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Interannual Variability of the Exchange Flow Through
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1Earth Science and Engineering Department, King Abdullah University of Science and Technology, Thuwal, Saudi
Arabia, 2State Key Laboratory of Tropical Oceanography, South China Sea Institute of Oceanology, Chinese Academy of
Sciences, Guangzhou, China, 3Division of Environmental Physics, National and Kapodistrian University of Athens,
Athens, Greece

Abstract The interannual variability of the exchange flow between the Red Sea and the Gulf of Aden
through the Bab‐al‐Mandeb strait is examined based on a high‐resolution, nonhydrostatic hindcast model
simulation covering a 19‐year period (1995–2013), using the MITgcm (MIT general circulation model). The
model is validated against moored profiles and along‐strait cruise observations collected during the period
from June 1995 to November 1996 and 19‐year sea surface temperature satellite observations. The model well
reproduces the properties of the water masses at the strait over a wide range of spatiotemporal scales,
including the typical two‐ and three‐layer seasonal patterns and the related intraseasonal‐to‐interannual
cycles. The seasonality of the exchange flow is predominately determined by the time‐varying surface winds,
with a higher correlation over the Gulf of Aden, reflecting the importance of local Gulf of Aden processes for
the exchanges at the strait. The alternation of the two seasonal patterns is driven by a combination of the
buoyancy‐driven mean circulation with the wind‐induced transport. The onset/offset of the two patterns is
estimated to take place one‐to‐two weeks after the respective monsoon‐driven wind reversal. Model results
indicate that the onset dates and durations of both patterns exhibit a considerable interannual variability.
Additionally, the duration of the summer (winter) exchange pattern presents a significant increasing
(decreasing) trend of ~1.45 day/year (~1.22 day/year) over the 19‐year period. Significant interannual
variabilities and trends are observed in terms of the total volume of water, salt mass, and stored heat of the
exchanges. Budget analysis of these trends suggests that the duration of the two exchange patterns is more
important in determining the interannual variability and the related trends than the intensity of the
exchange, or the variations in mean salinity or temperature of the exchanged water masses.

Plain Language Summary The interannual variability of exchange flow through the poorly
sampled strait of Bab‐al‐Mandeb is examined based on a high‐resolution, nonhydrostatic hindcast model
simulation covering a 19‐year period (1995–2013), using the MITgcm model. The simulation successfully
reproduces the properties of water masses at the strait over a wide range of spatiotemporal scales,
including the typical two‐ and three‐layer seasonal patterns and the related intraseasonal‐to‐interannual
cycles. We show that the seasonality of the exchange flow is predominately determined by the time‐varying
surface winds, and the alteration of the two seasonal patterns is driven by a combination of the
buoyancy‐driven mean circulation with the wind‐induced transport. The simulation results reveal that the
onset dates and durations of both patterns exhibit a considerable interannual variability. The duration of the
summer (winter) exchange pattern presents a significant increasing (decreasing) trend of 1.45 day/year
(1.22 day/year) over the 19‐year period. Significant interannual variability and trends are also observed with
respect to the exchanged total volume of water, salt mass, and stored heat. Based on a budget analysis of
these trends, we demonstrate that the duration of the two exchange patterns is more important in
determining the interannual variability and the related trends.

1. Introduction

The Red Sea is a nearly enclosed marginal sea characterized by an elongated shape separating the African
and Asian continents (Figure 1a). It extends from 30°N to 12.5°N, with a length of ~2,000 km and an average
width of ~220 km. The Red Sea's connection to the open ocean is located in the south, through the narrow
and shallow Bab‐al‐Mandeb (BAM) strait (Figure 1b). The salty Red Sea outflow water through the strait
spreads eastward to the northern Indian Ocean and southward to the Mozambique Channel (Beal &
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Bryden, 1999; Gründlingh, 1985; Shapiro &Meschanov, 1991), making it an essential component of the ther-
mohaline circulation of the Indian Ocean (Beal et al., 2000). On the other hand, the water exchanges through
the strait strongly influence the physical oceanographic processes inside the Red Sea and are vital for its
unique ecosystem. The Red Sea is an oligotrophic marine ecosystem, which heavily depends on nutrient sup-
ply through its connection with the open ocean (Churchill et al., 2014; Triantafyllou et al., 2014). Studies
have revealed a strong coherence between the biological productivity and the seasonal and interannual
variability of the exchanges at the strait (Raitsos et al., 2015; Dreano et al., 2016). Although a modern study
of the exchange flow through the BAM strait can dates back to about 90 years ago (Vercelli, 1927; Vercelli,
1931), it remains considerably less studied than many other key straits (Smeed, 2004), such as the strait of
Gibraltar.

One of the features of exchange flow through the BAM strait is the seasonal alternation of the two‐ and
three‐layer patterns (Maillard & Soliman, 1986; Siedler, 1968; Vercelli, 1931). Because of the extensive eva-
poration and negligible precipitation and river runoff, the basic pattern of exchange in the BAM strait during
the winter season (October–May) is similar to the two‐layer antiestuarine pattern of the Gibraltar strait, with
a layer of a fresh (~36.3 psu) surface inflow water (SIW) overlying a layer of high‐salinity (~39.7 psu) deep
outflow water named the Red Sea Outflow Water (RSOW). In summer (June–September), however, influ-
enced by the reversal of local monsoon winds and possibly by the annual cycle of the buoyancy forcing over
the Red Sea, the exchange in the BAM strait switches into a three‐layer pattern, with a shallow warm
(~30.5 °C) surface outflow water (SOW) layer, an intermediate relatively fresh (~36.1 psu) and cold
(~21 °C) Gulf of Aden inflow Water (GAIW) layer, and a much weaker and very salty (~40.3 psu) deep
RSOW layer (Maillard & Soliman, 1986).

The one year and half observations (Murray & Johns, 1997, hereinafter MJ97) collected about two decades
ago, between June 1995 and November 1996, revealed a coherent picture of the timing, transition, and struc-
ture of the two‐ and three‐layer patterns of the exchange flow and an interannual difference of the onset date
of the summer three‐layer pattern. Specifically, the observations show that, in 1995, the onset date of the
three‐layer pattern is in mid‐June, whereas in 1996, its onset date starts earlier (early June; Sofianos et al.,

Figure 1. (a) Parent model domain including the entire Red Sea and GoA, nested model subdomain (solid rectangular region) focusing on the BAM strait and
Western GoA, and high‐resolution region in subdomain (dashed rectangular region) with dx = dy = 0.004° (see Figures 2a and 2b). (b) Zoomed‐in version
of the high‐resolution region in the subdomain showing the steep and complex topography in the BAM strait. Contours (units: m) are drawn at 50‐m intervals. Black
and magenta dots in (b) represent mooring observation sites of velocity, temperature, and salinity in MJ97. Blue line in (b) represents the Hanish Sill section
located across the observation sites and extracted for analysis.
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2002, hereinafter SJM02; Johns & Sofianos, 2012). Based on this one year and a half data set, Johns and
Sofianos (2012) showed that the exchange through the BAM strait experienced strong fluctuations at
shorter time scales (e.g., synoptic time scales from a few days to several weeks). Using the same
observations, Pratt et al. (2000) suggested that hydraulic control in the strait may intermittently occur at
the tidal scale.

The exchange in the strait has been linked to both thermohaline and wind forcing (Patzert, 1974; Phillips,
1966). The most representative theory of the thermohaline‐driven exchange was based on Phillips's model
(Phillips, 1966), suggesting that the two‐layered flow is produced by a uniform buoyancy loss over the
surface of the Red Sea. This thermohaline‐driven exchange was in qualitative agreement with the observed
winter two‐layer pattern and could be considered as the base state of the exchange in the strait. Based on
monthly mean surface currents compiled from drift observations along the central axis in the Red Sea,
Patzert (1974) observed that the reversal of surface flow in the strait coincides with the wind reversal in the
southern Red Sea. Accordingly, he suggested that the wind stress and the associated sea level changes in
the southern Red Sea and the Gulf of Aden (GoA) controlled the seasonal alternation of the exchange flow.

Using the Miami Isopycnic Coordinate Ocean Model, Sofianos and Johns (2002) investigated the specific
roles of thermohaline and wind forcing in driving the exchange. They suggested that the thermohaline for-
cing was responsible for the base state of exchange in the strait (i.e., the two‐layer flow resolved in the
Phillips' model), while the wind forcing was most influential in controlling the seasonal alternations (i.e.,
the reversal of the surface flow and the intrusion of the GAIW), as suggested by Patzert (1974). They further
showed that both the direct wind stress effect and the indirect effect through sea level changes were impor-
tant when driving the seasonal alternation, and the upward displacement of subsurface isopycnals in the
northwestern GoA could produce a pressure gradient to drive the intrusion of the GAIW. In addition to these
effects associated with wind stress, Johns and Sofianos (2012) showed that the large‐scale barometric pres-
sure was important to drive the transport on synoptic scale, especially at the Helmholtz resonance frequency
of the Red Sea for a period of approximately five days (Candela et al., 1989). Despite of these variabilities at
seasonal and synoptic time scales, there is very little knowledge about the interannual variability of the
exchange flow and the related exchange fluxes in relation to the regional wind forcing.

Numerous modeling studies of the general circulation of the Red Sea have provided additional information
on the exchange flow through the BAM strait (e.g., Aiki et al., 2006; Biton et al., 2008, 2010; Chen et al., 2014;
Clifford et al., 1997; Eshel & Naik, 1997; Siddall et al., 2002; Sofianos & Johns, 2002; Yao, Hoteit, Pratt,
Bower, Zhai, et al., 2014, Yao, Hoteit, Pratt, Bower, Köhl, et al., 2014; Zhai et al., 2015). However, none of
these studies involved validation by direct comparison with the 18‐month long‐term in situ observations
from the MJ97, which includes a complete set of zonal and meridional velocities, temperature, and salinity.
Up‐to‐date validation studies have been limited to comparisons with the annual average volume transport
(e.g., Siddall et al., 2002; Sofianos & Johns, 2002; Yao, Hoteit, Pratt, Bower, Zhai, et al, 2014).

Moreover, the BAM strait is characterized by a very steep and complex topography (Aiki et al., 2006;
Lambeck et al., 2011; Smeed, 2004), with undulating seabed in the vicinity of the shallow sill (Hanish Sill)
and an abrupt slope from 50 m to more than 200 m within 2 km at the deep passage region (Figure 1b). It
extends from the southern entrance off the Perim Island northwest to the Hanish Island, with a length of
~150 km. The Hanish Sill over which the high‐salinity deep RSOW flows has a depth of only 137 m, and
is located at the west of the Hanish Island (Werner & Lange, 1975). This shallowest sill occurs within a pas-
sage of only ~10‐km width, within a triangular‐shaped channel. To the south of the Hanish Sill there are at
least two other narrow deep passages. The narrowest section, near the Perim Island, has a width of ~20 km at
the sea surface, but decreases to less than ~8 km at water depths deeper than 100 m. Outside of the strait
entrance, there are two bottom outlets connected to the steep Tadjura Rift (Figure 1b), with the main
Northern Channel being only 5 kmwide (Peters et al., 2005). In addition, the water column in the BAM strait
is characterized by smoothly varying interfaces (MJ97; Pratt et al., 2000; Pratt &Whitehead, 2008), indicating
a continuously stratified exchange flow due to nonhydrostatic mixing and entrainment. The steepness and
narrowness of the bottom topography and the associated vertical mixing and entrainment processes there-
fore make it difficult to accurately model and describe the exchange flow through the BAM strait.

This study analyzes the outputs of a nonhydrostatic, high‐resolution hindcast MIT general circulation model
(MITgcm) simulation covering a 19‐year period (1995–2013) to investigate the interannual variability of the
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exchange patterns in relation to the regional wind forcing. We implement a one‐way grid nesting approach
from a coarser resolution model to the nonhydrostatic, high‐resolution model, as described in section 2. This
nested, nonhydrostatic, high‐resolution model captures well the steep and narrow bottom topography and
allows for a more realistic representation of vertical mixing processes across the interfaces. Themodel is vali-
dated in section 3 against the moored profiles and along‐strait cruise observations collected during the per-
iod from June 1995 to November 1996 andwith remotely sensed sea surface temperature (SST) data available
over the entire model period 1995–2013. Section 4 presents the model results, and section 5 analyzes the sea-
sonal alternation of the two exchange patterns on the basis of an empirical orthogonal function (EOF) ana-
lysis. Section 6 analyzes the results of the interannual variability and trends of the onset dates, durations, and
quantities including the total water volume, salt mass, and stored heat of the exchange flow. Finally, conclu-
sions are given in section 7.

2. Model Descriptions and Observations
2.1. Numerical Setup

We use the three‐dimensional MITgcm on a spherical‐polar grid (Marshall et al., 1997). The basic principles
of this model, which is enabled for both hydrostatic and nonhydrostatic settings, are described in Adcroft
et al. (2016). The MITgcm allows the nesting of very high‐resolution configurations to resolve important
and complex topographic details and to simulate fluid phenomena over a wide range of scales. In this study
a one‐way nesting approach with two model domains (Figure 1a) is implemented. The exchange flows
through the very complex bathymetry of the BAM strait are simulated by grid nesting from a hydrostatic,
1‐km resolution regional Red Sea model (Figure 1a) into a nonhydrostatic, high‐resolution model of the
Southern Red Sea region domain (as indicated by the solid rectangular in Figure 1a).

The parent regional domain (Figure 1a) covers the entire Red Sea, the Gulf of Suez, and the Gulf of Aqaba,
and is extended to encompass the major part of the GoA. The setup in this domain builds upon a previous
simulation (Yao, Hoteit, Pratt, Bower, Zhai, et al., 2014; Yao, Hoteit, Pratt, Bower, Köhl, et al., 2014) used
to describe the general circulation of the Red Sea. The parent domain is configured with a uniform horizon-
tal resolution of 0.01° (~1 km), a nonuniform vertical grid of 50 layers (see Figure 2c) and a time step of
△t = 90 s. The topography is extracted from the latest release of the GEBCO product, GEBCO_2014 Grid,
a global gridded raster data set with a resolution of 30 arc seconds (Weatherall et al., 2015). The simulation
is initialized from a state of rest, using the annual mean temperature and salinity fields from the World
Ocean Atlas 2013. The open boundary, located at 50°E in the GoA, is forced by the monthly assimilated data
of horizontal velocities, temperature, and salinity supplied by the 1/3° GECCO2 global ocean reanalysis pro-
duct, a new ocean reanalysis employing a similar configuration as the previous 50‐year (1952–2001) GECCO
synthesis, but has an increased resolution and a better agreement with the observed data (Köhl, 2015). The
atmospheric forcing fields are derived from the ERA‐interim ECMWF reanalysis detailed in Dee et al.
(2011), available on 0.75° grid every 6‐hr temporal resolutions. Following a six‐year spin‐up period, the simu-
lation in the parent domain is performed from January 1979 to December 2013. The model outputs simu-
lated for the 19‐year period (December 1994 to November 2013) are used for nesting the nonhydrostatic,
high‐resolution Southern Red Sea model in the subdomain encompassing the BAM strait and the
Western GoA.

The nested subdomain focuses on the region of the BAM strait, the only means of communication between
the Red Sea and the Indian Ocean, via the GoA. It has two open boundaries: one in the north, at 14.9°N
across the southern border of the Red Sea, and one on the east side, at 47°E across the central part of GoA
(as indicated by the solid rectangular region in Figure 1a). In this subdomain, the model is nested with finer
horizontal and vertical grids to capture the complex physical dynamics and bathymetry of the strait. The hor-
izontal resolution (△x and△y; Figures 2a and 2b) is variable, and reaches 0.004° (~430 mwith a horizontal
refinement ratio of 2.5:1) over the area between 42–45°E and 11.5–14°N (see the dashed rectangular domain
in Figure 1a). The grid resolution gradually coarsens to 0.01° toward the end of the subdomain. The vertical
dimension is discretized with 100 levels and a vertical refinement ratio of 2:1. More specifically, the vertical
resolution is 2–6 m in the water depth of upper 250 m, and gradually decreases to 7–20 m below from 250 to
850‐m depth (see Figure 2c). This configuration of the variable high‐resolution grids allows the nonhydro-
static mixing and entrainment processes across the stratified inflow and outflow interfaces to take place
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(Legg et al., 2006; Magaldi & Haine, 2015). It further enables the capturing of the realistic bathymetry,
including the shallowest Hanish Sill, the narrowest passages in the strait, and the two channels connected
to the Tadjura Rift, at the outlet of GoA (Figure 1b). The time step for the subdomain simulations is
△t = 20 s and the same ECMWF reanalysis atmospheric forcing and GEBCO_2014 topography were
used as for the parent domain simulations. The model is nested in the parent domain, from which we
extract the initial and daily open boundary conditions of horizontal velocities, temperature, and salinity.
The simulation is performed over a 19‐year period, from December 1994 to November 2013.

Both model configurations use the K‐profile parameterization (Large et al., 1994) with a background vertical
viscosity of νv = 10−4 m2/s, and with the Leith biharmonic viscosity in the horizontal (Leith, 1968). A no‐slip
condition is applied to all material boundaries, with a quadratic bottom drag coefficient ofCd= 2 × 10−3. The
tracer advection scheme is a third‐order direct space–time flux limited scheme (Hundsdorfer et al., 1995),
which is unconditionally stable. Daily outputs from the 19‐year nested model simulations are stored
for analysis.

2.2. Observations

In situ observations at the BAM strait are sparse in time, with the exception of a year‐round data set (MJ97),
including measurements from temperature‐salinity chain moorings, and Acoustic Doppler Current Profiler
at the Hanish Sill section (Figure 1b). The observations were collected in two deployments, from June 1995
to March 1996, and from March 1996 to November 1996. The observations shown in MJ97 and SJM02 were
located at two different sites: one at which velocity measurements were performed (located at 42.539°E,
13.710°N and indicated by a black dot in Figure 1b) and a second at which temperature and salinity were
measured (located at 42.543°E, 13.708°N and indicated by a magenta dot in Figure 1b). Detailed descriptions
of the deployment of the moored oceanographic instruments and the retrieved vertical profiles are provided
in SJM02 and MJ97.

In addition to the year‐round profile observations at the Hanish Sill, two along‐strait cruise observations
made over the winter (May 1995) and the summer (July 1996) were also used to validate our model.
During these cruises, consecutive salinity profiles allowed the representation of the along‐strait salinity
structure corresponding to the two‐ and three‐layer patterns characterizing the winter and summer periods,
respectively. Details of the along‐strait cruise observations can be found in MJ97 and Sofianos and
Johns (2015).

Moreover, the NOAA 0.25° daily optimum interpolation SST data (Banzon et al., 2016), generated by com-
bining satellite observations from the Advanced Very High Resolution Radiometer (AVHRR) and available
in situ measurements from ships and buoys, are used to validate the model results over the simulated period.

Figure 2. Model horizontal resolution (a)△x and (b)△y for the subdomain and (c) vertical resolution△z for both par-
ent domain (blue dots) and subdomain (black dots).

10.1029/2018JC014478Journal of Geophysical Research: Oceans

XIE ET AL. 5



Here the daily AVHRR data averaged over the region near the Hanish Sill section are extracted for the
validation of the simulated SST.

3. Model Validation: Comparison With Observations

Τhe validation is performed by direct comparison with the 18‐monthmoored profile observations. The simu-
lated along‐strait structure of the water exchange patterns is then compared with observations from two
cruises along the central axis of the strait. Model results at longer time scales are examined by validation
against available SST data.

3.1. Moored Vertical Profile Comparisons

The seasonal variation of the exchange flow structure, from two layers in winter to three layers in summer, is
a characteristic of the exchanges at the BAM strait (e.g., Maillard & Soliman, 1986; Smeed, 1997, Vercelli,
1931). The mooring observations by MJ97 at the Hanish Sill that include a complete set of current, tempera-
ture, and salinity profiles are used here to assess the model's ability to simulate the two exchange patterns.

Monthly mean zonal and meridional velocity profiles, for both simulations (black lines) and observations
(red lines) at the Hanish Sill, are presented in Figure 3 (similar to Figure 5 in Pratt et al., 1999). For the sake
of brevity, only results in June, July, and August (November, January, and March) are included to show the
vertical profile variations in the summer (winter) season. Results for both seasonal patterns are in good
agreement with in situ observations, and the typical three‐ and two‐layer vertical velocity structures, respec-
tively, occurring in summer and winter, are also well reproduced by the model. In Figure 4, comparisons of
temperature and salinity between simulations (left panel) and observations (right panel) are outlined.
Following SJM02, Hovmöller diagrams (time versus water depth) of the 20‐day low‐passed data are shown
to describe the time evolution of the vertical temperature and salinity profiles, suggesting good agreement
with the observations. The simulation describes particularly well the characteristics of the water masses

Figure 3. Comparisons of monthly mean (top panel) meridional and (bottom panel) zonal velocity profiles between model simulations (black lines) and in situ
observations (red lines) at the Hanish Sill. June, July, and August represent the summer season; November, January, and March represent the winter season.
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involved in the exchange, and accurately captures the timing of the reversal from the winter two‐layer to the
summer three‐layer exchange pattern.

In addition, Figure 4 reveals shorter‐term fluctuations that are consistent
between the observations and the model simulation. To illustrate the
range of the exchange flow variability, and to further validate the model
results at various time scales, the power spectra of both observed and
simulated meridional velocities are presented in Figure 5. The results
are shown for three positions in the water column at the Hanish Sill at
water depths of −10, −70, and −120 m, respectively, representing the sur-
face, intermediate, and bottom layers of the exchange flows. It can be seen
that, except for the shorter‐term synoptic time scales emphasized in Johns
and Sofianos (2012), the basic seasonal pattern is also modulated by two
other shorter‐term fluctuations, one within the intraseasonal range of
30–90 days and the other over a semiannual period of ~184 days.
Overall, the comparative results of the power spectra demonstrate that,
in addition to the two seasonal patterns, the model is also capable of simu-
lating the prominent shorter‐term fluctuations of the exchange flow.

3.2. Along‐Strait Salinity Structure Comparisons

In addition to the mooring observations, two along‐strait cruise observa-
tions were conducted in May 1995 and July 1996 (see Sofianos & Johns,
2015). During these two cruises, along‐strait salinity patterns correspond-
ing to winter and summer exchange patterns were obtained. Here com-
parisons of these patterns between simulation outputs (Figures 6a and
6c) and cruise observations (Figures 6b and 6d) are presented. The
along‐strait salinity structure from model results has been recreated rela-
tive to the positions of the two key sites in the strait, that is, the Hanish Sill
and the Perim Narrows. The seasonal exchange patterns (i.e., two‐ and
three‐layer) are well described.

Both simulations and observations provide a consistent structure, reveal-
ing some of the basic characteristics of the along‐strait flow exchange. For

Figure 4. Hovmöller diagrams (time versus water depth) of (a and c) temperature (unit: °C) and (b and d) salinity (unit: psu) at the Hanish Sill, from June 1995 to
November 1996, after filtering with a 20‐day low‐pass filter. (a) and (b) show model simulations and (c) and (d) display in situ observations.

Figure 5. Power spectra of simulated (black lines) and observed (red lines)
meridional velocity v, at water depths of (a) −10 m, (b) −70 m, and (c)
−120 m. Dashed vertical lines indicate the peaks of shorter‐term
fluctuations.
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instance, due to the processes of turbulent mixing and entrainment (Nielsen et al., 2004), the salinity
interface gradually thickens downstream of the Hanish Sill, and eventually spreads to the bottom, at the
Perim Narrows. On the northern side of the Hanish Sill, the salinity interface, in winter (Figures 6a and
6b), separates the fresh SIW and saline RSOW at a depth of about −50 m, with a thickness less than 25 m.
At the same time, at the Perim Narrows, its depth reaches to approximately −100 m, and its thickness

Figure 6. Comparisons of along‐strait salinity structure in (a and b) May 1995 and (c and d) July 1996, respectively.
(a and c) Model simulations and (b and d) cruise observations adapted from Sofianos and Johns (2015). The variations of
along‐strait salinity structure, at each section, are seen according to the relative positions of Hanish sill and Perim
narrows, represented, by two vertical lines B and A, respectively. Note that the horizontal coordinates are different for
simulations and observations.
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increases to more than 50 m. In summer (Figures 6c and 6d), two salinity
interfaces (i.e., lower and upper interfaces) are found, forming the typical
three‐layer patterns. The intermediate intrusion of fresher GAIW
suppresses the summer weaker bottom RSOW, gradually deepening the
lower salinity interface. On the northern side of the Hanish Sill, the
lower salinity interface sinks to a depth of approximately −100 m, and
its thickness is reduced to ~15 m. Further downstream, the lower
salinity interface behaves very similarly to that of the winter salinity
interface. As a result, the lower salinity interface at the Perim Narrows
reaches depths between −150 and −200 m, and its thickness increases
to ~40 m. For the upper salinity interface, both simulations and
observations consistently suggest its location at approximately −30‐m
depth, throughout the strait.

The outputs of the nonhydrostatic, high‐resolution model in Figure 6c
suggest a pronounced overall dip of the lower salinity interface during
summer at the Perim Narrows. This simulated dramatic change in the
salinity structure near the Perim Narrows is also consistent with that
observed by Maillard and Soliman (1986) (see their Figure 10) during an
earlier summer cruise, using a relatively high‐resolution investigation
conducted during 1982, pointing to the possibility of occurrence of
subcritical‐to‐supercritical transitions of RSOW in summer (Pratt &
Whitehead, 2008). To the best of our knowledge, no previous modeling
study has demonstrated a similar dramatic change and the above along‐

strait interface variation observed in the BAM. This further emphasizes the importance of implementing suf-
ficient resolution to resolve potentially important topographic details and a nonhydrostatic configuration to
enable mixing processes across the interfaces (Legg et al., 2006).

3.3. Sea Surface Temperature Comparisons

Direct validation of the exchanges at the strait is, however, limited to the in situ observations of 18 months
and only at the time period ranging from 1995 to 1996. Further model validation at longer time scales is per-
formed by examining the time evolution of model surface temperature against available remotely sensed SST
data. Figure 7a shows the time series of 20‐day low‐passed SST averaged near the Hanish Sill section from
the model simulation and the infrared satellite AVHRR‐only observations (Banzon et al., 2016), over the
19‐year model period. During winter and the transitional period between the two seasonal patterns, the
results of the model simulation and observations are nearly indistinguishable. During summer, the model
seems to be negatively biased, mostly during years 1997–2002, which could also be partly due to the low spa-
tial coverage of satellite data in this region during summer (Dreano et al., 2016), insufficient to capture the
more complex variation of summer SST near the Hanish Sill section. A recent comparison of AVHRR‐only
SST data with other high spatial resolution SST products suggested a relatively higher AVHRR SST in this
area (Karnauskas & Jones, 2018), especially during summer. The overall skill of the model simulation on
the long term (greater than half‐year period) can also be seen from the power spectra of the SST shown in
Figure 7b. In addition to the semiannual signal validated above in Figure 5, the model well reproduces
the observed annual and interannual SST signals.

Overall, the comparisons above with the available in situ and satellite observations demonstrate that, in
addition to the well‐developed two‐ and three‐layer exchange patterns, the nested high‐resolution, nonhy-
drostatic model is capable of simulating the intraseasonal, semiannual, annual, and interannual variations
in the strait. This suggests that the main mechanisms and processes controlling the properties of water
masses through the BAM strait are well captured by the model.

4. Transport Profile and Layer Properties

An overall view of the temporal evolution of the transport profile at the Hanish Sill section (blue line in
Figure 1b) in the BAM is presented in Figure 8. Here as in SJM02, the transport profile is expressed as the
transverse integral of the normal velocity:

Figure 7. Comparisons of the SST, averaged over region near the Hanish
Sill section, between the model simulation (black lines) and satellite
AVHRR data (red lines). (a) Time series and (b) power spectra of the daily
SST, after applying a 20‐day low‐pass filter. Note that in (b) only SST signals
at the longer time scales (greater than half‐year period) are shown for clarity,
as illustrated by the peaks indicated by vertical dashed lines.
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V z; tð Þ ¼ ∫
L zð Þ
0 u x; z; tð Þdx; (1)

where L(z) represents the width of the cross section at the Hanish Sill, at water depth z. The results are
shown for the 19‐year model simulation after low‐pass (20‐day) filter. Positive values represent the inflow
to the Red Sea, and negative values represent the outflow to the GoA.

Generally, studies indicate that the three‐layer pattern is very likely formed when the surface layer water
flows toward the GoA, whereas the two‐layer pattern is formed when the surface water flows toward the
Red Sea (Maillard & Soliman, 1986; SJM02; MJ97). Therefore, we define the onset (offset) date of the
three‐layer summer pattern as the first (last) day of the year when the flow of the surface layer water
switches from toward the Red Sea (GoA) to toward the GoA (Red Sea). Based on this definition, we
can identify the seasonal alternations between the two‐ and three‐layer patterns (shown as vertical dashed
lines in Figure 8).

The exchange flow properties, including the layer transport, salinity, and temperature, are calculated by the
depth integration of their vertical profiles defined for each layer. For consistency with SJM02, the profiles
correspond to the exchanges in the Hanish Sill section, and the layer interfaces are defined as the depths
of zero crossings in the vertical transport profile (see Figure 8). A similar definition of the layer interface

Figure 8. An overall coherent picture of results of daily transport‐per‐unit‐depth profile, using the 19‐year model, for the 1995–2013 period, after application of a
20‐day filter. Positive transport indicates an inflow toward the Red Sea; vertical dashed magenta lines represent the onset of two typical two‐ and three‐ layer
patterns and show their seasonal alternations.
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was also adopted by Johns et al. (2003), for the exchange through the straits of Hormuz. Consequently, the
layer transport, Qi, is expressed with the following vertical integral:

Qi tð Þ ¼ ∫
bi
ai
Vz z; tð Þdz; (2)

where i (=1, 2, 3) denotes the layers of the surface water, GAIW, and RSOW, respectively (note that the
GAIW layer exists only in summer); ai and bi, respectively, denote the depths of the lower and upper inter-
faces bounding each layer. The layer salinity, Si, and layer temperature, Ti, are expressed as follows:

Si tð Þ ¼
∫
bi
ai
dz∫

L zð Þ
0 S x; z; tð Þ⋅u x; z; tð Þdx

Qi tð Þ
; (3)

and

Figure 9. Modeling results of 20‐day lower‐passed (a and d) layer transport Qi (Sv), (b and e) layer salinity Si (psu), and (c and f) layer temperature Ti (°C) for the
(a–c) summer three‐layer pattern and (d–f) winter two‐layer pattern. In (a)–(c), the three colored ribbons, in each box, from top to bottom, represent the
summer SOW, GAIW, and RSOW, respectively. In (d)–(f), the top and bottom ribbons, in each box, represent the winter SIW and RSOW, respectively.
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Ti tð Þ ¼
∫
bi
ai
dz∫

L zð Þ
0 T x; z; tð Þ⋅u x; z; tð Þdx

Qi tð Þ
; (4)

where S(x, z, t) and T(x, z, t) represent the cross‐section salinity and
temperature, respectively, at the Hanish Sill section at time t. Based on
equations (2)–(4), results of the layer properties of the two typical seasonal
patterns can be obtained over the 1995–2013 period. Figures 9a–9c depict
the overall properties of the layer volume transport, salinity, and tempera-
ture for the summer three‐layer pattern over the 19‐year period. The three
colored ribbons, in each box, from top to bottom, correspond to the results
obtained for SOW, GAIW, and RSOW, respectively. Similarly, Figures 9d–
9f depict these layer properties for the winter two‐layer pattern and the
two ribbons correspond to the results of SIW and RSOW, respectively.

5. EOF Analysis of the Seasonal Pattern Alternation

To explore the interannual variations of the two typical seasonal patterns,
the vertical transport profile V(z, t) in Figure 8 is decomposed as

V z; tð Þ ¼ V zð Þ þ ∑
N

n¼1
EOFn zð Þ⋅pcn tð Þ; (5)

based on an EOF analysis. Here V zð Þ denotes the 19‐year mean vertical structure of the transport profile;
EOFn(z) and pcn(t) denote the EOF structure and time series, respectively, of the nth eigenmode.
Figure 10 presents the time mean and the first and second EOF structures, respectively, of the transport pro-
file. The time mean structure exhibits an antiestuarine exchange pattern with the zero crossing at a depth of
approximately 50 m, which could be considered as the constant base state of the exchange and is postulated
to be largely driven by the thermohaline forcing over the Red Sea basin (Finnigan et al., 2001; Phillips, 1966;
Sofianos & Johns, 2002). Model sensitivity results by Sofianos and Johns (2002) have indicated that the
response of transport in the strait to the seasonal variation of thermohaline forcing is dominant but exhibits
little variations (see their Figure 7).

The time coefficient, pc1, of the first EOF mode of the vertical transport profile (normalized by its absolute
maximum) is presented in Figure 11. To highlight the possible relationship with the monsoonal wind
regimes, the normalized time coefficient of winds, averaged over the region of the strait and the GoA, are
superimposed on the same figure, with positive wind directions toward the Red Sea. Here the positive and
negative wind coefficients can be seen as corresponding to the winter and summer monsoons, respectively.
There is a very good agreement between the time coefficient of the first EOF mode of transport profile and
the winds in both regions over the entire 19‐year simulation period. Indeed, the correlation lag reveals that
the transport pattern responds in just two and four days after a wind change, over the strait and the GoA,
respectively. The time coefficient of the first EOF mode of transport profile, pc1, is highly correlated with
the winds in both regions over the strait and the GoA, with similar correlation coefficients of 0.89 and
0.94, respectively (Table 1). Overall, the strong relationship with winds suggests that the interannual varia-
bility and alternation of the two typical patterns are predominately induced by the time‐varying surface wind
forcing, as suggested by Patzert (1974) and Sofianos and Johns (2002) for the seasonal cycle.

Although wind over both regions exhibit significant correlation, winds over the GoA during summer are
more correlated with the vertical exchange pattern, whereas the opposite occurs during winter (Table 1).
Moreover, the response of the transport profile to the winds is consistently slower over the GoA than over
the strait. During winter, the two‐layer transport is directly and strongly affected by the wind forcing over
the strait, with an almost immediate response of one day and the highest correlation coefficient of 0.97.
On the other hand, the effects of the wind forcing over the GoA are more significant during summer, invol-
ving the wind‐induced upwelling of intermediate water masses and their intrusion into the Red Sea (Aiki
et al., 2006; Dreano et al., 2016; Smeed, 1997; Yao, Hoteit, Pratt, Bower, Zhai, et al., 2014). The results indeed
suggest a high correlation to the winds over the GoA during summer (correlation coefficient 0.93), with a
response time of four days (equal to twice the response time during winter). The fact that the intensity of

Figure 10. Three vertical structures of transport‐per‐unit‐depth profile
derived by the EOF analysis, carried out in the time domain. The time
mean structure represents the constant base state of exchange driven by
thermohaline forcing, and the first EOF structure accounting for ~98.2% of
the total variance represents the pattern driven by atmospheric wind
forcing.
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the summer monsoonal winds over the GoA is more significant than that over the strait reflects the
importance of local processes in the GoA for the transition of the exchanges in the strait from a winter
two‐layer pattern to a summer three‐layer pattern (Sofianos & Johns, 2002).

The EOF analysis also shows that the contribution of the first EOF mode accounts for almost all of the
total variance (up to ~98.2%), and thus, the transport profile, V(z, t), can be approximately written as

the sum of the time mean state, V zð Þ, and the first EOF eigenmode, EOF1(z) ⋅ pc1(t), according to the
EOF decomposition in equation (5). During winter, the time mean state and the first EOF eigenmode
exhibit a similar exchange pattern, resulting in an enhanced two‐layer flow. In contrast, during summer,
when the time coefficient of the first EOF eigenmode is negative (i.e., pc1 < 0), the first EOF eigenmode
counteracts the time mean state. This counteraction causes a gradual weakening of the SIW inflow in the

Figure 11. A 19‐year overall coherent picture of normalized time coefficients for the first EOF structure of daily transport‐per‐unit‐depth profile and for the
atmospheric wind forcing in the strait and the GoA. Vertical dashed magenta lines correspond to the onset/offset of two typical two‐ and three‐layer patterns,
similarly to those shown in Figure 8; the horizontal dashed black lines mark the threshold value of ~ −0.35, a key value that determine the onset/offset of two
patterns. Note that the time coefficients are normalized by their absolute maximum and wind directions toward the Red Sea are assumed to be positive.
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first one‐to‐two weeks, and subsequently leads to a reversal of the sur-
face flow (i.e., the formation of SOW) and the intrusion of the GAIW.
During this transformation, the zero crossing of the vertical transport
profile in winter, which also relates to the interface of the winter two‐
layer pattern, gradually sinks. Finally, it switches to a much lower zero
crossing of the vertical transport profile in summer (i.e., the formation
of the lower interface of summer three‐layer pattern, as discussed in sub
section 3.2).

Because of the dominant contribution of the first EOF mode to the total
variance and based on the time coefficient of the first EOF eigenmode,
pc1, one can identify a threshold value of about −0.35 corresponding to

the onset/offset of the typical three‐layer or two‐layer pattern (depicted by the horizontal dashed line in
Figure 11). Specifically, the two‐layer pattern approximately corresponds to pc1 > ~−0.35, while the three‐
layer pattern approximately corresponds to pc1 < ~−0.35.

6. Interannual Variability and Trend of the Exchange Flows

In this section, the interannual variability and trend of the layer properties, including the layer volume trans-
port, salinity, and temperature, are investigated for both seasonal exchange patterns.

6.1. Summer Three‐Layer Pattern

The results in Figures 9a–9c reveal that the layer properties of the summer three‐layer pattern present sig-
nificant variability over the year and interannually. Overall, the intensity of the transport, in each layer, var-
ies strongly with time. The peak transports of the upper two layer water masses may exceed ~0.4 Sv when the
bottom RSOW flow is significantly reduced. Figures 12a–12c show the daily 19‐year mean transport, salinity,
and temperature in each of the summer layers, and their associated standard deviation range. The 19‐year
mean transport periodically reaches the maximum for the upper two layer water masses at the end of
July, and occurs almost one month after the nine‐year mean model result of Sofianos and Johns (2002).
The upper two layer water masses largely balance each other, consistent with previous estimates based on
observations (Maillard & Soliman, 1986; SJM02). In general, the flow intensity of the bottom RSOW layer
during summer exhibits a clear negative response to the flow in the upper two layers, presenting a minimum
during maximal exchange in the upper layers.

The salinity and temperature of each water mass also vary strongly with time, as shown in Figures 9b and 9c.
The salinity of RSOW may reach up to 40.5 psu, while the core salinity and temperature of the fresher and
colder GAIWmay be as low as 36.2 psu and 20 °C, respectively. For the GAIW and RSOW, both salinity and
temperature tend to decrease toward the end of summer, as seen from the 19‐year mean results in
Figures 12b and 12c. The coldest GAIW with a 19‐year mean of ~21.5 °C and the saltiest RSOW with a 19‐
year mean of ~40.2 psu generally appear at the end of July, when the transport of the GAIW water mass
intrusion reaches its maximum. Moreover, the salinity and temperature of the SOW both tend to increase,
as a response to the summer strong heat and freshwater fluxes that prevail over the Southern Red Sea.

The model estimated onset date and duration of the summer pattern are presented in Figures 13a and 13b.
During the 19‐year simulation period, the mean onset date occurs in early June. The peak‐to‐peak difference
of the onset dates between different years reaches up to ~40 days. For instance, the earliest onset date for the
summer pattern is observed on 22 May 2000, and the latest on 2 July 2009. In terms of total duration, the
three‐layer pattern lasts for approximately three months (93 days; see Table 2), ranging from 67 days, in
2009, up to almost four months (110 days) during the summer of 2011 (Figure 13b).

Another characteristic revealed by the simulation is the intermittent nature of the exchanges. During peri-
ods within the summer monsoon wind regime, the three‐layer pattern is reduced, or even reversed, to a two‐
layer pattern. This was particularly pronounced in the years 1996, 2000, 2003, 2005, 2006, and 2009, during
which the surface layer flow reversed for periods ranging from one day to over 15 days. The duration of the
summer pattern during the simulation period further suggests an increasing trend. The dashed line in
Figure 13b represents the linear least squares fitting of the summer pattern duration, and reveals a positive
trend of 1.45 day/year (p value = 0.025) for the 1995–2013 period.

Table 1
Annual, Winter, and Summer Correlation Lags (days) and Coefficients of the
Time Coefficients of First EOF Mode of Vertical Transport Profile With That
of Winds Averaged Over the Region of the Strait and the GoA, Respectively

Properties Strait GoA

Annual Lag 2 4
Coefficient 0.89 0.94

Winter Lag 1 2
Coefficient 0.97 0.84

Summer Lag 3 4
Coefficient 0.83 0.93
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As indicated in the correlation analysis above, the duration of the monsoon wind reversal, as well as the
intensity and consistency of the wind field, governs these interannual variabilities. For example, in 2009,
a sudden weakening of the wind in early summer (i.e., a weakening of the summer monsoon in June) delays
the initiation of the surface flow reversal and intermediate GAIW intrusion until early July, leading to a
shorter duration (only ~67 days) of the summer three‐layer pattern. In addition, the existence of surface flow
reversals that disrupt the three‐layer pattern is also due to the direct effect of preceding wind reversals
related to the summer monsoon.

The variability of the exchange flow pattern results in significant differences in the total volume of water
(Voli), and consequently the total exchanged salt mass (Mi) and heat (Hi), which are computed in each layer
as follows:

Voli ¼ Qih i;
Mi ¼ Si=1000⋅ρi⋅Qih i;
Hi ¼ cp⋅ Ti þ 273:15ð Þ⋅ρi⋅Qi

� �
;

(6)

where ρi is the layer density, cp is the heat capacity of water, and 〈⋯〉 denotes the temporal integration

Figure 12. The 19‐year mean layer transport, salinity, and temperature for (a–c) the summer pattern and (d–f) the winter pattern (solid lines), and their associated
standard deviation range (shaded bands).
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over the duration of a summer or winter pattern (denoted as D). The dotted lines in Figures 14a–14d
represent the interannual variability of the mean transport and the three quantities in equation (6) for
the summer pattern; a summary of the related 19‐year mean results as well as their standard deviation
and linear trends are presented in Table 2. The GAIW and SOW dominate the exchanges, with rates of
0.25 and 0.15 Sv, respectively. The SOW accounts for more than 60% of the total outflow, whereas the
remaining 40% consists of RSOW, at a mean rate of 0.1 Sv. The total amount of heat and salt
transported by each layer is mainly controlled by the volume of water exchanged, rather than the
mean salinity and temperature of each layer. For example, although the RSOW exhibits a higher
salinity, the total amount of salt transported is approximately 70% of that of the SOW. At the same
time, the heat transported by the SOW is approximately 50% higher than the amount of heat
transported by the RSOW.

Figure 13. Interannual variations of (a and c) onset dates and (b and d) durations for (a and b) the summer three‐layer pattern and (c and d) the winter two‐layer
pattern. Dashed lines in (b) and (d) represent the linear fitting of the related durations.

Table 2
The 19‐Year Mean, Standard Deviation, and Linear Trends (per year) of the Onset Date and Duration for the Summer Pattern, From 1995 to 2013, Corresponding to
Results Filtered With a 20‐Day Low‐Pass Filter, and the Related 19‐Year Mean, Standard Deviation, and Linear Trends (year) of Seasonal Mean Transport, Total
Water Volume, Total Slat Mass, and Total Stored Heat in the Summer Three‐Layer Waters, That Is, the SOW, GAIW, and RSOW

Summer
Pattern

Onset
Date

Duration
(days)

Transport
(×105 m3/s)

Water Volume
(×1011 m3)

Salt Mass
(×1012 kg)

Stored Heat
(×1020 J)

SOW GAIW RSOW SOW GAIW RSOW SOW GAIW RSOW SOW GAIW RSOW

Mean 10 June 93 1.50 2.50 0.99 12.02 20.01 7.95 45.76 74.87 32.79 15.77 25.68 10.22
Standard
deviation

9.2 15.6 0.27 0.13 0.16 3.00 3.30 1.77 11.44 12.36 7.31 3.93 4.23 2.28

Trend / 1.45 0.0060 0.0012 −0.0036 0.24 0.32 0.085 0.95 1.23 0.34 0.33 0.42 0.11
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Despite the significant variability of the flow intensity at the strait, as well as the mean salinity and tempera-
ture of the exchanged water masses, these play a secondary role in driving the interannual variability of the
three quantities in equation (6). In general, the duration of the three‐layer pattern dominates their variabil-
ities, and largely determines the exchange budgets. The total volume of water, salt mass, and stored heat
(Figures 14b–14d) all exhibit an interannual variability similar to that of the duration of the
exchanges (Figure 13b).

The volume, salt, and heat transported by each water mass (GAIW, SOW, and RSOW) exhibit increasing
trends that are closely related to those observed for the duration. For instance, the total volume of water
of GAIW exhibits an increasing trend of ~3.2 × 1010 m3/year, with a p value of 0.017 (see the linear fitting
dashed line in Figure 14b), mainly due to the increasing trend of ~1.45 day/year in duration. The trend
observed for the seasonal mean transport, during the summer period, is weakly positive in SOW and
GAIW, and negative in RSOW (Table 2), thus having a secondary effect on the increasing trends of
these quantities.

The role of each factor in influencing the total trends of the three quantities in equation (6) (denoted asTrtotVoli,

TrtotMi
, and TrtotHi

, respectively) can be assessed, based on the following formulas:

Figure 14. Interannual variations of (a and e) mean transport, (b and f) total volume of water Voli, (c and g) total salt mass Mi, and (d and h) total stored
heat Hi, through each water layer of the summer three‐layer pattern (a–d) and the winter two‐layer pattern (e–h). In (a)–(d), the black, red, and blue dotted lines
correspond to the results of the summer GAIW, SOW, and RSOW, respectively; in (e)–(h), the black dotted lines show the results for the winter SIW. The
dashed lines represent the linear fitting of related variations.
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TrtotVoli≃TrDQi|fflffl{zfflffl}
TrDVoli

þ TrQi
D|fflffl{zfflffl}

Tr
Qi
Voli

;

TrtotMi
≃TrDQiSi ⋅ρi=1000|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

TrDMi

þTrQi
DSi ⋅ρi=1000|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

Tr
Qi
Mi

þTrSiDQi ⋅ρi=1000|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Tr

Si
Mi

;

TrtotHi
≃TrDQiTi ⋅cpρi|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

TrDHi

þTrQi
DTi ⋅cpρi|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Tr

Qi
Hi

þ TrTiDQi ⋅cpρi|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Tr

Ti
Hi

;

(7)

where TrD denotes the linear trend of duration,TrQi
denotes the linear trend of seasonal mean transport, TrSi

and TrTi denote the linear trends of the seasonal mean layer salinity and temperature, and …̄ denotes the
19‐year mean results (e.g., D represents the 19‐year mean duration). Here the terms on the left‐hand side
denote the total trends of each layer property (e.g., TrtotVoli represents the total trend of the water volume
exchanged in each layer). The terms on the right‐hand side denote the specific trends of each layer property
due to that of duration, seasonal mean layer transport, salinity, and temperature, respectively (e.g., the term
TrQi

Voli
represents the specific trend of the water volume in each layer resulting from that of the seasonal mean

layer transport).

These trends for the total volume of water, salt mass, and heat transport in the summer three layer waters are
represented in Figures 15a–15c. One can see that, in each layer, the dominant trait is that the duration terms

(i.e., TrDVoli, Tr
D
Mi
, andTrDHi

) represent most of the total trends. For the SOW and GAIW, a positive contribution

also comes from the seasonal mean transport (i.e., terms TrQi
Voli

, TrQi
Mi
, and TrQi

Hi
); however, this contribution is

Figure 15. Trend budgets of (a and d) water volume, (b and e) salt mass, and (c and f) stored heat in each of the summer three‐layer (a–c) and winter two‐layer
(d–f) waters.
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only significant for the SOW. In summary, the trends resulting from an increase in duration of the exchanges
account for 75% in the SOW and 95% in the GAIW. In contrast, the intensity of the RSOW shows a gradual
decrease during the simulation period, meaning that the positive trend is solely related to the duration trends
of the summer pattern. The contributions from the changes in the summer mean layer salinity and

temperature (i.e., terms TrSiMi
and TrTi

Hi
) are negligible. These results reflect the dominant role of the

duration in modulating the interannual variability of the exchanged total volume, and consequently the
total heat and salt transport.

6.2. Winter Two‐Layer Pattern

A comparative analysis of the interannual variability of the winter pattern is performed similarly to that of
the summer pattern. The layer properties in Figures 9d–9f and 12d–12f show that the two‐layer pattern is a
robust feature of the winter exchange flow, but also exhibits significant interannual differences. The peak
transport is higher than the summer maximum flow, reaching 0.5 Sv with intermittent periods during which
the flowmay be reduced to less than 0.2 Sv. The temperature and salinity of the two layers present the typical
characteristics of their source water masses. A deep, highly saline, and generally cooler RSOW is topped by
the less saline waters from the GoA. As winter progresses, the SIW cools down, and the two water masses
become distinguishable mainly by their salinity difference, especially during the January to March period
(Figures 12e and 12f).

The winter pattern onset, as well as its duration, is defined according to the cease and onset of the summer
monsoon reversals. The interannual variations of the onset dates and the duration of the winter pattern are
shown in Figures 13c and 13d. The 19‐year mean onset date of the winter pattern occurs in early September
and has a mean duration of about nine months (Table 3). The latest onset date occurred in 2007 (early
October), and the longest duration was during the 2008–2009 season (311 days). In winter, the 19‐year mean
transport is 0.385 Sv (Table 3), while the annual mean transport in 1995 is approximately 0.396 Sv
(Figure 14e) and is approximately 20% lower than that of the previous estimations with spatially limited
in situ observations or low‐resolution, hydrostatic models (e.g., SJM02; Aiki et al., 2006; Siddall et al.,
2002; Yao, Hoteit, Pratt, Bower, Zhai, et al., 2014).

The interannual variability and trends of the winter exchange quantities are also determined by their dura-
tion. Following the increasing trend of the summer wind patterns, the winter duration decreases by
~ −1.22 day/year, with a p value of 0.048 (shown by a linear fitting dashed line in Figure 13d).
Accordingly, the volume of each layer transport and the total exchange of heat and salt (Figures 14f–14h)
also present decreasing trends. However, in contrast to the summer pattern, the intensity of the exchange
flow shows a significant increasing trend (~1.0 × 10−3 Sv/year with p value of 0.071; see linear fitting dashed
line in Figure 14e and Table 3). This increase partially balances the shorter duration, and reduces its overall
effect on the exchanged total volume. The opposing contributions of the winter duration and intensity of the
transport on the three winter quantities are evident in the trend budget analysis (Figures 15d–15f). The lin-

ear trends explained by the terms of the exchange duration (i.e., TrDVoli , Tr
D
Mi
, and TrDHi

) determine the total

trend, although the terms of winter mean transport (i.e., TrQi
Voli

, TrQi
Mi
, and TrQi

Hi
) exhibit an opposite tendency.

Table 3
The 19‐Year Mean, Standard Deviation, and Linear Trends (per year) of the Onset Date, Duration, Seasonal Mean
Transport, Total Water Volume, Total Slat Mass, and Total Stored Heat for the Winter Pattern, From 1995 to 2013,
Corresponding to Results Filtered With a 20‐Day Low‐Pass Filter

Winter Pattern
Onset
Date

Duration
(days)

Transport
(×105 m3/s)

Water Volume
(×1011 m3)

Salt Mass
(×1012 kg)

Stored Heat
(×1020 J)

SIW SIW SIW SIW

Mean 6 September 273 3.85 90.93 339.5 118.1
Standard deviation 17.2 14.9 0.16 3.87 14.33 5.05
Trend / −1.22 0.010 −0.178 −0.667 −0.233

Note. Note that only results of SIW are presented as the RSOW in winter is balanced only with SIW and have similar
variation to that of SIW.
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No significant trends are detected in the mean salinity and temperature of the two layers, and their contri-
bution to the total trend is negligible.

Overall, our results suggest that, in comparison with the seasonal mean transport and mean layer salinity
and temperature, the duration of the two typical seasonal patterns plays a more important role in determin-
ing the interannual variability of the total volume of water, total mass of salt, and total heat transported in
each layer.

7. Summary and Conclusions

This study presented the results of a 19‐year high‐resolution, nonhydrostatic hindcast simulation to investi-
gate the interannual variability of the exchange flow through the BAM strait, after validating the simulation
against available in situ and satellite observations. The simulation was able to resolve the physical processes
that govern the variability of the exchange at the strait for a wide range of spatiotemporal scales, including
the typical two‐ and three‐layer seasonal patterns and the related intraseasonal‐to‐interannual cycles.

An EOF analysis of the transport vertical profile reveals that the exchange can be explained by a combina-
tion of the time mean state and the first EOF structure. The mean state exhibits a baroclinic pattern with the
zero crossing at a depth of ~ −50 m, and is postulated to be the general buoyancy‐driven mean antiestuarine
circulation. The first EOF mode reflects the dynamical mechanism of the seasonal alternation of two pat-
terns, and accounts for almost all the variance. The strong relationship between the first EOF mode of ver-
tical transport profile and the winds suggests that the transition between the two typical seasonal patterns is
predominately induced by the time‐varying surface winds over the region.

During winter, the wind‐induced processes favor the development of the two‐layer exchange that corre-
sponds to the time mean state. In summer, following the reversal of the monsoonal winds, the wind‐
induced processes oppose the mean flow state. This causes a gradual weakening of the SIW inflow and
RSOW outflow, and eventually drives the intrusion of the intermediate GAIW into the Red Sea, and the
SOW outflow toward the GoA. The alternation of the exchange pattern is estimated to take place one‐to‐
two weeks after the respective wind reversal, during the 19‐year simulation. The results suggest a higher
correlation of the exchanges to the summer winds over the GoA than that over the strait, with a mean
response time of four days, reflecting the importance of local processes in the GoA for the transition of
the exchanges in the strait.

The simulation results reveal that the exchange flow exhibits a strong variability over various time scales.
During summer, in particular, the three‐layer pattern can be reduced, or even ceased, for periods ranging
from one day to over 15 days. Considerable variability is also observed during the winter period, with inter-
mittent reductions of the flow to more than half its maximum strength. The mean temperature and salinity
of the layers, however, do not show any significant interannual variability. They mainly represent the char-
acteristics of their water mass sources modulated by the prevailing atmospheric forcing and mixing pro-
cesses at the strait.

The seasonal transition between the two patterns and the duration of each flow pattern also vary signifi-
cantly, and their interannual differences may reach up to ~40–60 days. This has a major effect not only on
the heat and salt budgets of the exchanges, but also on the total volume of GAIW transported annually into
the Red Sea. Moreover, the duration of the summer exchange pattern exhibits a positive trend of ~1.45 day/
year during the 19‐year simulation period (1995–2013). Based on a budget analysis of the trends, we show
that the variability of the simulated exchanges and trends are mainly related to the variations in the duration
of the exchange patterns, rather than the intensity of the transport, the mean layer salinity, or temperature.
The relationship between the identified trends and the duration of the wind reversals may also suggest long‐
term changes involving the monsoons and the broader climate. During summer, the GAIW presenting a
higher increase in total volume is balanced jointly by an increase in both the SOW and RSOW outflows.
Although the signal is dominated by an increase of the duration of the exchanges, the mean intensity of
the transport is also increased for SOW and GAIW, but accounts only for a small fraction of the total trend
(~25% for SOW and less than 5% for GAIW). In contrast, the mean intensity of the RSOW flow is reduced.
The contributions from the changes in the mean layer salinity and temperature are negligible. Following
the increase of the summer exchange pattern duration, the reduced winter duration leads to a decrease in
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the total volume transport in each layer, and consequently the total exchange of heat and salt. However, con-
trary to the summer pattern, the flow intensity of the RSOW layer shows a significant increasing trend that
partially balances the shorter duration and reduces its overall effect on the exchanged total volume The
water exchange with the GoA through the BAM strait is vital for the Red Sea environment. It balances
the heat and salt budget, and is a major source of nutrients for the basin. The revealed variability and trends
of the exchanges may therefore have important implications on the Red Sea basin thermohaline structure
and ecosystem functioning.
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