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Abstract. The law of conservation of linear momentum is agplio surface gas exchanges, employing
scale analysis to diagnose the vertical velocity it the boundary layer. Net upward momentum in the
surface layer is forced by evaporatid) é&nd defines non-zero vertical motion, with a magte defined

by the ratio ofE to the air density, aw = /53. This is true even right down at the surface whbe

boundary condition isv|, = f. This Stefan flow velocity implies upward transpof a non-diffusive
[

nature that is a general feature of the troposphetés of particular importance at the surfaceerehit
assists molecular diffusion with upward gas migmat{of HO, e.g.) but opposes that of downward-
diffusing species like C® during daytime. The definition of flux-gradient lagonships (eddy
diffusivities) requires rectification to exclude mdiffusive transport, which does not depend orasca
gradients. At the microscopic scale, the role af-ddfusive transport in the process of evaporafiom
inside a narrow tube — with vapour transport imiaaerlying, horizontal air stream — was descrilmed)
ago in classical mechanics, and is routinely actzmlifor by chemical engineers, but has been neglect
by scientists studying stomatal conductance. Ctyexccounting for non-diffusive transport through
stomata, which can appreciably reduce net @@nsport and marginally boost that of water vapou

should improve characterizations of ecosystem &amat functioning.

1 Introduction

The vertical velocity ) is a key variable in the atmospheric sciencespsehprecise diagnosis is
essential for numerous applications in meteoroldgyove the boundary layer, the weather is largely
determined by adiabatic adjustments to verticalionahat is slight compared to horizontal windso<&r

to the surface, even a tiny can result in relevant transport; for exampleaitypical boundary layer —
with representative temperature £ 298K), pressurep(= 101325 Pa), and GQnass fraction (607 mg
kg®; a molar ratio of about 400 ppm) — just h s* of average vertical velocity is needed to waft a
biologically significant 44ugC0O, m? s* (a CQ molar flux density of 1pmol m? s%). Modern
anemometry cannot resolve such miniscule airfloae(L1998), and generallyis immensurable at many
scales so that it must be derived from other végaljHolton, 1992). Such diagnostic estimation is

traditional in synoptic meteorology, but has beewadoped less rigorously near the surface boundary.
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The characterization of boundary conditions fotes&nd flow variables, in order to enable atmospher
modelling at larger scales, is a fundamental gdahiwrometeorology. Since is an air velocity, its
boundary conditiorw|, describes the surface-normal or vertical motiérthe gas molecules found
closest to the surface (at some heigjt very nearly but not exactly zero). The Navierke® equations,
when applied to the lower atmosphere, are partigulsensitive to the conditions specified at the
boundary (Katul et al., 2004), and this lends giegiortance tov|, in the context of dynamic modelling.
Nevertheless, until now|, has received inadequate attention in boundary-lagteorology.

Micrometeorologists have made presuppositions thgarw|, without formal justification and in
contradiction to deductions from classical mechanite traditional hypothesis about near-surfacelsi

is that they flow parallel to underlying terrain gihal and Finnigan, 1994;Wilczak et al., 2001) and
vanish at the surface (Arya, 1988), implying, = 0. This assumption underlies many derivations and
abets the prevailing belief that vertical exchangesaccomplished purely by molecular diffusionhivit

a millimeter of the surface (Foken, 2008), or pyey turbulent diffusion at heights of meters orreo
within the atmospheric boundary layer. However,hsacpremise is inconsistent with the fact of net
surface gas exchange (predominantly evaporative)chvimplies Stefan flow with a mean velocity

component normal to the surface.

Net mass transfer across a surface results in acityelcomponent normal to the surface, and an
associated non-diffusive flux in the direction oass transfer (Kreith et al., 1999). The existerte a
relevance of Stefan flow — first derived and dezeniiin the 19 century — is certain. Indeed, engineers
necessarily account for its role in heat and masssfer (Abramzon and Sirignano, 1989) when précise
controlling industrial processes that include phetsgnge, such as combustion. For these reasasdpit
be expected that a more accurate means of estgnadin for the atmospheric boundary layer can be

achieved by rigorous examination of known surfdee @iensities in the light of physical laws.

The remaining sections of this work aim to diagnaséefensible lower boundary condition for the
vertical velocity(w|,) and to interpret its significance. Section 2 pnés¢he theory, and illustrates types
of mass transport and heat exchange in fluids mi@»ample from the liquid phase. In Section 3, an
analytical framework is established and consermatiblinear momentum is applied to deriwg, from
published magnitudes of surface gas exchanges, rigrating that it is directly proportional to the
evaporative flux densityH), consistent with the findings of Stefan. The dedi vertical velocity is seen
to be relevant in defining the mechanisms of gassport, which is not accomplished by diffusionnalo

— even at the surface interface. Section 4 higtdighe need to rectify flux-gradient relationships
taking into account the non-diffusive componentt@sport; this includes boundary-layer similarity
theory and physiological descriptions of stomataiductance. Thus, the implications of these analyse
are broad and interdisciplinary.
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2 Theory

The objective of this section is to establish theotretical bases for the analyses and interpretatizat
follow. It opens with a list of symbols (Table llpag with the meaning and S.l. units of each vdeiab
represented, and finishes with a summary of thet sagent points regarding physical laws and tranisp

mechanisms to be recalled in Section 3.

2.1 Relevant Scientific Laws
2.1.1 The Law of Conservation of Linear Momentum

The principle of conservation of momentum is mastdamental in physics, more so than even Newton's
1% Law (Giancoli, 1984). It defines the momentum afyatem of particles as the sum of the momenta of
the individual components, and establishes thatdbantity is conserved in the absence of a nerrmait
force. Accordingly, in atmospheric dynamics (Firang 2009) a system may be defined as khe

component gas species comprising a particular wfeais, with a net vertical momentum flux densify o
wp =X, wip;. (1)

In Eqg. (1),w and p represent the velocity and density of air, respelst, while w, and g are the those
properties of componemt whose species flux densityugp;. For this species total transporty;p; can

be attributed to mechanisms that are diffusivev{if= w), non-diffusive (ifw # 0), or more generally a
combination of these two types of transport. DinglEq. (1) by the net air density defines the sy&te
vertical velocity as a weighted average of thosgsofomponents (Kowalski, 2012), where the wergti

factors are the species’ densities.

2.1.2 The 8 Law of Thermodynamics

The 0" Law establishes the temperature as the variablEssviifferences determine the possibility for
heat exchange between thermodynamic systems. Foisyatems in thermal contact, if they have the
same temperature then they are in thermodynamititegum and therefore exchange no heat. If their
temperatures differ, then heat will be transferfredh the system with the higher temperature to it

the lower temperature. Heat transfer by molecutedaction depends on gradients in the temperaiture;
compressible fluids like air, however, turbulerffusion can occur without thermal contact and yatd
about heat transfer as determined by gradient$iénpbtential temperature (Kowalski and Argueso,
2011), accounting for any work done/received duthe expansion/compression associated with vertical

motions.

2.1.3 Fick’s f' Law of Diffusion

Molecular diffusion has no effect on the net fluomentum, but “randomly” redistributes fluid

components and can cause different species to migradifferent directions, according to component
scalar gradients. Regrettably, scientific literatwontains inconsistencies regarding the scalarsavho
gradient determines diffusion in the gas phase @skv and Argiieso, 2011). The proper form of Fick’s

1 Law for diffusion in the vertical direction is
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109  whereF; ), is the vertical flux density of speciedue to molecular diffusion, which is proportiotalthe
110 vertical gradient in that species’ mass fractifyrBird et al. (2002)), andis height. Also relevant are the
111  fluid density fp) and molecular diffusivityk). However,0 must not be included in the derivative in Eq.
112 (2), unless for the trivial case where it is consi@s in an incompressible fluid); in compressiledia,
113  gradients in gas density can arise, with no diretdvance to diffusion, due to gradients in pressar
114  temperature as described by the Ideal Gas Law.rilevant to note that Adolf Fick arrived at this,
115 not by experimentation, but rather by analogy VHtiurier's law for heat conduction (Bird et al., 200
116 By the same analogy, the product of the diffusiviiyh the scalar gradient in Eq. (2) yields a kirin
117  flux, which requires multiplication by the fluid dsity in order to yield the flux density of intetes

118

119  Fluxes due to molecular diffusion are referencetheomotion of the fluid’s centre of mass, or “noise
120  velocity” (Bird et al., 2002). The simplest exampdedescribe this is that of binary diffusion wherdy
121  two species compose the fluid, as in the traditionateorological breakdown of air into components
122  known as dry air and water vapour. In the casesttit diffusion”, the fluid velocity is zero ankdet mass
123  flux of one gas species (water vapour) counterlzalanhat of the other (dry air). When diffusion arsc
124  in a dynamic fluid (non-zero velocity), then ovérabnsport must be characterized as the sum of
125  diffusive and non-diffusive components.

126

127  Turbulent diffusion is analogous to molecular diffin in the sense that fluid components are rangoml
128 redistributed, with different species migrating adunction of gradients in their mass fractionseTh
129  primary difference is that eddies rather than madkcmotions are responsible for mixing, and thdyed
130  diffusivity (the value ok in Eqg. (2), describing “K-theory” (Stull, 1988) & property of the flow rather
131  than the fluid. The Reynolds number describes #lative importance of molecular and turbulent
132  diffusion, which are otherwise indistinct with resp to the analyses that follow, and will simply be
133  grouped and referred to as “diffusive transport”.

134

135 2.2 Transport processes

136 In this section, two case studies from the liquichge will help identify and define non-diffusivedan
137  diffusive types of transport, as well as their acalource/sink determinants. Let us consider tise cé
138  freshwater (35-I®mass fraction of salt) with constant temperature eomposition flowing through a
139  tube into the bottom of a pool (Figure 1). Consiugronly flow within the tube (at point 1), whether
140 laminar or turbulent, it clearly realizes non-d#ffue transport of salt, since the salt has no qaetf
141 behaviour with respect to the fluid, but simply gagth the flow. There are no scalar gradients ivithe
142  tube, and so there is neither diffusion nor adeectiet us now describe diffusive transport proesss
143  within the pool (at point 2), and the nature (wleethbsolute or relative) of the relevant fluid pedpes
144  whose gradients determine them by defining sowsirés, using two illustrative case scenarios.

145
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The temperature is constant in time and spacepthér characteristics of the two case scenarios are

chosen to elucidate the relationship between diffusansport processes and scalar gradients:

1) Dueto surface evaporation that balances the mass input from the tube, the pool massis constant; the

water is maintained isothermal by surface heating that supplies the (latent) energy for evaporation.
Initially (to) the pool has zero salt mass, but salinity increases constantly, equalling that of the tube

water at some moment (teg) and rising by another two orders of magnitude to reach that of sea water

(35-10°) by the end of the scenario (t). This case is of interest from both salt/solute and

thermodynamic points of view:

a)

b)

In solute terms, the tube represents a sourcebsblate) salt to the pool, but not always of
(relative) salinity. Initially(to), the water from the tube is more saline than ithaéhe pool, such
that non-diffusive and diffusive transport proceseperate in tandem to transport salt from the
tube upward into the pool; at this moment, the tisha source of salinity. Salinity advection,
defined as the negative of the inner product of weators (the velocity with the salinity
gradient, with opposite signs), is then positivétirahtely however (at > te), the water in the
pool is more saline than that entering from theefuguch that non-diffusive and diffusive salt
transport are in opposite directions; then the dihges the pool and is a salinity sink, but sill
salt source. Salinity advection ftis negative. The pool continues to gain salinifterate,
despite the diluting effects of the tube, due ® tbncentrating effects of evaporation, which is
the ultimate source of salinity. This distinctiomtters because the gradients that drive advection
and diffusion are those in salinity, a relative t(labsolute) salt measure. At the diffusive
salinity fluxes are oriented against the flow wittthe pool (downward, and radially inward
towards the diluting tube, despite its being asadt source). By contrast, non-diffusive transport
always goes with the flow, and accounts for comthwpward and outward salt transport,
increasing the salt content at the surface.

Although thermodynamically trivial — with no heatobanges whatsoever within the water as
determined by the ™ Law — this case nonetheless illustrates the natfirthe scalars that
determine heat transfer by advection and diffugemnduction). The “heat content” of the pool
decreases as it becomes more and more salineodilre tinferior heat capacity of saltwater
versus freshwater. Similarly, salt diffusion/advetis initially upward/positive but ultimately
downward/negative, yet the corresponding implicatioregarding heat content fluxes say
nothing about the transfer of heat. The point ligrat the dynamics of the heat content must
not be interpreted in terms of heat fluxes, whidswdone by Finnigan et al. (2003). For this
reason, meteorologists correctly define “temperatadvection” (Holton, 1992) based the

thermodynamic relevance of gradients in the vaeiabigled out by theOLaw.

2) Let us now specify that the water in the pool has the same (freshwater) salinity as that coming from

the tube (35- 10°). If we furthermore remove both surface evaporation and heating from scenario (1),
then the temperature remains constant and the salinity corresponds uniformly to that of freshwater,
but the pool accumulates mass. In this case, there are convergences in the rifusilie transports of
water, salt, and heat content: fluxes into the el positive, while fluxes out are null. However,
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there are no gradients in temperature or saliaitg, so there is neither diffusion nor advectiothia
scenario. The pool does gain volume (depth) bstithbnly because the fluid under consideration is
incompressible. By contrast, for the gas phasejraatation of absolute quantities — such as air and
trace constituent mass, and heat content — cair gta constant volume context (e.g., “at a pgint”
due to convergent, non-diffusive transport thatirdef compression. In the pool, diffusion and
advection are clearly null because they are detexthby gradients in the relative trace gas amount —
the mass fraction —, a variable of essential ytftir the gas phase because it is immune to tleetsff

of compression.

2.3 An advection-diffusion synopsis

The analyses that follow rely on the succeeding f@ynts drawn from sections 2.1 and 2.2. Advection
and diffusion depend on gradients in scalars whoature is relative rather than absolute. In
incompressible thermodynamics, the relevant grasliane those in the temperature, and not the heat
content. For trace constituents, the relevant sislthe mass fraction (e.g., salinity) and not $pecies
density. Advection and diffusion are otherwise pbgiy very distinct. Like non-diffusive transport,
diffusion is a vector whose vertical component fsparticular interest in the context of surface-
atmosphere exchange. By contrast, advection islarséor some arbitrary quantigy it is defined as the
negative of the inner produet V¢, wherev is the fluid velocity andV is the gradient operator. To be
clear, it can make sense to speak of “upward ddfis but certainly not “upward advection”. The
tendency, in the science of surface-atmosphereagexyeh to speak of “vertical advection” (e.g., Rareti
al., 2009) is intimately related to an assumptibmarizontal homogeneity, precluding horizontal laca

gradients particularly in the direction of the meeind.

The scenarios depicted above correspond to themipssible case (liquid). When the effects of
compressibility are irrelevant, it can be convehitm add the incompressible form of the continuity
equation (”-v = 0) to advection yielding- V- ¢v, the convergence of a kinematic flux. This is @dlthe
“flux form” of advection. For a compressible mediwuch as the atmosphere, howeveg, i§ taken to
represent some “absolute fluid property such as(¢fas) density” (Finnigan et al., 2003), then the
transformation of advection into flux form cannet jostified (Kowalski and Argiieso, 2011), sincengsi
the incompressible form of the continuity equatieads to unacceptable errors in conservation ezpsti
for boundary-layer control volumes (Kowalski andr&ro-Ortiz, 2007). By contrast, the expression of
advection in flux form can be valid if the scatais carefully chosen for its immunity to the effecif
compression, as is the case for the mass fraclioese generalizations regarding the nature of pams
by non-diffusive and diffusive mechanisms, and alsnature of advection, will now be applied te th
case of vertical transport very near the surfackthe mechanisms that participate in surface exghan

after first deriving the boundary conditior|,.
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3 Analysis
3.1 Framework

The analysis will focus on a system defined as @ure of gas molecules of different species, whose
momentum will be examined. The system’s mass imeeéf(Table 2) by gas components in a ratio that
corresponds quite closely to that of the atmospli@fallace and Hobbs, 2006) but updated to more
closely reflect actual atmospheric compositionaAepresentative ambient temperatdre= 298 K) and
pressureff = 101325 Pa), the many millions of molecules fomnihis system occupy a volume of 0
m® with 70% relative humidity. The system geometryl e specified in four different ways, according
to the different spatial scales for whigh, is to be described:
A. At the synoptic scale, the volume occupied by thstesn is a lamina of deptbiz~10%" m,
bounded above and below by constant geopotentifécas, with horizontal dimensionsx and
Ay) on the order of 10m. The fact thabz is thinner than the dimension of a molecule matter
not at all when classifying any and all moleculd®ge centres of mass (points, with neither size
nor dimension) occupy the lamina as belonging ¢éoviblume;
B. At the micrometeorological scale, the volume oesrlia flat surface and is shaped as a
rectangular lamina of deptiz~10%*m, with horizontal dimensions\g andAy) of 16° m;
C. At the leaf scale, the volume is a rectangular t@mof depthdz~10"" m, with horizontal
dimensions 4x andAy) of 10% m; and
D. At the microscopic scale of plant stomata, the rmus a cube withx = Ay = §z = 10° m. For
the purpose of transitioning between the leaf af@tancopic scales, plant pores are assumed to
occupy a stomatal fractioar of the leaf surface and yet accomplish all gaharge, with the
remaining fraction (1) occupied by a cuticular surface whose gas exahégssumed to be
null (Jones, 1983).
Independent of scale, the base heigjgt of the volume is the lowest for which only air rdaneither
ocean wave nor land surface element — occupiegdnene. The land/ocean/leaf surface will be assumed
to be static (i.e., its vertical velocity is zerojjpenetrable to the wind (explicitly neglectingntitation of
air-filled pore space), smooth, level and unifoath,for the sake of simplicity. The temporal franwWw
for the analysis is instantaneous, with no needchlioose between Eulerian and Lagrangian fluid

specifications.

The direction of momentum transport to be examiigedertical, meaning perpendicular to constant
geopotential surfaces and therefore to the undeylgurface. At the stomatal scale, the stoma to be
examined is situated on the upper side of a flaizbntal leaf; water vapour exiting the stomaa@ure
during transpiration therefore has a positive eatftivelocity. These analyses can be generalized to
sloping surfaces and/or stomata on the undersideaoks, simply by referring to the “surface-normal
rather than “vertical” velocity. Hereinafter, hovesy the term “vertical” will be employed for

conciseness.
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260 3.2 The vertical velocity at the surface boundary

261  Knowledge regarding surface exchange (gas fluxitesshas advanced to the point where the boundary
262  condition for the vertical velocitfw|,) can be estimated from conservation of linear mdoman-
263  applying Eqg. (1) to the system defined in Table, 22rd vastly simplified to a simple function of the
264  evaporation rateH). The species flux densiti€s;p;) within the system represent the surface exchanges
265  of the corresponding gas specigs (Scale analysis of surface gas exchange mag@sifymiblished from
266 investigations at a particularly well-equipped firsite in Finland (Table 3), reveals that for theter

267  vapour speciesd£4), the flux densit{E = w,p,) is orders of magnitude larger than both the flargity

268 of any dry air component species and even the lngtdensity of dry air. Such dominance by water
269  vapour exchanges is representative of most surfacelsiwide. This is especially so because the two
270 largest dry air component fluxes are opposed, \pilotosynthetic/respiratory GQuptake/emission
271  largely offset by @ emission/uptake (Gu, 2013). Hence, following ttiadi in micrometeorology (Webb
272  etal., 1980), dry air exchange can be neglectélyiag the elimination from Eq. (1), when appliad

273  the surface, of all species flux densities excepttfiat of water vapour @@; i=4). Therefore, net air

274  transfer across the surface can be approximatgtaeeurately as

215 wloplo=wilop,|, = E . @

276  wherew,|, andp4|0 are the HO species velocity and density at the surface. akgu (3) states that, at

277  the surface, the net vertical momentum flux deneftyair is equal to the net vertical momentum flux
278  density of water vapour, which is the evaporatiater Solving this fow|, allows estimation of the

279  lower boundary condition for the vertical velocity

280 wl, ==

p4|0

4

281

282  The representative evaporation rate prescribedbiel3 is valid for most of the scales defined &dn
283  the context of scale analysis, leaves may be apped&d as having equal area as the underlyingcrfa
284  (i.e., a unit leaf area index, or LAI=1), and eqaghporation rates as the surface in general. [attsr
285  assumption does not neglect soil evaporation, Iy excludes the possibility that it dominate leaf
286  evaporation by an order of magnitude. Thus, it Wwél assumed here that the assumed evaporation rate
287 and derived vertical velocities are equally valtdsgnoptic (A), micrometeorological (B), and le&)(
288  scales. However, for the microscopic (D) scalewill be assumed that all leaf evaporation (or
289 transpiration) occurs through the small fractiorihaf leaf that is stomatady, such that both the stomatal
290 evaporative flux density and the lower boundarydition for the vertical velocityw|,) are a factor 1
291  greater than that at larger scales. Independestaé, Eq. (4) states that, for a positive evapuragte,
292  the boundary condition for the vertical velocitynisn-zero and upward.

293

294  Given that the surface boundary is static, it majl e asked why there is a hon-zero boundary ¢iomdi
295 for the vertical velocity of air. The answer is thevaporation induces a pressure gradient force tha
296  pushes air away from the surface. Evaporationaitincrements the water vapour pressure and tiiereb
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the total pressure, according to Dalton’s law.M&goration were to proceed until achieving equillib,
the pressure added by evaporation would corresporiie saturation vapour pressueg Figure 2),
whose temperature dependency has been quantifigdriestly and is described by the Clausius-
Clapeyron relation. It is this evaporation-indugaéssure gradient force that pushes the manometer i

Fig. 2 to its new position, and similarly that drd/winds away from the surface.

Although this upward air propulsion occurs at theface, air velocities are generally upward thraugh
the boundary layer in a climatological context.dad, the dominant role of water vapour in detemgni
the net vertical momentum of air is a general feataf the troposphere. In the context of the
hydrological cycle, water vapour is transportedhfrthe surface where it has an evaporative souece, t
further aloft where clouds develop via processas dlet as water vapour sinks: condensation anduapo
deposition onto ice crystals (or ice nuclei). Ims of total water, upward transport in the gasspha
offset, over the long term, by downward transporiquid and solid phases (e.qg., rain and snowjken
the water vapour flux, however, precipitation daesdirectly define air motion. It is true that doward
water vapour transport occurs during dewfall — veitinface condensation, as described by Eq. (4) avith
negative evaporation rat& € 0) —, but this plays a minor role in the globater balance. Generally, the
relative magnitudes of gas exchanges used forddéle snalysis in Table 3 are representative through
most of the troposphere, with upward water vapbu densities dominating those of other gases én th
vertical direction. In the surface layer, sometintesned the “constant flux layer” (Dyer and Hicks,

1970), Eq. (4) can be extrapolated away from thitase under steady-state conditions to yield

®)

E
w=-.
P

3.3 Mechanisms of gas transport at the surface

Non-zero vertical momentum in the lower atmosplaere right at the surface boundary — dominated by
the flux density of water vapour and generally ughd@ue to evaporation — means that diffusion isthet
lone relevant transport mechanism that participamtesuirface exchange, as has been generally suppose
This is true for all atmospheric constituents, and only for water vapour; over an evaporating acef
any molecule undergoing collisions with its neighi® does not experience a random walk (a
characteristic of static diffusion), but ratherdsnto be swept upward with the flow. The upward air
current similarly wafts aerosol particles, althoutjese may move downwards if their fall velocities
exceed the upward air motion. The upward flow vigydis rather small — just 3m s for the conditions
specified above and the evaporation rate of Tabée&ording to Egs. (4) and (5). It does not exeltite
possibility of diffusive transport in any directiobut does imply a relevant, non-diffusive compdnen

transport for any gas, whose magnitude is notedltd that gas’s scalar gradient.

The non-diffusive flux density of speciesan be expressed as

Finon = wp; (6)
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334  and when substituting fav from Eq. (5) this becomes
335  Finon = Efi, )
336 i.e., the product of the evaporation rate and fleeigs mass fraction. Examination of its magnitonear
337 the surface for different gases will now show thahile this is often small in comparison with the
338  diffusive component, it is not negligible in evergse, depending on the magnitudes of the massofiact
339 and surface exchange for the gas considered.
340
341 Interpreting decomposed transport is simplest wehexmining a gas whose surface exchange is very well
342  known, such as the null value for inert Argon (Alnpt constitutes ca. 1.3% of dry atmospheric mass
343 (Wallace and Hobbs, 2006). Considering the stat@ables defined by Table 2 and the evaporatiom rat
344  of Table 3, Eq. (7) indicates 438 m” s* (a molar flux density of 11.amol m? s?) of upward, non-
345  diffusive Ar transport E5no). To comprehend this, it helps to recall that thastant addition of O
346  dilutes dry air at the surface and promotes itsrdeard diffusion. For a null net flux of inert Ar &xist,
347  downward diffusion of this dry air component musaetly cancel the upward non-diffusive transport,
348  and therefore is 458g m? s® for the state and evaporative conditions speciiedve. These opposing
349  non-diffusive and diffusive Ar transport procesaes quite analogous to case scenario 1 of Sectiyrap
350 the instant; when the fluid emitted into the pool has a dilutefiect. Such dual transport mechanisms
351 are also relevant for vital gases, with differeansport directions and degrees of relevance, dizpgion
352 the density and flux density of the gas in question
353
354  For H,0, the two types of gas transport mechanisms oparaandem, with the non-diffusive component
355  contributing a fraction of upward @ transport that, according to Eq. (7), is exatlly water vapour
356  mass fraction or specific humidity (Wallace andoHs, 2006)
357 q=f, = "74 ®)
358 This is just 2% for the state conditions previouspecified, but can approach 5% for very warm
359 evaporating surfaces and/or high-altitude enviramseThe breakdown of J@ transport into diffusive
360 and non-diffusive components is analogous to ceseasio 1 of Section 2.2 at an instant priot4avhen
361 the fluid introduced to the pool is highly conce#d, in comparison with the fluid already in tfeop In
362 any case, non-diffusive J transport is generally secondary to diffusivensgzort, but its neglect in an
363  ecophysiological context can lead to larger retagwors, as will be shown in Section 4.
364
365 For CQ, which usually migrates downward during evapomatoonditions because of photosynthetic
366  uptake, upward transport of a non-diffusive natgsreven more relevant, opposing the downward flux
367 due to diffusion. To see this, let us examine typcal gas transport magnitudes of Table 2 and the
368  atmospheric state conditions specified above. Atingrto Eq. (7), non-diffusive CQransport Es non iS
369 then 21.5ug m? s* (a molar flux density of 0.4amol m? s in the upward direction, requiring that
370 downward CQ diffusion be 109.5ug m? s in order to yield 8ig m? s* of net surface uptake; if not
371  accounting for the non-diffusive resistance totn@bsport, the C@diffusivity would be underestimated

10
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by ca. 20%. The case of G@Qptake is not analogous to any pool/tube scenarigigure 1. However,
different conditions with equal evaporatio® £ 36 mg rif s*) and CQ emission in the amount of 21.5
ug m? s (by respiration, for example) would correspondhe case of zero GQiffusion (as at the
instantteg), since the C@mass fractions of both the atmosphere and thengsisire emitted by the
surface are identical. Viewed in the traditiondfudiion-only paradigm, such a situation involvinghet
flux but no gradientK; = F3,,) would require a physically absurd infinite diffdsy. At this same
evaporation rate, but with lower G@mission, diffusion of CoOwould be downward, towards the surface
which is a source of C{but a sink of the COmass fraction (analogous to salinity in case steriaof
Section 2.2 at some instant betweégrandt; when the fluid emitted to the pool has a dilutiritpet).
Whatever the direction of net G@ransport, these case examples demonstrate tliefoesometimes
substantial rectifications to flux-gradient relatships — whether expressed as a conductance aresist
deposition velocity, or eddy diffusivity (K-theory} when correctly accounting for non-diffusive
transport.

4 Discussion

Relevant transport of a non-diffusive nature impliee need to revise the basis of flux-gradienbrthe
both in the boundary layer and also at smallerescedgarding gas transfer through plant pores. @ne
the key goals of micrometeorology has been thevdgoin of the vertical transports of mass, heat] an
momentum from profiles of wind speeds and scalaralées in the boundary layer (Businger et al.,
1971). The analyses above elucidate how gradiexigger to only the diffusive components of such
exchanges. Therefore, non-diffusive flux componentsst be subtracted out in order to characterize
turbulent transport in terms of eddy diffusivities, key goal of Monin-Obukhov Similarity Theory
(Obukhov, 1971). Perhaps more important is the nealistinguish between non-diffusive and diffesiv
transport mechanisms prior to assessing moleciffasiities (conductances), as has been negleoyed

the discipline of plant physiology, or ecophysiotog

When Eq. (3) is applied at the stomatal aperturksrev virtually all plant gas exchanges occur, it is
revealed that jets of air escape from these pangagltranspiration. In the context of the scalalgsis
begun in Section 3.2, it is appropriate to note theen fully open stomata occupy just 1% of leafaar
(Jones, 1983), leaving 99% cuticular and inert wéthard to vital gas exchanges% 0.01). As noted in
Section 3.2, this means that for the microscopades(D; Section 3.1) of the stomatal aperture, kbéh
local evaporative flux densityej and therefore the lower boundary condition fog trertical velocity
(Iw],) predicted by Eq. (4) are two orders of magnitueater than the 3fim s® estimated above. In
other words, a typical average airspeed exitingpmatal aperture is 3.1 mrit.sFor non-turbulent flow
through a cylindrical tube/aperture (i.e., Poideuilow), the velocity at the core of such an airrent is
twice as large. If a characteristic time scaleafiretd for air blowing through stomata as the ratia
typical stomatal aperture diameter (caum) to this core velocity, it is found to be of orde0 ms,
illustrating that air is expulsed from plants iretform of “stomatal jets”. Non-diffusive gas transt by

11
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such airflow exiting stomata — assisting with watapour egress but inhibiting G@nhgress — has been

previously conceived, but broadly neglected infiblel of ecophysiology.

The concept of net motion and consequent non-dusansport out of stomata is not new, but hanbe
disregarded by plant ecologists. Parkinson and Ranfh970) put forth that the massive water vapour
flux from transpiration implies an outbound air @t as a background against which diffusion opsrat
Regrettably, however, their interpretation hasééydeen forgotten, having been refuted in an aimly
(Jarman, 1974) that incorrectly assumed “no net f air” — disregarding conservation of momentum —
and yet seems to have gained acceptance among gigsiologists (von Caemmerer and Farquhar,
1981). Similarly, Leuning (1983) recognized theexgince of non-diffusive transport and furthermore
identified excess pressure inside the stomatakyas the impetus for the outward airstream (whieh
termed “viscous flow”), but had little impact oretinainstream characterization of stomatal condaetan
Rather, important aspects of ecophysiology contitmukinge upon the assumption that diffusion alone
transports vital gases through plant pores, disdégg both the above-mentioned studies and more
importantly the fact that gas transport mechanigmsugh such apertures were accurately described by

one of the great physicists of thé™@entury.

Because Josef Stefan helped substantially to edtathle fundaments of classical physics, his nasne i
often mentioned in the same breath as those ofzBaitn (regarding blackbody radiation) and Maxwell
(for diffusion). However, his work in the latterg&rd has been broadly ignored by scientists stadyas
exchanges through plant stomata. Stefan's studvaporation from the interior of a narrow, vertical
cylinder with vapour transport into an overlyingyrizontal stream of air is of particular relevatoghe
discipline of ecophysiology. He determined thastts not a problem of “static diffusion”, but rathe
includes an element of non-diffusive transport tua mean velocity in the direction of the vapduxf
induced by evaporation and now commonly known a$aBtflow. Engineers know this history, refer to
such a scenario as a Stefan tube (Lienhard andhardn2000), and routinely reckon transport by &tef
flow in addition to that caused by diffusion. Suadtounting is necessary for precise control in striai
applications such as combustion, and is describedany chemical engineering texts. The phenomenon
of transpiration through a stoma is a reasonakldaypfor a Stefan tube, the main difference beirgf th
evaporation in the Stefan tube depletes the po@vaporating liquid, whose surface therefore resede
downward. By contrast, the evaporating water in shematal cavity is continually replenished by
vascular flow from within the plant; if anythindyis reinforces the magnitude of the upward vertagl
velocity, in comparison with the Stefan tube, cetesit with that derived from momentum conservation
as in Egs. (4) and (5).

Non-diffusive transport by Stefan flow has implicas for defining key physiological parameters,
greater than the percentages of,@@d water vapour transport calculated above. Playgiologists have
postulated that stomata act to maximise the rdtioacbon gain to water loss (Cowan and Farquahar,
1977) or water use efficiency (WUE), an ecosysteait that constrains global biogeochemical cycles
(Keenan et al., 2013). In formulating this paramef@esuming molecular diffusion to be the lone

12
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449  transport mechanism, the water vapour conductanasually taken as 1.6 times that of {4Beer et al.,
450  2009), based on the ratio of their diffusivitiesthe inverse of the square root of the ratio of rthei
451  molecular masses, according to Graham’s law. Sna@saumption underlies the very concept of stomatal
452  control (Jones, 1983), but neglects the role of-diffusive transport for both gases. Net momentum
453  exiting stomata both expedites water vapour egaesksretards C@ingress, versus the case of static
454 diffusion, in each case acting to reduce the WU#Bpdrtantly, water vapour transport by stomatal jets
455  depends not only on physiology but also physically the state variablg, according to Eq. (8).
456  Consistent with the determinantsgpfas the temperature of a (saturated) stomatat@mmient increases,
457  even for a constant stomatal aperture, the WUEdaged, wresting some control over gas exchange rat
458  from the plant. Perhaps equally importantly, opposito CQ uptake by stomatal jets also should be
459  considered when modelling the most fundamentaiabbical processes, namely photosynthesis.

460

461  Accurate modelling of primary production in plamtsy require a fuller description of stomatal trasmsp
462  mechanisms, including non-diffusive expulsion bigjdhe partial pressure of Gside the stomata is a
463  key input parameter for the classic photosynthesislel (Farquhar et al., 1980), but is never diyectl
464  measured. Rather, it must be inferred from gas @@l measurements and assumptions about the
465  relative conductance of water vapour and,C43 described above. The amendment of such cidmda
466 to account for non-diffusive transport of both £&nd HO should help to improve the accuracy of
467  physiological models.

468

469  As a final note regarding ecophysiology, studieplaint functioning conducted using alternative gas
470  environments should be interpreted with care. Stam@sponses to humidity variations have been
471  studied in several plant species using the He#&3 mixture termed “helox” (Mott and Parkhurst91p
472 In the context of conservation of linear momentitis relevant that the effective molecular weigtfit
473  helox is just 29% that of dry air. Under equal dtinds of temperature and pressure, helox hasefs |
474  density, and so during transpiration bdth, from Eq. (4) and the non-diffusive component afnsatal
475  transport from Eq. (7) are 3.5 times greater thmair. The validity of helox for characterizing nel

476  plant functioning is thus dubious due to its lowriia versus that of air.

477  Conclusions

478  Evaporation E) is the dominant surface gas exchange, and fareespward momentum in the surface

£ wherep|, is the air density
0

479  layer such that the boundary condition for theigattvelocity is isw|, = 3

480  at the surface. This non-zero vertical velocityalibes Stefan flow and implies gas exchange ofra no
481  diffusive nature, which must be extracted from tie transport of any gas prior to relating that'gas
482  resultant diffusive transport component to scatadignts, as in Monin-Obukhov Similarity Theory.cBu
483  correction of flux-gradient theory is of particulmnport for descriptions of gas exchange througinpl
484  stomata, which should be amended to account fordiffusive transport by “stomatal jets” that help

485  expel water vapour but hinder the ingress o5, CO
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579 Figure 1: A pool of water being fed from below by aube. The points indicate water (1) in the tube, rd (2) in
580 the pool. The arrow indicates the direction of flow

581
582

() (b)

Dry air Moist air

583

584  Figure 2: lllustration of evaporation incrementing air pressure. Chamber air evolves from (a) dry airinitially
585 at atmospheric pressure; to (b) moist air at a presure that has risen by the partial pressure of watevapour,
586 ultimately at equilibrium (saturation vapour pressure, e). The force generated by evaporation propels the
587  mercury in the manometer from its initial position.
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Table 1: List of symbols, with their meanings and uris.
Symbol | Variable represented S.I. Units Tensor Order
General Variable Representations
I3 An arbitrary magnitude (can represent any scalaabke) | Depends o&i 0 (scalar)
& The magnitude of arbitrary variahfdor gas specieis Depends o 0 (scalar)
%3 The spatial gradient in arbitrary varialile Depends oG 1 (vector)
€10 The lower boundary condition for arbitrary variable Depends oG 0 (scalar)
Specific Variable Representations
Ax, Ay | Horizontal dimensions of an analytical volume m s@alars)
oz Vertical dimension (thickness) of an analyticalwne m 0 (scalar)
E Evaporative flux density across a horizontal szefa kg n?s? 0 (component)
[N Saturation vapour pressure Pa 0 (scalar)
f Mass fraction Non-Dimensional | 0 (scalar)
Fi Vertical flux density of gas species kg m? st 0 (component)
Finon | Non-diffusive component d¥; kg m? st 0 (component)
i Index for counting gas species (as in Table 2) - (scalar)
k Molecular diffusivity nfst 0 (scalar)
LAI Leaf area index Non-Dimensional | 0 (scalar)
p Pressure Pa 0 (scalar)
q Specific humidity Non-Dimensional | 0 (scalar)
p) Air density kg m® 0 (scalar)
o Stomatal fraction of leaf area Non-Dimensional  @a(ar)
T Air temperature K 0 (scalar)
t Time S 0 (scalar)
to Initial instant of a case scenario S 0 (scalar)
teq Equilibrium instant of a case scenario S 0 (sgalar
te Final instant of a case scenario s 0 (scalar)
v Air velocity ms? 1 (vector)
w Vertical component of m st 0 (component)
WUE | Water use efficiency Non-dimensional | 0 (scalar)
z Height above the surface m 0 (componery
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593 Table 2: Gas components comprising the system to b&amined, and their masses.
i | Gas Mass (kg)
1 | Nitrogen (N) 9.14(107
2 | Oxygen (Q) 2.80010™
3 | Argon (N) 1.56[10"
4 | Water vapour (kD) 1.61[10%7
5 | Carbon dioxide (C® | 7.36[107
6 | Methane (Ch 1.14110%
7 | Nitrous oxide (MO) 5.7010%
8 | Ozone (Q 4.0110%
594
595
596 Table 3: The first six air components by their surfze exchange scale magnitude, and the net exchandaio as
597 the sum of these flux densities. Representative $ace exchanges are taken from the Finnish boreal ffiest site
598 (Suni et al., 2003; Aaltonen et al., 2011). The,@xchange rate assumes 1:1 stoichiometry with GO
gas | Typical mass flux,| Corresponding Source i
F; molar flux
(mg m?sh (mmol m?sh)
HO 36 2 (Suni et al., 2003) 4
CG, -0.088 -0.002 (Suni et al., 2003) 5
O, 0.064 0.002 (Gu, 2013) 2
CH, -0.000032 -0.000002 (Aaltonen et al., 2011) 6
Os -0.0000096 -0.0000002 (Suni et al., 2003 B8
N2O 0.00000088 0.00000002 (Aaltonen et al., 2011) 7
Air 35.98 - This study -
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