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Abstract
This study examines the impact of winter Shamal events (strong northwesterly winds that commonly generate significant 
dust storms) on water column mixing and turbulence in the northern Arabian Gulf using a newly developed method for 
computing turbulence properties, specifically turbulent kinetic energy dissipation rates (ϵ) and temperature variance dis-
sipation rates ( χ T ). Fast-response temperature sensors were employed during November 2023 to capture detailed time-
series measurements during both Shamal and pre-Shamal periods. The results demonstrate that Shamal-induced turbulence 
significantly enhances air-sea exchanges of momentum and heat, driving intense wind-induced mixing and convective 
processes. These processes led to a sharp increase in ϵ and χ T , particularly during the peak of the Shamal event, where 
ϵ values ranged from 10⁻⁶ to 10⁻⁴ W/kg. Based on our results from comparison of turbulence parameters during periods 
of different physical forcings (wind stress and convection), we suggest that moored, affordable, fast-response temperature 
sensors can deliver time-series estimates of ϵ and χ T  with a higher degree of reliability, showing deviations of less 
than 18% compared to a benchmark turbulence profiler used to corroborate the newly developed method. This capability 
is particularly significant, as this study represents one of the first observational analysis of water column turbulence in 
response to Shamal events, offering valuable insights into the Gulf’s broader hydrodynamics. These findings enhance our 
understanding of Shamal-driven mixing processes and introduce an innovative method for measuring turbulence, with 
broader implications for the study of ocean mixing in coastal and semi-enclosed seas.
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1  Introduction

The Arabian/Persian Gulf (hereafter referred to as the Gulf) 
lies within the subtropical high-pressure belt (25–30°N), a 
region characterized by some of the harshest desert condi-
tions on Earth (Brook et al. 2006). The descending dry air cre-
ates arid desert conditions, while the Gulf is also influenced 

by extra-tropical weather systems from the northwest. One 
of the most significant meteorological phenomena affecting 
the Gulf is the Shamal wind (Blain 2000). Shamal (“north” 
in Arabic) refers to strong northwesterly winds that occur 
primarily in summer (June to August), driven by the rela-
tive strengths of the Indian and Arabian thermal lows, and 
in winter (November to March), driven by synoptic weather 
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systems from the northwest (Aboobacker et al. 2011). These 
winds can intensify into “Shamal Events,” which often 
transport dust from the Mesopotamian floodplain, signifi-
cantly reducing visibility across the eastern and southern 
Arabian Peninsula and Iran (Abdi Vishkaee et al. 2012). On 
average, approximately ten Shamal events occur annually, 
with significant impacts on both the natural environment 
and human health (Al Senafi and Anis 2015).

Winter Shamal events, in particular, are highly impactful, 
bringing cold, dry air masses that trigger abrupt changes in 
the Gulf’s circulation, mixing intensities, and heat budget 
(Li et al. 2020a). Similar to the Mistral winds in the Gulf 
of Lion in the Mediterranean (Keller et al. 2024) and the 
Bora winds in the Adriatic Sea (Lee et al. 2005), Shamal 
winds can induce intense wind-driven mechanical mixing, 
convective cooling, and overturning processes. The surface 
forcing generated by Shamal events—through buoyancy, 
momentum, and heat fluxes—likely plays a crucial role in 
the formation and location of Gulf Deep Water (GDW), 
which eventually spills into the Indian Ocean (Swift and 
Bower 2003).

The characteristics of Shamal events vary significantly 
by season. Summer Shamals can last for several weeks, 
bringing extreme heat up to 50 °C and sustained winds of up 
to 13 m/s (Rao et al. 2003), while winter Shamals typically 
last between 2 and 5 days, delivering cold air masses and 
stronger winds that can reach up to 20 m/s (Rao et al. 2001). 
These short but intense events can rapidly alter surface cir-
culation and sea surface temperatures (SSTs) over periods 
ranging from days to weeks (Al Senafi and Anis 2020a).

Despite the significance of Shamal events, the air-sea 
dynamics of the Gulf remain poorly understood, largely due 
to the scarcity of oceanographic and meteorological mea-
surements. No observational study has closely examined 
the response to Shamal events and their effects on water 
column mixing intensities. Understanding these effects is 
critical, as turbulence plays a key role in determining trans-
port pathways within the marine environment, as well as 
in mediating air-sea exchanges of momentum, heat, and 
gases (Bruciaferri et al. 2022). In particular, quantifying the 
transport and dispersion of nutrients—which sustain eco-
logical systems but may also trigger harmful algal blooms 
(e.g., Sullivan et al. 2003)—along with other water-borne 
substances such as oil and its derivatives (e.g., Yang et al. 
2015), sewage (e.g., Ragessi et al. 2022), and pollutants 
(e.g., Sutherland et al. 2023), as well as sediments in the 
coastal ocean (e.g., Cheng et al., 2020), remains a pressing 
challenge in oceanography. These processes are driven by 
turbulent mixing and circulation patterns, making it essential 
to understand the role of Shamal events in shaping the fate 
of all such water-borne substances. Improved knowledge of 
these dynamics is crucial for predicting the environmental 

impacts both positive and negative on marine ecosystems 
and natural resources (Ben-Hasan et al. 2018; Fieseler et 
al. 2023; Ben-Hasan 2024). Furthermore, such understand-
ing is essential for anticipating the effects of global climate 
change on air-sea temperature dynamics (Attrill 2009; Al 
Senafi et al. 2024), as well as on the frequency and severity 
of droughts (van Vliet et al. 2013), flooding (Mirza 2002), 
and extreme weather events such as the Shamal itself (Al 
Senafi and Anis 2015).

To address these challenges, we conducted a study aimed 
at enhancing the understanding and quantification of mixing 
processes and the related fluxes of water-borne substances 
in the northern Gulf, as well as their relationship to exter-
nal forcing. Our primary focus was on processes driven 
by winter Shamal events, which are key drivers of turbu-
lence, mixing, mass fluxes, and dispersion in this region. 
The study employed detailed time-series measurements of 
hydrographic and turbulence parameters, obtained using a 
turbulence profiler in conjunction with a newly developed 
method incorporating fast-response temperature sensors, 
as detailed in Sect. 2. A key innovation of this method was 
the deployment of these fast-response temperature sensors 
on freely rotating wings, allowing them to align with the 
flow and minimize wake interference. This design opti-
mized sensor exposure to ambient turbulence while reduc-
ing measurement distortions, ensuring high-fidelity data 
collection. These turbulence measurements were further 
complemented by simultaneous surface meteorological 
data, enabling the computation of surface forcing, includ-
ing momentum, buoyancy, and heat fluxes. The analysis and 
results of these measurements are discussed in Sect. 3, with 
conclusions and future directions outlined in Sect. 4.

2  Methodology

To capture the flow, thermal, and turbulence fields, we 
chose a site near Qarooh Island, Kuwait (28˚48.9730  N, 
048˚46.457’ E; Fig.  1). The site, located 44  km east of 
Kuwait’s mainland and 120  km south of the Euphrates-
Tigris delta, was selected for its 30.4  m depth, being the 
deepest local area, and its distance from possible obstruc-
tions to the dominant northwesterly Shamal and southeast-
erly winds, both of which are the focus of this study (Fig. 1). 
For our field campaign we used two approaches: The first 
involved a month-long deployment in November 2023, dur-
ing which we established a comprehensive suite of meteo-
rological sensors mounted on a mast at the pier on Qarooh 
Island (Sect.  2.1). Additionally, we deployed a string of 
temperature sensors along a tight mooring line, the bottom 
weight of which was connected via a lead line to a bottom-
mounted Nortek Signature Series 1 MHz Acoustic Doppler 
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Current Profiler (ADCP) positioned 25 m away at a depth of 
30.4 m (Fig. 2), 3.14 km northeast of the island (Sect. 2.2). 
The ADCP recorded current profiles at 1.5-minute intervals 
with a vertical resolution of 0.5 m bins, spanning up to 30 m 
above bottom (MAB), with a blanking distance of 0.2 m, 
totaling 60 cells. The raw velocity data were quality con-
trolled, and measurements with signal strength less than 3 
dB above background noise were discarded.

The second approach focused on continuous profiling 
over a four-day period, using a turbulence profiler to capture 
the multiscale energy cascade, down to the scale of molecu-
lar viscosity, at a location within 1 km of the mooring line 
(Sect. 2.3). Details of the instruments, measurements, and 
methods used in this study are described in the following 
sections.

2.1  Surface Meteorology

A complete suite of meteorological sensors provided contin-
uous measurements of air temperature and humidity (Hygr-
oVUE 5; installed in a fan aspirated solar radiation shield), 
wind speed and direction (Young marine wind monitor 
05106), incoming shortwave (Hukseflux SR11) and long-
wave radiation (Hukseflux IR02), rainfall (Texas electronic 
525), and barometric pressure (Setra 278) (Fig. 2A). Sen-
sors were mounted at a nominal distance of 4.13 m above 
sea level (ASL) and sampled every 5 s. Data was then aver-
aged and logged in 1 min intervals on a datalogger (Camp-
bell CR6). From these data, the surface wind stress, τ o, 
and the net surface heat flux, Jo

q , were computed using the 
Coupled Ocean Atmosphere Response Experiment formu-
lation (COARE version 3.5; Fairall et al. 1996, 2003). The 
air-sea fluxes allowed us to compute the classical Monin-
Obukhov length scale, L, to assess the relative importance 
of wind stress ( L >0) versus buoyancy forces ( L < 0) on 
upper ocean mixing, particularly during events like Shamals

L = −u3
∗

κ Jo
b

,� (1)

where u∗ =
√

τ o/ρ w  is the surface friction velocity ( τ o 
wind stress and ρ w is the seawater density), κ = 0.4 is 
the von Karman’s constant. The surface buoyancy flux, Jo

b , 
given by Jo

b = −gα Jo
q / (Cp ρ w), where g is the gravita-

tional acceleration, α  is the thermal expansion coefficient 
for water, and Cp is the specific heat capacity of sea water 
(Monin and Obukhov 1954; Anis 2006).

Fig. 2  Schematic of the experiment setup showing the (A) meteoro-
logical station (B) mooring line (C) bottom mounted ADCP pod

 

Fig. 1  Schematic of the experiment location off Qarooh Island, Kuwait. 
Map showing the bottom topography (color) and mooring site (filled 
red squares). Depth contours are in 5 m intervals
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water depth. This alignment enabled synchronized compari-
sons between temperature-based turbulence estimates and 
shear-probe-derived estimates from the MicroCTD. The 
resulting data were then used to estimate turbulent kinetic 
energy dissipation rates (ϵ) and temperature variance dis-
sipation rates ( χ T ) using well-established methods (e.g. 
Hill 1978; Kerr 1990; Sreenivasan 1996; Kundu and Cohen 
2012; Portwood et al. 2022).

To provide conceptual clarity, it is helpful to consider 
that in turbulent flows, temperature behaves as a passive 
scalar, meaning it is transported and mixed by the flow with-
out strongly influencing it. The fine-scale structure of the 
temperature field reflects the underlying turbulent kinetic 
energy, as energy cascades from larger to smaller eddies, 
leading to enhanced mixing and temperature fluctuations at 
small scales. These fluctuations, when analyzed in spectral 
space, provide a means to infer both how rapidly turbu-
lence is dissipating (via ϵ) and how temperature variance is 
smoothed by molecular diffusion (via χ T ).

The rate of dissipation of temperature variance is given 
by:

χ T = 2D⟨(∇ T ′ )2⟩� (2)

where T ′  are the molecular temperature, ∇ T ′  is the spa-
tial gradient of the temperature fluctuation, and D is the 
thermal diffusivity. The operator ⟨·⟩ indicates averaging, 
hence the term ⟨(∇ T ′ )2⟩ is the variance of the gradient of 
the fluctuating temperature field. In case of isotropic turbu-
lence, Eq. (2) can be written in terms of the gradient along 
the longitudinal direction x as:

χ T = 6D⟨
(

∂ T ′

∂ x

)2

⟩ .� (3A)

In wavenumber (k) space, the temperature variance dissi-
pation rate is expressed as:

χ T = 6D

∞̂

0

Φ T ′ x (k) dk� (3B)

where Φ T ′ x  is the spectrum of 
T ′

x = ∂ T ′/∂ x = (1/u) (∂ T ′ /∂ t), using Taylor’s frozen 
flow hypothesis with the mean speed, u, of the oncoming 
flow provided by the ADCP to convert the time-domain sig-
nal into spatial signal, and k is the cyclic longitudinal wave-
number with units of cycle per meter (cpm).

The vertical eddy diffusivity, KT , for heat (Osborn and 
Cox 1972) can be estimated as:

2.2  Mooring Line

2.2.1  Design& Setup

A string of 22 temperature-depth (TD) sensors were 
deployed along the mooring line. These sensors provided 
high temporal (up to 16  Hz) and vertical resolution tem-
perature profiles (0.25  m to 4  m), allowing for detailed 
investigation of turbulent processes during both calm and 
energetic atmospheric events. Instruments near the surface 
and bottom boundary layers were spaced at 0.25 m incre-
ments, with spacing gradually increasing toward the mid-
layer (Fig. 2B).

The compact RBRsolo³ T and RBRduet³ T.D loggers 
(RBR Ltd.) used in this study were chosen due to their 
relatively low cost, compact size (~ 240 mm long, ~ 25 mm 
diameter), lightweight design (120 g in air, 20 g in water), 
fast sampling rates (2  Hz for standard models, 16  Hz for 
fast models), high accuracy (± 0.002  °C) and resolution 
(< 0.00005  °C). These thermistors have a response time 
constant (time it takes to reach 63% of the final value, the 
e-folding time; Emery and Thomson 2004) of 70 ms and 700 
ms, respectively, for fast and standard. The transfer func-
tion of these thermistors is modeled as a single-pole system, 
which attenuates energy at higher frequencies while still 
allowing high-frequency signals to pass with some attenua-
tion (20 dB/decade) (Gregg and Meagher 1980; Nash et al. 
1999; Tagawa et al. 2003). This fast response enables the 
RBRsolo³ T sensors to effectively capture rapid temperature 
changes such as those associated with turbulence.

All loggers were mounted on a Delrin frame, equipped 
with a rudder that was designed, cut, and fabricated in our 
lab, allowing them to rotate freely and orient the sensor 
tip into the flow to minimize disturbances. To avoid wake 
generation and potential contamination of temperature mea-
surements, the original plastic sensor guards were removed. 
Additionally, the frame and rudders were coated with 
antifouling paint to minimize biofouling. All temperature 
loggers used in this study were recalibrated by the manufac-
turer prior to deployment.

2.2.2  Data Processing

Processing of the measured temperature time series began 
with trimming periods when the sensors were out of the 
water, followed by despiking the data. Power spectral den-
sity (PSD) estimates were computed for segments of 1024 
data points for standard RBRsolo³ T models and 8192 for 
fast models, corresponding to approximately 8.5 min of data. 
The 8.5 min segment duration was chosen to closely match 
the profiling interval of the MicroCTD, which completed 
one profile approximately every 4 to 10 min depending on 
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Φ T ′ (k)
COCk−5/3 = ϵ−1/3χ T � (9)

where, for some arbitrary spectra the right-hand-side is a 
constant combining the TKE and temperature variance dis-
sipation rates in the inertial-convective range. Rearranging 
Eq. (6) results in a second expression that combines ϵ and 
χ T :

N2

2Γ T 2
z

= ϵχ −1
T .� (10)

Multiplying Eqs.  (9) and (10) allow the computation of ϵ 
and χ T :

ϵ =
(

N2Φ T ′ (k)
2Γ COCT 2

z k−5/3

)3/2

=
(

6.25N2Φ T ′ (k)
T 2

z k−5/3

)3/2
� (11)

where the numerical factor 6.25 results from using Γ  and 
COC . Solving for χ T  results in:

χ T =
(

N2Φ 3
T ′ (k)

2Γ C3
OCk−5T 2

z

)1/2

=
(

39.0625N2Φ 3
T ′ (k)

T 2
z k−5

)1/2

.� (12)

To summarize, the discrete vertical profiles acquired from 
the thermistor string were utilized to evaluate N2 and 
T 2

z , while data from individual thermistors were analyzed 
to compute Φ 3

T ′ , enabling the estimation of ϵ and χ T  
at the corresponding thermistor depths, as described by 
Eqs. (11) and (12).

We note that while the use of high-frequency temperature 
measurements for turbulence studies is well established, 
particularly through moored FP07 thermistors that record 
the time derivative of temperature fluctuations (dT′/dt), as 
demonstrated in the work of Moum and Nash (2009), our 
approach is distinct. Instead of FP07 sensors, we employ 
compact, off-the-shelf RBRsolo³ T loggers that directly 
measure temperature fluctuations (T′), enabling a cost-
effective and easily deployable alternative for long-term 
moored observations.

2.2.3  White Noise and Sensor Performance Validation

White noise introduced by the electronic circuits of the sen-
sors was modeled as broadband white noise. This noise, 
characterized by levels between 1.05 × 10¯⁹ and 8.11 × 10¯⁹ 
°C²/Hz, was incorporated into the spectral analysis to 
account for its influence at high frequencies. Although the 
thermistors may exhibit a 1/f noise component at lower fre-
quencies, this contribution is typically minimal because the 
temperature signals at these frequencies are much larger in 
magnitude, effectively dominating over the noise (Halverson 

KT = χ T

2T 2
z

� (4)

where TZ  is the mean vertical temperature gradient.
For steady-state turbulence, where turbulence kinetic 

energy dissipation rate is balanced by shear production 
(mechanical) and buoyancy production, Jo

b , the eddy dif-
fusivity for density, Kρ , can be estimated as:

Kρ = Γ ϵ

N2 � (5)

where Γ = 0.2 is the mixing efficiency, and N  is the buoy-
ancy frequency (Osborn 1980). The buoyancy frequency 
was computed under the assumption of a constant salinity 
profile, as the haline contribution to both stratification and 
surface buoyancy flux was consistently minor, accounting 
for approximately 22% of the observed density variability 
and less than 30% of the surface buoyancy flux, during the 
study period. This assumption is supported by salinity mea-
surements from the MicroCTD turbulence profiler, which 
showed that temperature dominated the density stratifica-
tion signal across the record. Since the moored tempera-
ture array did not include conductivity sensors, density and 
buoyancy frequency at that site were estimated from tem-
perature alone.

Assuming KT = Kρ , and using Eqs.  (4) and (5) we 
derive the following expression for ϵ:

ϵ = N2χ T

2Γ T 2
z

.� (6)

The mean-square turbulence temperature fluctuations 
(i.e. the variance) in the longitudinal, x, direction can be 
expressed as:

⟨T ′ 2⟩ =
∞̂

0

Φ T ′ (k) dk� (7)

where, φ T ′  is the one-dimensional spectral density of the 
temperature fluctuations, T ′ . In the inertial-convective 
range, dimensional analysis (e.g. Sreenivasan 1996; Danaila 
and Antonia 2009) relates Φ T ′ (k) to k as:

Φ T ′ (k) = COCϵ−1/3χ T k−5/3� (8)

where Coc = 0.4 is the Obukhov-Corrsin constant (Sreeniv-
asan 1995). If temperature fluctuation measurements yield 
well-resolved spectra in the inertial-convective range, the 
spectra should follow a −5/3 slope in log-log space. Nor-
malizing the spectra with Cock−5/3 gives:

1 3



A Novel Cost-Effective Approach for Collecting Time-Series of Turbulence Properties in Aquatic Systems - Part I

remove vibrations that might contaminate the shear probe 
signals. Additionally, the profiler is equipped with a preci-
sion conductivity-temperature-depth (CTD) sensor and a 
pressure transducer, both operating at 64 Hz.

Raw turbulence signals were processed using a custom-
ized version of RSI’s ODAS v4.4 libraries, following adap-
tations detailed in Piccolroaz et al. (2021). The calibration 
sensitivities of the shear probes were used to convert raw 
signals into physical units, while the temperature sensors 
were benchmarked against high-precision temperature mea-
surements. Vertical profiles were segmented into overlap-
ping 2-meter intervals, with each segment further subdivided 
into five 50% overlapping subsegments. PSD estimates for 
both shear and temperature gradient signals were computed 
by applying Welch’s method with detrending and Hanning 
windowing, ensuring a smoothed spectral representation of 
turbulence within each segment.

Taylor’s frozen turbulence hypothesis was applied to 
convert frequency spectra into wavenumber spectra using 
the profiler’s fall speed, estimated from the differentiated 
pressure time series. To enhance data quality, the shear 
probe signals underwent spike removal, and low-frequency 
components linked to profiler motion were filtered out. Cor-
rections for spatial attenuation effects and high-frequency 
noise contamination were applied, utilizing data from 
onboard accelerometers. Similarly, temperature gradient 
spectra were corrected for sensor response using a single-
pole transfer function, compensating for the FP07 thermis-
tor’s nominal 7 ms time constant.

et al. 2017). To evaluate the accuracy of the moored tem-
perature time series, we conducted a direct comparison with 
temperature profiles obtained from the MicroCTD profiler. 
For each of the 18 RBRsolo³ T sensors, we extracted the 
nearest corresponding depth from the MicroCTD casts dur-
ing the 15–18 November period. The comparison showed 
strong agreement across all depths, with significant corre-
lation coefficients exceeding 0.77 (Fig. 3). This validation 
demonstrates the consistency of the moored sensors with 
the profiler data and supports the reliability of the moored 
temperature measurements.

2.3  Turbulence Profiling

Microstructure data were collected using the Rockland 
Scientific International (RSI) MicroCTD, a profiler spe-
cifically designed for turbulence measurements in shallow 
coastal environments. The instrument was deployed in the 
water column, capturing profiles from approximately 1 m 
below the surface to 0.1  m above the seabed at intervals 
of 4–10 min, depending on water depth. All collected data 
were stored internally and later retrieved for analysis.

The MicroCTD profiler, approximately 1 m in length, is 
equipped with two microstructure airfoil shear probes and 
two FP07 fast-response thermistors, all sampling at 512 Hz. 
The airfoil probes are positioned orthogonally to measure 
both components of horizontal velocity shear fluctuations, 
∂ u′ /∂ z and ∂ v′ /∂ z. The instrument also includes piezo-
electric accelerometers that record at 512 Hz to identify and 

Fig. 3  Time series comparison between 18 RBRsolo³ T sensors (black 
lines) and corresponding MicroCTD temperature measurements (blue 
dots) extracted at the nearest depth for each profile. Each subplot cor-

responds to a distinct RBRsolo³ T sensor located at specific depth 
intervals from 6.23 m to 29.98 m. The correlation coefficient and num-
ber of samples are noted in the upper-right of each panel
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3.1  Calm Period (Midnight To Evening of November 
14th)

3.1.1  Atmospheric Conditions and Surface Fluxes

The calm period, defined from midnight (00:00) of Novem-
ber 14th to the early evening of that day (17:30), was char-
acterized by weak wind speeds less than 2.5 m/s and wind 
stress close to 0 N/m² throughout this time (Figs. 3A and 
4A). These conditions resulted in very little mechanical 
energy available for turbulent air-sea interactions. With 
such low winds, the atmosphere exerted limited influence 
over the ocean surface, contributing to stable initial hydro-
graphic conditions that will be discussed in detail below.

Barometric pressure remained relatively steady at around 
1014–1016 mb (Fig. 4B), reflecting the absence of signifi-
cant weather systems or pressure gradients in the region. 
The latent heat flux, which represents the energy lost from 
the ocean via evaporation, dropped from a peak of 266 W/
m² to near-zero towards the end of the period (Fig.  5E). 
These limited evaporation rates were due to weak winds 
and higher air humidity of 64% (Fig. 4D), restricting mois-
ture transport away from the ocean surface. Similarly, the 
sensible heat flux, which accounts for heat exchange due to 
temperature differences between the air and sea, was neg-
ligible, with values less than 10 W/m² (Fig. 5D), as air-sea 
temperature contrasts averaged only 1.7 °C (Fig. 4C).

The net heat flux was negative during daytime (Fig. 5F; 
red), indicating that the ocean was absorbing heat, primar-
ily (73%) from shortwave solar radiation (Fig. 5B), as clear 
skies likely dominated during this period. This clear-sky 
condition is indicated by the well-defined bell-shaped solar 
radiation pattern, allowing the SST to warm up to 0.8 °C. 
The lack of wind-driven cooling processes combined with 
the warmer air temperature than sea (Fig. 4C) maintained 
this heat gain at the surface. However, after sunset, the net 
heat flux turned positive (Fig.  5F; blue), suggesting heat 
loss. This diurnal cycle of heating and cooling contributed 
to minimal overall air-sea heat exchange, with a period-
average net heat flux of 48 W/m² which is about a fifth of 
the heat loss observed during the following phases.

3.1.2  Water Column Thermal Structure & Stability

During the calm period, the initial water column exhibited 
a persistent, relatively strong stratified thermal structure, as 
indicated by the temperature contour plot and temperature 
traces (Fig. 6). Surface temperatures were around 28.2 °C, 
with a gradual cooling gradient extending towards the 
seabed, where temperatures were approximately 27.9  °C 
(Fig. 6A). The well-separated temperature traces through-
out most of the period indicate the presence of a relatively 

The processed wavenumber spectra for shear and tem-
perature gradients were used to estimate the dissipation 
rates of turbulent kinetic energy, ϵ and temperature variance 
χ T . Under the assumption of isotropic turbulence, ϵ was 
determined using:

ϵ = 15
2

ν ⟨
(

∂ u′

∂ z

)2

⟩ = 15
2

ν

∞̂

0

ψ u′ z
(k) dk,� (13)

where ν  is the kinematic viscosity of seawater, ψ u′ z
(k) 

represents the shear wavenumber spectrum, and the integral 
spans the resolved lower and upper bounds wavenumber 
range [ kL, kU ]. The initial estimate of ϵ was corrected for 
unresolved variance using the empirical Nasmyth spectrum, 
following the methodology outlined in Piccolroaz et al. 
(2021).

Similarly, the dissipation rate of temperature variance 
( χ T ) (see Equations (3A)-(3B)), was computed as:

χ T = 6D⟨
(

∂ T ′

∂ x

)2

⟩ = 6D

∞̂

0

Φ T ′ z (k) dk,� (14)

where Φ T ′ z
(k) is the wavenumber spectrum of tempera-

ture gradient fluctuations. The Kraichnan theoretical spec-
trum (Kraichnan 1968) was fitted to the observed spectrum 
using the maximum likelihood estimation (MLE) method 
described by Ruddick et al. (2000). This procedure provided 
an alternative estimate of both for χ T  and ϵ. The itera-
tive fitting approach accounted for sensor noise, and only 
high-quality estimates were retained based on established 
criteria such as goodness-of-fit, signal-to-noise ratio, and 
sufficient spectral resolution. A more detailed description of 
the microstructure data processing methodology and quality 
metrics used is provided in Ruddick et al. (2000) and Pic-
colroaz et al. (2021).

3  Results & Discussion

In this section, we examine and discuss how the atmo-
spheric conditions and air-sea fluxes during three distinct 
phases: (Sect. 3.1) calm conditions, (Sect. 3.2) a pre-Shamal 
phase characterized by southeasterly winds, and (Sect. 3.3) 
a Shamal event, marked by strong northwesterly winds 
influenced the thermal structure of the water column from 
November 14th to November 19th, 2023. The analysis cov-
ers both air-sea heat and momentum fluxes as well as the 
thermal response of the water column, with a particular 
focus on the impact of atmospheric forcing on vertical mix-
ing and stratification.
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waters experienced atmospheric heating towards midday 
in response to solar radiation as well as air-sea tempera-
ture contrast (Fig. 4C; red), but the deeper layers remained 
largely unaffected during this morning time, as indicated by 
the temperature vertical profiles.

stratified water column (Fig.  6B). The warm surface sen-
sors (depicted in red and orange) are clearly separated from 
the cooler deeper sensors (depicted in green and blue). 
This lack of convergence between the temperature traces 
implies weak vertical mixing, consistent with the calm 
atmospheric conditions. As highlighted above, the surface 

Fig. 5  Surface Heat and Momentum Fluxes from 14 to 19 November: 
(A) wind stress, (B) short-wave radiation and Monin-Obukhov length 
scales with positive values of the Monin-Obukhov length are shown 
in black, while negative values and those less than 2 m are shown in 
orange and set to zero. (C) long-wave radiation, (D) sensible heat flux, 

(E) latent heat flux, and (F) net heat flux. In panels (B) through (F), 
blue shading indicates positive heat flux values representing heat loss 
from the sea, while red shading indicates negative values, representing 
heat gain by the sea. Red, blue, and magenta boxes mark the periods of 
calm, pre-Shamal, and Shamal, respectively

 

Fig. 4  Surface meteorological parameters from 14 to 19 November 
2023, displayed from top to bottom: (A) wind speed (in blue) and 
hourly wind vectors, (B) barometric pressure, (C) air temperature (in 
black) and the temperature difference between air and sea surface tem-

peratures (shown with blue-red shading), and (D) relative humidity. 
The periods of calm, pre-Shamal, and Shamal are indicated by red, 
blue, and magenta boxes, respectively. No rainfall was measured dur-
ing this period; thus, rainfall data is not included in the figure
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shows elevated spectral energy during the calm period fol-
lowing different cycles. The near seabed spectrogram and 
temperature variances (red) appear to roughly follow a 
semidiurnal cycle that was consistent with the tidal signal 
(for details see Al Senafi et al.,2020b; Li et al. 2020b), fur-
ther emphasizing stratification and the insignificant contri-
bution of atmospheric forcing near the seabed. In contrast, 
the near sea surface followed a diurnal cycle, with lower 
spectral levels and temperature variances observed dur-
ing dawn, a period when the water column became more 
weakly stratified.

Moreover, temporal temperature fluctuations (Fig.  7) 
reveal distinct separation between surface and bottom dur-
ing the morning, with higher fluctuations near the surface (24 
MAB) and lower fluctuations near the seabed (3.25 MAB) 
as indicated by the higher ranges. This further emphasizes 
the presence of thermal layers. This also suggests that the 
relatively weak wind stress and low air-sea heat loss were 
too weak to destratify the water column. This is further sup-
ported by the small, less than 7.8 m, (green) and negative 
(orange) Monin-Obukhov length (Fig. 5B).

Further analysis of the spectrogram for both the surface 
(24 MAB; Fig. 8A) and bottom (3.5 MAB; Fig. 8B) sensors 

Fig. 7  Time series of temperature 
fluctuations from seven fast-
response (16 Hz) temperature log-
gers attached to a tightly moored 
line, where warmer-colored traces 
represent the shallow sensors, and 
cooler colors denote the deeper 
sensors. Red, blue, and magenta 
boxes indicate the periods of 
calm, pre-Shamal, and Shamal, 
respectively

 

Fig. 6  Temperature chain time series from 18 temperature loggers, 
regular (2 Hz) and fast-response (16 Hz), attached to a tightly moored 
line. (A) Temperature contour plot and (B) temperature trace, where 
warmer-colored traces represent the shallow sensors, and cooler colors 

denote the deeper sensors. Data were averaged over 6-minute inter-
vals. Yellow circles highlight periods with a homogeneous thermal 
structure. Red, blue, and magenta boxes indicate the periods of calm, 
pre-Shamal, and Shamal, respectively
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3.2  Pre-Shamal Period (November 15th To 
November 16th)

3.2.1  Atmospheric Conditions and Surface Fluxes

The pre-Shamal period marked an increase in atmospheric 
activity as winds shifted to the southeast, a precursor to 
the more intense Shamal winds. Hourly averaged wind 
speeds increased to 7.2  m/s (Fig.  4A), leading to a sharp 
rise in wind stress exceeding 0.1 N/m² (Fig. 5A). Although 
these squall winds fluctuated in intensity (between 1.1 and 
7.2  m/s), they introduced a higher momentum flux to the 
ocean surface than during the calm period. The shift to 
southeasterly winds is typical of pre-Shamal conditions 
in the Gulf, driven by regional pressure gradients and the 
approaching high-pressure systems associated with Shamal 
events as detailed by Al Senafi and Anis (2015). This pattern 
was observed in the present study, which recorded a pres-
sure increase from a minimum of 1012 mb during the pre-
Shamal period to a maximum of 1019 mb during the Shamal 
event (Fig. 4B). These southeasterly winds, referred to as 
Kaus/Suahili winds, are commonly associated with cloudy 

Interestingly, by morning between 6:00 and 12:00, the 
water column appeared to become more weakly stratified 
(Fig. 6B; yellow circle), with temperatures across the col-
umn differing by less than 0.01 °C and temperature fluctua-
tions decreased from 0.1 °C/s to near zero (Fig. 7), indicating 
a homogeneous structure. The negative Monin-Obukhov 
length (Fig. 5B) suggests that buoyancy forces, rather than 
mechanical forces (wind stress), dominated, likely leading 
to convective mixing. However, by midday between 12:00 
and 17:00, the column re-stratified, with temperature dif-
ferences nearing 0.2 °C, and continued to increase toward 
the pre-Shamal period. The conditions observed during this 
calm period resulted in reduced mean ϵ and χ T  in the water 
column, with ϵ and χ T  values averaging 2.33 × 10¯⁶ W/kg 
and 6.99 × 10¯⁶ °C/s, respectively. These values are lower 
by more than an order of magnitude compared to the overall 
study period averages of 6.49 × 10¯⁵ W/kg and 9.25 × 10¯⁵ 
°C/s (Fig. 9A and B).

Fig. 8  Spectrogram of tempera-
ture fluctuations and temperature 
variances: (A1) Spectrogram 
computed from temperature time-
series measured by a fast response 
temperature logger during a period 
of five days. (A2): temperature 
time-series trace (blue line) and 
temperature variance (red; log10 
scale) computed for each FFT 
block. Temperature was sampled at 
16 Hz and each FFT block includes 
8192 samples (equivalent in time 
to ~ 9 min). The temperature logger 
was at 24 m above the bottom. 
(B1) and (B2) are similar to (A1) 
and (A2) but for temperature 
logger at 3.5 m above the bottom 
(nominal water depth 30.48 m). 
Yellow circles highlight periods of 
homogeneous thermal structure. 
The red, blue, and magenta boxes 
mark the periods of calm, pre Sha-
mal, and Shamal, respectively
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3.2.2  Water Column Thermal Structure & Stability

As southeasterly winds developed during the pre-Shamal 
period, the temperature contour plot and sensor traces indi-
cate the onset of surface cooling until dawn, though strati-
fication persisted with water column temperature ranges 
exceeding 0.3 °C (Fig. 6B). The contour plot shows a slight 
cooling by 0.2 °C in the upper layers, with the warmer sur-
face transitioning to cooler temperatures, particularly near 
the surface (Fig.  6A). The temperature traces similarly 
reflect this change, with the warmer surface sensors’ tem-
peratures beginning to converge with those of the cooler 
temperatures of the deeper sensors, especially within the 
upper 10 m. However, waters beneath this depth remained 
relatively unaffected, as indicated by the continued separa-
tion of temperature traces at depth.

By dawn, an increase in barometric pressure of 2.5 mb 
(Fig. 4B) within a period of two hours was observed, dur-
ing which winds peaked at 7.1 m/s bringing cooler winds 
with temperatures below SST (Fig. 4C). These conditions 
led to a drop in SST driven mainly by the increase in wind 
stress and heat fluxes, particularly the rising latent heat flux, 
which peaked around 270 W/m² and accounted for 68% of 
the net heat flux loss. Stronger winds enhanced evapora-
tion, cooling the surface and intensifying vertical mixing as 

conditions and squalls (Galvin and Membery 2008). Despite 
their regional significance, these winds are not extensively 
documented, and to the best of our knowledge, no detailed 
statistical analysis is available in the literature.

Heat fluxes during the pre-Shamal period showed 
increased energy exchange between the ocean and atmo-
sphere. Latent heat flux rose significantly from near-zero 
levels at the end of the calm period, peaking at approxi-
mately 270 W/m² (Fig. 5E), indicating enhanced evapora-
tion driven mainly by stronger winds. Sensible heat flux 
remained low, following a similar pattern to the calm period 
(Fig. 5D), due to low air-sea temperature contrast not exceed-
ing 1.1 ˚C (Fig. 4C). The sky during this period was cloudy, 
as indicated by lower solar radiation compared to the previ-
ous day. Cloud cover increased downward longwave radia-
tion, reducing net longwave radiation loss to a minimum 
of 40 W/m². The combined effects of lower solar radiation 
and higher latent heat flux resulted in continuous net heat 
loss, averaging 209 W/m² (Fig. 5F). However, despite the 
continuous heat loss and lower solar radiation being a third 
compared to the Shamal period, the average heat loss during 
pre-Shamal was less than the average heat loss of 242 W/m² 
observed during the following Shamal phase, likely due to 
the intermittent nature of the squall winds compared to the 
persistent Shamal winds and colder air temperatures.

Fig. 9  Comparison of time series data from seven fast-response 
(16 Hz) temperature sensors used to estimate (A) ϵ and (B) χ T , where 
warmer-colored traces represent the shallow sensors and cooler colors 
denote the deeper sensors. MicroCTD estimates of ϵ and χ T  at the 
nearest measurement point are shown as dots. Histograms display the 
distribution of estimates for (C) ϵ and (D) χ T  throughout the period. 

Red, blue, and magenta boxes indicate the periods of calm, pre-Sha-
mal, and Shamal, respectively. No MicroCTD profiling was conducted 
during the calm period as profiling commenced late evening on 14th 
November and concluded late in the Shamal period, mid-day on 18th 
November. Panels A and B are offset by increments of ×1000 for visual 
clarity
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higher than critical Ri number suggesting stability. How-
ever, by dawn of November 16th, the water column buoy-
ancy frequency (Fig. 10A) and temperature range sharply 
reduced from 0.3 °C to less than 0.01 °C within just three 
hours, mirroring the mixing trend seen during the calm 
period. This suggests the dominance of buoyancy forces 
over mechanical forces, further supported by the smaller 
and negative Monin-Obukhov lengths (Fig.  5B). Despite 
the squall conditions and variable wind patterns described 
above, this period overall exhibited the highest fluctua-
tions in temperature, reaching up to 0.9 °C/s (Fig. 7). These 
fluctuations were more persistent compared to the Shamal 
event, resulting in higher mean ϵ and χ T  in the water col-
umn, with ϵ and χ T  values averaging 1.13 × 10¯⁴ W/kg and 
1.76 × 10¯⁴ °C/s, respectively. These values are higher com-
pared to the Shamal period averages of 2.69 × 10¯⁵ W/kg 
and 2.71 × 10¯⁵ °C/s (Fig. 9A and B).

3.3  Shamal Period (November 16th To November 
19th)

3.3.1  Atmospheric Conditions and Surface Fluxes

The Shamal period began in the evening of November 
16th and was characterized by strong northwesterly winds 
which are typical of Shamal events in the Gulf. Wind speeds 

indicated by elevated fluctuations in temperature (Fig.  7), 
spectral levels and temperature variances (Fig. 8A), leading 
to a decrease in temperature differences across the column 
to less than 0.04  °C by the afternoon of November 15th 
(Fig. 6B; yellow circle). A period during which the average 
water column buoyancy frequency started to drop in half 
from 4 cph (Fig.  10A) and vertical current shear sharply 
increased from near 0 to 17 cph (Fig.  10B), further sug-
gesting unstable conditions as indicated by the gradient 
Richardson number ( Ri; Miles 1961) below the critical 
number ( Ric = 1; Galperin et al. 2007) value (Fig.  10C, 
red). The Monin-Obukhov length increased during this time 
(Fig.  5B), indicating that mechanical forces (wind stress) 
were becoming more influential, compared to the buoyancy-
driven processes dominant in the calm period. However, a 
brief wind weakening midday, due to the squall nature of 
these southeasterly winds, led to a decrease in shear from 17 
cph to near zero and a tripling of buoyancy frequency from 
2 cph, as well as re-establishment of stratification indicated 
by the Ri numbers above the critical value (Fig. 10C; green 
shading), with surface-to-bottom temperature differences 
near 0.4 °C (Fig. 6B).

Despite increased air-sea interactions by the midnight of 
November 16th, the wind was not strong enough to fully 
homogenize the surface and deeper layers, as indicated by 
lack of convergence of temperature traces as well as the 

Fig. 10  MicroCTD measurements of: (A) buoyancy frequency, (B) 
velocity shear (calculated using the ADCP), and (C) the computed log 
scale gradient Richardson number, Ri. Red shading indicates values 
below the critical Ri number, suggesting vertical instability, while 
green shading denotes values above the critical Ri number, indicative 
of stable conditions. Yellow circles highlight periods with a homoge-

neous thermal structure. Red, blue, and magenta boxes mark the peri-
ods of calm, pre-Shamal, and Shamal, respectively. No MicroCTD 
profiling was conducted during the calm period, as profiling began late 
evening on the 14th of November and concluded mid-day on the 18th 
November, during the Shamal period
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stratification. The temperature contour plot shows a rapid 
shift from warmer tones (yellow and green) to cooler ones 
(blue), indicating uniform cooling from the surface to the 
bottom (Fig. 6A). This cooling was particularly pronounced 
on November 18th, when temperatures at all depths con-
verged around 27.4  °C, as depicted by the dominance of 
dark blue tones in the contour plot.

The temperature traces further highlight this mixing. 
During the Shamal, the initially well-separated traces dur-
ing dawn of November 17th, with a temperature difference 
of 0.47 °C between surface and bottom, converged within 
3.5  h (Fig.  6B; highlighted by the yellow circle). During 
this 3.5-hour period, a burst of elevated fluctuations in tem-
perature of up to 0.8 °C/s was observed (Fig. 7). This was 
closely followed by higher mean TKE and temperature dis-
sipation rates near the surface, with ϵ and χ T  values aver-
aging 8.45 × 10¯⁴ W/kg and 6.51 × 10¯⁴ °C/s, respectively 
(Fig. 9A & B). The temperature differences following this 
3.5-hour episode remained below 0.1  °C throughout the 
Shamal period, signifying a more weakly stratified water 
column from surface to bottom. The rapid cooling and 
homogeneity in temperature was likely driven by both the 
intense, continuous, wind stress (Fig. 5A) and the signifi-
cant latent heat flux (Fig. 5E). The Monin-Obukhov length 
scale remains predominantly negative throughout the inten-
sification of Shamal winds (Fig. 5B), suggesting that surface 
cooling and convective overturning continue to dominate 
the turbulent dynamics. This pattern can be attributed to the 
strong net surface heat loss caused by cold, dry air masses 
accompanying the Shamal, which significantly amplifies 
buoyancy-driven mixing. While wind stress increases dur-
ing this period, the rapid rate of surface cooling exceeds the 
mechanical input, leading to a sustained convective regime. 
This interpretation aligns with prior studies (e.g. Li et al. 
2020a) in the Gulf that highlight the importance of buoy-
ancy forcing during winter events.

Despite the differences in spectral levels (Figs.  7A1 & 
B1) and temperature variances (Figs. 7A2 & B2) between 
the near-surface and near-bottom sensors, the pattern 
remained consistent, with a significant correlation of 0.68 
during this period between the temperature variance signals, 
signifying a homogenous water column, compared to insig-
nificant (near 0) correlation values during the previous two 
periods. In addition, the dominant role of vertical current 
shear led to Ri numbers below the critical threshold, further 
indicating instability (Fig. 10).

exceeded 5  m/s, with hourly averaged peaks approaching 
7.5 m/s (Fig. 4A), resulted in a significant increase in wind 
stress, peaking around 0.1  N/m² (Fig.  5A). These strong 
winds, with single-minute observations reaching up to 
11.3 m/s, were driven by the interaction between high-pres-
sure systems over the Arabian Peninsula with lower pres-
sure systems to the southeast, generating strong pressure 
gradients (Vishkaee et al. 2012). The Shamal event reported 
in the present study is ranked in the 55th percentile in wind 
strength compared to the 421 documented Shamal events 
reported by Al Senafi and Anis (2015) over a 40-year period. 
These winds significantly enhanced air-sea interactions 
resulting in enhanced mixing which is examined below.

During the Shamal period, latent heat flux nearly dou-
bled, reaching 290  W/m² compared to the 151  W/m² 
observed at the beginning of this period (Fig. 5E), reflect-
ing high evaporation rates driven by intensifying winds. 
The cooler and drier land-originating northwesterly winds 
lowered humidity levels and increased the air-sea humid-
ity gradient, further enhancing moisture flux from the ocean 
surface. Sensible heat flux increased to 55 W/m², account-
ing for 15% of the total heat flux loss (Fig. 5D), due to the 
stronger winds and larger air-sea temperature differences as 
cooler Shamal winds moved over the relatively warm ocean 
surface (Fig. 4C).

The net heat flux during the Shamal event became strongly 
negative, indicating substantial heat loss from the ocean to 
the atmosphere, with a peak loss of 418 W/m², compared to 
the peak loss during the pre-Shamal period of 321 W/m². 
This heat loss was primarily driven by the sharp increase in 
latent heat flux, which accounted for 59% of net heat loss, 
and was followed by longwave radiation losses contribut-
ing 23% (Fig. 5C). Reduced shortwave radiation (Fig. 5B) 
likely resulted from the presence of both dust and clouds, 
common during Shamal events (Thoppil and Hogan 2010; 
Abadi et al. 2022). The proportion of heat flux losses due to 
latent, sensible, and longwave radiation is consistent with 
the range of a typical “fingerprint” of a winter Shamal event, 
as characterized by Al Senafi et al. (2019).

These air-sea heat flux observations are consistent with 
those of Li et al. (2020a), who analyzed the Gulf’s response 
to a three-day winter Shamal event. Their study showed that 
air-sea heat losses increased sixfold during the event, which 
is comparable to our observations of a fivefold increase 
compared to the calm period.

3.3.2  Water Column Thermal Structure & Stability

The Shamal period introduced significant changes to the 
thermal structure of the water column. The strong north-
westerly winds drove intense surface cooling and verti-
cal mixing, fundamentally altering the water column’s 
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shallow sensors, exhibited higher ϵ values (average of 10¯⁵ 
W/kg), reflecting the influence of wind-driven turbulence, 
while the deeper sensors showed lower values (down to 
10¯⁶ W/kg). The average ϵ values from Table 1 A show that 
during the pre-Shamal and Shamal periods, estimates from 
both methods remain within a margin of error between 2 
and 10% across all depths. For example, during the Sha-
mal period at 24 MAB, the RBRsolo³ T estimates average 
of ϵ was 3.1 × 10¯⁵ W/kg, while that of the MicroCTD was 
3.5 × 10¯⁵ W/kg. Correlation values between the RBRsolo³ 
T and MicroCTD methods averaged 0.64, and up to 0.68 
during periods of increased wind stress.

Similarly, time series of χ T  (Fig.  9B) showed that 
the RBRsolo³ T method tracks the MicroCTD measure-
ments well, capturing the temperature dissipation dynam-
ics well, particularly during periods of strong wind forcing. 
For instance, during the Shamal period, the RBRsolo³ T 
and MicroCTD estimates of χ T  at 24 MAB ranged from 
10¯⁷ to 10¯⁵ °C²/s and demonstrated a similar response to 
enhanced turbulence and mixing. During the calm period, 
the RBRsolo³ T reported consistently relatively low values 
for χ T , averaging ~ 10¯⁷ °C²/s, consistent with stable con-
ditions and minimal mixing.

The histograms of χ T  values (Fig.  9D) illustrate that 
the RBRsolo³ T method produces distributions that align 
closely with those of the MicroCTD, especially during the 
turbulent Shamal period. Like ϵ, the shallow sensors show 
higher χ T  values (e.g., average ~ 10¯⁶ °C²/s), while deeper 
sensors reflect lower dissipation rates (down to ~ 10¯⁷ 

3.4  Comparison of RBRsolo³ T Sensors and 
Turbulence Profilers Estimating of Turbulent Kinetic 
Energy Dissipation ( ϵ) and Temperature Dissipation 
( χ T )

Figure 9 presents a detailed comparison between two meth-
ods of measuring marine turbulence properties: a MicroCTD 
turbulence profiler (used here as the benchmark) and our 
new method of using moored fast-response temperature 
sensors (RBRsolo³ T). Our comparison focuses on two key 
turbulence parameters ϵ and χ T . Both methods produced 
comparable results, demonstrating strong agreement in their 
estimates across different time periods and depths.

The time series of ϵ (Fig. 9A) reveals that the RBRsolo³ T 
sensors captured the overall turbulence patterns well, closely 
aligning with those of the MicroCTD across all six depth 
levels, which are represented by a blue-to-red color gradi-
ent, particularly during the enhanced turbulence periods of 
pre-Shamal and Shamal. For example, during the Shamal 
period, RBRsolo³ T estimates at 24 MAB (red) ranged from 
10¯⁶ to 10¯⁴ W/kg, closely matching the MicroCTD data 
range. This suggests that the RBRsolo³ T method allows 
accurate tracking of increases in mixing intensities, here 
driven by wind stress and convection.

The histograms of ϵ values (Fig. 9C) further support the 
agreement between the two methods. The RBRsolo³ T sen-
sors (color bars) produce estimates within a similar range 
to the MicroCTD (color lines) measurements, especially 
during periods of strong wind forcing like the Shamal. The 

Table 1  Comparison of Turbulent Kinetic Energy Dissipation (ϵ) and Temperature Dissipation (χ_T) estimates from RBRsolo³ T sensors and 
our benchmark profiler MicroCTD. (A) ϵ estimates (log scale), (B) χ_T estimates (log scale). The tables display averages and 95% confidence 
intervals (in parentheses) for RBRsolo³ T and MicroCTD at different depths. Error percentage indicates the difference between RBRsolo³ T and 
the benchmark profiler at each depth
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