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Abstract

The work presented in this report is part of the biosphere modeling studies that were carried out 
within the SR-PSU project, dedicated to the safety assessment of the Forsmark repository for LILW. 
The report presents a new assessment model of the C-14 transport in the surface atmosphere above 
vegetated land that receives releases of this radionuclide from the soil. The model is applicable 
for all vegetation types that are incorporated in the SR-PSU biosphere model: crops like cereals, 
tubers, vegetables as well as for fodder and mire vegetation. It can be used for making predictions 
for relevant endpoints in a safety assessment of radioactive waste disposal facilities, such as C-14 
concentrations and specific activities in the air and plants, which are used in the calculation of 
inhalation by humans and food ingestion doses, respectively.

The new assessment model represents an improvement with respect to the model that was used in 
previous safety assessments of Swedish radioactive waste disposal facilities (SAR-08 and SR-Site). 
The main improvement has entailed integrating explicit modelling of the turbulence driven transport 
of C-14 in the within and above canopy atmosphere. To keep the assessment model simple, several 
approximations and assumptions had to be made. A study was carried out to verify that despite the 
simplifications the model predictions for the endpoints of interest are sufficiently accurate, for using 
the model in assessments of the long-term safety of disposal facilities. The study consisted of devel-
oping a Lagrangian model, which can simulate in detail the turbulent transport of CO2 and C-14 in 
the surface atmosphere in the presence of plant canopies. This model was validated using two sets of 
experimental data: i) CO2 profiles in the atmosphere inside and above the canopy of a boreal forest 
measured in the Norunda research station in Sweden and ii) CO2 profiles in the atmosphere above 
the canopy of a wheat field measured in the Agro-Ecosystems Experimental Station (AEES) located 
near Beijing, China. The validated Lagrangian model was then used to evaluate the assessment 
model by performing sensitivity studies to assess the potential impact on model predictions of sim-
plifying assumptions inherent to the assessment model. From the evaluations made we conclude that, 
provided that the diffusivity coefficient at canopy top is assigned properly, the simplifying assump-
tions implicit in the C14-SVAT model do not lead to underestimations of the C-14 concentrations 
within the canopy layer, and some of them lead to moderate overestimations. From the evaluation we 
also identify possible ways of improving the model predictions while still keeping the model simple.

Biosphere models used in earlier safety assessments of Swedish radioactive waste disposal facilities, 
have not considered explicitly the processes of exchange of C-14 between surface waters and the 
atmosphere. These processes are not expected to be important in the context of safety assessments 
of disposal facilities. But nevertheless, it was decided in the SR-PSU project to model these processes 
explicitly and for this purpose a simple assessment model was developed, which is described in this 
report. The model can be used for calculation of C-14 concentrations in air above the water surface, 
which can be then used in estimation of inhalation doses during swimming and boating. 
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1 Introduction

The work presented in this report is part of the biosphere modeling studies that were carried out 
within the SR-PSU project, dedicated to the safety assessment of the Forsmark repository for LILW. 
In preceding safety assessments of Swedish radioactive waste disposal facilities (SAR-08 and 
SR-Site), doses from releases of C-14 to terrestrial and aquatic environments have been calculated 
using the models described in Avila and Pröhl (2008). One of the models in Avila and Pröhl (2008) 
was used for calculation of C-14 concentrations in plants resulting from C-14 releases in gas form 
(14CO2) from the ground to the canopy atmosphere and from irrigation with contaminated water. 
The model by Avila and Pröhl (2008), together with four other models, participated in a model 
comparison exercise that was carried out within the BIOPROTA project (BIOPROTA 2011). The 
exercise showed large discrepancies in predictions made with the compared models for the studied 
scenarios. The discrepancies could be explained by differences in approaches for modeling the 
C-14 transport in the canopy atmosphere. It was concluded from this study, that there is a need for 
a more rigorous modeling of these processes.

In the model described in Avila and Pröhl (2008), the vertical turbulent transport in the surface 
atmosphere is conservatively neglected. However, for some of the model parameters it is difficult to 
assign values that ensure obtaining sufficiently accurate estimates for the endpoints of interest, such 
as C-14 specific activities in plants. The reason for this is that the values of such parameters are 
influenced by a large number of factors interacting in a complex way. An example is the height of 
mixing in the atmosphere. In order to overcome this difficulty, an improved assessment model of 
the C-14 transport in the canopy atmosphere has been developed, which is described in this report. 
The main improvement in the model consisted of modeling explicitly the vertical transport of C-14 
in the surface atmosphere driven by turbulence. This model which is called the Soil-to-Vegetation-
to-Atmosphere Transport model for C-14 or the C14-SVAT model, is presented in Section 2.1. The 
C14-SVAT model has been incorporated into the more general biosphere model that was used in the 
SR-PSU safety assessment. 

To keep the C14-SVAT model simple, several approximations and assumptions had to be made. 
A study was carried out to verify that despite the simplifications the model predictions for the end-
points of interest are sufficiently accurate, for using the model in assessments of the long-term safety 
of disposal facilities. The study consisted of developing a Lagrangian model, described in Chapter 3, 
which can simulate in detail the turbulent transport of CO2 and C-14 in the surface atmosphere in 
the presence of plant canopies. This model was validated using two sets of experi mental data: i) CO2 
profiles in the atmosphere inside and above the canopy of a boreal forest  measured in the Norunda 
research station (Lundin et al. 1999, Lagergren et al. 2005) in Sweden and ii) CO2 profiles in the 
atmosphere above the canopy of a wheat field measured in the Agro-Ecosystems Experimental 
Station (AEES) located near Beijing, China. The results of the validation studies are presented in 
Chapter 4. Finally, the validated Lagrangian model was used to evaluate the C14-SVAT model by 
comparing predictions made with the two models and by performing sensitivity studies to assess 
the potential impact on model predictions of simplifying assumptions inherent to the C14-SVAT 
model (Chapter 5).

Biosphere models used in earlier safety assessments of Swedish radioactive waste disposal 
facilities, have not considered explicitly the processes of exchange of C-14 between surface waters 
and the atmosphere. These processes are not expected to be important in the context of safety 
assessments of disposal facilities. But nevertheless, it was decided in the SR-PSU project to model 
these processes explicitly and for this purpose a simple model was developed, which is described 
in Section 2.2. This model is called the Water-to-Atmosphere Transport model for C-14 or the 
C14-WAT model. 
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2 Assessment models for the surface atmosphere

This chapter provides a description of the assessment models that were developed within the SR-PSU 
project for calculating activity concentrations and specific activities of C-14 in the near-surface 
atmosphere and vegetation, resulting from releases to the atmosphere from the ground or a water 
body. The calculated activity concentrations in air are used in the safety assessment of disposal 
facilities for calculation of inhalation C-14 doses, whereas the specific activities in vegetation are 
used in calculations of C-14 doses by food ingestion. 

Two assessment models are presented below: i) for modelling the transport in the surface atmosphere 
of C-14 released to air from vegetated land by soil and plant leaf degassing (Section 2.1), here called 
the C-14 Soil-to-Vegetation-to-Atmosphere Transport model or the C14-SVAT model and ii) for C-14 
releases to the atmosphere above a water body, such as a lake, driven by water degassing, here called 
the C-14 Water-to-Atmosphere Transport model or the C14-WAT model (Section 2.2).

2.1 The C14-SVAT model
The target endpoints of the simulations with the C14-SVAT model are C-14 specific activities 
(Bq/kgC) in primary producers, which are used in calculations of food ingestion doses and C-14 
activity concentrations in atmospheric air (Bq/m3), which are used in calculation of inhalation doses. 
The model can be used in assessments for all types of vegetation included in the biosphere model for 
the SR-PSU safety assessment (crops like cereals, tubers, vegetables as well as for fodder and mire 
vegetation), for all of which the canopy height is 1 m or lower (Grolander 2013). 

2.1.1 Conceptual model
The purpose of the C14-SVAT model is to simulate the transport of C-14 that is released from the 
soil to the atmospheric layer closest to the soil surface. It is assumed in the model that C-14 will be 
fully mixed with stable carbon (C-12) in all atmospheric layers above the soil surface. The behaviour 
of C-14 in the atmosphere and the vegetation is likewise the behaviour of C-12, with only minor dif-
ferences associated with isotopic effects, which are neglected in the model. Both C-14 and C-12 can 
be released from the soil to the canopy atmosphere either as CO2 or methane. Releases in the form 
of methane will be dispersed in the atmosphere and will be not taken up by plants; unless methane 
is oxidized and changes into CO2. At the same time, C-14 and C-12 that are present in the canopy 
atmosphere as CO2 will be incorporated into plants by photosynthesis. In the C14-SVAT model it is 
conservatively assumed that C-14 is released to the canopy atmosphere as CO2. 

The C-14 that is released to air is transported vertically by turbulence and laterally with the advec-
tive flux of air, and steady-state conditions are assumed to occur on the time scale relevant to the 
safety assessment of disposal facilities (i.e. over a growing season or a year). The observed transport 
timescales are from seconds (in the canopy) to a few hours (in the soil), so the equilibrium assump-
tion is well justified. Both isotopes (C-14 and C-12) are taken up by the vegetation from the canopy 
atmosphere by photosynthesis and released back to the canopy atmosphere by plant respiration. Both 
isotopes can also be taken up by the roots from the soil, where the C-14 to C-12 ration might be 
higher than in canopy atmosphere (Hoch 2014). The nature of the different processes involved and 
the assumption made for their modelling are discussed below. 

Horizontal transport by advection
The C-14 that is present within and above the canopy atmosphere can be transported horizontally by 
advection in the direction of the wind, with fluxes that are proportional to the wind speed. Above the 
canopy, the wind speed increases with height, depending on the atmospheric conditions (stability) and 
it is also influenced by properties of the plants. Plants exert a frictional drag on moving air masses and 
thereby modify the local wind patterns. In the model, we assume a logarithmic wind profile, which is 
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commonly observed for the case of neutral stability conditions of the atmosphere. The justification for 
such approach is that, on average, daytime conditions in Sweden are close to neutral. For instance, 
the average daytime Monin Obukhov length at Norunda site (cf. Chapter 4) was about 800 m, which 
corresponds fairly well to neutral conditions. Also, in climatic modelling of micrometeorological con-
ditions it is quite common to restrict stratification considerations to neutral conditions. For instance, 
Peinman-Monteith parameterization (Allen et al. 1998) of crop evapotranspiration on time scales of 
10 days and longer is restricted to neutral conditions. The necessity of stability corrections arises only 
when this method is applied on shorter time scales.

For other stability conditions and short time scales, the impact from the canopy on the turbulence 
in the layers that are immediate above the canopy will also affect the wind profile (Tagesson 2012). 
However, as it will be shown in Chapter 4, for the time scales (season or year) that are relevant for 
the SR-PSU safety assessment, corrections of the wind profile for other stability conditions will have 
only negligible effects on the calculated daytime fluxes and activity concentrations in air. Therefore, 
stability corrections are not made in the C14-SVAT model, but only in the Lagrangian model 
presented in Chapter 3. 

Generally, the wind speed in the canopy atmosphere also decreases downward towards the ground. 
There are, however, exceptions to this rule. For instance, in an open forest the air can “tunnel” under 
the branches and hence the wind speed can be greater there than further up in the plant community, 
where greater frictional drag occurs. So, air flow under plant communities also depends on the 
three-dimensional architecture of the plants. In the C14-SVAT model, the canopy layer of crops is 
considered homogeneous and an exponential decrease with height above ground of the wind speed 
is assumed. 

Vertical transport by turbulence
C-14 released from the soil experiences vertical transport within and above the canopy atmosphere 
driven by turbulence. This transport process is commonly known as turbulent dispersion or Eddy dif-
fusion. Random fluctuations in pressure in local regions of the turbulent air cause random motion of 
air packages, known as eddies, which move more or less as a unit, carrying with them large amounts 
of different gas molecules present in the atmosphere, such as H2O vapour and CO2. These eddies 
have a constantly changing shape and size, the latter being large compared with intermolecular 
distances. The eddying motions of the air packages promote a mixing, formally like the mixing 
due to molecular diffusion. 

The intensity of the “diffusion” of air packages is described with the so-called Eddy Diffusion 
Coefficients (EDC), which unlike the ordinary diffusion coefficients have the same value in a given 
situation for all transported gas molecules. The EDC varies with wind speed within and above a plant 
canopy. The EDCs usually are approximately proportional to the local wind speed. As the wind speed 
increases, turbulent mixing of the air is more likely and thus the EDC becomes larger. Because wind 
speed varies with altitude and because EDC also depends on the gradient in the wind speed, averaged 
values of EDC over an appropriate distance are used to describe the vertical fluxes in some region of 
the turbulent air within and above the canopy. Moreover, the wind speed, its gradient, and the vertical 
temperature gradient all vary during the day. Consequently, EDC should also be averaged over a 
suitable time interval.

Near the ground the air is generally quite still and the EDC is low, often averaging 5 × 10−5 m2/s over 
the first 10 mm above the ground (Nobel 2009), a value that is only about three times higher than the 
diffusion coefficient of CO2 in air, 1.5 × 10−5 m2/s (Lide 2008). When the EDC is of the same order of 
magnitude as diffusion coefficients, differences in movement among molecular species can become 
apparent. As we move upward to the top of a plant community, the EDC increases, often more or less 
logarithmically with height in the upper part of many plant communities (Tagesson 2012). 

In the model it is assumed that the EDCs in different layers are constant in time and proportional 
to the wind speed. Their variation in height is dictated by the assumed wind profiles, which are the 
same that are assumed for modelling of advective transport (see above).
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Transport by molecular diffusion
Molecular diffusion is a spontaneous process leading to the net movement of a substance from 
a region of higher concentration to an adjacent region of lower concentration of that substance. 
Diffusion in air is a result of the random thermal motion of the gas molecules in air. The net move-
ment caused by diffusion is a statistical phenomenon, since a greater probability exists for molecules 
to move from the concentrated region to the dilute region than vice versa. Diffusion is involved in 
several processes of CO2 transport in the soil-canopy atmosphere-plant system, such as gas exchange 
between the soil and the canopy atmosphere, and transport of CO2 in the air surrounding and within 
the leaves, which is necessary for photosynthesis to take place. Molecular diffusion plays a limited 
role in the vertical transport within and above the canopy atmosphere, which is dominated by the 
vertical turbulent dispersion and is, therefore, not included explicitly in the C14-SVAT model.

Plant uptake by photosynthesis
Photosynthesis is the process by which organisms that contain the pigment chlorophyll convert light 
energy into chemical energy which can be stored in the molecular bonds of organic molecules. As a 
result of photosynthesis, C-14 that is released as CO2 from the soil can be incorporated directly into 
plants. The rate of photosynthesis at each level of the plant canopy will depend on how the amount 
of light varies down through the various levels of vegetation. At each level of the plant community, 
the photosynthetic photon flux (PPF) consisting of wavelengths from 400 to 700 nm (Nobel 2009), 
helps determine the rate of photosynthesis there. As we move downward into the vegetation, the PPF 
decreases approximately exponentially due to absorption by the foliage. For some canopies the great-
est leaf area per interval of height occurs near the middle (e.g. many grasses), and for others it occurs 
about three-fourths of the way up from the ground (e.g. many crops and trees). The PPF is attenuated 
down through the plant community in proportion to the leaf area index of the plant community and 
the so-called foliar absorption coefficient, which describes the sorption properties of a particular type 
of foliage. It should be noted that 2/3 or more of net photosynthesis usually occurs in the upper 1/3 of 
most plant communities (Nobel 2009). 

Due to attenuation of the PPF, at a certain height in the canopy there is no net CO2 uptake by a plant 
during day time, i.e. the net CO2 flux is zero. This height is called the “light compensation point”. The 
light compensation point for leaves is approximately the same for C3 and C4 plants (Nobel 2009). 
Leaves shaded by many overlaying leaves can actually be at (or below) the light compensation point 
when exposed leaves have appreciable net rates of CO2 uptake. Leaves that are below light compensa-
tion for most of the day do not contribute to the net photosynthesis of the plant. Such leaves generally 
loose from 50 % of their dry weight before dying and abscising.

In the C14-SVAT model, the uptake rate of C-14 from air by crops is modelled as a function of 
the gross primary production, which is proportional to the rate of photosynthesis. The process of 
photosynthesis and the variations in the photosynthesis rate with canopy height are not modelled 
explicitly.

Releases of C-14 to air by respiration and photorespiration
Respiration is the general process by which organisms oxidize organic molecules (e.g. sugars) and 
derive energy from the molecular bonds that are broken. Respiration in the roots cells and in soil 
microorganisms can lead to a net upward CO2 flux density coming from the ground during the 
growing season (Nobel 2009). The CO2 flux from the soil at night can be about half of the value at 
day time because of lower temperatures at night. Respiration averaged over a 24-hour period can be 
20 % of gross photosynthesis for a rapidly growing plant community and can increase to over 50 % 
as the community matures. When considered over a growing season for a crop, respiration for an 
entire plant is from 30 to 50 % of gross photosynthesis (Nobel 2009).

Photorespiration is the uptake of O2 and the evolution of CO2 in the light resulting from glycolate 
synthesis in chloroplasts and subsequent glycolate and glycine metabolism in peroxisomes and mito-
condria (Nobel 2009). Photorespiration has very low rates in C4 plants, but potential photosynthetic 
output may be reduced by photorespiration by up to 25 % in C3 plants (Sharkey 1988).

In the C14-SVAT model, respiration and photorespiration are not modelled explicitly, but are con-
sidered implicitly in the values of Net Primary Production used in the calculation of C-14 specific 
activities in primary producers. 
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Root uptake of C-14
Roots can directly incorporate inorganic carbon from the soil via root uptake. Estimates by Vuorinen 
et al. (1989) show that direct root uptake of carbon may be from 1 to 2 % of the carbon assimilated 
by leaves. At the same time, about 1–2 % of carbon that is assimilated by plants is released to the 
soil by root exudation (Kuzyakov and Domanski 2000). From a study using different types of soils, 
Sheppard et al. (1991) estimated that in carbonated soils about 1.7 % of the plant carbon may be 
derived directly from root uptake. The values were much lower in a non-carbonated soil. Amiro and 
Ewing, (1992) studied the uptake of inorganic C-14 by bean plant roots and showed that C-14 uptake 
via the roots was independent of the photosynthetic rate and, in most cases, could be predicted by 
knowing the transpiration rate and the nutrient solution concentration. However, when a less efficient 
root-medium aeration system was used, C-14 uptake was greater than predicted using transpiration 
(Amiro and Ewing 1992). It should be noted that the relative contribution of root uptake and assim-
ilation by leaves to the total carbon incorporated by a plant could be different for C-12 and C-14; 
since the C-14 specific activities in the soil and canopy atmosphere could be different. 

Root uptake is not included in the C14-SVAT model, but it is considered in the biosphere model used 
in the SR-PSU safety assessment. The fraction of carbon that is assimilated by root uptake is, how-
ever, taken into account in the calculation of fluxes from air to primary producers (see Section 2.1.5). 

Compartments and processes included in the model
The C14-SVAT model includes three compartments corresponding to three atmospheric layers above 
the soil surface (Figure 2-1). The first atmospheric layer, the canopy layer (CA), extends from the 
soil surface to the top of the canopy of the vegetation. This is the layer where gas exchange between 
air and soil occurs, and where primary producers fix atmospheric carbon by photosynthesis. The 
second layer extends from the top of the canopy of the vegetation to 2.5 m above the ground. For 
vegetation with a canopy height lower than 1 m, the C-14 activity concentrations in this second layer 
can be used in estimations of inhalation doses to people present above a vegetated land. The third 
layer is required for representation of recycling of C-14 with turbulent transport. The effect of the 
assumed thickness of this layer on the model predictions is estimated in Chapter 5. 

The C14-SVAT model can use as input C-14 releases to the canopy layer by degassing from the soil 
or by degassing of irrigation water intercepted by leaves. 

The vertical arrows in Figure 2-1 represent the vertical transport by turbulence between the atmos-
pheric layers. In the case of L2, turbulent transport back to this layer from upper layers is neglected, 
which is equivalent to assuming a boundary condition of zero C-14 concentration above this layer. 
Hence, the height of this layer should be taken sufficiently high for this assumption to hold. 
The  horizontal arrows represent the C-14 transport by advection from each atmospheric layer. 

Figure 2-1. A graphical representation of the model used to calculate the outcome of C-14 transport in the 
surface atmosphere above vegetated land. Boxes represent C-14 inventories and arrows fluxes of the C-14. 
Primary producers are assumed to be in steady state exchange with the atmospheric air of the canopy layer 
through photosynthesis and respiration (brown dashed arrow). The vertical and horizontal arrows represent C-14 
fluxes driven by vertical turbulent and lateral advective air fluxes respectively (black arrows). Releases of C-14 
to the canopy layer occurs by degassing from the soil and by degassing of irrigation water intercepted by leaves. 

Canopy layer (Can)

First above 
canopy layer (L1)

Second above 
canopy layer (L2)Atmospheric Air

Atmospheric Air

Atmospheric Air
Primary

Producers
Soil and leaf
degassing
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For  estimation of C-14 specific activity in plants the same approach as in Avila and Pröhl (2008) 
is used, consisting of assuming that the C-14 specific activity in primary producers is the same as 
the specific activity in air (the so-called specific activity approach). In the C14-SVATmodel, C-14 
is treated as a tracer, i.e. changes in the C-14 air concentration profile caused by uptake of C-14 by 
plants via photosynthesis or releases by respiration are neglected. This assumption is also made for 
stable carbon and therefore the same concentration of stable carbon in air is used in the model for 
all atmosphere layers. The impact of treating C-14 and stable carbon as tracers is investigated in 
Chapter 5. 

2.1.2 Mathematical model
The equations used in the C14-SVAT model for calculation of C-14 fluxes, concentrations and 
specific activities are presented in the following Sections 2.1.3 to 2.1.8). These equations have 
been derived from the solution for steady state conditions of a system of three ordinary differential 
equations (ODE). Each ODE represents the variation in time (t) of the C-14 inventory (Bq) in each 
of the three atmospheric layers included in the model, i.e. in the Canopy Layer (ACA), the First 
Above-Canopy Layer (AL1) and the Second Above-Canopy Layer (AL2):

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑

−
�1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�. (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅)

𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅. ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝜆𝜆𝜆𝜆.𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿𝐿
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 − 𝜆𝜆𝜆𝜆.𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿𝐿 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿𝐿
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶2 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶2 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑 − 𝜆𝜆𝜆𝜆.𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿𝐿 

𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐
𝐿4𝐶𝐶𝐶𝐶 =  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅
𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(2.1) 

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺. (1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) (2.2) 

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 = Velexch,Ca,L𝐿 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 ∙ (1 − 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) (2.3) 

RFL𝐿ToCA =
Velexch,CA,L𝐿

Velexch,L𝐿,L𝐿(1 − RFL𝐿ToL𝐿) + Velexch,CA,L𝐿 + VelAdv,L𝐿

(2.4) 

RFL𝐿ToL𝐿 =
Velexch,L𝐿,L𝐿

Velexch,L𝐿,Upp + Velexch,L𝐿,L𝐿 + VelAdv,L𝐿

(2.5) 

Velexch,CA,L𝐿 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿𝐿)
(2.6)

Velexch,L𝐿,L𝐿 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿𝐿 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿𝐿)
(2.7) 

Velexch,L𝐿,Upp =
1

0.5 ∙ 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿𝐿
(2.8) 

resCA =
𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

resL𝐿 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿𝐿

resL𝐿 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿𝐿

(2.9) 

.

.

where,

ReleaseRate is the area normalized release rate of C-14 to the canopy layer [Bq m−2 y−1],
Fluxadv,CA  is the area normalized flux of C-14 from the canopy layer by advective transport  

[Bq m−2 y−1], 
Fluxadv,Ll	 is	the	area	normalized	flux	of	C-14	from	the	L1	layer	by	advective	transport	 

[Bq m−2 y−1],
Fluxadv, L2  is the area normalized flux of C-14 from the L2 layer by advective transport  

[Bq m−2 y−1],
FluxTurb,CAToLl is the area normalized flux of C-14 from the canopy layer to the L1 layer by turbulent 

transport [Bq m−2 y−1],
FluxTurb,LlToCA is the area normalized flux of C-14 from the L1 layer to the canopy layer by turbulent 

transport [Bq m−2 y−1],
FluxTurb,L1ToL2 is the area normalized flux of C-14 from the L1 layer to the L2 layer by turbulent 

transport [Bq m−2 y−1],
FluxTurb,L2ToL1 is the area normalized flux of C-14 from the L2 layer to the L1 layer by turbulent 

transport [Bq m−2 y−1],
FluxTurb,L2ToOut is the area normalized flux of C-14 from the L2 layer to upper layers by turbulent 

transport [Bq m−2 y−1],
frootUptake is the fraction of carbon assimilated via root uptake [kgC kgC−1],
GPP is the gross primary production [kgC m−2 y−1],
R is the autotrophic respiration rate [kgC m−2 y−1],
concC,atmos is the carbon concentration in the canopy layer [kgC m−3],
heightCA is the height above the ground of the upper boundary of the canopy layer [m], 
λ is the C-14 radioactive decay constant [y−1].
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In steady state conditions, the C-14 inventory in each layer does not vary in time and the right hand 
side of each of the above ODEs can be set equal to zero. A system of linear equations was then 
obtained, which was solved algebraically to obtain the equations presented in the next sections. 
The radioactive decay of C-14 was neglected, since it is very long compared with the residence 
time of C-14 in the different compartments. The term (GPP-R) was substituted by the Net Primary 
Production (NPP), since values of NPP are usually easier to estimate. In the parameterization of 
the different transport processes the so-called method of resistances was applied, see Section 3.3.2, 
in a simplified way which allowed analytical solutions to be obtained. The potential effect of this 
simplification on the accuracy of the model predictions is studied in Chapter 5. Vertical advective 
fluxes were neglected since these are much smaller than the turbulent fluxes.

2.1.3 C-14 specific activity in the canopy layer
At steady state, the specific C-14 activity in canopy air can be obtained by dividing the C-14 flux 
from this compartment by the flux of stable carbon from the same compartment. Moreover, if 
radio active decay of C-14 is neglected, then the C-14 flux from the canopy atmosphere will equal 
the net flux of C-14 into this compartment. Consequently, the C-14 specific activity in the canopy 
atmosphere, SA14C

(atmos,can) [BqkgC−1], can be expressed as the ratio between the flux of C-14 into the 
canopy atmosphere and the flux of stable carbon out of the canopy atmosphere:

 

 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴

−
�1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�. (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅)

𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅. ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 
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 RFL1ToCA =

Velexch,CA,L1

Velexch,L1,L2(1 − RFL2ToL1) + Velexch,CA,L1 + VelAdv,L1
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 (Eq 2-1)

where,

ReleaseRate is the area normalized release rate of C-14 to the canopy layer [Bq m−2 y−1],

FluxPP is the area normalized net flux of stable carbon from the canopy air to the primary 
producers [kgC m−2 y−1],

Fluxadv is the area normalized net flux of stable carbon from the canopy air by advective 
transport [kgC m−2 y−1], and

Fluxturb is the area normalized net flux of stable carbon from the canopy air by turbulent 
transport   [kgC m−2 y−1].

2.1.4 Release of C-14 to the canopy layer
In this context, the release rate of C-14 into the canopy layer [Bq m−2 y−1] consists of fluxes from 
soil degassing, including litter respiration and by degassing of irrigation water intercepted by plant 
leaves in cases in which the crops are irrigated with water contaminated with C-14. These fluxes 
represent inputs to the C14-SVAT model, which have to be estimated with other models. 

2.1.5 Flux to primary producers
The net flux of stable carbon, FluxPP [kgC m−2 y−1] to primary producers can be described with one 
equation for all terrestrial ecosystems:

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑

−
�1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�. (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅)

𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅. ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑
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𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿𝐿
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 − 𝜆𝜆𝜆𝜆.𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿𝐿
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= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶2 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶2 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑 − 𝜆𝜆𝜆𝜆.𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿𝐿

𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐
𝐿4𝐶𝐶𝐶𝐶 =  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅
𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(2.1) 

 = . ( 1  − ) (2.2) 

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 = Velexch,Ca,L𝐿 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 ∙ (1 − 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) (2.3) 

RFL𝐿ToCA =
Velexch,CA,L𝐿

Velexch,L𝐿,L𝐿(1 − RFL𝐿ToL𝐿) + Velexch,CA,L𝐿 + VelAdv,L𝐿

(2.4) 

RFL𝐿ToL𝐿 =
Velexch,L𝐿,L𝐿

Velexch,L𝐿,Upp + Velexch,L𝐿,L𝐿 + VelAdv,L𝐿

(2.5) 

Velexch,CA,L𝐿 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿𝐿)
(2.6)

Velexch,L𝐿,L𝐿 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿𝐿 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿𝐿)
(2.7) 

Velexch,L𝐿,Upp =
1

0.5 ∙ 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿𝐿
(2.8) 

resCA =
𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

resL𝐿 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿𝐿

resL𝐿 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿𝐿

(2.9) 

 (Eq 2-2)

where,

NPP is the area-specific net primary production in ecosystem i [kgC m−2 y−1], and

frootUptake is the fraction of carbon assimilated via root uptake [kgC kgC−1]. 
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2.1.6 Turbulent flux
The area normalized net turbulent flux of carbon [kgC m−2 y−1] from the canopy air is the product 
of the area specific turbulent upward flux of air and the carbon concentration in the atmospheric air, 
corrected for the downward turbulent back-flux of carbon. This flux is:

 

 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴

−
�1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�. (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅)

𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅. ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 
 

𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶2 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶2 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 
 
 
 
 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

(2.1) 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺. (1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) (2.2) 
  

 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 = Velexch,Ca,L1 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 ∙ (1 − 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) (2.3) 
 
 
 RFL1ToCA =

Velexch,CA,L1

Velexch,L1,L2(1 − RFL2ToL1) + Velexch,CA,L1 + VelAdv,L1
 (2.4) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
    (2.5) 

 
 
 

Velexch,CA,L1 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1)
 (2.6) 

  

Velexch,L1,L2 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.7) 

 
  

Velexch,L2,Upp =
1

0.5 ∙ 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.8) 

 
 

resCA =
𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

             resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.9) 

 
 
 
 

 (Eq 2-3)

where,

ConcC,atmos is the carbon concentration in atmospheric air [kgC m−3], 

Velexch,Ca,L1 is the velocity of air exchange between the canopy and first above canopy layer by 
turbulent transport [m y−1], and

RFL1ToCA is the carbon recycling factor from the first above-canopy layer to the canopy layer 
[unitless]. 

The carbon that enters the first above-canopy layer (L1), from the canopy layer, can be transported 
laterally with the advective flux of air, vertically to the second above-canopy layer or recycled back 
to the canopy layer by turbulent transport. The fraction that is transported by a specific pathway will 
depend on the relative magnitude of the air exchange velocity of this pathway, as compared with 
other competing pathways. The recycled fraction (RF) is calculated as the ratio of the velocity of air 
exchange between the canopy and first above-canopy layer and the total velocity of air exchange in 
the first above-canopy layer (Equation 2-4). This ratio corresponds to the probability that a molecule 
of stable carbon (and also C-14) released from the canopy layer to the first above-canopy layer, will 
be recycled back to the canopy layer.

 

 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴
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(2.1) 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺. (1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) (2.2) 
  

 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 = Velexch,Ca,L1 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 ∙ (1 − 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) (2.3) 
 
 
 RFL1ToCA =

Velexch,CA,L1

Velexch,L1,L2(1 − RFL2ToL1) + Velexch,CA,L1 + VelAdv,L1
 (2.4) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
    (2.5) 

 
 
 

Velexch,CA,L1 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1)
 (2.6) 

  

Velexch,L1,L2 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.7) 

 
  

Velexch,L2,Upp =
1

0.5 ∙ 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.8) 

 
 

resCA =
𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

             resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.9) 

 
 
 
 

 (Eq 2-4)

where,

Velexch,Ca,L1 is the velocity of air exchange between the canopy and first above canopy layer by 
turbulent transport [m y−1],

Velexch,L1,L2 is the velocity of air exchange between the first and second above-canopy layers by 
turbulent transport [m y−1],

VelAdv,L1 is the air exchange velocity of the first canopy layer by advective transport [m y−1] 
(see below), and

RFL2ToL1 is the carbon recycling factor from the second above-canopy layer to the first above-
canopy layer [unitless].

The Recycling Factor from the second (L2) to the first (L1) above-canopy layer is calculated 
similarly (see Equation 2-5). However, in this case, the recycling from the uppermost layer to 
the second above-canopy layer has been neglected for simplicity. This is justified by the fact that 
concentrations in air of stable carbon (and C-14) originated from the canopy layer substantially 
decrease with the height above canopy. As shown in Chapter 3, this simplification does not lead 
to a significant underestimation of the Recycling Factor. 
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𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶2 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶2 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 
 
 
 
 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

(2.1) 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺. (1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) (2.2) 
  

 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 = Velexch,Ca,L1 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 ∙ (1 − 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) (2.3) 
 
 
 RFL1ToCA =

Velexch,CA,L1

Velexch,L1,L2(1 − RFL2ToL1) + Velexch,CA,L1 + VelAdv,L1
 (2.4) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
    (2.5) 

 
 
 

Velexch,CA,L1 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1)
 (2.6) 

  

Velexch,L1,L2 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.7) 

 
  

Velexch,L2,Upp =
1

0.5 ∙ 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.8) 

 
 

resCA =
𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

             resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.9) 

 
 
 
 

 (Eq 2-5)

where, 

Velexch,L2,Upp is the velocity of air exchange between the second above canopy layer and upper layers 
of the atmosphere by turbulent transport [m y−1], and

VelAdv,L2 is the air exchange velocity of the second canopy layer by advective transport [m y−1].
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The upward turbulent exchange velocities, Velexch [m y−1], are calculated as the inverse of the average 
resistances of two adjacent layers, which follows from the definition of resistance (see below). For 
simplicity, the resistance of the uppermost layer (above the second above-canopy layer) has been 
neglected. This simplification is justified by the fact that the resistance decreases substantially with 
height and, as shown in Chapter 5, this simplification does not lead to significant overestimation 
of the exchange rates. The equations used for calculating the exchange velocities are:

 

 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴

−
�1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�. (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅)

𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅. ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 
 

𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶2 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶2 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 
 
 
 
 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

(2.1) 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺. (1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) (2.2) 
  

 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 = Velexch,Ca,L1 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 ∙ (1 − 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) (2.3) 
 
 
 RFL1ToCA =

Velexch,CA,L1

Velexch,L1,L2(1 − RFL2ToL1) + Velexch,CA,L1 + VelAdv,L1
 (2.4) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
    (2.5) 

 
 
 

Velexch,CA,L1 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1)
 (2.6) 

  

Velexch,L1,L2 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.7) 

 
  

Velexch,L2,Upp =
1

0.5 ∙ 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.8) 

 
 

resCA =
𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

             resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.9) 

 
 
 
 

 (Eq 2-6)

 

 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴

−
�1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�. (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅)

𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅. ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 
 

𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶2 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶2 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 
 
 
 
 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

(2.1) 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺. (1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) (2.2) 
  

 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 = Velexch,Ca,L1 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 ∙ (1 − 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) (2.3) 
 
 
 RFL1ToCA =

Velexch,CA,L1

Velexch,L1,L2(1 − RFL2ToL1) + Velexch,CA,L1 + VelAdv,L1
 (2.4) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
    (2.5) 

 
 
 

Velexch,CA,L1 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1)
 (2.6) 

  

Velexch,L1,L2 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.7) 

 
  

Velexch,L2,Upp =
1

0.5 ∙ 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.8) 

 
 

resCA =
𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

             resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.9) 

 
 
 
 

 (Eq 2-7)

 

 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴

−
�1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�. (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅)

𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅. ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 
 

𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶2 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶2 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 
 
 
 
 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

(2.1) 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺. (1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) (2.2) 
  

 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 = Velexch,Ca,L1 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 ∙ (1 − 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) (2.3) 
 
 
 RFL1ToCA =

Velexch,CA,L1

Velexch,L1,L2(1 − RFL2ToL1) + Velexch,CA,L1 + VelAdv,L1
 (2.4) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
    (2.5) 

 
 
 

Velexch,CA,L1 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1)
 (2.6) 

  

Velexch,L1,L2 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.7) 

 
  

Velexch,L2,Upp =
1

0.5 ∙ 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.8) 

 
 

resCA =
𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

             resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.9) 

 
 
 
 

 (Eq 2-8)

where,

resCA is the resistance of the canopy layer to turbulent transport [y m−1],

resL1 is the resistance of the first above-canopy layer to turbulent transport [y m−1], and

resL2 is the resistance of the second above-canopy layer to turbulent transport [y m−1].

The resistance to turbulent transport, res [y m−1], of an atmospheric layer is defined as the ratio 
between the thickness and the eddy diffusion coefficient of the layer (Wilson 1989, Wilson and 
Sawford 1996, Finnigan 2000, Baldocchi et al. 1983, Shuttleworth and Wallace 1985, Shuttleworth 
and Gurney 1990):

 

 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴

−
�1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�. (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅)

𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅. ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

 
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶1 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 
 

𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶2 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶1𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶2 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1 − 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,𝐶𝐶𝐶𝐶2𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑 − 𝜆𝜆𝜆𝜆.𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 
 
 
 
 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 + 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

(2.1) 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺. (1 − 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) (2.2) 
  

 

 
 
 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 = Velexch,Ca,L1 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 ∙ (1 − 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) (2.3) 
 
 
 RFL1ToCA =

Velexch,CA,L1

Velexch,L1,L2(1 − RFL2ToL1) + Velexch,CA,L1 + VelAdv,L1
 (2.4) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
    (2.5) 

 
 
 

Velexch,CA,L1 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1)
 (2.6) 

  

Velexch,L1,L2 =
1

0.5(𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.7) 

 
  

Velexch,L2,Upp =
1

0.5 ∙ 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.8) 

 
 

resCA =
𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

             resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.9) 

 
 
 
 

 (Eq 2-9)

where,

z is the thickness of the atmospheric layer (canopy, first and second above the canopy) [m], and 

D is the eddy diffusion coefficient of corresponding layer [m2 y−1].

For the above canopy layers (L1 and L2), we assume that the eddy diffusion coefficient at a given 
height above the ground (h) is proportional to the height above the displacement plane (heightdispl), 
i.e. to (h – heightdispl). Under this assumption the eddy diffusion coefficients, D [m2 y−1], for these 
layers become:

 

 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 −  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
   

  
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  

(2.10) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.11) 

 
 
 
 
 

Coeffext = �
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿 ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡
           Lm = �4 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡ℎ ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝜋𝜋𝜋𝜋 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿
               

(2.13) 

 
 
 

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = VelAdv,CA ∙ 𝑐𝑐𝑐𝑐𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 
 

(2.14) 

 
 

VelAdv =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎 ∙ 𝑧𝑧𝑧𝑧
√𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

             (2.15) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿1 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧0
� − 1��        (2.16) 

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿2 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1��  

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
1 − 𝑅𝑅𝑅𝑅−𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡

            
(2.17) 

 
 

 (Eq 2-10)

where,

Karmanconst is the von Karman constant [unitless],

Velfrict is the friction velocity [m y−1],

heightCA/L1/L2  is the height above the ground of the upper boundary of the canopy, the L1 and the L2  
layers, respectively [m], and

heightdispl is the height of the displacement plane assumed to be 75 % of the canopy height [m].
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The displacement plane is the height above the surface where the wind speed is taken to fall to 
zero. This is assumed to lie within the canopy. The friction velocity (also called shear velocity) is 
a convenient way of defining a velocity scale close to a surface, by which the shear stress may be 
re-written in units of velocity. The friction velocity is calculated from the wind speed at reference 
height, assuming that the wind speed increases logarithmically with height:

 

 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 −  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
   

  
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  

(2.10) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.11) 

 
 
 
 
 

Coeffext = �
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿 ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡
           Lm = �4 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡ℎ ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝜋𝜋𝜋𝜋 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿
               

(2.13) 

 
 
 

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = VelAdv,CA ∙ 𝑐𝑐𝑐𝑐𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 
 

(2.14) 

 
 

VelAdv =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎 ∙ 𝑧𝑧𝑧𝑧
√𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

             (2.15) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿1 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧0
� − 1��        (2.16) 

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿2 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1��  

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
1 − 𝑅𝑅𝑅𝑅−𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡

            
(2.17) 

 
 

 (Eq 2-11)

where,

Velwind,heigh,ref,ter is the wind speed at the reference height heightref,ter [m y−1],

heightref,ter is the reference height [m], and

z0 is the roughness length, assumed to be 10 % of the canopy height [m].

More rigorously, Equation 2-10 should only be used for above-canopy layers in neutral atmospheric 
stability conditions. For other stability conditions and short time scales, it is necessary to account for 
the impact from the canopy on the turbulence in the layers that are immediately above the canopy 
(Tagesson 2012). However, for the time scales of relevance for this safety assessment (seasonal or 
annual) corrections for other stability conditions have negligible effects on the calculated turbulent 
fluxes and activity concentrations in the air (see Chapter 4).

Nevertheless, using Equation 2-10 for the canopy layer would lead to overestimation of the eddy 
diffusion coefficients and the turbulent upward fluxes of air. Instead, an exponential dependency of 
the eddy diffusion coefficients with height is commonly assumed (Shuttleworth and Gurney 1990). 
With an exponential dependency, the eddy diffusion coefficient of the canopy layer, DCA [m2 y−1], 
becomes:

 

 

 

DCA =
𝐷𝐷𝐷𝐷(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 1

             
 

 𝐷𝐷𝐷𝐷(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) = 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒 ∙ 𝑉𝑉𝑉𝑉𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒 ∙ (𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)              

(2.12) 

 

 (Eq 2-12)

where,

D(zCA) is the eddy diffusion coefficient at the canopy height [m2 y−1], and

Coeffext  is the extinction coefficient [unitless].

The extinction coefficient, Coeffext [unitless], determinates the rate of decrease of the eddy diffusion 
coefficient with height in the canopy. It is calculated from canopy properties such as the leaf drag 
and the mixing length inside the canopy (Kustas 1990):

 

 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 −  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
   

  
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  

(2.10) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.11) 

 
 
 
 
 

Coeffext = �
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿 ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡
           Lm = �4 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡ℎ ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝜋𝜋𝜋𝜋 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿
               

(2.13) 

 
 
 

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = VelAdv,CA ∙ 𝑐𝑐𝑐𝑐𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 
 

(2.14) 

 
 

VelAdv =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎 ∙ 𝑧𝑧𝑧𝑧
√𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

             (2.15) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿1 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧0
� − 1��        (2.16) 

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿2 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1��  

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
1 − 𝑅𝑅𝑅𝑅−𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡

            
(2.17) 

 
 

 (Eq 2-13)

where,

dragCoef is the drag coefficient of the canopy [unitless],

LAI is the leaf area index of the canopy of mire vegetation or cultivated species [m2 m−2],

Lm is the mean mixing length inside the canopy [m], and leafwidth is the leaf width of mire-
canopy-forming vegetation or cultivated species [m].
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The approach adopted for calculation of the eddy diffusion coefficient at the canopy height 
(Equation 2-12) has the implicit assumption that there is continuity of the diffusion coefficient at 
the border between the above canopy and canopy layers. However, it is known that turbulence at 
the top of the canopy is greatly increased and therefore a discontinuous profile of the eddy diffusion 
coefficient might be more appropriate. The effect on the predictions of the profile of C-14 concentra-
tions of the assumptions about the continuity of the eddy diffusion coefficient is further discussed in 
Chapter 5. 

2.1.7 Advective flux 
The recycling to the canopy air of C-12 (and C-14) that is laterally transported from this layer by 
advection can be neglected, because substantial dilution takes place downstream. Hence, the total flux 
of carbon by advective transport can be used in Equation 2-1, instead of the net flux. The area specific 
total advective flux of carbon from the canopy layer, Fluxadv [kgC m−2 y−1], is the product of the area-
specific horizontal advective flux of air and the concentration of stable carbon in the canopy air:

 

 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 −  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
   

  
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  

(2.10) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.11) 

 
 
 
 
 

Coeffext = �
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿 ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡
           Lm = �4 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡ℎ ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝜋𝜋𝜋𝜋 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿
               

(2.13) 

 
 
 

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = VelAdv,CA ∙ 𝑐𝑐𝑐𝑐𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 
 

(2.14) 

 
 

VelAdv =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎 ∙ 𝑧𝑧𝑧𝑧
√𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

             (2.15) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿1 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧0
� − 1��        (2.16) 

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿2 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1��  

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
1 − 𝑅𝑅𝑅𝑅−𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡

            
(2.17) 

 
 

 (Eq 2-14)

where,

concC,atmos is the carbon concentration in the canopy layer [kgC m−3], and 

VelAdv,CA is the air-exchange velocity of the canopy layer by advective transport [m y−1].

The advective air-exchange velocity is defined as the advective flux of air through a plane per-
pendicular to the main wind direction, normalized by the area of the object. To parameterise the 
exchange velocity, the atmospheric layers are represented for simplicity as a cube with an area 
equal to the area of the object that receives the releases and a height equal to the thickness of 
the corresponding atmospheric layer. Usage of a circular area, instead of a cube, might be more 
appropriate. However, this does not lead to significant difference in the calculated values of the 
 air-exchange velocity. For the assumed geometry, the advective exchange velocities, VelAdv [m y−1], 
of the different layers (Canopy, L1 and L2) can be calculated with the following equation:

 

 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 −  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
   

  
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  

(2.10) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.11) 

 
 
 
 
 

Coeffext = �
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿 ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡
           Lm = �4 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡ℎ ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝜋𝜋𝜋𝜋 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿
               

(2.13) 

 
 
 

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = VelAdv,CA ∙ 𝑐𝑐𝑐𝑐𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 
 

(2.14) 

 
 

VelAdv =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎 ∙ 𝑧𝑧𝑧𝑧
√𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

             (2.15) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿1 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧0
� − 1��        (2.16) 

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿2 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1��  

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
1 − 𝑅𝑅𝑅𝑅−𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡

            
(2.17) 

 
 

 (Eq 2-15)

where,

Velwind is the average wind speed in the corresponding atmospheric layer [m y−1], 

area is the surface area of the vegetated land receiving the C-14 releases [m2],

z is the thickness of the corresponding atmospheric layer [m].

For the above canopy layers (L1 and L2) the wind speed is assumed to increase as a logarithmic 
function of height above the displacement plane (HAD). Thus the average wind speed in these layers 
can be expressed as:

 

 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 −  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
   

  
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  

(2.10) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.11) 

 
 
 
 
 

Coeffext = �
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿 ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡
           Lm = �4 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡ℎ ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝜋𝜋𝜋𝜋 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿
               

(2.13) 

 
 
 

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = VelAdv,CA ∙ 𝑐𝑐𝑐𝑐𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 
 

(2.14) 

 
 

VelAdv =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎 ∙ 𝑧𝑧𝑧𝑧
√𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

             (2.15) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿1 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧0
� − 1��        (2.16) 

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿2 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1��  

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
1 − 𝑅𝑅𝑅𝑅−𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡

            
(2.17) 

 
 

  (Eq 2-16)
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where,

Karmanconst is the von Karman constant [unitless],

Velfrict is the friction velocity [m y−1],

heightCA/L1/L2  is the height above the ground of the upper boundary of the canopy, the L1 and the L2  
layers, respectively [m],

heightdispl is the height of the displacement plane assumed to be 75 % of the canopy height [m],

z is the thickness of an atmospheric layer (canopy, first and second above the canopy) 
[m], 

z0  is the roughness length, assumed to be 10 % of the canopy height [m].

For the canopy layer (CA) the wind speed is assumed to increase as an exponential function of 
height above the ground (Shutleworth and Gurney 1990). Thus the average wind speed in the layer 
can be calculated as:

 

 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 −  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

�
   

  
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  

(2.10) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.11) 

 
 
 
 
 

Coeffext = �
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿 ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡
           Lm = �4 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡ℎ ∙ 𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝜋𝜋𝜋𝜋 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿
               

(2.13) 

 
 
 

𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = VelAdv,CA ∙ 𝑐𝑐𝑐𝑐𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 
 

(2.14) 

 
 

VelAdv =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎 ∙ 𝑧𝑧𝑧𝑧
√𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

             (2.15) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿1 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝑧𝑧0
� − 1��        (2.16) 

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿1 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿1 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐿𝐿𝐿𝐿2 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧0
� − 1� − �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1��  

 
𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿2 =  ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿2 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 
 
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 = 0.75 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
1 − 𝑅𝑅𝑅𝑅−𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡

            
(2.17) 

 
 

 (Eq 2-17)

where,

Velwind (zCA) is the wind speed at the canopy height [m y−1], and

Coeffext is the extinction coefficient [unitless] (see Equation 2-13).

From the logarithmic wind profile above the displacement plane, assumed for the above-canopy 
layers, the wind speed at the canopy height can be calculated as:

 

 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �

𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑧𝑧𝑧𝑧0

�          (2.18) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

14𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
14𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 (2.19) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
14𝐶𝐶𝐶𝐶 ∙ 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (2.20) 

 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

Velexch,L1,L2(1 − RFL2ToL1) + VelAdv,L1
 

 

(2.21) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
 (2.22) 

 
 
 
  

Velexch,L1,L2 =
1

0.5(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.23) 

 

  

Velexch,L2,Upp =
1

0.5 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.24) 

 
 

resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.25) 

 
 
 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1𝑧𝑧𝑧𝑧0
�

       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 + 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

�
    

 

(2.26) 

 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.27) 

 
 

 (Eq 2-18)

2.1.8 Activity concentrations
The main output of the atmosphere sub-model is the C-14 specific activity in the canopy atmo-
sphere (Equation 2-1), which is used to calculate plant uptake and the activity concentration in crop 
biomass. For this, the specific activity of the newly created biomass is assumed to equal the specific 
activity in the canopy atmosphere (Avila and Pröhl 2008). In addition, the C-14 activity concentra-
tion in air is calculated, which is used to estimate exposure from inhalation. For ecosystems with a 
canopy height above 2 m, the activity concentration in the canopy air can be used to calculate inhala-
tion doses. However, as cultivated crops have a limited height (< 1m), the activity concentration in 
the first above-canopy layer is used for this purpose. The C-14 activity concentration in atmospheric 
air,  AC 14C

atmos,CA [Bq m−3] of the canopy layer is calculated as: 

 

 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �

𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑧𝑧𝑧𝑧0

�          (2.18) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

14𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
14𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 (2.19) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
14𝐶𝐶𝐶𝐶 ∙ 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (2.20) 

 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

Velexch,L1,L2(1 − RFL2ToL1) + VelAdv,L1
 

 

(2.21) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
 (2.22) 

 
 
 
  

Velexch,L1,L2 =
1

0.5(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.23) 

 

  

Velexch,L2,Upp =
1

0.5 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.24) 

 
 

resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.25) 

 
 
 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1𝑧𝑧𝑧𝑧0
�

       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 + 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

�
    

 

(2.26) 

 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.27) 

 
 

 (Eq 2-19)

where,

SA14C
atmos,can the C-14 specific activity in the canopy atmosphere, [Bq kgC−1],

ConcC,atmos is the carbon concentration in air [kgC m−3]. 

In this assessment, the same value of carbon concentration in air has been used in Equations 2-3 
and 2-19. More rigorously, in Equation 2-3 the value corresponding to the first above-canopy layer 
should have been used and in Equation 2-19 the value for the canopy layer would have been more 
appropriate. However, the difference between these values is negligible for this assessment context 
(see Chapter 5) and, for this reason; a general value of carbon concentration in air has been used in 
both equations.
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The area normalized C-14 flux from the canopy layer to the first above-canopy layer equals the C-14 
activity concentration in the canopy air (Equation 2-19) times the velocity or air exchange between 
these layers, which is the numerator in Equation 2-4. At the same time, the total area normalized 
C-14 flux from the first above-canopy layer equals the C-14 activity concentration in this layer times 
the total velocity of air exchange of this layer, which is the denominator in Equation 2-5. At steady 
state, these two fluxes equal each other. From these considerations, the following equation for the 
C-14 activity concentration in the atmospheric air of the first above-canopy layer is obtained:

 

 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �

𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑧𝑧𝑧𝑧0

�          (2.18) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

14𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
14𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 (2.19) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
14𝐶𝐶𝐶𝐶 ∙ 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (2.20) 

 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

Velexch,L1,L2(1 − RFL2ToL1) + VelAdv,L1
 

 

(2.21) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
 (2.22) 

 
 
 
  

Velexch,L1,L2 =
1

0.5(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.23) 

 

  

Velexch,L2,Upp =
1

0.5 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.24) 

 
 

resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.25) 

 
 
 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1𝑧𝑧𝑧𝑧0
�

       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 + 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

�
    

 

(2.26) 

 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.27) 

 
 

 (Eq 2-20)

where,

RFL1ToCA is the carbon recycling factor from the first above-canopy layer to the canopy layer 
[unitless].

2.2 Surface atmosphere above water bodies
The conceptual model of the near-surface atmosphere above water bodies includes two atmospheric 
layers and is similar to the model presented in Figure 2-1, but without the canopy layer. C-14 is 
released to the layer closest to the water surface (see below), and it is assumed that C-14 will be fully 
mixed with stable carbon (C-12) in all atmosphere layers. Both isotopes are transported vertically 
by turbulence and laterally with the advective flux of air, and steady-state conditions are assumed 
to apply at the time scale relevant for the safety assessment (i.e. over a year). The target endpoint of 
the model is the C-14 activity concentration in atmospheric air, used in the calculation of the reverse 
C-14 flux from the atmosphere to the surface water. 

The first atmospheric layer, the L1 layer, extends from the water surface to a height of 1 m. This 
is the layer where gas exchange between air and water occurs. The second layer is required for 
representation of recycling of C-14 with turbulent transport. The assumed thickness of this layer 
has only a slight impact on the prediction of the target endpoint.

2.2.1 Activity concentrations in atmospheric air
The C-14 activity concentration in the first layer, L1, can be obtained by dividing the area normal-
ized release of C-14 into this layer by the total velocity of air exchange of this layer, including the 
net air exchange with the second layer, L2 by turbulent transport and the lateral air exchange by 
advective transport:

 

 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �

𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑧𝑧𝑧𝑧0

�          (2.18) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

14𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
14𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 (2.19) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
14𝐶𝐶𝐶𝐶 ∙ 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (2.20) 

 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

Velexch,L1,L2(1 − RFL2ToL1) + VelAdv,L1
 

 

(2.21) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
 (2.22) 

 
 
 
  

Velexch,L1,L2 =
1

0.5(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.23) 

 

  

Velexch,L2,Upp =
1

0.5 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.24) 

 
 

resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.25) 

 
 
 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1𝑧𝑧𝑧𝑧0
�

       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 + 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

�
    

 

(2.26) 

 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.27) 

 
 

 (Eq 2-21)

where,

ReleaseRate is the area normalized release rate of C-14 from the water to the L1 layer [Bq m−2 y−1],

Velexch,L1,L2 is the velocity of air exchange between the first, L1, and second, L2, layers by turbulent  
transport [m y−1],

VelAdv,L1  is the air exchange velocity of the L1 layer by advective transport [m y−1], and

RFL2ToL1  is the air recycling factor from the second layer to the first layer by turbulent transport  
 [unitless]. 

2.2.2 Turbulent fluxes
The equation for the Recycling Factor, RF [unitless], from L2 to L1 is the same equation which is 
presented in Section 2.1.6 for the surface atmosphere above vegetated land:

 

 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �

𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑧𝑧𝑧𝑧0

�          (2.18) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

14𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
14𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 (2.19) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
14𝐶𝐶𝐶𝐶 ∙ 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (2.20) 

 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

Velexch,L1,L2(1 − RFL2ToL1) + VelAdv,L1
 

 

(2.21) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
 (2.22) 

 
 
 
  

Velexch,L1,L2 =
1

0.5(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.23) 

 

  

Velexch,L2,Upp =
1

0.5 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.24) 

 
 

resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.25) 

 
 
 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1𝑧𝑧𝑧𝑧0
�

       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 + 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

�
    

 

(2.26) 

 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.27) 

 
 

 (Eq 2-22)
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where, 

Velexch,L1,L2 is the velocity of air exchange between the first and second layers by turbulent 
transport [m y−1],

Velexch,L2,Upp is the velocity of air exchange between the second and upper layers of the atmosphere 
by turbulent transport [m y−1],

VelAdv,L2 is the air exchange velocity of the second layer by advective transport [m y−1].

The upward turbulent exchange velocities, Velexch [m y−1], are calculated as the inverse of the 
average resistance of the two adjacent layers, which follows from the definition of resistance (see 
Section 2.1.6). For simplicity, the resistance of the uppermost layer (above L2) has been neglected. 
This simplification is justified by the fact that the resistance decreases substantially with height and, 
as shown in Chapter 5, this simplification does not lead to significant overestimation of the exchange 
rates. The equations used for calculating the exchange velocities are:

 

 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �

𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑧𝑧𝑧𝑧0

�          (2.18) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

14𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
14𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 (2.19) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
14𝐶𝐶𝐶𝐶 ∙ 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (2.20) 

 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

Velexch,L1,L2(1 − RFL2ToL1) + VelAdv,L1
 

 

(2.21) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
 (2.22) 

 
 
 
  

Velexch,L1,L2 =
1

0.5(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.23) 

 

  

Velexch,L2,Upp =
1

0.5 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.24) 

 
 

resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.25) 

 
 
 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1𝑧𝑧𝑧𝑧0
�

       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 + 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

�
    

 

(2.26) 

 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.27) 

 
 

 (Eq 2-23)

 

 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �

𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑧𝑧𝑧𝑧0

�          (2.18) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

14𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
14𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 (2.19) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
14𝐶𝐶𝐶𝐶 ∙ 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (2.20) 

 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

Velexch,L1,L2(1 − RFL2ToL1) + VelAdv,L1
 

 

(2.21) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
 (2.22) 

 
 
 
  

Velexch,L1,L2 =
1

0.5(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.23) 

 

  

Velexch,L2,Upp =
1

0.5 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.24) 

 
 

resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.25) 

 
 
 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1𝑧𝑧𝑧𝑧0
�

       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 + 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

�
    

 

(2.26) 

 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.27) 

 
 

 (Eq 2-24)

where,

resL1 is the resistance of the first layer to turbulent transport [y m−1], and

resL2 is the resistance of the second layer to turbulent transport [y m−1].

The resistance to turbulent transport, res [y m−1], of an atmospheric layer is defined in the same way 
as in Section 2.1.6:

 

 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �

𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑧𝑧𝑧𝑧0

�          (2.18) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

14𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
14𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 (2.19) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
14𝐶𝐶𝐶𝐶 ∙ 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (2.20) 

 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

Velexch,L1,L2(1 − RFL2ToL1) + VelAdv,L1
 

 

(2.21) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
 (2.22) 

 
 
 
  

Velexch,L1,L2 =
1

0.5(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.23) 

 

  

Velexch,L2,Upp =
1

0.5 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.24) 

 
 

resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.25) 

 
 
 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1𝑧𝑧𝑧𝑧0
�

       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 + 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

�
    

 

(2.26) 

 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.27) 

 
 

 (Eq 2-25)

where,

z is the thickness of an atmospheric layer (first and second above the canopy) [m], and 

D is the eddy diffusion coefficient of corresponding layer [m2 y−1],

For both layers (L1 and L2), we assume that the eddy diffusion coefficient is proportional to the 
height above the water. Under this assumption, the eddy diffusion coefficients, D [m2 y−1], for these 
layers become:

 

 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �

𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑧𝑧𝑧𝑧0

�          (2.18) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

14𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
14𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 (2.19) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
14𝐶𝐶𝐶𝐶 ∙ 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (2.20) 

 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

Velexch,L1,L2(1 − RFL2ToL1) + VelAdv,L1
 

 

(2.21) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
 (2.22) 

 
 
 
  

Velexch,L1,L2 =
1

0.5(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.23) 

 

  

Velexch,L2,Upp =
1

0.5 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.24) 

 
 

resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.25) 

 
 
 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1𝑧𝑧𝑧𝑧0
�

       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 + 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

�
    

 

(2.26) 

 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.27) 

 
 

 (Eq 2-26)

where,

Karmanconst is the von Karman constant [unitless],

Velfrict is the friction velocity [m y−1], and

z0 is the roughness length [m].



22 SKB R-15-09

The friction velocity, Velfrict [m y−1], is calculated from the wind speed at a reference height, assuming 
that the wind speed increases logarithmically with height:

 

 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐
∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �

𝑧𝑧𝑧𝑧𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑧𝑧𝑧𝑧0

�          (2.18) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

14𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓
14𝐶𝐶𝐶𝐶 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶,𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡 (2.19) 

 
 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
14𝐶𝐶𝐶𝐶 ∙ 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿1𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (2.20) 

 
 
 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡,𝐿𝐿𝐿𝐿1

14𝐶𝐶𝐶𝐶 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅

Velexch,L1,L2(1 − RFL2ToL1) + VelAdv,L1
 

 

(2.21) 

 
 

RFL2ToL1 =
Velexch,L1,L2

Velexch,L2,Upp + Velexch,L1,L2 + VelAdv,L2
 (2.22) 

 
 
 
  

Velexch,L1,L2 =
1

0.5(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2)
 (2.23) 

 

  

Velexch,L2,Upp =
1

0.5 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿2
 (2.24) 

 
 

resL1 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿1

            resL2 =
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿2

 (2.25) 

 
 
 

DL1 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1𝑧𝑧𝑧𝑧0
�

       

 

DL2 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1 + 𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

�
    

 

(2.26) 

 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,ℎ𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒ℎ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑧𝑧𝑧𝑧0
�

       

 
𝑧𝑧𝑧𝑧0 = 0.1 ∙ ℎ𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                    

(2.27) 

 
 

 (Eq 2-27)

where,

Velwind,heigh,ref,ter is the wind speed reference height heightref,ter [m y−1], and

heightref,ter is the reference height [m].

2.2.3 Advective fluxes 
The advective fluxes, VelAdv [m y−1], from the L1 and L2 layers are defined and calculated in the same 
way as in Section 2.1.7, with the following equation:

 

 

VelAdv,i =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑓𝑓𝑓𝑓 ∙ 𝑧𝑧𝑧𝑧𝑓𝑓𝑓𝑓
√𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

             𝑒𝑒𝑒𝑒 = {𝐶𝐶𝐶𝐶1, 𝐶𝐶𝐶𝐶2} (2.28) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐿𝐿𝐿𝐿1 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��ln �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1� + 𝑧𝑧𝑧𝑧0

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
�         (2.29) 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐿𝐿𝐿𝐿2 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1+𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1+𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧0
� − 1� − �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1��  
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where,

Velwind is the average wind speed in the two atmospheric layers [m y−1],

z is the thickness of the L1 and L2 layers [m],

area is the surface area of water body [m2], and

i is the index for the first and second layers.

For the L1 and L2 layers, the wind speed is assumed to increase as a logarithmic function of height. 
Thus, the average wind speed in these layers, Velwind [m y−1] can be expressed as:

 

 

VelAdv,i =
𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑓𝑓𝑓𝑓 ∙ 𝑧𝑧𝑧𝑧𝑓𝑓𝑓𝑓
√𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

             𝑒𝑒𝑒𝑒 = {𝐶𝐶𝐶𝐶1, 𝐶𝐶𝐶𝐶2} (2.28) 

 
 
 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐿𝐿𝐿𝐿1 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��ln �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1� + 𝑧𝑧𝑧𝑧0

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1
�         (2.29) 

 

𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑤𝑤𝑤𝑤𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐿𝐿𝐿𝐿2 =
𝑉𝑉𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐾𝐾𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓
��𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1+𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1+𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2

𝑧𝑧𝑧𝑧0
� − 1� − �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿2
� �ln �𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿1

𝑧𝑧𝑧𝑧0
� − 1��  

 

 (Eq 2-29)

where,

Velfrict is the friction velocity [m y−1] (see Equation 2-11),

Karmanconst is the von Karman constant [unitless],

z is the thickness of the L1 and L2 layers [m], and

z0  is the roughness length [m].
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3 Lagrangian model of turbulent transport

One difficulty in modelling of C-14 dispersion in the atmosphere in presence of plant canopies is 
the parameterization of the turbulent exchange processes. This difficulty arises from the fact that in 
the so-called roughness sub-layer (RSL) – inside and above canopy, up to a height of approximately 
3 times the height of the canopy, the well-known similarity relationships (which are usually valid in 
the atmospheric surface layer up to heights of about 50–200 m) are violated. 

Up to now, several approaches of different levels of complexity have been developed to account for 
the influence of RSL on turbulent transport. The most widely adopted approaches are: 1) modifica-
tions of the turbulent diffusion coefficient using various parameterizations of turbulence inside the 
canopy; 2) the so-called Linearized Near-Field Theory (LNF) developed by Raupach (1989) on the 
basis of the Lagrangian principles, which to some extent accounts for the non-local nature of turbu-
lence inside the canopy; and 3) more comprehensive and computationally demanding higher-order 
turbulence closure schemes. 

The first approach has been implemented in the C14-SVAT model described in Chapter 2, although 
in a simplified way. In this chapter, we describe the implementation of a model based on the second 
approach, which hereafter will be called the Lagrangian model. This model is based on the LNF 
theory as described in Harman and Finnigan (2008) (which will be further referenced here as HF08), 
where a gradient parameterization of turbulent momentum and concentration fluxes above a ‘deep’ 
canopy was proposed. The HF08 parameterization takes into account the influence of the RSL on 
the vertical distribution of the turbulent diffusion and viscosity coefficients. In HF08, the correction 
functions used in the parameterization were derived analytically by fitting velocity and concentra-
tion profiles inside and above the canopy. The profiles inside the canopy are obtained by using the 
assumption of constant mixing length. At present, HF08 is the most state-of-art parameterization of 
turbulent diffusion coefficients in the presence of a plant canopy. 

The model equations of the Lagrangian model are presented in Chapter 3.1 using the nomenclature 
presented in Appendix 1. The parameterization proposed in HF08, and used in the Lagrangian model, 
is presented in Section 3.2 and finally the methods used for solution of the model equations are 
presented in Sections 3.3 and 3.4. 

3.1 Model equations
The Lagrangian model developed in this work considers the case of a horizontally homogeneous 
canopy covering a flat terrain and assumes constant and homogeneous meteorological conditions. 
The area of the canopy is sufficiently large, so that lateral advective fluxes in the central part of the 
canopy can be neglected, since they are compensated. Thus, ignoring advective fluxes, a simple 
one-dimensional model describing the turbulent transport with the following equations for the 
concentrations of CO2 (C(z)) and of 14CO2 (C14(z)) can be used: 

( ) ( ) ( )/ /c R PdK dC dz dz S z S z− = −  (Eq 3-1)

( ) ( )
( ) ( )

14
14 / /c P

C z
dK dC dz dz S z

C z
 

− = −   
 (Eq 3-2)

Here SR(z), Sp(z) are source rates (per unit volume) of CO2 due to respiration and photosynthesis 
respectively. The respiration rate is not included in right hand side of Equation 3-2, since it is 
assumed that all C-14 comes from ground, which is taken into account in the boundary conditions. 
The boundary conditions at the reference height H are assumed to be known:

r
rz z

C C
=

= , 14 0
rz z

C
=

=  (Eq 3-3)
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The fluxes of CO2 and C-14 at the ground surface are assumed to be known:

( ) 00
/c z

K dC dz R
=

− =  (Eq 3-4)

( )14

0
/c Sz

K dC dz Q
=

− =  (Eq 3-5)

The flux of 14CO2 at the ground surface (Qs) may be related to the respiration flux at the ground 
surface R0, i.e. it may be a certain fraction of R0, or it may be an independent parameter. 

Alternative forms of Equations 3-1 to 3-5 are the equations for fluxes, which will be also used 
further here:

( ) ( ) ( )( ) ( ) ( )0
0

/
z

c R PK dC dz R S z S z dz R z P z− = + − = −∫   (Eq 3-6)

( ) ( )
( ) ( ) ( ) ( ) ( )

14
14 14

0 0

1/
z z

c s P s P
r

C z
K dC dz Q S z dz Q C z S z dz Q z

C z C
 

− = − ≈ − =   
∫ ∫   (Eq 3-7)

The 1/C(z) in the right hand side of Equation 3-7 has been substituted with 1/Cr,  based on the fact 
that normally: | (C(z) – Cr)/Cr | << 1.

The relationships in HF08 are used to define the vertical profiles of Kc (z). Alternatively, inside the 
canopy turbulent diffusivity profiles can be parameterized using empirical relationships found in 
literature, as described below. 

3.2 Relationships used in HF08 for the diffusion coefficient
In Belcher et al. (2012), Harman and Fiinnigan (2007) and HF08 a theory has been developed that 
takes into account the influence of the roughness sub-layer on the turbulent exchange of momentum 
and scalars above a deep canopy. Below we review in brief the main relationships used in HF08 
and the assumptions made therein. However, some of the notation is changed as compared to HF08, 
where this was found to be convenient for the purposes of the present study. In particular, we choose 
a coordinate origin at the ground and not at the canopy height as is the case in HF08. The reason is 
that HF08 considers the asymptotic case of an infinitely deep canopy and therefore the canopy 
height does not influence the vertical profiles of velocities and concentrations. In our practical case, 
the canopy depth is finite and therefore the canopy height is an important parameter.

Following Garratt (1980), the common relationship for the vertical turbulent exchange coefficient of 
momentum and scalar quantities (such as humidity, temperature and contaminant’s concentration) in 
the inertial above-canopy sub-layer of the surface layer is modified to account for the influence of 
the roughness sub-layer on turbulence exchange:

( ) ( )
( )( ) ( )

* *
( )

( ) ( ) ( ) *ˆ/ ( ) /m c
m c m c m c

u z d u z d
K

z d L z d z
κ κ

ϕ ϕ
− −

= =
Φ − −

  (Eq 3-8)

The stability correction functions φm(c) have been widely studied (see Arya 2001 for a review). 
In  several works, correction functions accounting for the roughness sub-layer influence  φ̂m(c) 
have been parameterized by using empirical relationships (e.g. Garratt 1980, Mölder et al. 1999). 
In HF08, the relationships for φ̂m(c) are derived by matching inside- and above-canopy distributions 
at the canopy height, under the assumptions listed below. 

In HF08, the canopy is considered to be sufficiently deep, i.e. all momentum drag is produced 
by canopy elements and not by the underlying soil. Thus, the lower boundary condition for the 
momentum is: qm|z=−∞ = 0. The mixing-length turbulence closure is used both inside and above the 
canopy, according to which turbulent momentum and concentration fluxes are expressed using 
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mixing lengths lm  and lc = lm/Sc as: �u'w'�	=	−l 2
m(dU/dz)2, �C'w'� =	−lmlc | dU/dz | (dC/dz). Length 

scales lm(c), frontal leaf area per unit volume a and turbulent Schmidt number are taken to be constant 
inside the canopy. Stability effects are taken into account only above the canopy. Taking into account 
the listed assumptions, wind and scalar profiles inside the canopy are controlled by the following 
parameters: velocity Uh at canopy height and concentration C0 at foliage surface; ratio of friction 
velocity u* to reference wind velocity at canopy height Uh: β = u*/Uh ; length scale Lc depending 
on the drag coefficient at the leaf level cd, and frontal leaf area per unit volume a: Lc = 1/(cda); the 
leaf-level Stanton number r and momentum transfer to the leaf; the Schmidt number inside canopy: 
Scc = Km/Kc|z<h = Sc|z<h.

Using the above assumptions, the velocity profile inside the canopy is obtained:

( ) ( )( )exp /h mU z U z h lβ= −  (Eq 3-9)

lm = 2β3Lc = 2β3/(cda), which results in the following relationship for the turbulent diffusion coef-
ficient inside the canopy:
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 (Eq 3-10)

It is then assumed in HF08 that the length scale relevant to the depth of the roughness sub-layer is 
the ‘vorticity thickness’ U/(dU/dz) = lm/β and hence the following relationship for φ̂m(c) is proposed:

( ){ }( ) ( ) 2 ( )ˆ 1 exp /m c m c m c mc c z d lϕ β= − − −   (Eq 3-11)

The relationships for cm(c)  are obtained from the continuity of momentum and scalar at the canopy 
top, as well as from the continuity of their fluxes and second derivatives:
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 (Eq 3-12)
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 (Eq 3-13)
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  (Eq 3-14)
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 (Eq 3-15)

The stability functions φm(c) can be taken from different formulations found in the literature (Arya 
2001). In this work, we use a formula for the stability functions that according to Arya (2001, p 218, 
equation 11.9) can be recommended for most practical applications:

( ) 1/22 1 15 , 0( )
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c m
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= = + ≥
 (Eq 3-16)
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3.3 Methods for solution of the model equations
In HF08, the concentration equations were solved analytically. However, in the present work due to 
different boundary conditions (Equation 3-3 to 3-5) and different source terms (right hand side of 
Equations 3-1 to 3-2), the analytical solution of the Equations 3-1 to 3-5 is not possible. Therefore, 
we use numerical methods for solving these equations. Generally, if the simulation domain (in the 
vertical) can be divided into a large number of boxes (cells), then the finite-difference method can be 
used. If the number of boxes is restricted to a relatively small number, then the resistance approach 
can be applied, which requires analytical or numerical integration of the inverse diffusion coefficient 
between the lower and upper boundaries of each box. Below we describe both approaches, as far as 
both of them have been used in the present study.

3.3.1 Finite difference approach
Below we show how Equations 3-1 to 3-5 are solved using the finite-difference approach. The com-
putational domain (i.e. range of heights from 0 to zr) is divided into a number of N cells with the ver-
tical size of each cell being: h = zr/N . Each i-th cell is characterized by concentrations Ci, C14

i. The 
derivatives in Equations 3-1 to 3-2 are represented with finite differences and the discretized form of 
the equations is the following:

( ) ( ), 1/2 1 , 1/2 1
, ,

( ) / ( ) /c i i i c i i i
R i P i

K C C h K C C h
S S

h
+ + − −− − −

− = −   (Eq 3-17)

( ) ( )14 14 14 14 14
, 1/2 1 , 1/2 1

,

( ) / ( ) /c i i i c i i i i
P i

i

K C C h K C C h C S
h C

+ + − −− − −
− = −   (Eq 3-18)

where,

Kc,i+1/2 = Kc(zi+1/2) = Kc(h(i+1/2)) – is the diffusion coefficient at the height corresponding to the 
middle of the interval between the i-th and i+1-th cells. The same definition is applied to SR,i, SP,i. 
Equations 3-17 to 3-18 are applied for all nodes ranging from i = 2 to i = N-1, i.e. to all nodes except 
i = 1 and i = N, representing lower and upper boundaries. 

The upper boundary conditions (Equation 3-3) are expressed as:

N rC C= , 14 0NC =   (Eq 3-19)

The lower boundary conditions (Equation 3-4 to 3-5) are expressed as:

( ),1/2 2 1 0/cK C C h R− − =   (Eq 3-20)

( )14 14
,1/2 2 1 /c sK C C h Q− − =   (Eq 3-21)

Note that Equation 3-17 is solved independently and prior to the Equation 3-18, since the solu-
tion to the latter depends on the solution of Equation 3-17 (there is Ci in the right hand side of 
Equation 3-18).

Both equations could be expressed in matrix form: 

C b=A   (Eq 3-22)

The elements of vector C̄ are the values of concentration (C or C14) in the i-th cell. In the case of 
CO2 concentration C, following from Equations 3-17, 3-19 and 3-21 the values of the vector b̄ are:  
bi = SR,i−SP,i for 1 < i < N and bN = Cr, b1 = R0. The values of matrix A = (aij) are the following: 
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Analogous formulas, with slight deviations, could be also derived for matrix representation of the 
equations for C14. Thus, the solution of Equations 3-17 to 3-21 is reduced to the solution of the 
system of linear Equations 3-22. This can be performed by many methods, such as by Gaussian 
elimination. 

3.3.2 Resistance approach
When cell sizes are relatively large the approximation of turbulent flux with finite differences:

( ), 1/2 1
1/2Flux c i i i

i

K C C
h

+ +
+

−
= −  introduces a large error, because Kc,i+1/2 refers to one specific point 

(middle of a cell) while Kc could significantly change through the layer between the lower and upper 
boundaries of a cell. In this case, a reasonable solution is obtained using the resistance approach in 

which the turbulent flux is represented as: ( )1
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, 1/2
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+

+

−
= − , where the resistance of a layer 

between the centers of the i-th and the i + 1-th cells is defined as:
1
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+ = ∫   (Eq 3-23)

If the integral in Equation 3-23 is taken analytically, the resistance approach combined with the 
increased sizes of cells leads to a significant decrease of computational time. For the relationships 
Equation 3-8, 3-11 to 3-15, used in HF08, analytical integration is not possible. Therefore, in the 
present work, the HF08 approach is used only in combination with the finite-difference approach. 
In the case of the assessment model, substituting the relationships for the turbulent diffusion coef-
ficient above the canopy layer: Kc = (κ/Sc) u* (z–d), and inside the canopy layer: 
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we obtain the following relationships for the resistances:
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When zi = 0 and zi+1 = hc, i.e. the resistance represents the whole canopy layer, it becomes:  
rH,1/2 = (hc/(Kc(hc)ve))(exp(ve)	−1.

As an example, we will approximate Equation 3-7, which represents the fluxes of C14, using the 
resistance approach. Let N0 denote a number of the cell which upper boundary coincides with the 
top of the canopy. 
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Equations 3-26 to 3-27 are complemented with boundary condition C 14
N = 0 and, as above, they are 

represented in matrix form: AC̄14 = b̄ and solved numerically by the Gaussian elimination method. 

Note that in Equations 3-26 to 3-27 we make a simplification by using a constant reference CO2 

concentration Cr in the denominator of the right hand side of the equations, instead of using Cj, 
which represents the varying CO2 concentration with height. It will be shown in Chapter 5 that this 
simplification does not lead to any significant error. This means that in the modeling of the C-14 
distribution, the concentration of CO2 can be assumed to be constant in height. 

Using the resistance approach allows a reduction in the number of computational cells by a factor 
of about 10, while still preserving almost the same accuracy as obtained with the finite difference 
method. The computational load of the methods used to solve the linear system of equations depends 
nonlinearly on the number of cells. As a result, the resulting number of operations required to solve 
the system of equations is reduced by a factor of about 100 with use of the resistance method.

3.4 Summary of model parameters
In practice, the list of input parameters is somewhat flexible and depends upon available data for 
a particular study. The following basic parameters can be identified, some of which can be further 
parameterized.

Morphological parameters
a – frontal leaf area per unit volume (function of LAI and hc)
hc  – canopy height
Ke – extinction coefficient

Meteorological parameters
L – depending on context: Monin-Obukhov length or size of the canopy field
Uh – wind velocity at canopy height 
cd – drag coefficient at the leaf level. 
r – leaf level Stanton number
Scc – turbulent Schmidt number inside canopy β = u*/Uh

Parameters related to concentration fluxes
PF – net photosynthesis flux of CO2

RF – net respiration flux of CO2

R0 – net respiration flux at surface (z = 0)

C r – reference concentration 

 zr – reference height

Qs – flux ot 14C at soil surface.
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4 Validation of the Lagrangian model

In this chapter we present the results of the validation of the Lagrangian model presented in Chapter 3. 
The validation consisted of comparing vertical profiles of CO2 predicted with the model with profiles 
measured in two research stations, one located on a forested area and another on a wheat field.

4.1 Model validation using data from the Norunda 
Research Station 

The Norunda research station (Lundin et al. 1999, Lagergren et.al. 2005) was established in 1994 
and is operated by Lund University. The site is covered by a boreal forest of about 25 m height, 
dominated by Norway spruce and Scots pine. The Leaf Area Index (LAI) typically varies from 3 
to 6. The topography is nearly flat. The research station has a 102 m high tower, with eddy flux 
instrumentation at 35 m. Concentration measurements of CO2 are taken at 12 levels between 8 and 
102 m height. In addition, a wide range of radiation and meteorological parameters are measured; in 
particular Monin-Obukhov length is provided as well as velocity and temperature profiles. 

4.1.1 Selection of model parameter values 
The basic parameters required by the HF08 model are listed in Section 3.4. In the following we 
present the values assigned to these parameters for the model validation exercise. For the conditions 
of the Norunda site, the value of the frontal area per unit volume a was estimated by least-squares 
fitting of the theoretical velocity profile inside the canopy to vertical velocity profiles measured at 
Norunda station over 3 years (2007–2009) with respect to parameter a. This resulted in the value of 
a = 0.14. Note that the value of a = 0.14 estimated for Norunda coincides with the value of  a = 0.14 
estimated in HF08 by least-squares fitting to velocity measurements performed in another pine forest 
(Duke forest), which is characterized by a LAI = 3.8, which is very close to that of Norunda.

The values of r and cd were taken from HF08 (r = 0.1 and cd = 0.25). In HF08, the reference value 
for β under neutral stratification is provided: β = 0.3. The average value of this parameter estimated 
from processing of the measurements collected at Norunda station was the same. Thus, in the present 
study, this parameter had been set to constant β = 0.3 for all stability conditions.

Studies of Scc are very limited and some preliminary estimations conducted in HF08 indicate the 
dependence of Scc  on stability conditions (according to HF08 Scc changes from 0.2 for unstable 
stratification to 0.8 for stable stratification). Existence of such dependence is generally confirmed 
in the present work, but the particular values of Scc  are slightly different from those proposed in 
HF08 as will be shown below. 

Besides setting the turbulence characteristics inside the canopy, the source/sink distribution is to be 
assigned. In nighttime photosynthesis is absent and only respiration is active. In the present study we 
have used direct measurements of CO2 flux at the canopy height. During daytime both respiration 
and photosynthesis are active and the measurements performed at Norunda represent net CO2 flux 
(FN) through the top of the canopy. 

During nighttime the net flux measured above the forest corresponds to the net respiration flux. 
During daytime the net respiration flux is parameterized using an empirical relationship obtained 
on the basis of measurements performed at Norunda by Lindroth et.al. (1998) (Figure 5 in the 
referenced work) as a function of temperature:

( )1.64exp 0.097tFR =   (Eq 4-1)

where RF is in μmol/m2s (this explains the difference in multiplying coefficient as compared to 
Lindroth et.al. (1998) where RF  is given in mg/m2s). It is further assumed that 50 % of the respiration 
flux originates from the soil surface (according to Lankreijer et al. (2009), the CO2 respiration flux 
originates mostly from the surface of the soil) and the rest, 50 %, of the respiration flux is uniformly 
distributed through the canopy height. 
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The net photosynthesis flux (PF) is taken as the difference between net CO2 flux through the upper 
boundary of the canopy and the net respiration flux: PF  = FN	−	RF. The photosynthesis uptake was 
assumed to occur between heights of 18 to 25 m. In a study by Jansson et al. (1999), a value of 0.6 
was estimated for the extinction coefficient at the Norunda site. Using this value in the equation of 
radiation decay in the canopy (Equation 15.11 in Arya (2001) corresponding to the Beer’s law), it 
can be estimated that the lower 2 m of canopy absorbs only about 1.5 % of the incoming photosyn-
thetically active radiation. Therefore, the photosynthesis uptake by the ground vegetation has been 
neglected in this study.

To account for decay of photosynthesis flux with decreasing height 3 layers inside canopy were 
identified: δ1 = [18 m, 20 m], δ2 = [20 m, 22 m], δ3 = [22 m, 25 m], which produced the following 
fractions of the net photosynthesis flux: α1 = 0.1, α2 = 0.3, α3 = 0.6. Within each layer the photo-
synthesis source rate did not change.

4.1.2 Comparison of model simulations with measured data
The simulations were performed in a domain extending vertically up to reference height zr = 73 m 
from which measured CO2 concentrations were taken as reference values and were used to specify 
the upper boundary condition. That height was chosen because the above-canopy similarity functions 
had to be validated, but at the same time similarity relationships at higher levels could frequently be 
violated. The time interval of calculations covered 3 years from 01 Jan 2007 to 31 Dec 2009 with 
the vertical profiles being measured each 30 minutes. The calculations were performed through the 
simulation period with a 30 min time step, the meteorological data measured at the corresponding 
time step were used in simulations and after completion of the simulations the obtained concentra-
tions were averaged.

The simulations were performed separately for daytime conditions (for neutral, slightly unstable 
and moderately unstable stratifications) and for nighttime conditions (for neutral, slightly stable and 
moderately stable stratifications). The daytime and nighttime conditions were defined by the value of 
photosynthetically active radiation (the zero value was considered as nighttime conditions). Nearly 
calm conditions (u* < 0.01 m/s) as well as the conditions with rain and with very small net fluxes 
(| FN |	<	0.1	μmol/m2s) were not modeled. 

The neutral stratification was defined by the threshold condition for Monin-Obukhov Length: 
| L | > 500 m. The slightly stable (unstable stratification) was defined by the range of L: 
250 m < | L | < 500 m. The moderately stable (unstable) stratification was defined by the range of 
L: 70 m < | L | < 250 m. The ranges of L for different stability categories roughly corresponded to the 
data from Golder (1972). The stronger stability conditions (| L | < 70 m) were not studied, because 
with such conditions the validity of the stability functions (Equation 3-16) is doubtful. 

The results of model application for the case of neutral daytime conditions are shown in Figure 4-1, 
where vertical profiles of the averaged normalized concentrations �(C(z) – C(zr))/c*� are shown. 
First of all, it should be noted that if only the measured net concentration flux is used in the calcula-
tions, without partitioning it to photosynthesis and respiration fluxes (the ‘no respiration’ profile in 
Figure 4-1), then we could not reproduce the ‘counter-gradient’ behavior of the concentration profile 
close to the ground. The observed ‘counter-gradient’ behavior is the result of non-uniform vertical 
distribution of photosynthesis and respiration fluxes. The increase of concentrations in the bottom 
part of the forest canopy, observed in day time conditions when concentration flux above canopy is 
negative, could be explained by accumulation of CO2 in the lower part of canopy (originating due to 
respiration mainly from soil as stated by Lankreijer et al. (2009), combined with the decreased turbu-
lent mixing near the ground.

Figures 4-1 to 4-6 show the results of model simulations compared with measure data. As it gener-
ally follows from the results presented in Figures 4-1 to 4-6, the HF08 model gives satisfactory CO2 
profiles both above and inside the canopy layer. Best estimate values of Scc have been obtained by 
fitting the calculated concentration profiles to the measured profiles. In the case of neutral conditions 
(Figures 4-1 and 4-2) as well as for slightly or moderately stable conditions (Figures 4-3 and 4-4) 
and slightly to moderately unstable conditions (see Figures 4-5 and 4-6) the following ‘best’ values 
of Scc  were obtained: Scc = 0.2 for neutral conditions, Scc = 0.3 for slightly stable conditions, Scc = 0.4  
for moderately stable conditions and Scc = 0.1 for slightly and moderately unstable conditions. 
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Hence, it can be concluded that the HF08 parameterization has been successful in reproducing verti-
cal profiles of CO2 concentrations for daytime and nighttime conditions and for different stability 
conditions (from neutral to moderately stable and to moderately unstable). Successful results in 
reproducing the observed CO2 profiles within the forest canopy in daytime conditions could only 
be achieved when appropriate values of the respiration flux values were used. 

According to measurements, the reduction of the inside canopy concentrations in daytime condi-
tions	and	under	unstable	stratification	as	compared	to	daytime	neutral	stratification	is	−25	%	in	the	
bottom	of	the	canopy	layer,	−15	%	in	the	middle	of	the	canopy	layer	and	nearly	0	%	at	the	top	of	the	
canopy layer. Taking into account that the dominating daytime stratification in the region of interest 
is neutral (the average daytime value of Monin-Obukhov Length is about 800 m), the approximation 
made in the C14-SVAT model of neglecting stability effects is acceptable for the time scales (season 
or year) that are relevant for the SR-PSU safety assessment. It also does not lead to underestimation 
of C-14 concentrations in the canopy layer.

Figure 4-1. Calculated and measured values of the normalized and averaged vertical profiles of CO2 
concentration for the case of daytime conditions and neutral stratification | L | > 500 m. 

Figure 4-2. Calculated and measured values of the normalized and averaged vertical profiles of CO2 
concentration for the case of nighttime conditions and neutral stratification | L | > 500 m. 
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Figure 4-3. Calculated and measured values of the normalized and averaged vertical profiles of CO2 
concentration for the case of nighttime conditions and slightly stable stratification 250 m < L	≤	500	m

Figure 4-4. Calculated and measured values of the normalized and averaged vertical profiles of CO2 
concentration for the case of nighttime conditions and moderately stable stratification 70 m < L	≤	250	m 
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Figure 4-5. Calculated and measured values of the normalized and averaged vertical profiles of CO2 
concentration for the case of daytime conditions and slightly unstable stratification −500 m ≤	 L< −250 m. 

Figure 4-6. Calculated and measured values of the normalized and averaged vertical profiles of CO2 
concentration for the case of daytime conditions and moderately unstable stratification −250 m ≤	 L< −70.

4.2 Model testing against CO2 profiles measured above wheat
The exponential profiles of the turbulent diffusion coefficient inside the canopy used in the process 
level model described in Chapter 3, as well as in the assessment model described in Chapter 2 were 
derived assuming an infinitely deep canopy and that all momentum is absorbed by the canopy elements 
and not by the underlying soil. Therefore, even though the validity of the HF08 parameterization for 
a forest canopy has been demonstrated in the previous section, it is also necessary to demonstrate its 
validity for other types of canopies. 
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In contrast to CO2 profile measurements inside and above forest canopies, such as those collected at 
Norunda station and at other stations of the FLUXNET network, measurements of CO2 concentrations 
inside other types of canopies, such as wheat or barley are practically absent (at least the authors of 
the present report could not find such publications). Measurements of CO2 concentrations above, but 
sufficiently close to the top of canopies, such as wheat or barley are very scarce and rarely published 
in a form that sufficiently detailed for their usage in modeling work. One of the works which includes 
a limited set of measurements sufficient for this modeling study is the paper by Shuhua et al. (1998), 
which presents measurements of CO2 concentrations and fluxes above wheat collected at the Beijing 
Agro-Ecosystems Experimental Station (hereafter refereed as Beijing AEES). 

4.2.1 The dataset from the Beijing Agro-Ecosystems Experimental Station
The experiment was carried out during summer 1985 at the Agro-Ecosystems Experimental Station 
(AEES) near Beijing, China. A winter wheat field was used in this experiment. The data obtained 
during two separate days of the experiment (May 23 and June 23) are available for modeling. Each 
day represents a different period of the wheat development (the name of the periods is taken from 
the original paper of Shuhua et al. (1998): ‘Earring’ (May 23 and ‘Ripening’ (June 23). The actual 
experiment covered 10 days, but the paper of Shuhua et al. (1998) does not present sufficient data 
for modeling other days than those mentioned above. The following data are available from Shuhua 
et al. (199)] for the days selected for modeling: CO2 concentrations at heights of 1, 2 and 10 m, as 
well as momentum and heat fluxes. 

4.2.2 Model set up and simulation results
In the previous chapter, it was shown that stratification effects are not of primary importance for 
the modeling of concentration profiles close to the canopy. Additionally, for almost all measurements 
presented in Shuhua et al. (1998), the Monin-Obukhov length scale L was greater than 10 m and the 
computational domain in this study was restricted to the lowest 10 m (because the highest measure-
ment level of concentration was at 10 m). For the above reasons, stratification effects have been 
neglected in this study. 

The data used in the model simulations are presented in Table 4-1. As upper boundary condition, we 
used the daily averaged data of CO2 concentration at 10 m C (10 m). For comparisons of calculated 
results with measurements we used daily averaged concentrations at the height 1 m C (1 m), because 
hourly concentration measurements were not available for the whole day. Input concentration and 
momentum fluxes, which are required for modeling the hourly measurements, were available and 
were used in the modeling.

Table 4-1. Data of the Beijing AEES processed from Shuhua et al. (1998) and used in the present 
modeling study.

Month Day Hour Concentration flux 
10−6 kg/(m2:s)

Momentum flux 
kg/(m.s)

C (1 m), daily 
averaged, ppm

C (2 m), daily 
averaged, ppm

C (10 m), daily 
averaged,ppm

5 23 9 1.6 0.03

346.3 353.8 374.4

5 23 10 1.8 0.04
5 23 11 2.1 0.08
5 23 12 2.2 0.17
5 23 13 2.1 0.2
5 23 14 1.85 0.18
5 23 15 1.5 0.14
5 23 16 1 0.12
5 23 17 0.8 0.11
5 23 18 0.4 0.08
6 13 8 0.08 0.09

335.5 338.4 348.2
6 13 10 1 0.1
6 13 12 1.2 0.18
6 13 14 1.2 0.23
6 13 16 0.08 0.16



SKB R-15-09 35

For the conditions of the wheat canopy the value of the frontal area per unit volume a can be 
estimated as: 

2

c

LAIa
hπ

=   (Eq 4-2)

The above formula assumes that plant material is more or less uniformly distributed over height and 
that wheat could be well approximated by a cylindrical form with diameter D of the stem. Then by 
definition LAI is half of the total area of the plant’s surface per unit ground area: LAI = πDhc/2  and 
the frontal projection of the area is given by Equation 4-2. The LAI for wheat is approximately 2–3.

The values of the leaf-level Stanton number and drag coefficient (r and cd) are not expected to vary 
significantly between different plants. But, at the same time, measurement data for these parameters 
are very scarce. Therefore, the values provided in HF08 were used in the modeling: r = 0.1 and 
Cd = 0.25. For the parameter β the value of 0.3 estimated by Brunet et al. (1994) for wheat was used. 

Since studies on the value of turbulent Schmidt number inside plant canopies are very limited, the 
values of Scc were varied in the calculations. Also, since exact information about the LAI of winter 
wheat was not available in Shuhua et al. (1998), we varied the LAI from 2 to 3. The canopy height 
was fixed at the value of 1 m. 

Table 4-2 presents results of calculations of 1-m CO2 concentrations for different values of the 
parameters LAI and Scc. The table also presents the value of the mean relative error:

( ) ( )( ) ( ) ( )1 1 / 1m o o o rErr C m C m C m C z= − −  (Eq 4-3)

In the definition of the mean relative error we divide the difference between the simulated (Cm) 
and observed (Co) CO2 concentrations at the height of 1 m by the difference between the observed 
concentrations at heights of zr = 10 m and 1 m. This choice is for two reasons. First, the value of 
Co (1	m)	≈	300	ppm	(see	Table	4-1)	and	therefore	normalization	on	just	Co (1 m) would always 
result in small values of the relative error. Second, if instead of CO2 we were calculating C-14 then 
we would had set as the upper boundary condition: C 14(zr) = 0 . Then the definition (Equation 4-3) 
would transform to the usual definition of mean relative error: 

( ) ( )( ) ( )14 14 141 1 / 1m o oErr C m C m C m= −  (Eq 4-4)

Hence, the value of error in CO2 concentration obtained with Equation 4-3 would be presumably 
close to the value of error in C-14 concentration obtained with Equation 4-4. As can be seen from 
the results presented in Table 4-2, the absolute value of mean relative error for the 3 days is less than 
15 % if Scc = 0.3 and LAI = 2.625. Note that the value of Scc = 0.3  is consistent with the values of Scc 
estimated in the previous section for the case of the Norunda forest. Thus, from the results presented 
it can be concluded that the HF08 parameterization is applicable for estimation of atmospheric 
dispersion above such canopies as those of wheat or barley. 

Table 4-2. Results of calculations of daily-averaged CO2 concentrations at the top of wheat for 
3 different days and for different values of the LAI and Scc. 

Scc LAI Err.  
23 May

Err.  
5 Jun

Err. 
13 June

C (1 m). ppm 
23 May

C (1 m). ppm 
5 Jun

C (1 m). ppm 
13 June

0.3 2.25 −0.06629 −0.0868 0.167408 344.4373 338.4655 337.6261
0.3 2.625 −0.12832 −0.15002 0.118968 342.6941 337.5035 337.0109
0.3 3.0 −0.18224 −0.20497 0.076871 341.1792 336.6675 336.4763
0.4 2.25 −0.17506 −0.19766 0.082478 341.3809 336.7789 336.5475
0.4 2.625 −0.23709 −0.26089 0.034037 339.6377 335.8169 335.9323
0.4 3.0 −0.29101 −0.31584 −0.00806 338.1227 334.9809 335.3976
0.5 2.25 −0.25524 −0.27938 0.019866 339.1277 335.5354 335.7523
0.5 2.625 −0.31728 −0.34261 −0.02858 337.3844 334.5734 335.1371
0.5 3.0 −0.37119 −0.39756 −0.07067 335.8695 333.7375 334.6025
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5 Evaluation of the C14-SVAT model

In Chapter 4 we presented results of verification of the Lagrangian model using measurements of 
CO2 profiles inside and above the canopy of a pine forest and above a wheat canopy. In this chapter, 
we present results of a study of the sensitivity and similarity of C-14 vertical profiles, generated with 
the Lagrangian model, with respect to input parameters. This study provides an insight on how sim-
plifying parameterizations and assumptions implicit in the C14-SVAT model affect the predictions 
made with this model. We also verify the performance of the resistance approach with a decreased 
grid resolution, which is the approach implemented in the C14-SVAT model. 

5.1 Sensitivity of C-14 vertical profiles to model parameters
Simulations of the C-14 vertical profiles were carried out for the same model settings that were used 
in the validation exercise in Section 4.2, which considered the atmospheric surface layer above a 
wheat field. The upper boundary condition was set at a reference height zr = 10 m. Two cases were 
studied, with and without consideration of lateral advective transport. The finite difference approach 
was applied to solve the equations of the Lagrangian model using a fine grid resolution of 0.1 m. 
Below we present non-dimensional concentration profiles of C-14: 

( ) ( )14
* / sC z C z u Q=  (Eq 5-1)

It will be shown that they are almost insensitive to the dimensional parameters of the problem u* 
and Qs. 

5.1.1 Case of horizontally homogeneous canopy (no advection)
Simulations for a Reference Case were performed using the values of meteorological parameters 
from the experiment in Beijing on 5 May. 09 h. described in previous section (see Table 4-1), 
namely: friction velocity u* = 0.16 m/s. net CO2 concentration flux at the top of the canopy 
FN = 1.6 × 106 kg/m2s , reference CO2 concentration Cr = C(10 m) = 374.4 ppm. The C-14 flux 
was taken as Qs = 1 Bq/m2s. The values given to other parameters for the reference run were: 
zr = 10 m, r = 0.1, cd = 0.25, β = 0.3, a = 1, Scc = 0.3. 

Figure 5-1 shows the vertical profiles of the non-dimensional concentration C̃ (z) for for the 
 following cases: 

1) Reference Case;

2) In the simulations C-14 is treated as a tracer, i.e. a zero value is used in right hand side of 
Equation 3-2;

3) The values of the parameters u* and Qs are varied; 

4) Using a constant in the height profile of CO2 concentrations, with a value equal to Cr; 

5) Variation of the reference height value (zr = 50 m); 

6) Variation of the value of the frontal leaf area per unit volume (a = 2); 

7) Variation of the value of the turbulent Schmidt number inside canopy (Scc = 0.5). 

Table 5-1 shows the values of non-dimensional concentrations at heights 0.1, 1 and 2 meters 
obtained for the different cases. 
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Table 5-1. Values of the non-dimensional concentration at heights 0.1, 1 and 2 meters above 
ground for different cases listed in text. 

No. Case C̃  (0.1 m) C̃  (1 m) C̃  (2 m) 

1 Reference Case 7.17 4.8 3.69
2 Tracer 7.98 5.48 4.22
2a Tracer, Ust = 0.4 m/s, Qs = 1 Bq/m2s 7.98 5.48 4.22
2b Tracer, Ust = 0.1 m/s, Qs = 2.2 Bq/m2s 7.98 5.48 4.22
3 Ust  =  0.4 m/s;

Qs = 2.2 Bq/m2s
7.51 5.09 3.91

3a Ust = 0.4 m/s, Qs = 1 Bq/m2s 7.6623 5.2156 4.0103
3b Ust = 0.1 m/s, Qs = 2.2 Bq/m2s 6.6799 4.3842 3.3710
4 С[CO2]  =  const 7.27 4.88 3.75
5 zr = 50 m 10.1 7.86 6.84
6 a  =  2 16.16 5.7 3.92
7 Scc = 0.5 9.45 5.56 3.92

The following conclusions can be drawn from the obtained results:

• The vertical profile of the non-dimensional concentration is nearly self-similar for release rates 
of the order of Qs ~1 Bq/m2.s. For the case in which C-14 is treated as a tracer (Cases 2a and b), 
self-similarity is exact, as shown in Table 5-1. The reason for deviations from self-similarity of 
the solution of the full Equation 3-2 lies in the right hand side of this equation, which corresponds 
to the photosynthesis uptake of C-14. For relatively small concentrations of 14CO2, as compared 
to stable CO2 concentrations, the self-similarity holds relatively well.

• The assumption made in the C14-SVAT model that C-14 behaves as a tracer introduces an error 
of no more than 15 % in the calculated C-14 concentration profiles. The concentrations in all 
three layers for this case are higher than in the Reference Case. So, it can be concluded that this 
assumption leads to a minor overestimation of the C-14 concentrations by the C14-SVAT model. 
In the C14-SVAT model, a constant CO2 concentration in height is assumed in the calculations of 
C-14 transport and uptake by photosynthesis. Comparisons of the simulation results for this case 
with the Reference Case showed that this assumption can lead to only a very small error (less 
than 5 %) in the calculated vertical profiles of C-14. 

Figure 5-1. Vertical profiles of the non-dimensional concentration C̃ (z) = C14 (z) u*/Qs for the reference 
case and for different variations from the reference case listed in text. 
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• The results of calculations are moderately sensitive to the value of turbulent Schmidt number inside 
the canopy Scc. Variation of this parameter within its confidence interval (i.e. from Scc = 0.3 in the 
reference case to Scc = 0.5 ) leads to changes in the non-dimensional concentrations of up to 30 %.

• The frontal leaf area per unit volume (the parameter a, which is proportional to LAI) has the 
greatest influence on the estimates of the non-dimensional concentration inside the canopy. 
Doubling of the value of a (with unchanged net photosynthesis flux) leads to almost doubling 
of the near-ground value of C̃  due to decreased value of the diffusion coefficient according to 
Equation 3-10. However, with height the influence of this parameter vanishes: at the height of 1 m 
doubling of a leads to an increase of C̃  by only 15 %. This parameter is included explicitly in the 
C14-SVAT model. 

• The reference height zr (i.e. the height at which the C-14 concentration is set to zero, height of L2 
in the C14-SVAT model) has a significant influence at all heights and can lead to underestimation 
of the C-14 concentrations by up to a factor of 2. Hence, it is important that sufficiently high 
values are given in the C14-SVAT model to the height of the L2 layer. However the sensitivity 
to the height diminishes when advection is considered on a relevant spatial scale (see below).

5.1.2 Case of canopy field of limited horizontal size (with advection)
As far as the results at Figure 5-1 appeared to be sensitive to the reference height zr  we have also 
studied the influence of taking into account advection on the simulation results. When advection is 
not taken into account, the canopy field is assumed to have infinite horizontal length. The effect of 
the advective transport depends on the horizontal scale of the canopy field. To illustrate this, simula-
tions for two different canopy fields were performed, with length of the horizontal scale of 100 m 
and 1000 m, respectively. 

The results of simulations are presented at Figure 5-2 and in Table 5-2 for the following cases: runs 
with no advection and with different reference heights of zr = 10 m and zr = 50 m (the same as in 
previous subsection); runs with advection with varying reference height (as above) and horizontal 
size of the field (L = 100 m and L = 1000 m). The meteorological conditions in the runs were taken 
the same as in previous runs, which correspond to a velocity at canopy height Uh = 0.53 m/s and a 
velocity at 10 m height approximately equal to 2 m/s. 

As can be seen from the obtained results, advection leads to smoothing of differences between the 
results obtained with different reference heights. For the size of the canopy field L = 1000 m the 
difference between runs with different reference heights is already only about 20 % (while without 
advection the difference was by a factor of about 2). For the size of canopy field L = 100 m the 
difference becomes even less – only about 1 %. These results show that the effect of the height 
of the L2 layer in the predictions with the C14-SVAT model is more important when applying the 
model to large canopy fields. 

Figure 5-2. Vertical profiles of the non-dimensional concentration C̃ (z) = C14 (z) u*/Qs  for the cases without 
advection (infinite horizontal length of the canopy) and for the cases with advection over a canopy field of 
limited horizontal length L. 
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Table 5-2. Values of the non-dimensional concentration at heights 0.1, 1 and 2 meters above 
ground corresponding to the results presented in Figure 5-2.

No. Note C̃ (0.1 m) C̃ (1 m) C̃ (2 m)

1 Zr = 50 m. No advection 10.1 7.86 6.84
2 Zr = 10 m. No advection (Reference case) 7.17 4.8 3.69
3 Zr = 50 m. Advection. L = 100 m 5.39 3.06 2.06
4 Zr = 10 m. Advection. L = 100 m 5.33 2.98 1.97
5 Zr = 10 m. Advection. L = 1000 m 6.84 4.47 3.38
6 Zr = 50 m. Advection. L = 1000 m 8.15 5.86 4.81

5.2 Verification of the resistance approach
In this section we present a study of the potential impact on the predictions with the C14-SVAT 
model of two simplifications inherent to this model: the use of simpler relationships for the eddy 
diffusion coefficients and only three layers are used to model the vertical turbulent transport with 
the resistance approach. 

Parameterization of the eddy diffusion coefficients
The C14-SVAT model uses somewhat simpler relationships for the eddy diffusion coefficients (see 
Section 2.1.6) derived from the similarity theory under neutral stratification (e.g. Garratt 1992). 
These relationships do not take into account the above-canopy influence of the RSL. The advantage 
of using this simplified parameterization, as compared with the parameterization in HF08, follows 
from the possibility of their analytical integration which allows using the ‘resistance’ approach in the 
numerical procedure of solving the diffusion problem. Below we evaluate the effect of this simpli-
fied parameterization on the model predictions. 

First, for the Reference Case described above, we compare the results obtained with the C14-SVAT 
model, described in Chapter 2, against the results obtained with the Lagrangian model, described 
in Chapter 3 and verified in Chapter 4. The value of the extinction coefficient for wheat was set at: 
ve	≈	2.6	(Campbell	and	Normann	1998).	Two	methods	for	calculating	the	eddy	diffusion	coefficient	
at the top of the canopy were used in the C14-SVAT model: In the first method (used in the current 
version of the C14-SVAT model described in Chapter 2), Equation 2-12 was used, which ensures 
continuity at the top of the canopy; whereas in the second method (used in the Lagrangian model), 
Equation 3-10 was used, which accounts for increase of the turbulent mixing at the top of the canopy. 

Figure 5-3 and Table 5-3 show the vertical profiles of the non-dimensional concentration calculated 
using the Lagrangian model with the HF08 parameterization and using the C14-SVAT model with 
the two methods described above for calculation of the eddy diffusion coefficient at the canopy top. 

As follows from the results presented in Figure 5-3 and Table 5-3, the current C14-SVAT model 
overestimates the concentration near the ground surface by a factor of about 3, and underestimates 
the concentration at 2 m and 1 m by a factor of about 1.7 and 1.6, respectively. The results with the 
C14-SVAT model when using method 2 are much closer to the results with the Lagrangian model 
and reproduce the concentration at 1 m with an accuracy of a few percent. Hence, it should be con-
sidered whether to change the parameterization of the eddy diffusion coefficient in the C14-SVAT 
model from method 1 to method 2, although this may require that numerical integration methods are 
applied to obtain the eddy diffusion coefficients in the 3 atmospheric layers considered in the model. 

Table 5-3. Values of the non-dimensional concentration at heights 0.1, 1 and 2 meters above 
ground obtained with the Lagrangian model for the Reference Case and with the C14-SVAT model 
using methods 1 and 2 for parameterization of the eddy diffusion coefficients at the canopy height.

Model C̃  (0.1 m) C̃  (1 m) C̃  (2 m) 

Lagrangian model  7.17 4.8 3.69
C14-SVAT model. Method 1 20.45 3.02 2.11
C14-SVAT model. Method 2  9.44 4.75 2.72
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Evaluation of the resistance approach
The results obtained with the Lagrangian model and presented above were obtained using the finite 
difference approach for solving the model equations with a fine grid resolution of 0.1 m; i.e. with 
100 computational cells. We also evaluated the effects on the results of decreasing the grid resolution 
by applying the resistance approach described in Section 3.3.2. Table 5-4 presents the different mesh 
configurations that were used in the study. 

Table 5-4. Heights of computational cells used in the calculations with the Lagrangian model 
when applying the approach based on resistances using four different mesh configurations. 

Cell No. Conf. 1
Bottom height, m

Conf. 2
Bottom height, m

Conf. 3
Bottom height, m

Conf. 4
Bottom height, m

1  0  0  0  0
2  1  0.2  0.5  1
3  2  0.4  1  2
4 10  0.6  2  3
5 –  0.8  4  4
6 –  1.0  6  5
7 –  2  8  6
8 –  3 10  7
9 –  5 –  8
10 – 10 –  9
11 – – - 10

The results from calculations for the Reference Case obtained with the Lagrangian model for the 
four mesh configurations (Table 5-4) and using the resistance approach are presented in Figure 5-4, 
where the results obtained from the finite difference method with a fine grid resolution of 0.1 m 
(100 computational cells) are also presented. It can be seen that using Configuration 1, with only 
3 computational cells (as it is the case in the current C14-SVAT model), leads to an overestima-
tion of the concentrations by about a factor of 3. Increasing the resolution in the lowest 1 m layer 
(Configuration 2) reduces the overestimation of the concentrations, but the results still differ substan-
tially from the results using the finite difference method. This is because the increase in the size of 
the cells (up to 5 m) at the upper levels in Configuration 2 leads to an overall increase in the error of 
the simulations. The same is valid for Configuration 3. The results obtained for Configuration 4, with 
1 m resolution (10 cells) equally distributed from 0 to 10 m, are practically identical to the results 
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Figure 5-3. Vertical profiles of the non-dimensional concentration C̃ (z) = C14 (z) u*/Qs  for the Reference 
Case. Results shown were obtained with the Lagrangian model (HF08) and with the C14-SVAT model 
using method 1 and method 2 (see text) for parameterization of the eddy diffusion coefficient at the 
canopy height.
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obtained with the finite difference method. Thus, using the resistance approach allows a decrease in 
the grid resolution by a factor of 10 as compared with using the finite difference approach. These 
results also indicate that the predictions with the C14-SVAT model could be substantially improved 
(and reduce the overestimation) if Configuration 4 is adopted, which could be achieved by discretiz-
ing the atmospheric layer L2 into 8 layers with a thickness of 1 m each. 

Figure 5-4. Vertical profiles of the non-dimensional concentration C̃ (z) = C14 (z) u*/Qs  for the Reference 
Case calculated with the Lagrangian model using the finite difference approach with a fine resolution 
(0.1 m) and using the resistance approach with coarser resolutions (configurations 1-4 according to 
Table 5-4).
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6 Conclusions

In this report we present an assessment model (the C14-SVAT model) of the C-14 transport in 
the surface atmosphere above vegetated land that receives releases of this radionuclide from the 
soil (see Section 2.1). The model is applicable for all vegetation types that are incorporated in the 
SR-PSU biosphere model: crops like cereals, tubers, vegetables as well as for fodder and mire 
vegetation. It can be used for making predictions for relevant endpoints in a safety assessment 
of radioactive waste disposal facilities, such as C-14 concentrations and specific activities in the 
air that humans breathe and in plants, which are used in the calculation of inhalation and food 
 ingestion doses, respectively. 

The C14-SVAT model represents an improvement of a similar model (Avila and Pröhl 2008) that 
has been used in preceding safety assessments (SAR-08 and SR Site). The main improvement has 
entailed integrating explicit modelling of the turbulence driven transport of C-14 in the atmosphere 
within and above the canopy. The C14-SVAT model is a relatively simple analytical model that is fit 
for purpose in the context of safety assessments. This came at the price of introducing various sim-
plifications in the model. We have evaluated the implications of these on the accuracy of the model 
predictions with the help of a Lagrangian model, which we developed specially for this purpose.

The Lagrangian model is based on the LNF theory as described in Harman and Finnigan (2008). 
It can simulate with a high resolution the turbulent transport of CO2 and C-14 in the surface 
atmosphere and their interactions with the canopy. We validated this model with two datasets of 
CO2 atmosphere vertical profiles, one obtained over a boreal forest in the Norunda research station 
(Lundin et al. 1999, Lagergren et.al. 2005) and another obtained over a wheat field in the Beijing 
Agro-Ecosystems Experimental Station (Shuhua et al. 1998). We then performed simulations with 
the Lagrangian model for a number of cases to evaluate the potential impact of the assumptions 
made in the C14-SVAT model on the predictions with this model. 

From the evaluations made we conclude that, provided that the diffusivity coefficient at canopy 
top is assigned properly, the simplifying assumptions implicit in the C14-SVAT model do not lead 
to underestimations of the C-14 concentrations within the canopy layer, and some of them lead 
to moderate overestimations. From the evaluation we also identify possible ways of improving 
the model predictions while still keeping the model simple. One possible improvement could be 
to represent the above-canopy atmosphere with a larger number of layers (around nine). Another 
could be to adopt the same parameterization of the eddy diffusion coefficient as in the Lagrangian 
model, although this might require numerical integration to obtain the values for the different layers. 

In this report, we also present an assessment model (the C14-WAT model) of the C-14 transport in 
the atmosphere above surface waters from where this radionuclide can be released by degassing. The 
model can be used for calculation of C-14 concentrations in air above the water surface, which can 
be then used in estimation of inhalation doses during swimming and boating. 
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Appendix 1

Nomenclature used in the equations of the Lagrangian model 

This appendix presents the nomenclature that is used in the equations of the process level model 
described in Chapter 3. 

A – matrix in the representation of the system of linear equations

 a – frontal leaf area per unit volume

 b̄ – right-hand side vector in the matrix representation of a system of linear equations

C, C(z), Cj CO2 concentration in air at height z or at level j

C14, C14(z), Cj
14 concentration in air of radioactive carbon (14C) at height z or at level j

C' – turbulent fluctuation of concentration

Cm, Co – simulated (‘m’) and observed (‘o’) concentrations

C r– reference concentration 

c* – concentration flux scale.

cd – drag coefficient at the leaf level. 

c̄  – vector of concentrations in the matrix representation of a system of linear equations

D – stem diameter

d – displacement height

Err – mean relative error

FD – drag force inside the canopy

FN – net CO2 flux through the upper canopy boundary ( )1/21 11 4
2 2

f rScc= + −

gc – leaf level boundary-layer conductance for scalar transfer

h – vertical mesh size

i, j – indices

Ke – extinction coefficient

Km(c) – turbulent exchange coefficient for momentum (index ‘m’) or scalar (index ‘c’)

L – depending on context: Monin-Obukhov length or size of the canopy field

LAI – accumulated leaf area index

Lc = (a · cd)−1 – length scale of absorption of momentum by the canopy 

lm(c) – mixing lengths for momentum and for concentration

N – number of cells in the vertical direction

N0 – cell number with a height that coincides with the height of the canopy

PF – net photosynthesis flux

P(z) – photosynthesis flux at height z

Qs – flux of 14C at the soil surface

qm(T,c) – turbulent momentum. heat and scalar fluxes at canopy height. qm = �u'w'�|z=h.

qT = �T'w'�|z=h . qc = �C'w'�|z=h where primes denote fluctuation components and triangle brackets 
denote time averaging.

rH – resistance of the layer

RF – net respiration flux
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R(z), R0 – respiration flux at height z or at surface (z = 0)

r – leaf level Stanton number

Sc – turbulent Schmidt number: Sc  = Km/Kc

Scc – turbulent Schmidt number inside canopy

SP, SP (z), S k
p – photosynthesis source rate at height z or at k-th layer

SR, SR (z), S k
p – respiration source rate at height z or at k-th layer

Sχ – absorption (release) rate by canopy elements at a given height z

T – temperature

T' – turbulent fluctuation of temperature

t – temperature in Celsius

U, U(z) – wind velocity

Uh – wind velocity at canopy height 

u' – turbulent fluctuation of the wind velocity

u* – friction velocity

w – leaf half width

w' – turbulent fluctuation of vertical velocity

zi – height (of i-th node) above ground

zr – reference height

z*  – height of the roughness sub-layer

αk – fractions of net photosynthesis flux produced by k-th layer β = u*/Uh

βN  – value of β  for neutral conditions

β1 – parameter of the vertical profile σw(z)

δk – k-th layer on which canopy layer is sub-divided

φm(c) – stability correction function for Km(c)

φ̂m(c)  – correction function for Km(c) taking into account the roughness sub-layer

Φm(c) = φm(c) φ̂m(c) 

κ = 0.4 – von Karman constant

ve – extinction coefficient (rate of decay of velocity and diffusivity inside canopy)

σw – root mean squared value of the vertical velocity fluctuations

�  � – depending on the context: operator of arithmetic averaging or time averaging (when defining 
turbulent fluxes)
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