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Abstract Stemflow hydrodynamics is the study of water movement along the exterior surface area of

plants. Its primary goal is to describe water velocity and water depth along the stem surface area. Its significance

in enriching the rhizosphere with water and nutrients is not in dispute. Yet, the hydrodynamics of stemflow have

been entirely overlooked. This review seeks to fill this knowledge gap by drawing from thin film theories to seek

outcomes at the tree scale. The depth‐averaged conservation equations of water and solute mass are derived at a

point. These equations are then supplemented with the conservation of momentum that is required to describe

water velocities or relations between water velocities and water depth. Relevant forces pertinent to momentum

conservation are covered and include body forces (gravitational effects), surface forces (wall friction), line

forces (surface tension), and inertial effects. The inclusion of surface tension opens new vistas into the richness

and complexity of stemflow hydrodynamics. Flow instabilities such as fingering, pinching of water columns

into droplets, accumulation of water within fissures due to surface tension and their sudden release are prime

examples that link observed spatial patterns of stemflow fronts and morphological characteristics of the bark.

Aggregating these effects at the tree‐ and storm‐ scales are featured using published experiments. The review

discusses outstanding challenges pertaining to stemflow hydrodynamics, the use of dynamic similarity and 3D

printing to enable the interplay between field studies and controlled laboratory experiments.

Plain Language Summary Describing how water molecules move along the exterior of a plant

surface remains a daunting challenge despite some 150 years of research and observations. While stemflow

arriving onto the soil surface is usually a small percentage of incident rainfall (about 0.1%–10%), its significance

is no longer in dispute and is gaining traction in multiple fields such as eco‐hydrology, forest ecology, soil

biogeochemistry and nutrient cycling, urban planning and green infrastructure, among others. This review seeks

to mathematically describe the movement of water along the stem of individual plants using the conservation

laws of mass and momentum when the water depth along the surface is sufficiently shallow compared to the

overall path length the water traverses along the main stem—an approximation labeled as thin film. The review

shows how stemflow hydrodynamics deserves its rightful place in the general area of fluid mechanics. Its

coverage offers new generalizations and perspectives to thin film theories routinely used in engineering and

material sciences. The topic also serves as fertile ground for graduate student dissertations concerned with

developing fundamentals, welding vast knowledge from distinct disciplines together, and innovating

experiments (laboratory and field) or numerical simulations in a manner that maintains high societal impact.

1. Introduction

Stemflow, the water that flows over the exterior of a plant's trunk or stem (e.g., see Figure 1) is receiving renewed

interest in ecohydrology. While stemflow usually represents a small fraction (<12%) of gross incident rainfall for

woody plants (J. Brown & Barker, 1970; Levia & Germer, 2015; Magliano et al., 2019; Martinez‐Meza &

Whitford, 1996) compared to throughfall or canopy interception, its role in directing and concentrating water,

solutes (e.g., potassium, calcium, manganese), particulates, and metazoans (among others) from the canopy into

the soil‐root system can be substantial (Carlyle‐Moses et al., 2018; Cayuela et al., 2019; Germer, 2013; Gersper &

Holowaychuk, 1971; Levia & Frost, 2003; Llorens et al., 2022; Martinez‐Meza & Whitford, 1996; Olson

et al., 1981; Parker, 1983; Ptatscheck et al., 2018). Published dye experiments (Liang, 2020) have shown that

stemflow allows solutes to enter the soil system through macro‐channels that deliver nutrients to where they are

most needed in the rhizosphere (M. Johnson & Lehmann, 2006; Martinez‐Meza & Whitford, 1996; Schwärzel

et al., 2012). Stemflow and soil moisture measurements already demonstrated that a significant portion of the

water that falls onto the canopy is funneled and concentrated by the branches and stem, and is eventually routed to
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the soil in a relatively narrow, asymmetrical band around the tree base (Imamura et al., 2017; Levia &

Germer, 2015; Llorens et al., 2022; Pinos et al., 2021; Tischer et al., 2020; Voigt, 1960; Wu et al., 2024).

Of greater significance is the chemical composition of this water. The contact duration between water and the

plant's exterior surface is longer for stemflow compared to throughfall. This extended contact enables efficient

leaching and solute transport along trunk and stems (Parker, 1983). Quantitative reviews have shown that

stemflow solute concentration usually exceeds throughfall concentration (Levia & Germer, 2015; Zhang

et al., 2024). In some cases, stemflow can have a long‐term imprint in the soil because of stemflow‐induced soil

acidification or the double funneling effect (Falkengren‐Grerup & Björk, 1991; M. Johnson & Lehmann, 2006;

Matschonat & Falkengren‐Grerup, 2000). For this reason, stemflow is one of the main mechanisms responsible

for the so‐called soil biogeochemical hot‐spots and hot‐moments (Carlyle‐Moses et al., 2018; Levia &

Germer, 2015). The role of stemflow in aboveground water dynamics has and continues to receive research

attention. Stemflow has been implicated in the diel patterns of aboveground water storage recharge that acts as

buffer for reduced xylem water potential and maintains hydration of living tissue (Beckett et al., 2024). When the

outer bark is wet enough, some tree species uptake stored water from the bark for internal use (Van Stan

et al., 2021). These findings have been noted for some time now using spraying experiments. In these spraying

experiments, water potential recovery in twigs occurred after bark water absorption commenced (Katz

et al., 1989). For this reason, the movement of water from bark rays into the xylem has also been labeled in some

studies as the “undervalued route of water transport” (Pfautsch et al., 2015; Van Bel, 1990). Similar conclusions

have been drawn in relation to leaf hydration and surface water uptake of shoots (Fuenzalida et al., 2019). Water

into the soil can increase through stemflow and throughfall during fog occurrences primarily from droplet for-

mation onto the canopy surface (Olson et al., 1981; Roth‐Nebelsick et al., 2012). A recent study demonstrated that

woody surfaces of trees at and above about 2 m from the forest floor can uptake methane and result in a net tree

methane sink (Gauci et al., 2024). The microbially mediated draw‐down of methane on and in tree woody surfaces

and tissues was found to be significant in tropical and temperate forests where stemflow plays a role in main-

taining the health of such microbial communities. Research on acid rain interaction with plants also demonstrated

that uptake and loss of ions through above‐ground plant parts (cuticles and bark) can be substantial (Klemm

et al., 1989). These exchanges remain understudied theoretically and experimentally partially due to stemflow

hydrodynamics uncertainty.

While K. E. Ney was the first to measure stemflow (in 1870), it was W. Riegler (in 1881) who first linked canopy

architecture to stemflow production (Riegler, 1881). Likewise, studies on water‐bark interactions have a long

tradition (about 150 years) in plant biology (Van Stan et al., 2021) as first reported by G. Kraus (in 1877). These

studies began before Dixon and Joly (Dixon & Joly, 1894) put forth the cohesion‐tension theory for water

movement in the xylem (in 1894) and E. Münch proposed (in 1930) the osmoregulation hypothesis for water and

sugar transport in the phloem (Munch, 1930). Despite earlier measurement leads in stemflow, a formulation for

stemflow hydrodynamics that resembles in its predictive power the cohesion‐tension theory for water flow in the

xylem or the osmoregulation theory for water/sugar transport in the phloem (Jensen et al., 2016; Konrad

et al., 2019) remains lagging or lacking altogether. This may appear surprising as stemflow is, to say the least,

more visible to the naked eye than phloem or xylem water delivery systems in Figure 1. As shall be seen from this

review, the mathematical formulation of stemflow hydrodynamics is far richer than those associated with either

the xylem or the phloem, which may partly explain why a comparable theory to cohesion‐tension or osmoreg-

ulation did not materialize. In continuum mechanics, the conservation of fluid mass and linear momentum, also

known as the Navier‐Stokes equation, when combined with the solute continuity equation provide a complete

mathematical description of velocity, solute concentration and fluxes at a single point or a small representative

elementary volume on the stem surface. Formulating the dominant forces within those equations and solving them

along a complex branch‐trunk geometry for transient rainfall remains a formidable challenge. Even by today's

computational standards, the computational costs and the uncertain initial and boundary conditions required in

such simulations remain prohibitive in virtually all eco‐hydrological applications. For this reason, this review

primarily focuses on stemflow hydrodynamics that seeks to describe the depth‐averaged equations for water

mass, momentum, and solutes. These equations link the depth‐averaged water and solute fluxes and states to the

local properties of the bark surface (e.g., roughness, wetness, leaching capacity), which makes them applicable in

many geophysical and ecological applications. This starting point, focusing on water and solute fluxes, must be

viewed as necessary but not sufficient for long‐term ecosystem level biogeochemical cycling that requires, at

minimum, upscaling the equations to tree scale following some approximation to the overall geometry (branch‐
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stem configuration) of the tree (coarsest scale) and the micro‐roughness properties of the bark (finest scale).

Upscaling these equations to arrive at stemflow fluxes into the soil, even from the base of a single tree, requires

coarse‐graining non‐linear and multi‐scaled transport processes whose physical and chemical properties are rarely

measured in field experiments. Nonetheless, those challenges will be flagged and theoretical, computational, and

experimental tactics (laboratory and field) to be employed will be surveyed. Regarding the latter point, comparing

laboratory and field studies requires a coverage of the principles of dynamic similarity (Bolster et al., 2011),

which will be presented for the depth‐averaged equations. This principle has a long history in physics and biology

starting with the work of Galileo and Borelli in the 1600s (Galilei, 1914; Gunther, 1975), followed by Thomp-

son (1915), Buckingham (1914), Rayleigh (1915), and many others reviewed elsewhere (G. West, 2018). Its

usage remains under‐utilized in the study of eco‐hydrology in general and stemflow hydrodynamics in specific

with some exceptions (Katul et al., 2019; Porporato, 2022).

2. Overview of Experimental Results

Studies of stemflow generation and its chemical composition have focused on three interrelated effects:

2.1. Biophysical Characteristics of Tree Species

Stemflow generation and its chemical composition are routinely linked to biophysical characteristics such as

smooth versus rough bark, branching orientation, and the presence of epiphytes (André et al., 2008; Cape

et al., 1991; Levia & Frost, 2003; Voigt & Zwolinski, 1964). Moreover, bacteria living on bark surfaces are

usually more diverse than their leaf surface counterparts (Leff et al., 2015) so that stemflow leachates are altered

to a greater extent than throughfall (Levia et al., 2011; Zhang et al., 2024).

Figure 1. Panel (a) Lateral instabilities of a wetting front on an inclined slope. The photo is taken from Huppert (1982). The instabilities exhibit fingering with lateral

wavelength (λL) that is independent of viscosity. Panel (b) Similar instabilities can be seen on a concrete vertical slab where the flow is from top to bottom (Photo credit:

G. Katul). Panel (c) Fingering and preferential flow on a smooth‐barked American beech tree (Photo credit: D. Levia). Panel (d) bubbling and high surfactant

concentration (Photo credit: John Kelly, The Washington Post Picture of foamy bubbles form on the bark of a tree along Sligo Creek in Silver Spring (2024)). Panel

(e) cross‐section of a tree denoting various anatomical features, including subpanels of xylem conduits and phloem tubes from Jensen et al. (2016). Panel (e) was partly

created in Biorender. Meydani, A. (2025) https://BioRender.com/c92x693. The xylem delivers water from the root to the leaf under tension whereas the phloem moves

water and sugars from the leaf to other parts of the tree as needed for metabolic function.
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2.2. Tree Size and Architecture

Stemflow generation is expected to scale with wetted trunk and branch surface areas, which are related to tree size

by allometric relations (Whittaker & Woodwell, 1967). While empirical relations between measures of tree size

(e.g., height, diameter, projected crown area, foliage amount) and stemflow generation have been reported for

some 50 years now (J. Brown & Barker, 1970; Crockford & Richardson, 2000; Ford & Deans, 1978; Hanchi &

Rapp, 1997; R. Johnson, 1990; Manfroi et al., 2004; Martinez‐Meza & Whitford, 1996), these relations remain

“diagnostic” rather than “prognostic” and sometimes controversial—meaning that stemflow from individual trees

was variable but the variability was not explained by tree size such as trunk diameter or tree height (Loustau

et al., 1992). One reason for this gap is that water collection is impacted by canopy structure (Aboal et al., 1999;

Bialkowski & Buttle, 2015; Gonzalez‐Ollauri et al., 2020; Iida et al., 2021; Levia & Germer, 2015), including

factors such as branch number and branch inclination angle (Iida et al., 2021; Levia & Herwitz, 2002; Levia

et al., 2015; Murakami, 2024) and whether trees are leafless or not (Iida et al., 2021). Experiments have reported

some 80% of the impacting rainfall is channeled as branchflow when branch inclination angles exceed 60° above

the horizontal (Herwitz, 1987). How intercepted water onto branches concentrates into rivulets (small streams)

that flow beneath branches has been recently considered using laboratory experiments and hydrodynamic analysis

(Puri et al., 2024). It was found that under certain conditions, rivulets do remain attached to branches by surface

tension until they encounter the main tree trunk where they contribute to stemflow generation. When rivulets

detach from parent branches, they concentrate throughfall into what is termed pour points (hotspots for

throughfall). Laboratory experiments on cylindrical objects showed that rivulet formation rate does increase with

increasing branch inclination angle to the horizontal axis and the formation rate did not vary appreciably with the

water application rate. These laboratory studies support the earlier field studies on branchflow (Herwitz, 1987).

Interestingly, the overall water collected at the end of the inclined cylindrical branches decreased with higher flow

rates due flow instabilities. These instabilities are mainly due to rivulet thickness exceeding a certain threshold

and contributing to throughfall instead of stemflow (Puri et al., 2024).

A recent synthesis, which is enriched with other data sources by us and presented here, has shown that the fraction

of incident rainfall that generates stemflow is related to the ratio of the tree heightH and crown widthW defined in

Figures 2a and 2b using

yo = 10.47[1 − exp(−0.38xo)], (1)

where yo is the percentage of measured stemflow at the base of trees to incident rainfall (usually collected in an

open clearing), and xo = (H/W)− 0.8. While the determination ofH is less ambiguous, theW in Figures 2a and 2b

may also be inferred using multiple approaches. The first is using the projected crown area, which is the area used

to convert stemflow from volume to equivalent depth in water balance studies. With this definition, some self‐

correlation is expected in the comparisons featured in Figure 2d. The second may define W as the horizontal

width of the tree's crown measured as the maximum distance between the outer edges of the foliage. For large W
(or low branch inclination angles from the horizontal), foliage interception and subsequent throughfall may out‐

compete stemflow generation by branches.

On long time scales (e.g., seasonal to annual) covering a large ensemble of rainfall events, an inverse relation

between W and stemflow may be anticipated. However, larger H reflects larger surface area available for

stemflow production and thus a positive relation between stemflow generation and H may be anticipated. For the

combined data sources and a wide range in H/W values featured in Figure 2d, the empirical expression linking yo
to xo explains some 70% of the variability in stemflow generation by rainfall with a coefficient of determination

R2 > 0.7. Another extensive study comparing stemflow production to rainfall for oaks and pines (burned and un‐

burned) arrived at similar conclusions (Su et al., 2023) to what was found in Figure 2d for yo. As noted earlier,

such empirical expressions may emerge when stemflow to rainfall are determined over long time scales (seasonal

to multi‐year) and across a wide range of H/W values (a factor of 10).

The relation featured in Figure 2d tends to break‐down when the focus is on a single storm event and/or when the

range of H/W is too narrow. A case in point are the laboratory studies of stemflow on artificial trees made from

wooden dowels (Dunkerley, 2014a). In those experiments, H/W did not vary as shown in Figure 2d. However,

antecedent bark wetness, rainfall intensity variability (uniform vs. intermittent), andwhether a drop‐kinetic energy

dissipation using a mesh was present or not did have appreciable impact on yo for a near constant H/W. The
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laboratory experiments do show that in the absence of amesh (i.e., raindrops have high incident kinetic energy), the

yo (in percent) varied from 2.5 to 7.0 whereas in the presence of a mesh above the canopy, yo varied from 7 to 11.

Higher antecedent surface wetness (WAC) also resulted in higher yo compared to drier antecedent

conditions (DAC).

2.3. Hydroclimatic Variability and Antecedent Conditions

Stemflow volumes and leaching are influenced by clouds, rainfall depth class, rainfall intensity, angle of incident

precipitation, air temperature, vapor pressure deficit, evaporation, and antecedent conditions, as reviewed else-

where (Levia & Germer, 2015; Levia & Herwitz, 2000; Levia et al., 2010; Reid & Lewis, 2009; Schooling &

Carlyle‐Moses, 2015; Van Stan et al., 2014). The so‐called funneling effect of branches is enhanced once

branches are wet (Herwitz, 1987), suggesting that both intra‐storm rainfall dynamics and vapor pressure deficit

can play a role (Cayuela et al., 2018; Dunkerley, 2014a; Levia, 2003). These field studies are consistent with the

Figure 2. Panel (a) Sketch of H and W for wide (Cherry, 2024) and slender (Leyland cypress, 2024) tree geometries. Panel

(b) These geometric features can be inferred from LiDAR remote sensing platforms (Roth et al., 2007). Panel (c) Laboratory

measurements on wooden dowels collected for a constantH/W from Dunkerley (2014a). DAC andWAC denote dry and wet

antecedent conditions. Panel (d) Relation between the long‐term ratio of measured stemflow to incident precipitation or yo in
percent (ordinate) as a function of the height‐to‐width (abscissa) or H/W of trees assembled from a global database (Sadeghi

et al., 2020) along with field experiments from isolated single‐leader and multi‐leader urban trees (Carlyle‐Moses &

Schooling, 2015; Schooling & Carlyle‐Moses, 2015). SL and ML denote single‐leader and multi‐leader trees. The SL and

ML urban data sets (Schooling & Carlyle‐Moses, 2015) convert stemflow volume to equivalent water depth using projected

crown area, which is common practice (Sadeghi et al., 2020). Some of the scatter may arise due to differences in the scaling

variable used to convert stemflow volume to depth. Laboratory experiments are presented for DAC and WAC without and

with a mesh placed above the wooden dowel to dampen the raindrop kinetic energy.
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aforementioned laboratory experiments in Figure 2 where the stemflow to rainfall contrast for wet and dry

wooden dowels is significant. All these effects encompass processes across a range of scales: (a) “local‐scale,”

describing local surface properties and their interaction with moving water in Figure 1—including the generation

of unstable fronts in smooth bark, (b) “tree‐scale,” referring to the multiple path lengths experienced from source

to ground, (c) “forcing,” the storm characteristics and other hydroclimatic descriptors (e.g., wind, temperature,

vapor pressure deficit), and (d) “initial conditions,” referring to antecedent conditions of the bark prior to

stemflow generation. At the smallest scale, where the local bark properties are most relevant to water‐solute

interactions, the depth‐averaged equations are subject to boundary conditions. In smooth bark as shown in

Figure 1, the flow dynamics share resemblance to thin‐films (Haas et al., 2011; Scholle & Aksel, 2001, 2003).

Fingering patterns and other instabilities can arise (Huppert, 1982; Nittmann et al., 1985) speeding up the flow—

especially at the fingertip. For rough bark, water and solutes are transported either through a network of inter-

connected ridges and furrows within the bark or along the bark surface that can be hydrodynamically rough,

smooth, or transitional. Water flow responds to a number of forces including gravitational body forces, frictional

surface forces (viscous laminar or turbulent stresses), and capillary line forces at the air‐water interface. At the

local scale, the movement of water resembles either a free surface flow or an anisotropic porous medium

depending on the rainfall intensity and duration as well as evaporation and bark absorption. The geometric

properties of each furrow (e.g., their length, angle, effective width, micro‐roughness, and chemical properties)

also vary along the branch and bark. Moving beyond the single furrow scale, connections between multiple

furrows within the bark and ridges impose extra constraints that alter the overall stemflow in ways that remain to

be explored. Due to the concentrated nature of stemflow inputs, the focus is woody surface flows (branches and

trunks) rather than release throughfall that reaches the ground from either foliar or woody surfaces. As noted

earlier, a plausibility argument for this focus is the longer residence times of intercepted water on woody surfaces

than foliar surfaces (Nanko et al., 2022) that enrich chemical concentrations (Tucker et al., 2020).

Accommodating all aspects and path details of stemflow dynamics along with solute transport is well beyond the

scope of a single study. The emphasis here is on processes and mechanisms likely to be common to all stemflow

representation. More specifically, the focus is on the hydrodynamics of stems that differ in bark morphology.

Addressing this component provides the groundwork necessary for a complete description of stemflow and solute

transport. The time is ripe to confront these challenges given the rapid progress in measurements including optical

measurements of surface cover such as LiDAR (Iida et al., 2021; R. Turner et al., 2014) or microwave remote

sensing (Landy et al., 2014), high resolution imaging for surface features and rapid dye movement, computing and

computational methods, multi‐scale physics, and in theories dealing with transport and chemical transformation

in physical and biological networks (Banavar et al., 1999; Câmara & Neto, 2009; García‐Ros et al., 2019; Heaton

et al., 2012; Ni & Leonard, 2005).

3. Theory

Because stemflow is very shallow (i.e. water depth is much smaller than transport distances that scale withH), the

conservation equations used to describe its hydrodynamics throughout are based on their depth‐averaged form

unless stated otherwise. The two key governing equations are for water mass and solute mass along the stem. The

depth‐averaged mass conservation equations reveal the need to accommodate water sinks (sorption into the bark

volume) and solute sources (leaching). An existing theory for the water sinks into the bark surface based on a

porous media approximation is introduced and modifications due to hygroscopicity are featured. Likewise, the

effective leaching of solutes is represented using formulations of maximum simplicity so as to enable the in-

clusion of findings from laboratory and field experiments into models of stemflow hydrodynamics. Both con-

servation equations (water and solutes) also require models for the depth‐averaged flow velocity needed to

describe water and solute fluxes. To describe the water velocity, the conservation of momentum is then

considered at the surface of the bark. The momentum conservation requires a description of all the forces

(gravitational, pressure, surface friction along the bark surface, and surface tension at the air‐water interface) and

the resulting acceleration from their imbalance (local and convective).

Accommodating all these forces and the acceleration operationally turns out to be a formidable challenge that has

not been fully attempted for stemflow. To progress on some aspects of this issue, a number of simplifications and

analogies to other well‐studied flows are first reviewed. In particular, flow of water on a smooth bark shares a

number of similarities to water flowing along a wet plate (rough or smooth) of finite width standing vertically.

Thus, the conservation of water and solute mass as well as momentum commences with a brief review of the bulk
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velocity and water depth when the force balance for a given fluid element is restricted to the interplay between

gravitational acceleration and viscous forces. Next, the addition of surface tension at the advancing front position

is considered, which activates a number of mechanisms and instabilities that could not occur in a gravity‐viscous

stress balance scenario. Some aspects of roughness and higher Reynolds number effects are covered as well. The

theory concludes with a proposition of a number of models to upscale these conservation equations to the entire

tree system. The simplest are models based on nonlinear reservoirs whereby the canopy architecture is accom-

modated but not explicitly considered. While all the symbols are defined upon first occurrence in the text, a

glossary is provided at the end of this review in “Glossary” section to facilitate readability.

3.1. Conservation of Water Mass

Figure 3 shows the control volume for the conservation of mass of a thin water film along a smooth bark surface

(panel a) at position x characterized by a radially uniform water depth h along the local stem diameter Ds, a

thickness dL along the vertical flow direction x. Assuming the density of water ρ is constant and h/Ds ≪ 1 the

changes in mass within an elementary volume (πDs)(dL) (h) in one‐dimensional space along x yields

∂ρ(πDs dL) h
∂t

+ ∂ρ(πDs dL) q
∂x

= −ρ(πDs dL) Sw, (2)

where h(x, t) is the depth of water at position x and time t, q = uavgh is the water flux, uavg is the depth‐averaged

velocity at x and t, and as before Ds is the diameter of the stem at position x, dL is an incremental distance along

direction x, and Sw is the loss of water into the bark. We choose to write these conservation laws in one spatial

dimension using velocity and depth for simplicity. To be clear, a one‐dimensional description is incomplete as

spatial patterns such as fingering are inherently two‐dimensional and cannot be reconciled with a one‐dimensional

approximation. However, such one‐dimensional approximation suffices to illustrate the dominant terms in the

mass balance responsible for water movement. For the purposes of further exploring these dominant mechanisms

Figure 3. Definition sketch for the conservation of water mass (panel a), solute mass (panel b), and force balance (panel c). The x‐axis is oriented along the direction of
flow. The z‐axis is orthogonal to the bark surface. The h(x, t) is the water depth at position x and time t, q is the flux of water, Sw is the water uptake by the bark, qc is the

solute flux, and Sc is the solute leaching from the bark. The force balance includes pressure and gravitational forces, wall friction, and any curvature of the water surface

determined from ∂2h/∂x2 as related to the balance between surface tension T and water pressure at the free surface (the latter are ignored for a vertical slope). The

atmospheric pressure Patm is assumed small compared to the water pressure at the curved interface.
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involved in water movement, it is instructive to assume Ds uniformity in x though the conservation laws can

readily accommodate such changes in Ds with x if known. Thus, for constant ρ and a Ds independent of x, the
conservation of water mass reduces to its familiar form

∂h
∂t

+ ∂q
∂x

= −Sw. (3)

The stemflow in volume per unit time at the base of the plant can be expressed as Q = uavgh(πDs), where uavgh
must be determined near the base of the tree. The conservation of water mass (in 1‐D or 2‐D) is one equation in 3

unknowns: h, q or uavg = q/h, and Sw. Mathematical closure necessitates two additional equations. The first is a

description of Sw and the second is the conservation of momentum to relate uavg and h.

For Sw, it is assumed that the bark is a porous medium characterized by pore diameters much smaller thanDs. This

porous medium is then described by a hydraulic conductivityK(θ), a porosity ηp, and a specific water capacity c(θ)
(or equivalently, a pressure‐volume relation), where the volumetric water content of the bark θ= Vw /Vb is the ratio

of the stored volume of water within the bark Vw normalized by the total bark volume Vb. The degree of bark

saturation, which varies between 0 and 1, can also be approximated by θ/ηp. This degree of saturation choicemay be

more convenient to use. When θ = ηp, the bark is fully saturated and when θ < ηp, the bark is deemed unsaturated.

When the flow of water from the exterior film into the bark volume is laminar, then Darcy's law applies and

Sw = −K(θ) ∂ψ
∂z

= −K(θ) ∂ψ
∂θ

∂θ
∂z

= −D(θ) ∂θ
∂z

, (4)

where Sw must be interpreted as volume of water entering the bark per unit area orthogonal to the flow direction

(curved here because of Ds) per unit time, D(θ) = K(θ)/c(θ) is known as the liquid water diffusivity formed from

the unsaturated hydraulic conductivity and the pressure‐volume relation where c(θ) = (∂ψ /∂θ)−1 is the specific
water capacity of the bark, and ψ(θ) is the unsaturated water potential within the bark measuring the energy

needed to extract water being held by capillary forces inside the bark medium. Stated differently, ψ is the tension

that must be applied to extract water from within the bark at a given bark wetness θ. With this background, the

conservation of water mass within the bark volume is given by its own continuity

∂θ
∂t

= ∂
∂z

D(θ) ∂θ
∂z

. (5)

Equation 5 may be solved under a set of restrictive assumptions for the water flux entering the bark when the bark

has an initial and uniform (in z) moisture content θi < θo, where θo is the moisture of the bark surface after the

advancing front arrives at this location (i.e. h > 0). When the effects of the surface water continuity are transmitted

into the bark using a constant θo, the water loss from the surface into the bark is given by Philip (1957)

Sw = 1

2
Spt

−1/2, (6)

where Sp is known as the sorptivity of water onto the bark surface. The Sp can be related to D(θ) using

(Parlange, 1975)

S2p = 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
θo − θi

√ ∫θo

θi

̅̅̅̅̅̅̅̅̅̅̅̅
θ − θi

√
D(θ)dθ, (7)

where θi is the initial bark water content before the arrival of the wetting front, and θo as before is the water content

at the surface after the arrival of the wetting front. Some studies have experimentally explored the hygroscopic

properties of bark (i.e., the ability of bark to uptake water vapor from the atmosphere during dry periods) that are

likely to set θi. These studies demonstrated that the ability of bark to absorb water vapor during non‐rainfall

periods leads to a partial saturation of bark tissues during such dry periods that then alter the rate of bark satu-

ration during rainfall (i.e., reducing θo − θi and increasing θi). The θi is a function of the internal bark structure

including ηp and bark density that varies among species (Ilek et al., 2021). If the bark is initially dry (i.e., θi ≪ ηp
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and the arrival of the front saturates the bark surface, then θi can be ignored relative to θo and θo = ηp). An intrinsic

sorptivity given by SI = (νρ/σ)Sp can also defined and this SI, as with intrinsic permeability, is only dependent on

the bark medium—not the fluid. Here, ν is the kinematic viscosity and σ is the surface tension parameter for water.

It is evident that any description of stemflow requires a concentrated effort on measuring bark hydraulic prop-

erties for different bark types and wetness conditions.

3.2. Conservation of Solute Mass

As before, a unidirectional flow in Figure 3 is assumed along x. The solute mass under consideration at x and t is
defined using solute concentration C(x, t) in mass of solutes per mass of water and the incremental water volume

(πDs)(h)(dL). Thus, the conservation of solute mass leads to

∂
∂t
(πDsh dLρC) + ∂

∂x
(πDsh dLqc) = (πDsh dL)ρSc, (8)

where qc is the solute flux and Sc is the solute net exchange between the bark surface and the flow (leaching in

most instances). Once again, for a Ds independent of x and a constant ρ, this balance reduces to

∂(h C)
∂t

+ 1

ρ

∂(h qc)
∂x

= (h)Sc, (9)

which is entirely kinematic. As before, conservation of solute mass provides one equation in three unknowns: Sc,

qc, and C. As with the conservation mass of water, two additional equations must be supplied to mathematically

close the solute mass transport problem. The solute flux qc can be expressed by its conventional form—an

advective and dispersive transport given by

qc = ρ(uavgC − DT
∂C
∂x

), (10)

where DT is the total diffusion coefficient that includes both molecular (Dm) and dispersive (Dd) contributions

(i.e., DT = Dm + Dd). The dispersive term arises due to area‐averaging of an inhomogeneous velocity field within

h. For laminar flow conditions, the dispersive contributions to qc are dominated by the well‐studied Taylor

dispersion given by Heaton et al. (2012), Taylor (1953)

Dd

Dm
= gfPe2, (11)

where Pe = uavglo/Dm is a Peclet number measuring the advective to diffusive transport, lo is a characteristic

length scale (radial or vertical), and gf is a factor that depends on the cross‐sectional geometry. The original Taylor

dispersion in closed tubes yields lo = r (r is the pipe radius) and gf = 1/48. In open channels (more appropriate to

stemflow), gf = 2/105 and lo = h for wide rectangular channels (Chikwendu, 1986)—meaning the furrow width is

much larger than h. For a turbulent flow, the dispersion coefficient Dd = αdhu∗ (Fischer, 1973; Taylor, 1954),

where αd depends on the geometry (αd ≈ 10 for wide open channels) and u∗ is the friction velocity (to be discussed

later on in the context of momentum conservation).

With regards to the function Sc, a model of maximum simplicity that includes only leaching may be employed and

is given as

Sc =
Csat − C

τc
= kc(1 − C

Csat
), (12)

where kc = Csat/τc, τc is a characteristic time it takes to saturate water with solutes (e.g.., potassium, calcium,

magnesium) starting from C = 0 or some other reference concentration, and Csat is the solute concentration near

the saturation limit of water. This representation introduces a new time scale, τc. It is customary to compare this

time scale to the solute transport time scale by advection, given as L/uavg, where L is the transport distance
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—which is commensurate withH. The significance of the leaching mechanism may be compared to the advective

transport using the so‐called Damköhler number (Da), a dimensionless number that compares the leaching time

scale to the advective time scale and is given by

Da =
τcuavg

L
. (13)

A largeDa implies that leaching is slow compared to advection and can be ignored. Conversely, a smallDameans

that advection may be ignored relative to leaching, and leaching dominates the temporal dynamics of C. It is
instructive to ask what should be uavg for leaching to be commensurate with advection. Setting Da = 1 yields a

uavg = L/τc. For the solutes of interest in stemflow, including potassium, calcium, or magnesium, τc is on the order
of 10–100 hr (Tucker et al., 2020). For a L = 10 m tall tree, a Da = 1 yields uavg = 0.1–1 m/hr. Typical stemflow

velocities are on the order of 10 m/hr (Tucker et al., 2020). This finding implies that C will remain sufficiently

small compared to Csat and advection is a significant contributor to solute transport along the stem. Equation 12

may also be generalized as

Sc = kc(1 − C
Csat

)n

. (14)

For n = 0, leaching is a constant input from the bark into the thin water film. For n = 1, leaching is a first‐order

generation process as before. Typical values for Csat for potassium, calcium, and magnesium are 6.0, 26, and

6 mg/l, respectively (Tucker et al., 2020). Laboratory values of kc in the literature are adjusted to account for the

leaching surface area per volume of water. These values are 0.17 mg/cm2/hr for potassium, 0.03 mg/cm2/hr for

calcium, and 0.04 mg/cm2/hr for magnesium. For n > 1, the Sc resembles higher‐order generation mechanisms as

may be encountered in heterogeneous chemical systems due to the presence of chemical segregation or blockage

of some distant molecules to accessing the depositing surface (i.e., bark). Such models can also arise when τc is no
longer constant and becomes dependent on C, especially at high C.

To date, the most applicable model for the leaching of base cations and other substances of interest (e.g., boron,

manganese, dissolved organic carbon) in stemflow is a binding/unbinding process with n= 1 (Segel & Edelstein‐

Keshet, 2013). To solve this equation forC(x, t), the uavgmust be solved first. Moreover, kc,Csat, and n as well as a
description ofDd are needed, the latter also requiring uavg. The uavgmay be interpreted as momentum per unit mass

(or concentration of momentum on a mass basis), which is why the conservation of momentum is now considered.

3.3. Conservation of Momentum: A Simplified Analysis

As a starting point, a simplified analysis that begins by assuming a balance between the frictional surface force

and the gravitational body force is considered. The goal of this illustration is to highlight the role of several bark

(e.g., rough vs. smooth) and flow (laminar vs. turbulent flows) properties prior to presenting an enriched version

of the conservation of momentum that accommodates line forces and non‐steadiness.

The gravitational force Fg acting on a fluid volume of small length dL along flow direction x and cross‐sectional

area πDsh is,

Fg = ρ(πDshdL) g (15)

where g is the gravitational acceleration. This gravitational force is balanced by wall friction that is characterized

by a wall stress τW acting uniformly on the planar area πDsdL. Equating the driving force to the resistance force in
the vertical direction (i.e. x) yields

τW
ρ

= u 2
∗ = gh, (16)

where u∗ is known as the friction velocity and may be viewed as a kinematic description of the wall stress.

Furthermore, representing the wall stress using a quadratic drag law with a drag coefficient Cd and average

velocity uavg results in
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τW
ρ

= Cdu
2
avg. (17)

It is customary to use the so‐called Darcy‐Weisbach friction factor f instead of Cd, whereCd = f/8. Thus, a balance
between gravitational forces and frictional forces (i.e., no acceleration) results in an independent relation between

h and uavg given by

uavg = (8
f
)1/2(gh)1/2. (18)

The simplified force balance in the vertical for steady and uniform flow enabled an independent link between uavg

and h. This link can be used to mathematically close the conservation of water and solute masses provided Sw and

Sc are specified or modeled. The challenge now is to describe Cd or f for the bark surface, which is no trivial task.
Drawing on what is known about f from pipe flow and open channel flow, two “end‐member” cases are

considered: The first is a laminar flow case over a smooth bark, and the second case is turbulent flow over a very

rough bark, where the bark is characterized by a mean mirco‐roughness height r. From the Moody diagram

(Moody, 1944), f varies with the relative roughness r/h and the so‐called Reynolds number Re = uavgh/ν—but

only one of these two quantities is pertinent at the two end‐member limits. For the laminar flow case where

Re < 100, inserting f = 24/Re as derived from the Moody diagram and re‐arranging yields,

uavg =
1

3

g
ν
h2. (19)

The f = 24/Re can also derived from the depth‐integrated Navier‐Stokes equations for laminar flow as discussed

elsewhere (Jeffreys, 1930). The flow rate per unit width q = uavgh, which is more convenient to link to rainfall or

stemflow production. In the laminar flow regime, this flow rate can be used to define a so‐called Nusselt thickness

(D’Alessio et al., 2009) given by

hN = (3νq
g
)1/3. (20)

For the turbulent flow case where Re >> 1,000 and r/h << 1, the Moody diagram for open channels estimates

f = 0.26(r/h)1/3 (Katul et al., 2002), and

uavg = ( 8g
0.26r1/3

)1/2h2/3. (21)

The scaling between f and r/h is known as the Strickler scaling and, when imposed, reduces this equation to

Manning's formula (Bonetti et al., 2017). In this case, Manning's formula for a vertical slope with uavg= (1/nM)h
2/3

is recovered provided Manning's roughness nM is given by

nM = (0.26
8g

)1/2r1/6 = 0.06r1/6. (22)

A recent study estimated Manning's roughness for burned (nM = 0.05) and un‐burned (nM = 0.08) pine bark

(Zhang et al., 2023) assuming turbulent flow. Based on Equation 22, the corresponding mean roughness values

are r = (nM/0.06)6 = 0.34 m (burned) and r = 5.5 m (un‐burned). In both cases, the reported mean protrusion

depth of the bark surface is on the order of 4 mm. This means that the r/h ≪ 1 is unlikely to be satisfied and nM

cannot be independent of h (Katul et al., 2002) or the measured flow is unlikely to be turbulent.

The main message from the simplified analysis here is that the stemflow velocity can be expressed as uavg = ahb,

where a and b depend on the flow type (laminar or turbulent) and bark roughness (smooth or fully rough). Under

some idealized conditions, a and b can be theoretically predicted when using the so‐called Moody diagram

(Moody, 1944) assuming stemflow resembles an open channel on a steep slope. A uavg = ahb may be a more
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general feature of the simplified momentum balance though the coefficients a and b may not be readily derived

from a Moody type chart and require their own analysis. Toward this end, it is convenient to re‐write Equa-

tion 18 as

Fr = uavg̅̅̅̅̅
gh

√ = (8
f
)1/2, (23)

which shows that “resistance” laws describing uavg and h along the bark can be expressed in terms of a relation

between the so‐called Froude number (Fr) measuring inertia to the (external) gravitational force, and f, a
dimensionless drag coefficient that varies with the Re (measuring inertia to viscous forces) and relative roughness

r/h (i.e., connected to bark properties). A dynamically interesting outcome here is that uavg appears to be related to

h instead of ∂h/∂x as might be anticipated from a Darcy law (G. Brown, 2002; Darcy, 1856) or a Hagen‐Pois-

euille's equation (Sutera & Skalak, 1993). One other dimensionless number that routinely emerges in thin‐film

applications is the Galilei number (Ga), also referred to as the Galileo number. The Ga is used to assess the

relative importance of gravitational forces to viscous forces and is given by

Ga = h3g
ν2

= (Re
Fr

)2. (24)

It is listed here for completeness as it is related to two other dimensionless quantities already being considered: Re

and Fr.

3.4. Conservation of Momentum: An Expanded Analysis

The imbalance between all the forces acting on a fluid volume and the resulting acceleration along a vertically

inclined plane must be considered in the expanded analysis at a point on the bark surface. This analysis leads to the

following outcome:

∂uavg

∂t⏟⏞⏞⏟
Local Accel.

+ uavg
∂uavg

∂x⏟⏞⏞⏟
Advective Accel.

+ g

⎛⎜⎜⎜⎜⎜⎜⎝
f
8

u2avg
gh⏟⏞⏞⏟

Friction

− 1⏟⏞⏞⏟
Weight

− l2cap
∂3h
∂x3⏟⏞⏞⏟

Surf. Ten.

⎞⎟⎟⎟⎟⎟⎟⎠
= 0. (25)

The first term arises due to unsteadiness in the flow, the second arises due to inertia, the third term is the wall

friction earlier discussed, the fourth term is the gravitational force, and the last term arises due to surface tension,

where lcap ≡
̅̅̅̅̅̅̅̅̅̅
σ/ρg

√
is the capillary length that depends on the interfacial tension of water and air σ. Equation 25

resembles the standard shallow water (or Saint Venant) equation (de Saint‐Venant, 1871) with two important

exceptions. The first is that the mean pressure gradient is canceled (small angle approximation no longer applies

to stemflow) and the second is the addition of surface tension effects.

The genesis of the surface tension term in the present form commences by assuming a mechanical equilibrium at

the free air‐water interface of the advancing front. This equilibrium requires that the imbalance between the

exterior pressure (atmospheric) and interior pressure (water pressure at the air‐water interface Ps) be carried by

surface tension normal to the air‐water interface. This equilibrium leads to the Young‐Laplace equation given as

Anderson et al. (2006)

Ps − Patm = σ
Rs

, (26)

where Patm is the atmospheric pressure (=0), Ps is the water pressure component at the curved air‐water interface,

and 1/Rs = −∇.n is twice the mean curvature for the water surface that can be determined from the spatial

variations of the unit normal vector n. In the limit of 2D thin layers, the mean curvature can be approximated from

∂2h/∂x2. Once again, this curvature is likely to be large at the advancing front (or the tip of a finger instability) but
perhaps less so elsewhere in the flow. The Young‐Laplace equation estimates the air‐water interfacial pressure
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gradient −∂Ps /∂x = σ∂3h/∂x3. The significance of surface tension in the conservation of momentum is often

referenced to two other terms: the gravitational force and the inertial term. Thus, it is customary to introduce new

dimensionless numbers for this comparative purpose—the Bond number (Bo), the Weber number (We), and the

Kapitza number (Ka). They are given by

Bo = ρgl2

σ
= l2

l2cap
;We =

ρu2avgl

σ
;Ka = σ

ρg1/3ν4/3
, (27)

where l is a characteristic length scale describing the longitudinal wavelength of the curvature of the water surface

required for surface tension to act on (and differs from lo) introduced in Pe, and lcap =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ/ (ρg)

√
is the capillary

length whereby the gravitational forces and surface tension are in balance. For water, σ = 0.078 N m−1,

g = 9.8 m s−2, and ρ = 1,000 kg m−3 resulting in lcap = 2.8 mm. When l/lcap < 1, surface tension effects may

overcome gravitational forces and momentarily arrest stemflow. This may occur when the micro‐roughness el-

ements along the bark scale with l, the wavelength of the water surface profile. For these cases, the water may be

held momentarily by surface tension within the bark fissures and furrows until sufficient amounts of accumulated

water increases the gravitational force and overcome the surface tension forces. In such cases, stemflow resembles

an intermittent accumulation‐release mechanism or what may be labeled as a slip‐stick phenomenon (Berman

et al., 1996; Yan et al., 2023) in physics. The Ka is deemed as a material property that measures the relative

importance of surface tension forces to inertial forces. For water flowing along a vertically inclined plane,

Ka = 3.4 × 103. The Ka plays a central role in the study of wave formation and instabilities leading to turbulence

in thin films. At very large Re (≥1,000), waves observed on a falling film have wavelengths comparable to or

shorter than hN (Chang, 1994). Wavy patterns in stemflow are occasionally observed and thus, it is interesting to

ask what is the magnitude of hN for stemflow q reported (or estimated) in few field studies. For this illustration, a

rainfall event of 25 mm in 18 hr that lead to an average 174 cm3 per 5 min in stemflow and a peak of 980 cm3 per

5 min is used (Tucker et al., 2020). The measured tree diameter Ds in this case study was 0.49 m. Thus, assuming

stemflow is a uniform sheet along the entire circumference and the flow is laminar results in hN = 4.9 × 10−3mm.

Using the peak flow rate instead increases hN to hN = 8.7 × 10−3 mm. These measurements were conducted for a

rough bark with a furrow‐ridge configuration. If the flow was assumed to be restricted to the furrow component

only, the effective width drops by a factor of 87 and the hN = 3.2 × 10−2 mm at the average flow rate and

hN = 5.7 × 10−2mm at the peak flow rate. In all cases, this hN remains some 2–3 orders of magnitude smaller than

lcap = 2.8 mm. However, lcap is commensurate with the mean width of each furrows (=5.6 mm). These calcu-

lations are suggestive that surface tension can be of significance in such furrow‐ridge bark roughness configu-

rations when uavg is small.

3.5. Dynamic Similarity: From Laboratory Experiments to Field Studies

Since its introduction in the early 1980s (Kodama, 1981), 3D printing will undoubtedly become popular in

laboratory studies of stemflow hydrodynamics. The 3D printing builds physical objects from a digital computer

aided design that involves layer‐by‐layer construction of physical objects such as synthetic trees. How can such

technological advance enable efficient use of laboratory studies of stemflow necessitates linking the reduced

geometry of the 3D printed object to the altered hydrodynamics and dominant force balance. In fluid mechanics,

dimensionless numbers such as Re, Fr,We or Bo all have length scales (e.g., h, lo, l, r, etc…). Preserving all these

dimensionless numbers in laboratory studies enables links between laboratory dimensions and real‐tree di-

mensions. Down‐scaling geometry here requires reductions in H and W while preserving H/W to maintain long‐

term partition of rainfall to stemflow as discussed in Figure 2. This “shrinkage” of geometric features of trees (e.g.

H and W) means that all the other absolute length scales (e.g. l, lo, r, or L) relative to water properties (e.g. ν or σ)
employed in the dimensionless numbers, summarized in Table 1, must also be reduced. This reduction alters the

dominant force balance in the laboratory compared to field conditions. The “mapping” between the reduced

geometric lengths required for laboratory studies while preserving the relative significance of the dominant forces

governing the stemflow hydrodynamics in ecosystems requires matching all the dimensionless numbers simul-

taneously in Table 1. This matching may be partly achieved by employing fluids other than water or air to adjust

the fluid properties such as density, viscosity, or surface tension in laboratory studies so as to preserve these

dimensionless numbers. A weaker constraint is commonly used in practice that ensures laboratory studies match

“flow regimes” expected in field studies such as laminar versus turbulence, reduce or enhance surface tension,
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among others. The weaker matching ensures that the interplay between the

dominant processes in laboratory studies and in field studies are commen-

surate (but not identical). However, the precise matching of all the dimen-

sionless numbers can be by‐passed provided the dominant regimes are

captured by the experiments.

4. Applications to Published High Frequency Stemflow
Experiments

A number of field experiments have published graphical representations of

precipitation and stemflow at high frequency (e.g., 5 minutes or less) that

have provided insights into stemflow patterns at the intrastorm scale (Levia

et al., 2010; Reid & Lewis, 2009; B. Turner et al., 2019). In general, high

temporal frequency stemflow experiments may be sensitive to the details of

stemflow hydrodynamics compared to long term measurements such as those

featured in Figure 2. A sample of those studies are digitized by us and used to

explore simplified stemflow models.

Figure 4 presents normalized cumulative precipitation versus normalized cumulative stemflow for tropical trees

and babassu palms across differing rainfall events in Brazil taken from Germer et al. (2010). Five published time

series, shown in Figure 7 of the original source (Germer et al., 2010), were collected on a 5‐min interval and

digitized by us for the babassu palm. The precipitation time series were collected in a forest clearing. To un-

derscore the conclusions in the original study (Germer et al., 2010), the digitized data are presented in Figure 4

and compared to their original Figure 8. The one‐to‐one line presented reflects expectations from a single pro-

portional relation between accumulated precipitation (P) and accumulated stemflow (Q). For reference, another
data set for Fraxinus pennsylvanica Marshall (green ash) tree (British Columbia) with H = 7.8 m and stem

diameter Ds = 0.108 m is also presented in Figure 4 (black line labeled as reference storm) for comparison (B.

Turner et al., 2019). The analysis confirms that on short time scales (i.e., 5 min), local stemflow is not proportional

to local rainfall as evidenced by the departure from the one‐to‐one line. The digitized stemflow associated with the

five storms in Figure 4 are also analyzed in phase space. The phase space is a plot representing measured stemflow

Q(t) at the base of the tree versus measured dQ/dt, whereby dQ/dtwas estimated using forward differences ΔQ/Δt
with Δt = 5 min. To allow for comparisons across tree species and storm types, the Q(t) for each storm across all

data sets are normalized by the total reported stemflow amount (i.e.,QTotal = ∑Q). The time in the computed dQ/
dt is also normalized using the total duration of finite rainfall Tp (i.e., the effect of funneling ratio cancels in this

representation). In the phase‐space representation, a number of common features across storms and species

become evident. For large Q(t)/QTotal, the positive dQ/dt events (wetting phases) are larger in magnitude than

their negative counterpart (recession phases). This behavior is the hallmark of hysteresis (i.e., loops in phase

space) arising from the non‐linearity in stemflow hydrodynamics responding to rainfall.

To explain these patterns in phase space, a model of maximum simplicity linking stochastic rainfall inputs to

stemflow generation at the base of the tree is a ’lumped’ model, often referred to as the non‐linear reservoir model.

This approach is inspired by field studies that show how bark surface area can operate as a water storage medium

when linking precipitation to stemflow (André et al., 2008; Levia et al., 2010). The reference storm whereby

stemflow was optically measured is used for illustration of such a model given the better resolution of ultrasonic

measurements when compared to standard tipping bucket gauges. Ultrasonic measurements detect changes in

transit times of sonic waves as water moves. They are often conducted by routing stemflow onto an open container

and measuring changes in transit time of sonic waves faster than 5 min intervals or so. The branches are presumed

to capture and route rainfall onto a main cylindrical stem rapidly as may be expected from rivulet formation (Puri

et al., 2024) and short‐distance branch transport. The main stem is assumed to have a diameterDs and surface area

As = (πDs)H.

The lumped model conserves water mass but “lumps” the entire stemflow hydrodynamics along the bark into a

single “storage‐outflow” relation or velocity‐head relation (i.e. uavg related to h). The water mass conservation

equation can now be expressed as

Table 1

Dimensionless Numbers and Formulas

Dimensionless number Description

Bo = ρgl2/σ Bond number

Da = τcuavg/L Damköhler number

Fr = uavg/
̅̅̅̅̅
gh

√
(=

̅̅̅̅̅̅̅̅
8/ f

√
in the inertialess limit) Froude number

Ga = h3g/(ν2) = (Re/Fr)2 Galilei number

Ka = σ/(ρg1/3ν4/3) Kapitza number

Pe = uavglo /Dm Radial Peclet number

Re = uavgh/ν Reynolds number

We ≡ ρu2avgl/σ Weber Number
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Figure 4. Panel (a): High resolution event‐based precipitation P(t) and stemflow Q(t) digitized by us for five tropical storms (Germer et al., 2010) and for a single green

ash tree in British Columbia (B. Turner et al., 2019). The data are presented as normalized cumulative precipitation (abscissa) against normalized cumulative stemflow

(ordinate). The normalization of the abscissa and ordinates use total precipitation and total stemflow. The one‐to‐one line reflects perfect proportionality between

stemflow and precipitation. Deviations from the one‐to‐one line are due to nonlinearities arising from stemflow hydrodynamics on short time scales. Panel (b): The

phase space (i.e., dQ/dt vs. Q) of the normalized stemflow for the five tropical storms. Hysteresis, loops, and asymmetry in dQ/dt at a fixed Q are all due to stemflow

hydrodynamics. Panel (c): The measured precipitation time series for the reference tree Fraxinus pennsylvanica Marshall (juvenile green ash). Panel (d): Comparison

between the reservoir model (dashed) and the ultrasonic sensor measurements of cumulative stemflow (circles) assuming laminar and smooth bark. Panels (e)–(f): The

modeled phase space is shown assuming smooth and laminar flow (e) and fully rough fully developed turbulent flow (f).
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d(Vol)
dt

= Qin − Sw (πDsH) − Q, (28)

where Vol = (πDsH)h is the volume of surface water on the main stem, Q is the volume of flowing water per unit

time at the base of the stem (i.e., the measured stemflow rate), and Qin is the inflow rate of water onto the main

stem generated from all the branches assumed to be linearly related to precipitation. The conservation of mo-

mentum is not explicitly solved in such spatially lumped models. However, the following considerations are

made: (a) Q = uavgh(πDs) (i.e., continuous sheet flow), (b) the solutions of the conservation of momentum

equations under a set of idealized assumptions can be expressed as uavg = ahb, where a and b encode all the

physics in the momentum balance. For a smooth laminar flow uavg = (1/3) (g/ν)h2. For very large Re and r/h ≪ 1,

f = 0.26(r/h)1/3 (i.e., Strickler scaling). It directly follows from definitions that

h = ( Q
aπDs

)1/(b+1);Vol = πDsH( Q
aπDs

)1/(b+1), (29)

and that

dVol
dt

= πb/(1+b)DsH
1 + b

(aDs)−1/(1+b)Q−b/(1+b)dQ
dt

. (30)

Ignoring bark absorption momentarily (i.e. Sw = 0) and inserting these definitions into the conservation of water

mass yields

B2

dQ
dt

+ Q = Qin(t); B2 = H
(πDs)b/(1+b)

1 + b
(1
a
)1/(1+b)

, (31)

where B2 is a characteristic transport time that depends on Re and bark roughness through coefficients a and b.
Equation 31 describes how dQ/dt is related to Q (i.e., the phase‐space) when excited by stochastic rainfall shocks

producing Qin(t). The general solution of Equation 31 for any arbitrary inflow Qin(t) (constant or time depen-

dent) is

Q(t) = 1

B2

exp (−t
B2

)[∫ exp ( t
B2

)Qin(t)dt + B3], (32)

where B3 is an integration constant determined from the initial conditions. For a constant Qin and assuming Q
(0) = 0 (no stemflow before Qin), the general solution can be expressed as

Q(t) = Qin[1 − exp (−t
B2

)]. (33)

In this case, B2 represents the e‐folding time for water sourced from branches to be realized at the base of the tree.

This theoretical result hints thatQ(t)/Qin primarily depends on properties of stemflow hydrodynamics that control

the e‐folding time. It is this finding that inspired the use of a unit hydrograph (UH) approach to be described

later on.

Figure 4 compares the stemflow model calculations with high frequency data for the aforementioned Fraxinus
pennsylvanica Marshall (green ash) tree with H = 7.8 m and Ds = 0.108 m. The model calculations assume that a
= (1/3)(g/ν), b= 2 (i.e., smooth laminar flow), and Sp = 0. While green ash does not have a smooth bark, the flow

is approximated by a laminar state for hydrodynamically smooth conditions (i.e., the viscous sublayer exceeds the

micro‐roughness). To convert incident rainfall into Qin, the following assumptions were made:

(i) using published allometric relations for green ash (Peper et al., 2014), the crown diameterWwas estimated to

be 2 m for the reported stem diameter Ds = 0.1 m;
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(ii) some 10% of the crown area was then presumed to contribute to stemflow generation onto the main stem (i.e.,

a slender tree assumption in Figure 2). As a plausibility check, this computed water generating area turns out

to be about 13% of the surface bark area of the main stem (i.e., πDcH).

With these assumptions, Qin(t) = (0.13πDcH)P(t), where measured P(t) was used in the model calculations (also

shown in Figure 4). Given the simplifying assumptions, the agreement between measured and modeled stemflow

is acceptable.

The ultrasonic sensor is known not to be responsive to small variations in stemflow for low water levels (B.

Turner et al., 2019). This lack of responsiveness means that the measured stemflow in the first hour or so after the

commencement of rainfall may be underestimated. The relation between uavg and h is likely to be more complex

than a power‐law with its own lags when the expanded conservation of momentum is considered. Moreover, such

analysis suffers from equi‐finality issues—meaning that different choices of a and b fit the measured high fre-

quency cumulative stemflow reasonably. To underscore this point, the calculations were repeated with b = 2/3

(turbulent) and after optimizing for a (optimized value a = 1/0.05, very rough), the model can describe the

cumulative stemflow time series reasonably (not shown) with comparable root‐mean squared value to the

laminar/smooth bark solution. Inspection of the corresponding phase‐space (i.e. dQ/dt vs. Q) reveals some dif-

ferences between the laminar/smooth bark and the turbulent rough/bark solutions featured in Figure 4 despite

comparable statistical fit to the cumulative stemflow series. These differences include the extremes of dQ/dt
(positive or negative) for high Q and the rapid initial increase in dQ/dt with increasing Q being larger for the

smooth case when compared to the rough turbulent case. More interestingly here is that the computed phase space

patterns by this model are qualitatively similar to those reported for the tropical forests. At largeQ, positive dQ/dt
exceeds its negative counterparts, and the hysteresis loops appear similar across the figures suggestive of simi-

larity in stemflow hydrodynamics. Figure 5 presents other outcomes from the model calculations including h,
uavg, Re, and We. In all calculations, h/H ≪ 1 and the thin film approximation holds when the path length is

commensurate withH (as is assumed here). When setting l=H (maximum possible longitudinal wavelength), the

We > 10 so that surface tension effects may be ignored for most of the “active” stemflow generation period. It is

interesting to compare the computed uavg with other field experiments that have offered estimates of stemflow

velocity (Zhang et al., 2023). The modeled uavg here appears to be one order of magnitude smaller than the

maximal stemflow velocities reported in a recent study (Zhang et al., 2023) on rough bark of pines. In this field

study, maximal velocities from injected water onto the bark of burned and intact pine trees were reported in the

fissures of the rough bark (i.e., the entire cross‐sectional area = πDs was not accessible to stemflow). Hence, it is

not surprising that the computed uavg here is smaller than the maximal velocities reported from these fissures. The

model calculations also show that the flow maintains its laminar state (i.e., Re ≤ 500) throughout this storm

consistent with the assumed values of b = 2 and a = g/(3ν).

5. Open Problems and Future Research Directions

While the material reviewed here focused on depth‐averaged models, there are numerous and daunting challenges

that need to be confronted for a complete description of stemflow hydrodynamics. These challenges may be partly

addressed by requiring dedicated experiments, theories, and numerical simulations to resolve them. A subset of

those challenges are listed below setting a research agenda for the future and potentially inspiring dissertation

topics.

5.1. Fluid Properties

The addition of surfactants due to plant residue (e.g., acids), dust particles (e.g., salt), or exuded sap (e.g., resin)

can cause foam or soapy‐like flow to occur as shown in Figure 1. This soapy behavior can disrupt the so‐called

Newtonian fluid approximation, which implies that σ and ν are no longer constant. The occurrences of such

bubbling has been reported in other studies (Magyar et al., 2021). In fact, an album of pictures of foam generation

across several trees during an intense rainfall can be seen in a blog by J. West (2010). The intense rainfall, the

leaching of surfactants along with air entrainment due to local turbulence generation as water is rapidly routed

along the stem surface can contribute to such foam‐like behavior.

Currently, the rheological properties of stemflow relating the viscous stress and strain rate or velocity gradients

under different flow conditions and surfactants has also not been explored and deserve a closer inspection.
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Likewise, other fluid properties such as σ also require quantification in the presence of high surfactants as sur-

factants reduce σ and modify key dimensionless numbers (e.g., We and Bo) in the expanded momentum balance.

5.2. Bark Hydraulic and Chemical Properties

The analysis here is suggestive that a sorptive term arising in the conservation of water mass depends on the bark

hydraulic conductivity, its water retention, the antecedent water content, and bark porosity. Undoubtedly,

quantifying such bark hydraulic properties require dedicated laboratory experiments to characterize them.

Inferring such hydraulic properties for soil samples have a long tradition in soil physics such as the use of

centrifuges. How to build on these established soil physics methods for bark elements has its own challenges.

Likewise, inferring those bark properties in‐situ may be another daunting task that requires innovative experi-

ments. One way forward is to note that the bark hydraulic properties (e.g., K(θ), c(θ), etc…), gas diffusion

properties, electrical conductivity properties, and thermal properties are not entirely independent as they all

depend on the same pore structure within the woody bark. Percolation theories have established theoretical links

between hydraulic and thermal properties (Hunt, 2005) that can be exploited given that thermal properties may be

more readily available or accessible in field studies (Nicolai, 1986).

While a network model of stemflow solute transport has been developed for rough‐barked trees with furrows

(Tucker et al., 2020), experimental work is needed to explore how the effects of biotic factors such as branch

Figure 5. Top left: The measured P(t) driving stemflow generation for a Fraxinus pennsylvanica Marshall (juvenile green

ash) tree (B. Turner et al., 2019). Top right: Modeled h using the laminar approximation for smooth bark. For reference, the

capillary length lcap= 2.8 mm. Bottom left: The variation of modeled uavg as a function of time. Bottom right: The computed

Reynolds number Re derived from modeled uavg and h and the Weber numberWe assuming l = H. Note the low Re signifies

laminar flow and high We suggests that surface tension effects can be ignored.
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inclination angle and projected branch area influence bark wetting processes and leachate quantities of a given

solute. Such work may use branch angle leaching experiments as a starting point. For instance, it was found that

branch inclination angles had a detectable and statistically significant effect on branch leaching during winter

with branches inclined at 20° above the horizontal (as opposed to branches angled at 5° or 38°) having both the

largest leachate concentrations and fluxes (Levia & Herwitz, 2002). This is due to the inter‐relation among the

orthogonally projected branch area, branchflow residence time, and branchflow volumes.

One way forward is to use large‐scale rainfall simulator experiments (Iida et al., 2021) with an added chemical

component to monitor solute leaching (or uptake) for a suite of solutes from small trees inside the rainfall

simulator system. The twinning of bark soaking experiments with high‐resolution scanning electron microscopy

(SEM) of bark surfaces would likely provide unique data on the interplay between bark roughness profiles and

wetting processes. These SEM images permit the quantification of sub‐millimeter roughness of bark and foliar

surfaces that then can be examined in relation to interception storage capacities (Campellone et al., 2020). Finally,

the use of X‐ray photo‐electron spectroscopy to characterize the surface chemistry of bark surfaces could provide

unparalleled insights into the influence of surface chemistry on leaching (or uptake) in judiciously designed

experiments. To date, this is an under‐utilized technique in stemflow studies.

5.3. Physics of Surface Tension

Given the potential role of surface tension in stemflow hydrodynamics, the Young‐Laplace equation employed

here remains a hydrostatic approximation to the force balance at the air‐water interface. In the case of a rapidly

moving fluids (e.g., rapidly advancing front in the initial phase of stemflow), the force balance encapsulated by

the Young‐Laplace equation should be augmented with inertia and viscous forces as well. This augmentation can

generalize the Young‐Laplace equation to yield the so‐called Rayleigh‐Plesset expression (Plesset, 1948). These

augmentations, which lead to a second‐order nonlinear differential equation for Rs in time (instead of an algebraic

expression as in the Young‐Laplace equation) were not pursued here but their significance in stemflow hydro-

dynamics require quantification beginning with dedicated laboratory experiments. In laboratory settings, it is

possible to control rainfall amounts and their distribution as well as the branching and micro‐roughness of the

model trees as already described elsewhere (Dunkerley, 2014a, 2014b). The logical expansion of such experi-

ments is to use different fluids to minimize surface tension effects and fluid viscosity (e.g., addition of alcohol)

and be able to image the advancing water fronts with high fidelity to assess the role of surface tension on water

movement for the same rainfall patterns.

5.4. Capillary and Surface Tension Effects

In the early stages of stemflow or slow rainfall events, the film thickness may be proportional to the height of

fissure channel l. For small fissures l ≤ O(lcap) surface tension forces can play an important role in the stemflow

hydrodynamics. To address the capillary effects in the momentum balance, the capillary pressure must be

incorporated into the normal stress balance at the water‐air interface using the Young‐Laplace equation or a

generalization of it such as the Rayleigh‐Plesset formulation. Through normal stress boundary conditions,

capillary effects are coupled to the existing balance between fluid inertia and the gradients of pressure and viscous

stresses in the liquid film. This introduces curvature terms with intrinsic geometrical nonlinearities that are in

many cases beyond the scope of existing analytical solutions. In the limit of thin films, simplifying approxi-

mations may be used to obtain a momentum equation that includes capillary effects (see Equation 25). Despite the

nonlinear nature of such equations, Xue and Stone (2022) have shown that equally complex phenomenon such as

gravitational draining of liquid films on narrow substrates exhibit self‐similar behavior and can be modeled

analytically with similarity transformations.

Expanding such ideas to thin film dynamics in stemflows can lead to the development of a new class of analytical

or approximate solutions. In terms of experiments and specific laboratory measurements, it is possible to control

rainfall amounts and their distribution as well as branching and micro‐roughness along with different fluids to test

the effects of surface tension and fluid viscosity on the advancing water fronts. Similarly, by introducing patterned

grooves on model barks in these lab experiments with grooves commensurate to lcap, the interplay between

capillary effect and the geometry of bark fissures can be explored.
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5.5. Breakdown of the Sheet Flow

In the thin film approximation, the bark surface was assumed to be either smooth so that viscous forces dominate

τW, or that r/h ≪ 1 but the micro‐roughness of the bark far exceeds the viscous sublayer thickness (i.e., fully rough

flow). The viscous sublayer thickness scales with ν/u∗. These assumptions were necessary to illustrate some

predictions from thin film theory as a first approximation. However, when r/h is no longer small, other con-

siderations must be factored in. Those considerations can result in a break‐down of the sheet flow approximation,

of which dripping is the first noticeable mechanism. The pileup of water columns onto the stem and their release

by dripping is a common occurrence in stemflow (see Supporting Information S1).

5.5.1. Dripping

The dripping phenomenon is a first indication that sheet flow approximations remain incomplete. The onset of the

dripping phenomenon may be explained by a balance between gravitational and surface energies. As the height of

accumulated water in a fissure space exceeds lcap, the liquid starts dripping out of the fissure. As shown in

Figure 6b, this intermittent ejection of liquid droplets can be quantified by temporal and spatial spacing between

ejected droplets, Δt and Δz respectively. In the absence of viscous effects, droplets form at the exit of the fissure

and detach through cyclic pinch off events with a period set by inertia‐capillary timescale

Δt ∼ τIC ≡

̅̅̅̅̅̅̅
ρl3

σ

√
. (34)

Given an average travel velocity of uavg, the detached droplets travel with a spacing of Δz ∼ uavg

̅̅̅̅̅̅̅̅̅̅̅
ρl3/σ

√
. To find

the size of the detached droplets during the periodic dripping state, a connection to dripping nozzle experiments

and early observations of Tate (1864) and Harkins and Brown (1919) can be drawn. A balance of the weight of the

detached droplet and the supporting capillary force

4

3
πr3d (ρg) ≃ 2πRd (σ) (35)

Figure 6. A liquid column that is trapped within a cylindrical bark fissure of a pine tree of effective diameter l can exit the fissure through either dripping or jetting. The
cylindrical column may be initially held by capillary forces at the early stages of rainfall and stemflow generation, but once the gravitational forces exceed the capillary

resistance, water will start dripping out of the fissure. The dripping mechanism observed in stemflow experiments such as the frames shown. Interested readers are

referred to Movie S1 in Supporting Information that documents the dripping mechanism and the subsequent re‐capture of the drop as stemflow on the rough, furrowed

bark of a mockernut hickory tree (Video credit: D. Levia). Note that the drop size rd exceeds the fissure radium Rd = l/2 in these frames. At later stages of the rainfall, the

higher flux of stemflow generates enough momentum that leads to a transition from an intermittent dripping state to a continuous jetting flow. This dripping to jetting

transition occurs above a certain critical Weber number.
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indicates that rd/Rd ≃ (lcap/2Rd)2/3. Such a scaling suggests that for fissures that are smaller than capillary length

(l = 2Rd < lcap) result in dripping droplets that can be significantly larger than the fissure radius Rd. Interestingly,

stemflow observations support the finding that rd /Rd > 1 as shown in the frames featured in Figure 6c and

Movie S1. Such a dripping state continues until the rate of advection for fluid elements uavg/Rd exceeds the rate of

pinch‐off events 1/

̅̅̅̅̅̅̅̅̅̅̅̅
ρR3

d/σ
√

, which translates to a dripping‐jetting transition when the Weber number

We ≡ ρu2avgRd/σ exceeds a critical value Wec. Clanet and Lasheras (1999) have shown that for flow through

cylindrical nozzles, such a critical Weber number depends on the Bond number based on the dimensions of the

nozzle. While such a criterion can be extended to stemflow, one can also see the benefits of developing a similar

criterion in a future study for dripping‐jetting transition in tree‐like fissures.

5.5.2. Jetting

In the jetting regime, there may be certain cases in which the ejected jet travels in the air and breaks up into

individual droplets that then re‐attach onto the stem. For an initial understanding of such capillary break‐up, a

cylindrical column of length Lc and radius Ro that breaks into nd identical spherical droplets of size rd is

considered. The necessary condition is that Ro /rd need to satisfy certain constraints for this spontaneous (i.e., with
no energy input) breakup and those are briefly reviewed first.

Assuming no mass loss at the breakup, volume (or mass) conservation requires that the initial water in the volume

of the cylinder of length Lc and radius Ro is conserved after drop formation. This volume conservation leads to

πR2
o Lc = nd(4

3
πr3d) ⇒ nd = 3

4

Lc

rd

R2
o

r2d
. (36)

The total surface area of the initial cylinder can now be compared to the total surface area of the drops. The surface

area ratio is given by

2πRoLc

nd4πr2d
= 2

3

rd
Ro

. (37)

Spontaneous breakup requires that the final surface area of the spherical drops be smaller than the initial surface

area of the cylinder. The energy or surface area minimization condition leads to rd > (3/2)Ro. That is, the drop

radius will be some 1.5 times larger than the initial cylindrical radius if the column breaks up into drops. To apply

this finding to stemflow requires that water initially held in bark fissures be released with ample air space

available for large radii to develop. Considerations using the Plateau‐Rayleigh analysis is also suggestive that the

cylindrical column travels some 6.6 Ro distance before pinching and breakup occurs. This is the necessary air

volume that is required for droplets to experience free fall and re‐attach along the stem.

5.6. Network Approaches

Early attempts approximate the topology of water flow as occurring within a network of connecting furrows

embedded in the tree bark. The network is approximated by a directed graph that is characterized by edges that

represent uninterrupted furrow and nodes. When a furrow is terminated, the water traveling down the furrow will

cross the ridge and join the next furrow below it. The depth‐averaged equations covered in this review can be

formulated for a single furrow and then “upscaled” to the network level. The network topology connecting

furrows serves as the spatial integrating kernel for the single furrow equations to arrive at water and solute fluxes

out of the bark and into the soil. These approaches enable the role of network symmetry/asymmetry and its

impacts on solute outflow from stems to be explored (Tucker et al., 2020). Key to this analysis is that conservation

of water and solute mass along with some approximated conservation of momentum are written for a single

furrow and the network topology drives the flow.

5.7. Spatial Patterns and Processes

Even within the continuum assumption, combining the expanded momentum balance with the water conservation

equation results in a fourth‐order partial differential equation that can be formulated in one‐ or two‐ dimensions.
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In the one‐dimensional case, it was experimentally shown that the inclusion of surface tension in the conservation

of momentum leads to the formation of front instabilities characterized by a lateral wavelength λL given by

Huppert (1982)

λL = (7.5A1/2
o σ

ρg
)1/3, (38)

where Ao is the initial cross‐sectional area of the water front featured in Figure 1. This lateral wavelength was

shown to be independent of ν. The apparent “fingering” patterns on smooth bark may be interpreted from this

force balance where irregularities along the bark surface or chance perturbations act to destabilize the equilibrium

state as shown in Figure 1. The inclusion of viscous forces results in a partial differential equation that shares

some similarity to a much more studied system—the so‐called Kuramoto‐Sivashinsky (KS) system (Yamada &

Kuramoto, 1976). The KS system is given by

∂uavg

∂t
+ uavg

∂uavg

∂x
+ aKS

∂2uavg

∂x2
+ bKS

∂4uavg

∂x4
= 0, (39)

where aKS and bKS are coefficients related to viscosity and surface tension, respectively. In the original analysis of

the KS system, both coefficients were set to unity. In this case, the KS system is known to exhibit spatio‐temporal

chaos that emerges through various bifurcations (Kalogirou et al., 2015). The KS system has also been shown to

exhibit rich spatial pattern formation mechanisms in two‐dimension (Kuramoto, 1984).

5.8. From Stemflow Time Series to Simplified Physics

With improvements in high resolution stemflow measurements, it may be possible to re‐construct the correct

nonlinearity associated with the phase‐space of the dynamical system proposed here (Perona et al., 2000)—or the

travel time statistics along the stem (e.g., UH). These two approaches have long tradition in hydrology.

5.8.1. Phase space reconstruction

A starting point to explore the phase space reconstruction method are laboratory experiments on artificial plants

similar to those conducted by Dunkerley (2014a, 2014b). Such experiments are able to control the intensity and

amount of rainfall as well as the antecedent initial moisture of the synthetic bark and thus offer a true test‐case as

to whether the complex stemflow hydrodynamics can be revealed from the phase‐space of the data.

5.8.2. Unit hydrograph

Another line of inquiry proceeds to link the precipitation time series to stemflow time series using the concept of

UH. In this case, the UH must be interpreted as a probability density function (PDF) of arrival times of water

molecules to the stem base sourced from a single rainfall event having a uniform intensity over a fixed time period

(e.g., 5 min). The UH must satisfy the normalization condition

∫∞

0

UH(t)dt = 1. (40)

The link between P(t) and Q(t) is then given by

Q(t) = αa∫∞

0

P(s) UH(t − s)ds, (41)

where αa is a proportionality coefficient that depends on the total stemflow depth per total rainfall depth over the

storm time scale. Based on the phase space analysis earlier discussed in Figure 4, it is clear that UH must be

asymmetric to ensure the rise and fall of Q(t) are not equal in magnitude for a uniform rainfall event. A number of

PDF shapes may be offered that ensure this asymmetry—and a plausible choice explored here is a two parameter

Gamma PDF given by
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UH(s) = 1

Γ(kg) (θg)kg
skg−1 exp(− s

θg
), (42)

where kg and θg are the shape and scale parameters of the PDF.

To illustrate the utility of this approach, the five storms earlier discussed in Figure 5 were analyzed and good

agreement between model calculations and measurements was found. The analysis for Storm 1, collected on 17

March 2005, is featured here as typical for such comparisons. In Figure 7, the computed shape parameter

kg = 11.5, scale parameter θg = 1.5, and αa = 122 were determined from nonlinear optimization to minimize the

root‐mean squared error between modeled and measured cumulative stemflow. Given the acceptable agreement

from this preliminary analysis, the UH concept may be used as a ‘diagnostic’ to contrast the effects of tree size,

antecedent wetness conditions, differing bark roughness properties, and storm characteristics on parameters kg,
θg, and αa. Clearly, these parameters may be related to a and b (and B2) earlier discussed in the lumped model

though theoretical links between the two approaches are better left for future studies.

5.9. Direct Measurement of Stemflow Depths

Developing methods to image h in space and time along the stem will enable the usage of the continuity equation

to describe stemflow velocities, especially when the sorptive effects are small. The uavg may be inverted from

Equation 43 using

uavg = −1

h
∫x+Δx

x

∂h
∂t

dx, (43)

where x is the target position and Δx represents the image pixel size. Thus, relations between uavg versus ahb can

then be used to assess the coefficients a and b and help delineate the nature of the flow (laminar or turbulent,

smooth or rough).

Figure 7. Panel (a) The Gamma probability density function unit hydrograph with shape parameter kg = 11.5 and scale

parameter θg = 1.5. Panel (b) The measured time series of rainfall P reported in Germer et al. (2010) on 17March 2005 (their

original Figure 7). The inset photo is taken from Germer et al. (2010) for the babassu palm tree. Panel (c) Comparison

between predicted and measured stemflow reported in Germer et al. (2010). Panel (d) The same as panel (c) but for

cumulative stemflow.

Reviews of Geophysics 10.1029/2024RG000857

KATUL ET AL. 23 of 30

 1
9
4
4
9
2
0
8
, 2

0
2
5
, 3

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u
p
u
b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
2
9
/2

0
2
4
R

G
0
0
0
8
5
7
 b

y
 D

u
k
e U

n
iv

ersity
 L

ib
raries, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

4
/1

2
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



6. Concluding Remarks

In plant hydraulics, stemflow hydrodynamics appears to be lagging when compared to other water delivery

systems inside the plant such as the xylem or the phloem. No existing theory to date in stemflow rivals the

predictive power of cohesion‐tension (for the xylem) or osmoregulation (for the phloem) featured in Figure 1.

Moreover, public data sets such as those of the TRY data base for plant traits (TRY DATA BASE A data base for

global plant trait diversity, 2024), including vulnerability curves, exist for xylem flow but nothing commensurate

to such a data base exist for stemflow. This deficiency may be partly explained by the absence of a general theory

for stemflow hydrodynamics commensurate with the cohesion‐tension theory and the associated vulnerability

curves accompanying it. Tree geometry (i.e., H/W) does have some predictive power at long time scales and

across wide ranging geometries as shown in Figure 2. However, at the storm time scale, the relation between

rainfall and stemflow can be variable even for a preset tree geometry (or H/W) or in laboratory settings. Clearly,

theories describing stemflow hydrodynamics applicable on short time scales are needed but are currently absent.

This review sought to begin filling this knowledge gap by a bringing thin film theory into stemflow hydrody-

namics. Thin film theory seeks to predict the time evolution of the thickness of a liquid film traversing on a solid

surface based on the assumption that the length scales in the direction of motion are significantly larger than in the

direction normal to the water surface. Thus, the application of thin‐film theory to stemflow may be less

controversial for impervious smooth bark or rough bark where water levels far exceed the micro‐roughness

values. It also sets the stage for flow within structured roughness elements when employing network theories

as may occur in flow through inter‐connected furrows where the characteristic length of the furrow far exceeds the

water depth. However, these cases are only a subset of the general case where the sheet flow approximation breaks

down, accumulation‐ejection events can occur within bark fissures, and where surface tension can modify the

force balance on a fluid element traversing along the stem. The review here covered few theoretical tactics when

tackling these issues by drawing upon research successes in other fields. Thus, this review must be viewed as an

embryonic first step, not a finality to how stemflow hydrodynamics should be represented.

The main message to be conveyed from this review is that stemflow hydrodynamics deserves its own rightful

place as a new branch of fluid mechanics. Progress on stemflow hydrodynamics may well open up new vistas in

engineering designs that utilize thin film theories, flow through disordered media, pattern formation and fluid

instabilities, among others. It can become a fertile area for graduate student dissertations concerned with

developing fundamentals, integrating vast knowledge from distinct disciplines, and innovating experiments (lab

and field) or numerical simulations in a manner that maintains high societal impact, especially as the significance

of stemflow is exponentially proliferating in the geosciences and other operational areas such as city planning and

green infrastructure.

Data Availability Statement

In compliance with the FAIR Data guidelines, it is noted that this review is theoretical in nature and no new data

were produced. All data sources are cited in the manuscript and repeated here for convenience.

• Data in Figure 2 were assembled from a global database (Sadeghi et al., 2020) along with published field

experiments from isolated single‐leader and multi‐leader urban trees described in Schooling and Carlyle‐

Moses (2015) (the ordinate), Carlyle‐Moses and Schooling (2015) (the abscissa), and laboratory measure-

ments on wooden dowels from Dunkerley (2014a).

• Data in Figure 4 for the tropical ecosystem were published in the original Figure 7 by Germer et al. (2010). For

the single green ash tree in British Columbia, data were published in the original Figures 6 and 8 by B. Turner

et al. (2019).

• Data in Figure 7 are also published from the original Figure 7 by Germer et al. (2010).

Glossary

The Table below is a glossary of all the main symbols used along with their unit dimension. The [M][L][T]
convention is used where the three fundamental dimensions express dimensions of any physical quantity with [M]

indicating mass, [L] indicating length, and [T] indicating time.
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Symbol Description Dimension

Ao Initial cross‐sectional area of a water front on an inclined slope [L2]

As = πDsH Surface area of the cylindrical stem [L2]

αa Proportionality coefficient that quantifies the ratio of total stemflow depth to total rainfall

depth over the duration of a storm event, reflecting the efficiency of rainfall conversion into

stemflow

[–]

αd Empirical coefficient that depends on flow geometry [–]

B2 Characteristic transport time in the lumped or nonlinear reservoir model [T]

B3 Integration constant determined from the initial conditions in the conservation of water mass [–]

C, Csat Actual and saturation solute concentration for a leaching model [M M−1]

Cd Drag coefficient linking u2avg to u 2
∗ . It quantifies the resistance or drag experienced by an

object moving through a fluid

[–]

c(θ) Specific water capacity: The ability of the bark to store water per unit change in water content,

which is a function of the volumetric water content (θ) and describes how much water the bark

can hold or release as the water content changes

[L−1]

Dd Dispersive solute diffusion: The process by which solute particles spread in a fluid, not due to

random molecular motion (diffusion) but also because of the flow characteristics, such as

velocity differences across the area orthogonal to the flow (mechanical dispersion)

[L2/T]

Dm Molecular diffusion coefficient: The rate at which molecules spread due to random motion

(diffusion) within a medium

[L2/T]

Ds Diameter at the base [L]

DT Total solute diffusion in water (=Dm + Dd) [L2/T]

D(θ) Liquid water diffusivity within the bark [L2/T]

ηp Porosity (p‐norm of the η vector):Ameasure of the void spaces (pores) in the bark relative to

its total volume. It represents the capacity of the bark to hold water

[–]

Fg Gravitational force [M L/T2]

f Darcy‐Weisbach friction factor proportional to Cd [–]

g Gravitational acceleration [L/T2]

gf A geometric factor that depends on the cross‐sectional shape of the flow channel [–]

hN Nusselt depth: This depth is associated with the flow (e.g., boundary layer thickness or depth

of water), incorporating the effects of fluid viscosity, flow rate, and gravitational forces

[L]

h(x, t) Depth of water at position x and time t [L]

H Tree height [L]

kc Rate constant for solute leaching [1/T]

kg Shape parameter: Influences the form or skewness of the probability density function (PDF) [–]

K(θ) Unsaturated hydraulic conductivity of the bark [L/T]

L Transport distance [L]

Lc Length of cylindrical column in droplet breakup [L]

l Longitudinal characteristic length scale: Describes the wavelength of surface curvature

affecting surface tension

[L]

lcap Capillary length [L]

lo Radial or vertical characteristic length scale:Represents radial or vertical transport length in

advection and diffusion

[L]

nd Number of identical spherical droplets of radius rd [–]

nM Manning's roughness coefficient [T/L1/3]

ν Kinematic viscosity: describes the fluid's internal resistance to flow relative to its density. It is

the ratio of dynamic viscosity (denoted as μ) to the fluid's density (ρ)
[L2/T]

P, PT Precipitation and its accumulation for a given storm duration [L]
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Table

Continued

Symbol Description Dimension

Patm Atmospheric pressure: This is the pressure exerted by the Earth's atmosphere at sea level. In

this context, Patm = 0, meaning the equation is relative to the atmospheric pressure

[M/(L T2)]

Ps Water pressure component: It represents the pressure of the water at the curved air‐water

interface in the advancing stemflow front

[M/(L T2)]

Q, QT Actual and accumulated stemflow [L3]

q Water flux: Volumetric flow rate per unit width [L2/T]

qc Solute mass flux: It describes how much solute is being transported down the tree trunk per

unit area and time due to advection, diffusion, and dispersion

[M/L2/T]

r Mean protrusion height of bark roughness elements [L]

rd Radius of identical spherical droplets [L]

Ro Radius of cylindrical column in droplet breakup [L]

ρ Water density [M/L3]

ψ(θ) Unsaturated water potential: It describes the energy required to extract water from the bark,

which depends on the water content (θ). As the bark becomes wetter or drier (i.e., as θ changes),
the unsaturated water potential (ψ) also changes

[L]

Sc Solute leaching flux: The net rate at which solutes are added to stemflow as it moves down the

tree

[M/(M T)]

SI Intrinsic Sorptivity: A measure of the bark's inherent ability to absorb water, independent of

external factors like water content or initial moisture conditions

[L/T1/2]

Sp Sorptivity of water onto the bark: A measure of the bark's ability to absorb water [L/T1/2]

Sw Loss of water into the bark: The rate of water movement driven by hydraulic conductivity

and water potential gradients, indicating how water is absorbed or moves within the bark in the

absence of a gravitational potential

[L/T]

σ Surface tension of water = 0.072 N/m [M/T2]

τc Characteristic solute leaching time: The time it takes to saturate water with solutes (e.g,

potassium, calcium, magnesium)

[T]

τw Wall shear stress (force per unit area exerted by a fluid on the bark surface) [M/(L T2)]

θ Volumetric water content of the bark [–]

θg Scale parameter: Determines the spread or width of the probability density function (PDF) [–]

θi Water content before the arrival of the wetting front [–]

θo Water content at the bark surface after the arrival of the wetting front [–]

uave Depth‐averaged velocity at x and t [L/T]

u∗ Friction velocity: It is a measure of the velocity that corresponds to the kinematic shear stress

( ̅̅̅̅̅̅̅̅̅
τw/ρ

√ ) acting on the surface of the bark due to water flow

[L/T]

UH Unit Hydrograph:Represents the probability of arrival times of water molecules at the base of

a tree to a unit depth of rainfall over a specific duration. It is used to model stemflow dynamics

at the base of the tree, measured over time

[1/T]

Vb Total bark volume [L3]

Vm Volume of water stored within the bark fissures [L3]

W Crown width: The horizontal width of the tree's crown, typically measured as the maximum

distance between the outer edges of the foliage. It provides an estimate of the tree's canopy size

[L]

xo H/W − 0.8 [L]

yo Ratio of stemflow at the base to incident rainfall [%]

1/Rs Twice the mean curvature of the water surface [L−1]
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