OCOoO~NOOOOITPA,WNBE

Response to Anonymous Referee #1

The manuscript shows an interesting study on teeotismultiangular spectral measurements
to describe the physiological status of the vegetatanopy in a complex

tree-grass ecosystem. In this context it contribtwethe research done within scientific
networks such as Fluxnet, SpecNet , Eurospec, Gyajratc. that have worked

on the integration and standardization of in sfitical and flux-tower measurements

with the ultimate goal of determining ecosystenxdsiin a spatially and temporally
continuous mode. It is extremely difficult to obtaiccurate/reliable in situ spectral
measurements, particularly in a continuous andiemgtlar mode due to a number

of potential errors caused by instrumental andrenwental factors. Therefore, the
manuscript represents a substantial contributigdhanfield due to the scientific significance bétin
situ dataset analyzed. Also the study site selaotdds paper is

very interesting from the remote sensing perspecs; in this savanna ecosystems,

the estimation of biophysical properties is stilliasue owing to the challenge of determining
some variables in a highly heterogeneous canopy.r@$earch questions

addressed are relevant and clearly fall withinstt@pe of Biogeosciences.

Response: We would like to take the opportunity to thank the reviewer for these valuable comments. We
found the review to be highly constructive and after implementing most of the revisions we feel the paper
has improved a great deal.

Specific comments addressing particular sciensBaes:

1. Abstract and introduction are concise and sunz@aelevant research to provide
context. However, in the introduction | miss a eaviof previous works on continuous
multiangular hipersepectral observations for ec@sganonitoring such as the ones
from T. Hilker using the AMSPEC system.

Response: A section reviewing previous works on cbhnuous multiangular hyperspectral systems
for monitoring ecosystems in situ is included in th revised introduction.

2. In the methods section some key information &ta dcquisition is missing. This
information is necessary in order to properly iptet the results, especially in the case
of the hyperspectral reflectance measurementsiswfar the ecosystem properties.

In the manuscript there is only one paragraph daasgrhyperspectral reflectance

data acquisition. Authors refer to the work of Hubeal (2014) for additional information,
however, the importance of this data in the contéxhe paper justifies a

more detailed description in the methods sectiore Qf the key issues related with
continuous spectral observations are the potestiats caused by instrumental and
environmental factors. Those should be at leasflprilescribed in the paper. Another
important information which should be included netjag spectral measurements is
the area observed by the sensor which, in thisysters, is assumed to be a mixture

of trees, grass and tree-shadows at the diffeienting angles (including nadir
observations). This is a relevant issue becaus®meare building empirical models
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comparing spectral measurements with some ecosyseameters as GPP which
results from the mixed contribution of the differ@eosystem fractions and others (as
is the case in biomass) where the information caongsfrom the grass fraction.

Response: Thanks, we have provided more informatioregarding the biomass sampling, the
eddy covariance measurements, and the spectral raneter measurements in the revised method
section. Possible errros in the measurements aresalmentioned in the revised manuscript.

Thank you very much for pointing out to us thatit was unclear regarding the instantaneous
field of view (IFOV) by the sensor; this requires &bt more elaborate explanation (also included
in the revised manuscript). There is no influencerdbm trees in the hyperspectral data set used in
this manuscript as the entire IFOV constitutes oherbacous ground vegetation. In the analysis
for relationships between seasonal dynamics in eg@sem properties and hyperspectral
reflectance, we used nadir observations. The sitely constitutes of 3% tree cover, and there are
neither trees nor shading of trees in the IFOV fothe nadir observations. For the analysis of
anisotropy, we used angular measurements measuredtiveen (12:00 an 14:00), and there is no
influence of trees nor any tree shading for this pa of the day in the IFOV of the angular
measurements. It is emphasized in the revised marargpt that the IFOV covers only herbaceous
vegetation.

The biomass measurements is also only coverirfgetherbaceous vegetation. The FAPAR
measurements are done in the vicinity of the towezontaining the radiometers, and thereby
influenced by the same herbaceous vegetation as tte&liometric measurements. GPP and light
use efficiency is based on eddy covariance data twia median 70% cummulative footprint of 388
m. These estimates are thereby influenced by botletbaceous vegetation and the tree cover.
However, as the tree cover is only 3%, we considérat the major part of these variables also
depend on the herbaceous vegetation. Information garding the fetch and footprint of the
measured variables is included in the revised manaspt.

3. Another key issue in this paper is the repredeminess of the empirical relations

found. There is an obvious limitation of the datasehe spatial domain as it is only one instrutmen
providing spectral observations. However, for graporal domain,

there are a large number of observations (1.5 yé@aswould allow an independent

validation by using only part of the observationg#librate the statistical model and

another one to validate it.

Response: In the parameterisation of the statistitanodels, we used a bootstrap simulation
methodology where the datasets were copied 200 timgRichter et al., 2012). When bootstraping,
a data set with the same number of data points asdluded in the original data set is created;
some of the data points are left-out, and some dté¢ data points are included several times. We
used the data points that were included within eachootstrap run to parameterise the models,
whereas the remaining ones were used for validatindgpe models. So for each of the 200 runs we
parameterised a statistical model, which was validad against the left-out subsample by
calculating a root-mean-square-error. We estimate@ median and a standard deviation from the
200 runs. This information is emphasized in the raged manuscript.

4. Authors should better justify the negative clatiens found between NIR bands
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and biomass. Previous works have demonstratedinegatrelations in the visible
but positive in the NIR both for total and greearbass (could the tree and shadow
fractions of the ecosystem included in the sen§ Be influencing this relationship?)

Response: Thank you very much for pointing this outo us, this is very interesting. As there are
no trees in the IFOV of the sensors, the trees dmt influence this relationship. The signal is
based on reflectance from a IFOV only containing hdaceous vegetation. When fitting a
correlation to vegetation water content, there is @ositive correlation. But when the correlation is
done versus dry weight biomass, these positive rélanships to NIR HCRF turns negative. Itis
included in the revised discussion that these strgmegative NIR HCRFcorrelation with dry
weight biomass should be studied further to betteunderstand the respective importance of
canopy water and leaf internal cellular structure br the NIR HCRF of herbaceous vegetation
characterised by erectophile leaf angle distributia (LAD).

5. An interesting issue addressed by the papéeigffects of sun and sensor viewing
geometry on NDSI. Did the authors analyzed hownthead effect of the different
ecosystem fractions (proportions) observed by émsar at the different observation
angles is contributing to these directional effedéscussion about the potential of
this dataset for BRDF modeling would be needed.

Response: The mixed effect of different ecosystemattions is a very interesting point, and it
would make a very interesting future study. Howeverit would require that the entire system is
put on a higher tower. At the present height of theéower, only herbaceous vegetation is seen.

It is included in the revised discussion that tis data set can potentially also be used for BRDF
(bidirectional reflectance distribution function) modelling.

Specific comments addressing formal/technical obioes: (Line/page numbers are
referred to the marked up version of the manuscript

Abstract
Line 115. Use hemispherical conical reflectancéoia@HCRF) instead of reflectance
(also throughout the paper)

Response: Thank you for mentioning this. We have moincluded the terminology of HCRF
throughout the manuscript and included a footnotem the introduction clarifying this.

Introduction
Lines 137-138. Review commas in these sentences

Response: This is taken care of.

Line 152-153. Suggest to change “ : :.indicesrati® type of indices” by : : :"those
based on band ratios” in order to avoid repetition

Response: This is taken care of.
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Line 175-176. Suggest to change “The influence fsim-sensor variantions: : :” by
“The influence of sun-sensor geometry: : :”

Response: This is taken care of.

Lines 177-179. Not only goniometers but also mabiadar satellite data, as the one
provided by Chris Proba, has been used to anahgseteffects.

Response: We have now added the Chris-Proba, MISRd POLDER satellite instruments
including refs.

Line 187.Avoid repetition in the same sentence #rgpectral reflectance”
Response: This is taken care of

Materials and method
Line 220. Review the sentence. : : :grass and (pliegbaceous vegetation: : :.?

Response: This is taken care of.

Line 259. The second sensor head is a cosine m@dpso, please specify

Response: This is taken care of.

Lines 311-312. How the ANIF thresholds for datgefing were stablished?

Response: The threshold values of 0.8 and 1.2 indte that the bias due to directional effects in
the NDSI related to the variable view zenith angleare not larger than 20%. This is the same
threshold value as was chosen for the effects ofnable solar zenith angles. This is included in
the revised manuscript. Honestly, the chosen levef 20% is somewhat arbitrary; it is a
compromise between not incorporating too large bigsand not excluding too much data.

Lines 313-317. Move to section 2.4

Response: This is taken care of.

Lines 369-370. Those relationships obtained ugltegéd or not filtered data? Please
specify also for other ecosystem properties.

Response: They are based on filtered data, this specified in the revised manuscript.
Figures

Figure 1. | would suggest replacing pictures bygh hesolution image with the location
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of the towers and showing the area observed bgphetroradiometer. Additional
information on the location of the biomass samppias and the EC mean footprint
would be also useful.

Response: This is a very good suggestion. We haweciled to keep figure 1, but we included
more photos in the figure. We have now photos of lto towers, and the IFOV/footprint of both
the spectroradiometers and the Eddy covariance meagements. In addition, we added a high
resolution image includig the location of the towes, the biomass sampling plots and the EC
footprint.

Figure 5. How the authors explain the correlatipeaks in all the graphs at approximately
1200 nm? Also the information included in the figwaption would be quite

useful in a separated table in the methods sestionmarizing the main characteristics

of the different datasets (units, n) but also dateye, aggregation (if any), data

gaps, etc.

Response: The correlation peak at about 1150 nm ¢awused by the water absorption peak around
this wavelength (Thenkabail et al., 2012). The lowéhe reflectance in this peak, the higher the
water content, and hence the higher the biomass. Ehinformation is included in the revised
manuscript.

A table is included in the revised method sectmowith the requested information.

References:

Richter, K., Atzberger, C., Hank, T. B., and Maysét.: Derivation of biophysical variables from
Earth observation data: validation and statisticedasures, APPRES, 6, 063557-063551-063557-
063523, 10.1117/1.JRS.6.063557, 2012.

Thenkaball, P. S., Lyon, J. G., and Huete, A.: Athes in hyperspectral remote sensing of vegetation
and agricultural croplands, in: Hyperspectral Rent®¢nsing of Vegetation, edited by: Thenkabail, P.
S., Lyon, J. G., and Huete, A., CRC Press, TaytorErancis Group, Boca Raton, FL, 3-35, 2012.



213 Response to Anonymous Referee #2

214

215

216 The manuscript describes an interesting study usinlgj-angular hyperspectral data collected from a
217 tower at a semi-arid savanna. Overall the studsnsde have been undertaken in a scientifically
218 appropriate manner and makes a valuable contribtdigcientific progress. The scientific quality is
219 high. And the presentation of the manuscript is>afellent quality.

220

221 While the data analysis is sound | have the foll@rguestions, comments and suggestions which
222 should be addressed to improve the manuscript:

223

224 Response: We would like to take the opportunity tehank the reviewer for valuable comments
225 that we believe helped improving the revised versioof the manuscript.

226

227 The analysis of effects of varying sun / sensontgtoy has been done over 15 days (of which 3 have
228 been removed) during the peak of the growing sealas misses the highest zenith angles and times
229 of different vegetation conditions. | suggest tpaat the analysis for other time periods as wejjdin
230 afull picture of sun / sensor geometry effectstt@rmore, why have only NDSIs been investigated
231 and not the reflectances themselves? This infoomatiould help to understand the behaviour of the
232 NDSIs and would support the claim in the discus$iat NDSIs reduce angular effects.

233

234 Response: The reason for not doing the analysis thfe varying sun/sensor conditions at the point
235 intime with the highest zenith angles, is that tls occurs during the dry season (two months prior
236 to the onset of the growing season) where there an® vegetation (herbaceous) influencing the
237 reflectance spectrum in the measured area. The foswf the manuscript is to investigate how

238 NDSI is coupled with vegetation parameters, and wieence choose to use the point in time with
239 most vegetation on the ground.

240 We agree that it would make a very interestingtady to investigate how sun/sensor geometry
241 influences NDSI differently across the year. Howevethis is not a minor task and this

242  manuscript is long as is. We therefore feel that ik is beyond the scope of this manuscript. But it
243 is a very good idea for a future manuscript to invetigate seasonal dynamics in anisotropy of both
244  the reflectance spectrum on its own and on NDSI éstates. This is something that will hopefully
245  Dbe possible to do in a not too distant future.

246 The reason for focusing on NDSI, and not on th@nisotropy on the reflectance values

247 themselves is that it has already been done (Hubet al., 2014; Tagesson et al., 2015). The focus
248 of the paper by Tagesson et al. (2015) is to pregexil research activities at the Dahra field site.
249 Among them, a section of the anisotropy of the refctance spectrum is presented. The aim of the
250 paper by Huber et al. (2014) is to present the ASBet-up and investigate the quality of the

251 measurements. A second aim is to study the effedbvarying sun/sensor geometry on the

252 reflectance spectrum. Therefore, in order not to pesent the same information two times, the

253 effects of varying sun/sensor geometry part of thipaper focus on the effects on the NDSI.

254 However, the comment is relevant and in the resed manuscript we have included a discussion
255 regarding the behaviour of the NDSI in relation tothe behaviour of the reflectance spectrum and
256 referred to figures in Huber et al. (2014) and in Bgesson et al. (2015).

257



258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

Why has the analysis of the relationship betwe#aatance / NDSI and ecosystem variables been
restricted to a linear relationship? E.g. othedigtsi found a non-linear relationship between rédlece

and biomass due to saturation effects. Also whyelwly daily median reflectances / NDSIs been used
when GPP, LUE and FAPAR were daily integrals? Agesawould be more appropriate in these cases.
And why have the off-nadir views not been analysed?

Response: In case the linear relationship is strong indicates limited issues with saturation. For
wavelength regions where there are issues with saiions, exponential and logarithmic
regressions could fit better. However, in case the@m is to find wavelength regions which are as
sensitive as possible for investigating seasonalrdymics in an ecosystem property, wavelength
regions with saturtion issues should be avoided. Enefore linear models are better to use than
non-linear models. This was the main reason for fiing linear rather than non-linear regressions.
There is also a practical aspect to it, fitting theeduced major axis linear relationships using the
bootstraping methodology required a full month of pocessing for these 4 variables (GPP, LUE,
FAPAR and biomass). In case we would try several loér regression models, these would require
several months of processing.

Median values were used in order to minimise thmfluence of errors in the analysis. Median
provides the most common model output and it is tlreby more robust against outliers than
average values. This info was provided in the manuasgpt, but it was not mentioned the first time
that median values were used. Thank you for pointig this out to us, it has been corrected in the
revised manuscript.

We have investigated the seasonal dynamics iretoff-nadir views as well, but as seen in the
figure below, there was no difference in seasonaydamics for the different viewing angles. We
thereby choose to only use the nadir one, as it widlnot make any difference in the analysis.
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Some minor more specific comments:

page 3318, line 22: “Environmental conditions” ugumean variables like temperature, humidity,
rainfall, etc. Do you mean reflectance in differemtvelength regions have different sensitivity to
“environmental conditions™? Or do you really meardetation condition”?

Response: Thank you for pointing this out. We meantariables like stand structure, health status
of the vegetation, direct/diffuse radiation, vegetd#on and soil water content. Thishas been
clarified in the revised manuscript.

page 3320, section 2.1: It would be good to prosgigi®@e information on the height of the grassesstre
and shrubs and the tree and shrub cover to gdtex mea about the vegetation structure at tlee sit

Response: In the revised manuscript information regrding the height of the trees and the
herbaceous layer is included. Much more informatiorregarding the footprint and the vegetation
in the instantaneous field of view of the spectrom@iometers are provided in the revised
manuscript.

page 3320, line 6: “(3%, of the land cover)”. relm@omma.

Response: This has been taken care of.
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page 3320, line 12: “rainfall (mm) was measured@mtheight”. Is the height relevant? Rainfall always
has to be measured with the rain gauge not obstiumt any obstacles. What would be more
interesting here is to know at what interval rdinfias been collected, i.e. daily, hourly, etc.

Response: All sensors were connected to a CR-100@der in combination with a multiplexer
(Campbell Scientific Inc., North Logan, USA) and déa were sampled every 30 s, and stored as 15
minute averages (sum for rainfall). This info has ben included in the revised manuscript.

page 3320, equation 1: Please define “albedo_d¢ds. it been measured?

Response: Albedg,; is defined as PAR albedo of the soil, and it haebn been measured as 0.20
(Tagesson et al., 2015). This info is included ihé revised manuscript.

page 3321, line 19: Please define “VPD” on firg.us
Response: This has been taken care of.

page 3322, section 2.4: The authors refer to Habal. (2014) for more detail on the spectrometer
setup. However, the manuscript should provide soihtlee more fundamental information: 1. Were
foreoptics used? 2. What are spectral resolutiahspectral sampling of the spectrometers? 3. Have
the seven different viewing angles been measuredl&ineously? Or has a rotating or moving head
been used? Was always the same target in theofieiéw? Or did the target change because of the
rotating head? 4. How have solar irradiance measemés been made? Transmissive or reflective
diffusor? 5. If multiplexing setup how long doesake to go through a whole measurement sequence?
6. Has solar irradiance been measured for each amgle measurement separately?

Response: Thank you very much for pointing this outMuch more information about the
spectroradaiometer set-up is given in the revised amuscript, including information regarding all
the points raised above.

page 3322, line 22: Why have daily median reflectarbeen used? Why not an average over a certain
time interval?

Response: As mentioned above. We consider medianwes being more robust as they are not as
sensitive to outliers and hence less affected byrers in the data set.

page 3323, line 6: “median” over what? The 15 days?
Response: Yes the median of the 15 days. This haseh clarified in the revised manuscript.

page 3323, lines 19-22: | suggest to move theskstence to the start of the paragraph, i.e. béfore
13 as the NDSI has to be calculated before the AddlFbe calculated.

Response: Thank you for this suggestion, it has be¢aken care of.
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page 3325, line 5 + 22: Change “in the end” tathatend”.

page 3329, line 15: Change “accurate and extraddditional”.

page 3329, line 25: Change “the majority” to “most”

Response: Thank you for these suggestions, they lealveen taken care of.

page 3330, line 12: “Peak” suggests it is loweliragavery high biomass. Rephrase.

Response: We meant that the absorption of red lighgaturates at higher biomass loads. This has
been changed in the revised manuscript.

page 3330, lines 11-14: This is not the reasothi@isaturation of the NDVI. The NDVI saturates at
high biomass because the NIR reflectance is mugeirdhan the red reflectance. NDVI therefore
reduces to R_NIR / R_NIR which equals 1.

Response: We agree with you, and we are talking abbthe same thing, we are just using
different phrasing, where you consider it from an guation point of view, we consider it from a
leaf optical property point of view.

All vegetation indices using red will suffer fran saturation problems. The reason for this is
related to the fact that there are only so many phons striking a plant leaf and at a certain point,
the chlorophyll absorbs nearly all the red energyd the point where no matter how much
vegetation you add, more photons cannot be absorbé@gcause they are already all absorbed. It is
normally the red band that saturates. So any indexsing the red energy will suffer from the same
limitation. For example, the Enhanced Vegetation Idex (EVI) is not supposed to saturate as
badly because in the equation empirical constantsalve been added to put more weight in the
NIR spectrum that preserves sensitivity to higherdads of biomass (more layers of leafs) because
here much more radiation is transmitted and reflecéd from the leaves.

page 3330, lines 14-17: Again this is wrong. Thersdion is not necessarily reduced with narrower
bands. Narrow bands might even cause saturatitiere&aturation can be reduced by selection of
bands that show a smaller difference thereforedawgithe NDVI equation becoming 1 (see above).

Response: Thank you for pointing this out for us. ¥u are correct, it is not the narrowness of the
band which results in that saturation is avoided,tiis which wavelength region that is chosen.

This has been clarified in the revised manuscript.

page 3331, line 17-18: “As fluorescence is comgetith photochemical conversion : : :” suggests
high fluorescence equals low photochemical conwarsihe reality is more complex. And it looks like
often the opposite is true. So either remove thigence or formulate differently.

Response: Thank you again, this sentence is removiedthe revised manuscript.

10
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page 3331, line 19-20: *: : : should have very s@étigh resolution (0.05-0.1nm)”. This is notétu
Fluorescence has been measured successfully wbciral resolution of about 10nm. Whether very
high spectral resolution is necessary dependsemtthod applied.

Response: Thank for this comment; this also explagwwhy we see such a strong peak even though
the spectral resolution of the ASDs are 3 nm. Thisas been changed in the revised manuscript.

page 3332, lines 1-7: The whole discussion onlydes on what is happening at the leaf level, i.e.
reduced pigment contents. What about changes ietatgn cover?

Response: Ok thanks. It has been clarified in theavised manuscript that the discussion is on the
canopy level.

page 3342, Figure 2. Why are there gaps in theatefhce time series? Black vertical lines at the st
and end of the rain seasons should be in all dagyra

Response: The gaps are caused by technical issueg tb loss of power supply, broken sensors or
filtering of data due to bad weather conditions. Tis info is included in the revised manuscript.
The black lines are included in all subplots in theevised manuscript.

References

Huber, S., Tagesson, T., and Fensholt, R.: An aattednfield spectrometer system for studying VIS,
NIR and SWIR anisotropy for semi-arid savanna, RenSens. Environ., 152, 547-556, 2014.
Tagesson, T., Fensholt, R., Guiro, I., RasmusserQMHuber, S., Mbow, C., Garcia, M., Horion, S.,
Sandholt, 1., Rasmussen, B. H., Gottsche, F. MiJeRi M.-E., Olén, N., Olsen, J. L., Ehammer, A.,
Madsen, M., Olesen, F. S., and Ardd, J.: Ecosysterperties of semi-arid savanna grassland in West
Africa and its relationship to environmental varidf Global Change Biol., 21, 250-264, doi:
10.1111/gch.12734, 2015.
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Relevant changes made in the manuscript

* The word reflectance was changed to hemispheraratal reflectance factor.

* More information regarding the footprint/instantans field of view of the different sensor have
been included.

* A table with sensor information has been included.

* More detailed information regarding the materiad amethod has been included.

» A section reviewing previous works on continuoudtrangular hyperspectral systems for
monitoring ecosystems in situ is included in theged introduction.

» A discussion regarding the behaviour of the NDStklation to the behaviour of the reflectance
spectrum has been included.

» Adiscussion regarding the negative correlatiortsséen NIR HCRF and biomass has been
included.

12
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Abstract
This paper investigates haeasendhyperspectral reflectanesta(between 350 and 1800 nm) can be
used to infer ecosystem properties for a semisaidnnayrasslaneecosystenin West Africa using a

unique in situ basedhulti-angulardatasebf hemispherical conical reflectance factor (HCRF)

measuremenifRelationships between seasonal dynamics in hypetalreflectaneceHCRFand
ecosystem properties (biomass, gross primary ptailyd GPP), light use efficiency (LUE), and
fraction of photosynthetically active radiation aldsed by vegetation (FAPAR)) were analysed.
Reflectance HCRHBata p) were used to study the relationship between niisethdifference spectral
indices (NDSI) and the measured ecosystem propeRigally, also the effects of variable sun sensor
viewing geometry on different NDSI wavelength condtions were analysed. The wavelengths with
the strongest correlation to seasonal dynamicsosystem properties were shortwave infrared
(biomass), the peak absorption band for chloropdgihd b (at 682 nm) (GPP), the oxygen A-band at
761 nm used for estimating chlorophyll fluoresce(@PP, and LUE), and blue wavelengths (FAPAR).
The NDSI with the strongest correlation to: i) besa combined red edgeflectanceHCRKp7os) with
greenreflectanceHCRKpsg7), i) GPP combined wavelengths at the peak ofrgreiection ps;s psse),

iii) the LUE combined redpgss) with bluereflectaneeHCRKp436), and iv) FAPAR combined blue

(p399) and near infrared(295 Wwavelengths. NDSI combining near infrared andstewve infrared

were strongly affected by solar zenith angles am$asr viewing geometry, as were many combinations
of visible wavelengths. This study provides anaylsased upon novel multi-angular hyperspectral data
for validation ofEarth earth-Observation observatluased properties of semi-arid ecosystems, as well

as insights for designing spectral characterigtidsiture sensors for ecosystem monitoring.
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484 1. Introduction

485 Hyperspectral measurements of the Earth’s surfiemede relevant information for many ecological
486 applications. An important tool for spatial extrégimn of ecosystem functions and properties is to
487 study how spectral properties are related to inrsiéasured ecosystem properties. These relatianship
488 | found the basis for up-scaling using earth obsemdEQ) data. Continuous in situ measurements

489 | hyperspectral reflectance in combination with estemy propertieare thereby essential for improving

490 our understanding of the functioning of the obsdregeosystems. Strong relationships have for

491 | example been found between information in the cédlece spectrum and ecosystem properties such as

492 |eaf area index (LAl), fraction of photosynthetigedctive radiation (PAR) absorbed by the vegetatio
493 | (FAPAR), light use efficiency (LUE), biomass, veagn primary productivityyegetation water

494 | content, andhitrogen and chlorophyll conteptnd-vegetation-water-contdptg. Thenkabail et al.,

495 2012; Tagesson et al., 2009; Gower et al., 199%5t&m et al., 2009; Sims and Gamon, 2003). In situ

496 observations of spectral reflectance are also itapbfor parameterisation and validation of canopy
497 | reflectance models, and space and airborne proffDotsurn and Peddle, 2006).
498

499

500 | 2644TFhere-are V¥ry few sites across the wordistwith an instrumental setup designed rfoulti-

501 | anqular continuous hyperspectral measure mentstBeeth-continbousin-sity-measurements of

502

503

504 | present a system mounted in a 70 m tower aboveanreen Eucalyptus forest in New South Wales
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505 | Australia, which measures spectral hemisphericaicad reflectance factors (HCRAYCRFhourly

506 | throughout the year between 300 and 1150 nm atafzinmuth angledHilker et al. (2007 andHilker et

507 | al. (2010)describe an automated multiangular spectro-radiemfer estimation of canopy

508 | reflectanceHCRFAMSPEC) mounted on a tower above a coniferousstoin Canaddtsample

509 | sYectrakeflectanceHCREs sampledetween 350 and 1200 nm vear round under diffefiemting

510 | and sun angle conditionachieved by-anditis-able-tollecion of data in a near 360° view around the

511 | tower with adjustable viewing zenith angle&ven though in situ measuremeatsnulti-anqular

512 | hyperspectral HCREre fundamental for the EO research community, slathsets are still rare and at

513 | the present state they do not cover different beatghe global scale (Huber et al., 2014).

514 There are many methods for analysing relatiggsshetween hyperspectral reflectance and ecosystem
515 properties, such as multivariate methods, deriediechniques, and radiative transfer modelling

516 (Bowyer and Danson, 2004; Ceccato et al., 2002sDaet al., 1992; Roberto et al., 2012). Still, due
517 to its simplicity, the combination of reflectanc#d vegetation indices is the major method for up-

518 | scaling using EO data. By far, the most commonpliad vegetation indices atee-ratio-type-of

519 | indicesthose based on band rateg. the normalised difference vegetation indéR\1), which is
520 | calculated by dividing the differenéethereflectanceHCRIA the near infraredb(rNIR) and red
521 | {prea}wavelength bands by the sumgafr-the NIRandp.ared band¢§Tucker, 1979; Rouse et al.,

522 | 1974). TherearinfraredNIR) radiance is strongly scattered by the air-wattarfaces between the

523 cells whereas red radiance is absorbed by chlotbahg its accessory pigments (Gates et al., 1965).

524 The normalization with the sum in the denominaso® mean to reduce the effects of solar zenith

! Different reflectance terminologies have been usddform on spectral measurements in the fieldHeyremote sensing
community leading to suggestions to the properadisiee terminology (Martonchik et al., 2000). Aiklid spectro-
radiometers measure HCRF (hemispherical coniclateince) if the field of view (FOV) of the sens®targer than 3°
(Milton et al., 2009) and is therefore used througtthis paper to support the correct inferenceusagie of reflectance
products (Schaepman-Strub et al., 2006; Miltod.e2809).
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angle, sensor viewing geometry, and atmospherzsas well as enhancing the signal of the observed
target (e.g. Qi et al., 1994; Inoue et al., 2008).

Wavelength specific spectral reflectance is kmoavbe related to leaf characteristics such as
chlorophyll concentration, dry matter content, inte structure parameteand equivalent water
thickness (Ceccato et al., 2002). Hyperspectrécetfnce data can be combined into a matrix of
normalised difference spectral indices (NDSI),dwling the NDVI rationing approach. Correlating the
NDSI with ecosystem properties provides a way foimaproved empirically based understanding of
the relationship between information in the retiecie spectrum with ground surface properties (e.g.
Inoue et al., 2008). Several studies have analydatonships between hyperspectral
reflectanceHCRMANDSI, and ecosystem propertiesg. Thenkabail et al., 2000; Cho et al., 2007;
Psomas et al., 2011; Inoue et al., 2008; Gamoh, di99?2; Feret et al., 2008; Thenkabail et al120
Still, it is extremely important to examine thestationships for different ecosystems across thid ea
and investigate their applicability for differemtveronmental conditions and under different effeafts
biotic and abiotic stresses.

A strong correlation between an NDSI and an ecosypteperty does not necessarily indicate that
the NDSI is a good indicator of vegetation conditido be applied to EO systems. Visible, NIR and
shortwave infrared (SWIR) have different sensiyitd variations irsolar zenith angles, stand

structure epvironmental-conditionshealth status of the vametavegetation and soil water content,

direct/diffuse radiation rati@nd sensor viewing geometry. The influefreen-of sun-sensovariations

geometryon the reflected signal has been studied usin@tigditransfer modelsindairborne (e.g.

AIrMISR-) as well asatellite-based dafaom instrumentssuch as CHRIS-PROBAMMISR orand

POLDER(Huber et al., 2010; Maignan et al., 2004; Javiard&a-Haro et al., 2006; Jacquemoud et al.,

2009; Verhoef and Bach, 2007; Laurent et al., 20Hbyvever, &ects of variable sun angles and
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sensor viewing geometriese not well documented situfor different plant functional types of

natural ecosystems except for individual controfi&geriments based on the use of field goniometers
(Sandmeier et al., 1998; Schopfer et al., 2g88)-Sandmeieretal—1998nproved knowledge
regarding the influence from sun-sensor variaboitydifferent NDSI combinations is thereby esséntia
for validating the applicability of an NDSI for E@p-scaling purposes.

The Dahra field site in Senegal, West Africaswatablished in 2002 as an in situ researchesite t
improve our knowledge regarding properties of sand-savanna ecosystems and their responses to
climatic and environmental changes (Tagesson ,@l5b). A strong focus of this instrumental setup
is to gain insight into the relationships betweeougd surface reflectance and savanna ecosystem
properties for EO up-scaling purposes. This papesgnts a unique in situ dataset of seasonal
dynamics in hyperspectregflectanceHCRand demonstrates hawasenal-dynamiesin-hyperspectral
reflectanceitan be used to describe the seasonal dynamicesysem properties of semi-arid
savanna ecosystems. The objectives are threeiptd:uantify the relationship between seasonal
dynamics of in situ hyperspectralectanceHCRBetween 350 and 1800 nm and ecosystem
properties (biomass, gross primary productivity RER.UE, and FAPAR); (ii) to quantify the
relationship between NDSI with different wavelengtimbinations (350 to 1800 nm) and the
measured ecosystem properties; (iii) to analyseqaadtify effects of variable sun angles and sensor

viewing geometries on different NDSI combinations.

2. Materials and Method
2.1 Site description

All measurements used for the present study wardwzied at the Dahra field site in the Sahelian

ecoclimatic zone north-east of the town Dahra engémi-arid central part of Senegal (15°24'10"N,
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15°25'56"W) during 2011 and 201Rig. 1) Rainfall is sparse in the region with a mean ahsum of
416 mm (1951-2003). More than 95% of the rain flaéveen July and October, with August being
the wettest month. The mean annual air temper& 2@ °C (1951-2003), May is the warmest and
January is the coldest month with mean monthly &nadpire of 32°C and 25°C, respectively. The
Dahra site has a short growing season (~3 morftiiEwing the rainy season with leaf area index

generally ranging between 0 and 2 (Fensholt ee@04).South-western winds dominate during the

rainy season and north-eastern winds dominate gitme dry seasoifhe area is dominated by annual

grasses (e.gchoenefeldia gracilis, Digitaria gayana, Dactyl octenium aegypticum, Aristida mutabilis
andCenchrus biflorues) (Mbow et al., 2013) and trees and shrubs ¢&cgcia senegalensis and
Balanites aegyptiaca) are relatively sparse (~3%f the land cover) (Rasmussen et al., 20Th

average tree height was 5.2 m and the peak heighé tierbaceous layer was 0. {Tagesson et al.,

2015b) A thorough description of the Dahra field site igegn in Tagesson et al. (2015b).

<Figure 1>

2.2 Meteorological and vegetation variables

Atthe-Dahra-field-site; adange of meteorological variables have been medéumin a tower at the

Dahra field site—fermore-than-ten-yearsina-toleated-at-a for more than ten yearssunlit-grass

pateh air temperature (°C) and relative humidity (% )yseneasured at 2 m height; soil temperature

(°C) and soil moisture (volumetric water content (mi*x100) (%)) were collected at 0.05m depths;
rainfall (mm) was measured at 2 m height; inconfinyand reflected,§) PAR umol m? s?) was
measured at 10.5 m height, and PAR transmitteditfiréhe vegetation (PAR.smi) was measured at 6

plots at ~0.01 m heightTable 1)(Tagesson et al., 20158)he PAR ansmirwas measured within 7

meters distance from the towBAR absorbed by the vegetation (APAR) was estimiayed
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APAR= PARHC_ I:)AF\)ref - (l_ asoil) x I:)'A‘Rtransmit (1)

whereas, is the PAR albedo of the soil, which was measaed.20 (Tagesson et al., 2015b). and

FAPAR was estimated by dividing APARth PAR.(Tagesson et al., 2015l sensors were

connected to a CR-1000 logger in combination withudtiplexer (Campbell Scientific Inc., North

Logan, USA) and data were sampled every 30 s, #neldsas 15 minute averages (sum for rainfall).
The total above ground green biomass (@) of thegrass-andherbaceous vegetation was sampled
approximately every 10 days during the growing eea£011 and 2012 at 28 oné piots located

along two ~1060 m londiagonaltransectgFig. 1f) (Mbow et al., 2013)The method applied was

destructive, so even though the same transectsuserkfor each sampling date, the plots were never

lecatedpositionedt exactly the same locatiofhe study area is flat and characterised by honmagen

grassland savanna and the conditions in these ealgit are generally found to be representative fo
the conditions in the entire measurement area (fédinst al., 2006). All above ground gregmss-and
herbaceous vegetation matter was collected andche@itp the field to get the fresh weight. The dry
matter (DW) was estimated by oven-drying the gi@emass. For a thorough description regarding
the biomass sampling we refer to Mbow et al. (2013)

<Table 1>

2.3 Estimates of gross primary productivity and light use efficiency

Net ecosystem exchange of COIEE) (umol CO, m? s*) was measured with an eddy covariance
system, consisting of an open path infrared gal/sera(LI-7500, LI-COR Inc., Lincoln, USA) and a
3-axis sonic anemomete&{-L-Gill instruments, Hampshire, UK) from 18 July 2011 u3til

December 2012Table 1) The sensors were mounted 9 m above the grooradtowel(lecatedplaced
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50 msSouth of the toweeentainingincludinghe meteorological and spectroradiometric sengbig.

1f). Dand-éta were sampled at 20 Hz ratée post-processing was done with the EddyPro 4.2.1

software(LI-COR Biosciences, 2012andthestatistics were calculated for 30 minute periodse T

post-processing includes 2-D coordinate rotafiiiczak et al., 2001 )time lag removal between

anemometer and gas analyser by covariance maxiong{&an et al., 1990-espiking(Vickers and

Mabhrt, 1997)plausibility range: window average +3.5 standdegiations), linear detrending

(Moncrieff et al., 2004)and compensation for density fluctuati§iebb et al., 1980fhefHuxes

were also corrected for high pgdoncrieff et al., 1997and low pass filtering effec{Moncrieff et

al., 2004) The data were filtered for steady state and fudlyeloped turbulent conditions, following

Foken et al. (2004), and according to statistiesis as recommended by Vickers and Mahrt (1997).

Flux measurements from periods of heavy rainfaliensdso removed-or a thorough description of the

post processing of the raw eddy covariance datal agesson et al. (2015a).

A possible source of error in a comparison betwieC-based variables and spectral

reflectanceHCREs thedifference infetehfootprint/instantaneoufield of view (FOV)-differences

between the sensors. TieecH FOV of the spectroradiometer set-up contains -enligbidingsoil and

herbaceous vegetation. The footprint of the EC tomas estimated using a model based on

measurement height, surface roughness and atmasptadility (Hsieh et al., 2000)The median

point of maximum contribution igat69 m, and the medianfor 70% cumulative flux distarsat 388

m from the tower. The footprint of the EC tower tns semi-arid savanna grassland with ~3% tree

coverage and the EC data is thereby affected bywobdy and herbaceous vegetation (Fig. 1a and

1f). But given the low tree coverage, and the damamt influence of herbaceous vegetation on the

seasonal dynamics in G@uxes, we still consider it resonable to compaefluxes with seasonal

dynamics in spectral HCRF of the herbaceous vagatat
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637 The daytime NEE was partitioned to GPP and estesy respiration using the Mscterlich light
638 response function against PARFalge et al., 2001). A 7-day moving window witheoday time steps
639 was used when fitting the functions. By subtractiagk respiration (g from the light response

640 function, it was forced through 0, and GPP wasrestd:

~axPAR;

cRyx(1-d 62

641 | GPP=—(F,

sat
642 where Esais the CQ uptake at light saturatiopfiol CO, m? s%), anda is the quantum efficiency or

643 | the initial slope of the light response curpyenpl CO, (umol photons)) (Falge et al., 2001)/apor

644 | pressure deficitMPD) limits GPP and to account for this effect, thefparameter was set as an

645 exponentially decreasing function:

646

~k(vPD-VPD, ) VPD >VPD
F sat = {chatx e ° (4'5)

¢ F VPD <VPD,

csat

647 where VPR is 10 hPa following the method by Lasslop et2010).

648 Gaps in GPP less or equal to three days wéed fi¥ith three different methods: (i) gaps shottan
649 two hours were filled using linear interpolation) {laytime gaps were filled by using the light-

650 response function for the 7-day moving windows) (@maining gaps were filled by using mean
651 diurnal variation 7-days moving windows (Falgelet2001). A linear regression model was fitted
652 between daytime GPP and APAR for each 7-day mowingow to estimate LUE, where LUE is the

653 slope of the line.

654 | 2.4 Hyperspectral reHeetanrceHCRF measurements and NDSI estimates

655 | Ground surfaceeflectanceHCRISpectra were measured every 15 minutes betweeissamd sunset

656 | from 15 July 2011 until 31 December 2012 using BagddSpec3 spectrometensth fiber optic cables

657 | (Table 1)(ASD Inc., Colorado, USA). The spectroradiometarger the spectral range from 350 nm to
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658 | 1800 nm and haveaanstantaneousfieldofviewFO®f 25°. The spectral resolution is 3 nm at 350-

659 | 1000 nm and 10 nm at 1000-1800 nm and the samiplieryal is 1.4 nm at 350-1000 nm and 2 nm at

660 | 1000-1800 nm. From these data, 1 nm spectra weraelad by using cubic spline interpolation

661 | functions.One sensor head was mounteda rotating hea#l0.5 m above the surfaatin thesame

662 | towereentainingincludingnstruments to measuhmmeasurements-oineteorological variablés

663 | providing measurementsm-of the-land-surfacesunlitgrasspatchthe herbaceous vegetatomn

664 | seven different viewing anglés a transect underneath the toWradir, 15, 3(°, 45° off-nadir angles

665 | towards east and westBhere-are-niN trees or effects of shading of trege presenin thedIFOV of

666 | the data used in this study (Fig. 1). A reflecitesine receptor is used to measure full-sky-irracka

667 | itconstitutesof by havingFhe second sensor heads mounted on a 2 m high stand pointing to a

668 | Spectralon panel (Labsphere Inc., New Hampshiréd)uW@der a glass dome-used-for-full-sky-

669 | irradiance-measurements.

670 Each sensor measurement starts with an optimizad adjust the sensitivity of the detectors

671 | according to the specific illumination conditiondle time of measurement. The optimisation is

672 | followed by a dark current measurement to accoomthfe noise generated by the thermal electrons

673 | within the ASDs that flows even when no photonsam&ering the device. The measurement sequence

674 | starts with a full-sky-irradiance measuremsieigendlyfollowed-the byneasurementfsomof the 7

675 | angles of theland surfaces-conductedand finalyized bya second full-sky-irradiands

676 | measurdment Thirty scans are averaged to one measuremempi@mye the signal-to-noise ratio for

677 | each measurement (optimisation, dark current skylirradiance and each of the seven target

678 | measurements). The full measurement sequencel&dssthan one minute. The two ASD instruments

679 | are calibrated against each other before and edigt rainy season. Poor quality measurements caused
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680 | by unfavorable weather conditions, changing illuation conditions, irregular technical issues were

681 | filtered by comparing full-sky solar irradiance bef and after the target measureméHtsber et al.,

682 | 2014) -The spectrateflectanceHCRRvas derived by estimating the ratio between tloeigd surface
683 radiance and full sky irradiance. For a completgcdption/illustration of the spectroradiometer spf
684 | the measurement sequence and the quality cort®Haber et al. (2014).

685 | __ NDSI using all possible combinations of two sepaxaavelengths were calculated as:

(Pi_Pj)

686 | NDSI=
i;i+pj j 64)

687 | wherep;andp; are the daily mediareflectanceHCRIn two separate single wavelengthar(d;)

688 | between 350 and 1800 nin.order to minimise the influence of errors wedislaily median

689 | hyperspectral HCRF in the analysis (since medianides the most common model output and is

690 | thereby more robust against outliers than averaties) Additionaly-NDSI including-the water

691 | absorption band (1300-1500 nm) was filtered as stiongly sensitive to atmospheric water content,

692 | and is less suitable for spatial extrapolationaafsystem properties using air/space borne sensors

693 | (Asner, 1998). Finally, NDSI combinations includiwavelengths between 350 and 390 nm were

694 | filtered owing to low signal to noise ratio in tA&D sensors (Thenkabail et al., 2004).

695 2.5 Effects of varying sun and sensor viewing geometry on NDSI

696 The effects of variable solar zenith angles oredéht NDSI combinations were studied with nadir
697 measurements taken over 15 days during the petlile @frowing season in 2011 (day of year 237-251).
698 Only days with full data coverage were used (1&hefl5 days) in order not to include bias in the

699 | results from days with incomplete datasets. TheiamgdflectanceHCRBf the 15 daysvas calculated

700 | for each wavelength for every 15 minutes betwe@ &nd 18:00. TheseflectaneeHCRNalues
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were combined into NDSI with different wavelengtimbinations. Finally, daily mean and standard
deviation for all wavelength combinations were aldted. Diurnal variability in the NDSI was
assessed with the coefficient of variation (COWjah is the ratio between the standard deviatiah an
the mean. The COV gives an indication of effeclsteel to variable solar zenith angles.

To capture directional effects in the NDSI relattedhe variable view zenith angles f180°, 45°

off-nadir angles towards east and west) the NDS eadculated using median HCRF values from the

peak of the growing season 2011 (day of year 233-#%5 the different viewing angles. Only data

measured between 12:00 and 14:00 was used to effeals of variable solar zenith angles. The

anisotropy factor (ANIF)Fhe-anisotropy-factor(ANHKas-used-to-capture-directional-effects-in the

west).

Fhe-ANI-is defined as the fraction of a reflected propaity specific view direction relative to the

nadir_and it was calculated by

NDSI(/,0)

ANIF(1,0) =~ 0)

(€5)

where NDSIE,0) is NDSI for the different wavelengths) (@nd the different viewing angle®)(and

NDSIyg(2) is the nadir measured NDSI (Sandmeier et al.8L9%he-NDShwas-caleulated-from-median

2.6 Relationship between hyperspectral reflectaneeHCRF, NDSI and ecosystem
properties

We examined the relationship between predictoades (daily median hyperspectral
reflectanceHCRFand NDSI from nadir observations) and respons@hias (biomass, GPP, LUE, and

FAPAR) using linear regression analySisere-are-pBssible errors (random sampling erra¥eather
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conditions.aerosols, dust or water on the sensor heads,ie@&enor noise, filtering and gap-filling

errors, errors in correction factors, sensor daififd instrumentation errorsan be presemh beth

predictor and response variablesHERF{previdesis.tiMe therebyused a reduced major axis linear

regression to account for errors in both the ptediand response variablegien fitting the regression

lines In order to estimate the robustness of the eoglirelationships, we used a bootstrap simulation

methodology, where the datasets were copied 208st{Richter et al., 2012). The runs generated 200

sets of slopes, intercepts, coefficients of deteation (R), and-roet-mean-square-errors(RMSE),

from which median and standard deviation was estichdhe generated statistical models were

validated against the left-out subsamples withekbotstrap simulation method by calculating the

root-mean square error (RMSE) and the relative RNFSEMSE=100*RMSE*mean(observed);

median and standard deviatiasweresstimated-—Median-was-used-instead-of average-ghgeres

ithin the regression analysis

all variables used were repeated observationseofdine measurement plot. The dependent and
independent variables are thereby temporally aateetated and cannot be regarded as statistically
independent. We thereby choose not to presenttatigtal significance. The analyses, howevell, sti
indicate how closely coupled the explanatory vdeslare with the ecosystem properties.

A filter was created for the analysis between\lBnd ecosystem propertieall NDSI combinations
with a COV higher than 0.066 and all NDSI combioas with ANIF values higher than 1.2 and lower

than 0.8 were filteredihe ANIF threshold of 1.2 and 0.8, anrc&lfCOV threshold of 0.066 was used

since99-9%-of thevaluesthenvary less than 20% due to effects of variahla-sensor geometryseolar
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3. Results

3.1 Seasonal dynamics in meteorological variables, ecosystem properties and
hyperspectral reflectanceHCRF

Daily average air temperature at 2 m height rargdeen 18.4°C and 37.8°C, with low values during
winter and peak values-atthe end of the dry season (Fig. 2a). Yearly rainfaks 486 mm and 606
mm for 2011 and 2012, respectively. Soil moistareged between 1.9% and 14.1%, and it clearly
followed the rainfall patterns (Fig. 2b and 2¢) eT®@G fluxes were low during the dry period and high
during the rainy season (July-October) (Fig. 2&e TUE followed GPP closely (Fig. 2f). FAPAR was
low at the start of the rainy season, followed bgaximum towards the end of the rainy season, and
then slowly decreased over the dry season (Fig. 29)

The range ineflectanceHCRHs large across the spectral space, and wouldthedseasonal
dynamics in hyperspectredflectanceHCRH directly shown. Therefore, to clearly illustesthe
seasonal dynamics in hyperspectedlectanceHCRRhe ratio between daily median nadir
reflectanceHCRRANd the averageflectanceHCRFor the entire measurement period was calculated
for each wavelength (350-1800 nrifihis gives a fraction of how threflectaneeHCRRFor each
wavelength varies over the measurement periodatioa to the average of the entire period (Fig. 2d
In the visible (VIS) part of theefleetaneespectrum (350-700 nm) there was a stronger absarpti
during the second half of the rainy season andeabéginning of the dry season than during the main
part of the dry season and the start of the ra@agsn. There was stronger NIR absorption (700-1300
nm) ir-atthe end of the rainy season and the beginningeodltit season, whereas the absorption

decreased along with the dry season. Strong sdasomation was observed in the water absorption
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region around 1400 nm following the successioraofy and dry seasonkeflectanceHCRI the
short-wave infrared (SWIR; 1400-1800 nm) generglipwed the seasonal dynamics of the visible
part of the spectrum.

<Figure 2>

3.2 Effects of sensor viewing geometry and variable sun angles on NDSI

The most pronounced effects of solar zenith argfiéise peak of the growing season 2011 were
observed for NDSI combining SWIR and NIR wavelesgténd with VIS wavelengths between 550
nm and 700 nm (n=576) (Fig. 3). Remaining VIS wawugths were mostly affected by solar zenith
angles when combined with the water absorption \eagths around 1400 nm. The same effects were
seen for the view zenith angles; the strongestefi@ere seen for NDSI with SWIR and NIR
combinations, and VIS wavelengths between 550 &chh (Fig. 4). Remaining VIS wavelengths
were less affected. It was also clear that groumthse anisotropy increased strongly as a funaifon
increasing viewing angle (Fig. 4). Moreover, sormadcombinations showed already angular
sensitivity at view zenith angles of 25while other band combinations only manifest aimguc
behaviour with higher view angles. Some band coatimns, however, do not show any increased
anisotropy at all (areas coloured in green inhake plots).

<Figure 3>

<Figure 4>
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3.3 Relationship between hyperspectral refleectanrceHCRF, NDSI and ecosystem
properties

3.3.1 Biomass

ReflectanceHCRWalues for all wavelengths except the water aligorand at 1100 nm were
strongly correlated to biomass (Fig. 5d8he strongest correlation was foungats (mediant 1
standard deviatiom;==-0.88+0.09), but biomass was almost equally weltetated to blue, red and

NIR wavelengthsAll presented correlations and relationships thhmug the texareisbased on

filtered dataNegative correlations indicate that the more biariae higher the absorption and hence

the lower theeflectanceHCRF A small peak of positive correlation is seen H0-1150 nm caused

by a water absorption peak around this wavele(ifhlenkabalil et al., 2012)

— NDSI combinations withefleetanrceHCRIn the red edgepéso—p7s0) andreflectanceHCRN the
VIS region explained seasonal dynamics in biomasds(Wwig. 6a). The strongest relationship
(R’=0.88+0.07RRMSE=28.418.6:85.7-%g-D\W-r1") between NDSI and biomass was found for

NDSI combining 705 and 587 nm (NDSI[705, 587]) (Tee®2, Fig. 7a).

3.3.2 Gross primary productivity
The relationship between GPP and nadir measureer$ypctrateflectanceHCRURs inverted as

compared to other correlation coefficient lineg(Mb), since GPP is defined as a withdrawal of CO
from the atmosphere with higher negative valuesaflarger CQuptake. The seasonal dynamics in
GPP was strongly positively correlatedrédlectaneceHCRIHn the blue, red, SWIR wavelengths, and
the water absorption band at 1100 nm whereas istvasgly negatively correlated to the NIR
reflectanceHCRFThe study revealed the strongest positive andthagcorrelations for
reflectanceHCRR@At 682 nm1(-=-0.70+0.02) and 761 nm-E--0.74+0.02), respectively. NDSI

combinations that explained most of the GPP vditghvere different combinations of the VIS and
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810 NIR or red and SWIR wavelengths (Fig. 6b). Howetlee, strongest relationship was seen at

811 ‘ NDSI[518, 556] (R=0.86+0.02RRMSE=1.534.90.12.3 %g-C+1-d™) (Table12; Fig. 7b).

812 3.3.3 Light use efficiency

813 ‘ LUE was negatively correlated withflectanreeHCRIn the blue, and red spectral ranges and in the
814 water absorption band at 1100 nm and it was pedytieorrelated in the NIR wavelengths (Fig. 5c).
815 ‘ ReflectanceHCRIMt 761 nm yielded the strongest positive correfagi-=-0.87+0.01). When

816 combining the different wavelengths to NDSI, th&S\Wavelengths explained variation in LUE well,

817 with the strongest relationships in the red ane Iplarts of the spectrum (Fig. 6¢). LUE correlatexsim

818 ‘ strongly with NDSI[436, 688] (R=-0.81+0.02,RRMSE=0.2652.80.023.8 % g-C-MJ)) (Table12;

819 Fig. 7c).

820 3.3.4 Fraction of photosynthetically active radiation absorbed by the vegetation

821 | FAPAR was negatively correlated to nadir measuefidctanceHCRRFor most wavelengths (Fig. 5d);
822 | the higher FAPAR the higher the absorption, andetyethe lower theefleetaneceHCRFThe strongest
823 | correlation was found at a blue wavelengity (r-=--0.92+0.01). When wavelengths were combined to
824 NDSI, combining violet/blue with NIR and SWIR waealths generated the NDSI with the strongest

825 | relationships (Fig. 6d) with a maximunf Rf 0.81+0.02 RRMSE=0-65914.&0-0030.7 % for

826 | NDSI[399, 1295] (Tablé2; Fig. 7d).

827 | <Tablei2>

828 <Figure 5>
829 <Figure 6>

830 <Figure 7>

31



831
832
833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

4. Discussion

4.1 Effects of sensor viewing geometry and variable sun angles on the NDSI

Effects of solar zenith angles and sensor viewemngetry were similar (Fig. 3 and 4), since they
affectreflectanceHCRMneasurements in a similar way (Kimes, 1983). Imsdeand erectophile
canopiesteflectaneeHCRncreases with sensor viewing and solar zenithesngecause a larger
fraction of the upper vegetation canopy is viewedrinated, whereas the shadowed lower part of the
canopy contributes less to the measured signdi@srspreviously by several studies (Huete et al.,
1992; Jin et al., 2002; Huber et al., 2014, Kind&§3). However, the radiative transfer within aegre
canopy is complex, and differs across the spetbn (Huber et al., 2014). Less radiation is
available for scattering of high absorbing spécttages (such as the VIS wavelengths), and thigste
to increase the contrast between shadowed andriéded areas for these wavelengths, whereas in the
NIR and SWIR ranges, more radiation is scatterebtemsmitted, which thereby decreases the
difference between shadowed and illuminated aréidsnvhe canopy (Kimes, 1983; Hapke et al.,
1996). A recognised advantage of NDSI calculatiertbat errors/biases being similar in both
wavelengths included in the index are suppressdtiégormalisation. However, for a given situation
where errors/biases are different for the wavelehgsed, such as effects generated by sun-sensor

geometry, it will affect the value of the indéiis was also the case at the Dahra field site: NDS

values were strongly affected at wavelength contlina with large differences in effects of variable

solar zenith angles (Fig. 6 kuber et al. (2014)and at wavelength combinations with large

differences in effects related to the variable vimmith angles (Fig. 4 iTagesson et al. (2013bY his

effectis -especiallypronounced ithe case for low index values (closer to 0) whelaager index
values (closer to 1 and -1) become less sensitive relativereflectaneeHCRIdifference between

NIR and SWIR is lower as compared to indices inicigdhe VIS domain; NIR/SWIR based indices
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thereby generate lower NDSI values with higher ierty to sun-sensor geometry generated
differences between included wavelengths (Fig.84n

The importance of directional effects for th@lagability of normalized difference spectral indg
has been pointed out as an issue in numerous p@pgrélolben and Fraser, 1984; van Leeuwen et al.,
1999; Cihlar et al., 1994; Fensholt et al., 2018p@t al., 2002). This study confirms these chghsn
for NIR/SWIR based indices, but the results alsbaate several wavelength combinations from which
these effects are less severe and potentiallycgipé to EO data without disturbance from
viewing/illumination geometry for this type of vagaon.Additionathy, M-multi-angular
reflectanceHCRMEata providexecurate-and-extraadditioniaformation of e.g. canopy structure,
photosynthetic efficiency and capacity (Bicherod &eroy, 2000; Asner, 1998; Pisek et al., 2013),
and this unique in situ based multi-angular highgeral resolution dataset may thus be used fordutu

research of canopy radiative transfedereationparameterisationand-evaluation of BRDF

(bidirectional reflectance distribution functg)rmodelling(Jacquemoud et al., 2009; Bicheron and

Leroy, 2000). The multi-angular dataset is alsdlyigaluable for evaluation and validation of skittel
based products, where the separation of view argleatmospheric effects can only be done using

radiative transfer models (Holben and Fraser, 1984)

4.2 Seasonal dynamics in hyperspectral reflectanceHCRF, NDSI and ecosystem
properties

4.2.1 Biomass

The strong correlation between biomass @udmajority mosof thereflectancespectrum indicates the
strong effects of phenology on the seasonal dyremithereflectanceHCRBpectra (Fig. 5a).
Variability in VIS (350-700 nmjeflectanceHCRFor vegetated areas is strongly related to chamges

leaf pigments (Asner, 1998), and this can alsogle@ $n Fig. 2d since absorption was much stronger
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during the rainy (growing) season, than duringadheseasonPrevious studies have generally shown

positive relationships between NiBfleetaneeHCRINd biomass since-Fe-aveid-everheatrigrge

fraction of NIR radiation is reflected in green tieg vegetatiorto avoid overheating-ang-NIR

layerin-green-leavde.g. Hansen and Schjoerring, 2003; Asner, 1988} Hansen-and-Sehjoerring,

2003)Here Wea -genaraly-showestrong neqgative relationsipetween NIR HCRF and dry weight

biomasds generally observedFig. 5a), whereas aeingvery-differentfrom-atrong positive NIR

HCRFcorrelation with vegetation water contevds seeiffigure not shown)anincreased

biomassfound-hereThis is interesting shduld be studied further to better understanddabpective

importance of canopy water and leaf internal catlgtructure for the NIR HCRF of herbaceous

vegetation characterised by erectophile leaf adigligibution (LAD). Several-studies-have-shewn-that

{e-g—Psemas-etal—2011-Asner-1998¢ found the strongest correlation for biomass wiBWIR

wavelength thereby confirming the studies by Lé#@) and Psomas et al. (2011) in that SWIR

wavelengths are good predictors of LAl or biomass.

The NDVI is known to saturate at high biomassaose the absorption of red light &78 680nm
reaches-a-peaksaturasgsigher biomass loads whereas the MifectaneceHCRIEontinues to
increase due to multiple scattering effects (Mutaagd Skidmore, 2004; Jin and Eklundh, 2014).
Several studies have shown that NDSI computed mathowbandeflectaneceHCREmprove this

relationshipby choosing a wavelength region not as closedarthximum red absorption at ~680,nm

for example using shorter and longer wavelengthibefed edge (700 - 780nm) (Cho et al., 2007,

Mutanga and Skidmore, 2004; Lee, 2004), and NIR&WIR wavelengths (Psomas et al., 2011; Lee,
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2004). The NDSI with the strongest correlation mnfiass was computed using red edge
reflectanceHCRKp7os) and greemeflectaneeHCRKpss7). Vegetation stress and information about
chlorophyll and nitrogen status of plants can bieaexed from the red-edge region (Gitelson et al.,
1996)- Wavelengths aroungkso are located right at the peak of green reflectiod closely related to
the total chlorophyll content, leaf nitrogen conteand chlorophyll/carotenoid ratio and have

previously been shown to be closely related to lssr(Inoue et al., 2008; Thenkabail et al., 2012).

4.2.2 Gross primary productivity

The maximum absorption in the red wavelengths gelyasccurs at 682 nm as this is the peak
absorption for chlorophyll a and b (Thenkabaillet2000), and this was also the wavelength being
most strongly correlated with GPReflectanceHCRIAt 682 nm was previously shown to be strongly
related to LAI, biomass, plant height, NPP, ancgdsge discrimination (Thenkabalil et al., 2004;
Thenkabail et al., 2012). The NDSI with the strastgelationship to GPP was based on
reflectanceHCRIN the vicinity of the green peak. The photocheahieflectance index (PRI)
normalizeseflectanceHCRIRt 531 nm and 570 nm and it was suggested foctiaeof diurnal
variation in the xanthophyll cycle activity (Gamenal., 1992), and it is commonly used for estinmti
productivity efficiency of the vegetation (e.g. $ani et al., 2014)The present study thereby confirms
the strong applicability of the wavelengths in thanity of the green peak for vegetation produityiv
studies. Again, wavelengths around the green pesatetated to the total chlorophyll content, leaf

nitrogen content, chlorophyll/carotenoid ratio, dnomass (Inoue et al., 2008; Thenkabail et all, 220

4.2.3 Light use efficiency

Both LUE and GPP were most strongly correlated wathkeetaneeHCRRt 761 nm, which is the

oxygen A-band within the NIR wavelength®eflectanceHCRIRt 761 nm is commonly used for
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922 estimating solar-induced chlorophyll fluorescenae tb radiation emitted by the chlorophyll, and it
923 | has been suggested as a direct measure of heslih of the vegetation (Meroni et al., 2009.
924

925 | earben-assimilation{Entcheva-Campbell-etal20B&rth observation data for estimating
926 | fluorescence should have very high spectral reolgt10 nm)-(6-05-6-1-nrdue to its narrow

927 features, but considering the rapid technical dgwekent within sensors for hyperspectral

928 measurements, fluorescence possibly has strontigaigaotential for monitoring vegetation status
929 (Meroni et al., 2009; Entcheva Campbell et al.,80Globally mapped terrestrial chlorophyll

930 fluorescence retrievals are already produced fleerGOME-2 instrument at a spatial resolution of
931 0.5°%0.5°, but hopefully this will be availablealsith EO sensors of higher spatial and temporal
932 resolution in the future (Joiner et al., 2013).

933 The strongest wavelength combinations for esiirgd_.UE for this semi-arid ecosystem was

934 NDSI[688, 435]. The 688 nm wavelength is just & lase of the red edge region, again indicating the
935 importance of this spectral region for estimatihgiosynthetic activity. The wavelength at 435 nm is
936 at the center of the blue range characterized lmyaphyll utilization, and strongly related to

937 chlorophyll a and b, senescing, carotenoid, losshtfrophyll, and vegetation browning (Thenkabail e
938 al., 2004; Thenkabail et al., 2012). The NDSI[6885] thereby explores the difference between

939 | information about chlorophyll conterind information about senescence ofithgetationcanopy

940 | which should be a good predictorafosystem levgdhotosynthetic efficiency.

941 | 4.2.4 Fraction of photosynthetically active radiation absorbed by the vegetationFARAR

942 FAPAR is an estimate of radiation absorption inghetosynthetically active spectrum and thereby

943 | strongly negatively correlated to most parts ofrifectaneespectrum (Fig. 5d). FAPAR remained
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high during the dry season because of standindpidnpass that was slowly degrading over the dry
season (Fig. 2g). The seasonal dynamics in FAPAReigby strongly related to senescence of the
vegetation, which explains why FAPAR was most gjtprcorrelated to blue wavelengths ().

Several studies reported a strong relationship éatviNDVI and FAPAR (e.g. Tagesson et al., 2012;
Myneni and Williams, 1994; Fensholt et al., 20031t this relationship has been shown to vary fer th
vegetative phase and the periods of senescenage(btal., 1998; Tagesson et al., 2015b). As showed
by Inoue et al. (2008), and confirmed by this stutw indices combining blue with NIR wavelengths
could be used for estimating FAPAR for the entinenmlogical cycle. This result has implications for

studies using the LUE approach for estimating @hakgions (Hilker et al., 2008).

4.3 Outlook and perspectives

Very limited multi-angular hyperspectral in situtal@xists, even though it has been, and will cometin
to be extremely valuable for an improved understandf the interaction between ground surface
properties and radiative transfer. In this studg,have presented a unique in situ dataset of multi-
angular, high temporal resolution hyperspeciéibectanceHCRKE350-1800 nm) and demonstrated the
applicability of hyperspectral data for estimatgrgund surface properties of semi-arid savanna
ecosystems using NDSI. The study was conductepatiadly homogeneous savanna grassland,
suggesting that the results should be commonlyigdpe for this biome type. Howevettention
should be paid to site-specific details that caffdct the indices, such as species compositiah, so
type, biotic and abiotic stresses, and stand strecAdditionally, the biophysical mechanisms behin
the NDSIs are not well understood at the momert,farther studies are needed to examine the
applicability of these indices to larger regions ather ecosystemBeing a 2-band ratio approach,

NDSI does not take full advantage of exploringtilch information given by the hyperspectral

37



966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

reflectanceHCRIMeasurements. In the future, this hyperspestfctanceHCRIgata-set could be
fully explored using e.g. derivative techniques|tariate methods, and creation, parameterisation
and evaluation dbidirectionalreflectance distribution-functionsBRBnNd radiative transfer models.
Even though several other methods exists whilth éxploit the information in the hyperspectral
reflectaneespectrum, results of the present study still iniisahe strength of normalised difference
indices for extrapolating seasonal dynamics in erogs of savanna ecosystems. A number of
wavelengthsa-the-reflectanesgpectra that are highly correlated to seasonalrdigsin properties of
semiarid savanna ecosystems have been identiffedrelationships between NDSI and ecosystem
properties were better determined, or at the sawed,las results of previous studies exploring

relationships between hyperspecteflectancelCRFreflectancand ecosystem properties (Kumar,

2007; Cho et al., 2007; Mutanga and Skidmore, 26@84mas et al., 2011, Ide et al., 2010). By
studying also the impact from varying viewing atidmination geometry the feasibility and
applicability of using indices for up-scaling to Efata was evaluated. As such, the results presented
here offer insights for assessment of ecosysteepties using EO data and this information could be

used for designing future sensors for observatf@cosystem properties of the Earth.
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1221 | Tables

1222 | Table 1. Informatiomegardingabouthe sensor set-udfor the measured environmental variables. HCRF is $@mairical conical
1223 | reflectance factor; GPP is gross primary produistiiUE is light use efficiency; and FAPAR s fram of photosynthetically active
1224 | radiation absorbed by the vegetation. Min and M@&xmainimum and maximum values measured, respegtiizaV is dry weight; C
1225 | is carbon; and MJ is megajoule.

Data Aggregation Data

Variable Unit Sensors Sensor company size method gaps Min Max
Hyperspectral - Fieldspec 3 ASD Inc., Colorado, USA 371 Daily median 31% 0 1
reflectaneeHCR
E
Herbaceous gDW m™? - - 12 Daily mean - 0 223
biomass 28 plots
gcd® LI-7500, GILL R3 LI-COR Inc., Lincoln, USA; 285 Daily sums 56% -14.22 -0.22

GPP - .
— Gill instruments, Hampshire, UK
LUE gcmw?t LI-7500, GILL R3 LI-COR Inc., Lincoln, USA; 272  Daily estimates  28% 0.02 1.89
— Gill instruments, Hampshire, UK
EAPAR - Quantum SKP Skye instruments Ltd., 369 Daily averages 1% 0.07 0.77
E— 215 Llandridod wells, UK 10:00-16:00

1226

1227

46



1228 |
1229
1230
1231
1232

1233
1234

Table12. Wavelengths of theemispherical conical reflectance factaefleetanees HCRHFp;, j) used
in the normalized difference spectral indices (NOXBat generated the strongest correlations with
ecosystem propertieB\W is dry weight;FAPAR is the fraction of photosyntetically actiadration

absorbed by the vegetatioAVG is average; SD is standard deviation; RMSEobt-mean-square-

error.

Observation

Ecosystem property : P R? (AVG£SD) RMSE
Biomass_ (g DW m'zj 587 705 0.88+0.07 153459 28.44+8.7
Gross primary productivity
+ -4.3+ +
Cm2dt 518 556 0.86+0.02 4.3+4.0 1.5+0.1
Light use efficiency (g C MJ™) 688 436 0.81+0.02 0.53+0.65 0.26+0.02
FAPAR 399 1295 0.81+0.02 0.41+0.16 0.06+0.003
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towerwith-the-spectroradiometers{rigllihe map shows the location of Dahra within the $ahe
(orange area)a) Heturehotoof the footprint of the eddy covariance (EC) tow®mpicturephotoof the

EC tower; cpicturephotoof the meteorological tower with the spectroraditens; dpicturephotoof
the instantaneous field of viedetecH FOV) of the spectroradiometers during the rainy seaspn
pieturephotoof thefeteH FOV of the spectroradiometer during the beginnindhefdry season; and f)
Quickbird image from the Dahra field site from 1dp&mber 2011 showing the location of the
meteorological tower, the EC tower, the biomasspdiaug plots and the footprint of the EC
measurements. The EC footprint area is the med&m Gummulative flux distance from the eddy

covariance towefThe everviewpicturephoto®f the ECtower andts footprintand-the-picture-of-the
eddy-covariahce-towershaaretaken duringhe rainy season whereas gieture photoof the
meteorological tower shows thee dry seasontFhe-map-shows-thelocation-of Dahra-within-theebah
Lopeopeooon)
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1252

1253 Figure 2. Time series of the measured variabledady averaged air temperature (black line), amit s

1254 temperature at 0.05 m depth (grey line), b) daiiys of rainfall, c) daily average of soil moistate

1255 | 0.05 m depth, d) hyperspecttaimispherical conical reflectance facteflectaneceHCRFnormalized
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by calculating the ratio between daily mediafiectanrceHCRFor each wavelength (350-1800 nm)
and the averageflectanceHCRFor the entire measurement period, e) gross pyirperductivity

(GPP) (black dots) and ecosystem respiration (doty), f) the light use efficiency (LUE), and ggth
fraction of photosynthetically active radiation aldsed by the vegetation (FAPAR). The black vertical
lines are the start and end of the rainy seasass éhd final day of rainfall)The gaps are caused by
technical issues due to loss of power supply, br@ensors or filtering of data due to bad weather
conditions.
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Figure 3. The coefficient of variation (COV), itbe ratio between daily standard deviation and the
daily mean (measurements taken between 8:00 af@)1&or differenthormalised difference spectral
index (NDSI) wavelength;(;) combinations for 12 days at the peak of the gnoveieason 2011 (day of
year 237-251; n&76). The COV indicates how strongly the NDSI dfeaed by variable sun angles
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1270
1271 | Figure 4. The anisotropy factor (ANIF) for diffeterormalised difference spectral indeNOISI)

1272 wavelength;(j) combinations for 15 days at the peak of the gnoveieason 2011 (day of year 237-251)
1273 for the different sensor viewing angles: a) 15°309, and c) 45°. The sensor is pointing east agst w
1274 in the lower left and upper right corners of ealdt,pespectively. In order not to include effeofs

1275 solar zenith angles in the analysis, only data orealsbetween 12:00 and 14:00 were used in the ANIF
1276 | calculations (n=8).
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1279
1280 Figure 5. Median correlation coefficient (1 stardideviation) between seasonal dynamics in

1281 | hyperspectrahemispherical conical reflectance fact@reflectareeHCRF2011-2012 and a) dry
1282  weight biomass (n=12; g'f), b) gross primary productivity (GPP) (n=285; gi&y"), c) light use
1283 efficiency (LUE) (n=272; g C MY, and d) fraction of photosynthetically activeieibn absorbed by
1284 the vegetation (FAPAR) (n=369).
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Figure 6. Coefficient of determination {Fbetweemormalised difference spectral indeNDSI) and

a) dry weight biomass (n=12; g4 b) gross primary productivity (GPP) (n=285; gi&/"), c) light

use efficiency (LUE) (n=272; g C MY, and d) fraction of photosynthetically active iegibn

absorbed by the vegetation (FAPAR) (n=369). Thesupight half of each image shows the unfiltered
R? values, whereas the lower left half shows filteRédbased on the filtering criteria described under
Subsect. 2.6.
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Figure 7. The least square linear regressionstivélstrongest relationships betweenrthemalised
difference spectral indeXNDSI) and a) dry weight biomass, b) gross primary pradig (GPP), c)
light use efficiency (LUE), and d) fraction of plsinthetically active radiation absorbed by the
vegetation (FAPAR). In the equations, the slopeiatetcepts (+1 standard deviation) is given.
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