Author reply to the review by Ankur Desai 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 Ankur Desai 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 manuscript describes an innovative method to acquire high spatial resolution airborne
eddy covariance energy fluxes in heterogeneous landscapes using a variety of techniques. For
the most part, it is a methods paper, but a very important one that will be highly cited in the
future. The manuscript introduces several concepts for analysis of airborne flux data
including application of wavelet cross-scalogram/flux un-mixing to acquire high-resolution
fluxes, application of a footprint model to these data to ascertain land surface contributions,
and a boosted regression tree approach to determine catchment scale environmental response
functions. A thorough uncertainty analysis for systematic and random errors is conducted.
Overall, the results show some expected patterns for H and LE, but demonstrate that the
techniques can produce reliable spatially explicit fluxes. The manuscript itself is lengthy as it
covers a lot of ground. I have some minor comments that might help improve the flow.

Thank you.

Specific comments

* Comment 1-1) It might benefit from a flowchart with a graphical description of the steps,
showing the various data streams going into each step and their sources.

On page 59 Fig. 5 of the revised manuscript we added a flow chart. In the text of the
revised manuscript on page 5 line 13, page 16 lines 10 f., and page 18 line 20 we also
added cross-references to the flow chart.



* Comment 1-2) At some level, I'm still perplexed why the wavelet cross-scalogram works,

but I see now that it comes at expense of high random error depending on how one defines the
segment length and the importance of low-frequency contributions. Certainly, low altitude
flights in the surface layer are essential for this method, as shown in the analysis of blending
height and length scales. The variability in H and LE are very large across land cover types.
It would have been nice to have some even literature based estimate of expected values for
variation in H and LE for typical land cover types observed in this region.

We added on page 29 lines 3 ff. of the revised manuscript: “These results fall well within
the range of summertime ensemble average fluxes during solar noon observed by ground-
based EC measurements over different land covers in this region (100 W m ><H<310 W m™*
and 100 W m><LE<480W m, Gao et al., 2009; Hao et al., 2007; Hao et al., 2008; Shao et
al., 2008).”

* Comment 1-3) Also how about a top-down constraint? Couldn’t net radiation be in
principle remotely sensed? Does the estimate H+LE follow patterns in Rnet (yes I know
variations in G matter)?

It would have been useful to measure R, and also to include all radiation components in the
machine learning procedure. However, in 2009 the aircraft was not yet equipped with a
pyrgeometer to measure the long wave part of the down-welling radiation. In addition, to
calculate the full surface energy balance (SEB), we need an estimate of the soil heat flux. In
an early version of this manuscript we approximated SEB in the following way:



The downwelling and upwelling components of the shortwave radiation, S| and ST,
respectively, are measured directly by the WSMA. However the LI-2000 SZ
actinometer measures solar radiation only in the visible range (400-700 nm). The
measurement is internally adjusted to the spectrum of sky radiation to yield the
broadband solar irradiance of a pyranometer (300—-3000 nm). In consequence clouds
or land covers with spectral properties different from the blue sky result in a biased
measurement. Hence we compare S| and ST between all WSMA flights and
simultaneous pyranometer measurements at three surface reference stations (Ketzer et
al., 2008) On average the WSMA overestimated the radiation components by
AS|=54 W m™ and AS1=28 W m”, which was corrected. The upwelling longwave
radiation L1 was calculated from the WSMA surface temperature measurement 7,
using the Stefan Boltzmann law,

LT=¢0,T", 6]

with the Stefan Boltzmann constant 6,=5.67-10° W m? K™*. An emissivity ¢=1.00
was chosen which minimizes the bias between simultaneous measurements of the
WSMA and a surface reference station with comparable surface properties (Ketzer et
al., 2008, heavily grazed site, KLO8hg in the following). In absence of a WSMA
measurement of the downwelling longwave radiation L |, we establish the relationship
L|=373-0.11-(S|-ST—-L1), R’=0.71 from simultaneous measurements at KLO8hg.

From here the net radiation Q. is calculated from WSMA measurements and above

parameterizations:
Q =Sy +L{-8ST-LT. )

The ground heat flux GHF is modeled as a percentage of the net radiation (Liebethal
and Foken, 2007). For this purpose we establish the relationship GHF=0.17-Q:,

R’=0.96 from simultaneous measurements at KLO8hg. Lastly the closure of the
surface energy balance is calculated,

H+LE

SEB=—"""_.
0. - GHF

100, 3)
with WSMA measured H, LE, in units of energy. The variability of L] as well as the
absolute magnitude of GHF is low. Even a large error of 15Wm > in the
parameterization of L] will be partially offset by the calculation of the counteracting

GHF from Q: . The resulting effect on the SEB is <3%.

Using this approximation and neglecting potential effects of vertical flux divergence, the
surface energy balance for all flights is closed to 92+16% on average. In the present version
of the manuscript we did not include this assessment, because the assumptions are
comparatively weak, and we thought it beyond the focus of this study.

* Comment 1-4) The paper claims that ERF from un-mixing is more reliable than a model
data assimilation approach, and that is possible. But there are some perplexing results. For
example, it appears that solar incoming is only weakly related to H, but over the diurnal



course, this is not the case. So is this because all the flights were mid-day only? The whole
BRT and ERF approach, being somewhat new, may require a bit more discussion on how it
works. In contrast, for example, the wavelet discussion is very well presented.

It was not our intention to claim that the presented methodology is more reliable than a data
assimilation approach. For clarification we added at page 4 lines 3 ff. of the revised
manuscript: “However, ERFs cannot provide insights into, e.g., ecosystem pools.
Consequently ERFs might be suitable for complementing data assimilation and remote
sensing approaches, e.g. through contributing to the design, constraint and evaluation of flux
algorithms.”

We expanded the discussion at page 27 lines 8 ff. of the revised manuscript: “It appears
surprising that 4 and LE are only weakly related to S|. This can be explained by using only
noontime flights in the present study, where S| mainly fulfils the purpose of accounting for
varying cloud/radiation conditions between different measurement days. In addition, during
individual flights S| was usually constant to within <10% (Table 5). When however using
ERFs to reproduce a diurnal cycle, a much larger dependence of H and LE on S| would be
expected.”

We have added a flow chart on page 59 Fig. 5 of the revised manuscript. We hope that this
will help to clarify the process of inferring an ERF from various observational data streams.

* Comment 2-1) The author mentions the importance of a constant AGL altitude, though
given density fluctuations, wouldn’t a constant pressure level be a better approach (would
make the correction from T to theta less important)? Or are the WPL dry-air density
corrections also being applied?

We added at page 8 lines 26 f. of the revised manuscript “(ii) Measuring at a constant
pressure level would make a conversion of the measured temperature and densities into
potential quantities (Sect. 2.4) less important. However, over tilted or undulating terrain the
aircraft would partially travel along the vertical flux gradients, thus spuriously contaminating
the measured flux signal. A correction for the vertical flux gradients over complex terrain is
not as straightforward and well-conditioned as the conversion into potential quantities. In
order for the fluxes to remain interpretable the aircraft should thus measure at approximately
constant height above terrain, i.e. the flight paths should follow the terrain contours.”, and at
page 10 lines 11 f. of the revised manuscript “(iii) the WSMA temperature and densities are
transformed to potential quantities at the mean flight altitude (pressure level) of each flight
line;”.

Yes, the WPL correction is applied (page 15947 lines 27 f. of the manuscript).

* Comment 2-2) ['m curious why multiple heights were not flown in some cases to assess
vertical flux gradients. On the other hand, I have little doubt that 50 m altitude flights should
have little to no divergence.

On four days flux measurements were performed at three altitudes and the linear vertical flux
gradients for H (—0.42—0.11 W m?m ") and LE (0-0.88W m > m ') were calculated from a
maximum likelihood functional relationship. In comparison, the linear vertical flux gradients



of H throughout the CBL (—0.21—0.06 W m > m', Sect. 3.1 in the manuscript) are less
variable and =50% lower in magnitude. In all cases measured Lg > Ly (Table 2 in the
manuscript), thus we conclude that internal boundary layers cannot be the primary reason for
this disagreement (Strunin et al., 2004). However, measurements at different heights are
representative of different upwind fetches. In a heterogeneous landscape, these fetches can
exhibit different source/sink strengths and mechanical properties (see response to Comment
2-4). Hence, compared to the boundary layer budget, the measured vertical flux gradients are
less well constrained. Consequently we continued with the results for the boundary layer
budget, and did not include above mentioned findings in the manuscript for brevity reasons.
We now provide additional information at page 18 lines 10 ff. of the revised manuscript:
“Remarkably, atmospheric pressure, z, and z; were no significant predictors for the observed
fluxes. This indicates that the chosen flight/analysis strategy effectively minimizes cross-
contamination of the flux observations by vertical flux/pressure gradients.”

* Comment 2-3) Page 15942 "We hypothesize that airborne EC flux is a promising tool. . ."
This is not a hypothesis. It’s a claim. There are better hypotheses presented later that could
be brought up here.

We reworded the sentence at page 5 lines 4 f. of the revised manuscript: “We postulate that
airborne EC flux measurement is a promising tool to gain new insights in the spatial
variability of heat and moisture exchange across the XRC.”

* Comment 2-4) The authors a priori mask out slopes to avoid terrain generated mesoscale
eddies. I'm curious on the justification and whether the data themselves indicate mesoscale
eddy contribution near slopes?

We mask out slopes to avoid cross-contaminations through (i) radiation budget effects and (ii)
the mechanical generation of turbulence (Raupach and Finnigan, 1997);

(i) The sun-exposed slope receives solar radiation more efficiently, desiccates and

exhibits higher Bowen ratio over time as compared to the sun-averted slope.

(i) In the wake region of a hill as shallow as 10°, mechanical turbulence is increased, and
an elevated shear layer, flow reversal and mean flow separation are possible

(Finnigan, 1988).

At page 8 lines 21 f. and page 9 lines 7 f. of the revised manuscript we substituted
“...orographic-induced local circulations...” with “...orographic-induced effects on radiative
transfer and turbulence generation...”. Also, we now provide additional information at page
32 lines 2 ff. of the revised manuscript: “Masking out slopes during flight planning
effectively minimizes cross-contamination of the flux observations by slope-induced effects
on radiative transfer or turbulence generation. This reduces the degrees of freedom in
explaining the observed flux responses, albeit potentially at the expense of oversimplifying
surface-air exchange processes.”, and at page 18 lines 13 ff. of the revised manuscript:
“Analogously the algorithm dropped elevation, aspect, and slope of the footprint modeled



source area as predictors. This shows that slope-induced effects on radiative transfer or
turbulence generation do not significantly impact the flux observations.”

* Comment 2-5) The KL04 cross wind footprint functions are not published yet and thus
difficult to evaluate. Should include in supplement?

We added at page 15 lines 17 f. of the revised manuscript: “Metzger et al. (2012) evaluated
KLO04+ against a backward Lagrangian reference footprint model, and good agreement was
found for all considered cases.”

* Comment 2-6) Page 15955 "The final BRT model. . ." re these five variables what the BRT
model selects of all the variables or did the authors force the model to fit to these five only.
This is not clear to me.

We added at page 17 lines 29 ff. of the revised manuscript: “We use the variable dropping
algorithm by Elith et al. (2008) to reach a compromise between predictive deviance and
model parsimony. This algorithm (i) fits a BRT model, (ii) performs a 10-fold CV, (iii) drops
the least important predictor (improvement to the model, number of splits, Friedman, 2001),
and (iv) repeats this sequence until a stopping criterion is reached. The mean CV deviance
can be used to decide how many variables can be removed without significantly affecting
predictive performance. Here, we set an upper threshold of 30 W m ™ for the mean CV
deviance, which equals <1/2 the random sampling error in the flux observations (Table 4).
The dropping of variables first stopped for LE at 29.2 W m > mean CV deviance, yielding a
set of the five most important predictors (LST, EVI, S|, MR and 0). For H the same predictor

set yields a mean CV deviance of only 22.6 W m 2.

* Comment 2-7) [ applaud the authors for taking a serious stab at uncertainty along with the

length scale analysis.

Thank you.

* Comment 2-8) The use of continuous variables (LST/EVI) instead of land cover class is
reasonable, but it assumes that all vegetation energy fluxes here can be uniquely described by
these along with flight leg subset average meteorological variables. I suppose this might work
here. How about somewhere where the variation might be corn crop to forest? Would it still
work? The authors are very enamoured of the method, but it is important to discuss where
these methods might not work or what maximum reliable altitude is possible.

We added at page 28 lines 4 ff. of the revised manuscript: “Our choice of land surface and
meteorological drivers appears to work well for describing the noontime surface-atmosphere
exchange of heat and water vapour over a moisture-limited landscape. However, it is
important to note that appropriately describing exchange processes over longer periods of
time, for different landscapes or scalars might require finding an entirely different set of
predictors.”



We added at page 22 lines 27 ff. of the revised manuscript: “The interpretation of the flux
observations might be more complicated for measurement heights below the thermal blending
height (limited spatial representativeness) or above the surface layer (vertical flux gradient).

* Comment 2-9) Bowen ratio is useful to look at but it has known problems when LE is small
or one term is negative. Would the results change appreciably if focused on evaporative
fraction (Le/(H+LE))?

We recalculated Fig. 11 (left) in the manuscript using the evaporative fraction (EF) instead of
the Bowen ratio.
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The median land cover specific EF agrees well between subsequent flight patterns on all
measurement days. Analogously to the Bowen ratio, the land surface appears to desiccate in
the course of the day. That is, during the afternoon flights 13% lower EF (vs. 12% higher
Bowen ratio in the manuscript) is observed compared to the morning flights. As for the
Bowen ratio, the 99.9% confidence interval includes unity slope. We conclude that the results
would not change considerably when using EF.
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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
90 m cell of the land cover grid. The surface elevation along the flight pattern is displayed in the bottom

panel.
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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.
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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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LTFM predicted

Fig. 10. Maximum likelihood functional relationships between N = 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
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99.9 % confidence intervals are too narrow to be displayed properly.
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13 July 2009, 11:30 — 12:10 CST 17 July 2009,12:20 — 13:00 CST 26 July 2009, 13:10 - 15:10 CST
08 (92%) 0797%) C2 (96 %)

H
-50 IR 650 W m™

LE

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.

66

8 lTuly 15 IJuly 22 IJuly 29 ‘July
Date of 2009




H[W m?]

(=)

(=)

=

o
3R
=
=
E g o
08

- (%)

--- f(x)=1.05x
o MAD(res) =4 %
R>>0.99
0 100 200 300 400

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
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