
Author reply to the review by Raymond Desjardins of the manuscript 

bg-2012-471 

 

“Spatial resolution and regionalization of airborne flux 
measurements using environmental response functions” 

 

by S. Metzger et al. 

 

We thank Raymond Desjardins for his valuable feedback on this manuscript. In below text we 

outline how we addressed the comments and edited the manuscript. The comments by the 
reviewer are indicated with an asterix (*) and are cited in italics, followed by our reply. We 
use bold face font to highlight the location of corresponding changes in the revised 
manuscript. 

General	comments	

* This publication presents a technique to combine aircraft-based fluxes of sensible and latent 
heat with satellite-based data of surface temperature and EVI to obtain flux estimates of 
sensible and latent heat at a regional scale. The authors accomplish this goal using a 
sophisticated data analysis procedure, incorporating (in addition to standard EC data 
processing) wavelet cross-scalogram analysis, footprint modelling, and a boosted regression 
tree procedure to derive an environmental response function. This is an interesting 
methodological paper which demonstrates a data mining technique which has the potential to 
be applied to existing aircraft-based flux measurement data sets. Given the apparent success 
that the authors have had with this approach, there is little doubt that it will be emulated by 
other researchers. 

Thank you. 

 

* The main concern that I have with the paper is the use of estimates of surface temperature 
every 8 days to obtain regional flux values of sensible and latent heat. I can see that EVI 
could be interpolated over time, but it is not reasonable to interpolate LST because of the 
variations of surface temperature with radiation conditions and presence and absence of 
precipitation. It might have been more reasonable to adjust the satellite-based surface 
temperature data using the aircraft-based surface temperature measurements. Most of my 
other comments are minor and intended to make the paper more easily understood. 

We agree that it would not be reasonable to interpolate in time between individual snapshots 
of LST, eight days apart from each other. However, the MODIS data product used here 
(MOD11A2.5 daytime LST) is “…composed from the daily 1-kilometer LST product 
(MOD11A1) and stored on a 1-km Sinusoidal grid as the average values of clear-sky LSTs 
during an 8-day period” (https://lpdaac.usgs.gov/products/modis_products_table/mod11a2). 



Due to large data gaps we could not use the daily LST product directly. However, the 
restriction of MOD11A2.5 to daytime LST under clear-sky conditions minimizes the effect of 
radiation variability between subsequent scenes used for interpolation. Moreover, averaging 
over eight days takes into account the state of soil surface moisture on a more synoptic 
timescale than individual precipitation events. Hence interpolating between subsequent 
average states provides information on spatio-temporal trends in the daytime LST field, but 
cannot depicted transient processes like individual precipitation events. We mention this 
drawback on page 15958 lines 23 ff.: “The 8-day trends from one scene to the next are 
accounted for in the BRT procedure through temporal interpolation between the MODIS 
scenes (Sect. 2.2). However, processes of shorter duration, such as frequent events of small-
scale convective precipitation, go unaccounted.” Subsequently, we develop a procedure to 
quantify and propagate the resulting uncertainty. In order to add emphasize to the nature of 
the MODIS LST data (daytime and average) we changed page 7 line 18 in the revised 
manuscript to “We chose 8-day composites of the daytime land surface temperature…”. 

It would be possible to adjust the MOD11A2.5 data immediately under the flight tracks to the 

aircraft-based LST measurements. However, such procedure does not represent LST in the 
source areas of H and LE. Consequently no spatio-temporally explicit information on 
transient surface processes would be gained. For further clarification we added at page 17 
lines 12 ff. in the revised manuscript “In contrast to parametric approaches, BRT does not 
assume a predetermined form of the response, but constructs an ERF according to information 
in the data. It is for this reason that not the absolute values of the land surface and 
meteorological drivers are important, but rather their spatial variability and coherence. In case 
of the land surface drivers for example, the only assumption made here is that the spatial 
patterns of LST and EVI approximate the spatial patterns of source strength in H and LE (e.g., 
Holmes, 1970; Oke, 1987). This is a much weaker assumption than a mechanistic link, and 
adds power to the method.” 

 

* You probably should change the title to: ‘Regionalization of airborne flux measurements 
using environmental response functions’. This seems more appropriate. 

Our intention was to draw attention also to the spatially explicit nature of our approach, in 
contrast to regional budgets. It is this spatially explicitness that allows the derivation of 
probability density functions, which in turn can inform new classes of process-based models 
(e.g., Rastetter et al., 2010). To (i) express the spatially explicit nature of our approach, while 
(ii) not distracting from the focus of the study on regionalization we changed the title to 
“Spatially explicit regionalization of airborne flux measurements using environmental 
response functions” 

 

Specific	comments	

* Page 15939, line 12. Do you mean ±18%? Is this the 90% confidence level? 

All uncertainty estimates throughout the manuscript are representative of one standard 
deviation. For clarification we added in the revised manuscript, page 2 line 11: “are 



accurate to ≤18% (1 σ)” and on page 18 line 24 of the revised manuscript: “All resulting 
uncertainty estimates are representative of one standard deviation.” 

 

* Page 15945, line 6. It is not clear how you have gone from either 1 km resolution (LST) or 
250 m resolution (EVI) to the 90 m resolution used in the flux mapping. What point on a grid 
is represented by 1 km2 pixel used for the interpolation? 

Page 15945 lines 6 ff. in the manuscript reads; “The LST and EVI datasets were bi-linearly 
interpolated to the 90 m resolution of the land cover classification, and linearly interpolated in 
time to yield an individual map for each flight day.” That is, in LST/EVI native resolution the 

linear gradients between the centres of adjacent pixels are derived in two orthogonal 
directions. The 90 m resolution maps are then calculated as the product of both gradients 
times distance from the native resolution pixel centres in both orthogonal directions (Miller et 
al., 2010). 

 

* Page 15945, line 14. Why does LST increase for irrigated agriculture? This would seem 
counter-intuitive. 

We have added additional information on page 25 lines 25 ff. of the revised manuscript 
“While LST and EVI behave inversely for all natural land covers (−0.78 < r < −0.10), the 

contrary is true for irrigated- (r = 0.92) and rainfed (r = 0.30) agriculture. The latter finding 
appears counter-intuitive, but can be explained by tillage farming in the low-level plains with 
crops that are not adapted to the semiarid climate, such as potatoes. The albedo of these 
densely vegetated crops can be lower compared to the sparsely vegetated steppe land cover (α 
≈ 0.2, Ketzer et al., 2008), resulting in higher foliage temperatures. Only two natural land 
covers, marshland and mountain meadow exhibit similarly high EVI values as the field crops 
(Figs. 2, 3). Nevertheless the LST of these land covers is comparatively low. In case of the 
marshland this can be explained by water saturated soils with high heat capacity. Conversely, 
lower temperatures in accordance with the adiabatic temperature gradient are expected for the 
mountain meadows at higher altitudes.” 

 

* Page 15957, lines 13–14. This makes sense but the random uncertainties in the measured 
fluxes do not seem to be reflected in your results. You probably need an explanation when 
discussing the results in Figure 9. P15957, L20: ‘inherent in the above’ rather than ‘inherent 
to above’. 

The quantification of the random uncertainty from spatio-temporal analysis in heterogeneous 
terrain uses the median state variables along each flight leg (page 15957 line 22 in the 
manuscript). Hence this source of uncertainty cannot be quantified individually for each 
observation, but only on average for an entire flight path at a time. For the same reason 
uncertainty terms (i), (iii), (v) and (vi, page 15956 lines 28 f.) are not considered in Fig. 9, but 
are summarized in Table 4 and included in the final uncertainty budget in Table 3. We added 
in the revised manuscript page 27 lines 17 ff.: “Uncertainty terms (i), (iii), (v) and (vi, 
Sect. 2.5) cannot be quantified individually for each observation. Hence these terms are not 
considered here, but in the final uncertainty budget (Tables 3 and 4).” 



In the revised manuscript, page 20 line 4 we changed “inherent to above” to “inherent in the 
above”. 

 

* Page 15958, lines 17–18. Not clear what is meant by the meteorological variables 
measured by the aircraft are not continuous in space. 

We changed page 20 lines 25 f. in the revised manuscript: “While explicit in time, the 
meteorological variables measured by the aircraft do not cover the entire catchment.” 

 

* Page 15961, lines 3–4. It would have been useful to estimate Rn and compare it to H + LE. 

Please see our detailed response to reviewer Ankur Desai’s comment 1-3). 

 

* Page 15962, line 6. How can you be sure that you are not underestimating fluxes along 
such a short flight track? Did you compare the flux for five 12 km flights and the mean for the 
60 km flights? It would be interesting to compare the flux contribution when you include and 
exclude the cone of influence. 

From our data we cannot entirely rule out the possibility of underestimating the turbulent 
fluxes along the shorter (≥11 km) flight lines. However, even the shortest flight lines facilitate 
sampling for five times or more the largest scale an eddy can assume in the convective 
boundary layer (CBL), i.e. the depth of the CBL. In turn, this results in a position of the 
wavelet cone of influence (COI, the boundary where the power of edge-related artefacts is 
damped by a factor of e−2) that enables reliably estimating and including flux contributions up 
to spatial scales of two times the CBL depth or more (manuscript page 15962 lines 15 ff.). In 
the revised manuscript, page 24 lines 8 ff. we are moderating the statement: “The wavelet 
cross-scalogram allows a high spatial discretization of turbulent flux measurements. At the 
same time it includes flux contributions from wavelength that are significantly longer than the 
1000 m subinterval for each flux observation (Fig. 4).” 

Instead of the suggested homogeneity test along the lines of Foken and Wichura (1996), the 
methods by Lenschow and Stankov (1986); Lenschow et al. (1994) were used to quantify 
potential systematic underestimation. In the overall the error was insignificant (manuscript 
Table 4), and did not exceed 1% for H and 2% for LE even for the shortest flight lines. Lastly, 
the wavelet results were adjusted to the global time-domain covariance for each flight path 
(manuscript page 15952 lines 16 f.). This eliminates any potential biases between data 
processing in the time- and in the frequency-domain. 

The effect of including and excluding the COI is explored on page 15952 lines 7 ff. of the 
manuscript: “Integration over all scales yields results close to the time-domain EC method 
(here, −7 to −3% median differences), but also includes less reliable estimates above the COI 
(e.g., Strunin and Hiyama, 2004). Considering only scales below the COI rejects those less 
reliable estimates (e.g., Mauder et al., 2007). However, because part of the scale range is 
excluded, such procedure also systematically increases the discrepancy between Wavelet and 
time-domain EC methods (here, −22 to −7% median differences). Moreover, the COI tapers 
toward the centre of the dataset (Fig. 4). Different scales would be included when estimating 



the covariance for subintervals, depending on the position along the flight path.” To 
emphasize this shortcoming and provide an outlook on potential improvements, we added a 
reference in the revised manuscript, page 32 lines 7 ff.: “However, due to edge effects flux 
observations close to the start or end of a dataset can contain spectral artefacts. Using 
alternative techniques such as empirical mode decomposition (Barnhart et al., 2012a, b) or 
structure-parameter methods (Van Kesteren et al., 2013) might help to further improve the 
results.” 

 

* Page 15965. High intermittent solar radiation should cause large changes in LST which are 
not accounted for, yet the environmental response function seems to work wonderfully. Can 
you explain the excellent agreement in Figure 9? 

Highly intermittent solar radiation is a condition for which the proposed method breaks. We 
discuss this problem on page 15965 lines 12 ff. of the manuscript: “However, several outliers 
are found for moderate to high fluxes of H (N = 41) and LE (N = 133), for which the BRTs 
underestimate the observed value by −150 W m−2 or more. The majority of these cases occur 
during the flights O8 on 13 July 2009 and C1 on 26 July 2009, respectively. On both dates the 
outliers concur with highly intermittent solar irradiance (200 < S↓ < 1200 W m−2) along a 
short section of the flight paths. For instance an intermittent cloud cover can disrupt the 
functional relation between the irradiance (driver) and the flux (response) observations 
because (i) at a flight level of 50–100 m a.g.l., the aircraft irradiance measurement does not 
represent S↓ in the source areas of H and LE, and (ii) the plant physiological response can 
vary substantially on spatio-temporal scales that are small compared to atmospheric transport 
processes between the land surface and the aircraft.” 

 

* Page 15993. In Figure 2R, the colour palette makes it difficult to distinguish differences in 
EVI. What does 1 represent? In the scale bar, Km should be km. 

In order to be comparable with other studies that employ the EVI, we apply the same colour 
scheme that is in general use by the United States Geological Survey (e.g., 
https://lpdaac.usgs.gov/products/modis_products_table/mod13q1). 

The value of the EVI ranges from −1 to +1, and the common range for green vegetation is 0.2 
to 0.8 (Huete et al., 1994; Huete et al., 1997). The colour bar on the bottom right provides a 
reference for the range of EVI values throughout the catchment, and ranges from 0 to 1. We 
added at page 50 lines 6 f. of the revised manuscript: ” MODIS enhanced vegetation index of 
20 July 2009 with a colour bar ranging from 0 < EVI < 1.” 

On page 56 Fig. 2 of the revised manuscript we changed the unit for kilometre from Km to 
km. 

 

* Page 15993. What is the significance of the different size of the data points in Figures 9, 11 
and 12? 

We added to the legends of Figs. 10, 12 and 13 in the revised manuscript: “The weight of 
each data point in the relationship is represented by the size of the circles.” 
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the campaign correlates (r=−0.67) with precipitation history (Table 1), i.e. the moisture avail-
able for evapotranspiration. Moreover H clearly correlates with S↓ (r=0.68), while no such
relationship was found for LE (r=0.02). The atmospheric stratification was unstable through-
out all flights (Monin-Obukhov lengthLv =−34±20m), with corresponding high values of the
SD of the vertical wind σw=0.88±0.11ms−1 and convective velocity w∗=2.21±0.39ms−1.5
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Steffens, M., Kölbl, A., Totsche, K. U., and Kögel-Knabner, I.: Grazing effects on soil chemical

and physical properties in a semiarid steppe of Inner Mongolia (China), Geoderma, 143, 63–72,
doi:10.1016/j.geoderma.2007.09.004, 2008.

Strunin, M. A. and Hiyama, T.: Applying wavelet transforms to analyse aircraft-measured turbulence15

and turbulent fluxes in the atmospheric boundary layer over Eastern Siberia, Hydrol. Process., 18,
3081–3098, doi:10.1002/hyp.5750, 2004.

Strunin, M. A., Hiyama, T., Asanuma, J., and Ohata, T.: Aircraft observations of the development of
thermal internal boundary layers and scaling of the convective boundary layer over non-homogeneous
land surfaces, Bound.-Lay. Meteorol., 111, 491–522, 2004.20

Stull, R. B.: An Introduction to Boundary Layer Meteorology, Kluwer Academic Publishers, Dordrecht,
670 pp., 1988.

Thomas, R. M., Lehmann, K., Nguyen, H., Jackson, D. L., Wolfe, D., and Ramanathan, V.: Measurement
of turbulent water vapor fluxes using a lightweight unmanned aerial vehicle system, Atmos. Meas.
Tech., 5, 243–257, doi:10.5194/amt-5-243-2012, 2012.25

Torrence, C. and Compo, G. P.: A practical guide to wavelet analysis, Bull. Am. Meteorol. Soc., 79,
61–78, doi:10.1175/1520-0477(1998)079<0061:apgtwa>2.0.co;2, 1998.

Tukey, J. W.: Bias and confidence in not-quite large samples, Ann. Math. Stat., 29, 614, 1958.
Van Kesteren, B., Hartogensis, O. K., van Dinther, D., Moene, A. F., and De Bruin, H. A. R.: Measuring

H2O and CO2 fluxes at field scales with scintillometry: Part 1 – Introduction and validation of four30

methods, Agric. For. Meteorol., in press, doi:10.1016/j.agrformet.2012.09.013, 2013.
Vellinga, O. S., Gioli, B., Elbers, J. A., Holtslag, A. A. M., Kabat, P., and Hutjes, R. W. A.: Regional

carbon dioxide and energy fluxes from airborne observations using flight-path segmentation based on

46

http://dx.doi.org/10.1029/92JD00884
http://dx.doi.org/10.1016/j.agrformet.2008.04.008
http://dx.doi.org/10.1007/s10546-005-9014-8
http://dx.doi.org/10.1007/s10546-005-9014-8
http://dx.doi.org/10.1007/s10546-005-9014-8
http://dx.doi.org/10.1016/j.geoderma.2007.09.004
http://dx.doi.org/10.1002/hyp.5750
http://dx.doi.org/10.5194/amt-5-243-2012
http://dx.doi.org/10.1175/1520-0477(1998)079<0061:apgtwa>2.0.co;2
http://dx.doi.org/10.1016/j.agrformet.2012.09.013


D
iscussion

P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|

landscape characteristics, Biogeosciences, 7, 1307–1321, doi:10.5194/bg-7-1307-2010, 2010.
Vesala, T., Kljun, N., Rannik, U., Rinne, J., Sogachev, A., Markkanen, T., Sabelfeld, K., Foken, T., and

Leclerc, M. Y.: Flux and concentration footprint modelling: State of the art, Environ. Pollut., 152,
653–666, doi:10.1016/j.envpol.2007.06.070, 2008.

Vetter, S., Schaffrath, D., and Bernhofer, C.: Spatial simulation of evapotranspiration of semi-arid Inner5

Mongolian grassland based on MODIS and eddy covariance data, Environmental Earth Sciences, 65,
1567–1574, doi:10.1007/s12665-011-1187-5, 2012.

Vickers, D. and Mahrt, L.: Quality control and flux sampling problems for tower and aircraft data, J. At-
mos. Oceanic Technol., 14, 512–526, doi:10.1175/1520-0426(1997)014<0512:QCAFSP>2.0.CO;2,
1997.10

Wan, Z. and Li, Z. L.: Radiance-based validation of the V5 MODIS land-surface temperature product,
Int. J. Remote Sens., 29, 5373–5395, doi:10.1080/01431160802036565, 2008.

Wang, W. and Rotach, M. W.: Flux footprints over an undulating surface, Bound.-Lay. Meteorol., 136,
325–340, doi:10.1007/s10546-010-9498-8, 2010.

Webb, E. K., Pearman, G. I., and Leuning, R.: Correction of flux measurements for density effects due to15

heat and water vapour transfer, Q. J. R. Meteorolog. Soc., 106, 85–100, doi:10.1002/qj.49710644707,
1980.

Weil, J., Sullivan, P., Patton, E., and Moeng, C.-H.: Statistical variability of dispersion in the convective
boundary layer: Ensembles of simulations and observations, Bound.-Lay. Meteorol., 145, 185–210,
doi:10.1007/s10546-012-9704-y, 2012.20
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Table 1. Summary of the WSMA flights selected for analysis and related surface conditions. Shown
are date, Chinese standard time (CST=Coordinated universal time+8), flight identifier (ID), length of
each flight line l, repetitions rep, cumulated precipitation in a 10 day trailing window P , most frequently
occurring land cover classes LC1–LC3, and the enhanced vegetation index EVI immediately below the
flight lines. A legend with colour codes for LC and EVI is provided at the bottom. The LC colour code
and corresponding abbreviations are identical with Fig. 2.

Date Time CST ID l  [km] rep P  [mm] LC1 LC2 LC3 EVI

8 July 2009 10:20–10:50 O10 15 3 1.4 54% 35% 6% 35 ± 13%
12:00–12:50 O12 13 6 32% 30% 21% 35 ± 18%

13 July 2009 11:30–12:10 O8 30 2 5.0 59% 15% 11% 32 ± 10%
12:40–13:10 O3 21 2 70% 17% 13% 25 ± 6%

15 July 2009 11:30–12:20 O11 11 6 5.0 48% 42% 10% 33 ± 9%
12:30–13:00 O7 11 4 79% 16% 4% 21 ± 6%

17 July 2009 11:00–11:30 O11 11 4 5.2 54% 40% 4% 36 ± 12%
12:20–13:00 O7 11 5 82% 10% 5% 21 ± 8%

26 July 2009 12:50–15:30 C1 60 2 13.4 51% 24% 20% 25 ± 7%
13:10–15:10 C2 63 2 73% 10% 9% 27 ± 9%

30 July 2009 11:00–13:30 C1 60 2 14.3 52% 24% 18% 25 ± 7%
11:10–13:20 C2 63 2 74% 10% 8% 26 ± 8%

LC Arable Dunes Irrigated Steppe

EVI

Bare Marsh

> 20%–25% > 25%–30% > 30%–35% > 35%
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Table 2. Mean length scales ±SD between repetitions during the WSMA flights selected for analysis.
Shown are CBL depth zi, aerodynamic roughness length z0, flight altitude z, thermal blending height
zTB1, length scale of surface heterogeneity LH, Raupach length LR, the thermal blending lengths LTB1,
LTB2, and the upwind distance from the WSMA L80%, where 80 % of the flux contributions are included
in the flux footprint.

Date Time CST ID zi (m) z0 (m) z (m) zTB1 (m) LH (m) LR (m) LTB1 (m) LTB2 (m) L80% (m)

8 Jul 2009 10:20–10:50 O10 1100 0.21±0.13 59±4 45±7 802±192 1532±105 1046±171 255±5 931±52
12:00–12:50 O12 1800 0.07±0.05 72±6 24±2 700±58 4093±164 2160±263 628±39 1574±147

13 Jul 2009 11:30–12:10 O8 1900 0.04±0.05 51±0 41±4 1055±5 4770±3 1330±122 999±12 1440±127
12:40–13:10 O3 2100 0.05±0.07 51±2 38±5 858±95 4292±236 1134±45 1108±220 1305±64

15 Jul 2009 11:30–12:20 O11 2200 0.06±0.04 55±4 11±2 370±54 5214±508 1950±223 1368±304 1470±168
12:30–13:00 O7 2100 0.26±0.19 57±7 17±6 298±76 3507±82 984±117 1207±132 1081±128

17 Jul 2009 11:00–11:30 O11 1400 1.13±0.81 48±1 22±0 366±37 1589±65 788±74 440±28 720±74
12:20–13:00 O7 1400 0.05±0.06 52±2 19±8 507±219 3136±169 1381±54 950±159 1296±150

26 Jul 2009 12:50–15:30 C1 2500 1.75±1.91 97±4 85±68 1458±913 2626±284 1974±562 752±196 991±331
13:10–15:10 C2 2500 2.30±2.12 102±5 83±51 1459±632 2430±382 1921±325 916±310 945±191

30 Jul 2009 11:00–13:30 C1 1600 0.48±0.34 56±3 46±21 1653±161 3097±340 2403±1438 1015±22 1042±100
11:10–13:20 C2 1600 0.11±0.01 54±0 51±13 2615±84 3798±735 2853±601 1852±51 1206±0
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Table 3. Median land cover specific flux estimates of H and LE from the LTFM procedure over all flight
patterns ± median spatial variability within the respective land cover. Also shown are the corresponding
median ensemble random uncertainties σens(H), σens(LE) and land cover specific sample size N .

Land cover H (Wm−2) LE (Wm−2) σens(H) σens(LE) N

Bare soil 193±32 136±38 1 % 1 % 22049
Sand dunes 188±37 144±55 1 % 1 % 43424
Marshland 125±55 230±59 1 % 1 % 20722
Steppe 202±40 138±46 < 1% < 1% 321956
Mountain meadow 114±47 260±69 1 % 1 % 25175
Settlements 172±40 155±46 3 % 5 % 1404
Rainfed agriculture 183±35 147±40 1 % 1 % 17024
Irrigated agriculture 116±32 224±41 5 % 5 % 1068
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Table 4. Median systematic- and random uncertainty terms (in parenthesis) for a single flux observation
or grid cell throughout the LTFM procedure.

Source H LE

Instrumentation and hardware 0 % (8 %) 0 % (7 %)
Turbulence sampling 0 % (57 %) 0 % (121 %)
Spatio-temporal analysis 2 % (40 %) 4 % (47 %)
BRT residuals 0 % (5 %) 0 % (6 %)
BRT response function 11 % (69 %) 18 % (77 %)
BRT state variables 13 % (77 %) 14 % (75 %)
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Table 5. Mean meteorological conditions ±SD between repetitions during the WSMA flights selected
for analysis. Shown are cloud cover CC, shortwave down-welling radiation S↓, mixing ratio MR, hori-
zontal wind speed u, wind direction DIR, virtual potential temperature θv , surface temperature Ts, and
the SD of the surface temperature σT s.

Date Time CST ID CC S↓ (Wm−2) MR (gkg−1) u (ms−1) DIR (◦) θv (K) Ts (◦C) σT s (K)

8 Jul 2009 10:20–10:50 O10 7/8 842±55 6.4±0.0 3.2±0.3 221±12 312.0±0.4 40.8±1.2 8.1±0.4
12:00–12:50 O12 7/8 773±53 5.9±0.2 6.5±0.3 320±2 313.7±0.3 39.8±1.0 8.8±0.4

13 Jul 2009 11:30–12:10 O8 4/8 810±16 9.3±0.1 8.3±0.4 291±6 309.7±0.1 41.9±0.3 6.4±0.1
12:40–13:10 O3 4/8 838±6 8.6±0.1 6.9±0.6 297±6 311.2±0.3 45.8±0.2 5.3±0.8

15 Jul 2009 11:30–12:20 O11 7/8 796±72 7.1±0.1 7.0±0.8 253±9 315.3±0.2 42.1±1.1 5.3±0.7
12:30–13:00 O7 7/8 843±56 6.8±0.0 5.8±0.2 255±8 316.7±0.2 50.8±0.7 4.0±0.5

17 Jul 2009 11:00–11:30 O11 7/8 589±39 9.4±0.1 2.7±0.2 102±5 309.3±0.2 35.9±0.5 4.8±0.3
12:20–13:00 O7 7/8 682±122 11.2±0.2 5.9±0.4 144±4 310.4±0.1 40.3±2.5 4.5±0.9

26 Jul 2009 12:50–15:30 C1 7/8 668±46 9.6±0.3 2.9±0.1 174±5 312.8±0.5 36.4±1.2 4.8±0.7
13:10–15:10 C2 7/8 747±67 9.1±0.1 2.7±0.3 178±23 313.0±0.4 36.5±0.5 3.7±0.7

30 Jul 2009 11:00–13:30 C1 7/8 715±82 11.6±0.3 4.3±0.7 159±15 311.8±0.9 34.6±5.1 4.1±0.5
11:10–13:20 C2 7/8 567±11 11.6±0.0 4.9±0.9 154±9 311.3±1.2 32.8±1.0 2.7±0.5
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Table 6. Mean turbulence statistics ±SD between repetitions during the WSMA flights selected for
analysis: friction velocity u∗, sensible heat flux H , and latent heat flux LE, Monin-Obukhov length Lv ,
SD of vertical wind σw, and convective velocity w∗.

Date Time CST ID u∗ (ms−1) H (Wm−2) LE (Wm−2) Lv (m) σw (ms−1) w∗ (ms−1)

8 Jul 2009 10:20–10:50 O10 0.31±0.03 154±20 194±45 −14±3 0.88±0.03 1.82±0.08
12:00–12:50 O12 0.46±0.07 199±14 110±36 −38±16 0.97±0.04 2.29±0.05

13 Jul 2009 11:30–12:10 O8 0.52±0.09 290±47 196±43 −40±24 0.99±0.05 2.65±0.13
12:40–13:10 O3 0.42±0.12 288±18 86±51 −23±19 0.95±0.01 2.70±0.07

15 Jul 2009 11:30–12:20 O11 0.47±0.07 176±17 138±30 −46±23 0.83±0.05 2.36±0.07
12:30–13:00 O7 0.52±0.12 310±28 65±12 −38±19 1.07±0.11 2.77±0.08

17 Jul 2009 11:00–11:30 O11 0.39±0.07 156±26 46±67 −30±15 0.79±0.04 1.93±0.09
12:20–13:00 O7 0.41±0.07 206±18 48±45 −27±13 0.83±0.06 2.11±0.07

26 Jul 2009 12:50–15:30 C1 0.33±0.09 120±33 300±76 −20±10 0.94±0.11 2.25±0.21
13:10–15:10 C2 0.37±0.05 117±11 227±2 −29±8 0.94±0.04 2.22±0.06

30 Jul 2009 11:00–13:30 C1 0.43±0.13 107±76 194±27 −57±14 0.75±0.12 1.78±0.41
11:10–13:20 C2 0.38±0.05 71±4 223±11 −50±19 0.68±0.04 1.65±0.02
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Fig. 1. Location of the Xilin River Catchment in the Inner Mongolia Autonomous Region, China (mod-
ified after Steffens et al., 2008).
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Fig. 2. Maps of the Xilin River Catchment (black boundary), with the IMGERS research station and pairs
of flight lines. Left: land cover classification (modified after Wiesmeier et al., 2011) over a digital ele-
vation model (Shuttle Radar Topography Mission, Tile 60 04, data version 4.1, Jarvis et al., 2008). The
colour codes are abbreviated for bare soil (Bare), marshland (Marsh), generic steppe (Steppe), moun-
tain meadow (Mountain), settlements (Settle), irrigated agriculture (Irrigated), and rainfed agriculture
(Arable). Right: MODIS enhanced vegetation index of 20 July 2009 with a colour bar ranging from
0<EVI< 1.
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Fig. 3. Change of land surface temperature (top) and enhanced vegetation index (bottom) for each land
cover class throughout the study period. The land cover colour code and corresponding abbreviations are
identical with Fig. 2. The land cover “Water” is not present for the EVI, because water absorbs strongly
in the near infrared, leading to negative EVI values that are not indicative of vegetation greenness.
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Fig. 4. Wavelet cross-scalograms for the sensible heat flux (top panel) and the latent heat flux (centre
panel) along flight pattern O12 on 8 July 2009, 12:16–12:24 CST. The colour palette changes from blue
(downward fluxes) over white (neutral) to red (upward fluxes). The shaded areas identify the cone of
influence. Beneath the cross-scalograms the integrated flux over all scales is shown for each overflown
90m cell of the land cover grid. The surface elevation along the flight pattern is displayed in the bottom
panel.
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1. Low level flights

Reported:
• 3-D location and 

attitude;
• 3-D wind vector;
• Air pressure;
• Air temperature;
• Humidity.

2. Time-frequency (wavelet) analysis

Reported:
• Spatially resolved turbulence 

statistics u*, z/L, σv, σw, z0, 
• Spatially resolved fluxes H, LE.

3. Footprint modelling

Additional inputs:
• Aircraft: spatially resolved wind 

direction;
• Ceilometer: CBL height;
• Aster/Landsat: land cover map;
• MODIS: LST and EVI maps.

Reported:
• Spatially resolved contributions of land 

cover, LST and EVI to each observation 
of H, LE.

4. Machine learning

Additional inputs:
• Aircraft: H2O mixing ratio;
• Aircraft: potential air 

temperature;
• Aircraft: down-welling 

shortwave radiation.

Reported:
• Environmental response 

function.

LTFM

Fig. 5. Flow chart showing how input and reported data streams are processed along the four principal
steps of the LTFM method. Additional detail is provided in Sects. 2.4.4 and 4, and a summary of all
notation can be found in Appendix A.

59



D
iscussion

P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|

Fig. 6. Flight along pattern O12 on 8 July 2009, 12:16–12:24 CST (white dashed line). The composite
flux footprint along the flight line (30 %, 60 %, 90 % contour lines) is superimposed over maps of land
cover (left panel), land surface temperature (LST, center panel), and enhanced vegetation index (EVI,
right panel). The land cover colour code and corresponding abbreviations are identical with Fig. 2.
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Fig. 7. Biophysical surface properties in the footprint of each observation (N = 124) along the flight
pattern O12 on 8 July 2009, 12:16–12:24 CST, summarized by land cover. Shown are (clockwise from
top right panel) land surface temperature, enhanced vegetation index, Bowen ratio, and the land cover
fraction in the footprint. The dashed lines are land cover averages for LST and EVI, and the spatial trend
for Bo. The land cover colour code and corresponding abbreviations are identical with Fig. 2.
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Fig. 8. Sensible heat flux (left panels) and latent heat flux (right panels) along the flight pattern O12 on
8 July 2009, 12:16–12:24 CST. Also shown is the random sampling error (error bars) for each observa-
tion (N = 124), and the spatial trend (dashed line). The top and bottom panels show the land surface
temperature and the enhanced vegetation index in the footprint of each observation, respectively.
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Fig. 9. Boosted regression tree partial response plots of H for all five state variables in order of their
relative importance (in braces). The fitted function (black) shows the variable response of the BRT over
the range of one individual state variable, while the remaining state variables are held at an average,
constant value. The red dashed line is a smoothed representation of the fitted function (locally weighted
polynomial regression).
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Fig. 10. Maximum likelihood functional relationships betweenN =8446 aircraft observation and LTFM
predictions of sensible heat flux (left) and latent heat flux (right). The weight of each data point in the
relationship is represented by the size of the circles. The error bars show the cross-validation residuals
for the LTFM predictions, and the ensemble random sampling error for the aircraft measurement. The
99.9 % confidence intervals are too narrow to be displayed properly.
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Fig. 11. Maps of LTFM predicted fluxes of sensible heat (H , top) and latent heat (LE, bottom) on 13,
17 and 26 July 2009 (left to right). The colour gradient from blue over grey to red represents values that
are lower, equal to, or greater than the average of the values, respectively (see legend). Percentages in
braces after the flight ID indicate the spatial coverage of the prediction throughout the catchment. Mete-
orological state variables from the superimposed flight lines are used in the respective LTFM prediction
(illustration identical with Fig. 2).
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Fig. 12. Left: MLFR of Bowen ratio between the first and the second flight pattern on every measurement
day. The weight of each data point in the relationship is represented by the size of the circles. Right:
time series of Bo for different land covers throughout the measurement campaign. In both images the
error bars represent the Gaussian sum of the natural variability in each land cover class and the ensemble
random error in the LTFM procedure. The land cover colour code and corresponding abbreviations are
identical with Fig. 2.
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Fig. 13. MLFRs of median observed and predicted fluxes along 42 flight lines. The error bars correspond
to the variability of the fluxes along the flight line, and the weight of each data point in the relationship
is represented by the size of the circles.
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