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Abstract

The amount of leaves in a plant canopy (measured as leaf area index, LAl) modulates
key land—atmosphere interactions, including the exchange of energy, moisture, carbon
dioxide (CO,), and other trace gases, and is therefore an essential variable in predict-
ing terrestrial carbon, water, and energy fluxes. The latest generation of Earth system
models (ESMs) simulate LAI, as well as provide projections of LAl in the future to im-
prove simulations of biophysical and biogeochemical processes, and for use in climate
impact studies. Here we use satellite measurements of LAl to answer the following
questions: (1) are the models accurately simulating the mean LAI spatial distribution?
(2) Are the models accurately simulating the seasonal cycle in LAI? (3) Are the models
correctly simulating the processes driving interannual variability in the current climate?
And finally based on this analysis, (4) can we reduce the uncertainty in future projec-
tions of LAI by using each model’s skill in the current climate? Overall, models are able
to capture some of the main characteristics of the LAl mean and seasonal cycle, but
all of the models can be improved in one or more regions. Comparison of the mod-
eled and observed interannual variability in the current climate suggested that in high
latitudes the models may overpredict increases in LAl based on warming temperature,
while in the tropics the models may overpredict the negative impacts of warming tem-
perature on LAI. We expect, however, larger uncertainties in observational estimates
of interannual LAl compared to estimates of seasonal or mean LAI.

Future projections of LAl by the ESMs are largely optimistic, with only limited regions
seeing reductions in LAI. Future projections of LAl in the models are quite different, and
are sensitive to climate model projections of precipitation. They also strongly depend
on the amount of carbon dioxide fertilization in high latitudes. Based on comparisons
between model simulated LAl and observed LAl in the current climate, we can reduce
the spread in model future projections, especially in the tropics, by taking into account
model skill. In the tropics the models which perform the best in the current climate
tend to project a more modest increase in LAl in the future compared to the average

762

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiqg

©)
do

Jaded uoissnosiq

ESDD
6, 761-818, 2015

Leaf Area Index in
Earth System Models

N. Mahowald et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/6/761/2015/esdd-6-761-2015-print.pdf
http://www.earth-syst-dynam-discuss.net/6/761/2015/esdd-6-761-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

of all models. These top performing models also project an increase in the frequency
of drought in some regions of the tropics, with droughts being defined as minus one
standardized deviation events.

1 Introduction

Providing future projections of climate change impacts is one of the goals motivating
the development of Earth system models (ESMs). Included in many of these models
are carbon cycle modules, which include simulations of land vegetation (Friedlingstein
et al., 2006). These models predict leaf area index (LAI) and other carbon cycle vari-
ables. LAI represents the amount of leaf area per unit land area, and is an important
land carbon attribute. Many ESMs calculate leaf-level carbon and water fluxes, which
are then scaled regionally and globally based on LAl (e.g. Oleson et al., 2013). The
surface energy budget, as well as plant-based emissions and deposition of aerosols
and chemically and radiatively important gases, are also sensitive to predicted LAI
(e.g. Oleson et al., 2013). Therefore, small errors in simulated LAI can become large
errors in many ESMs’ biophysical and biogeochemical processes, and changes in LAI
alone can change climate (e.g. Bounoua et al., 2000; Ganzeveld et al., 1998; Lawrence
and Slingo, 2004; Oleson et al., 2013). Additionally, LAl can be observed from satellite
(Zhu et al., 2013), and thus represents one of the few land carbon variables that can be
directly evaluated in coupled models (e.g. Randerson et al., 2009). Finally LAl (and the
related normalized difference vegetation index, NDVI) changes can indicate the health
of our ecosystems and the availability of natural resources. As such, LAl is widely used
in the famine prediction community (Funk and Brown, 2006; Groten, 1993) and repre-
sents a variable that is easy to use in climate impacts studies. Thus it is important to
evaluate the current generation of coupled models for their ability to simulate LAl and
consider the 21st century projections for LAl in Earth System Models.

The current generation of Earth System Models have prepared historical and future
scenario simulations, as part of the preparation for the Intergovernmental Panel on Cli-
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mate Change (IPCC), organized in phase 5 of the Coupled Modeling Intercomparison
Project (CMIP5), part of the Working Group on Coupled Models, of the World Climate
Research Program (Taylor et al., 2009). There have been extensive evaluations and
comparisons of the carbon cycle in the earth system models in the latest CMIP5 (e.g.
Arora et al., 2013; Friedlingstein et al., 2013; Jones et al., 2013). Most of this analysis
has focused on the ability of the models to predict the land, ocean and atmospheric
carbon cycle (e.g. Arora et al., 2013; Friedlingstein et al., 2013; Jones et al., 2013).
There has also been some evaluation of seasonal variability in LAl in high latitudes
compared to satellites for the ESMs (Anav et al., 2013; Murray-Tortarolo et al., 2013).
Additionally, Shao et al. (2013) evaluated the relationship between the carbon cycle
and other variables, for example, temperature, over decadal and longer time scales.
It should also be noted that there is a long history of model evaluation of vegetation
outside of earth system models as well (e.g. Cramer et al., 1999).

Here, we evaluate the models using the satellite-derived 30 year products that have
recently become available (Zhu et al., 2013) and have been used to identify trends in
NDVI and LAI (Forkel et al., 2013; Jong et al., 2013; Mao et al., 2013; Vrieling et al.,
2013). While satellite derived LAl estimates are known to have systematic and random
errors, they have been usefully employed to evaluate the relative importance of dif-
ferent climate factors (e.g. temperature, precipitation) for vegetation productivity (Zeng
et al., 2013). We expand on previous studies that evaluated simulated LAI (e.g. Anav
et al., 2013) by looking at LAl means and variability across all latitudes, and considering
what climate factors impact interannual variability.

There are several potential drivers of LAl changes in the future, such as temperature,
precipitation, as well as carbon dioxide fertilization, which can impact future projections.
Based on the interannual variability of LAl and climate drivers in the current climate,
we consider whether the models can reproduce the observed relationships, suggest-
ing they have the correct sensitivity to such important drivers of LAl as temperature or
precipitation (e.g. Fung et al., 2005; Lobell et al., 2011; Zeng et al., 2013). The main
questions we seek to answer in this paper are (1) are the models accurately simu-
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lating the mean LAl spatial distribution? (2) Are the models accurately simulating the
seasonal cycle in LAI? (3) Are the models correctly simulating the processes driving
interannual variability in the current climate? And finally based on this analysis, (4) can
we reduce the uncertainty in future projections of LAl by using each model’s skill in the
current climate? (e.g. Cox et al., 2013; Hoffman et al., 2014; Steinacher et al., 2010)?
To this end, we develop several metrics to evaluate the models’ ability (similar to that
done for other climate variables, e.g. Taylor, 2001), some of which could be used in
future model intercomparisons (e.g. Luo et al., 2012; Randerson et al., 2009).

In this paper we present in our methods Sect. 2 and a comparison of LAI variability
in space and time between observations and the models in Sect. 3. In Sect. 4 projec-
tions of climate change in temperature, precipitation and LAl are shown, while Sect. 5
presents our summary and conclusions.

2 Methods and datasets
2.1 Observational data

Leaf Area Index (LAl) data derived from satellite over the 30 year period 1981-2010
are used to evaluate the CMIP5 models. This observational dataset is derived using
neural network algorithms using the Global Inventory Modeling and Mapping (GIMMS)
Normalized Difference Vegetation Index (NDVI3g) and the Terra Moderate Resolution
Spectroradiameter (MODIS) LAI (Zhu et al., 2013). A detailed description of the algo-
rithm and comparison to ground-truth observations are shown in Zhu et al. (2013). The
satellite data are only available over regions with green vegetation, and thus are lacking
over desert and arid regions. Root Mean Squared Errors (RMSE) in the LAI estimates,
derived from comparison with land-based observations are estimated to be approxi-
mately 0.68 LAl (Zhu et al., 2013); the new LAI product seems to be able to capture
observed interannual variability patterns based on comparisons to ground based data
(Zhu et al., 2013).
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Gridded temperature data for the period 1981-2010 were derived from the
GHCN_CAMS 2 m temperature dataset (Fan and Dool, 2008), while the precipitation
was derived from the Global Climatological Precipitation Project (Adler et al., 2003).
Estimates of the uncertainty in gridded datasets suggest that the uncertainty in tem-
peratures at a grid box level is estimated to be 0.2°C (Jones et al., 1997). Uncertainty
in precipitation uncertainty is larger and can be as large as 45 % in poorly observed
regions (e.g. Dai et al., 1997).

2.2 Model datasets

The Climate Model Intercomparison Project (CMIP5), as part of the Working Group on
Coupled Models of the World Climate Resource Program, organized a set of experi-
ments which were assessed as part of the 5th Assessment of the Intergovernmental
Panel on Climate Change (Taylor et al., 2009). Coupled carbon model experiments
were included in the CMIP5 (e.g. Friedlingstein et al., 2006). The historical simulations
and Representative Concentration Pathway for 8.5 (RCP8.5; van Vuuren et al., 2011,
2007), using fixed carbon dioxide concentrations, were analyzed here for the models
(Table 1). We chose to focus on the RCP8.5 scenario as it has the largest changes in
carbon dioxide and climate.

Model variables analyzed included monthly-mean precipitation, surface temperature,
and LAI. Only models which had data for all these variables, for historical and RCP8.5
scenarios, were included in this study. Some models submitted multiple versions, at
different resolutions or with slightly different physics (Table 1). Even though some of the
models are closely related (e.g. CESM1-BGC and NorESM-ME), we include different
configurations of the same model.

2.3 Methodology for evaluation of LAI’s relationship with climate variables

In order to assess the ability of the earth system models to simulate the temperature
and precipitation dependence of LAl in the future, we use current relationships in the
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observations of LAl and climate. We want to evaluate whether the models simulate
the correct temperature and precipitation impacts on vegetation. To do so, we develop
several metrics.

For the models and the observations, we show results based on annual averages.
We also considered a more complicated time period, where the LAl and temperature
are based on growing seasons. The growing season is defined as the monthly max-
imum LAl and its two adjacent months. Because previous studies (e.g. Zeng et al.,
2013) have shown that precipitation shows the highest correlation at 1-3 months ahead
of vegetation, we use average precipitation for the month of the maximum LAI and the
three previous months. This implies that pre-maximum LAl precipitation is most im-
portant for soil moisture during the growing season (Funk and Budde, 2009). Zeng
et al., 2013 showed that temperature correlations are highest with vegetation during
the month of maximum LAIl, and thus temperature during the growing season is used.
Results obtained using the growing season were quantitatively different from using an
annual average, but qualitatively similar, and with similarly strong correlations. Thus for
simplicity we present only results using the annual time period metrics in this paper.

Results for the model and observations are evaluated on a 2.5° x 2.5° grid based on
the observed temperature and precipitation data (see Sect. 2.1). For the analysis here,
the averages shown are grid-box means, not areal averages. This allows us to use
similar weighting for both the averages and the rank correlation coefficients, and tends
to weight the global analysis towards high latitudes. However, most of the analysis
focuses on regional areas (tropical (< 30°), mid-latitudes (> 30° and < 60°) and high-
latitudes (> 60°)), where the differences between weighting by area and weighting by
grid box will be reduced.

The metrics used in this study are summarized in Table 2. We examine observed
and model-simulated current climate mean of LAI (similar to previous studies e.g. Ran-
derson et al., 2009). The annual mean LAl in the models and observations are aver-
aged over different areas: global, tropical (< 30°), mid-latitudes (> 30° and < 60°) and
high-latitudes (> 60°) and compared (Table 2: mean LAI: model/obs.). A second metric
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evaluates the models’ ability to capture spatial variations in LAI, using the spatial cor-
relation across the grid-boxes of the annual mean LAl in the model compared to the
observations. (Table 2: Mean: Corr.).

Important for this study is the consideration of the temporal variability simulated in
the model. The magnitude of the seasonal cycle is calculated as the SD (standard
deviation) of the climatological month means over 30years at each grid box. Metrics
for the seasonal cycle were computed by a spatial average over each region (Table 2:
SD Seasonal: Model/obs.). This allows us to consider over broad regions whether the
model has too strong or weak of a seasonal cycle. For the seasonal cycle, the ability to
capture the timing of phenology can be important (e.g. Anav et al., 2013). To analyze
this ability, we computed the temporal correlation of observed and model-simulated
monthly means at every grid box, and then averaged over each region (Table 2: Sea-
sonal Avg. Corr.).

To evaluate interannual variability (IAV), we consider the magnitude of the interannual
variability, which is calculated as the SD across years at each grid box. The IAV is then
spatially averaged and compared between the model and observations (Table 2: SD
IAV: Model/obs.). This comparison will show if the models exhibit too strong or weak of
IAV across wide regions.

Previous studies have examined correlations between temperature and precipitation
and satellite NDVI (normalized difference vegetation index) (e.g. Zeng et al., 2013),
which is used to derive LAI (e.g. Zhu et al., 2013). The observed LAl at high latitudes
tend to be dominated by changes in temperature, while the tropics are more dominated
by moisture (Zeng et al., 2013), which is also seen in coupled-carbon climate models
for carbon cycle variables (e.g. Fung et al., 2005). In order to understand what may
be driving the 1AV in the LAI, we calculate metrics to look at the correlation between
anomalies in LAl and anomalies in temperature, precipitation, as well as trends with
time. Of course, correlations do not show causation, but can show relationships that
are consistent with certain causations. In an ideal world, we would like the models to
emulate the same sensitivity of LAl to temperature or precipitation as in the real world.
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Similar to Zeng et al. (2013) we assess the rank correlation of temperature and
precipitation to leaf area index in the observations but we also look at trends over the
last 30 years. At each grid box, a correlation between the annual mean of temperature
and precipitation and time (e.g. the trend with time) against leaf area index are obtained
for each model and observation. Because the models do not simulate exactly the same
climate as observed, we cannot expect the models to simulate the same LAl at each
grid box. However, we expect that across multiple grid boxes that the relationships
should be similar between the model and observations. Thus, we calculate the temporal
correlation between LAl and temperature, LAl and precipitation, and LAl and time (e.g.
incrementing the year, to see if there is a trend in time), at every grid point, and calculate
the spatial average of each correlation across the different regions (Table 2: LAl vs. T:
Avg. Corr. for example).

We also perform a comparison of LAl simulated in a fully coupled model simulation to
LAI simulated by a land model driven by observationally derived datasets (called CLM-
obs) (e.g. Qian et al., 2006), but extended using CRU data through 2010 (Harris et al.,
2013) for the Community Land Model (Lawrence et al., 2012; Lindsay et al., 2014).
For this model, substantial computer software development has occurred so that the
same model can be similarly driven by observation-based meteorology (“offline) or
the simulated meteorology (“online”) (Oleson et al., 2013). The reason for including
this simulation is to test the sensitivity of the results to different driving meteorology.
If we compare the same model driven by different meteorological data, we can isolate
metrics that can identify model traits, from those that are dependent on meteorology,
or simply are not strong enough to be used as metrics. Of course this analysis is
dependent on the model and datasets used, but can be used as a sensitivity study to
suggest how important meteorological factors are in the analysis.

Other metrics were also considered for this paper, including the overlap in the proba-
bility density functions (e.g. Maxino et al., 2008) and root mean squared differences, but
these did not provide additional information that would justify the additional complexity
in the paper.
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Land use can heavily perturb the mean and evolution of the seasonal cycle and
interannual variability in LAl, so we perform sensitivity tests where we exclude grid
boxes with more than 50 % of agriculture based on Ramankutty et al. (2008). Results
were quantitatively and qualitatively similar to those presented here.

There are several ways to present metrics to ease the evaluation and interpretation
of models (e.g. Taylor, 2001; Gleckler et al., 2008). Here we chose to present the met-
rics described above in one figure (Fig. 6) with higher numbers representing a better
simulation, for ease of interpretation. For correlations, this representation is straightfor-
ward, since 1 is a perfect correlation and lower values represent a worse simulation, so
we chose to convert the model mean/observational metric to have the same approxi-
mate range for ease of display. We convert the mean model bias metric (model/obs) to
a value that varies between 0 and 1, with 1 being close to perfect. We want to penalize
models which have too high of a mean equally with model that have too low of a mean.
In order to do this, we use the following formula to display the values in Fig. 6:

. 2
Model Evaluation Value = (1)

{ Model Mean Observed Mean }

Observed Mean Model Mean

We use this same way to convert mean biases and SD biases, which is slightly different
than previous studies (e.g. Gleckler et al., 2008), since it does not square the SDs.
Since we use ranks and rank correlations, the difference between these methods is
unlikely to be significant, and allows us to use a similar ranking method for mean and
SD comparisons.

2.4 Methodology for future projections

We evaluate the mean change in the future using the RCP8.5 scenarios for temper-

ature, precipitation, and LAI (e.g. Tables 3 and 4) using the models listed in Table 1.

RCP8.5 is the most extreme scenario in the CMIP5 archive. We use it to identify re-

gions that are most at risk in the future. Areas with mean changes in LAI, precipita-
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tion, and temperature that are larger than the historical variability indicate statistically
changes to climate and vegetation from current climate. To highlight where models pre-
dict these areas will be, mean changes over 20 year time periods are divided by the SD
over the current climate (1981-2000) and shown in terms of SD units (e.g. Mahlstein
et al., 2012; Tebaldi et al., 2011). The spatial and temporal scale we use to define
these changes can be important for whether these signals are statistically significant
(Lombardozzi et al., 2014) and we calculate this using a 20 year time scale at the grid
level.

In addition, there could be changes in LAl variability, which may also be important for
understanding the impact of climate change. For many regions we are concerned about
the incidence of time periods with low precipitation and/or high temperatures causing
low vegetative productivity, which we will refer to here as drought. In terms of drought,
the length and frequency matter, so the percent of the time during which the variable
is in drought is also calculated. We define drought as time periods where LAl is one
SD (evaluated during the current climate) below that of the mean during the current
climate. By definition, if the variables have a Gaussian distribution, each gridbox would
be in “drought” for 1/6 (16 %) of the time. Thus we seek to estimate the fraction of the
time in the future that this condition exists, and specifically whether it increases in the
future.

3 Evaluation of model LAI

Our goal in this section is to explore the value of a new 30year satellite LAI record
for evaluating LAl simulations in the current generation of CMIP5 models. Anav
et al. (2013) evaluated the LAl seasonal cycle and interannual variability for current cli-
mate high latitude Northern Hemisphere simulations. Here we look across all regions
and also look at the temperature and precipitation as potential drivers of interannual
variability.
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3.1 Climatological comparison

The observed mean LAl has the largest values of leaf area index in the tropics (Fig. 1a).
The largest seasonal cycle tends to be in mid-latitude regions, although there is still
a signal in some parts of the tropics (Fig. 1b). The interannual variability tends to be
much smaller than the seasonal cycle, and is equally large in tropics, mid-latitudes and
high latitudes (Fig. 1¢). One should note that there are many possible errors in the
observational datasets, although the latest versions used here tend to have smaller
biases than previous versions (Zhu et al., 2013). In this study, we compare model
simulations against the satellite data, recognizing that these data are not perfect, and
thus our conclusions are sensitive to potential biases in the observational data.

The models tend to overestimate the mean LAl compared to the observations (Fig. 2,
Table 3), and this is true at all latitudes (Fig. 2, Table 4). Several models have a large
overestimates (> 50 % too high), including bcc-csm1, bec-csm1-1, BNU-ESM, GFDL-
ESM2G, GFDL-ESM2M, MIROC-ESM. The overpredictions relative to the satellite data
tend to be larger in tropical regions for most models, but are also larger in the high
latitudes for the GFDL model versions (Fig. 2, Table 4).

Some models also tend to over predict the strength of the seasonal cycle (e.g. bcc-
csm1, BNU-ESM, MIROC-ESM) (Fig. 2b, h, and k; Table 4), where the strength of the
seasonal cycle is measured by the globally averaged SDs of the monthly mean cli-
matology. But the region in which they overpredict the strength of the seasonal cycle
differ. Several models underpredict the seasonal cycle at high-latitudes (e.g. CanESM2,
CESM1-BGC, GFDL-ESM2G, GFDL-ESM2M, INMCM4, IPSL-CM5A-LR, IPSL-CM5A-
MR, IPSL-CM5B-LR) (Fig. 2b, h and k; Table 4; Anav et al., 2013). The magnitude and
direction of bias in model projections also vary by region. For example, one set of mod-
els overpredicts the strength of the seasonal cycle in the tropics and mid-latitudes, but
underpredicts in the high-latitudes (e.g. bcc-csm1, bcc-csm1_1), while one set of mod-
els overpredicts the seasonal cycle at mid latitudes, but underpredicts in the tropics
(e.g. MIROC models). Another set of models underpredict the seasonal cycle across
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all latitudes, but especially the tropics and high-latitudes (e.g. HadGEM2 models). The
spatially averaged correlations between the seasonal cycle in the observations and
models show a range of between 0.2 to 0.58 (Table 4), suggesting the need for sub-
stantial improvement in the timing of the seasonal cycle. Of course, there is not a strong
seasonal cycle in the tropics, where the lowest correlations tend to occur (Table 4a).
A smaller seasonal signal in this region could lead to larger relative errors in the ob-
servational estimates, and the smaller seasonal signal could be harder for models to
simulate accurately. In mid-latitudes, where the seasonal cycle is likely to be more ro-
bust, the correlation coefficient averages above 0.5 for most models, except for the
GFDL models and the INMCM4 (Table 4b).

The interannual variability tends to be overpredicted in some of the models (e.g.
bcc-csm1, bce-csmi1_1, BNU-ESM, CESM1-BGC, GFDL-ESM2G, GFDL-ESM2M,
MIROC-ESM, MIROC-ESM_CHEM) (Fig. 2c, f, i, and I; Table 4). For this calculation,
the interannual variability (IAV) is calculated as the SD across the years of the annual
average. The models tend to overpredict the IAV magnitude in the tropics more than
other locations (Fig. 2c, f, i and |; Table 4).

We also consider the sensitivity of CESM models to different meteorological forcing
data. Simulations by the land model within the CESM, but driven by observational-
based meteorology, are very similar in the mean, seasonal cycle and interannual vari-
ability strength to those using meteorology simulated within the earth system model
(Fig. 2 and Tables 3 and 4: CLMobs vs. CESM row of Table 2). This suggests that these
metrics are more model dependent than meteorology dependent. Of course, with an-
other model we might obtain a different result, but this result suggests that these model
tests are not too dependent on the simulation of meteorology to be used in the ESM
framework.

3.2 LAl-climate relationships

Next we explore the observed and model relationship between LAl and climate vari-
ables on the interannual time scale. Our goal is to assess whether the models can
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simulate the observed relationships between interannual variation in temperature and
precipitation and the interannual variability in LAI. In addition, we also consider whether
there is trend in the LAI (thus a correlation between advancing time and the LAl in the
observations and the model). The observations suggest statistically significant relation-
ships between interannual variability in LAl and temperature, precipitation, and time
trends (Fig. 3). As previously shown, there are strong positive relationships between
LAl and temperature in high latitudes (Fig. 3a; e.g. Anav et al., 2013; Ichii et al., 2002;
Zeng et al., 2013). In the tropics (< 30°), the relationship can be positive or negative
but some regions tend towards a negative relationship (Fig. 3a). This is consistent with
our understanding that many places in the tropics are close to the optimal growing tem-
perature already, and increases may lead to reduced productivity (Lobell et al., 2011),
although this also could be related to moisture stress (Fung et al., 2005). Precipitation
patterns tend to show positive correlations in many regions (Fig. 3b), but with some
high latitude regions exhibit a negative correlation of precipitation with LAI. These rela-
tionships highlight the regional nature of sensitivity to temperature or precipitation, as
seen in previous studies (e.g. Anav et al., 2013; Ichii et al., 2002; Wang et al., 2013;
Zeng et al., 2013). High latitude regions, furthermore, may depend on snowfall, which
will be poorly captured by our precipitation compositing procedure.

Note that there are regions with substantial trends over time (1981-2010) in the LAl
(Fig. 3c), especially in high latitudes in the Northern Hemisphere. This could be asso-
ciated with the longer growing season due to warming (e.g. Lucht et al., 2002; Zeng
et al., 2013). It is also possible that this trend is due to carbon dioxide fertilization ef-
fects (e.g. Friedlingstein and Prentice, 2010). For high latitudes, we calculate a rank
correlation of 0.58 across the models between the carbon dioxide fertilization factor on
land for the Earth system models (called the beta land factor in Arora et al., 2013) and
the average correlation of observed LAl with time, suggesting that there may be a com-
ponent of carbon dioxide fertilization in the models’ temporal trends. These trends are
stronger in the models than the obsevations, which may be related to an overestimate
of the fertilization effect.
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Notice that while considering LAl interannual variability correlations with tempera-
ture, precipitation or time, that there are also strong correlations between temperature,
precipitation and time themselves (e.g. IPCC, 2007). Here we do not attempt to dif-
ferentiate these signals because of the statistical complexity and the shortness of the
time record. There is also the possibility that the shortness of the record considered
here will lead to aliasing of the real variability, especially in regions like the Sahel with
strong decadal scale variations (e.g. Loew, 2014).

Model simulations can capture many of these relationships (e.g. Fig. 4 vs. Fig. 3),
but with varying strengths (Table 3; Fig. 5). Because the coupled models are not in-
tended to predict specific events or decadal variability, we want to evaluate the broad
pattern of these relationships, instead of specific details. Thus, we consider the spatial
mean of the temporal correlation between LAl and climate variables in the observations
and model (as described in Sect. 2.3; Tables 3 and 4; Fig. 5). This tests, for example,
whether the models capture the mainly positive correlation between LAl and tempera-
ture in high latitudes and mixed but more negative correlation in the tropics (Figs. 3a,
4a and 5).

Notice that for one land model (the CLM), simulated interactively within an earth sys-
tem model (CESM-BGC) (Fig. 4a) presents more similar results of the LAl-temperature
correlation to the CLM driven by observed-based datasets (CLM-obs) (Fig. 4b) than to
either the observations (Fig. 3a), or other models (Fig. 4d or €). Thus, LAl correla-
tions with temperature indicate a metric that appears to be intrinsic to the CLM model.
Both the CLM and CLM-obs simulations (Fig. 4a and b) exhibited stronger negative
LAl-temperature correlations over the tropics than seen in the observations (Fig. 3a).
In general, almost all of the models exhibited a much stronger negative correlation
between temperature and LAl in the tropics (Table 4a; Fig. 5) than that observed.

The relationship between CESM and CESM-obs LAl—precipitation relationships (e.g.
Fig. 4c and d compared to Fig. 4a and b) are weaker. In fact, LAl-precipitation rela-
tionships do not appear to be more similar when the CLM within the CESM is com-
pared against the CLM driven by observed-meteorology (Tables 3 and 4), suggesting
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that LAl—-precipitation relationships are very sensitive to the meteorology used, and not
a good metric to be tested in a coupled earth system environment. This could be due to
the fact that precipitation has a weaker relationship with LAI, except in an occurrence
of rare but strong drought (e.g. Funk and Brown, 2006). Or this could be due to more
complicated time lags that need to be considered or because random chance becomes
too important. Growth in many tropical regions may be radiation limited, rather than wa-
ter limited. The LAl—precipitation correlation metric may be more useful for inter-model
comparison when used for offline-model tests when observed meteorology is used to
force the models (e.g. Murray-Tortarolo et al., 2013).

Most of the models have too strong a negative relationship between LAl and temper-
ature in the tropics, and too strong of a positive relationship in the high latitudes (Fig. 5,
Table 4a—c). In the tropics, only the BNU-ESM model does not have too strong of a neg-
ative impact of temperature, while in the high latitudes, the CanESM2, HadGEM2-CC,
HadGEM2-ES, MPI-ESM-MR tend to have twice the spatial average correlation of the
observations.

For precipitation, there is a less clear relationship across latitudes, although one
model has a tendency towards higher correlations with precipitation (INM-CM4; Figs. 4f
and 5). Similarly, the correlation between LAl and time is variable between models, but
there is no strong relationship across latitudes (Fig. 5c¢, f, i and I). A summary of the
ability of the models to capture these metrics suggests that all the models could be
improved in their simulation of LAI, but that many of the models are roughly doing
a similarly good job at simulating LAI, depending on which metric is considered.

Note that there is measurement noise in the observational datasets, while the model
values do not have an equivalent random noise added. We expect the measurement
noise to reduce the correlations of LAl with the environmental variables in the observa-
tions relative to the true values, as seen compared to many models (Fig. 5). Thus, our
metrics for interannual variability are likely to be more impacted by uncertainty in the
observations than for the annual mean or seasonal cycle, and thus they may be less
useful for evaluation of the models, although potentially interesting.
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Figure 6 summarizes our comparisons of the models to the observations for LAI for
the different metrics in Tables 2 and 4. Note that in order to show both correlations and
model mean biases in the same figure, we have converted the model-data comparisons
into Model Evaluation Values using Eq. (1) in Sect. 2.4, where 1 is a perfect model
simulation and lower values represent worse model simulations. Overall none of the
models do a perfect job, and improved simulation of LAl for all models is important.
In addition, as discussed above, some models perform better in some regions than
others. In order to more easily see how the models compare, we also show the ranking
of the different models in each region (Table 5). For this comparison, we exclude the
magnitude of the 1AV, because the observational estimates for this are more likely to
be in error than for the annual mean and seasonal analysis. In the tropics the top
three models are the INMCM4, the IPSL-CM5A-LR and the IPSL-CM5B-LR. For the
mid-latitudes the top models are the CanESM2, IPSL-CM5A-MR and the HADGEM2-
ES. For high-latitudes the top models are the BNU-ESM, bcc-csm1 and the MIROC-
ESM_CHEM (Table 5; Fig. 6).

4 Future projections
4.1 East African example

Previous studies have suggested increases in biomass and carbon in East Africa, be-
cause of wetter conditions, despite increases in temperature (Doherty et al., 2010). An
example set of model time series of temperature, precipitation, net primary production
and leaf area index from 1900-2100 shows that, similar to previous modeling studies
(Doherty et al., 2010; Meehl et al., 2007), there is a mean increase in precipitation,
as well as leaf area index in this region (Fig. 7). However, one model (IPSL-CMA-LR)
shows an increase LAl variability (Fig. 7a), which could have large negative impacts
to the local population despite an increased mean LAI. As this simple example sug-
gests, for studies on the impact of climate change, we should look not only at the mean
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change in leaf area index, but also look at changes in the variability of leaf area index,
in order to identify regions which may be at risk for famine in the future.

The projections for future LAI are quite variable across different models for this region
(Fig. 8), although generally quite optimistic in most of the CMIP5 models. For example,
one model (BNU-ESM) predicts very large increases in LAl (> 4; Fig. 8a), while another
(MPI-ESM) predicts modest increases and decreases (< 0.5; Fig. 8b). Normalizing by
the SD ensures we only interpret results that are more than one SD from the current
climate and statistically significant (e.g. Tebaldi et al., 2011), shows similar patterns.
Notice that if the SD in the current climate is zero (i.e. there is not interannual variability
reported at this grid box), the normalized difference is not finite, and is removed from
further analysis. Some models are quite optimistic in East Africa, while others are less
so (Fig. 8c vs. Fig. 8d).

Usually we consider the multi-model mean for future projections (e.g. Meehl et al.,
2007). Model mean climate projections for the next century suggest statistically sig-
nificant increases in LAl (the mean change divided by current variability) over most of
East Africa (Fig. 9a, ¢ and e). But some regions see a reduction in mean LAl after
the mid-century. If we consider also the possibility of an increased mean, and also in-
creased variability, which may indicate more frequent drought, we see that broad areas
of East Africa are at a higher risk for drought by 2090 (Fig. 9e), despite a higher mean
LAI. Here we define drought as the percent of time LAl is one or more SDs below the
mean (as defined in the current climate), and thus any non-gray colored area indicates
a higher drought risk than in the current climate (Fig. 9b, d, and f). While the areas
with increased drought tend to be in regions with reductions in mean LAI, or smaller
increases in LAI, the projections for increased drought show large regions at risk and
thus maybe a more conservative metric for future vulnerability studies.

To consider the question of whether models project an increased risk of drought in
East Africa in the future, one must also keep in mind that there are larger uncertainties
in projections at smaller scales (e.g. Hawkins and Sutton, 2009), and thus one should
not believe that in Kenya, for example, there will be an increase in LAI, while neigh-
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boring countries will necessarily see a decrease. The ability of the models to resolve
and project at such small scales is not strong enough (e.g. Hawkins and Sutton, 2009).
Broader scale patterns considered in the next section are likely to be more robust.
In addition, the projection of precipitation estimated in climate models for this region,
which tend to be optimistic, is quite different than statistical studies which suggest less
precipitation in a warming climate (e.g. Jury and Funk, 2013). Many of the observed
drying trends in this region are linked to the sea surface temperature gradient between
the equatorial western and central Pacific (Funk et al., 2014). While this gradient has
strengthened, causing an intensification of the Walker circulation and drying, the future
state of this gradient is uncertain.

4.2 Global projections

At the global level, there is also variability in the projections of future LAl changes.
Some models project large increases while other project more modest increases
(e.g. Fig. 10a and b; notice the different scale). After normalizing by the SD to highlight
the results that are statistically significant (Fig. 10c and d), we still see large variations
in the projections, especially in the tropics.

The 21st century projections of mean model LAl (normalized by the SD in each
model) suggest a statistically significant increase in leaf area index over much of the
globe, especially high latitudes (Fig. 11). Some tropical regions are seen to be at risk
for reductions in mean LAI, such as in Central America and the Amazon basin. These
regions are also at risk of more frequent drought, as identified by the percent of the
time their LAl is below one SD of the current mean (Fig. 11b, d and f). More frequent
drought is also projected for large areas of the tropics and subtropics where projected
increases to mean LAI are small in magnitude or negligible (Fig. 11a vs. Fig. 11b, for
example).

Models vary in how much change they project in the future (Fig. 12). The model
projections tend to have larger increases than decreases in absolute magnitude of the
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LAI (Fig. 12), and some models project very large increases, while there are only very
small decreases predicted in a small number of cases.

4.3 Drivers of LAI projections

Next we consider what drives the differences in model projections for LA, using the
example of RCP8.5 at 2080—-2100. Notice that in this study we neglect the possibly im-
portant process of direct human land management, which could dominate the changes
in the land surface in some regions. By correlating at each grid box, across the models,
the temperature and LAl projections, we can look for relationships between model pro-
jections of temperature and LAI, which may be causal (Fig. 13a). There are strong pos-
itive correlations between model simulated changes in temperature and LAI in some
regions, especially the northern high latitudes, suggesting that models with a projected
larger warming in the high latitudes also simulate larger increases in LAI. On the other
hand, there are strong negative correlations in the tropics, for example the Amazon
(Fig. 13a), suggesting that models that simulate higher tropical temperature changes
tend to have lower LAI projections in the future. Notice that while higher temperatures
may drive higher LAI, higher LAlIs may also be driving higher temperatures because
of the importance of LAl in changing surface energy fluxes (e.g. Lawrence and Slingo,
2004).

The projected changes in precipitation are strongly correlated with projected
changes in LAI, when we correlate across models (Fig. 14a), suggesting that changes
in precipitation across the models drive much of the difference between models in many
regions. In addition, if we look spatially at where the lower LAls occur, it is where the
precipitation has decreased. If a region has a model mean lower precipitation in the in
the future (Fig. 13c), it also has lower LAl predicted by the model mean (Fig. 11e).

Another important potential contributor to the future projections of LAl is the effec-
tiveness of the carbon fertilization in the models (e.g. Arora et al., 2013). Using the
carbon dioxide fertilization factor (8-land) from the Arora et al. (2013) study we use
a rank correlation to explore the importance of the carbon dioxide fertilization strength
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for predicting future LAl across the models. We would expect models that respond more
strongly with increased carbon uptake under higher CO, conditions (i.e. larger G-land)
to have greater LAl in the future. Globally the correlation is 0.34, suggesting that some
of the differences in future LAI projections across models is due to differences in the
model simulation of CO, fertilization. The value is —0.36, 0.26 and 0.58, for tropical,
mid-latitude and high latitude, regions, respectively. Thus for high latitudes, especially,
the projections of LAl appear to be dependent on the way the models’ simulate the car-
bon dioxide fertilization in the different models. This could also be, however, an artifact
that the two models with the lowest carbon dioxide effect (CESM-BGC and NOR-ESM)
use the same land carbon model, which predicts low values of LAl in high latitudes
for present day and does not tend to increase LAl much in the future (Thornton et al.,
2009). These models also have low carbon dioxide fertilization effects, because of their
nitrogen colimitation, which could be driving the correlation between model projections
of LAl and carbon dioxide fertilization in the high latitudes. It is interesting that in the
tropics the carbon dioxide fertilization is negatively correlated to future LAI changes.
Again, this could be an artifact of having only two related low carbon fertilization mod-
els, as these models see a strong increase in nitrogen mineralization in the tropics in
a warming climate, which allows an increase in productivity in the future tropics (Thorn-
ton et al., 2009). In other words, the strong negative correlation in the tropics between
LAI projections and CO, fertilization could be due to the smaller temperature impact on
carbon cycle in the N-limited models (the G-land and y-land (climate impact on carbon
cycle) are negatively correlated in Table 2 of Arora et al., 2013).

Finally, the disconnect between carbon dioxide fertilization effect and future LAl in the
mid-latitudes and tropics could also be due to the way that carbon is allocated among
different biomass pools in models. For example, in the CLM, the land model for the
CESM-BGC, CO, fertilization causes a larger increase to wood allocation (62 %) than
to leaf allocation (21 %) in the Southeastern US (D. Lombardozzi, personal communi-
cation, 2015). Thus, the issue of how LAI responds in different models is interesting
and should be considered in future studies.
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4.4 Reducing spread in the future projections

There are large differences between the different models’ projections of future LAl
(e.g. Figs. 12 and 14c). Previous studies have tried to reduce the uncertainty in future
projections by looking for relationships between model metrics and future projections,
and then choosing the models which best match the observations in the current climate
(e.g. Cox et al., 2013; Hoffman et al., 2014) or by subsampling models for different re-
gions by their performance (e.g. Steinacher et al., 2010). In this section we use both
approaches to try to reduce the spread in projections at the end of the 21st century
(2081-2100). In essence, we are looking for a correspondence between current model
performance and the future projection, in order to reduce the uncertainty in the future
projections. In many cases in climate modeling and projections, there is no correla-
tion between current climate skill and projections (e.g. Cook and Vizy, 2006), however
in some limited cases there is a correlation between metric score and a projection,
and one is able to constrain future projections (e.g. Cox et al., 2013; Steinacher et al.,
2010). Here we consider whether such a case applies here.

Across broad regions, we evaluate which metrics are the most useful for potentially
constraining future climate projections by considering how the metric is correlated with
the projections (Tables 2—4). We consider 4 regions: the globe, tropics (latitudes < 30°),
mid-latitudes (latitudes between 30 and 60°), and high latitudes (latitudes > 60°). For
the first approach, we look for the metrics that have the highest correlation coefficient
to constrain the future estimate (similar to Cox et al., 2013) (Tables 2 and 4; Fig. 15a
and b). For the globe these metrics are the average LAl vs. date correlation, and the
global mean LAl ratio of model to observation. This analysis suggests that models with
the largest relative drift in LAl over the last 30 years, will have the largest change in
LAl in the future (Fig. 15a; Table 3). It also suggests that models with the highest LAI
now, will have a bigger change in the future (Fig. 15b; Table 3). In Fig. 15a and b, the
observational based estimates are indicated by the gray line. Notice that the value that
the models match best with the observations are different for different metrics, and thus
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does not allow us to uniquely constrain the future projections. Also notice that there is
one model with a very large change in LAl in the future, which can drive much of the
correlation. We use rank correlations instead of simple correlations, however, so that
this result is largely insensitive to the removal of one model.

For the tropical region, (as also seen in the global analysis) the drift with time (LAl
correlation with date) and the mean model/observation have the largest correlations
(Table 2; Fig. 15¢ and d). Again this suggests that the models with the largest drift now,
continue that drift in the future, and that models with larger LAl will have a larger change
in the future. Unfortunately, for the tropics as well as the globe, these two metrics would
constrain our future projections to two different LAI values.

For mid-latitudes, the best correlation between a metric and future projections of LAI
comes from the spatial correlation of LAl with precipitation (Fig. 15e and f). Unfortu-
nately very few of these correlations are actually statistically significant (> 0.36), and
this metric is sensitive to whether the meteorology driving the model is from the earth
system model or the reanalysis dataset (see discussion in Sect. 4.1). The metric with
the second highest correlation comes from the model predicted change in precipitation
between the present and the future. Thus mid-latitude projections of LAl are difficult
to constrain based on model metrics, but are sensitive to changes in precipitation (as
seen also in Fig. 13b).

For high latitudes there are three metrics with similar correlation coefficients: the av-
erage temporal correlation in the seasonal cycle, the size of the interannual variability in
LAI model/observations and the size of the seasonal cycle in LAl model observations.
The value of this metric that is ideal will allow us to constrain the future projections
(Fig. 15g, h and i). Unfortunately again, these three metrics suggest a different pro-
jected change in LAl when the observed value is used to identify the models that are
most realistic (grey line in Fig. 15g, h and i).

Overall, this analysis of multiple metrics suggests that there is no single metric avail-
able that is the most important in all circumstances for improving our estimates for the
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changes in LAI. Thus, deduction of one more probable future is not available to us in
this case (as opposed to Cox et al., 2013, where only one metric is presented).

The second approach for reducing spread in the future projections follows the ideas
of Steinacher et al. (2010). Here for each region, we chose the models that did the best
job for several metrics (i.e. using the rankings in Table 5), instead of just one metric at
a time (as above). For this study, we chose to use the top half of the models, based
on their performance for each region (Table 5), so instead of including 18 models, we
include 9 models for each region. Using this approach does change the mean future
projections, especially for the tropics and high latitudes (Table 6; Fig. 14), and does
reduce the spread in the model values in the tropical region, but does not reduce the
mean spread in mid-latitudes or high latitudes (Table 6). In the tropics, the top models
tend to have lower future projections of LAI than the average of all the models (0.07
instead of 0.16 m? m'2). This is actually consistent with the analysis in Fig. 15, since the
models with the higher skill (close to grey line) would tend to have a lower or medium
values of future LAl projection (Fig. 15¢ and d). For the mid-latitudes, there is not much
difference between using all models or the top performing models (Table 6), while for
high latitudes, the top models tend to project higher LAl in the future, also consistent
with Fig. 159, h, and i, where the observations tend to suggest higher LAl projections
are more consistent for the metrics with the highest correlation.

The spatial distribution of the change in the future projections using the all models
vs. the top models (Fig. 14a vs. Fig. 14b) is consistent with the mean over the regions,
with the largest change being seen across the tropics, with a reduction in both the
mean LAl projection as well as the SD. The changes in mid-latitudes and high latitudes
from subsampling only the top performing models are not very large in most locations
(Fig. 14a vs. Fig. 14b). Only in the tropics is the spread in the models reduced in
the future projections (Fig. 14c vs. Fig. 14d). And the percent drought in the future is
increased in the tropics, because of the sub-sampling of the top models (Fig. 14e vs.
Fig. 14f).
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Our analysis suggests that using multiple metrics does provide information that al-
lows us in some cases (especially the tropics) to change our mean future projection,
and reduce the spread between models predictions.

5 Summary and conclusions

LAl is a key variable in ESM simulations because it is the primary way that leaf-level
biogeophysical and biogeochemical processes are scaled to regional and global areas.
While previous studies focused on evaluating and comparing land carbon modules in
the CMIP5 have largely considered the carbon cycle, here we expand the study of Anav
et al. (2013) to look at LAl in all latitudes as well as future projections. We consider this
the first study of future projections of LAI in the ESMs, and encourage future work in
this area because of the importance of LAl in driving the physical and biogeochemical
interchanges between land and atmosphere.

We examined simulations of LAl in current and future climates and current climate
simulations are compared to available observations. Here we use the newly developed
30year LAI satellite dataset (Zhu et al., 2013) and the CMIP5 archive to answer the
following questions: (1) are the models accurately simulating the mean LAl spatial dis-
tribution? (2) Are the models accurately simulating the seasonal cycle in LAI? (3) Are
the models correctly simulating the processes driving interannual variability in the cur-
rent climate? And finally based on this analysis, (4) can we reduce the uncertainty in
future projections of LAI by using each model’s skill in the current climate? Many met-
rics that could be used in future model intercomparisons (e.g. Randerson et al., 2009;
Luo et al., 2012) are considered (Table 2). Previous satellite derived LAl data were
thought to be biased low, but the latest version resolves many of these issues (Zhu
et al., 2013). Since LAl is one of the few land variables that is directly observed across
the globe, it is appropriate for large scale climate model evaluation (e.g. Gleckler et al.,
2008; Luo et al., 2012).
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Models are able to simulate many, but not all the features of the observed mean,
seasonal cycle and interannual variability LAI. The models tend to have too large values
of mean, seasonal cycle strength and interannual variability strength in LAI, relative to
the satellites (similar to previous studies e.g. Anav et al., 2013). Correlations with the
seasonal cycle timing, as well as the spatial distribution of mean and the strength of
the interannual variability suggest models could be improved.

We also considered the correlation of the interannual variability in the LAI with tem-
perature, precipitation and date, and these suggest that the models could improve their
simulation of these responses, and tend to have too strong a correlation (either neg-
ative or positive) with temperature. The modeled LAl trends were much stronger than
the observed LAI trends in high latitudes, potentially indicating too strong of CO, fer-
tilization effect. The evaluation of interannual variability relationships between LAl and
climate variables is likely to be the most sensitive to observational error, however, and
need to be interpreted with caution.

Over much of the globe in the future there is an increase in mean LAI, except where
there is predicted a mean decrease in precipitation (Figs. 11¢ and 13c). But how large
the increase is varies substantially by model (Fig. 12).

Using the example of East Africa, we propose that not only mean LAI, but also the
variability in LAl is important in identifying vulnerability in future projections. One way
to calculate this is to calculate the percentage of the time in which the LAl is below one
SD of the mean from the current climate, which we define as drought conditions. This
increase in drought frequency indicates more at-risk regions despite higher mean LAls
being projected. The most notable future change is the increase in drought conditions
in parts of the tropics (Fig. 14e and f), suggesting a higher vulnerability for food security
in these regions.

We use two different methods for reducing the large spread in future projections, and
find that combining multiple metrics to chose better models (e.g. similar to Steinacher
et al., 2010) seems to work more robustly than simply correlating one metric against
future projections (e.g. Cox et al., 2013; Hoffman et al., 2014), because the differ-
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ent metrics suggest different values (Fig. 15). Overall, our method suggests that the
top performing models (top half of the models from Table 6) suggest a smaller future
increase in LAl in the tropics, and more regions with future reductions in LAl than as-
sessments based on including all the models. This approach also reduces the spread
between models in the tropics. Using only the top models, however, did not make such
a large difference in projections in the mid- and high latitudes (Fig. 14). Our results
suggest that the better performing models tend to project lower LAls in the future in the
tropics in contrast to Cox et al. (2013), which focused on carbon—temperature relation-
ships in the Amazon and which showed that observational constraints on the models
tend to suggest less loss in carbon under higher temperatures. However these results
may not be inconsistent as they consider different metrics in different regions, and
LAl is not necessarily linearly related to carbon uptake in the models (see discussion
in Sect. 4.2; D. Lombardozzi, personal communication, 2015), suggesting that more
analysis of how allocation is parameterized in the land carbon models is warranted.

Finally, the spread between models’ projections of LAl was correlated with model’s
projections of precipitation (Fig. 14b and c vs. Fig. 12c¢). Thus our projections of LAl rest
finally on the ability to project future precipitation, which in many regions the changes
in precipitation are not large enough to be statistically significantly outside natural vari-
ability (e.g. Tebaldi et al., 2011) and there are discrepancies between climate model
and statistical model predictions (e.g. Jury; Funk, 2013). In addition, increasing tem-
peratures are likely to stress systems, even if there is additional rainfall (e.g. Lobell
et al., 2011), expanding the regions at risk to increased drought (Fig. 11).
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Table 1. Model simulation from the Climate Modeling Intercomparison Projection (CMIP5) in-

cluded in this study.

Model Land Model Land N-Cycle Dynamic Citation
Resolution Veg.
BCC-CSMH1 BCC-AVIM1. 28°x2.8 N Y Wu et al. (2013)
BCC-CSM1-M BCC-AVIM1. 1.1°x1.1° N Y Wu et al. (2013)
BNU-ESM CoLM + BNU-DGVM 28°%x28 N Y (BNU-ESM,
http://esg.bnu.edu.cn/
BNU_ESM_webs/
htmls/index.html)
CanESM2 CLASS2.7 + CTEMA1 28°x28 N N Arora et al. (2011)
CESM1-BGC CLM4 09°x12° Y N Lindsay et al. (2014)
GFDL-ESM2G LM3 25°x25 N Y Dunne et al. (2013)
GFDL-ESM2M LM3 (uses different 25°x25 N Y Dunne et al. (2013)
physical ocean model)
HadGEM2-CC JULES + TRIFFID 1.9°x12° N Y Collins et al. (2011)
HadGEM2-ES JULES + TRIFFID 1.9°x1.2° N Y Collins et al. (2011)
(includes chemistry)
INM-CM4 Simple model 2°x1.5° N N Volodin et al. (2010)
IPSL-CM5A-LR ORCHIDEE 37°x19° N N Dufresne et al. (2013)
IPSL-CM5A-MR ORCHIDEE 25°x12° N N Dufresne et al. (2013)
IPSL-CM5B-LR ORCHIDEE (improved 3.7°x1.9° N N Dufresne et al. (2013)
parameterization)
MIROC-ESM_ MATSIRO + SEIB-DGVM  2.8°x2.8° N Y Watanabe et al. (2011)
MIROC-ESM-CHEM MATSIRO + SEIB-DGVM  2.8°x2.8° N Y Watanabe et al. (2011)
(adds chemistry)
MPI-ESM-LR JSBACH + BETHY 1.9°x1.9° N Y Raddatz et al. (2007)
MPI-ESM-MR JSBACH + BETHY 1.9°x1.9° N Y Raddatz et al. (2007)
(ocean model higher
resolution)
NorESM1-ME CLM4 25 x19° Y N Bentsen et al. (2013)
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Table 2. Table of Metrics for LAl comparisons between model and observation used in the

following tables. More description of these metrics are provided in Sect. 2.3.

Metrics Description
Mean Model/obs Ratio of mean LAI from the model and observations
Corr. Spatial correlation of Mean LAl
SD Seasonal Model/obs Ratio of seasonal cycle strength: Ratio of SD of the climato-
logical monthly mean LAI from the model and observations
Avg. Corr.  Avg. Corr. of the temporal evolution of the climatological
seasonal cycle in the model vs. observations at each grid
box
SD 1AV Model/obs Ratio of IAV strength: ratio of SD of the annual mean LAl
from the model and observations
IAV LAl vs. T Avg. Corr.  Avg. Corr. between LAI and temperature in IAV
IAV LAl vs. P Avg. Corr.  Avg. Corr. between LAI and precipitation in IAV
IAV LAl vs. date Avg. Corr.  Avg. Corr. between LAl and date in IAV
Other variables AT Change in temperature (2081-2100 minus current)
AP Change in precipitation (2081-2100 minus current)
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Table 3. Evaluation of LAl over globe. Metrics are described in text and Table 2, models in Ta-
ble 1. The CESM vs. CLM column indicates the value of the comparison between the CESM1-
BGC and the CLM-obs simulations (which use the same land model, but different meteorology).
The Corr A LAl row indicates the correlation coefficient across models between the model value
of this metric (this column) against the change in LAl in 2080-2100 (last column).
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(2]
Mean LAI Seasonal SDIAV LAl IAV correlations AT Aprecip ALAI 8
Models Model/  Corr. SD Avg. Model/ LAlvs. LAlvs. LAlvs. (K) (mmday™") (m*m™3) A
obs Model/  Corr. obs Ts Precip  time g
obs
5
Obs. 0.11 0.11 0.21 2
bce-csm1 174 070 1.28 054 164 -0.07 034 026 513 0.18 0.29 @
bee-csm1-1 1.52 067 127 055 143 -013 038 028 488 0.7 0.35 = :
BNU-ESM 2.12 056 147 048 179 027 000 032 639 028 1.01
CanESM2 1.05 0.66 0.75 040  1.15 002 018 017 555 0.24 0.09 —
CESM1-BGC 149 064 070 048 186 000 013 024 532 023 0.32
GFDL-ESM2G 227 045 0.78 018 164 -006 021 029 295 0.10 0.19 =)
GFDL-ESM2M 2.35 0.39 0.78 018  1.93 -013 020 028 319 0.2 0.20 &
HadGEM2-CC 1.44 0.76 0.58 046  0.92 015 027 032 677 017 0.48 S n n
HadGEM2-ES 1.52 0.77 058 0.46  1.00 047 031 035 6.88 0.17 0.44 7
inmcm4 097 061 093 042  0.86 005 053  0.04  4.02 012 0.16 o
IPSL-CM5A-LR 144 067 0.98 049 121 003 027 008 673 022 0.10 = _ —
IPSL-CM5A-MR 144 068 097 050 1.1 004 028 014 652 0.20 0.08 e
IPSL-CM5B-LR 133 060 095 050 136 002 024 017 539 0.10 0.18 S
MIROC-ESM 164 044 117 056  3.23 -0.08 012 011 713 027 0.22 @
MIROC-ESM-CHEM  1.62 0.44 1.11 053 323 -005 012 014 755 0.29 0.22
MPI-ESM-LR 1.32 059 083 045 085 -004 018 014 511 0.10 0.13 —
MPI-ESM-MR 1.36 0.60 0.86 026 085 002 019 020 463 0.10 0.12
NorESM1-ME 1.61 054 0.82 044 250 -005 016 017 418 0.19 0.12 o X X X
CLMobs 144 073 0.71 053 208 001 022 023 73
CESMvs.CLM 1.08 0.89 0.98 076  1.18 000 013 024 o
Corr A LA 0.49 0.10 0.06 0.30 027 002 -0.04 067 024 0.16 @
2.
-}
3
@
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Leaf Area Index in

Table 4a. Tropical LAl evaluation and projection. As in Table 3, but for tropical region (< 30°). Earth System Models
Mean LAl Seasonal SD IAV LAl AV correlations AT Aprecip ALAI
Models Model/  Corr. SD Avg.  Model/ LAlvs. LAlvs. LAlvs. (K) (mmday™") (m?m7?) % N. Mahowald et al.
obs Model/  Corr. obs Ts Precip time 8
obs 7]
@
Obs. 002 020 020 o —
bec-csm 169 082 179 024 263 -045 038 010 418 0.12 0.18 =) B lFegs
bee-csmi-1 144 078 1.66 027  2.06 044 041 013 436 005 0.34 S
BNU-ESM 245 063 0.85 017 1.25 022  -004 033 407 027 1.29 S
CanESM2 123 054 074 013  1.81 —040 034 005 407 0.0 0.06 @
CESM1-BGC 172 072 0.91 0.38  2.69 -029 047 014 413 027 0.57 .
GFDL-ESM2G 180 064 0.96 017  2.06 —037 022 004 279 0.09 0.22 .
GFDL-ESM2M 174 063 0.92 0.16 250 -039 024 009 281 010 0.21
HadGEM2-CC 1.71 081 047 029 088 -008 028 015 581 -0.03 0.25 o
HadGEM2-ES 176 081 047 028 094 -045 033 011 595 -0.01 0.21 &
inmemd4 100 083 083 036 069 -0.19 0.68 -0.02 344 0.0 -0.04 o
IPSL-CM5A-LR 121 080 109 036 138  -025 039 -007 590 026 -0.03 S n n
IPSL-CM5A-MR 120 075 1.09 035  1.44 —024 041 001 605 026 -0.02 0.
IPSL-CM5B-LR 109 070 1.02 033  1.63 -019 036 005 422 -0.06 -0.01 S
MIROC-ESM 1.61 053 064 035 506 -037 014 001 58 013 -0.08 _ —
MIROC-ESM_CHEM-  1.61 0.53 0.65 0.33  5.00 -038 015 005 618  0.11 -0.14 e
MPI-ESM-LR 1.41 075 1.04 015  1.19 -051 046  -0.04 547 -0.07 -0.14 -
MPI-ESM-MR 142 075 1.06 0.02 1.13 —050 045 -0.09 496 -0.02 -0.12 @
NorESM1-ME 173 058 0.98 032  3.44 -0.34 024 015 280 0.16 0.16
CLMobs 164 082 0.90 0.45  2.88 -019 026  0.10 —
CESMvs.CLM 109 085 1.02 068  1.13 —029 047 0.4
Corr A LAl 064 011 -0.08 -0.06 0.02 037 -040 080 -043 0.26 o : : :
(@)
[
;
2
-}
T
N
©
@
=
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Table 4b. Mid-latitude LAl evaluation and projection. As in Table 3, but for mid-latitude region Leaf Area Index in

(between 30 and 50°). . Earth System Models
Mean LAl Seasonal SDIAV LAl IAV correlations AT Aprecip  ALAI g N. Mahowald et al.
Models Model/ Corr.  SD Avg.  Model/ LAlvs. LAlvs. LAlvs. (K) (mmday™") (m*m™) o
obs Model/  Corr. obs Ts Precip  time g
obs (%]
Obs. 011 018 022 S Title Page
bce-csm 1.90 060 1.33 075  1.50 014 043 023 471 0.03 0.50 )
bee-csm1-1 1.61 052 1.34 074 150 -018 050 031 472 0.07 0.62 i) Abstract It
BNU-ESM 2.20 0.48  1.80 061 280 022 002 007 576 0.01 0.80 ®
CanESM2 0.90 075 0.88 056  1.00 003 017 012 434 0.12 0.11 = X
CESM1-BGC 1.86 073  0.82 051 280 —0.03 017 009 469 0.15 0.55
GFDL-ESM2G 1.37 052 1.46 017 220 -0.07 025 022 245 -0.06 0.20 -
GFDL-ESM2M 136 042 137 020 240  -011 025 015 264 -0.04 0.24
HadGEM2-CC 1.20 068 0.86 056  1.10 002 031 019 640 0.13 0.63 o
HadGEM2-ES 1.21 0.69 0.88 057 1.20 006 033 023 629 0.11 0.62 Z
inmem4 1.28 070 0.83 033 1.20 015 057 007 379 0.01 0.17 = n n
IPSL-CM5A-LR 1.68 071  1.05 053  1.90 000 029 005 616 -0.04 0.11 o
IPSL-CM5A-MR 1.62 0.76  1.00 057  2.00 -0.04 035 009 623 -0.11 0.07 o
IPSL-CM5B-LR 1.74 069 1.05 058  1.80 007 027 021 485 0.07 0.24 = _ —
MIROC-ESM 1.89 044  1.79 071 280 -0.09 019 008 7.30 0.14 0.31 S
MIROC-ESM_CHEM- 1.88 046 175 069  2.80 -0.09 0.19 008 748 0.16 0.34 S
MPI-ESM-LR 1.42 041  0.94 071 070 041 015 007 508 0.01 0.19 @
MPI-ESM-MR 1.47 0.38  0.94 052  0.70 016 011 015 458 0.03 0.20
NorESM1-ME 2.19 068 1.09 050  3.80 -0.01 019 018 332 0.07 0.15 - Full Screen / Esc
CLMobs 1.69 0.82  0.80 057 280 -0.05 021  0.01
CESMvs.CLM 1.18 0.88  1.02 076  1.17 -0.03 017  0.09 o
Corr A LAI 0.16 -0.31 0.19 0.38 0.12 -0.11  -0.00 0.35 0.34 0.46 = Printer-friendly Version
(@)
8 Interactive Discussion
2
-}
T
E ©Mol
@
=
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Table 4c. High-latitude LAl evaluation and projections. As in Table 3, but for high-latitude region

(> 50°).

Mean LAI Seasonal SD IAV LAl IAV correlations AT Aprecip ALAI
Models Model/ Corr.  SD Avg. Model/  LAlvs. LAlvs. LAlvs. (K) (mmday™) (m’m™)

obs Model/  Corr. obs Ts Precip time

obs

Obs. 0.20 -0.02 o0.21
bcc-csm1 1.73 0.58 0.69 0.91 0.79 0.36 0.25 0.43 571 0.26 0.27
bce-csm1-1 1.61 0.57 0.77 0.91 0.86 0.21 0.28 0.41 5.16 0.25 0.27
BNU-ESM 1.45 0.35 1.81 0.90 1.93 0.36 0.02 0.48 7.69 0.38 0.95
CanESM2 0.85 0.63 0.69 0.74 0.43 0.42 0.03 0.31 7.33 0.40 0.10
CESM1-BGC 0.84 0.48 0.35 0.69 0.50 0.31 0.06 0.44 6.01 0.23 0.14
GFDL-ESM2G  3.67 0.22 0.21 0.22 1.00 0.26 0.18 0.59 3.33 0.19 0.17
GFDL-ESM2M  4.03 0.21 0.23 0.24 1.14 0.11 0.1 0.54 3.75 0.22 0.18
HadGEM2-CC 1.13 0.61 0.39 0.70 0.85 0.48 0.23 0.58 7.31 0.27 0.54
HadGEM2-ES 1.31 0.60 0.40 0.72 0.92 0.57 0.28 0.66 7.47 0.27 0.48
inmcm4 0.71 0.14 1.21 0.79 0.93 0.21 0.36 0.08 480 0.32 0.36
IPSL-CM5A- 1.68 0.42 0.83 0.71 0.79 0.32 0.15 0.27 7.92 0.36 0.23
IPSL-CM5A- 1.74 0.44 0.82 0.72 0.64 0.36 0.12 0.31 716 0.35 0.19
IPSL-CM5B- 1.50 0.40 0.77 0.75 0.86 0.19 0.10 0.25 6.90 0.29 0.32
MIROC-ESM_  1.52 0.31 1.13 0.83 1.00 0.22 0.05 0.24 7.62 0.38 0.32
MIROC-ESM-  1.46 0.28 0.97 0.81 1.07 0.29 0.06 0.26 8.16 0.40 0.35
MPI-ESM-LR 1.09 0.49 0.56 0.75 0.36 0.32 -0.07 0.37 496 0.19 0.23
MPI-ESM-MR  1.17 0.51 0.56 0.38 0.36 0.43 -0.02 0.52 450 0.17 0.20
NorESM1-ME  0.95 0.38 0.42 0.66 0.71 0.20 0.05 0.19 5.63 0.26 0.08
CLMobs 0.92 0.50 0.44 0.66 0.50 0.26 0.18 0.51
CESMvs.CLM  0.93 0.97 0.78 0.96 1.17 0.31 0.06 0.44
Corr A LAl -0.03 -0.01 0.49 0.57 0.52 0.23 0.30 0.06 0.44 0.37
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Table 5. Model ranking based on performance on mean annual and seasonal cycle metrics for
each region (see description in Sect. 2.3).

Leaf Area Index in
Earth System Models

Tropical Mid-latitude High-latitude o N. Mahowald et al.
w
bce-csm1 10 10 2 =
bcc-csm1i-1 9 8 11 %
CanESM2 17 1 16 Y
CESM1-BGC 6 11 17 5
o nooon .
HadGEM2-CC 10 5 7 Tables Figures
HadGEM2-ES 14 3 11 %
inmcm4 1 8 13 =
o e EALR ; 4 b 1 B
IPSL-CM5B-LR 3 4 5 S
MIROC-ESM 12 15 4 ®
MIROC-ESM_CHEM- 13 14 2
MPI-ESM-LR 5 7 9 —
MPI-ESM-MR 7 12 15 o — _
NorESM1-ME 8 13 7 7
2
2,
-
AY ®
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Table 6. Mean and SD across models for future projections (LAl change in m? m‘z) (2081-
2100) for all models and for the top half of the models.

Tropics Mid-latitude High-latitude
Mean Change (all models) 0.16 0.35 0.31
Mean Change (top models) 0.07 0.31 0.37
SD across models (all models) 0.35 0.23 0.20
SD across models (top models) 0.25 0.24 0.24
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Interactive Di i
Figure 1. Observed distributions of leaf area index (LAI) (units of m® m~?) from satellite (Zhu el

et al., 2013) mean (a); SD of the climatological observed monthly mean LAI, showing strength
of the seasonal cycle (b); SD of annual mean LAI, showing the strength of interannual variabil-

ity (c).
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Figure 2. Probability density function (pdf) of observed (thick black line) and modeled LAl for o
mean (first column), seasonal cycle SD (middle column) and interannual variability SD (right @
column) for global (a—c), tropical (< 30°) (d—f), mid-latitude (between 30 and 50°) (g—i) and &
high-latitudes (> 50°) (j-I), respectively. Probability density functions are smoothed using an 2.
Epanechnikov smoothing kernel. Models are show as colored lines, as indicated on legend in >
figure. CLM-obs (driven by observational-derived dataset, with the same land carbon model as Ry
CESM-BGC) is shown as a dotted line. 8
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Figure 3. Rank correlation between observationally-derived interannual variability in LAl and
temperature (a) and precipitation (b), and year (c). Correlations above an absolute value of
0.36 are significant at the 95 % and are shown in darker colors. Observations are derived from
satellite retrievals (Zhu et al., 2013) for LAl and gridded datsasets GHCN (Fan and Dool, 2008)
for temperature and GCPC (Adler et al., 2003) for precipitation.
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Figure 4. Rank correlation between model derived LAl and temperature (a and b) and precip-
itation (¢ and d) for the CESM-BGC (a and ¢) and for the CLM-obs (b and d). Both models
have the same land model, but the difference is that the CESM-BGC meteorology is from the
coupled climate model, while the CLM-obs is driven by datasets constrained by observations
(Harris et al., 2013; Qian et al., 2006). The rank correlation between model derived LAl and
precipitation are shown for the IPSL-CM5A-LR andINM-CM4 models are shown in (e and f),
respectively.
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a. b. -
Cobg A v T Globol LAl vs precip Giobol LAl vs date

bec—csm1—1_ GFDL-ESM2G

bece—csml—1-m_

BNU—ESM o oz3

CanESM2

o2 CESM1-BGC

SPLLN> \
,%,; SN

Figure 5. Probability density function (pdf) of rank correlations for the rank correlation between
temperature (first column), precipitation (middle column) and date (right column) for global (a—
c), tropical (< 30°) (d—f), mid-latitude (between 30 and 50°) (g—i) and high-latitudes (> 50°) (j—
1), respectively. Probability density functions are smoothed using an Epanechnikov smoothing
kernel. Models are show as colored lines, as indicated on legend in figure. CLM-obs (driven by
observational-derived dataset, with the same land carbon model as CESM-BGC) is shown as
a dotted line.
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Figure 6. Comparison of model metrics for the annual mean and seasonal metrics from Ta-
ble 2 across the models for (a) global, (b) tropical, (¢) mid-latitude and (d) high-latitude regions.
Similar information is shown in Tables 3 and 4a—c, but here converted to the Model Evaluation
Value (Eq. 1) so that 1 is a perfect model simulation and lower values indicate worse simula-
tions. Models are shown in Table 1, and listed in the figure. Metrics are mean annual (+), spatial
correlation of mean annual (), seasonal cycle SD(diamond), mean seasonal cycle correlation

RN
Models
+ Mean Annual

* Annual Corr.

< Seasonal Std. Dev

A Seasonal Corr.

O JAV Std. Dev.

A bcc—csml1-1_
B bcc—csmi-1-m
C BNU-ESM

D ConESM2

E CESM1-BGC

F GFDL-ESM2G

P MPI-ESM-LR
Q MPI-ESM-MR
R NorESM1-ME

(triangle) and interannual variability (IAV) SD (square).
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Figure 7. Time series of a location in Kenya (-1°N, 37° E) of the modeled precipitation, tem-
perature, net primary productivity of carbon and leaf area index for the IPSL-CM5a-LR (a) and
CESM-BGC (b) models. Each time series is normalized by removing the mean and dividing by
the SD over the 1900—2100 time period.

810

Jaded uoissnasiqg

Jadeq uoissnosigq | Jaded uoissnosiq

©)
do

Jaded uoissnasiq

ESDD
6, 761-818, 2015

Leaf Area Index in
Earth System Models

N. Mahowald et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/6/761/2015/esdd-6-761-2015-print.pdf
http://www.earth-syst-dynam-discuss.net/6/761/2015/esdd-6-761-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

ESDD
6, 761-818, 2015

Jaded uoissnosiq

Leaf Area Index in
Earth System Models

N. Mahowald et al.

Title Page

Jaded uoissnosiq

.
(2}
Q
[
o
- IR I
-
O , . ,
Figure 8. East African differences in mean LAl between future climate (2081-2100) and current &
climate (1981-2000) from two different models: BNU-ESM (a) and MPI-ESM (b) (notice the &
different scale). Difference in mean LAl (2081—-2100 minus 1981-2000) divided by the SD in g-
LAI (1981-2000) for BNU-ESM (c¢) and MPI-ESM (d). Regions with a zero SD are left blank. _30
Regions with absolute value > 1 are more than one SD away from current climate. -
[¢)
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T E—

— .

Figure 9. Mean of all models for the annual mean change in LAl over time relative to current pe-
riod (1981-2000) focused on East Africa, normalized by each model’s current (1981-2000) SD
at each grid point, for 2011-2030 (a), 2041-2060 (c) and 2081-2100 (e). Drought frequencies
based on the modeled mean percent of time that LAl is more than one SD below the current
mean LAI for 2011-2030 (b), 2041-2060 (d) and 2081-2100 (f), where the current mean and
SD are defined for each grid box for 1981-2000. For the current climate, the percentage of
time below one SD will be 16 %, which is colored in grey, so all colors represent an increase in
drought.
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Figure 10. Global differences in mean LAl between future climate (2081—-2100) and current
climate (1981-2000) from two different models: BNU-ESM (a) and MPI-ESM (b) (notice the
different scale). Difference in mean LAl (2081-2100 minus 1981-2000) divided by the SD in
LAI (1981-2000) for BNU-ESM (c) and MPI-ESM (d). Regions with a zero SD are left blank.
Regions with absolute value > 1 are more than one SD away from current climate (as in Fig. 7,
but global).
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Figure 11. Mean of all models for the annual mean change in LAl over time relative to current
(1981-2000) (same as Fig. 7, but for globe), normalized by each model’s current (1981-2000)
SD at each grid point, for 2011-2030 (a), 2041-2060 (c¢) and 2081-2100 (e). Indication of
drought is the model mean percent of time that LAl is more than one SD below the current
mean LAl and is shown for 2011-2030 (b), 2041-2060 (d) and 2081-2100 (f), where the
current mean and SD are defined for each grid box for 1981-2000. For the current climate, the
percentage of time below one SD will be 16 %, which is colored in grey, so all colors represent
an increase in drought.
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Figure 12. Probability density function of the change in LAl between 2081-2100 at each grid
box for each model for the globe (a), tropics (< 30°) (b), mid-latitudes (between 30 and 50°) (c) g
and high-latitudes (> 50°) (d). Probability density functions are smoothed using an Epanech- 2
nikov smoothing kernel. Models are shown as colored lines, as indicated on legend in figure. 73
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Figure 13. Rank correlation across models at every grid box of the mean model change in g.
LAI (2081-2100 minus 1981-2000) against the model change over the same time period of =
temperature (a) and precipitation (b). The mean model change (2081-2100 minus 1981-2000) 7
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Figure 14. Mean of all models for the annual mean change in LAl over time (2081-2100)
relative to current (1981-2000), normalized by each model’s current (1981—-2000) SD at each
grid point (a) for all models (same as Fig. 11e) and (b) for the top models, defined as the
models performing in the top half (Table 6) for each region, tropical, mid-latitude or high-latitude.
Because different models are included in different regions, there can be discontinuities at the Full Screen / Esc
boundaries in Fig. 14b, d, f (e.g. 30 and 60° latitude). The SD in the mean future projection
at 2081-2100 across the models at each grid point are shown for (¢) all models and (d) top
models. Indication of drought is the model mean percent of time that LAl is more than one SD
below the current mean LAI and is shown for (e) all models (same as Fig. 11f) and (f), top
models for the period 2081-2100, where the current mean and SD are defined for each grid
box for 1981-2000. For the current climate, the percentage of time below one SD will be 16 %,
which is colored in grey, so all colors represent an increase in drought.
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Figure 15. Scatterplot of the metrics with the highest absolute value of the correlation between
the metric and future LAI changes across the globe (LAl correlated with date (a) and mean
LAl model/obs (b)) tropics (< 30°) (LAI correlated with date (¢) and mean LAl model/obs (d)),
mid-latitudes (between 30 and 60°) projected change in precipitation (e)) and high-latitudes
(> 60°) (seasonal cycle average correlation (f), strength of IAV model/obs (g), and seasonal
cycle strength model/obs (h)). The symbols are in the shown colors for each model. The grey
represents the value an ideal model would have based on the observations. The black line is

the line which results from a linear regression of the x and y axis.
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