Response to Editors comments:

Non-public comments to the Author:
1. P1 L20: No need for “*human induced”; “fossil fuel emissions” already indicates its relationship to
humans

Response: This has been taken care of (L20, L41; where L is line in revised manuscript).

2. P1 L22-26: sentence structure is awkward; please use semi-colons instead of full stops; the first word
in each sub-phrase should be in lowercase; insert “and” between the second and third sub-phrases

Response: This has been taken care of (L22-L27).

3. Balance the Abstract with respect to the importance of EVI, NDVI, and RDVI in the analysis; you do
not mention EVI

Response: We have now incorporated which vegetation indices that were used in the analysis
(L25-L27).

’

4, P2 L42: “are even the main biome..."
please rephrase

; in context of the entire sentence, I am unsure what this means;

Response: This has been changed to: “"Mean carbon dioxide (CO,) uptake by terrestrial
ecosystems is dominated by highly productive lands, mainly tropical forests, whereas semi-
arid regions are the main biome driving its inter-annual variability (Ahlstrom et al., 2015;
Poulter et al., 2014). Semi-arid regions even contribute to 60% of the long term trend in the
global terrestrial C sink (Ahlstrom et al., 2015).” (L41-44)

5. P2 L49: is “productivity” the right word? Do you mean “production”? Please make changes throughout
the manuscript.

Response: This has been taken care of throughout the manuscript.
6. P2 L50: “under high pressure” is ambiguous; you may rewrite as “under threat”
Response: This has been taken care of (L51).

7. P2 L59: “Climate is thus another factor...to their vulnerability to moisture conditions”; this sentence
could be made into two separate sentences. Remove the “and” and capitalize the “S” in “semi-arid region
such as...”

Response: This has been taken care of (L57-58).
8. Many unnecessary uses of “the”; you may remove without loss of meaning
Response: This has been taken care of throughout the manuscript.

9. P2 L63: “defined as the efficiency to convert absorbed solar light into CO2 uptake...” can be written as
“defined as the conversion efficiency of absorbed sunlight to C uptake...”

Response: This has been taken care of (L62).
10. P2 L74: “level” is not needed

Response: This has been taken care of (L73).



11. P3 L75-80 (and other places in the manuscript): Do not change verb tense midsentence
Response: This has been taken care of throughout the manuscript.
12. P3 L103-105: “To evaluate...”; awkward sentence, please rephrase; what is there to evaluate?

Response: This has been changed to: “To investigate if the recently released MOD17A2H GPP
(collection 6) product is better at capturing GPP for the Sahel than collection 5.1.” (L102-105)

13. P4 L136 (and other places in the manuscript): “according” should be “according to”
Response: This has been taken care of throughout the manuscript.

14. P5 L156 and P7 L236-237: these sentences are not needed; just indicate what was used/done, not
what was needed; similar filler is used throughout the manuscript

Response: Fillers have been removed throughout the manuscript.

15. Never start a sentence with a symbol, a number, or an acronym. Please spell out each time when
used at the start of a sentence; make changes throughout the manuscript.

Response: This has been taken care of throughout the manuscript.

16. Simplify hydrological and meteorological to “hydrometeorological”

Response: This has been taken care of throughout the manuscript.

17. P5 L173: “the fitting was insignificant (p-value < 0.05)...”; should it read “p-value > 0.05"?
Response: This has been taken care of (L167).

18. P5 L175: can be modified as “using a 30-day moving window with a 1-day time step”; not clear;
please elaborate

Response: This has been taken care of (L168).

19. The manuscript needs some level of streamlining; e.g., results appearing in the Methods section
(e.g., P6 L213-214) should be moved to their appropriate section; redundant material throughout the
manuscript should be removed (e.g., P8 L274, P10 L357-359, and other places in the manuscript)

Response: The result in the method section in the previous version of the manuscript has been
moved to the supplementary material. Redundant material throughout the manuscript has
been removed.

20. P5 214-216: I am unsure what you mean by this statement
Response: This section has been completely changed (L206-L214).

21. Many statements in the manuscript are vague in nature, please be more specific (see e.g., P5 L178
and L214-215, and P10 L355 with “...to a certain level...”)

Response: We have tried to be more specific throughout the revised manuscript.
22. P7 L247: 1 am unsure what is meant by “robustness”; please be specific

Response: This has been revised throughout the manuscript.



23. P8 L253-270: simplify detail; you may consider placing intermediate equations in a Table

Response: We fully agree, we have simplified this section and removed some of the
unnecessary intermediate equations (Section 2.4.2).

24. P8 L273: “We used 200 iterations and different measurements sites...”; this suggests that 200
different measurement sites were used; I know this is not the case, please rephrase if the sentence is
needed; i.e., “different” is vague, be specific

Response: This has been clarified in the revised manuscript (L258-260).

25. P8 L280: “left-out subsamples”; this was not addressed before, please introduce in the appropriate
place

Response: Within the bootstrap simulation methodology some sites were included and some
were left-out. This has been clarified in the revised manuscript (L258-260).

26. P8 L282 (and other places in the manuscript): “in situ variables” is better termed as “independent
variables”; the emphasis is on the fact that the variables are independent predictors of a dependent
variables opposed to the variables being measured in the field

Response: This has been changed throughout the manuscript.
27. A flowchart of methods and information flow would be helpful in understanding the work

Response: It is our hope that the revised clarified manuscript makes this flowchart
unnecessary. However, if this is still considered required after the review of the revised
manuscript we are naturally willing to include such a flowchart.

r

28. P10 L335: “works on average well...” should be “works well on average...”
be found throughout the manuscript, please consider changing

; similar constructions can

Response: This has been taken care of throughout the manuscript.

29. P11 L366-367: “...including blue-band information...”; what is the significance of this? Also, the entire
sentence (L366-368) needs revising, currently awkward

Response: We agree, this sentence has been removed.

30. I am pleased to see that you have considered to incorporate additional maps showing regional impact
on GPP and other variables; this added information should help you develop a more convincing
Discussion; redundancy in the current discussion should be removed

Response: Redundancy in the previous discussion has been removed and the additional maps
are discussed in the revised manuscript.

31. The heading of Table 3 is awkward, “statistics” do not “study”; please revise

Response: This has been taken care of (Table 3).



Response to comments by Reviewer #1

A. Summary

This paper uses data from six eddy covariance flux sites distributed across the Sahel of West
Africa to examine patterns in space and time of carbon fluxes (GPP) as characterized by two key
canopy-scale parameters (maximum photosynthetic uptake, called Fopt in this paper, and initial
guantum yield, termed alpha). The authors also explore the relationships between the two GPP
parameters and a variety of satellite vegetation indices providing (in theory at least) opportunities
for spatial upscaling of the site-based results. This is an interesting paper reporting useful results.

Response: Thank you very much, and also thank you f  or insightful comments that helped
improving the manuscript.

B. Main Points

1. Regional GPP estimation. It is a pity the authors didn’t take the final step to evaluate GPP
across the region using the fitted models. At least, we don’t see a map of these estimates, only
point-based comparisons with the 6 field sites. In Section 2.4.1 the authors describe a “full model”
for the regression tree used to characterize fluxes and predict Fopt and alpha at the field sites. In
Section 2.4.2 they continue to describe an approach to derive parameters on a pixel-by-pixel basis
where not all edaphic data (e.g. soil moisture) are available. However, we don’t see the results of
this analysis in the form of a map or other representation. Could this be added?

Response: We agree with the reviewer; in the previo  us version of the manuscript we did not
include the full gridded map because the spatial up -scaling requires some very heavy
computer processing. However, we have now borrowed computer power from the
university, and in the revised version of the manus cript we have included a full gridded map
of peak F o, peak a and an annual sum of GPP (L322-L326; where Lisli ne in revised
manuscript , Fig. 5).

2. Prior work: The authors should refer to some considerable prior work that will be relevant to this
analysis. See Global Change Biology 4, 523-538 (1998) and numerous HAPEX-Sahel papers in
the J. Hydrology 1997 for earlier and quite detailed analysis of flux measurements in Sahelian
vegetation. The GCB paper, for example, analyses Fopt and alpha as a leaf-level variable in
considerable detail. Note that the canopy scale Fopt and alpha investigated here incorporate the
effects of changing LAI during the season. This rather complicates the situation for this analysis, as
the authors state on line 351.

Response: Thank you for this suggestion, we agreet  hat it was a good idea to extend the
comparison of the results of our analysis to the re sults of previously published research.
This has been incorporated into the revised manuscr ipt (L360-374).

3. Peak uptake rates: the field measurements at some sites seem abnormally high. The earlier
data in the GCB paper references above was for a southern Sahel site with LAI likely higher than
any of these sites, but with maximum Fopt of only -15-20 umol m-2 s-1.

Response: 1) The leaf area index value of the HAPEX —Sahel West-Central fallow savanna

site in (Hanan et al., 1998) is not larger than at  the Dahra and Kelma sites, which are the two
sites of our study with very high F ., and a. Peak LAl is 2.1 for Dahra and 2.7 for Kelma, soi t
is considerably higher than 1.2 as given in (Hanan et al., 1998). The higher LAI can thereby
explain parts of the higher F  ,; estimates.

2) (Hiernaux et al., 2009) and (Dardel et al., 2014 ) showed above ground peak biomass in
southwestern Niger which are comparable, and nowada  ys slightly lower than what is

reported for the Gourma area (which in addition rec  eives less rain).



Hanan et al 1997 (J Hydrology) report above ground peak biomass of 1000 and 1500 kg/ha

for the grass and shrub fallow sites, which is much lower than what is reported for the
Dahra site (Mbow et al., 2013), which also receives less rainfall. This is in line with a
productivity gradient over these 3 sites, possibly caused by soil fertility and fallow

management in southwestern Niger.

3) The reason for high estimates of F . and a are the very high net CO2 fluxes measured by
the eddy covariance systems. For the Dahra field si  te, we have performed a rigorous quality
check of the data, please see (Tagesson et al.,, 201  6) and we are certain that the measured
values are correctly measured. Tagesson et al. (201  6) have tried to explain the highnet CO ,
flux values by that there is a combination of dense herbaceous C4 ground vegetation, high
soil nutrient availability, a grazing pressure resu Iting in compensatory growth and

fertilization effects, and the West African Monsoon bring a humid layer of surface air from

the Atlantic, possibly increasing vegetation produc tivity for the most western part of Sahel.
This info has been included in the revised manuscri pt (L360-374).

4. Possible unit issues: this is an impertinent question, but looking at the massive multipliers
between the author’s estimates and independent estimates in Figures 2 (incoming PAR) and 3
(GPP) I couldn’t help wondering if there might be some unit issues. In the case of PAR the
conversion of PAR in W/m2 to umol m-2 s-1 varies somewhat based on solar angle and
atmospheric conditions but is typically 4.2 umol/W. This is more than the 3.09 of the fitted slope,
but is it really possible that the ERA PAR product is underestimating actual incoming PAR so
consistently by a whopping 70% ! Similarly for Figure 3, if the MODIS product is in units of
g/m2/day carbon and the authors have retained their data in units g/m2/day CO2 this would give
an inherent slope in Figure 3 of 12/44 = 0.273. Again this doesn’t entirely account for their
calculated slope of 0.17, but might be worth double-checking.

Response: Yes, we absolutely understand your concer n here, and we have been looking at
these conversions many times to make absolutely sur e that the conversions are correctly
done:

1. PAR values:
The average raw in-situ PAR = 483 pmol m-2 s-1

The average raw ECMWF PAR = 350503 (J m-2 summed fo r 3 hours)

To get ECMWEF PAR to (W m-2): raw ECMWF PAR was divi ded by (60sec*60 minutes*3
hours) =>
Average ECMWF PAR (W m-2) =350503/(60*60*3)= 32 W m -2.

To convert ECMWF PAR (W m-2) to pmol m-2 we multiplied with 4.57 (Sager and McFarlan e,
1997):

Average ECMWF PAR ( pmol m-2 s-1) =32*4.57= 148 pmol m-2 s-1
Average in-situ PAR ( pmol m-2 s-1)/ Average ECMWF PAR ( pmol m-2 s-1) = 483/148 = 3.2

So we think that the PAR conversion is correctly do ne. We recently found out that the issue
is related to a major error in the code of ECMWF su  rface PAR:

“The surface incident value (code 58) seems erroneo  usly low. For example, in locations in
the Celtic Sea, surface PAR is typically around 20%  to 25% of the clear sky value (code 20),
and about a third of in-situ measurement of surface PAR. Cause: We have shortwave bands
that include 0.442-0.625 micron, 0.625-0.778 micron  and 0.778-1.24 micron. PAR is coded as
if it was intending to sum all of the radiation in the first of these and 0.42 of the second (to



account for the fact that PAR is normally definedt o stop at 0.7 microns. However, PAR is in
fact calculated from the sum of the second band plu s 0.42 of the third.” (ECMWEF, 2016).

This indicates that the ERA-interim surface PAR p  roduct is actually not PAR, but rather
incoming red and near infrared. However, we stilli ~ ntend to use this data source since we
relate the gridded ECMWF PAR to in-situ measured PA R and used this relationship to
convert ECMWF PAR to the proper level. The relation  ship should be ok, even if it is relating
in-situ PAR to a different part of the spectrum; th e final product is still PAR at a reasonable
level. The conversion of ERA interrim PAR is descri  bed in the revised manuscript (L207-
214).

2. MODIS GPP:
An example for GPP of Agofou:

Average in-situ GPP -1.34 pmol CO2 m-2 sec-1
Convert it to g CO2 m-2 and s-1:
1 mol=44 g CO2 and micro= p=10°
= Average in-situ GPP =0.000059 g CO2 m-2 s-1
Convert it to g CO2 m-2 and 8 d-1:
8 days = (8*24*60*60) seconds
0.000059 g CO2 m-2 s-1 * (8*24*60*60)
= Average in-situ GPP =40.7 g CO2 m-2 and 8 day-1:
Convertitto g C m-2 and 8 d-1:
1gC02=0.27¢gC

Average in-situ GPP =40.7*0.27=11.0gCm-2and 8 day-1:

Average raw MODIS GPP for Agofou: 24.1

Scaling factor: 0.0001 =>

Modis GPP (kg C m-2 and 8 day-1)=0.00241 kg C m-2 a nd 8 day-1

Modis GPP (g C m-2 and 8 day-1)=0.00241 *1000 =2.4 1 g C m-2 and 8 day-1.

Again, we agree that this major underestimation is strange, but we believe that all
conversions are correctly done.

C. Minor Points

Line 42: While it is appropriate to mention that significant inter-annual variability in global carbon
cycle arises in semi-arid regions relating to rainfall variability and fire (particularly in the mesic
savannas, more so than the Sahel; eg. Williams et al Carbon Balance and Management 2007), it
would be an exaggeration to state that the semiarid regions are “driving long-term trends”.



Response: We agree with the reviewer that this was not a very clear sentence. But still,
according (Ahlstrom et al., 2015) semi-arid region are driving the long term trends. We have
clarified this in the revised manuscript:

“Vegetation growth in semi-arid regions is an impor tant sink for fossil fuel emissions. Mean
carbon dioxide (CO ,) uptake by terrestrial ecosystems is dominated by highly productive
lands, mainly tropical forests, whereas semi-arid r egions are the main biome driving its
inter-annual variability (Ahlstrom et al., 2015; Po  ulter et al., 2014). Semi-arid regions even
contribute to 60% of the long term trend in the glo bal terrestrial C sink (Ahlstrom et al.,
2015).”(L41-44)

Line 52: “continuous cropping” is very rare in the Sahel (outside of areas with irrigation
opportunities, anyway). In the drier northern regions pastoralist communities may attempt a dryland
crop, but with little expectation of success. Even in the wetter southern Sahel where the crop site in
this paper is located, most fields are fallowed. In the highly populated regions near the capital city
of Niger, rotations have reduced, but it would be wrong to imply that “continuous cropping is
practiced” widely.

Response: Thank you for noticing this, this sentenc e has been removed.
Line 107: “find evidence” is awkward here. Perhaps substitute “characterize”.
Response: Yes, we fully agree. Characterize is much better. Thank you very much.
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Response to comments by Reviewer #2

General comments: This is an interesting paper providing detailed descriptions of spatial and
temporal dynamics in canopy light-response parameters at COz2 flux observation sites across Sahel
region. The authors evaluated MODIS GPP, and reported its serious problem. This paper
demonstrated the applicability of alternative model to scale up EC flux-based GPP to regional or
continental scales, using EO-based spectral vegetation indices. The dynamics of photosynthetic
parameters and some interpretations of several vegetation indices presented in this paper are
valuable to estimate CO2 budget in semi-arid ecosystems, which have included large uncertainties
so far. Overall presentation is well structured and clear. The purpose of this paper fits well to this
journal.

Response: Thank you very much, and also thank you f  or insightful comments that helped
improving our manuscript.

Specific comments:

1. The intra-annual dynamics in Fopt and a were well explained with the vegetation indices in
relation to the seasonal changes in water thickness and chlorophyll abundance. But the shorter
term variations in Fopt and a (Fig. 4) do not seem to be explained sufficiently by the regression tree
analysis. Some stress events may affect them. Please show the relationships with meteorological
variables such as SWC or VPD additionally, and describe more information on the related specific
stress events.

Response: We are truly sorry, but we do not complet  ely agree. In Table 3, results from the
regression trees are presented and the coefficient of determination (R ?) is larger than 0.9 for
most sites; when all sites are combined it was 0.87 and 0.84 for F o, and a respectively. So
we would say that the regression trees describe the short term variability in F o, and a pretty
well. To further clarify this, we have incorporated a figure to the supplementary material

with both measured and regression tree predicted F ,: and a. This indicates that SWC and
VPD have a strong influence on the short term varia  bility, since these explanatory variables
are included in most regression trees (Table 3). Th  is info is included in the revised

manuscript (L232-239; L296-304; where L is line in  revised manuscript).

2. The result of strong underestimation of ERA Interim PAR against in situ PAR is surprising and
important information. Please confirm the ERA Interim PAR data: it is W m-2 (Line 157), but pymol
m-2 s-1 (Fig.2). In addition, there seems to be some different tendencies in the relationships in Fig.
2, maybe depending on the periods and sites. Were the PAR sensors calibrated regularly? PAR
sensors tend to deteriorate as aging. Please check the deterioration in PAR by comparison with
the simultaneously measured Rg.

Response: We completely understand your concern reg arding this relationship, and we
were very concerned ourselves. 1) Regarding the in-  situ PAR data; we agree, two PAR
sensors standing next to each other can easily give quite different values, and some minor
differences between in-situ PAR and ECMWEF could pos  sibly be explained by this issue.
However, the sensors have been sent for calibration regularly, and they have been
intercalibrated before and after each rainy season. So this should not be a major issue. The
different tendencies seen is most likely related to the fact that ECMWF PAR is given in UTC
time for each 3h. We converted this to local time w  hen comparing against the in-situ data,
and different periods of the day thereby might get slightly different tendencies in the
relationship.

2) Regarding the unit conversions: we have been looking at these conversions many
times to make absolutely sure that the conversions are correctly done:



The average raw in-situ PAR =483 pumol m-2 s-1
The average raw ECMWF PAR = 350503 (J m-2 summed fo r 3 hours)

To get ECMWEF PAR to (W m-2): raw ECMWF PAR was divi ded by (60sec*60 minutes*3
hours) =>
Average ECMWF PAR (W m-2) =350503/(60*60*3)= 32 W m -2.

To convert ECMWF PAR (W m-2) to pmol m-2 we multiplied with 4.57 (Sager and McFarlan e,
1997):

Average ECMWF PAR ( pmol m-2 s-1) =32*4.57= 148 pmol m-2 s-1
Average in-situ PAR ( pmol m-2 s-1)/ Average ECMWF PAR ( ymol m-2 s-1) = 483/148 = 3.2

So we think that the PAR conversion is correctly do ne. We recently found out that the issue
is related to a major error in the code of ECMWF:

“The surface incident value (code 58) seems erroneo  usly low. For example, in locations in
the Celtic Sea, surface PAR is typically around 20%  to 25% of the clear sky value (code 20),
and about a third of in-situ measurement of surface PAR. Cause: We have shortwave bands
that include 0.442-0.625 micron, 0.625-0.778 micron  and 0.778-1.24 micron. PAR is coded as
if it was intending to sum all of the radiation in the first of these and 0.42 of the second (to
account for the fact that PAR is normally definedt o stop at 0.7 microns. However, PAR is in
fact calculated from the sum of the second band plu s 0.42 of the third.” (ECMWEF, 2016).

This indicates that the ERA-interim surface PAR p  roduct is actually not PAR, but rather
incoming red and near infrared. However, we stilli  ntend to use this data source since we
relate the gridded ECMWEF PAR to in-situ measured PA R and used this relationship to
convert ECMWF PAR to the proper level. The relation  ship should be ok, even if it is relating
in-situ PAR to a different part of the spectrum; th e final product is still PAR at a reasonable
level. The conversion of ERA interrim PAR is descri  bed in the revised manuscript (L207-
214).

3. This paper aims to provide a model to scale up observed canopy scale GPP to regional or
continental scales, using EO-based spectral vegetation indices. The readers will expect a final map
of spatial distribution of GPP in semi-arid areas, and the map would make this paper more
valuable.

Response: We agree with the reviewer, in the previo  us version we did not include the full
gridded map because the spatial up-scaling requires some very heavy computer
processing. However, we have now borrowed computer power from the university, and in
the revised version of the manuscript we have inclu ded a full gridded map of average peak
Fopt, average peak a and an average annual sum of GPP 2001-2014 (L322-L 326; Fig. 5).

Minor comments:
Line 184: What do you mean by “air-water interface”?

Response: We agree that the formulation was not cle  ar. This has been corrected in the
revised manuscript:



“The NIR radiance is reflected by the leaf cells si  nce an absorption of these wavelengths
would result in overheating of the plant whereas re d radiance is absorbed by chlorophyll
and its accessory pigments (Gates et al., 1965).” ( L177-178)

Table 2: Correlation between “intra-annual” dynamics
Response: Thank you for pointing this out. This has been taken care of.

Please unify the descriptions: use Foptirac and _frac for intra-annual dynamics instead
Foptand a in Table 2, 3, as described in the text.

Response: Thank you for pointing this out. The F opt and a were not normalised to F oy frac
and a ¢, for all analysis, they were only normalised whent  he analysis was conducted for
all sites. This has been clarified in the revised m  anuscript (L222-334). In Table 2 and 3, it
has also been incorporated that it was F o, and a for all single site analysis, whereas it was
Fopt_frac @and o g5 for all sites analysis.

Fig 3: Some points of ML-Kem are quite low (nearly 0) for MODIS GPP, while around
8 g C m-2 d-1for EC GPP. Why?

Response: Kelma is an inundated Acacia forest locat  ed in a clay-soil depression. These
differentiated values are from the beginning of the dry season, when the depression
continues to have high CO , fluxes since it is still inundated, whereas, the | arger area was
turning dry. The EC based footprint covers this dep ression and in-situ GPP was thereby
high, whereas the satellite based GPP covering the larger area estimated low values. This
info is included in the revised manuscript (L275-27  8).

Please unify the descriptions: a instead of QE, as described in the text. Clarify the labels and
scales on X-axes.

Response: We have now inserted a into the figures. Scales has been unified on the x  -axis.

(f) What is the reason that VI decreased less than 0.15 before the growing season in
2007 at NE-WaM?

Response: There are two possible reasons: 1) Uncert  ainty in the remote sensing data. The
end of the dry season and the beginning of the rain  y season is the period of highest
uncertainty in the satellite data due to aerosol an  d cloud contamination. This could possibly
affect the VI to a low value. 2) Another possible e  xplanation is that NE-WaM is a millet field.
Agricultural practice is that before the rainy seas on farmers cut the shrubs in their fields.
The fields are thereby cleared of vegetation before the sowing, which would decrease the VI
substantially.



20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Modelling spatial and temporal dynamics of GPP in he Sahel from
earth observation based photosynthetic capacity andquantum

efficiency

Torbern Tagessdn Jonas Ard®y Bernard CappelaeteLaurent Kergodt Abdulhakim Abdf,

Stéphanie Horioh Rasmus Fenshdlt

'Department of Geosciences and Natural Resource déament, University of Copenhagen, @ster VoldgadeDio
1350 Copenhagen, Denmark; E-Mails: torbern.tage@semignku.dk, stephanie.horionighgeaku.dk,
rf@igngeaku.dk

2Department of Physical Geography and Ecosystemn8ejeLund University, Solvegatan 12, SE- 223 62d,un
Sweden, E-Mails: jonas.ardo@nateko.lu.se, hakin@fchail.com

®HydroSciences Montpellier, IRD, CNRS, Univ. Montjesi, Montpellier, France, E-Mail: bernard.cappe&@um2.fr

‘Geoscience Environnement Toulouse, (CNRS/UPS/IRDJ, av E Belin, 31400 Toulouse, France, E-
Mail: laurent.kergoat@get.obs-mip.fr
Correspondence to: Torbern Tagesson (torbern.tagesson@ign.ku.dk)

Abstract. It has been shown that vegetation growth in seidit@gions isasrimportantsink-for-human-induced-fossil
fuel-emissions for the variabilitef the global terrestriaCO, sink, which indicates the strong need for improved

understanding, and spatially explicit estimate€ 0% uptake (gross primagreductivityproduction(GPP)) in semi-arid
ecosystems. This study has three aims: 1) to eealiie MOD17A2H GPP (collection 6) product agaieddy
covariance (EC) based GPP for six sites acrossStiel-; 2) Te-to find-evidence—oncharacteridee-relationships
between spatial and temporal variability in EC lblapaotosynthetic capacity {fj and quantum efficiencyo) and
earth observation (EO) based vegetation indigesmalized difference vegetation index (NDVI);noemalized

difference vegetation index (RDVI); enhanced vegtaindex (EVI); and shortwave infrared water sgréndex
(SIWSI)); and 3) Fe-to study the applicability of EO up-scaleg,fanda for GPP modelling purposes. MOD17A2H

GPP (collection 6) underestimated GPP strongly,trikaly becausehe maximum light use efficiency is set too low

for semi-arid ecosystems in the MODIS algorithie- lintra-annual dynamics in.fr was closely related tére
shertwave-infrared-water-stressindSIWSH elesely-ceoupledbeing sensitite equivalent water thickness, whereas
was closely related tidhe-renormalized-difference-vegetation-indRDYI) affected by chlorophyll abundance. Spatial
and inter-annual dynamics ingando were closely coupled tine-nermalized-difference-vegetation-nrdbDV1) and
RDVI, respectively. Modelled GPP based qp Bnda up-scaled using EO based indices reproducedunGi#tP well

for all but-except cropped siteFhe-cropped-site thatas strongly impacted bytensiveanthropogenic land usep-
scaled GPP for Sahel 2001-2014 was 736+39 g“G/fnThis study indicates the strong applicability of B®a tool
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for parameterisingpatially explicit estimates dbPP, I, and aphetesynthetic-capacity-and-efficiendpcorporating
EO-based f; and o this-inin to dynamic global vegetation models could improvebgl estimations_estimateaf

vegetatiorpreductivityproductionecosystem processes andgeichemical and hydrological cycles.

Keywords: Remote sensingsross Primary Productivity, MOD17A2H, light useiei#ncy, photosynthetic capacity,

quantum efficiency

1 Introduction

Vegetation growth in semi-arid regions is an imaottsink forhuman-inducedossil fuel emissionsMean carbon

dioxide (CQ) uptake by terrestrial ecosystems is dominatedhioply productive lands, mainly tropical forests,

whereas-Semiserarid regions areeventhe main biome drivingeng-term-—trends—anditsinter-annual variability

2045-DPoylteretal—2044j.is thus important to understatigelong-term variability of vegetation growth in searid

areas and their response to environmental conditmbetter quantify and forecasteffects of climate change.
FheSahel is a semi-arid transition zone between tlgeSdhara desert in the North and the humid Sudas@eanna

in theseuthSouthThe region has experienced numerous severe ddghing the last decades that resulted in region-

wide famines in 1972-1973 and 1984-1985 and loedlipod shortages across the region in 1990, 220, 2011

and 2012 (Abdi et al., 2014; United Nations, 2018ggetationpreductivity- productionis thereby an important

ecosystem service fothe—people—tiving livelihooi the-Sahel, but it is undehigh—pressurethreatThe region

experiences a strong population growth, increasiiegdemand ohe-ecosystem services due to cropland expansion,

increased pasture stocking rates and fuelwood aidra(Abdi et al., 2014)Ceontinueus-cropping-is-practised-te-meet

At the same time as we have reports of declinemetatiorpreductivityproductionwe have contradicting reports of
greening of the Sahel based emrth observation (EG)+emete-sendifaga (Dardel et al., 2014; Fensholt et al., 2013).
The greening ofthe-Sahel has mainly been attributed to alleviated ghowstress conditions due to increased
precipitation since the mid-1990s (Hickler et 2005). Climate is thus another important factoutating vegetation
produetivityproduction. S-andemi-arid regions, such ase Sahel, are particularly vulnerable to climate flattons
due to theirunerability dependencp moisture conditions.

Estimation of gross primangyroductivityproduction(GPP), i.e. uptake of atmospheric £y vegetation, is still a
major challenge within remote sensing of ecosyssemvices.GPP- Gross primary productids a main driver of

ecosystem services such as climate regulation,onaf@) sequestration, C storage, food productionlivestock
grassland production. Withiearth—ebservationEO), spatial quantification of GPP generally involviight use
efficiency (LUE), defined as theonversionefficiency te—cenvertofabsorbed solar light into GQuptake (Monteith,
1972, 1977). It has been shown that LUE variepats and time due to factors such as plant furattiype, drought
and temperature, nutrient levels and physiolodiaatations of photosynthesis (Garbulsky et al.1@DParuelo et al.,
2004; Kergoat et al., 2008). The LUE concept hantapplied using various methods, either by usih@me-specific
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LUE constant (Ruimy et al., 1994), or by modifyiagnaximum LUE using meteorological variables (Ragnét al.,
2004).

An example of an LUE based model is the standaRP product from the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor (MOD17A2). Witlthe model, absorbed photosynthetically active taha
(PAR) is estimated as a product of the fractiorP&R absorbed byhe-green vegetation (FPAR from MOD15A2)
multiplied with daily PAR from the meteorologicahta of the Global Modeling and Assimilation Offi@MAQO). A
set of maximum LUE parameters specified for eaamlei are extracted from a Biome Properties Look-lapld
(BPLUT). Then maximum LUE is modified dependingaintemperature ;) and vapor pressure deficit (VPB)}els
(Running et al., 2004). Sjostrom et al. (2013) eatdd the MOD17A2 product (collection 5.1) for &fj and showed
that it was—underestimatingunderestimat&@PP for semi-arid savannas ifve—Sahel. Explanations for this
underestimation were that the assigned maximum kgl the BPLUT is-wasset too low and uncertainties in the
FPAR (MOD15A2) product. Recently, a new collectioh MOD17A2 at 500 m spatial resolution was released
(MOD17A2H; collection 6) with an updated BPLUT, wtdd GMAO meteorological data, improved qualitptcol
and gap filling of the FPAR data from MOD15A2 (Rimgpand Zhao, 2015).

It has been shown that the LUE method does edbpn well in arid conditions and at agricultusites (Turner et
al., 2005). Additionally, the linearity assumed the LUE model is usually not found as the respasfs&PP to
incoming light follows more of an asymptotic cur@@annell and Thornley, 1998). Investigating othestimods for
remotely determining GPP is thus of great importarespecially for semi-arid environments. Therefanstead of
LUE we focus on the light response function of GRBre-canopy scale, and spatial and temporal variatioitsdfvo
main parameters: maximum GPP under light saturaf@amopy-scale photosynthetic capacity,)Fand the initial
slope of the light response function (canopy-scaiantum efficiencyp) (Falge et al., 2001; Tagesson et al., 2015a).
Photosynthetic capacity is a measure of the maximat® at which the canopy can fix €@uring photosynthesis
(umol CO, m? s?) whereas: is the amount of CCfixed per incoming PARymol CO; umol PAR?Y). Just to clarify the
difference in LUE and in this study; LUE gmol CQ, umol APAR?) is the slope of a linear fit between Captake
and absorbed PAR, whereas(umol CO, pmol PAR?) is the initial slope of an asymptotic curve agaimcoming
PAR.

It has been proven thag,Fando are closely related to chlorophyll abundance duaeir coupling with the electron
transport rate (Ide et al., 2010). Additionally,semi-arid ecosystems water availability is gergradnsidered to be
the main limiting factor affecting intra-annual @mics of vegetation growth (Fensholt et al., 20HRkler et al.,
2005; Tagesson et al., 2015b). Several remotersgstiidies have established relationships betwemotely sensed
vegetation indices and ecosystem properties suchlasphyll abundance and equivalent water thiskng'oder and
Pettigrew-Crosby, 1995; Fensholt and Sandholt, R0@3this study we will analyse if EO vegetatiordices can be
used for up-scalingf anda and investigate if this could offer a promisingyta map GPP in semi-arid areas. This
potential will be analysed by the use of detailedugd observations from sitifferent eddy covariance (EC) flux
towermeasuremersites{eddy-covariance-flux-towerarrosshe Sahel.

The three aims of this study are:
1) Toev
released MOD17A2H GPP (collection 6) produds ibetter at capturing GRBvelsfor theSahel than
collection 5.1. We hypothesise that MOD17A2H GP#lléction 6) product will estimate GPP well for thi

re-tinvestigate ifthe recently
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Sahelianmeasurement ESites, because ahemajor changes done in comparison to collection (Rinning
and Zhao, 2015).

2) To find-evideneecharacterize- the relationships between spatial and temporadbgity in Fo, ando and
remotely sensed vegetation indices. We hypothéisiéteemotely-sensedE@egetation indices that are closely
related to chlorophyll abundanean-be-used-forguantifyingwill be most stronglypled withspatial and
inter-annual dynamics in,fr anda-—, whereas +v€getation indices closely related to equivalenewttickness
will be most strongly coupled with-are-closely-latktointra-annual dynamics in.fs ando acrosghe Sahel.

3) To evaluate the applicability of a GPP model basmethe light response function usirgnetely-sersedEO

vegetation indices and incoming PAR as input data.

2 Materials and Methods

2.1 Site description

The Sahel stretches from the Atlantic Ocean invtket to the Red Sea in the east. The northern booderdsthe
Sahara and the southern border towards the hunddrian Savanna are defined by the 150 and 700 minytgs,
respectively (Fig. 1) (Prince et al., 1995). Tree ahrub canopy cover is now generally low (< 5% dominated by
species oBalanites, Acacia, Boscia and Combretaceae (Rietkerk et al., 1996). Annual grasses suclschsenefeldia
gracilis, Dactyloctenium aegypticum, Aristida mutabilis, and Cenchrus biflorus dominate the herbaceous layer, but
perennial grasses suchArgropogon gayanus, Cymbopogon schoenanthus can also be found (Rietkerk et al., 1996; de
Ridder et al., 1982). From the FLUXNET databasddBechi et al., 2003 )we selected the six available measurement
sites witheddy-covarianceEBased CQflux data fromthe Sahel (Table 1; Fig. 1). The sites represent awadfthe
ecosystems present in the region, from dry fallavghtb savanna to seasonally inundated acacia fdfesta full
description of the measurement sites, we refelage$son et al. (2016a) amereferences in Table 1.

<Table 1>

<Figure 1>

2.2 Data collection

2.2.1 Eddy covariance_and hydrolegical-andmeteorological in situ data

Eddy covariancéEC), andhydrolayical-andmeteorological data originating from the years s 2005 and 2013
were collected from the principal investigatorgiod measurement sites (Tagesson et al., 2016aEChsensor set-up
consisted of open-path GBI,O infrared gas analysers and 3-axis sonic anemosa@ata were collected at 20 Hz rate
and statistics were calculated for 30-min peridéts. a full description of sensor set up and postessing othe EC
data, see references in Table 1. Final fluxes Viteeed accordindo quality flags provided by FLUXNET and outliers
were filtered accordingp Papale et al. (2006). We extracted the originalaweisystem exchange (NEE) data without
any gap-filling or partitioning of NEE to GPP andosystem respirationA/e—alsoThecollected hydrolgical-and
meteorological datavere air temperature (; °C), rainfall (P; mm), relative air humidity (RB%), soil moisture at 0.1
m depth (SWC; % volumetric water content), incomgigbal radiation (g W m?), incoming photosynthetically
active radiation (PARpmol m? s%), VPD (hPa), peak dry weight biomass (g dry weigif), C3/C4 species ratio, and
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soil conditions (nitrogen and C concentration; %9)r a full description ofhe-collected data and sensor set-up, see

Tagesson et al. (2016a).

2.2.2 Earth Observation data and gridded ancillarydata

Remeotely-sensedComposite products frorthe MODIS/Terral4-frem-covering-theSahel weresellected acquire@t
Reverb ECHO (NASA, 2016)Fhe- Collected products were GPP (MOD17A2H; collection-8yd-the-Nadir nadir
Bidirectional- bidirectional-Reflectance reflectan@astribution— distribution —Riinction{(BRBF) adjusted-_adjusted
reflectance reflectandBAR) (8-day composites; MCD43A4; collection 541 500*500 m spatial resolutionand
the normalized difference vegetation index (NDVAnd the enhanced vegetation index (EVI) (16-danpmsites;
MOD13Q1; collection 6) at 250*250 Frspatial resolution. The NBAR product was prefermer the reflectance
product (MODO09A1), in order to avoid variability wsed by varying sun and sensor viewing geometnpéret al.,
2014; Tagesson et al., 2015c). We extracted theéamexdthe 3x3 pixels centred at the locationibe eactEC towes.
Fhe-Tme series ofthe—remotelysensedEProducts were filtered accordirtg the-MODIS quality control data;
MOD17A2H is a gap-filled and filtered product, Q@ta from MCD43A2 were used férefiltering of MCD43A4;
and bit 2-5 (highest —decreasing quality) was ufeedMOD13Q1. Finally, data were gap-filled to dailglues using

linear interpolation.

downloaded ERA Interim reanalysis PAR at the grosadace (W rif) with a spatial resolution of 0.25°x0.25°
accumulated for each 3-hour period 2000-2015 frbe 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

2008;Falge—et-al-—2001Fhe-To estimate daily values of EC baseg &nda, the asymptotidvitscherlich light-

response function was fitted between daytime NEEiacoming PARusing a 7-day moving window with a 1-day time

step

[—axPAR]
NEE=-(Rp)x(1-e ™ /)+Ry @

where F is the-CO, uptake at light saturation (photosynthetic cagagiimol CO, m?2s%, Ry is dark respiration
(umol CO, m? %), anda is the initial slope of the light response curgeigntum efficiencyumol CQ, umol PAR™)
(Falge et al., 2001). By subtracting Rom Eg. 1, the functioms-wasforced through zero and GR® wasthereby
estimated\We-fitted-Eg- USsing dav-moving-windows-witlaldv-time eps-and-generating-daly ,._-
To assure high quality ohefitted parameters, parameters were excluded fraenatalysis wherhe-fitting was

insignificant (p-value<0.05), and when they were out of rangg,(&nda >peak value of the rainy season times 1.2).
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Additionally, outliers were filtered following theethod by Papale et al. (2006) using0-day moving windowwith a
1--day time step

2.3.2 Vegetation indices
We-analysed-the-relationship-betwegp-and-some-commonly-applied-vegetation-indices:
The maximum absorption ithe-red wavelengths generally occurs at 682 nm asithihie peak absorption for
chlorophyll a and b (Thenkabail et al., 2000), whinakes vegetation indices that include the redi tsEmsitive to
chlorophyll abundance. By far the most common ‘et index isheNDVI (Rouse et al., 1974):
NDVI = (pNIR_pred)

pNIR+pred) (2
wherepyr is the reflectance factor thenear infrared (NIR) band (band 2) amg is the reflectance factor in the red

band (band 1yFhe Near infrared-NiRadiance iseattered-by-the-air-water-interfaces-betweendhisreflected by leaf

cells since absorption of these wavelengths woesdlt in overheating of the plawhereas red radiance is absorbed by

chlorophyll and its accessory pigments (Gates et1865). Normalization is done to reduce effedtatonospheric
errors, solar zenith angles, and sensor viewingng#ty, as well as increasing the vegetation sigQalet al., 1994;
Inoue et al., 2008).

A well-known issue—withdeficiency othe-NDVI is that-it-saturatesproblems of index saturatainhigh biomass

becausehe-absorption of red light at ~670 nm peaks at higliemass loads whereas NIR reflectance continues to

increase due to multiple scattering effects (Mugarand Skidmore, 2004; Jin and Eklundh, 2014). Byuceng
atmospheric and soil background influences, EMllesigned tincreases the signal from the vegetation and miainta
sensitivity in high biomass regions (Huete et2002).
EVI=G (pNIR_pred)

(pNIR +CPred™ CPbivet L) ©)

wherepy,¢ 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 backgrd. The factor G=2.5 e again factor.

Another attempt to overcomie-issueproblemef NDVI saturation was proposed Bpujean—and-Breon{1995),
Roujean and Breon (1995) who suggested-which thermealized difference vegetation index (RDVI) tlcambines
theadvantages aheDVI (NIR-red) andthe NDVI for low and high vegetation cover, respectiuel

RDVI = (pNIR_pred) 4

PNIRT Pred
As a non-linear index, RDVI is not only less semsitto variations inthe-geometrical and optical properties of
unknown foliage but also less affected #we-solar and viewing geometry (Broge and Leblanc, 20BDVI was
calculated 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. Fenshiodt 8andholt (2003) proposed a vegetation index,sti@twave
infrared water stress index (SIWSI), using NIR 8WIR bands to estimate drought stress for vegetaticcemi-arid

environments:



201 SIWSH, = (pNIR B PSW|R12) ®)
NIR T Pswir:2

292 SIWSH = (PNIR_pSWIRle) ®6)
NIR ¥ Pswirie

223  wherepsyiriz IS NBAR band 5 (1230-1250 nm) apglir1s is NBAR band 6 (1628-1652 nm). As the vegetatiaien
224 | content increaseshereflectance inthe SWIR decreases indicating that low and high SIW&ues point to sufficient
225  water conditions and drought stress, respectively.

226

227 | 2.3.3 Incoming PAR acrosshe-Sahel

228 | A modified version of the ERA Interim reanalysis RAvas used in the current study as an error ircdige producing
229 | these PAR estimates was identified by the datailoigbr causing PAR values to be too low (ECMWF1@0).

230 | Accordingly, incoming PAR at the ground surfacenfrERA Interim was systematically underestimatechebeugh it

231 | followed the pattern of PAR measured at the sixeBah EC sites (Fig. S1 in supplementary material)order to

232 | correct for this error, we fitted and applied adioary least square linear regression betweentinBAR and ERA

233 Interim PAR (Fig. S1). The produced PAR from thédationship is at the same level as measured PASttunand

234 | should be at a correct level even though the aalgifRA Interim PAR is actually produced from thel rend near

235 | infrared part of the spectrum.

236

237 ) ‘{ Formatted: Normal, Line spacing:

single

A

238
239
240
241
242 | <Figure 2>

243

244 2.4 Data analysis

245 2.4.1 Coupling temporal and spatial dynamics in phtwsynthetic capacity and quantum efficiency with

PAR.~3-09"PARRA interim

246  explanatory variables
247 | in-afirst-step, Fhe coupling between intra-annual dynamics jp &do and the vegetation indices for the different

248 | measurement sites were studied using Pearson atiorelanalysis.As part of the correlation analysis, we used

249 | bootstrap simulations with 200 iterations from whimean and standard deviation of the correlatiafficoents were

250 | calculated(Richter et al., 2012Relationships between intra-annual dynamicspdhda and the vegetation indices

251 | for all sites combined were also analysedthia analysis for all sites, data were normalisedrder to avoid influence

252 | of thespatial and inter-annual variability=time series of ratios ofofranda (Fopt frac@Ndasag) against the annual peak

253  values (B pea@ndogear Se€ below for calculation of annual peak valuese estimated for all sites:

F t
Foptffrac = op (7)
Foptfpeak

254
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o
Ofrac = (8)
apeak

The same standardisation procedure was used feegditation indices (Vo):

VI
Vlgge=— 9)
Vi peak

where V|e.is the annual peak values of the vegetation iisdtd days running mean with highest annual vaiieyh

fte coupling between

amac @Nd Ky rac@nd the different i, were examined using Pearson correlation analgsialff sites.

. . . . ity in-Fop : ites. t0 be

filled—Regression trees were used to fill gaps in they detimates of §; anda. One hundred tree sizes were chosen

based on 100 cross validation runs, and these Wwessthen used for estimatitige-F,; anda following the method in
De'ath and Fabricius (2000). We used SWC, VPR, FAR, and the vegetation index with strongesteatation with
intra-annual dynamics as explanatory variableshé @nalysis. In the analysis for all sites, the esatandardisation
procedure as done fork a, and the vegetation indices was done for the Hgdieal-andmeteorological variables.
The 100 B, ando output subsets from the regression trees wereagedrand used for fillingre-gaps inthe times

series ofF,, ando. From these time-series we estimated annual pealesalf 5, anda (Fypt peak@Ndopea) as the 14-

day running mean with highest annual value.

—To investigate spatial and inter-annual variability,,; ando across the measurement sites of the Sahekal-peak

values—of-Grande—{Fop peax aNd tpear —E4-days—running-mean—with-highest-annual-valweje correlated with the

annual sum of P, yearly means of;,TSWC, RH, VPD, R annual peak values of biomass, soil nitrogen @nd

concentrations, C3/C4 ratio, and Mk using Pearson linear correlationSgain,—we—used—a—bootstrap—simulation

hodoloav—with e ons-in-orderto-estietierob ne of-the-correlations.

2.4.2Parameterisation and evaluation of the GPP model ahevaluation of the MODIS GPP
heC il mede]
Based on Eq. 1 anthe-outcome of the statistical analysis previously desd under subsection 2.4.1 (for results see

subsect. 3.2), a model for estimating GPP actesSahel was created:

ﬂ])

GPP=- Foptx(l—e[ Fon

Fhe-modelis-applicablefor-eachpointin-spacetamd-Firstly, Ry peac@Ndopea Were estimated spatially and inter-

annually using linear regression functions fitteghiast the vegetation indices withe strongest relationships to spatial

(10)

and inter-annual variability ingf; _peak@Ndopeaxfor all sites:.

= +m @1)
EGpt‘pFak‘kFUplxNDmFEak_ Fopt &=




289 | Upeak=KXRDVIgedm, 42)

290 | wherelgrandk-are-the-slopesof-the lines-and grand-m-are-the-interceptSecondly to-estimate-the f._pacand
291 | egacfor-each-day-of-the-yearlinear exponentegression functions were established fgg fzc and o qac With the
292 | vegetation index with the strongest relationshipntra-annual variability of §5; yac andag,cfor all sites-asfellows:.

293 By combining these relationships,

F I£opRDV o
294 opt_frac= Fop 3 ! (13)
295 | g =, xelFOVI) (4)

296 | where-f[o-and-|-are-the-slopes-of-thelines-and pand-n-are-the-intercepts—Eq—11-T4provide-therelshigs—to
297 | estimateFo, anda can be calculatefdr any day otheyear and for any point in space acrtgssSahel:

| rop*RDVgac
298 Fopt = Fopt_pea\lz< Fopt_frac= (kFopt>< NDVIpeak+ mFopt)(nFopt>< e( o ! )) (J-_':’L])

299 | @ = OpeqX e = (k,xRDVI peakct mu)(nux gllaxRovI "ﬂc)) @619

300 | where k,,and k are slopes and gz, and m are intercepts of the linear regressions givigg fa@ndayeas,

301 respectively;dopand |, are coefficients and:-p, and ry are intercepts of the exponential regressions\qity; racand
302 | osac respectivelyEg-uation-15 1J-and16- 12-can-beweneut insertednto Eq. 10 and GPR-were-thereafter thereby
303 | estimated as:

E

[ —(upeakxum)xPAR]
— opt_peakFopt_frac ) _ | ropXRDVI
GPP= _(Fopt_pealz< Fopt_fra.)x (l— e Pt_p! pt_| = —((k Foptx NDVI peak+ m Fopt)(n Foptx e( Fopt frac) ))

304

-(kuXRDVIpeak+ m, )(nu xella xRDV'(rac)}(pAR
X l_ e (kFDP‘XNDVI Deak+mF0le(| FOP(XRDVI'rac+nF0pt) )

305 a7
306 | generatingafinalmodelas:
GPP= _((kFoptx NDVI pearct mFopt)(nFoptx gl m)))

“(k x ella *ROVifrac)
307 ( f (ke RDVIpeak+m,)(n:,‘ o i )xPAR‘n (1813
x| 1- eUkFapmeDW peak+mFDp1NFDplxRDVlfrac+nFopl)) A=
308
309
310 A bootstrap simulation methodology with 200atBwns was used when fitting the least-square ssge functions-n

311 | for parameterisation of theorderto-estimate-thmistness-ofth6&PP modebnd-its-parameters,-we-used-a-boeetstrap
312 . . - - e ins A . ) .

313 | sites—were-used-in-the-differentruns—when-fiththg-empiricalrelationshipfRichter et al., 2012)For each of the
314 | iterations, some of the EC sites were includedsamde were left-out—Fhe-runsThe bootstrap simulatienerated 200

315 | sets OfKeopt » Kue Meopn My lropt . i, Neopn NyStopes—intereepts, and coefficient of determination—{eoefficients- of
316 | determinationR?), from which the medians and the standard deviatisere estimated. Possible errors (e.g. random

ame t
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sampling errors, aerosols, electrical sensor noié®ring and gap-filling errors, clouds, and gkt sensor
degradation) can be present in both the prediatdrthe response variables. Hence, we selected eddmuajor axis
lirearregressions to account for errors in both prediatat response variables when fitting the regresiiontions.
The regression models were validated against fheuésubsamples sitamithin the bootstrap simulation methodology
by calculating the root-mean-square-error (RMSEBJ By fitting an ordinary least squares linear esgion between
modelled andr-sitdindependenvariables.

Similarly, the MODIS GPP product (MOD17A2H, agdtion 6) was evaluated agaimstsituindependenGPPfrom
the EC sitedy calculating RMSE, and by fitting an ordinargdé squares linear regression.

3 Results

3.1 Evaluation of the MODIS GPP product

There was a strong linear relationship between M@DIS GPP product (MOD17A2H; collection 6) arie
independent-in-sitGPP (slope 0.17; intercept 0.11 g C mi%; R? 0.69; n=598). However, MOD17A2H strongly
underestimateéh-situindependenGPP (Fig.23) resulting in high RMSE (2.69 g C*hd™Y)._It can be seen that some

points for the Kelma site were quite low for MOD121A, whereas they were relatively high for the inelegient GPP

(Fig. 2). Kelma is an inundated Acacia forest ledah a clay soil depression. These differentiasddes were found in

the beginning of the dry season, when the depnessis still inundated, whereas the larger areatwasg dry.

<Figure32>

3.2 Intra-annual dynamics in photosynthetic capacyt and quantum efficiency
Intra-annual dynamics inyf; ando differed in amplitude, but were otherwise simidaross the measurement sites in
the Sahel (Fig43). Thereis-wasno green ground vegetation during the dry seaswhttze low photosynthetic activity
is-wasdue to few evergreen trees. Thissults resultedn low values for both & anda during the dry season. The
vegetation responded strongly to rainfall, and bigjh and a increased during the early phase of the rainymseas
Generally, G, peaked slightly earlier than(averagex 1 standard deviation: 7+10 days) (4.
<Figure43>

All vegetation indices describedell intra-annual dynamics in.f; well-for all sites (Table 2). SIW§ had the
highest correlation for all sites except Wankaméétjiwhere it was RDVI. When all sites were conggnall indices
describedvell seasonality in fg-well, but RDVI had the strongest correlation (Table 2).

Fhe lintra-annual dynamics i were also closely coupled to intra-annual dynarimdbe vegetation indices for all
sites (Table 2). Foa, RDVI was the strongest index describing intratairdynamics, except for Wankama Fallow
where it was EVI. When all sites were combinedralices describedell intra-annual dynamics in-well, but RDVI
was still the index witlthestrongest relationship (Table 2).
<Table 2>

The regression trees used for gap-filling exm@diwell thethe-intra-annual dynamics in.f ando well-for all sites

(Table 3 Fig. S2 in Supplementary matejialhe regression trees explained intra-annual dyraimi&,, better than in

a, and multi-year sites were better predicted thagls year sites (Fig. S2The main explanatory variables coupled to
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intra-annual dynamics in.f; for all sites acrosthe Sahel were in the order of RDVI, SWC, VPDy,Tand PAR; and
for o they were RDVI, SWC, VPD and,f(Table 3) The strong relationship to SWC and VPD indicatesidht stress
during periods of low rainfallFor all sites across Sahel, incorporating higlf@al-anrdmeteorological variables

increased the ability to determine intra-annualasiyits in k, and o compared to the ordinary least squares linear
regressions againgte-RBVvegetation indicefTable 2, data given as Table 3 Fig. 3 and Fig S2). For all sites—Fhe

incorporation of these variables increagesR? from 0.81 to 0.87 and from 0.74 to 0.84, fgr.&nda respectively.
<Table 3>

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

Large spatial and inter-annual variability ig,Feak@ndopeaWere found across the six measurement sitéseiBahel;
Fopt_peaxranged between 10dmol CO, m?s* (Wankama Millet 2005) and 504@mol CO, m” s* (Dahra 2010), and
dpeax Fanged between 0.020nol CO, umol PAR® (Demokeya 2007) and 0.064nol CO, umol PAR® (Dahra 2010)
(Table 4). The average two week running mean pedkes of G, ando for all sites were 26.4mol CO, m?2s'and
0.040umol CO, pmol PAR?, respectivelyHowever-theranges-were-largey Eearanged-between-104mol- CO-pv
25t (Wankama—Millet 2005} and—50-GwmelCO m=s (Dahra—ZO}O}—andeepeaHanged—between—QQZO
#Re-C O pmelPAR* (Demokeya—2007)-and—0-064n0-COpmel PAR (Dahra—2010) (Fable4)All vegetation

indices determinedvell spatial and inter-annual dynamics igyFeak@nd apea wel-(Table 5). NDV}eq Wwas most

closely coupled with &; peaxWhereas RDViLacwas closest coupled witleax (Fig. 54). Fopt peak@lso correlated well
with peak dry weight biomass, C content in the,smild RH, whereas,..«also correlated well with peak dry weight
biomass, and C content in the soil (Table 5).

<Table 4>

<Table 5>

<Figure54>

3.4 Spatially extrapolated photosynthetic capacity, quantum efficiency, and gross primary
productivityproduction acrossthe-Sahel and evaluation of the GPP model

The spatially extrapolated f o and GPP averaged over Sahel for 2001-2014 wer&+2Z. umol CQ, m?s™,

0.030:0.002umol CO, umol PAR?, and 736+39 g C thy™, respectively. At regional scale it can be see By, a.

and GPP decreased substantially with latitude (BjgHighest values were found in south-easterre@ain western
Mali, in parts of southern Sudan and on the bobétween Sudan and South Sudan—{(Brandt-etal-}P0d@st values
were found along the northernmost parts of Sahethenborder to Sahara in Mauritania, in northernliMend in

northern Niger.
Modelled GPP was similar to-#tudependenGPP on average, and there was a strong linedioredhip between

modelled GPP and dependent—sitGPP for all sites (Fig. 6; Table 6)However, when separating the evaluation
between measurement sites, it can be seen thandbel reproduced some sites better than others {Figable 6).
Wankama Milletis-wasgenerally overestimated whereas the medaks worked wellon averageveli-for Demokeya
but underestimates underestimatdagh values (Fig. 7; Table 6). Variability ofdependent—sitGPP at the other sites
is-waswell reproduced by the model (Fig. 7; Table-8he final parameters of the GPP model (E8L3 are given in
Table 7.
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| <Figure 5>
<Figure 6>
<Figure 7>
< Table 6>
| < Table 7>

4 Discussion

- [ Field Code Changed
linked-to-intra-annual-dynamics-indrando—Our hypothesishat vegetation indices closely related to equiviaveater
thickness (SIWSI) would be most strongly couplethvimtra-annual dynamics in,ffando was not rejected for g,
since this waslse-the case for all sites except for Wankama Milleal{lE 2). Fhe-Wankama—millet-is—a—eropped
agricultural-site-whereas-all-other-sites-are-sazasecosystemddowever, our hypothesis was rejected dorsince it
was more closely related to vegetation indicestedldo chlorophyll abundance (RDVI and EVheaf-area—index
[ Field Code Changed

m%DW—HowevepEptpeaked—eaWeFquﬁmHeaSM@g—% In_Sahel, soil moisture conditions ire th

early rainy season are important for vegetationvtfioand during this phase vegetation is especialiperable to

drought conditiongRockstrom and de Rouw, 1997; Tagesson et al.,ZMbBow et al., 2013)Photosynthetic capacity

(Fop) peaked earlier in the rainy season tladid (Fig. 3), thereby explaining the close relasibip of F, to SIWSI.

Leaf area index increased over the growing seasdreaf area index is closely coupled with vegetatndices related

to chlorophyll abundance (Tagesson et al., 2008 ihcrease in leaf area index increased canopsl lgwantum
efficiency (@), which thereby explains the closer relationsHip. o RDVI. -Vegetation-during-this-phase-is-vulndeab
MMMMWMM&MM%@%WSWM@W%WM&@ due

Our hypothesis that vegetation indices closelyteel@ao chlorophyll abundance would be most strorolypled with

spatial and inter-annual dynamics igmnda was not rejected for eithegjror a; NDVI, EVI, and RDVI all had close
correlation with spatial and inter-annual dynaniitd,, anda (Table 5). However -\We-hypothesised-that-remotely

dyna{mc—sm%,granda—gableé%i was surprising that ND, had the strongest correlation with spatial andrint
annual variability for E,(Table 5). Both EVI and RDVI should be less sewsito saturation effects than NDVI (Huete

et al., 2002; Roujean and Breon, 1995), and basetiswe-it can beassumed that peak values of these indices should
have stronger relationships to peak values.gfafda. However, vegetation indices with a high sendifivd changes

in green biomass at high biomass loads, gets ézsstive to green biomass changes at low biomasis|(Huete et al.,

12
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2002). Peak leaf area index for ecosystems adtessSahel isapproximately generally 2-or less whereas the

{ Field Code Changed

The Ky peac€Stimates from Agoufou, Demokeya, and the Wankaites were similar whereas Dahra and Kelma

values were high in relation to previously reportegiopy-scale & peafrom Sahel (=-8 to -28mol mi® sec’) (Hanan
et al., 1998; Merbold et al., 2009; Moncrieff et 4997; Boulain et al., 2009; Levy et al., 1997on¢eny et al., 1997).

These previous studies reported much lowgréa canopy scale than at leaf scale (e.g. Levy.€1887): 10 vs. 44umol

m? sec’; Boulain et al. ol m? sec’). Leaf area index at Dahra and Kelma peaked aagdl2.7,

respectively (Timouk et al., 2009; Tagesson et24l15a), and it was substantially higher than atahove-mentioned

sites. A possible explanation to high,Festimates at Dahra and Kelma could thereby behidifeer leaf area index.

Tagesson et al. (2016b) performed a quality chédke EC data due to the high net Céxchange measured at the

Dahra field site and explained the high values lospm@mbination of moderately dense herbaceous C4ndroagetation,

high soil nutrient availability, a grazing pressussulting in compensatory growth and fertilizatieffiects. Another

possible explanation could be that the West Afritdaonsoon bring a humid layer of surface air frone thtlantic,

possibly increasing vegetation production for thestrwestern part of Sahel (Tagesson et al., 2016a).

explaining-the-lower-correlationfor-E\(Hanan et al., 1998; Merbold et al., 2009; Mondrétfal., 1997; Boulain et al.,
2009; Levy et al., 1997; Monteny et al., 1997; Tuket al., 2009; Tagesson et al., 2015a); Tagessah (2016b);

(Tagesson et al., 2016a) Our model substantislfrestimates overestimat&PP for Wankama Millet (Fig. 7fjAs
aBeing acrop field, this sitediffers-differed -in—particalafrom the other studied sites by its species contiposi
ecosystem structure, as well as land and vegetatianagement. Crop fields in southwestern Niger geneerally
characterized by a rather Igweductivityproductiorresulting from decreased fertility and soil lasaised by intensive
land usg(Cappelaere et al., 2009jhese specifics of the Wankama Millet site may eahe model parameterised with

observations from the other study sitéghout this strong anthropogenic influertoeoverestimate GPP at this sitde

thus-everestimates-GPBimilar results were found by Boulain et al. (2008)en applying an up-scaling model using
leaf area index for Wankama Millet and Wankamadvalllt worked well for Wankama fallow whereas it sviess
conclusive for Wankama Millet. The main explanatioas low leaf area index in millet fields because tow density
of millet stands due to agricultural practice. Thés extensive savanna clearing for food productiothe-Sahel
(Leblanc et al., 2008; Boulain et al., 2009; Cappes et al., 2009). To further understaneimpacts of this land cover
change on vegetatiopreductivityproductionand land atmosphere exchange processes, it isgehtuneed for more
study sites covering cropped areas in this region.

In Demokeya, GPR-wasslightly underestimated for the year 2008 (Fig. leyause modelled,f{the-thick-black
lire—in—Fig—5)-is_ wasmuch lower than the actual measured value in 2008 thick black line in Fig. 4)An
improvement of the model could be to incorporatenegparameters that constrain or enhangg depending on

environmental stress. Indeed, the regression tralysis indicated that incorporatiegmatic-andhydrometeordogical

variables increased the ability to predict bog &da. On the other hand, for spatial upscaling purposédss been

471 | shown that including modelledydrometeorological-€limaticonstraints on LUE decreases the ability to predict
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472 | vegetationpreduetivityproductiondue to the incorporated uncertainty in these medeheteerslogicalvariables
473  (Fensholt et al., 2006; Ma et al., 2014). For spaipscaling to regional scales it is thereforadreto simply use
474 | relationships to EO data. This is particularly tase fothe Sahel, one of the largest dryland areas in thedatbdtis

475 | characterised-hyincludes onlffew sites ohydrometeorological-meteerologicalbservations.
476 The pattern seen in the spatially explicit GRieldets (Fig. 5¢) may be influenced by a range oplwysical and

477 anthropogenic factors. The clear North-South gradie expected given the strong North-South rairfehdient in

478 | Sahel. The West African Monsoon mentioned abovddcalso be an explanation to high GPP values inwibstern

479 | part of Sahel, where values were relatively highelation to GPP at similar latitudes in the celndred eastern Sahel

480 | (Fig. 5c). The areas with highest GPP are spamsylated woodlands or shrubby savanna with aivelgtdense tree

481 | cover (Brandt et al., 2016). However, the produteghs should be used with caution as they are laseg-scaling of

482 | the only six available EC sites that exist in thgion; especially given the issues related to tbpped fields discussed

483 | above. Still, the average GPP budget for the eSakel 2001-2014 was close to an average annualbGedret as
484 | estimated for these six sites (692+89 g € yi) (Tagesson et al., 2016a). The range of GPP bsidigdiig. 5¢ is also
485 | similar to previous annual GPP budgets reportenh fother savanna areas across the world (Veenestiahl 2004;
486 | Chen et al., 2003; Kanniah et al., 2010; Chen.eP8l6).

487 Although MOD17A2 GPP has previously been shownetatively well capture GPRelatively—wellin several
488  different ecosystems (Turner et al., 2006; Turrieale 2005; Heinsch et al., 2006; Sims et al.,&00anniah et al.,
489  2009), it has been shown to be underestimatedtfiar® (Coops et al., 2007; Gebremichael and Ba2@36; Sjostrom
490 etal., 2013). GPP of Sahelian drylands have nehlveell captured by MOD17A2 (Sjostrom et al., 20E8nsholt et
491 | al., 2006), and as we have shown, this underestimaersists in the latest MOD17A2H GPP (collect®nproduct

492 | (Fig. 2) The main reason for thisajor pronouncedinderestimation is that maximum LUE is set to 08¢ MJ*
493 | (open shrubland; Demokeya) and 0.86 g C'Ngrassland; Agafou, Dahra, Kelma; Wankama Millet and Wankama
494 Fallow) in the BPLUT, i.e. much lower than maximwdE measured at the Sahelian measurement sitdgso$tudy
495  (average: 2.47 g C Mrange: 1.58-3.50 g C My (Sjostrom et al., 2013; Tagesson et al., 2015g)pbal estimate of
496 | ~1.5 g C MJ (Garbulsky et al., 2010), and a savanna site istialia (1.26 g C M3) (Kanniah et al., 2009).

497

498 Severaktate—of-the—artlynamic global vegetation models have been useddoades to quantify GPP at different
499  gspatial and temporal scales (Dickinson, 1983; 8ellet al., 1997). These models are generally basedhe
500 photosynthesis model by Farquhar et al. (1980)pdeaiparticularly sensitive to uncertainty in ptsytothetic capacity
501 (Zhang et al., 2014). This and several previoudietuhave shown that both photosynthetic capacity efficiency
502 | (botha and LUE) careensiderablyary considerably betweeseasorally as well as-angpatially,andboth within and
503 between vegetation types (Eamus et al., 2013; Gapet al., 2010; Ma et al., 2014; Tagesson et28115a) This
504  variability is difficult to estimate using broad Iluas based on land cover classes, yet most mogplg a constant

505 value which can cause substantial inaccuracieheénestimates of seasonal and spatial variabilitgsPP. This is
506 | particularly a problem in savannas that compriseseveral plant functional types (C3 and C4 spedies, a large
507 variability in tree/herbaceous vegetation fractjoiiScholes and Archer, 1997)This study indicates the strong
508 | applicability of EO as a tool for parameterisingtplly explicit estimates of plant physiologicanables, whickcould

509 improve our ability to simulate GPP. Spatially egjplestimates of GPP at a high temporal and speg#olution are
510 | essential foeurrent-glebalenvironmentehange studies Sahelandweuld-bemake a major asset-fer-advantageous in
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the analysis of changes in GPP, its relationshiglitmatic change and anthropogenic forcing, andmedions of

ecosystem processes and biochemical and hydrolayickes.
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Tables

Table 1.Description of the six measurement sites includiiegtion, soil type, ecosystem type and dominaatigs.

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
Dahrd 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 biflorus
Demokeyéa 13.28°N,  Cambic Arenosol Sparse acacia Trees: Acacia pp.,
(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

Herbs:Sporobolus hevolvus,
Echinochloa colona,
Aeschinomene sensitive

Wankama Fallof 13.65°N, Sandy ferruginous Fallow bush Guiera senegalensis
(NE-WaF, Niger) 2.63°E Arenosol
Wankama Millet 13.64°N, Sandy ferruginous Millet crop Penni setum glaucum
(NE-WaM, Niger) 2.63°E Arenosol

dTimouk et al., 2009)
P(Tagesson et al., 2015b)
°(Sjostrom et al., 2009)
d(Velluet et al., 2014)
(Boulain et al., 2009)
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Table 2. Correlation betweemtra-annuadynamics in photosynthetic capacity,fFF,,: iacfor all sited, quantum efficiencyof,_o. qa for all site, and the different

vegetation indices for the six measurement sites (f. Values are averages+1 standard deviatmm £00 bootstraping runs. The bold values arerttiiees with the

strongest correlation. EVI is the enhanced vegstaitidex, NDVI is the normalized difference vegetatindex, RDVI is the renormalized difference viegien
index, SIWSI is the shortwave infrared water stiedex. SIWS/, is based on the MODIS Bidirectional Reflectancstiiiution Functions (NBAR) band 2 and band
5, whereas SIW${ is based on MODIS NBAR band 2 and band 6.

Measurement site Fopt a
EVI NDVI RDVI SIWSIy; 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 0.9240.005 0.91+0.01 0.96+0.0020.96+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 0.73x0.02 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+0.01
NE-WaM 0.41+0.05 0.50+0.04 0.7240.03 -0.55+0.04  -0.43#0.05 0.72+0.020.76+0.02 0.81+0.01 -0.75%x0.01 -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 analySise regression tree analysis was usedsfadying relationships
between intra-annual dynamics in the the photosfigtitapacity (k. Fop racfor all siteg and quantum efficiencyo(

o mac for all sitey and the explanatory variables for the six measert sites (Fig. 1). The pruning level is the numbe

of splits of the regression tree and an indicatibcomplexity of the system.

Measurement site Expl.anatory Pruning R?
variables: level
Fopt 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 sSwWC VPD Tair 16 0.84
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Table 4. Annual peak values of quantum efficiencypet pmol CQO, umol PARY) and photosynthetic capacity
(Fopt_peak umol CQ, m2 s%) for the six measurement sites (Fig. 1). The peslides are the 2 week running mean with

highest annual value.

Measurement site Yearopey Foot pea
ML-AgG 2007 0.039¢ 24 .5
SN-Dah 2010 0.0638 50.0

2011 0.0507 42.3
2012 0.0480 39.2
201 0.054¢ 40.C
SD-Dem 2007 0.0257 16.5
2008 0.0327 21.0
2009 0.0368 16.5

ML-Kem 2007  0.052¢ 33.t
NE-WaF 2005 0.0273 18.2
2006 0.0413 21.0
NE-WaM 2005 0.0252 10.6
200€  0.020( 10.1
Average 0.0399 26.4
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Table 5. Correlation matrix between annual peak values aftgdynthetic capacity (f pea) and quantum efficiency
(apeay and measured environmental variables. P is amairdhll; T, is yearly averaged air temperature at 2 m height;
SWC is yearly averaged soil water content (% voluimevater content) measured at 0.1 m depth; Riesrly
averaged relative humidity; VPD is yearly averagegour pressure deficit;;Rs yearly averaged incoming global
radiation; N and C cont. are soil nitrogen and ocarlzontents; NDViLa is annual peak normalized difference
vegetation index (NDVI); EVka is annual peak enhanced vegetation index (EVI);VRR« is annual peak
renormalized difference vegetation index (RDVI)WSh,peadiS 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 stressxind
based on MODIS NBAR band 2 and band 6. Samplev&zel3 for all except the marked explanatory véemb

Explanatory variable dt_peak Opeak
Meteorological data

P (mm) 0.24+0.26  0.1310.27
Tar (°C) -0.07+0.25 -0.01%0.25
SWC (%} 0.33+0.25  0.1610.27
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 DWr?)?  0.77x0.15 0.7410.14
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 peax 0.94+0.05 0.87+0.07*
EVlpea 0.93x0.04 0.87+0.07
RDV ez 0.93+0.04 0.89+0.07
SIWShpeax 0.85+0.08 0.84+0.08
SIWShgpeax 0.67+0.12 0.65+0.15
Photosynthetic

variables

Fopi - 0.94+0.03

dsample 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 gramary productivityproduction(GPP) model for the six measurement sites (Figinlitu and modelled GPP

are averages * 1 standard deviation. RMSE is thiem@an-squares-error, and slope, intercept &ris fiom the fitted ordinary least squares linemgression.

Measurement In situ GPP Modelled GPP RMSE Intercept
site (umol CO, m? st (umol CO, m? sh) (umol CO, m? %) slope (umol CO, m? sh) R?
0.9784+0.060 0.9086t0.0
ML-AgG 5.353-555-456.38 539794455480 1832.480.10 03 0-501.46¢0.0301 021
0.9988+0.670 0.8785%:00
SN-Dah 94439102217 8608 A10-729.67 3.8599+1.34 02 -0-440.624210.01 4001
07963:0.180 0595401
SD-Dem 3-834.264.4255 3.6198+:4-513.90 3.0515+1.06 03 0-611.3%#0-75.007 102
1.1602+0.200 074978041
ML-Kem 111716+7.988.02 107352:10.509.22 5.064.351.23 03 -2.29-0.821.650.03 2002
0.857G+0.150 0456900
NE-WaF 3.915.7#4 0817 5.386.633.5973 2554#1.05 05 20858:1-480.02 8003
1.63310.450 0.68530.0
NE-WaM 2-253.042-001.93 5516.353.9347 421312+0.99 04 1842.3#1-0610.02 035
Average 5316.7374572 5:807.027.5339 3.5668:0.6055 0.9483:0.07 0-851.340.9282 0.84+00807
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Table 7. The parameters for EG8-13that was used in the final gross primarpductivityproductionGPP) model. RMSE
is the root mean square error, andifkthe coefficient of determinatiosf-for the linearregression models predicting the

different variables.

Parameter Value RMSE ﬁ
Keop, 79.6+6.3
r;z:m 73432 5.1#1.3 0.89+0.05
lrop 1.813.5#0.6719

- 0.3315:0.0402 0.7988:0.064
Neop 0.850.030.67006
Ka 0.16+0.02 0.0069+0.0021  0.81+0.10
m, -0.014+0.007 : = R
l, 1.203.7%0.0527
o 0.980.020.0067 0.382G:0.0402 0748(3:0.0410
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Figures
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Land cover
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[ Mangrove [T Open grassland with sparse shrubs [ Sandy desert and dunes
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[ Open deciduous shrubland [ Croplands with open woody vegetation Il Cities

5| Figure 1. Landusecover classes for the Sahel and the location o$itheneasurement sites included in the study. @hd |
cover classes are based on multi-sensor satebitereations (Mayaux et al., 2003). The sites areufgu (ML-AgG),
Dahra (SN-Dah), Demokeya (SD-Dem), Kelma (ML-KelVankama 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 praign (Prince et al.,
| 1995)
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Figure 32. Evaluation of the MODIS based GPP product MOD17A@iHection 6 against eddy covariance based GPP from
the six measurement sites (Fig. 1) across the Sa@helthick black line shows the one-to-one radiog thethin-grey dotted

line is the fitted ordinary least square linearesgion.
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Figure 43. Dynamics in photosynthetic capacity,{F and quantum efficiencyQE;-a) for the six measurement sites.
Included is also dynamics in the vegetation indieéth highest correlation to the intra-annual dyiesmin Ry (Vigo,) and
to quantum efficiency (\Vke) (Table 2). The sites are a) Agoufou (ML-AgG),lghra (SN-Dah), c) Demokeya (SD-Dem),
d) Kelma (ML-Kem), e) Wankama Fallow (NE-WaF), @h#Vankama Millet (NE-WaM).
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Figure 54. Scatter plots of annual peak values for the sixsmesanent sites (Fig. 1) of a) photosynthetic capa€i: pea)
and b) quantum efficiencyQEcax-0pea) against peak values of normalized difference tagm index (NDV}e.) and

renormalized difference vegetation index (RR\), respectively. The annual peak values were egtunhy taking the
annual maximum of a two week running mean.
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Figure 5. Maps of a) peak values of photosynthetic capacity; (E.) averaged for 2001-2014, b) peak values of quantum
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Figure 6. Evaluation of the modelled gross primgmeduetivityproduction(GPP) (Eq4813 against in situ GPP from all
six measurement sites across the Sahel. The thégklige shows the one-to-one ratio, whereas thiteddhin grey line is

the fitted ordinary least square linear regression.
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Figure 7. Evaluation of the modelled gross primampductivityproduction(GPP) (Eq4813 against in situ GPP for the six
sites across Sahel (Fig. 1). The thick black lihevgs the one-to-one ratio, whereas the dotted ghéy line is the fitted
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ordinary least square linear regression. The sitesa) Agoufou (ML-AgG), b) Dahra (SN-Dah), c) Ddmga (SD-Dem),
d) Kelma (ML-Kem), e) Wankama Fallow (NE-WaF), @h#vankama Millet (NE-WaM).
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