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Stably stratified roughness sublayer flows are ubiquitous yet remain difficult

to represent in models and to interpret using field experiments. Here, con-

tinuous high-frequency potential temperature profiles from the forest floor up

to 6.5 times the canopy height observed with distributed temperature sensing

(DTS) are used to link eddy topology to roughness sublayer stability correction

functions and coupling between air layers within and above the canopy. The

experiments are conducted at two forest stands classified as hydrodynamically

sparse and dense. Near-continuous profiles of eddy sizes (length scales) and

effective mixing lengths for heat are derived from the observed profiles using a

novel conditional sampling approach. The approach utilizes potential tempera-

ture isoline fluctuations from a statically stable background state. The transport

of potential temperature by an observed eddy is assumed to be conserved (adi-

abatic movement) and we assume that irreversible heat exchange between the

eddy and the surrounding background occurs along the (vertical) periphery

of the eddy. This assumption is analogous to Prandtl’s mixing-length concept,

where momentum is transported rapidly vertically and then equilibrated with

the local mean velocity gradient. A distinct dependence of the derived length

scales on background stratification, height above ground, and canopy charac-

teristics emerges from the observed profiles. Implications of these findings for

(1) the failure of Monin–Obukhov similarity in the roughness sublayer and

(2) above-canopy flow coupling to the forest floor are examined. The findings

have practical applications in terms of analysing similar DTS data sets with

the proposed approach, modelling roughness sublayer flows, and interpreting

nocturnal eddy covariance measurements above tall forested canopies.
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1 INTRODUCTION

Stably stratified atmospheric flows over rough surfaces

are ubiquitous yet remain a challenge for numerical

weather prediction (NWP) models (Sandu et al., 2013;

Edwards et al., 2020; Maroneze et al., 2020) and

micrometeorological data interpretation alike (Cava

et al., 2004; Aubinet, 2008; Peltola et al., 2021b). This
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challenge is attributed to complex interactions between

static stability damping turbulence in the vertical direc-

tion and mechanical processes that govern generation

of turbulent kinetic energy (TKE) along the planar flow

component. For wall-bounded flows in very stable con-

ditions, turbulent eddies are not in direct contact with

the surface (i.e., “z-less” stratification regime) and the

distance from the boundary z is no longer a governing

length scale describing eddy diffusivity. As such, one of

the main tenets of canonical turbulent boundary layers,

the Townsend attached eddy hypothesis (Katul et al., 2014;

Marusic and Monty, 2019), breaks down. However, a

description of dominant eddy sizes and their variation

with thermal stratification remains necessary for the

success of NWP, since many of the NWP models still uti-

lize Monin–Obukhov (M–O) similarity theory (Edwards

et al., 2020) or other parameterisations relying on mixing

lengths (Maroneze et al., 2020).

In the roughness sublayer within and above canopies,

these difficulties are further compounded by the emer-

gence of other length scales such as the canopy height

h or the adjustment length scale (Brunet, 2020). In the

absence of thermal stratification, canopy flows already

differ from boundary-layer flows due to the presence

of a vertically distributed momentum drag imposed by

the leaves, branches, and stems on the flow. For dense

canopies, the drag creates an inflection point in the mean

velocity profile near z∕h = 1 that results in generation

of Kelvin–Helmholtz instabilities (Raupach et al., 1996;

Katul et al., 1998; Finnigan, 2000; Finnigan et al., 2009;

Brunet, 2020). These coherent patterns are mixing-layer

type eddies (Raupach et al., 1996) and prevail in the

roughness sublayer for momentum, heat, and scalar

exchanges, including biologically active and chemically

reactive scalars discussed elsewhere (Katul et al., 1998).

Their size scales with the so-called canopy shear length

scale instead of z (Raupach et al., 1996; Poggi et al., 2004;

Thomas and Foken, 2007). Thus, it has been conjec-

tured that effective eddy sizes in stably stratified canopy

flows result from some combination of the processes

described above (shear length scale, stability-inhibiting

vertical motions, and z). First-order turbulence closure

schemes representing some of these effects as modifica-

tions toM–O relations and relying on characteristicmixing

lengths have beendeveloped (Harman andFinnigan, 2007;

2008) and implemented recently in land surface (Bonan

et al., 2018; Abolafia-Rosenzweig et al., 2021) and NWP

models (Lee et al., 2020). However, numerous theoretical

and experimental issues remain to be uncovered about the

processes governing these length scales in stable to very

stable canopy flows and motivate the work here.

Direct estimation of vertical length scales of eddies

from micrometeorological observations remains scarce

(Gao et al., 1989; Cava et al., 2006; Salesky et al., 2013;

Li, 2021). More common are length scales estimated in

the streamwise direction based on time series obtained at

a specific height above ground aided by Taylor’s frozen

turbulence hypothesis. Distributed temperature sensing

(DTS; Thomas and Selker (2021)) may allow directly

inferring vertical length scales in stably stratified canopy

flows. Here, continuous turbulence profiles interrogated

with DTS, extending from the forest floor up to 6.5h,

are utilized in two forest stands. The experiments here

cover the canopy sublayer (CSL, z∕h ≤ 1), the roughness

sublayer (RSL, z∕h ≤ 2–5), and the atmospheric surface

layer (ASL, z∕h ≥ 2–5 and z ≤ 0.1𝛿ABL, where 𝛿ABL is the

boundary-layer height) where M–O similarity is expected

to hold for near-neutral, mildly stable, and unstable atmo-

spheric stability conditions. There is considerable variabil-

ity in RSL height estimates in the literature. For instance,

wind-tunnel experiments determine RSL as z∕h ≤ 2 for

momentum and ≤5 for heat (Raupach and Thom, 1981),
whereas a recent review determines the RSL height to be

z∕h between 2 and 3 (Brunet, 2020) .

The focus of the DTS-based high-frequency air tem-

perature profiles is to explore characteristic eddy sizes

and effective mixing-length properties in stably stratified

flows within and above sparse (Sodankylä) and dense

(Hyytiälä) coniferous forests in Finland. The estimated

vertical length scales are then compared against formu-

lations in the literature, and RSL corrections to M–O

similarity proposed. The implications of how turbulent

length scales impact coupling between air layers within

and above the canopy are also analysed.

2 THEORY

2.1 Experimental estimation of eddy
dimensions

The dimensions of a characteristic overturning eddy in

a stably stratified atmosphere are derived using spatially

continuous high-frequency potential temperature (𝜃) pro-

files. Figure 1 shows schematically howoverturning eddies

wrap background 𝜃 isolines and how the length scales

related to the eddies can be delineated by following the ver-

tical displacement of the 𝜃 isolines. Consider an air parcel

displaced vertically by the overturning eddy. It is assumed

that during the ascending/descending phase of the eddy

the air parcel does not exchange heat with the surround-

ings (i.e., 𝜃 is a conserved variable during ascent/descent

and D𝜃∕Dt ≈ 0 within the air parcel), but heat exchange

takes place only after the air parcel has been displaced by

a certain length that is relative to the vertical size of the

eddy. This is akin to Prandtl’s mixing-length hypothesis

(Prandtl, 1925). In the case in which there is noticeable
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Lrms

Lho

Ldo

Lup

F IGURE 1 Schematic figure

showing an idealized overturning eddy

in a stratified flow (Ivey et al., 2000),

along with a description of how it

wraps potential temperature (𝜃) isolines

(black lines). Lup, Ldo, and Lho describe

the vertical up, vertical down, and

horizontal dimensions of the eddy,

respectively, and Lrms describes the

effective vertical mixing length [Colour

figure can be viewed at

wileyonlinelibrary.com]

F IGURE 2 Example of how the three length scales (Lup, Ldo, and Lrms) were derived from continuous 𝜃 profiles measured with DTS.

(a) Time series of 𝜃 profiles measured at the Hyytiälä station during an example 10-min period (2320–2330UTC+2 on June 28, 2019). The

continuous black line shows the 𝜃 isoline for average 𝜃 (𝜃ref) observed at zref = 1.5 h (black dashed line). The inset highlights the eddy

fingerprint in the 𝜃 isoline fluctuations (between 4 and 6 mins); note the similarity between the inset and Figure 1. (b) Probability density

function of Z (height of 𝜃ref isoline) during the example 10-min period shown in (a). The three length scales (Lup, Ldo, and Lrms) were

calculated from this distribution (Equations 1–3) and they characterise the shape of the distribution at this particular height (zref). (c) A

similar distribution was calculated throughout the 𝜃 profile and continuous profiles for Lup, Ldo, and Lrms were derived from these

distributions. The horizontal grey dashed line is the canopy height (z∕h = 1) [Colour figure can be viewed at wileyonlinelibrary.com]

heat exchange between the air parcel and the surrounding

air during the ascent/descent, then the eddy dimensions

derived using the 𝜃 isolines will be smaller than the actual

eddy size. In practise, four length scales are computed from

the space–time distribution of 𝜃 measured by DTS:

Lup = P99(Z) − Z, (1)

Ldo = Z − P1(Z), (2)

Lrms =

√
Z′Z′, (3)

Lho = Uadv𝜏Z, (4)

where Z is the height of the 𝜃 isoline as it fluctuates ver-

tically, primes (′) denote fluctuation around a mean that

is denoted with an overbar (), P is the percentile function

(e.g., P1(Z) is the first percentile of Z values), 𝜏Z is the inte-

gral time scale of the Z time series and Uadv is the eddy

advection velocity. To evaluate these length scales, 𝜃 pro-

files are first computed from the vertically continuous 𝜃

profiles for each averaging period. Next, Z is determined

by following how these 𝜃 values fluctuate vertically within

the averaging period. To make the determination of Z

fluctuations robust, spline fit to the 𝜃 profiles are used

to smooth out noise in the 𝜃 profiles prior to estimating

Z for each time step. This procedure provides continu-

ous profiles of Z time series that enable the estimation
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of continuous profiles of the length scales (see Figure 2).

As such, Lrms can be considered to describe the effec-

tive mixing length related to the overturning eddy and

Ldo and Lup describe the vertical dimension of the eddy.

If Z follows a Gaussian distribution, then Lrms ≈ (Lup +

Ldo)∕4.65 and Lup ≈ Ldo. The horizontal scale of the eddy

(Lho) is derived by estimating the integral time scale of Z

by integrating its autocovariance function up to the first

zero crossing and then converting the obtained time scale

to a length scale by assuming Taylor’s frozen turbulence

hypothesis and a constant Uadv throughout the profile

(wind speed above canopy). The proposed approach to

derive the length scales (Equations 1–3) holds similarities

to the Thorpe length scale estimated from individual 𝜃 pro-

files (Thorpe, 1977; Moum, 1996; Smyth andMoum, 2000;

Lorke and Wüest, 2002; Sorbjan and Balsley, 2008).

2.2 Relating the estimated length
scales to M–O theory and RSL flow via
Prandtl mixing-length concept

Using Prandtl’s mixing-length hypothesis, a characteristic

mixing length can be defined from

𝜃′ = −l′h
𝜕𝜃

𝜕z
, u′ = −l′m

𝜕u

𝜕z
, (5)

where u is the horizontal velocity aligned with the mean

wind during a certain averaging period, and l′
h
and l′m are

vertical distances overwhichheat andmomentum, respec-

tively, are transported. They fluctuate in a manner similar

to 𝜃′ and u′ by this definition. Equation (5) states that the

turbulent fluctuations (𝜃′ and u′) are proportional to the

mean vertical gradients (𝜕𝜃∕𝜕z and 𝜕u∕𝜕z) and the verti-

cal distance over which tagged air parcels are displaced (l′
h

and l′m). This follows from the assumption that the air par-

cel carries the mean properties of its original position over

a characteristic vertical distance (l′
h
or l′m) prior to blending

with the mean flow (Section 2.1). The turbulent vertical

wind speedw′ simply acts to displace the tagged air parcels

randomly up or down along these mean gradients. In this

study, the w′ (magnitude or sign) is not defined by the

mean gradients in longitudinal velocity, as typically done

when utilizing the mixing-length hypothesis. Instead, its

root-mean-squared value is given by 𝜎w = (w′2)1∕2. With

these definitions, the turbulent fluxesw′𝜃′ andw′u′ can be

expressed as

w′𝜃′ = −rh𝜎wLh
𝜕𝜃

𝜕z
, w′u′ = −rm𝜎wLm

𝜕u

𝜕z
, (6)

where rh (rm) is the correlation coefficient between w′ and

l′
h
(l′m), and Lh and Lm are the root-mean-squared values of

l′
h
and l′m, respectively. The correlation coefficient between

two flow variables s1 and s2 is r = s′1s
′
2
(𝜎s1𝜎s2)

−1. The turbu-

lent Prandtl number (Prt) can be written based on the heat

eddy diffusivity (Kh = rh𝜎wLh) and the turbulent viscosity

(Km = rm𝜎wLm) as

Prt =
Km
Kh

=
rm
rh

Lm
Lh

. (7)

The exact values for rh and rm are still unknown, but only

their ratio is of relevance here. These correlation coeffi-

cients are bounded between 0 and 1, since w′ and l′
h
(l′m)

are positively correlated (i.e., updrafts/downdrafts create

positive/negative mixing-length fluctuations). Consider-

ing that 𝜃′ and l′
h
are linearly proportional to each other

(Equation 5), rh could be conjectured to be equal to the cor-

relation coefficient between w′ and 𝜃′ (r𝜃) and the same

reasoning applies for the correlation between w′ and l′m
and w′ and u′ (ru). However, likely rh > r𝜃 and rm > ru,

since l′
h
and l′m are directly related to the active vertical

turbulent transport, whereas 𝜃′ and u′ contain inactive

turbulent motions not directly related to vertical trans-

port (but contribute to variances) and hence thesemotions

decrease the observed r𝜃 and ru. It is shown in Appendix

S1 that in near-neutral conditions rm ≈ 1∕𝜙w, where 𝜙w =

𝜎w∕u∗ and u∗ is friction velocity (u∗ =
√
−w′u′) and rh ≈

1∕(𝜙w𝜙𝜃), where 𝜙𝜃 = 𝜎𝜃∕𝜃∗, 𝜎𝜃 is the standard deviation

of 𝜃 fluctuations, and 𝜃∗ is the temperature scale (𝜃∗ =

|w′𝜃′∕u∗|). These values are also consistent with other

recent studies (Basu and Holtslag, 2021). As r𝜃 , ru, 𝜙w, and

𝜙𝜃 are all relatively constant in a stable boundary layer

(Kaimal and Finnigan, 1994), the variability of Kh and Km
with stability is likely to be driven by 𝜎w or the length scales

Lh and Lm. From this, it also follows that the variability of

Prt in the stable boundary layer is dictated by the ratio of

momentum and heat length scales (Lm∕Lh).

M–O similarity theory (Monin and Obukhov, 1954)

describes the nondimensional 𝜃 and u gradients as univer-

sal functions of a stability parameter 𝜁 = (z − d)∕L:

𝜙h(𝜁) =
𝜅(z − d)

𝜃∗

𝜕𝜃

𝜕z
, 𝜙m(𝜁) =

𝜅(z − d)

u∗

𝜕u

𝜕z
, (8)

where 𝜅 is the von Karman constant, z is the height above

ground, d is the zero-plane displacement height intro-

duced by the canopy (d = 0.7h is assumed throughout),

and L is the Obukhov length defined using measured tur-

bulent heat andmomentum fluxes above the canopy. Now

by utilizing Equation (6) and reorganising, these stability
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correction functions can be expressed as

𝜙h =
𝜅(z − d)

rh𝜙wLh
, 𝜙m =

𝜅(z − d)

rm𝜙wLm
. (9)

Noting that rh, 𝜙w, and rm are all relatively constant with

stability (Kaimal and Finnigan, 1994), the M–O similar-

ity functions (𝜙h and 𝜙m) can be regarded as functions

describing the decrease in eddy size as stability inhibits

vertical mixing (𝜙h ∝ 𝜅(z − d)∕Lh).

In an effort to extend the M–O similarity theory

to the roughness sublayer, the dimensionless similarity

functions are typically multiplied by a correction func-

tion (𝜙∗) describing the effect of roughness elements on

the dimensionless gradients (Equation 8: Garratt, 1980;

Physick and Garratt, 1995; Mölder et al., 1999; Harman

and Finnigan, 2007; 2008; Arnqvist and Bergström, 2015;

Brunet, 2020). Using this extension,

𝜙h = 𝜙MOh 𝜙∗
h, 𝜙m = 𝜙MOm 𝜙∗

m, (10)

where 𝜙MO
h

and 𝜙MOm followM–O similarity theory and the

RSL correction functions can be defined as

𝜙∗
h =

LMO
h

Lh
, 𝜙∗

m =
LMOm
Lm

, (11)

where LMO
h

and LMOm are the length scales based on M–O

theory (e.g., LMO
h

= 𝜅(z − d)∕
[
rh𝜙w𝜙

MO
h

]
) and Lh and Lm

are the observed length scales. Note that above RSL and

within ASL 𝜙∗
h
= 𝜙∗

m = 1, since Lh = LMO
h

and Lm = LMOm .

Hence, the RSL correction functions describe how the

observed length scales deviate from theM–Opredicted val-

ues in the RSL. Considering Equation (11) and the fact

that, within the RSL, 𝜙∗
h
< 1 and 𝜙∗

m < 1 suggests that

roughness sublayer eddies appear larger than predicted

withM–O theory at the same distance from the zero-plane

displacement (z − d).

2.3 Reference length scales

We compare the length scales estimated from the DTS pro-

files (Section 2.1) against streamwise integral length scales

of w (Lw):

Lw = Uadv𝜏w, (12)

where Uadv is the mean wind speed measured with the

sonic anemometer also measuring the w time series and

𝜏w is the integral time scale of the high-frequency w time

series. Similarly to the case of Lho (Equation 4), 𝜏w is

derived by integrating the w time series autocovariance

function up to the first zero-crossing. Lw relates to the size

of active eddies and hence is a suitable point of comparison

for the length scales derived from the DTS profiles.

Additionally, the length scales are also compared

against the buoyancy length scale (Lb):

Lb =
𝜎w

N
, (13)

where N is the Brunt–Väisälä frequency calculated using

𝜕𝜃∕𝜕z derived from the DTS 𝜃 profile. Lb relates to the ver-

tical distance over which vertically displaced air parcels

travel if their kinetic energy is completely transformed to

potential energy (Sorbjan, 2006; Basu and Holtslag, 2021).

2.4 Decoupling metric 𝛀

A decoupling metric Ω for evaluating whether the tur-

bulent flow at a specific height above ground is coupled

with the ground below is described elsewhere (Peltola

et al., 2021b). The derivation was based on the idea that,

in coupled flow, strong downdrafts are able to penetrate

through the stable air layers and forest canopy and cou-

ple directly with the ground below. In other words, during

coupling the kinetic energy of the downdrafts is larger than

(or equal to) the work done against buoyancy and canopy

drag force during the descent. Based on this,Ωwas defined

as

Ω =
𝜎w

|we,crit|
, (14)

where we,crit is the critical downward speed of the air

parcel just large enough to overcome the hindrances to

downward movement during the vertical trajectory (i.e.,

buoyancy and canopy drag force). Using extensive data,

it was shown that the flow is coupled with the ground

when Ω > 0.61 (Peltola et al., 2021b). Assuming a Gaus-

sian distribution forw′ fluctuations, this limit corresponds

to the fact that 5% of w′ fluctuations are strong enough

to reach and interact with the ground. When calculating

we,crit, the value for the drag coefficient was revised to

0.2, whereas the other parameter needed in the calcula-

tion (which describes wind speed and 𝜎w profiles below h)

was taken directly from Peltola et al. (2021b). Plant-area

indices (PAIs) and canopy heights used in the calculations

are provided in Table 1.

3 EXPERIMENTS

The two measurement sites here are located in Scots pine

(Pinus Sylvestris L.) dominated forest stands in Finland

(Table 1). Observations on forest–atmosphere interactions

have been carried out for decades at both sites and they
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TABLE 1 Description of the two measurement sites included in this study

Hyytiälä Sodankylä

Latitude (◦N) 61.85 67.36

Longitude (◦E) 24.28 26.64

Measurement period (dd/mm/yyyy) 25/05/2019–10/07/2019 03/06/2020–20/12/2020

Mast height (m) 125 48

Canopy height, h (m) 19 12

Plant-area index, PAI (m2
⋅m−2) 3 1.2

Air temperature (◦C) 14.3 (4.329.2) 7.3 (−26.3 to 26.9)

Dominant tree species Scots pine Scots pine

Note: Plant-area index (PAI) refers to projected PAI. Air temperature refers to mean (min to max) value observed approximately 1m above ground during the

two measurement campaigns.

belong to several international measurement networks

such as Integrated Carbon Observation System (ICOS).

Hyytiälä forest is a typical managed coniferous forest: the

Scots pines are even-aged (planted in 1962), the canopy

coverage and tree height around the measurement mast

are relatively uniform. Understorey trees with diameter

<5 cm were removed from the site at the beginning of

summer 2019. Due to this, an exact estimate for the for-

est projected PAI during summer 2019 is not available,

but based on Kolari et al. (2022) we approximate it to

be 3m2
⋅m−2. The site is located on slightly hilly terrain.

See more details of Hyytiälä forest in Kolari et al. (2022).

In contrast, Sodankylä forest is patchy, more sparse than

Hyytiälä and located on flat terrain. The forest has not been

managed and has regenerated naturally after forest fires.

Tree age around the measurement mast ranges between

80 and 100 years. There is considerable variation in tree

height due to isolated tall trees. Projected PAI was esti-

matedwith fisheye imagery to be 1.2m2
⋅m−2. Based on the

Brunet (2020) classification, Hyytiälä can be considered as

dense and Sodankylä as sparse forest.

The Hyytiälä experiments were conducted during the

summer of 2019 (May 25–July 10) at a 127-m tall mast.

The measurement setup is described elsewhere (Peltola

et al., 2021a; 2021b) and only salient details are given here.

Two triaxial sonic anemometers (HS-50, Gill Instruments

Limited, UK and USA-1, manufactured by METEK Mete-

orologische Messtechnik GmbH, Germany) measured the

three velocity components and sonic temperature at 10Hz.

The sonic anemometerswere positioned at 27m (1.4h) and

68m (3.6h) above the ground, respectively.

A thin (0.9mm outer diameter), white multimode

aramid-reinforced 50-μm fibre-optic cable (AFL Telecom-

munications LLC, Duncan, SC 29334, US) was attached

to the tall mast with 0.5-m long horizontal booms (see

Figure 3 for a schematic description of the configuration).

The total length of the cable was approximately 362m.

The cable started and ended next to the DTS instrument

(ULTIMA-S, 5-km variant; Silixa Ltd, Hertfordshire, UK)

and hence this setup allowed double measurement of the

vertical 𝜃 profile with 12.7-cm spatial and 1-Hz temporal

resolution. Both ends of the cable were attached to the

DTS instrument (i.e., double-ended configuration) on June

3, but before that only one end of the cable was attached

(i.e., single-ended configuration). Two 50-l cooler tanks

were filled with water and used as calibration baths (warm

and cool baths). The cable was guided through the baths

from both ends of the cable, resulting in four calibration

sections. The bath temperatures were controlled with two

thermostats (RC 6 CS, Lauda Dr. R. Wobser GmbH & Co.

KG, Domicile Lauda–Königshofen, Germany) and they

were set to 5 and 30◦C. The calibration bath water temper-

atures were monitored with pt-100 thermistors supplied

with the DTS instrument.

The Sodankylä measurements were conducted with

double-endedDTS configuration at the 48-m tallmast con-

tinuously for approximately 6months during the year 2020

(June 3–December 20). The total length of the fibre-optic

cable was 291m. The Sodankylä DTS measurement setup

was identical to the Hyytiälä setup, except that the cali-

bration baths were arranged differently. At the beginning

of the measurement campaign (until August 22), the 50-l

cooler tank (“warm bath”) was situated outside the mea-

surement cabin (that housed the DTS instrument) and the

water temperature was kept above ambient with a heater

cable at the bottom of the water tank. On August 22,

the tank was moved indoors and heating was removed.

After this, water temperature matched indoor air tem-

perature and was above the outdoor ambient tempera-

ture. The internal bath of the Lauda thermostat (ECO RE

620 S, Lauda Dr. R. Wobser GmbH & Co. KG, Domicile

Lauda–Königshofen, Germany) was used as a “cold bath”.
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SA

SA

z=h

fibre-optic cable

DTS

CB WB

Uadv

F IGURE 3 Schematic figure

showing the measurement setup at

the two measurement sites. A

characteristic eddy (Figure 1) and

the velocity (Uadv) at which it is

advected past the tower are also

depicted on the left. CB, cold

calibration bath; DTS, DTS

instrument; SA, sonic anemometer;

WB, warm calibration bath [Colour

figure can be viewed at

wileyonlinelibrary.com]

The bath volume is approximately 5 l, but the thermo-

stat controls the liquid temperature rigorously and hence

the internal bath is a suitable location for DTS calibration

despite its limited volume. At first, the thermostat tank

was filled with water and set to 5◦C. On November 26,

water was replaced with cooling liquid and the liquid tem-

perature was set to −15◦C. This way the cold bath was

also below the outdoor ambient temperature most of the

time in wintertime freezing conditions. Warm-bath tem-

perature was monitored with a pt-100 thermistor, whereas

cold-bath liquid temperature was assumed to match the

operating temperature setpoint of the thermostat. The

3D sonic anemometers (USA-1, METEK Meteorologische

Messtechnik GmbH, Germany), situated at 24.5 and 3m

above the ground (2.0h and 0.3h, respectively), were sam-

pling at 10Hz.

3.1 Data processing

The DTS measurements were post-field calibrated using

the reference temperature data from the calibration baths,

Stokes (PS) and anti-Stokes (PaS) signals recorded with the

DTS instrument and the following equation (van deGiesen

et al., 2012):

T(x, t) =
𝛾

ln
PS(x,t)

PaS(x,t)
+ C(t) + ∫ x

0 Δ𝛼(x
′)dx′

, (15)

whereT is the calibrated temperature as a function of posi-

tion along the cable (x) and time (t), C is a time-dependent

calibration parameter (constant along the cable), 𝛾 is

assumed constant (Peltola et al., 2021a), and the integral

in the denominator describes the differential attenuation

of the Stokes and anti-Stokes signals along the cable. The

double-ended configuration enabled exact estimation of

the differential attenuation for each location along the

cable (van de Giesen et al., 2012). For the single-ended

configuration used at the beginning of the Hyytiälä mea-

surements, the term was estimated using the calibration

bath sections at the beginning and end of the cable. Fol-

lowing des Tombe et al. (2020), the parameter C was

estimated separately for the forward and reverse signals.

After obtaining the high-frequency C time series, they

were low-pass filtered (simple moving average with 100-s

window) to suppress noise in the C estimates. Then the

estimated C time series, fixed value for 𝛾 , and differential

attenuation vector were used in Equation (15) to estimate

T along the cable for each time step. This was done sep-

arately for the forward and reverse measurements. As the

DTS instrument performs the measurements in forward

and reverse directions sequentially, the T data stemming

from the reverse measurements were linearly interpolated

in time to match the time stamps for the forward mea-

surements and then averaged to yield continuous T data

along the cable with 0.5-Hz temporal and 0.127-cm spa-

tial resolution. Finally, the T profiles along the tower were

extracted from the T data along the cable, and the two T

profiles (from the cable going up anddown themasts)were

averaged and then converted to 𝜃 profiles using the dry

adiabatic lapse rate. To suppress noise in the DTS-derived

𝜃 profiles, they were denoised using an algorithm based

on singular-value decomposition. Here, a variant of the

Epps and Krivitzky (2019) algorithm was used (Karttunen

et al., 2022). These denoised 𝜃 profiles were used to derive

the turbulence length scales using the procedure outlined

in Section 2.1.

High-frequency wind and temperature data from the

sonic anemometers were despiked following Brock (1986)

and the coordinate frame was rotated using the planar
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fit algorithm (Wilczak et al., 2001). Linear detrending

was used to extract turbulent fluctuations from the mea-

surements. For Hyytiälä, sonic anemometer data were

removed when the wind was blowing through the mea-

surement mast, since the turbulent flow field was dis-

turbed, whereas for Sodankylä data similar filtering was

not performed, since flow disturbance was not evident in

the data.

A 10-min averaging period was used throughout the

study. In order to evaluate the impact of averaging period

length on the length scale estimates, Hyytiälä data were

also processed with 30-min averaging. Based on this exer-

cise, vertical length scales (Lup, Ldo, and Lrms) were not

greatly affected by the averaging period (values within

10–15%), but horizontal length scale (Lho) increased more

(up to 40%). We attribute this change in Lho to nonstation-

arities and inactive eddies and due to these disturbances

we opted to use 10-min averaging in this study.

DTS derived length scales Lrms, Lup, and Ldo were

removed from analysis if Lup reached the tower top.

This removed data especially near the tower top and in

near-neutral situations when the eddies are large. Addi-

tionally, periods when DTS T was biased compared with

reference air temperature measurements (absolute differ-

ence above 1◦C) were removed, as during these periods

there were difficulties in DTS calibration. Also, periods

when 𝜕𝜃∕𝜕z calculated over the whole vertical column

was less than 0.002K⋅m−1 were removed from the anal-

ysis. The rationale is that the method used to derive the

length scales here depends on tracking 𝜃 isolines over a

finite and measurable vertical 𝜃 gradient. The outcome of

0 15 30 45 60 75 90

Data coverage (%)

0

1

2

3

4

5

6

7

z
/h

 (
-)

(a) Hyytiälä

0 15 30 45 60 75 90

Data coverage (%)

(b) Sodankylä

0<h/L<0.02

0.02<h/L<0.05

0.05<h/L<0.1

0.1<h/L<0.5

0.5<h/L<1

h/L>1

all

F IGURE 4 Length scale data coverage in h∕L bins. Here,

binning was based on Lmeasured above the canopy ( z∕h = 1.4 in

Hyytiälä and z∕h = 2.0 in Sodankylä). The dashed line shows the

overall data coverage when h∕L > 0 [Colour figure can be viewed at

wileyonlinelibrary.com]

this data filtering is that the amount of data available for

analyses decreases with height and increases with stabil-

ity (Figure 4). Throughout the study, bin-averaging of data

was done only if less than 20% of the data in the bin cor-

respond to periods during which Lup reaches the tower

top. During these periods, eddies are large and the data

samples in the bins are biased towards low values when

large fractions of data are removed by the filtering prior

to bin averaging. We limit the analyses to periods when

above-canopy Obukhov length (L) is positive (i.e., stable

cases). During summer, these conditions relate primarily

to nocturnal periods, but for winter data daytime periods

are also included in the analyses.

4 RESULTS AND DISCUSSION

4.1 Comparison of length scales

The length scales estimated with the DTS 𝜃 profiles

(Equations 1–3) are first compared against conventional

estimates for turbulence length scales so as to relate them

to prior studies and theories. Lrms should presumably

match with the integral length scale of w (Lw), since Lrms
derives the vertical size of an eddy that is actively con-

tributing to the vertical heat transport. However, Lrms is

derived solely from 𝜃 profiles, whereas sonic anemome-

ter data are utilized for the estimation of Lw. Based on

Figure 5a,b, Lrms agrees with Lw above the canopy at

the two pine forest sites and the majority of the data

points cluster around the 1:1 line. However, in Sodankylä

(Figure 5b), outliers are more frequent below than above

the 1:1 line, meaning that occasionally Lw is larger than

Lrms.

Agreement between Lrms and Lw in the subcanopy

airspace is worse than above the canopy (compare

Figure 5c and Figures 5a,b), but nevertheless the values are

still of the sameorder ofmagnitude. There are at least three

possible explanations for the scatter in Figure 5c. First, 𝜃

is not strictly conserved during the eddy vertical motion

in the subcanopy air space, since heat exchange may take

place between the eddy and the canopy elements. This

would render the assumptionsmade in Section 2.1 invalid.

Second, in stably stratified situations, the below-canopy

air space is actually often neutrally stratified due to long-

wave radiation components smoothing vertical 𝜃 gradi-

ents (see discussion in Section 4.2). In such conditions,

𝜃 isolines fluctuate vertically over the whole subcanopy

domain, whereas Lw may be affected by canopy elements

breaking turbulent eddies and thus decreasing Lw. Third,

there are large uncertainties in utilizing Taylor’s frozen

turbulence hypothesis in canopy flows (Huang et al., 2009;

Brunet, 2020; Everard et al., 2021). Hence, estimating the

 1
4
7
7
8
7
0
x
, 2

0
2
2
, 7

4
9
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://rm
ets.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/q

j.4
3
8
6
 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
/0

9
/2

0
2

3
]. 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



3764 PELTOLA et al.

0 5 10 15

L
w

 (m)

0

5

10

15

L
rm

s
 (

m
)

Hyytiälä, z/h=1.4, n=1948

(a)

0 5 10

L
w

 (m)

0

5

10

Sodankylä, z/h=2.0, n=10990

(b)

0 5 10

L
w

 (m)

0

2

4

6

8

10
Sodankylä, z/h=0.2, n=4033

(c)

F IGURE 5 Comparison

between Lrms and streamwise integral

length scale of w (Lw) estimated using

Taylor’s frozen turbulence hypothesis

and measured local wind speed (Uadv).

The dashed line is the 1:1 line and

marker face colours indicate density of

the point cloud. The 0.5% data

(outliers) were left outside the plots

for clarity. The n in the subplot titles

indicates the amount of data points in

the plots
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F IGURE 6 Comparison of

Ldo, Lup, and Lrms with Lb at two

heights for the Hyytiälä site. Marker

face colours indicate density of the

point cloud. 𝛼 = 0.76 was used

(Deardorff, 1980) [Colour figure can

be viewed at wileyonlinelibrary.com]

integral length scale of w from time series using a mean

advection velocity become problematic. Note that the esti-

mation of Lup, Ldo, and Lrms does not rely on Taylor’s

frozen turbulent hypothesis. The uncertainty related to

Taylor’s hypothesis also relates to the scatter in Figure 5a,b.

Despite all these uncertainties, there is a direct connec-

tion between the magnitude of Lrms and Lw and Lrms is

commensurate with the vertical size of an active eddy

transporting heat. This is further supported with spectral

analyses (Appendix S2), where it is shown that 1∕Lrms and

1∕Lw are commensurate with wavenumbers where pre-

multipliedw power spectra peak. Therefore, the technique

used to derive the length scales (Section 2.1) can be used to

evaluate changes in eddy dimensions as z∕h, stratification,

and canopy structure change.

Ldo, Lup, and Lrms are also compared against the esti-

mated buoyancy length scale Lb, which can be used as a

metric formaximumvertical extent of a turbulent eddy in a

stably stratified environment. Figures 6a–c show the agree-

ment between Ldo, Lup, and Lrms with Lb slightly above the

canopy and Figure 6d–f refer to data from above the RSL.

At low Lb (i.e., high stratification), Ldo values increase with

Lb, however at high Lb (i.e., low stratification) Ldo values

level off (Figure 6a,d) to a constant value specific to each

height. This leveling off is due to distance from the ground

below setting a more stringent limit on the eddy size than

Lb. At low Lb, the eddy size is dictated by stratification and

not by the proximity to the ground belowandhenceLdo fol-

lows Lb. In essence, in these situations eddies are detached

from the surface.Lup shows qualitatively similar behaviour

to Ldo, however Lup does not similarly level off to a con-

stant value at highLb, but rather continues to increasewith

Lb. Hence Lup is not similarly limited by the presence of

ground below, but rather it is relatedmore to stratification.

As Lrms is tightly connected to Ldo and Lup (see Section 2.1),

it shows a Lb dependence that is an amalgamof the Ldo and

Lup dependences discussed above (Figure 6c,f).

In ASL and above RSL, the combined effect of dis-

tance from the ground and stratification on Lrms can

be described utilizing a resistance in series analogue

interpolation (Blackadar, 1962) as 1∕Lrms ≈ 1∕(𝜅(z − d)) +

1∕(𝛼Lb) (Figure 6f), where 𝛼 = 0.76 was taken from Dear-

dorff (1980). Similar formulations for turbulent length

scales in the SBL have been used in other models

(e.g., in Brost and Wyngaard (1978); Baas et al. (2008);

MacDonald and Teixeira (2020)). In near-neutral condi-

tions (𝜅(z − d) ≪ Lb), this formulation reverts to conven-

tional surface-layer scaling (i.e., mixing length≈ 𝜅(z − d)),

whereas in strongly stable conditions (𝜅(z − d) ≫ Lb) mix-

ing length is proportional toLb. In contrast to theASL flow,
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within RSL the Lrms estimates depart from this formula-

tion (Figure 6c) and the values obtained in near-neutral

situations are larger than predicted for ASL eddies (i.e.,

Lrms > 𝜅(z − d)). This was expected, since RSL eddies have

been found to be larger than the correspondingASL eddies

(Brunet, 2020).

4.2 Dependence of length-scale profiles
on stability

With this background, the role of atmospheric stability on

length-scale profiles and eddy dimensions is now consid-

ered. Figure 7 shows the median Lup, Ldo, Lrms, and Lho
profiles in h∕L bins. The Lup, Ldo, and Lrms profiles show

a similar pattern at the two sites (albeit there are differ-

ences in near-neutral situations), suggestive of a wider

applicability of these findings to other forests. The ini-

tial focus here is on Lup and Ldo profiles (Figure 7a,b).

Above the canopy, they both increase with height in the

near-neutral regime and decrease with stability. Lup∕Ldo >

1 in all cases, but Lup decreases faster as a function of

stability than Ldo. They both attain a constant value with

height (∝ Lb) and Ldo∕Lup ≈ 1 (Figures 7a,b and 8a) for

very stable conditions. These findings are qualitatively the

same as the findings for vertical integral length scales

for w in the up and down directions reported for ASL

flow (Salesky et al., 2013). They showed that the vertical

integral length scale of w in the up direction was con-

sistently larger and decreased faster with increasing sta-

bility than the length scale in the down direction. After

reaching a specific stability value, the length scales in

the up and down directions were similar (but not exactly

the same). This can be considered as a limit for stabil-

ity, above which the flow is fully decoupled from the

underlying surface and length scales are governed by sta-

bility alone (“z-less” regime). These results indicate that

in the near-neutral limit the eddies are elongated upwards

(Lup > Ldo), whereas in strongly stable situations they

are symmetrical around their vertical position z (Lup ≈

Ldo).

We hypothesise that Ldo∕Lup < 1 in near-neutral RSL

is due to the fact that in these situations the downdrafts

(Ldo) and updrafts (Lup) are related to different physi-

cal processes. In near-neutral conditions, Ldo is related to

attached eddies and strong downdrafts that sweep through

the z = h layer, whereas Lup is related to mixing-layer

eddies generated locally at z∕h ≈ 1 by inflection-point

instability. TheTKEproductionmechanismbetween these

two flow modes is different and hence, for example, the

vertical wind-speed skewness is typically negative (down-

ward w′ fluctuations are stronger than upward fluctua-

tions) just above the canopy (Brunet, 2020). This might

also explain why the two sites differ in near-neutral con-

ditions. The Sodankylä forest is likely too sparse to gener-

ate an inflection point in the mean wind-speed profile at

z∕h ≈ 1 and hence mixing-layer eddies are not prevalent

at the site, whereas the denser Hyytiälä forest is suit-

able for the generation of mixing-layer eddies at z∕h ≈ 1.

Unfortunately, we lack the detailed mean wind-speed pro-

files needed for corroborating this hypothesis. Finally, it

is emphasised that the estimation of length scales with
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F IGURE 7 Median length-scale profiles in h∕L (ratio of canopy height and Obukhov length) bins. Note the similarity between sites.

The black dotted line in (b) shows Ldo = 0.7z, the black dotted line in (c) shows Lrms = 𝜅(z − d) + c, where c equals the median Lrms observed

below the canopy when 0 < h∕L < 0.03. Triangles at the top of panels (a) and (b) show median Lb∕h in h∕L bins measured at z∕h = 1.4 in

Hyytiälä. Here, binning was based on Lmeasured above the canopy (z∕h = 1.4 in Hyytiälä and z = 2.0 in Sodankylä). Note the change in

x-axis scale [Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE 8 Median profiles

of length scale ratios in h∕L bins.

Here, binning was based on L

measured above the canopy

(z∕h = 1.4 in Hyytiälä and z = 2.0 in

Sodankylä) [Colour figure can be

viewed at wileyonlinelibrary.com]

the approach in Section 2.1 is uncertain in near-neutral

conditions, due to small 𝜃 gradients.

Recalling that Lrms agrees with the streamwise integral

length scale of w (Lw), Figure 7c can also be considered

to depict Lw profiles. A large-eddy simulation (LES) study

(Huang and Bou-Zeid, 2013) analysed Lw profiles in a

stably stratified ABL and the results show similarities to

the RSL findings here (i.e., Lw increases with height near

the surface in near-neutral conditions and Lw decreases

with stability). The observed Lrms profiles in near-neutral

conditions are similar to reported Lw profiles in the lit-

erature (Raupach et al., 1996; Brunet, 2020). Moreover,

it was already reported that Lw∕h ≈ 1∕3 at z = h and

Lw∕h decreases towards approximately 0.05–0.1 (depend-

ing on forest density) when approaching the forest floor

(Brunet, 2020). The near-neutral results here suggest that

Lrms∕h ≈ 0.4 at z = h andLrms∕h ≈ 0.2near the forest floor.

These are at the upper end of the range of reported values

(Brunet, 2020). For sparse canopies, Lw∕hmust depend on

canopy density.

In the CSL (i.e., z∕h < 1), Lup decreases with z (except

that in near-neutral conditions it is roughly constant at

Lup ≈ h), Ldo increases with z and as a result Lrms is

approximately constant with height (Figure 7a–c). The

below-canopy behaviour of Lup and Ldo can be explained

with a near-neutral stratification in the below-canopy air

space and a stable layer close to the canopy height that

might result from strong radiative cooling of the canopy

and possibly concurrent heat release from the soil at

the forest floor (Jacobs et al., 1994). Such temperature

profiles were not uncommon during the two measure-

ment campaigns, and are not uncommon in forests in

general (Jacobs et al., 1994; Dupont and Patton, 2012;

Everard et al., 2020; Schilperoort et al., 2020). In such

conditions, the 𝜃 isolines fluctuate vertically over the

whole neutrally stratified air layer and hence Ldo ≈ z and

Lup ≈ zinv − z below the stably stratified inversion layer

(residing at height zinv) close to the canopy height. It

remains an open question as to whether the observed

below-canopy Lrms values indeed describe the effective

vertical mixing length over which heat exchange takes

place, or whether the below-canopy values obtained are

merely artefacts of themeasurement and length-scale esti-

mation procedure. To be clear, an earlier study at the

Hyytiälä site (Peltola et al., 2021a) did find biases in the

DTS-derived cross-canopy 𝜃 gradients, especially just after

sunset, due to nonuniform longwave radiative cooling of

the measurement cable at different heights, and these

biases might disturb the length-scale estimation. Never-

theless, the below-canopy thermal plumes observed in sta-

ble conditions by Jacobs et al. (1994) and Dupont and Pat-

ton (2012) are in line with the below-canopy length-scale

estimates here.

The isotropy ratio (i.e., the ratio between vertical and

horizontal length scales, Lrms∕Lho) is below unity irrespec-

tive of height and stratification (Figure 8b), meaning that

the eddies are flat and extend more horizontally than ver-

tically. Above the canopy, Lho∕h varies between 0.7 and 1.5

slightly depending on stability and site, however it does

not vary vertically (Figure 7d). With increasing stability,
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Lrms decreases faster than Lho (Figure 8b), since stratifi-

cation primarily suppresses vertical motions and hence

eddies flatten with increased stratification. There is a dis-

crepancy between the two forests that might be due to a

slightly incorrect value for eddy advection velocity Uadv.

For example, Everard et al. (2021) showed that in canopy

flows (in their study z∕h varied between 0.2 and 2)Uadvwas

a constant fraction of local mean wind speed at all obser-

vation heights, indicative that Uadv increased with height

(since wind speed increases with height). Their findings

are in qualitative agreement with other Uadv profiles for

sparse canopies (Huang et al., 2009). Here, Lho is esti-

mated using wind data only at one height and hence the

above-mentioned findings suggest that Lho is underesti-

mated (overestimated) above (below) that specific height.

This could explain the discrepancy between sites as well.

5 IMPLICATIONS FOR ABOVE-
AND BELOW-CANOPY FLOWS

The findings on turbulence length scales presented above

have implications for modelling and interpreting the tur-

bulent canopy flows considered here. Specifically, these

length scales are used to evaluate the RSL flow departure

from M–O similarity and cross-canopy coupling using the

Ω decoupling metric.

5.1 RSL corrections for M–O similarity
functions in above-canopy flows

The continuous profiles for Lrms and the theory presented

in Section 2.2 (Equation 11) enable continuous profile

estimates for the RSL modifications to M–O similarity

functions (𝜙∗
h
) from the data. We approximate the mixing

length for heat (Lh) by Lrms. However, prior to utilizing

Equation (11), the two unknowns (rh and 𝜙MO
h
) need to

be estimated. In principle, they could be taken from the

literature. However, we opt to estimate them from data

measured above the RSL for self-consistency across the

sites. This approach has an added advantage, because

the uncertainty related to measurements and the find-

ings in Equation (11) cancel out in the division (denom-

inator and numerator are similarly biased). We assume

that, at z∕h ≈ 3.5, the measurements are made above the

RSL (hence 𝜙∗
h
≈ 1 and 𝜙h ≈ 𝜙MO

h
, see Equation (10)) and

estimate rh𝜙
MO
h

from Equation (9). Figure 9 shows rh𝜙h
at two heights, along with an empirical fit to the val-

ues obtained above RSL. The fit asymptotes to rh𝜙h ≈

0.89 as 𝜁 → 0. This value is close to 0.77, which could

be explained by rh = 1∕𝜙w ≈ 1∕1.3 ≈ 0.77 and 𝜙h = 1 and

Prt ≈ 1 (since Prt = 𝜙h∕𝜙m and 𝜙m = 1 when 𝜁 → 0).
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F IGURE 9 Dependence of rh𝜙h (estimated as

𝜅(z − d)∕(𝜙wLrms), see Equation (9)) on the stability parameter 𝜁 at

two example heights in Hyytiälä. Filled markers show bin medians

and error bars the interquartile range. A continuous line shows the

nonlinear least-squares fit to bin medians above RSL

(rh𝜙h = (0.80 + 6.98𝜁)0.55). The black dashed line shows the widely

used estimate for the M–O similarity function 𝜙h (Kaimal and

Finnigan, 1994). The data from z∕h = 1.2 are below z∕h = 3.5 and

RSL effects on measured rh𝜙h are significant [Colour figure can be

viewed at wileyonlinelibrary.com]

Based on Equation (7), this estimate renders Lh = Lm =

𝜅(z − d) if rm = 1∕𝜙w is also assumed (see Appendix S1

and Basu and Holtslag (2021)). On the other hand, rh =

1 and 𝜙h = 0.89 (and hence Prt = 0.89) are also in line

with the near-neutral value for rh𝜙h. However, the litera-

ture values rh = 1∕(𝜙w𝜙𝜃) ≈ 1∕(1.3 × 2) ≈ 0.38 and 𝜙h = 1

(Kaimal and Finnigan, 1994) predict smaller value for rh𝜙h
than were observed above the RSL (Figure 9). We hypoth-

esise that this is due to 𝜙𝜃 in the expression for rh. The

observed 𝜎𝜃 upon which the literature 𝜙𝜃 (= 𝜎𝜃∕𝜃∗) val-

ues are based are increased by inactive turbulent motions,

whereas thesemotionsmake a significantly smaller contri-

bution to the heat transport (and 𝜃∗). Hence, the literature

values for 𝜙𝜃 are likely inflated when compared with 𝜙𝜃

calculated only from local (active) turbulence, in line with

the theory in Section 2.2.

We estimate 𝜙∗
h
profiles based on Equation (11) using

the empirical fit given above at all heights and at both

sites when estimating LMO
h
. Near-neutral 𝜙∗

h
profiles are

then estimated by fitting a curve similar to the one used

for rh𝜙h and extrapolated to 𝜁 → 0. Figure 10 shows the

near-neutral 𝜙∗
h
profiles obtained. The profiles at the two

sites are similar and show characteristics typical for CSL

and RSL flows, that is, the values increase rapidly close

to the canopy top and approach unity asymptotically near

the RSL top. The observed 𝜙∗
h
at Hyytiälä reaches 0.95 at
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Eq. (16), a=0.25, b=3.2 and z
*
=2.6

Mölder et al. (1999)

De Ridder (2010)

Harman and Finnigan (2008)

LAI=3.0 m2 m-2,h=19 m

Harman and Finnigan (2008)

LAI=1.2 m2 m-2,h=12 m

F IGURE 10 Dependence of roughness sublayer function 𝜑∗
h

on normalized height z∕h. Markers show the values obtained based

on observations (error bars relate to 95% confidence bounds), black

dashed and dotted lines are empirical curves based on

Equation (16), and the other lines show different estimates for 𝜙∗ in

the literature. The Harman and Finnigan (2008) profiles are

calculated using c2c = 0.5, 𝛽 = 0.3, Sc = 0.5, and cd = 0.2. For

Mölder et al. (1999) and De Ridder (2010) profiles, 3h was used as

an estimate for RSL height. See more details in Section 5.1 [Colour

figure can be viewed at wileyonlinelibrary.com]

z∕h ≈ 3, indicative of RSL height (note however that mea-

surements at z∕h = 3.5were assumed to be above theRSL).

The Harman and Finnigan (2008) model for 𝜙∗
h

agrees

with the observed 𝜙∗
h
at the Hyytiälä site close to the

canopy top and at the RSL top (Figure 10). This suggests

that the model describes reasonably the departure of 𝜙h
from M–O similarity theory in the RSL at this site. How-

ever, at the Sodankylä site the observed𝜙∗
h
values are larger

and approach unity faster as a function of z than was pre-

dicted by the Harman and Finnigan (2008) model. This

could be due to the fact that the Sodankylä forest is hydro-

dynamically sparse and Hyytiälä dense (Brunet, 2020).

That is, a dominance of mixing-layer type flow charac-

teristics near the canopy top is expected only for dense

canopies as assumed by Harman and Finnigan (2008), but

not sparse canopies.

Reason for the similarity between the two observed

𝜙∗
h
profiles is unclear. Based on the Harman and Finni-

gan (2008) model, they should be different. Considering

Equation (11), this finding suggests similar departure from

the M–O predicted eddy sizes (i.e., Lh ≠ LMO
h
) at the two

sites. In Hyytiälä this departure could be attributed to

mixing-layer eddies, whereas in Sodankylä it might be

due to canopy disturbance of eddies attached to the for-

est floor and consequent creation of eddies that scale with

h. Hence, the similar 𝜙∗
h
profiles would be a result of

similar departure from M–O predicted eddy sizes at the

two sites, despite different underlying physical mecha-

nism (Hyytiälä: mixing-layer eddies, Sodankylä: breakage

of attached eddies). However, more research is needed

on sparse canopies before this hypothesis can be corrobo-

rated.

An empirical fit is made to the 𝜙∗
h
estimates using the

formula

𝜙∗
h =

𝜅(z − d)

𝜅(z − d) + ah

1+eb(z∕h−z∗)

, (16)

where a , b , and z∗ are fitting parameters (see Figure 10).

This function is continuous and approaches unity at the

RSL top and decays to zero at z = d . A post hoc inter-

pretation of the fit can be made by recalling that 𝜙∗
h
=

LMO
h

∕Lh and hence LMO
h

= 𝜅(z − d) and Lh = 𝜅(z − d) +

ah∕(1 + eb(z∕h−z∗)) . Similarly to Poggi et al. (2004), this for-

mulation for Lh can be physically interpreted as a linear

superposition of mixing lengths related to two indepen-

dent processes, that is, boundary-layer and mixing-layer

eddies, respectively. If 𝜅(z − d) is set to 0 when z < d ,

then this formulation gives Lh ≈ ah in the CSL, that is,

below the canopy, since in such conditions eb(z∕h−z∗) ≈ 0

with the estimated b and z∗ values. This value for Lh can

be related to the mixing-layer eddies residing at z = h and

could presumably be estimated independently utilizing

canopy shear or the adjustment length scale Brunet (2020).

The fit parameter z∗ describes the height (in terms of

z∕h) at which the Lh departure from M–O similarity (i.e.,

(ah)∕(1 + eb(z∕h−z∗)) ) has decreased to half of its value

found below the canopy (i.e., ah ) and b describes how fast

this departure decreases as z increases. The parameters b

and z∗ together dictate the depth of the air layer in which

Lh departs from 𝜅(z − d) (i.e., RSL height).

5.2 Coupling to the forest floor

A prior study (Peltola et al., 2021b) conjectured that the

flow is coupled to the surface when there are strong

downdrafts able to reach the underlying surface despite

forces hindering the vertical movement (buoyancy and

drag force). The study also hypothesised that the pro-

posed approach might provide a site-independent means

to estimate flow decoupling when requiring a balance

between background stratification, canopy drag, and ver-

tical turbulent kinetic energy. The relative significance of

these three terms is encoded in a decoupling metric Ω

(Section 2.4). The length scales estimated here provide

suitable means to test such a hypothesis as a function ofΩ

(Section 2.4).
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F IGURE 11 Dependence of Ldo
and Lup on the decoupling metric Ω at

the two forest sites. Markers show bin

medians and error bars the interquartile

range. The horizontal dotted line

denotes the lowest valid DTS

measurement height [Colour figure can

be viewed at wileyonlinelibrary.com]
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Figure 11 shows the estimated Ldo and Lup at z = h as

a function of Ω. The markers depict the bottom and top of

the eddy (see Figure 1) relative to z = h and these can be

considered as the vertical limits of the domain over which

the eddy residing at z = h is in interaction with other

eddieswithin the canopy volume.When themarkers reach

z = 0, the eddy is in direct interaction with (and is coupled

to) the forest floor. At Sodankylä, the eddy size (difference

between markers in Figure 11) increases approximately

linearly with increasing Ω and the eddy couples with the

ground surface whenΩ ≈ 0.6–0.8. This agrees with a prior

study that heuristically defined flow coupling to take place

when Ω ≈ 0.61 (Peltola et al., 2021b).

At the denser Hyytiälä site, the length-scale depen-

dence onΩ is less clear and the scatter ismore pronounced.

Nevertheless, the eddy size also increases with increas-

ing Ω at this site. Hyytiälä has a pronounced canopy layer

where branches and needles block the air flow and below

it a relatively open trunk space exists where the air flow

is not similarly hindered by drag. Hence, hindrance of

vertical movement is mostly confined to the crown layer.

When deriving Ω, Peltola et al. (2021b) assumed constant

canopy density with height. This discrepancy between the

site characteristics and assumptions made in the deriva-

tion might explain why h − Ldo remains approximately

constant around 0.6z∕h when Ω is between 0.2 and 0.6

(Figure 11b). At this particular height, the eddy penetra-

tion downwards might be hindered by the canopy drag,

since most of the canopy elements are confined to the top-

most part of the forest, whereas Ω assumes that canopy

density is constant with height. Nevertheless, at Hyytiälä

h − Ldo reaches the lowest DTSmeasurement height when

Ω ≈ 0.6–1, albeit the scatter is evident.

These results strengthen the theoretical basis of Ω

and its usability as a decoupling metric at forested

measurement sites but do not corroborate fully the

site-independent Ω threshold value for coupling as con-

jectured earlier (Peltola et al., 2021b). These results have

practical implications for eddy covariance (EC) flux data

filtering during stably stratified nocturnal conditions. Cur-

rently, decoupled periods are identified in the EC data

processing routines with a threshold value for u∗ (Goulden

et al., 1996; Pastorello et al., 2020) and filtered fromEC flux

time series. However, the heuristic u∗ approach lacks any

connection to the forces hindering the vertical coupling.

Here, filtering based on Ω might offer a theoretical basis

and an improvement.

6 CONCLUSIONS

Spatially continuous high-frequency potential tempera-

ture profiles were utilized at two Scots pine forest sites

to derive and explore turbulence (thermal) length-scale

profiles in stably stratified situations. The length scales

were derived from the 𝜃 profiles by assuming that the 𝜃

isoline fluctuations in the profiles were related to adia-

batic vertically displaced air parcels akin to the Prandtl

mixing-length hypothesis. The proposed framework to

derive the length scales is, in theory, also applicable to day-

time unstably stratified conditions, however in practice

it is difficult to apply, since elevated profiles are needed

in such conditions (daytime eddies can reach the ABL

height). The whole eddy needs to be captured by the pro-

file to derive meaningful estimates of the length scales

with the method. For example, DTS cables affixed to a
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tethered balloon (Lapo et al., 2022) might provide exten-

sive enough elevation for resolving daytime eddies with

the method and/or capturing the whole surface layer in

near-neutral conditions.

The results here have implications for practical eval-

uation of the coupling between the forest-floor and

above-canopy air layers. This is becoming essential for

reliable eddy covariance measurements, as forest-floor

fluxes are a major contributor to biosphere–atmosphere

exchange. A necessary requirement for the coupling

appears to be the existence of strong downdrafts that are

able to penetrate through the canopy and stably strati-

fied air layers and hence interact with the ground. This

is in line with the derivation of the decoupling metric

Ω in a prior study (Peltola et al., 2021b). The findings

here on DTS derived eddy length scales consolidate the

departure of RSL flows from M–O similarity as related

to large coherent eddies that do not scale with height

in the manner described by M–O theory. Based on this,

we were able to derive a detailed profile of the RSL cor-

rections for M–O similarity and show that the Harman

and Finnigan (2008) model described this departure ade-

quately above a dense canopy, but was inaccurate above

a sparse canopy. These results have implications for the

inclusion of RSL processes in numerical weather predic-

tion and Earth system models. Finally, data collected and

analysed here are made openly available and they should

prove useful, for example, in the development of canopy

flow processes for large-eddy simulations (Peltola, 2022a,

2022b).
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