Point-by-point reply to comments of both reviewers for manuscript
submitted to HESShess-2018-310

By Maik Renner and co-authors

November 21, 2018

This document collects all comments and replies to the reviewers into a single document and highlights how
the draft was adapted during revision. Detailed replies to the reviewer comments can be found on the discussion
page of the manuscripthttps://www.hydrol-earth-syst-sci-discuss.net/hess-2018-310/

We repeat each reviewer comment in bold font, followed by our reply. Changes in the text of the main manuscript
are highlighted in blue color. A track changes version is attached to this reply, with changes highlighted in dark-
orange.

Title

We changed the title to be more descriptive of the work and put emphazis into the phase lag analysis.
Old Title: "Understanding model biases in the diurnal cycle of evapotranspiration: a case study in Luxembourg"
New Title:  "Using phase lags to evaluate model biases in simulating the diurnal cycle of evapotranspiration:
a case study in Luxembourg'

Detailed replies

Reviewer 1: "The study attempts to assess the model biases in the diurnal cycles of evapotranspira- tion
and to analyze the inuence of observed input variables under dry and wet condi- tions. Much e ort has
been undertaken to analyze a wealth of observed and modeled data. The approach applied in this study is
relatively logical. The ndings in the paper may be rational. Therefore, | appreciate the authors’ e ort to
handle such much work. However, | have one concern on the presentation. The paper would be publishable
in HESS after minor revisions if the author satisfactorily address my concerns."

Reply: We thank the reviewer for his careful review. We tried to address all concerns and improve clarity.

Reviewer 1: "Lines 22-30 in page 1, This part should be simplied and keep concise for good read-
ability."

Reply: The reviewer refers to the abstract which includes most ndings of the study in a very condensed way.
To improve the readability we simpli ed and focussed on our main ndings and rewrote the abstract as follows:

Abstract:  While modeling approaches of evapotranspiration (E) perform reasonably well when evaluated
at daily or monthly time scales, they can show systematic deviations at the sub-daily time scale, which results
in potential biases in modeled E to global climate change. Here we decompose the diurnal variation of heat
uxes and meteorological variables into their direct response to incoming solar radiation (Rsd) and a phase shift
to Rsd. We analyze data from an Eddy-Covariance station at a temperate grassland site, which experienced a
pronounced summer drought. We employ three structurally di erent modeling approaches ofE, which are used
in remote sensing retrievals and quantify how well these models represent the observed diurnal cycle under clear
sky conditions. We nd that energy balance residual approaches, which use the surface-air temperature gradient as
input are able to reproduce the reduction of the phase lag from wet to dry conditions. However, approaches which
use the vapor pressure de cit (Da) as driving gradient (Penman-Monteith) show signi cant deviations from the
observed phase lags, which is found to depend on the parameterization of surface conductance to water vapor. This
is due to the typically strong phase lag of 2-3h of Da, while the observed phase lag Bfis only in the order of
15 min. In contrast, the temperature gradient shows phase di erences in agreement with the sensible heat ux and
represents the wet-dry di erence rather well. We conclude that phase lags contain important information on the
di erent mechanisms of diurnal heat storage and exchange, and, thus allow a process-based insight to improve the
representation of land-atmosphere interactions in models.



Reviewer 1: "Lines 20-23 in page 2, This study focus on revealing the model biases of evapotranspi- ration
by multivariate metrics, therefore recent literatures should be summarized such as Zhou et al., (2018, published
in ACP, doi: 10.5194/acp-18-8113-2018) and Zhou et al., (2017, published in JC, doi: 10.1175/JCLI-D-16-
0903.1) that investigated the model biases of regional warming in current reanalysis products and attributed
those to the modeled land-atmosphere energy budgets and precipitation frequency.”

Reply: We thank the reviewer for his suggestions on recent literature. The mentioned papers are well suited as
references since these use statistical relationships of di erent model variables, such as temperature and incoming
solar radiation (Zhou et al., 2018, 2017). Dierences in these relationships between models and observations
highlight di erent sensitivities and helps to evaluate models in a systematic way. We included these references in
the introduction:

Also statistical metrics exploring the strength of linear relationships between surface heat uxes and states to
surface radiation components have been employed to evaluate the performance of reanalysis with observations (Zhou
and Wang 2016, Zhou et al., 2017, 2018).

Reviewer 1: "Section Introduction in pages 2-4, some recent relevant literatures should be sum- marized
in the paper, such as van Heerwaarden et al., (2010, published in JC, doi: 10.1175/2010JHM1272.1)"

Reply: We thank the reviewer for pointing us to the paper by van Heerwaarden et al. (2010). We updated the
introduction and included this valueable reference paper as follows:

These interactions are particularly dominant at the diurnal time scale (e.g. De Bruin and Holtslag 1982) and
depend on meteorological as well as on surface conditions (Jarvis and McNaughton, 1986; van Heerwaarden et al.,
2010).

Reviewer 1: "Lines 11-21 in page 5, There are other approaches to regress this type of the response.
Some reasons of the selection of the Camu o-Bernardi equation should be provided for good readability.”

Reply: We agree with the reviewer that the choice for the Camu o-Bernardi model should be better motivated,
since we have good reasons to use it. We added the following paragraph to the introduction:

Here, we choose the Camu o and Bernardi (1982) model because it provides an objective measure of the mag-
nitude of hysteresis loops and it allows for an assessment of statistical signi cance. We extend the Camu o and
Bernardi (1982) model in two ways. First, we use incoming solar radiation (Rsd) as reference variable instead
of net radiation to estimate the phase lag of surface heat ux observations and models. And secondly, we use a
harmonic transformation of the Camu o and Bernardi (1982) regression model to estimate the phase lag in time
units. This extension allows to compare the diurnal phase lag signatures of the di erent model inputs and how
these in uence the resulting diurnal course of the latent heat ux estimate.

Reviewer 1: "Lines 25-end in page 8, The average gap is up to 67 Wm-2 and then the diurnal cycle may
has a larger gap. How to quantify the in uence of energy balance closure gap (before and after correction)
on the magnitude and phase lag in the paper?"

Reply: To assess the potential impact of the closure method we also computed the phase lag statistics for the
non-corrected latent heat ux (see Figure 7, Tables 3 and 4). Results show that the phase lag estimates are very
similar showing that the correction does not in uence magnitude of the observed phase lags.

To improve the communication of this result we adapted P15L11 in the manuscript as follows: The uncorrected
observations showed only a slightly lower wet-dry di erence, highlighting that the method to close the energy balance
closure gap does not signi cantly in uence the estimated phase lag.

We also identi ed a typo in reporting the average energy balance closure gap on P8L31. Iti87Wm 2 instead of
67Wm 2. We updated the text as follows: For our site we observed on average a slope @l + E ) (Rn G)=0:81
(by linear regression) with an average gap 087 Wm 2 over the whole duration of the eld campaign.

Reviewer 1: "Line 21 in page 22, how to justify the sentence (‘These interactions are also a ected by soil
water availability, as re ected in the phase lags.’) in the paper? whether adding related literatures or not?"

Reply: We replace this sentence with: We also found that the phase lag of the turbulent heat uxes is a ected
by soil water availability.

Reviewer 1: "Section Conclusions in pages 25-26, The author should rewrite this part to make its logic
smooth. If necessary, some discussion should be added to help the readers understand the importance and
advantages of this study."

Reply: We agree with the reviewer and revised the rst paragraph of the conclusions.

We analyzed the relationship of surface heat uxes and states to incoming solar radiation at the sub-daily
timescale for a temperate grassland site which experienced a summer drought. Most variables showed signi cant
hysteresis loops which we objectively quanti ed by a linear component and a non-linear phase lag component using



multiple linear regression and harmonic analysis. We then compared these diurnal signatures obtained from obser-
vations of an Eddy-Covariance station with commonly used but structurally di erent approaches to model actual
and potential evapotranspiration. The models have been forced by the observational data such that the di erences
to observations can be attributed to model formulation and signals contained in the input data. Our analysis guides
model selection with a preference for the temperature gradient approaches, because the vertical temperature gradient
contains relevant signals of soil moisture limitation as opposed to the vapor pressure de cit of the air.

Replies to reviewer 2

Reviewer 2: "The author’'s objectives of the study were to use measurements of hourly incoming shortwave
radiation as an independent forcing of the land-atmosphere exchange and assess the response and phase lags
of surface heat uxes. The authors argue that models of ET should be able to capture the magnitude of
hysteretic loops under di er- ent conditions."

Reply: We agree with this summary of the manuscript.

Reviewer 2: "The writing is good, and the article is well structured. The major concern | have is that
incoming solar radiation (Rsd) is used rather than the available energy (Rn-G)."

Reply: Our main reasoning is that available energy is not an independent variable as it depends on surface
temperature. We added a paragraph in the introduction to explain our reasoning:

We speci cally choose incoming solar radiation Rsd as the reference for the phase shift analysis, since Rsd can
be regarded as an independent forcing of the surface energy balance (e.g. Ohmura (2014)):

Ra(l )+Rg H E G=T%+m (1)

With surface albedo , incoming longwave radiation RId, sensible heat ux H, latent heat ux E , the conductive

soil heat ux G, the outgoing longwave radiation T # and storage terms of the surface layer summarized in m. This
form of the surface energy balance provides the direction of the energy exchange processes at the surface, illustrating
that the terms on the right-hand side depend on heat uxes on the left-hand side of Eg. (1) (Ohmura 2014). As
a consequence, the term net radiation Rn, which resembles the radiation budget of the shortwave and longwave
components: R, = Rgq(1 )+ Rg T 4, cannot be regarded as an independent surface forcing. Therefore, we
prefer to use Rsd instead of Rn or Rn-G as the reference variable for phase shift analysis of the latent heat ux
and the main input variables of evapotranspiration model approaches.

Reviewer 2: "It is expected that phase lags would occur between Rgy and LE since much energy is stored
in the ground surface during the day and then released at night, so it is unclear what the novel aspects of the
paper really are. By not considering G, you get phase lags. . . is there something novel to see here? "

Reply: The reviewer is unclear about the novelty of our ndings and states that we nd a phase lag (e.g. to
the Latent heat ux but also to Potential evapotranspiration ) because we use Incoming Solar Radiation and not
Available Energy (R, G) as reference variable. The argument being that the phase lag we observe is mainly
caused due to heat storage in the soil as re ected by the soil heat ux.

We disagree on this perspective. First of all the soil heat ux is not su cient to bu er the diurnal imbalance
caused by solar heat of the land surface. Most of the diurnal imbalance is bu ered in the lower atmosphere leading
to the development of a convective boundary layer (Oke, 1987). To substantiate our argument we repeated to
phase lag analysis with Available Energy R, G) as reference variable. We added the resulting phase lag as
another column to Table 4 of the manuscript. Overall, there is only a minor di erence of the phase lag between
the two reference variables. This is to be expected sincRgy has the largest diurnal variations of the components
of Available Energy. There is only a minor reduction of phase lag (3 min) with respect to the evapotranspiration
estimates. This highlights that the soil heat ux is not the main cause of the observed phase lag of the turbulent
heat uxes.

Reviewer 2: "Page 3 Line 16: Why is Rn not used? Better yet, why isn’t Rn-G (available energy) used? |
don't see that why Rn (and Rn-G) is not used if the authors are indeed trying to better understand controls
on LE. . . longwave radiation is a big component of Rn, and G lags no doubt control some of this hysteresis.
| feel that the authors are missing too much energy if they just focus on Rsd.

Page 3 Line 23: The PT equation requires Rn, not Rsd, so how can you say you focus on using Rsd, but use
the PT equation and not use Rn? Same with the PM equation. Please explain how and if Rs is used in these
equations here and you can go into greater detail in the methods if needed. "



Reply: Our analysis focusses on the diurnal relation of evapotranspiration and relevant surface energy balance
uxes and states to incoming solar radiation. Since Rsd is independent of the surface, it is an ideal reference to
calculate phase lags. We acknowledge that all models which we compare in this study actually use available energy
(net radiation - ground heat ux) (Rn-G) as an input variable, which would also justify to directly use Rn as a
reference for the phase lag analysis which is suggested by the reviewer. The di erences in the obtained phase lag
using Rsd or Rn are not substantial, see updated Table 4.

We added a paragraph to the results section 3.3: Since all evapotranspiration schemes use Rn-G as forcing,
we also computed that phase lags with Rn-G as reference variable (see Table 4). The di erence to Rsd as reference
are, however, rather small with slightly lower phase lags and in the range of the standard deviation of the daily
estimates. This is because there is hardly any phase lag between Rsd and Rn and because the magnitude and the
phase lag of the soil heat ux is rather small.

We also think that this result needs to be better discussed and added a paragraph to the rst section of the
discussion: It is important to emphasize here, that the phase lags we found here are not dominated by diurnal
heat storage changes below the surface. The phase lag of the soil heat ux to Rsd is smaller than the phase shifts
of the turbulent heat uxes. All models we employ here use available energy (Rn G) as input to estimate LE.

So one may think that the identi ed phase lags are due to choosing Rsd as the reference. However, the phase lag
of the latent heat ux would only reduce by about 3 min when one would choose Rn-G instead of Rsd as reference
variable to calculate the phase lags. This is because there is almost no phase lag between Rn and Rsd and the fact
that both the magnitude and the phase lag of the soil heat ux are relatively small.

Reviewer 2: "Additionally, descriptions of what was assumed or used as input to the models, (speci cally
the PT and FAO-56 PM equations) is not adequate, only Rn is in the PT equation listed, not Rn-G as stated
in the original equation, so there could be an error in the analysis. It is unclear if measured G was used in
the FAO-56 PM equation, or if it was estimated, and same goes for Rn. Based on the lack of clarity as to
what Rn and G model was used in the FAO-56 approach, those results cannot be assessed as is. While there
is some good discussion on process, the novelty of the study is lacking."

Reply: We believe that there are some misunderstandings, which we tried to resolve in our rst reply to
Reviewer 2, please seehftps://doi.org/10.5194/hess-2018-310-AC1 ). All models have been driven by the
observational data which is important because this allows a fair comparison between models. A list of input is
provided in Table 2 of the manuscript.

Speci cally, both potential evapotranspiration estimates, the Priestley-Taylor evapotranspiration and FAO
Penman-Monteith estimate, use available energy R, G) as input. We apologize that the soil heat ux was
missing in the Priestley-Taylor Equation (Eq. 7) and corrected this typo in the revision. The calculations are,
however, not a ected by this typo. Also, the FAO Penman-Monteith equation was driven with net radiation and
soil heat ux from the observations and not from one of the empirical replacements as provided in the FAO-56.
Hence we can assure that the ndings of systematically di erent diurnal cycles of the Penman-Monteith driven
models is indeed related to the model formulation and not to errors in the analysis.

All code (and data) to reproduce the analysis are provided in a public accessible repository with this revision
of the manuscript.

Reviewer 2. "Perhaps a more useful and/or complementary analysis would be to focus on the hourly
distribution of the energy balance closure ratio, and assess the controlling factors of the distribution, if any,
as it relates to soil moisture and other conditions."

Reply: While the analysis of the energy balance closure was not a focus of our work, we actually considered
potential impacts by the way the energy balance was closed (instantaneous closures using a daily mean Bowen
Ratio). To assess the potential impact of the closure method we also computed the phase lag statistics for the
non-corrected latent heat ux (see Figure 7, Tables 3 and 4). Results show that the phase lag estimates are very
similar showing that the correction does not in uence magnitude of the observed phase lags.

To improve the communication of this result we adapted P15L11 in the manuscript as follows: The uncorrected
observations showed only a slightly lower wet-dry di erence, highlighting that the method to close the energy balance
closure gap does not signi cantly in uence the estimated phase lag.

Reviewer 2: "Pg 2 Line 29-30: LE is strongly correlated with Rsd, not the other way."
Reply: The text was adapted.

Reviewer 2: "Pg 2 Line 21-22: Would be good to give a quick summary of these metrics, and why some
are more useful than others if they are to be used or referenced later. This would be good so that when the
alternative metric is proposed below the reader has some context."

Reply: We agree with the reviewer that the introduction needs a better motivation on the existing metrics.



Therefore we provide a summary of the di erent metrics in use and explain why we are using the metric of a phase
lag.

There is a strong need to investigate and to derive metrics based on comprehensive observation that characterize
the whole land surface-atmosphere system (Wulfmeyer et al. 2018). Several authors proposed di erent multivari-
ate metrics to better evaluate land-atmosphere (L-A) interactions in observations and models. Generally, these
metrics explore internal relationships between state variables to better characterize key processes and to guide a
more systematic exploration and understanding of model de ciencies. A number ahetrics focus on the diurnal
evolution of the heat and moisture budgets in the planetary boundary layer (e.g., Betts 1992, Santanello et
al. 2009, Santanello et al., 2017). Alsostatistical metrics  exploring the strength of linear relationships between
surface heat uxes and states to surface radiation components have been employed to evaluate the performance of
reanalysis with observations (Zhou and Wang 2016, Zhou et al., 2017, 2018). Furthermore, there amattern-
based metrics which focus on non-linear interactions at the diurnal time scale. Wilson et al., (2003) proposed
the method of a diurnal centroid to measure the timing of the surface heat uxes and their timing di erence, which
was more recently used by Nelson et al., 2018 to quantify the timing of evapotranspiration under di erent dryness
condition for the FLUXNET dataset. In contrast Matheny et al., 2014 and Zhang et al., 2014 explored the diurnal
relationship of the latent heat ux to vapor pressure de cit showing a pronounced hysteresis loop. Zheng et al.,
2014 also included air temperature and net radiation as references variables and showed that the hysteresis loops
of E to D, or T, are large, while there are only small hysteresis e ects when Rn was used. Hysteresis loops have
also been found when heat uxes plotted against net radiation (Camu o and Bernadi 1982; Mallick et al., 2015),
with many studies showing hysteretic loops of the soil heat ux against net radiation (Fuchs and Hadas, 1972;
Santanello and Friedl, 2003; Sun et al., 2013). The presence of an hysteresis loop indicates that there is a time
dependent non-linear control on the variable of interest, typically induced by heat storage processes. Camu o and
Bernardi (1982) showed that the magnitude and direction of such hysteretic loops can be estimated by a multi-linear
regression of the variable of interest against the forcing variables and its rst order time-derivative. This simple
model allows to estimate storage e ects on diurnal (Sun et al. 2013) to seasonal time scales (Duan and Bastiaansen
2017).

Reviewer 2: "Pg 3 Line 2: | don't think that the other controls (other than Rn and Rsd) on LE remains
unclear. . . it is pretty simple from an energy balance perspective (which is what is being discussed so far in
terms of Rnand Rs) . . . LE=Rn H G .. . Lots to dig into with H obviously. . . and G, and perhaps
that is where some of the controls need more study?"

Reply: We believe that writing the energy balance withR, = E + H + G is su cient when direct measurements
are used. However, when modeling the problem it is clear that all terms may depend on each other. For a
mechanistic understanding a full treatment of the surface energy balance with explicit treatment of all radiation
components is required. Reviewer 1 pointed to a recent study by van Heerwaarden et al. (2010) which discusses
the complex interactions of at the surface, the surface layer and the planetary boundary layer, all feeding back on
LE. The importance of controls on LE must be considered unclear, since there exist di erent schemes with di erent
input variables to model LE. Many of the input variable are themselves strongly a ected by the land-atmosphere
exchange and its feedbacks.

Reviewer 2: "Page 4 Line 7: but RH and VPD is coming from gridded weather data, no? So this is a
forcing and outside the evaporation model, correct?"

Reply: The reviewer mentioned the MOD16 algorithm which was compared with other approaches with surface
observations in Yang et al. (2015). That approach uses VPD as an input variable (forcing) which depends on air
temperature. While there is some uncertainty when RH and VPD is obtained from coarse reanalysis products
instead of in-situ observations, the main physical argument is that VPD (temperature) of the air cannot resolve
the spatial variability of surface water limitation as compared to surface temperature.

Reviewer 2: "Page 6 Line 28-34: This is concerning since the heat storage in the soil slab above the
G plate was estimated rather than measured. Sounds like the estimate didn’t con- sider changes in soil
moisture, which is a big factor in the potential to store heat within soils. Any errors in the estimate, or
bad heat storage measurements could cause perceived hysteresis when comparing to other energy balance
components. When was the harmonic calibrated, to dry or wet conditions, or both? Did the harmonic behave
di erently (have di erent parameters) when assessed during wet vs dry conditions as anticipated?"

Reply: The total ground heat ux can be obtained by measuring the soil heat ux at a given depth and an
correction based on an estimate of heat storage changes above the heat ux plate (Massman 1992). The preferred
method for the heat storage changes above the heat ux plate are soil temperature measurements. However, the
upper soil temperature sensor failed after two weeks and the following period was characterized by a longer dry
period. To circumvent this problem we used an alternative method based on a harmonic transformation of the



heat ux plate measurements. The critique of the reviewer is that we did not take the soil moisture dependency
of this method into account. This method requires an estimate of the damping depthD which was obtained by
the exponential decay of the temperature amplitude of soil temperature measurements.

D is proportional to the square root of the thermal di usivity and is only weakly dependent on soil moisture
for clayey soils above 0.1 m3 m-3 water content (Jury and Horton, 2004) we had at our site. For the present
work, D was determined by the exponential decay with depth of the soil temperature amplitude measured for the
diurnal cycle in 2, 5, 15, and 30 cm depth at 15 di erent days between 12th June and 4th July. The mean of
1227 0:91 cm of these determinations was used for harmonic analysis. As mentioned in the manuscript, the
upper soil sensors began to fail after 30th June and no determinations of D were possible after 4th July. Ten (ve)
determinations were performed for soil moisture contents >15% (<15%) whereD was obtained to 1255 0:65cm
(1171 21:15cm). The di erences between the calculated ground heat uxes usingd = 12:27cmand D = 12:55and
D = 11:71cm, respectively, were always< 10Wm 2 so that the used value ofD = 12:27cm is a good compromise.
For the data until 30th June we nd a linear relationship with a slope of 1.05 and R? = 0:94 for the ground
heat ux calculated with harmonic analysis of the HFP uxes and the heat ux plate method with correction for
heat storage. Please also nd a gure attached to this reply which shows the diurnal cycles of the total soil heat
ux estimates obtained by the upper soil temperature measurements (magenta) and the soil heat ux from the
harmonic correction of the soil heat ux plate (blue). The plot only shows sunny days used in the analysis and
also reports the top soil moisture of that day. The plots shows higher soil heat uxes under the wetter conditions
for both methods. We thus consider that the total soil heat ux obtained by the harmonic correction of the soil
heat ux plate characterizes the diurnal dynamics of the soil heat conduction rather well.

We will added a summary of this explanation to the description in section 2.2: Unfortunately, the two upper
temperature probes and soil matric potential sensors showed data gaps and erroneous values from 30 June until
excavation on 23 July, 2015. Thus, the ground heat ux was calculated by the heat ux plate method with correction
for heat storage (Massman, 1992) only for the period from 11 June to 30 June, 2015. To still obtain soil heat
uxes for the entire measuring period, additionally harmonic wave analysis (Duchon and Hale, 2012) of the heat
ux plate data was applied. The harmonic wave analysis calculates the wave spectrum at the soil surface from
the Fourier transform of the soil heat ux measured by the heat ux plates in a few cm depth (here: 8 cm) by
correcting for wave amplitude damping and phase shift. The surface ground heat ux is then obtained by an inverse
Fourier transformation of the corrected wave spectrum. The method has a dependence on soil moisture a ecting the
damping depth. The dependence is, however, weak for clayey soils with soil water contents > 10% (Jury and Horton
2004) as observed at the site. The damping depth was obtained by the exponential decay of the soil temperature
amplitude measured at the various depths. Dierences in the damping depth between wet and drier soil moisture
conditions only yielded di erences in G smaller than 10 W m-2. Therefore, we used a constant damping depth for
the whole period.

Reviewer 2: "Page 8 Line 31: What time step was Qgap (the energy balance closure) assessed? Every
30min?"

Reply: Yes, the gap has been determined for each time step.

To correct the turbulent uxes for the energy balance closure gap (evaluated at the 30 min time steps), we use a
correction based on the Bowen ratio (BR) (Twine et al., 2000), which is directly related to the evaporative fraction
fE = 1/(BR+1) to obtain corrected uxes

Reviewer 2: "Page 10 Line 25: The PT equations uses Rn-G, not simply Rn as writ- ten. What did you use?
Rn or Rn-G (see equation 14 of the PT paper - ftp://ftp.library.noaa.gov/docs.lib/htdocs/rescue/mwr/100/mwr-
100-02-0081.pdf ). The phase lag results can't be interpreted until this is cleared up."”

Reply: We corrected equation 7 to use (Rn-G). This was also used in the analysis, so the interpretation will
not change.

Reviewer 2: "Page 11 Line 14-16: Is Rsd used and then Rn and G is estimated following the procedures
of FAO-56, or is the measured Rn-G used? This needs to be spelled out to understand the results."

Reply: Our strategy is to use all model forcing directly from the observations. The procedures of FAO are only
recommended when input data is missing. We added one sentence to make this clear: Here we use the latter
de nitions of the conductances and use direct measurements for the other input variables to equation (9) to obtain
the FAO Penman-Monteith estimate.

Reviewer 2: "Figure 6. Be consistent calling incoming shortwave Rsd vs Global radiation. . . you say
both."
Reply: Thank you for pointing this out. We updated the gures labels of Figures 6, 8, 9 and 11 accordingly.



Reviewer 2: "Figure 7 isn't very useful since it is Rsd on the x, and not Rn-G. | guess | don't see the
point since phase lag is to be expected (and greater for wet conditions as shown), and it is unclear how G
was considered in the FAO approach."

Reply: This comment regards the question of using Rsd or Rn as reference to quantify the phase lag. We
already replied to this in a separate author reply. With respect to Figure 7, which shows the phase lag of the
di erent latent heat ux estimates against Rsd we nd a general wet-dry di erence in the observations and most
models but not for the Penman-Monteith based approaches. We also computed the phase lag of the key model
input parameters in Fig 12. The reviewer suggested to used Rn-G as a reference. Doing this will not change Figure
7 much and thus also not the conclusions. See also the updated Table 4.

Reviewer 2: "Page 17 line 4-5: The authors state that Generally, there was only a small hysteresis in
the available energy (Rn G ) (Table 4) which is exactly what one would expect if Rn-G was used. So by
not including longwave and G there is phase lag, which is to be expected, so | don't see the point of the
paper really. . . Also, there would be more phase lag in wet soil conditions, than in dry conditions since heat
storage is greater when there is more water in the soil. By not considering G, you get phase lags. . . is there
something novel to see here?"

Reply: We already replied to this point. The soil heat ux shows a small phase lag to Rsd which increases
in magnitude when wet. However, the phase di erences of the turbulent heat uxes are even larger in magnitude
than the ones of G, see Table 4 and Fig.12. These phase lags are also present when Rn-G is used as reference
(instead of Rsd). This is consistent with the argument that the soil heat ux is too small to compensate the diurnal
imbalance caused by solar radiation. Hence the land-atmosphere heat exchange strongly contributes to balance
the large diurnal forcing of solar radiation.

Reviewer 2: "Page 20 and Figure 11: The results of the hysteresis in humidity variables are what you
would expect. The VPD is lowest in the morning, and highest in the mid to late afternoon, and largely a
function of es, since it is a fairly humid environment, so what is novel here?"

Reply: We believe that the diurnal course of VPD is known to most researchers. The key point is that VPD
is used as the driving gradient in the Penman-Monteith approaches. This gradient shows a strong hysteresis
loop, while the surface to air temperature di erence, which is the driving gradient of the energy balance residual
approaches shows only a small hysteresis. Visualizing this di erence in the two driving gradients (cf. Fig. 9 and
Fig 11) should highlight the key di erences in these approaches.

Reviewer 2: "Page 25 Line 22: Yes this was quanti ed, but it was expected, and it changes in time and
space, based on the land surface conditions, and met. forcings.”

Reply: We updated the conclusions of the manuscript to improve the clarity of our writing, see also our reply
to reviewer 1 above andhttps://doi.org/10.5194/hess-2018-310-AC2

Reviewer 2. "Page 25 Line 23: Explain exactly how these results have practical application for re- mote
sensing based models? This was never fully described, that is why this phase lag issue is so important for
remote sensing studies of LE to consider or include.”

Reply: The key contribution of the phase lag analysis is that it guides model selection for observational driven
LE retrievals, suc