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Abstract. For the purpose of modeling future changes in carbon fluxes it is5

important to correctly simulate the interannual variability (IAV) of global and6

regional fluxes. Tree-ring data have been used to validate model Net Primary7

Productivity (NPP) on local or regional scales. Here we present a study, where8

we used a process-based multilayer-canopy vegetation model forced by a 50-9

year climate re-analysis dataset. By using an extensive database of tree-ring width10

(TRW) we quantified how the IAV in model NPP relates to that of tree-ring width.11

We also mapped regions of climate limitation and quantified regional and global12

trends in simulated NPP. The magnitude of IAV in TRW and modeled NPP in13

general agreed but the correlation between TRW and NPP varied greatly between14

grid cells (r2 ≤ 0.54) with the best correlation found in drier regions. Mod-15

eled NPP on average showed a weaker correlation with TRW than in studies us-16

ing site-tuned models. The smaller correlation found in our study can partly be17

explained by differences in spatial scale but also on the inclusion in our study18

of regions with long winters, for which modeled NPP seems to correlate less19

with TRW. Climate limitation of NPP in general agreed with earlier studies and20

shows precipitation to be the main limiting climatic factor (for 45.5 % of all cells).21

We estimated a global increase in NPP of 0.32% yr−1 for the later half of the22

20th century, due primarily to CO2 fertilization.23
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1. Introduction

With an increase in atmospheric CO2 concentration and a concomitant change to climate and24

its variability [Prentice et al., 2001] many questions emerge on how plants will react to future25

climate change [Bonan, 2008]. Physically based models, which aim to accurately represent the26

processes involved, can be used for quantifying future fluxes of carbon between plants and the27

atmosphere.28

Due to regional differences in the climatic limitations to plant growth, vegetation at various29

locations responds differently to changes in climate. By studying these differences in the climatic30

response of Net Primary Productivity (NPP), regional hotspots for potential sources and sinks of31

carbon can be identified, that is regions where a change in a climatic driver will have the largest32

positive or negative effect on NPP.33

NPP is affected by changes in climate, most importantly to changes in radiation, temperature34

and water availability [Nemani et al., 2003; Hyvönen et al., 2007]. The influence of these35

changes on fluxes of carbon between the atmosphere and the biosphere can be studied using a36

Land Surface Model (LSM). LSMs are forced with climate data and the interannual variability37

(IAV) in modeled NPP is influenced by the sensitivity of the model to different climate variables38

[Jung et al., 2007a]. Several studies have been made on the IAV in modeled NPP [Dai and39

Fung, 1993; McGuire et al., 2001; Ichii et al., 2005; Ito and Sasai, 2006; Jung et al., 2007a;40

Weber et al., 2008; Piao et al., 2009] or NPP from the remotely sensed fraction of absorbed41

photosynthetically radiation (FAPAR) [Piao et al., 2003; Mohamed et al., 2004]. Globally this42

IAV is estimated to be ∼ 2% [Mohamed et al., 2004; Ito and Sasai, 2006]. Regionally IAV has43

been found to be much larger (up to 113% [Dai and Fung, 1993]), with IAV generally being44
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larger in drier regions and lower in wetter regions [Dai and Fung, 1993; Knapp and Smith, 2001;45

Fang et al., 2001; Weber et al., 2008] although a study by Mohamed et al. [2004] found the46

opposite relationship at a biome scale.47

IAV in modeled [Dai and Fung, 1993; Ito and Oikawa, 2000; McGuire et al., 2000; Berthelot48

et al., 2002; Ichii et al., 2005; Jung et al., 2007a; Piao et al., 2009] or remotely sensed [Zhou et al.,49

2003; Cao et al., 2004; Mohamed et al., 2004] NPP in combination with climate data have also50

been used to study the regional differences in climate sensitivity and to locate the most limiting51

climate variable. Other similar studies have used predefined climate limitation functions ranging52

from 0 (no climate limitation) to 1 (full limitation) and observed climate [Churkina and Running,53

1998; Nemani et al., 2003]. The above studies generally found temperature to be limiting in54

the north and precipitation in the temperate latitudes. In the tropics NPP is mostly found to be55

negatively correlated with temperature [Ito and Oikawa, 2000; Berthelot et al., 2002; Cao et al.,56

2004; Ichii et al., 2005; Piao et al., 2009] and positively correlated with radiation [Churkina and57

Running, 1998; Ito and Oikawa, 2000; Berthelot et al., 2002; Nemani et al., 2003; Ichii et al.,58

2005].59

Similar to NPP, tree-ring growth also displays a strong IAV. This IAV has previously been60

correlated with climate data in order to be used as proxies for historic climate [e.g. Briffa et al.,61

2004]. However, several studies report that the relationship between tree-ring width (TRW)62

and climate is not straightforward [e.g. D’Arrigo et al., 2008] with some regions showing no63

sensitivity of TRW to temperature [Rocha et al., 2006] and with a changing relationship be-64

tween TRW and temperature for some boreal forests over the last 50 years [Briffa, 1998]. Stem65

increment is dependent on the physical processes that determine growth (e.g. photosynthesis66

and carbon allocation) and stemwood production has been found to be linearly related to gross67
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primary productivity (GPP) for a wide range of trees and locations [Litton et al., 2007] and with68

site net ecosystem productivity (NEP) measured from CO2 eddy covariance [Rocha et al., 2006].69

On a local scale, stem growth or NPP simulated with physiological models has been found to70

correlate reasonably well with TRW (r2 = 0.44 − 0.67) when optimizing the models against71

TRW data [Hogg, 1999; Misson, 2004; Misson et al., 2004]. The correlation between TRW and72

model estimates based on the CASA model forced with a remotely sensed normalized differ-73

ence vegetation index (NDVI) was even higher (r2 = 0.62 − 0.76) [Malmström et al., 1997].74

Using non-optimized models the correlation varies strongly between sites (r2 = 0.02 − 0.66)75

[Rathgeber et al., 2003; Berninger et al., 2004; Su et al., 2007; Girardin et al., 2008].76

Several intercomparison studies of the IAV in simulated global fluxes of carbon have been77

made [Friedlingstein et al., 2006; Jung et al., 2007b; Sitch et al., 2008; Weber et al., 2008].78

However, few studies attempt to validate this simulated IAV. FLUXNET data have frequently79

been used for model validation [Ito and Sasai, 2006; Friend et al., 2007; Jung et al., 2007b]80

but data are only available for recent years and contain information about NEE and not NPP.81

For NEE fluxes at a longer time-scale, atmospheric CO2 can be used for model validation [e.g.82

Berthelot et al., 2002] but this data typically constrains NEE only over large (continental-scale)83

regions. Compiled databases of NPP from field measurements exist [e.g. EMDI; Olson et al.,84

2001] but these contain very little information about its IAV.85

The International tree-ring Data Bank (ITRDB) is an extensive collection of publicly available86

TRW data originally gathered by many researchers over the past decades and representing most87

parts of the globe (http://www.ncdc.noaa.gov/paleo/treering.html). It thus88

has potential to be used for model validation of IAV in modeled NPP both at long timescales and89

at a regional spatial scale. The only previous study using multi-site aggregated TRW data for90
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model validation was based on 21 chronologies of the same species within a 2◦ grid [Rathgeber91

et al., 2003]. In this study we use an extensive multi-species TRW database with chronologies92

from 1955 sites to produce grid-cell aggregates of TRW for validating IAV in NPP from a global93

model run.94

One problem arises when trying to correlate TRW with NPP. Several studies report a time lag95

between NPP and stem increment [Fritts, 1976; Berninger et al., 2004; Gough et al., 2008] or an96

autocorrelation between years in tree-ring width [Barford et al., 2001; Monserud and Marshall,97

2001; Skomarkova et al., 2006; Girardin et al., 2008; Vaganov et al., 2009]. This is likely caused98

by remobilization of carbon and the importance of including this process when modeling TRW99

is also supported by some modeling studies [Misson, 2004; Misson et al., 2004; Girardin et al.,100

2008]. We therefore expect that TRW might represent a weighted average of previous- and101

current-year NPP.102

In this paper we present a unique modelling study using a multilayer process-based model103

(JULES) forced with a global climate reanalysis dataset for the years 1948-2000 [Sheffield et al.,104

2006]. This dataset contains all climate variables needed to drive most LSMs but has never105

before been used to run a global simulation of carbon fluxes.106

Several enhancements have been made to the original LSM to explicitly take account of107

leaf orientation, diffuse sky radiance and sunfleck penetration [Alton et al., 2007; Mercado108

et al., 2007; Alton, 2008]. These improvements together with the high temporal resolution of109

the reanalysis climatology (3-hourly) compared to most previous studies [Cramer et al., 2001;110

Matthews et al., 2005; Morales et al., 2005], ensure that processes such as radiation interception111

and photosynthesis operating at a sub-daily timescale are realistically simulated.112

The objectives of this study are:113
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1. To quantify the IAV in simulated global NPP and compare it with that of measured TRW.114

2. To map regions of climate limitation of NPP using IAV in simulated NPP and in climate115

variables, and to compare the climate sensitivity of NPP with that of TRW.116

3. To quantify both global and regional temporal trends in simulated NPP.117

2. Methods

In the following section we describe the LSM used in the study, datasets used, the model run,118

and the data analysis conducted using the model output and TRW data.119

2.1. Model description

JULES is a global LSM based on the Met.Office Surface Exchange Scheme [MOSES Cox120

et al., 1999]. In this study we used an improved version (JULES-SF) with several important121

enhancements relating to leaf orientation, diffuse sky radiance, sunfleck penetration [Alton et al.,122

2007; Mercado et al., 2007; Alton, 2008], stomatal conductance [Ball et al., 1987], and plant123

respiration [Ryan, 1991]. JULES uses the standard Penman-Monteith approach [Monteith, 1965]124

for the energy calculation, ensuring a closed energy budget and surface albedo is estimated using125

the two-stream formulation of Sellers et al. [1996]. Vegetation in JULES is separated into 5126

Plant Functional Types (PFTs) : broadleaf forest (BL), needleleaf forest (NL), C3 grassland127

(C3), C4 grassland (C4) and shrubland (SH). The model is forced with meteorological variables128

(downwelling shortwave radiation, downwelling longwave radiation, precipitation, air tempera-129

ture, windspeed, air humidity and pressure). JULES also requires atmospheric CO2, biophysical130

parameters, soil parameters, fractional vegetation cover and LAI. For a more detailed description131

of JULES-SF see Cox et al. [1999] and Alton and Bodin [2010].132

D R A F T June 2, 2010, 4:25pm D R A F T



X - 8 BODIN ET AL.: IAV AND CLIMATE SENSITIVITY OF NPP

2.2. Datasets

The Princeton Dataset, a 53 year, 3-hourly meteorology dataset at 1◦ resolution [Sheffield133

et al., 2006] was used (available at http://hydrology.princeton.edu, accessed 15134

Mar 2009) to force the model. This dataset has been constructed by combining several global135

obseravtion-based datasets and removing known biases in each.136

Biophysical parameters were taken from Alton and Bodin [2010]. For each PFT the optimal137

values for the 5 most influential parameters from this study were used and the remaining parameter138

values were taken from the literature [See Table 1: Alton and Bodin, 2010]. Where the optimized139

value for a parameter differed between PFTs for a parameter which in JULES is taken to have140

the same value for all PFTs, an area-weighted average of the optimized values for the different141

PFTs was calculated.142

Annual average CO2 concentrations were taken from measurements at Mauna Loa [Keeling143

et al., 2009] for the years 1959-2000 and ice core data from Law Dome [Etheridge et al., 1998]144

for the period 1948-1958. Vegetational fraction cover was calculated using the International145

Geosphere-Biosphere Project classification [IGBP, 1992; Hansen and Reed, 2000] simplified to146

5 PFTs for use with JULES/MOSES [Cox et al., 1999]. Soil parameter values were taken from147

the GSWP2 1◦ dataset [Dirmeyer et al., 1999], which is based on Wilson and Henderson-Sellers148

[1985].149

Monthly LAI for each grid cell was based on calculations made using observed relationships150

between FAPAR and temperature and precipitation [Los et al., 2006] and the CRU reanalysis151

dataset [Mitchell and Jones, 2005].152

TRWs were taken from the ITRDB (http://www.ncdc.noaa.gov/paleo/153

treering.html, accessed 15 May, 2009). For each tree, a detrended tree-ring width time154
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series was created by dividing absolute values by a 15 year centered running mean [cf. Krakauer155

and Randerson, 2003] in order to remove low-frequency variability which might be due to, for156

example, tree age effects. Data from all available trees at each site were then averaged to produce157

a detrended tree-ring width site chronology (TRWd) for in total 1955 sites. Based on the species158

code in each site record (http://web.utk.edu/har126grissino/species.htm)159

chronologies were separated into broadleaf and needleleaf sites (corresponding to the BL and160

NL PFTs in JULES). All available site chronologies within a 3◦ grid cell were averaged and the161

variance between sites in the same grid cell was used to derive standard errors (SE) for the mean162

BL or NL TRWd at each grid cell.163

Müller and Lucht [2007] showed that a Dynamical Global Vegetation Model (DGVM) run164

was relatively insensitive to spatial resolution (up to 10◦). A resolution of 3◦ was selected for165

our study to balance between spatial detail and computational speed. The input datasets with166

1◦ resolution were averaged to the 3◦ grid and the TRW data were aggregated to the same grid.167

Only grid cells with TRW averages based on at least 5 chronologies spanning at least 10 years168

were used in the analysis. This resulted in 95 cells with enough TRWd data, of which 12 were169

BL.170

2.3. Model run

The model was run for 53 years (1948-2000) with a 3-hourly timestep. The first 3 years were171

used as a spin-up in order to give realistic values for the initial state variables, so only the period172

1951-2000 was considered in the analysis.173
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2.4. Data analysis

For the analysis below, both annual average climate and simulated NPP were detrended using174

the same method as for the TRW data, that is by using a 15 year running mean average, creating175

a detrended NPP, SW, T and PPT (NPPd, SWd, Td and PPTd).176

As several studies report a time lag between photosynthesis and stem increment [Fritts, 1976;177

Gough et al., 2008] we used remobilized NPP (NPPr), to correlate against TRWd. This was178

calculated as:179

NPPr = crNPPd,i + (1 − cr)NPPd,i−1 (1)

where cr is a fitted remobilization parameter ranging from 0 and 1. We also tested two other180

remobilization models for the correlation: one using previous-autumn simulated NPP and the181

other, based on Kagawa et al. [2006], using a fraction of the current and previous three years’182

simulated NPP. Neither of these performed better than the simpler model when optimizing the183

correlation between NPPr and TRWd.184

As the growing season in the Southern Hemisphere straddles two calendar years, annual185

modeled NPP in the Southern Hemisphere was calculated as NPP from the second half of the186

previous year and the first half of the current year.187

The NPPr and TRWd data were analysed to study: (i) IAV in modeled NPP and TRW, (ii)188

regions of climatic limitations of NPP, and (iii) trends in modeled NPP.189

2.4.1. Interannual variability in modeled NPP and TRW190

IAV in NPPd, calculated as the coefficient of variation (standard deviation normalized to the191

mean: CV %) between years was compared to the IAV in TRWd. The correlation between192
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TRWd and NPPr was optimized for each grid cell with tree-ring data by using a range of values193

for cr between 0 and 1, and the average optimum value for the remobilization constant cr was194

calculated using only grid cells with r2 ≥ 0.2.195

2.4.2. Regions of climatic limitations of NPP196

The three detrended climatic variables expected to be most influential (Td, SWd and PPTd)197

were correlated against modeled NPPd and the coefficient of correlation (r) was used as a measure198

of the climate sensitivity of NPP. The influence of each parameter relative to that of all climate199

variables was calculated by normalising r for each climate-NPP correlation to the sum of r for200

all climate correlations resulting in a number between 0-1. This was done to quantify the relative201

importance of each of the three climate variables for NPP at each grid cell. By using r instead202

of r2 we include the direction of influence on NPP with 1 on our normalised scale representing203

r = 1 and 0 representing r = −1204

The correlation between climate and TRWd was calculated using remobilized climate calcu-205

lated in the same way as NPPr. The remobilization constant cr for this calculation was assumed206

to have the same value as found in the optimization in 2.4.1.207

2.4.3. Trends in modeled NPP208

For grid cells with significant linear trends (p≤ 0.05) in modeled NPP, the annual trend (%)209

was mapped.210

3. Results and Discussion

3.1. Interannual variability in modeled NPP and TRW

Annual global simulated NPP averaged 73.4 Gt yr−1. This is above the range of 39.7-70.0 Gt211

yr−1 found in earlier studies using either LSMs or remotely sensed data [Cramer et al., 1999;212
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Nemani et al., 2003; Running et al., 2004; Ito and Sasai, 2006; Williamson et al., 2006; Huston213

and Wolverton, 2009; Kato et al., 2009; Piao et al., 2009; Zhang et al., 2009; Alton and Bodin,214

in preparation]. Many of the early studies however used a constant and relatively low CO2 levels215

which could explain some of the difference. Also, the choice of reanalysis meteorology for a216

model simulation can have a large effect. Ito and Sasai [2006] found simulated NPP for 2 models217

to be 16 and 43% larger if using the NCEP/NCAR dataset [Kalnay et al., 1996] compared to218

using the ERA40 reanalysis [Uppala et al., 2005] (with one of the latter simulations generating219

the low end of the range given above).220

IAV in simulated global detrended NPP (using a 15-year running mean) was 1.3% with a221

maximum anomaly of 2.5% for the simulation period. Ito and Oikawa [2000] found a maximum222

anomaly for 1970-1997 of 2.0%. For the period 1982-2001 Ito and Sasai [2006] found global223

IAV to be between 1.4-2.8% in modeled non-detrended NPP and for the period 1987-1997224

Mohamed et al. [2004] found IAV to be 2.4%. We found global IAV in non-detrended NPP to225

be 2.7% for the period 1980-2000 .226

IAV at single grid cells was larger with an average of 17.9%, and a range of 1-470%. Most227

cells displayed an IAV of less than 20% (76% of the cells) whereas 8.5% of the cells had an IAV228

of more than 50%. The cells with high IAV were mainly located in dry regions (Figure 1). This229

is in line with most previous studies [Dai and Fung, 1993; Fang et al., 2001; Knapp and Smith,230

2001; Weber et al., 2008].231

Grid cells where the standard error in TRWd was larger than the IAV in NPPd were filtered232

out leaving 77 cells for the IAV comparison.233
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For the 77 cells used in this analysis, average IAV was similar for NPPd and TRWd with an234

average of 12.7% in TRWd and 12.9% in NPPd. The IAV for NPPd was also correlated to the235

IAV in TRWd (r2=0.46) (Figure 2) with the correlation being close to 1:1.236

Out of the 77 grids, only 19 cells (25%) displayed a correlation between NPPr and TRWd237

with r2 ≥ 0.2 when using the optimum value of cr for that cell (Table 1). Based on these cells,238

the average optimal value for cr was 0.27 (+/-0.30). In the literature, the ratio of current year to239

previous year assimilates found in tree-rings is reported to have a value of 0.54-0.66 [Kagawa240

et al., 2006; von Felten et al., 2007; Gough et al., 2009] thus indicating that carbon remobilization241

cannot explain all of the timelag found in the relationship in NPP and TRW. Since only 7 grid242

cells out of the 77 were BL, the analysis was not carried out separately for BL and NL cells.243

The average correlation between NPPr and TRWd for all cells was r2=0.13 with a maximum of244

0.54. For a process-based model (MAIDEN), taking into account the remobilization of carbon245

and optimized for the correlation between modeled and measured TRW at single sites, the246

maximum correlation was r2=0.67 [Misson, 2004; Misson et al., 2004]. It is not reasonable to247

expect our model to correlate better, given the relative coarseness of our model grid and the fact248

that our model correlation with TRW data was optimized using only one parameter (cr) whereas249

the MAIDEN model was parameterized with 12 parameters. An unoptimized model yielded250

a correlation between modeled and simulated NPP (based on tree-ring width and density) of251

r2=0.02-0.66 and yielded 0.43 when aggregated regionally [Rathgeber et al., 2003]. The sites252

used in their study (n=21) were all located in Provence (France) within a 2◦ range and at similar253

altitude (160-650 m). In our study only 3 grid cells showed better correlation between TRWd254

and NPPr than the averaged correlation in the study by Rathgeber et al. [2003].255

D R A F T June 2, 2010, 4:25pm D R A F T



X - 14 BODIN ET AL.: IAV AND CLIMATE SENSITIVITY OF NPP

The grid cells in our study displaying some correlation between NPPr and TRWd (r2 ≥ 0.2)256

are mainly located in the southwestern USA, southern Europe and Turkey whereas cells in north-257

eastern USA, Canada, Alaska, British Isles and Fennoscandia generally give poor correlations.258

Several factors could cause these regional differences in the agreement between modeled NPPr259

and TRWd as we now discuss.260

Wood mass increment is not fully proportional to TRW since this also depends on the density of261

the wood which differs between early- and latewood [Fritts, 1976]. Early- and latewood densities262

also vary with location [Schweingruber, 1988; Savva et al., 2002] and species [Schweingruber,263

1988]. There may also be differences between species in the remobilization of carbon [Barbaroux264

and Bréda, 2002]. The aggregation of TRW data, potentially averaged over several species within265

the same grid cell, may therefore affect the fit between modeled NPPr and TRWd. In our study,266

we only took into account the difference between BL and NL species when creating the grid267

averages of chronologies.268

The spatial heterogeneity within each grid will also have an effect and theoretically NPP269

should correlate better where climate varies little within the grid and where the trees cored are all270

representative of the grid (e.g. at a typical altitude). Further, many of the TRW sites are selected271

based on their location in extreme climate (e.g. high altitudes or latitudes) and for grid cells where272

TRW measurements have been made at high altitudes TRW data may not be representative for the273

entire cell. For grid cells in our study elevation variability was calculated as the CV in elevation274

for all 1◦ grid cells within each 3◦ cell (using elevation data from http://islscp2.sesda.com).275

None of the cells with CV>115% (n=3) showed any correlation between NPPr and TRWd thus276

indicating that a large variabilty in elevation could contribute to the difference between observed277

NPP and observed TRW.278
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Further, it has been suggested that tree growth is not closely related to primary productivity,279

especially in colder regions where tree growth instead is said to be constrained by the temperature280

limitation of tissue formation [Körner, 2003]. Only 6.5% of the grid cells where the temperature281

was below freezing for more than 1/3 of the year (n=31) showed a correlation of r2 ≥ 0.2 whereas282

37% of the remaining cells showed such correlation. A study from northern Scandinavia showed283

that TRW was correlated to previous year NPP and current year nitrogen mineralization calculated284

from summer mean monthly temperatures [Berninger et al., 2004] thus indicating a temperature285

effect on TRW not directly connected to NPP.286

Previous studies finding relatively good correlation between modeled NPP and TRW have287

mostly been made on trees located in temperate regions [Grote and Erhard, 1999; Rathgeber288

et al., 2003; Misson, 2004] or on the border of the boreal zone [Hogg, 1999], that is in regions289

where temperature limitation of growth is less severe. These studies have also used local climate290

data from meteorological stations and a single species for each site. Aggregated relationships291

between TRW and NPP have been based on a single species and using sites at similar altitudes292

[Rathgeber et al., 2003]. In studies made in colder regions [Berninger et al., 2004; Su et al.,293

2007; Girardin et al., 2008] the best correlation between modeled and measured TRW was294

r2=0.46 (using an empirical model). The factors discussed above could thus partly explain the295

better correlation found in earlier studies. Excluding grid cells with many freezing days and296

high variability in altitude from our results gave a slightly improved average correlation between297

TRW and NPP with r2=0.16. The good correlation previously found between estimates of NPP298

using NDVI data and TRW in a boreal forest [Malmström et al., 1997] suggests that the regional299

poor correlation found in our study is not due to an inherent lack of correlation between NPP300

and TRW in these regions. Instead it points at limits in the current model’s ability to simulate301
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NPP variability in cold regions possibly associated with the lack of a dynamic nitrogen cycle in302

the model, or with unrealistic values for reconstructed LAI in those regions.303

3.2. Regions of climatic limitations of NPP

Climate sensitivity measured as the correlation between NPPd and detrended climate variables304

was analysed and mapped globally (Figure 3). These maps show that low T is limiting in all305

polar and most temperate regions. Negative correlations with T occur in most parts of the306

southern hemisphere and these regions also display a positive correlation against PPT. Regions307

with negative correlation with PPT also show positive correlations with SW radiation and/or T.308

Regions that are limited by SW radiation are located in the boreal or the tropical zones.309

Figure 4 shows the combined effect of different limitations. It becomes clear that water is the310

main limiting factor (45.5% of the grid cells). NPP was limited by low temperatures for 20.1%311

of the grid cells (mainly located in the boreal and temperate zones of the northern hemisphere)312

and by high temperatures for 5.7% of the grid cells (located in the Amazon and regionally in313

Africa and South East Asia). Only 2.0% of the grid cells spread out globally were limited by314

SW radiation. The remaining grid cells showed a weak climate limitation (r2 ≤ 0.2) (24.3%) or315

negative correlation with PPT or SW (2.4%). The results in general agree with previous studies316

[Dai and Fung, 1993; Churkina and Running, 1998; Ito and Oikawa, 2000; Berthelot et al.,317

2002; Nemani et al., 2003; Zhou et al., 2003; Cao et al., 2004; Ichii et al., 2005; Jung et al.,318

2007a; Piao et al., 2009]. In particular our model results agree well with a recent study using the319

ORCHIDEE model [Piao et al., 2009]. Some minor differences exist compared to their study:320

for example, they find NPP to be limited by T in southwest Australia whereas we find NPP to321

be limited by PPT.322
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Compared to Nemani et al. [2003] our study gives much smaller regions where NPP is limited323

by SW. NPP for these regions is instead limited by low PPT or high T in the south and low T in324

the north. This may be due to the fact that Nemani et al. [2003] use cloudiness and not radiation325

for their SW limitation while our layered-canopy model allows RUE to increase with increased326

cloudiness in regions with high incoming radiation [Alton et al., 2007; Mercado et al., 2007;327

Alton, 2008].328

For the 77 grid cells with TRW data, modeled NPPd was most sensitive to low PPTd for 31 grid329

cells and Td for 16 grid cells (Table 1). 24 grid cells showed weak climate response (r2 < 0.2)330

and 6 grid cells negative correlation between NPPd and SWd or PPTd.331

Using a uniform value of 0.3 for cr TRWd correlated better with NPPr than with any single332

detrended climate variable for 16 grid cells whereas TRWd correlated better with any detrended333

climate variable for 15 cells (excluding correlations with r2<0.2 for both cases). This showed334

that TRWd correlates at least as well with NPPr as with detrended climate.335

For dry regions (cells with modeled NPPd most sensitive to a low PPTd) (n=31) 4 cells showed336

a substantial positve correlation between TRWd and PPTr (r2 ≥ 0.2) (Table 1). 14 of the337

cells showed a stronger positive correlation with detrended summer monthly (Jun, Jul or Aug)338

simulated soil moisture content (SMCd) than with with PPTr (although only one with r2 ≥ 0.2)339

indicating a possible effect of summer drought on TRW. For three of the cells in dry regions,340

TRWd instead correlated better with Tr. The dry regions were also where TRWd and NPPr best341

agreed. 35 % of these cells showed a correlation of r2 ≥ 0.2 between TRWd and NPPr while342

for the remaining sites this figure was 17 %.343
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On average 50% of the variabilty in simulated NPPd could be explained by the IAV in climate344

(PPTd: 26% , Td: 16%, SWd: 11%) whereas 18% of the IAV in TRWd could be explained by345

current and previous year’s climate (PPTr: 6%, Tr: 7%, SWr: 5%).346

In regions of T limitation (e.g. high latitudes and altitudes), TRW has been shown to be347

correlated with summer temperatures [Vaganov et al., 1999; Briffa et al., 2002; Frank and Esper,348

2005; Büntgen et al., 2007; Grudd, 2008; Tuovinen et al., 2009] and inversely with winter PPT349

[Vaganov et al., 1999]. One reason for this is that snow inhibits nitrogen mineralization while350

a high post-snowmelt temperature increases mineralization [Vaganov et al., 1999; Jarvis and351

Linder, 2000]. We therefore tested the correlation between TRWd and detrended winter PPT and352

simulated summer soil temperature (Tsoild). However, only two grid cells displayed a negative353

correlation between TRWd and monthly winter PPT or a positive correlation with Tsoild thus354

indicating that the lack of correlation in cold regions cannot solely be explained by the "missing355

process" of nitrogen mineralization in JULES.356

3.3. Trends in modeled NPP

Global simulated NPP increased with 0.24 Gt yr−2 (0.32% yr−1) for the simulation period,357

using reconstructed LAI (Figure 5). One recent study [Ito and Sasai, 2006] found an annual358

increase for the time period 1982-2001 to be in the range 0.08-0.21 Gt yr−2 (0.14-0.39 % yr−1)359

and for a similar time period Nemani et al. [2003] and Piao et al. [2009] found the increase in360

global NPP to be 0.34% yr−1 and 0.40% yr−1 respectively. For the period 1980-2000 we found361

an increase of 0.31 Gt yr−1 (0.40%), which is the same as the estimate by Piao et al. [2009].362

Most of the annual increase can be explained by an increase in atmospheric CO2. A simulation363

using constant CO2 only gave an increase in global NPP of 0.03 Gt yr−2 (Figure 5). Using a364

constant phenology (calculated using average monthly values of FAPAR for 1991-2000) did not365
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affect the global trend in NPP. This is in line with previous studies indicating that IAV in climate366

is more important for the IAV in NPP than IAV in LAI [Jung et al., 2007a] although [Malmström367

et al., 1997] suggest NDVI to be very important when simulating NPP using the CASA model.368

Recent regional positive trends in simulated NPP (1980-2000) (Figure 6) are in general agree-369

ment with Nemani et al. [2003] and in good agreement with Piao et al. [2003]. The most370

noticeable differences between our study and Piao et al. [2009] can be found in eastern Europe371

and northern India where we find positive trends in NPP whereas they find negative trends, and372

regions in northern Canada where we find a large region with a strong positive trend in NPP.373

Differences between the studies can be explained by differences in the climate sensitivity of374

the models used and by the selection of climate data. The JULES-SF model and ORCHIDEE375

models are similar in their representation of photosynthesis, autotrophic respiration and stomatal376

conductance but differ slightly regarding radiative transfer, evapotranspiration, water balance and377

number of PFTs [Krinner et al., 2005; Alton and North, 2007; Vetter et al., 2008].378

For the NCEP dataset which was used by Nemani et al. [2003], a large positive bias exists for379

SW radiation with a spurious upward trend compared to ground measurements [Sheffield et al.,380

2006]. These differences as well as biases in T and PPT have been corrected in the Princeton381

dataset [Sheffield et al., 2006] and the removal of spurious trends and biases could thus explain382

part of the lack of agreement between our study and Nemani et al. [2003]. For example, in383

northern Canada, which is temperature limited, a temperature increase is found in the Princeton384

dataset whereas the trend is found to be negative in the NCEP dataset [Nemani et al., 2003].385

The difference in NPP trends between our study and Nemani et al. [2003] found in the Amazon,386

Africa and Indochina can partly be explained by SW trends (positive or negative) found in the387

NCEP dataset [Nemani et al., 2003] not occurring in the Princeton dataset. Also, diffuse radiation388
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has a higher RUE than direct radiation [Roderick et al., 2001; Alton and North, 2007; Mercado389

et al., 2009] which the PEM model in the Nemani et al. [2003] does not take into account. SW390

brightening will thus have a larger positive effect on NPP in the PEM model than in JULES.391

As well as validating IAV, tree-ring width data could potentially also be used for the validation392

of trends in NPP, but as tree-ring growth varies with age, chronologies need to be detrended393

using for example a low-pass filter or a smoothing function [Schweingruber, 1988]. This needs394

to be done individually to each chronology and with in total 1955 chronologies this was beyond395

the scope of this study.396

3.4. Caveats and limitations

In this study we used a LSM forced with reconstructed LAI assuming no changes to land use397

or species composition for the simulation period. The TRW data we used for model validation398

are a proxy for NPP of standing trees, which should not be affected by plant succession or land399

use change. Including these processes into the model by using a DGVM also introduces further400

uncertainties to the model [Moorcroft, 2006; Purves and Pacala, 2008]. For example, inter-401

species competition in these models follow rules with weak empirical support [Cramer et al.,402

2001] and simulated fluxes and ecosystem responses can differ greatly between these models403

[Moorcroft, 2006; Purves and Pacala, 2008; Sitch et al., 2008].404

Other factors that can affect plant growth on a regional scale and not explicitly represented in405

JULES include atmospheric pollution such as acidification which can lead to nutrient leaching406

as well as direct toxic effects on leaves [Bormann and Likens, 1979] and tropospheric ozone407

which can reduce photosynthesis, growth, and other plant functions [Felzer et al., 2007]. Sites408

used in dendrochronological studies are however generally selected to minimize the noise in the409

data, that is located where non-climatic factors are minimal [Fritts, 1976].410
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In addition to its direct effect on photosynthesis, increased temperature can also affect NPP411

through increased nutrient mineralization [Vaganov et al., 1999; Jarvis and Linder, 2000] and412

an increase in the length of the growing season [Sherry et al., 2007; Slaney et al., 2007; Hall413

et al., in preparation]. Fluxes of nitrogen have previously not been included in LSMs but recent414

studies indicate the importance of including the dynamics of nitrogen [Wang and Houlton, 2009;415

Zaehle et al., 2010].416

To improve the useability of TRW data for model validation, LSMs could incorporate: (i)417

a carbon allocation scheme which varies over the season with a high use of mobile carbon in418

spring, a direct use of NPP during summer and a storage of assimilated carbon during autumn419

[Gough et al., 2009]; (ii) a differentiation into early- and latewood with different wood densities420

[Rathgeber et al., 2003]; (iii) a lower temperature limit for wood formation [Körner, 2003]; and421

(iv) coupled nitrogen/carbon dynamics [Wang and Houlton, 2009; Zaehle et al., 2010].422

The MAIDEN model [Misson et al., 2004] includes some of these processes and simulates the423

seasonal differences in carbon allocation. However, this model lacks somewhat in generality to424

be useful for simulating NPP at a global scale and has yet to include several important recent425

findings (as discussed above) relating to processes affecting TRW.426

The sites in the ITRDB are generally selected for their usefulness in climate reconstruction and427

are thus mainly located in regions where a single climate variable is limiting to growth. Using428

TRW data from locations that are more representative for each grid cell [Malmström et al., 1997]429

would likely improve the correlation between simulated NPP and TRW.430

D R A F T June 2, 2010, 4:25pm D R A F T



X - 22 BODIN ET AL.: IAV AND CLIMATE SENSITIVITY OF NPP

4. Conclusions

Several modeling studies of global primary productivity using re-analysis climate data exist,431

but few attempts have been made to validate simulation results on a longer time-scale. Our432

study, using the JULES model, generates absolute values and trends in NPP that are in general433

agreement with recent studies using a similar approach [e.g. Piao et al., 2009]. Simulated IAV434

and climate sensitivity of NPP also agrees with previous studies. Using TRW data aggregated to435

the grid scale we introduce a unique attempt to validate IAV in modeled NPP with that of TRW.436

The validation shows some agreement in IAV but also points to limitations.437

The magnitude of IAV of regional (3◦) NPP agrees with that of TRW. However, underlying438

causes of variation differ. 50% of modeled IAV in NPP can be explained by current-year climate439

whereas 18% of the IAV in TRW could be explained by current- and previous-year climate.440

TRW in general correlates as good with simulated NPP as with any climate variable indicating441

that simulated NPP on average is a better predictor for TRW than any individual climate variable.442

JULES performs somewhat poorer than site-tuned models constrained in order to predict443

specifically TRW (r2 ≤ 0.54 compared to 0.44-0.67). This is not surprising given the difference444

in the purpose of the models (simulating global fluxes of carbon as opposed to local forest445

growth) and the difference in spatial scale. Previous studies have used locally observed climate,446

single species chronologies and aggregated TRW data has been based on chronologies of the447

same species, at similar elevation and within a relatively small region [Rathgeber et al., 2003].448

In general TRW showed weaker correlation with NPP in colder regions and for grid cells449

with large variability in elevation and better in regions with water limitation. Several plausible450

reasons exist for the regional differences in correlation found in our study.451
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Suggestions for future model improvement to better use TRW data for model validation include452

a carbon allocation scheme that includes remobilization of carbon, the differentiation into late-453

and earlywood, and a lower temperature limit to wood formation. A dynamic nitrogen model454

could improve the simulation of NPP in colder climates. Much of the details regarding the factors455

affecting tree-ring formation are still uncertain and more research is needed to better understand456

these processes.457

The fraction of land surface where NPP is most limited by preceipitation, temperature and458

shortwave radiation is 45.5, 25.8 and 2.0 % respectively. Regional patterns of climate limitation459

in general agreed with earlier studies [Nemani et al., 2003; Piao et al., 2009] but with a smaller460

region of SW limitation than in Nemani et al. [2003], due to a more complete treatment of light461

saturation and penetration through multiple canopy layers in the current study.462

We estimate a global increase in NPP of 0.32% yr−1 over the period 1951-2000. This is in463

approximate agreement with previous studies. Most of this increase can be attributed to CO2464

fertilization rather than climate change.465
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Barbaroux, C., and N. Bréda (2002), Contrasting distribution and seasonal dynamics of carbo-488

hydrate reserves in stem wood of adult ring-porous sessile oak and diffuse-porous beech trees,489

Tree Physiol., 22(17), 1201.490

Barford, C., et al. (2001), Factors controlling long-and short-term sequestration of atmospheric491

CO2 in a mid-latitude forest, Science, 294(5547), 1688.492

D R A F T June 2, 2010, 4:25pm D R A F T



BODIN ET AL.: IAV AND CLIMATE SENSITIVITY OF NPP X - 25

Berninger, F., P. Hari, E. Nikinmaa, M. Lindholm, and J. Merilainen (2004), Use of modeled pho-493

tosynthesis and decomposition to describe tree growth at the northern tree line, Tree Physiol.,494

24, 193–204.495

Berthelot, M., P. Friedlingstein, P. Ciais, P. Monfray, J. Dufresne, H. Le Treut, and L. Fairhead496

(2002), Global response of the terrestrial biosphere to CO2 and climate change using a coupled497

climate-carbon cycle model, Global Biogeochem. Cycles, 16(4), 1084.498

Bonan, G. (2008), Forests and climate change: forcings, feedbacks, and the climate benefits of499

forests, Science, 320(5882), 1444.500

Bormann, F., and G. Likens (1979), Pattern and process in a forested ecosystem. 253 pp, New501

York, Heidelberg, Berlin.502

Briffa, K. (1998), Trees tell of past climates: but are they speaking less clearly today?, Philos.503

Trans. R. Soc., B, 353(1365), 65.504

Briffa, K., T. Osborn, F. Schweingruber, P. Jones, S. Shiyatov, and E. Vaganov (2002), Tree-ring505

width and density data around the Northern Hemisphere: Part 1, local and regional climate506

signals, The Holocene, 12(6), 737.507

Briffa, K., T. Osborn, and F. Schweingruber (2004), Large-scale temperature inferences from508

tree rings: a review, Global Planet. Change, 40(1-2), 11–26.509
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Table 1. Average correlation and number of grid cells (n) with a correlation of r2 ≥ 0.2.

All data Dry regionsa Cold regionsb

(n=77) (n=31) (n=31)

NPPr v. TRWd
c

Average correlation (r2) 0.13 0.15 0.10
n with r2 ≥ 0.2 19 13 2

NPPd v. Climate (SWd, Td, PPTd) d

n with r > 0, r2 ≥ 0.2 0 16 31 - - - 0 8 7
n with r < 0, r2 ≥ 0.2 5 0 1 - - - 1 0 1

TRWd v. Climate (SWr, Tr, PPTr) e

n with r > 0, r2 ≥ 0.2 0 4 5 0 2 4 0 0 0
n with r < 0, r2 ≥ 0.2 2 3 4 0 1 0 1 1 3

a Grid cells where simulated detrended Net Primary Productivity (NPPd) was most sensitive to

detrended precipitation (PPTd) (with a positive correlation).
b Grid cells with subzero temperature for more than 1/3 of the year.

c The correlation between remobilized simulated Net Primary Productivity (NPPr) and detrended

tree-ring width (TRWd).
d The correlation between NPPd and detrended climate (SW radiation (SWd), Temperature (Td),

Precipitation (PPTd)).
e The correlation between TRWd and a fraction of previous and current year’s climate (SWr, Tr,

PPTr).
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Figure 1. Map of interannual variability (CV%) in detrended simulated annual NPP for the time period

1951-2000.
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Figure 2. Interannual variability (CV%) in detrended annual values in modeled NPP (NPPd) and

tree-ring width (TRWd) for both broadleaf (BL) (circles) and needle leaf (NL) grid cells (triangles). The

solid regression line represents the best fit using both BL and NL cells and the dashed line represents a

1:1 relationship.
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a b

c

Figure 3. Regional differences in climate sensitivity measured as the the correlation coefficient between

modeled NPP and (a) SW radiation, (b) temperature and (c) precipitation.
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Temperature

PrecipitationRadiation

Figure 4. Regional differences in the relative climate sensitivity (for temperature, precipitation and SW

radiation) of modeled NPP based on relative correlation strengths between these climate variables and

NPP. Red color indicates water limitation, blue temperature limitation, and green limitation of shortwave

radiation.
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Figure 5. Global simulated annual NPP [Gt yr−1] using variable and constant CO2.
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Figure 6. Trends of simulated NPP (% yr−1) for the period 1980-2000. Only grid cells with significant

trends (p≤ 0.05) are colored.
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