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Abstract

In this paper we explore the role of the river nff)-the tidal regime and the local winds in thandsnics of the Ria de
Arousa estuary during the summer period, usingtli@t purpose the numerical model Delft3D. Firstatlf a
simulation under real hydrological and meteorolafjimonditions is conducted in order to validate ddity of the
model to reproduce measured salinity and tempergtuofiles. Subsequently, a series of simulatiomssitlering
simplified meteorological input data and river diiacge conditions are carried out in order to stilnysensitivity of
stratification conditions in the estuary to theiwas external forcings of the model. The results amalyzed using
potential energy anomaly arguments, which allowngjfiang and ranking the contribution of the diféet processes to
the stratification of the estuarine system.
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1. Introduction

The Ria de Arousa is one of the four main embaymehthe Rias Baixas region in NW Spain, located at
approximately 42.5 °N with a SW-NE main channefjafhent (Figure 1). The most important human
activity in this area is that of edible mussel gtét The Rias Baixas produce annually more than02B0
tons of mussels, which represent 25% of the wortitipction, being the highest raft density foundhia

ria de Arousa. This high yield of mussel cultures t@en found to be a direct consequence of thersest
characteristics in the ria, which in turn dependa@ter circulation in the adjacent shelf sea asiimthe
estuary (Figueiras et al., 2002).

The estuary is usually classified as a partiallyedi estuary during the whole year. In winter,
stratification is determined by the river freshwaitgput, while in summer it is caused by solar heat
Thus, in contrast with the classical definitionestuaries, forcing by continental runoff is notesy Kactor
controlling the circulation pattern during the suerrperiod (Alvarez-Salgado et al., 2000).

The main oceanographic process that occurs iratkis is the succession of upwelling and downwelling
events in accordance with the dominant shelf witdiswelling-favourable notherly winds prevail from
March-April to September-October, while downwellifayourable southerly winds dominate the rest of
the year. However, 70% of the wind regime vari@pitibserved is concentrated in periods of less 8tan
days (Alvarez-Salgado, 2003), and winds actuallgleeybetween episodes favouring upwelling and
downwelling during the “upwelling season”. Therefpa short time-scale variability of the hydrogriaph
and circulation structures can be observed, botheshelf and inside the Rias.

Varela et al. (2005) reviewed the water massegiegifh the Rias Baixas adjacent shelf region, alf w
as their circulation patterns. During upwellingseggles, the notherly winds exert a southward sudtess
causing an Ekman transport offshore. The displatethce water is replaced by the colder, nutriet-r
deeper water known as Eastern North Atlantic Céntvater (ENACW), and the positive estuarine
circulation is enhanced (Figure 1).

These upwelling events, together with the circalatpatterns inside the estuary, govern the chemical
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and biological properties of the water. The upwkBENACW fertilizes the water column and controle th
phytoplankton accumulation inside the ria (Rosoalgt1995). This is very relevant to mussel aqgltaoel
management, since the phytoplankton concentratiahtlae current velocity have been found to explain
the 98% of the variance of the growth rates interagnd dry weight of cultured mussels in the RiasBs
(Perez-Camacho et al., 1995). For other biologimalications of the upwelling phenomenon, which are
beyond the scope of this paper, we refer to wotMigied by Pitcher et al. (2010) or Varela et 2008).

A considerable amount of research has focused enattye-scale dynamics of these coastal inlets
(Blanton et al., 1984; Prego and Fraga, 1992; kigset al., 1994; Tilstone et al., 1994; Alvar8algado
et al., 1996, just to mention a few). The aboveliss emphasize the importance of the shelf wingsstr
and the Coriolis effect on the circulation and, ssguently, on the thermohaline properties of theexwat
the mouth of the Rias.

On the contrary, the role of wind-driven curremside the estuaries has received far less attention
Within the Rias, the wind in the shelf is chanmlley the topography along the main axis, i.e.,
approximately in the NE-SW direction, either offshar onshore directed (Herrera et al., 2005) hia t
short-scale, Coriolis force can be neglected duthdéophysical dimensions of the estuaries, and thé
ageostrophic response of the system which willeéase or decrease the positive estuarine circulation
(Figure 1).
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Figure 1. Location of the Ria de Arousa within theiGan Rias Baixas (left) and sketch of the windseini circulation
in the study area (right). Large-scale Ekman respdouter part) and localized upwelling due to gtohannel wind
(inner part).

In this paper we explore the role of the river off)-the tidal regime and the local winds in the
dynamics of the Ria de Arousa during the summeiogetby means of numerical modeling. Previous
numerical studies in the Rias (Alvarez-Salgado let 2000 or Roson et al., 1997) have successfully
employed a 2D non-steady-state, salinity-tempeeatueighted box model for calculating the residual
fluxes. Nevertheless, due to the permanent statifin of the water column, a 3-dimensional model i
required for a complete description of the flow. the authors’ best knowledge, previous works usig
approach have either neglected wind forcing withim Rias (Taboada et al., 1998 or Montero et 8991
in the Ria de Vigo) or considered a rough estinmatiblocal winds from shelf wind data (Souto et 2D03
or Torres et al. 2001 also in the Ria de Vigo).i&es, no common methodology has been established to
quantify the role of wind, tides and freshwatemfioin the estuarine dynamics.

The aim of this paper is to gain a better undeditanof the short-scale physical processes in ihedB
Arousa, with special attention to along-channeldsvarcing. To this end, the flow module of Delft3®
used to conduct a simulation with real-data frormswer 2010, in which meteorological input data are
obtained from a weather station inside the ria. Tésults are compared with measured salinity and
temperature profiles to evaluate the ability of thedel to reproduce the observed features. Substyguz
set of simulations with simplified boundary condiits and meteorological input data is carried out to
determine the relative importance of wind forcifiggshwater buoyancy input and tidal forcing in the
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estuarine circulation. The results are analyzedgugihe potential energy anomaly equation, derived a
shown in de Boer et al. (2008), which allows gqugimg and ranking the contribution of the different
processes to the stratification of the estuarirstesy.

2. Methodology
2.1. Sudy site

Ria de Arousa is a partially mixed estuary on thestwcoast of Galicia (NW Spain, 42.5° latitude Kprt
with a SW-NE orientation. The total surface of #=tuary is approximately 239 knwith a length of 33
km and an average width of 9 km. The inner pathefestuary is less than 20 m deep, while in therou
area Salvora island divides the entrance into eomaand shallow northern mouth-{0 m deep) and a
wider and deeper southern mouth (50-60 m deepyofaisland also protects the estuary from wave
action.

Two main rivers flow into this estuary, the Ulladathe Umia, at a low discharge rate in the summer
period (during June-September 2010 the averagé@atige was 24.9 s and 4.2 riis, respectively). The
tidal forcing is mainly semi-diurnal with M2 (amplde of about 1.1 m) modulated over the spring-seap
cycle by S2 and N2 (of around 0.4 m and 0.2 m aogidi, respectively).

At different oceanographic stations within the asyy temperature and salinity vertical profiles are
measured with CTD (Conductivity-Temperature-Deptitpfilers by the Technological Institute for
Galicia's Marine Environment Control (INTECMAR), anweekly basis since 2006. These data show how
the stratification is generally weak in winter, fi@wlarly thermal stratification, while it increasduring the
summer period. In the outer area of the estuaryemtemperature varies between 11 and 20 °C during
summer. Due to the low river discharges, saliniffecences between the top and bottom are generally
below 1 ppt and the salinity is usually over 34, gicept in the innermost zone of the estuary. &hbee,
density differences in this period are controllgddmperature rather than by salinity.

2.2. Numerical model

The numerical model used in this study is the hgnamic module of Delft3D, a complete descriptidn o
which is available in Deltares (2012). Exampleswadécessful applications of this model in coastglaes
and estuaries can be found in De Boer et al. 2B0@ng et al., 2011 or Twigt et al, 2009. The model
solves the Reynolds averaged Navier Stokes equatimder the shallow water and the Boussinesq
assumptions, using sigma-coordinates. Spatial etization is done in a structured grid. For thetigba
discretization of the advection terms, a combimatd a third-order upwind scheme in the horizontal
direction and a second-order central scheme inehgcal is used (the Cyclic-method, Deltares, 20Ear
time discretization, an alternate direction implggheme is employed.

The salinity and heat transport is modelled by dmeation-diffusion equation in three coordinate
direction, which is also solved using the so-cattgdlic-method. For vertical mixing, the eddy visiy is
computed with the standardekmodel. In the horizontal plane, constant valuesady viscosity and
diffusivity are applied.

The algorithm developed by Stelling and Van Kegfe394) to approximate the horizontal diffusion
along Z-planes in a sigma-coordinate framework ppliad in order to reduce the artificial vertical
diffusion. In the vertical direction, the Foresfdter (Forester, 1977) is also used to remove smaih-
physical oscillations introduced by the numericdlesme for the vertical advection of heat and gglini

2.3. Model setup

The numerical computations are performed in a @near boundary-fitted grid which contains 7424
computational elements in the horizontal plane a&dequidistant sigma-layers in the vertical diracti
(Figure 2). The grid size is approximately 200 m tire inner part of the domain and increases
progressively towards the sea boundary until ithea 500 m in the outer part of the estuary. Thdehis

run with a time step of 1 minute.
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Figure 2. Bathymetry and curvilinear mesh of the dRigdrousa (NW Spain) used in the numerical mddmtation of
control points (A-D) and open boundaries.

Regarding the physical parameters of the modelbtt®m roughness is specified over the whole area
with a constant Manning coefficient of 0.03 ¥Anin the horizontal plane, a constant eddy visgositd
eddy diffusivity of 1 ni/s are applied. In the vertical direction, a backmd eddy viscosity of 10n/s is
imposed and the standard: knodel is selected. Wave induced mixing is negtéatethe model, since the
area is well protected from wave action.

The model is forced at the sea boundaries withitta harmonics extracted from the FES2004 solution
(Lyard et al, 2006), a constant vertical salinityoffje of 35.8 ppt and a weekly constant vertical
temperature profile according to measurements fREDAA/OAR/ESRL PSD (Boulder, Colorado, USA)
web site at www.esrl.noaa.gov/psd. At the river fmaries, measured daily discharge from Aguas de
Galicia (2010) and daily temperature from Paradalet(2011) are imposed. The solar radiation, air
temperature, relative humidity, wind velocity anéhévdirection are imposed from measurements at time
intervals of 10 min obtained from the meteorolofgtation of Salvora (Figure 3) (www.meteogalic&.e
An average constant cloudiness of 20% is assumedgdiine whole period.
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Figure 3. Wind velocity and direction, solar raiatand river discharges for the selected period.
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The simulation covers the period from 1 july todiyust 2010. A previous spin-up simulation of @fali
cycles, with average summer discharge and metegicalloconditions, is used to initialize the simidat

2.4. Potential energy anomaly equation

Previous studies in regions of freshwater influeac&kROFIs (De Boer et al, 2008; Marques et al.,0201
have successfully employed potential energy argtsnenevaluate the influence of the different pbgbi
mechanisms that control stratification and mixifge potential energy anomaty as given by Simpson
and Bowers (1981), represents the depth-averagedranof energy per unit volume required to obtain a
fully mixed water column:

11 _ _ 11
¢=ﬁ_jh(p—p)gzdz P =|:_jhpdz (@)

where H is the total depth of the water columngegiby H=+h, n is the free surface elevation, h is the
location of the bedy is the water density and g is the gravity accéiena

In this study, two methods of analysis have beepgst. On the one hand, the potential energy anomal
¢ is integrated over the study area to analyze misind straining of the system over time, as in ipres/
work from Van Wiechen (2011). This study uses thenes method, but it incorporates the realistic
bathymetry and coastline of the Ria de Arousa. 3patially integrated potential energy anomaly E is
defined as:

E:jj¢dAdz @)

where E represents the total amount of energy redjdor complete mixing.

The second method is based on the potential ersrggnaly equation suitable for three-dimensional
flows, derived as shown in de Boer et al. (2008gvi®us studies report horizontal diffusion, souacel
sink and barotropic terms as negligible for comimgl the changes in stratification of real systems
(Burchard and Hofmeister, 2008; de Boer et al.,.820@iven that surface and bed density fluxeszare,
the potential energy anomaly equation can be wratefollows:
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where t, X, y, z represent the time and positioardimates, respectively; u, v, w represent the aiglo
components;p, u, v are depth averaged valueg; U, V are the deviations from the depth averaged
values; H is the water depth a<1p'w'> is the turbulent flux of mass in the z directiontwo letter symbol

is assigned to each depth integrated term, for mastional purposes. Thus, Equation (3) reduces to

4 = 0¢ ~(S<+ Ax+ Nx+Cx+Wz
=2 =

= = RHS 4)
ot (Sy+Ay+ Ny+Cy+sz

where Sx and Sy represent the straining terms,ntix4Ay are the advection terms, Nx and Ny desctilge t
non-linear interaction between the deviation ofnbaénsity and velocity over their depth-averagedesa
Cx and Cy describe the effect of velocity-densibyrelation over the vertical, Mz describes the effef
turbulent vertical mixing of the density profile,Als related to up and downwelling effects andsyrabol
RHS is used to denote all terms on the right haahel $or more details we refer to de Boer et aD&@®r
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Burchard and Hofmeister (2008).
In this work, the covariance method is appliedht® todel output. The covariance between a teoh
Equation (4) andt is calculated as:

cov(@ 4, )= g[(ai -a)(4, %))

i=1

(®)

where N is the number of time steps.

In order to conduct the potential energy anomablyais, a set of 9 numerical simulations of 10 days
are performed using the same numerical parametarsthe summer 2010 modeling. Simplified boundary
conditions and meteorological input data are adbfuidacilitate the evaluation of the competingtdas in
mixing and stratification. Thus, the M2 tidal catstnt, which is the largest in this location, sas an
average tide for use in the simulations. Regartlimgheat flux model, constant values (corresponting
the average july 2010 conditions) are adoptedHerrelative humidity, air temperature and solaratiah.
The condition of average tide combined with a 2%smand 4 niis discharge in the rivers Ulla and Umia
(average summer discharge in 2010), and in thenabsef winds, is selected as the background rederen
case. In order to understand how the system resptmdpwelling and downwelling favourable wind
forcing, wind velocity magnitudes between 1.5 nmid & m/s in NE and SW directions are tested. Sityjla
both a twofold increase and a half reduction in tiver discharges from the reference simulation are
evaluated. The energy anomaly equation methodgbeapto the reference simulation output, consiugri
a 10 days period and storing the results every 20 m

3. Results and discussion
3.1. Performance of the model

In this section, the results from the summer 20aukation are presented and compared to the sakmit
temperature profiles measured by the Technoloditstitute for Galicia's Marine Environment Control
(INTECMAR). Figure 4 shows the comparison betweée talculated and observed salinity and
temperature profiles at four oceanographic stat&gmswvn in Figure 2 in two different periods (120" of
july and 10™11" of august).

Firstly, the model is expected to reproduce theeg@ncharacteristics of the summer period, i.e, th
dominance of thermal stratification in comparisan haline stratification. This feature is correctly
reproduced in the model. The salinity variationwestn bottom and surface is low compared to the
temperature gradient. Besides, the model shoulddege the short-term variations on the verticafifes
caused by the interaction of the wind and the rdischarges. Thus, during upwelling events thenggli
levels are expected to increase while the temperatecreases due to the oceanic water entranctheOn
contrary, during upwelling relaxation periods the#rance of oceanic water in the estuary diminishes,
the model should reflect a salinity drop and a terafure increase in the surface layer. Similaityh hiver
discharges should generate haline stratificationileMow river discharges should smooth the veltica
salinity profiles. The competition between all thggocesses is complex, and difficult to reproduacthe
numerical model.

Another process which contributes to stratificateord mixing is the tidal straining, which occurs@n
shorter timescale than the processes describedalbbhe model should also reproduce the variatichef
water column structure over the semidiurnal tidalle. It should be pointed out that each profiléigure
4 represents a different instant of time within w®lected period and, accordingly, corresponds to a
different tide level (Figure 4c, 4e and 4g corregpapproximately to low tide, 4f and 4h to highetiaind
the rest to intermediate tide levels). No significaifferences in the level of agreement between th
observed and calculated profiles are detectedascéion of the tide level.
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Figure 4. Vertical salinity (S) and temperature |§ffiles at control points A (a, b), B (c, d), C{eand D (g, h) in the
period 18-20" july (left column) and in the period $€11" august (right column).
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The first comparison period (20" july 2010) is preceded by 10 days of south-wegteihds with an
average velocity of 4 m/s and an average riverhdisge of 25.7 ffs in the river Ulla and 4.6 s in the
river Umia. The observed profiles show a near-swféghermocline above 15 m depth, where the
temperature increases approximately from 13°C t&€ 18 the first meters of the water column thersgl
levels are also reduced slightly due to the fresbrvaver discharge. This decrease is more releivatite
inner part of the estuary (control point D), whéreeaches 1.3 ppt. In this period, the agreemenht/éen
the observed and calculated temperature and sapinifiles is satisfactory, as it can be seen guke 4.
With the exception of point D, the surface tempes predicted by the model are slightly lower ttaan
observed ones (around 1°C). The salinity conceatratin the surface are underestimated, although th
differences are below 0.5 ppt. Some differenceth@position of the thermocline can also be regprte
even though the general shape of the profilesng sienilar.

During the preceding 19 days of the second companeriod (18-11" august 2010), the wind was
stronger (6 m/s on average) and NE becomes th@miadnt direction. The average river discharges are
21.4 nils and 3.5 ris for the river Ulla and Umia, respectively. Inistiperiod, higher salinity values are
observed in the surface, which leads to an almosstant vertical salinity profile. On the other Han
surface temperature is around 15°C, which represewlifference of only 2°C with the bottom layeks.
in the previous period, the results show a gooldttveen observed and simulated temperature aimitysal
values. However, small differences in the shaph®@profiles can be noticed, especially at cormhts A
and C, where the formation of a stepwise tempegadistribution can be observed. Philips (1972)tesla
the formation of this structure to the instabilif/the density field due to the strong decreastudifulent
heat exchange coefficients with growing temperagnadients. For more details readers are refewed t
Barenblatt et al. (1993). Nevertheless, the maglabie to capture the general trend of the profditesll the
control points.

Finally, the vertical eddy diffusivity profiles cquted by the model are analysed, given the impogtan
of correctly quantifying the vertical mixing ratéSigure 5). The vertical eddy diffusivity profilekeviate
from the parabolic distribution which is frequentigsumed to describe the vertical mixing in an open
channel flow (Geyer, 1993). A region of small veatieddy diffusivity ) occurs within the thermocline,
until 8 m depth on 2Djuly and extending up to 25 m depth o' Hugust. The effects of wind and bottom
shear stress can be seen in the upper and lowepfptlre profile, respectively. The eddy diffusivits
maximal close to the bottom, where the stratifmais weakest.
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Figure 5. Temperature (T) and vertical eddy diffitgi(D,) profiles computed by the model at control poirth€ 24"
july, 06:10 h and the iMaugust, 06:55h.

3.2. Potential energy anomaly analysis

3.2.1.9patially integrated potential energy anomaly

The following discussion focuses on the responsehef estuary to forcing by the wind and on the
competition between the tide, the wind and the gy input from the rivers Ulla and Umia. The

potential energy anomaly is integrated over the leltmmain for the 9 different scenarios described i
section 2.4.
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In the absence of wind, mixing and straining aretiadled by the tide. The characteristic semi-dalrn
oscillations in stability caused by the ebb-floadht cycle can be seen clearly in Figure 6. Duritidp,
warmer surface water is moved seaward faster thderlying cooler water and stratification is proguht
Thus, the energy required to mix the water colusnmaximal near low water (around 2.19 TJ). Convgrse
during flood the bed shear counteracts the estaniirtulation to reduce stratification, and E resch
minimum near high water (around 2.13 TJ). The flatibns in stability within each tidal cycle can be
considered small, since the variation of E is belov#b.

The second issue to be discussed is the impatteofagnitude and direction of the wind. Due to the
limited computational domain considered in thidgt@Figure 2), the results refer to the local waudion.

In Figure 6 the results of the integrated poterdiadrgy anomaly are plotted for different wind suérs.
With south-westerly winds, the energy required fidi mixing follows a downward trend (Figure 6a).
Accordingly, onshore wind appears to induce mixwofgthe water column and hence a reduction of
stratification. The semidiurnal oscillations in egeE due to the tide continue to be perceived.
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Figure 6. Evolution of the energy E required fomgbete mixing during 2 days under different winchdiions.
Downwelling (left) and upwelling (right) favourablends (SW and NE winds, respectively).

On the other hand, north-easterly winds can resukither an increase or decrease of stratification
depending on the wind magnitude. In the scenariitis wwer wind speed (1.5 m/s and 3 m/s), higher
values of energy E are obtained for the first twysdof wind forcing (Figure 6b). Thus, moderatesbdfre
wind seems to increase stratification, in spit¢hefmixing effect of the wind.

On the contrary, for the 5 m/s wind from the NEeg tlevel of stratification decreases starting
approximately from the second tidal cycle. Figureshows the evolution of the energy E if the wind
continues blowing for 10 days. It is observed tlfi@@m the second tidal cycle on, the amount of gper
required to fully mix the Arousa estuary is cleaiyaller than for the no-wind scenario. This sutgtsat,
for this wind velocity, the vertical mixing genegdtby the wind overcomes the increase in stalility to
upwelling advection. For the opposite wind direst{®W) and the same wind speed, the stirring efiéct
wind is added to the downwelling advection, whieduces even more the stratification. In both séesar
the ebb-flood tidal cycle is visible in strainingdamixing of the water column.

Finally, the role of buoyancy input from the rivegi water is assessed, considering a twofold inereas
and a half reduction in the river discharges frtwn teference simulation. The time evolution of éhergy
E required for complete vertical mixing is very dan for both scenarios (Figure 7), the differences
increasing progressively with time. Stratificatioecomes stronger for the high river inflow and weflor
the low freshwater discharge. Thus, the differenicegnergy E after 10 days are only around 5 %,
reflecting a high response time of the estuarinesitie distribution to discharge variations withinet
studied range. It should also be noted that thbil#yafluctuations associated with the tide, i.¢he
difference in E between high tide and low tider@ase slightly with the higher discharge.
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Figure 7. Evolution of the energy E required fompdete mixing during 10 days, either with wind fioigr or with a
discharge variation with respect to the referemeritsition.

3.2.2.Covariance analysis: spatial distribution of ¢, and ¢, predictors

The covariance between the individual terms in Equoa(4) and the variation of the potential energy
anomaly ¢;) at each grid point in the model is presentediguife 8. To compute the covariance, 20 tidal
cycles sampled every 20 min were considered. Thevatiance ofg, (Fig8) is used to evaluate the
magnitude of the variations i in the selected domain. The largestariations are located in the medium
and outer part of the estuary, with the exceptiébnthe shallow areas near the Arousa lIsland. The
covariance between the RHS apds practically identical to the autovarianceggf indicating that RHS
gives a good representationgf

Autovariance u=RHS o=Ax u=Ay
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Figure 8. The covariance between the various temm&quation (4) andp, as calculated from Equation (5).
Autovariance ofp, is proportional to the squared amplitude and RHi&ates the sum of the 10 terms in Equation (4).
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The covariance is high in regions where ¢hanomalies are important and the term under coraide
is important to the maintenance of these anomadiethe considered time scale. The results predente
Figure 8 show that both the dispersion terms (Gk@y) and the Wz term (related to up- and downwelli
processes) play a significant role in the variatminthe potential energy anomaly, followed by the
advection terms (Ax and Ay). Cx, Cy and Wz exhibgimilar spatial pattern, and together with Ax dgyd
almost describe thet signal. The amplitude of the other terms (Sx,Nyand Ny) is much smaller.

4, Conclusions

The importance of the short-scale physical process¢he Ria de Arousa during the summer period was
investigated through numerical modeling and theliegiion of potential energy anomaly arguments. The
numerical model results show a good fit with theeted temperature and salinity vertical profilEise
model seems to reproduce the general characterisfithe summer season, as well as the short-term
variations on the vertical profiles observed in $eéected period.

The analysis of the integrated potential energynaaip time series reveals the important role of wind
driven currents inside the estuary. Onshore winzkags to induce mixing of the water column and bemc
reduction of stratification, the more pronounced ttigher the wind speed. On the contrary, moderate
offshore wind seems to increase stratificationspite of the mixing effect of the wind. For bothndi
directions, the higher studied wind speeds redtregification. The other variations considered,|uiéng
discharge variations within the summer range, apiehave much less impact on the estuarine dyramic

The physical mechanisms controlling the stratifmatand mixing processes within the estuary were
investigated through the application of the potrghergy anomaly equation. The results suggestliba
dispersion terms which represent the correlatiawden density and velocity over the vertical (Ce &y)
and the up- and downwelling term (Wz) can serva asnple explanation of the evolution of stratifioa
in the estuary, for the time and spatial scale ickened. On the other hand, turbulent diffusion, exdion
and straining seem to be much less relevant isttiagification processes.
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