Response to Referee #1, 28.2.2017 by Thum et al.

The manuscript by Thum et al examines the use of SIF to predict GPP in coniferous
forests in southern and northern Finland. The authors implement a SIF module in the
JSBACH biosphere model and evaluate seasonal and spatially variability against SIF
and GPP measurements at leaf, canopy, and ecosystem scale, with focus on spring

and autumn transition seasons. A key innovation is the use of active leaf level fluorescence
data to understand the seasonal relationship of photochemistry and fluorescence

and evaluate model performance. Although many uncertainties exist in the

model simulations and in understanding dependencies on environmental vs biochemical
effects, the authors show good correlation of observed and simulated variables,
providing some confidence for future testing and evaluation, and paving the path for
future efforts to scale between leaf and canopy/ecosystem levels. In general, | found
this paper interesting and innovative, but it was hard to read at times, and the objective
weren’t clearly established making results and discussion hard to follow. I recommend
a more careful analysis of satellite observations and some general clarifying throughout,
but I expect this to be an important study with a few substantial revisions.

We thank the referee for this encouraging feedback and hope we’re able to provide improved
version of the manuscript based on these recommendations.

Major Comments

My main concern is biasing of GOME-2 time series by filtering of negative SIF values.
These data are part of the noise needed in averaging to produce a smoothly

varying signal. Because the noise is fixed (0.5 mW m-2 sr-1 nm-1 as mentioned

on P9 L4) and doesn’t scale with signal, this technique will remove more points in fallwinter-
spring when errors are large compared to signal, leading to positive cold season

biases, early spring GPP onset, and underestimated seasonal amplitude. This should
explain why observed SIF doesn’t reach zero level (P13 L5) and why the authors find
an opposite phase an opposite phase relationship of GPP and SIF in spring at FI-Hyy
in active data (photochemical yield synchronized with SIF) compared to passive data
where SIF precedes GPP. | recommend reanalyzing GOME-2 results with negative
values.

We thank the referee for this insight and agree. We have thus redone the analysis with the inclusion
of negative values.

The authors show that model GPP is systematically early in coniferous forests compared

to ground and satellite data, a finding that is consistent with previous studies

of cold limited ecosystems. | was hoping the authors could take better advantage of

the multiscale observations and new model capabilities to provide explanations at biochemical
and environmental levels, especially since the challenge of understanding the

spring transition is listed as a motivation for the study. Some speculation is provided in



the discussion (e.g., frost) but not much detail and no mention in the conclusions. I think
this is an important enough result and application of new methods as to warrant further
discussion. | would like to see the authors discuss what is needed to improve model
representation of the spring transition. What would be the effect of seasonal PSII and
thermal dissipation? Growing degree days, cold temperature days, and/or frozen soils?

What important environmental controls are included/missing in the Farquhar model?

We agree with the referee that this is one focus of the manuscript, but it has not received enough
focus in the earlier version. We therefore added discussion in this topic, which is shown later. There
we propose using temperature related changes to the base rates of the biochemical parameters. Here
the SIF observations can be used as a valuable evaluation tool for large scale estimates.

In the end, it would be desirable to have process-based description for the cold acclimation
processes to properly describe the seasonal cycle of boreal forests, as this would also enhance our
skill to predict changes of the carbon cycle in future climate. However, at the moment there is lack
of observations to parameterize a large scale model in this respect. The parameters related to the
amount of active reaction centers and sustained non-photochemical quenching are steps to this
direction, but they would need parameterization in order to be useful in large scale models.

Additionally, also other processes play part. It has been suggested, that slow recovery of Rubisco
has influence in spring recovery (Monson et al., 2005). It might not be possible to include all the
factors in models, but combining observations and modelling efforts at different scales will
hopefully reveal, which processes are most important to be included.

The spring recovery of the forests to its full summertime capacity is a gradual process (Bergh et al.,
1998), that can be tracked with several environmental and biological variables (Thum et al., 2009).
Air temperature is quite good proxy to be used (e.g. Thum et al., 2009), but the averaged
temperature indices might benefit from inclusion of delay due to night frosts (Thum et al., 2017),
that might even reverse spring recovery (Ensminger et al., 2004).

Large-scale observations can be very useful, since earlier studies (e.g. Walther et al., 2016) have
shown that the temperature sensitivities differ between different regions. This study is a first step in
doing that work with more extensive remote sensing data available soon. However, also more data-
based approaches are valuable (e.g. Luus et al., 2017, Walther 2016) as they are increasing our
understanding of the carbon cycle.

| am also interested in further elaboration of results in autumn at FI-Hyy, in particular,
why F’ and photochemical yield are strongly delayed relative to GPP in autumn but
synchronized in spring.

In earlier version the MONI-PAM results were not discussed in detail, as they’ve been published
also elsewhere (Porcar-Castell, 2011; Kolari et al., 2014), but of course they haven’t been shown in
this context and therefore there is reason to further elaborate then. In the earlier version they were



discussed in the discussion, but we moved these points to the Results section and added some more
detail, now mentioning photoprotection of the needles and the possible differences in the electron
transport rate between observation and simulation.

Minor Comments

Abstract and Conclusions — Mostly a discussion of methods and no mention of new results. |
suggest discussing at least one new and interesting result from your study. Something about spring
or autumn photosynthesis, or using leaf level measurements with satellite data, or comparing model
simulations to active and passive fluorescence data.

We added some results, including two points: i) the ability of observed SIF to capture seasonal
cycle of photosynthesis at site scale, ii) the goodness of simulated SIF values vs. observations at
regional scale.

Figure 1 - Figure legend is difficult to read and it’s not clear from figure or caption what is being

plotted in panel (A) — legend appears to suggest fluorescence yield as solid red but text refers to
photochemical yield. GPP is not shown in panel (A) as stated in caption — please correct.

The font size in the figure legend was increased to make it easier to read. The text was corrected, so
that it states that the fluorescence yield is the modelled yield (shown in solid red in the figure). The
caption was corrected to say that GPP is in panel B.

Figure 3 — color scheme is confusing especially with multiple variables on 1 plot. keep observations
in black and models in color like in figure 1. Use same line styles for same variables (solid for GPP,
dashed for SIF).

We remade the figure like suggested.

P5L10: *an indication of the fraction of electrons in the leaf that follow the ChlF pathway
Corrected.

P6L12: *is used in

Corrected.

P7L23 & P9L2: Confusion about overpass time. Here it is stated as 10:30 am but as 9:30 am in
Section 2.3.2. Please clarify or correct. Also clarify what it means for the satellite overpass time to
last for 100 minutes.

We sincerely apologize for the confusion and would like to explain how this happened. We briefly

introduced the properties of GOME-2 in Sect. 2.3.2, where we added "at the equator” to clarify that
the actual overpass time depends on the region under investigation. The wording to express the time



for one revolution might have been inappropriate. We clarified this issue by rephrasing the sentence
to: ..., while one revolution takes 100 minutes.” In Sect. 2.2.3 we added "local solar time" in order
to prevent any misunderstanding.

P10L18: I don’t see the simultaneous decrease in observed GPP with F’. GPP is already declining
on Day 200 while F’ appears steady until Day 280. F* decrease is also much more gradual and
doesn’t reach its minimum until January.

This is right. We have now corrected this part in the text.

P10L25: please elaborate what is meant here - are you suggesting that in low light conditions of
spring, most of the absorbed radiation goes into photochemistry thus reducing that available to
fluorescence?

Apologies for having a mistake in the subscripts, making the message of the paragraph very
unclear. The important message here was connected to only fluorescence yield, that in spring it is
the fluorescence yield that is holding back the increase in SIF.

In low light conditions in general, the photosynthetic yield and fluorescence yield are anti-
correlated. Actually, with increasing light levels, the fraction of incoming energy used for
fluorescence increases and the fraction used for photosynthesis decreases (van der Tol et al., 2009).
This is because when photosystem |1 absorbs light and primary quinone acceptor of PSII Qa has
accepted an electron, it cannot accept another electron before it has passed on the first electron to
the subsequent electron carrier. Thus, the proportion of closed reaction centres lead to a reduction in
efficiency of photochemistry and increase in fluorescence (Maxwell and Johnson, 2000). We don’t
have any data that shows different behavior for this in spring. We are sorry for the confusion, due to
the wrong subscripts.

P12L1: quantify "reasonably similar” - within 10% of observations? 5%? Regression is slightly
lower on average in model

Indeed, it is a good idea to concentrate on this result more deeply, as it is one of the main results of
the study. For now we added uncertainties of the slopes in the table 3 and calculated the averages
and standard deviations of the different cases. These are now also mentioned in the abstract.

Note, that due to the different fitting algorithm the slopes might differ slightly from the earlier
values. Also, due to the inclusion of negative observed SIF values in the analysis, the slopes are not
now systematically lower in the model.

P12L8: FI-Sod has lower correlations than FI-Ken.
Yes, it depends on which correlations you’re looking at in Table 2. Here we were trying to refer to

correlation between modelled GPP and modelled SIF, which is at least 0.92 for other sites and 0.83
for FI-Ken. To clarify this, we added “with each other” to the text.



P12L.10: provide reference for peat effect on drought

We decided to replace word “peat” as “humus” as we consider it to be more appropriate term in this
context and added reference.

P13L25: what is the magnitude and direction of the seasonal drift in GOME-2 overpass,
and what is the likely influence?

Although there are indeed (minor) seasonal variations in the local solar time of GOME-2 overpasses
(slightly earlier during NDJ; 10:15 during winter, 10:45 during summer), we do not expect a
dramatic influence, because of the senescent vegetation during this period. After including also
negative values (as suggested by referee), we obtain SIF values close to zero as it can be anticipated
and removed the concerned sentence accordingly. However, the morning overpass of GOME-2
leads to challenging measurement conditions (inclined solar angles) during the winter (mentioned in
P14L1).

Inclined solar angles lead to longer photon path lengths, in which case rotational Raman scattering
could fill in solar Fraunhofer lines. This might interfere with the SIF retrieval, which relies on the
in-filling of Fraunhofer lines. We included these measurements anyways to be able to present a
continuous time series (again: we observe SIF values close to zero during winter).

P14L.13: please explain what a static temperature response is, the effect on early GPP, and how this
could be corrected in the model

We added the following text here:

“The photosynthesis of forests is often modelled using constant temperature response for the
biochemical model parameters Vimax and Jmax throughout the year. However, studies have revealed
that this assumption does not hold for ecosystems with strong seasonal cycles, but causes
overestimation of CO, fluxes in transition periods. Kolari et al. (2014) found seasonally varying
values for leaf level for those parameters from leaf level observations at FI-Hyy. Ueyama et al.
(2016) found seasonally varying biochemical model values at four different black spruce forests in
Alaska in a model inversion study at eddy covariance sites. In an earlier study using inversion at
boreal coniferous forests (Thum et al., 2008), it was found that three forests at northern boreal zone
(F1-Hyy, FI-Sod and FI-Ken) had temporal evolution in the biochemical parameters, but a site
located on temperate boreal (Norunda, Sweden) did not.

Leaf level studies have used temperature acclimation for the changes of biochemical parameters
(Wang et al., 1996). Similar results have been obtained for site level results at FI-Sod, where dark
acclimated chlorophyll fluorescence observations have been used in combination with eddy
covariance observations to disentangle the effect of changing maximum photosynthetic capacity
(Thum et al., 2017).



The changes taking place in the needles of conifer forests in winter are numerous to protect the
needles in challenging environmental conditions. E.g. the light harvesting complexes are
aggregated (Porcar-Castell, 2011) and the xanthophyll cycle enables photoprotection (Ensminger
et al., 2004). Some of these processes can be in future be included in a large scale model, as adding
changes to the parameters in the ChlF model discussed below, but as changes in the boreal spring
happen at quite fast pace and those can be tracked with several different environmental and
biological variables (Thum et al., 2009), for large scale applications a temperature related
changing of the biochemical parameters might be next step forward and remotely sensed SIF
observations provide a very useful evaluation tool in this context.”

P15L4: add condition “assuming a homogeneous landscape”
We guess that this was meant for page 16... We made the addition there.
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Response to Referee #2, 28.2.2017 by Thum et al.

The authors use GPP data derived from CO2 fluxes measured at 4 boreal forest sites, together with
SIF derived from the GOME satellite and leaf-level active fluorescence data to test a new version of
the land surface model JS-Bach, which has been updated with a description of ChIF fluorescence.
Finally, JS-Bach is applied at regional scale.

The authors demonstrate overall good correspondence between measured and simulated GPP
(which was calibrated though) and satellite SIF and site-level GPP and reasonable correspondence
to leaf-level active fluorescence data. SIF compares better to measured GPP compared to remotely
sensed fAPAR.

| think this is a useful and original contribution. My comments are mostly meant to improve clarity,
which the ms frequently lacks.

We thank the referee for these comments and hope that our responses to the comments are able to
clarify the manuscript.

Detailed comments:

p. 3, I. 6: as ecosystems exchange various forms of carbon, use carbon dioxide if you actually refer
to carbon dioxide

Indeed, the aim was here to refer only to carbon dioxide, not to methane or VOCs, so we made this
addition to clarify the text.

p. 3, I. 11: strictly speaking this is only true for fAPAR, while NDVI is just the normalized
difference between reflectances in NIR and red, which happens to correlate with fAPAR

We totally agree with the referee and this was a language issue. We replaced “which” by
“describing”, hopefully now clarifying the issue.

p. 4, 1. 1: 1 would contradict the “readily”, given that we are still far from a truly process-based
description of SIF; the Farquhar model though offers most of the interfaces for coupling to SIF

We agree with the referee. We took away the word “readily”.



p. 4, l. 12: “Both these regions . . .”

Thank you, this is now corrected in the text.

p. 4, l. 15-15: here you might explain why you focus on spring and autumn

A good point. We added here the following text: “Forests in the boreal zone experience strong
seasonal cycle with cold winters and warm summers (Bonan, 2008). The transition periods of
spring and autumn influence the carbon balances in these northern ecosystems (Bergh et al., 1998).
In changing climate the conditions in spring and autumn will change (Ruosteenoja et al., 2011)and
cause changes to carbon balances. It is anyhow during these times that the carbon cycle models
have difficulties in performance (Schaefer et al., 2012). Therefore it is important to find ways to
improve carbon cycle models in these time periods.”

p. 4, 1. 19: here you haven’t mentioned yet that you did implement SIF into your LSM

Thank you, we changed the text so that we separately mention the implementation.

p. 4-5, section 2.1: while this section clarifies some of the basics, it entirely lacks details, such as
which instrument was used for active measurements in the field and how the experimental protocol
was, etc. — | see this comes later, so an appropriate header reflecting this is required here

A good point again, we added “in general” to the title in order to clarify the issue.

p. 6, |. 6-7: the acronyms/abbreviations do not make sense — maybe use subscripts like dir and dif to
distinguish between direct (beam) and diffuse radiation;

Indeed, the used abbreviations were not that clear. We used referee’s suggestion to distinguish
between direct and diffuse radiation.

Wouldn’t the equation be easier to understand if fAPAR was calculated as the difference between
the radiation balance at the top of canopy (layer 1) minus the radiation balance below the lowermost
layer (layer 3);

We understand the referee’s point, but we have a three —layer canopy and here we wanted to show
how to calculate fAPAR for each layer. As said in the text, the canopy fAPAR is the sum of fAPAR
from different layers.

replace “transmitted” by “used” or similar

We made that.

p.6,1.12:“ .. isused ..”



Thank you, corrected.

p. 6, I. 16: typically the temperature dependency of Jmax is either exponential or even follows an
optimum shape

We agree, but in this study we decided not to make any changes to the original formulation of the
JSBACH model, that would have required then some additional evaluations of the model
performance.

p. 6, 1. 17: isn’t the value of alpha typically around 0.05 (mol CO2/mol photons)

We’re talking here about apparent quantum yield, not the intrinsic quantum yield. We modified the
text to say apparent quantum yield, which is the true quantum yield multiplied by the light
absorption in the leaf (Walker et al., 2014). This value (0.28) is the default value of JISBACH for all
the different plant functional types. The parameter optimization study by Makeld et al. (2016) done
by JSBACH at site level for FI-Hyy and FI-Sod, showed this value to be good for the two sites.

p. 7, 1. 19: “obtained” — use past tense throughout

Thank you, we corrected that.

p. 8, I. 19, 24: two times same header numbering

Thank you, we corrected that.

p. 9, |. 5:is it a good idea to introduce a bias into the data? Isn’t there some other way to deal with
the negative values?

We have redone the analysis by including the negative values in the analysis.

p. 9, I. 9: does this explain how fAPAR is derived? | mean in the sense that a reader should be able
to repeat the author’s approach?

What the author did related to fAPAR was to ask Thomas Kaminski for these data, that he kindly
provided and even took out data for each site. These values were obtained by partitioning the solar
radiation fluxes that were based on inversion of the MODIS broadband white sky surface albedos
and the reference for those data is given here. As we did not do the laborious processing it takes to
obtain those data, we did not go into details here.

p. 9, |. 18: what does “adjusted” exactly mean? Which metric did you use to measured the success
of the “adjustment”?

We didn’t perform here any rigorous tuning with profound mathematical methods, like done by
Makeld et al. (2016). Instead, we matched the averaged LAI value to the observations. We did not



consider building a model tuning framework for this work, as we’re not dealing with the absolute
GPP values from the sites, but instead we use our modelled time series to assess the seasonal
behavior of the model. We added sentence: “No rigorous parameter inversion methods were used,
as we did not use the absolute GPP values in our study, but focused more on the seasonal
behavior.” to the text.

typically, Jmax is linked to Vcmax through the ratio of the two — was that done here too, i.e. only
Vcmax adjusted and Jmax “followed” based on the relatively conservative ratio of the two?

Yes, the original ratio between Vcmax and Jmax was 2.1, and we kept this same ratio, by changing
first Vcmax and then always Jmax accordingly. We added this point to the text.

p. 10, I. 14: what exactly means “most” in this context?

Apologies, that was unclear. We did the analysis for points having larger fraction than 0.5 for the
vegetation, but plotted all the points to the map in Fig. 4. We clarified this.

p. 11, 1. 1: doesn’t the term “midday depression” refer to the drought-related midday decrease in
leaf net photosynthesis and stomatal conductance?

Yes, we took that away, as it’s not in the right context here.

p. 16, 1. 2: “wider footprint” — be more precise . . .

We added (e.g. for GOME-2 default footprint is 80 km x 40 km) in parenthesis to be more explicit.
Fig. 1: might be worth commenting on the negative measured GPP values

This is a good addition. The negative values are originating from measurement uncertainty. The
GPP is obtained from the observed NEE by subtracting the respiration fitted by temperature
regression. The temperature fit to respiration adds some systematic error to the GPP estimate. We
wrote to the manuscript:

“Some negative GPP values are present in Fig. 1. The random nature of turbulence and instrument
uncertainty add to measurement uncertainty (Rannik et al., 2016). The GPP is obtained from the
observed net ecosystem exchange (NEE) by subtracting the respiration that has been estimated by a
regression fit to temperature (Wohlfahrt and Galvano, 2017). Thus the random measurement
uncertainty leads to some negative GPP values that are compensated by equal amount of too high
positive values, additionally the temperature fit to respiration causes some systematic error in the
values.”
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A list of all relevant changes in the manuscript

e All figures (except Fig. 2) have been updated (Fig. 1 due to the comments and Figures 3-7
due to the inclusion of negative values in the analysis).

e Tables 2 and 3 were updated with regard to the change in the analysis, also corresponding
parts in the Results-section were modified. To Table 3 we also added uncertainties of the
slopes, average slopes and their standard deviations.

e Discussion on early peaked behavior of the SIF signal has been removed from the text and
from the supplement 2, as this was no longer issue when the negative values were included
in the analysis.

¢ In the Introduction we added some motivation of why seasonality is important in studying
boreal forests.

e We added more text to Section 3.1, so that the seasonal cycle of chlorophyll fluorescence
variables is more thoroughly discussed and also the negative GPP values are now
mentioned.

e We added text to the discussion about the seasonality and how it could be modelled.
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Abstract. Recent satellite observations of sun-induced chlorophyll fluorescence (SIF) are thought to provide a large-scale proxy for gross primary
production (GPP), thus providing a new way to assess the performance of land surface models (LSMs). In this study, we assessed how well SIF is
able to predict GPP in the Fenno-Scandinavian region and what potential limitations for its application exist. We implemented a SIF model into
the JSSBACH LSM and used active leaf level chlorophyll fluorescence measurements (ChlF) to evaluate the performance of the SIF module at a
coniferous forest at Hyytiald, Finland. We also compared simulated GPP and SIF at four Finnish micrometeorological flux measurement sites to
observed GPP as well as to satellite observed SIF. Finally, we conducted a regional model simulation for the Fenno-Scandinavian region with
JSBACH and compared the results to SIF retrievals from the GOME-2 (Global Ozone Monitoring Experiment-2) space-borne spectrometer and to
observation-based regional GPP estimates. Both observations and simulations revealed that SIF can be used to estimate GPP at both site and

regional scales. At regional scale the model was able to simulate observed SIF averaged over five years with r of 0.86. The GOME-2 based SIF

was a better proxy for GPP than the remotely sensed fAPAR (fraction of absorbed photosynthetic active radiation by vegetation)—even-though

ah-these are no el to be a ed-with-photosvnthesis- he

observed SIF captured the seasonality of the photosynthesis at site scale and showed feasibility for use in improving of model seasonality at site

and regional scale.
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List of abbreviations

®; - Quantum yield of fluorescence [quanta emitted / quanta absorbed]

@y — Scaled quantum yield of fluorescence [quanta emitted / quanta absorbed]

@, — Quantum yield of photochemistry in PSII [electrons transported / quanta absorbed]

ChIF — chlorophyll fluorescence (general term)

ESM — Earth System Model

EVI — Enhanced Vegetation Index

F’ — Prevailing fluorescence signal as measured with PAM fluorometry [relative units, e.g. sensor mV output]

fAPAR - Fraction of absorbed photosynthetic active radiation by vegetation

FTS - Fourier Transform Spectrometer; spectrometer on GOSAT satellite

GOME-2 — Global Ozone Monitoring Experiment-2; spectrometer on MetOp-A (Meteorological Operational Satellites) satellite
GOSAT — Greenhouse Gases Observing Satellite

GPP — Gross Primary Production

JSBACH - Jena Scheme for Biosphere Atmosphere Coupling in Hamburg; the land surface model of the Max Planck Institute’s Earth System
Model

LSM — Land Surface Model

NDVI - Normalized Difference Vegetation Index

PAR — Photosynthetically active radiation

PSII — Photosystem |1

SCIAMACHY - SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY; spectrometer on ENVISAT (ENVIronmental
SATellite) satellite

SCOPE - Soil-Canopy Observation of Photosynthesis and Energy

SIF — Sun-induced fluorescence [e.g. in W m sr* nm™], obtained from passive observations or from a model
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1 Intoduction

The terrestrial biosphere is thought to store approximately a quarter of the carbon dioxide (CO,) released by anthropogenic activity (Le Quéré et
al., 2016). However, a detailed spatio-temporal distribution of this uptake is absent, partly due to an incomplete understanding of the terrestrial
carbon balance as a whole. Estimates of the terrestrial net carbon balance are often made by land surface models (LSMs) (Sitch et al., 2015).
However, assessing and improving the performance of LSMs at larger scales remains a challenge, as limited data sources for large scale carbon
dioxide flux estimates are available (Luo et al., 2012). Increasing our knowledge of carbon dioxide uptake will thus help to provide better

estimates of the global carbon balance.

Previous global estimates of the spatial distribution and the variability of plant photosynthetic production have mostly been based on remote
sensing of vegetation greenness (such as the normalized difference vegetation index, NDVI) or the fraction of absorbed radiation (FAPAR);
which-describinges how much of the incoming photosynthetically active radiation (PAR) is absorbed by the vegetation (Pinty et al., 2011).
Recently, global retrievals of sun-induced fluorescence (SIF) have also become available for the monitoring of global vegetation productivity (e.g.
Frankenberg et al., 2011, Joiner et al., 2011).

Chlorophyll fluorescence (ChlF) takes place in plant leaves when they photosynthesize. The light energy absorbed by the chlorophyll molecules is
used in photosynthesis, dissipated as heat or re-emitted as light through ChlF (Maxwell and Johnson, 2000). Thus, ChlF correlates with two
simultaneous processes: photosynthesis and heat dissipation. Therefore, ChlF has been a standard measurement at the leaf scale in plant
physiology for decades (Baker, 2008). The advent of retrieval approaches for satellite data acquired by the spectrometers FTS (onboard satellite
GOSAT), SCIAMACHY (satellite ENVISAT), GOME-2 (satellite MetOp-A and B) and OCO-2 have demonstrated that it is possible to measure
SIF from space (e.g. Frankenberg et al., 2011, 2014; Guanter et al., 2012, Joiner et al., 2012, 2013; Kohler et al. 2015).

As the seasonal cycles of fAPAR and SIF are related to radiation and greenness of the vegetation, they appear similar in many ecosystems.
However, SIF is more physiologically related to photosynthesis and has been shown to track gross primary production (GPP) better than fAPAR
in deciduous broadleaf and mixed forests as well as in croplands (Joiner et al., 2014). Moreover, comparison to observation-based upscaled global
GPP products (Jung et al., 2011) has suggested that SIF is a better estimator of GPP than other traditional remotely sensed vegetation indices,
such as EVI (enhanced vegetation index) and NDVI (Frankenberg et al., 2011; Walther et al., 2016), and may thus be of relevance in the

observation or modelling of the terrestrial carbon balance (Lee et al., 2015; Parazoo et al., 2013).
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SIF can be readily-estimated from state-of-the-art photosynthesis models, such as the widely used Farquhar model (Farquhar et al., 1980), by
describing the processes of photosynthesis and fluorescence at the cellular level (van der Tol et al., 2009a), or leaf level (van der Tol et al., 2014).
The strong dependence of the measurable SIF signal on scattering and reabsorption effects within the canopy requires explicit formulation of the
radiative transfer (e.g. SCOPE; van der Tol et al. 2009b). Nevertheless, modelling studies using satellite observed SIF have revealed links
between forest productivity and water stress in the Amazon (Lee et al., 2013) and have helped to constrain the seasonal cycle of GPP (Parazoo et
al., 2014). Koffi et al. (2015) included SIF in their global carbon cycle data assimilation system and found SIF to be more sensitive to the

chlorophyll content in the leaves than to the parameter maximum carboxylation rate controlling model GPP.

The challenge in using the space-borne SIF data for the evaluation of SIF models is the lack of similar ground-based observations, and the degree
of correspondence between GPP and SIF at different spatial scales. Another important consideration is that the SIF observation from space is
dependent on a passive measurement carried out in narrow spectral bands. The signal in the red region originates mostly from the top of the

canopy, whereas deeper canopy layers also contribute to the far-red signal (Porcar-Castell et al., 2014). Fhese-bBoth_these regions can be used in

retrieving SIF from remote sensing observations.

Our aim in this study is to assess whether the SIF measurements can be used to quantify the LSM performance at a regional scale for the spring

and autumn transition periods. Forests in the boreal zone experience strong seasonal cycle with cold winters and warm summers (Bonan, 2008).

The transition periods of spring and autumn influence the carbon balances in these northern ecosystems (Bergh et al., 1998). In changing climate

the conditions in spring and autumn will change (Ruosteenoja et al., 2011) and cause changes to carbon balances. It is anyhow during these times

that the carbon cycle models have difficulties in performance (Schaefer et al., 2012). Therefore it is important to find ways to improve carbon

cycle models in these time periods.

is. In Fenno-
Scandinaviathis—study—region; coniferous forests are very common and study of their photosynthetically active period with remote sensing
products is a challenge because of the stronger relative contribution to the GPP cycle of the physiological seasonal cycle than the changes in green
foliage area (Bottcher et al., 2014). Our strategy consists of implementing testing-the-implemented-a ChlIF model into LSM JSBACH model and
evaluating the results of this implementationef-eurLSM-JSBACH-medel. We examined the performance of the model by comparing it to leaf-

level ChlF observations at the site scale in one forest. We then evaluated the model performance at four coniferous forest sites by comparing the
remotely sensed SIF signal from GOME-2, modelled SIF and the modelled GPP to observations with the eddy covariance technique. Finally, we

made a regional model run for Fenno-Scandinavia and compared our results to satellite observations.

4
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2 Materials and methods
2.1 Active and passive measurements of ChlF_in general

Active measurements of ChlF in field conditions are typically done with the pulse amplitude modulated (PAM) technique where ChIF is measured
over a broad spectral region (Porcar-Castell et al., 2014). In the active measurement, a weak and pulsed measuring light is used to excite
fluorescence. The ChIF measured by PAM is not dependent on the prevailing light environment, but reflects the efficiency in transforming the
measuring light into fluorescence. The active measurement provides the fluorescence signal F* and the photosynthesis yield ®,, which describes
the fraction of absorbed photons used in photosynthesis. For the separation between non-photochemical quenching (NPQ) (i.e.heat dissipation)
and @, it is also necessary to have observations of dark-adapted leaf, as it is assumed that dark-adapted leaf with all the reaction centers open do
not exhibit NPQ (Murchie and Lawson, 2013).

Passive measurements are an alternative to active observation of ChlF and rely on the emission under natural light environments, where the SIF is
estimated in very narrow spectral bands and is affected by ambient illumination (Porcar-Castell et al., 2014). Passive measurements can be
ground-based, but also based on remote sensing carried out on the ground or from space (Meroni et al., 2009). Passive observations rely on the in-
filling of atmospheric or solar absorption lines by SIF. The ChIF yield (®5) can be obtained from the passive measurements and it is an indication
of the how-big-fraction of electrons in the leaf follow the ChlF pathway.

Thus, passive measurements provide SIF and fluorescence yield ®; values, whereas the active measurements provide the prevailing fluorescence
signal F” and yield of photosynthesis ®,. In non-stressed low light conditions most of the absorbed energy is used for photosynthesis (causing
higher @) that results in lower fluorescence yield (). Therefore an inverted relationship exists between ChIF and photosynthesis yields at low
light levels (van der Tol et al., 2009a). However, during high light and/or stressed conditions NPQ is increased and then @, and ®; are positively
correlated.

2.2 Models

2.2.1 JSBACH

We used the biosphere model JSBACH (Reick et al., 2013) that is part of the Max Planck Institute’s Earth System Model (Giorgetta et al., 2013).

In addition to the global simulations, JSBACH can also be applied at regional and site scales.



10

15

20

25

The JSBACH model simulates the exchanges of carbon, water and energy between the land surface and the atmosphere. The incoming radiation
that reaches the canopy is calculated for the three different canopy layers a using two-stream approximation model (Dickinson 1983, Sellers
1985). In this model, it is assumed that the distribution of scattering objects in the canopy is homogenous so that the radiation distribution inside

the canopy is horizontally invariant. Therefore, it is necessary to only consider vertical radiant fluxes.

Fraction of absorbed PAR (fAPAR) for one layer is calculated as

Itot(n)—Itot(ln+1)
APAR(L,,1 = fotim Ttoti 41l 1
f (s tn 1) Rgirt(0)+Rgif r1£(0) @)

where |, is the cumulative leaf area index (LAI) for the canopy layer, | is the total incoming radiation that reaches the canopy layer and includes
the direct incoming radiation to the canopy layer and upward and downward diffuse radiation. Ry;(0) is the direct radiation at the top of the
canopy and R.i(0) is the incoming diffuse radiation at the top of the canopy. The absorbed radiation for each canopy layer is further-used
intransmitted-to the photosynthesis calculation. The fAPAR for the whole canopy is obtained by summing the values from the three different

layers together.

In this model, photosynthesis is described by the Farquhar et al. (1980) formulation for C3 plants and stomatal conductance is based on Knorr
(2000) (photosynthesis for C4 plants follows Collatz et al. (1992) but these species are not relevant in our study region). Photosynthesis is either
electron transport rate or maximum carboxylation rate limited. The electron transport rate J from the photosynthesis model is used in the

calculation of chlorophyll fluorescence and its formulation is as follows:

al

JU) = Jax 77— 2
) o (2

where Jpa is the maximum electron transport rate (unit: pmol m™ s™) with a linear air temperature dependency, | is incoming photosynthetically
active radiation (unit: pmol m?s™) and « is the apparent quantum vield efficieney-of photon-capture-(value 0.28).

The vegetation in JSBACH is described by Plant Functional Types (PFTs). Different PFTs have specific physiological properties, such as

photosynthetic capacity and physical properties, such as the albedo of the canopy. Each grid cell can contain up to four different PFTs and we
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used 13 potentially different PFTs for vegetation in our simulation. The vegetation map was based on the European Corine Database, described in
Torma et al. (2015). The leaf area development in JSBACH is based on the LoGro-P (Logistic Growth Phenology) model (Béttcher et al., 2016).
Air temperature is the main driver of the phenological development in the two main vegetation types (evergreen needleleaf forests and temperate

deciduous broadleaf forests) in our study region.

2.2.2 Leaf-level chlorophyll fluorescence

The model equations for the leaf-level fluorescence are shown in Appendix A. The outputs of the model are SIF and scaled fluorescence yield
®;.. Due to simplifying assumptions such as lack of wavelength separation we do not simulate the magnitude of SIF with JSBACH. However,
seasonal changes in the modelled SIF are still captured. In the ChlF related literature, the ChIF quantities are often referred to as parameters, but in
this work the word parameter will refer to a model parameter that is kept constant and ChlIF related observations are instead referred to as

variables.

2.2.3 Canopy scaling

In order to derive a comparatively simple, computationally efficient scheme for the emission and extinction of radiation in the fluorescence

wavelengths, we developed a simplified parameterization with the form

LAltot l)

T. (_k n
SlFeqn = B SIF; e Maers 3)
where SIF ., refers to the SIF signal that originates from the whole canopy, Niayers is the number of canopy layers in JSBACH, kj is the attenuation
coefficient, LAl is the total LAI of the canopy. This equation is based on the output of the comprehensive radiative transfer model SCOPE and
describes the radiative transfer, photosynthesis, chlorophyll fluorescence, temperature and energy balance at site-level for a given canopy
structure (van der Tol et al., 2009b).

We used the SCOPE model version 1.52b in our study. We derived the parameterization of equation (3) by first calculating the hemispherically
integrated top of the canopy value for SIF when emission was coming from only one canopy layer at a time. Thus we obtained a profile of how
much of the emission that originateds from each canopy layer reacheds the top of the canopy. Dividing this profile by the emission of the different
layers yieldeds the attenuation of the ChIF signal in the canopy. The derived attenuation coefficient kg was slightly sensitive to the wavelength

considered, while changing the amount of foliar mass/area did not affect the attenuation coefficient. The attenuation coefficient ks also varied with
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the solar hourly angle: kq for wavelength 740 nm was 0.350 at noon and 0.347 at 10:30 am, which corresponds to the approximate local solar time

of the GOME-2 observation. Therefore, we used the attenuation coefficient ks value 0.347 in our analysis.

2.3 Measurements
2.3.1 Site level ChlF and carbon dioxide (CO,) flux measurements at Hyytiala

The ChIF site level measurements are from a Scots pine (Pinus sylvestris) forest at Hyytiéld, Finland (61°51'N, 24°17'E, 180 m a.s.l.) (Kolari et
al., 2009). The forest was planted in 1962 after burning and mechanical soil preparation. The soil is a Haplic Podzol on glacial till and the site is
of medium fertility (Kolari et al., 2009). The forest also has a sparse understory of Norway spruce (Picea abies). The total leaf area index (LAI) is
6 m> m? for the Scots pine. The CO, flux between the vegetation and the atmosphere was measured continuously with a closed-path eddy
covariance system that is described in more detail in Rannik et al. (2004) and Mammarella et al. (2009). Gapfilling and flux partitioning are
described in Kolari et al. (2009).

ChIF was measured in the Scots pine needles with a MONITORING-PAM Multi-Channel Chlorophyll Fluorometer (Walz, Effeltrich, Germany)
(Porcar-Castell et al., 2008; Porcar-Castell, 2011). The measurement period was 15.8.2008 — 14.8.2009. The measurement system MONI-PAM
uses a modulated blue LED light to measure the fluorescence emitted from the leaf sample (Porcar-Castell, 2011). We used the results from an

emitter-detector unit that measured three or four pairs of needles arranged in a leaf clip. The unit was located in the mid-canopy.

The instrument recorded instantaneous fluorescence (F’), maximal fluorescence (Fm’) and incident PAR radiation. During nighttime, the maximal
fluorescence (Fm) and the minimal fluorescence (F,) were measured. The observations were done every 10 minutes during summer and every 30
minutes during winter. The temperature sensitivity of the LED measuring light was corrected in the absolute fluorescence levels (Porcar-Castell,
2011). From the measured ChlF variables it was possible to calculate the quantum yield of PSII by ®, = (Fm’ - F’) / Fm’.

2.3.2 Other CO, flux measurement sites

In addition to Hyytiala (FI-Hyy), we used measurements from three other Finnish flux measurement sites. Together these four sites cover a wide
latitudinal range, with the two southern sites; Hyytiéla and Kalevansuo(FI-Kns) located in the southern boreal zone. Two sites are located north of
the Arctic Circle; Sodankylé (FI-Sod) and Kenttérova (FI-Ken) in the northern boreal zone. FI-Ken is a Norway spruce forest, whereas the other

sites are Scots pine forests. More site information can be found in Table 1.
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2.3.32 Observations from space, SIF and fAPAR

To obtain estimates for SIF, we used data from GOME-2 (Global Ozone Monitoring Instrument 2), which is an operational medium resolution
nadir-viewing UV/visible and near-infrared cross-track scanning spectrometer on-board EUMETSAT’s polar orbiting MetOp-A and B
(Meteorological Operational Satellites) (Munro et al., 2006). The spectrometer measures the Earth’s backscattered radiance and the extraterrestrial
solar irradiance. The overpass time of the satellite is around 9:30 am local solar time at the equator, while one revolution takesand-ittasts
approximatehy-100 minutes. Here, we use the GOME-2 SIF data set derived with the approach presented by Kéhler et al. (2015). The retrieved

SIF data were available for 2007-2011, with an 8-day time resolution and a spatial resolution of 0.5° x 0.5°. Typical SIF error estimates range up

to 0.5 mW m? sr! nm™ (Kohler et al., 2015). Negative values of observed SIF were removed from the analysis. This will likely introduce a

positive bias in the values, but it did not affect the seasonal variations in the observations and thus the quantitative analysis presented here.

In our analysis, we also used the space-observed variable fraction of absorbed photosynthetically active radiation (FAPAR). These values were
obtained by partitioning the solar radiation fluxes that were based on inversion of the MODIS broadband white sky surface albedos (Pinty et al.,

2011). Temporal resolution was 16-days and spatial resolution one kilometer. Monthly values of fAPAR were used in the analysis.

2.4 Simulations

2.4.1 Site level simulations

At the site-level, JSBACH was run with observed half-hourly meteorology data (air temperature, shortwave and longwave radiation, specific
humidity, wind speed, precipitation) for each site, and the vegetation at the site was prescribed to be an evergreen coniferous forest. ERA-Interim
data (Dee et al., 2011) was used to fill the missing values in the meteorological time series. The seasonal maximum of LAI of the model over
several years was matched to the observed value. The maximum carboxylation rate V¢may and maximum potential electron transport rate Jyax

parameters were adjusted so that the modelled GPP matched the magnitude of the observation-based GPP. The two parameters have a fixed ratio

and Jnax Was fixed accordingly. No rigorous parameter inversion methods were used, as we did not use the absolute GPP values in our study, but

focused more on the seasonal behavior. In JSBACH, these two Farquhar model parameters have a vertical profile, which were here assumed to

correspond to the observed vertical distribution of foliar nitrogen content (in units leaf mass per area) at FI1-Hyy (Palmroth and Hari, 2001).

A comparison of leaf-scale observations with PAM to site-scale simulated values is somewhat difficult, as the PAM measurement provides the

photosynthesis yield @, and fluorescence signal F’, whereas JSBACH includes the “passive” fluorescence yield ®; and when multiplied by the
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radiation provides an estimate of SIF. Notwithstanding these differences, the seasonal cycle of both values may be compared in relative terms as
both are connected to the activity of the photosynthetic apparatus in the plants. The observed GPP is obtained from the flux tower and is,

therefore, at the same scale as the simulation output.

At four micrometeorological measurement sites, the modelled SIF and GPP were compared to observed GPP and satellite observations of SIF.
Averages of the 2° x 2° spatial resolution pixels closest to the flux tower from the satellite observations were used with a 20-day time period.
Averages were used rather than the closest pixel to the site, as spatial averaging reduces the retrieval data error. At the northern sites some satellite
observations from mid-winter were absent due to cloud contamination. Therefore those time periods were omitted from the analysis. In addition,

the time period 9-11 am was taken from the model results and flux measurements to allow for comparability with the satellite observations.

2.4.2 Regional scale simulations

The modelling domain consisted of Fenno-Scandinavia (52° — 74°N, 4° — 44°E). The meteorological data for JSBACH was prepared with the
regional climate model REMO (Jacob and Podzun 1997, Jacob 2001, Jacob et al., 2001), which was run with an hourly time-step driven by the six
hourly boundary conditions obtained from the ERA-Interim re-analysis (Dee et al., 2011). The resolution of REMO in our set-up is 0.1667

degrees. The JSBACH regional run had the same spatial and temporal resolutions. In this study, we focused on the region 52° — 72°N, 4° — 32°E.

We made comparisons between modelled and observed SIF and also between modelled SIF and GPP and the MPI-BGC GPP product that is
available at monthly time scales (Jung et al., 2009, 2011). The GPP product is data-based and has been upscaled for regional and global scales

using the model tree ensemble approach. For-mest-ef the analysis the model grid points with less than 50% of vegetation cover were omitted.

3 Results
3.1 Annual time series of ChlF and GPP at leaf and site scale

Observed ChlF and GPP had a pronounced annual cycle at Hyytiéld forest (Fig. 1). The observed quantum yield of photosynthesis ®, decreased to

a low winter level later than the observed fluorescence signal F’._The F’ started to decrease around doy 280, later than the observed GPP flux,

which was reduced to zero around mid-November
zero-around-mid-Neovember—The increase in observed ChlF variables; F* and @, took place at the same time in spring and this was also connected

to the beginning of photosynthesis.

10
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Simulated SIF decreased earlier in autumn than the other ChIF variables. This was likely associated with the decline in incoming radiation. The

simulated GPP was a good match with observations during autumn. The simulated @y declined simultaneously with the observed ChlF variables,

however, from November to beginning of February it was on a lower level compared to them. This might be connected to the way electron

transport rate (ETR) was simulated in the model. In the Farquhar model the temperature dependency of the parameter has a lot of influence on

ETR, whereas the observed ChIF variables gave reason to suggest that the ETR stayed on a higher level later to the winter. The gradual decline of

the observed ChIF variables might be due to dark autumns, as the needles do not suffer from excess light levels and thus the downregulation of the

light harvesting machinery can be much lower (Kolari et al., 2014). The yield of photochemistry and fluorescence declines during winter because

the yield of NPQ increased in a process requlated by air temperature (Porcar-Castell, 2011).

The observed ChIF variables drop to their lowest value in February and March. This was the time period, when the forest was experiencing stress

because of the increasing light levels, but still persisting soil freeze and low air temperatures. The trees will have need for photoprotection in order

to get rid of the excess light energy that they cannot yet use for photosynthesis, because of the prevailing conditions. Therefore the observed ChlF

values obtained their lowest values in this time period. The low values in the simulated ChIF variables are caused only by low temperatures, the

mechanisms related to photoprotection are not included in the current model implementation.

the half-hourly GPP values in Fig. 1b. The comparison between simulated @, SIF and observed incoming PAR showed that in spring ®;, that

slowed down the increase of SIF to its summertime values, whereas in autumn light limitation caused the withdrawal of SIF (Supplement A, Fig.
Al).

Some negative GPP values are present in Fig. 1. The random nature of turbulence and instrument uncertainty add to measurement uncertainty

(Rannik et al., 2016). The GPP is obtained from the observed net ecosystem exchange (NEE) by subtracting the respiration that has been

estimated by a regression fit to temperature (Wohlfahrt and Galvano, 2017). Thus the random measurement error leads to some negative GPP

values that are compensated by equal amount of too high positive values, additionally the temperature fit to respiration causes some systematic

error in the values.

Observed F’ and @, decreased at high light levels {knewn-as—nid-day-depression)-on a sunny day (Supplement A, Fig. A2). While this decline
also occured in simulated ®¢g, simulated SIF is increased with incoming radiation. On a cloudy day, observed F’ increased during the day,

whereas @, showed some decrease from the morning value (Supplement A, Fig. A3). Simulated @ and SIF both increased during daytime under

11
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favorable photosynthesis conditions. This is in agreement with the expected inverse relationship between @ and @, under low light conditions

and the positively correlated relationship under high light conditions.

3.2 Upscaling to site scale

In JSBACH, most of the ChIF signal originated from the top of the canopy, as it received most of the light and, therefore, the largest part of
photosynthesis takes place here (Fig. 2). On a sunny day around midday, 86% of total canopy GPP and 88% of SIF was produced in the
uppermost layer. On a cloudy day 97% of the total canopy GPP and 98% of the total canopy SIF was generated in the uppermost layer.

3.3 Comparison of remote sensing results at site scale

Overall, the remotely sensed SIF signal followed the seasonal cycle of observed GPP and modelled SIF and GPP at the flux sites (Fig. 3).
Observed and modelled SIF showed a larger correlation to observed and modelled GPP, respectively, than fAPAR, in particular the FI-Hyy and
FI-Ken sites (Table 2). The model was better at predicting the observed GPP than observed SIF (Table 2), which might reflect the scale mismatch

of the SIF observations. Nevertheless, the ability of JSBACH to simulate fAPAR was not as good as its simulation of the SIF signal (Table 2).

The modelled GPP had the tendency to increase too early in spring, which was clearly seen at FI-Kns (Fig. 3a) and FI-Sod (Fig. 3e). This increase
happened shortly before the start of the observed photosynthesis. This early emergence of photosynthesis contributed to the inability to simulate
the observed SIF signal.

The slope between modelled GPP and SIF was 8.7 g C m2 day Y/(unitless) (standard deviation 0.5 g C m2 day */unitless) averaged over the four

sites (Table 3). It is close to the slope between observed GPP and SIF averaged over the four sites, which was 8.9 g C m? day’/ mwW m?2sr! nm’

Y(standard deviation 1.0 g C m? day’/ mW m? sr! nm?).

N NN
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simulations-and-observations—across-the-differentsites(TFable-3)— Despite this similarity of averaged values, the slopes between the model and

simulations were not within the uncertainty at any other site than FI-Hyy and their results are not directly comparable, as the units are different.

However, the standard deviations were lower for GPP vs. SIF fits than for fAPAR fits, when compared to the absolute values of the slopes. Fhis
was-in-contrastto- Tthe slope between GPP and fAPAR in the observations;-which was higher for the southern sites compared to the northern sites

and the same was observed for the modelled slopes. The differing slopes between simulations and observations for the GPP vs. fAPAR fits

resulted from differing ranges in the simulated and observed fAPAR values. The southern sites had higher GPP vs. fAPAR slopes, since the GPP
values at the southern sites had much higher summertime values than the northern sites, although the fAPAR values showed a similar range at all
the sites.

3.3.1 Year 2009 at FI-Ken

Modelled GPP and modelled SIF were well correlated with each other at all sites except FI-Ken (Table 2), which showed decoupling of these two
variables in summer 2009 (Fig. 3g). In contrast to the observations, the model predicted a drought-related decline in summertime GPP in 2009.
This might be due to the presence of a thin peat-humus layer at FI-Ken, which probably makes the site more resistant to drought_(Hillel, 1980),

whereas JSBACH is only able to simulate freely draining upland soils.

The ensuing decoupling of modelled SIF and GPP variables was connected to the current formulation of the actual electron transport rate (J,) in
the model (eg. (A6)). The formulation of eq. (A6) states that the actual electron transport rate is J from eq. (2) when photosynthesis is limited by

the electron transport rate.

At Fl-Ken the simulated summer drought influenced the simulated GPP via soil moisture limitation in the stomatal conductance. In the JSBACH
model, soil moisture limitation causes a reduction in both the electron transport and the carboxylation rate limited branches of photosynthesis.
This is different from other models, such as SCOPE, in which drought causes an additional decrease in V¢may that further drives down the
carboxylation rate limited carbon assimilation A; and results in a shift to carboxylation rate limited photosynthesis. Closer examination of the FI-
Ken simulation results revealed that it was mostly dominated by the electron transport rate limited photosynthesis, therefore the drought effect

seen in simulated GPP did not lower SIF.

3.4 Regional runs

The correlation between observed and simulated SIF for the averaged five year period was reasonably high (r?=0.860) for different grid points in

the study region;-wi . The correlation between simulated GPP values and
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the MP1-BGC GPP product was at a similar level (r>=0.78). Overall, simulated GPP values were lower than the estimates from the data-driven
MPI-BGC GPP, with the highest simulated GPP values less than 1200 g C m™ year while most of the grid points located south of 58°N
according to the MPI-BGC GPP have larger values. The distribution of GPP on the map showed that the MP1-BGC GPP-product predicts much
larger GPP values for the Norwegian coast than JSBACH (Fig. 4). During winter months, larger GPP values than in the surrounding regions were
also seen in the MPI-BGC product (Fig. 4p). The low values in that region in JSBACH originated from the vegetation maps used for the
generation of the PFT distribution. A pronounced difference between the model results and observations is that the simulated GPP and-SiF
reached the zero level, whereas this didees not occur for the ebserved-SHorMPI-BGC GPP-product, which was not below 380 g C m™ year™ in

our study region.

Modelled GPP and MPI-BGC GPP-product showed a similar pattern as the observed and modelled SIF along a longitudinal transect at 28°E with
little difference in elevation (Fig. 5). At lower latitudes, MPI-BGC GPP was lower, which was not evident in the modelled ethervariables._ The
observed SIF had maximum at higher latitude than other shown variables and shows therefore also lower level in high latitude values. At high
latitudes (> 69.5°), the estimates from JSBACH dropped noticeably compared to the ebserved-SH=and-MPI-BGC GPP product.

During spring, satellite observed SIF showed a number of larger values in central Finland (Fig. 4a) that were not seen in the model variables (Fig.
4b-d). In summer, satellite observed SIF showed a larger gradient in the north-south direction than the model variables (Fig. 4e-h). This might
reflect the fact that the observed gradient in green biomass was larger than seen in the simulations (Markkanen et al., in preparation). In autumn,
the geographical distribution was quite similar between observed and modelled SIF and GPP variables (Fig. 4i-1). This might be connected to the
strong light dependence of SIF and GPP, both in real world and simulations, as light is a very important driver for photosynthesis in autumn. At
winter, satellite observed SIF showed some scattering in the area where it had values (Fig. 4m). These values were likely connected to the

challenges of winter time measurements (e.g. low light levels) with GOME-2.

At the seasonal scale, the strongest correlation (r?=0.87) between satellite observed and simulated SIF occurred in autumn (September-November)
(Fig. 6¢). The high correlation during autumn is likely related to the inherent light dependency of both GPP and SIF as light diminishes along
latitudinal gradient. The slope of the fit between observed and modelled SIF values changed retably-in spring compared to the summer and

autumn periods. This was caused by our large latitudinal gradient of the region. In the southernmost region there appears to be some linear

dependency between modelled and observed SIF, but in the northernmost region the modelled SIF values are still very close to zero. a-mere
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The seasonal cycle at a monthly resolution for the different latitudinal regions revealed differences between the modelled and observed SIF (Fig.

7a). The highest SIF in the simulations occurred in July in all latitudinal regions. However, the highest value in the observations in low latitude

regions occurred in June while in region_62-66°N highest value took place in July and s-north of 66°N the highest value occurred in August. Two

of the studied micrometeorological measurement sites were located in the northernmost latitudinal region. At FI-Ken, observed SIF predicted the

highest activity one month later than the observed GPP. Maoreoy

Supplementary-Material-B)--As with simulated SIF, simulated GPP from JSBACH showed the highest value in July, even though in the two most
southern regions June and July were at a similar level (Fig. 7b). The highest values of GPP in Denmark occur in June due to the cultured crops
(Lansg, 2016) and similar crops might also influence seasonal cycle in the Baltic region. The GPP from MPI-BGC was similar to the satellite

observed SIF highest value in the southernmost region in June and for the other regions the highest values occurred in July (Fig. 7b).

4 Discussion
4.1 Site level observations

The implementation of the SIF leaf-scale model into JSBACH performed appropriately when compared to observations from FI-Hyy, a typical
coniferous site for southern Finland. The fact that both simulated GPP and ChIF increased earlier than their observed counterparts in spring would
suggest that ChlF observations might be successful in improving modelling of photosynthesis, e.g., in a data assimilation set-up (Koffi et al.,
2014; Norton et al., 2017). i i

However, it should also be noted, that the data for FI-Hyy was derived from active measurements, and that the coupling between ®, and ®; might

be changed during different seasons (Krivosheeva et al., 1996). Active measurements have different variables than the “passive” quantities

obtained from the model, and therefore, there is reason to be cautious with the comparison.
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The SIF and fAPAR are close to each other in observations, as they are both related to green biomass. However, in the JSBACH model their
calculation is different with TAPAR derived as a function of LAI and radiation, whereas GPP (and therefore SIF) is a function of other

environmental variables and model parameters (in addition to LAI and radiation) that may also have an effect.

throughout the year. However, studies have revealed that this assumption does not hold for ecosystems with strong seasonal cycles, but causes

overestimation of CO, fluxes in transition periods, at least in spring. Kolari et al. (2014) found seasonally varying values for leaf level for those

parameters from leaf level observations at FI-Hyy. Ueyama et al. (2016) found seasonally varying biochemical model values at four different

black spruce forests in Alaska in a model inversion study at eddy covariance sites. In an earlier study using inversion at boreal coniferous forests

(Thum et al., 2008), it was found that three forests at northern boreal zone (FI-Hyy, FI-Sod and FI-Ken) had temporal evolution in the

biochemical parameters, but a site located on temperate boreal (Norunda, Sweden) did not.

Leaf level studies have used temperature acclimation for the changes of biochemical parameters (Wang et al., 1996). Similar results have been

obtained for site level results at FI-Sod, where dark acclimated chlorophyll fluorescence observations have been used in combination with eddy

covariance observations to disentangle the effect of changing maximum photosynthetic capacity (Thum et al., 2017).

The changes taking place in the needles of conifer forests in winter are numerous to protect the needles in challenging environmental conditions.

E.qg. the light harvesting complexes are aggregated (Porcar-Castell, 2011) and the xanthophyll cycle enables photoprotection (Ensminger et al.,

2004). Some of these processes can be in future be included in a large scale model, as adding changes to the parameters in the ChIF model

discussed below, but as changes in the boreal spring happen at quite fast pace and those can be tracked with several different environmental and

biological variables (Thum et al., 2009), for large scale applications a temperature related changing of the biochemical parameters might be next

step forward and remotely sensed SIF observations provide a very useful evaluation tool in this context.”
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In—additien—tThe number of active PSII reaction centers (parameter s in the chlorophyll fluorescence model) has been shown to change
seasonally in boreal environments (Porcar-Castell, 2011). However, in our implementation we assumed it to be a constant 0.5, as there is no
theory to predict variations of this parameter at larger scales. Similarly the rate constant of sustained thermal dissipation (parameter kypqs in the
chlorophyll fluorescence model) incorporates seasonal variation in boreal forests (Porcar-Castell, 2011), but for the same reasons it was kept as
zero in our model runs. The comparison with the data nevertheless suggests that these assumptions are justified at the time and spatial scales of
our analysis.

However, since the seasonal cycle was captured quite well by the model at FI-Hyy, even though the seasonally variable parameters that control
yield were not considered, some concerns connected with the model are evident. The link to the Farquhar model causes the simulated ChlF
variables to have a pronounced seasonal cycle similar to the measurements, even though the light reactions of the SIF model do not include the
seasonal changes that take place in the leaves. While this could be considered as a counterargument against our approach, the fact that we can
generate an appropriate time series with the environmental controls of the Farquhar model suggests that our approach maybe a sensible choice
when attempting to simulate SIF at ecosystem and larger scales.

4.2 Satellite data

The satellite SIF observations have a clear-sky bias, which may affect the seasonality of these data. Furthermore, illumination and viewing

geometries affect the observed SIF (Joiner et al., 2013).

—Also, the low SIF values measured at high latitudes make the

data over those regions prone to systematic errors, which may affect the consistency of the time series. In addition, the illumination-observation

geometry might play a role in canopy structure effects and its seasonality.

Here we compared site level observations with satellite observations, despite the fact that these two observations are at completely different

spatial scales. A flux tower measures approximately 1 km? of the surrounding area, whereas the satellite observations have a wider footprint_(e.q.
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| for GOME-2 default footprint is 80 km x 40 km). However, Finnish territory consists of large areas of forest and the seasonal cycle is driven by

meteorological variations that have an influence at larger spatial scales, and therefore we consider the comparison between these different scales

to be appropriate_assuming a homogeneous landscape.

At large scale the ability of SIF to estimate the seasonal cycle of GPP has been shown at boreal coniferous forests (Walther et al., 2016). At the
leaf scale the connection is more complex. The seasonal dynamics of interplay between ChIF and photosynthesis still remain unclear, and a model
that captures that relationship is not currently available (Porcar-Castell et al., 2014). If alternative electron sinks or metabolic pathways exist, as
was found by Krivosheeva et al. (1996) for wintering Scots pines, then this may mean that the use of ChIF as a proxy for seasonal dynamics of
GPP is problematic (Porcar-Castell et al., 2014). Development of process-based models for ChlF is ongoing and once a suitable leaf-level model

that incorporates the seasonal changes in the ChlF becomes available, then it could be used to parameterize the larger scale models.

4.3 Challenges in modelling: Radiative transfer

A significant challenge to the comparison of modelled and observed SIF is the radiative transfer in the canopy. However, as most of the detectable
ChlF signal originates from the topmost canopy layer (van der Tol et al., 2014), a complicated radiative transfer scheme is not essential for a first
order comparison that focuses on the seasonal cycle and large-scale gradients. This assumption is consistent with our model, which predicts that
the largest part of the SIF signal originates from the topmost layer of the canopy. Therefore, we would suggest that our simplifications in treating

the radiative transfer of SIF in the canopy are adequate for the purpose of this study.

5 Conclusions

SIF in a northern coniferous forest occurred simultaneously with GPP in both observations and simulations across Finland and the Fenno-
Scandinavian region. Site level comparisons to flux tower observations of GPP support these results. The leaf level measurements provided the
first comparison to simulations and it is also essential that site-level SIF observations are available, such as in study by Yang et al. (2015). A

measurement set-up is currently being tested at FI-Sod that will also provide data suitable for modelling purposes.

The main findings of our study include:

e JSBACH was better in simulation of SIF than fAPAR at the site scale.
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e Observed SIF was better at capturing the seasonal cycle at the forest sites than the modelled SIF and GPP, therefore it can be used to

constrain modelled SIF in order to improve the simulated GPP.

e  Correlation between observed SIF and observed GPP was higher in the southern than in the northern sites.

e Slopes of regression between GPP and SIF were similar between simulations and observations across different sites.

e Slopes of regression between observed GPP and fAPAR were higher in the southern than in the northern sites, and the same trend
occurred for the simulated values.

o  Satellite observed SIF showed a maximum seasonal value in July for the area north of latitude 66°, in contrast to the simulated SIF and

simulated and observed GPP values.

Further evaluation of these results would benefit from the additional use of other remote sensing products for LAI estimates, as LAI has a strong
influence on the spatial variation of the SIF signal. Current and future space missions (e.g. Guanter et al., 2014) as well as increased ground and

airborne SIF observations will further provide data to relate SIF to photosynthesis.

6 Code availability

The SCOPE model is available from Christiaan Van Der Tol. The chlorophyll fluorescence model is available from Federico Magnani. The
JSBACH model is available to the scientific community under a version of the Max Planck

Institute for Meteorology Software License Agreement (http://www.mpimet.mpg.de/en/science/models/license/). JISBACH-isproperty-of-the- Max
Planek-nstitute:

7 Data availability

The leaf level chlorophyll fluorescence data is available from Albert Porcar-Castell and will be available from
http://avaa.tdata.fi/web/smart/smear during winter 2016-2017. The micrometeorological data and meteorological data is available from Annalea
Lohila (FI-Kns), Mika Aurela (FI-Ken and FI-Sod) and at http://avaa.tdata.fi/openida/dl.jsp?pid=urn:nbn:fi:csc-ida-2x201611242015017385197s
for FI-Hyy.
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8 Appendices
Appendix A: Leaf-level chlorophyll fluorescence model

The leaf level model for ChIF is based on work by Magnani and Dayyoub (2016). The definitions of the variables and parameters and their

possible numerical values and references are in Table Al.

Excitation energy that enters the leaf will be dissipated through photochemistry (subscript p), fluorescence (f), energy-independent (D) and

energy-dependent heat dissipation (NPQ) with the following yields (@) calculated with rate constants k;:

kp

p = kp+kf+kD+kNpQ (Ala)
_ ke
F ™ kp+kptkptknpo (Alb)
_ kp
D™ kptkptkprinpg (Alc)
— knpq

kp+kf+kD+kNpQ
The rate constant of photochemistry (k) can be expressed as a function of the intrinsic rate of photochemistry (kes;), photochemical quenching

parameter gLy (representing the fraction of functional and open reaction centers) consisting of gL, (the fraction of open reaction centers) and gL

(the fraction of functional reaction centers, the sustained component of the photochemical quenching parameter):

kp =kpsi * qLr = kpsyy - qLs - qL, (A2)

The rate constant for regulated thermal energy dissipation (kneg) consists of reversible component (NPQs) and sustained component (NPQr):

knpq = knpos + Knpor (A3)
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The fluorescence and photochemistry yields can be expressed by combining equations (Al-4):

&, = kpsirqlsqLy (A4a)
p kpsirqlsqLyr+ks+kp+knpor+knpQs

o = i (A4b)
kpsirqls'qLr+kg+kp+knpor+knpQs

and the ratio of these two gives:
P k
;i = iill “qLs - qL, (AS)
The actual electron transport J, is

A
Ja=J) (A6)

J
where A is photosynthesis (minimum of the electron transport rate limited photosynthesis Ajand maximum carboxylation rate limited
photosynthesis, A, in units umol m? s, J is the electron transport shown in eq. (2). The J, is used in the calculation to describe the fraction of
incoming quanta that is used for photosynthesis, i.e. the photochemical quantum yield of photosystem I (PSII), &,
P, =1 (A7)

p 1

The rate of PSII reduction can be assumed to be proportional to the fraction of functional and closed reaction centers:
Ja=4qLs" 1- qu) * Jmax (A8)
Therefore, the fraction of reaction centers that are functional and open is:

I®p

qLs-qL, = qLs; — (A9)

Jmax
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By substituting eq. (A9) to eq. (A5), the following expression for fluorescence yield is obtained:

k
L. (A10)

b =0, ——-
i1 P kpsi qLs—y

max

The rate constant knpg is constant or close to zero in conditions of light-limited carboxylation (Walters et al., 1993), as energy dependent heat
dissipation is the result of pH build-up in the thylakoid lumen and xanthophyll de-epoxidation. From eq. (Alb) and (Ald) the thermal energy

dissipation in low light conditions is:

knpQs
Dypg = Pf ”k—"fQ (A11)

From eq. (Alb) and (Alc) we obtain:

®p = q>f’;—ff’ (A12)

Under these conditions a negative relationship between photochemical and fluorescence yields is expected, since:

_ _ kb knpQ
(Dp—l—d)f—d)D—d)NPQ—l—CDf—GDf E—d)fTs (A13)

From this equation fluorescence yield at low light conditions can be derived to be:

— 1 ) ke
Dry=(1— D) (kf+kD+kNst (Al14)

The fluorescence yield of PSII, &, is taken as the minimum of @& ; and @& ,:

(Df = min((pf’]_, d’f’z) (A15)
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The reference minimum fluorescence yield, obtained in dark-acclimated foliage in the absence of stress &, can be theoretically derived from the
rate constant of fluorescence k; (6.7 - 10" s) (Rabinowich and Govindjee, 1969), the rate constant of thermal deactivation kp (6.03 - 10® s™) and

the rate constant for photochemistry in open PSII reaction centers Kpg; as

Bpp=—I (A16)

- kf+kps"+kD
and kpg); (Genty et al., 1989) can be derived as

k _ (kp+kf)Ppmax
PSIET (- 0p max)

(A17)

where @p . (0.88 mol / E) is the maximum quantum yield of PSII in dark-acclimated conditions in the absence of stress obtained
fluorometrically after correction for PSI fluorescence (Pfundel, 1998).

To obtain the scaled fluorescence yield @&, the fluorescence yield & is further divided by &,

®r
cbf,s = ‘I’_fo (A18)
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Tables

Table 1. Measurement sites

Abbreviation Name Location Vegetation total LAl [m* m?] Year  Reference
FI-Kns  Kalevansuo 60°39'N Scots pine 5 2007-  Lohilaetal. (2011)
24°21'E forest 2008
FI-Hyy Hyytidla 61°51'N Scots pine 6 2007- Rannik et al. (2004)
24°18'E forest 2011 Mammarella et al. (2009)
FI-Ken  Kenttarova 67°59'N Norway spruce 6.6 2007-  Thum et al. (2008)
24°15'E forest 2011  Aurelaetal. (2016)
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FI-Sod  Sodankyla 67°21'N Scots pine 3.6 2007-  Thumetal. (2007)
26°38'E forest 2008

Table 2. The correlation coefficient (r?) and its significance (in parenthesis) between modelled and observed sun-induced fluorescence (SIF)
(observed SIF in units mW m™ s’ nm™) and gross primary production (GPP) (unit: g C m™ day™) values at different sites. In the calculation of
linear regressions between simulated and observed GPP and SIF, 20-day time periods and the morning values were used. In the calculation of

GPP vs. fraction of absorbed photosynthetic active radiation by the vegetation (FAPAR) fits, monthly values including the whole day were used.

FI-Kns FI-Hyy FI-Sod FI-Ken
Obs. GPP vs. obs. SIF 0.91-0.89 0.93 092 089 083 082 083
(8.82:10%%)  (1.07-10™) (5.70-10"%) (3.14-10%)
(3.66-10™)  (4.24-10™") (3.44-10™ (7.33-10%)
Mod. GPP vs. mod. SIF 0.99 0.92 0.99 0.83
(1.20-10%) (5.80-10%) (1.04-10%) (1.38:10%)
Obs. GPP vs. mod. GPP 0.97 0.98 0.84 0.82
(1.25-10%") (8.02:107) (2.06-10™%) (2.40-10%)
Obs. SIF vs. mod. SIF 0.88 0.89 0.63 0.79
0.90 0.90 0.66 0.81
—3-70-10"") — (6.85-107%) (2:21-107) (3-63-107)
(4.00-10™%) (3.03-:10™* (341-10™%) (9.17-10%)
Obs. GPP vs. obs. fAPAR 0.90 0.66 0.82 0.72
(5.64-10™%°) (1.68-10™3) (6.16:10°®) (1.01-10%)
Mod. GPP vs. mod. fAPAR 0.89 0.86 0.80 0.67
(3.01:10™3) (4.98-107) (2.33:10°) (5.82:10%°)
Obs. fAPAR vs. mod. fAPAR 0.77 0.70 0.72 0.67
(1.58-10%) (8.26-10"") (1.53-107) (1.31-10™)
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Table 3. The slopes of the fits between gross primary production (GPP) and sun-induced chlorophyll fluorescence (SIF)/ fraction of absorbed

photosynthetic active radiation by vegetation (FAPAR). Note that a constant scalar was used in multiplying the modelled SIF values.

JFI1-Kns FI-Hyy FI-Sod FI-Ken Average Standard deviation,
Obs. GPP vs. obs. SIF 83 10 11 9.8
7.6 (£0,4) 9.8 (x0.3) . 9.5(£0.7) 7.8 (x0.5) 8.7 1.0
Mod. GPP vs. mod. SIF 8.3 (x0.1) 9.76 (x0.1) 8.5(x0.1) 9.24 (x0.5) 8.9 0.5
Obs. GPP vs. obs. fAPAR 229 (x¥2.5) 24.1 (¥2.5) 13.2 (x1.5) 12.5 (x1.2) 18.2 5.3
Mod. GPP vs. mod. fAPAR 15.8 (+1.2) 18.16 (+0.9) 5.8 (+0.6) 4.32 (x0.4) 11.0 6.0

Table Al. Descriptions of the variables and parameters.

Variable/Parameter Description Value Reference

(unit)

D, Yield for photochemistry

&; Yield for fluorescence

Dp Yield for energy-independent heat dissipation

Dnpo Yield for energy-dependent heat dissipation

Ko s Rate constant of photochemistry

ke(s™) Rate constant of fluorescence 6.7 - 10’ Rabinowich and
Govindjee (1969)

ko (s) Rate constant of energy-independent heat dissipation 6.03 - 10° Porcar-Castell et al.
(2006)

Knpo (sh Rate constant of energy-dependent heat dissipation

kesn (s™) Intrinsic rate of photochemistry
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gLy

]

qLs

Knpar (5™)

Knpos (5™
Ja(umol m? s
A (umol m?s™)
A; (umol m?s™)
A (umol m?s™)
Jmax (umol m? s)
D

Dy max (Mol / E)

Photochemical quenching parameter (representing the fraction of
functional and open reaction centers)

The fraction of open reaction centers

The fraction of functional reaction centers

Rate constant of reversible component of kypq

Rate constant of sustained component of kypg

Actual electron transport rate

Photosynthesis

Electron transport rate limited photosynthesis

Maximum carboxylation rate limited photosynthesis

Maximum potential electron transport rate

Dark-adapted fluorescence yield of PSII

Maximum quantum yield of PSII in dark-acclimated conditions in the 0.88

absence of stress
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Figure captions

Fig. 1. a) The annual cycles (15.8.2008-14.8.2009) of measured chlorophyll fluorescence (F’ and photochemical yield @) {ChiF-MONI-PAM)
and gress—primary-production{GPP)-together-with-the simulated ChlIF variables (SIF and fluorescence yield ®@;¢) and-GPP-from the JSSBACH

model at a daily scale at site FI-Hyy. All the ChIF variables are scaled from zero to one. The thick line for the modelled ChIF values is a 15-day

running average of the value. b) The modelled and observed gross primary production (GPP) at half-hourly means (dots) and corresponding 30-

day running mean (thick lines).

Fig. 2. The daily cycle of simulated SIF and @4 in three different canopy layers of JSBACH on day 160 in 2008. Layer 1 was the upmost layer
without attenuation taken into account in a) and b) and with attenuation estimated from the SCOPE model included in €) and f). The sums of

different layers are shown in ¢) (SIF) and d) (®¢s) with and without attenuation.

Fig. 3. Observed and simulated SIF and GPP scaled to unity (unitless) with corresponding standard deviations at a) FI-Kns, ¢) FI-Hyd, e) FI-Sod,
g) Fl-Ken.

Fig. 4. Maps for our study region with GOME-SIF, JSBACH-SIF, JSBACH-GPP and MPI BGC-GPP averaged for time period 2007-2011 and

separated between seasons.

Fig. 5. Latitudinal transect at 28°E showing JSBACH-GPP, MPI-BGC-GPP and observed and simulated SIF averaged for the time period 2007—
2008. All quantities have been scaled to unity.

Fig. 6. Correlation plots for different seasons, GOME-SIF vs. JSBACH-SIF. Note that ISBACH-SIF has been multiplied by 100.

Fig. 7. Averaged seasonal cycles of observed and simulated SIF (a) and MPI-BGC and simulated GPP (b) separated by latitudinal regions. Note

that the simulated SIF value was multiplied by 100. The observed SIF is in units mW m?2sr* nm™.
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