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A point-by-point response to theeviews

Firstly, we appreciate very much for theur refereed valuable and constructivecomments and suggestioren

i A r-averaged evapotranspiration over a heterogeneous land surface: Aggregation-pbimulEiC flux measurements
with highresolution lanecoverma p and f o o tbygF Xuret al.Azcordihgytostheis aomnmds, we have carefully

revised all sections of thenanuscript(revisions and corrections are marked in re@yr detailed responses to their
worthwhile comments and suggestions (ref&reemments in italigsare as follows:

Response to the comments from Referee #1

Main comments:

1. In Introduction section the authors argued that existing integration schemes often assume local flux measures area
representative of an individual surface cover and thus result in errors. However, the paper did not explicitly addmess the is
with thedata they used. The reviewer would like to see clearly to what extent and under what conditions the assumption may
produce the error.

Response:

Thanls for your valuable comments. Thiiree aggregation methodgparticularly the simplearithmetic and/or the
areaweighted method used before, are based on individual surface types, without high resolutics laelagsification and
fine footprint analysis. We have revised the relevant s
basel on present integration method.

2. While EC and LAS measures are valuable for latgde ET estimation, they have measurement errors, either systematic

or random. The errors are mixed or propagated into aggregated ET values. Are the measuremetdrgeras smaller

than the ET differences due to spatial heterogeneity? A careful analysis between EC, LAS and spatial heterogeneity with th
matrix flux data would provide valuable insights into the issue which is puzzling for many years.

Response:

Yes both EC and LAS have measurement errors, either systematic or random. For the ECs used in our data analysis (th
HIWATER) we have tried to reduce the systematic errors to a minimum with-@bpegvation intercomparison (Xu et al.,

2013 JGR) and careful maémance during the observation. The random errors were alsozadalia a eparate research

(Wang et al., 2015, IEEE GRSL), which can be minimized in an ensemble average. As for the LASs used in HIWATER,
major errors are ém their data processing process for instance, the Boweatio correction problem ptcularly for
observations over Oasis. We have also tried our best to minimize them mainly through intercomparisons with fluxes from EC
All these uncertainties are minor when we compared with thiégakp&terogeneity of our study area, especially, the large
differences among the four kinds of lanse.We have addedomedescriptiors on data quality and uncertainty of the EC

and LAS measurements in our study in Secti@n12.
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3. Section 4.4 seemstnclosely relevant to the aggregation topics addressed in the paper. Neither the ET estimates can be
validated over the study area as a whole. It is better to remove it from the text.

Response:

We are sorry for our unclear statements in section 4.4. We have removed irrelevant infoimehiiting the comparison
with P-M ET productsThestatements in the entire sectioave been ravritten.

Specific comments:
Abstract: Page 1 line 2@3: it does not provide any new for audience.
Response:

Accepted: Line 23 are deleted.

1. Introduction

Page 2 line 13: earth > Earth

Page 3 line 23 : remove one of fAremote sensingo
Page 3 line 8: there is> there may be

Response:

Accepted.

Page 4 line 9a nice statement on representativeness of flux measures over individual surface covers. However, the presen
version failed to explicitly address the assumption in Results and Discussion.

Response:

Thanks for youcommens. We haveadded some statemeitisSection 4, Results and Discussion, to address the assumption
explicitly.

Page 5 line 12 : fdi saggregati on approach has not been fully
investigation. Please state it more clearly.

Response

We have improvethe statementin this section more clearly

2. Study sites and data
Page 6 line 14: two days only? Are they representative or enough to get conclusions that are general?

Response

The twoclear days we selected for analysis, 29 to 3@ @12, are typical (due to the weather, surface status, and extended



observations such as aircraft remote sensing) raptesentativdor the general conclusionsie got. Actually, we have
applied thesameflux aggregation methotbr other periodssuch aghe 6 daysrom 9 July to 14 July 2012Figure S1
(attached below, similarly hereinafteghows the daily ET for four land covers derived. Fig@2 describes the

areaaveraged daily ET ovahe study areaAll the areal ET and its disaggregation to indiial land types are similar to
those of the two clear days analyzed
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Figure S1: ECdis-aggregated daily Efor each land coverfsom 9 to 14 July 2012
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Figure S2: Area-averaged daily ET over the study area

Page 6 line 16: Please state the last titime irrigation done.

Response

We haveaddedthe last irrigation time ithe revisednanuscript.

Page 7 line 16: It would be better to use local time. Otherwise, explicitly state the time difference to Beijing time.

Response

The differencebetweeniocal time andBeijing Standard Time is approximateht h 18 min.This has been added explicitly
in the revision.
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There are many places throughout therpaperesionm @dsernsEgX t ur
b as edsada,t -bdsddi,t eet c .

Response

We have unified the use @femote sensirigthrouglouttherevisedpaper.

3. Methodology
Page 9 line 8: add a reference here for footprint model.

Response

A referencehas been added:
Leclerc, M. Y., and Foken, T.: Footprints Micrometeorology and Ecology, Springer, Heidelberg, New York, Dordrecht,
London, XIX, 239 pp., 2014

Page 9 | ine 11: remove ATheo. There are many places wit|
Response

AcceptedOt her pl aces with mi ssobeenchetkedit hed or fAa/and have al

Page 11 I ine 10: what the mean of Afootprint climatol og
Response

We have revised thi&ootprint climatology function asfithe weighted footprint climatology . I'ts meaning is
with Eq. (8)

Pagel2ine 23: framework> data processing flow.
Response

Accepted

4. Results and discussion
Page 12 line 1719: remove the paragraph. It is useless here.

Response

Accepted

Please use Whinstead of mm/day throughout the paper.
Response

We haveunified the flux unit frommm d™ to W m? in Section 4.1However, in discussing the daily ET in Section, 4vé

still usemmd™ as in usual applications
4
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Page 13 line 13: how about other period? Do the differences change with different periods?
Response:

The differences among all maize sites change slightly during the maize grown period. For ekagum@eS3 shows the
daily variation of the three major fluxefn 9 July to 14 July 2012. The standard deviati(8B) of all maize sites are also
shown. All features are about the same as the two days analyeedave added some relevant statements in the revised
paper.
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Figure S3 Diurnal cycle of the mean net radiation (a), sensible (b) and latent (c) heat fluxes for 13 maize field sites, the @srtite bar

standard deviation.

Page 16 line 1gage 17 linel0: remove the text that describes regional ET over the study area as a whole. It provides no
support for the scientific issues addressed.

Response

The major objective of this study is to refine an aggregation method for area averaged fluxes basediniqueur
comprehensive dataset of the HIWATER. The results are also useful for the water balance study extended to the whole Heih
River basin. So the results of regional ET over the study area are still kept in Section 4.4. Of course, some irredeasant part
deleted according to the comments of yours and ¢itwreferees

Response to the comments from Referee #2

Major comments:

1. While the authoréworks are valuable, the size of paper is too large, with containingifgssrtant information. |
recomnend authors to drop entire section 4.4 and the related descriptions available in other sections (section 3.3 etc.)

Response:

Thanks for yourcomments The major objective of this study is to refine an aggregation method foaeeeaged fluxes

based on our comprehensive dataset of the HIWATER. The results are also useful for the water balance study extended to tl
whole Heihe River basifThus,the results ofireaaveragecET over the study area are still keptSection 4.4But some
irrelevant parthave beenleleted according to the commenft®m you and other referees

2. | could not find a purpose of Fig 8, and comparison Virdmotely sensed ET datéTable 5 and 6).
Response:

The purposeof Fig. 8 is to show the spatipattern of daily ET over the study area for readécsording tocommentsfrom
yours and other refereedll the relevant statements about the comparisonfingtinotely sensed ET datéincluding Table 5
and 6) and related descriptions in other secti@ave been deleted.

3. Also, including the comparison with remotensed ET data in this paper might derive another problem on reviewing
process because the procedure adopted in the paper is not well described in the paper, and the applied methdd may not
appropriate.

Response:

Thanks.According to your commenind similar comments frontleer referees, we have droppedadlthe relevant parts on
the comparisomith remotelysensed ET data in tlevisedpaper.



10

15

20

25

30

Minor comments:

Page 8 Line 10: Authors manually revised land cover map usingrbggitution CCD images and Google Earth imagery.
Do those images applicable for year 2012?

Response

Yes. The CCD imagewere acquired on 26 July 2012vhile the GoogleEarth imageusedwas collected on 3 September
2012.Both are in the HIWATER intensive observation peridé have added the acquisition daté CDD images and the
Google earth image in the revised manuscript.

By reviewing the results, the EC data used in the paper seehesreliable. However, it is better to describetlie paper
some more about the measurement accuracy of their EC data, for example, about the energy closure error.

Response

Thank you very much for your suggestioe have added the descriptions on tla¢a quality of EC and LASised in
HIWATER, as well agheenergy balance closure raie the revised papeséction 2.2.1

It is authoi® preference and authors do not need to change, but | might recommend changiry (E)Zrom bargraph
with mm/d, to line graph with W/niike Fig 2-a, so readers can understand the energy balance condition of the sites by
directly comparing Fig 2Za and 2b.

Response

Accepted.

It& authos preference and authors do not need to change, but Fig.4 can be egpresss figure but as table.
Response

Thanks for your kind suggestiotlowever, here, digure is probably more obvious thara table to showthe spatial
representativieessof all EC sitesSo the original figurds still kept.

In Fig. 6, | recommend ahbors to show the charactéad obo fico andfido in the figure, because authors are referring the
figure such agifig. 6 in the text.

Response

Accepted.

Response to the comments from Referee #3

General comments:
1. To address the scientific problem in this papem80 flux might be sufficient, given the uncertainty in-fjlipg method
7
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(rainfall, fog et). Daily ET (section 4.4) does not help a lot here. Indeed, it might be more necessary to clarify data qualit
and uncertainty of the EC and LAS measurements.

Response:

Thanks for your comments. Yes, by giving the uncertainty infifjlapy, the 30-min flux might be sufficient to address the
scientific poblem in this paper. Howevahe major objective of thistudy, besides refining the aggregation method for area
averaged fluxes (based on our uniquel comprehensive dataset of the HIWATER), is also finally useful for the water
balance study extended to the whole Heihe River b&mntheareaaverageddaily ET over the study areis added for
referenceWe havealsoclarified the data quality and uncertagstof the EC and LAS measurements in Section 21 the
revised paper

2. Besides, M estimated ET could be removed.
Response:

Yes. According to youcomments (and those from other referees), have remowk the descriptions relevant to-N?
estimatel ET, such as thoda Section 2.2.2Section 3.3 andthe paragrapton the comparison with-M ET in Section 4.4.

Specific comments:

Page 5 Line 24ifollowing Fig.3® Since it is the first figure appearing in this articlesibetter to change the number from 3
to 1.

Response:

Accepted.

Page 6 Line 15iEC data from 16 toweés o According to section 4.2, in addition to site 3, sites 5/8/13/16 were also not
used. It is better to use a consistent dataset throughout the paper.

Response:

We are sorry fothe unclear statements about the data used in the paper. EC data from 16amergeadl used for analysis.
We have improved our statements in Section 4.2 of the revised manuscript.

Page 6 Line 16ino irrigationo and how was the weather during the period?
Response

To choose fino irrigationod d acalsadvecton.mativondayg29 &nd 80 JunezDldere ng t
typical clear days.

Page 6 Line 2Zicoordinate rotatiod why not use Planar Fit?

Response
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Our study areathe oasis in the middle reaches of Heihe River bésirglativelyvery flat. To use the ammon2-D rotation
method is not only simpler but alemough in this situation. Actually, we have compared the resultsDofd@ation and
Planar Fit during previous woskThe differences were very small.

Page7 Line 13fiMOST0 there are different solutions. Add either corresponding equations or references here.
Response

Areference had been added:
Andreas, E. L.: Estimating Gover snow and sea ice from meteorological data, JOSA A, 548811988.

And how were roughnesgight and zergplane displacement estimated?
Response

The roughness height and zgxane displacememf the study area were obtained followitdartano(2000) This has been

added in the resed manuscript.

MartanoP.: Estimation of Surface Roughness Length and Displacement Height from-ISéngleSonic Anemometer Data,
Journal of Applied Meteorology, 39, 74a5, 2000.

Page7 Line 16dlaytimed dt& a bit confusing. Local time is better.
Response

We have stated the time difference between Beijing Standard Time and Local time in the revised paper.

For data quality control, what is the threshold value of signal strength?
Response

For BLS series (BLS4500/BLS900), the threshold value of signal strénd000.

Section 2.2.2 This section could be abbreviated if the preliminary land cover has already been done by Liu and Bo (2015).

Responsk

Accepted

Page 8 Line 11, specify the date of the google earth image.
Responsk

The GoogleEarth imageausedwascollected on 3 September 20This has been added in the revision.

Page 8 Line 1&0, it might not be necessary to compare with-EMThe principle of that is the same as the comparison

with LAS in terms of flux aggregation and there might uncestamPM-ET.
9
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Responsk

As mentioned in the beginning of this reply, we have accepted this comment and made revision.

Section 4.3 Page 15 &16@tbetter to look into the details to figure out the factors contributing to the bias between EC and
LAS, instead of just mentionidgeterogeneous distribution of surface coders

Response

Accepted.

Section 4.4 | did@ see the difference between Tabkn8 6 in terms of addressing the problem despite their different units.
Responsk

We have removed all the related text on the comparison wittEPNIncluding Table 6 and Table 5) in section 4.4 of the
revised manuscript.

Response to the comments from . Dr. Thomas Foken (as Referee #4)

Major comments:

1. Reading the manuscript, | found that the concept of the experimental design and the data analysis is very similar to the
experiment LITFAS3003, which was published in BAMS (Mengelkagetpal.,, 2006) and in a special issue of
BoundaryLayer Meteorology (2006, vol. 121, issue 1). Some of these papers are quoted, but papers published later are
missing (Foken et al., 2006; Foken et al., 2010; Charuchittipan et al., 2014).

Responsk

ThanksWe have added the important references you specified.

2. Several parts in the paper are unclear, or information is missing that would enable the paper to be followed accurately:

(1) The area of investigation was very much dominated by maize fieldeh@mystations had another dominant land cover
(stations 1, 4, and 17). This is a significant limitation for the stated aim of the paper to determiaenaged fluxes over
a heterogeneous area. For the LITFAZ®3 experiment (and other experimentegias references), different land cover
types were much better distributed. This deficit should be discussed.

Response:

As described in Section 2.1, even the dominant-las&ltype in the intensive observation area was maize field, the surface
status of tks oasis were actually very heterogeneous. The small square maize fields were all staggered with windbreak trees
roads, irrigation ditches, etc. We have classified four dominant types of thedaedin the study area. The proportions of

each land coveclasses were 72 % (maize), 15% (nhagetation), 8 % (woods) and 5 % (vegetable), respectively.

10
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According to the crop planting structure and land cover, 13 sites were spatially distributed under the dominated maize
cropland; while only three stations, nely site 1 (vegetable field) and site 4 (residential area) as well as site 17 (orchard),
were separately installed in respectively rather small area ofulsedThis has been discussed in more detail in the revised
manuscript.

(2) The function of the LA the aggregation schema was not clear. | could not find a reason for the use of such data. In
LITFASS2003, LAS systems were also used with a specific function: It was assumed that LAS can also measure the fluxes
larger turbulence or circulation sttures and that this is not affected by the «ctosure of the energy balance (Foken,
2008). This information was used to discuss the unclosed energy balance of the flux measurements and to correct this. Th
problem of the unclosed energy balance is nattiored in the whole paper, but it is a standard for the analysis of surface

flux measurements (Foken et al., 2012).

Response

The LAS measurements for this paper are an intermediate point in checking the established flux aggregation algorithm. The
procedue is as follows: the sensible heat fluxes representative for LAS source area were firstly integrated from multiple EC
flux measurements, and then compared with the sensible heat fluxes from the 4 paths of LAS systems, to test the reliability
of the develped flux integration method. Finally, the latent heat fluxes (daily evapotranspiration) of EC systems were
extended to the study area using the aggregation scheme.

The energy balance closure (EBC) is a significant problem we are concerning from theegiemying of HIWATER.
Moreover, relevant research has just published in JAMC (Xu et al., 2017). Generally, the energy balance closure ratio (EBR’
during the 3 and half months was good. For the 17 EC stations in the intensive observation area, the dRvevageab&ut

0.92. Except the lowest (0.78) in orchard site (#17), values in other sites were scattered without clear relationdoehe surf
status. Site #15 (Supstation) had 2 heights, 4.5 m and 34 m. The relevant EBR were 0.89 & 1.03 respectigely.qLiite
reasonable.

We have added the detailed description on the EBR for the EC data of the HIWATER flux matrix in Section 2.2.1 and
inserted a referenced here. We have discussed the effect of the unclosed energy balance in EC flux measurements on t
results of the flux aggregation method in the revised manuscript.

(3) Any information is missing as to why the footprint model by Kormann and Meixner (2001) was used in your study.
Perhaps the textbook by Leclerc and FoK2A14) would give you the relevant information. Questionable is the exact
location of the small nemaizecovered areas in the footprint of the EC and LAS measurements. A discussion of the
accuracy of the footprint analysis combined with the accuradyeoEC and LAS measurements is urgently necessary.

Response

The advantage of the analytical footprint model by Kormann and Meixner (2001) was referenced in the textbook by Leclerc
and Foken (2014). Related descriptions have been added into our revisestnpanBesides, as we have checked, the

11
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footprint estimates of the Kormann and Meixner (2001) were in good agreement with the results of sophisticated backward
Lagrangian footprint models, such as the Kljun scheiitigrf et al., 200Kljun et al., 201p The results from the newest
version of KIljunés scheme (October 2Kofimanin and Msixnar €@Hfhe o c o
differences were really minor. We have added some statements and relevant referencegisedheazer.

The landcover map used in the study was initially derived from the aircraft remote sensing imagesnviipatial
resolution, and was then carefully p@sbcessed. Thus, overlapping the accurate landcover map with the footprint of
ECand LAS with same resolution can determine the location of the smallagstation areas in the footprint.

Quality-control and uncertaintgstimation for the EC and LAS data of the HIWATER flux matrix were carefully done. For

the EC systems used in thatd analysis, we have tried to reduce the systematic errors to a minimum witbks@neation
inter-comparison and careful maintenances during the observation period (Xu et al., 2013). The random errors were alsc
analyzed by a separate research, which lba minimized in an ensemble average (Wang et al.,, 2015). As for the
eddy-covariance systems, flux data from thgréups of LAS were also quality controlled. The systematic errors from data
processing, e.g. the larger effects of Bowatio correction irnthis oasis area, were carefully minimized. We checked the
sensible heat fluxes (H) from the 4 paths of LAS with that from the nearer ECs. Except LAS 3, under its path there are
clearly some village buildings so the HAS is higher, others agreed very well with that of ECs. Relevant statements on this
have been added into Section 2.1.1.

(4) The applied multipkinear regression analysis needs more information. Did you aggregate the fluxes according to the
land-cover typen different effect levels of the footprint? Compare your method with the methods presented by Leclerc and
Foken (2014).

Response

Yes, we aggregate the fluxes according to the -tamebr type in different effect levels of the footprint. We have
supplemeted some statements on the applied mukiijplear regression method in the study into Section 3.1.

As mentioned above, we have compared carefully the footprint results from Korman and Meixner (2001) with those from
Kl junds scheme ( Ktbinsurathequalitydf our f@printanalyslsO 1 5

(5) What i s meant by fARemotely sensed ET pr adaertypesmas? | f
determined by satellite measurements, but, as seems probable, did these also lreclode radiation for use in the
PenmanrMonteith equation? But this would then be difficult for the heterogeneous land cover. It is impossible to discuss the
underestimation of the fluxes by the Pensvonteith equation without knowing the parameterizatiosesd in this equation.

E.g., the atmospheric resistance and the stomata resistance are extremely variable and should be included in any discussion

Response
We benefit a lot from your valuable comments. We have removed the parts on comparison witly semseégl ET products

12
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derived by Penmahlonteith equation, according to the comments from you and other referees.

(6) Please also show in Fig. 2 the daily cycle of the evapotranspiration and not only the daily sum. This is necessary to
indicate the energgxchange of the different sitgmssible oasis effects, and the Bowen ratio. The latter may be a good
indicator whichto classify the sites.

Response

Accepted. We have changed the Fig. 2(b) (Fig. 3(b) in revised paper) fregrelpéwrwith mm/d to line gph with W n¥,
and also have fstated the descriptions on the energy exchange of the different sites.

(7) Undoubtedly the authors have an interesting data set with a significant scientific potential. Such a data set should be
published with a good saiéific concept. Besides some deficits in the experimental design, the concept-afexsged

fluxes may be such a concept. But the paper needs significant improvements according to the points given above. Therefore
recommend major revisions.

Response

Thanks for your constructive comments.

Minor remarks:
The numbering of the figures is confusing. Figure 3 should be renamed as Fig. 1.
Response

Accepted.

Table 1: The instrumentation (sonic anemometer, gas analyzer) is missing.
Response

Accepted.

Table 2: Do not mix LAS type and LAS producer, please give both for all sites.
Response

Accepted.

p. 6, line 21: What do the flags mean?
Response

The flag 0, 1 and 2 represent highality, intermediat&uality and pooquality flux data (Mauder and Fek, 2015),
respectively. We have added this reference in the revised manuscript.
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p. 6, line 23: Why did you use 2ADtation and not planar fit? Was the terrain absolutely even?
Response

Our study area, theasis in the middle reaches of Heihe River hasirelatively very flatTo use the common-R rotation
method is not only simpler but also enough in this situatid@.have compared the results eD2rotation and Planar fit
during previous datarocessing works. The differences were very small.

p.7, line 13: L can be easily misinterpreted as the Obukhov length in a micrometeorological paper.
Response

We have changed the symbol L to R.

Fig. 4 and 5: Why did you use different names or land cover types in both figures?
Response

We are sorry for oumistake. We have unified the use of land cover types in both figures.

Fig. 6: Probably y has a lower accuracy than given in the figure!
Response

The different statistics (e.¢he root mean square error, RMSigtween x and y listed in Table 3 were cédted with data
shown in the Fig. 7 of the revised manuscript.

p. 16, line 11: The reference should probably be Fig. 3!
Response

Accepted.

p. 17, line 12: This is trivial; when maize dominates the land cover it is normal that maize also dominafies the
Response

Removed.

Table 6: Give the units in the columns.
Response

The relevant information on the comparison witiMPestimated ET throughout the paper has already been removed,
including Table 6.

p. 19, line 1625: Such a paper needsagell-written conclusion chapter and not only ten not very significant lines.

14
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The conclusions have beenwgitten.

p. 22, line 13: Many authors are missing
Response

Accepted.

p. 22, line 18: Print CO2.
Response
Accepted.
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A list of all relevant changes made in the manuscript

All sections of the manuscript have been carefully checked and revised based on fourbredenegnts.And all the
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revisionsand corrections are marked in red. The main modification and improvements in the manuscript are listed as
follows:

1. In Section 2.2.1the data quality and uncertainty of the EC and LAS measurements in out atidyell aghe energy
balance closureeBC), have been addetoreover, the statements in this section have been greatly improved.

2. In Section 2.2.2, the relevant descriptions on the collected land cover map have been abbreviated. Figure 3 has bee
inserted into this section afitd numberhas also beechangedrom 3 to 1

3. In Section 3,elated descriptionsn theadvantage of the analytical footprint motieive been added to explain our choice

of the footprint model. Furthermore, some missing informati@s also been included. Meanwhilégssimportant
statements have been removed to make this section more concise.

4. In Section 4.1the flux unit has beennified from mm d to W m?, and thedescriptions on the energy exchange of the
different siteshave been ravritten. Besides, a figure, as Figure 4 of the revised manuscript, has been added into Section 4.1
to explain thalifferencedn sensibleand latent heat fluamong all maize sites

5. The statements in Section 4.3 have been carefully checked and im@modedne importantinformationhas been added

to discuss théhe bias between EC and LAS.

6. All of the informationon the comparisomwith remotelysensed ET daten Section 4.4as well as theelevant partsn

other sections (such &Section 2.2.2 Section 3.3etc.) have beendropped But the information on the results of
areaaveraged ET over our study area has still been Bemtauseltte results are useful for the water balance study extended

to the whole Heihe River basin.

7. According to above revisiorhe abstract andhe conclusions have beenomanized and revritten.

8. The manuscript has been prepared in a foooatpatiblewith MS Word, based on th€opernicus Publicationg/ord

template And all the figures in the complete manuscript have be@naguced through professional drawing software.

A marked-up manuscript version
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Area-averaged evapotranspiration over a heterogeneous land surface:
Aggregation of multi-point EC flux measurements with
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Abstract. The determination of aremveraged evapotranspiration (ET) at the satellite pixel scale/model grid scale over a
heterogeneous land surface plays a significant role in developing and improvingaime@zation schemes of themote
sensingbased ET estimation modetsid general hydremeteorological models. The Heihe Watershed Allied Telemetry
Experimental Research (HIWATBRflux matrix provided a unique opportunity to build an aggregation scheme for
areaaveraged fluxesOn the basis oHIWATER flux matrix datasetandhigh-resolution lanegcover mapthis study focused

on estimating the areaveraged ET over a heterogenetamsiscape with footprint analysis and multivariate regresSiba.
procedure is as follows=irstly, quality-control and uncertaintgstimation for the data of the fluxatrix, including 17
eddy-covariance (EC) sites and groups of large aperturescintillometer (LAS), were carefully doné&econdy, the
representativeness ehchEC site was quantitatively evaluateébotprint analysis was algeerformedfor each LASpath.
Thirdly, based on the higresolution lanecover map deried from aircraft remote sensing, flux aggregation method was
established combining footprint analysis and multiplear regression Then, the areaaveraged sensible heat fluxes
obtainedfrom the ECflux matrix were validatedy the LAS measurementd=indly, the areaaveraged ET of the kernel
experimental area of HIWATER was estimat&dmpared with the formerlysedandrather simple approaches, such as the
arithmetic average @nareaweighted methodstc, present scheme ihonly with a much bettedatdbase buklsohas a
solid grounding in physics and mathemaiitshe irtegration ofareaaveragediuxesover a heterogeneousrface Results

from this study, both instantaneous and daily ET at the satellite pixel scale, can be useudiatien of relevant remote
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sensing modeland landsurface process modeBurthermorethis workwill be extended to the water balance study of the

whole Heihe River basin.

1 Introduction

Land surface evapotranspiration (ET) is not only a key companéhé regional water circulation, but also esséimighe
surface energy balanand land surface process. Under the condition of increasing shortage of water resources, high
precision estimation of ET at regional scale is essentiakfich applicating as the management ofrer basin water
resources, regional planning and the sustainable development of agriaittu@®ang et al., 2003)Currently, the
commonly used methods for acquisition of regional ET are grbasdd observation, rematensing based estimation and
model simulation, respectively.

TheEarthbs sur f ace eriged byl spatayheteragénailsaaland surface heterogeneity affegteatlythe
exchange of momentum, heat, and water between the land surface andpdtene(Mengelkamp et al., 2006)ndeed, the
surface heterogeneity caused either by the contrast in soil moisture or vegetation type generates a large spatiabfvariability
fluxes, which limit the use othe eddycovariance (EC) system, unless one deploys a network of EC déieshar et al.,
2009b) Flux tower group can quantify the turbulent exchange of energy and mass between the atmosphere and a variety ¢
surface typegSellers et al., 1995pand these lot¢goint measurements need to be aggregated to provide a meaningful area
averaged fluxegAndréet al., 1986) If special aggregation rules for local flux measurements are applied, measurements can
provide averaged fluxes at model grid sq@eyrich et al, 2006;Mahrt et al., 2001) But gi ven the EC ne
and the requirement for their continuous maintenance, the large aperture scintillometer (LAS) is a useful alternative methoc
for directly measurements of arageraged sensible heat fluxeshe scale ofl i 5 km(Ezzahar et al., 2009Ezzahar and
Chehbouni, 2009)

Satellite has been considered as a promising data source for deriving regional ET with the development of remote
sensing techniquézzahar et al., 2009an response to increag demand for spatially distributed hydrologic information,

many satellitebased approaches have been developed for routine monitoring of &fiegibnal scalgAnderson et al.,
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2012) Nevertheless, the effectiveness of thenote sensindpasedmethods for estimating ET must be fully assessed by
groundbased areaveraged flux measurements, due to the uncertainties of model inputs and parameterizationeschemes
(Wang et al., 2003)Furthermore, therenay bea bias in directly comparing r@made sensingbasedET estimation within

situ measurements, because of their spatiale mismatch and spatial heterogeneity at thepbuh scalg(Jia et al., 2012)

General atmospheHgydrological models (e.g., Numerical Weather Prediction) can adéydetscribe the interaction
between the atmosphere and the underlying surface using complex parameterization schemes. The development ar
validation of these models are usually based on measurements performed over homogeneous land surfaces. While tt
assumption of homogeneity might be justified at the local s¢a@ mi 10°> m), it is often violated at the scale of the grid
resolution of current regional atmospheric models (abolim))0(Beyrich et al., 2006Beyrich and Mengelkamp, 2006)
Therefore, it issignificantly important to determine the ar@aeraged surface fluxes at the satellite pixel scale/model grid
scale (1&m1 10 m) for the evaluation of general hydneeteorological models andlevantremote sensingiodek.

A number of international fidl experiments have been performed over heterogeneous land surfaces in different
geographical and climate regions of the earth in recent de@deegelkamp et al., 200®eyrich et al., 2006{Vang, 1999)
such asHAPEXi MOBILHY (Andréet al., 1986) FIFE (Sellers et al., 1988)HAPEX-SAHEL (Goutorbe et al., 1994)
BOREAS (Sellers et al., 1995NOPEX (Halldin et al., 1998) LITFASS-2003 (Mengelkamp et al., 2006¢tc In these
experiments,surface fluxes at the model grid scabstimatedfrom multi-point flux observatios using various flux
aggregation techniquewere compared with those obtained from LAS systems r@mdotesensingestimation methodsn
former studies the most commonly usednd rathersimple flux aggregation methods mainly inclu@githmetic average
method, the areweighted method and the footprwkighted methodLiu et al., 2016) These studies revealednder
careful datgprocessing and qualityontrol (Charuchittipan et al., 20)4s well as analysis of the energy balaclosurefor
flux data(Foken et al., 2006-oken et al., 2010 the integrationof the multi-site EC flux measurementandareaaveraged
fluxes from scitillometers and aircraft observatioptc. can provide reasonable estites over a heterogeneous kcape
(Mahrt et al., 2001Beyrich et al., 2008;.iu et al., 2016)

However,the integration schemes aforementioned methodse applicable for relativaniform sites,of which the

local flux measurementwre representative of the individual surface tyjp®r the interpretation of tower flux measurements
19
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over a heterogeneous land surfamgerationafootprint analysiss an essentiabpproach(Schmid, 2002) The development
of footprint models provides diagnostic tools to quantifyréeesentativeessof tower flux measurements for selected sites
(Horst and Weil, 1992Kim et al., 2006) Besides, ihad been demonstrated that the footprint climatology can be combined
with informationon thespatial variability of vegetation typgwovided by satellite imagéim et al., 2006;Chen et al.,
2008) Land cover reflects the combined effects of vegetatiimate, soil and topography, some relationsbipld be
found between land cover and measured surface fl(@gsinjemiyo et al., 2003Ran et al(2016)proposed four indicators
with footprint analysis and lardover map to improve theepresentatity of EC towers and correct the EC flux
measurements. But this methdadl not obtain the surface fluxes of individual land cover types but just corrected the EC
observations with some prior coefficients. Sopreviousstudies have successfultglated the acraft observed fluxes to
surface cover types with thetegrationof footprint analysisand satellitebasedand-cover map (Ogunjemiyo et al., 2003;
Kirby et al., 2008Hutjes et al., 2010)Among thesevorks, a flux disaggregation methofHutjes et al.2010) developed
from former study presented by Ogunjemiyo et al. (2003), would be a promising method for integrate multiptaseder
flux measurements to satellite pixel or grid saateaccount ofts theoretical frameworkThe application of this ntkod in
attributingheterogeneous EC flux measurements to separate land over alds®esa hopeful way tdiave insight intdhe
componentfluxes from various land cover typest also provide a chanceto develop a flux aggregation scherfar
exploringthe extensiorof multiple EC flux observatios to satellitepixel/gird scale

A multi-scale observation experiment on evapotranspiration over a heterogeneous land surface was conducted in thi
middle reaches of Heihe River Basin during theject of HHIWATER (Heihe Watershed Allied Telemetry Experimental
Research) in 201d.i et al., 2013;Liu et al., 2016) A comprehensive flux matrix, consistedof EC sites and4 groups of
LAS systems within a 5 x5 kfarea, was specifically designed to capture thulti-scale characteristics of ET over a
heterogeneous landscape during the experiment. HIWATER flux matrix, with an abundant afcalelfiluxdatg provided
a unique opportunity to build an aggregation scheme for-aregged fluxes over a heterogeuos land surface. The
objective of this studis to integrate multpoint ECflux measurements tareaavera@ with high-resolution lanecovermap
and footprint analysisThe main issues weras follows: (1) therepresentativeessof EC flux matrix was quantitatively

evaluated; (2) a flux aggregatisnshemewas establishednd usedor estimaing areaaveraged sensible heatXesfrom EC
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flux matrix, taking LAS measurementss referenceto check the integration algorithnf3) the developedschemewas

applied todetermine thereaaveraged evapotranspiratiomer a heterogeneous land surface

2 Study sites and data

2.1 Site description

This study was based omogind-basedobservation datasetollected from the mukscale flux matrix of HIWATER from
May to September 2012. The kernel experimental area (5 ¥ &hthe multiscale observation experiment was located in
the Yingke and Daman irrigation district within Zhangye oasis. The-damer types were dominated by maize (72 %),
vegetables (5 %prchard and shelterbelt (8 %3 well agesidential area and road$(%). As shown by the numbers 1.7

in Fig. 1, 17 sites were installed according to the distribution of crop plastigture and land cover. Each of them was
equipped with an eddy covariance sysi{@vith two layers insite 15) and amutomatic weather station (AW®) capture the

exchange process of surface water and energy budget at the local scale. Spatialalistfii@/AWS systems is shown in

Fig. 1, with site 1 of vegetable (pepper) field, site 4 of residential area, site 17 of apple orchard, and the others are in maize

fields. Key micrometeorologicadbsenationsat each AWS included fotgomponent radiationpne or two levels wind /

temperaure / relative humidity soil temperature / moisture and soil heat flux, etc. Among these sites, site 15 was a

superstation equipped with two levei§ EC system, seenlevel wind speed/directiomnd air temperature/humidity4
groups of large aperture scintillometers were installed crossed over the experimental (iegfeg. 1). Details of the EC
and LAS systems iRliWATER flux matrix aregiven in Table 1 and Table 2, respectively.

2.2 Data collectia, processingand quality control

2.2.1Flux data processingand quality control

Data in typical clear days of 29 to 30 June 2012 were selected for the following analysis, inElQdiata from 16 towers

(exceptsite 3 andthe highestlevel (34 m) ofsite 15) and4 groups of LAS data as well as mulpoint micrometeorological

datalistedabove.The last round of irrigation in each plot was done before 26; dunieg the two daysthere was almost no
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irrigation in the flux matrix Firstly, AWS data sampl& at 10min were averaged tor8ih period.Careful data processing
and quality control for EC and LAS raw data wérenperformedso as to insure kigh quality flux dataet

The EddyPro software developed by-COR (Lincoln, Nebraska USAwww.licor.com/eddyprpwas used to process

the 10 Hz raw EC data into laalf-hoully averagedflux data by proceduresincluding spike removalangle ofattack
correction (for Gill) time lag correction, coordinat®mtation (2D rotation), frequency response correction, sonic virtual
temperature correction, and corrections for density fluctuation (WelalbomarLeuning, WPL)etc. Dataquality assessment
was performedor the turbulent flux in each 3@in using theflagging systemwith 3 differentlevels (0, 1 and?2) (Mauder
and Foken, @15). Detailedinformationon the processing steps can be foun@ang et al(2015)andXu et al.(2013) For
this study,only the flux data of flag Qthe bestwere usedFlux data of flag 2as well as thelataat night when the friction
velocity was below 0.1 m’swere discardedBlanken, 1998Liu et al., 2011) To obtain daily ETat first a gapfilling
method based on the nonlinear regression (establishing the relationship behsdatent heat flux andet radiation) for
the 30minlatent heat fluxe$LE) was usedThen the daily ET was calculated by summing the ‘halfirly gapfilled ET to
24h totals.

For the ECsystemsused inthe data analysiswe havetried to reducethe systematic errerto a minimumwith a
pre-observation intecomparisonand careful maimhances during the observatioperiod (Xu et al., 2013) The random
errors were also analgd by a separate research, which can be minimized in an ensemble alWeageet al., 2015)The

energy balance closure ratio (EBR) for the EC data of the flux matrix was also carefully assesseallythe EBR during

the 3 and half months was godebr the 17 EC stations in the intensive observation area, the average EBR was about 0.92.

Except the lowesEBR (0.78) in orchard site, values in other sitgsrescattered without clear relation to the surface status.
For site 15with two heighs of EC systemthe relevant EBR were 0.&at 4.5 m)and1.03(for 34 m) respectively(Xu et al.,

2017)

The LAS system provided a measurement of the structure parameter for the refractive inde@,f)} wiitl{ an output

period of 1 minTheraw datawerefirstly checked, mainly reje¢he saturated cases whe®? < 0.193R¥3/¥3D%® (where

R is the path lengthD the optical apertureand } the wavelengthOchs and Wilson, 1993Then, the data weraveraged
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to 30min, andthe pathaveragesensible heat fluxes were itekatly calculated based on Mor@bukhov Similarity Theory
(MOST) (Andreas, 1988 The parameters used in this calculatike the roughness height and zgranedisplacement
were obtained followindviartano (2000; other parameters, includingind speed, air pressusnd temperature, Obukhov
length andBowen ratio, werglirectly obtained from relevant E@easurementsor this studythe sensible heat fluxefsom
the LAS systemsatdaytime(8:30 ami 15:30 pm,Beijing Standard TimeBST, thetime difference between Local timand
BSTis approximately1 h 18 mir) were selected.

As for the eddycovariance systemsyuality-control for the flux data fromthe 4 groups of LAS wasalsodone The
systematicerrors from data processing.g.the larger effects oBowenratio correctionin this oasis areawvere carefully
minimized We checked the sensible heat fluxes (H) from tigeodis of LAS with that from the nearer ECs. Except LAS 3,

under its path thereere clearly some village buildings so thellAS is higher, others agreed very well with that of ECs.

2.2.2 Collection and pocessing ofemote sensingproducts

Based on thairborne hypespectral imageacquired by the Compact Airborne Spectrographic Imager (CASI) on 29 June
2012andthe Canopy Height Model (CHM) data from the LIDAR datdlected or® July 2012 aland cover classification
map with 1m spatial resolutiomasderivedusinganobjectbased classification methothis was done mainly for the kernel
experimental aredlhe classification accuracy of the land cover mappigo90 %, and Kappa coefficient is approximately
0.9.Thedetailedclassificationprocess of the map can be found Liu and Bo(2015)

Land cover misclassificatiowas still occurredin this map because ospectral similarityespeciallyin the edges of
different surface cover types. To obtain a more accurate land owygrthe misclassified patchestbé land covermap
were visually and manually revisedccording to theéhigh-resolution CCD image&cquiredon 26 July and the Google
Earth imageryon 3 SeptembeR012. Finally, for the aim of this study, the refined 12 kinds of land classification ,tgpes
which mostwere different vegetables of small aresere merged intd kinds (maizewoods,vegetables and nevegetation
types) in accordancewith crop speciesand surface typess shown inFig. 1. Among the four landcover types the
nonvegetation typesnainly contain two types ofand surface over, namely buildings and road/hile the woodstype
consists obrchard and shelterbelt
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3 Methodology

3.1 Aggregation method combining footprint analysis and multivariate regression

It is generdly accepted that an average flux equals the-adghted sum of the component fluxes from individual land

cover classefHutjes et al., 2010)
.

F=a AF« 1)
k=1

WhereF is the total flux of any scalare(g. the sensibleand latent heatflux in our cas@ for a specified areal is the
fractional coverage of an individual land cover claggthin that areaf is the flux fromtheindividual land cover class n
is the number of land cover classes that is distinguished in the specified area.

The observed flux oy at heightz,, can be closely related to the true surface flaxn upwind measurement point

through the footprint function, in continuous fo(teclerc and Foken, 20):4

Fobs(xobs’ Yobs Zm) = ﬁﬁ: (X' y,O)W(X, Y, thXdy (2)

Herex,,s, Yobs are the sitecoordinates z,, is the effective observation heigldefined as z,, =z- d (wherez is the
sensor heightd the zereplane displacement The footprint function vv(x, y,zm)describes the flux portion seen at
(Xobs Yobs Zm) - Equation(2) can be discretized for a uniform grid over a landscape, as in @dardclassificationmap

based on satellite imagkeaving out the heigldependence for simplificatipandbecomes:

n N M
Fors=aA Fva a w; XDy 3
k=l il j=1

Where each pixddxDy of the map is assumed to be homogeneous, which is uniquely classified as belongingktortiass

fraction of thekth land cover type in the footprirfpj is thendefined as:

N M

Xpk=a a W DDy 4)

izl j=1

Combing Eqg. (3) and Eg. (4), the mditiear model for the flux becomes:

24



10

15

20

n
Fobs™= a Fe X ok )
k=1

A critical assumption under the flux aggregation method is that each landlc(areaA,) is with a constant source
strength(F). Thus,as Eq. (1), lux (F) for a specific area is a weighted aggregation of its various land cover cRsaseks.
on multipoint tower flux measurement&,,), multiple linear regression equations can be formulated by overlaying flux
footprint with land-cover map (X ), as followsEg. (5). In this study the mutiple-linear regression methofising the
Gegresalgorithm from the Matla® statistical toolbox)determired the regression coefficients (estimates of the specific
flux for each land cover class the case F,) by minimizing the squared residualBor each LAS path, themeasuredlux
(e.g.sensible hedtux) canalsobe disaggregatednto component fluxby relevant footprint function as Eq. (5). This can be
taken as a validation of the former step.

The accuracy of thimethodis highly dependent on founost importanaspects: (1) better flux data for all EC sites; (2)
better land cover classification pia(3) more precise flux footprint analysis; (4) good flux and footprint data for LAS. So
properly processed flusatg accurate highiesolution land cover map and appropriate footprintiek are thefounddion of
formulaing a better multiple linearegression. Sometimes, the established Hinkar regressionequations may not be

solvable Whenthis problemhappensthe classifiation accuracy of the used landver map should bearefully checked,

and the selected footprint model shoalsobe veified with an alternative method
3.2 Footprint models

The Eulerian analytical footprint model, which developedKisymann and Meixnef2001) was usedor estimaing the
single time flux footprint of EC measurementisie to its ease of usadwide range of stabilityas well as its numerical
stability (Leclerc and Foken, 20)14Besides,as we have checkeis footprint estimatesverein good agreement wittihe
calculatiors of more ®phisticatedbackwardLagrangianfootprint modek, such as th&ljun scheme(Kljun et al., 2002

Kljun et al., 201%. The footprint functionw(x,y,z) can be expressed in terro$ a crosswind integrated flux footprint

function f ¥ (x, z) and a Gaussian crosswind distribution functibg (x, y) . The analytic solutionof Kormann and Meixner

25


file:///F:/Analysis_HeiheZY/Footprint_Analysis/A%20paper/Paper_SCI_V1_0927.docx%23_ENREF_18
file:///F:/Analysis_HeiheZY/Footprint_Analysis/A%20paper/Paper_SCI_V1_0927.docx%23_ENREF_19

10

15

20

(2001)is depictedby Eq. (6). More details othe derivation off ¥ (x, 2) andD, (x,y) as well as the relevaparametergan

be seen irKormann and Meixnef2001)

m X Yy
D= 00, = e /mJ%s - ©

The flux contribution source area &AS measurementwas estimatedby combining the footprintunctionw(x, y, z)
for point flux measurement with the patteighting functionw(x) of LAS (Meijninger et al., 2002)For equal transmitter
and receiver apertures, this patkighting function is symmetrical bedhaped having aenter maximum and tapering to
zero at the transmitter and receiver enal: theLAS footprint calculationtheapproach of Korman and MeixnE&001)was

still used forthe single-point footprint estimationThe equatiorof LAS footprint function is that:
fuas = FWOOWK- XY= ¥ii Zias)dx ™
2
Wherex,, X,are the posibns of LAS receiver and transmitter, respectively, y represent the locations of points along

the path oLAS. Xxi, yjare the coordinates efichof upwindpoints. z ,gis the effectiveneight ofLAS measurements.

To obtainaveragedootprint of EC flux measurementé&aily, monthly etg, the fluxweighted footprint climatology

method was applied for each pixXelu et al., 2016) The expression dhe weighted footprint climatolyy is as:

N N
W (X, y,2) =g W (XY, 2) Flux(i)/  Flux(i) (8)

i [
Herei denote the timestep (e.g. BOn), N is the total number of 30in periods within theselectediime frame(such as,
daily scald, Flux(i) is the EC observed flux at'Qtime-step {(alf-hourly LE in our casd, w(XY,z) represents
half-hourly footprintestimatecalculatedvia Eq. (6).

The inputs of theanalyticalfootprint modelmainly include the measurement height, wind directiomgdvéipeed and the
Obukhov lengthwhich can beeasilyderived fromflux tower measurementslhe daily-averagedlux footprint of the EC
observatios was calculated by Eq. (8)he flux contributionof the total source aremas set t®0 %for both EC and LAS
measurementd.he normalizediaily-averagedootprint of ECsand halthourly footprint estimatesf LASs wereseparately

overlaid withtheland cover map to determine the footpnivgéightedcontributionof eachland coverclasses to the measured
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flux from EC and LASsystems
3.3Data processing flowfor the determination of areaaveraged fluxes

The overalldata processinfow for determining the areaveraged evapotranspiration over a heterogeneous land surface
mainly includes threstefs (Fig. 2).

Firstly, the sptial representativeness b8 ECsites within the 5 x5 km experimenal area was quantitativelassessed
by overlayingflux footprint climatology withhigh-resolutionland-cover map Detailed analyses on this aspect are going to
be presented in the following section.

The second aspect was to evaluate the reliability of theletted flux aggregation scheri@oughthe areaaveraged
flux measured by AS. Specifically speakingbased on footprint analysad highresolution lanecover mapthe land cover
specific flux was firstly disaggregated from multiple EC flux measurements by performing a multiple liagegssion
analysis(Eq. 5).To obtain areaveraged fluxes representative for LAS source dheskEC disaggregated fluxefor all land
cover classes wergggregated agaiaccording to the fractional weight of each land cover dtasise LAS footprint (Eq. 4)
Finally, theEC-aggregatedluxes were compared with LAS observations.

At last, the areaveraged evapotranspiration over a heterogeneous land surface was estimatedfiwihintiegration

schemehat wasdevelopedand veriied.

4 Resultsand Discussion

4.1 The characteristics of the surface heat and water vapor fluxes

Figure 3 depicts the diurnal cycle of the sensiblel latenheat fluxes at different sites1 two clear dayslt not onlyreveas
the energy exchange different sitesbut also thesignificant differencesni the magnitude of the sensitdad latent heat
fluxes between different surface tymhsing thegrowing seasan

The sensible hedlux over residential area reached a maximum of about 1503Mtrafternoorand was higher than
over the vegetated surfacsC04, Fig. 3a), while the latentheat flux wassmalkstdue to a certain fraction of sealed land

surfaceswith maximum value of less th&0 W m? (Fig. 3.
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Over the vegetated surfacesgize orchard, vegetab)ethe sensible heat flux msnearlyless than 100 W thbecause
of sufficient irrigation(Fig. 3a), and itwas significanty different betweendifferent vegetated surfac€Big. 49. Besides,
deviationsin latent heat fluxesvere also foundThe maize fields performed highlgtent heat fluxeand lower sensible heat
fluxes thanthe other two vegetated surfac&3ne of the possible reasons is that both of the orchard area and the vegetable
field arerathersparse compared withe maize cropland during the crop growing peribde sensible heat flutor maize
field siteswasrelatively small and evenegativein the midafternoonwhen thesensibleheat was transported downward
(known asthe dasis effed) (Fig. 3a Fig. 48. The latent heat fluwover maize croplanevas quite largewith maximum
value of up ts600W m? (Fig. 3h Fig. 4b).

There was also a difference in sensiate latentheat fluxes amongraize sites(Fig. 4). The values of thestandard
deviation GD) of LE and Hfor 13 maize sitesvereabout43 W m and 8W m’, respectivelyThis finding showed thattte
latent heat flux over maize cropland exhibited larger SD than the sensible heainfluitalsoindicated the LE differed
between sites for samenderlying surfaceThis can be partly explained by the discrepancy in plant physiologycrapd
growing stage

The preliminary resulteeveal@, for the HIWATER flux matrix sites the variability anddifferencein thesurfa@ energy
fluxes betweenlifferent surface typewere reallysignificant during the crop growth period. The differencesensible and

latent heafluxesbetween maizéeld sites couldalsobenoticed
4.2 Analysis of the representativeness of the muiioint EC flux measurements

To further understand the variability of surface energy fluxes between different sites in a heterogeneous landscape, footprin
analyses fothe spatialrepresentativeness &6 EC sites wergerformedby superimposg flux footprint witha land-cover
map derived from aircraft imagegFig. 1). The fraction ofall land cover classes present in the daNgraged footprint is
shownin Fig. 5. Given the source area (90 % flux contributionf) the 4 ECs (sites 5, 8, 13 and J&®n 30 June 2012
exceeded the extent of land cover ntapspatialrepresentativieessof the4 EC siteswasnot presentedn Fig. 5b.

Due to the variations in the observation height, atmospheric stability, wind direction and windtspe®dict shape
and size oEC source area were distinctly differehrtd. 1). For each EC flux measurements, there was more than one type

28



10

15

20

of land coverclassin its footprint. The contribution of each land cover classes to the total measured flux was changed with

the varying sourcarea Fig. 5).

At sites 1 and 1,4he dominated surface types in the source area were vegetable and orchard, respectively. For site 4,

however, there were mainly three types of land cover withisoitsce areanamely norvegetation, maize and woods type
Moreover, he fractional weight of the nomegetation type and maize field in the footprint vamgeeatly while theratio of
woodstypewas almost changeless.

At maize field sites, the relative contribution of maize field to the EC measured fluappasximately more than 0.9,
except for sites 2, 9 and 10. At site 2, the percentage of@getation type in the footprint was almost 0.18. For site 9, the
proportionof maize and notvegetation type present in footprint significantly varied. The cautiob of vegetable type to
the flux measurements at site 10 ranged from 0.15 to 0.1.

The above analysis showiisatthe tower flux measuremenés the field scaleare generallyrepresentative ofnultiple
surface typesThe resultindicaesthatthe sensibleandlatentheat fluxes measured by EC systems are representative of the
averaged fluxes, whichre determined byweighing the upwind surface flux from individual land cover classes with flux
footprint In general, it may be problematic to validahe model estimated fluxes by alit comparison withpoint flux
measurements over a heterogeneous land surface. Thus, the extensidiiptf towerbasedlux observatios topixel/grid

scaleis urgenty neededor thevalidation ofmodel estimatesf surface flux

4.3 Evaluation of the EC aggregated fluxes

The determination of aremveraged flugs from point measurements is usually not straightforward, especially for
heterogeneous land surfaces. Based on +paitit EC flux observatios andaccurate lanadover map, a flux aggregation
methodfor obtairing areaaveragng of fluxeswas established with footprint analysis and multivariate regressiahits
feasibility wasassessd bythe LAS measuments

The first step wado dis-aggregatethe specific flux for all land cover classé®m EC flux observationwvia the
establishedscheme The durnal cycle of the EC diaggregatedensible heat fluxes for each land coelsss is highly
significant (Fig.6). Then, theEC disaggregatedfluxes for four land cover classesvere aggregatedagainto obtain

29



10

15

20

25

areaaveraged fluxesepresentative for LAS source arddg. 7 illustrates a scatterplot dfalf-hourly sensible heat fluxes
estimatedirom EC flux matrix(hereafter referred as H_ECagg) ver&tAS measurements (H_LAS), as well as the linear
regression parametefiscluding equations and’R And te different statisticdetweerthemarealsolisted in Table 3.

For LAS 1 (see Figraand Table 3), a good agreement is found between EC aggregated fluxes and LAS measurements,
with high correlation coefficient and low RMSE valué® €R0.79, RMSE= 0.96 W m®). The scatter points in the graph are
nearly close to the 1:1 line. The MBE aMé\PE values werd.25W m? and 9.93 %, respectively

Compared with LAS 1, there was a little scatter betweéeBCaggandH_LAS for LAS 2, but yielding a small mean
bias error (MBE= 2.31W m?) (Fig. 7b, Table 3). RMSE and MAPE value$ LAS 2 werelittle higher tharthatof LAS 1,
probably owing talight partof urban areadistribuing in its pathcenter(Fig. 1).

For LAS 3 (Fig.7c, Table 3, there was a slightly weak relationship between sensible heat fluxes derived from LAS and

multi-point EC flux measuremest with correlation coefficient (§ of 0.57 RMSE, MAPEandMBE valueswere17.63W
m?, 31.7 % and-18.01 W m?, respectively The negative MBEndicates that the 30min estimates oflux were quite
underestimate@dgainstthe areaaveragedluxes of LAS 2. In Fig. 7c, the scatter points were overall below the 1:1.line
Therewasmorelarge area of residential areas randomly distributings central pattihan other threpaths(Fig. 1).

In Fig. 7d, the areaaveraged sensible heat fluxes obtained usingdteblished integration schemvere consistent with
the LAS 4 measurements, with’®f 0.57. In contrast with LAS 3, the scatter points in this graph were almost above the 1:1
line (overestimatef H_ECagg MBE > 10 W m?). RMSE value of LAS 4 relatively decreased by 4.88 &/ but MAPE
was up to33.7 %(Table 3. Largeproportionof area in thdeAS 4 source arewas occupied byrban area andoods types
as well asvegetablgFig. 1), whichto a large extentanged withthe variation of wind directian

The findings showabove the more homogeneous arélasre is a good agreemdrdtweenEC aggregated fluxes and
LAS measurements, whilgreatdiscrepancyetween thenoccuredin themore urbarareasFor the maize dominated areas
the unclosure of the energy balanisesurelylow, butthis is not the case for the more urban area and the orchardihste.

EBR for site 4 and site 1@verheterogeneous areexhibited low valuesThis may be the one factattributing to the bias

The energy balanadosureof the HIWATER flux dataset was influenced by surface heterogenglitich might cause

the energy imbalance in EC flux measuremanidresult in large eddies or organizeidculationstructureg{Xu et al., 2017)
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The energy flux from large eddi@s secondary circulationsannot be captured tsinglepoint EC measurementbut be
measuredvia LAS system(Foken, 2008 Foken et al., 2010 Thus, tre LAS observations might be able to close to the
surface energy balance better than the EC method (Foken et al. 2010).

In the studyonly threestations had another dominant land cover (site 1, 4 andegp@cially for urban areavhich
occupiedmuch part of our studyarea The sensible heat flufor nonvegetation typealisaggregatedrom site 4might be
insufficienty representative for the flux from sealed buildings and roadsitegtart of nofvegetation typeThe divergence
between modeled andeasuredlux may partly beelatedto this deficit.

Theresults demonstrathatcompared witH AS measuredireaaveragedluxes the fluxes obtainal from multiple EC
flux measurements are reliable. Therefore presentschemecan be an effective way to estimateaaveragd fluxesover

a hetergeneous land surface
4.4 Estimation of areaaveraged evapotranspiration

The flux aggregation scheme, which was established and evalu&edtird.3was adopted tdetermine the areaveraged
ET overthe study areavith multi-point EC flux measuremené&ndhigh-resolution lanecover mapThe EC disaggregated
daily ET forfour land coverclasse on two typical clear days was shown in Fig. As can be seen, the daily ET values for
maize field were highe¢? mmi 8 mm)during the crop growing seasofhevalueof daily ETwas6.4 mm for woods type,
and it ranged from 6 mm to 7 mm for vegetafidtéd. On the contrary, the daily ET for nmegetation type varied largely,
with values 0f2.8 mm on 29 June and 1.5 mm on 30 Jusepectively

With thedis-aggregated daily ET fall land cover classethedaily ET maps atrh resolution were produced through
high-resolutionland classificationmap Fig. 9 depicts the spatial pattern of daily ET on 29 and 30 June 2012. It can be seen
from the legend, the daily ET ranged from 1.56 @57/mm during the two daysiith higher values on 29 June (Fip) than
on 30 June (Figkb).

Table 4 lists the total ET fodifferent land cover classes and their proportion of the total are@t€Tiotal ET for our
study area waapproximately16962 10° m? per dayon 29 June, while it waabout15294 10°> m® per dayon 30 JuneThe
results demonstrated that the ratio of fBf maize field to the total area ET was in excess of 80 %. In addition, the total rate
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of ET for both woods and vegetables types was approximately 13 %, and the ET valuevfegeiation type accounted for
4.83 % of daily totals on the average.
The areaaveraged ET over the kernel experinanarea of HIWATER was finally estimated, with values of

approximately 7Inmd™* on 29 June and ®#md™ on 30 June 2012

5 Summary and conclusios

On the basis of accurateghresolutionlandcover map and muHpoint groundbased flux measurementrom 16 EC
systens and 4 groups of LAS systems during the intensive observation period of HIWAT Bl aggregation methofdr
determining areaveraged fluxwas established throughe combinationof footprint analysis and muitinear regression
Themethod was applied to estimate Hreaaveraged surface fluxes over a heterogeneous sdréanenulti-point EC flux
measurementsand its results wereverified by the LAS measurements. Ultimatetize integrationmethodwas appliedto
estimate areaveraged EDverthestudy area

Robustquality-control and uncertaintgstimation for theeC and LASdatg done through careful dapaocessing and
inte-comparison as well as assessment of the erigyice closuranake sure the accuracytbie flux datasetused in data
analysis For the deepnterpregtion of thesurface fluxes over different land surfacd®e combination ofootprint analyss
for therepresentativeness BIC flux measurementndhigh-resolution lanecover mapcan be a practical wagndit is also
the foundation for the establishmenttioé flux aggregatioralgorithm

With high-quality flux datase{EC & LAS), precise flux footprinestimatesandaccuratdand cover classification map,
a flux aggregatioonethodcan be successfully establishegdmultivariate regressigrand itachieves the goal afetermining
theareaaveraged flugsover heterogeneous areas from the EC flux maddgordingto the LASmeasured fluxedHowever,
theagreement between thesults of the flux integration meth@thdLAS observed fluxepartly relats to theheterogeneity
of land surfaceOn the other hand, ihay partlyattribute to thensufficientdistribution offlux stations under urban areas.

In spite of the limitations mentioned above, th@rentflux integration schemeprovides a unique opportunity to

disentangle the heterogeneous land surface fluxes in their single compamehtise dis-aggregation proceslsas the
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potential to scale up multiple EC measurementstoasislandscape, even to a whole river ba8esides, ompared with

the formerly used and rather simple approadkes the arithmetic average and amwaighted methods present scheme is

not only with a much better database but also has a solid grounding in physics and mathematics in the integration of
areaaveraged fluxes over a heterogeneous surfesults fronthis study,such agdaily ET at the satellite pixel scale, can

be appliedfor the validation oflux estimates ofneseo scale (1 ~20 km) modelsFurthermorethis workwill be extended

to the water balance study of the whole Heihe River baslich is quite practicalfor hydrological modeling and basin

water resource management.
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Table 1 Details of theeddy covariance systems in the HIWATER flux matrix

Site No. Longitude(}  Latitude(}  Elevation(m)  Turbulence sensors  Sensor heightm) Surface type
1 100.3582 38.8932 1552.75 Gill/Li7500A 3.8 Vegetables
2 100.35406  38.88695 1559.09 CSAT3/Li7500 3.7 Maize
3 100.37634  38.89053 1543.05 Gill/Li7500A 3.8 Maize
4 100.35753 38.87752 1561.87 CSAT3/Li7500A 4.2/ 6.2 after 19 Aug. Residential aree
5 100.35068  38.87574 1567.65 CSAT3/Li7500 3.0 Maize
6 100.3597 38.87116 1562.97 CSAT3/Li7500A 4.6 Maize
7 100.36521  38.87676 1556.39 CSATS3/Li7500A 3.8 Maize
8 100.37649  38.87254 1550.06 CSAT3/Li7500 3.2 Maize
9 100.38546  38.87239 1543.34 Gill/Li7500A 3.9 Maize
10 100.39572  38.87567 1534.73 CSAT3/Li7500 4.8 Maize
11 100.34197  38.86991 1575.65 CSAT3/Li7500 35 Maize
12 100.36631  38.86515 1559.25 CSAT3/Li7500 35 Maize
13 100.37841  38.86076 1550.73 CSAT3/Li7500A 5.0 Maize
14 100.3531 38.85867 1570.23 CSAT3/Li7500 4.6 Maize
15 100.37223  38.85555 1556.06 CSAT3/Li7500A 4.5/ 34 Maize
16 100.36411  38.84931 1564.31 Gill/Li7500 4.9 Maize
17 100.36972 38.8451 1559.63 CSAT3/EC150 7.0 Orchard

39



Table 2 Details of the Large Aperture Scintillometers in the HIWATER flux matrix

Site Longitude(} Latitude(y LAS type Manufactures Path length(m)  Effective height (m)
North 100.35090 38.88413 BLS90Q Scinte¢ Germany 3256 33.45
LAS1 South 100.35285 38.85470 RR934Q Rainroot, China 3256 33.45
North 100.36236  38.88256 BLS90Q Scinteg Germany 2841 33.45
HAS 2 South 100.36171 38.85717 BLS45Q Scinteg Germany 2841 33.45
North 100.37319  38.88338 BLS90Q Scinteg Germany 3111 33.45
HAS 3 South 100.37223  38.85555 LAS, Kipp&zonen Netherland 3111 33.45
North 100.37841  38.86076 BLS450 <cinteg Germany 1854 22.45
s e South 100.36840 38.84682 RR934Q Rainroot, China 1854 22.45
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Table 3 Different statistics between LAS observed flux and EC aggregated flux at LAS sites

LAS sites RMSE W m? MBE [W m?] MAPE [%)]
LAS1 0.96 4.25 9.93
LAS2 6.91 2.31 16.39
LAS3 17.63 -18.01 31.70
LAS4 12.75 10.66 33.70

R-O n . - . . = .
RemarksrmsE 2 (F;-ol)z/n , |\/|APE=1—OO::11 % , MBE= 4 (Pi-OI)/n , Piis EC aggregated value O; is LAS observed valle o is the
i=1 UNE i=1

mean measured valuejs the number of samples. RMSE is root mean square error, NBAREan absolute percentage error, MBE is the
mean bias error.
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Table 4ET for each land cover classes and their proportion of thi&ernel experimental areaET

Area 29 June012 30 June 2012
Land cover class [km?] ET[10° mPdy ET proportion ET[10° m oY ET proportion
of total ET [%)] of total ET [%]
Maize 17.42 13843 81.61 12724 83.20
Woods 1.96 12.78 7.53 12.59 8.23
Vegetables 1.20 8.27 4.88 7.48 4.89
Nornvegetation 3.62 10.14 5.98 5.63 3.68
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latent heat flux; ET = evapotranspiration

44



Figure 3: Diurnal cycle of the sensible heat fluxe&) and latent heat fluxes(b) between dfferent sites on 29 and 30 Jun2012
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