Evaluation of ocean models using observed and simulated drifter

trajectories: Impact of sea surface height on synthetic profiles for data assimilation, Journal of Geophysical Research, 112, C07 019,

https://doi.org/10.1029/2006JC003982, 2007.680

Berntsen, J.: Internal pressure errors in sigma coordinate ocean models, Journal of Atmospheric and Oceanic Technology, 21, 1403–1413,

https://doi.org/10.1016/j.ocemod.2005.05.001, 2002.

Breivik, Ø., Allen, A. A., Maisondieu, C., and Olagnon, M.: Advances in search and rescue at sea, Ocean Dynamics, 63, 83–88,

https://doi.org/10.1007/s10236-012-0581-1, 2013.

Bruciaferri, D., Shapiro, G. I., and Wobus, F.: A multi-envelope vertical coordinate system for numerical ocean modelling, Ocean Dynamics,685

68, 1239–1258, https://doi.org/10.1007/s10236-018-1189-x, 2018.

Bruciaferri, D., Shapiro, G., Stanichny, S., Zatsepin, A., Ezer, T., Wobus, F., Francis, X., and Hilton, D.: The development of a 3D

computational mesh to improve the representation of dynamic processes: The Black Sea test case, Ocean Modelling, 146, 101 534,

https://doi.org/10.1016/j.ocemod.2019.101534, 2020.

Bruciaferri, D., Tonani, M., Lewis, H. W., Siddorn, J. R., Saulter, A., Castillo, J. M., Valiente, N. G., Conley, D., Sykes, P., Ascione, I., and690

McConnell, N.: The impact of ocean-wave coupling on the upper ocean circulation during storm events, Journal of Geophysical Research:

Oceans, https://doi.org/10.1029/2021JC017343, 2021.

Carniel, S., Warner, J. C., Chiggiato, J., and Sclavo, M.: Investigating the impact of surface wave breaking on model-

ing the trajectories of drifters in the northern Adriatic Sea during a wind-storm event, Ocean Modelling, 30, 225–239,

https://doi.org/10.1016/j.ocemod.2009.07.001, 2009.695

Crocker, R., Maksymczuk, J., Mittermaier, M., Tonani, M., and Pequignet, C.: An approach to the verification of high-resolution ocean

models using spatial methods, Ocean Science, 16, 831–845, https://doi.org/10.5194/os-16-831-2020, 2020.

34

https://doi.org/10.5194/gmd-2022-189
Preprint. Discussion started: 8 August 2022
c© Author(s) 2022. CC BY 4.0 License.



Dagestad, K.-F. and Röhrs, J.: Prediction of ocean surface trajectories using satellite derived vs. modeled ocean currents, Remote Sensing of

Environment, 223, 130–142, https://doi.org/10.1016/j.rse.2019.01.001, 2019.

Dagestad, K.-F., Röhrs, J., Breivik, Ø., and Ådlandsvik, B.: OpenDrift v1.0: a generic framework for trajectory modelling, Geoscientific700

Model Development, 11, 1405–1420, https://doi.org/10.5194/gmd-11-1405-2018, 2018.

De Dominicis, M., Bruciaferri, D., Gerin, R., Pinardi, N., Poulain, P. M., Garreau, P., Zodiatis, G., Perivoliotis, L., Fazioli, L., Sorgente,

R., Manganiello, C., and Garreaue, P.: A multi-model assessment of the impact of currents, waves and wind in modelling surface drifters

and oil spill, Deep-Sea Research Part II: Topical Studies in Oceanography, under revi, 21–38, https://doi.org/10.1016/j.dsr2.2016.04.002,

2016.705

Donlon, C. J., Martin, M., Stark, J., Roberts-Jones, J., Fiedler, E., and Wimmer, W.: The Operational Sea Surface Temperature and Sea Ice

Analysis (OSTIA) system, Remote Sensing of Environment, 116, 140–158, https://doi.org/10.1016/j.rse.2010.10.017, 2012.

Dukhovskoy, D. S., Morey, S. L., Martin, P. J., O’Brien, J. J., and Cooper, C.: Application of a vanishing, quasi-sigma, vertical coordi-

nate for simulation of high-speed, deep currents over the Sigsbee Escarpment in the Gulf of Mexico, Ocean Modelling, 28, 250–265,

https://doi.org/10.1016/j.ocemod.2009.02.009, 2009.710

Egbert, G. D. and Erofeeva, S. Y.: Efficient Inverse Modeling of Barotropic Ocean Tides, Journal of Atmospheric and Oceanic Technology,

19, 183–204, https://doi.org/10.1175/1520-0426(2002)019<0183:EIMOBO>2.0.CO;2, 2002.

Essa, S., Harahsheh, H., Shiobara, M., and Nishidai, T.: Chapter 3 Operational remote sensing for the detection and monitoring of oil pollution

in the arabian gulf: Case studies from the United Arab emirates, pp. 31–48, https://doi.org/10.1016/S1571-9197(05)80027-8, 2005.

Ezer, T. and Mellor, G. L.: Sensitivity studies with the North Atlantic sigma coordinate Princeton Ocean Model, Dynamics of Atmospheres715

and Oceans, 32, 185–208, 2000.

Flather, R. A.: A tidal model of the northwest European continental shelf, Memoires de la Societe Royale des Sciences de Liege., 10,

141–164, 1976.

Gherboudj, I. and Ghedira, H.: Spatiotemporal assessment of dust loading over the United Arab Emirates, International Journal of Climatol-

ogy, 34, 3321–3335, https://doi.org/10.1002/joc.3909, 2014.720

Graham, J. A., O’Dea, E., Holt, J., Polton, J., Hewitt, H. T., Furner, R., Guihou, K., Brereton, A., Arnold, A., Wakelin, S., Castillo Sanchez,

J. M., and Mayorga Adame, C. G.: AMM15: a new high-resolution NEMO configuration for operational simulation of the European

north-west shelf, Geoscientific Model Development, 11, 681–696, https://doi.org/10.5194/gmd-11-681-2018, 2018a.

Graham, J. A., Rosser, J. P., O’Dea, E., and Hewitt, H. T.: Resolving Shelf Break Exchange Around the European Northwest Shelf, Geo-

physical Research Letters, 45, 12,386–12,395, https://doi.org/10.1029/2018GL079399, 2018b.725

Griffiths, S. D.: Kelvin wave propagation along straight boundaries in C-grid finite-difference models, Journal of Computational Physics,

255, 639–659, https://doi.org/10.1016/j.jcp.2013.08.040, 2013.

Haidvogel, D. and Beckmann, A.: Numerical Ocean Circulation Modeling, Imperial College Press, https://doi.org/10.2277/0521781825,

1999.

Hofmeister, R., Burchard, H., and Beckers, J. M.: Non-uniform adaptive vertical grids for 3D numerical ocean models, Ocean Modelling,730

33, 70–86, https://doi.org/10.1016/j.ocemod.2009.12.003, 2010.

Hordoir, R., Axell, L., Höglund, A., Dieterich, C., Fransner, F., Gröger, M., Liu, Y., Pemberton, P., Schimanke, S., Andersson, H., Ljungemyr,

P., Nygren, P., Falahat, S., Nord, A., Jönsson, A., Lake, I., Döös, K., Hieronymus, M., Dietze, H., Löptien, U., Kuznetsov, I., Westerlund,

A., Tuomi, L., and Haapala, J.: Nemo-Nordic 1.0: a NEMO-based ocean model for the Baltic and North seas - research and operational

applications, Geoscientific Model Development, 12, 363–386, https://doi.org/10.5194/gmd-12-363-2019, 2019.735

35

https://doi.org/10.5194/gmd-2022-189
Preprint. Discussion started: 8 August 2022
c© Author(s) 2022. CC BY 4.0 License.



Hyder, P., While, J., Arnold, A., O’Dea, E., Furner, R., Siddorn, J., Martin, M., and Sykes, P.: Evaluating a new NEMO-based Persian/Arabian

Gulf tidal operational model, Journal of Operational Oceanography, 6, 3–16, https://doi.org/10.1080/1755876X.2013.11020140, 2013.

Johns, W., Jacobs, G., Kindle, J., Murray, S., and Carron, M.: Arabian marginal seas and gulfs: Report of a work-shop held at Stennis Space

Center, Miss. 11–13 May, 1999., Tech. rep., University of Miami RSMAS, 1999.

Klingbeil, K. and Burchard, H.: Implementation of a direct nonhydrostatic pressure gradient discretisation into a layered ocean model, Ocean740

Modelling, 65, 64–77, https://doi.org/10.1016/j.ocemod.2013.02.002, 2013.

Large, W. G. and Yeager, S. G.: The global climatology of an interannually varying air–sea flux data set, Climate Dynamics, 33, 341–364,

https://doi.org/10.1007/s00382-008-0441-3, 2009.

Lazure, P. and Dumas, F.: An external–internal mode coupling for a 3D hydrodynamical model for applications at regional scale (MARS),

Advances in Water Resources, 31, 233–250, https://doi.org/10.1016/j.advwatres.2007.06.010, 2008.745

Levier, B., Treguier, A. M., Madec, G., and Garnier, V.: Free surface and variable volume in the NEMO code, Tech. rep., IFREMER, Brest,

France, MESRSEA IP report WP09-CNRS-STR03-1, 2007.

Li, D., Anis, A., and Al Senafi, F.: Neap-spring variability of tidal dynamics in the Northern Arabian Gulf, Continental Shelf Research, 197,

104 086, https://doi.org/10.1016/j.csr.2020.104086, 2020.

Liu, Y. and Weisberg, R. H.: Evaluation of trajectory modeling in different dynamic regions using normalized cumulative Lagrangian sepa-750

ration, Journal of Geophysical Research, 116, C09 013, https://doi.org/10.1029/2010JC006837, 2011.

Lorenz, M., Klingbeil, K., and Burchard, H.: Numerical Study of the Exchange Flow of the Persian Gulf Using an Extended Total Exchange

Flow Analysis Framework, Journal of Geophysical Research: Oceans, 125, https://doi.org/10.1029/2019JC015527, 2020.

Lyard, F. H., Allain, D. J., Cancet, M., Carrère, L., and Picot, N.: FES2014 global ocean tide atlas: design and performance, Ocean Science,

17, 615–649, https://doi.org/10.5194/os-17-615-2021, 2021.755

Madec, G. and NEMO-team: NEMO ocean engine, Note du Pôle de modélisation, Institut Pierre-Simon Laplace (IPSL),

https://doi.org/10.5281/zenodo.1475234, 2012.

Madec, G. and NEMO-team: NEMO ocean engine, Note du Pôle de modélisation, Institut Pierre-Simon Laplace (IPSL), p. 357pp.,

https://doi.org/10.5281/zenodo.3248739, 2016.

Madec, G. and NEMO-team: NEMO ocean engine, Scientific Notes of Climate Modelling Center, Institut Pierre-Simon Laplace (IPSL),760

https://doi.org/10.5281/zenodo.1464816, 2019.

Mahmood, S., Lewis, H., Arnold, A., Castillo, J., Sanchez, C., and Harris, C.: The impact of time-varying sea surface temperature on UK

regional atmosphere forecasts, Meteorological Applications, 28, https://doi.org/10.1002/met.1983, 2021.

Martinho, A. S. and Batteen, M. L.: On reducing the slope parameter in terrain-following numerical ocean models, Ocean Modelling, 13,

166–175, https://doi.org/10.1016/j.ocemod.2006.01.003, 2006.765

Martinsen, E. A. and Engedahl, H.: Implementation and testing of a lateral boundary scheme as an open boundary condition in a barotropic

ocean model, Coastal Engineering, 11, 603–627, https://doi.org/10.1016/0378-3839(87)90028-7, 1987.

Mashayekh Poul, H., Backhaus, J., and Huebner, U.: A description of the tides and effect of Qeshm canal on that in the Persian Gulf using

two-dimensional numerical model, Arabian Journal of Geosciences, 9, 148, https://doi.org/10.1007/s12517-015-2259-8, 2016.

Matsuyama, M., Kitade, Y., Senjyu, T., Koike, Y., and Ishimaru, T.: Vertical structure of a current and density front in the Strait of Hormuz,770

in: Offshore Environment ROPME Sea Area After War-Related Oil Spill, edited by Otsuki, A., Abdulraheem, M. Y., and Reynolds, R. M.,

pp. 23–24, Terra Scientific (TERRAPUB), Tokyo, 1998.

36

https://doi.org/10.5194/gmd-2022-189
Preprint. Discussion started: 8 August 2022
c© Author(s) 2022. CC BY 4.0 License.



Mellor, G. L., Oey, L. Y., and Ezer, T.: Sigma coordinate pressure gradient errors and the seamount Problem, Journal of Atmospheric and

Oceanic Technology, 15, 1122–1131, https://doi.org/10.1175/1520-0426(1998)015<1122:SCPGEA>2.0.CO;2, 1998.

Minobe, S., Kuwano-Yoshida, A., Komori, N., Xie, S.-P., and Small, R. J.: Influence of the Gulf Stream on the troposphere, Nature, 452,775

206–209, https://doi.org/10.1038/nature06690, 2008.

O’Dea, E., Furner, R., Wakelin, S., Siddorn, J., While, J., Sykes, P., King, R., Holt, J., and Hewitt, H.: The CO5 configuration of the 7

km Atlantic Margin Model: large-scale biases and sensitivity to forcing, physics options and vertical resolution, Geoscientific Model

Development, 10, 2947–2969, https://doi.org/10.5194/gmd-10-2947-2017, 2017.

O’Dea, E., Bell, M. J., Coward, A., and Holt, J.: Implementation and assessment of a flux limiter based wetting and drying scheme in NEMO,780

Ocean Modelling, 155, 101 708, https://doi.org/10.1016/j.ocemod.2020.101708, 2020.

O’Dea, E. J., Arnold, A. K., Edwards, K. P., Furner, R., Hyder, P., Martin, M. J., Siddorn, J. R., Storkey, D., While, J., Holt, J. T., and Liu, H.:

An operational ocean forecast system incorporating NEMO and SST data assimilation for the tidally driven European North-West shelf,

Journal of Operational Oceanography, 5, 3–17, https://doi.org/10.1080/1755876X.2012.1102012, 2012.

Pous, S., Carton, X., and Lazure, P.: A Process Study of the Wind-Induced Circulation in the Persian Gulf, Open Journal of Marine Science,785

03, 1–11, https://doi.org/10.4236/ojms.2013.31001, 2013.

Pous, S., Lazure, P., and Carton, X.: A model of the general circulation in the Persian Gulf and in the Strait of Hormuz: Intraseasonal to

interannual variability, Continental Shelf Research, 94, 55–70, https://doi.org/10.1016/j.csr.2014.12.008, 2015.

Proctor, R., Flather, R. A., and Elliott, A. J.: Modelling tides and surface drift in the Arabian Gulf—application to the Gulf oil spill, Conti-

nental Shelf Research, 14, 531–545, https://doi.org/10.1016/0278-4343(94)90102-3, 1994.790

Reynolds, M. R.: Physical oceanography of the Gulf, Strait of Hormuz, and the Gulf of Oman—Results from the Mt Mitchell expedition,

Marine Pollution Bulletin, 27, 35–59, https://doi.org/10.1016/0025-326X(93)90007-7, 1993.

Richlen, M. L., Morton, S. L., Jamali, E. A., Rajan, A., and Anderson, D. M.: The catastrophic 2008–2009 red tide in the Arabian gulf region,

with observations on the identification and phylogeny of the fish-killing dinoflagellate Cochlodinium polykrikoides, Harmful Algae, 9,

163–172, https://doi.org/10.1016/j.hal.2009.08.013, 2010.795

Roos, P. C. and Schuttelaars, H. M.: Influence of topography on tide propagation and amplification in semi-enclosed basins, Ocean Dynamics,

61, 21–38, https://doi.org/10.1007/s10236-010-0340-0, 2011.

Shapiro, G., Wobus, F., Solovyev, V., Francis, X., Hyder, P., Chen, F., and Asif, M.: Cascading of high salinity bottom waters from the

Arabian/Persian Gulf to the northern Arabian Sea, in: EGU General Assembly Conference Abstracts, p. 7366, Vienna, Austria, 2017.

Shapiro, G. I., Luneva, M., Pickering, J., and Storkey, D.: The effect of various vertical discretization schemes and horizontal diffusion pa-800

rameterization on the performance of a 3-D ocean model: the Black Sea case study, Ocean Science, 9, 377–390, https://doi.org/10.5194/os-

9-377-2013, 2013.

Shchepetkin, A. F. and McWilliams, J. C.: The regional oceanic modeling system (ROMS): a split-explicit, free-surface, topography-

following-coordinate oceanic model, Ocean Modelling, 9, 347–404, https://doi.org/10.1016/j.ocemod.2004.08.002, 2005.

Siddorn, J. R. and Furner, R.: An analytical stretching function that combines the best attributes of geopotential and terrain-following vertical805

coordinates, Ocean Modelling, 66, 1–13, https://doi.org/10.1016/j.ocemod.2013.02.001, 2013.

Simpson, J. H. and Sharples, J.: Introduction to the Physical and Biological oceanography of Shelf Seas, Cambridge and New York: Cam-

bridge University Press, 2012.

Song, Y. and Haidvogel, D.: A Semi-implicit Ocean Circulation Model Using a Generalized Topography-Following Coordinate System,

Journal of Computational Physics, 115, 228–244, https://doi.org/10.1006/jcph.1994.1189, 1994.810

37

https://doi.org/10.5194/gmd-2022-189
Preprint. Discussion started: 8 August 2022
c© Author(s) 2022. CC BY 4.0 License.



Storkey, D., Blockley, E. W., Furner, R., Guiavarc’h, C., Lea, D., Martin, M. J., Barciela, R. M., Hines, A., Hyder, P., and Sid-

dorn, J. R.: Forecasting the ocean state using NEMO:The new FOAM system, Journal of Operational Oceanography, 3, 3–15,

https://doi.org/10.1080/1755876X.2010.11020109, 2010.

Storkey, D., Blaker, A. T., Mathiot, P., Megann, A., Aksenov, Y., Blockley, E. W., Calvert, D., Graham, T., Hewitt, H. T., Hyder, P., Kuhlbrodt,

T., Rae, J. G. L., and Sinha, B.: UK Global Ocean GO6 and GO7: a traceable hierarchy of model resolutions, Geoscientific Model815

Development, 11, 3187–3213, https://doi.org/10.5194/gmd-11-3187-2018, 2018.

Tonani, M., Sykes, P., King, R. R., McConnell, N., Péquignet, A.-C., O’Dea, E., Graham, J. A., Polton, J., and Siddorn, J.: The impact of

a new high-resolution ocean model on the Met Office North-West European Shelf forecasting system, Ocean Science, 15, 1133–1158,

https://doi.org/10.5194/os-15-1133-2019, 2019.

Umlauf, L. and Burchard, H.: Second-order turbulence closure models for geophysical boundary layers. A review of recent work, Continental820

Shelf Research, 25, 795–827, https://doi.org/10.1016/j.csr.2004.08.004, 2005.

UNESCO: Algorithms for computation of fundamental property of sea water., Techn. Paper in Mar. Sci, 44, 1983.

Vasou, P., Vervatis, V., Krokos, G., Hoteit, I., and Sofianos, S.: Variability of water exchanges through the Strait of Hormuz, Ocean Dynamics,

70, 1053–1065, https://doi.org/10.1007/s10236-020-01384-2, 2020.

Walters, D., Baran, A. J., Boutle, I., Brooks, M., Earnshaw, P., Edwards, J., Furtado, K., Hill, P., Lock, A., Manners, J., Morcrette, C., Mulcahy,825

J., Sanchez, C., Smith, C., Stratton, R., Tennant, W., Tomassini, L., Van Weverberg, K., Vosper, S., Willett, M., Browse, J., Bushell, A.,

Carslaw, K., Dalvi, M., Essery, R., Gedney, N., Hardiman, S., Johnson, B., Johnson, C., Jones, A., Jones, C., Mann, G., Milton, S.,

Rumbold, H., Sellar, A., Ujiie, M., Whitall, M., Williams, K., and Zerroukat, M.: The Met Office Unified Model Global Atmosphere

7.0/7.1 and JULES Global Land 7.0 configurations, Geoscientific Model Development, 12, 1909–1963, https://doi.org/10.5194/gmd-12-

1909-2019, 2019.830

Wehde, H., Schuckmann, K. V., Pouliquen, S., Grouazel, A., Bartolome, T., Tintore, J., De Alfonso Alonso-Munoyerro,

M., Carval, T., Racapé, V., and tean The, I.: Global Ocean- In-Situ Near-Real-Time Observations, Tech. rep., CMEMS,

https://doi.org/https://doi.org/10.13155/75807, 2021.

Wise, A., Harle, J., Bruciaferri, D., O’Dea, E., and Polton, J.: The effect of vertical coordinates on the accuracy of a shelf sea model, Ocean

Modelling, p. 101935, https://doi.org/10.1016/j.ocemod.2021.101935, 2021.835

Zhao, J. and Ghedira, H.: Monitoring red tide with satellite imagery and numerical models: A case study in the Arabian Gulf, Marine

Pollution Bulletin, 79, 305–313, https://doi.org/10.1016/j.marpolbul.2013.10.057, 2014.

Zhao, J., Temimi, M., Ghedira, H., and Hu, C.: Exploring the potential of optical remote sensing for oil spill detection in shallow coastal

waters-a case study in the Arabian Gulf, Optics Express, 22, 13 755, https://doi.org/10.1364/OE.22.013755, 2014.

Zhao, J., Temimi, M., Al Azhar, M., and Ghedira, H.: Satellite-Based Tracking of Oil Pollution in the Arabian Gulf and the Sea of Oman,840

Canadian Journal of Remote Sensing, 41, 113–125, https://doi.org/10.1080/07038992.2015.1042543, 2015.

38

https://doi.org/10.5194/gmd-2022-189
Preprint. Discussion started: 8 August 2022
c© Author(s) 2022. CC BY 4.0 License.


