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Abstract

High-resolution underwater glider data collected in the Gulf of Oman (2015-16), combined with reanalysis datasets, describe

the spatial and temporal variability of the mixed layer during winter and spring. We assess the effect of surface forcing and

submesoscale processes on upper ocean buoyancy and their effects on mixed layer stratification. Episodic strong and dry wind

events from the northwest (Shamals) drive rapid latent heat loss events which lead to intraseasonal deepening of the mixed

layer. Comparatively, the prevailing southeasterly winds in the region are more humid, and do not lead to significant heat

loss, thereby reducing intraseasonal upper ocean variability in stratification. We use this unique dataset to investigate the

presence and strength of submesoscale flows, particularly in winter, during deep mixed layers. These submesoscale instabilities

act mainly to restratify the upper ocean during winter through mixed layer eddies. The timing of the spring restratification

differs by three weeks between 2015 and 2016 and matches the sign change of the net heat flux entering the ocean and the

presence of restratifying submesoscale fluxes. These findings describe key high temporal and spatial resolution drivers of upper

ocean variability, with downstream effects on phytoplankton bloom dynamics and ventilation of the oxygen minimum zone.
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Key points:  10 

● Ocean glider observations reveal mixed layer variability that cannot be 11 

explained by seasonal warming alone. 12 

● Shamal winds dominate intraseasonal variability of the mixed layer in the Gulf 13 

of Oman. 14 

● Submesoscale mixed layer eddies are responsible for 68% of the restratifying 15 

buoyancy flux in winter. 16 

 17 

Abstract 18 

High-resolution underwater glider data collected in the Gulf of Oman (2015-16), 19 

combined with reanalysis datasets, describe the spatial and temporal variability of the 20 

mixed layer during winter and spring. We assess the effect of surface forcing and 21 

submesoscale processes on upper ocean buoyancy and their effects on mixed layer 22 

stratification. Episodic strong and dry wind events from the northwest (Shamals) drive 23 

rapid latent heat loss events which lead to intraseasonal deepening of the mixed layer. 24 

Comparatively, the prevailing southeasterly winds in the region are more humid, and do 25 

not lead to significant heat loss, thereby reducing intraseasonal upper ocean variability 26 

in stratification. We use this unique dataset to investigate the presence and strength of 27 

submesoscale flows, particularly in winter, during deep mixed layers. These 28 

submesoscale instabilities act mainly to restratify the upper ocean during winter through 29 

mixed layer eddies. The timing of the spring restratification differs by three weeks 30 

between 2015 and 2016 and matches the sign change of the net heat flux entering the 31 

ocean and the presence of restratifying submesoscale fluxes. These findings describe 32 

key high temporal and spatial resolution drivers of upper ocean variability, with 33 
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downstream effects on phytoplankton bloom dynamics and ventilation of the oxygen 34 

minimum zone. 35 

 36 

Plain language summary 37 

Atmospheric forcings, such as wind and solar heating, and small-scale ocean processes 38 

(1-10 km; e.g., eddies, fronts, filaments) modify the properties and the structure of the 39 

water column near the surface. These processes regulate the surface layer, creating a 40 

well-mixed surface layer. The variation in these processes determine how the depth of 41 

this surface mixed layer changes through both time and space. This study investigates 42 

the variability of this layer during winter and spring in the Gulf of Oman using in situ 43 

observations and atmospheric data derived from models and observations. Episodic 44 

strong and dry winds from the northwest (Shamals) increase mixing and cause shorter-45 

term variability of the surface mixed layer. Concurrently, we find that the small-scale 46 

ocean processes mainly shoal the mixed layer depth during winter. These processes are 47 

also important in determining the timing of the change from the deeper winter mixed 48 

layer to the shallower spring mixed layer, as we find a three-week difference between 49 

the two observed years. The observations illustrate previously unquantified processes in 50 

the region that can impact coupling between the atmosphere, surface ocean, and deep 51 

ocean, with consequences for regional marine ecosystems. 52 

 53 

Keywords: Latent heat flux, Mixed layer depth, Restratification, Shamals, 54 

Submesoscale fluxes 55 

 56 

1 Introduction 57 

 58 

The circulation, upper ocean stratification, and associated biogeochemical cycles in the 59 

Gulf of Oman (GoO) exhibit seasonality primarily driven by the monsoon cycle 60 

(L’Hegaret et al., 2016; Pous, 2004). Atmospheric forcing is highly temporally variable, 61 

ranging from diurnal to interannual fluctuations, altering the structural and functional 62 

characteristics of the upper ocean and surface buoyancy forcing of the surface ocean 63 

(L’Hegaret et al., 2016). Turbulent and convective mixing processes, powered by wind 64 

stress and heat exchange at the air-sea interface, play a pivotal role in the formation of a 65 

neutrally buoyant and well-mixed surface layer. The characterization of the spatial and 66 

temporal variability of the mixed layer depth (MLD) and the upper ocean stratification 67 

https://www.zotero.org/google-docs/?ZIP76C
https://www.zotero.org/google-docs/?MSGpCi
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is essential to developing a better understanding of the exchanges of air-sea fluxes (e.g. 68 

heat, freshwater, and carbon) and their further implications in the regional ecosystem 69 

(Lévy et al., 2007; Piontkovski et al., 2017). For instance, the rate at which the ocean 70 

and atmosphere exchange properties and transfer critical climate gasses into the deeper 71 

ocean is influenced by ocean stratification and the vertical scale of the mixed layer 72 

(ML) (Sabine et al., 2004; Schmidt et al., 2019). 73 

 74 

The Arabian Sea hosts the thickest and most intense oxygen minimum zone (OMZ) 75 

worldwide, with concentrations below 1 μmol kg-1 throughout much of the region 76 

(Angel, 2017; Queste et al., 2018; Lachkar et al., 2019; Rixen et al., 2020).  Recent 77 

studies confirm that the Arabian Sea OMZ is highly sensitive to changes in the upper 78 

ocean stratification and forcing, such as warming and changes in monsoon winds 79 

(Lachkar et al., 2018, 2019, 2020; Goes et al., 2020). The Arabian Sea has warmed 80 

throughout the last century (Kumar et al., 2009; Piontkovski & Chiffings, 2014). This 81 

increase in surface temperature and stratification led to important ecological and 82 

biogeochemical changes, such as a reduction in the ventilation of the subsurface and 83 

intermediate layers, producing an intensification and growth of the OMZ and pelagic 84 

denitrification (Piontkovski & Queste, 2016; Lachkar et al., 2019; Schmidt et al., 2019). 85 

To properly represent deoxygenation in global climate models and to determine the 86 

response of the OMZ to further changes in climate, we must have an accurate 87 

description of the surface layer, linking the atmosphere and the OMZ, is required.  88 

 89 

Strong and consistent southwesterly winds sweep through the area during the summer 90 

SW monsoon, which reverse during the slightly weaker NE winter monsoon. The spring 91 

and fall intermonsoons are distinguished by a decrease in wind strength and a lack of a 92 

prevailing wind direction (L’Hegaret et al., 2016). Regional factors such as orographic 93 

effects can also cause wind speeds and directions to be slightly more variable over the 94 

marginal seas of the Arabian Sea (Aboobacker & Shanas, 2018). Shamals are 95 

extratropical climate systems characterized by strong northwesterly winds blowing over 96 

the region with varying frequency throughout the year (Reynolds, 1993; Aboobacker & 97 

Shanas, 2018). Along Oman’s coast, Shamal winds have speeds up to 15 m s-1 98 

(Chaichitehrani & Allahdadi, 2018). These dry and strong wind events cause dust 99 

storms, which reduce solar radiation and increase turbulent heat loss, resulting in 100 

uniquely high surface heat losses that often drive convective mixing in the upper ocean 101 

https://www.zotero.org/google-docs/?rKKicu
https://www.zotero.org/google-docs/?pLDVdX
https://www.zotero.org/google-docs/?aXSA6K
https://www.zotero.org/google-docs/?aXSA6K
https://www.zotero.org/google-docs/?aXSA6K
https://www.zotero.org/google-docs/?qiKCU5
https://www.zotero.org/google-docs/?qiKCU5
https://www.zotero.org/google-docs/?qiKCU5
https://www.zotero.org/google-docs/?m8O38x
https://www.zotero.org/google-docs/?m8O38x
https://www.zotero.org/google-docs/?W9YFzh
https://www.zotero.org/google-docs/?W9YFzh
https://www.zotero.org/google-docs/?W9YFzh
https://www.zotero.org/google-docs/?W9YFzh
https://www.zotero.org/google-docs/?KxOT1m
https://www.zotero.org/google-docs/?SFxpjm
https://www.zotero.org/google-docs/?RIEoCR
https://www.zotero.org/google-docs/?RIEoCR
https://www.zotero.org/google-docs/?RIEoCR
https://www.zotero.org/google-docs/?RIEoCR
https://www.zotero.org/google-docs/?QxANZm
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of the Persian Gulf and Red Sea (Senafi et al., 2019). Turbulent mixing alters the 102 

vertical and horizontal distribution of temperature, salinity, and other parameters like 103 

phytoplankton or dissolved oxygen, hence modifying the biogeochemical characteristics 104 

of the region (Piontkovski et al., 2017; Queste et al., 2018; Lachkar et al., 2020). 105 

 106 

One-dimensional forcing processes can explain a significant part of ML variations 107 

(Niiler & Kraus, 1977; Price et al., 1978). However, horizontal processes related to 108 

fronts, eddies, and filaments can also alter upper ocean stratification. Mesoscale eddies 109 

are present and widely studied in the GoO (Reynolds, 1993; Pous, 2004) and there is 110 

evidence of the existence of submesoscale features that influence phytoplankton 111 

residence time in the euphotic region, growth rates, biogeochemical fluxes, and 112 

community structure (Lévy et al., 2018; Morvan et al., 2020). Ras al Hamra and Ras al 113 

Hadd capes in the GoO (Figure 1) have been found to be submesoscale eddy generation 114 

hotspots (Morvan et al., 2020). Small vortices and rapidly evolving small-scale density 115 

filaments and fronts characterize these submesoscale motions that develop over space 116 

and time (1-10 km, from hours to days). ML variability is directly influenced by 117 

submesoscale instabilities (Boccaletti et al., 2007; Fox-Kemper et al., 2008) and it has 118 

been shown that this process can alter the timing of the seasonal restratification 119 

(Mahadevan et al., 2010; du Plessis et al., 2017).  120 

 121 

In this study, we look at two types of submesoscale processes. First, baroclinic 122 

instabilities that grow at the internal Rossby radius and can evolve to submesoscale-123 

sized eddies known as mixed layer eddies (MLEs) (Boccaletti et al., 2007; Fox-Kemper 124 

et al., 2008). MLEs contribute to restratifing MLs by rearranging horizontal buoyancy 125 

gradients, associated with fronts, into vertical stratification through an ageostrophic 126 

secondary circulation, with upwelling on the lighter side of the front and downwelling 127 

on the denser side (Fox-Kemper et al., 2008). Second, we look at surface winds blowing 128 

down-front that can erode stratification by a cross-frontal Ekman buoyancy flux (EBF) 129 

(Thomas, 2005; Thomas & Lee, 2005). Advection from the denser side of the front to 130 

the lighter side forces convective instabilities, increasing dissipation within the ML by 131 

up to an order of magnitude more than wind-driven shear (D’Asaro et al., 2011). 132 

Contrary, up-front winds advect the lighter side of the front over the denser side, 133 

increasing the vertical stratification. Previous glider studies have demonstrated the 134 

importance of both MLE and EBF in enhancing or arresting upper ocean stratification at 135 

https://www.zotero.org/google-docs/?wPKQFg
https://www.zotero.org/google-docs/?Dni9Ou
https://www.zotero.org/google-docs/?Dni9Ou
https://www.zotero.org/google-docs/?Dni9Ou
https://www.zotero.org/google-docs/?wnMPbx
https://www.zotero.org/google-docs/?IcY54K
https://www.zotero.org/google-docs/?IcY54K
https://www.zotero.org/google-docs/?IcY54K
https://www.zotero.org/google-docs/?nr0p9x
https://www.zotero.org/google-docs/?vtjRKq
https://www.zotero.org/google-docs/?BTLh7h
https://www.zotero.org/google-docs/?DLJ7fX
https://www.zotero.org/google-docs/?DLJ7fX
https://www.zotero.org/google-docs/?DLJ7fX
https://www.zotero.org/google-docs/?1iL7Pz
https://www.zotero.org/google-docs/?1iL7Pz
https://www.zotero.org/google-docs/?XXZSme
https://www.zotero.org/google-docs/?ISDfsU
https://www.zotero.org/google-docs/?szfg7a
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seasonal to intraseasonal timescales (e.g., Thompson et al., 2016; du Plessis et al., 2017, 136 

2019; Viglione et al., 2018). 137 

 138 

The aim of this study is to describe the evolution of MLD and stratification in the GoO. 139 

We use high-resolution underwater glider data, collected over both winter and spring, 140 

coupled with reanalysis datasets, to determine the impact of surface buoyancy forcing 141 

variability on the upper ocean. In addition, we estimate the role of submesoscale 142 

processes on the subseasonal variability of the ML by applying established 143 

parameterizations that scale MLE and EBF as equivalent heat fluxes.  144 

 145 

2 Data and methods 146 

 147 

2.1 Glider sampling 148 

Two Seagliders (Eriksen et al., 2001) sampled continuously along an 80 km transect 149 

between 22.5ºN, 58ºE and 24ºN, 59ºE. Seaglider 579 (SG579) was deployed in March 150 

2015 and sampled until the end of May 2015 (91 days) during the spring intermonsoon 151 

(Figure 1a). Seaglider 510 (SG510) was deployed with the same mission plan in mid-152 

December 2015 and retrieved at the end of March 2016 (108 days) during the winter 153 

NW monsoon (Figure 1b). Each glider sampled the water column with a conductivity-154 

temperature-depth sensor (CTD) at a sampling rate of 0.2 Hz. Temperature is corrected 155 

for sensor lag (ⲧ = 0.6 s), and salinity is then corrected according to Garau et al. (2011).  156 

 157 

Upcast data were compared to the following downcast to check for temperature bias 158 

caused by warming of the sensors during the communication phase at the surface 159 

between dives (Figure S1). Strong solar radiation warmed the glider and its sensors, 160 

causing an artificial rise in potential temperature during the first 40 m of the downcast 161 

measurements in spring up to 0.08±0.44 ºC. The deviation was also evident but weaker 162 

in winter (0.02±0.16 ºC). The bias in downcast upper ocean data produces fictitious 163 

results when observing lateral gradients, hence only upcast data are used in this study. 164 

https://www.zotero.org/google-docs/?JJazjJ
https://www.zotero.org/google-docs/?JJazjJ
https://www.zotero.org/google-docs/?JJazjJ
https://www.zotero.org/google-docs/?JJazjJ
https://www.zotero.org/google-docs/?FB86mK
https://www.zotero.org/google-docs/?2TfES1
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 165 

Figure 1. Glider sampling. (a) Bathymetric map (GEBCO, 2020) of the GoO. The red 166 

line defines the glider transect. (b) Spring and (c) winter Seaglider dive locations (black 167 

dots) and ERA5 reanalysis data points used (blue crosses). The solid grey line defines 168 

the coastline and isobaths are dashed  The red line shows the same transect as in (a). (d) 169 

Along-track distance distribution between profiles and (e) temporal distribution 170 

between 3 km along-track grids from both campaigns. 171 

 172 

A total of 712 profiles were used from the spring deployment and 815 profiles from the 173 

winter deployment. The horizontal and temporal resolution of a given dive is dependent 174 

on its maximum depth. Thus, the datasets have different spatial and temporal 175 

resolutions as the glider dives across the shelf from 150 m down to 1000 m over a few 176 

horizontal kilometers. The glider sampled at an average horizontal resolution of 177 

0.42±0.51 km (0.70±0.59 h) onshelf, compared to 3.30±1.27 km (3.87±0.76 h) for the 178 

deeper profiles offshore, which is evidenced as shown in the bimodal distribution in 179 

Figure 1d. To compute comparable lateral and vertical gradients, the profiles were 180 

averaged on a 3 km along-track grid, which translates to a temporal resolution of 181 

3.9±3.6 h in winter and 3.5±2.4 h in spring (Figure 1e). All data are binned in 0.5 m 182 

https://www.zotero.org/google-docs/?DN4DpH
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depth intervals. Data are linearly interpolated vertically and then along the 3 km along-183 

track grid. 184 

 185 

2.2 Satellite - reanalysis products 186 

Data from ERA5, the fifth generation of the European Centre for Medium-Range 187 

Weather Forecasts (ECMWF) atmospheric reanalyses of global climate, are used in this 188 

study to assess the local surface buoyancy forcing and wind stress (Hersbach et al., 189 

2020). ERA5 is highly accurate, representing the magnitude and variability of near-190 

surface air temperature and wind regimes (Pokhrel et al., 2020). A 0.25º × 0.25º grid 191 

and hourly data provide high spatial and temporal resolution. To compare ERA5 time 192 

series to the glider observations, we use an hourly average of the four ERA5 points 193 

colocated with the glider’s path (Figure 1).  194 

 195 

Zonal and meridional wind components at a height of 10 m above the sea surface are 196 

used to compute wind speed (U), wind direction, and wind stress as  197 

𝜏 = 𝜌air · Cd  · U
2, [1] 198 

where 𝜌air is the air density and the drag coefficient Cd = 0.001·(1.1+0.035·U) (CERC, 199 

2002). Moreover, sea surface temperature (SST) and dewpoint temperature at 2 m 200 

above the surface are used to compute the saturated specific air humidity at sea level 201 

(qs) and the specific air humidity (qa), respectively. Evaporation (E) and precipitation 202 

(P) rates are also used in the analysis. Net surface heat flux entering the ocean (QNET is 203 

computed through the sum of ERA5 flux products: solar radiation (QSW), net long-wave 204 

radiation (QLW), latent heat flux (QL), and sensible heat flux (QS). The sign convention 205 

used here is that a negative flux represents a heat loss from the ocean to the atmosphere. 206 

 207 

The buoyancy flux through the surface (B) is used to determine the stability of the upper 208 

ocean and can be expressed as: 209 

𝐵 = 𝑔 ⋅ [
𝛼⋅ 𝑄𝑁𝐸𝑇

 𝜌0⋅𝑐𝑝
−  𝛽 ·  𝑆𝐴 ⋅ (𝐸 − 𝑃)] , [2] 210 

where g is the gravity constant, 𝜌0 = 1027 kg m-3 is the reference density, cp is the 211 

specific heat of seawater, SA is the median absolute salinity between 10 and 15 m, ⍺ is 212 

the effective thermal expansion coefficient (-𝜌-1·(∂𝜌/∂T)), and ꞵ is the effective haline 213 

contraction coefficient (𝜌-1·(∂𝜌/∂S)). T and S represent in situ temperature and practical 214 

https://www.zotero.org/google-docs/?IpJaYb
https://www.zotero.org/google-docs/?IpJaYb
https://www.zotero.org/google-docs/?PxPQmj
https://www.zotero.org/google-docs/?0OOXMH
https://www.zotero.org/google-docs/?0OOXMH
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salinity respectively. QNET has units W m-2, E and P have units m s-1, and B has units m2 215 

s-3. 216 

 217 

The latent heat flux (QL) can be estimated from wind speed and air-sea humidity 218 

differences using the following bulk parameterization (Yu, 2009; B. P. Kumar et al., 219 

2017): 220 

𝑄𝐿 = 𝜌𝑎𝑖𝑟 ⋅ 𝐿𝑒 ⋅ 𝐶𝑒 ⋅ |𝑈 − 𝑈𝑐| ⋅ (𝑞𝑎 − 𝑞𝑠) , [3] 221 

where Le is the latent heat of vaporization and is a function of sea surface temperature, 222 

expressed as (2.501-0.00237·Θ)·106 K, where Θ is the median conservative temperature 223 

between 10 and 15 m depth, and Ce = 1.3·10-3 is the transfer coefficient of QL (Yu, 224 

2009). We commit an error of up to 5% when taking Ce independent of wind speed, 225 

overestimating the QL loss by up to 8 W m-2; we make this simplification to ensure 226 

linearity between U and q for later analysis. The surface current speed, Uc, is calculated 227 

through the surface drift of the glider. We neglect the contribution of Uc in Equation 3 228 

as it is estimated to decrease QL by less than 3%, with surface current speeds up to 0.6 229 

m s-1 (not shown). 230 

 231 

2.3 Definition of the MLD 232 

The MLD is defined using the threshold method with a finite difference criterion for 233 

each individual profile (Montégut et al., 2004). The specific criteria considered for the 234 

computation of MLD is  235 

𝜎0(10 𝑚) − 𝜎0(𝑧) = 0.125 𝑘𝑔 𝑚−3, [4] 236 

where 𝜎0(z) is the potential density at depth z and 𝜎0(10 m) is the potential density at 10 237 

m depth. The reference depth is chosen to avoid the strong diurnal warming cycle in the 238 

top few meters. The threshold criterion is selected based on visual inspection of a 239 

representative sample of randomly picked profiles from both campaigns. Averaged 240 

observations between 10 and 15 m depth are used to compute ML properties in order to 241 

avoid biases linked to diurnal warm layer formation, internal wave processes, or larger 242 

salinity errors due to sensor thermal lag close to the pycnocline. 243 

 244 

2.4 Horizontal buoyancy gradients 245 

Buoyancy is determined using the formula 246 

𝑏 = 𝑔 ·  (1 − 𝜌/𝜌0), [5] 247 

https://www.zotero.org/google-docs/?iszahY
https://www.zotero.org/google-docs/?iszahY
https://www.zotero.org/google-docs/?iszahY
https://www.zotero.org/google-docs/?iszahY
https://www.zotero.org/google-docs/?rDhR11
https://www.zotero.org/google-docs/?rDhR11
https://www.zotero.org/google-docs/?lO720B
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 where g is the gravity constant and 𝜌0 defined in Equation 2. Horizontal buoyancy 248 

gradients, bx, are computed as the buoyancy difference between consecutive 3 km 249 

uniformly gridded profiles along-track (x-direction). Errors may be introduced as a 250 

result of the interpolation across non-uniform distances (i.e. different resolutions 251 

onshelf and offshelf). It is not possible to distinguish between the spatial and temporal 252 

components of the horizontal buoyancy gradients. Moreover, gliders generally 253 

underestimate bx because they can only measure the full magnitude while diving 254 

perpendicular to the sampled front. Thompson et al. (2016) determined an averaged 255 

1/√2 underestimation of bx when sampling a front at all possible angles and assuming 256 

mean buoyancy gradients are isotropic. The frontal flow direction is represented by the 257 

dive averaged current (DAC) direction (du Plessis et al., 2019). In this study, the glider 258 

underestimated the true buoyancy gradients by 69% based on the difference between the 259 

front direction and the glider dive direction (Figure 2). This value is comparable to the 260 

estimates in different ocean regions, which range between 51 and 71% (Thompson et 261 

al., 2016; du Plessis et al., 2019; Swart et al., 2020). Hence, we provide a statistical 262 

representation of the relative magnitude of the fronts, even though absolute calculations 263 

are biased low. 264 

 265 

The relative influence of temperature and salinity on horizontal buoyancy gradients is 266 

quantified with the horizontal Turner angle (Tu), which is defined as  267 

𝑇𝑢 = 𝑡𝑎𝑛−1(𝑅𝑝), [6] 268 

 using the density ratio (Turner, 1973) 269 

𝑅𝑝 ≡ (𝛼
𝜕𝑇

𝜕𝑥
) ⋅ (𝛽

𝜕𝑆

𝜕𝑥
)

−1

 , [7] 270 

where 
𝜕𝑇

𝜕𝑥
 and 

𝜕𝑆

𝜕𝑥
 are the horizontal derivatives of temperature and salinity on the 3 km 271 

along-track grid data. Fronts in which Tu is positive are at least partially compensated, 272 

with Tu > π/4 indicating that temperature has a stronger impact on density than salinity. 273 

Fronts where Tu < 0 are anti-compensated in which salinity and temperature are acting 274 

constructively to create differences in density. For Tu = π/4, temperature stratification is 275 

fully compensated by salinity stratification. For Tu = −π/4, salinity and 276 

temperature contribute equally to the density stratification. 277 

Salinity stratification exceeds the contribution from 278 

https://www.zotero.org/google-docs/?qfIzSA
https://www.zotero.org/google-docs/?qfIzSA
https://www.zotero.org/google-docs/?qfIzSA
https://www.zotero.org/google-docs/?qfIzSA
https://www.zotero.org/google-docs/?qfIzSA
https://www.zotero.org/google-docs/?vPYXvT
https://www.zotero.org/google-docs/?QCJheE
https://www.zotero.org/google-docs/?QCJheE
https://www.zotero.org/google-docs/?QCJheE
https://www.zotero.org/google-docs/?QCJheE
https://www.zotero.org/google-docs/?QCJheE
https://www.zotero.org/google-docs/?Xt2oP0
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temperature stratification when − π/4 < Tu < π/4, and temperature 279 

stratification dominates when |Tu| > π/4. 280 

 281 

 282 

Figure 2. DAC, wind stress, and glider trajectory direction. (a) Direction of the dive 283 

averaged current (DAC) corresponding to the frontal flow direction. (b) Direction of the 284 

wind stress, 𝜏. (c) Glider track direction. Winter distribution in black and spring in 285 

orange. 286 

 287 

2.5 Submesoscale equivalent heat fluxes 288 

Fox-Kemper et al. (2008) provide a parameterization of the restratification mechanism 289 

by MLEs, which has been used in other studies in terms of equivalent stratifying heat 290 

flux, QMLE (Mahadevan et al., 2012, du Plessis et al., 2017, 2019; Giddy et al., 2021). 291 

MLEs transform horizontal buoyancy gradients to vertical stratification, therefore QMLE 292 

depends on the strength of horizontal buoyancy gradients and MLD as: 293 

𝑄𝑀𝐿𝐸 = 0.06 ⋅
𝑏𝑥

2⋅𝑀𝐿𝐷2⋅𝑐𝑝⋅𝜌0

𝑓⋅𝛼⋅𝑔
 ,  [8] 294 

where 0.06 is a coefficient determined by Fox-Kemper et al. (2008), bx is the horizontal 295 

buoyancy gradient in the ML taken as the median value between 10 and 15 m, and f = 296 

5.94·10-5 s-1 (the Coriolis parameter at 24 ºN). Note that QMLE always acts as a positive 297 

(restratifying) buoyancy flux. 298 

 299 

Winds directed along a front promote mixing or restratification through a cross-frontal 300 

Ekman buoyancy flux (EBF), which advects water from the denser side of the front 301 

over the lighter side (mixing), or from the lighter to the denser side (restratification) 302 

(Thomas, 2005; Thomas & Lee, 2005). EBF processes can be quantified as an 303 

equivalent heat flux following: 304 

https://www.zotero.org/google-docs/?NVklYB
https://www.zotero.org/google-docs/?ot92A3
https://www.zotero.org/google-docs/?ot92A3
https://www.zotero.org/google-docs/?ot92A3
https://www.zotero.org/google-docs/?njVZfe
https://www.zotero.org/google-docs/?3x2cB9
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𝑄𝐸𝐵𝐹 =
𝑏𝑥⋅𝜏𝑌⋅𝑐𝑝

𝑓⋅𝛼⋅𝑔
 ,  [9] 305 

where bx is defined as in Equation 8 and 𝜏y is the along-front component of wind stress. 306 

Wind stress is temporally collocated to the gridded glider data, and following du Plessis 307 

et al. (2019), 𝜏y is determined from the angle difference between the direction of the 308 

DAC (front direction) and the wind direction. 𝜏y is defined positive to the right of the 309 

glider’s trajectory. Upfront (downfront) winds are defined when the along-track bx and 310 

𝜏y have the same (different) sign. Hence, negative values of QEBF represent a negative 311 

buoyancy flux, while positive values denote a positive buoyancy flux. For instance, a 312 

glider transiting northwards across a front from dense to light water (bx > 0) and 313 

westerly winds (𝜏y > 0), promote a southwards Ekman transport (northern hemisphere), 314 

advecting light water on the denser side and resulting in restratification.  315 

 316 

Submesoscale equivalent heat flux (QSMS = QMLE + QEBF) is determined by the 317 

competition between the restratification processes of MLEs, which are positive, and 318 

EBF, which can be positive or negative. Both QMLE and QEBF estimate how much 319 

surface heat flux would be needed in the ML to achieve equivalent restratification or 320 

mixing. 321 

 322 

3 Results 323 

 324 

3.1 A high resolution view of the ML seasonal cycle 325 

Two glider datasets spanning the spring intermonsoon (SG579; March 2015 - May 326 

2015) and winter monsoon (SG510; December 2015 - March 2016) present distinct 327 

regimes in the upper ocean stratification and ML properties. The winter monsoon 328 

exhibits a deep ML (79±19 m average before restratification) and a cooling of the ML 329 

waters from mid-December to mid-February of 1.59±0.24 ºC (Figure 3). During the 330 

spring intermonsoon, the effect of seasonal warming lightens the surface waters by 331 

approximately 2.5 kg m-3 throughout the three month period. This decrease in potential 332 

density (𝜎0) is primarily driven by the near-persistent increase in conservative 333 

temperature (Θ) of 8.33±0.12 ºC over three months (Figure 3). This steadily increasing 334 

surface buoyancy shoals the ML to 16±7 m on average after restratification (Figure 3). 335 

Absolute salinity (SA) in the ML fluctuates around 36.9±0.15 g kg-1, before increasing 336 

https://www.zotero.org/google-docs/?6YWZfk
https://www.zotero.org/google-docs/?6YWZfk
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slightly throughout spring by 0.20±0.02 g kg-1, with two events of decreased salinity on 337 

20 April 2015 and 19 May 2015 (0.15-0.20 g kg-1).  338 

 339 

Changes in 𝜎0 are mainly driven by variations in temperature in both seasons (70% of 340 

the time during winter and 87% in spring), evident in Figures 3e-f, where Θ and SA are 341 

scaled to show equal contributions to changes in 𝜎0. Another characteristic feature in 342 

the region is the Persian Gulf Water outflow, which transports warm and salty water 343 

from the Persian Gulf that sinks after the Strait of Hormuz and flows southeastward as a 344 

shelf gravity current along the Omani shelf (Pous, 2004; Vic et al., 2015; L’Hegaret et 345 

al., 2016; Queste et al., 2018). It can be seen as a warmer and more saline water mass in 346 

the Θ and SA sections around 200 m for both seasons when the glider transits off-shelf 347 

(Figures 3a-d). 348 

 349 

Restratification of the upper ocean is defined by the formation of a buoyant ML from 350 

the surface during the change in regime from winter to spring (24 February 2016, 19 351 

March 2015) (Figure 3). Surface warming lightens the upper layer, increasing the 352 

stratification (Brunt–Väisälä frequency, N2) until the spring intermonsoon ML is 353 

formed (Figures 3e-f). At the end of February 2016, ML waters warmed by 2.02±0.15 354 

ºC in two weeks (Figure 3g). A similar process can be seen in March 2015 when a 15 m 355 

ML is formed in two days above the deep winter ML (Figure 3h). After the formation of 356 

the spring ML, winter well-mixed surface water is trapped between the winter ML base 357 

pycnocline (H25.19, 𝜎0 =1025.19 kg m-3 isopycnal) and the new pycnocline generated by 358 

buoyancy gain as stratification increases from the surface (Figure 3). This layering is 359 

present until the end of both time series.  360 

 361 

The winter ML in 2016 exhibits intraseasonal instability, with episodes shoaling up to 362 

40 m in a few hours, for example on 15 January and between 25 January and 1 February 363 

(Figure 3). When MLD is at its peak in mid-February, there are smaller variations of 364 

around 20 m. Furthermore, a few ML deepening events occurred during March 2016 (4, 365 

12 & 21 March 2016) to a depth of 40 m. These mixing events promote lighter 366 

stratification at the beginning of the spring ML formation, compared to the strong signal 367 

in N2 from the restratification period in 2015. During spring, three major deepening ML 368 

events up to 25-30 m generate a rise in ML density mostly occurring during periods 369 

https://www.zotero.org/google-docs/?RCrF9X
https://www.zotero.org/google-docs/?RCrF9X
https://www.zotero.org/google-docs/?RCrF9X
https://www.zotero.org/google-docs/?RCrF9X
https://www.zotero.org/google-docs/?RCrF9X
https://www.zotero.org/google-docs/?RCrF9X
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where ML temperature variations present significant drops (4, 20 & 26 April 2015). 370 

These can be identified as periods of denser surface waters often resulting in ML 371 

density changes up to 0.50-0.25 kg m-3 (Figure 3h). Stratification is eroded from the 372 

surface facilitating mixing with cooler subsurface waters. Moreover, diurnal warm 373 

layers are noticeable in the diurnal periodicity of N2 in the first meters, which are more 374 

prominent during spring and are constrained to the extent of the ML (Figure 3f). During 375 

the day, the ocean is stratified from the surface, while at night, the lower air temperature 376 

may lead to a formation of a colder layer of water, mixing the top few meters 377 

(Matthews et al., 2014). 378 

 379 

380 

Figure 3. Mixed layer properties and variability. (a, c) Conservative temperature (Θ), 381 

(b, d) absolute salinity (SA) sections, (e, f) N2 sections for both seasonal datasets 382 

(winter: Dec 2015 to Mar 2016; spring: Mar to May 2015, respectively). (g, h) Time 383 

series of the median conservative temperature (Θ, black), absolute salinity (SA, red), 384 

potential density (𝜎0, blue) in the ML (average between 10-15 m), for winter (g) and 385 

https://www.zotero.org/google-docs/?EuA4EW
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spring (h). Temperature and salinity are scaled to show equal contributions to changes 386 

in density. The limits of the transects are marked at the bottom of panels (g) and (h) 387 

with triangles (pointing up, onshelf; pointing down offshore). (i, j) Horizontal buoyancy 388 

gradients (bx) in the upper ocean during winter (i) and spring (j). Solid black line 389 

denotes MLD with a 0.125 kg m-3 threshold criteria at 10 m reference depth. The 390 

dashed line denotes the isopycnal 1025.19 kg m-3 (H25.19) defining the winter ML waters 391 

before the restratification. 392 

  393 

The variability seen in the presented time series can be attributed to temporal 394 

fluctuations in the surface forcing, such as from varying heating or wind patterns. 395 

However, it may also be due to spatial differences in regional dynamics such as 396 

mesoscale eddies or smaller scale features like submesoscale fronts (see Section 3.3), as 397 

well as the displacement of the glider along the transect with a 4-7 days periodicity. The 398 

transect limits are labeled as triangles in Figures 3g-h to emphasize the spatial 399 

variability. For instance, the dense ML water peak during 10 March 2016 and 15 May 400 

2015 and the subsequent transition around 18 March 2016 and 22 May 2015, 401 

respectively, correlate with the glider transiting the same location after seven days 402 

(Figures 3g-h). The MLD deepening on 20 April 2015 and later on 26 April 2015 is 403 

most likely caused by the glider sampling the same area six days later (Figure 3), as 404 

discussed in Section 3.2.1. 405 

 406 

3.2 Surface forcing and buoyancy flux 407 

Glider observations reveal a rich range of surface properties and stratification variability 408 

at subseasonal time scales and an overall strong seasonal cycle. Upper ocean 409 

stratification is studied through the sum of Brunt–Väisälä frequency (N2) from the 410 

surface to the 1025.19 kg m-3 isopycnal, chosen because it defines the winter ML waters 411 

before the spring restratification  (∑z N
2, Figures 4a-b). N2 presents periodic peaks when 412 

the glider transits over the shelf (Figures 4a-b). There is a noticeable seasonal cycle in 413 

QNET with ocean heat gain generally in spring and heat loss in 414 

winter, which forces the upper ocean stratification and MLD 415 

seasonal pattern. In winter, strong wind events are more 416 

frequent and the general net cooling of the surface layer 417 

results in a deeper ML and less stratification (∑z N
2, Figures 4a-b). 418 
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Wind events exhibit frequencies of 4 to 7 days, with a prevailing northwesterly wind 419 

direction (Shamals) (Figures 4c-d). During spring time, warmer and lighter water is 420 

formed in the upper surface in response to the increasing solar radiation and a net heat 421 

flux entering the ocean (QNET > 0). This positive heat flux creates a buoyant and 422 

shallow ML that traps the warm surface waters, increasing the stratification of the upper 423 

ocean and continuing to intensify throughout spring (Figures 4a-b). Evaporation 424 

dominates over precipitation (Figures 4c-d), which is enhanced by intense wind 425 

episodes throughout winter and spring. The exception occurs for two events on 3 & 9 426 

March 2016 when strong wind-induced mixing likely offsets the effect of precipitation 427 

that promote restratification.  428 

 429 

 430 

Figure 4. Surface forcing. (a, b) MLD (black) and upper ocean stratification (𝛴𝑧=0

𝐻25.19𝑁2; 431 

gray) for winter (a) and spring (b). The limits of the transects are marked at the bottom 432 

with triangles (pointing up: onshelf; pointing down: offshelf) to highlight the spatial 433 

variability. (c, d) Surface atmospheric forcing: QNET (QNET < 0: blue shading and QNET > 434 

0: red shading), E−P (black solid line), and wind stress (𝜏, red line) for winter and 435 

spring, respectively. Wind direction is marked in the four-colored line (refer to the wind 436 

rose in Figure 5) as northwesterlies (black), northeasterlies (grey), southeasterlies 437 

(yellow), and southwesterlies (green). (e, f) Buoyancy flux, B, in gray shading and 438 
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thermal component (B⍺, solid line) and haline component (Bꞵ, dashed line). Orange 439 

markers indicate when B⍺ < Bꞵ. (g, h) Contribution of heat flux components to QNET: 440 

QSW (dotted), QLW (dashed), QL (solid), and QS (dash-dotted). The QL contribution is 441 

marked in blue when the daily average latent heat loss events exceed 1𝜎 below the 442 

mean for both seasons (i.e., QL < -166 W m-2) and in red when exceeding 3𝜎 below the 443 

mean (i.e., QL < -295 W m-2). 444 

 445 

The buoyancy flux, B, determines the stability of the upper ocean, and moreover, it is 446 

possible to determine whether the thermal (B⍺) or haline (Bꞵ) component is the main 447 

contributor (Equation 2). Heating and precipitation cause the water column to restratify 448 

(positive B), while evaporation and heat loss promote buoyancy loss and mixing 449 

(negative B). The error in QNET propagates into B as ±3.5·10-9 m2 s-3 in winter and 450 

±2.6·10-9 m2 s-3 in spring. B is mostly driven by the thermal term (B⍺), with a few 451 

exceptions (orange rectangles, Figures 4e-f) during a change of sign in the thermal term 452 

or during strong precipitation events, such as the drops on 3 & 9 March 2016. B has 453 

episodic falls throughout the winter monsoon, resulting in the upper ocean losing 454 

buoyancy and contributing to unstable conditions (Figure 4e). These periods coincide 455 

with heat loss events mainly caused by wind (Figures 4c-d). During the restratification, 456 

B turns positive following the trend in QNET, changing the regime and promoting the 457 

spring ML formation (Figures 4e-f). During the spring intermonsoon, the upper ocean 458 

gains buoyancy (B > 0), contributing to stable conditions (Figure 4f). A few exceptions 459 

promote deepening of the MLD when there is no buoyancy gain (04 & 20 April 2015). 460 

These events are caused by wind-driven heat loss and strong evaporation (E−P > 1 mm 461 

h-1).  462 

 463 

Heat flux variability drives B and is the main contribution to the stratification of the 464 

upper ocean and MLD evolution. We decompose QNET in the contribution of each 465 

component to explain seasonal and intraseasonal variability. The seasonal cycle is 466 

primarily caused by a gradual increase in QSW input from winter to spring as well as 467 

fewer and weaker QL events in spring (Figures 4g-h). In winter, QSW into the ocean is 468 

about 100 W m-2 less than during the spring intermonsoon. The mean QSW increased 469 

from 181±26 W m-2 in winter to 286±26 W m-2 in spring. The mean QL was -115±73 W 470 

m-2 in winter and -82±44 W m-2 in spring. QLW and QS terms have a relatively constant 471 
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contribution to QNET during the studied periods (Figures 4g-h), varying by at most 50 W 472 

m-2. Notably, QNET variability is primarily driven by episodic QL loss several times per 473 

month (Figures 4g-h). Each event results in QNET loss in winter up to -437±14 W m-2. 474 

This can also occur in spring, albeit less frequently and with lower intensity (QNET loss 475 

up to -115±26 W m-2). 476 

 477 

The restratification of the upper ocean is characterized by the formation of a shallow 478 

ML and a steady increase in stratification (N2) due to atmospheric forcing at the end of 479 

the winter and the beginning of the spring (Figures 4c-d).  After losing heat during the 480 

winter monsoon, heat enters the ocean mainly through an increase in QSW. As wind 481 

strength decreases (𝜏 < 0.05 N m-2), QL contribution to heat decreases (Figures 4 & 5), 482 

reducing wind-driven mixing. The timing of the springtime restratification differs by 483 

three weeks between the two years (24 February 2016 vs. 19 March 2015), as defined 484 

by a shift in the sign of QNET. Furthermore, while the 2015 restratification shows a 485 

strong N2 signal after the spring ML formation (Figure 3f), the 2016 restratification 486 

shows a less strong stratification of the surface layer within the first two weeks after 487 

restratification (Figure 3e), owing to three significant QL events eroding it and 488 

promoting mixing with the cold winter water below (Figure 4f).  489 

 490 

3.2.1 Episodic ML deeping driven by latent heat loss 491 

Latent heat loss events are evident in the time series throughout winter, with decreasing 492 

frequency and intensity in spring (Figures 4g-h). The most extreme heat loss events in 493 

this region are emphasized in Figures 4g-h in blue when the daily averaged latent heat 494 

loss exceeds 1 standard deviation (𝜎) below the mean for both seasons (i.e., QL < -166 495 

W m-2) and in red when exceeding 3𝜎 below the mean (i.e., QL < -295 W m-2). Each 496 

latent heat loss event resulted in a drop in QNET. The most prominent event in winter on 497 

28 January 2016 (QNET = -367±23 W m-2, QL = -437±14 W m-2) was reinforced by a 498 

loss in QS due to cooler air (~4 ºC air-sea temperature differences, QS = -56±4 W m-2). 499 

After the spring ML formation in 2015, increased QSW compensates for QL events, 500 

preventing strong periods of negative QNET , with the exception of the 02 April 2015 501 

event (Figure 4d).  502 

 503 
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The effects of these events on the MLD are different. The event with QL larger than 3𝜎 504 

on 28 January 2016 reduced N2 as the ML deepened (Figure 4a), whereas in the 505 

following event one week later, no fluctuation in the ML were observed. Previous to 506 

these large latent heat loss events, on 18 January 2016 there was a restratification event 507 

when the ML shoaled to 25 m that can not be explained through surface forcing fluxes 508 

alone. In spring 2015, both events below 1𝜎 in QL in April eroded the strong surface 509 

stratification, deepening the ML to below 20 m (Figure 4b). Furthermore, there was a 510 

ML deepening event one week after the QL peak on 20 April 2015 that was not 511 

accompanied by any measured surface forcing. This could be attributed to spatial 512 

variability. The deepening of the ML due to the effect of the QL drop on 20 April 2015 513 

may have lasted for a week and when the glider traveled through the same spot one 514 

transect later, the deeper ML was still appreciable (26 April 2015). 515 

 516 

We further analyze the drivers of extreme QL loss events. QL events 1 to 3𝜎 above the 517 

average occur during high wind episodes, U, and large air-sea humidity differences 518 

(Δq= qa − qs). Interestingly, these events are strongly correlated with northwesterlies 519 

(Figures 4 & 5). QL isolines, computed using Equation 3, are used to locate the extreme 520 

latent heat loss events (Figure 5). The prevailing wind directions in the region are NW 521 

and its reversals from the SE (73% of the time during winter; 63% during spring). 522 

Specifically, between W and N (270º-360º), accounting for 47% in winter and 36% in 523 

spring (Shamal winds) (Figure 2b). Shamals are also the most intense and driest winds 524 

impacting the region, predominantly in winter, and present values higher than the 525 

annual climatological average (Figures 4 & 5a). This combination triggers the most 526 

extreme heat loss events, resulting in both convective and turbulent mixing in the upper 527 

ocean. In spring, the intensity of Shamal winds decline, resulting in fewer and weaker 528 

QL loss events compared to the winter monsoon. Despite this, the Shamals remain the 529 

primary drivers of high heat loss during spring due to their drier nature. Episodic SE 530 

wind events occur in both seasons, with varying effects on latent heat loss. Two 531 

episodes of substantial heat loss when moderate dry winds are blowing from the SE are 532 

found during winter on 25 December 2015 and 17 February 2016 (Figure 4d). The 533 

strongest winds in spring are southeasterlies, which present a distribution that is higher 534 

than the climatological yearly mean (Figure 5b). However, these winds have a higher 535 

humidity rate and therefore do not cause significant heat loss (10 March 2015). 536 
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Transitional winds from the NW and SE between reversals are generally light and 537 

humid and thus do not conduct heat loss.  538 

 539 

 540 

Figure 5. Latent heat flux as a function of wind speed and humidity gradients. 541 

Four-hourly air-sea humidity difference (Δq) vs. wind speed (U; ERA5 reanalysis) from 542 

winter (a) and spring (b). The scatter plots are colored by wind direction: 543 

northwesterlies (black), northeasterlies (grey), southeasterlies (yellow), and 544 

southwesterlies (green). QL isolines computed using Equation 3 are shaded in blue when 545 

heat loss events exceed 1𝜎 below the mean for both seasons (i.e., QL < -166 W m-2) and 546 

in red when exceeding 3𝜎 below the mean (i.e., QL < -295 W m-2). Top (side) 547 

histograms show the Δq (U) distribution of the hourly ERA5 datasets in filled bars and 548 

the climatological yearly mean using bar outlines (both colored by wind direction). 549 

 550 

3.3 Submesoscale processes 551 

 552 

3.3.1 Seasonal horizontal buoyancy gradients 553 

Along-track buoyancy gradients (bx) within the surface mixed layer cannot be 554 

distinguished between the temporal and the spatial component. We posture that 555 

in winter, horizontal buoyancy gradients in the ML are 556 

spatially driven (∂b/∂x >> ∂b/∂t), given little evidence for temporally-557 

induced variability. Conversely, during spring, the stronger diurnal cycle signal and 558 
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shallow MLD provoque a temporally-dominated horizontal 559 

buoyancy gradients (∂b/dt >> ∂b/∂x). Seasonally, the weakest bx are found 560 

in the winter ML with an enhancement occurring in spring ML (Figures 3i-j). 561 

Expectedly, bx are amplified at the base of the ML, which is likely an artifact of internal 562 

wave processes vertically displacing the pycnocline and the glider sampling the 563 

pycnocline at somewhat variable depths over space and time (Figures 3i-j). The ML 564 

distribution of the bx indicates an overall seasonality (Figure 6a). The upper limit of the 565 

winter bx distribution is lower than the spring one, even after accounting for the glider 566 

sampling underestimation of 69% (see Section 2.4) (Figure 6a). Only 16% of the 567 

horizontal buoyancy gradients exceed 10-7 s-2 during winter, compared to 38% of the 568 

profiles during spring (Figure 6a).  569 

 570 

The horizontal Turner angle (Tu) is computed to quantify the relative effect of temporal 571 

and spatial variations (horizontal gradients) of ML temperature and salinity on the 572 

horizontal density (buoyancy) gradients (see Section 2.4, Figure 6b). The distribution of 573 

Tu determines that horizontal temperature gradients have a major impact on density 574 

fronts than salinity gradients (distributions shifted to ±
𝜋

2
). We observe more frequent and 575 

stronger thermally-driven gradients during spring than during winter. The larger 576 

amplitudes observed in the spring bx are likely driven by the presence of diurnal warm 577 

layers, given the stronger contribution of temperature variation in the density gradients 578 

in spring (Figure 6b). Thus, the spring bx may be controlled by the temporal signal and 579 

not be representative of the spatial submesoscale fronts and cannot be used to determine 580 

equivalent submesoscale heat fluxes. 581 

 582 

Figure 6. Horizontal buoyancy gradients. (a) Seasonal distribution of the median 583 

horizontal buoyancy gradients (bx) between 10 and 15 m in winter (black) and spring 584 



manuscript submitted to Journal of Geophysical Research: Oceans 

21 

(orange). The shading represents the underestimation in the horizontal buoyancy 585 

gradient by 69%. Vertical lines in (a) show the median value of bx for each season. (b) 586 

Horizontal Turner angle (Tu) distribution in winter (black) and spring (orange). 587 

 588 

3.3.2 Wind-front alignment 589 

The ML horizontal buoyancy gradient and the wind stress component aligned with the 590 

front are required to compute QEBF (see Section 2.5). In winter, the frontal flow 591 

direction, represented by the DAC direction, is predominantly between 90º and 180º, 592 

accounting for 46% of the profiles, whereas in spring, it is more widely distributed, with 593 

a predominant westerly component (Figure 2a). The wind direction is dominant along 594 

the NW-SE axis (73% during winter and 63% during spring) (Figure 2b). The along-595 

front wind stress component is determined as the angle difference between the front and 596 

wind direction. In winter and spring, the median misalignment between DAC and wind 597 

direction are 42º and 60º, respectively. The wind-front alignment is evenly distributed 598 

between down and upfront. Down-front winds are present during 55% (50%) of winter 599 

(spring) time. The coherent alignment of winds and frontal direction promotes the 600 

occurrence of along-front winds, as well as the perpendicularity between the glider 601 

trajectory and the DAC (Figure 2c) leads to a good estimation of the horizontal 602 

gradients (see Section 2.4).  603 

 604 

 3.3.3 Submesoscale-driven fluxes in winter and spring 605 

The length scale for submesoscale flows to develop in the surface layer is defined by 606 

the internal Rossby radius (Lr = N·H / f ), where N is the buoyancy frequency in the 607 

ML, H is the MLD, and f is the Coriolis parameter (Boccaletti et al., 2007). The median 608 

internal Rossby radius during winter and restratification is 4.7±1.6 km, indicating that 609 

the dataset is suitable for submesoscale analysis since we sample at scales smaller than 610 

Lr (3 km) (Boccaletti et al., 2007). In contrast, the median internal Rossby radius in 611 

spring is 2.5±1.1 km due to shallower MLD, indicating that the sampled resolution is 612 

insufficient to perform a submesoscale analysis in the spring dataset only (Boccaletti et 613 

al., 2007). Therefore, this section is focused on the contribution of submesoscale flows 614 

to changes in ML deepening and shoaling by restratification during winter up until the 615 

transition to spring. As described in Section 2.5, the estimated submesoscale fluxes 616 

(EBF and MLE) are represented as equivalent heat fluxes, comparable directly to 617 

surface heat fluxes. Negative values of QEBF represent a negative buoyancy flux, while 618 

https://www.zotero.org/google-docs/?DcbMny
https://www.zotero.org/google-docs/?pRedLN
https://www.zotero.org/google-docs/?nZQ3wb
https://www.zotero.org/google-docs/?nZQ3wb
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positive values denote a positive buoyancy flux. QMLE is represented as a positive flux 619 

only given that MLEs act to vertically rearrange buoyancy. 620 

 621 

Short temporal variability seen in the ML that cannot be explained by surface forcing 622 

could be explained by the submesoscale equivalent fluxes. QSMS events have the 623 

potential to dominate the total heat flux contribution and even reverse the sign of 624 

surface heat fluxes. The two case studies in Figure 7 indicate a direct effect of the QSMS 625 

on the MLD. Deep MLD and strong horizontal buoyancy gradients promote 626 

restratification via QMLE, reversing the QNET sign and resulting in a shallow MLD 627 

around 30 m during Case 1 (C1; Figure 7). The frontal structure crossed by the glider is 628 

seen in the SST map (Figure 7j). Furthermore, as wind stress is low (Figure 7h), wind 629 

turbulent mixing is unlikely to counteract MLE restratification produced by MLE. In 630 

contrast, Case 2 (C2) shows a strong QEBF event, when the horizontal buoyancy 631 

gradients and along-front winds (𝜏y > 0, right of the glider track) are large and act to 632 

stabilize or destabilize the ML, together with a restratifying contribution by QMLE 633 

(Figures 8k-n). Shamal winds blowing to the SE promote the advection of water 634 

through Ekman transport to the SW. On the 29th of January, the glider transits across a 635 

front, capturing the restratification promoted when lighter water was advected over the 636 

denser side of the front (QEBF > 0). At the end of the day, the glider crossed to a denser 637 

region, which resulted in MLD deepening due to the Ekman transport of denser over 638 

lighter water, promoting convection (QEBF < 0). After the 30th of January, the glider 639 

transited to a lighter region, resulting in QEBF > 0 accompanied by large QMLE, resulting 640 

in shoaling the MLD shallower than 50 m. No frontal structures were found afterwards, 641 

and the general winter surface cooling deepened the MLD again to 100 m (Figure 7k). 642 

 643 

On average, winter submesoscale fluxes restratify the upper ocean. QSMS increase 644 

buoyancy 66% of the time during winter. When QSMS is positive, QSMS accounts for 645 

68% of the total positive net heat flux budget (∑(QNET + QSMS) > 0). Submesoscale 646 

fluxes can reverse the sign of surface heat fluxes up to 11% of the time through a 647 

restratification flux by QMLE and positive QEBF, both of which oppose buoyancy loss. 648 

We expect the effect of QMLE to be larger during winter due to the deeper MLDs 649 

enhancing the available potential energy in the ML, and hence the capacity for MLEs to 650 

slump under gravity and to restratify the water column (Boccaletti et al., 2007). QMLE is 651 

https://www.zotero.org/google-docs/?eMYOYz
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largest when the MLD is deepest, with periodic spikes up to 800 W m-2 that promote 652 

restratification and result in shoaling of the ML (i.e. C1-24 January 2016 & C2-28 653 

January 2016; Figure 7). QEBF contributes to restratification (QEBF > 0) 45% of the time, 654 

although it only accounts for the 15% of the positive QSMS, compared to 85% 655 

contribution of the MLE. QSMS account for the 21% of the total 656 

negative net heat flux budget (∑(QNET + QSMS) < 0). 657 

 658 

Seasonal warming of the ML causes a rise in stratification from winter to spring. 659 

According to our observations, springtime restratification rapidly shoals the ML from 660 

deeper than 100 m to 30 m in a matter of days. In 2016, when QNET changed sign and 661 

started adding buoyancy to the upper ocean, large periodic fluxes of QMLE during deep 662 

MLD indicated QMLE may be critical in supporting the stratification through thermal 663 

buoyancy gain. Conversely, horizontal buoyancy gradients were weaker during the 664 

2015 restratification, resulting in lower QMLE estimates (< 100 W m-2). Both 665 

restratification periods were accompanied by a weakening of the wind stress to less than 666 

0.03 N m-2, which contributed to a reduction in QEBF (to < 100 W m-2) and a decrease of 667 

wind turbulent mixing. 668 

 669 
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 670 

Figure 7. Submesoscale equivalent fluxes. The first column corresponds to 2016 671 

winter and restratification and the second column is the 2015 spring restratification. (a, 672 

b) MLD (black), along-front wind stress (𝜏y, red), where positive values indicate to the 673 

right of the glider trajectory and absolute horizontal buoyancy gradient, (|bx|, gray). (c, 674 

d) QMLE (blue) and QEBF (orange). (e, f) Submesoscale fluxes (QSMS = QMLE + QEBF) in 675 

dotted line and net heat flux (QNET) in black solid line. The colored shading shows the 676 

total net heat flux (QSMS + QNET) in red (blue) when positive (negative). The yellow 677 

shading marks the two case studies (C1 & C2) that are zoomed in the Case 1 and Case 2 678 
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panels below. (g, k) Sections plots of buoyancy and MLD. (h,l) 𝜏y (red) and bx (gray). (i, 679 

m) QMLE (blue) and QEBF (orange). (j, n) Trajectory of the glider colored by buoyancy 680 

on SST map on 23 and 29 January midday (SST from GHRSST L3C global sub-skin 681 

SST with 6 km resolution (EUMETSAT/OSI SAF, 2016) and isobaths (GEBCO, 2020). 682 

The arrows show the wind stress magnitude and direction. 683 

 684 

4 Discussion 685 

 686 

 4.1 Surface flux contribution to ML variability and restratification 687 

The seasonal evolution of MLD and restratification in the GoO is mainly driven by 688 

surface heating (positive QNET). Overall, the observed variability in MLD suggests a 689 

strong seasonality regulated by atmospheric forcing, such as incoming solar radiation, 690 

winds, and freshwater flux (Kumar & Narvekar, 2005). Suneet et al. (2019) 691 

demonstrated that air-sea fluxes contribute the most to the ML heat budget in the 692 

Arabian Sea. The surface heat budget is characterized by winter net heat loss and spring 693 

net heat gain due to an increase of QSW, which drives a positive buoyancy flux in the 694 

upper ocean, resulting in different stratification regimes between seasons (Figures 3 & 695 

4). Temperature drove density changes 70% of the time during winter and 87% during 696 

spring (Figures 3 & 7). The combined effects of reduced QSW and evaporation in winter, 697 

under the influence of dry and intense Shamal winds that promote heat loss through 698 

turbulent fluxes, cool the upper layers of the GoO, as evidenced by the ML temperature 699 

evolution (< 24.5 ºC). At the ocean surface, buoyancy loss during winter months (-700 

3.65±0.3 ·10-8 m2 s-3) induces vertical convection that erodes the stratification and 701 

deepens the ML to 79±19 m (Figure 4). During the spring intermonsoon, weaker winds 702 

and stronger incoming solar radiation result in an average buoyancy gain of 703 

(8.2±0.3)·10-8 m2 s-3 and the formation of a shallow, warm, and strongly stratified ML 704 

that shoals to 16±7 m between March and May 2015. The weaker but steady winds (~5 705 

m s-1) blowing during spring are unable to erode the stratification and induce mixing of 706 

subsurface waters with the surface waters. Stable atmospheric conditions combined 707 

with a shift in QNET regime result in the creation of a shallow ML above the winter 708 

mixed waters. The restratification process is vital to biogeochemical cycling in the 709 

region (Lévy et al., 2007; Piontkovski et al., 2017). The timing and intensity of 710 

restratification can influence the biological evolution of the system during spring.  711 

 712 

https://www.zotero.org/google-docs/?FOVKQK
https://www.zotero.org/google-docs/?xxmc7z
https://www.zotero.org/google-docs/?xpfJyG
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The high temporal resolution of this dataset reveals the impact of short and strong 713 

synoptic events on the upper ocean. Convective instability caused by buoyancy loss and 714 

wind-driven turbulence can explain the subseasonal MLD variability at relatively short 715 

timescales (1-3 days, Figure 3 & 4). Our observations reveal consistent signatures in the 716 

ratio between the heat flux components (QLW, QL, QS) and net cooling (QNET < 0) for 717 

the various intraseasonal events. In winter, QL accounts for 66% of heat loss, QLW 718 

accounts for 29%, and QS accounts for 5%. In spring, QLW contributes slightly more 719 

(35%) and QS slightly less (2%), while QL remains relatively constant (63%). Spring 720 

events are distinguished from winter events by the greater contribution of QLW, as well 721 

as the higher QS loss in winter due to stronger winds and colder air, resulting in larger 722 

air-sea temperature gradients. These observations are comparable to those found by 723 

Senafi et al. (2019) in the Persian Gulf and the Red Sea (QLW, QL, QS: winter 54-58, 23-724 

30, 16-19% and spring: 58-61, 34-39, 3-5%). The Persian Gulf and the Red sea are 725 

semi-enclosed basins with extreme salinity and water temperature that experience larger 726 

temperature gradients between the atmosphere and the sea. The topographic 727 

characteristics of these basins can explain the greater contributions of QS in winter 728 

relative to the GoO. The main driver of heat loss in the GoO is QL, in agreement with 729 

model studies (e.g. Montégut et al. (2007) in the Arabian Sea) and its contribution to the 730 

total heat loss is similar between seasons. 731 

 732 

Transient QL events are forced by intense wind speed events, which present significant 733 

air-sea humidity differences and show a clear signal correlated to the wind direction. 734 

The wind distribution during the studied periods reflects those measured by Aboobacker 735 

& Shanas (2018) and Chaichitehrani & Allahdadi (2018), with a predominance of 736 

northwesterly winds (Shamals) and their reversals. This study confirms that Shamal 737 

events, which are characterized by strong and dry winds from the NW, are the main 738 

drivers of surface heat loss and can alter the stratification and extent of the ML over 739 

short time scales (1-3 days). For instance, these events in spring are found to reduce the 740 

upper ocean stratification and deepen the ML from 20 m to 40 m  (Figure 4). Aside 741 

from these Shamal events, sparse SE strong wind events occur in both seasons, 742 

triggering intense and sporadic latent heat loss (e.g. 16 February 2016 in Figure 6), 743 

though they are often associated with more humid air masses, reducing the potential 744 

heat loss. 745 

 746 
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4.2 The role of submesoscale processes 747 

The observed magnitude and variability of ML evolution and the timing of 748 

restratification cannot be entirely explained by surface forcing alone. The high spatial 749 

resolution provided by the glider observations revealed submesoscale buoyancy fronts 750 

within the ML that had the potential to arrest or promote mixing. The equivalent 751 

submesoscale fluxes estimated in this study primarily contribute to stratifying the winter 752 

ML through both MLEs and EBF via upfront winds, contributing approximately 68% of 753 

the total positive heat budget (∑(QNET + QSMS) > 0) and opposing surface cooling 11% 754 

of the time. Negative QEBF is important during certain periods and acts to enhance 755 

convective mixing that erodes the base of the ML. During the presence of buoyancy 756 

fronts in the ML, downfront winds enhance a destratifying EBF, which can erode upper 757 

ocean stratification and deepen the ML. 758 

 759 

Prior studies in other regions have highlighted the importance of submesoscale 760 

processes promoting restratification through MLEs and wind-front interactions, 761 

resulting in a delay of the springtime ML shoaling (Mahadevan et al., 2012; du Plessis 762 

et al., 2019). Mahadevan et al. (2012) determined that the main contribution to 763 

stratification is driven by the seasonal QNET sign change and argued that restratification 764 

by MLEs before positive QNET causes a significant shift in the timing of the spring 765 

bloom in the North Atlantic. In the Southern Ocean, du Plessis et al. (2017) determined 766 

that MLEs increase stratification during spring, contributing to the surface heating by 767 

radiation. Meanwhile, a destratifying EBF can delay springtime restratification (du 768 

Plessis et al., 2019). Mahadevan et al. (2012) define a ratio of buoyancy fluxes due to 769 

along-front winds by Ekman transport and MLEs as  770 

𝑅∗ = 𝜏𝑦 / 0.06 ⋅ 𝜌0 ⋅ 𝑏𝑥⋅ ⋅ 𝑀𝐿𝐷2 . [10] 771 

The effects of restratification by MLEs and destratification by EBF are equal when 𝑅∗= 772 

1. MLEs dominate submesoscale fluxes during restratification as winds stay lower than 773 

0.06 N m-2, which corresponds to the threshold where 𝑅∗= 1 assuming typical winter 774 

values of bx = 5·10-8 s-2 and MLD = 100 m. Our findings suggest that spring 775 

restratification in the GoO is mainly induced by surface heating of the upper ocean, 776 

aided by a reduction in turbulent mixing caused by a weakening of wind strength and 777 

the positive contribution by MLEs. Our results suggest that the restratification timing 778 

may be conditioned by the presence of fronts (bx) promoting MLEs and restratification 779 

https://www.zotero.org/google-docs/?7xV5Wd
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via baroclinic instability. The presence of enhanced buoyancy fronts during spring 2016  780 

may have led to an earlier restratification (by three weeks) relative to the previous year, 781 

when bx was lower (Figure 7a). 782 

 783 

4.3 Implications 784 

The surface mixed layer is the window mediating between atmosphere and climate 785 

forcing, and the ocean interior, resulting in a coupling between MLD and the overall 786 

regional ecosystem (Kumar & Narvekar, 2005; Goes et al., 2020). A review of recent 787 

literature for the northern Arabian Sea, reveals evidence for certain climate-related 788 

changes to the atmosphere and ocean environment that directly impact the upper ocean 789 

and mixed layer processes presented in this study. Over multidecadal timescales, 790 

warming in the region is suggested to lead to gains in upper ocean stratification and 791 

stability, thereby reducing vertical mixing, primary production, and OMZ ventilation 792 

(Kumar et al., 2009;  Piontkovski & Chiffings, 2014; Roxy et al., 2016; Parvathi et al., 793 

2017; Lachkar et al., 2018, 2019). In contrast, studies focusing on mesoscale processes 794 

and episodic events suggest an opposing trend - the region shows increased rates of 795 

turbulent mixing caused by shifts in wind strength that increase the upwelling along the 796 

Arabian coasts (deCastro et al., 2016; Praveen et al., 2016, 2020) and an increase in 797 

Shamal wind events intensity over the last three decades (Aboobacker & Shanas, 2018). 798 

The increase in winds could counteract enhanced stratification induced by warming and 799 

may sustain the current mixing rates and modify advective pathways (Lachkar et al., 800 

2020; Praveen et al., 2020).  801 

 802 

Earth system models, such as those assessed by the Intergovernmental Panel on Climate 803 

Change, are conflicted on the climatic response of OMZs globally, with the predictions 804 

prone to low certainty and high variability on aspects such as the extent and magnitude 805 

of OMZs (Bopp et al., 2013; Oschlies et al., 2017, 2018). The major cause of 806 

uncertainty is the fact that coupled climate models do not resolve ocean processes 807 

smaller than their grid cells (10-100 km) (Lachkar et al., 2016). As an example, key 808 

processes associated with the meso- to submesoscale that have been observed in the 809 

region can drive enhanced overturning circulation that enhances vertical and horizontal 810 

motions, increasing vertical mixing, horizontal transport, and responses to net primary 811 

productivity (Chen et al., 2012; Banse et al., 2014; Lachkar et al., 2016; Queste et al., 812 

2018; Johnson et al., 2019). 813 
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 814 

Our study and the glider datasets allow us to resolve these small-scale events and 815 

identify the significant impact of transient QL extreme events (driven by Shamals) and 816 

submesoscale processes on the MLD. We attempt to show their presence throughout the 817 

year but particularly in winter, when deeper MLDs (50-135 m) and therefore larger 818 

available potential energy lead to heightened submesoscale activity. Wintertime 819 

submesoscale restratifying fluxes are similar in magnitude to surface heat fluxes and 820 

thus play a major role in the surface buoyancy budget, emphasizing the need to better 821 

resolve and understand these processes and their role in the evolution of the surface 822 

ocean. Parameterizing submesoscale processes in one-dimensional ML models may 823 

modify the magnitude of stratification compared to when the model is only forced by 824 

surface fluxes, thereby altering ML dynamics and the physical-biological interaction in 825 

the region. Several studies have discussed the strong intraseasonal variability in primary 826 

productivity and carbon fluxes caused by transient mixing events or submesoscale 827 

fluxes in different regions (Swart et al., 2015; Lévy et al., 2018). For instance, the 828 

presence of submesoscale processes shown here suggests that they may be important in 829 

modeling net primary productivity during winter, as unlike many regions in the world, 830 

productivity in the GoO is comparatively large during this season. Moreover, they can 831 

be crucial in determining the timing of phytoplankton blooms and associated CO2 flux, 832 

as spring restratification is synonymous with a subsurface bloom that persists 833 

throughout the intermonsoon season, potentially representing a significant carbon sink 834 

(Piontkovski et al., 2017).  835 

 836 

In future scenarios of warming (IPCC et al., 2021), increase in stratification, and more 837 

intense wind events; we hypothesize that submesoscale processes, such as QMLE, may 838 

decrease due to reduced available potential energy in shallower MLDs, while QEBF 839 

would play a negligible role as its contribution might counterbalance. Overall, this 840 

would suggest a lesser impact of QSMS on surface ML. As QSMS are mostly restratifying 841 

the upper ocean in this region, our hypothesis would align with many of the regional 842 

studies stating it may not simply evolve to an increase in stratification and reduced 843 

primary productivity, and thus challenging the broad-scale statements on the future 844 

water column structure and OMZ evolution. 845 

 846 
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Our findings help to better understand the processes leading to stratification and mixing 847 

in the region, which have the potential to impact local biogeochemical cycling. 848 

However, our current glider datasets in the GoO are too short or at the wrong time of 849 

the year to, for example, understand the breakdown in stratification during autumn and 850 

the onset of stronger submesoscale energy in the periods of the year when the MLD is 851 

deep. We require additional observational campaigns, such as prolonged glider 852 

deployments observing at even high spatial resolution (< 3km) and occuring over all 853 

seasons to address future questions related to the rapidly evolving upper ocean physics 854 

and the associated response of biology (coupling to the OMZ and regional ecosystem). 855 

In addition, new glider sensors, such as  ADCP and microstructure packages,  are 856 

needed to elucidate the contribution of and relationship between wind stress and surface 857 

buoyancy forcing on upper ocean stratification and extent. These fine scale processes 858 

are likely to be important for ventilating and expanding the OMZ in a warming climate.  859 

 860 

5 Conclusions 861 

 862 

The seasonal evolution of the MLD and the restratification in the GoO is mainly driven 863 

by shortwave radiation, resulting in a positive net heat flux into the ocean. QNET is 864 

characterized by winter net heat loss and heat gain in spring due to an increase in QSW. 865 

Throughout winter, a deep ML (mean: 79±19 m) is present, owing to buoyancy loss 866 

caused primarily by net heat loss. During restratification, stable atmospheric conditions 867 

combined with heat entering the ocean are the driving forces behind the spring ML 868 

formation. The restratification timing is different by three weeks between years as a 869 

result of differences in the QNET cycle as well as weakening of wind forcing. Stronger 870 

incoming solar radiation during the spring intermonsoon causes buoyancy gain, 871 

increasing the stratification and shoaling the ML to 16±7 m on average. Wind-driven 872 

processes cause latent heat loss that promotes the submonthly MLD variability during 873 

both seasons. The primary drivers of QL are intense and dry northwesterly winds 874 

(Shamals), which are more frequent in winter than in spring. Submesoscale buoyancy 875 

fronts within the ML have the energy to restratify or mix the ML properties and have 876 

the potential to work against the general surface forcing fluxes at shorter time scales. 877 

Submesoscale fluxes represent 68% of overall positive buoyancy fluxes and primarily 878 

contribute to stratifying the winter upper ocean (11% of the time), highlighting how 879 

important they are in this region. They are present mainly during the formation of the 880 



manuscript submitted to Journal of Geophysical Research: Oceans 

31 

spring ML, which may play a main role in determining the spring restratification 881 

timing.  882 
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Figure S1

Introduction

The supporting information contains an additional figure. We provide a supporting
figure to validate the glider data management. Seaglider 579 was deployed in March
2015 until the end of May 2015 (91 days) during the spring intermonsoon and
Seaglider 510 was deployed in mid-December 2015 and recovered at the end of
March 2016 (108 days) during the winter NW monsoon. The data shows the bias
between the up and downcast of the corrected glider data profiles for each season.
There is an evident deviation during both seasons in the measurements at the first
meters of the downcast profiles, more prominent during spring. The temperature
bias is caused by the warming of the sensors during the communication phase at
the surface between dives. Strong solar radiation warmed the glider and its sensors,
causing an artificial rise in potential temperature. The bias in the downcast profiles
produces fictitious results when observing lateral gradients, hence only climb
profiles are used in this study.
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Figure S1. Temperature bias between up and downcast profiles. (a)

Conservative temperature (Θ), (b) absolute salinity (SA), and (c) potential density (𝜎0)

bias between up and downcast corrected data profiles for each season. The average

MLD is displayed as the horizontal dotted line and the shading shows the STD. High

air temperatures in the region cause warming of the sensors during the

communication phase at the surface producing a bias in the measurements at the

first meters of the downcast profiles. The deviation is evident during both seasons,

although it is more prominent during spring when solar radiation is stronger.
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