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Abstract. Phenology is essential to our understanding of bio-bon and climate models, ideally in the form of simple equa-
geochemical cycles and the climate system. We develop &éions based on biological processes, with predictive capabil-
global mechanistic model of leaf phenology based on the hyities. Recent work has shown that existing phenology com-
pothesis that phenology is a strategy for optimal carbon gairponents of ecosystem models cannot correctly capture sea-
at the canopy level so that trees adjust leaf gains and losses Bonal cycles as observed in flux tower measurements and that
response to environmental factors such as light, temperatura better understanding of phenology could improve current
and soil moisture, to achieve maximum carbon assimilation predictions of terrestrial systemRi¢chardson et al.2012.

We fit this model to five years of satellite observations of Here we present a global, process-based phenology model
leaf area index (LAI) using a Bayesian fitting algorithm. We that aims to explain seasonal cycles as a function of environ-
show that our model is able to reproduce phenological patmental variables, based on the carbon optimality hypothesis.
terns for all vegetation types and use it to explore variations The simplest method for describing the phenology com-
in growing season length and the climate factors that limitponent in climate and carbon models is to use prescribed
leaf growth for different biomes. Phenology in wet tropical budburst and senescence dagellers et al. 1986 Schae-
areas is limited by leaf age physiological constraints while atfer et al, 2008 Jain and Yang2005. Another method is
higher latitude leaf seasonality is limited by low temperatureto use satellite-derived vegetation data, which is well suited
and light availability. Leaf growth in grassland regions is lim- for large-scale phenological studies because of its spatial and
ited by water availability but often in combination with other temporal coverage. Previous studies have used satellite veg-
factors. This model will advance the current understandingetation indices, such as NDVI (normalised difference vege-
of phenology for ecosystem carbon models and our ability totation index) and EVI (enhanced vegetation index) to deter-
predict future phenological behaviour. mine budburst dated( et al, 2006 Medvigy et al, 2009.

Most of these studies use time-series techniques to determine
onset and offset datetdeke et al. 1996 Zhang et al.

i 2003. Any such approach using prescribed dates is inca-
1 Introduction pable of projecting the potential impact of climate change on
henology. The most common approach to simulate climate
hange effects is to use a temperature dependency, often in
direct constraint on f:arbon assimilatidNI(lite_ et al, 1999 the fogrm of a growing degree dffy model, Wr?ich usesythe sum
.and. evapotranspwaquﬂlson_and Baldocch|zoqo, mak— of days with temperatures above a given threshold, which is
ing it essential to understanding global and regional b'ogeo'often fixed White et al, 1997 Sitch et al, 2003 Krinner

chemical cycles. Phenological cycles are highly dependenét al, 2005 Knorr et al, 2010. However, some models use a

on climate and the timing and spatial patterns of phenOIOg'carbon efficiency approach to determine phenological cycles

ical dates may change significantly in response to changegmd
S . atternsArora and Boer20035.
in climate (Morin et al, 2009 Korner and Basler2010. As P sA & 9

such, leaf phenology needs to be incorporated in global car-

Leaf phenology refers to seasonal variations in leaf area,
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Most of the approaches used by global-scale vegetatiorthe dry seasonBorchert 1994 Reich and Borchertl982.
models are based on species level phenology, such as sp&he seasonally dry phenology is often represented through
cific temperature thresholds, even though the spatial scalesither prescribed dates for leaf out and leaf @tljaefer
of such models can be quite coarse and one grid cell caet al, 2008 or as a threshold of available soil water, sim-
include a mix of species and phenological types. The conilar to the degree day approacKnprr et al, 2010, but
cept of landscape phenology was first introduced to refer tdboth these approaches cannot capture the more complex be-
the phenological patterns captured by remote sensing dathaviour in these regions and cannot be used to predict future
(Morisette et al.2008 Schwartz 1998 but it can also be ap- changes in phenologyolly et al. (2005 propose a model
plied to large-scale-modelling studies and a model that capthat uses empirical functions of temperature, day length and
tures landscape rather than species level seasonality wouldater availability, to describe both temperate and dry trop-
be more appropriate for such large-scale models. ical phenology, but does not include any seasonal cycle for

An alternative approach to threshold-based phenology ighe wet tropical forests.
that used bKikuzawa(1996 to describe leaf habit based on  In the case of moist tropical forests, studies have shown
the assumption of an optimal carbon assimilation strategythat these do have a weaker seasonal cycle, with a peak in
This is independent of the environmental limiting factor or the dry seasoriMyneni et al, 2007) due to an increase in so-
vegetation type, making it a more general appro&thy-  lar radiation, especially in areas with deep-rooted trees and
manski et al.2007). The assumption that plants are optimal sufficient water Nepstad et al1994). Caldararu et a(2012
and try to achieve maximum carbon gain has been previouslyleveloped a mechanistic model of tropical leaf phenology for
tested both at the individual leveA¢kerly, 1999 Le Roux  the Amazon Basin and showed that these seasonal changes
et al, 200)) and at the ecosystem lev@li(1 et al, 2012). can be described as a response to variation in direct and dif-

For cold deciduous vegetation, as occurs in temperate ofuse radiation.
boreal latitudes, the current understanding of spring phenol- In this paper we present a global process-based phenolog-
ogy is that leaf budburst occurs after a given number of dayscal model, building on the tropical model Glaldararu et al.
with a temperature above a certain thresh&lchtner, 1994). (2012, based on the hypothesis that phenology at a given
Other potential factors include the photoperiod (day lengthlocation is a strategy for achieving an optimal carbon gain
requirement) and a chilling requirement necessary to prevengiven the seasonal variation in light, temperature and water
budburst after a warm period in winteCliuing 2000. Leaf  availability at that location. We fit this 14 parameter model
senescence has been less intensely studied, but is believedg@bally at a resolution of 2latitude by 2.8 longitude us-
depend on either low temperatures or photoperiddnfi- ing leaf area index (LAI) data from the MODIS (Moderate
nen et al. 1990 White et al, 1997 Delpierre et al.2009, Resolution Imaging Spectroradiometer) instrument (Sct.
while some studies show that this is only dependent on dayVe show that the model can be applied without any prior in-
length and has a fixed datkdskitalo et al. 2005. The ef-  formation about leaf habit (i.e. deciduous or evergreen) or
fects of warming on leaf phenology are mostly considered tobiome and is able to explain and reproduce phenology at
result in an early spring (e.dMenzel et al. 2006 Thomp-  the landscape level in both temperate and tropical regions
son and Clark2008, but estimates of the potential magni- (Sect.3). We then present the predicted LAI spatial and tem-
tude of this change varies widely between studiesriger poral patterns and use the fitted model to predict growing
and Basler2010. Also, the combination of the chilling ef- season metrics and the spatial distribution of factors which
fect and warming requirements can, in some species, lead tonpact phenology across the globe (Sdgt.

a late spring danninen 1990. Some studies have argued

that, because of photoperiod constraints, this earlier budburst

date cannot be proportional to spring warming as avery earlyy Data

date, even if warm, would not have the required day length

(Korner and Basler2010. Furthermore, an earlier budburst 2.1  MODIS LAl

date is not necessarily directly related to an increase in over-

all productivity, as the seasonal response can be varied and/e use LAl data collection 5 from the MODIS Terra plat-

associated changes in ecosystem respiration can lead to rfiorm. The LAI/fPAR (fraction of absorbed photosyntheti-

net change, as shown by both measurement and modellingally active radiation) product is available at a 1km spa-
studies Richardson et al201Q Parmentier et al2017). tial resolution (MOD15A) for the period 2000—present and

These model parametrisations often refer only to temperat a temporal resolution of 8 days. The data is split into
ate deciduous forests, ignoring the large areas of dry and200km by 1200 km tiles (TOlatitude by 10 longitude at
moist tropical forests that are often considered to lack a seathe Equator). We use tiles for the entire globe for the cho-
sonal cycle Cramer et al.2001). Dry tropical forests and sen study (2001-2005) and evaluation periods (available at
shrublands are generally thought to lose leaves during drhttps://Ipdaac.usgs.ggv/
periods to prevent excessive water loss by plants, and leafing The MODIS LAl retrievals are based on a reflectance al-
is often asynchronous between species and can occur duringprithm (known as the main algorithm) which uses red and
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near infrared surface reflectance, illumination geometry and4) (Bey et al, 2001). The data is provided at a spatial
an eight biome land-cover map used to obtain informationresolution of 2 latitudex 2.5 longitude and a temporal
on vegetation structure and optical properties and soil opticatesolution of 3h, which we average to a one day resolu-
properties Knyazikhin et al, 1999. In cases where the main tion. To describe plant water availability within our model,
algorithm fails, LAI values are calculated using an empiri- we use volumetric soil moisture from the NCAR/NCEP
cal relationship between NDVI and LAI (the back-up algo- (National Center for Atmospheric Research/National Cen-
rithm). ters for Environmental Prediction) reanalysis daily aver-

The quality flags associated with the LAI product pro- age surface flux data sett{p://www.esrl.noaa.gov/psd/
vide information on the algorithm used, atmospheric condi-data/gridded/data.ncep.reanalysis.surfaceflux)h{ialnay
tions (cloud and aerosol presence) and snow cover. The datt al, 1996, which has a spatial resolution of 2.%ati-
quality is affected mainly by cloud cover in tropical regions tudex 2.5° longitude. This is currently one of the only avail-
and snow at higher latitudes. Preliminary data analysis andble global data sets of soil moisture, as soil moisture is one
ground validation studiesCphen et al.2006 have shown of the most difficult variables to measure at large scales, to-
that values obtained using the back-up algorithm underestigether with most other soil variables, as it is determined by
mate LAI, especially in high LAI regions such as the Ama- a combination of environmental, aboveground and below-
zon Basin. Snow contaminated pixels also have low qualityground factors. This makes the reanalysis product difficult to
data. As such, we have eliminated all pixels that were derivedalidate at global scales and the few existing validation stud-
using the back-up algorithm or were snow contaminated. Wees have proved inconclusiv€fieng-Hsuan et al2005.
reproject all LAl data from its native sinusoidal projectionto  Prior to model fitting we reproject all data onto the GEOS
an orthogonal grid and spatially average to the GEOS 4 PAR4 orthogonal projection grid.
data resolution (Sec2.2).

To spatially average the MODIS high resolution pixels, we 2.3  Ground-based phenology data

need information on land-cover type. The MODIS land-cover i
product (MOD12Q1) provides 16 land-cover classes undeVe use ground-based phenological measurements for model

the IGBP (International Geosphere-Biosphere Programmeya"dation from the detailed record at Harvard Forest as well
classification. We have retained forest pixels classified as ev@S Meéasurements from a number of other flux sites (Tgble
ergreen (broadleaf and needleleaf), deciduous (broadleaf anfn€ Harvard Forest data se?) (contains measurements of
needleleaf) and mixed and also open and closed shrublanddourst, percent leaf development (percent leaves with 75 %
and woody savannahs. Tropical forests are classed9% and 95 % area developed), leaf colouring and senescence for

evergreen, while midlatitude forests are classed mostly a&ll Woody species at the site for the period 1990-2011. We

mixed, with no clear differences between temperate and boUS€ the mean percent leaf development at 75% and senes-

real forests. We would expect a different leaf seasonality forc€Nce over 2001-2006 for all species for comparison with

boreal evergreen forests, with a lower seasonal amplitude®Ur model results, which are LAl values across a larger area.
which is not reflected in the MODIS LAI data. This issue can Other phenological data used in this paper, obtained from the
be caused by poor snow detection in areas that are only partlfLUXNET fair-use database, is less detailed and obtained
snow coveredilein et al, 1998 Beck et al, 200§. As such  through different types of measurements (Table

we aggregate all forest types into a mixed forest class. Since

we do not h:?lve any previous information about the phenol-3 Phenology model

ogy of the different shrub land-cover types, we also aggre-

gate all three types into a mixed shrubland class. We neegje present a model of phenology based on the hypothesis
to differentiate between forest and shrubs within a phenolthat trees actively gain and lose leaves in order to achieve the
ogy model as the two broad vegetation types generally havenaximum net carbon gain, that is, to achieve carbon optimal-

different rooting depthNepstad et al.1994, which is im- iy, We describe leaf gain and loss processes as a function
portant for describing soil water stress. This land-cover in-of temperature, available light, soil moisture and leaf ageing.

formation is only used for data pre-processing and the modefig. 1 presents the model structure, described in detail below.
does not require any further information about the type of The overall change in LAl at each time steand location

forest and its phenology type. x is calculated as
- i dLAl El
2.2 Environmental variables dix’[) = PUo(x, 0, LAl (x,1=1)— Y L(x,1,a), (1)

The phenology model described in SeBtrequires as in- @=0

puts solar radiation, surface temperature and soil moisturewhere P denotes the leaf gain processes (S8ct) calcu-
We use photosynthetically active radiation (PAR) data andlated as a function of solar radiatidp and LAl at the pre-
surface temperature from assimilated meteorological dataious time step and. denotes the loss processes summed
products of the Goddard Earth Observing System (GEOSover all leaf age classes (Se8t2). We fit the resulting 14
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Table 1.Field sites where phenological data was available for model validation.Obtained from the FLUXNET fair-use database.

Site Name Coordinates Type of
measurement

US-Bar Barlett Experimental 44.66 —71.2% 50 % canopy development

Forest from fPAR data
US-MMS Morgan Monroe 39.32 —-86.4F NA
State Forest
US-Ton Tonzi Ranch 38.43 —120.97 60-70% of plants show the

same phenology
US-UMB  Univ. of Michigan 45.58 —84.71 LAl Licor-2000 measurements
Biological Station

Us-Wer Willow Creek 4581 —90.08 Changes in light interception
Table 2. Model parameters for leaf gain processes. et al, 2012, we calculate a separate direct and diffuse target
LAl and calculate the overall value as the minimum of the
Symbol  Units Description two.

Given this target value, trees will add new leaves if their
LAl is lower than LAkarg at a given time. The leaf produc-
tion P at locationx and timer is then calculated as

Cdirect Wm~2  Leaf level light compensation
point for direct PAR

Cdiffuse Wm~2  Leaf level light compensation
point for diffuse PAR

p days Lag in response to incoming light P(x,1) =

gaifmax mM?m~—2  Maximum gain 08N, LAl targ(x, 1) — LAl (x, 1 — 1) > Qaifnay
LAl targ(x, 1) =LAl (x,1 = 1), 0 < LAl targ(x, 1) — LAl (x,1 — 1) < gaina, (3)
0, LAl targ(x, 1) — LAl (x,1 — 1) < 0

model parameters (Tabl&and3) to 5yr of MODIS LAI ) ] )
data (2001-2005) using Filzbach, a Bayesian fitting algo-Here the parameter gaigx refers to the maximum leaf gain

rithm (Caldararu et aJ2012. in a given time period and was introduced because trees have
a limited leaf production rate.
3.1 Leafgain To describe the role of temperature on phenology, impor-

tant at higher latitudes, we include a temperature threshold

We base the leaf gain mechanism on the tropical phenologyf 0°C so that the conditions for leaf gain described above
model described i€aldararu et al(2012. We assume that are only active if the average temperature over a number of
trees add leaves in order to achieve the optimal leaf area fop days is above this limit.
light absorption, in response to available PAR so that in the
absence of other constraints maximum LAI will occur at the 3.2 Leaf loss
time of peak solar radiation.

We define the target LAI, LAy, as the optimal number We assume that leaves are lost once the leaf becomes ineffi-
of leaves that a tree will seek to achieve given a certain lightcient, that is, once the leaf assimilation is lower than its res-
level at the top of the canopy (Caldararu et a]2012). This  Piration and carbon maintenance cost. Depending on biome,

is calculated as the reason f.or.a dec'rease in assjmjlatipn rate can either be
a decrease in incoming solar radiation in winter (temperate
LAl targ = _E |n(£)’ ) regions), a decrease in water availability (seasonally dry re-
a o gions) or, lacking any external constraints, simply leaf ageing

where« is the attenuation coefficient ard is a parame- (trop!cal reglons). . S

ter representing the light compensation point, beyond which In its simplest form we can dgscrlbe carpon assimilation of
leaves are no longer able to photosynthesise. To calcijate a mat.ure, unstressed leaf as a Illnear function of total abs_orbed
and the attenuation coefficient throughout the year, we acPAR In the canopy_ltot, normalised by total LAl to obtain
count for variations in solar declination angles and extinctionass'rmlaltlon per unit leaf area:
coefficients with both latitude and day of ye&rock, 1981). dlot—q

We calculatelp as the mean radiation over the previgus — Alight = A

days, where is a free parameter. To account for the effects

of both direct and diffuse radiation on photosynthesis, whichwhere¢ and ¢ are parameters representing photosynthetic
are particularly important in wet tropical regiorSgldararu  efficiency and overall canopy compensation point (the light

(4)
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Table 3. Model parameters for leaf loss processes.

Symbol  Units Description

¢ pumolsIw=1  Photosynthetic efficiency

q pmol m2s1 Canopy level compensation point

51 - Plant water uptake parameter

52 - Plant water uptake parameter

€ mm Evapotranspiration per unit leaf area

u mm Plant water use per unit leaf area

derit years Age after which leaves start ageing

m yr—1 Decay constant of photosynthesis with age

Amin pmol m2s-1  Assimilation rate equal to leaf maintenance costs

level at which there is no no net assimilation in the canopy)set to 1, while forS values lower tharWpmin, fi is set to 0.
respectively. At leaf level, carbon uptake saturates with in-Both Wyin and Wnax are dependent on the existing number
coming radiation and reaches a maximum valigax. How- of leaves, as shown below.

ever, modelling studies have showtiaxeltine and Prentice We express the water demand of a plant as the sum of the
1996 that at the canopy level for time periods of one day or water used by the plant and the water lost through evapotran-
longer the relationship is linear due to both the distribution of spiration and we assume that, under water stress conditions,
nitrogen within the canopy and the differencesdinax and  trees adjust the number of leaves so that the water demand is
compensation points for leaves at different depths. As we arequal to the soil water supply. The water available to the tree
looking at large spatial scales over a sufficiently long time increases with soil moistur®(entice et a).1993, so that the
period (Sect2.1), we use the linear form. We calculate ab- supplyS is

sorbed PAR [iot as a function of direct and diffuse PAR at 5

the top of the canopyl§, see Sect3.1) and LAI, following §=s2(Wy)™=, @

the sun—shade model déPury and Farquhgt997): given the two water extraction factoss,andsy.

We can expres®min and Wmax (EQ. 6) in terms of water
demandWnin, by definition, is the soil water level at which
all stomata must be closed, so that there is no evapotranspi-
ration and the water demand is equal to the water use, ex-
pressed as a function of the minimum water requirement per

Tot = Tairect(1 — e ") 4 Igifyse(1 — e PHAD ) )

wherelgirect and Lgitiuse are direct and diffuse PAR at the top
of the canopy and andg are the two equivalent extinction

coefficients. unit leaf areay:
As we do not use any prior information for the magni- i
tude of carbon assimilation or the photosynthetic rate we nor-w,;, = uLAl . (8)

malise all assimilation values by setting the maximum assim- ) ) _ )
ilation rate Amax to one (unitless). For any values b that ~ Wmax is the soil water from which there is no water stress,

result in a rate greater than one, we set the assimilation t§° that no stomatal control is required and water demand is
equal to water use plus the maximum evapotranspiration rate

per unit leaf areas:

A max-

3.3 Water limitation Wi = uLAl + LA ©)

We know that, as soil water decreases, leaves are forced to g pstituting these into Eg6), we calculate the water ad-
partially or fully close their stomata, in order to avoid exces- justment factor as a function of current LAl and soil mois-
sive water loss through transpiration, which leads to a lower e-

carbon uptake. We define a water adjustment factor as

s1(Wy)2 u
o fo=2 K (10)
f _ S Wmm (6) GLAI €
“ Winax— Wmin’ 3.4 Leaf age effects

wheres is the water supply to the trees described as a func—FOr each leaf age group we adjust the assimilation rata, as

tion of SO'I. moistureWs (see beIow)WmaX is the water level 400 r0ases with age. Following the leaf loss model for tropical
above which soil moisture has no impact on photosynthe-regions Caldararu et al.2012, the age factor is for each
sis andfy = 1 and Wy, is the water level at which com- cohort of age::

plete stomatal closure occurs and photosynthesis shuts down
(fw = 0). For any water suppl§ greater thaWmax, fuw IS f. = min(1, exp*@eit=®) (11)
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Begin calculation

Calculate a temporary leaf age distribution (time t) from the previous
distribution (time t — At):

(1) For all a < At temporarily set LAl (a,x,t,0,) =0

(2) Sum the above over all a to give a temporary LAI(X,t,0,)

Calculate effective incoming radiation

(1) retrieve direct PAR for location x, for each of p, days running up to day t.

The mean of these values is IAdi,m(x,t,ex).

(2) retrieve diffuse PAR for location x, for each of p, days running up to day

t. The mean of these values is I, (,1,0,) .

Calculate target LAI
- yes
(1) Caleulate LAl e (X, 1,0,) given 1. (X,1,0,).
Gain leaves
(2) Calculate LAI (x,,0,) given I .. (x,1,0,). .
erotise . anie (%,10,) Is LAl (xt,0,)— LAl 4(x.1,0,) < gain,,, ?
(3) The minimum of the above is LAl,,(x,t,0,)
(@) 15 LA,y (x,,0,) < LAl (x,1,0,) ? no yes
Gain sufficient leaves to achieve target LAI
no Set LAIL,(0,%,1,0,) = LAl (x,,8,) — LAl ,(x,1,0,)
Gain leaves at maximum rate
Set LAI,4(0,x,t,0,) = gain, .,
Calculate total absorbed radiation
Calculate absorbed radiation according to Beer’s law, given I"m,m(x,t,ﬂx) s Taitruse (X1, 0) and LAI (x,t,0,)
Calculate total carbon assimilation in the canopy
Calculate A(x,t,0,), given total absorbed PAR.
Adjust assimilation for age effects Adjust assimilation for soil water limitation
For each age a: Adjust A(x,t,0,) as A(x,t,0,) = A(x,t,0,) f, (x,t,0,,W,)
(1) Calculate assimilation for each age group

Aa, x,t,0,) = A(x,t,0,)LAI(a, x,t,0,)/ LAl (x,1,0,)

@) Adiust A@, x,,0,) as Aa,xt0,) =A@ xt0,)f, (ax0,) Lose leaves

age

For each age aif A(a,x,t,0,) < A, set A(a, x,t,0,)=0

Calculation complete for time t

For timet + At , return to step 1 above

Fig. 1. Model schematic showing how to calculate predicted LAI at tiraéa given locationx and set of parametef3, .
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Fig. 2. (a)Mean observed MODIS (top) and predicted (bottom) LAl Fig- 3. Predicted (black) and observed (blue) LAl f@) tropical
and(b) relative annual amplitude expressed as the seasonal ampli¥et forests (6S, 55 W), (b) tropical dry forests (13S, 20’ E),

tude normalised by the maximum LAl value. Values calculated for (C) témperate deciduous (48, 15° E) and(d) temperate evergreen
the period 20012005, (54° N, 12C° E). Gray shaded area represents 95 % confidence inter-

vals calculated from the parameter posterior distribution. The blue
shaded area (2006) represents the model evaluation period.

wherep is the rate of decrease with age after a limit agg.

The total carbon assimilation, corrected for water and age ) _
effects is then 4 Results and discussion

Atot = Alight fu fa- (12) 4.1 Model evaluation

Once this value falls below a threshold valtigin, the spe-  Figure2 shows that the model LAI generally agrees with the
cific age cohort is lost. We then calculate leaf loss for eachMODIS data, estimating the highest values of mean LAl in

age cohort LAIg, 7,a) as the tropical regions (3.4 0.6 n? m—2) with values of up to
5.4m* m~2 in the central Amazon and central Africa. Tem-
_ JLAI(x,1,a), Atot(t,a) < Amin perate regions have a lower mean LAl (£8.3n? m2)
L(x,t,a) = (13) - : .
0, Atot(f, a) > Amin. with higher values in the deciduous eastern US and Europe.
_ o o The temperate regions exhibit a higher seasonal amplitude of
3.5 Environmental limitation criteria 1.9m?m~2 (+£0.4 n? m—2), equivalent to 90 % of the max-

imum LAl while tropical forests have a much lower ampli-

The fitted model parameters allow us to identify regions with tude of 0.9+ 0.3 ? m-2, representing only 30 % of the max-

a common limiting factor, i.e. light, soil moisture or leaf age- imum. as expected for everareen tropical regions
ing using the three different triggers for leaf loss as follows. ' P g P 9 ;

. L . . We evaluate our results by running the model for 2006, a
Light and temperature limited regions are regions where the y 9 - '
light response assimilatioRign; is lower than the assimi- year that has not been used in the model fitting, to assess the

. e S L . predictive capability of the model. FiguBshows LAI time
lation limit Amin, while in water limited areasjight f» is . - . . .
. o : series for both the fitting and evaluation period for four major
lower than the limit. Age limited areas are regions where only : .
. . vegetation types. The model captures both the magnitude and
Alight fw fageiS lower than the threshold. In practice, some re-

: X S o . seasonality of LAI at all four locations, with no major errors
gions will show a combination of these three limitations, in . )
. s . for the evaluation period.
particular regions on the edge of wet tropical forests. We cal- ~ .
Figure4 shows the overall model error, expressed as root

culate the relative importance of these three factors by com. an squared error (RMSE) relative to the mean LAI for

paring the number of days in a year when any of the threer)oth the fitting and evaluation periods. For the fitting pe-

cond_ltlons described above are true. Fo_r the purpose of a4 (Fig. 4a) the error is around 0.18, with higher val-
sessing model performance for these different regions, we : :
! ; ; . ues of up to 0.3 for shrubland regions. For the evaluation
define a temperature and light, water and age regime as pix- : . .
L . run, the RMSE is on average 0.25, slightly higher than that
els where the relative importance is over 50 % for tempera-, o ) -
. . for the fitting period and follows the same spatial pattern,

ture and light, water and age respectively.

with higher values for shrublands. A direct comparison of
observed and predicted mean and amplitude for the fitting
and evaluation period (Figé—7) shows that the model cor-
rectly captures the seasonal mean for all three different lim-
itation regimes g% =0.99). The model LAI reproduces the
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Fig. 5. Relative model bias in mean LAI (left) and seasonal am-
plitude (right) for the model training period 2001-2005 (top) and

evaluation period 2006 (bottom), Our model is a process-based mechanistic model and has

the advantage that, in addition to capturing the observed sea-
sonal cycle, it can be used to explore other aspects of leaf

) ) . phenology such as the environmental limiting factors for leaf
observed amplitude for regions which are temperature andyrowth across the globe.

light limited (R?=0.99) and have a less good agreement over

water and age limited regionsR%=0.67 and 0.71 respec- 4.2 Growing season

tively). Figure5 shows a map of the relative difference be-

tween model and observed mean and amplitude. Our modélhe length of the growing season is a valuable indicator
underestimates the mean LAl value mostly at higher latitudef changes in phenology in response to climate. The def-
by 25 % (compared to only 2% in the tropics). This bias in- inition of the growing season varies with the type of data
creases with latitude, from 8.8% at°3Q up to 37.5% at used, which makes ground validation of phenology models
54° N, but these values represent at most 0?5nm2. This particularly difficult. For direct observations of budburst, the
issue is related to the extremely low values observed bystart of the growing season can be defined as the date of first
MODIS in the boreal regions, which the model cannot cor- budburst or percent of open buds and refers to single leaves.
rect for. The evaluation run shows similar differences. TheCanopy level studies report the canopy development level,
model tends to underestimate the seasonal amplitude in tromften through measurements of radiation. When using satel-
ical regions by about 0.1 for both the fitting and evaluation lite data, the start of the growing season at landscape scale
period. has previously been defined using a threshold for vegetation
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Fig. 9.Model and MODIS mean seasonal cycle. The start and end of
the growing season are determined as the day on which the canopy
reaches 50 % development for model and MODIS; other metrics

indices or as the inflection point based on a fitted curve . .
(White et al, 1997. In studies which use flux tower data for ground-based estimates (see TableError bars represent min-
! ) ' imum and maximum yearly variation for the measurement period.

the growing season is often defined as the period in which
GPP is higher than respiration rates, once again at landscape
level (Richardson et al2010, which is especially useful for
evergreen boreal forests, which maintain leaf cover all yeaiWhile such differences can cause errors in our prediction of
round. primary production, as noted Bichardson et a{2012), the
Figure8 shows the seasonal changes in canopy cover (peramount of carbon assimilated at the start of the growing sea-
cent canopy present of maximum LAIl) for the model and son is very low compared to that assimilated at the peak of the
MODIS data together with equivalent ground observations atseason, where our model agrees well with both the MODIS
the Harvard Forest site. There is a discrepancy between thand ground-based data.
model prediction and observed phenology at the start of the One further complication of large-scale models such as
growing season, however this decreases rapidly with progressurs and point observations of vegetation is landscape het-
sively better agreement further in the season. Furthermore, ierogeneity. Previous studies have introduced the concept of
autumn, where the MODIS data shows a sharper decline thalandscape phenologorisette et al.2008 or green wave
the model prediction, the ground-based observations show phenology §chwartz 1998. The measured satellite LAI (or
similar pattern to our model, indicating a certain ability of vegetation index) represents the vegetation behaviour for the
the model to correct for errors in satellite data in this par-entire grid cell, including all species both in the understory
ticular case. Figur® shows mean seasonal cycles of model and overstory, often averaging across multiple vegetation
and MODIS LAl together with the start and end of growing types within the same biome. The general phenological be-
season predicted by the model, data and ground-based olbaviour at landscape scales is that species in the understory
servations at four flux sites. The observed start date of theither leaf out early or keep leaves later in the autumn as
growing season is generally earlier than the model by up tcan adaptation to their low light environment, as this max-
8 days, while the MODIS start date is again later than theimises the amount of absorbed solar radiation, in the absence
model by approximately 8 days. The observed difference carof leaves in the overstoryRichardson and Reefe 2009.
be caused by the different definitions of the growing seasonA similar pattern is shown by seedlings compared to adult
as noted above. Whilst an actual observation of canopy detrees Seiwg 2000. This would lead us to expect that the
velopment, as available at Harvard Forest, agrees well wittstart date of the growing season predicted by our model is
our model, a start and end of season observation does not obn average earlier than that observed in budburst dates for
fer sufficient information to fully assess the fit. The observedsingle species. We believe this is the main reason for the ear-
discrepancy in start date is also consistent with the observetier start date, along with other early leafing species. The dif-
behaviour at the Harvard Forest site at the start of the seasoferences between landscape and single species phenology is
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forests and shrubs. The start date for forest pixels varies from
day 68 at 30N to day 120 at 66N. The shrubs follow the
even more pronounced in areas that include both deciduousame trend with generally later start days. The end day of the
and evergreen species, such as the high latitude boreal foregggowing season varies from day 285 to day 341.
or high altitude mountain regions. Ground measurements in
evergreen forests in the area show a higher LAl and less pro4.3 Phenological limiting factors
nounced seasonal cycle than that observed in the MODIS
LAIL This is the behaviour most commonly associated with Figurel2 shows environmental limitations to phenology cal-
coniferous evergreen species. However, the satellite observaulated using the fitted model parameters (S8d). The
tions also include the deciduous component, resulting in anodel shows that the Amazon Basin and parts of central
seasonal cycle more similar to that of temperate forests. AAfrica and South-East Asia are limited only by leaf ageing,
similar problem is encountered in areas that include a mo-indicating that the vegetation in these areas is wet tropical
saic of grasses and forests which result in a lower LAl thanforest, not limited by seasonal water availability as previ-
expected if the pixel is classified as forest, or a higher LAl ously discussed iiCaldararu et al(2012. The drier sub-
if it is classified as grassland. These observed differences aneopical areas around these forests are limited by a combina-
due to measurements at a different spatial scale. Furthermoré&pn of water availability and leaf ageing. Only 48 % of pixels
carbon cycle models are often on large spatial scales whiclimited by water to any extent are dominantly limited by wa-
would make observations, and predictions of landscape pheter, with the rest being dominantly limited by leaf age. The
nology a suitable input. dominantly water limited regions are concentrated in eastern
The model tends to predict the timing of 50 % canopy de-Africa, while regions in South America and South-East Asia
velopment 16 days earlier than the observed MODIS LAl are mostly driven by leaf ageing. There is a widely held as-
(equivalent to 2 time steps), while the date of 75 % develop-sumption that the phenology of such forests is solely limited
ment has an error of only 8 days (1 time step). At the endby water seasonality, but field studies have shown that leaf-
of the growing season, the discrepancy is 16 days later foing often occurs during the dry season and differs between
50 % canopy lost and 24 days for 75 % lost. These thresholdspecies Borchert 1994 Reich and Borchertl982, which
are not necessarily an indication of the overall shape of theoints at a further limitation.
seasonal cycle, as can be seen in Bignd the overall as- In contrast to the overwhelming effect of temperature as-
sessment of the model fit must be done in conjunction withsumed in most phenology models for the higher latitudes,
estimates of LAl mean and amplitude, as shown above. liaccording to our analysis vegetation in these regions is lim-
must be noted that while for species level phenology suchted not only by temperature, but also light availability, and
errors are very high, the timescales used for coarse resoluthe deciduous forests in Europe and eastern US show some
tion studies are often different, reflecting data availability andinfluences of leaf age, which agrees with field observations
inter-species variation. which show that autumn senescence has a fixed datek{-
Figure10shows the average length of the growing seasontalo et al, 2005. This result agrees with the hypothesis of
for the 5yr of the study period. We estimate that in tropical Korner and Basle(2010, who stipulate that the length of
areas the length of the season covers the whole year, indthe growing season cannot increase indefinitely in response
cating that the trees are active throughout the year, whilst ato higher temperatures because of other constraints such as
higher latitudes the growing season is on average 225 dayslay length.
decreasing with latitude (Figllb). Figurella shows the The posterior parameter values determine the observed
variation in start and end date of the growing season for botHimitations in the model (Figs. A1-A3). Depending on the
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Further information on plant traits would be needed to fully
constrain all parameters at all locations.

5 Concluding remarks

We have shown that the model presented here, based on a car-

bon optimality hypothesis, is able to reproduce and predict

A phenology at global scales, as well as identify the climatic

= factors limiting leaf growth. We anticipate that our proposed
phenology parametrisation can improve current phenology

Fig. 12.Regions where leaf loss is driven by temperature and lightschemes used in global vegetation and earth system mod-

availability (red), water (blue) or age (green) as predicted by theels, Our model contains variables and parameters commonly

model. used in vegetation models, such as those related to carbon

assimilation in the canopy and water limitation, so that the

effective number of additional parameters would be greatly

phenological limitation, some of the parameters will have lit- : : .
. . . reduced if coupled with such a vegetation model and the cen-
tle or no impact on the seasonal cycle. For example, in a high- o . .
. . . . tral concept of carbon optimality can be incorporated into a
latitude region that experiences periods of cold, but no sea- )
S more general carbon allocation scheme. As a process-based
sonal drought, we would expect the parameters pertaining to

water stress to be poorly constrained. This issue is reflecteHmdeL it can also be used for predicting future phenologi-

in the confidence intervals for each parameter (Fig. Ad). Thecal behaviour under climate change scenarios. One interest-

two parameters used to calculate plant water extractipn, N9 qu_est!on to _be answere_d IS .hOW the existing phenologl-
: ; X cal limitations will change with climate. However, given that
andsy, are a measure of how much soil water is available

for use by plants and reflect both the soil structure and rc)Oparameters for non-limiting environmental variables (e.g the

depth (Fig. A2). The water demand and evapotranspirationSOiI .moisture parameters in COl.d regions) are not well con-
parameters determine the extent to which carbon assimila§tramed’ as explained above, it becomes apparent that the

tion is affected by water availability. High water use implies a model in its current form cannot capture such regime shifts

high sensitivity to available soil water, something that would bufc can o_nly predict changes in phgnp_logy In response (o
. shifts in climate that do not alter the limiting factors, such as

lead to pronounced drought-driven phenology. However, as . ; . . : : .
! X . . “anincrease in cloudiness in wet tropical regions or increases

the estimated water use values in drought-deciduous regions .
; : In temperature for temperate forests. To be able to predict

are low, we can conclude that in such regions plants are gen-

erally well adapted to low water conditions and exhibit a wa- more dramatic regime shifts the model would need informa-

ter limited seasonal cycle not because of their high water sen.t—Ion on plant behaviour which is not reflected in the exist-

sitivity but because of the very low soil moisture during the ing data (e.g. dro_ught response of COI(.j temperate forgsts).
dry season. There are two main approaches to solving this problem: us-

ing ground-based measurements of plant traits such as leaf

Figure A3b shows the average age of the oldest leaf at aMhickness and leaf nitrogen content to inform parameter val-

one point in time. This average leaf age is not a paramete[jes or Bayesian statistical methods that combine informa-

of the model, but emerges when the model is simulated in a% . . . .
. . . . ; ion from grid cells in the same geographical region or of the
given region. As expected, leaves in tropical areas, which are

. . . . Same plant functional type to obtain more information on the
age limited, have longer leaf lifespans, while leaves in tem- . .
: unconstrained parameters. Both these approaches constitute
perate regions never have leaves older than 1yr and mostly. "~ . . .
. irections for future work, which will lead to a better under-
younger than 6 months (approximately equal to the 9rOW- o anding of potential changes in phenology across the globe
ing season). We find that the leaf lifespan is not identical gorp 9 P 9y 9 '

. . . In the meantime, the model as presented here represents only
to the limit age parameter agg particularly in temperate

forests, that are temperature and light limited, where the av:the beginnings of a more physiological approach to predict-

erage aggit is 1.4 yr (Fig. S3a) but leaves always drop at the ing future leaf phenology worldwide.
end of the favourable season, making the effective leaf age
equal to the growing season. Appendix A
The four water related parameters are less well constrained
over regions that are not impacted by water stress, while th@osterior parameter values and uncertainties
age related parameters are less well constrained within tem-
perate regions as their effects are not observed 4. The FiguresA1-A3 show global distributions of posterior param-
diffuse compensation point is better constrained in tropicaleter values and FigA4 shows 95 % confidence intervals for
forests where the combined seasonal cycles of the direct anthese values.
diffuse PAR drive changes in LAIQaldararu et al.2012.
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Fig. A4. Relative 95 % confidence intervals for all parameters derived from the posterior distribution. For parameter descriptions see Tables 1
and 2 and Sect. 2 in the main text.
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