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ABSTRACT 51 

Scanlon and Sahu (2008) and Scanlon and Kustas (2010) proposed a source partitioning 52 

method (SK10 in the following) to estimate contributions of transpiration, evaporation, 53 

photosynthesis, and respiration to H2O and CO2 fluxes obtained by the eddy covariance 54 

method. High frequency eddy covariance raw data time series are needed, and the source 55 

partitioning is estimated based on separate application of the flux-variance similarity theory to 56 

stomatal and non-stomatal components of the regarded fluxes, as well as on additional 57 

assumptions on leaf-level water use efficiency (WUE). 58 

We applied SK10 to data from two test sites (forest and cropland) and analyzed partitioning 59 

results depending on various ways to estimate WUE from available data. Also, we conducted 60 

large eddy simulations (LES), simulating the turbulent transport of H2O and CO2 for 61 

contrasting vertical distributions of the canopy sinks/sources, as well as for varying relative 62 

magnitudes of soil sources and canopy sinks/sources. SK10 was applied to the synthetic high 63 

frequency data generated by LES and the effects of canopy type, measurement height, given 64 

sink-source-distributions, and input of varying WUEs were tested regarding the partitioning 65 

performance. SK10 requires that the correlation coefficient between stomatal and non-66 

stomatal scalar fluctuations is determined by the ratio of the transfer efficiencies of these 67 

scalar components, an assumption (transfer assumption in the following) that could be tested 68 

with the generated LES data. 69 

The partitioning results of the field sites yielded satisfactory flux fractions, when fair-weather 70 

conditions (no precipitation) and a high productive state of the vegetation were present. 71 

Further, partitioning performance with regard to soil fluxes increased with crop maturity. 72 

Results also showed relatively large dependencies on WUE, where the partitioning factors 73 

(median) changed by around -57% and +36%. Measurements of outgoing longwave radiation 74 

used for the estimation of foliage temperature and WUE could slightly increase the 75 
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plausibility of the partitioning results in comparison to soil respiration measurements by 76 

decreasing the partitioning factor by up to 42%. The LES-based analysis revealed that for a 77 

satisfying performance of SK10, a certain degree of decorrelation of the H2O and CO2 78 

fluctuations (here, |ρq’c’| < 0.975) was needed. This decorrelation is enhanced by a clear 79 

separation between soil sources and canopy sinks/sources, and for observations within the 80 

roughness sublayer. The expected dependence of the partitioning results on the WUE input 81 

could be observed. However, due to violation of the abovementioned transfer assumption, the 82 

known true input WUE did not yield the known true input partitioning. This could only be 83 

achieved after introducing correction factors for the transfer assumption, which were known 84 

however only in the special case of the LES experiments. 85 

 86 

Keywords: Flux Partitioning, Latent Heat Flux, LES, Net Ecosystem Exchange, Sensitivity 87 

Analysis, Water Use Efficiency  88 
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1. Introduction 89 

The eddy covariance (EC) method is a convenient measurement technique for energy, water 90 

vapor, and carbon dioxide exchange between atmosphere and biosphere. It is routinely used 91 

for a better understanding of the exchange of greenhouse gases, providing, among others, 92 

fluxes of H2O and CO2 based on high-resolution (10 - 20 Hz) raw data of the concentrations 93 

of these gases and the vertical wind velocity. The method yields net fluxes; to gain deeper 94 

insight into the underlying biophysical processes, source partitioning methods have to be 95 

applied to the data to distinguish between the fluxes from the various compartments of the 96 

biosphere. Measured net ecosystem exchange (NEE) of CO2 and its two components gross 97 

primary production (GPP) and total ecosystem respiration (TER) are of particular interest 98 

(Reichstein et al. 2012; Stoy et al. 2006b). In addition, elements of the water cycle, their 99 

dynamics, and magnitudes have to be considered to comprehend the interrelation between 100 

atmosphere and terrestrial systems more completely. Particularly the study of 101 

evapotranspiration (ET), with its two components evaporation (E) and transpiration (T), and 102 

its feedbacks with the carbon cycle should be incorporated in environmental studies (Scanlon 103 

and Kustas 2010). 104 

A large variety of source partitioning procedures with diverse approaches and necessity of 105 

different input data have been developed (Kool et al. 2014; Reichstein et al. 2012; Stoy et al. 106 

2006a, 2006b). The most popular partitioning tools for CO2 flux components, primarily 107 

developed to fill gaps in EC measurements of NEE, are often based on the notion that during 108 

night respiration fluxes dominate. They use regressed relationships of EC measurements 109 

(typically averaged over half-hourly periods) and physical drivers, in particular temperature 110 

(e.g., approach after Reichstein et al. 2005). The approach after Lasslop et al. (2010) 111 

additionally constrains the rate of photosynthesis with light response curves from daytime 112 

flux measurements. Similar to these CO2 gap-filling models, ET can be partitioned via time 113 
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intervals with an inactive canopy (without any T), such as for croplands shortly after harvest, 114 

in deciduous forests after leaf fall, or for some canopy types due to low air temperatures 115 

(Reichstein et al. 2012; Stoy et al. 2006a). However, such source partitioning approaches are 116 

well developed for the partitioning of carbon fluxes, but analogous and established methods 117 

for water fluxes are lacking yet (Reichstein et al. 2012; Stoy et al. 2006a, 2006b). 118 

Instrumental approaches of source partitioning require, next to EC data, additional 119 

measurements at different parts of ecosystems and with different methods, e.g., soil-flux 120 

chamber measurements, profile measurements (Ney and Graf 2018), or tracer measurements 121 

(isotopes). The latter are promising for flux partitioning, but associated with high costs, 122 

elaborate technical setups, and maintenance requirements that are usually not possible at most 123 

stations (Kool et al. 2014; Reichstein et al. 2012). With flux chambers, sap flux sensors, and 124 

microlysimeters sources and sinks of H2O and/or CO2 can be derived in an ecosystem, but are 125 

associated with scaling issues in comparison to the EC footprint. 126 

As a data-driven method only requiring existing data from a typical EC station, Scanlon and 127 

Sahu (2008) and Scanlon and Kustas (2010) proposed a method to estimate the contributions 128 

of T, E, photosynthesis, and soil respiration (Rs, autotrophic and heterotrophic sources) using 129 

measured high frequency time series of water vapor and CO2 concentrations. This method 130 

(further called SK10) is based on the dissimilarities of sources and sinks of water vapor and 131 

CO2 among sub-canopy, canopy, and atmosphere, which lead to unique “signals” in EC 132 

measurements for air transported from differing locations. The flux-variance similarity theory 133 

is separately applied to the stomatal and non-stomatal components of the regarded scalars. 134 

The discrepancy between the perfect correlation between H2O and CO2 exchange at leaf-level 135 

(via the water use efficiency WUE) and the imperfect correlation between H2O and CO2 136 

fluctuations above the canopy is used to determine the relative strength of each flux 137 

component. SK10 requires that the correlation coefficient between stomatal and non-stomatal 138 
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scalar fluctuations is determined by the ratio of the transfer efficiencies of these scalar 139 

components, an assumption (transfer assumption in the following) made by Scanlon and Sahu 140 

(2008) in the method’s derivation. 141 

Scanlon and Kustas (2012) applied SK10 to a maize field (eastern USA) and showed that the 142 

performance of ET partitioning is consistent, can give insights for calculation of canopy 143 

conductance, and therefore, has the potential to improve land surface models. A comparison 144 

between isotopic H2O flux partitioning and SK10 was conducted by Good et al. (2014). Wang 145 

et al. (2016) analyzed H2O flux partitioning by SK10 at a suburban grassland site (western 146 

USA), that yielded similar diurnal and seasonal dynamics compared to simulations with the 147 

Noah Land Surface Model. Sulman et al. (2016) compared SK10 with other partitioning 148 

methods (sub-canopy EC measurements, non-linear regression method, and potential 149 

evapotranspiration) and evaluated its performance in a forest site in a decadal time scale. 150 

Considering ten day moving averages the multiple methods showed a good agreement for T 151 

and GPP and a higher variability in E and TER. 152 

Sulman et al. (2016) suggested further investigation of SK10 via large eddy simulation (LES) 153 

studies identifying potential sources of errors in the application of the partitioning method. 154 

Various LES studies including a canopy have been conducted studying the influence of 155 

canopy properties and canopy edges on airflow above and in the canopy (e.g., Cassiani et al. 156 

2008; Dupont and Brunet 2008; Finnigan et al. 2009). Huang et al. (2013) studied the 157 

influence of coherent structures on the scalar dissimilarity in the air space just above the 158 

canopy via LES. They investigated the scalar-scalar-correlation in forest canopies with 159 

differing densities. Edburg et al. (2012) simulated the transport of passive scalars for a forest 160 

canopy and concluded that scalar concentration profiles, fluxes, correlation coefficients, and 161 

scalar segregation are affected by the sink-source-distribution of the scalars. We assumed that 162 

these differing characteristics also influence the performance of SK10. 163 
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In spite of the partly successful applications of SK10 (see above), the method is still not 164 

widely used and robustness issues have been reported (mostly personal communication). We 165 

aim to identify the key assumptions behind the method that, if not properly met, can lead to its 166 

failure. To this end, we applied the partitioning method to data of two contrasting field sites 167 

with various WUE assumptions derivable from meteorological measurements. Furthermore, 168 

we applied SK10 to data obtained on synthetic high frequency data by LES, checked scalar 169 

statistics, the validity of the transfer assumption, and evaluated the partitioning method.  170 
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2. Materials and Methods 171 

2.1. Study Sites 172 

The measurements were obtained at Selhausen (50°51’N, 6°26’E, 103 m a.s.l., ICOS code 173 

DE-RuS) and Wüstebach (50°30’N, 6°19’E, 610 m a.s.l., ICOS code DE-RuW) in western 174 

Germany. These study sites are included in the Terrestrial Environmental Observatories 175 

(TERENO) network of highly instrumented field sites. 176 

Selhausen is located in the southern part of the Lower Rhine Embayment. The underlying 177 

sediments are Quaternary fluvial deposits from the Rhine/Meuse and Rur river system and 178 

were covered by floodplain sediments and loess in the Pleistocene and Holocene. The major 179 

soil type was classified as a Luvisol according to the soil taxonomy of the FAO (I.U.S.S. 180 

Working Group WRB 2006). The soil texture is a silt loam and fairly homogeneous in the 181 

area (Weihermüller et al. 2007). The climate conditions are temperate maritime with a mean 182 

annual temperature of 9.9 °C and an annual precipitation of 698 mm (1961-2009; Graf et al. 183 

2012). The dominant land-use in the region is cropland and in 2015 winter wheat (Triticum 184 

aestivum L.) was cultivated in Selhausen. The crop height was between 0.57 and 0.81 m and 185 

the effective (Chen 1996) leaf area index (LAI) based on optical measurements was between 186 

5.7 and 6.8 m2 m-2 on the considered days. EC measurements (measurement height 2.43 m) 187 

and ancillary environmental measurements were conducted in the center of the field with an 188 

area of approximately 9.8 ha. Measurements of H2O, CO2, wind components, sensible heat, 189 

global radiation, air temperature, precipitation, and relative humidity were available for the 190 

regarded time periods. A detailed description of the measurement setups is given by Ney and 191 

Graf (2018). All observations were averaged in half-hourly time steps, while the measurement 192 

frequency of the EC method was 20 Hz. Here, we use the micrometeorological convention, 193 

where downward fluxes from atmosphere to biosphere are negative and upward fluxes 194 

positive (Stoy et al. 2006b). 195 
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The Wüstebach catchment is part of the low mountain range Eifel and covers an area of 196 

~38.5 ha; the altitude ranges from 595 m to 628 m a.s.l. The underlying bedrock consists of 197 

fractured Devonian slate with sporadic sandstone inclusions. Soil types vary from Cambisols 198 

and Planosols to Gleysols and Histosols depending on the average groundwater level. Soil 199 

texture is a silty clay loam (Bogena et al. 2015). The mean annual temperature is 7.5 °C and 200 

the annual precipitation is 1220 mm (1979-1999; Bogena et al. 2015; Ney et al. unpublished 201 

data). The dominant vegetation type is Norway spruce (Picea abis L.). EC and ancillary 202 

environmental measurements (same as in Selhausen) were taken in a height of 38 m above 203 

ground, over a spruce canopy of 25 m height and a LAI of about 3.9 m2 m-2 (Ney et al. 204 

unpublished data). 205 

SK10 is applied to half-hourly time series of pre-processed high frequency EC data of vertical 206 

wind velocity, total H2O, and CO2 concentrations. Beforehand, physically implausible values 207 

and spikes were excluded in the high frequency data, the time delay was corrected, missing 208 

raw data within one 30 minutes period was gap-filled by linear interpolation and a planar-fit 209 

rotation was conducted. 210 

For the application of the source partitioning method, days with a high productive state of the 211 

vegetation and fair-weather conditions (sunny, almost no precipitation, clear diurnal dynamics 212 

of all meteorological variables) were chosen to ensure that all flux components contributed to 213 

the measured total fluxes and to exclude processes and factors further disturbing the 214 

stationarity of turbulence and the expected behavior of the stomata (e.g., cloud cover). Also, 215 

the method was only applied to time periods where the quality assessment scheme during EC 216 

processing (after Mauder et al. 2013) assigned the highest or intermediate out of three quality 217 

flag levels. Furthermore, for Selhausen half-hour periods have been excluded if the relative 218 

contribution of the target field to the footprint (after Kormann and Meixner 2001) was smaller 219 

than 80%. For Wüstebach time periods with wind directions between 70° and 162° were 220 
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excluded to receive only flux measurements of the desired target area (cf. Graf et al. 2014 for 221 

a cumulative footprint analysis). Furthermore, the source partitioning method was merely 222 

applied to daytime data because the SK10 method requires the presence of photosynthesis. 223 

Here, sunrise and sunset times were calculated by means of local time, and in addition, 224 

daytime was designated to a measured global radiation higher than 20 W m-2 after Reichstein 225 

et al. (2005). 226 

For validation purposes, soil respiration data were obtained with closed-chamber 227 

measurements at both sites (Rs-meas). In Selhausen, half-hourly measurements of an automated 228 

soil gas efflux system (LI-8100, Li-Cor Inc. Biosciences, Lincoln, NE, USA) with four 229 

stationary longterm-chambers were available for the considered time periods (Ney and Graf 230 

2018). In Wüstebach, Rs-meas was measured with portable survey-chambers at several 231 

measurement points in the forest on June 10th, 2015 (9 a.m. - 1 p.m.), so a spatial and 232 

temporal average for that day could be calculated. In both cases, identical PVC collars were 233 

permanently inserted 5 cm deep and 2 cm protruding above the surface into the soil; 234 

automated chambers closed on these collars only during measurement. Furthermore, soil 235 

evaporation Esoil was estimated as a fraction of measured ET based on Beer’s law depending 236 

on LAI (Esoil = ET exp(-0.6 LAI); Campbell and Norman 1998; Denmead et al. 1996; Kool et 237 

al. 2014; Stoy et al. 2006a) to compare to the partitioned H2O components by SK10 at both 238 

study sites. 239 

 240 

2.2. Source Partitioning Based on High Frequency Data - SK10 241 

The source partitioning method after Scanlon and Sahu (2008) and Scanlon and Kustas (2010) 242 

is based, among others, on the Monin-Obukhov similarity theory (MOST). In the atmospheric 243 

surface layer above a horizontally homogenous surface, scalar statistics in a particular height 244 

are expected to depend on the surface fluxes, surface shear stress, and buoyancy determined 245 
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by sensible and latent heat flux (Scanlon and Kustas 2010; Scanlon and Sahu 2008). Strictly, 246 

MOST implies that scalar time series measured at the same position in the atmospheric 247 

surface layer should correlate perfectly, which is consistent with the concept of flux-variance 248 

similarity (Hill 1989). These expectations are not always met under field conditions because 249 

of a non-steadiness of time series, the influence of entrainment, and heterogeneous 250 

distribution of sinks and sources (Scanlon and Kustas 2010; Scanlon and Sahu 2008). 251 

With the EC method, high frequency measurements of water vapor and CO2 concentrations 252 

are collected and their turbulence-driven dynamics are monitored. During the day T and 253 

photosynthesis are usually the main contributors to measured H2O and CO2 fluxes, and both 254 

derive from stomatal exchange. In the absence of non-stationarity and entrainment, the 255 

correlation coefficient ρqt’cp’, between the two stomatal scalars is equal to -1 according to the 256 

flux-variance similarity theory (subscripts qt and cp indicate moisture and CO2 concentrations 257 

related to T and photosynthesis; likewise, subscripts qe and cr indicate moisture and CO2 258 

concentrations related to E and Rs, respectively). This relationship between H2O loss and CO2 259 

uptake on leaf-level by vegetation is described by the WUE. When in a hypothetical case the 260 

fluctuations of H2O and CO2 (Rs and E from the soil surface disregarded) are plotted against 261 

each other, they would correlate perfectly and the linear slope would be equivalent to the 262 

WUE (WUE is defined to be negative, see Eq. 4; Scanlon and Kustas 2010; Scanlon and Sahu 263 

2008), from which follows: 264 

 265 

𝑐𝑝
′ = WUE ∙  𝑞𝑡

′          (1) 266 

 267 

The non-stomatal processes, E from the soil surface and Rs, are expected to also adhere to 268 

flux-variance similarity. These fluxes originate primarily from the sub-canopy, are enriched in 269 

both H2O and CO2, and it is assumed that they are transported similarly with one another, but 270 
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different from the stomatal components. Since both fluxes are positive during daytime, they 271 

correlate positively and ρqe’cr’ would be equal to +1 (Scanlon and Kustas 2010; Scanlon and 272 

Sahu 2008). 273 

For the natural case in which both stomatal and non-stomatal processes contribute to the 274 

fluxes, the correlation between water vapor fluctuations (q’) and CO2 fluctuations (c’) is 275 

reduced. The slope of the q’ versus c’ relationship becomes less than WUE, such that the 276 

magnitude of the ecosystem-level WUE (WUEeco, the ratio between NEE and ET) is smaller 277 

(less negative) than WUE at leaf-level (Palatella et al. 2014). The reduced correlation and 278 

deviation from WUE at leaf-level provides information about the composition and magnitudes 279 

of the measured fluxes (Scanlon and Kustas 2010; Scanlon and Sahu 2008). Scanlon and Sahu 280 

(2008) state that, to obtain accurate source partitioning from this extra information, the 281 

vegetation has to be distributed homogeneously in a horizontal sense and the vertical 282 

heterogeneity and spatial distribution of stomatal and non-stomatal sinks and sources have to 283 

be significant to reduce the degree of correlation. 284 

The first step in the SK10 time series analysis is the correction for density fluctuations in the 285 

raw data of H2O and CO2 fluxes. Such fluctuations can arise due to external factors such as 286 

changes in air temperature or water vapor density. Scanlon and Kustas (2010) use the 287 

approach after Detto and Katul (2007). As mentioned before, the correlation between q’ and 288 

c’ is very sensitive to advection, entrainment, and large-scale weather effects. Therefore, 289 

large-scale fluctuations should be eliminated from measurements, in this case, by orthonormal 290 

wavelet transform using the discrete Haar wavelet. For 20 Hz data sets of 30 minutes (36000 291 

data points) 15 wavelet levels can be derived (215 data points in the first 27.3 min; Scanlon 292 

and Albertson 2001). In this study, the first two wavelet levels representing the low frequency 293 

eddies have always been removed by default to reduce the influence of large-scale processes 294 

as suggested by Scanlon and Kustas (2010). In the process of finding a valid solution, 295 
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additional wavelet levels can be excluded progressively, if necessary (see below). The 296 

application of wavelet transform gives an insight, how ρq’c’, WUEeco, and scalar transport 297 

efficiencies vary across scales of turbulent eddies. The derived eddy frequencies could be 298 

converted to eddy diameters using Taylor’s frozen turbulence hypothesis (Scanlon and Kustas 299 

2010). 300 

Figure 8 in Scanlon and Sahu (2008, page 10) shows an overview of the main analysis steps 301 

of SK10. To compute the exact combination of flux contributions, Scanlon and Sahu (2008) 302 

derived a system of equations for this approach, in which most parameters ( w'q' , w'c' , ρq’c’, 303 

ρw’q’, ρw’c’, σq’
2, σc’

2) are known from measurements. To further reduce the number of 304 

unknowns, the following equations are assumed to be reasonable approximations (transfer 305 

assumption; Bink and Meesters 1997; Katul et al. 1995; Scanlon and Kustas 2010; Scanlon 306 

and Sahu 2008): 307 

 308 

𝜌𝑞𝑡
′𝑞𝑒

′  ≈  
𝜌

𝑤′𝑞𝑒
′

𝜌
𝑤′𝑞𝑡

′
           (2) 309 

𝜌𝑐𝑝
′ 𝑐𝑟

′  ≈  
𝜌

𝑤′𝑐𝑟
′

𝜌
𝑤′𝑐𝑝

′
           (3) 310 

 311 

where w’ is the vertical wind fluctuation. These equations imply that transport efficiencies of 312 

qe’ and cr’ coming from the soil surface are smaller than the efficiencies of qt’ and cp’ from 313 

the canopy airspace, respectively, because |ρqt’qe’| and |ρcp’cr’| should be smaller than 1 (Bink 314 

and Meesters 1997). This is consistent with the results of Lamaud and Irvine (2006) and 315 

Moene and Schüttemeyer (2008) who found that for the scalar pair temperature-humidity the 316 

relative transport efficiency ρw’θ’/ρw’q’ is equal to ρθ’q’ for well-watered conditions (small heat 317 

flux) and 1/ρθ’q’ for dry conditions (small moisture flux). They also show that in general 318 

ρw’θ’/ρw’q’ can be described as (ρθ’q’)
k with k ranging between -1 and 1. 319 
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Besides, WUE can be estimated (see below), such that only two parameters in the essential 320 

equation of the approach (Scanlon and Sahu 2008, Equation 15, page 5; Eq. A.1 in Appendix) 321 

are unknown: the correlation coefficient of the CO2 concentrations related to photosynthesis 322 

and Rs (ρcp’cr’) and the variance of photosynthesis-related CO2 (σcp’
2). The equation can be 323 

further manipulated to solve for σcp’
2 = f(ρcp’cr’) (Eq. A.2). To obtain results for σcp’

2 and the 324 

corresponding magnitudes of each flux component, values of ρcp’cr’ in a physically meaningful 325 

range of -1 ≤ ρcp’cr’ ≤ 0 are inserted into the function. To obtain the exact partitioning solution, 326 

ρq’c’ is derived as a function of ρcp’cr’ and the other variables. If this calculated ρq’c’ matches the 327 

observed ρq’c’, (misfit is less than 0.005), then actual values for ρcp’cr’, σcp’
2 and the partitioning 328 

factors are found (Scanlon and Kustas 2010; Scanlon and Sahu 2008). As a further check, 329 

WUE is calculated again as a function of the derived partitioning factors and compared to the 330 

input WUE. If those ‘input’ and ‘control’ WUEs differ too much (misfit larger than 1%), the 331 

solution is disregarded. If no solution for ρcp’cr’ and σcp’
2 is attained, the next wavelet level is 332 

removed progressively to further reduce the influence of large-scale processes until a valid 333 

solution is reached or none at all. The estimated partitioning factors are then applied to the 334 

post-processed half-hourly EC data. 335 

For a detailed analytical description of SK10 see Palatella et al. (2014), Scanlon and 336 

Albertson (2001), Scanlon and Kustas (2010, 2012), and Scanlon and Sahu (2008). Our 337 

implementation deviates from the procedure of Palatella et al. (2014) and Scanlon and Kustas 338 

(2010) in terms of finding valid solutions with a minimal error in ρq’c’ and WUE. Because we 339 

converted Equation 15 in Scanlon and Sahu (2008) solving for σcp’
2 directly (see Appendix A), 340 

we were left with only one unknown variable: ρcp’cr’. By insisting upon very low errors in ρq’c’ 341 

and WUE we found almost always the same solutions as the approach after Palatella et al. 342 

(2014), even though we passed on the implementation of the globally convergent Newton’s 343 

method. Aside from this, Skaggs et al. (2018) developed an algebraic solution simplifying the 344 
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source partitioning procedure and implemented SK10 in the open source Python 3 module 345 

Fluxpart. Using the analytical approach would not significantly change our results, but it 346 

might improve the rate of convergence to a solution. 347 

One disadvantage of SK10 is that the autotrophic CO2 source term (growth and maintenance 348 

respiration by plants) cannot be quantified. Thus, not GPP but the above-ground net primary 349 

production (NPP; GPP minus above-ground respiration by autotrophs) is result of this 350 

approach. Furthermore, SK10 can only be applied to daytime fluxes, because it is based on 351 

the assumptions that photosynthesis is active and E positive. 352 

 353 

Water Use Efficiency 354 

A key element of the source partitioning method after Scanlon and Kustas (2010) is the WUE 355 

at the leaf level, which describes the relation between the amount of CO2 uptake through 356 

stomata (photosynthesis) and the corresponding amount of H2O loss (T) (not to be confused 357 

with WUEeco, the ratio of NEE to ET). 358 

One way to derive WUE is to relate the difference in mean CO2 concentration between air 359 

(just outside the leaf) and stomata to the difference in mean humidity concentration between 360 

air and stomata: 361 

 362 

WUE =  0.7 ∙  
𝑐𝑠− 𝑐𝑖

𝑞𝑠− 𝑞𝑖
          (4) 363 

 364 

where the subscripts “s” and “i” indicate the external (within canopy) and internal (intra-365 

stomatal) concentration of H2O (q) and CO2 (c) averaged over the regarded time period. The 366 

factor 0.7 accounts for the difference in diffusion and convection between H2O and CO2 367 

through the stomatal aperture (Campbell and Norman 1998). ci should be lower than cs to 368 
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maintain CO2 uptake and qi larger (saturated) than qs, leading to a negative fraction (Scanlon 369 

and Kustas 2010, 2012; Scanlon and Sahu 2008). 370 

As mentioned before, WUE should be evaluated for the leaf-level, where the exchange 371 

between plants and atmosphere takes place. cs and qs at displacement height can be inferred 372 

from EC measurements by considering logarithmic mean concentration profiles implementing 373 

MOST (Scanlon and Kustas 2010, 2012; Scanlon and Sahu 2008). For ci a constant value of 374 

270 ppm was presumed, a typical value for C3 plants (Špunda et al. 2005; Williams et al. 375 

1996; Xue et al. 2004). Values for qi were estimated based on 100% relative humidity at 376 

foliage temperature (Tf). Direct measurements of Tf are usually not available; therefore,  377 

Scanlon and Sahu (2008) suggested to use mean air temperature to estimate WUE 378 

(WUEmeanT), as well as to consider a range for Tf of 2 K lower and higher than air temperature 379 

(WUEmeanT-2K or WUEmeanT+2K, respectively). Additionally, to investigate the sensitivity of 380 

WUE, Tf was derived by means of measured outgoing longwave radiation (WUEOLR; with a 381 

surface emissivity of 0.98), or calculated similar to cs and qs by considering a logarithmic 382 

mean profile implementing MOST (WUEMOST). 383 

Because the chosen inputs of ci and Tf introduce uncertainty, we conducted two additional 384 

runs with quantities of ci and Tf on the outer margins of their reasonable ranges for a very low 385 

or very high WUE, respectively. Following Equation 4, if ci and/or Tf (and with it qi) 386 

increases, the magnitude of WUE decreases (WUE gets less negative), and the plant is 387 

assumed to be less efficient. For Norway spruce Špunda et al. (2005) calculated values of ci 388 

between 180 and 400 ppm based on measured air CO2, assimilation rate and stomatal 389 

conductance in a diurnal cycle. Xue et al. (2004) measured ci for four different winter wheat 390 

cultivars under differing conditions and obtained a range between 120 and 300 ppm. Here, 391 

200 and 300 ppm were chosen for a minimal or maximal magnitude of ci, respectively. The 392 

calculated Tf by means of measured outgoing longwave radiation was during the day about 393 
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3 K or 6 K higher at the forest or crop site, respectively, than the mean air temperature. Thus, 394 

for a minimal value, qi was calculated based on the mean air temperature minus 2 K and for a 395 

maximal value, based on air temperature plus 5 K. For the two additional applications of 396 

SK10 to the study sites, on the one hand the small values of ci and Tf were chosen for a 397 

maximal magnitude of WUE (WUEMAX) and on the other hand the larger values for a minimal 398 

magnitude of WUE (WUEMIN) (Tab. 1). Note that tentatively choosing even more extreme 399 

values for ci or Tf mostly led to no valid solutions of the SK10 procedure. 400 

 401 

2.3. Large Eddy Simulations 402 

LES were undertaken to study the impact of different canopy types on the vertical exchange 403 

of scalars. The effect of the vertical scalar sink-source-distribution and of the relative 404 

importance of canopy and soil source on correlation coefficients were of interest. The 405 

simulations have been performed with the Dutch Atmospheric Large-Eddy Simulation 406 

(DALES) model (Heus et al. 2010; Ouwersloot et al. 2016). The default version was extended 407 

to enable closer control of the source distribution in the canopy. 408 

We conducted experiments with neutral flow conditions (i.e., all scalars are passive with 409 

respect to buoyancy). A frictionless rigid lid (zero-gradient boundary conditions for horizontal 410 

velocity components and all scalars, and w = 0) was applied as upper boundary condition. A 411 

periodic boundary condition was set in each horizontal direction for both velocity and all 412 

scalars. The external forcing was a constant horizontal pressure gradient. This setup was 413 

slightly different from the variable momentum forcing (targeting a constant mean velocity) 414 

used in the studies conducted by Ouwersloot et al. (2016) and Edburg et al. (2012). 415 

A domain size of 72 hc x 36 hc x 32 hc with 720 x 360 x 144 nodes in the x-, y-, and 416 

z-directions with a grid resolution of 0.1 canopy heights (hc) was used for the numerical 417 
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experiments. In the vertical direction the grid cells were equally spaced up to a height of five 418 

times the hc and above stretched progressively to a total domain height of 32 times the hc. 419 

The total simulation runtime for each experiment was 720 hc u*
-1 (u* is the friction velocity at 420 

the canopy top), of which the last 120 hc u*
-1 were sampled. For the statistics of turbulence 421 

profiles, quantities were sampled every 1 hc u*
-1 and averaged over 120 hc u*

-1, respectively. 422 

Fields of momentum and scalars were sampled every 6 hc u*
-1. The Courant-Friedrichs-Lewy 423 

(CFL) number was smaller than 0.5 for all runs. The time steps and the maximum horizontal 424 

velocity in x-direction were variable in these simulations, but were in average about 425 

0.0042 hc u*
-1 and 0.46 hc u*

-1, respectively1. 426 

The plant area density (PAD) profile was prescribed, with a smooth transition at the top of the 427 

canopy over four grid points, and the canopy was resolved vertically by 10 grid points, both 428 

as recommended by Ouwersloot et al. (2016). The drag coefficient Cd was set to 0.5 429 

describing the drag on the flow induced by canopy elements, and we prescribed the roughness 430 

length of the underlying soil as z0 = 0.005 m. The canopy was homogeneous in the horizontal 431 

direction. 432 

Two LES experiments with contrasting PAD profiles were conducted: on the one hand with a 433 

canopy similar to a crop (winter wheat) and on the other hand with a canopy similar to a 434 

coniferous forest (Fig. 1). These canopy profiles were taken from measurements at our study 435 

sites and literature (Edburg et al. 2012; Gspaltl et al. 2013; Weiskittel et al. 2009). The LAI 436 

was set to 2 m2 m-2 in both cases, which is a typical magnitude for forests, while winter wheat 437 

usually has a considerably denser canopy. In the following, only results of the experiment 438 

with the crop-like canopy are shown. The corresponding figures of the experiments with 439 

forest-like canopy can be found in the Supplementary material. 440 

                                                 
1 In dimensional terms, the various simulation characteristics are: hc = 1 m, u* = 0.2 m s-1, total simulation run time 3600 s, of 

which the last 600 s were sampled; time steps and the maximum horizontal velocity in x-direction were in average about 

0.021 s and 2.3 m s-1, respectively. 
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In the simulations passive scalars were emitted homogeneously from the soil surface and from 441 

ten canopy sources (one for each grid cell in vertical direction). So, in total eleven fields of 442 

arbitrary scalars were simulated. Each of these fields can be scaled with a desired source 443 

strength for the respective source level. A scalar with sources at multiple levels can be 444 

constructed by adding these fluctuation fields, each scaled with a height-specific source 445 

strength derived from a desired vertical source strength distribution. This could be repeated 446 

for an arbitrary number of scalars and vertical source distributions after the actual LES runs. 447 

Thus, fields for both H2O and CO2 were created, assuming a water vapor source and a carbon 448 

sink in the canopy and a source for both scalars at the soil surface. Two different variations of 449 

distributions were applied: on the one hand a v-shaped distribution taken from Sellers et al. 450 

(1992) (ModelV, Fig. 1 left) and on the other hand a beta-function-shaped distribution 451 

inferred from profile measurements in winter barley on June 9th, 2016 (Ney et al. 2017; Ney 452 

and Graf 2018) (ModelB, Fig. 1 right). Finally, the relative strength of the CO2 soil source 453 

was varied: the soil sources were set to 1 mmol m-2 s-1 for H2O and to 3 or 9 μmol m-2 s-1, 454 

respectively, for CO2. The total flux at canopy top was for each distribution the same and 455 

matched EC measurements of the same day in June 2016 (ET = 9.2 mmol m-2 s-1, 456 

NEE = -27.26 μmol m-2 s-1). So, in total we had for each canopy type four different 457 

combinations of sink-source-distributions: ModelV with low or higher CO2 soil source and 458 

ModelB with low or higher CO2 soil source. This setup was chosen to study the influence of 459 

the separation between soil sources and canopy sink/source and of their relative magnitudes 460 

on scalar-scalar-correlations and flux profiles. Also, the impact of differing magnitudes of 461 

WUEeco and WUE at canopy-level could be studied. WUEeco was for all LES experiments 462 

identical, and the WUE on canopy-level did not differ between ModelV and ModelB under 463 

identical soil source strength. Furthermore, the setup allowed to separately study and compare 464 
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the effect of the different PADs and the resulting turbulence on the one hand, and of differing 465 

scalar sink-source-distributions on the other hand. 466 

After scaling the scalar fields with the chosen sink-source-distributions, variances and 467 

covariances could be sampled from the LES experiments in any chosen virtual measurement 468 

height. To calculate the required fluxes, simulation data of vertical wind and scalar 469 

concentrations were sampled from each field (fields collected every 6 hc u*
-1 in the last 470 

120 hc u*
-1 of runtime) for every tenth grid point in x- and y-direction in each corresponding 471 

height, so data for one virtual measurement height consisted of 51840 data points. After 472 

calculating the necessary H2O and CO2 fluxes, the variances and correlation of q’ and c’, and 473 

WUE, the SK10 approach could be applied to this ‘virtual EC data’. SK10 was only applied 474 

to the resolved scale (scales of motion larger than the grid scale) statistics, assuming any 475 

correlation structure found in the resolved scale would be valid for the subgrid scale (scales of 476 

motion smaller than the grid scale) as well. The source partitioning results could then be 477 

validated to the known fluxes and statistics of the components qt, qe, cp, and cr from the LES 478 

experiments. 479 
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 480 
Fig. 1: Vertical profiles of the crop (top) and forest (bottom) plant area density (PAD), 481 

cumulative plant area index (PAI), and variations of sink-source-distributions for H2O and 482 

CO2 used to scale the LES scalar fields (left: ModelV, after Sellers et al. 1992; right: ModelB, 483 

after Ney et al. 2017), each with ten canopy sinks/sources (bars) and one soil source (circle). 484 

For CO2, two different soil sources and accordingly differing canopy sinks were used, in 485 

which the flux at canopy top for each distribution is the same.  486 
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3. Results and Discussion 487 

The first objective of our study was the application of SK10 to data of our study sites and the 488 

analysis of the partitioning results depending of the WUE input. The second objective was the 489 

application of SK10 to synthetic high frequency data generated by LES and the analysis of the 490 

partitioning performance depending on canopy type, measurement height, and given sink-491 

source-distribution. Also here, dependence of the partitioning result to the WUE input was 492 

analyzed. Of particular interest was the assessment of the transfer assumption involved in 493 

SK10 (Eq. 2, 3), which was only possible with the LES experiments. 494 

 495 

3.1 Source Partitioning of Field Data 496 

The selected time period for the forest site included 247 daytime hours and the three periods 497 

for the cropland 359 daytime hours in total. After checking the data quality (excluding periods 498 

with precipitation events, worst quality flag, and insufficient fraction of footprint on target 499 

area) SK10 could be applied to 70% and 86% of these daytime hours for the forest and 500 

cropland site, respectively. Subsequently, SK10 found valid partitioning solutions for 75% 501 

and 58% of these high-quality daytime periods for the forest and cropland site. 502 

Figures 2 and 3 show source partitioning results of SK10 for H2O and CO2 fluxes at the two 503 

study sites for certain time periods. The partitioned H2O fluxes were compared to estimated 504 

Esoil computed as a fraction of measured ET based on Beer’s law depending on LAI (Fig. 2; 505 

Campbell and Norman 1998; Denmead et al. 1996; Kool et al. 2014). The partitioned CO2 506 

fluxes were compared to results of the approach after Reichstein et al. (2005) and to Rs-meas 507 

from chamber measurements (Fig. 3). The root mean square error (RMSE) and the bias 508 

between measured and SK10-based Rs are given in Table 1. For the calculation of the error 509 

quantities, outliers were excluded which deviated from the mean by more than ten times the 510 

standard deviation. Concerning the different chamber measurement setups, one area average 511 
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from four chamber measurements was given per considered half-hour at the crop site, while at 512 

the forest site only one space-time average from 36 consecutive manual chamber 513 

measurements in different locations was assumed to be approximately applicable for June 514 

10th, 2015 from 9 a.m. till 1 p.m. 515 

SK10 reasonably partitioned water vapor fluxes into larger fractions of T than E (Fig. 2). The 516 

comparison between E and estimated Esoil based on Beer’s law showed a good agreement for 517 

the forest and larger discrepancies for the cropland. For the latter, SK10 tended to 518 

overestimate E up to tenfold in most time periods and matched the magnitude of Esoil perfectly 519 

in only a few time periods, keeping in mind that Esoil was also just an approximation. The 520 

large variations in E decreased with maturity of the crop. The median of the partitioning 521 

fraction E/ET was 0.16 for the forest and between 0.09 and 0.23 for the cropland in the three 522 

time periods. With the differing WUE inputs the median of the partitioning fractions changed 523 

by up to -57% and +29%. At the forest site E/ET (with WUEmeanT) increased to a median of 524 

0.29 on the two days after the precipitation events during the night from June 12th to June 13th. 525 

Thereby, T was reduced due to an increased qs and a decreased humidity gradient at leaf-526 

level. This effect was also observed by Scanlon and Kustas (2012). Kool et al. (2014) 527 

reviewed 52 studies about ET partitioning and found values of E/ET between 0.05 and 0.53 528 

for forests and between 0.1 and 0.9 for winter wheat depending on the crop cover, in which 529 

our findings belonged to the lower ranges. 530 

Results of the CO2 partitioning showed more scatter at both study sites (Fig. 3). While the 531 

partitioning model after Reichstein et al. (2005) has different target flux components than 532 

SK10, its respiration (TER) can be used as an upper limit for the validation of the SK10-based 533 

Rs. Here, Rs often exceeded TER (correspondingly NPP exceeded GPP) and chamber 534 

measurements, and peaked in implausible magnitudes, especially in the cropland for the two 535 

chosen time periods earlier in the year. In the latter time period, when the winter wheat 536 
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matured, NEE measurements decreased and SK10 results appeared more reasonable. 537 

Compared to Rs-meas, the estimated soil source by SK10 matched measurements very well on 538 

June 30th, but was often underestimated in early July. In the three considered time periods, 539 

weather conditions were similar and only WUEeco differed. The medians of WUEeco were -540 

13.3, -9.1, and -7.3 mg g-1 for these three time periods, and thus the crop became less efficient 541 

with maturity. T and NPP results particularly differed between the last two time periods, 542 

which were similar in plant height and LAI, but differed in maturity of the crop. A direct 543 

relationship of T and NPP to plant height or LAI could not be observed, also because these 544 

canopy properties only varied slightly between the considered time periods (Fig. 2, 3). At the 545 

forest site, the obtained CO2 flux components had a reasonable magnitude, except after the 546 

precipitation events. The significant increase of the flux components could be caused by the 547 

presence of interception, so the SK10 procedure could not differentiate between T and 548 

evaporation of interception water, thus, overestimating T and NPP with an unchanged WUE. 549 

The median of the partitioning fraction Rs/NEE was -0.29 for the forest and between -0.74 550 

and -0.14 for the cropland. With the differing WUE inputs the median of the partitioning 551 

fractions changed by up to -42% and +36%. 552 

Reasons for the diverging results of SK10 and reference estimates at our study sites could 553 

include a wrong functioning of the partitioning method, such as finding a wrong solution for 554 

ρcp’cr’, excluding not enough/too many levels of large-scale fluctuations, or an inaccurate WUE 555 

estimation. Also, invalidity of assumptions underlying the method, such as a non-identical 556 

sink-source-distribution of H2O and CO2 fluxes, horizontal canopy heterogeneity, insufficient 557 

vertical spacing between stomatal and non-stomatal processes, and deviations of these 558 

processes from flux-variance similarity theory, could cause the improbable results. Also, not 559 

all processes could be incorporated in the method, such as respiratory fluxes of a forest 560 

understory or woody tissue and refixation of respiratory CO2 in the canopy. 561 
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The correct exclusion of large-scale fluctuations was checked with a modified SK10 method 562 

by searching for the best solution in all eddy scales and not stopping at the first valid solution. 563 

This did not improve partitioning results significantly (not shown). Thus, we assumed that the 564 

application of the wavelet transform and the exclusion of low frequency processes were 565 

efficient. By removing large-scale fluctuations, it was assumed that the removed part had a 566 

composition of H2O and CO2 that was proportional to the remaining data (Scanlon and Sahu 567 

2008). At our cropland site, the fraction of the H2O and CO2 fluxes transported by large-scale 568 

eddies was usually smaller than 10% and very similar between water vapor and CO2. The 569 

number of removed wavelet levels for each time step decreased from an average of 6 to 3 570 

levels with maturity of the crop. At our forest site, the proportions of the fluxes were larger 571 

for low frequency processes (but usually smaller than 0.15) and some differences between 572 

H2O and CO2 fractions were observed, but the partitioning performance did not seem to be 573 

dependent. But the spikes in the CO2 components observed before the precipitation events at 574 

the forest site were provoked by the removal of more than ten wavelet levels in these time 575 

steps, so flux fractions were not represented realistically anymore and the partitioning method 576 

could not work properly. 577 

As observed by Scanlon and Albertson (2001), at our forest site the largest proportions of the 578 

vertical H2O and CO2 fluxes were also mostly transported by eddies in the order of four times 579 

the canopy height. At the cropland site, the eddies transporting the largest flux fractions were 580 

up to ten or even more times larger than the canopy. This and the very small distance between 581 

canopy and soil surface sink/sources (relative to the measurement height) could cause the 582 

unsatisfactory performance of SK10 for the cropland. Besides, EC measurements were 583 

obtained at between 3 and 4.3 hc at the crop site on the considered days and at 1.52 hc at the 584 

forest site. Assuming the roughness sublayer ranges up to 1.5 to 3 hc (Williams et al. 2007), 585 

measurements at the latter site were more likely obtained within or close to the roughness 586 
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sublayer, resulting in a lower scalar-scalar-correlation ρq’c’ and more information for SK10. At 587 

both study sites degraded ρq’c’ were observed for the excluded large-scale eddies, e.g., due to 588 

entrainment, and for eddy scales smaller than the canopy height, so ρq’c’ was possibly 589 

influenced by the sink-source-distribution (Huang et al. 2013; Scanlon and Sahu 2008; 590 

Williams et al. 2007). The signals were well correlated at the intermediate scales. 591 

 592 

 593 
Fig. 2: Source partitioning results of the approach after Scanlon and Kustas (2010) for H2O 594 

fluxes at the two study sites Wüstebach (forest; top) and Selhausen (cropland; bottom) for 595 

varying time periods. For the estimation of water use efficiency on leaf-level the applied 596 

foliage temperature was assumed to be equal to mean air temperature (ET: evapotranspiration; 597 

T: transpiration; E: evaporation; Esoil: soil evaporation calculated based on Beer’s law 598 

depending on LAI; LAI: leaf area index; hc: canopy height). 599 

 600 
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 601 
Fig. 3: Comparison of source partitioning results of the approaches after Reichstein et al. 602 

(2005, RE05) and after Scanlon and Kustas (2010, SK10) for CO2 fluxes at the two study sites 603 

Wüstebach (forest; top) and Selhausen (cropland; bottom) for varying time periods. For the 604 

estimation of water use efficiency on leaf-level the applied foliage temperature was assumed 605 

to be equal to mean air temperature (GPP: gross primary production; NPP: net primary 606 

production; TER: total ecosystem respiration; Rs: soil respiration; LAI: leaf area index; hc: 607 

canopy height). Light blue bar in Wüstebach on June 10th, 2015 shows time-space-average of 608 

Rs chamber measurements. 609 

 610 

Tab. 1: Root mean square error (RMSE), bias in μmol m-2 s-1, and number of found solutions 611 

(N) of source partitioning results for soil respiration after the approach of Scanlon and Kustas 612 

(2010) with various water use efficiencies (WUE; including input parameters for WUE 613 

estimation: Tf: foliage temperature; ci: internal CO2 concentration; meanT: measured mean air 614 

temperature; MOST: Monin-Obukhov similarity theory; OLR: outgoing longwave radiation; 615 

see Section Water Use Efficiency for description) compared to chamber measurements at the 616 

two study sites Selhausen (cropland) and Wüstebach (forest). Outliers were excluded which 617 

deviated from the mean by more than ten times the standard deviation. 618 

 619 

 Tf ci (ppm)       Selhausen, cropland       Wüstebach, forest 

    RMSE bias N*  RMSE bias N* 

WUEmean T meanT 270  16.77 6.810 184  1.39 -0.255 7 

WUEmean T -2 K meanT – 2 K 270  27.69 5.459 215  1.55 0.510 8 

WUEmean T +2 K meanT + 2 K 270  19.70 0.052 215  9.81 -7.806 8 

WUEMOST via MOST 270  14.37 5.909 174  1.07 -0.876 5 

WUEOLR via OLR 270  18.56 5.068 142  0.87 -0.866 3 

WUEMAX meanT – 2 K 200  36.62 14.895 163  NaN NaN 0 

WUEMIN meanT + 5 K  300  26.76 3.460 114  NaN NaN 0 

* number of time steps with available chamber measurements: 280 in Selhausen, 8 in Wüstebach. 620 

 621 



28 

A crucial issue of SK10 is currently ascribed to the input of the WUE estimation (Anderson et 622 

al. 2018; Palatella et al. 2014; Sulman et al. 2016). To investigate the sensitivity of the 623 

partitioning approach to WUE input, differing Tf were used for the calculation. Figures 4a and 624 

4b show how these modified temperatures and the corresponding WUEs deviated from mean 625 

air temperature and WUEmeanT (in Fig. 4 we skipped showing results derived with 626 

WUEmeant-2K and WUEmeanT+2K for clarification; corresponding figure including these results 627 

can be found in Supplementary material). Tf calculated by considering a logarithmic mean 628 

profile implementing MOST varied in the range of mean air temperature ± 2 K (this range of 629 

temperature was suggested by Scanlon and Sahu 2008). Tf calculated by means of measured 630 

outgoing longwave radiation was mostly higher than mean air temperatures during the day (up 631 

to 3 K at forest and 6 K at crop site). The magnitudes of corresponding WUEs 632 

decreased/increased (were less/more negative) with higher/lower temperature as stated before. 633 

WUEMOST and WUEOLR were within the range of WUEmeanT-2K and WUEmeanT+2K, WUEOLR 634 

usually being less negative. Also shown are WUEMIN and WUEMAX not only differing in used 635 

temperature, but also in ci, which represented the outer reasonable margins for WUE input. 636 

With WUEMIN, SK10 found valid solutions less often for both study sites – on many days only 637 

in the morning or evening hours (see Supplementary material). Also, the morning and evening 638 

hours usually produced WUEs of large magnitudes. Figures 4c and 4d show the median of the 639 

partitioning fractions for H2O and CO2 fluxes in relation to the measured net fluxes (T/ET, 640 

NPP/NEE) grouped into classes of 25 W m-2 or 5 μmol m-2 s-1, respectively, of the total 641 

fluxes. With larger measured ET the medians of T/ET increased slightly and converged 642 

towards 1. This could be related to the functioning of the method or with the fact that the 643 

actual partitioning depends on the total flux magnitude. Such a clear trend was not observed 644 

for the medians of NPP/NEE in dependence on the magnitude of NEE. Furthermore, 645 

partitioning fractions for H2O and CO2 were closer to unity with a less negative WUE. With a 646 
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more negative WUE, as e.g. WUEMAX, the medians of the partitioning fractions decreased for 647 

H2O, so estimated T and E converged, and increased for CO2, such that both Rs and the 648 

magnitude of NPP increased. Sulman et al. (2016) have made the same observations. 649 

Figures 4e and 4f show all half-hourly partitioning fractions for both scalars as a function of 650 

the WUE obtained with the different Tf estimations. While single values scatter widely due to 651 

varying factors affecting partitioning in each half-hour, the median over WUE classes of 652 

5 mg g-1 including all partitioning approaches revealed a general trend in the partitioning 653 

result. With increasing magnitude of WUE the fraction of T in ET decreased, and both CO2 654 

flux components became larger. For our sites and chosen time periods, the medians of the 655 

partitioning fractions ranged between 0.6 and 1 for T/ET, and between 1.1 and 2 for 656 

NPP/NEE. Thus, T usually represented the larger fraction of the total water vapor flux. 657 

Further, the large range of NPP/NEE indicates a larger impact of uncertain WUE in the CO2 658 

partitioning than for H2O, as also reported by Scanlon and Sahu (2008). Furthermore, the 659 

differing WUE inputs caused a bigger difference for the cropland than for the forest 660 

(Supplementary material). In general, usage of WUEMOST or WUEOLR improved the 661 

estimation of Rs compared to the chamber measurements regarding the RMSE and bias 662 

(Tab. 1). However, these error quantities were highly sensitive towards outliers. 663 
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 664 
Fig. 4: Comparison of source partitioning results of the approach after Scanlon and Kustas 665 

(2010) depending on different water use efficiency (WUE) inputs for both study sites (see 666 

Section Water Use Efficiency for description; Tf: foliage temperature; ET: evapotranspiration; 667 

T: transpiration; NEE: net ecosystem exchange; NPP: net primary production). 668 

 669 
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3.2 Large Eddy Simulations 670 

The vertical profiles of horizontal wind speed, momentum flux, second-order moments, and 671 

vertical wind speed skewness produced by the LES are shown in Figure 5, and they compared 672 

qualitatively well with profiles shown by Edburg et al. (2012) and Ouwersloot et al. (2016). 673 

Here, no oscillations in the velocity components around the top of the canopy could be 674 

observed due to the smooth transition of the PAD at canopy top, as prescribed by Ouwersloot 675 

et al. (2016). We also conducted short test runs on the one hand with higher resolution (grid 676 

size of 0.05 hc x 0.05 hc x 0.05 hc) and on the other hand with a larger domain size (doubled in 677 

x-, y-, and z-direction) to test if our main LES experiments described the turbulence and 678 

scalar transport sufficiently, especially near the surface. Even though the costly test runs had a 679 

short runtime during which they did not converge, no clear dependence of the domain size 680 

could be observed. Small discrepancies between the original LES and the one with higher 681 

resolution could be found, where flux profiles adjusted quicker in the latter. The proportion of 682 

the resolved scale of the second-order moments was well below 15% in the original LES 683 

except in the region below 1.5 hc. Thus, we assumed that the conducted LES simulated 684 

canopy flows and scalar transport reasonably well. 685 

Because the simulated turbulence and the associated calculated fluxes did not show large 686 

differences between the two canopy types, only results of the crop canopy are shown in the 687 

following (corresponding results of the forest canopy in Supplementary material). Thus, 688 

differences in scalar-scalar-correlations and flux profiles between the various cases were 689 

caused solely by the differing sink-source-distributions (shape and relative strength of the soil 690 

source) and not by differences in the turbulence. Examples of the sampled synthetic high 691 

frequency data of q’ and c’ are shown in Appendix B for different ‘measurement’ heights and 692 

for the two sink-source-distributions ModelV and ModelB each with the strong soil source 693 

(Fig. B.1). 694 
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 695 
Fig. 5: Mean vertical profiles of streamwise and crosswise velocity (u, v), vertical momentum 696 

flux ( u'w' ), variances of u, v, and vertical wind velocity (w), and skewness of vertical wind 697 

(Skw), scaled by friction velocity (u*) at canopy top. Shown are profiles of the simulations 698 

with the crop and forest canopy. The “total” (non-dashed) and “resolved scale” (dashed) lines 699 

differ by the small contribution of small-scale turbulence that cannot be directly simulated by 700 

LES and is therefore estimated by its subgrid parametrization (also seen in following figures). 701 

 702 

The vertical profiles of the total fluxes of H2O and CO2 were very similar and did not show 703 

large differences above the canopy between the different sink-source-distributions (ModelV 704 

or ModelB) and soil CO2 source strengths (Fig. 6a, d). The profiles showed differences of 705 

typically less than 1% above 1.5 hc. For CO2 the varying soil surface sources could be 706 

distinguished in the flux profiles of the components originating from the canopy or soil 707 

surface (Fig. 6b, c). Vertical profiles of the correlation between q’ and c’ showed only larger 708 

discrepancies (larger than 1%) between the various experiments up to a measurement height 709 

of 3.2 hc (Fig. 7a). The correlation between fluctuations of H2O components (ρqt’qe’) or of CO2 710 

components (ρcp’cr’) and the transport efficiencies ρw’qt’ and ρw’cp’ were dependent on the sink-711 

source-distribution (Fig. 7b, d, e), in which discrepancies vanished above a height of 8 hc (not 712 

shown). The transport efficiencies of the soil sources ρw’qe’ and ρw’cr’ were naturally 713 

independent of the sink-source-distribution in the canopy and of the source strength. When 714 
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comparing ρw’qt’, ρw’qe’, ρw’cp’, and ρw’cr’ with each other for each sink-source-distribution, 715 

differences (larger than 1%) between these transport efficiencies disappeared above 7 hc. 716 

SK10 was applied to the sampled data at every virtual measurement height. SK10 generally 717 

underestimated the magnitudes of CO2 fluxes originating from the soil surface and the canopy 718 

(Fig. 6b, c). Accordingly, the canopy H2O flux source was underestimated, and the soil source 719 

overestimated. Above a height of 1.5 hc for the low CO2 soil source and above 2.5 hc for the 720 

strong source, almost no differences between ModelV and ModelB were visible, such that in 721 

Figures 6b, 6c, 6e, and 6f data points of ModelV are hidden under data points of ModelB. 722 

Above a height of 5 hc larger discrepancies between the various experiments emerged again 723 

(not shown), probably related to the fact that ρq’c’ converged to -1 with increasing height. 724 

Below these heights, partitioning results of ModelV converged towards the known input 725 

fluxes of the scaled LES. These better results seemed to be connected with the stronger 726 

decorrelation between q’ and c’ observed in the corresponding heights (|ρq’c’| < 0.975; 727 

Fig. 7a). Furthermore, the height-dependence of the SK10-estimated flux components was 728 

very similar for all four sink-source-distributions (with exception of the lower few hc of 729 

ModelV). Differences between soil source strengths were not detected. However, SK10 730 

produced a difference in the H2O flux profiles depending on soil source strength, 731 

contradicting the differences in the scaling input. This can also be seen in the scatter plots of 732 

Figure 8 showing partitioning results for the height of 2.5 hc. Also, the SK10-based ρcp’cr’ and 733 

σcp’
2 deviated from the known input (Fig. 7b, c, 8d, e). The permitted error between the known 734 

ρq’c’ of the synthetic high frequency data and the by SK10 calculated ρq’c’ was set to a 735 

maximum of 0.1 (Fig. 7a, 8c). 736 

Up to this point we can conclude that SK10 was not able to infer the correct partitioning, even 737 

if the correct leaf-level WUE was used. The magnitude of the difference between WUEeco and 738 

canopy-level WUE did not seem to affect the partitioning performance, otherwise both 739 
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experiments of ModelV and ModelB with the stronger soil source would have yielded better 740 

results than the sink-source-distributions with the lower soil source. A certain degree of 741 

decorrelation between q’ and c’ is needed for the method to work: ρq’c’ converged slower to -1 742 

with increasing height for ModelV than for ModelB caused by a larger separation of soil 743 

source and canopy sink/source. The impact of the WUE input could also have been 744 

compensated by the impact of the decorrelation. In the next paragraph we inquire an 745 

additional influencing factor for the partitioning performance of SK10. 746 

 747 
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Fig. 6: Vertical profiles of H2O and CO2 flux, and their components resulting from LES 748 

scaled with the four variations of sink-source-distributions (ModelV or ModelB; low or high 749 

soil source) for the crop canopy. For each, the simulations of the resolved (dashed lines) and 750 

total (resolved + subgrid; non-dashed lines) scale are indicated. Also shown are the 751 

partitioning results of the approach after Scanlon and Kustas (2010, SK10; markers) for each 752 

grid height. 753 

 754 

 755 
Fig. 7: a)-c) Vertical profiles of ρq’c’, ρcp’cr’, and σcp’

2 resulting from LES scaled with the four 756 

variations of sink-source-distributions (ModelV or ModelB; low or high soil source; 757 

simulations of the resolved scale; lines) for the crop canopy, compared to results of the 758 

approach after Scanlon and Kustas (2010, SK10) (markers). d)-e) Comparison of the two 759 

sides of Equations 2 and 3 checking the transfer assumption (dashed and non-dashed lines) 760 

and corresponding correction factors (factq, factc, defined in Equation 5 and 6; dots). 761 

 762 
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 763 
Fig. 8: Comparison of H2O and CO2 flux components, ρq’c’, ρcp’cr’, and σcp’

2 resulting from 764 

LES for the four variations of sink-source-distributions (ModelV or ModelB; low or high soil 765 

source; simulations of the resolved scale) and the partitioning results of the approach after 766 

Scanlon and Kustas (2010, SK10) at a ‘measurement’ height of 2.5 canopy heights for the 767 

crop canopy. Shown are results of the partitioning procedure without (filled markers) and with 768 

(non-filled markers) correction of the transfer assumption. 769 

 770 

For the LES analysis, the inaccurate partitioning by SK10 could not be caused by an uncertain 771 

WUE input, as was assumed for our field data, because the correct WUE from the scaled LES 772 

experiments was used. As seen in Figures 7d and 7e, the approximations made in Equations 2 773 

and 3 (transfer assumption) were invalid for our synthetic experiments, possibly causing the 774 

erroneous partitioning results. In the next step, we conducted the source partitioning with 775 

SK10 again, including correction factors factq and factc in Equations 2 and 3, which were 776 

known from the scaled LES experiments (Fig. 7d, e). 777 

 778 
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 781 

Thus, we made sure that the approximations were valid. These correction factors had to be 782 

included in the complete system of equations of the SK10 method, because all equations are 783 

derived based on these approximations. The relationship between correction factors and 784 

partitioning results is non-linear. In this study, the correction factors were between 1.0 and 1.5 785 

decreasing with increasing height, and did only differ between sink-source-distributions 786 

(ModelV or ModelB) and not between the low or high soil source (Fig. 7d, e). For ModelB 787 

the correction factors had to be larger than for ModelV, which could explain the better results 788 

for the latter. Figures 8 and 9 show updated source partitioning results by SK10 including 789 

these correction factors. In this case, SK10 almost perfectly matched the known input of the 790 

scaled LES experiments. Small discrepancies were observed above a height of 2 hc especially 791 

for ModelB. For the forest-like canopy, the correction of the transfer assumption brought 792 

perfect partitioning results up to a height of 4 hc (Supplementary material). This was due to 793 

the fact that the necessary decorrelation between q’ and c’ reached higher in the simulation 794 

with the forest canopy than with the crop canopy. 795 

To transfer these results from the LES experiments to study sites, the SK10 method would 796 

benefit from an EC measurement height in the lower roughness sublayer to ensure a certain 797 

degree of decorrelation of the scalars (which is not a measurement height usually chosen for 798 

high-quality net flux measurements). At the same time, however, a larger measurement height 799 

would ensure more likely the validity of the transfer assumption. A comparison of Figures 6, 800 

7d, and 7e indicates that the latter factor compensates the former to some degree, such that 801 

without known correction factors for the transfer assumption, no measurement height is ideal. 802 

However, the better performance of ModelV close to the canopy in Figure 6 indicates that the 803 

net effect of both factors leads to better results with measurements low above the canopy. 804 
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To further investigate the influence of the turbulence and the canopy on the partitioning 805 

performance, additional LES runs with e.g., larger LAI would be necessary. With changed 806 

turbulence the transport efficiencies and scalar-scalar-correlations would differ. Huang et al. 807 

(2013) stated that the correlation between q’ and c’ increased with increasing canopy density 808 

in their LES studies. LAI might therefore have a similarly ambiguous effect on SK10’s 809 

performance as measurement height. This conundrum could only be solved if a way was 810 

found to estimate correction factors for ρcp’cr’ and ρqt’qe’ in field studies. 811 

 812 
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Fig. 9: Vertical profiles of H2O and CO2 flux components, ρq’c’, ρcp’cr’, and σcp’
2 resulting from 813 

LES scaled with the four variations of sink-source-distributions (ModelV or ModelB; low or 814 

high soil source) for the crop canopy. For the flux components, the simulations of the 815 

resolved (dashed lines) and total (resolved + subgrid; non-dashed lines) scale are indicated. 816 

Also, the partitioning results of the approach after Scanlon and Kustas (2010, SK10; markers) 817 

including the correction of the transfer assumption are shown for each grid height. 818 

 819 

At our cropland and forest study sites, WUE inputs varied between one third of and three 820 

times of WUEmeanT depending on the calculation of Tf and the magnitude of ci (Fig. 4). In 821 

order to put the sensitivity to WUE input in context to the possible error in the transfer 822 

assumption discussed above, we repeated the SK10-based analysis of the LES data with 823 

corrected transfer assumption and with the variability of WUE input as seen in the field data 824 

analysis. However, no valid solutions could be found by the algorithm below a height of 4 hc. 825 

Instead, WUE input could only be changed by up to minus 90% or plus 24% while still 826 

obtaining partitioning solutions for heights of interest (below 4 hc). In Figure 10 partitioning 827 

fractions of the H2O and CO2 fluxes are shown as a function of WUE input for each sink-828 

source-distribution at a virtual measurement height of 2.5 hc. Other than at our study sites 829 

(Fig. 4e, f), in this case the true WUE and partitioning fractions were known. The transfer 830 

assumption was applied in its original form (Eqs. 2, 3; filled markers in Fig. 10) and with 831 

correction factors (Eqs. 5, 6; non-filled markers), such that the combined effect of both 832 

sources of error (wrong WUE input and invalid transfer assumption) on the partitioning result 833 

could be seen (also see Fig. B.2 in Appendix B). Both sink-source-distributions, ModelV and 834 

ModelB, show the same trends in the relation of T/ET and NPP/NEE with WUE. With the 835 

correct WUE and including the correction factors, small discrepancies between true and 836 

estimated partitioning factors were observed for ModelB, as described above (Fig. 8, 9). For 837 

H2O, the range of T/ET for varying WUEs was smaller with a corrected transfer assumption 838 

than without. Thus, the potential error made with wrong WUE inputs was smaller. An 839 

overestimation of the magnitude of WUE (more negative) led to an overestimation of T with 840 
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corrected, and an underestimation with uncorrected transfer assumption. Figure 10 also 841 

indicates that without correction of the transfer assumption, typically a slightly 842 

underestimated magnitude of WUE will lead to a partitioning fraction close to the truth. For 843 

CO2, the variability in NPP/NEE was larger for the applications with corrected transfer 844 

assumption than without (note the logarithmic y-axes), which is contrary to the behavior of 845 

T/ET. NPP/NEE was very small with the incorrect transfer assumption. At our study sites we 846 

often observed an overestimation of the CO2 components (Fig. 3). In contrast, in the LES-847 

based analysis NPP/NEE was underestimated without correction factors, even with the correct 848 

WUE. With a correct WUE input the errors made by an invalid transfer assumption were 849 

mostly smaller for the low soil source than for the high soil source. 850 

Considering the medians in Figure 4e and 4f, E, Rs, and |NPP| increased and T decreased by 851 

increasing the magnitude of WUE (more negative) at our study sites, thus, describing a 852 

similar behavior as the partitioning factors derived by SK10 with an incorrect transfer 853 

assumption in the LES-based analysis. But the range of the varying WUE was larger at our 854 

study sites than the possible range in the LES-based analysis, and at the study sites differing 855 

WUEs of multiple half-hours on various days with varying weather conditions and different 856 

canopies were compared. 857 

Sulman et al. (2016) reported a higher sensitivity of E and Rs to the WUE input than of T and 858 

NPP. By varying WUE, the absolute change of stomatal and non-stomatal processes of H2O 859 

or CO2 were identical, because they were summing up to the unchanged, measured net fluxes. 860 

But the relative change differed because of the much smaller magnitude of non-stomatal 861 

processes than of stomatal processes (Sulman et al. 2016). We also observed that the differing 862 

input of WUE had a larger relative effect on soil source fluxes than on fluxes originating from 863 

the canopy (relative residuals in Fig. B.2). The errors in the final flux partitioning obtained 864 
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when not using the true known WUE input, were on the same order of magnitude as those 865 

obtained when ignoring the correction of the transfer assumption (Fig. 10). 866 

 867 
Fig. 10: Results of partitioning fractions for H2O (T/ET, left) and CO2 (NPP/NEE, right) 868 

fluxes in relation to the input water use efficiency (WUE). The source partitioning approach 869 

after Scanlon and Kustas (2010) was applied to synthetic high frequency data from LES 870 

scaled with the four variations of sink-source-distributions (ModelV or ModelB; low or high 871 

soil source) at a ‘measurement’ height of 2.5 canopy heights for the crop canopy with 872 

corrected (non-filled markers) and uncorrected (filled markers) transfer assumption. The true 873 

known partitioning factors and WUE input are indicated by the dashed lines. 874 

 875 
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The LES-based analysis provided some insights for understanding the presented field results, 876 

interpreting past and future results from the application of SK10 to field data, and possible 877 

future efforts to improve the method. Clearly, a correct WUE estimate is favorable (condition 878 

a), as has already been mentioned by Anderson et al. (2018) and Sulman et al. (2016). 879 

However, even a correct WUE can yield erroneous partitioning results, if the relations of 880 

transport efficiencies of the scalars deviate too much from the current method assumption 881 

(condition b). Unfortunately, whereas we could deduce the correction factors for this 882 

deviation in the LES study, there is currently no way to derive these factors from field data. 883 

More research is required to establish their dependence on canopy geometry, turbulence 884 

conditions, and vertical source distribution. Finally (condition c), a minimum decorrelation 885 

between q’ and c’ is required to ensure that the solution is robust, i.e. the results are not 886 

strongly dependent on small uncertainties in other input variables. With measurement height 887 

closer to the canopy, decorrelation between H2O and CO2 fluctuations increase. However, at 888 

the same time the transfer assumption is less likely to be valid (Fig. 7d, e). Therefore, an 889 

optimum measurement height near the canopy top may exist for applications of SK10, being a 890 

tradeoff between optimal decorrelation and optimal validity of the transfer assumption. For 891 

future improvements of the method itself, or for an associated quality-flagging detecting 892 

unfavorable situations, the effect of each of the conditions a, b, or c could be quantified in 893 

situations where the remaining two conditions are met, through the process of exclusion. For 894 

example, long time series with precise in-situ measurements of leaf-level WUE, filtered for a 895 

sufficient decorrelation of q’ and c’, may help frame the magnitude of the effect of the 896 

transfer assumption even in the field. Alternatively and with a potentially higher precision, 897 

tracer experiments might enable direct measurements of the transport efficiencies of scalar 898 

flux components in the field. Such results would be particularly helpful to resolve the 899 
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conundrum that in our study, SK10 tended to overestimate soil fluxes in the field but 900 

underestimate them in the LES-based analysis.  901 
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4. Summary and Conclusions 902 

In this study, we applied the source partitioning method SK10 to data of our study sites and 903 

analyzed how the partitioning results depend on the WUE input. Compared to Rs chamber 904 

measurements and to Esoil calculated based on Beer’s law depending on LAI, the partitioning 905 

results for the forest site in Wüstebach were more satisfying than for the cropland in 906 

Selhausen for the respective study periods. The partitioning method’s performance was 907 

sensitive to precipitation events and to the maturity of the crop, connected to the 908 

photosynthetic activity and the relation between stomatal and non-stomatal processes in the 909 

crop canopy. With a less active canopy, relative stronger soil sources, or with a higher 910 

distance between canopy and soil sink/sources, SK10 performed better at our study sites. The 911 

estimation of WUE input based on Tf derived with measurements of outgoing longwave 912 

radiation (WUEOLR) or by considering a logarithmic mean profile implementing MOST 913 

(WUEMOST) improved the partitioning performance compared to Rs measurements. Inclusion 914 

of direct measurements of WUE on leaf-level would improve the method’s performance 915 

(Anderson et al. 2018; Sulman et al. 2016), but such measurements are not available at most 916 

study sites. An intermediate improvement could be to estimate the leaf-internal CO2 917 

concentration rather than assuming a constant value. Parameterizations for ci have been 918 

developed in the context of models for stomatal conductance (Ronda et al. 2001) and applied 919 

to the SK10 method by van de Boer (2015). 920 

In a next step, we applied SK10 to synthetic high frequency data generated by LES and 921 

analyzed the partitioning performance depending on canopy type, measurement height, and 922 

given sink-source-distributions. Primarily, approximations involved in SK10 (Eqs. 2, 3; 923 

transfer assumption) were checked in the LES. Furthermore, for the synthetic data the 924 

dependence of the partitioning result to WUE input was analyzed as well. Because simulated 925 

turbulence did not differ much between PAD types, also SK10’s performance did not differ 926 
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significantly. The performance was sensitive to the virtual ‘measurement’ height and to the 927 

corresponding decorrelation between q’ and c’. The decorrelation above the canopy was 928 

stronger and reached higher for the forest canopy, for the v-shaped sink-source-distribution 929 

(and thus for a higher separation between soil sources and canopy sink/source), and/or for the 930 

distributions with low soil sources. To further investigate the influence of the canopy 931 

architecture and resulting turbulence on the partitioning performance, additional LES runs 932 

with e.g., larger LAI would be necessary. Similar behavior of SK10’s performance depending 933 

on differing input of WUE could be reproduced with the synthetic experiments as observed at 934 

the study sites. Primarily, our LES study indicated that next to a precise WUE estimation, the 935 

validity of the transfer assumption was a crucial point for a correct application of SK10. 936 

Therefore, further work would be necessary for a thorough assessment of the conditions at 937 

study sites affecting the validity of the transfer assumption. These conditions could include 938 

measurement height above the canopy, separation between soil sources and canopy 939 

sink/source, and the corresponding transport efficiencies.  940 
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APPENDIX 1136 

A. Source Partitioning Based on High Frequency Data 1137 

Scanlon and Sahu (2008) and Scanlon and Kustas (2010) provided a system of equations for 1138 

the source partitioning of H2O and CO2 fluxes including following essential equation, which 1139 

was further modified and reported by Palatella et al. (2014, Equation 29, page 331) as 1140 

follows: 1141 

 1142 
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 1144 

where WUE is the water use efficiency on leaf-level (defined as negative), which can be 1145 

estimated with Equation 4, w'q'  and w'c'  are the measured H2O and CO2 flux of the 1146 

regarded time period, ρ and σ2 are the correlation and variance of the indicated scalars 1147 

(subscribes q, c, cp, cr represent H2O, CO2, photosynthesis, and Rs, respectively). The two 1148 

parameters ρcp’cr’ and σcp’
2 in the equation are the only unknowns and the denominator implies 1149 

two possible solutions, for what Palatella et al. (2014) implemented a globally convergent 1150 

Newton’s method searching for plausible solutions. As follows, we manipulated Equation A.1 1151 

further to solve for σcp’
2 = f(ρcp’cr’), leaving only ρcp’cr’ as unknown parameter, so that we could 1152 

do without the numerical routine. 1153 
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B = 2 WUE (
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Only one branch of this equation is necessary, because B is always squared in the following 1159 

equations. Both branches give the same solution for B2. 1160 
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B. Large Eddy Simulations 1169 

 1170 
Fig. B.1: Examples of sampled synthetic high frequency data of H2O (q’) and CO2 1171 

fluctuations (c’) for the crop canopy in different ‘measurement’ heights and for the two sink-1172 

source-distributions ModelV (left) and ModelB (right) each with the strong soil source. In the 1173 

LES-derived data it could be differentiated between scalars originating from stomatal (green 1174 

dots) and non-stomatal (yellow dots) processes. The blue line presents the water use efficiency 1175 

(WUE) and the red line the reduced major axis regression between total q’ and c’ (hc: canopy 1176 

height; z: height above soil surface). 1177 

  1178 
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 1179 
Fig. B.2: Absolute (top) and relative (bottom) residuals between H2O and CO2 flux 1180 

components, ρq’c’, ρcp’cr’, and σcp’
2 resulting from LES scaled with the four variations of sink-1181 

source-distributions (ModelV or ModelB; low or high soil source) and the partitioning results 1182 

of the approach after Scanlon and Kustas (2010, SK10) at a ‘measurement’ height of 1183 

2.5 canopy heights for the crop canopy. Shown are results of the partitioning procedure i) 1184 

including correct water use efficiency (WUE) input known from LES, but without the 1185 

correction of the transfer assumption (filled markers), ii) including correct WUE and 1186 

corrected transfer assumption (non-filled markers), and iii) with corrected transfer 1187 

assumption, but with a changed WUE of ±24% (plus and minus signs). 1188 


