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Abstract. It has been shown that vegetation growth in seidi4@gions is important for the variability of tigdobal
terrestrial CQ sink, which indicates the strong need for improuaderstanding, and spatially explicit estimate€ 0§
uptake (gross primary production (GPP)) in semd-aecosystems. This study has three aims: 1) touatelthe
MOD17A2H GPP (collection 6) product against eddyartance (EC) based GPP for six sites across thelS2) to
characterise relationships between spatial and deshpvariability in EC based photosynthetic capad,,) and
guantum efficiencyd) and earth observation (EO) based vegetation ésd{oormalized difference vegetation index
(NDVI); renormalized difference vegetation indexD¥); enhanced vegetation index (EVI); and shortevanfrared
water stress index (SIWSI)); and 3) to study thpliaability of EO up-scaled & ando for GPP modelling purposes.
MOD17A2H GPP (collection 6) underestimated GPPrgflyy most likely because maximum light use efficig is set
too low for semi-arid ecosystems in the MODIS aiidpon. Intra-annual dynamics in,ffwas closely related to SIWSI
being sensitive to equivalent water thickness, when was closely related to RDVI affected by chlorophyl
abundance. Spatial and inter-annual dynamicsinafda were closely coupled to NDVI and RDVI, respectel
Modelled GPP based on,janda up-scaled using EO based indices reproduced uinGRP well for all except a
cropped site that was strongly impacted by anthgepi land use. Up-scaled GPP for Sahel 2001-2G4486+39 g
C m?y™. This study indicates the strong applicabilitye®® as a tool for spatially explicit estimates of G, ando;
incorporating EO-based,franda in to dynamic global vegetation models could inyerglobal estimates of vegetation

production, ecosystem processes and biogeochearidahydrological cycles.



38
39

40

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

Keywords: Remote sensingaross Primary Productivity, MOD17A2H, light useieiéncy, photosynthetic capacity,

guantum efficiency

1 Introduction

Vegetation growth in semi-arid regions is an impottsink for fossil fuel emissions. Mean carbonxie (CQ)
uptake by terrestrial ecosystems is dominated bhlhiproductive lands, mainly tropical forests, wndes semi-arid
regions are the main biome driving its inter-annaiability (Ahlstrom et al., 2015; Poulter et,a2014). Semi-arid
regions even contribute to 60% of the long termdra the global terrestrial C sink (Ahlstrom et, &015). It is thus
important to understand long-term variability of ge¢ation growth in semi-arid areas and their respoio
environmental conditions to better quantify ancef@st effects of climate change.

Sahel is a semi-arid transition zone betweenlthieSahara desert in the North and the humid Sadaavanna in the
South. The region has experienced numerous severgtis during the last decades that resulted gionewide
famines in 1972-1973 and 1984-1985 and localized fshortages across the region in 1990, 2002, 22004, and
2012 (Abdi et al., 2014; United Nations, 2013). ¥&gion production is thereby an important ecosgsservice for
livelihood in Sahel, but it is under threat. Thgiom experiences a strong population growth, irgirepthe demand on
ecosystem services due to cropland expansion,asetepasture stocking rates and fuelwood extra¢Abudi et al.,
2014).

At the same time as we have reports of declimggetation production, we have contradicting repof greening of
the Sahel based on earth observation (EO) datadéDat al., 2014; Fensholt et al., 2013). The gregonf Sahel has
mainly been attributed to alleviated drought stresaditions due to increased precipitation since thid-1990s
(Hickler et al., 2005). Climate is thus another artant factor regulating vegetation production. Sard regions, such
as Sahel, are particularly vulnerable to climatetfiations due to their dependency to moisture itiond.

Estimation of gross primary production (GPR), uptake of atmospheric GOy vegetation, is still a major challenge
within remote sensing of ecosystem services. Gpagsary production is a main driver of ecosystenvises such as
climate regulation, carbon (C) sequestration, Cagpe, food production, or livestock grassland potida. Within EO,
spatial quantification of GPP generally involveghli use efficiency (LUE), defined as the conversafficiency of
absorbed solar light into GQiptake (Monteith, 1972, 1977). It has been shdva LUE varies in space and time due
to factors such as plant functional type, droughd d&emperature, nutrient levels and physiologidaitations of
photosynthesis (Garbulsky et al., 2010; Paruelal.e2004; Kergoat et al., 2008). The LUE conceg heen applied
using various methods, either by using a biomeifipecUE constant (Ruimy et al., 1994), or by madifg a
maximum LUE using meteorological variables (Runrehgl., 2004).

An example of an LUE based model is the standaRP product from the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor (MOD17A2). Withhre model, absorbed photosynthetically active tailia
(PAR) is estimated as a product of the fractionP&fR absorbed by green vegetation (FPAR from MODJ5A2
multiplied with daily PAR from the meteorologicahté of the Global Modeling and Assimilation Offi@MAQ). A
set of maximum LUE parameters specified for eadmiei are extracted from a Biome Properties Look-dbl&
(BPLUT). Then maximum LUE is modified depending aim temperature (J;) and vapor pressure deficit (VPD)
(Running et al., 2004). Sjostrom et al. (2013) eatdd the MOD17A2 product (collection 5.1) for Afj and showed
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that it underestimated GPP for semi-arid savarm&sahel. Explanations for this underestimation vileat the assigned
maximum LUE from BPLUT was set too low and uncenttias in the FPAR (MOD15A2) product. Recently, avne
collection of MOD17A2 at 500 m spatial resolutioasweleased (MOD17A2H; collection 6) with an updaB&®LUT,
updated GMAQO meteorological data, improved quationtrol and gap filling of the FPAR data from MO®Y2
(Running and Zhao, 2015).

It has been shown that the LUE method does edopn well in arid conditions and at agricultusiies (Turner et
al., 2005). Additionally, the linearity assumed thyee LUE model is usually not found as the respaofs&PP to
incoming light follows more of an asymptotic curg@annell and Thornley, 1998). Investigating othestimods for
remotely determining GPP is thus of great imporarespecially for semi-arid environments. Therefamstead of
LUE we focus on the light response function of GRanopy scale, and spatial and temporal variatiots two main
parameters: maximum GPP under light saturationof@giscale photosynthetic capacity,J and the initial slope of
the light response function (canopy-scale quantdfitiency; o) (Falge et al., 2001; Tagesson et al., 2015a).
Photosynthetic capacity is a measure of the maximate at which the canopy can fix €@Quring photosynthesis
(umol CO, mi? s*) whereas: is the amount of C&fixed per incoming PARymol CO, umol PAR?). Just to clarify the
difference in LUE andh in this study; LUE gmol CO, umol APAR?Y) is the slope of a linear fit between Captake
and absorbed PAR, whereas(umol CQO, umol PAR?Y) is the initial slope of an asymptotic curve agaimcoming
PAR.

It has been proven thag,Fando are closely related to chlorophyll abundance dutheir coupling with the electron
transport rate (Ide et al., 2010). Additionally,semi-arid ecosystems water availability is gemgrabnsidered to be
the main limiting factor affecting intra-annual dymics of vegetation growth (Fensholt et al., 20@&kler et al.,
2005; Tagesson et al., 2015b). Several remotergpssiidies have established relationships betwesotely sensed
vegetation indices and ecosystem properties suchlasophyll abundance and equivalent water thiskng’oder and
Pettigrew-Crosby, 1995; Fensholt and Sandholt, P0@3this study we will analyse if EO vegetatiardices can be
used for up-scalingds anda and investigate if this could offer a promisingywa map GPP in semi-arid areas. This
potential will be analysed by the use of detailedugd observations from six eddy covariance (EG) fower sites
across Sahel.

The three aims of this study are:

1) To investigate if the recently released MOD17A2HRGEollection 6) product is better at capturing GéxP
Sahel than collection 5.1. We hypothesise that MOAPH GPP (collection 6) product will estimate GP&llw
for the six Sahelian EC sites, because of majangbs done in comparison to collection 5.1 (Rupaind
Zhao, 2015).

2) To characterize the relationships between spatigt@emporal variability in & anda and remotely sensed
vegetation indices. We hypothesise that EO vegetatidices that are closely related to chlorophyll
abundance will be most strongly coupled with spatial inter-annual dynamics inganda, whereas
vegetation indices closely related to equivalertewthickness will be most strongly coupled witkrérannual
dynamics in ky, ando across Sahel.

3) To evaluate the applicability of a GPP model bamethe light response function using EO vegetatidices

and incoming PAR as input data.
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2 Materials and Methods

2.1 Site description

The Sahel stretches from the Atlantic Ocean invtbst to the Red Sea in the east. The northern btodards Sahara
and the southern border towards the humid Sud&@aaanna are defined by the 150 and 700 mm isohgsisectively
(Fig. 1) (Prince et al., 1995). Tree and shrub pgrmover is now generally low (< 5%) and dominabsgdspecies of
Balanites, Acacia, Boscia and Combretaceae (Rietkerk et al., 1996). Annual grasses sucltsdmenefeldia gracilis,
Dactyloctenium aegypticum, Aristida mutabilis, and Cenchrus biflorus dominate the herbaceous layer, but perennial
grasses such #@sdropogon gayanus, Cymbopogon schoenanthus can also be found (Rietkerk et al., 1996; de Ridde
al., 1982). From the FLUXNET database (Baldocchalet2001) we selected the six available measunésites with
EC based C®flux data from Sahel (Table 1; Fig. 1). The sitegresent a variety of ecosystems present in gieng
from dry fallow bush savanna to seasonally inurdlaigacia forest. For a full description of the nugasent sites, we
refer to Tagesson et al. (2016a) and referenc&alite 1.

<Table 1>

<Figure 1>

2.2 Data collection

2.2.1 Eddy covariance and hydrometeorological in &i data

Eddy covariance and hydrometeorological data oaiig from the years between 2005 and 2013 weteatet from
the principal investigators of the measuremensgiieagesson et al., 2016a). The EC sensor setngsted of open-
path CGQ/H,0 infrared gas analysers and 3-axis sonic anemosnddata were collected at 20 Hz rate and stadistic
were calculated for 30-min periods. For a full dgson of sensor set up and post processing of daa, see
references in Table 1. Final fluxes were filteredading to quality flags provided by FLUXNET andtieers were
filtered according to Papale et al. (2006). We antied the original net ecosystem exchange (NEB wdihout any
gap-filling or partitioning of NEE to GPP and ecse®m respiration. The collected hydrometeorologizdh were: air
temperature (3; °C), rainfall (P; mm), relative air humidity (RB®), soil moisture at 0.1 m depth (SWC; % voluneetri
water content), incoming global radiationg(RV m?), incoming photosynthetically active radiation ®Awmol m? s
), VPD (hPa), peak dry weight biomass (g dry weigif), C3/C4 species ratio, and soil conditions (nieogind C

concentration; %). For a full description of cotlett data and sensor set-up, see Tagesson et H.a()20

2.2.2 Earth Observation data and gridded ancillarydata

Composite products from MODIS/Terra covering Salkete acquired at Reverb ECHO (NASA, 2016). Coddct
products were GPP (MOD17A2H; collection 6), nadidifectional reflectance distribution function asfed
reflectance (NBAR) (8-day composites; MCD43A4; eotion 5.1) at 500*500 frspatial resolution, the normalized
difference vegetation index (NDVI) and the enhancedjetation index (EVI) (16-day composites; MOD13Q1
collection 6) at 250*250 mspatial resolution. The NBAR product was prefermeer the reflectance product
(MODO09AL1), in order to avoid variability caused bgrying sun and sensor viewing geometry (Huberl.et2@14;
Tagesson et al., 2015c). We extracted the medi@xdpixels centred at the location of each EC towWene series of
EO products were filtered according to MODIS quatibntrol data; MOD17A2H is a gap-filled and fiker product,
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QC data from MCD43A2 were used for filtering of M@BA4; and bit 2-5 (highest —decreasing quality) wasd for
MOD13QL1. Finally, data were gap-filled to daily was using linear interpolation.

We downloaded ERA Interim reanalysis PAR atghsund surface (W i) with a spatial resolution of 0.25°x0.25°
accumulated for each 3-hour period 2000-2015 frbm European Centre for Medium-Range Weather Faecas
(ECMWEF) (Dee et al., 2011; ECMWF, 2016a).

2.3 Data handling
2.3.1 Intra-annual dynamics in photosynthetic capaty and quantum efficiency
To estimate daily values of EC baseg &ndo, the asymptotic Mitscherlich light-response fuantivas fitted between
daytime NEE and incoming PAR using a 7-day movimgdew with a 1-day time step:
e
NEE=-(Fp)x(1-e ™ /)+R, )

where Fy is CQO, uptake at light saturation (photosynthetic capacitmol CO, m?s"), Ry is dark respiration
(umol CO, m? s%), anda is the initial slope of the light response curgeigntum efficiencypmol CO, pmol PARY)
(Falge et al., 2001). By subtracting fRom Eq. 1, the function was forced through zerd &PP was thereby estimated.
To assure high quality of fitted parameters, patamewere excluded from the analysis when fittiraswnsignificant
(p-value>0.05), and when they were out of rangg éhda >peak value of the rainy season times 1.2). Addéily,
outliers were filtered following the method by Plpat al. (2006) using a 30-day moving window watli-day time
step.

2.3.2 Vegetation indices
The maximum absorption in red wavelengths genealburs at 682 nm as this is the peak absorptiooHi@rophyll a
and b (Thenkabail et al., 2000), which makes vdigetandices that include the red band sensitiveetirophyll
abundance. By far the most common vegetation imglBdDVI (Rouse et al., 1974):

— (pNIR_pred)
NoVI= (Pair* Prea) @)
wherepyr is the reflectance factor in near infrared (NIRpO (band 2) ang..qis the reflectance factor in the red band
(band 1). Near infrared radiance is reflected baf leells since absorption of these wavelengths avaabult in
overheating of the plant whereas red radianceseraled by chlorophyll and its accessory pigmentt€&et al., 1965).
Normalization is done to reduce effects of atmospherrors, solar zenith angles, and sensor viewggmgmetry, as well
as increasing the vegetation signal (Qi et al. 419%ue et al., 2008).

A well-known deficiency of NDVI is problems afidex saturation at high biomass because absorptioed light at
~670 nm peaks at higher biomass loads whereas @fléttance continues to increase due to multipdtedng effects
(Mutanga and Skidmore, 2004; Jin and Eklundh, 20B¢)reducing atmospheric and soil background ariees, EVI
is designed to increases the signal from the végatand maintain sensitivity in high biomass regiqHuete et al.,
2002).

EVI=G (pNIR_pred)
(pNIR+CJpred_ C2pblue+ L) 3
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wherepye is the reflectance factor in the blue band (bandBe coefficients &6 and G=7.5 correct for atmospheric
influences, while L=1 adjust for the canopy backom. The factor G=2.5 is a gain factor.

Another attempt to overcome problems of NDVlusation was proposed by Roujean and Breon (199%) wh
suggested the renormalized difference vegetatidexrfRDVI) that combines advantages of DVI (NIRjradd NDVI

for low and high vegetation cover, respectively:

RDVI :w (4)

v (pNIR+pred)

As a non-linear index, RDVI is not only less semsitto variations in geometrical and optical prdsr of unknown
foliage but also less affected by solar and viewgagmetry (Broge and Leblanc, 2001). RDVI was dalted based on
NBAR bands 1 and 2.

The NIR and SWIR bands are affected by the sgroand properties, except that SWIR bands are stismgly
sensitive to equivalent water thickness. Fenshoit Sandholt (2003) proposed a vegetation index,sti@twave
infrared water stress index (SIWSI), using NIR &WIR bands to estimate drought stress for vegetaticemi-arid
environments:

SIWS, = (pNIR_pSWIR:Lz) )
PNIR T Pswir2

SIWSk = (PNlR _Pswmle) ©6)
(ENIR"'pSWIRls)
where pgyiri2 IS NBAR band 5 (1230-1250 nm) apgliris is NBAR band 6 (1628-1652 nm). As the vegetatiatew

content increases, reflectance in SWIR decreasksating that low and high SIWSI values point tdfisient water

conditions and drought stress, respectively.

2.3.3 Incoming PAR across Sahel

A modified version of the ERA Interim reanalysis RAvas used in the current study as an error irttige producing
these PAR estimates was identified by the datailligbr causing PAR values to be too low (ECMWF1&6).
Accordingly, incoming PAR at the ground surfacenfr&RA Interim was systematically underestimatechetbeugh it
followed the pattern of PAR measured at the sixeBah EC sites (Fig. S1 in supplementary material)order to
correct for this error, we fitted and applied adioary least square linear regression betweentinBAR and ERA
Interim PAR (Fig. S1). The produced PAR from thétationship is at the same level as in situ PAR €malld be at a
correct level even though the original ERA InteAR is actually produced from the red and neaanefd part of the

spectrum.

2.4 Data analysis

2.4.1 Coupling temporal and spatial dynamics in phtwsynthetic capacity and quantum efficiency with
explanatory variables

The coupling between intra-annual dynamicsjn&nda and the vegetation indices for the different measient sites
were studied using Pearson correlation analysigpaksof the correlation analysis, we used bogtssienulations with

200 iterations from which mean and standard denatif the correlation coefficients were calculat®ichter et al.,



222 2012). Relationships between intra-annual dynaimi¢s,; ande and the vegetation indices for all sites combiwede
223  also analysed. In the analysis for all sites, datee normalised in order to avoid influence of Edaind inter-annual
224 variability. Time series of ratios ofyfrand o (Fopt_irac@Nd ora) @gainst the annual peak valuegy(Fea@nd opeas S€€

225  below for calculation of annual peak values) westineated for all sites:

E
226 I:opt_frac = Fo—pt (7)
opt_peak
o
227 Ofrgc = —— (8)
0Lpeak

228  The same standardisation procedure was used foegdtation indices (\ko):

Vi
229 Vlfrac R — (9)
Vi peak

230  where V]eqis the annual peak values of the vegetation irsdftd days running mean with highest annual vallieg.

231  coupling betweeny,. and By racand the different il were examined using Pearson correlation analgsialff sites.

232 Regression trees were used to fill gaps in #ily @stimates of §;; anda. One hundred tree sizes were chosen based
233 on 100 cross validation runs, and these trees there used for estimating,franda following the method in De'ath
234  and Fabricius (2000). We used SWC, VPR, PAR, and the vegetation index with strongesteadation with intra-
235 annual dynamics as explanatory variables in théysisaln the analysis for all sites, the same ddadisation procedure
236  as done for k&, a, and the vegetation indices was done for the hyéteorological variables. The 10Q,fanda output

237  subsets from the regression trees were averagedsauifor filling gaps in the times series @f;fanda. From these
238  time-series we estimated annual peak values,pBRdo (Fopt peak@Ndogea) as the 14-day running mean with highest
239  annual value. To investigate spatial and inter-ahmariability in Fp anda across the measurement sites of the Sahel,
240  Fopt peakand opeax Were correlated with the annual sum of P, yeargans of T, SWC, RH, VPD, R annual peak
241  values of biomass, soil nitrogen and C conceninati€3/C4 ratio, and Wlausing Pearson linear correlations.

242

243  2.4.2 Parameterisation and evaluation of the GPP ndel and evaluation of the MODIS GPP

244  Based on Eg. 1 and outcome of the statistical aislyreviously described under subsection 2.4.1 résults see
245  subsect. 3.2), a model for estimating GPP across|Ses created:

(—aXPAR]
246  GPP=-Fx(l-e ™ /) (10)

247  Firstly, Ry peak@Ndapeac Were estimated spatially and inter-annually usingar regression functions fitted against the
248  vegetation indices with strongest relationshipspatial and inter-annual variability indpeak@nd opeax for all sites.
249  Secondly, exponential regression functions weraltished for By frac @and ogac With the vegetation index with the
250  strongest relationships to intra-annual variabitityp: irac andagacfor all sites. By combining these relationshipg, F

251 anda can be calculated for any day of year and for@uigt in space across Sahel:
I £op*RDVl g5
252 I:opt = Fopt_peal%( I:opt_frac: (kFopt>< NDVI peak+ mFopt)(nFopt>< e( o ! )) (11)

253 0= OpegX g = (k,xRDVI veakct ma)(nux ellxRoV! "ﬂc)) (12)
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where ko and k are slopes and gy and m are intercepts of the linear regressions givigg feak@ndopea
respectively; doprand |, are coefficients andeg, and y are intercepts of the exponential regressionsgifp; sacand

afrae FESPeEctively. Equation 11 and 12 were insertenlBy. 10 and GPP were thereby estimated as:

_(apeal?(afrac)xPAR]

[ FoptpeatF I opXRDVI
GPP= _(Fopt_peakx Fopt_frac)x (1-e st J 2 (k Fopt™ NDVI peaict Mgt )(n Fopt™ e( S ))

—(quRDVIpeak+mq)(naxe('“xRDV'ffaC))XPAR (13)
x l_e (kFoplxNDV| peak+mF0pt)(IFopthDVIfrac+nFopl) )

A bootstrap simulation methodology with 200 ditisns was used when fitting the least-square ss@ye functions
for parameterisation of the GPP model (Richterlgt2®12). For each of the iterations, some of Bt sites were
included and some were left-out. The bootstrap kitimns generated 200 sets @fds Ky, Meopy Muy lropy lar Neops Mis
and coefficient of determination fR from which the medians and the standard deviatiwere estimated. Possible
errors (e.g. random sampling errors, aerosolstralatsensor noise, filtering and gap-filling enspclouds, and satellite
sensor degradation) can be present in both thégiwednd the response variables. Hence, we seleettuced major
axis regressions to account for errors in bothiptedand response variables when fitting the regjom functions. The
regression models were validated against the lgfisites within the bootstrap simulation methodglby calculating
the root-mean-square-error (RMSE), and by fittimgoadinary least squares linear regression betweeatelled and
independent variables.

Similarly, the MODIS GPP product (MOD17A2H, adtion 6) was evaluated against independent GRR thhe EC

sites by calculating RMSE, and by fitting an ordinkeast squares linear regression.

3 Results

3.1 Evaluation of the MODIS GPP product

There was a strong linear relationship betweerMdIS GPP product (MOD17A2H; collection 6) and ipgadent
GPP (slope=0.17; intercept=0.11 g C*mi™*; R?=0.69; n=598). However, MOD17A2H strongly undenmestied
independent GPP (Fig. 2) resulting in high RMSB$2y C nt¥ d%). It can be seen that some points for the Kelre si
were quite low for MOD17A2H, whereas they were tigeily high for the independent GPP (Fig. 2). Kelimaan
inundated Acacia forest located in a clay soil dspion. These differentiated values were fountiénbieginning of the
dry season, when the depression was still inundatbdreas the larger area was turning dry.

<Figure 2>

3.2 Intra-annual dynamics in photosynthetic capacit and quantum efficiency

Intra-annual dynamics inyf; anda differed in amplitude, but were otherwise simiaross the measurement sites in
Sahel (Fig. 3). There was no green ground vegetatioing the dry season, and the low photosyntleattivity was
due to few evergreen trees. This resulted in lowes for both F anda during the dry season. The vegetation
responded strongly to rainfall, and botf);Enda increased during the early phase of the rainycseasenerally, B
peaked slightly earlier than(averagex 1 standard deviation: 7+10 days) (Big. 3

<Figure 3>
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All vegetation indices described well intra-aahdynamics in Fy for all sites (Table 2). SIW@l had the highest
correlation for all sites except Wankama Millet, exd it was RDVI. When all sites were combined, iatlices
described well seasonality ik but RDVI had the strongest correlation (Table 2).

Intra-annual dynamics mwere also closely coupled to intra-annual dynarmdbe vegetation indices for all sites
(Table 2). Forn, RDVI was the strongest index describing intratedrynamics, except for Wankama Fallow where it
was EVI. When all sites were combined all indicesatibed well intra-annual dynamicsdnbut RDVI was still the
index with strongest relationship (Table 2).
<Table 2>

The regression trees used for gap-filling exmdi well the intra-annual dynamics ig,fanda for all sites (Table 3;
Fig. S2 in Supplementary material). The regressiees explained intra-annual dynamics jg Better than iru, and
multi-year sites were better predicted than sirygler sites (Fig. S2). The main explanatory variglgleupled to intra-
annual dynamics inds for all sites across Sahel were in the order oVRIBWC, VPD, T,, and PAR; and foa they
were RDVI, SWC, VPD and j (Table 3). The strong relationship to SWC and VIRBidates drought stress during
periods of low rainfall. For all sites across Salmtorporating hydrometeorological variables irms®ed the ability to
determine intra-annual dynamics in,fand o compared to the ordinary least squares linearessgins against
vegetation indices (Table 2, data giverra$able 3; Fig. 3 and Fig. S2). For all sites, inavgtion of these variables
increased Rfrom 0.81 to 0.87 and from 0.74 to 0.84, fgg:&ndo respectively.
<Table 3>

3.3 Spatial and inter-annual dynamics in photosyntatic capacity and quantum efficiency

Large spatial and inter-annual variability igyfpeakand apeax Were found across the six measurement sites ielSah
Fopt peakfanged between 104imol CO, m? s* (Wankama Millet 2005) and 504mol CO, m? s* (Dahra 2010), and
opeak ranged between 0.030mol CQ, umol PAR" (Demokeya 2007) and 0.06dnol CO, umol PAR* (Dahra 2010)
(Table 4). The average two week running mean pedkes of Gando for all sites were 26.4mol CG; m?s! and
0.040pumol CO, umol PAR?, respectively. All vegetation indices determineellvgpatial and inter-annual dynamics in
Fopt_peak@Ndopeak (Table 5). NDVje.Was most closely coupled withgepeawhereas RDViacWas closest coupled with
Opeak (Fig. 4). Bt peakallso correlated well with peak dry weight biomaSs;ontent in the soil, and RH, wheregs.x
also correlated well with peak dry weight biomasg] C content in the soil (Table 5).

<Table 4>

<Table 5>

<Figure 4>

3.4 Spatially extrapolated photosynthetic capacityguantum efficiency, and gross primary production &ross
Sahel and evaluation of the GPP model

The spatially extrapolated,f; o and GPP averaged over Sahel for 2001-2014 werg+P2Z. pmol CG; m?s?,
0.030+0.002umol CO, pmol PAR?, and 736%39 g C iy, respectively. At regional scale it can be seet By, a,
and GPP decreased substantially with latitude (5jgHighest values were found in south-easterre@ain western
Mali, in parts of southern Sudan and on the bole#ween Sudan and South Sudan. Lowest values wene falong

the northernmost parts of Sahel on the border ba@ain Mauritania, in northern Mali, and in norih&liger.
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Modelled GPP was similar to independent GPP werame, and there was a strong linear relationbkipveen
modelled GPP and independent GPP for all sites @igable 6). However, when separating the evalndietween
measurement sites, it can be seen that the mopleldeced some sites better than others (Fig. 7teT@bh Wankama
Millet was generally overestimated whereas the rhaaeked well on average for Demokeya but undenestéd high
values (Fig. 7; Table 6). Variability of indepentl&PP at the other sites was well reproduced byrbdel (Fig. 7;
Table 6). The final parameters of the GPP model (B} are given in Table 7.
<Figure 5>
<Figure 6>
<Figure 7>
< Table 6>
< Table 7>

4 Discussions

Our hypothesis that vegetation indices closelyteeldo equivalent water thickness (SIWSI) wouldrnbaest strongly
coupled with intra-annual dynamics ig,fanda was not rejected forgf, since this was the case for all sites except for
Wankama Millet (Table 2). However, our hypothesaswejected foua, since it was more closely related to vegetation
indices related to chlorophyll abundance (RDVI &\d). In Sahel, soil moisture conditions in the lgaainy season
are important for vegetation growth and during thigase vegetation is especially vulnerable to drbugnditions
(Rockstrom and de Rouw, 1997; Tagesson et al., @0Wbow et al., 2013)Photosynthetic capacity {f peaked
earlier in the rainy season thamlid (Fig. 3), thereby explaining the close relasibip of k5 to SIWSI. Leaf area index
increased over the growing season and leaf arex iisdclosely coupled with vegetation indices mdiato chlorophyli
abundance (Tagesson et al., 2009). The incredsafiarea index increased canopy level quanturaiefity ¢), which
thereby explains the closer relationshipdd RDVI.

Our hypothesis that vegetation indices closelsted to chlorophyll abundance would be most giisoooupled with
spatial and inter-annual dynamics iganda was not rejected for eithegdror o; NDVI, EVI, and RDVI all had close
correlation with spatial and inter-annual dynaniitg,,; ando (Table 5). However, it was surprising that NRQMLhad
the strongest correlation with spatial and intemsal variability for ,:(Table 5). Both EVI and RDVI should be less
sensitive to saturation effects than NDVI (Huetealet 2002; Roujean and Breon, 1995), and basethient can be
assumed that peak values of these indices showikel $teonger relationships to peak values gf &da. However,
vegetation indices with a high sensitivity to chesgn green biomass at high biomass loads, getséssitive to green
biomass changes at low biomass loads (Huete eR@D2). Peak leaf area index for ecosystems actabel is
generally ~2 or less, whereas the saturation isfublDVI generally starts at an leaf area index bba 2-5
(Haboudane et al., 2004).

The Ry peakeStimates from Agoufou, Demokeya, and the Wankaites were similar whereas Dahra and Kelma
values were high in relation to previously reportesiopy-scale f peacfrom Sahel (~-8 to -2@mol m? sec') (Hanan
et al., 1998; Merbold et al., 2009; Moncrieff et 4997; Boulain et al., 2009; Levy et al., 19979n¢eny et al., 1997).
These previous studies reported much lowgreft canopy scale than at leaf scale (e.g. Levy.€1887): 10 vs. 44mol
m? sec’; Boulain et al. (2009): 8 vs. 50mol m? sec’). Leaf area index at Dahra and Kelma peaked anfd12.7,

respectively (Timouk et al., 2009; Tagesson et2f115a), and it was substantially higher than atahove-mentioned
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sites. A possible explanation to high,Festimates at Dahra and Kelma could thereby behithteer leaf area index.
Tagesson et al. (2016b) performed a quality chddke EC data due to the high net £éxchange measured at the
Dabhra field site and explained the high values lopmbination of moderately dense herbaceous C4ngreagetation,
high soil nutrient availability, and a grazing mere resulting in compensatory growth and fertilaraeffects. Another
possible explanation could be that the West Afritdonsoon bring a humid layer of surface air frore ttlantic,
possibly increasing vegetation production for thestrwestern part of Sahel (Tagesson et al., 2016a).

Our model substantially overestimated GPP fonkdana Millet (Fig. 7f). Being a crop field, thigesidiffered from
the other studied sites by its species compositgaosystem structure, as well as land and vegetati@nagement.
Crop fields in southwestern Niger are generallyrabierized by a rather low production resultingniraecreased
fertility and soil losscaused by intensive land ug@appelaere et al., 2009)hese specifics of the Wankama Millet site
may cause the model parameterised with observafions the other study sites without this stronghampogenic
influence to overestimate GPP at this site. Simmiéeults were found by Boulain et al. (2009) wheplging an up-
scaling model using leaf area index for Wankamdetind Wankama Fallow. It worked well for Wankafaldow
whereas it was less conclusive for Wankama Milldte main explanation was low leaf area index inlenifields
because of a low density of millet stands due tacaljural practice. There is extensive savannarabg for food
production in Sahel (Leblanc et al., 2008; Boulkatiral., 2009; Cappelaere et al., 2009). To furtlreterstand impacts
of this land cover change on vegetation productind land atmosphere exchange processes, it igehuneed for
more study sites covering cropped areas in thisneg

In Demokeya, GPP was slightly underestimatedtieryear 2008 (Fig. 7c) because modellgd WwWas much lower
than the actual measured value in 2008 (the thiakkbline in Fig. 4). An improvement of the modelutd be to
incorporate some parameters that constrain or eehp depending on environmental stress. Indeed, theesspn
tree analysis indicated that incorporating hydraosilogical variables increased the ability to jeHoth K, ando.
On the other hand, for spatial upscaling purpoielsas been shown that including modelled hydrooretegical
constraints on LUE decreases the ability to predégietation production due to the incorporated tagey in these
modelled variables (Fensholt et al., 2006; Ma gt24l14). For spatial upscaling to regional sciléstherefore better
to simply use relationships to EO data. This igipalarly the case for Sahel, one of the largegtashd areas in the
world that includes only a few sites of hydrometdogical observations.

The pattern seen in the spatially explicit GREIdets (Fig. 5¢) may be influenced by a range oplwsical and
anthropogenic factors. The clear North-South gradie expected given the strong North-South rairfahdient in
Sahel. The West African Monsoon mentioned aboveddcalso be an explanation to high GPP values inwthstern
part of Sahel, where values were relatively higheilation to GPP at similar latitudes in the celndénad eastern Sahel
(Fig. 5¢). The areas with highest GPP are spapsylated woodlands or shrubby savanna with aivelgtdense tree
cover (Brandt et al., 2016). However, the produteghs should be used with caution as they are laseg-scaling of
the only six available EC sites that exist in thgion; especially given the issues related to thpped fields discussed
above. Still, the average GPP budget for the e@abel 2001-2014 was close to an average annualb@&dget as
estimated for these six sites (692+89 g €yi) (Tagesson et al., 2016a). The range of GPP bsidgdtig. 5¢c is also
similar to previous annual GPP budgets reportenh fobher savanna areas across the world (Veenentlahl 2004,
Chen et al., 2003; Kanniah et al., 2010; Chen.eRAall6).

11



404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437

438
439
440
441
442
443

Although MOD17A2 GPP has previously been showretatively well capture GPP in several differenbsystems
(Turner et al., 2006; Turner et al., 2005; Heinsthl., 2006; Sims et al., 2006; Kanniah et alQQ0it has been shown
to be underestimated for others (Coops et al., 2@&bremichael and Barros, 2006; Sjostrom et @132 GPP of
Sahelian drylands have not been well captured byDMIA2 (Sjostrém et al., 2013; Fensholt et al., 20@6d as we
have shown, this underestimation persists in thesiaMOD17A2H GPP (collection 6) product (Fig. Zhe main
reason for this pronounced underestimation is itimum LUE is set to 0.84 g C MJopen shrubland; Demokeya)
and 0.86 g C M3 (grassland; Agoufou, Dahra, Kelma; Wankama Miled Wankama Fallow) in the BPLUT, i.e.
much lower than maximum LUE measured at the Saheliaasurement sites of this study (average: 2.€7\MJ";
range: 1.58-3.50 g C My (Sjostrom et al., 2013; Tagesson et al., 2018a}ylobal estimate of ~1.5 g C MJ
(Garbulsky et al., 2010), and a savanna site irtrAlia (1.26 g C M3) (Kanniah et al., 2009).

Several dynamic global vegetation models havenbased for decades to quantify GPP at differeatidpand
temporal scales (Dickinson, 1983; Sellers et &897). These models are generally based on the pjmtesis model
by Farquhar et al. (1980), a model particularlys@ire to uncertainty in photosynthetic capacith&ig et al., 2014).
This and several previous studies have shown thit photosynthetic capacity and efficiency (bathnd LUE) can
vary considerably between seasons as well as Bpatiad both within and between vegetation typEanjus et al.,
2013; Garbulsky et al., 2010; Ma et al., 2014; Bage et al., 2015aYhis variability is difficult to estimate using
broad values based on land cover classes, yet models apply a constant value which can cause autesit
inaccuracies in the estimates of seasonal andaspatiability in GPP. This is particularly a prebh in savannas that
comprises several plant functional types (C3 ands@dcies, and a large variability in tree/herbaseeegetation
fractions) (Scholes and Archer, 1997)his study indicates the strong applicability of B®a tool for parameterising
spatially explicit estimates of plant physiologiealriables, which could improve our ability to silae GPP. Spatially
explicit estimates of GPP at a high temporal aratigpresolution are essential for environmentangde studies in
Sahel and make a major asset for the analysisafgegs in GPP, its relationship to climatic changg anthropogenic

forcing, and estimations of ecosystem processedimatiemical and hydrological cycles.
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Tables

Table 1.Description of the six measurement sites includdmgtion, soil type, ecosystem type and dominaetigs.

Measurement site Coordinates  Soil type Ecosystem Dominant species
Agoufolf 15.34°N, Sandy ferruginous Open woody Trees:Acacia spp., Balanites
(ML-AgG, Mali) 1.48°W Arenosol savannah (4% tree aegyptiaca,
cover) Combretum glutinosum
Herbs: Zornia glochidiata,
Cenchrus biflorus, Aristida
mutabilis, Tragus berteronianus
Dahr& 15.40°N, Sandy luvic Grassland/shrubland Trees:Acacia spp., Balanites
(SN-Dah, Senegal) 15.43°W arenosol Savanna (3% tree aegyptiaca
cover) Herbs:Zornia latifolia, Aristida
adscensionis, Cenchrus hiflorus
Demokeyéa 13.28°N,  Cambic Arenosol Sparse acacia Trees: Acacia spp.,
(SD-Dem, Sudan) 30.48°E savannah (7% tree Herbs:Aristida pallida,
cover) Eragrostis tremula, Cenchrus
biflorus
Kelmd 15.22°N, Clay soil depression Open acacia forest Trees:Acacia seyal, Acacia
(ML-Kem, Mali) 1.57°W (90% tree cover) nilotica, Balanites aegyptiaca

Wankama Fallod 13.65°N, Sandy ferruginous Fallow bush

(NE-WaPF, Niger) 2.63°E Arenosol
Wankama Millet 13.64°N, Sandy ferruginous Millet crop
(NE-WaM, Niger) 2.63°E Arenosol

Herbs:Sporobol us hevolvus,
Echinochloa colona,
Aeschinomene sensitive
Guiera senegalensis

Pennisetum glaucum

4Timouk et al., 2009)
P(Tagesson et al., 2015b)
(Sjostrém et al., 2009)
d(velluet et al., 2014)
(Boulain et al., 2009)
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Table 2. Correlation between intra-annual dynamics in phottieetic capacity (§; Fopt_irac fOr all sites), quantum efficiency;(o wac for all sites), and the different

vegetation indices for the six measurement sitegs (J. Values are averagesz1 standard deviatmm 200 bootstraping runs. The bold values arertiiees with the

strongest correlation. EVI is the enhanced vegmiaiidex, NDVI is the normalized difference vegetiatindex, RDVI is the renormalized difference vigion

index, SIWSI is the shortwave infrared water stiadex. SIWSJ, is based on the MODIS Bidirectional Reflectancstiibution Functions (NBAR) band 2 and band

5, whereas SIW${ is based on MODIS NBAR band 2 and band 6.

Measurement site

I:opl

a
EVI NDVI RDVI SIWSI;; SIWSkg EVI NDVI RDVI SIWSIy, SIWSkg

ML-AgG 0.89+0.02 0.87+0.02 0.95+0.01 -0.95+0.01 -0.93+0.02 0.92+0.02 0.91+0.01 0.96+0.01 -0.94+0.01 -0.88+0.02
SN-Dah 0.92+0.005 0.91+0.01 0.96£0.0030.96+0.004 -0.93+0.01 0.89+0.01 0.90+0.01 0.93+0.01 -0.92+0.01 -0.87+0.01
SD-Dem 0.81+0.01 0.78+0.01 0.91+0.01-0.93+0.01 -0.90+0.01 0.76+0.02 0.73+0.02 0.86+0.01 -0.82+0.02 -0.79+0.02
MA-Kem 0.77+0.02 0.83+0.02 0.95+0.01 -0.95+0.01 -0.90+0.02 0.69+0.05 0.73+0.04 0.80+0.03 -0.77+0.03 -0.76+0.03
NE-WaF 0.87+0.02 0.81+0.02 0.78+0.02-0.90+0.01 -0.80+0.02 0.89+0.01 0.84+0.01 0.85+0.01 -0.88+0.01 -0.79%0.0:
NE-WaM 0.41+0.05 0.50+0.04 0.72+0.03 -0.55+0.04  -0.43+0.05 0.72+0.020.76+0.02 0.81+0.01 -0.75+0.01 -0.72+0.01
All sites 0.86+0.0 0.79+0.0 0.90+0.0 0.75+0.0 0.70+0.0  0.83#0.010.80+0.01 0.86+0.01 0.62+0.01  0.54+0.01
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Table 3. Statistics for the regression tree analysis. Tedgrassion tree analysis was used for studyingioaktips
between intra-annual dynamics in the the photogginticapacity (K Fopt_iracfor all sites) and quantum efficiency;
o fac fOr all sites) and the explanatory variables fu $ix measurement sites (Fig. 1). The pruningl lisvihe number
of splits of the regression tree and an indicatibocomplexity of the system.

Explanatory Pruning

Measurement site : _ R?
variables: level
Foot 1 2 3 4 5
ML-AgG SIWSI, Tair PAR SWC 16 0.98
SN-Dah SIWS|, SWC VPD Tair PAR 84 0.98
SD-Dem SIWS|, VPD SWC Tair PAR 33 0.97
ML-Kem SIWSI, PAR Tair VPD 22 0.98
NE-WaF SIWS|, SWC VPD Tair 14 0.92
NE-WaM RDVI SWC VPD Tair 18 0.75
All sites RDVI SWC Tair VPD 16 0.87
o
ML-AgG RDVI 3 0.95
SN-Dah RDVI VPD SWC Tair PAR 21 0.93
SD-Dem RDVI SWC PAR Tair 16 0.93
ML-Kem RDVI Tair 4 0.75
NE-WaF EVI SWC VPD 10 0.90
NE-WaM RDVI SWC VPD Tair 15 0.86
All sites RDVI SWC VPD Tair 16 0.84
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Table 4. Annual peak values of quantum efficiencyyebs pmol CQ, umol PAR") and photosynthetic capacity
(Fopt_peak tmol CG; m? s%) for the six measurement sites (Fig. 1). The peslides are the 2 week running mean with

highest annual value.

Measurement site Yearogea Fopt pea
ML-AgG 2007 0.0396 24.5
SN-Dah 2010 0.0638 50.0

2011 0.0507 42.3
2012 0.0480 39.2
2013 0.0549 40.0
SD-Dem 2007 0.0257 16.5
2008 0.0327 21.0
2009 0.0368 16.5

ML-Kem 2007 0.0526 33.5
NE-WaF 2005 0.0273 18.2
2006 0.0413 21.0
NE-WaM 2005 0.0252 10.6
2006 0.0200 10.1
Average 0.0399 26.4
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Table 5. Correlation matrix between annual peak values @itgdynthetic capacity (f pea) and quantum efficiency
(apeay @and measured environmental variables. P is amair#hll; Ty is yearly averaged air temperature at 2 m height;
SWC is yearly averaged soil water content (% volinimevater content) measured at 0.1 m depth; Rieisrly
averaged relative humidity; VPD is yearly averagegour pressure deficit; jRs yearly averaged incoming global
radiation; N and C cont. are soil nitrogen and oarlwontents; NDVjk. is annual peak normalized difference
vegetation index (NDVI); EVjka is annual peak enhanced vegetation index (EVI);VRR« is annual peak
renormalized difference vegetation index (RDVI)WSI,peakiS annual peak short wave infrared water stresexind
based on MODIS NBAR band 2 and band 5; and Si¥¥slis annual peak short wave infrared water stresexind
based on MODIS NBAR band 2 and band 6. Sampleveazel3 for all except the marked explanatory véemb

Explanatory variable d5t_peak Opeak
Meteorological data

P (mm) 0.24+0.26  0.13+0.27
Tar (°C) -0.07+0.25 -0.01+0.25
SWC (%} 0.3320.25 0.16+0.27
Rh (%) 0.73+0.16 0.60+0.19
VPD (hPa) 0.20£0.26  0.15+0.30
Ry (W mi?) -0.48+0.21 -0.41+0.24
Biomass and edaphic

data

Biomass (g DW if)®  0.77x0.15 0.74+0.14
C3/C4 ratio -0.05+0.26 0.06+0.30
N cont. (%] 0.22+0.11  0.35+0.14
C cont. (%) 0.89+0.06 0.87+0.07
Earth observation data

NDVI peak 0.94+0.05 0.87+0.07*
EVIpeak 0.93+0.04 0.87+0.07
RDVl peak 0.93+0.04 0.89+0.07
SIWShapeak 0.85+0.08 0.84+0.08
SIWShgpeak 0.67+0.12 0.65+0.15
Photosynthetic

variables

Fopt - 0.94+0.03

%sample size equals 11.
sample size equals 9.

* significant at 0.05 level.
** significant at 0.01 level
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Table 6. Statistics regarding the evaluation of the grrasary production (GPP) model for the six measwetsites (Fig. 1). In situ and modelled GPP asrayes
+ 1 standard deviation. RMSE is the root-mean-segsarror, and slope, intercept arfdisfrom the fitted ordinary least squares lineagression.

Measurement In situ GPP Modelled GPP RMSE Intercept

site (umol CO, m? sY) (umol CO, m? sY) (umol CO, m? sY) slope (umol CO, m? st R?
ML-AgG 5.35+6.38 5.97+5.80 2.48+0.10 0.84+0.003 1.46%0.01 0.86£0.002
SN-Dah 9.39+10.17 8.87+£9.67 3.99+1.34 0.88+0.002 0.62+0.01 0.85+0.001
SD-Dem 4.26+4.55 3.98+3.90 3.15+1.06 0.63+0.003 1.31+0.007 0.54:£0.02
ML-Kem 11.16+8.02 10.52+9.22 4.35%1.23 1.02+0.003 -0.82+0.03 0.78:0.002
NE-WaF 5.77+4.17 6.63+3.53 2.47+1.05 0.70+0.005 2.58+0.02 0.69:0.003
NE-WaM 3.04+1.93 6.35+£3.47 4.12+0.99 1.31+0.004 2.37+0.02 0.53+0.003
Average 6.73+7.72 7.02+7.39 3.68+0.55 0.83+0.07 1.34+0.82 0.84+0.07
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Table 7. The parameters for Eq. 13 that was used in thé diress primary production (GPP) model. RMSE isriiat mean

square error, and’Rs the coefficient of determination for the regies models predicting the different variables.

Parameter Value RMSE B
ir(r:z:m 73§f§§ 5.1+1.3 0.89+0.05
|Fopw 3.51+0.19 0.15£0.02 0.88£0.06
Neopi 0.03+0.006 eI .88+0.

a 0.16+0.02 0.0069£0.0021 0.61£0.10
m, -0.014+0.007 : =4, .81+0.

I 3.75+0.27 20s0.07 0805010
Ng 0.02+0.007 £UZU. .80+0.
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Land cover
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[ Mangrove [ Open grassland with sparse shrubs [ Sandy desert and dunes
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Il Deciduous woodland ["] Swamp bushland and grassland [ ] Salt hardpans
I Deciduous shrubland with sparse trees [ Croplands (>50 %) Il Waterbodies
[ Open deciduous shrubland [ Croplands with open woody vegetation Il Cities

Figure 1. Land cover classes for the Sahel and the locatfahe six measurement sites included in the stildhe land
cover classes are based on multi-sensor satebgereations (Mayaux et al., 2003). The sites areufgu (ML-AgG),
Dahra (SN-Dah), Demokeya (SD-Dem), Kelma (ML-KekVankama Fallow (NE-WaF), and Wankama Millet (NE-WaM
The thick black line is the borders of the Saheldobon the isohytes 150 and 700 mm of annual pratgn (Prince et al.,
1995).
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Figure 2. Evaluation of the MODIS based GPP product MOD17A2Hection 6 against eddy covariance based GPP from
the six measurement sites (Fig. 1) across the Sahelthick black line shows the one-to-one radiag the grey dotted line

is the fitted ordinary least square linear reg@ssi
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Figure 3. Dynamics in photosynthetic capacity,(fFand quantum efficiencyaj for the six measurement sites. Included is
also dynamics in the vegetation indices with higlesrelation to the intra-annual dynamics i:fV1go) and to quantum
efficiency (VI,) (Table 2). The sites are a) Agoufou (ML-AgG), Dahra (SN-Dah), c) Demokeya (SD-Dem), d) Kelma
(ML-Kem), e) Wankama Fallow (NE-WaF), and f) WanlaMillet (NE-WaM).
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Figure 4. Scatter plots of annual peak values for the sixsmesament sites (Fig. 1) of a) photosynthetic capd€ip: pea)
and b) quantum efficiencyy(..) against peak values of normalized difference tagm index (NDV},) and renormalized

difference vegetation index (RDpL), respectively. The annual peak values were egtitiny taking the annual maximum
of a two week running mean.
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Figure 5. Maps of a) peak values of photosynthetic capa€ity () averaged for 2001-2014, b) peak values of quantum
efficiency (peay averaged for 2001-2014, and c) annual budge®R# averaged for 2001-2014.
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Figure 6. Evaluation of the modelled gross primary produc(i@®P) (Eqg. 13) against in situ GPP from all sixaseement
sites across the Sahel. The thick grey line shbeshe-to-one ratio, whereas the dotted thin greyi$ the fitted ordinary
least square linear regression.
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Figure 7. Evaluation of the modelled gross primary product{@#P) (Eqg. 13) against in situ GPP for the sigss#cross
Sahel (Fig. 1). The thick black line shows the tm&ne ratio, whereas the dotted thin grey linthesfitted ordinary least
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square linear regression. The sites are a) AgoiNtiiAgG), b) Dahra (SN-Dah), ¢) Demokeya (SD-Deut) Kelma (ML-
Kem), e) Wankama Fallow (NE-WaF), and f) Wankam#e¥i{NE-WaM).
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