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21 Flux-gradient relations



Today’s learning objective

| * Explain what can we learn from electrical
o circuits (Ohm's Law) to describe heat
and mass transfer on a land-atmosphere
interface.
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@E 2 * Discuss how we can we use the K-

; | Theory introduced for the momentum
transfer to relate the gradients of

: temperature, humidity and trace gas

] concentrations to fluxes.
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* Making the K-Theory useful - Reynold's
analogy (similarity) and aerodynamic
approach.

Photo: A. Christen
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Energy balance and turbulence

Net = Sensible + Latentheat + Soil + Net CO, flux
all-wave heat flux flux density heat flux
radiation density  (evapotranspiration) density
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Energy balance and mass fluxes (to cover later)

Energy balance Water mass balance Carbon mass balance

Precipitation
|

= Sensible + Latentheat + Soll + Net CO, flux
heat flux flux density heat flux I
density  (evapotranspiration) density

+
Runoff Photosynthesis
+ -. .
Infiltration Respiration
+

Water storage

Knox / GEOG 321
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Why study and measure land-atmosphere fluxes?

Land surfaces regulate climate, weather, and biogeochemical cycles
through exchanges of energy, water, and GHGs with the atmosphere.

- Climate regulation: Ecosystems exchange CO,, CH,, water vapor,
and heat, influencing atmospheric composition and radiative forcing.

« Weather and hydrology: Soil moisture and vegetation control
evapotranspiration, boundary-layer development, and precipitation.

« Carbon cycle: Landscapes act as sources or sinks of greenhouse
gases, affecting the global carbon budget.

« Ecosystem functioning: Fluxes reflect plant physiology, microbial
processes, and ecosystem responses to environmental change.

« Climate prediction: Observations of land-atmosphere fluxes improve
Earth system models and climate projections.

Knox / GEOG 321
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Turbulent exchange

Vertical turbulent flux of sensible heat, latent heat and trace gases

Knox / GEOG 321
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Resistance approach - Ohm’s Law analogy.

To describe land-atmosphere
exchange of heat, mass and
momentum we can identify
resistances of different sub-
processes, e.g. of plant components
(leaf, xylem, root, etc.), soil, whole
PBL, etc.

Resistance relate the flux to a
measured difference 4s across part
of a system. For a given difference:

Low resistance - high flux density
High resistance - low flux density

INPUT OUTPUT

Precipitation (p),
absorption, dewfall
Evapotranspiration (E)

(
¢ Aa)
¢ S -
> % ( Transpiration
/ 1\ .
Interception _ ‘g‘c. 7 z Evaporation
e LN N
SN/
h | A
\ ;
(
/A s
J A § = s c Guttation
J \ iLQ Distillation
Sternflow == 4? () ()

‘ Throughfall
N~

< Root
o T A} °o° nupgke
9 A AR O T
' * " Soil moisture Capill
storage and ae;‘:ry

ground water I

air

_ Mbound.-
layer

Fleaf

YW

xylem

§ Froot

é rsoil

liiure 4.9 The water balance and internal flows of water in a soil-plant-
v mosphere system. At the right is an electrical analogue of the flow of water from
the soil moisture store to the atmospheric sink via the plant system. Oke (1987)
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Ohm’s Law analogy.

Recall, we can rewrite a resistance r also as a conductance g:

lAnything m-3

As
As FS:— or Fs:gAS

1 ;ﬂ 1 T

Anything s1m2

l Anything m=3

insm- Anything s1m2 inm sl

resistance form conductance form

where: g = —
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Working with resistances and conductances.

Resistances are additive in series

r3 AS
Ttot — T —+ T2 + ...
72 AS
1
gtot — 1 1
=+ L1y
ri AS

Conductances are additive in parallel

|

81 8? g3
AS AS AS

|

(multiple pathways)

Gtot = g1 T g2 + ...

1
T'tot = 7 1
LIy
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Resistances at the surface-atmosphere interface.

Several types of resistances / conductances can be conceived of, depending on
the transport processes in the layer, e.g.

ra (Or ga) - aerodynamic resistance (conductance) in the turbulent surface layer.
Depends on degree of turbulent activity.

v (or gv) - laminar boundary layer resistance (conductance) in the LBL
immediately adjacent to surfaces. Depends on molecular diffusivities and
thickness is the key variable.

I's (Or gs) - stomatal resistance (conductance) of leaf pores. Depends on stomatal
aperture (light, T, vpd, CO2 conc., leaf water potential)

re (Or gc) - canopy or surface resistance (conductance). Integrated resistance of
complete surface system including rs and r» of leaves and air in canopy.

Knox / GEOG 321
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Aerodynamic resistances - overview.

Momentum flux density 1
(in N m2, Pa)

Air density Mean Wind
at height z

Au 7w e

T = P P
fadd  Tomo-o

ra, =[aerodynamic resistance] (insm™).
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Aerodynamic resistances - overview.

Momentum flux density 1 Sensible heat flux density Q+ Potential
. 2 P in W 2 temperature (in K)
(In N m y a) _ ) ind (In m ) (Oke, p. 53)
Air density Me; n_V\P/]m Heat capacity of air
L (kg m3) L at height z o _
AT T O AG

QH — _Ca_

T=Pp—= P
Bad  Tomos Tam.

YaM, ¥atl, ¥av @nd rqc are (aerodynamic resistancesj (all in s m™).
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Aerodynamic resistances - overview.

Momentum flux density 1 Sensible heat flux density Q~x Potential
(in N m2, Pa) (in W m?) e

Air density Mea n_Wlnd Heat capacity of air
at height z

Au T wn e 0 0 méf’” AD
Pard  Tameo s

Water vapour flux density E
(in kg m?s™)

Partial density of water

Ap_v/ vapour(=Absolute

E L humidity) (in kg m3)

YaM, ¥atl, ¥av @nd rqc are (aerodynamic resistancesj (all in s m™).

Knox / GEOG 321
Lecture 21 - Flux-gradient relations 13



Aerodynamic resistances - overview.

Momentum flux density 1 Sensible heat flux density Q~x Potential
. 2 . 2 temperature (in K)
(In N m ) Pa) : (In Wm ) (Oke, p. 53)
Air density I\/lesn_V\P/]md Heat capacity of air
- (kg -3) - at elg tz 3 -1 -
Ag U owg e NG
Pard  Tano s Tan
Water vapour flux density E Trace gas flux density Fc
(in kg m2s7) (in kg m2 s Partial density of trace
gas (=concentration)
(in kg m3)

Partial density of water

o BPumii -

Tay Tac

YaM, ¥atl, ¥av @nd rqc are (aerodynamic resistancesj (all in s m™).

Knox / GEOG 321
Lecture 21 - Flux-gradient relations 14



Flux-gradient relationships.

For small-scale turbulence, the flux is down the
concentration gradient, i.e

* momentum flux density is —

* sensible heat flux density is —
* water vapour flux density is —
* trace gas flux densityis __ —

Boussinesq suggested that turbulent transfer
could be considered analogous to molecular
diffusion - eddies replace molecules.

transfer gradient of

Flux density = efficiency X an entity




K-Theory.

Momentum flux density
T (m N m Pa) Mean Wlnd

AngerIr]]sny 8—/
T 0z

Height above
ground

(m)

Km, K Kvand Kc are | eddy diffusivities | (all in m2 ).
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K-Theory.

Potential
Momentum flux density Sensible heat flux density  temperature (in K)
T (m N m Pa) Mean Wlnd Q ( ) Heat capamty of air N

o R o
T=20p Fye Qg = —C

Height above
ground

(m)

*

Oz

Km, K Kvand Kc are | eddy diffusivities | (all in m2 ).
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K-Theory.

Potential
Momentum flux density Sensible heat flux density  temperature (in K)
T (m N m= Pa) Mean Wlnd Q ( ) Heat capacity of air N

AngerIr]]sny 8— / (J m? K N 89

T=0p Fye Qo = —C 0
< Height above <
ground _
Water vapour flux density (™ Trace gas f2|UX1 denS|tyP . f
. 2 a- i -2 o- artial density of trace
E (m kg m 2 S 1) Fe (m kg m=s ) gas (:conce)r/uration)

(in kg m-3)
Partial density of

8p v vapou:\(laftl;solute F _ K ap{:
— * humidity) (in kg m3) — C a

Km, K Kvand Kc are | eddy diffusivities | (all in m2 ).
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K-Theory - limitations.

Again, K’s are extremely variable in time, space
and atmospheric conditions (stability).

Requires instruments capable of measuring
small vertical gradients (differences) to high
accuracy.

Also the K-theory does not account for counter-
gradient transport. In the real atmosphere,
sometimes flux appears to go up gradient
(counter gradient). Physically due to a few large
eddies which locally transport of flux regardless
of background average (e.g. within plant
canopies)

A 100m profile research tower probing the
atmospheric surface layer (Falkenberg, DWD, Photo: A. Christen)
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Reynolds analogy.

Reynolds surmised that in fully turbulent flow (high Re) eddies would carry entities
with equal ease (similarity principle):

- - - K

and consequently, over the same layer

0 - - -

Practically this implies that we must only determine one of the K’s

Generally held that close to the ground this applies, except that Ki» becomes
increasingly dissimilar as instability increases, and then

K, x Ky

Knox / GEOG 321
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Using K-theory & Reynold’s analogy to measure fluxes

Assumptions: 2 x Anemometer 2 x Thermometer
* Neutral stability - buoyancy effects are absent. \ -Hygrometer

/

« Steady state - no marked shifts in the radiation or wind fields during
the observation period.

» Constancy of fluxes with height - no vertical divergence or
convergence.

 Similarity of all transfer coefficients.

Knox / GEOG 321
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Reynolds analogy.

If we assume a similarity, we can take ratios of flux-gradient equations, and
eliminate the K’s. If one flux is known (usually 7 from a measured wind profile), we
can obtain other if their gradients are measured, e.qg.

D pKu(Au/Ax)

QB  —pop, Ky (A0/D%)
T

Specific heat of air
(remember Ca = p Cp)
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Reynolds analogy.

If we assume a similarity, we can take ratios of flux-gradient equations, and
eliminate the K’s. If one flux is known (usually 7 from a measured wind profile), we
can obtain other if their gradients are measured, e.qg.

T Ry (Au/ %)  Au

@B pc, Kg(A/Bg)  —c,Af
r

Specific heat of air
(remember Ca = p Cp)

Knox / GEOG 321
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Aerodynamic approach.

The aerodynamic approach requires the measurement [or prediction in a
model] of mean wind z and relevant property (e.g. potential temperature 6,
absolute humidity py ) at same two heights [or layers].

It relies on the similarity of K and K.

Assumptions: 2 x Anemometer 2 X Thermometer
- Neutral stability - buoyancy effects are absent. \ -Hygrometer
 Steady state - no marked shifts in the radiation or wind fields during * _—

the observation period.

» Constancy of fluxes with height - no vertical divergence or
convergence.

« Similarity of all transfer coefficients.

Knox / GEOG 321
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Aerodynamic approach - derivation (1/3)

From the neutral wind law:

U« 22 U

Ug = ?ln% =7 (In z2 — In 2g)
Uy = %lni—; = u?* (Inz; — In 2g)
(ﬂg — ﬂl) = % 1ni—j = lll—* (111Z2 — 11121)
rearranging:
A Uy

Knox / GEOG 321
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Aerodynamic approach - derivation (2/3)

Al _ U and since T = p’u,z

ID(ZQ/Zl) k

Equation (2)

replace

@ Az

— — Equation (1)
@ —c A0

next solve for QH ...

Knox / GEOG 321
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Aerodynamic approach - derivation (3/3)

From the Reynolds analogy:

. . —TcpAt9 2 x Anemometer 2 X Thermometer
— AT \ -Hygrometer
o pk? Atu?c,AO —
B Aulln(ze/21)]?

Analogous for the latent heat flux:

L,k*Aulp,

Q8 = “G/mp

Knox / GEOG 321
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Take home points

* Resistance allow us to handle the flow of energy and mass
though a complex system such as a land-atmosphere interface.
Resistances can be formulated in series or in parallel.

* Resistance formulations and (using
, 1.e. K’s) can be used to describe sensible,
latent heat and trace gas transfer.

°* Reynolds analogy assumes that the eddy diffusivities for
different scalars are similar, i.e. K, = Ky = Ke = K¢

* This allows us to overcome the severe restrictions of using K-
theory - as in the aerodynamic approach the K's cancel out.
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