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Figure 1-1 Pollen-based reconstructions of palaeo-climate. The plots show (a) mean
annual temperature (MAT) and (b) mean annual precipitation (MAP) at the Last
Glacial Maximum (LGM) and (c) mean temperature of the warmest month
(MTWA) and (d) MAP for the mid-Holocene (MH). The data is from Bartlein et
AL, 20T, et aaaaaaaaaaaaeaaeaaaaaaa 14

Figure 1-2 Sites from providing tree ring-width records for the historic period (post
1500 CE). The data are from the International Tree Ring Data Bank (ITRDB). 14

Figure 1-3 Linkage between the thesis chapters, illustrating the philosophy and
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Figure 2-1 Theoretical limits on the rate of increase of precipitation with temperature,
according to alternative hypotheses: (a) following the temperature dependence
of the saturated vapor pressure of water, according to the Clausius-Clapeyron
relationship (dotted line, CC); (b) following the temperature dependence of the
fraction of net radiation that can be used for evaporation under equilibrium
conditions (solid line, EF). The global ensemble mean temperature for each of

the experiments is shown in order to place the simulated changes in context.

Figure 2-2 The change in precipitation (%) as a function of the change in global
temperature (°C) as simulated by each of the six CMIP5 models (IPSL-CM5A-
LR, MPI-ESM-P, MIROC-ESM, CCSM4, MRI-CGCM3, and GISS-E2-R) at the
Last Glacial Maximum (LGM), from the historical run (average for period 1979—
2005 CE), the 1% CO2 run (1pctCO2, average for model years 86—115), and
the 4xCO2 run. The left-hand plot shows the global relationship, while the right-
hand plots shows the change in global precipitation (%) over (red) land and

(blue) ocean as a function of the change in global land and ocean temperature

Figure 2-3 Simulated changes in precipitation (%) in the wettest and driest areas of
the tropical (30°N-30°S) and extratropical (>30°N and >30°S) land and ocean.
The wettest and driest areas are defined separately for each individual model
as those grid cells that fall in the top and bottom deciles of precipitation in the

control simulation (piControl). Simulated changes in tropical precipitation (%)
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during the wettest month (MPWE) and the driest month (MPDR) are shown in

the bottom panels for CompariSoN.............cceeeiiiiiiii i 53

Figure 2-4 Comparison between climate reconstructions and model simulations over
the land. The comparison is based on the model grid cells where observations
of both temperature and precipitation are available. The bars show the standard
deviation of the spatial values for both observations and model simulations. The
historical observations are differences between the 1979-2005 and 1941-1970
long-term means from the GHCN precipitation data set [Peterson and Vose,
1997] and the HadCRUT4 temperature data set [Morice et al., 2012]. The
paleoclimate reconstructions are from Harrison et al. (submitted manuscript,
P20 TP PPPPPRRP 54

Figure 3-1 Observed seasonal cycle of precipitation in each of the de- fined climate
zones, using the CRU T3.1 data set (Harris et al., 2014). The mean precipitation
each month (mm) is shown by the black line, with the standard deviation shown
by the bars. The grey shading shows the maximum and minimum rainfall
experienced within the observation period (1961-1990). Note that the scale for
the desert region differs from that used for the other regions. Months are

numbered consecutively from January (1) through to December (12).............. 62

Figure 3-2 Observed and simulated modern and palaeoprecipitation patterns. The
total summer and winter precipitation from the CRU T3.1 data set (Harris et al.,
2014) are compared to ensemble averages of the piControl outputs of the 12
CMIP5 models. The simulated change in precipitation between the mid-
Holocene and piControl simulations (midHolocene-piControl) is shown based on
the ensemble average of the midHolocene outputs of the 12 CMIP5 models.
The observed anomalies in mean annual precipitation (MAP) between the mid-
Holocene and the present day are average values for 2° x 2°grids from the
Bartlein et al. (2011) data Set.........cooiiiii 63

Figure 3-3 The location of the four precipitation zones in the CMIP5 | piControl
simulations compared to the limits defined using the CRU TS3.1 data set
(Harris et al., 2014). The precipitation regime was characterized using zonally
averaged long-term means for 5° location of the four precipitation zones in the
CMIP5 midHolocene simulations compared to the limits defined using the CRU

TS3.1 data set (Harris et al., 2014). The precipitation regime was characterized
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using zonally averaged long-term means for 5° latitude bands. The latitude
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Figure 3-4 Comparison of simulated and observed mean annual and mean seasonal
precipitation (mm) for each of the defined precipitation regimes (Mediterranean,
desert, monsoon, double peak). The simulated precipitation (mean and
standard deviation) is shown for both the climate zone as defined by the
observations (solid line) and as defined in the piControl simulation itself (dotted
line). The difference between these two lines for each model provides a
measure of the degree to which incorrect placement of a given climate affects
the zonal means. The grey bars represent one standard deviation of the mean
annual and mean seasonal precipitation from observations. The seasons are

defined as spring, summer, autumn and winter (as in Sect. 3.1)...................... 64

Figure 3-5 Simulated changes in total and seasonal precipitation in the midHolocene
compared to the piControl for each of the four precipitation regimes
(Mediterranean, desert, monsoon, double peak) for the region that is common
between the two sets of simulations. The standard deviation of precipitation in
the piControl control simulation of each model is shown (grey bars) to provide a
visual measure of the significance of the simulated change in precipitation. The

seasons are defined as spring, summer, autumn and winter (as in Sect. 3.1). 66

Figure 3-6 Comparison of simulated and reconstructed changes in mean annual
precipitation in the mid-Holocene for 5° latitude bands be- tween 0 and 45° N.
The reconstructions are from the Bartlein et al. (2011) data set. The mean, 25—
75 % range and full range of the reconstructions are shown (for those latitude
bands with sufficient data points). The model results are averages for the grid

CellS WIth ODSEIVALIONS. ... e e 67

Figure 3-7 Relationship between biases in the piControl simulation of mean annual
precipitation (mm) and mid-Holocene precipitation anomalies
(midHolocene-piControl) as simulated by each of the CMIP5 models for each of
the precipitation regimes (Double Peak, Monsoon, Desert, Mediterranean). The
upper panels show biases and anomalies calculated for specific latitudinal
bands as defined from the modern observed spatial extent of each regime
(geographic region). The lower panels show biases and anomalies calculated
for the region identified as characterized by a given regime in each model and

simulation (model specific region). The regressions are calculated for all models

6



List of Figures

(All: black), for the coupled ocean—atmosphere models (OA: blue) and for the

carbon-cycle models (OAC: red).......cooeiiiiiiiiii s 68

Figure 3-8 Comparison of simulated and observed summer and win- ter precipitation
in each of the four precipitation regimes (Mediter- ranean, Desert, Monsoon,
Double Peak). The observations (black) are the average for the period 1961—
1990 from the CRU T3.1 data set (Harris et al., 2014). The simulated mean and
standard deviation of precipitation from the CMIP5 models (blue) is based on
the last 100 yr of the piControl. These simulations can be compared with re-
sults from coupled ocean—atmosphere simulations made during the second
phase of the PMIP2 (Braconnot et al., 2012; shown in red). The PMIP2 results
are the mean and standard deviation based on the last 100 yr of a piControl,
except in three cases where only 50 yr of data were available. Model results are
calculated for each precipita- tion regime based on the observed geographic
extent characterized by these regimes, as defined using the CRU TS3.1 data

set. Summer and winter as defined in Sect. 3.1, ..o 69

Figure 3-S1 Comparison of the mean annual and mean seasonal precipitation (mm)
between the CRU data and historical simulations for each 5 latitude band.
Because there is a very small amount of precipitation is some latitude band, the
axis scale starts at 0 but differs in the maximum value depending on the total
rainfall values. Only six models have historical simulations. For these models
we also present the piControl simulations. The historical simulations are shown
in color while the piControl simulations for each model are shown by a dash
line. The grey bars represent one standard deviation of the mean annual and
mean seasonal precipitation from observations. The seasons are defined as
spring (March, April, May), summer (June, July, August), autumn (September,

October, November) and winter (December. January, February)..................... 78

Figure 4-1 Scatter plots showing temperature and precipitation changes in past,
present and projected climates. The values shown are the simulated long-term
mean differences (experiment minus piControl) for the seven models that have
carried out all the experiments. a, Differences in the relative warming (or
cooling) over global land and global ocean (land—ocean contrast) and b, over
land in the northern extratropics and northern tropics (latitudinal amplification).
SSTann: annual sea surface temperature. ¢, Comparisons of the simulated
changes in land—ocean contrast and d, latitudinal amplification for the twentieth-

century (historical) and LGM with observed changes. The reduced major axis
7
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regression lines derived using all appropriate model grid cells are shown in
magenta; the p-values test the null hypothesis that the slopes of the reduced
major axis regression lines = 1.0. e, Percentage precipitation change relative to
the change in global temperature and f, global temperature over land (green)
and ocean (blue). The ordinary least-square regression with the intercept set at
zero is shown in magenta; the p-values test the null hypothesis that the slope =
0. g, Comparisons of the simulated changes in precipitation scaling over land
for the twentieth-century (historical) and LGM with observed changes. The
ordinary least-square regression for absolute values of precipitation based on
all model simulations is shown in magenta. In ¢, d and g, model output has
been sampled only at the locations of respective observations. Bold crosses:
area-weighted averages of twentieth-century observations and palaeoclimate

reconstructions; finer lines: reconstruction uncertainties (standard deviation). 82

Figure 4-2 a, Comparison of simulated and reconstructed mid-Holocene changes in
mean annual precipitation for 5° latitude bands (longitude 20° W to 40° E)
between 0 and 45° N across northern Africa and the circum-Mediterranean
region. b, Ratio of actual to equilibrium evapotranspiration and c, mean
temperature of the warmest month for 5° latitude bands between 30 and 80° N
across Eurasia (longitude 60° to 180° E). The reconstructions are from the data
set in ref. 9, which provides a climate reconstruction for a 2 x 2° grid cell based
on averaging the individual site-based reconstructions within that grid cell. The
mean and standard error of the mean of the grid cell reconstructions are shown
in each latitude band. The model results are averages of model output sampled
at the location of the grid cells with observations. The number of grid cells

contributing to the comparison for each variable is shown on the plots............ 83

Figure 4-3 Taylor diagram for the LGM and mid-Holocene precipitation and
temperature anomalies. The distance of any model point from the origin
indicates standard deviation of field, the distance of any model point from the
green reference point indicates the centred root mean square (RMS) difference
between model and data. Pattern correlation between model and observations
is given by the azimuthal coordinate. Temperature is represented by MAT over
land and SSTann at the LGM, and by MTWA for the mid-Holocene where the
change in forcing is seasonal. Precipitation is always represented by MAP.
Model statistics are corrected to account for observational uncertainties, by
subtracting the estimated contributions made by observational errors as in ref.
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62. Models from the CMIP5 ensemble are in red (temperature) and blue
(precipitation), whereas models from the PMIP2 ensemble are in pink and pale

BIUE, rESPECHIVEIY. ... 85

Figure 4-4 Maps of the p-values of Hotelling’s T2 test comparing the CMIP3 plus
PMIP2 versus CMIP5 ensembles. The plots show the p-values for the test of
the hypothesis of equality of the (multivariate) ensemble means of MAT, mean
temperature of the coldest month, MTWA and MAP for the LGM (Igm), mid-
Holocene (midHolocene) and the 1pctCO2 simulations in CMIP3 and CMIP5
(1pctto2x and 1pctCO2, respectively). The number of significant statistics (that
is, p < 0.05, shown in pink) do not exceed that expected by chance. A previous
study has shown that the results obtained using conventional meteorological

variables are virtually identical. ..............ouuii 86

Figure 5-1 Model application flow. We combined the simple light- use efficiency and
photosynthesis model (P model) with a carbon allocation and functional
geometric tree-growth model to simulate tree growth (e.g. ring width). The
inputs to the P model are latitude, elevation, [CO2], monthly temperature,
precipitation, and fractional cloud cover. Potential gross primary productivity
(GPP) simulated by the P model drives the T model. The T model also requires

a limited number of species-specific parameter values to be specified. ........... 94

Figure 5-2 Estimation of parameter values for the application of the T model.
Diameter at breast height (D), tree height (H), and crown area (Ac) of the 400
trees from the sample plots were used for the estimation of the initial slope of
the height—diameter relationship (a) and (asymptotic) maximum tree height
(Hm). Relationships among crown area (Ac), diameter at breast height (D), and
height (H) (Eq. 7) are used to estimate the initial ratio of crown area to stem
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Figure 5-3 Comparison between simulations and observations for the three age
cohorts (young: 0—49 years; mature: 50-99 years; old > 100 years). Each tree
was initialised at its actual diameter at 1958, calculated from the measured
diameter in 2007, and measured radial growth between 1958 and 2007. The
black line is the mean of observations within each age cohort, and grey bars are
the standard deviation (SD) of individuals within each age cohort. The blue lines

and bars are the mean and standard deviation from the simulations. .............. 98
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Figure 5-4 Parameter sensitivity analyses for the T model. A constant input of gross
primary productivity (GPP) (mean during the period 1958-2006) was used to
drive the T model to simulate tree growth for 500 years following establishment.
The black line was obtained with the reference value of each parameter. The
effects of an increase (150 % of reference value; blue line) and a decrease (50

% of reference value; red line) are also Shown. ..., 99

Figure 5-5 Tree-growth response to climate and tree age: partial residual plots based
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Figure 6-3 Interannual variability in tree-ring widths of Callitris columellaris from the
Great Western Woodlands, Western Australia. In the top panel, the black line is
the mean of the observations, and the grey bars show the standard deviation
(SD) of the individual sampled trees. The blue line in the bottom panel shows
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Figure 6-4 Prior (gray) and posterior (red) probability distribution function for fine-root
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Figure 6-5 Climate at the Great Western Woodlands site. The plot shows mean
annual temperature, precipitation, total incident photosynthetically active
radiation (PARy), and the ratio of actual to equilibrium evapotranspiration (a).
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Figure 6-6 Comparison between simulated and observed tree ring widths, for the
period 1920 to the present, with [CO;] set at 360 ppm. The black line is the
mean of the observations, and the grey bars are the standard deviation (SD)
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and standard deviation for the ten simulated individual trees. .........cceevvvvrenn..l. 20
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Figure 6-7 Simulated and observed responses of tree growth to climate: partial
residual plots based on the regression analysis, obtained using the visreg
package in R, are shown. The predictor variables are (a) total incident
photosynthetically active radiation (PARp). mean annual temperature (MAT), the
ratio of actual to potential evapotranspiration (a) and vapour pressure deficit
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Figure 6-8 Comparison of simulated ring width in simulations with fixed (blue line)
and time-varying (red line) [CO;]. The black line is the mean of the observed
ring widths, and the grey bars are the standard deviation (SD) among the ten
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Figure 6-9 Simulated and observed response of tree radial growth to [CO;]: partial
residual plots based on the regression analysis, obtained using the visreg
package in R, are shown. The dependent variable is mean ring width (from
1950 to 2012). The predictor variables are total incident photosynthetically
active radiation (PARy), vapour pressure deficit (VPD), the ratio of actual to

potential evapotranspiration (a), and monthly [COg]. ........ccooviiriiiiriiiii, 21

Figure 6-10 Time variation of the values of parameters estimated by Bayesian
optimization. The graph shows the percentage change to the mean value of
fine-root turnover time (7r), fine-root specific respiration rate (rr), sapwood
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are the mean and standard deviation for the ten simulated individual trees..... 21

Figure 6-12 Simulated and observed response of tree radial growth to climate and
[CO,] based on the simulations in which the ratio of fine-root mass to foliage
area () is allowed to vary. Partial residual plots based on the regression
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variable is mean ring width (from 1950 to 2012). The predictor variables are
total incident photosynthetically active radiation (PARy), vapour pressure deficit

(VPD), the ratio of actual to potential evapotranspiration (a), and monthly [COg].

Figure 7-1 Comparison between simulated and observed Juniperus occidentalis ring
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ABSTRACT

Past climates provide an opportunity to examine the response of the Earth System to
large changes in external forcing. The changes in forcing over the last 21,000 years
since the Last Glacial Maximum have been as large as those projected to occur over
the 21 century as a result of anthropogenic changes in greenhouse gas concentra-
tions and land-use changes. The fact that there have been equally large changes in
forcing in the past as expected in the future, coupled with the availability of climate
reconstructions of past climates, provides the motivation for using evaluations of
simulations of past climates to evaluate how well the models that are used to project

future climate changes perform.

Terrestrial vegetation is highly sensitive to changes in climate, and records of past
vegetation changes are widely used to reconstruct past climate states. Statistical or
model-inversion techniques have been used to reconstruct changes in seasonal
temperature and water balance from pollen records from lakes and bogs. Most of
these pollen records are at comparatively low resolution, and thus provide recon-
structions of the long-term changes in mean climate state. Tree-ring series are the
most abundant source of information used to reconstruct changes in short-term (in-
terannual to decadal) climate variability. However, most of the available reconstruc-
tions focus on relationships with temperature and these relationships appear to break
down in recent decades at many sites. An alternative approach is to use forward
modelling to translate simulated climate variability into tree growth, which can then be

directly compared to observations of tree-ring series.

In the first part of this thesis, | have used a global synthesis of pollen-based palaeo-
climate reconstructions to evaluate how well state-of-the-art climate models from the
fifth phase of the Coupled Model Intercomparison Project (CMIP5) capture large-
scale (sub-continental to hemispheric) patterns of climate change. | initially examine
the scaling of changes in precipitation with temperature at a hemispheric scale in
warm and cold climate states (Chapter 2). | then examine how well models simulate
large-scale changes in monsoon precipitation in response to changes in orbital forc-
ing during the mid-Holocene, 6000 years ago, focusing on the northern Africa mon-
soon (Chapter 3). Both of these analyses, and an evaluation of simulated changes in
precipitation and temperature in mid-continental Eurasia in the mid-Holocene, are in-
cluded in Chapter 4 which provides a summary of all of the evaluations that have
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been done of the CMIP5 palaeoclimate simulations. All of these papers focus on
evaluation of changes in the long-term mean climate, but it is also important to eval-
uate how well the models simulate short-term (annual to decadal) climate variability.
To do this, | developed a model to simulate tree growth driven by climate-driven
changes in net primary production (Chapter 5). | tested this model using tree-ring da-
ta from the historical period in two contrasting climate settings, specifically in a cool
climate in the Changbai Mountains, northeastern China (Paper 4) and in the semi-
arid environment of the Great Western Woodlands, Western Australia (Chapter 6).
The final paper (Chapter 7) uses the model to simulate tree growth during the Last

Glacial Maximum (ca 21,000 years ago) in California, USA.

Changes in the hydrological cycle are expected to scale with temperature changes.
However, both the observed changes in precipitation in recent decades and model
simulations of precipitation changes during the historic period and the 21%' century
are smaller than would be predicted from the Clausius-Clapeyron relationship which
describes the change in atmospheric water vapour content with temperature
(~7%/°C ). It has been argued that this reflects energetic constraints on evaporation.
To test this hypothesis, | analyzed the scaling of precipitation with temperature in
warm (increased CO3) and cold (Last Glacial Maximum, LGM) climates using six
CMIP5 models that have simulated the response to both. Globally, precipitation in-
creases in warm climates and decreases in cold climates. The estimate of the scaling
across all the climate states and all models indicates a 2.06%z+ 0.09% change per
degree temperature change at the global scale. The simulated scaling of precipitation
to temperature is controlled by energetic constraints on evaporation rather than the
atmospheric water-holding capacity, and is also affected by by water availability.
These constraints lead to a lower sensitivity of precipitation to temperature change
over the land than that over the ocean, and a lower sensitivity over tropical land than
over extratropical land. The simulated changes in precipitation per degree tempera-
ture change are comparable to the observed changes in both the historical period
and the LGM, showing the models correctly predict the constraints on precipitation

scaling.

Temperature-controlled precipitation change is a global large-scale phenomenon.
However, regional precipitation change can also be influenced by changes in the
large-scale circulation. Monsoon precipitation is one of the most typical circulation-

controlled climate. To evaluate model performance of regional circulation changes, |
i
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evaluated the spatial expression of seasonal climates of the Mediterranean and
northern Africa in pre-industrial (piControl) and mid-Holocene (midHolocene, 6 yr BP)
CMIP5 simulations using the observed regional pattern and amount of seasonal pre-
cipitation. Most of the piControl simulations reproduce the observed modern precipi-
tation patterns in the Mediterranean and equatorial zone, but they overestimate the
area influenced by the monsoon and underestimate the extent of desert. The models
also fail to capture the observed amount of precipitation. The models simulated a
stronger monsoon in response to orbital changes in seasonal insolation receipts in
the mid-Holocene, including a northward expansion of the monsoon and an increase
in summer and autumn rainfall. However, the mid-Holocene simulations underesti-
mate the observed changes in annual precipitation, except in equatorial zone. The
underestimation of precipitation in the latitude band from 15-30 °N is at least 50%.
The failure to capture the observed monsoon expansion is unrelated to biases in the

piControl simulations.

The failure to capture the observed changes in rainfall over northern Africa is an ex-
ample of a long-standing modelling problem: current state-of-the-art models do not
produce a better match to observations than previous generations of models. The
mid-continent of Eurasia provides another example of a persistent problem in the
simulation of regional climates during the mid-Holocene. The CMIP5 mid-Holocene
simulations produce conditions drier than today in mid-continental Eurasia, particular-
ly between 45° and 60° N, whereas observations systematically show that this region
was wetter than today. In the models, dry conditions reduce evapotranspiration and
result in an increase in surface temperature compared to today. However, the obser-

vations show that the mid-continent was cooler than today.

These three analyses form a major part of the evaluation of the CMIPS palaeoclimate
simulations described in Chapter 4. The main conclusion of this summary paper is
that while models are able to reproduce the large-scale features (such as precipita-
tion scaling with temperature) of past climates accurately they are poor at reproduc-
ing regional changes such as monsoon expansion or the water-balance of the mid-
continental regions. This suggests that while we can have confidence in projections
of large-scale features of projected future climates, such as the greater warming at
high latitudes than in the tropics or enhanced land-sea contrast, predictions of re-

gional climates are very uncertain.
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Statistical reconstructions of past climate provide one source of information for model
evaluation. An alternative approach is to use climate model outputs to drive simple
forward models to predict the actual observations of vegetation changes. | have de-
veloped a tree growth model (the T model) that predicts carbon allocation to leaves,
stem and roots, and thus can simulate tree-ring series. The tree-growth model is
driven by a generic light-use efficiency model (the P model). The P model provides
values for gross primary production (GPP) per unit of absorbed photosynthetically
active radiation (PAR), which is estimated from leaf area. In the tree-growth model,
GPP is allocated to foliage, transport tissue, and fine-root production and respiration
in such a way as to satisfy well-understood dimensional and functional relationships.
The T model represents both ontogenetic effects (the impact of ageing) and the ef-
fects of environmental variations and trends (climate and atmospheric CO, concen-

tration [COg]) on growth.

| have tested the T model under modern climate conditions for three species in three
different climate settings, including Pinus koraiensis in the cool and mild climate of
the Changbai Mountains, northeastern China, Callitris columellaris in the semi-arid
climate of the Great Western Woodlands, Western Australia, and Juniperus occiden-
talis in the montane climate of California, USA. In all three regions, when driven by
the local climate and [CO;], the T model produces realistic simulations of the interan-
nual variability in ring width, and captures the effect of ontogenetic ageing on tree
growth. The model correctly reproduces the effects of individual climate variables on
tree growth, including the positive response of tree-ring width to growing season total
photosynthetically active radiation (PARO), the positive response of ring-width to the
ratio of actual to potential evapotranspiration (a), and the negative response of ring-
width to annual mean vapour pressure deficit (VPD). Thus, the T model responds to

climate in a realistic way in different regions and for different species.

| have also analysed the response of tree growth to changing [CO;]. The impact of
the recent increase in [CO;] on tree growth in the Changbai Mountains is small com-
pared to the influence of climate variability. Callitris trees in the Great Western Wood-
lands show no change in radial growth in response to increasing [CO;]. By using a
time-dependent calibration of the T model against increasing [CO;], | have shown
that this results from changes in carbon allocation strategy. As [CO;] increases, Calli-
tris allocates more carbon to below-ground growth such that the ratio of fine-root

mass to foliage area increases by 14% with a 40 ppm increase in [CO]. Studies from
iv
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many parts of the world have shown that tree ring-widths are apparently insensitive
to recent changes in [CO2]; my analyses suggest that the absence of increased radial
growth could be a consequence of a shift towards increased below-ground carbon
allocation. Soil nutrient status and moisture availability may influence the sensitivity
of carbon partitioning to changes in [CO3]; these effects are not included in the cur-

rent version of the T model.

In my final analysis, | examine the impact of changes in climate and [CO;] on tree
growth during the Last Glacial Maximum. An earlier study comparing fossil Juniperus
wood from La Brea tar pits in California with modern Juniperus suggested that there
was almost no change in ring width or the ratio of internal to external [CO,] at the
LGM compared to present, despite the fact that the trees were growing in [CO;] lev-
els of c; 180 ppm. My model analyses show that: the ci/c, ratio was stable because
both vapour pressure deficit and temperature were decreased with compensating ef-
fects; reduced photorespiration at lower temperatures partly mitigated the effect of
low c¢; on gross primary production, but maintenance of present-day radial growth re-

quired a ~25% reduction in below-ground carbon allocation.
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Chapter 1 Introduction

INTRODUCTION

Past climate provide multiple realisations of the response of the climate system to
changes in forcing. This provides the motivation to use palaeoclimate simulations to
understand the mechanisms of climate change. It also provides the motivation to use
past climate states to evaluate whether state-of-the-art models can reproduce such
responses. The goal of my PhD is to develop and apply different tools to analyse and
evaluate past climate variability, both in terms of long-term mean climate and short-term

interannual variability.

Pollen records are widely used to reconstruct changes in the long-term mean climate. |
use these reconstructions to examine how well state-of-the-art climate models simulate
long-term and large-scale climate signals: specifically, the relationship between
temperature and precipitation changes in past (Last Glacial Maximum, LGM: ca 21,000
years ago) and future (high CO, scenarios) climates (Chapter 2), the effect of circulation
changes on monsoon precipitation over northern Africa during Middle Holocene (MH: ca
6000 years ago) (Chapter 3), and regional changes in temperature and precipitation in
central Eurasia in the MH (Chapter 4). Chapter 4 also provides a summary of other
analyses of the ability of the current generation of climate models to simulate large-scale

and regional climate changes.

Tree ring-width data are widely used to provide climate reconstructions of annual climate
variability, based on empirical statistical relationships between ring-width and specific
climate variables at a given site. This approach cannot take account of non-analogue
situations in the past, such as known changes in seasonality (as shown by Liu et al.,
2004; Zhao et al., 2005; Braconnot et al., 2007b; Izumi et al., 2013) or the direct impacts
of CO; on tree growth (Kienast and Luxmoore, 1988; Archer et al., 1995; Gedalof and
Berg, 2010; van der Sleen et al., 2015). An alternative approach is to model tree growth
under changing climate conditions. In the second part of my thesis, | develop (Chapter
5), test (Chapter 6) and apply (Chapter 7) a process-based forward tree growth model
by combining a generic light-use-efficiency (LUE) gross primary productivity (GPP)

model with a species-specific physiological carbon allocation tree growth model.
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Here, as a background to my thesis, | first describe the development of climate models
and the motivation for using palaeoclimate model-data comparison to evaluate climate
models, and summarise previous work on climate-model evaluation. Then, | explain the

motivation and basis for using forward-modelling method to simulate tree ring width.

1 Climate Models and Model Evaluation

1.1 Climate Model Construction and Evolution

Climate models are numerical representations of the interactions between atmosphere,
ocean, land surface and ice, and can be used to simulate how the climate system
responds to changes in external forcing. Climate models can range from simple energy-
balance models (EBMs: Budyko, 1969; Sellers, 1969), which estimate the energy
budget of the Earth either globally (zero-dimensional model) or with a single dimension
of variability such as latitude (one-dimensional EBMs) through to more complex general
circulation models (GCMs: Manabe et al., 1965; Arakawa and Lamb, 1977; Liang et al.,
1994; Roeckner et al., 2003).

GCMs explicitly simulate the planetary circulation of the atmosphere and oceans on a
rotating sphere based on the Navier-Stokes equations, with additional terms to describe
the thermodynamics of energy fluxes between the land, ocean and atmosphere. GCMs
operate on a 3-dimensional grid, with varying horizontal and vertical resolution. The
horizontal resolution of the current generation of climate models varies between ca 80 to
nearly 600 km, although most models have a resolution of between 1-2° in the
atmosphere and ca 1° in the ocean (Flato et al.,, 2013). Vertical resolution varies
between 30-40 layers in the atmosphere, and between 30-60 layers in the ocean.
Resolution affects the representation of land-sea geography and topography, which is
necessarily smoothed to the average for the whole grid cell. Processes that cannot be
explicitly resolved at the grid cell resolution are parameterized, i.e. represented in a
simplified way. Examples of such processes include cloud micro-physics, convection
and cloud formation in the atmosphere, and meso-scale eddies in the ocean (Flato et
al., 2013).
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GCMs have evolved over time. The first models simulated only the atmospheric
circulation (AGCMs: Arakawa and Lamb, 1977; Cess et al., 1990; Smith, 1990) and
land-surface (e.g. albedo, surface roughness) and ocean (e.g. sea-surface temperature)
characteristics were prescribed. Coupled models in which both the oceanic and
atmospheric circulations are explicitly simulated (OAGCMs: Giorgi and Mearns, 2002;
Sun and Hansen, 2003) simulate ocean temperature, the formation of sea ice and
circulation, but again land-surface characteristics are prescribed., Models have been
developed that explicitly simulate biospheric properties, including carbon-cycle models
that simulate the terrestrial and ocean carbon cycle (Friedlingstein et al., 2006;
Meinshausen et al., 2009) and models that include dynamic vegetation (OAVGCMs:
Schurgers et al., 2008; Jungclaus et al., 2010; Zaehle and Dalmonech, 2011). Many
state-of-the-art models incorporates treatments of multi-source aerosol, including dust,
sea salt and biomass burning emissions (Bauer et al.,, 2008; Pechony and Shindell,
2009; Rostayn et al., 2010), and some include a fully-interactive treatment of
atmospheric chemistry (Eyring et al., 2013). Increasing model sophistication increases
the computational cost considerably, and for this reason most palaeoclimate simulations
that have been made with the current generation of climate models do not incorporate

dynamic vegetation, aerosol or atmospheric chemistry.

1.2 Model evaluation

The Coupled Model Intercomparison Project was set up in 1995 by the Working Group
on Coupled Modelling (WGCM) of the World Climate Research Project (WCRP) to
provide a community-based infrastructure in support of climate model diagnosis,
validation, and intercomparison and a standard experimental protocol for studying
climate changes using coupled OAGCMs. The current phase of CMIP (CMIPS5: Taylor et
al., 2012) was initiated in September 2008 and involves ca 20 climate modelling groups
from around the world. The CMIP5 protocol includes a large range of experiments
covering past, present and projected future climate, including projections of future
climate changes under several Representative Concentration Pathway (RCP) forcing
scenarios, with additional experiments to analyse the uncertainties in these projections.
Palaeoclimate simulations, specifically of the Last Glacial Maximum (LGM: ca 21,000

years ago), the mid-Holocene (MH: ca 6000 years ago) and the Last Millennium (LM:
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850-1850 CE), were included for the first time as part of the suite of CMIP simulations in
CMIPS. Analyses of both past, present and future CMIP5 simulations have contributed
to the recent IPCC Fifth Assessment Report (Flato et al., 2013; Masson-Delmotte et al.,
2013).

Evaluation of the 20™ century historical simulations against observations shows that the
CMIP5/PMIP3 models reproduce continental-scale surface patterns and long-term
trends in temperature and precipitation reasonably well (Flato et al., 2013). In most
areas, the simulated multi-model mean temperature is <2 °C different from the observed
temperatures. The simulated multi-model mean precipitation also reproduces the known
large-scale features, with e.g. maximum precipitation just north of the equator in the
central and eastern tropical Pacific, minimum precipitation in the Sahara, and dry
conditions over the eastern subtropical ocean basins. Zonal radiation is also well
simulated by the models (Flato et al., 2013).

However, the period of modern climate observations is short, rarely more than ca 200
years, and these records only sample a limited range of climate variability. While gridded
global data sets of temperature are available from 1800 CE onwards (HadCRU: Morice
et al., 2012), gridded precipitation data (e.g. GPCC: Becker et al., 2013) is only available
since 1901. In both cases, the number of grid cells with observations is sparse prior to
ca 1950 CE. The change in temperature between 1880 to 2012 has been estimated as
0.85 °C (Hartmann et al., 2013), whereas global mean temperature is projected to
increase by between 0.3 °C and 1.7 °C (depending on the model) at the end of the 21%
century under the RCP2.6 scenario, and between 2.6 °C and 4.8 °C by the end of the
21% century under the RCP8.5 scenario (Collins et al., 2013). Models that produce
equally good simulations of the present day produce very different projections of future
climate (Collins et al., 2013; Kirtman et al., 2013). The different responses of individual
models to future forcing is the major cause of the uncertainty in climate projections, at
least during the first half 21° century (Kirtman et al., 2013).

It is vital to evaluate whether climate model can reproduce large climate changes
outside the range of historical climate observations. Past climates provide an opportunity

to examine the response of the Earth System to large changes in external forcing. The
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changes in forcing over the last 21,000 years since the Last Glacial Maximum have
been as large as those projected to occur over the 21%' century as a result of
anthropogenic changes in greenhouse gas concentrations and land-use changes
(Braconnot et al., 2012; Schmidt et al., 2014). The diversity of changes in forcing and
resulting climates in the past provides many opportunities to evaluate different aspects
of climate-model performance. Intervals when the atmospheric CO, concentration was
as high or higher than today, exemplified by the mid-Pliocene (Sloan and Rea, 1996;
Haywood et al., 2000; Haywood et al., 2009; Lunt et al., 2010; Haywood et al., 2011) or
the Eocene (Greenwood and Wing, 1995; Sloan and Rea, 1996; Huber and Sloan,
2001; Lowenstein and Demicco, 2006) provide an opportunity to examine the impact of
natural changes in atmospheric composition in the absence of anthropogenic land-use
changes. Intervals characterized by orbitally-induced changes in the seasonality and
latitudinal distribution of incoming solar radiation (insolation), as exemplified by the Last
Interglacial (Allen et al., 1999; Blunier and Brook, 2001; Clark et al., 2009) or early-
(Kutzbach, 1981; Marzin et al., 2013) and Mid-Holocene (Steig, 1999; Wanner et al.,
2008) climates provides a good opportunity to examine circulation changes, and in
particular the simulation of monsoon climates (Liu et al., 2004; Zhao et al., 2005;
Braconnot et al.,, 2007b; Wang et al., 2008). Intervals characterized by rapid climate
change, such as the Younger Dryas (~12800 to 11500 yr BP) or the intervals of rapid
warming that form the first part of the Dansgaard—Oeschger (D-O) cycles characteristic
of glacials (Harrison and Sanchez Goni, 2010), provide examples to test whether
models can capture abrupt climate events of large magnitude (Manabe and Stouffer,
1997; Mikolajewicz et al., 1997; Ganopolski and Rahmstorf, 2001; Renssen et al., 2001,
Hopcroft et al., 2011; Menviel et al., 2014). Thus there are ample opportunities to use
the palaeo-record for evaluating how well the models that are used to project future

climate changes perform.

2. The Palaeoclimate Modelling Intercomparison Project (PMIP)

The first palaeoclimate simulations were made in the 1970’s (e.g. Alyea, 1972; Gates,
1976; Manabe and Hahn, 1977). The Palaeoclimate Modelling Intercomparison Project
(PMIP) was set up in the early 1990s (Joussaume and Taylor, 2000) to coordinate

palaeo-experiments, multi-model analyses, evaluation of model results based on
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palaeo-data; and supply a platform for discussion about palaeoclimatic models and data.
The key aim of the project is to understand the mechanisms of climate change, to
identify the different climatic factors that shape our environment, and to evaluate the
capability of state-of-the-art models to reproduce different climates by comparing
simulated climate with observations. The availability of results from many models makes
it possible to evaluate the range of model responses and the robustness of the
mechanisms leading to particular climate changes. There have been three generations
of PMIP (PMIP1: Joussaume and Taylor, 2000; PMIP2: Crucifix et al., 2005; PMIP3:
Braconnot et al., 2011; Braconnot et al., 2012), which have performed experiments with
evolving state-of-the-art models: PMIP1 focused on atmosphere-only simulations,
PMIP2 on coupled ocean-atmosphere or ocean-atmosphere-vegetation models, and

PMIP3 on coupled ocean-atmosphere or earth-system models.

The LGM and the MH have been foci for simulations and data-model comparison since
the first phase of the PMIP project. There are two reasons for this. First, the LGM and
the MH represent substantially different climate states from the present day and from
each other, and have large natural forcings that are relatively well known (Braconnot et
al., 2012). Second, there are sufficient palaeo observations for both periods to be used
for model evaluation (Waelbroeck et al., 2009; Leduc et al., 2010; Bartlein et al., 2011;
Schmittner et al., 2011). Palaeoenvironmental data can be used to evaluate simulations
qualitatively, and this has been done using e.g. changes in lake status from the Global
Lake Status Data Base (GLSDB: Qin et al., 1998; Kohfeld and Harrison, 2000) and also
broadscale vegetation types (biomes) reconstructed from pollen or plant-macrofossil
data from the Palaeovegetation Mapping Project (known as BIOME 6000: Prentice and
Webb IIl, 1998; Foley et al., 2000; Kohfeld and Harrison, 2000). However, there are also
quantitative palaeoclimate reconstructions for most regions of the world (Waelbroeck et
al., 2009; Leduc et al., 2010; Bartlein et al., 2011; Schmittner et al., 2011) that can be

used for evaluation and benchmarking.

Orbital parameters at the LGM were nearly the same as they are today and the
differences in incoming solar radiation (insolation) from today were therefore small. The
major differences in forcing were caused by the large ice sheets over North America

(Laurentide ice Sheet) and Europe (Eurasian Ice Sheet), changes in sea level and
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palaeogeography caused by ice-sheet expansion, and the Ilower atmospheric
concentration of greenhouse gases (CO; ~ 185 ppm, CH4 ~ 350 ppb, N2O ~ 200 ppb).
The change in orbital parameters and hence insolation is well known (Berger, 1978).
The greenhouse gas concentrations at the LGM are also well known from ice core
records (e.g. Augustin et al., 2004). The decrease in greenhouse gases at the LGM
relative to pre-industrial levels results in a tropospheric radiative forcing of -2.8 W m
(Braconnot et al., 2007b; Braconnot et al., 2012). The expansion of the ice sheets at the
LGM caused a sea-level lowering of ca 130m, and the change in albedo associated by
the changes in palaeogeography had an important effect on northern hemisphere
climate (Braconnot et al., 2012). In the PMIP3 simulations, the change in the ice sheets
results in a forcing of between —1.85 and -3.49 W m depending on the climate model
while the overall change in forcing varied between —3.62 and —5.20 W m™ (Abe-Ouchi et
al., 2015). The change in forcing at the LGM is of a similar magnitude to that projected

for the next century.

The seasonal and latitudinal distribution of MH insolation was different from today,
because of the slow variations in Earth’s orbital parameters, specifically climatic
precession. Climatic precession varies with periodicities of 23,000 and 19,000 years
(Berger, 1978), and causes opposite variations in insolation between the Northern and
Southern Hemispheres. During the MH, seasonal contrast in the northern hemisphere
was enhanced (by about 60 Wm™) and correspondingly reduced in the southern
hemisphere. Greenhouse gas concentrations were similar to pre-industrial levels. These
are the only global forcings of MH climate, although climate-induced changes in land-

surface conditions would have influenced local forcings (Braconnot et al., 2012).

Simulations of the LGM and MH climates were compared to palaeo-observations during
the first two phases of PMIP (Braconnot et al., 2007a; Braconnot et al., 2007b; Edwards
et al., 2007; Schmidt et al., 2011). These comparisons established that models could
reproduce the large-scale features of past climate changes, such as the global cooling
at the LGM and the robust response of circulation to the presence of the northern
hemisphere ice sheets, and the expansion of regional summer monsoons in the
northern hemisphere during MH (PMIP, 2000). However, they also showed that AGCMs

failed to reproduce the glacial cooling in the tropics shown by the palaeo-reconstructions
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(Farrera et al., 1999; Pinot et al., 1999). These models also underestimated the
latitudinal expansion of the summer monsoon over northern Africa (PMIP, 2000; Coe
and Harrison, 2002) and the extent of mid-continental aridity in Eurasia (Yu and
Harrison, 1996) during the MH. The OAGCMs and OAVGCMs used in PMIP2 produced
a more realistic simulation of cooling in the tropical regions during LGM, and a more
pronounced enhancement of the summer monsoons over western Africa and northern
India (Braconnot et al., 2007a; Zhao and Harrison, 2012). However, the magnitude of
the expansion of the northern African monsoon was still underestimated (Braconnot et
al., 2004; Braconnot et al., 2007a); this underestimation of the monsoon response was
also shown to be characteristic of other northern hemisphere monsoons (see e.g.
Braconnot et al., 2012). The prediction of increased aridity in Eurasia was also a robust
feature in the PMIP2 simulations (see e.g. Wohlfarth et al., 2004). Thus, these model-
data comparisons helped to reveal the mechanisms of climate changes during both MH
and LGM, but also indicated the need for improving climate models particularly with

respect to the simulation of regional climate changes.

There have so far been only a limited number of multi-model analyses of the
CMIP5/PMIP3 LGM and MH simulations (see e.g. Berger et al., 2013; Chavaillaz et al.,
2013; DiNezio and Tierney, 2013; lzumi et al., 2013; Jiang et al., 2013; Li et al., 2013;
Prado et al., 2013; Rojas, 2013; Harrison et al., 2014; Mauri et al., 2014; Pérez Sanz et
al., 2014; Izumi et al., 2015; Harrison et al., 2015). Some studies have focused on
regional patterns, while others have examined large-scale features of climate. Izumi et
al. (2013), for example, showed that the simulated large-scale patterns of temperature
changes at the LGM are remarkably similar (though of opposite sign) to those shown in
raised CO, experiments. These signals include changes of comparable magnitude in the
land-sea temperature contrast, in the magnitude of high-latitude amplification of
temperature changes, and changes in seasonality in response to year-round forcing.
The simulated patterns are consistent with those shown by palaeoclimatic or
instrumental observations. Model analysis (lzumi et al.,, 2015) showed that the
mechanisms governing land-sea contrast and high-latitude amplification are the same in
cold and warm climate states, specifically they primarily reflect changes in surface
downward clear-sky long-wave radiation. Changes in surface albedo play a role in

strengthening the land-ocean contrast.
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Changes in the hydrological cycle are expected to scale with temperature changes.
Thus the large-scale precipitation changes would also be expected to show similar
patterns of change (though of opposite sign) in both warm and cold climates. The water
vapor holding capacity of the lower troposphere increases by ~7% per degree of
warming, according to the Clausius-Clapeyron relationship (C-C). If atmospheric water
availability were the only factor that affected precipitation, then precipitation could be
expected to change as the same rate. However, the observed precipitation scaling with
temperature is generally smaller than the ratio estimated by C-C (Adler et al., 2008), and
this is also the case in simulations of the modern climate and of projected 21° century
climates (Allan and Soden, 2007). Both the observed and simulated scaling of
precipitation change with temperature are closer to the theoretical rate of evaporation
(including transpiration) scaling with temperature change, which is 1~3%/°C under
normal conditions (Li et al., 2013). This suggests that the change in precipitation is
constrained by energetic requirements for evaporation. The CMIP5/PMIP3 LGM
experiments provide a good opportunity to examine how precipitation scales with
temperature, whether factors such as moisture availability, or circulation changes
induced by ice-sheet expansion influence this relationship, and whether the simulated
scaling of precipitation with temperature at global and regional scales is consistent with

palaeo-observations. This is the topic | explore in the first paper of this thesis.

The MH provides a good opportunity to test climate model performance in response to
orbitally-induced changes in the seasonal and latitudinal distribution of insolation.
Evaluation of the simulations in PMIP1 and PMIP2 identified two persistent problems in
the simulation of regional climates: the failure to reproduce the observed expansion and
strengthening of the northern Africa monsoon, and the simulation of aridity and warmer
summers in central Eurasia where observations indicate cooler, wetter conditions.
These regions provide a natural focus for testing whether the state-of-the-art
CMIP5/PMIP3 climate models are able to simulate regional climates better than
previous generations of models. This evaluation is the focus of Chapter 3 and Chapter 4

of this thesis.
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3. Climate reconstruction: pollen records

There are many types of palaeo observation that can be used for model-data
comparison including pollen (Guiot et al., 1989; Davis et al., 2003), tree rings (Esper et
al., 2002; Fritts, 2012), coral (Dunbar et al., 1994; McGregor and Gagan, 2004), cave
deposits (Hu et al., 2008; Zhang et al., 2008), lake levels (Street-Perrott and Harrison,
1985; Digerfeldt, 1988; Magny, 2004), and ice cores (Dansgaard et al., 1993; Petit et al.,
1999). However, pollen-based climate reconstructions are the main source of
information used in this thesis for the evaluation of mean climate changes. Terrestrial
vegetation is highly sensitive to climate changes (Whitlock and Bartlein, 1997; Prentice
and Webb III, 1998), and records of past vegetation changes, such a pollen or plant
macrofossil records, therefore document past climate states. Statistical or model-
inversion techniques are used to reconstruct quantitative changes in seasonal
temperature and water balance from pollen records (Bartlein et al., 1984; Overpeck et
al., 1985; Bartlein et al., 1986; Huntley and Prentice, 1988; Guiot, 1990; Peyron et al.,
1998; Jackson and Williams, 2004). Pollen data are the major source of information
used for model-data comparison for evaluating state-of-the-art climate model because
the records are very widely distributed geographically and continuous records are

available for much of the late Quaternary.

Most pollen records are at comparatively low resolution, and thus provide
reconstructions of the long-term changes in mean climate state. Pollen data have been
used to reconstruct several bioclimatic variables, which are related to growing-season
warmth, winter cold, and plant-available moisture. Bartlein et al. (2011) have
synthesized the available reconstructions and created a global data set of
reconstructions of LGM and MH climate for model evaluation. This synthesis shows that
LGM climate change is globally colder (Figure 1-a) and drier (Figure 1-b). The presence
of large ice sheets led to circulation changes that resulted in distinctive regional patterns
of climate, e.g, the southward displacement of the Westerlies by the Laurentide Ice
Sheet resulted in colder but wetter conditions in southwestern North America while in
contrast the eastern part of the continent was colder and drier during the LGM (Bartlein
et al., 2011). The MH is characterized by large seasonal changes in temperature in the
middle-to-high latitude regions (Figure 1-c). Circulation changes caused by enhanced
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land-sea contrast led to changes in regional hydrology, which are reflected in both mean
annual precipitation (Figure 1-d) and annual soil moisture. Thus, pollen reconstructions

provide excellent targets for the evaluation of climate model performance.

MAT_LGM (°C) MAP_LGM (mm)
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Figure 1 Pollen-based reconstructions of palaeoclimate. The plots show the anomalies
of mean annual temperature (MAT) and mean annual precipitation (MAP) at the Last
Glacial Maximum (LGM) and mean temperature of the warmest month (MTWA) and
MAP for the mid-Holocene (MH). The data are from Bartlein et al. (2011).

12



Evaluating Past Climate Variability and Modelling Its Impact on Tree Growth

4 Climate reconstruction from tree rings: the standard approach

Several different sources of data have been used to reconstruct interannual to
interdecadal climate variability, including e.g. tree rings (Fritts, 2012); speleothems
(McDermott, 2004), ice cores (Thompson et al., 2003) and lake sediments (Veski et al.,
2004), but tree-ring data is the most abundant source (Figure 2) of such information
especially for the historical period and the past 2000 years (Jacoby and D'Arrigo, 1989;
Briffa et al., 2002; Esper et al., 2002; Mann and Jones, 2003; Briffa et al., 2004), and is
the major contribution to the Past Global Changes (PAGES) 2K network (PAGES 2k
Consortium, 2013). The annual increment of tree growth can be clearly identified, at
least in seasonal climates, and this allows accurate dating (by layer-counting) of the
rings back through time. Radiocarbon-dated tree-ring chronologies have also been used
to reconstruct conditions during the Holocene (e.g. Briffa, 2000; Grudd et al., 2002;
Naurzbaev et al., 2002) and there are also records covering the LGM (Becker et al.,
1991; Friedrich et al., 1999; Gerhart et al., 2012).
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Non-forest

Boreal forest |

Temperate needleleaf and mixed forest O Records cover 1500-2000
® Temperate broadleaf and mixed forest o Records cover 1900-2010

Figure 2 Sites from providing tree ring-width records for the historic period (post 1500

CE). The data are from the International Tree Ring Data Bank (ITRDB)
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The general assumption is that tree growth is limited by whichever aspect of climate is
the dominant stressor in a given environment (Limiting Factor Theory, Fritts, 2012). By
selecting climatically-sensitive sites, it should be possible to provide a reconstruction of
either temperature of precipitation changes through time. Reconstructions of climate
from tree ring-widths are based on the statistical relationship established between tree
radial growth and the key (limiting) climate variable during the period when instrumental
measurements are available. This empirical relationship is then applied to the pre-
instrumental record. Sufficiently good correlations between ring width and specific
climate factors have been established for sites in many regions and this has allowed
reconstructions of annual changes in the past 2,000 years climate to be made for many
thousands of sites worldwide (Figure 2, e.g. Jacoby and D'Arrigo, 1989; Briffa et al.,
2002; Esper et al.,, 2002; Mann and Jones, 2003; Briffa et al., 2004; Cullen and
Grierson, 2009).

A number of recent studies, however, indicate that the relationships established from
historical calibrations at specific sites break down in recent decades (post 1980 CE)
such that climate predictions based on tree ring-width no longer accurately represent
observed climate changes — a phenomenon known as the divergence problem (Briffa et
al., 1998; Wilson et al., 2007; Buntgen et al., 2008; D'Arrigo et al., 2008; Esper and
Frank, 2009). Explanations of the divergence problem invoke a variety of explanations
for the breakdown of the relationship between climate and ring width, including e.g. the
fact that critical climate thresholds have been exceeded in recent years, which means
that reconstructed climate variable is no longer limiting to growth (Jacoby and D'Arrigo,
1995), changes in the partitioning between diffuse and direct radiation which affects
photosynthesis (Stine and Huybers, 2014), or the increasing importance of other
environmental factors on tree growth such as different responses from tree’s growth to
maximum and minimum temperature (Wilson and Luckman, 2002). The fundamental
problem lies in the fact that tree growth is affected by multiple climate factors and any
statistical single-factor relationship built using current climate data is unlikely to hold
under all conditions. This suggests that it is necessary to understand how multiple
climate factors control tree growth and to use this information to reconstruct climates

from tree-ring data.
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5 Climate controls on photosynthesis

The mean climate state is an important control on vegetation distribution and the type of
plants that can grow in a particular region (Harrison et al., 2010). The northern limit of
trees, for example, is controlled by the accumulated temperature during the growing
season (growing degree days) which has to surpass a threshold for sufficient carbon to
be accumulated to support the growth of woody tissue. The boundary between
grasslands and woodlands or forests can also be determined by availability of soil
moisture. The distribution of specific tree types, from deciduous needleleaved trees
through boreal needleleaved trees into deciduous trees is determined by winter
temperature which determines the type of frost tolerance strategy that is effective. The
various climate controls on vegetation distribution are included in biogeography models
(e.g. BIOMES3: Haxeltine and Prentice, 1996) and are also built into dynamic vegetation
models (DGVMs: e.g. Lund-Potsdam-Jena DGVM: Sitch et al., 2003). Shorter-term
climate variability is not critical for vegetation distribution but is important for vegetation
productivity, which in term is the major determinant of inter-annual variability in tree
growth. Thus, an understanding of the climate controls on photosynthesis and carbon

production is important in order to be able to build a model of tree growth.

Tree growth is jointly controlled by multiple factors, including light, CO,, seasonal
temperature and moisture, all of which affect metabolic process such as photosynthesis
(Berry and Downton, 1982) and respiration (James, 1953). Here, | discuss the major
controls of climate on tree growth, which forms the underpinning theory for the process-

based model developed and applied in the second half of my thesis.

Photosynthesis is driven by the input of energy from solar radiation (Monteith, 1972).
Only light of a specific wavelength spectrum (400 ~ 700 nanometers) can be absorbed
by leaves and used for photosynthesis. This component is called the photosynthetically
active radiation (PAR: McCree, 1981). Plants utilize PAR to fix carbon in the form of CO,
from the atmosphere, and use this fixed carbon to produce carbohydrates. PAR is
determined by latitude (solar altitude: Duffie and Beckman, 1980), elevation (air
thickness dependence of atmosphere transmissivity: Allen, 1996), and cloud cover

(Linacre, 1968), which affects the proportion of sunlight that reaches the ground surface.
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Cloud cover changes spatially and temporally, and thus PAR, will also change through

time and from site to site.

Moisture is an important factor controlling plant physiological functioning because water
is the only solvent for most of chemical activities in the plant. There are two aspects to
the moisture control on plant activity: availability of soil moisture and of air moisture.
Both soil moisture and air moisture affect stomatal conductance via impacts on stomatal
closure (Farquhar and Sharkey, 1982), which then impacts the uptake of CO, (and
hence the CO, concentration inside the leaf) (Ball et al., 1987; Collatz et al., 1991).
When the supply of water in the soil is limited, plants compensate by reducing stomatal
opening or shutting down the stomata (Saliendra et al., 1995). Stomatal closure reduces
the amount of incoming CO3, and thus restricts photosynthesis. Similarly, the amount of
moisture in the atmosphere, as measured by the vapour pressure deficit (VPD, i.e. the
difference between the saturated vapour pressure and the actual vapour pressure at a
given temperature: Oren et al., 1999), determines the atmospheric demand for water
and can also affect stomatal closure/openness (Saliendra et al., 1995; Oren et al.,
1999). When the air is very dry, plants respond by shedding leaves. The amount of
available soil moisture is largely controlled by inputs from precipitation (or other sources
of water) and losses from evaporation as a function of solar radiation and temperature.
Soil characteristics, such as soil texture, depth and organic content determine the water-
holding capacity and percolation rates and hence the balance between soil moisture and
runoff (Sykes and Prentice, 1995). VPD is largely determined by temperature: increased
temperature increases the vapour holding capacity of the air, but does not affect the

actual vapour pressure.

Temperature has both direct and indirect impacts on tree growth. Changes in
temperature affect evaporation from the soil and evapotranspiration from the leaves, as
well as the VPD. Thus, increasing temperature will increase drought stress. On the other
hand, photorespiration (Kozaki and Takeba, 1996), which is the carbon loss that occurs
during carbon fixation in order to reduce oxygenation reactions by the Rubisco enzyme,
is a temperature-dependent process and increases as temperature increases
(Bernacchi et al., 2003). While the effects of increasing temperature on tree growth

through both drought and photorespiration are negative, most physiological processes
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within the plant only operate above a threshold temperature and there are optimal
temperature ranges for processes such as photosynthesis and respiration (Kobza and
Edwards, 1987; Henkin et al., 1998). Thus, when temperatures are too low in winter,
trees may adopt a deciduous habit or enter a state of dormancy. The positive effect of
temperature on tree growth is exhibited through the relationship with the length of

effective growing season (Henkin et al., 1998).

COs is required for carbon fixation and thus the availability of CO, is a major determinant
of tree growth. The positive impact of increased CO, (CO; fertilization) has been widely
observed in experiments and in the field (Carlson and Bazzaz, 1980; Sage, 1994). To
examine plant responses to elevated CO, on carbon cycling (Dickson et al., 2000),
nitrogen cycling (Zak et al., 2003), water cycling (Leakey et al., 2009), Free-Air Carbon
dioxide Enrichment (FACE) experiments have been made in different terrestrial
ecosystems around the world, e.g. Duke Forest FACE (Herrick and Thomas, 2001),
AspenFACE (Karnosky et al., 2003), Oak Ridge National Laboratory (ORNL) FACE
(Norby et al., 2002). CO, fertilization can be expressed via increased water-use
efficiency (Kimball and ldso, 1983; Pefiuelas et al., 2011; Keenan et al., 2013).
Increased water-use efficiency has been documented from the increased 5'°C in wood
samples over the last 150 years (Andreu-Hayles et al., 2011; van der Sleen et al., 2015).
However, the impact of CO, fertilization on tree growth may also be dependent on
resource availability. Based on the least-cost hypothesis (Wright and Westoby, 2002;
Prentice et al., 2014), increased water-use-efficiency due to the increasing CO, should
be more obvious in dry areas, and thus the effect of CO, fertilization should be stronger
in such areas. Similarly, in nutrient limited, especially nitrogen-limited, regions, the
positive effects of CO, may be restricted by nutrient availability so that the impact of CO»
fertilisation on growth is weak (Reich et al., 2006; Thornton et al., 2007). Results from
the FACE experiments (DeLucia et al., 1999; King et al., 2001; Calfapietra et al., 2003;
Lukac et al., 2003; Norby et al., 2004; Pritchard et al., 2008; Godbold et al., 2015)
suggest that increasing CO, may result in a change in plant allocation strategies, and
particularly an increase in underground carbon allocation at the expense of allocation to
above-ground components such as trees or stems. This change in carbon allocation
strategy may help to explain why some studies, particularly those based on remotely-

sensed observations of the canopy or in-situ measurements of tree radial growth, have
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not have detected the impact of CO, fertilization (e.g. Andreu-Hayles et al., 2011;

Penuelas et al., 2011; van der Sleen et al., 2015).

The complexity of the various controls on tree growth, and the fact that the relationships
between these different controls will probably change in a radically changing climate,
suggests that empirical approaches to reconstructing climate from tree rings may be of
limited use in situations where climate is very different from present. This is the main
driver for the development of physiology-based models of tree growth for predicting e.g.
the response to future climate change (Collins et al., 2013). It is also the motivation for
my development of a process-based tree growth model that could be used to evaluate
the representation of short-term (interannual to decadal) climate variability in climate

model simulations of the radically different climate of the past.

6 Modelling tree growth

Empirical models have been developed that take account of the influence of multiple
climate factors on tree ring-widths. The iconic example is the Vaganov-Shashkin model
(Evans et al., 2006; Vaganov et al., 2006). The model uses measurements of cambium
activity and xylem cell formation and expansion, to construct statistical relationships
between radial growth and climate variables which mimic the response of tree radial
growth to climate, including daily temperature, soil moisture, precipitation, and solar
radiation, and simulate tree ring-widths. A simplified version of the Vaganov—Shashkin
model (VS-Lite, or VSL), driven by the monthly climate input, has also been developed
and applied under different types of climate (Breitenmoser et al., 2014). Although
empirical models such as V-S or VSL take account of the influence of multiple climate
factors, they necessarily assume stationarity of the relationships between tree radial
growth and the selected climate variables. They also ignore the effect of climate

variables, such as PAR, COy, air moisture, which are equally important for tree growth.

MAIDEN (Misson, 2004; Misson et al., 2004; see also MAIDENiso: Danis et al., 2012) is
a hybrid between statistical and process-based models, in that it explicitly simulates
some physiological processes and used statistical relationships to mimic other
prcoesses. MAIDEN simulates net primary productivity (NPP) explicitly and then
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allocates NPP to different carbon pools at the stand (rather than the individual tree)
level, using a statistical parametrization derived from flux-tower observations. The
allocation to stem wood is then standardized to yield a tree ring width-index. The model
has been applied to a site in France (Fontainebleau Forest), and shown to reproduce
the ring-width index derived from recent observations and the observed carbon flux
(Misson, 2004; Misson et al., 2004). However, because MAIDEN uses a number of
statistical parameterizations derived from calibration with flux-tower and ring width data,
its applicability to other sites is limited to places where both daily climate data and

carbon-flux measurements are available.

The advantage of a process-based model is that well-known processes of vegetation
metabolism can be used to structure and define the process of tree growth. The impact
of climate variables operates directly on key physiological processes. For example,
temperature is used as the trigger for cambial activity such that changes in the length of
effective growing season will result in an enhancement of tree growth. At the same time,
temperature is also allowed to affect VPD and hence stomatal conductance, and
photorespiration and hence the CO, compensation point. By explicitly modelling the
influence of climate on key physiological processes, process-based models can take
account of compensatory effects of changes in multiple variables. For example, soil
drought generally has a negative effect on tree growth under moderate temperature and
PAR conditions. CO;, fertilization can compensate for the negative effect of soil drought

when the ambient CO; is increasing.

Light-use efficiency (LUE) models are relatively simple models that predict net primary
productivity (NPP) as a function of absorbed photosynthetically active radiation (APAR).
LUE modeling was originally developed by Monteith (1972, 1979) and forms the basis
for several diagnostic primary production models, including e.g. the Simple Diagnostic
Biosphere Model (SDBM: Knorr and Heimann, 1995) and the Carnegie—Ames—Stanford
Approach model (CASA: Potter et al., 1993; Field et al., 1995). It also underpins the
widely used algorithms to estimate GPP and NPP from remotely-sensed “greenness”
data (e.g. Running et al., 2004). LUE formulations are also used in complex, prognostic
terrestrial vegetation and carbon-cycle models that originated from BIOME3 (Haxeltine
and Prentice, 1996) and the Lund—Potsdam—-Jena (LPJ) DGVM (Sitch et al., 2003).
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Wang et al. (2014) have developed simple first-principles carbon cycle model based on
the LUE formalism and the Farquhar model for C; photosynthesis (Farquhar et al.,
1980). The model is driven by incident photosynthetically active radiation (PAR) and
remotely sensed green-vegetation cover, with additional constraints imposed by low-
temperature inhibition and CO, limitation. The ratio of leaf-internal to ambient CO,
concentration in the model responds to growing-season mean temperature, atmospheric
dryness and elevation, based on optimality theory (“least-cost hypothesis”: Wright et al.,
2003; Prentice et al., 2014). The model is driven by monthly temperature, precipitation
and cloud cover, and latitude and elevation are specified. This model (the P model) is
fully consistent with observations of key physiological relationships (see e.g. Prentice et
al., 2014) and has been shown to simulate both the geographic patterning and seasonal
cycles GPP successfully (Wang et al., 2014). The P model therefore provides an
efficient tool to simulate carbon inputs to tree growth by linking this model to a tree-

specific carbon allocation model.

A number of models have been developed to represent the functional and geometric
relationships describing carbon allocation by trees. Such models are built on
measurable relationships, such as that between stem diameter and height (Thomas,
1996; Ishii et al., 2000; Falster and Westoby, 2005), and crown area and diameter or
height (Duursma et al., 2010) that arise because of functional constraints on growth. The
so-called “pipe” model represents the relationship between sapwood area and leaf area
(Shinozaki et al., 1964; Yokozawa and Hara, 1995; Makela et al., 2000). The ratio of
fine-root mass to foliage area provides the linkage between above- and below-ground
tissues (Falster et al., 2011). These functional relationships are expected to be stable
through ontogeny, which implies that the fraction of new carbon allocated to different

components is variable (Lloyd and Farquhar, 1996).

In the second half of my thesis, | couple a robust model that simulates of GPP (the P
model: Wang et al., 2014) to a carbon-allocation model (the T model, Chapter 5) in order
to produce a coupled model that can simulate the response of tree growth to climate,

and explicitly simulates the annual increment of radial growth for comparison with
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observed tree ring-widths. | then test the model in different climate settings (Chapters 5

and 6) before applying it to simulate tree growth at the LGM (Chapter 7).

The T model allocates carbon to the three major carbon stores: leaves, woody tissue
and roots. It does not distinguish between stems and branches, nor does it distinguish
between tap and fine roots. Even the allocation of carbon to these structural
components is a simplification because carbon is also allocated to reproduction (Obeso,
2002: Hackett-Pain et al., 2015), is stored as non-structural carbohydrates for later use
(Rosas et al., 2103; Simard et al., 2013), and can be released into the soil in the forms
of exudates to support micorrhizal growth (Walker et al. 2003; Badri and Vivanco, 2009).
All of these stores could represent a significant carbon cost in any one year (Hackett-
Pain et al., 2015). However, there is currently insufficient information to be able to model
these stores explicitly. Furthermore, the fact that our model reproduces the mean and
interannual variability of ring widths in three different climate settings (Chapters 5, 6 and

7) confirms that the simple model represents the first-order carbon costs.

7. Philosophy and Approach of this Thesis

The initial goal of my PhD was to develop and apply different tools to analyse and
evaluate past climate variability, both in terms of long-term mean climate and short-term
interannual variability, using existing palaeoclimate reconstructions. The recognition that
there might be problems in tree-ring reconstructions, the major source of quantitative
palaeoclimate information on interannual climate variability, led me to develop a simple
forward model of tree growth that could be used to translate climate model outputs into

the something directly comparable with palaeo-record.

The first half of my thesis focuses on the evaluation of the CMIP5/PMIP3 palaeoclimate
model simulations of long-term mean climate against the existing quantitative
reconstructions from Bartlein et al. (2011). The goal of this is identify what aspects of
past climate changes are simulated realistically and where there are mismatches
between simulated and observed climates. Identifying the causes of mismatches
between simulated and observed climates is a major task, which would necessitate
considerable work on model parameterisation and running new simulations, and is
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outside the scope of the thesis. Nevertheless, by identifying what aspects of past climate
change are not simulated adequately, my research should contribute to the ongoing

improvement of climate models.

The key questions addressed in the first part of the thesis are:

* can state-of-art models from CMIP5/PMIP3 capture the large-scale features of
changing climate as determined by global energetics, and specifically the
relationship between temperature and precipitation change at global and
hemispheric scales?

* can state-of-art models from CMIPS/PMIP3 capture regional changes in the long-

term mean climate, and specifically regional changes in the Mediterranean,

northern Africa and central Eurasia during the mid-Holocene?

The second half of the thesis focuses on developing and testing the tree growth model,
and then applying this in a palaeoclimate context. The key questions addressed in the
second half of the thesis include:

* Can a simple generic growth and allocation model simulate interannual variability
in tree ring widths realistically for different species in different climates over the
recent and historical period?

* Does changing atmospheric CO, have an impact on carbon allocation and tree
growth?

* How did low atmospheric CO; at the Last Glacial Maximum affect tree growth?

In the first half of the thesis, pollen reconstructed long-term mean climate was applied to
evaluate the CMIP5/PMIP3 state-of-the-art of climate models’ performance. Pollen-
based climate reconstructions from Bartlein et al. (2011) provide the reconstructions |
use of the long-term mean climate state. | use the climate of the LGM, as well as
observations of the historical period, to test how well the CMIP5/PMIP3 models
reproduce the scaling of precipitation with temperature at global and regional scales
(Chapter 2). | then use reconstructions of MH climates for the northern Africa and
Mediterranean regions, and from mid-continental Eurasia, to evaluate how well the
CMIP5/PMIP3 models reproduce regional climate changes (Chapters 3 and 4). These

three papers also allow me to investigate the mechanisms of climate change and to link
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model performance under past climate states with features of the future climate

simulations.

Long-term Short-term

reconstrUCtion Low resolution High resolution

[ Pollen-based

(warm)

Future MH Seasonal
) Forward model
Regional (P+T model)
precipitation
CO, + LGM climate + CO,
Modern climate
Temperature Moisture North Africa Mid-continental Development Modern Palaeo
scaling availability Monsoon drought and test application application

Changbai Mt, China GWW, west Australia La Brea Tar Pit, USA
Paper1 &P Paper2 =) Paper 3 Paper4 = Paper5 =) Paper6

Figure 3 Linkage between the thesis chapters, illustrating the philosophy and approach

used.

Thus, in Chapter 2 (Li, G., Harrison, S. P., Bartlein, P. J., lzumi, K., and Prentice, I. C:
Precipitation scaling with temperature in warm and cold climates: An analysis of
CMIP5/PMIP3 simulations. Geophysical Research Letters, 40, 4018-4024, 2013), | use
simulations of LGM, historical (post-1850 CE), and increased CO, climates (specifically
the CMIPS 1pctCO2 experiment in which CO; is increased by 1% per year, and the
CMIP5 abrupt4xCO2 experiment, in which COs is is increased instantaneously to 1120
ppm; see Chapter 4: Harrison et al.,, 2015 for a description of these experiments) to
examine precipitation scaling with temperature at global and hemispheric scales. |
examine how far this scaling reflects the atmospheric water vapour holding capacity
described by the Clausius-Clapeyron relationship, energy-controlled equilibrium
evaporation, and moisture limitation. | also investigate whether the so-called “rich get

richer” phenomenon that has been observed in recent decades and is seen in future
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projections, where high precipitation regions get wetter and dry regions drier, applies in

past climate states.

In Chapter 3 (Perez-Sanz, A., Li, G., Gonzalez-Sampériz, P., and Harrison, S. P.:
Evaluation of seasonal climates of the Mediterranean and northern Africa in the
CMIPS5/PMIP3 simulations. Climate of the Past, 10, 551-568, 2014), | examine the
relationship between monsoon changes over northern Africa and seasonal climate
changes in the Mediterranean region. | examine the impact of biases in the simulation of
the pre-industrial control on how well the model simulates MH changes in monsoon
precipitation. Model evaluation was conducted using both modern instrumental

observations and palaeo-climate reconstructions.

In Chapter 4 (Harrison, S. P., Bartlein, P. J., lzumi, K., Li, G., Annan, J., Hargreaves, J.,
Braconnot, P., and Kageyama, M.: Implications of evaluation of CMIP5/PMIP3
palaeosimulations for climate projections. Nature Climate Change, in press, August
2015), | examine the mismatch between observed and simulated climates in central
Eurasia (between 45° and 60° N), focusing on the relationship between biases in the
simulation of soil moisture (as represented by reconstructions of actual to potential
evapotranspiration, a) and biases in the simulation of summer temperature. This paper
also summarises the results of other evaluations of the CMIP5/PMIP3 simulations of

LGM and MH, including my own contributions to these evaluations.

Changes in mean climate state are likely to affect short-term, interannual to decadal,
climate variability (e.g. Tudhope et al., 2001; Rimbu et al., 2004; Gladstone et al., 2005;
Braconnot et al., 2012; Liu et al., 2014) and certainly are implicated in changes in short-
term variability and climate extremes in projections of future climates (Timmermann et
al., 1999; Boer, 2009; Kirtman et al., 2013; Collin et al., 2013). Tree radial growth, ring
width, provides a way of reconstructing short-term climate variability. However, because
of the failure of empirical tree-ring reconstructions to reproduce observed climate
changes in recent decades (“divergence” problem: D’Arrigo et al., 2008) and because
tree growth is influenced by many different aspects of climate, | have chosen to develop
a simple process-based model which can simulate tree rings in response to climate

change (Chapter 4). Forward modelling, in which a process-based model is driven by
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climate-model outputs, provides an alternative approach to model evaluation, and has
been developed for a number of other sensors of palaeoclimate (e.g. vegetation:
Prentice et al., 2011; water balance: Coe and Harrison, 2002; Ward et al., 2007; fire:
Martin Calvo et al., 2014; corals: Thompson et al., 2011). | test the tree growth model in
two radically different modern climates: the cool, wet climate of the Changbai Mountains
in China (Chapter 5) and the warm, dry climate of the Great Western Woodlands in
Western Australia (Chapter 6). After approving model performance in the different
climates of today, this tree growth model was applied in the Glacial Juniperus in La Brea

tar pits in South California (Chapter 7).

In Chapter 5 (Li, G., Harrison, S. P., Colin Prentice, I., and Falster D.: Simulation of tree
ring-widths with a model for primary production, carbon allocation and growth.
Biogeosciences, 11, 6711-6724. 2014), | describe the development of the species-
specific functional geometric carbon allocation model (the “T” model), and its coupling to
a simple, generic light-use-efficiency carbon-cycle model (the “P” model: Wang et al.,
2014). The P model provides values for GPP per unit of absorbed PAR. Absorbed PAR
is estimated from the current leaf area. GPP is allocated to foliage, transport tissue, and
fine root production and respiration in such a way as to satisfy well-understood
dimensional and functional relationships. The T model represents both ontogenetic
effects (i.e. the impact of ageing) and the effects of environmental variations and trends
(climate and CO3) on growth. | tested the PT model using tree-ring records from Pinus
koraiensis that | had previously collected from the temperate, humid forests of the
Changbai Mountain, China (Bai et al., 2008; Li et al., 2011).

Chapter 6 (Li, G., Harrison, S. P., and Prentice, |. C.: A model analysis of climate and
COz controls on tree growth in a semi-arid woodland. Biogeosciences Discussion, 12,
4769-4800, 2015), provides a further test of the performance of the coupled PT model
based on tree-ring series on Callitris columellaris that | collected in the Great Western
Woodland (GWW), Western Australia. The GWW occurs in a dry, Mediterranean climate
region. The Callitris in this region is multi-stemmed and thus | developed a new
algorithm to allow carbon allocation to be effectively distributed to several stems. | used
Bayesian calibration to obtain values for poorly known parameters, especially

parameters describing the underground components of the model. The tree-ring records
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from the GWW do not show the expected positive response to the increase in CO, over
recent decades, and | therefore used Bayesian optimization to investigate the reason for
this. This analysis suggests that changes in carbon allocation strategy, and particularly
an increase in carbon allocation to roots, may help to explain the apparent observed

lack of response to COs.

Finally, | apply my tree growth model to simulate the growth of Juniperus during the
LGM from La Brea Tar Pits, in coastal California (Chapter 7). The climate of the La Brea
site was colder and wetter at the LGM (Bartlein et al., 2011) and the atmospheric CO,
concentration was low (180 ppm: Augustin et al., 2004). Despite the low CO, and colder
conditions, Ward et al., (2004) and Gerhart et al., (2012) found that the radial growth of
the fossil Juniperus was similar to today. Furthermore, the ci/c, ratio measured on the
fossil wood specimens was also similar to today. Thus, the leaf internal [CO;] was close
to close to the modern compensation point for C3 plants, ~ 40-70 ppm and the trees

were growing at close to carbon starvation levels.

In Chapter 7 (Li, G., Gerhart, L. M., Harrison, S. P., Ward, J., and Prentice, |. C.:
Allocation changes buffer CO, effect on tree growth since the last ice age. (submitted to)
Nature Communications, 2015), | apply the PT model to investigate how Juniperus was
able to grow at La Brea during the LGM. | showed that the model was able to simulate
Juniperus growth under modern conditions, using data from site CA640 obtained from
International Tree Ring Databank (36.95°N, 118.92°W, 2630 m a.s.l.; Graumlich, 1993),
| then applied the model under LGM conditions, to investigate the contribution of climate
changes and changes in allocation strategy to the maintenance of tree growth under low
[CO;] conditions.
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Chapter 2

Precipitation scaling with temperature
In warm and cold climates: An analysis
of CMIP5 simulations
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[1] We investigate the scaling between precipitation and
temperature changes in warm and cold climates using six
models that have simulated the response to both increased
CO, and Last Glacial Maximum (LGM) boundary conditions.
Globally, precipitation increases in warm climates and
decreases in cold climates by between 1.5%/°C and 3%/°C.
Precipitation sensitivity to temperature changes is lower over
the land than over the ocean and lower over the tropical land
than over the extratropical land, reflecting the constraint of
water availability. The wet tropics get wetter in warm climates
and drier in cold climates, but the changes in dry areas differ
among models. Seasonal changes of tropical precipitation in a
warmer world also reflect this “rich get richer” syndrome.
Precipitation seasonality is decreased in the cold-climate state.
The simulated changes in precipitation per degree temperature
change are comparable to the observed changes in both the
historical period and the LGM. Citation: Li, G., S. P. Harrison,
P. J. Bartlein, K. Izumi, and 1. Colin Prentice (2013), Precipitation
scaling with temperature in warm and cold climates: An analysis
of CMIPS simulations, Geophys. Res. Lett., 40, 4018-4024,
doi:10.1002/gr1.50730.

1. Introduction

[2] Changes in the hydrological cycle are expected to scale
with temperature changes. Recent observations, as well as
model simulations of the 20th century and the response to
anthropogenic increases in CO,, have shown that precipitation
increases in a warming world [Meeh! et al., 2007]. The water
vapor holding capacity of the lower troposphere increases by
~7% per degree of warming following the Clausius-Clapeyron
relationship, which is well approximated by

e, = 0.6108¢7T 0

where e, is the saturation vapor pressure (kPa), 7T is air temper-
ature (°C), a=17.27, and »b=237.3°C. The observed and
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simulated changes in precipitation, however, are consistently
smaller than the changes in the saturation vapor pressure
[Allan and Soden, 2007, 2008; Adler et al., 2008; DiNezio
etal.,2011]. The difference between the two reflects energetic
constraints on evaporation [4/lan, 2009; Allen and Ingram,
2002; Previdi, 2010; Richter and Xie, 2008]. Equilibrium
evaporation, which is the theoretical rate of evaporation
(including transpiration) from a large, uniform, wet or well-
watered surface, is given by

de,/dT
2By =Rog, i T )
where A is the latent heat of vaporization of water
(=2.45MJkg™Y), R, is net radiation, and y is the psychrometer
constant (=0.067 kPa K~ at sea level). The maximum evapo-
rative fraction (the fraction of R, that can be used for evapora-
tion under equilibrium conditions) increases less steeply than
the saturation vapor pressure, ~1%—4% per degree for
temperatures in the range of 0°C-30°C (Figure 1). Equation
(2) emphasizes the surface energy-balance constraint on
evaporation. In contrast, vapor pressure deficit (a key predictor
of evaporation in standard bulk formulae [e.g., Richter and
Xie, 2008]) can be regarded as an outcome of rather than a
constraint on evaporation [Raupach, 2000]. Indeed, Richter
and Xie [2008] showed how key boundary layer properties
influencing evaporation can change in response to large-scale
changes in the surface energy balance. Water availability can
place an additional constraint on evaporation from the land
surface and hence further mute the increase of continental pre-
cipitation as temperature increases [7renberth and Shea, 2005].

[3] Analyses of recent changes in tropical rainfall have
shown that precipitation has increased markedly in wet re-
gions and has decreased in subtropical dry regions [Adler
et al., 2008; Allan and Soden, 2007; Wentz et al., 2007,
Zhang et al., 2007; Allan et al., 2010]. This is also a feature
of seasonal climates, with summer (monsoon) precipitation
increasing more than winter (dry season) precipitation
[Giorgi and Bi, 2005; Chou et al., 2013]. This phenomenon
has been referred to as “the rich get richer” syndrome
[Trenberth, 2011] and can be explained either as a result of
increasing the amount of atmospheric water vapor [Held
and Soden, 2006] or from diversion of moisture into regions
of atmospheric convergence associated with changes in
atmospheric circulation [DiNezio et al., 2011]. Trenberth
and Shea [2005] suggested that a similar syndrome is also
characteristic of extratropical regions, which is expected
since these are regions of net moisture import from lower
latitudes. Model simulations of the 20th and 21st centuries
from the last round of the Coupled Model Intercomparison
Project (CMIP3) show similar tendencies, with wetting in
convergence regions and drying in the subtropics associated
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Figure 1. Theoretical limits on the rate of increase of precip-

itation with temperature, according to alternative hypotheses:
(a) following the temperature dependence of the saturated
vapor pressure of water, according to the Clausius-Clapeyron
relationship (dotted line, CC); (b) following the temperature
dependence of the fraction of net radiation that can be used
for evaporation under equilibrium conditions (solid line, EF).
The global ensemble mean temperature for each of the
experiments is shown in order to place the simulated changes
in context.

with a strengthening of the Walker circulation [DiNezio
et al., 2011]. However, the response of the tropical circula-
tion is influenced by multiple processes operating on differ-
ent time scales (e.g., water vapor [Bony et al., 2013]), and
the response of precipitation is weaker than that shown by
the observational record and differs among different models
[Allan and Soden, 2008].

[4] The observational record is short, and the strength of the
precipitation response to temperature has been controversial
[Wentz et al., 2007; Adler et al., 2008; Gu et al., 2007,
Huffinan et al., 2009; Trenberth, 2011]. Thus, it is still unclear
whether the discrepancy between CMIP3 model results and
observations is significant. Recent analyses [lzumi et al.,
2013] have shown that the simulated large-scale patterns of
temperature changes at the Last Glacial Maximum (LGM)
are remarkably similar (though of opposite sign) to those
shown in raised CO, experiments. These signals include
changes of comparable magnitude in the land-sea temperature
contrast, in the magnitude of high-latitude amplification of
temperature changes, and changes in seasonality in response
to year-round forcing, and the simulated patterns are consistent
with those in paleoclimatic or instrumental observations. Thus,
the LGM experiments provide an opportunity to examine
precipitation scaling with temperature and the regional
patterns of precipitation changes and to determine whether
these are consistent with paleo-observations.

[5] Here we analyze outputs from six models that have run
both LGM and raised CO, experiments in CMIP5. We evalu-
ate whether the raised CO, experiments show similar changes
in precipitation to the earlier CMIP3 experiments and then
examine whether consistent changes are also present in the
cold-climate state of the LGM. The LGM is an equilibrium

experiment comparable to the CMIP5 4xCO, experiment,
but we also use the CMIP5 1% CO, per year transient experi-
ment in our analyses. Finally, we examine the consistency
between simulated and observed changes in precipitation
scaling at the LGM and during the historic period to determine
whether simulated changes in precipitation are realistic.

2. Methods

[6] Six CMIP5S models (IPSL-CMSA-LR, MPI-ESM-P,
MIROC-ESM, CCSM4, MRI-CGCM3, and GISS-E2-R) have
performed both the LGM and raised CO, experiments. In our
analyses, we use five simulations. Following the CMIP5 nam-
ing conventions, these are the Last Glacial Maximum (/gm), a
preindustrial control simulation (piControl), a 20th century
simulation (Aistorical), a transient 1% per year increase in
CO, over the simulation (/pctCO,), and an abrupt change to
4xCO, (abrupt4xCOy). Igm, piControl, and abrupt4xCO, are
equilibrium experiments, and historical and IpctCO, are
transient experiments. The boundary conditions for each exper-
iment are described in Taylor et al. [2012]. The lgm experiment
represents a cold-climate state, in response to low greenhouse
gas concentrations and expanded Northern Hemisphere ice
sheets. The /pctCO; and abrupt4xCO, experiments represent
warm-climate states, in response to increased greenhouse gas
concentrations. The CO, concentration at the end of /pctCO,
is similar to the CO, concentration used in the abrupt4xCO,
experiment. To provide an alternative realization of a warm-
climate state, we therefore sampled the middle part of the
IpctCO; experiment (model years 86—115) when the CO, level
was approximately 750 ppm. The total forcing in the /gm and
4xCO, experiments is similar but, although greenhouse gases
are the dominant contributor to the tropical forcing at the Igm
experiment, they contribute only about half (2.85 Wm™2) of
the total global forcing [Braconnot et al., 2012].

[7] To compare the results from different models, with
different spatial resolutions, the outputs of each model were
regridded onto a common 2°x2° grid. Land grid-cells were
defined as those 2° % 2° cells with a land fraction of >40%.
The near-surface air temperature (tas) was used over the land
and sea ice—covered sea surface (sic>40%), and the sea sur-
face temperature (tos) was used over the ocean (sic < 40%).
(We use tos for ocean temperatures to facilitate comparisons
with historical and paleoreconstructions of sea-surface temper-
atures; differences in tos and tas in ice-free areas are negligi-
ble.) The changes in precipitation and temperature for each
experiment and model are expressed as anomalies from that
model’s piControl (experiment minus control), except in the
case of the historical simulation, where the anomaly is calcu-
lated as the difference between the first and last 27 years of
the simulation. We adopted this approach because the temper-
ature at the beginning of the Aistorical run is different from the
corresponding PI simulation for most of the models (CCSM4,
GISS-E2-R, IPSL-CMS5A-LR, and MIROC-ESM); the 27
year interval is the length of the baseline period used for the
calculation of anomalies in the HadCRUT4 data set. Area-
averaged values are calculated for the globe, the tropics (here
defined as 30°N-30°S) and the extratropics (>30°N and
>30°S). We analyzed the seasonal climate changes in terms
of changes in the wettest and driest month ((mean precipitation
of the wettest month (MPWE) and mean precipitation of the
driest month (MPDR)). The delimitation of wet and dry
regions was made using precipitation deciles of the
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Figure 2. The change in precipitation (%) as a function of the change in global temperature (°C) as simulated by each of the
six CMIP5 models (IPSL-CM5A-LR, MPI-ESM-P, MIROC-ESM, CCSM4, MRI-CGCM3, and GISS-E2-R) at the Last
Glacial Maximum (LGM), from the historical run (average for period 1979-2005 CE), the 1% CO, run (/pctCO,, average

for model years 86—115), and the 4xCO; run. The left-hand

plot shows the global relationship, while the right-hand plots

shows the change in global precipitation (%) over (red) land and (blue) ocean as a function of the change in global land

and ocean temperature (°C).

piControl for each model in order to capture the most extreme
states (although similar results are obtained using, e.g., the
upper and lower quartiles of precipitation). This results in
different regions being defined as wet or dry in each model.

[8] We evaluate the realism of the lgm and historical simu-
lations using paleoclimate reconstructions and historical
observations over the land. (There are no reconstructions of
precipitation over the ocean.) We use a data set of quantitative
climate reconstructions for the LGM from S. P. Harrison et al.
(Climate model benchmarking with glacial and mid-Holocene
climates, submitted to Climate Dynamics, 2013). This data set
provides reconstructions (including uncertainties) of several
climate variables; here we use mean annual temperature over
the land and ocean and mean annual precipitation over the
land. The historical data are derived from two data sets: tem-
perature data are from the HadCRUT4 combined land and
ocean temperature data set [Morice et al., 2012], which covers
the period from 1850 to 2009; precipitation data are from the
GHCN (Global Historical Climatology Network, Version 2)
product, which provides land precipitation data and covers the
interval from 1900 to 2010 [Peterson and Vose, 1997]. The ear-
liest part of the record is based on very few actual observations;
the observed historical change is therefore taken as the differ-
ence between the mean for 19792005 and the mean for
1941-1970, and the simulated climate is the difference between
the same years in the simulations.

3. Results: Simulated Changes

[9] The ensemble averages of the six models (see Figure S1
in the supporting information) illustrate the large changes in
temperature and precipitation characteristic of the cold- and
warm-climate states. The /gm simulations show changes of
comparable magnitude (though opposite sign) to the 4xCO,
simulations, consistent with the fact that the overall forcing
is of comparable magnitude [Braconnot et al., 2012], and
historical and 1pctCO, show changes intermediate in magni-
tude. There are consistent patterns in the large-scale tempera-
ture response in warm- and cold-climate states [lzumi et al.,

2013]: the land warms/cools more than the oceans, and the
high latitudes warm/cool more than the tropics. lzumi et al.
[2013] also showed that there is a different seasonal response
to year-round climate forcing in both warm and cold climates.
These large-scale temperature patterns are broadly reflected in
the changes in precipitation (Figure S1). In general, there are
bigger changes in precipitation over the land than over the
ocean in both warm- and cold-climate states. Changes in
precipitation in the high latitudes (north of approximately
50°N) are larger than those in the midlatitudes (30°N-50°N),
although the response of precipitation in the tropics does not
scale straightforwardly with temperature.

[10] There is a strong relationship between changes in
global temperature and precipitation, with increased precipita-
tion in a warm climate and decreased precipitation in a cold-
climate state (Figure 2). The estimate of the scaling across all
the climate states and all models indicates a 2.06% +0.09%
change per degree (Figure 2); estimates based on individual
models across the climate states vary between 1.63% and
2.51% per degree. The range of values (Table S1) obtained
for the Jgm experiment (1.80%—2.89%) is similar to that
obtained for the 4xCO, experiment (1.37%—2.43%). The
values for an individual model are always larger in the Igm
experiment than in the 4xCO, experiment, however, consistent
with the fact that the energetic limitation on evaporation is
smaller in the colder state (Figure 1). The values from the
IpctCO, experiment are not consistently larger than those
from the 4xCO, experiment, but the differences in scaling
between the two experiments are small.

[11] The historical simulation is the only experiment to
include volcanic and solar forcing and changes in aerosols
and land use. The simulated changes in temperature over
the historic period are small (<1°C), as is the magnitude of
the forcing (relative to the lgm or 4xCO, simulations), though
consistent with the magnitude of changes shown by the
HadCRUT4 data (Figure S2). The results obtained for the
historical simulations are anomalous: while some models
show an increase in precipitation over the course of the
simulation, three models (GISS-E2-R, MIROC-ESM, and
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Figure 3. Simulated changes in precipitation (%) in the wettest and driest areas of the tropical (30°N-30°S) and extratropical
(>30°N and >30°S) land and ocean. The wettest and driest areas are defined separately for each individual model as those
grid cells that fall in the top and bottom deciles of precipitation in the control simulation (piControl). Simulated changes in
tropical precipitation (%) during the wettest month (MPWE) and the driest month (MPDR) are shown in the bottom panels

for comparison.

MRI-CGCM3) show a negative relationship between
temperature and precipitation.

[12] To quantify the impact of water availability as a
constraint in the /gm and raised CO, experiments, we esti-
mated the precipitation scaling over the land and ocean sepa-
rately. The estimate of the scaling across all climate states
and all models (Figure 2) indicates a 2.42+0.09% change
per degree over the ocean and a 1.75+0.16% change over
the land. This finding suggests that the change in global
precipitation with temperature is slightly reduced because
of the additional constraint of water supply on evaporation
over land areas. Estimates of the relationship between tem-
perature and precipitation obtained from individual models
and experiments generally show that the scaling over the
ocean is greater than that over the land (Table S2). Thus,
the values obtained for the model ensemble mean for ocean
and land, respectively, are 2.64% and 2.28% for the Igm

experiment, 2.04% and 1.39% for the /pctCO2 experiment,
and 2.32% and 1.33% for the 4xCO, experiment. Model
responses over the ocean are more consistent than those over
the land (Figure 2). The variability over the land probably
reflects larger differences in treatment of the land among
the different models (e.g., number of vegetation types, treat-
ment of soil moisture, effective rooting depth, and inclusion
of carbon cycle).

[13] The role of water limitation can also be examined by
comparing the scaling over the tropical and extratropical land
areas, with the expectation that water supply constraints
might be less prominent in extratropical regions. In warm-
climate states, the scaling of precipitation with temperature
over the extratropical land (mean value, IpctCO;: 2.61%/°C
and 4xCO;: 2.77%/°C) is indeed greater than over tropical
land areas (mean value, IpctCO,: 1.00%/°C and 4xCO:
0.72%/°C). This is also generally the case for individual

4021

53



Chapter 2 Precipitation scaling with temperature in warm and cold climates:
An analysis of CMIP5 simulations

LIET AL.: CMIP5 PRECIPITATION: TEMPERATURE SCALING

Igm historical
€ Global 1 Global
E 200 4 100
>
> 504
© .
g 0
2
& -200] 0
s
T -400 501
a
8 _s001 -100 1
o
€ Tropical | Tropical
E o004 1004 TOP
_; 50 4 + Observations
g 0 i T o CCSM4
g 04 Jf GISS-E2-R
@ -200 | v IPSL-CM5A-LR
5 © MIROC-ESM
T -400 A 50 MPI-ESM-P
3 MRI-CGCM3
§ ~600 - -100
o
’E“ 200 4 Extratropical 100 { Extratropical
E
> T 50
] 0+
g —
2 04
S -200 -
s 1
S -50
5 —400
= d
S 600 -100
o
T T T T T T T T T T T
-5  -10 -5 0 -02 0 02 04 06 08 1

Temperature anomaly (°C)

Temperature anomaly (°C)

Figure 4. Comparison between climate reconstructions and model simulations over the land. The comparison is based on
the model grid cells where observations of both temperature and precipitation are available. The bars show the standard
deviation of the spatial values for both observations and model simulations. The historical observations are differences

between the 1979-2005 and 1941-1970 long-term means

from the GHCN precipitation data set [Peterson and Vose,

1997] and the HadCRUT4 temperature data set [Morice et al., 2012]. The paleoclimate reconstructions are from Harrison

et al. (submitted manuscript, 2013).

models (Table S2). However, the scaling between tempera-
ture and precipitation in the /gm experiment is greater
over tropical (3.67%/°C) than extratropical (2.87%/°C) land
areas (Table S2).

[14] Tropical areas that are wet in the preindustrial period,
as defined by the top decile of precipitation, get wetter in
warm-climate states and drier in cold-climate states
(Figure 3). This is true for both land and ocean regions.
The behavior of dry tropical regions, as defined by the lowest
decile of precipitation in the preindustrial control state, is less
coherent. Half of the models show these regions becoming
wetter in the 4xCO, simulation both over the land and over
the ocean. At the [gm experiment, most of the models show
these regions of the ocean getting wetter (five out of six
models), as expected, but the models show both wetting
(three models) and drying (three models) over the land.
Thus, the models show a robust response of wet environ-
ments to temperature changes, but the nature of the precipita-
tion changes in dry regions, particularly dry land regions, is
model dependent. These findings are not sensitive to the
definition of wet and dry regions: similar numbers of models
show wetting/drying, for example, when the regions are
defined using the top/bottom quartile of preindustrial precip-
itation. Extratropical areas that are wet in the preindustrial
period get wetter in warm climates and drier in cold climates
(Figure 3). However, this is also true for extratropical areas
that are dry in the preindustrial period. Thus, the “rich get
richer” syndrome is a characteristic of tropical climates but
has no parallel in the extratropics.

[15] Precipitation is highly seasonal over most of the
tropics, with summer (monsoon) rain and drier conditions
in winter. Summer precipitation (as indexed by MPWE)
increases while winter precipitation (as indexed by MPDR)
decreases over both the land and the ocean in warm-climate
states (Figure 3), leading to a significant increase in precipi-
tation seasonality. In a cold world (Figure 3), there are
precipitation decreases in both MPDR and MPWE; although
the changes are proportionally larger in MPDR, the absolute
changes are large in summer, and thus, these changes result
in an overall decrease in precipitation seasonality. Thus, the
change in tropical precipitation in both warm- and cold-
climate states is consistent with the rich get richer syndrome
and consistent with the idea [Chou et al., 2007] that changes
in precipitation are associated with strengthening (in warm-
climate states) and weakening (in cold-climate states) of the
monsoons. The Afro-Asian monsoon is weaker in the /gm
experiments (see also Braconnot et al., 2007), a feature
which is also shown by palacoenvironmental evidence
[Harrison and Bartlein, 2012].

4. Results: Comparison With Observations

[16] Paleoclimate reconstructions show generally colder and
drier conditions over the land at the LGM. The simulated
changes in temperature (at grid cells where there are
paleoclimate reconstructions) are colder than observed
(Figure 4). Nevertheless, the simulated change in precipitation
is systematically less than observed, both in the tropics and
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extratropics. Thus, the scaling between temperature and precip-
itation changes in the models appears to be somewhat weaker
than observed. However, the comparison for the historical pe-
riod (Figure 4) does not show a marked discrepancy between
the observed and simulated changes in precipitation scaling
with temperature. In the tropics, the models showing greater
warming over the land than the observations are also wetter,
and those that show cooler conditions are drier. In the
extratropics, most models show increased temperatures and
little or no change in precipitation, whereas the observations
show modest increases in both temperature and precipitation.
Given the failure to identify a systematic bias in the historical
simulations, it seems likely that differences between simulated
and observed changes at the LGM are within the range of
observational uncertainty.

5. Discussion and Conclusions

[17] Global precipitation increases with warming and
decreases with cooling. The relationship, as estimated here
from the individual models and simulations, varies between
1.5 and 3% per degree. This range is consistent with previous
model-based estimates of precipitation changes during the
20th century [Held and Soden, 2006], using future scenarios
[Allen and Ingram, 2002; Held and Soden, 2006], and based
on PMIP2 LGM experiments [Boos, 2012].

[18] There are consistent patterns in the nature of the scaling
of large-scale precipitation changes with temperature in warm-
and cold-climate states. Thus, the change in precipitation with
temperature is greater over the ocean than over the land in both
warm and cold climates. Similarly, over land areas, the change
in precipitation per degree temperature change is larger in the
extratropics than the tropics. Changes in tropical precipitation
are greatest in areas that are currently wet, resulting in
increased precipitation in warm-climate states and decreased
precipitation in cold-climate states. The seasonality of precip-
itation in the tropics also changes in a consistent way, with
increased seasonality in warm-climate states and decreased
seasonality in cold-climate states.

[19] At global and regional scales, the scaling of precipita-
tion change with temperature is consistently much less than
the 7% per degree change in atmospheric water vapor
predicted by the Clausius-Clapeyron relationship, but consis-
tent with the values expected taking into account energetic
constraints on evaporation (~1%—4% per degree for tempera-
tures in the range of 0°C—-30°C). The steeper scaling over the
ocean compared to the land, and over the extratropical land
compared to the generally more arid tropical land, suggests
that water limitations reduce modeled precipitation/tempera-
ture scaling by about a quarter.

[20] Both the spatial patterns and the scaling relationships
are broadly consistent with earlier analyses [see, e.g., Held
and Soden, 2006; Liu et al., 2009; Previdi, 2010; Boos,
2012]. The response of precipitation in 20th century simula-
tions is generally weaker than that shown by the observational
record [Allan and Soden, 2008]. The results presented here
show that the same applies to the response of precipitation dif-
ferences between /gm and present. However, evaluation using
historical observations suggests that differences between the
observed and simulated precipitation scaling do not exceed
the reconstruction uncertainty. Broadly speaking, the evalua-
tions suggest that models are able to capture the large-scale
constraints on precipitation scaling in a realistic way.

[21] The inclusion of paleosimulations in the CMIPS suite
of model experiments makes it possible to demonstrate the
robustness of simulated behavior across a wider range of cli-
mates. More importantly, it offers additional possibilities for
model evaluation. Our analyses show that the energetic con-
straints on evaporation (and water limitation over the land)
constrain the simulated changes in precipitation scaling with
temperature in a realistic way. While improvements in the
availability of paleoclimate reconstructions, and analysis of
precipitation scaling over a wider range of paleoclimates,
would be useful, these analyses demonstrate the utility of in-
clusion of paleoclimate simulations as CMIP5 experiments.
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Abstract. We analyse the spatial expression of seasonal
climates of the Mediterranean and northern Africa in
pre-industrial (piControl) and mid-Holocene (midHolocene,
6 yr BP) simulations from the fifth phase of the Coupled
Model Intercomparison Project (CMIPS5). Modern observa-
tions show four distinct precipitation regimes characterized
by differences in the seasonal distribution and total amount
of precipitation: an equatorial band characterized by a double
peak in rainfall, the monsoon zone characterized by summer
rainfall, the desert characterized by low seasonality and total
precipitation, and the Mediterranean zone characterized by
summer drought. Most models correctly simulate the posi-
tion of the Mediterranean and the equatorial climates in the
piControl simulations, but overestimate the extent of mon-
soon influence and underestimate the extent of desert. How-
ever, most models fail to reproduce the amount of precipita-
tion in each zone. Model biases in the simulated magnitude
of precipitation are unrelated to whether the models repro-
duce the correct spatial patterns of each regime. In the mid-
Holocene, the models simulate a reduction in winter rain-
fall in the equatorial zone, and a northward expansion of
the monsoon with a significant increase in summer and au-
tumn rainfall. Precipitation is slightly increased in the desert,
mainly in summer and autumn, with northward expansion of
the monsoon. Changes in the Mediterranean are small, al-
though there is an increase in spring precipitation consistent
with palaeo-observations of increased growing-season rain-
fall. Comparison with reconstructions shows most models
underestimate the mid-Holocene changes in annual precip-
itation, except in the equatorial zone. Biases in the piControl

have only a limited influence on midHolocene anomalies in
ocean—atmosphere models; carbon-cycle models show no re-
lationship between piControl bias and midHolocene anoma-
lies. Biases in the prediction of the midHolocene monsoon
expansion are unrelated to how well the models simulate
changes in Mediterranean climate.

1 Introduction

The Mediterranean area, including southern Europe and
northern Africa, is characterized today by a highly sea-
sonal climate with summer drought and a wet season be-
tween October and March (Mehta and Yang, 2008). The gen-
erally low precipitation and marked seasonality gives rise
to drought-adapted, sclerophyllous vegetation that is highly
susceptible to wildfire during the dry season (Moreira et al.,
2011). The Mediterranean region has experienced warming
and increased drought in recent years (Camuffo et al., 2010;
Hoerling et al., 2012; European Environment Agency, 2012)
and has been identified as highly vulnerable to future climate
changes (Giorgi, 2006). Model projections indicate large
increases in temperatures and a reduction in mean annual
precipitation (e.g. Meehl et al., 2007; Giorgi and Lionello,
2008; Nikulin et al., 2011), both of which would lead to
large changes in vegetation cover and exacerbate wildfires
(Amatulli et al., 2013). Given the high socio-economic costs
of such changes, it is important to assess the reliability of
model projections. Measures of how well the models sim-
ulate modern climate do not provide a measure of whether
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the simulation of climate changes is realistic. However, the
evaluation of model performance in the geologic past does
provide a way of making such an assessment (Braconnot et
al., 2012; Schmidt et al., 2014a).

The mid-Holocene (MH, 6000 yr BP) provides an opportu-
nity to examine climate-model performance in the Mediter-
ranean region. Palacoenvironmental evidence suggests that
the Mediterranean was wetter than today during the mid-
Holocene. Lake levels across the region were higher than
present (Kohfeld and Harrison, 2000; Magny et al., 2002;
Roberts et al., 2008), indicating a more positive balance
between precipitation and evaporation. Speleothem records
also indicate increased precipitation compared to present
(Roberts et al., 2011). The observed expansion of deciduous
trees (Prentice et al., 1996; Roberts et al., 2004; Carrion et
al., 2010) across the region indicates that there was a change
in rainfall seasonality with increased summer rainfall (Pren-
tice et al., 1996). The observed decrease of fires in lowland
areas, coupled with an increase in fires at higher elevations, is
consistent with more humid conditions — which would sup-
press fires in already forested lowland regions but allow them
to increase as forests expanded into higher elevation areas
(Vanniere et al., 2011). The changes in climate were spa-
tially complex (Roberts et al., 2011), but pollen-based cli-
mate reconstructions (e.g. Cheddadi et al., 1997; Davis et al.,
2003; Bartlein et al., 2011) show that most of the Mediter-
ranean region was characterized by a year-round decrease in
temperature and an increase in plant-available moisture.

Systematic comparisons with observations have shown
that global climate models are unable to reproduce the ob-
served MH patterns of rainfall changes in the Mediter-
ranean. In particular, they do not show a sufficiently large
increase in summer rainfall to explain the shift towards
deciduous vegetation. This was identified as a problem in
atmosphere-only simulations of the mid-Holocene made dur-
ing the first phase of the Palaeoclimate Modelling Intercom-
parison Project (PMIP1; see e.g. Masson et al., 1999; Guiot
etal., 1999; Bonfils et al., 2004). Coupled ocean—atmosphere
simulations made during PMIP2 were able to simulate the
types of climate changes seen in the Mediterranean, but
the geographic placement of these climate types, the spa-
tial extent and the magnitude of the changes were not well
captured (Brewer et al., 2007). In particular, the simulated
changes in precipitation are small and insufficient to explain
the observed expansion of deciduous forests in the region.

The Mediterranean climate involves a complex interac-
tion between different processes acting at several different
spatio-temporal scales (Xoplaki et al., 2003; Luterbacher et
al., 2006; CLIVAR, 2010; Lionello, 2012). However, inter-
annual variability in Mediterranean summer precipitation is
linked to variability in the strength of the Afro—Asian mon-
soon system (Rodwell and Hoskins, 2001; Raicich et al.,
2003; Gaetani et al., 2011). Analyses of climate model sim-
ulations of the present day suggest that Mediterranean sum-
mer precipitation is suppressed during years when the Afro—
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Asian monsoon system is strong. This results from intensi-
fication of the Hadley cell and enhanced subsidence in the
subtropics (i.e. strengthening of the Azores High), leading to
high pressure over the eastern Mediterranean which results
in decreased rainfall (Gaetani et al., 2011). However, when
monsoon intensification is accompanied by northward move-
ment of the intertropical convergence zone, as model simu-
lations indicate occurred in the mid-Holocene (Braconnot et
al., 2007a; Marzin and Braconnot, 2009), the Azores High
is also displaced northeastward and weakened (e.g. Harrison
et al., 1992). This has been shown to have a significant im-
pact on precipitation in eastern North America (Forman et
al., 1995; van Soelen et al., 2012) and could potentially lead
to increased summer rainfall in the Mediterranean region.

The PMIP2 simulations show a significant enhancement
and northward expansion of the African monsoon during
the mid-Holocene in response to changes in insolation forc-
ing (Braconnot et al., 2007a). However, comparisons with
pollen-based estimates of the change in mean annual precip-
itation (Joussaume et al., 1999; Bartlein et al., 2011) show
that the models underestimate the increase in precipitation
by between 20 and 50 % (Braconnot et al., 2007a, 2012).
Most models fail to produce a sufficient northward expan-
sion of the monsoon. This underestimation of monsoon ex-
pansion is also present in the CMIP5 (Coupled Model In-
tercomparison Project) MH simulations (see e.g. Harrison et
al.,2013). It is possible that this bias in the simulation of the
African monsoon is linked to the failure to simulate the MH
Mediterranean climate accurately, since larger shifts in the
position of the monsoon are produced by models incorporat-
ing land-surface feedbacks and/or with higher spatial resolu-
tion (Levis et al., 2004; Wohlfahrt et al., 2004; Bosmans et
al.,2012).

MH model simulations, made with the same models
that are used for future projections, have been made as
part of the fifth phase of the CMIP5 (Taylor et al., 2012)
and are being analysed as part of the third phase of the
Palaeoclimate Modelling Intercomparison Project (PMIP3;
Bracconnot et al., 2012).

Kelley et al. (2012) have shown that the simulation of the
seasonal cycle of precipitation in the Mediterranean region
under modern conditions is reasonable, although as in ear-
lier versions of the models the amplitude of the cycle is more
muted than observed with too little rain in winter and too
much rain in summer (Brands et al., 2013). However, eval-
uation of CMIP5 model performance against modern obser-
vations suggests that some aspects of the simulation of the
Afro—Asian monsoons (see e.g. Monerie et al.,2012; Roehrig
et al., 2013; Sperber et al., 2013) are improved compared to
earlier versions of the models, although preliminary assess-
ments of the CMIP5 model indicate that improvements in
the modern simulations do not translate into improvements
in the simulation of the MH monsoon climate (Harrison et
al., 2013), and thus, given the dynamic links between the
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monsoon and Mediterranean precipitation, in MH Mediter-
ranean climate changes.

In this study, we examine the performance of the CMIP5
models for modern and MH climates, and compare the sim-
ulated climates with modern and palaco-observations. This
allows us to assess whether biases in the control simulations
influence the MH simulations and to investigate whether re-
gional biases in the simulation of MH monsoon changes
influence model performance in the Mediterranean.

2 Methods

We present analyses of the pre-industrial (piControl) and MH
(midHolocene) made by 12 coupled ocean—atmosphere mod-
els from the fifth phase of the CMIPS5. In order to investigate
whether biases in the control simulation influence the real-
ism of the midHolocene climates, we first evaluate the pi-
Control simulation. We use modern observations from the
CRU TS3.1 data set, in the absence of climate reconstruc-
tions from northern African for the piControl interval. The
piControl simulation is driven by boundary conditions ap-
propriate for 1850 AD, but comparisons with a subset of tran-
sient historical simulations show that the spatial patterns and
magnitudes of seasonal climates are very similar. In order
to evaluate whether models capture the spatial expression
of specific seasonal patterns, we define a number of climate
types using the modern observations and apply these defini-
tions to delimit these climate types in the piControl and mid-
Holocene simulations. We evaluate the midHolocene simula-
tions using quantitative climate reconstructions derived from
pollen records. Although there are many kinds of palaeo-
records that indicate that northern Africa and the circum-
Mediterranean region were wetter during the mid-Holocene,
including e.g. lake-level and archaeological records, these
other sources of information do not provide quantitative es-
timates of the change in precipitation. Comparisons of simu-
lated and observed climates are based on the simulated pre-
cipitation both within climate zones and within geographic
zones.

2.1 Data sources: CMIPS5 simulations

We examine precipitation changes between a mid-Holocene
(midHolocene, 6000 yr BP) equilibrium simulation and a
control simulation representing pre-industrial conditions (pi-
Control) using 12 models from the fifth phase of the CMIP5.
Both the midHolocene and piControl are equilibrium simu-
lations. We use the midHolocene and piControl simulations
in the CMIP5 (http://cmip-pcmdi.llnl.gov/cmip5/dataportal.
html) archive as of 15 August 2012 (Table 1). Seven of these
simulations are made with ocean—atmosphere (OA) models,
and the other 5 models include an interactive carbon cycle
(OAC). The piControl simulation has boundary conditions
(insolation, greenhouse gas concentrations) appropriate for
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1850 CE (common era). The midHolocene experiment shows
the response to changes in the seasonal and latitudinal dis-
tribution in insolation 6000 yr ago; greenhouse gas concen-
trations are set at piControl levels (for details of the exper-
imental protocol see Taylor et al., 2012, and Braconnot et
al., 2012). To assess whether the piControl state differs from
recent observed climates, we used outputs from a histori-
cal simulation (historical: 1850-2005 CE) available for six
of the models. The historical simulation is forced by time-
varying changes in solar, volcanic, and greenhouse gases
(Taylor et al., 2012; Braconnot et al., 2012).

The output from each model was interpolated to a common
grid (0.5°) using bilinear interpolation to facilitate compar-
isons and the calculation of zonal averages. Long-term mean
monthly, seasonal, and annual precipitation values were ob-
tained by averaging the last 100 yr of the piControl and mid-
Holocene simulations, except in the case of HADGEM2-
CC where only 35 yr of midHolocene simulated outputs are
available. Long-term means of the six historical simulations
were obtained by averaging the last 30 yr of each simulation.
All averages were areally weighted (by the area of the model
grid cells).

2.2 Data sources: modern and mid-Holocene climate
data

Observations of the modern climate are taken from the
CRU TS3.1 data set (Harris et al., 2014), which provides
monthly precipitation values on a 0.5° grid for the inter-
val 1850-2006. We have created a monthly precipitation cli-
matology using data from January 1961 through to Decem-
ber 1990. Zonal averages are constructed by areally weight-
ing the gridded values.

Bartlein et al. (2011) provide quantitative reconstructions
of mean annual precipitation (MAP), expressed as anomalies
from the present, from pollen and plant macrofossil records.
The original site-based reconstructions were averaged to pro-
vide gridded values on a 2° x 2° grid, and differences be-
tween the site reconstructions within each grid were used
to provide an estimate of reconstruction uncertainty (as a
pooled estimate of the standard error). The data set provides
mid-Holocene estimates of MAP anomalies for 62 cells (out
of a possible 397 cells) within the area of interest (latitude:
0—45° N, longitude: 20° W-30° E).

2.3 Definition of climate regions

Precipitation regimes can be characterized by a combination
of the form of the seasonal cycle, seasonal concentration, and
magnitude. We determined these characteristics of modern
precipitation (using the CRU TS3.1 data set) for zonally aver-
aged 5° latitude bands between 0 and 45° N. The seasonal cy-
cle of precipitation in each 5° latitude band was characterized
according to the number of distinct rainfall peaks present in
the 12 month precipitation climatology, using the R package
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Table 1. Characteristics of the CMIP5 models used in these analyses.

A. Perez-Sanz et al.: Evaluation of modern and mid-Holocene seasonal precipitation of the Mediterranean

Model name Type Resolution Year length Simulations Reference
(number of grid cells:
latitude, longitude)
Atmosphere  Ocean Sea ice midHolocene  piControl  historical
BCC-CSM1-1 OAC 64,128 232,360 232,360 365 X X Wuet al. (2013)
CCSM4 OA 192,288 320,384 320,384 365 X X X Gent et al. (2011)
CNRM-CM5 OA 128,256 292,362 292,362 365-366 X X Voldoire et al. (2013)
CSIRO-Mk3-6-0 OA 96,192 189,192 96,192 365 X X Rotstayn et al. (2010)
CSIRO-Mk3L-1-2  OA 56, 64 128,225 56,64 365 X X Phipps et al. (2011)
GISS-E2-R OA 90, 144 90,144 90,144 365 X X X Schmidt et al. (2014b)
HadGEM2-CC OAC 145,192 216,360 216,360 360 X X Collins et al. (2011)
HadGEM2-ES OAC 145,192 216,360 216,360 360 X X Collins et al. (2011)
IPSL-CM5A-LR OAC 96,96 149,182 149,182 365 X X X Dufresne et al. (2013)
MIROC-ESM OAC 64,128 192,256 192,256 365 X X X Watanabe et al. (2011)
MPI-ESM-P OA 96,192 220,256 220,256  365-366 X X X Raddatz et al. (2007)
MRI-CGCM3 OA 160, 320 360,368 360,368 365 X X X Yukimoto et al. (2011)

“pastecs” to determine whether there was a significant “pit”
or “peak” in any month. A pit or peak is considered signifi-
cant if the probability of turning points occurring in a random
series is < 0.05, given by

(P(t)=2/n(t — Di(n — 1Y

where n is the number of observations at time ¢ (Ibanez,
1982).

We calculated the total precipitation in each season
(spring: March, April, May; summer: June, July, August;
autumn: September, October, November; winter: December,
January, February) and for the whole year. A measure of
seasonal concentration was calculated following Kelley et
al. (2013), where the magnitude of precipitation in each
month is represented by the length of a vector in the com-
plex plane and the direction of the vector represents the tim-
ing (with January set to 0°). The length of the mean vector
divided by the annual precipitation provides an index of sea-
sonal concentration (C), where C is 1 when the precipitation
is concentrated in a single month and 0 when it is evenly dis-
tributed throughout the year.

We applied these definitions to determine the position
of different precipitation regimes in the piControl and mid-
Holocene simulations. Comparison of the observed limits
and those identified in the piControl allows us to examine
(a) whether the models produce these distinctive precipita-
tion regimes and (b) how well they simulate their placement
independently of whether they simulate the correct magni-
tude of precipitation. Comparison of the piControl and mid-
Holocene limits allows us to characterize shifts in precipita-
tion regimes, again, independent of changes in precipitation
magnitude.

24 Analyses of the model simulations

We evaluate model performance for the piControl simulation
in two steps. First we examine whether the models reproduce
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the spatial extent of different precipitation regimes, and then
we examine whether they reproduce the magnitude of total
annual and of seasonal precipitation. Long-term means for
the period 1961-1990 from the CRU TS3.1 data set (Harris
et al., 2014) are compared with long-term averages for the
last 100 yr of the piControl. The standard deviation (SD) of
the observations provides a measure of the significance of the
difference between observations and simulations. We exam-
ine the differences between simulated and observed climate
for the latitude band corresponding to a given precipitation
regime in the observations. We also compare the differences
in the amount of precipitation for the geographic region iden-
tified as falling within a specific precipitation regime in each
model, which may be less/more extensive than the region
identified in the observations.

We also examine the change in precipitation in the mid-
Holocene in two steps. First we identify the spatial extent
of each precipitation regime in the midHolocene simulations
and compare this with the spatial extent shown in the piCon-
trol simulation of the same model. This allows us to identify
whether there have been shifts in the precipitation regimes.
We then examine the magnitude of the precipitation change
in the latitude band characterized by a specific regime in
both the piControl and the midHolocene simulations for each
model. This allows us to identify whether there has been a
change in precipitation in situ. We use the standard devia-
tion of the piControl simulation for each model to determine
whether the change between midHolocene and piControl is
significant.

We examine whether the biases in simulated precipita-
tion (both the bias in spatial extent of a given precipitation
regime and the bias in the magnitude of the simulated precip-
itation) influence the simulated change in precipitation be-
tween piControl and midHolocene. The bias and anomaly
values have been obtained firstly for discrete geographical
zones (the zones characterized by different rainfall regimes
today, as defined from the CRU data set) and secondly for
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the model-defined regions of these different rainfall regimes
(e.g. the region where the simulated rainfall is of the mon-
soon type). We use linear regression to examine the relation-
ship between precipitation biases and anomalies for all mod-
els, and for the OA and OAC classes of models.

The realism of the simulated change in precipitation (mid-
Holocene — piControl) is assessed by comparing with re-
constructions of mean annual precipitation (MAP) from the
Bartlein et al. (2011) data set. Comparisons are made by av-
eraging the simulated precipitation for the grid cells where
there are observations within each 5° latitude band. There
are sufficient data in most of the 5° latitude bands to make
robust comparisons.

3 Results
3.1 Modern observed climate

The modern climate of the region can be divided into four
distinct latitudinal zones, differentiated by marked differ-
ences in the seasonal distribution and amount of rainfall
(Fig. 1). In the south, the equatorial band is characterized
by high rainfall (~ 1800 mm) throughout the year (Fig. 2)
but with peaks in precipitation in spring (~460mm) and
autumn (~ 600 mm) and less rainfall in summer. This pat-
tern reflects the seasonal migration north and south of the
intertropical convergence zone. The “double-peak” rainfall
pattern (hereafter DP) occurs between 0 and 5° N. The re-
gion further north (5-20°N) is characterized by summer
monsoonal rainfall and dry winters. The amount of rainfall
declines progressively from ca. 650 mm in summer (June,
July, August) in the south to less than 100 mm in the north.
The desert area (20-30° N) is characterized by low rainfall
(< 100 mmyr~!). There is no pronounced seasonal differ-
entiation of rainfall in the desert, although southern regions
tend to have slightly more rain in summer than winter and
northern regions slightly more rainfall in winter than sum-
mer. The Mediterranean zone (30-45° N) is characterized by
higher rainfall, increasing from 200 mmyr~! in the south
band to 780 mmyr~! in the north. The rainfall is concen-
trated in the winter half-year, with a pronounced summer
drought.

3.2 piControl simulations

These four rainfall regimes can generally be identified in the
piControl simulations, although two of the models (CNRM-
CMS5, MRI-CGCM3) fail to reproduce the DP pattern in the
equatorial zone. However, several models represent the spa-
tial extent of the regimes poorly. Thus 5 out of the 12 mod-
els show monsoon penetration further north than observed
(Fig. 3a). Most models place the northern limit of the desert
correctly, but two models (CSIRO-Mk3L-1-2, IPSL-CM5A-
LR) show the area of low rainfall and low rainfall seasonality
extending further north than observed.
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Fig. 1. Observed seasonal cycle of precipitation in each of the de-
fined climate zones, using the CRU T3.1 data set (Harris et al.,
2014). The mean precipitation each month (mm) is shown by the
black line, with the standard deviation shown by the bars. The grey
shading shows the maximum and minimum rainfall experienced
within the observation period (1961-1990). Note that the scale
for the desert region differs from that used for the other regions.
Months are numbered consecutively from January (1) through to
December (12).

Since there are no reconstructions of pre-industrial cli-
mate, we evaluate how well the models reproduce the mag-
nitude of seasonal precipitation within each precipitation
regime by comparing to observations for the period 1961-
1990. Comparison of the piControl and historical simula-
tions (Fig. S1, Supplement), for the six models where both
runs are available, shows that differences in the simulated
patterns and amount of precipitation between the two sim-
ulations are small. Differences between the two simulations
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Fig. 2. Observed and simulated modern and palaeoprecipitation patterns. The total summer and winter precipitation from the CRU T3.1 data
set (Harris et al., 2014) are compared to ensemble averages of the piControl outputs of the 12 CMIP5 models. The simulated change in
precipitation between the mid-Holocene and piControl simulations (midHolocene-piControl) is shown based on the ensemble average of the
midHolocene outputs of the 12 CMIP5 models. The observed anomalies in mean annual precipitation (MAP) between the mid-Holocene and
the present day are average values for 2 ° x 2° grids from the Bartlein et al. (2011) data set.
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Fig. 3. The location of the four precipitation zones in the CMIPS5 | piControl simulations compared to the limits defined using the CRU TS3.1
data set (Harris et al., 2014). The precipitation regime was characterized using zonally averaged long-term means for 5° latitude bands. The
location of the four precipitation zones in the CMIP5 midHolocene simulations compared to the limits defined using the CRU TS3.1 data set
(Harris et al., 2014). The precipitation regime was characterized using zonally averaged long-term means for 5° latitude bands.
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Fig. 4. Comparison of simulated and observed mean annual and mean seasonal precipitation (mm) for each of the defined precipitation
regimes (Mediterranean, desert, monsoon, double peak). The simulated precipitation (mean and standard deviation) is shown for both the
climate zone as defined by the observations (solid line) and as defined in the piControl simulation itself (dotted line). The difference between
these two lines for each model provides a measure of the degree to which incorrect placement of a given climate affects the zonal means. The

grey bars represent one standard deviation of the mean annual and
as spring, summer, autumn and winter (as in Sect. 3.1).

are generally much smaller than the difference between the
simulated and observed climate.

Comparison of the piControl with modern observations
shows that most models fail to reproduce the magnitude of
the precipitation (Fig. 4). Only two models (CSIRO-Mk3L-
1-2, MPI-ESM-P) correctly reproduce the amount of rainfall
in the DP band, while six models overestimate the rainfall
by between 350 and 790 mmyr~!. Although some models
overestimate the amount of precipitation in every season, the
positive biases are largest in spring (75-290 mm), autumn
(90-325mm) and winter (50-290 mm). Only two models
(GISS-E2-R, CNRM-CMS5) simulate the correct magnitude
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mean seasonal precipitation from observations. The seasons are defined

of mean annual precipitation in the monsoon zone. Seven
models underestimate, and three models overestimate, the
mean annual rainfall in the monsoon zone. The bias ranges
from 280 mm less than observed to 270 mm more than ob-
served. Models that underestimate the total amount of rain-
fall in the monsoon zone (e.g. BBC-CSM1.1, CSIRO-Mk3L-
1-2, HadGEM2-CC, HadGEM2-ES, IPSL-CM5A-LR, MPI-
ESM-P and MRI-CGCM3) do so because of simulating too
little precipitation in summer and autumn, i.e. because the
simulation of the monsoon is too weak. However, models that
overestimate the total precipitation in this zone (e.g. CCSM4,
CNRM-CMS5, CSIRO-Mk3-6 and MIROC-ESM) generally
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overestimate the rainfall in all seasons of the year. Seven
models simulate too much precipitation in the desert zone
(10=55 mm yr~ 1), with too much rainfall in spring, summer
and autumn. Given that the desert zone is by definition con-
fined to regions with < 100 mm precipitation, the overesti-
mation of rainfall in this zone is large. Four models under-
estimate the Mediterranean precipitation (by between 35 and
90 mm yrfl), because of underestimation of the autumn and
winter rainfall, although they overestimate the summer rain-
fall. However, the IPSL-CM5A-LR and GISS-E2-R models
overestimate total precipitation in this region: GISS produces
too much rainfall in spring (45 mm), summer (100 mm) and
autumn (60 mm), while IPSL-CMS5A-LR simulates too much
rainfall (130 mm) in summer only. Comparison of results
from models that correctly simulate the location of each
regime (compared to the observations) and those in which
the area characterized by a given regime is too extensive or
too small show that the biases in simulated precipitation are
not related to whether models reproduce the spatial location
of each regime correctly.

3.3 Mid-Holocene simulation

The location of the DP regime does not change between
the piControl and midHolocene simulations of most (9) of
the models (Fig. 3b). The two models (CNRM-CMS5, MRI-
CGCM3) that failed to simulate a DP pattern in the equatorial
zone in the piControl nevertheless simulate this pattern in the
midHolocene experiment. However, in the [IPSL-CMSA-LR
midHolocene simulation, the precipitation in the equatorial
zone is more monsoon-like than in the model’s piControl
simulation. Most of the models (6) show no change in the
northern limit of the monsoon; four models (CCSM4, IPSL-
CMS5A-LR, MRI-CGCM3, CNRM-CMS5) show a northward
displacement of the northern limit of the monsoon, while
two models (BCC-CSM1.1, MRI-CGCM3) show a south-
ward displacement of the northern limit of the monsoon as
a result of southward expansion of the desert regime. Only
two models (BBC-CSM1.1, MRI-CGCM3) show a north-
ward displacement of the northern limit of the desert zone.
Thus, in most of the midHolocene simulations, the desert
regime occupies either a similar (5 models) or a slightly
contracted area (4 models) compared to the piControl. Only
one model (GISS-E2-R) shows a southward expansion of the
Mediterranean precipitation regime; otherwise, this zone oc-
cupies the same position as in the piControl simulations.

We necessarily confine our comparisons of the magnitude
of changes within each precipitation regime to those mod-
els that simulate a given regime in both the piControl and
midHolocene simulations. The changes in the DP regime are
not consistent and in general do not exceed the variability
shown by the piControl. Only two models (CSIRO-Mk3-6-
0, MIROC-ESM) show a significant reduction in precipita-
tion (of 200 and 250 mm, respectively) in the midHolocene
compared to the piControl (Fig. 5; Table 2). In the case of
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the CSIRO-Mk3-6-0 model, this is the result of a large de-
crease in autumn precipitation but in the case of the MIROC-
ESM the decrease is concentrated in the spring. The mon-
soon zone is characterized by a significant increase in pre-
cipitation, except in the case of the CSIRO-Mk3-6-0 model.
The anomalies range from +50 to 4200 mm yr~', reflecting
large increases in summer (15-140 mm) and autumn (20—
250 mm) rainfall. Changes in winter and spring precipita-
tion in winter and spring are not significant. Most models
show an increase in mean annual precipitation in the desert
regime (5-35mm) as a result of increased summer and au-
tumn rainfall, but the change only exceeds piControl variabil-
ity in three cases (CCSM4, GISS-E2-R and MIROC-ESM).
Most of the models (11) show an increase in mean annual
precipitation (1075 mm) in the Mediterranean regime, al-
though this increase only exceeds the piControl variability in
the case of the GISS-E2-R model. The simulated increase in
mean annual precipitation in the GISS-E2-R model results
from an increase in spring, summer and autumn and a negli-
gible change in winter. All of the models show an increase
in spring precipitation, and two models (IPSL-CM5A-LR,
HADGEM2-CC) show an increase in summer rainfall ac-
companied by either a small increase or no change in winter.

3.4 Comparison of midHolocene simulations and
mid-Holocene observations

Reconstructions of the change in mean annual precipitation
in the mid-Holocene (Fig. 6) show somewhat drier condi-
tions (ca. 40 mm yr_l) in the equatorial zone (0-5° N), an
increase in precipitation of between 300 and 400 mm yr~!
between 10 and 30° N, and an increase of between 100 and
150 mm yr‘l in the Mediterranean (35-45° N). The simu-
lated changes lie within the observed range between 0 and
5° N, with only three of the models lying outside the 25-75 %
range. Several models simulate changes within the range
of the observed increase in precipitation between 10 and
15°N (e.g. MRI-CGCM3, HADGEM2-CC, HADGEM2-
ES, MIROC-ESM, IPSL-CM5a_LR and CCSM4). However,
none of the models simulate the observed increase in pre-
cipitation (mean of ca. 390 mmyr~!) between 15 and 30° N
or indeed simulate changes within the range of the ob-
servations (Fig. 6). This is true even in the southernmost
zone (15-20° N), although in this zone some of the models
(e.g. MIROC-ESM) simulate a change of ca. 50 % of the ob-
served mean change in precipitation. Models underestimate
the reconstructed change in precipitation in the Mediter-
ranean zone (35-45° N), although most models lie within the
extremes of the observational range. The highest simulated
change in precipitation is ca. 50 mm yr~—! (GISS-E2-R) com-
pared to the reconstructed mean change of between 100 and

150 mmyr~!.
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Fig. 5. Simulated changes in total and seasonal precipitation in the midHolocene compared to the piControl for each of the four precipitation
regimes (Mediterranean, desert, monsoon, double peak) for the region that is common between the two sets of simulations. The standard de-
viation of precipitation in the piControl control simulation of each model is shown (grey bars) to provide a visual measure of the significance
of the simulated change in precipitation. The seasons are defined as spring, summer, autumn and winter (as in Sect. 3.1).

3.5 Comparison between bias and anomaly

Comparison of the piControl bias and midHolocene anomaly
suggests that model performance in the control simulations
directly affects model performance in the midHolocene sim-
ulations in the DP, desert and Mediterranean regions (Fig. 7).
In the DP region, there is a significant negative significant
correlation (Fig. 7, all models, black line: slope=—0.23,
R?>=0.74, p=0.0) between the bias and the anomaly: mod-
els that overestimate precipitation in the piControl show the
largest reductions in precipitation in the midHolocene sim-
ulations (e.g. BCC-CSM1.1, CSIRO-Mk3-6-0 and MIROC-
ESM). The overall relationship is driven by the OAC simu-
lations (red line: RZ=0.88, p =0.02); the slope for the OA
models is not significant (blue line; R%2=037, p=0.2). In-
deed, as examination of these relationships in model-defined
DP regions shows, the negative relationship shown by the
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OA models in the 0-5° N is driven by the two models that
simulate monsoon-like regimes in this zone in the piControl.
There is no relationship between the piControl bias
and the midHolocene anomaly in the monsoon zone
(Fig. 7), whether this is defined geographically (slope =0.00,
R?>=00, p=098) or using the model-based regimes
(slope=0.08, R>=0.05, p=0.49). Thus, the ability to sim-
ulate the correct magnitude of modern precipitation appears
to have no influence on the magnitude of the response of
the monsoon to changed forcing. However, the OA and OAC
models appear to show opposite tendencies: the OA models
show a weakly positive relationship between the bias and the
anomaly (models that simulate less rainfall than observed in
the piControl produce smaller MH anomalies) whereas the
OAC models show a (very) weakly negative relationship.
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Table 2. Summary of area-averaged climate anomalies (midHolocene minus piControl) for individual models for individual seasons and
for mean annual precipitation. Bold font indicates values that are significantly different from the interannual variability of the modern
observations. The seasons are spring, summer, autumn, and winter (as in Sect. 3.1).

Season BCC- CCSM4 CNRM- CSIRO-  CSIRO- GISS- HadGEM2- HadGEM2- IPSL- MIROC-  MPL- MRI-
anomaly CSMI1.1 CM5 Mk3-6-0 Mk3L-1-2  E2R cc ES CM5A-LR ESM ESM-P CGCM3
Mediterranean
Annual 15.0 244 326 212 84 757 309 9.2 40.1 30.8 14.3 154
Spring 139 37 16.1 13.0 42 284 145 13.0 222 11.6 17.6 104
Summer —4.3 2.7 4.7 —10.7 —24 20.5 40.6 —8.8 140 0.8 35 —2.8
Autumn —0.4 10.5 140 -21.6 66 203 -409 2.9 8.0 60 -39 -59
Winter 5.8 74 -23 -19 0.0 6.5 16.7 2.1 —4.1 124 29 13.8
Desert
Annual 7.7 295 32.7 —185 4.6 2238 45 44 6.8 26.1 14.3 7.7
Spring 0.1 0.6 3.6 0.8 13 106 0.6 2.1 18 42 2.1 0.1
Summer 0.8 143 9.6 74 32 7.7 34 42 2.8 123 6.7 0.8
Autumn 2.8 139 185 —115 0.9 39 2.1 -13 23 10.1 5.1 2.8
Winter 4.1 0.6 1.0 —-0.5 —-0.8 0.7 —-1.7 —0.5 —0.1 —-04 04 4.1
Monsoon
Annual 474 148.6 155.8 —535 472  116.1 207.6 2104 2024 182.1 2199 885
Spring 112 -26 74 26 -27  -15 -39.1 193 6.0 —-19.7 175 -19
Summer 33.6 804 97.2 —20.3 215 91.6 154 122.8 110.0 1424 1328 68.3
Autumn 298 76.6 78.7 —283 329 414 233.6 725 89.6 722 70.2 23.7
Winter —4.7 -59 —-12.6 —-23 —4.5 -94 —-22 —4.3 -3.2 —12.7 —-0.7 —15
DP
Annual —76.7 —133 - —208.8 —364 28 123.0 142.0 - —2444 143 -
Spring —413 0.5 - —12.7 -06 —562 -100.9 -1 - -872  -320 -
Summer 1.1 438 - —68.1 339 87.1 —-1.8 8.6 - 293 38.7 -
Autumn 29.1 53.1 - —106.8 63.2 710 1549 168.9 - -9.6 55.6 -
Winter —655 —-1107 - —21.1 —-1329 -99.1 70.7 -339 - —176.9 —48.1 -
There is a significant positive correlation between the pi-
BCC-CsM1.1 . . .
40-45 %"-’Dj """" f cosme Control bias and midHolocene anomaly in the desert re-
35-40 ,.I:I:H CaIROMia1-2 gion (Fig. 7). This is true whether the region is defined
GISS-E2-R . .
HadGEMz-00 geographically (slope=0.32, R>=0.58, p=0.01) or using
_ %% l:[g o PSLCMSA-LR the model-defined desert regimes (slope=0.32, R?>=0.48,
z . .
£ 25-30 mo I:D it p=0.02). Models that produce a reasonable simulation of
§ 20-05 e o |:|:| ,,,,,,,,, | modern rainfall in this region fail to produce a significant en-
3 hancement in the midHolocene simulation (CSIRO-Mk3L-
§ 15207 wee b [ M 1-2, HadGEM2-CC, IPSL-CM5A-LR) whereas models that
10-15 . )III:} """" f are too wet in the piControl produce large changes in the mid-
5104 e e |:|:| Holocene (CCSM4, GISS-E2-R and MIROC-ESM). How-
ever, these relationships are driven by the OA simulations;
057 EC} """""""""""" { the OAC simulations do not show any significant relationship
f T T * between the piControl bias and the midHolocene anomaly.

-200 0 200 400

AMAP (midHolocene - piControl) (mm)

600

Fig. 6. Comparison of simulated and reconstructed changes in mean
annual precipitation in the mid-Holocene for 5° latitude bands be-
tween 0 and 45° N. The reconstructions are from the Bartlein et
al. (2011) data set. The mean, 25-75 % range and full range of the
reconstructions are shown (for those latitude bands with sufficient
data points). The model results are averages for the grid cells with
observations.
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There is also a significant positive correlation between bias
and anomaly in the Mediterranean region (Fig. 7), whether
the region is defined geographically (slope =0.14, R?>=0.58,
p=0.01) or using the model-defined regimes (slope =0.15,
R?=0.48, p=0.02). Models that underestimate precipitation
in this zone in the piControl show only small increases in the
midHolocene (BCC-CSM1.1, CCSM4 and MPI-ESM) while
models with positive bias (GISS-E2-R and IPSL-CM5A-LR)
produce larger changes in precipitation. However, the rela-
tionship for the OAC simulations is again non-significant.
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Fig. 7. Relationship between biases in the piControl simulation of mean annual precipitation (mm) and mid-Holocene precipitation anomalies
(midHolocene — piControl) as simulated by each of the CMIP5 models for each of the precipitation regimes (Double Peak, Monsoon,
Desert, Mediterranean). The upper panels show biases and anomalies calculated for specific latitudinal bands as defined from the modern
observed spatial extent of each regime (geographic region). The lower panels show biases and anomalies calculated for the region identified
as characterized by a given regime in each model and simulation (model specific region). The regressions are calculated for all models (All:
black), for the coupled ocean—atmosphere models (OA: blue) and for the carbon-cycle models (OAC: red).

Even in those regions where there are significant relation-
ships between piControl bias and the midHolocene anomaly,
the R? value ranges from 0.48 to 0.75. Thus, the bias in the
piControl is not the only factor that determines whether the
simulated magnitude of the MH climate change is correct.
Furthermore, biases in the piControl appear to have less (or
no) influence on the simulated midHolocene anomaly in the
OAC simulations, except in the DP zone.

4 Discussion

Our analyses suggest that the CMIP5 models fail to repro-
duce key aspects of both the modern and MH climate of
the northern Africa and Mediterranean region. Although the
models generally reproduce the four characteristic seasonal
patterns of precipitation, they do not always simulate these
patterns in the correct place. They also tend to underestimate
the magnitude of seasonal changes in precipitation. For ex-
ample, they underestimate the amount of winter rainfall and
overestimate the summer rainfall in the Mediterranean re-
gion. This is consistent with previous analyses of Mediter-
ranean climates in both the CMIP3 (Giorgi and Lionello,
2008) and CMIP5 (Kelley et al., 2012) simulations. The
models overestimate the precipitation in the DP zone, again
a feature identified from previous analyses (Roehrig et al.,
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2013). Previous analyses of the CMIP5 models (e.g. Roehrig
et al., 2013; Brands et al., 2013) have suggested that there
is a tendency for models to underestimate precipitation in
the Sahel zone. While our analyses confirm this, with 8 out
of 12 models showing less summer precipitation than ob-
served, some of the models (e.g. CSIRO-Mk3L-1-2, BCC-
CSM1.1) show a distinct improvement when the compari-
son is made between regions defined by precipitation regimes
rather than geographically (Fig. 4). Furthermore, the tempo-
ral interval used for comparison also plays a role: MIROC-
ESM, for example, simulates summer precipitation correctly
but annual rainfall is too large because the simulated mon-
soon season is too long. Our evaluations are based on the
assumption that the difference in climate between the piCon-
trol (1850 AD) and the 1961-1990 modern climatology is
small. Comparisons of the piControl and historical simula-
tions (Fig. S1, Supplement) for a sub-set of the models ap-
pear to support this assumption: the differences between the
simulations are smaller than the difference between the sim-
ulated and observed climates. There is no synthesis of data
for the pre-industrial era from northern Africa, but data from
the Mediterranean region does not suggest substantial differ-
ences (e.g. Davis et al., 2003).

The models produce a northward shift and amplification
of monsoon precipitation in the MH in response to insola-
tion forcing. While the broad-scale patterns of change are
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Fig. 8. Comparison of simulated and observed summer and win-
ter precipitation in each of the four precipitation regimes (Mediter-
ranean, Desert, Monsoon, Double Peak). The observations (black)
are the average for the period 1961-1990 from the CRU T3.1 data
set (Harris et al., 2014). The simulated mean and standard deviation
of precipitation from the CMIP5 models (blue) is based on the last
100 yr of the piControl. These simulations can be compared with re-
sults from coupled ocean—atmosphere simulations made during the
second phase of the PMIP2 (Braconnot et al., 2012; shown in red).
The PMIP2 results are the mean and standard deviation based on the
last 100 yr of a piControl, except in three cases where only 50 yr of
data were available. Model results are calculated for each precipita-
tion regime based on the observed geographic extent characterized
by these regimes, as defined using the CRU TS3.1 data set. Summer
and winter as defined in Sect. 3.1.
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consistent with the observations, the magnitude of these
changes is significantly underestimated (Fig. 6). The fail-
ure to simulate a sufficiently large expansion of the African
monsoon has been a major criticism of previous genera-
tions of climate models (Joussaume et al., 1999; Coe and
Harrison, 2002; Braconnot et al., 2007a, 2012; Brayshaw et
al., 2011; Zhao and Harrison, 2011). Comparisons between
CMIPS and PMIP2 models (Fig. 8) show that the two en-
sembles are indistinguishable in terms of simulated changes
over this study region. Global comparisons of these two sets
of simulations (e.g. Harrison et al., 2013) appear to con-
firm that the CMIP5 models are no better at simulating cli-
mate changes than previous generations of models. It was
originally suggested that the underestimation of monsoon
expansion reflected the failure to include feedbacks associ-
ated with climate-induced changes in land-surface character-
istics, including wetter and more organic soils, the replace-
ment of desert by grassland and shrubland, and the expan-
sion of lakes and wetlands. Indeed, simulations in which the
impacts of changes in land-surface characteristics were pre-
scribed through changing albedo produced much larger mon-
soons (Street-Perrott et al., 1990; Kutzbach et al., 1996; Coe
and Bonan, 1997; Brostrom et al., 1998). However, this effect
is not as pronounced in asynchronously-coupled climate—
vegetation simulations (Claussen and Gaylor, 1997; Texier
et al., 1997; Braconnot et al., 1999), models with dynamic
vegetation from PMIP2 (Braconnot et al., 2012), or indeed
coupled carbon—climate models in CMIP5 (Harrison et al.,
2013). In general, these models produce a strengthening of
the monsoon in situ and only a minor northward expansion of
the zone of monsoon rainfall. If we assume that the coupled
models are behaving reasonably, this shows that the changes
to the energy budget produced by the prescribed changes in
albedo are compensated by changes in the partitioning be-
tween latent and sensible heating through increased evapo-
transpiration. This implies that some other mechanism, for
example associated with changes in circulation, is required
to produce the observed expansion of rainfall in the Sahara.
Our MH model evaluation is based on pollen-based re-
constructions of mean annual precipitation. Although the in-
crease in monsoon precipitation is large (300-400 mm be-
tween 5 and 30° N) and spatially coherent, there are some
zonal bands where the number of reconstructions is limited
(see Fig. 6). However, other sources of palaeoenvironmen-
tal data, including vegetation (Hoelzmann et al., 1998; Pren-
tice and Jolly, 2000; Watrin et al., 2009; Niedermeyer et
al., 2010), lake-level reconstructions (Kohfeld and Harrison,
2000; Tierney et al., 2011), and archaeological evidence (Ku-
per and Kropelin, 2006; Dunne et al., 2012), show that the
magnitude of the reconstructed precipitation changes in these
zones is plausible. Furthermore, the reconstructions of cli-
mate conditions in the Mediterranean region are based on
a much larger number of individual data points (Bartlein
et al., 2011). Thus, the discrepancies between the model
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simulations and the observations are not simply a result of
lack of information.

It would be possible to use the qualitative informa-
tion about changes in water balance provided by lake-level
records to constrain pollen-based climate reconstructions
(see e.g. Cheddadi et al., 1997). While this could provide
more robust reconstructions of the observed change in pre-
cipitation for northern Africa, the number of observations
would still necessarily be limited to sites where both pollen
and lake-level records are available. Model inversion pro-
vides an alternative approach to use of lake-level data for
climate reconstruction (see e.g. Vassiljev et al., 1998), and
one that has already been successfully used with pollen data
(Wu et al., 2007). However, changes in lake-water balance
can be brought about by changes in multiple climate param-
eters (temperature, precipitation, seasonality of precipitation,
cloudiness, vapour pressure, wind speed) and the magnitude
of the lake-level changes that occur in response to changes
in catchment-water balance are influenced by morphometric
factors (lake depth and shape, lake size relative to catchment
size) (Harrison et al., 2002), and the methodology for taking
account of all these factors has not yet been developed.

The simulated increase in mean annual precipitation in the
Mediterranean region is small and, in comparison with the
variability already present in the piControl, is not significant.
However, although just half of the models show an increase
in summer, all of them show an increase in precipitation in
spring and some of them also show an increase in autumn.
Thus, some of the models produce an increase in growing
season moisture that, although too small, is consistent with
the expansion of deciduous forest in this region during the
mid-Holocene. Temperate deciduous forests occur in midlat-
itude regions with > 700 mm of annual precipitation spread
throughout the year (see Harrison et al., 2010). Temperate
deciduous forest occurs, for example, around Lake Bany-
oles in eastern Spain, where mean annual precipitation is
ca. 800 mm and nearly half of this falls in spring and sum-
mer (Soler et al., 2007). According to the mid-Holocene sim-
ulations for the Mediterranean area, the largest increase in
growing-season precipitation is ca. 30 mm in spring and 40 in
summer (GISS-E2-R and HadGEM2-CC respectively), and
the overall change in mean annual precipitation is < 75 mm
(GISS-E2-R). This is less than the increase required for de-
ciduous trees to grow. Nevertheless, these simulations point
to mechanisms that could help to explain the observed veg-
etation changes in the Mediterranean. Furthermore, if the
absence of a significant increase in summer rainfall in the
Mediterranean is linked to underestimation of the northward
migration of the African monsoon, then improvements in the
simulation of monsoonal changes should also lead to a more
realistic simulation of Mediterranean climate.

We have shown that there is a significant relationship be-
tween the bias in the control simulation and the magnitude of
the simulated MH changes in precipitation for the DP, desert
and Mediterranean zones, although no such relationship is
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present in the monsoon zone. However, the relationship in
the desert and Mediterranean zones is only apparent in the
OA models; the piControl bias does not seem to affect the
midHolocene anomaly in the OAC models. The OA models
also show a weakly positive (though non-significant) rela-
tionship between piControl bias and midHolocene anomaly
in the monsoon region. Thus, the apparently significant rela-
tionships between bias and anomaly found when considering
all the models are not a consistent feature of these simula-
tions. Even in the DP, desert and Mediterranean zones, the
bias in the OA piControl simulations only explains part of
the variability in simulated climate changes. Previous stud-
ies have also had difficulties in finding consistent relation-
ships between control biases and MH changes in precipita-
tion. Comparison of control and MH atmosphere-only simu-
lations made in the first phase of the PMIP1 showed that in-
termodel differences in the position of the intertropical con-
vergence zone in the control simulation was reflected in the
intermodel differences of its position in the MH simulation
(Joussaume et al., 1999). However, there was no clear rela-
tionship between the amount of precipitation in the control
and the increase in precipitation in the MH (Braconnot et al.,
2002). Braconnot et al. (2007b), analysing OA simulations
from PMIP2, showed that the relationship between the sim-
ulated precipitation in the control to the ratio of the change
in precipitation between MH and control was negative: mod-
els that simulated very little rainfall tended to produce larger
changes at the MH. However, this relationship was clearly
driven by only three models, and the remaining models show
no trend between the precipitation in the control simulation
and the ratio of change in the MH. Thus, this seems to be
consistent with our analyses. It is hard to escape the conclu-
sion that improvements to the simulation of modern climate
(see e.g. Haerter et al., 2011) will not guarantee that climate
changes will be correctly simulated.

In this study, we have analysed the realism of simulated
climates both in terms of climate regimes and by comparing
specific geographic bands. The use of climate regimes places
less stringent requirements on model performance, allowing
an assessment, for example, of whether a model can simulate
changes in seasonality independent of location. One reason
for adopting this approach is the concern that model reso-
lution, particularly in regions of complex topography, could
affect geographic patterning (see e.g. Brewer et al., 2007).
However, it can be difficult to find objective criteria for the
definition of these climate regimes. Although we have been
able to distinguish DP from monsoon, and monsoon from
desert, climates solely on the basis of precipitation seasonal-
ity, it is not possible to use this type of criterion to distinguish
desert and Mediterranean climates. Brewer et al. (2007) used
k-means clustering to define climate regimes in Europe. Al-
though this is an approach that needs to be further explored,
it involves some arbitrary decisions about the climate vari-
ables used for clustering as well as the number of clusters
considered.
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Many of the large-scale features characteristic of pro-
jected climate changes are a feature of past climate changes,
and comparison with palaco-observations shows that current
models reproduce these features in a realistic way (e.g. Bra-
connot et al., 2012; Izumi et al., 2013; Schmidt et al., 2014a;
Li et al., 2013). Models, as we confirm here for northern
Africa and the Mediterranean region, are also able to simu-
late precipitation regimes and shifts in these regimes in a re-
alistic way (Joussaume et al., 1999; Braconnot et al., 2007a;
Brewer et al., 2007). However, there are still important dis-
crepancies between the simulated and observed magnitude
of changes in precipitation, despite the increasing complex-
ity and resolution of the CMIP5 models compared to earlier
generations of models. Given that the ability to simulate the
magnitude of MH changes in seasonal climates does not ap-
pear to be systematically related to biases in the control simu-
lations, focusing on improving the simulation of modern cli-
mate will not ensure that future projections or retrodictions
of the climate of the Mediterranean and northern Africa will
be more reliable. This is of concern given the environmen-
tal problems associated with recent climate changes in the
Mediterranean and the importance of monsoonal rainfall for
agriculture in northern Africa.

5 Conclusions

The CMIP5 models fail to reproduce key aspects of both the
modern and MH climate of the northern Africa and Mediter-
ranean region, including the correct geographical location of
zonal precipitation regimes in the pre-industrial simulation
and the magnitude of MH changes in these regimes.

Although biases in the OA simulations explain part of the
variability in simulated climate changes, a similar relation-
ship is not found for the OAC simulations. Thus, overall, bi-
ases in the control simulations cannot explain the failure to
reproduce MH changes in precipitation.

As in previous generations of model simulations, the
CMIPS5 simulations underestimate the northward shift and
the magnitude of observed changes in the north African
monsoon.

In the Mediterranean region, the simulations show a ten-
dency for increased growing-season precipitation. Such a
shift is required to explain observed vegetation changes in
this region in the MH, but the simulated shift is much too
small. We speculate that this is linked to the underestimation
of changes in the north African monsoon, suggesting that im-
proved simulation of Mediterranean climates is linked to im-
provements in simulating the climate of northern Africa.

The failure to simulate observed mid-Holocene changes in
the north African monsoon and the potentially linked failure
to simulate the observed shift in rainfall seasonality in the
Mediterranean raises concerns about the reliability of model
projections of future climates in these regions.
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Supplementary material related to this article is
available online at http://www.clim-past.net/10/551/2014/
cp-10-551-2014-supplement.pdf.
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This auxiliary material contains (a) figures showing comparisons between CRU dataset
and historical simulations of the seasonal and annual precipitation for each 5°-
latitudinal band of the study area.
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Figure S1. Comparison of the mean annual and mean seasonal precipitation (mm)
between the CRU data and historical simulations for each 5 latitude band. Because
there is a very small amount of precipitation is some latitude band, the axis scale starts
at 0 but differs in the maximum value depending on the total rainfall values. Only six
models have historical simulations. For these models we also present the piControl
simulations. The historical simulations are shown in color while the piControl
simulations for each model are shown by a dash line. The grey bars represent one
standard deviation of the mean annual and mean seasonal precipitation from
observations. The seasons are defined as spring (March, April, May), summer (June,
July, August), autumn (September, October, November) and winter (December.
January, February).
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Chapter 4

Evaluation of CMIP5 palaeo simulations to

Improve climate projections

Contribution by Co-Authors: G.L. contributed the analyses used in Figure 1 (e, f, g)
and Figure 2; K.I. contributed the analyses used in Figure 1 (a-d); J.A. and J.H.
provided the analyses used in Figure 3; P.J.B. contributed the analyses used in
Figure 4; S.P.H. planned the paper and was responsible for drafting the text; all
authors contributed to the final version.
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Evaluation of CMIP5 palaeo-simulations to
improve climate projections
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and M.Kageyama*

Structural differences among models account for much of the uncertainty in projected climate changes, at least until the
mid-twenty-first century. Recent observations encompass too limited a range of climate variability to provide a robust test
of the ability to simulate climate changes. Past climate changes provide a unique opportunity for out-of-sample evaluation
of model performance. Palaeo-evaluation has shown that the large-scale changes seen in twenty-first-century projections,
including enhanced land-sea temperature contrast, latitudinal amplification, changes in temperature seasonality and scaling
of precipitation with temperature, are likely to be realistic. Although models generally simulate changes in large-scale circula-
tion sufficiently well to shift regional climates in the right direction, they often do not predict the correct magnitude of these
changes. Differences in performance are only weakly related to modern-day biases or climate sensitivity, and more sophisti-
cated models are not better at simulating climate changes. Although models correctly capture the broad patterns of climate

change, improvements are required to produce reliable regional projections.

of the Coupled Model Intercomparison Project (CMIP5, see

Box 1) to provide information about the likely evolution of cli-
mate over the twenty-first century, with additional experiments to
analyse the uncertainties inherent in these projections'. Evaluation
of the CMIP5 historical (that is, twentieth-century; Supplementary
Table 1) experiments shows that the simulation of modern cli-
mate has improved compared with simulations made as part of
CMIP3. In particular, the current generation of models reproduces
continental-scale surface patterns and long-term trends in temper-
ature, and shows an improved ability to capture continental-scale
precipitation patterns and reproduce the statistics of leading modes
of climate variability such the North Atlantic Oscillation, El Nifio-
Southern Oscillation and Quasi-Biennial Oscillation?. Nevertheless,
models that perform equally well for present-day climate pro-
duce very different responses to anthropogenic forcing (that is, in
Representative Concentration Pathway (RCP) scenario simulations;
Supplementary Table 1). The largest component of the uncertainty
in model projections in the first part of the twenty-first century
stems from differences between the response of individual models
to the same forcing rather than internal variability or differences
between the forcing scenarios themselves®. Differences between the
climate forcing scenarios become more important by the end of the
century*, but intermodel differences still play a role in amplifying
the scenario-related uncertainties and, indeed, still play a dominant
role in explaining regional differences®*®.

Past climates provide an opportunity to evaluate model per-
formance outside the range of recent observed climate variability.
Palaeoclimate simulations of the Last Glacial Maximum (LGM,
21 kyr ago) and mid-Holocene (6 kyr ago) were included in the
CMIP5 simulations for this reason (Supplementary Table 1). Neither

S tate-of-the-art climate models were used during the fifth phase

of these periods provides an analogue for the future evolution of
climate — indeed, no past climate state provides a direct analogue
for the future — but the change in forcing at the LGM was of similar
magnitude (of the order of 3-6 W m™) to that projected for the next
century’, whereas the mid-Holocene provides an opportunity to
evaluate simulations at a time of radically changed seasonality. Both
periods have been foci for synthesis of palacoclimate reconstruc-
tions*’. Palaeoclimate evaluation using mid-Holocene and LGM
climate reconstructions can help both to explain why the simulated
mean response differs between models and to determine whether
the upper or lower part of the range of response to future changes in
forcing is inherently more likely to be realistic.

In a review of the potential of the CMIP5 palaeoclimate experi-
ments to quantify uncertainties in model projections, six objec-
tives were identified for the palaeoclimate simulations, including:
(1) identification of robust features of past and future climates;
(2) evaluation of model ability to simulate regional climate changes;
(3) multi-parameter evaluation of overall model skill; (4) improve-
ments in model performance between CMIP3 and CMIP5 in the
simulation of large climate changes; (5) provision of well-founded
constraints on climate sensitivity; and (6) evaluation of the role and
magnitude of feedbacks. Analyses of many aspects of the CMIP5
palaeosimulations have now been completed and considerable pro-
gress has been made in addressing these six tasks. Our goal here is
to synthesize and update these results, and to discuss their impli-
cations for the reliability (or otherwise) of future projections. We
focus on the mid-Holocene and LGM simulations because these are
the time periods for which there are global data sets of quantita-
tive climate reconstructions®” and because they have been exam-
ined with several generations of models'®", allowing us to assess
the evolution of model performance. However, we also draw on
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Box 1| The relationship between the CMIP and the PMIP.

The CMIP was set up in 1995 by the Working Group on Coupled
Modelling of the World Climate Research Programme to provide a
standard experimental protocol for studying climate changes using
coupled atmosphere-ocean general circulation models. CMIP
provides a community-based infrastructure in support of climate
model diagnosis, validation and intercomparison. Initially, CMIP
archived and analysed outputs from model ‘control runs’ in which
climate forcing was constant, and idealized simulations in which
atmospheric CO, concentration was increased either abruptly or
in a transient fashion. Phase 3 of CMIP (CMIP3) included ‘real-
istic’ scenarios for historic, present and future climate. These sim-
ulations provided the basis for analyses underpinning the IPCC
fourth assessment report. The current phase of CMIP (CMIP5)’,
which was initiated at the end of 2008, involves a large range of
experiments for past, present and projected future climate, as well
as more idealized experiments designed to explore model behav-
iour. Analysis of these simulations has already been used as input
to the recent IPCC fifth assessment report and continues to be
exploited for improved understanding of the mechanisms of cli-
mate change.

Palaeoclimate simulations were not included in CMIP prior
to CMIP5. Nevertheless, the modelling community has been
involved in a parallel effort to use past climate states to understand
the mechanisms of climate change since the 1980s. These efforts
have been coordinated by the PMIP?!%'2%. The first round of

other Palaeoclimate Modelling Intercomparison Project (PMIP)
experiments where appropriate.

Robust features of past and future climates

There are several features of the temperature changes in future pro-
jections (and the more idealized 1pctCO2 and abrupt4xCO2 warm-
ing scenarios) that are remarkably consistent, including stronger
warming over land than ocean (enhanced land-ocean contrast),
stronger responses at higher than lower latitudes (latitudinal ampli-
fication) and differential responses in summer and winter leading
to changes in seasonal contrast®>'*'*. These large-scale temperature
responses, which emerged in the first Intergovernmental Panel on
Climate Change (IPCC) assessment 25 years ago, are present in
palaeoclimate simulations as well, not only of the LGM and mid-
Holocene''%, but also of other intervals such as the last intergla-
ciation' and the mid-Pliocene?®*. The variations in response are
proportional and nearly linear across simulations of both warm
(1pctCO2, abrupt4xCO2) and cold (LGM) climate states (Fig. 1a,b),
and the simulated magnitude of the relative changes between land
and ocean, higher and lower latitudes, and summer and winter tem-
perature is supported by historical and palaeoclimate observations'®
(Fig. 1c,d). Although this agreement between the simulated and
observed responses is apparent on the large (hemispheric) scale,
there is some evidence that it may not hold on a more regional level.
It has been suggested, for example, that the CMIP5 models under-
estimate mid-Holocene warming in the eastern Canadian Arctic by
>1°C (ref. 22).

Several components of the surface energy balance are involved
in the temperature responses in the LGM, historical and ideal-
ized warming scenario simulations, but surface downward clear-
sky longwave radiation, which includes the effect of changes in
CO,, water vapour and atmospheric energy transport, is the most
important component driving land-ocean contrast and high-lati-
tude amplification in both warm (abrupt4xCO2) and cold (LGM)
climates®. Surface albedo plays a significant but secondary role
in promoting high-latitude amplification in both cold and warm

736

PMIP intercomparisons (PMIP1) focused on atmospheric general
circulation model simulations of the mid-Holocene and LGM, and
was broadly parallel to the concurrent efforts of the Atmospheric
Modelling Intercomparison Project®. PMIP2 focused on com-
parison of coupled atmosphere-ocean model simulations of the
mid-Holocene and LGM. Although PMIP2 was broadly concur-
rent with CMIP3, and many of the same modelling groups were
involved in both intercomparison projects, the palacosimulations
were generally run with either lower resolution or older versions of
the models. The inclusion of palaeo-experiments in CMIP5 means
that we now have simulations of past and future climate made with
exactly the same version and at exactly the same resolution. As
PMIP coordinates the analysis of the CMIP5 palaeo-experiments,
these are often referred to as PMIP3 experiments (or PMIP3/
CMIP5) experiments (although here, for simplicity, we refer to
them as CMIP5 experiments).

The evaluation of the CMIP5 simulations is only one compo-
nent of the ongoing work during PMIP3. PMIP3 is also running
experiments for non-CMIP5 time periods and is coordinating
the analysis and exploitation of transient simulations across inter-
vals of rapid climate change in the past. PMIP also provides an
umbrella for model intercomparison projects focusing on specific
times in the past, such as the Pliocene Modelling Intercomparison
Project®, or on specific aspects of the palaeoclimate system, such
as the Palaeo Carbon Modelling Intercomparison Project®.

climates®, and in intensifying the land-ocean contrast in the warm
climate case. Surface albedo has also been shown to contribute to
latitudinal amplification in mid-Pliocene simulations®. Changes in
seasonality are consistent in pattern but, in contrast to the relative
simplicity of the mechanisms underpinning land-ocean contrast or
latitudinal amplification, the genesis of the seasonality changes is
different in warm and cold climates®.

Precipitation increases as temperature increases, although at a
rate that is consistently smaller than the rate of change in satura-
tion vapour pressure, partly because of energetic constraints on
evaporation and partly because of constraints in water availability
over land***. Precipitation increases are characteristic of the CMIP5
future (RCP) and idealized warming (1pctCO2, abrupt4xCO2)
simulations®. The scaling between the change in temperature and
precipitation is remarkably consistent in palaeoclimate (LGM),
historical and idealized warming (1pctCO2, abrupt4xCO2) simu-
lations (Fig. 1e), both over land and ocean (Fig. 1f), and is also con-
sistent with palaeoclimate and historical observations?” (Fig. 1g).
Analyses of precipitation changes in idealized warm (1pctCO2,
abrupt4xCO2) climate states” also show other robust large-scale
responses, including larger changes in precipitation per degree tem-
perature change in extratropical than tropical land areas. Changes
in tropical precipitation are greatest in areas that are currently wet,
resulting in increased precipitation in warm climate states and
decreased precipitation in cold climate states. The seasonality of
precipitation in the tropics also changes in a consistent way, with
increased seasonality in warm climate states and decreased season-
ality in cold climate states””. All of these features are consistent with
palaeoclimate and historical observations of large-scale precipita-
tion changes.

Ability to simulate regional climate features

The regional response to changes in forcing has been a major focus
in the evaluation of the CMIP5 mid-Holocene and LGM simula-
tions. There can be three types of mismatch: cases where the models
simulate the same robust response to a forcing but the response is
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Figure 1] Scatter plots showing temperature and precipitation changes in past, present and projected climates. The values shown are the simulated
long-term mean differences (experiment minus piControl) for the seven models that have carried out all the experiments. a, Differences in the relative
warming (or cooling) over global land and global ocean (land-ocean contrast) and b, over land in the northern extratropics and northern tropics
(latitudinal amplification). SST,,,: annual sea surface temperature. ¢, Comparisons of the simulated changes in land-ocean contrast and d, latitudinal

nn*

amplification for the twentieth-century (historical) and LGM with observed changes. The reduced major axis regression lines derived using all appropriate
model grid cells are shown in magenta; the p-values test the null hypothesis that the slopes of the reduced major axis regression lines = 1.0. e, Percentage
precipitation change relative to the change in global temperature and f, global temperature over land (green) and ocean (blue). The ordinary least-square
regression with the intercept set at zero is shown in magenta; the p-values test the null hypothesis that the slope = 0. g, Comparisons of the simulated
changes in precipitation scaling over land for the twentieth-century (historical) and LGM with observed changes. The ordinary least-square regression for
absolute values of precipitation based on all model simulations is shown in magenta. In ¢, d and g, model output has been sampled only at the locations
of respective observations. Bold crosses: area-weighted averages of twentieth-century observations and palaeoclimate reconstructions; finer lines:

reconstruction uncertainties (standard deviation).

of the wrong magnitude; cases where the models simulate the same
robust response to a forcing but the response is of the wrong sign;
and cases where different models give different responses to the
same forcing. Here we provide examples of each of these cases.

The insolation-induced amplification of Northern Hemisphere
monsoons during the early to mid-Holocene provides the classic
example of the use of model simulations to provide a mechanis-
tic explanation of past climate changes®. Monsoon amplification,
expressed through an increase in both the geographic area receiving
monsoon rain and the overall amount of precipitation, is a feature
of atmosphere-only simulations'*”. Simulations show that ocean
feedback increases the length of the monsoon season and ampli-
fies the magnitude of the overall response’*~2. The CMIP5 mid-
Holocene simulations show both a substantial expansion of the
Asian (Pacific) and northern Africa monsoons with an increase in
total precipitation®*, and a corresponding reduction in area and
decrease in total precipitation in the Southern Hemisphere mon-
soons®. A previous study’ showed that the PMIP Phase II (PMIP2)
mid-Holocene simulations consistently underestimated the magni-
tude of change in the Northern Hemisphere monsoons. The CMIP5
mid-Holocene simulations show less amplification than the PMIP2
simulations over Asia, with strengthening of the meridional wind of
only 32% compared with 40% in PMIP2 (ref. 33). The discrepancy
between observed and CMIP5 simulated changes in the amount of
mid-Holocene precipitation over northern Africa is at least 50% in
the latitude band from 15-30° N (Fig. 2)*. Land-surface feedbacks,

NATURE CLIMATE CHANGE | VOL 5 | AUGUST 2015 | www.nature.com/natureclimatechange

associated with the climate-induced change in vegetation cover and
surface water storage, have been invoked as one way to reconcile
these discrepancies*2. Although some vegetation-enabled models
show amplification of the northern Africa monsoon in the mid-
Holocene***, the PMIP2 models with dynamic vegetation did not
produce greater amplification of any of the Northern Hemisphere
monsoons during that time’. Furthermore, mid-Holocene simula-
tions with the (CMIP5) CCSM4 model* show that vegetation feed-
back produces only very small changes in seasonal temperature and
has no impact on precipitation over the Pacific monsoon region.
The contrast between these PMIP2/CMIP5 results and earlier stud-
ies that prescribed vegetation changes or used simpler models sug-
gests that significant improvements to the modelling of vegetation
and its coupling with the atmosphere are required to address the
role of land-surface feedbacks properly*.

The intertropical convergence zone is located too far south in the
Atlantic sector in most of the CMIP5 historical and pre-industrial
control (piControl) simulations, reflecting a damped meridional
temperature gradient that has been related to biases in radiation
and heat fluxes®”. Analyses of the West African monsoon in a subset
of the PMIP2 mid-Holocene simulations show this bias affects the
meridional temperature gradient and limits the northward move-
ment of the intertropical convergence zone*, which is also true
for some of the CMIP5 mid-Holocene experiments. Differences
in the amplification of the mid-Holocene monsoon over north-
ern Africa in the CMIP5 experiments are not consistently related
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Figure 2 | Comparison of observed and simulated regional climate. a, Comparison of simulated and reconstructed mid-Holocene changes in mean
annual precipitation for 5° latitude bands (longitude 20° W to 40° E) between 0 and 45° N across northern Africa and the circum-Mediterranean region.
b, Ratio of actual to equilibrium evapotranspiration and ¢, mean temperature of the warmest month for 5° latitude bands between 30 and 80° N across
Eurasia (longitude 60° to 180° E). The reconstructions are from the data set in ref. 9, which provides a climate reconstruction for a 2 x 2° grid cell based
on averaging the individual site-based reconstructions within that grid cell. The mean and standard error of the mean of the grid cell reconstructions are
shown in each latitude band. The model results are averages of model output sampled at the location of the grid cells with observations. The number of
grid cells contributing to the comparison for each variable is shown on the plots.

to precipitation biases in the piControl simulations® because the
mid-Holocene change in precipitation is driven by an increase in
deep convection, so differences are largely linked to the way each
model represents different convective regimes*.

The extent of mid-continental drying in Eurasia during the mid-
Holocene is another example of a persistent regional mismatch
between models and observations***°. The CMIP5 mid-Holocene
simulations (Fig. 2) show drier conditions in Eurasia, particularly
between 45° and 60° N, whereas observations systematically show
that the mid-continental extratropics were wetter than today. At
the same time, the models show a significant increase in summer
temperature, whereas observations suggest cooler summers (Fig. 2).
Temperature biases in the CMIP5 historical (twentieth-century)
simulations are linked to systematic biases in evapotranspiration®,
with oversimulation of precipitation (and hence evapotranspira-
tion) leading to cold temperature biases, and undersimulation of
precipitation leading to warm biases. A similar mechanism seems to
explain the mismatch in Eurasia in the mid-Holocene: the models
do not produce a sufficient increase in regional precipitation and
therefore underestimate evapotranspiration (and hence the ratio
of actual to equilibrium evaporation, a) compared with observa-
tions, causing simulated summer temperatures of up to 4° warmer
than observed.

The mid-Holocene climate of Europe provides a third example
of a persistent mismatch between models and observations. CMIP5
mid-Holocene simulations show generalized warming over Europe
in summer and fail to reproduce the observed summer cooling
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in southern Europe*. Winter temperature anomalies are not as
consistent between models, but the CMIP5 mid-Holocene simula-
tions do not show the strong winter warming in northern Europe
shown by observations. These same discrepancies were present in
mid-Holocene simulations with previous generations of models®*-**.
A previous study® suggests that these persistent discrepancies
are related to the failure to simulate atmospheric circulation pat-
terns correctly, specifically anticyclonic blocking in summer and
increased dominance of the positive phase of the NAO in winter
during the mid-Holocene. This study argues that atmospheric cir-
culation patterns over Europe are also poorly simulated in modern
(twentieth-century) simulations, which could explain why Europe
is warming faster than projected®.

Not all features of regional climates show a robust response to
past changes in forcing, even when there is a consistent response in
the future RCP simulations. For example, there is a consistent year-
round reduction in the extent of Arctic sea ice in CMIP5 RCP simu-
lations®. There is also a consistent reduction of summer sea-ice cover
in response to increases in summer insolation in the CMIP5 mid-
Holocene simulations”, with the largest changes shown by those
models with thicker sea ice in the piControl simulation. However,
some models show increased and some decreased ice thickness in
winter. An analysis of two models with similar sea-ice sensitivity
in RCP scenario and abrupt4xCO2 simulations, but very different
responses to mid-Holocene forcing, suggests that differences in
the sign of the mid-Holocene changes in winter sea-ice extent may
be related to cloud feedback. HADGEM2-ES shows a year-round
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decrease in sea-ice extent, whereas MIROC-ESM shows a smaller
decrease in summer and a slight increase in winter. The difference in
summer is attributed to differences in cloud cover between the two
simulations”. Cloud-mediated differences in the summer response
help to explain the different winter responses when the direct forc-
ing is weak: a large reduction in summer sea-ice extent offsets the
growth of sea ice in autumn and winter such that the overall extent
of winter sea ice remains less than in the piControl simulation,
whereas when the change in summer sea-ice extent is small it is
insufficient to offset any orbitally induced winter increase. Similar
analyses of the CMIP5 LGM simulations® confirm the relation-
ship between sea-ice thickness in the piControl simulations and the
magnitude of the change in summer sea-ice extent during the LGM,
and also show that models have different responses to the change
in forcing. The responses seem to be most different in the Southern
Ocean, where there are also large discrepancies between simulated
and observed sea-ice patterns.

The behaviour of the Southern Hemisphere westerly jet provides
a second example of inconsistency in model simulations of the past
that is not characteristic of future projections. The position of the
Southern Hemisphere westerly jet is consistently shifted poleward
in future simulations compared with the pre-industrial state because
the tropospheric meridional temperature gradient is weakened. The
CMIP5 models show diametrically opposed changes in the location
of the Southern Hemisphere westerlies during the LGM, with half
showing a equatorward shift and half showing a poleward shift in
mean position compared with the piControl state®. The equa-
torward shift is consistent with the expected strengthening of the
upper tropospheric temperature gradient. However, the models that
unexpectedly simulate a poleward shift of the jet stream during the
LGM compared with the pre-industrial state in fact show a strong
LGM lower tropospheric cooling at high latitudes. This implicates
different sensitivity to prescribed changes in the Antarctic ice sheet
and to the simulated sea-ice extent in influencing the location of
the Southern Hemisphere westerlies during the LGM®. Situations
in which there is a consistent response in the future but different
responses in the past thus provide an opportunity to explore model
sensitivity to a wider diversity of feedbacks, such as the evolution
of the ice sheets, than are currently included in simulations of
the future.

A final example of inconsistent behaviour among models is pro-
vided by an analysis of hydroclimate in the tropical Pacific during
the LGM®". This study provides an analysis of seven PMIP2 and five
CMIP5 simulations, and shows contrasting responses of change
in precipitation over the maritime continent (Southeast Asia,
Indonesia, New Guinea and the Philippines): some models show
widespread drying whereas others show a modest increase in pre-
cipitation. These different behaviours are, at least in part, due to sim-
ulated differences in the Walker circulation. The model (HadCM3)
that most accurately reflects the pattern of the observed change in
precipitation and ocean salinity, with strong and widespread dry-
ing over the maritime continent associated with freshening of the
Arabian Sea and the western Pacific, is the sole model to produce
a sufficiently weakened Walker circulation over the Indian Ocean.
Only one of the CMIP5 models (MPI-ESM-P) shows weakening of
the Walker circulation, but the change is not large enough to repro-
duce the observations.

Multi-parameter evaluation of model skill

Multi-parameter evaluation of simulations using global data sets is a
routine measure of model performance under modern conditions?.
Evaluations of the CMIP5 mid-Holocene and LGM simulations
based on ten different seasonal or annual climate variables show that
no model performs equally well for all variables®"*. In general, mod-
els are better at simulating mean (or median) values of any climate
variable than at simulating the spatial variability or the geographic
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patterning in that variable. Although the CMIP5 models seem to
have some skill in predicting mean annual temperature (MAT) and
mean annual precipitation (MAP) during the LGM (Fig. 3), they
have no skill in predicting summer temperature (mean temperature
of the warmest month, MTWA) in the mid-Holocene, a result that
confirms earlier analyses of the PMIP2 models®. Precipitation (as
represented by MAP) is somewhat better simulated than tempera-
ture (as represented by MTWA) in the mid-Holocene but the reverse
is true in the LGM simulations, where temperature (as represented
by MAT) is better simulated than MAP (Fig. 3). Nevertheless, some
models are better than others at capturing mid-Holocene and LGM
climate change, and indeed perform better than the ensemble mean
model”. The ensemble mean model usually provides the best esti-
mate of the modern climate®. This may be because the ensemble
mean filters out the impact of outliers in a collection of models
that essentially have been ‘tuned’ to modern climate, but could also
reflect the fact that the ensemble is too small and, physically speak-
ing, the models are too closely related to characterize the underlying
distribution effectively®. The fact that this is not the case in pal-
aeo-experiments challenges the prevailing approach of using future
projections to examine climate impacts — in which all available
simulations are averaged to derive an ensemble response, with the
spread of the experiments considered as a measure of uncertainty.

The spatial coverage of palaeoclimate reconstructions is more
limited than modern observations and some key regions are
undersampled®. Model evaluation has therefore often focused on
data-rich regions and/or a limited number of climate parameters.
Nevertheless, even taking account of the limited data and occasion-
ally large uncertainties of palaeoclimate reconstructions, it is clear
that the LGM and mid-Holocene simulations provide a rigorous
test of model performance. Although there is reasonable agreement
in the overall magnitude of the cooling during the LGM, primarily
because the large-scale changes are dominated by land-ocean con-
trast and latitudinal gradients, the CMIP5 models show only lim-
ited skill in capturing sub-continental-scale patterns of temperature
change. The mid-Holocene lacks the strong annual mean forcing
that is present during the LGM and in future simulations, so the
poor performance with respect to mean annual signals (Fig. 3) is
therefore unsurprising. Our ability to evaluate these simulations
is somewhat compromised by uncertainties about the seasonal
attribution of sea-surface temperature reconstructions®. However,
comparisons of continental seasonal climates confirm that the mid-
Holocene still presents a challenge for the models. Some of the dis-
crepancy between simulated and reconstructed mid-Holocene and
LGM climate may reflect the simplified design of the experiments
and, in particular, the omission of known feedbacks (for example,
dust forcing during the LGM, land-surface characteristics in both
simulations'®). However, these feedbacks are also not included in
future projections.

Improvement in ability to simulate climate change

The evidence of modest overall model skill during the mid-
Holocene and LGM, and for substantial misrepresentation of past
regional climates, clearly raises serious questions about state-of-the-
art models. The current generation of models has been shown to be
better at simulating some aspects of the modern climate?. Individual
models are incorporating more complex treatments of key processes
and feedbacks, and for individual models these improvements
translate into better simulations of key aspects of past climate®’.
However, relative to previous generations of models, these develop-
ments apparently do not translate into an improved ability to simu-
late climate change. At the ensemble level, the differences between
the CMIP5 simulations and earlier CMIP3/PMIP2 simulations are
small and statistically unimportant, both for the past and for the
future (Fig. 4). There is growing feeling that future analyses of cli-
mate change and its impacts should be based on cross-generational
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Figure 3 | Taylor diagram®° for the LGM and mid-Holocene precipitation and temperature anomalies. The distance of any model point from the origin
indicates standard deviation of field, the distance of any model point from the green reference point indicates the centred root mean square (RMS)
difference between model and data. Pattern correlation between model and observations is given by the azimuthal coordinate. Temperature is represented
by MAT over land and SST,,,, at the LGM, and by MTWA for the mid-Holocene where the change in forcing is seasonal. Precipitation is always represented
by MAP. Model statistics are corrected to account for observational uncertainties, by subtracting the estimated contributions made by observational
errors as in ref. 62. Models from the CMIP5 ensemble are in red (temperature) and blue (precipitation), whereas models from the PMIP2 ensemble are in

pink and pale blue, respectively.

ensembles of model output constrained by observations®®, and
palaco-evaluations support this approach, not only because there
seems to be little improvement between different generations of
models, but also because some models are better than others at
reproducing the magnitude and patterns of large climate changes.

Providing well-founded climate sensitivity constraints

Differences in climate sensitivity, conventionally defined as the
change in global average temperature for a doubling of CO,, are
realized as intermodel differences in the projections of future
global warming. It has proved difficult to evaluate model sensitiv-
ity using historical observations, and this has motivated attempts to
use past climate states as a constraint”. The LGM has been a focus
for such attempts because of the large difference in climate from
present”’”. Many (though not all) energy-balance mechanisms
operate similarly in simulations of the LGM and of future (warm)
climates across the ensemble of CMIP5 models®, although there
is asymmetry in the strengths of different feedbacks™. One study”™
found a significant correlation in the previous generation of climate
models (PMIP2) between tropical temperature change during the
LGM and equilibrium sensitivity, but this relationship is not evi-
dent in the CMIP5 LGM simulations. We have re-examined this
finding by combining the CMIP5 and PMIP2 ensembles (follow-
ing the approach suggested in ref. 69), taking the mean of the out-
puts where more than one integration was carried out by closely
related models. This gives a total of 11 simulations and a weak cor-
relation between tropical temperature during the LGM and equi-
librium climate sensitivity, which is barely significant at the 90%

740

level. This provides an estimate of climate sensitivity in the range
of 1.4-4.4 °C, but the tenuous nature of the correlation cannot be
ignored when assessing the credibility of this result. The presence
of strong and consistent spatial patterns in temperature changes,
as evidenced by land-ocean contrast and high-latitude amplifica-
tion, suggest that tropical temperature may be an insufficient con-
straint on climate sensitivity. Another study' adopted an alternative
approach, by comparing the CMIP5 and PMIP2 model ensemble
with all available LGM temperature reconstructions and estimating
climate sensitivity from the regression as the temperature at which
global bias is zero. They obtained an estimate of 2.7 °C, but again
argued that the result was only barely significant (p = 0.12) even
after the removal of a marked warm-bias outlier. Thus, although the
LGM provides a useful check on model performance, it remains a
challenge to generate well-founded quantitative constraints on cli-
mate sensitivity from these simulations.

Palaeosimulations and future projections

Evaluation of the CMIP5 palaeosimulations demonstrates the value
of including past climate states as targets for model intercompari-
son. Systematic examination of features that are characteristic of
future climate simulations in palaeoclimate experiments and pal-
aeoclimate reconstructions provides an opportunity to determine
whether these features are robust characteristics of the climate sys-
tem, and whether they are features of the actual response of the cli-
mate system to changes in forcing rather than model artefacts”'®!%.
The broad-scale temperature and precipitation responses seen in
future simulations are present in palaeosimulations and correctly
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represented in both LGM and historical simulations. This gives
us confidence that the projected changes in land-sea temperature
contrast, high-latitude amplification, temperature seasonality, the
scaling of precipitation with temperature and the differential pre-
cipitation-temperature scaling over land and ocean are reliable.
Similarly, the fact that models produce large-scale changes in cli-
mate consistent with palaeo-reconstructions for multiple different
climate states enhances our confidence in the simulated changes
shown in future projections. The palaco-record has the ability to
discriminate between models where they show differences in the
response to forcing, and again this provides a way of determining
which models are more reliable.

Nevertheless, the modest overall skill of the CMIP5 models
for the mid-Holocene and LGM shows the limitations of the cur-
rent generation of models. Specifically, the models are unable to
reproduce the magnitude of changes in regional climates, even
when taking into account the uncertainties inherent in the palaeo-
reconstructions. The amplification of the Northern Hemisphere
monsoons is a robust feature of future (RCP) climate simulations®*.
Although the underlying cause differs (increased greenhouse gases
rather than a change in insolation), the antecedent condition of
continental warming in the subtropics leading to increased land-
ocean contrast is the same in future and mid-Holocene simulations.
Thus, the fact that models persistently underestimate the magni-
tude of regional precipitation changes over Africa and Asia during
the mid-Holocene suggests that the future predictions could be
similarly affected. Given that these monsoon systems influence the
livelihood of more than half of the world’s population, this is a situ-
ation that needs to be rectified. Addressing the causes of persistent
mismatches, both for the monsoon regions and for other regions
identified by palaeo-comparison, should be a research priority.

It is possible that discrepancies between simulated and observed
regional climates in the mid-Holocene and LGM are due to uncer-
tainties in the specification of prescribed boundary conditions
or the failure to include additional potential forcings’. Simulated
LGM climates are indeed sensitive to the form of the prescribed
ice sheet””. However, the latest reconstructions of the size and
form of the LGM ice sheets are more similar to one another than
to previous attempts at reconstruction. Furthermore, the impact
of uncertainties in ice-sheet prescription is small and highly local-
ized compared with the other, well-constrained forcings. Similarly,
some of the model simulations prescribe vegetation to be the same
as present in both the mid-Holocene and the LGM. However, inclu-
sion of dynamic vegetation does not seem to improve the simula-
tion of mid-Holocene regional climates. Furthermore, Earth system
models do not seem to perform better overall than models that do
not include a dynamic carbon cycle and/or dynamic vegetation.
Inclusion of dust forcing has been shown to improve the simula-
tions of LGM climate™, for example, but again the impact of dust
is small compared with the impact of the changes in the ice sheet
or atmospheric composition’”. Thus, although uncertainties in the
experimental protocol could contribute somewhat to the poor per-
formance of the CMIP5 models, the large discrepancies between
observations and simulations cannot be explained away by invok-
ing the experimental design.

It is of concern that the current generation of climate mod-
els does not perform better overall than previous generations
of models, in terms of either modern climate or palaeoclimate
changes'®. On the positive side, this opens up the possibility of
using cross-generational ensembles for projections of climate and
climate impacts, which would provide a larger ensemble and more
robust measurements of uncertainties. However, there is a need to
screen the models used in constructing such ensembles, because
palaeo-evaluation shows that some models are consistently better
than others at reproducing the magnitude and patterns of large
climate changes.
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Figure 4 | Maps of the p-values of Hotelling's T2 test” comparing the
CMIP3 plus PMIP2 versus CMIP5 ensembles. The plots show the p-values
for the test of the hypothesis of equality of the (multivariate) ensemble
means of MAT, mean temperature of the coldest month, MTWA and

MAP for the LGM (Igm), mid-Holocene (midHolocene) and the 1pctCO2
simulations in CMIP3 and CMIP5 (Tpctto2x and TpctCO2, respectively).
The number of significant statistics (that is, p < 0.05, shown in pink)

do not exceed that expected by chance®. A previous study™ has shown
that the results obtained using conventional meteorological variables are
virtually identical.

Palaeo-simulations have not delivered on the promise to pro-
vide a well-founded additional constraint on climate sensitivity.
This is partly because of the limited size of the ensemble, even when
including LGM experiments with the previous CMIP3/PMIP2
generation of models. However, a second issue is associated with
the limited amount of palaeoclimate data, and particularly quan-
titative reconstructions, from the Southern Hemisphere. It is dif-
ficult to constrain a global average based on unevenly distributed
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data points. The continued expansion of palaeoclimate data sets will
also allow evaluation of other regional climate changes. However,
the robust nature of the spatial variations of climate change in the
past (and future) calls into question whether a focus on global aver-
age responses is sensible.

Much of our knowledge about regional climate changes is based
on qualitative inferences from geologic, biological or archaeologic
records, which provide a more detailed picture of the geographic
areas affected than currently possible using quantitative climate
reconstructions. Qualitative records are useful because they con-
firm that the more limited quantitative information is realistic. For
example, although there are only 58 grid cells with quantitative
reconstructions of mid-Holocene MAP for northern Africa, we are
confident that the reconstructed increase in monsoon precipitation
is reasonable because of the extensive information on the widespread
occurrence of lakes**®!, profound changes in vegetation cover®* and
abundant human settlements®***. However, qualitative data of this
sort cannot be used explicitly in model evaluation. Although some
of these records could be used for quantitative reconstruction using
statistical techniques, generally the exploitation of most of these data
relies on the use of forward models, for example, of vegetation® or
lake water balance®”*s. We suggest that increased emphasis on cli-
mate reconstruction and greater exploitation of forward modelling
is urgently required to improve climate model evaluation.

The CMIP community is currently defining the suite of experi-
ments that will constitute the basis for the next IPCC assessment
report. CMIP5 was the first explicit inclusion of palaeo-experiments
in the CMIP suite of simulations but they have already shown their
usefulness. We urge all members of the CMIP community to run pal-
aeosimulations and to use them in model diagnosis. Demonstrating
which features of the simulated climate change are likely to be real-
istic, and which are not, will do much to increase confidence in
future projections.
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Table 1| Description of past, present and future simulations.

Abbreviation
(in this Review)

Name of
experiment(s)
(in ESGF or PMIP
databases)

Description

Boundary conditions

RCP

TpctCO2

Tpctto2xCO2

abrupt4xCO2

historical
(twentieth
century)

piControl

rcp2.6, rcp4.5, rep6,  Transient simulations

rcp8.5
TpctCO2

Ipctto2x

abrupt4xCO2

historical

piControl

from 2006 to 2100

CMIPS transient
simulation with a 1% yr’'
change in CO, froma
pre-industrial control to
quadrupled CO,

CMIP3 transient
simulation

CMIP5 equilibrium
simulation with
instantaneous
quadrupling of CO,
relative to pre-industrial

CMIP5 transient
simulation 1850-2005

Equilibrium simulation
of 1850, used as control
for abrupt4xCO2, mid-
Holocene and LGM
simulations, and as
baseline for the historical
(twentieth century)
simulation
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Forced with RCP scenarios of changes in atmospheric composition and land use that
produce radiative forcing of 2.6, 4.5, 6and 8.5 W m2 by 2100

Trace gases: CO, changes from, for example, 28010 1,120 ppm in 140 yr
Other boundary conditions: as in CMIP5 piControl

Trace gases: 1% increase in CO, from either a pre-industrial or present-day control
simulation (70 yr), then hold constant for an additional 150 yr. Other boundary conditions
as in the CMIP3 pre-industrial or present-day simulations.

Trace gases: for example, CO,=1,120 ppm
Other boundary conditions: as in CMIP5 piControl

For this experiment, each modelling group defined the forcings appropriately for their
model to be consistent with observations. These could include time-varying:
Atmospheric composition (including CO,), due to both anthropogenic and volcanic
influences

Solar forcing

Emissions or concentrations of short-lived species and natural and anthropogenic
aerosols or their precursors

Land use

Non-evolving, pre-industrial conditions, which could include:

Prescribed atmospheric concentrations of all well-mixed gases (including CO,) and of
some short-lived (reactive) species

Prescribed non-evolving emissions or concentrations of natural aerosols or their
precursors and of some short-lived (reactive) species

Unperturbed land use

For comparison with past climate experiments, the following conditions were
typically used:

Orbital parameters: eccentricity = 0.016724, obliquity = 23.446°,

perihelion —180° =102.04°

Trace gases: CO, =280 ppm, CH, =650 ppb, N,0 =270 ppb,
CFC=0,05=modern-10DU

Ice sheet: modern

Land surface: modern or computed with dynamical vegetation model

Carbon cycle: interactive, with atmospheric concentration prescribed and ocean and land
carbon fluxes diagnosed as recommended in CMIP5

Note: modelling groups that did not run palaeosimulations may have used a slightly
different configuration for the piControl (see documentation of individual models)
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continued...
mid-Holocene  midHolocene Equilibrium simulation of ~ Orbital parameters: eccentricity = 0.018682, obliquity = 24.105°,
(CMIP5/PMIP3) 6,000 yrBp perihelion —180° =0.87°
Trace gases: CO, =280 ppm, CH, =760 ppb, N,O =270 ppb, CFC =0, O;=same as in
CMIP5PI

Ice sheet: as in CMIP5 piControl

Land surface: computed using a dynamical vegetation module or prescribed as in
piControl, with phenology computed for models with active carbon cycle or prescribed
from data

Carbon cycle: interactive, with atmospheric concentration prescribed and ocean and land
carbon fluxes diagnosed as recommended in CMIP5

PMIP_6k Equilibrium simulation of ~ Orbital parameters: eccentricity = 0.018682, obliquity = 24.105°,

(PMIP2) 6,000 yrBp perihelion —180° =0.87°
Trace gases: CO, =280 ppm, CH, =650 ppb, N,O =270 ppb, CFC =0, O, =same as in
PMIP_Ok control run
Ice sheet: as in PMIP_Ok control run
Land surface: same as control simulation, except in models with interactive vegetation
Carbon cycle: fixed

LGM Igm Equilibrium simulation of ~ Orbital parameters: eccentricity = 0.018994, obliquity = 22.949°,
(CMIP5/PMIP3) the LGM, 21,000 yrBP perihelion =180° =114.42°

Trace gases: CO, =185 ppm, CH, =350 ppb, N,O =200ppb, CFC =0, O;=as in CMIP5 PI
Ice sheet: prescribed consensus ice sheet as described on PMIP3 website, with
consistent changes to land-sea mask and sea level
Land surface: computed using a dynamical vegetation module or prescribed as in
piControl, with phenology computed for models with active carbon cycle or prescribed
from data
Carbon cycle: interactive, with atmospheric concentration prescribed and ocean and land
carbon fluxes diagnosed as recommended in CMIP5

PMIP_21k Equilibrium simulation of ~ Orbital parameters: eccentricity = 0.018994, obliquity = 22.949°,

(PMIP2) the LGM, 21,000 yr Bp perihelion —180° =114.42°
Trace gases: CO,=185ppm, CH, =350 ppb, N,O =200 ppb, CFC =0, O;=as in CMIP5 PI
Ice sheet: prescribed consensus ice sheet as described on PMIP3 website, with
consistent changes to land-sea mask and sea level
Land surface: same as control simulation, except in models with interactive vegetation
Carbon cycle: fixed

last No systematic Equilibrium simulation Orbital parameters: appropriate orbital parameters for time period chosen
interglaciation  naming convention  of one interval during Trace gases: either specified according to PMIP3 protocol, or independently derived but
the last interglaciation for the specified time period, or kept the same as in piControl (see ref.19 for details)

(for example, 130,000, Other boundary conditions: as in piControl
128,000, 127,000,

126,000 0r 125,000 yrBP)
mid-Pliocene mid-Pliocene warm  Equilibrium, atmosphere- Orbital parameters: as in piControl
period only simulation of the Trace gases: CO, =405 ppm, otherwise as in piControl
PlioExp2a warm period between Ice sheet: PRISM3D, with consistent land-sea geography and sea level
3.29and 2.97 Myr P Land surface: PRISM3D

Ocean: PRISM3D

The future simulations are either scenario-driven (RCP) or idealized simulations of warm climate states caused by enhanced CO, (1pctCO2, abrupt4xCO2). The present day is represented either by a twentieth-
century climate extracted from a historical simulation or by a piControl simulation. The palaeosimulations include both the mid-Holocene and LGM simulations analysed in detail in this Review, and the last
interglaciation and mid-Pliocene experiments. More details of the last interglaciation and mid-Pliocene experiments can be found in refs 19 and 89, respectively. ppm: parts per million; ppb: parts per billion; CFC:
chlorofluorocarbon.

2 NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

90



Evaluating Past Climate Variability and Modelling Its Impact on Tree Growth

Chapter 5
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Abstract. We present a simple, generic model of annual
tree growth, called “7”. This model accepts input from a
first-principles light-use efficiency model (the “P” model).
The P model provides values for gross primary production
(GPP) per unit of absorbed photosynthetically active radia-
tion (PAR). Absorbed PAR is estimated from the current leaf
area. GPP is allocated to foliage, transport tissue, and fine-
root production and respiration in such a way as to satisfy
well-understood dimensional and functional relationships.
Our approach thereby integrates two modelling approaches
separately developed in the global carbon-cycle and forest-
science literature. The 7 model can represent both ontoge-
netic effects (the impact of ageing) and the effects of environ-
mental variations and trends (climate and CO;) on growth.
Driven by local climate records, the model was applied to
simulate ring widths during the period 1958-2006 for mul-
tiple trees of Pinus koraiensis from the Changbai Mountains
in northeastern China. Each tree was initialised at its actual
diameter at the time when local climate records started. The
model produces realistic simulations of the interannual vari-
ability in ring width for different age cohorts (young, ma-
ture, and old). Both the simulations and observations show
a significant positive response of tree-ring width to growing-
season total photosynthetically active radiation (PAR() and
the ratio of actual to potential evapotranspiration («), and
a significant negative response to mean annual temperature
(MAT). The slopes of the simulated and observed relation-
ships with PARg and « are similar; the negative response to
MAT is underestimated by the model. Comparison of sim-
ulations with fixed and changing atmospheric CO, concen-

tration shows that CO; fertilisation over the past 50 years is
too small to be distinguished in the ring-width data, given
ontogenetic trends and interannual variability in climate.

1 Introduction

Forests cover about 30 % of the land surface (Bonan, 2008)
and are estimated to contain 861 +66PgC (Pan et al.,
2011). Inventory-based estimates show that forests have
been a persistent carbon sink in recent decades, with a
gross uptake of 4.040.5PgC year™!' and a net uptake of
1.1+£0.8PgCyear™! between 1990 and 2007 (Pan et al.,
2011). This is a significant amount in comparison to the
amounts of carbon released from fossil fuel burning, cement
production, and deforestation (9.5 + 0.8 PgC year™! in 2011:
Ciais et al., 2013), and thus forest growth has a substan-
tial effect on atmospheric CO, concentration and climate
(Shevliakova et al., 2013). However, there is considerable
geographic variability in the trends in the carbon sink, as
well as the factors controlling regional trends, and uncer-
tainty about how forest growth and carbon sequestration will
be affected by climate change, and climate-driven changes
in wildfire (Ciais et al., 2013; Moritz et al., 2013). The
changing importance of disturbance, and its influence on for-
est age, is likely to have a significant impact on the abil-
ity of forests to act as carbon sinks. It is generally assumed
that stand-level productivity stabilises or declines with age
(Ryan and Yodar, 1997; Caspersen et al., 2011). However,
recent analyses have shown that mass growth rate (and hence

Published by Copernicus Publications on behalf of the European Geosciences Union.
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carbonaccumulation) by individual trees increases continu-
ously with tree size (Stephenson et al., 2014), pointing to a
need to understand the relationship between individual and
stand-growth rates. Predictions of future changes in the ter-
restrial carbon cycle (e.g. Friedlingstein and Prentice, 2010)
rely on ecosystem models that explicitly represent leaf-level
processes, such as photosynthesis, but in most cases do not
incorporate the response of individual trees. In models that
do consider individual tree growth (e.g. ED: Moorcroft et al.,
2001; Medvigy et al., 2012; LPJ-GUESS: Smith et al., 2001;
Claesson and Nycander, 2013), little attention has been paid
to evaluating the realism of simulated radial growth. Incor-
porating the response of individual trees to climate and envi-
ronmental change within such modelling frameworks should
help to provide more realistic estimates of the role of forests
in the global carbon cycle.

Climate factors, such as temperature and moisture avail-
ability during the growing season, are important drivers of
tree growth (Harrison et al., 2010). This forms the basis
for reconstructing historical climate changes from tree-ring
records of annual growth (Fritts, 2012). However, photosyn-
thetically active radiation (PAR) is the principal driver of
photosynthesis. Models for primary production that use tem-
perature, not PAR, implicitly rely on the far-from-perfect cor-
relation between temperature and PAR (Wang et al., 2014).
PAR can change independently from temperature (through
changes in cloudiness affecting PAR or atmospheric circula-
tion changes affecting temperature) and this may help to ex-
plain why statistical relationships between tree growth and
temperature at some high-latitude and high-elevation sites
appear to break down in recent decades (D’Arrigo et al.,
2008). CO; concentration also has an impact on tree growth,
although its magnitude is still controversial; trends in tree
growth have been attributed to increasing atmospheric CO;
concentration in some studies (Wullschleger et al., 2002;
Korner, 2006; Huang et al., 2007; Koutavas, 2013) and not
others (Miller, 1986; Luo et al., 2004; Reich et al., 2006).
To resolve these apparent conflicts, and to understand tree-
growth processes better, it is necessary to analyse the re-
sponse of tree growth to multiple factors acting simultane-
ously, including solar radiation, climate, CO;, and ontoge-
netic stage.

Modelling is needed for this purpose. Empirical models of
annual tree-growth and climate variables (temperature and
precipitation) have been used to simulate tree radial growth
(Fritts, 2012). Process-based bioclimatic models might be
preferable, however, because this allows other factors to be
taken into account (e.g. the direct impact of CO; concen-
tration on photosynthesis) and for non-stationarity in the re-
sponse to specific climate variables. Vaganov et al. (2006)
and Rathgeber et al. (2005) have used bioclimatic variables
(temperature and soil-moisture availability) chosen to reflect
physiological processes to simulate radial tree growth. The
MAIDEN model (Misson, 2004; Misson et al., 2004; see
also MAIDENiso: Danis et al., 2012) models the pheno-
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logical and meteorological controls on net primary produc-
tion (NPP) and explicitly allocates carbon to different carbon
pools (including the stem) on a daily basis using phenolog-
ical stage-dependent rules. Nevertheless, MAIDEN still re-
quires the tuning of several parameters.

Simple equations representing functional and geometric
relationships can describe carbon allocation by trees and
make it possible to model individual tree growth (Yokozawa
and Hara, 1995; Givnish, 1988; Falster et al., 2011; King,
2011). Such models are built on measurable relationships,
such as that between stem diameter and height (Thomas,
1996; Ishii et al., 2000; Falster and Westoby, 2005), and
crown area and diameter or height (Duursma et al., 2010) that
arise because of functional constraints on growth. The pipe
model represents the relationship between sapwood area and
leaf area (Shinozaki et al., 1964; Yokozawa and Hara, 1995;
Mikelad et al., 2000). The ratio of fine-root mass to foliage
area provides the linkage between above- and below-ground
tissues (Falster et al., 2011). These functional relationships
are expected to be stable through ontogeny, which implies
that the fraction of new carbon allocated to different com-
partments is variable (Lloyd, 1999). In this paper, we com-
bine the two modelling approaches previously developed in
the global carbon-cycle (ecophysiology) and forest-science
(geometric and carbon allocation) literature to simulate indi-
vidual tree growth.

2 Methods
2.1 Model structure and derivation

We use a light-use efficiency model (the P model: Wang et
al., 2014), driven by growing-season PAR, climate, and am-
bient CO, concentration inputs, to simulate gross primary
production (GPP). The simulated GPP is used as input to
a species-based carbon allocation and functional geometric
tree-growth model (the 7 model) to simulate individual tree
growth (Fig. 1).

2.1.1 The P model

The P model is a simple but powerful light-use efficiency
and photosynthesis model, which simulates GPP per unit of
absorbed PAR from latitude, elevation, temperature, precip-
itation, and fractional cloud cover (Wang et al., 2014). The
climate observations used here are monthly temperature, pre-
cipitation, and fractional cloud cover, which are interpolated
to a daily time step for subsequent calculations of the vari-
ables that determine annual GPP.

Potential annual GPP is the product of the PAR incident on
vegetation canopies during the growing season (PARy), with
the maximum quantum efficiency of photosynthesis (®g), the
fraction of absorbed PAR (fAPAR), and the effect of pho-
torespiration and substrate limitation at subsaturating [CO»],
represented as a function of the leaf-internal [CO3] (c;) and
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the photorespiratory compensation point (I'*), as shown in
Eq. (1).

GPP = @ (PARy x fAPAR) (¢; — ') / (¢i +2I'*),, (1

where @ is set to 0.48 g C mol~! photon, based on a quan-
tum efficiency of 0.05 mol C mol~! photon and a leaf absorp-
tance of 0.8. Daily PAR at the top of the atmosphere is cal-
culated based on solar geometry and is subsequently mod-
ified by transmission through the atmosphere, which is de-
pendent on elevation and cloud cover. Annual effective PAR
(PAR) is calculated as the annual sum of daily PAR, taking
into account the low-temperature inhibition of photosynthe-
sis and growth, using a linear ramp function to downweight
PAR on days with temperatures below 10 °C. Days with tem-
peratures below 0 °C do not contribute to PAR(. See Wang et
al. (2014) for details. In this application, we first calculated
potential GPP with fAPAR set to 1. fAPAR is not an input to
the model, but is calculated implicitly, from the foliage cover
simulated by the T model.

Leaf-internal [CO;] is obtained from the ambient [CO;]
via the “least-cost hypothesis” (Wright et al., 2003; Prentice
etal.,2014). Wang et al. (2014) provide a continuous predic-
tion of the ¢; / c, ratio as a function of environmental aridity,
temperature and elevation based on the following hypothesis:

ci/fca=1/(1+Cy/ (ny/(D)/K)), 2)

where D is the cumulative water deficit over a year (propor-
tional to an annual “effective value” of the vapour pressure
deficit: VPD), n is the dynamic viscosity of water, K is the
effective Michaelis—Menten coefficient for Rubisco-limited
photosynthesis, and C is a constant. The difference between
the annual actual and equilibrium evapotranspiration is used
as a proxy for D (see Prentice et al., 2013). D is calculated
using the daily interpolated temperature, precipitation, and
cloudiness data. Annual actual evapotranspiration is derived
from equilibrium evapotranspiration and precipitation using
a simple soil-moisture accounting scheme with a daily time
step, as described in Gallego-Sala et al. (2010). The temper-
ature dependences of n and K follow Prentice et al. (2014).
Both K and n change steeply with temperature: K changes
from 196 ppm at 10°C to 1094 ppm at 30 °C; n decreases
from 1.31 mPas at 10 °C to only 0.798 mPas at 30 °C.

The temperature dependence of I'* is described by an
exponential closely approximating an Arrhenius function
(Bernacchi et al., 2003):

I'* = [5exp (0.0512AT), 3)

where F;S is the value of I'* at 25°C (4.331Pa), and AT is
the monthly temperature difference from 25 °C.

The P model has been shown to simulate well many of
the global patterns of annual and maximum monthly terres-
trial GPP by Cj3 plants. The simulated seasonal cycle of GPP
at different latitudes is supported by analyses of CO; flux
measurements (Wang et al., 2014).
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Figure 1. Model application flow. We combined the simple light-
use efficiency and photosynthesis model (P model) with a carbon
allocation and functional geometric tree-growth model to simulate
tree growth (e.g. ring width). The inputs to the P model are latitude,
elevation, [CO5], monthly temperature, precipitation, and fractional
cloud cover. Potential gross primary productivity (GPP) simulated
by the P model drives the 7 model. The T model also requires a
limited number of species-specific parameter values to be specified.

2.1.2 The T model

We assume that potential GPP is the first-order driver of tree
growth both at stand and individual level. The T model trans-
lates potential GPP, as simulated by the P model into individ-
ual tree growth, which depends on foliage cover within the
canopy and the respiration of non-green tissues, carbon allo-
cation to different tissues, and relationships between differ-
ent dimensions of the tree. Although these relationships are
often loosely called “allometries”, true allometries (power
functions) have the undesirable mathematical property for
growth modelling that, if the power is greater than 1, the
derivative evaluated at the start of growth is O; if the power
is between 0 and 1, the derivative is infinite. We have there-
fore avoided the use of power functions, except for geometric
relationships, in which they are unambiguously correct.

Functional geometric relationship

Carbon is allocated to different tissues within the constraint
of the basic functional or geometric relationships between
different dimensions of the tree.

Asymptotic height—diameter trajectories (Thomas, 1996;
Ishii et al., 2000; Falster and Westoby, 2005) are modelled as

H = Hp[1 —exp(—aD/Hy)], 4)
where H is the tree height, D is the basal diameter, Hy, is
the (asymptotic) maximum height, and a is the initial slope
of the relationship between height and diameter.

The model also requires the derivative of this relationship:

dH/dD = aexp(—aD/Hy) = a(l — H/Hy). 5)
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The form of the stem is assumed to be paraboloid (Jonson,
1910; Larson, 1963). It can be shown (assuming the pipe
model) that this form is uniquely consistent with a uniform
vertical distribution of foliage area during early growth; i.e.
in the absence of heartwood. Here, the total stem mass (W)
is expressed as a function of D and H:

Wy = (1/8)ps D*H, (©6)

where ps is the density of the wood, and (i7/8) D?H is the
volume of a paraboloid stem.

The relationship of diameter increment to stem increment
is then given by:

AW, /dr = (1/8)ps [1)2 (dH /dD) + 2DH] dp/de. (1)

The projected crown area (A.) is estimated from D and H
using an empirical relationship:

A = (nc/4a)DH, 3

where ¢ is the initial ratio of crown area to stem cross-
sectional area. This relationship was chosen as an intermedi-
ate between previously published expressions that relate A
either to D2 or H. It is consistent with reported allometric
coefficients typically between 1 and 2 for the relationship be-
tween A. and D.

Crown fraction (f¢) is also derived from H and D. As we
assumed the stem to be paraboloid, the stem cross-sectional
area at height z is

As(z) =As(1 —z/H), (€))

where Aj is the basal area: Ay = (7r/ 4)D?. We find the height
(z*) at which the ratio of foliage area (Af) to stem area at
height z* (Ag(z*)) is the same as the initial ratio of crown
area to stem cross-sectional area (c). We obtain crown areca
(A.) from:

Ac = cAy(Z") = cAs(1 - 2"/ H). (10)

Combining this with Eq. (8), we obtain (7c/4a) DH = cA;
(1 — zx/H), which reduces to

fe=(—27*/H)=H/aD. (11)

The initial slope (a) is, in principle, dependent both on
species growth form and ambient conditions, including light
availability. Here, it is determined directly from observations.

Carbon allocation

Actual GPP (P) is obtained from potential GPP (Pp) using
Beer’s law (Jarvis and Leverenz, 1983):

P =PyAc (1 —exp(—kL)), (12)

where k is the extinction coefficient for PAR, and L is the
leaf area index within the crown.
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NPP is derived from annual GPP, corrected for foliage res-
piration (which is set at 10 % of total GPP, an approximation
based on the theory developed by Prentice et al., 2014 and
Wang et al., 2014) by further deducting growth respiration
and the maintenance respiration of sapwood and fine roots.
Growth respiration is assumed to be proportional to NPP, fol-
lowing:

Pret =y (P — R) =y (P — Wyrs — o Wyry) (13)

where Pper is NPP, Ry, is the maintenance respiration of
stem and fine roots, and y is the “yield factor” accounting
for growth respiration. Total maintenance respiration of non-
green parts comprises fine-root respiration (¢ o Wry, where ¢
is the ratio of fine-root mass to foliage area, o is the specific
leaf area, Wt is the mass of carbon in foliage ((1/0)LA),
and ry is the specific respiration rate of fine roots), and stem
(sapwood) respiration (W.srg, where W.g is the mass of car-
bon in sapwood, and r is the specific respiration rate of sap-
wood). W, can be estimated from A, through the pipe model:

W.s = LAcvyps Hy, (14)

where vy is the Huber value (ratio of sapwood to leaf area;
Cruiziat et al., 2002), and Hr is the mean foliage height H
(1 — f./2). The constraint that the initial sapwood area must
be equal to the stem cross-sectional area leads to the follow-
ing identity: Lcvyg = 1.

NPP is allocated to stem increment (dW; / dt), foliage in-
crement (dWs /dt), fine-root increment ((o dWr/dt), fo-
liage turnover (Wr/t¢, where tr is the turnover time of
foliage), and fine-root turnover ({o Wr/t., where t; is the
turnover time of fine roots). For simplicity, in common with
many models, we do not consider allocation to branches and
coarse roots separately from allocation to stem:

Pt =dWs/dt + (1 4+ ¢o)dWr/dt + (1/te + Co/T) Wr. (15)

From Egs. (13) and (15), the stem increment (dW; / df) can
now be expressed as:

dWq/dt = yAc[Po (1 —exp(—kL)) — ps (1 — fc/2) (16)
Hrg/c— Lgre| — L(wc/4a) [aD (1 — H/Hy) + H]|
(1/o +¢)dD/dt — LAc(1 /ot +¢/T0).

The annual increment in (dD / dt) and all the other diameter-
related indices are simulated by combining Eqgs. (7) and (16).

2.1.3 Definition of the growing season

The season over which GPP is accumulated (i.e. the effec-
tive growing season) is defined as running from July in the
previous year through to the end of June in the current year.
This definition is consistent with the fact that photosynthesis
peaks around the time of the summer solstice (Bauerle et al.,
2012) and that maximum leaf area occurs shortly after this
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Table 1. Parameter description and the derivation of parameter values.

6715

Uncertainty or

Value source:

Parameter Code  Value range of value observation or

from literature published literature
Initial slope of height—diameter relationship (-) a 116 +4.35 Observation (Fig. 2)
Initial ratio of crown area to stem cross-sectional area (=) ¢ 390.43 +11.84 Observation (Fig. 2)
Maximum tree height (m) Hpy 25.33 +0.71 Observation (Fig. 2)
Sapwood density (kng_3 ) Ds 200 +25 Observation
Leaf area index within the crown (-) L 1.8 1.5-1.96 Chen et al. (2004)
Specific leaf area (m2 kg_IC) o 14 13.22-16.82 Huo and Wang (2007)
Foliage turnover time (years) TF 4 - Luo (1996)
Fine-root turnover time (years) Tr 1.04 - Shan et al. (1993)
PAR extinction coefficient (-) k 05 - Pierce and Running (1988)
Yield factor () y 0.6 0.5-0.7 Zhang et al. (2009)
Ratio of fine-root mass to foliage area (kg Cm™2) ¢ 0.17 - White et al. (2000)
Fine-root specific respiration rate (year™ 1) r 0913 - Yan and Zhao (2007)
Sapwood-specific respiration rate (year™ 1) Is 0044 (14 0.5-10,20 1 Landsberg and Sands (2010)

nmolmol~! s’l)

nmolmol ! s~

(Rautiainen et al., 2012). Carbon fixed during the later half
of the year (July to December) is therefore either stored or
allocated for purposes other than foliage expansion. Obser-
vations of tree radial growth show that it can occur before
leaf-out (in broadleaved trees) or leaf expansion (in needle-
leaved trees), thus confirming that some part of this growth
is based on starch reserves from the previous year (Miche-
lot et al., 2012). This definition of the effective growing sea-
son is also supported by analyses of our data, which showed
that correlations between simulated and observed tree-ring
widths are poorer when the model is driven by GPP from the
current calendar year rather than an effective growing season
from July through to June.

2.2 Model application
2.2.1 Observations

We use site-specific information on climate and tree growth
from a relatively low-elevation site (ca. 128°02'E, 42°20' E;
800 ma.s.l.) in mixed conifer and broadleaf virgin forest in
the Changbai Mountains in northeastern China (Bai et al.,
2008). This region was chosen because there is no evidence
of human influence on the vegetation, and the forests are
maintained by natural regeneration. Data on tree height, di-
ameter, and crown area were collected for 400 individual
Pinus koraiensis trees from 35 20 m x 20 m sample plots.
The 400 trees included all individuals of this species in the
35 plots, representing a complete sampling of the variabil-
ity in growth. Tree height and diameter were measured di-
rectly, and crown area measured as the area of projected
ground coverage. Tree-ring cores were obtained from 46
of these individuals in 2007. The selected trees were ei-
ther from the canopy layer or from natural gaps in the for-
est, and, in both cases, not overshadowed by nearby indi-

www.biogeosciences.net/11/6711/2014/

96

viduals in order to minimise the possible effects of compe-
tition. An attempt was made to select individuals of differ-
ent diameters (the diameter at breast height was from 10 to
70 cm at the time of sampling), broadly corresponding to the
range of diameters recorded in the original sampling. The 46
trees were of different ages (ranging from < 50 to ca. 200
years at the time of sampling in 2006); subsequent analy-
ses show there is little relationship between age and diame-
ter at breast height. Environmental conditions (e.g. soil depth
and light availability) were relatively uniform across the sam-
pling plot. Monthly temperature, precipitation, and fractional
cloud cover data from 1958 onwards were obtained from
the Songjiang meteorological station (128°15"E, 42°32'E;
591.4ma.s.l.), which is representative of the regional climate
at low elevations in the Changbai Mountains.

2.2.2 Derivation of T model parameter values

T model parameter values were derived from measurements
made at the sampling site or from the literature (Table 1). We
estimated the initial slope of the height—diameter relationship
(a: 116), the initial ratio of crown area to stem cross-sectional
area (c: 390.43), and maximum tree height (Hp: 25.33 m)
using non-linear regression applied to the diameter at breast
height (D), tree height (H), and crown area (A.) measure-
ments on all the 400 trees from the sample plots (Fig. 2). We
used a value of sapwood density derived from three measure-
ments at the sampling site (Table 1). We used values of leaf
area index within the crown (L), specific leaf area (o), fo-
liage turnover time (tr), and fine-root turnover time (t;) for
Pinus koriensis from field studies conducted in northeastern
China (Table 1). No species-specific information was avail-
able for the PAR extinction coefficient (k), yield factor (y),
ratio of fine-root mass to foliage area (¢), fine-root specific
respiration rate (ry), or sapwood-specific respiration rate (7).
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Figure 2. Estimation of parameter values for the application of the 7 model. Diameter at breast height (D), tree height (H), and crown
area (Ac) of the 400 trees from the sample plots were used for the estimation of the initial slope of the height—diameter relationship (a) and
(asymptotic) maximum tree height (Hy,). Relationships among crown area (Ac), diameter at breast height (D), and height (H) (Eq. 7) are
used to estimate the initial ratio of crown area to stem cross-sectional area (c).

We therefore used published values for other species of ev-
ergreen needleleaf trees, taken from papers that summarise
results from a range of field measurements. Most of the pub-
lished values for these parameters fall in a relatively narrow
range (Table 1). The uncertainty in fine-root specific respira-
tion rate is not given in the original source paper (Yan and
Zhao, 2007), but the average value is consistent with other
studies (e.g. Zogg et al., 1996). The published values for
sapwood-specific respiration rate in pines show considerable
variability, ranging from 0.5 to 10 or even 20 nmol mol ! s~!
(Landsberg and Sands, 2010). Analyses (see Sect. 3.1) show
that the model is sensitive to the specification of sapwood res-
piration. We therefore selected the final value for this param-
eter based on calibration of the simulated mean ring width
against observations, constrained by the published range of
values for sapwood respiration rate.

2.3 Model application

We applied the model to simulate the growth of 46 individual
Pinus koraiensis trees from the study site between 1958 and
2006. The 46 trees were of different ages (ranging from < 50
to ca. 200 years at the time of sampling in 2006) and diame-
ters (the diameter was at breast height from 10 to 70 cm at the
time of sampling). Environmental conditions (e.g. soil depth
and light availability) were relatively uniform across the sam-
pling plot. The start date for the simulations was determined
by the availability of local climate data. Site latitude, eleva-
tion, and observed monthly temperature, precipitation, and
fractions of cloud cover were used as input for the P model.
Each tree was initialised at its actual diameter at 1958, calcu-
lated from the measured diameter in 2007 and measured ra-
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dial growth between 1958 and 2007. The model was initially
run with a fixed CO, concentration of 360 ppm. To exam-
ine the impact of changing atmospheric CO, levels on tree
growth, we made a second simulation using the observed
monthly CO, concentration between 1958 and 2006 (310—
390 ppm: data from the National Oceanic and Atmospheric
Administration (NOAA) Earth System Research Laboratory
(ESRL) (www.esrl.noaa.gov/gmd/ccgg/trends/)).

2.4 Statistical methods

For statistical analyses and comparison with observations,
the individual trees were grouped into three cohorts, based
on their age in 1958: young (049 years); mature (50-99
years); old (> 100 years). Individual trees within each co-
hort exhibit a range of diameters (young: ca. 20-37 cm; ma-
ture: 9-59 cm; old: 25-40 cm). These differences in size will
affect the expression of ontogeny within each cohort. The
mean and standard deviation (SD) of year-by-year diameter
growth was calculated for each age cohort from the observa-
tions and the simulations. The Pearson correlation coefficient
and root mean squared error (RMSE) were used to evaluate
the degree of agreement between the observations and sim-
ulations. We used generalised linear modelling (GLM) (Mc-
Cullagh, 1984) to analyse the response of tree growth to the
major climate factors and age. The GLM approach is helpful
for separating the independent influence of individual factors
on tree growth, given the inevitable existence of correlations
between these factors.
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Figure 3. Comparison between simulations and observations for the three age cohorts (young: 0—49 years; mature: 50-99 years; old > 100
years). Each tree was initialised at its actual diameter at 1958, calculated from the measured diameter in 2007, and measured radial growth
between 1958 and 2007. The black line is the mean of observations within each age cohort, and grey bars are the standard deviation (SD) of
individuals within each age cohort. The blue lines and bars are the mean and standard deviation from the simulations.

3 Results
3.1 Simulated ring width versus observation

There are only small differences between different age co-
horts in the mean simulated ring width, with a mean value
of 1.43 mm for young trees, 1.31 mm for mature trees, and
1.37 for older trees. These values are comparable to the
mean value obtained from the observations (1.48, 1.29, and
1.34 mm, respectively). However, the general impact of age-
ing is evident in the decreasing trend in ring widths between
1958 and 2007 within any one cohort (Fig. 3). The slope is
stronger in the observations than in the simulations, indicat-
ing that the model somewhat underestimates the effects of
ontogeny.

There is considerable year-to-year variability in tree
growth. The simulated interannual variability (standard de-
viation) in simulated ring width is similar in all the age
cohorts (0.265mm in the young, 0.265 mm in the mature,
and 0.264 mm in the old trees). This variability is some-
what less than shown by the observations, where interan-
nual variability is 0.274, 0.367, and 0.245 mm, respectively
in the young, mature, and old cohorts. The RMSE is 0.263,
0.332, and 0.284 mm, respectively for young, mature, and
old age cohorts. The correlation between the observed and
simulated sequence in each cohort is statistically significant
(P =0.000, 0.001, and 0.009, respectively for young, ma-
ture, and old age cohorts).

Despite the fact that the model reproduces both the mean
ring width and the interannual variability in tree growth rea-
sonably well, the range of ring widths simulated for individ-
ual trees within any one cohort is much less than the range
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seen in the observations. This is to be expected, given that in-
dividual tree growth is affected by local factors (e.g. spatial
variability in soil moisture) and may also be influenced by
ecosystem dynamics (e.g. opening up of the canopy through
the death of adjacent trees). These effects are not taken into
account in the model.

3.2 Parameter sensitivity analysis

To evaluate the sensitivity of the model to specification of in-
dividual parameters, we ran a series of simulations in which
individual parameter values were increased or decreased by
50 % of their reference value. For each of these simulations,
the 7" model was run for 500 years using constant potential
GPP (the mean GPP during the period 1958-2006).

The model simulates a rapid initial increase in ring width,
with peak ring widths occurring after ca. 10 years, followed
by a gradual and continuous decrease with age (Fig. 4). The
model is comparatively insensitive to uncertainties in the
specification of fine-root specific respiration rate (r;), fine-
root turnover time (7f), and specific leaf area (o), while leaf
area index within the crown (L), ratio of fine-root mass to
foliage area (¢), and fine-root turnover time (z;) only have
a moderate effect on the simulated amplitude of ring width.
The largest impacts on the amplitude of the simulated ring
width are from the initial slope of the height-diameter re-
lationship (a), initial ratio of crown area to stem cross-
sectional area (c), and sapwood density (ps). Maximum tree
height (Hp,) and sapwood-specific respiration rate (r5) have
the greatest influence on the shape of the simulated age-
ing curve. These two parameters also have a large impact
on the amplitude of the growth of old trees. The parameter
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Figure 4. Parameter sensitivity analyses for the 7 model. A constant input of gross primary productivity (GPP) (mean during the period
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Table 2. GLM analysis of tree-growth response to the climatic factors and age, based on simulations and observations. The dependent variable
is mean ring width series (1958-2006) for each age cohort (young, mature, and old). The independent variables are the growing-season total
annual photosynthetically active radiation (PAR(), mean annual temperature (MAT), and the ratio of actual to potential evapotranspiration
(), with age cohort treated as a factor.

Intercept PAR( MAT o
(mm) (mm (kmol photon m72) - 1) (mm°C™ 1 ) (mm)
Estimation = —3.123 0.625 —0.180 0.702
Observation  Error +0.784 +0.093 +0.042 +0.301
p value 0.004 0.000 0.000 0.021
Estimation  —7.139 1.056 —0.078 1.142
Simulation Error +0.169 +0.020 +0.009 +0.065
p value 0.000 0.000 0.000 0.000
values for a, ¢, Hy,, and ps are derived from observations, value of 1.4nmolmol~!s~!, which is within the range of
with uncertainties much less than 50 % (Fig. 2). Thus, the published values for pines (see summary in Landsberg and
sensitivity of the model to these parameters is not impor- Sands, 2010). r; is the only parameter that was tuned.
tant. However, model sensitivity to sapwood respiration (r),
both in terms of the shape of the ageing curve and the am- 3.3 Controls on tree growth

plitude, is of greater concern, given the large range of val-
ues in the literature. Although some part of the uncertainty ~ The GLM analysis revealed a strong positive relationship be-
in the specification of sapwood respiration may be due to tween PAR¢ and tree growth, while moisture stress (as mea-

differences between species, the difficulty of measuring this sured by o, an estimate of the ratio of actual to potential
trait accurately also contributes to the problem. For the fi-  evapotranspiration) was shown to have a less steep but still
nal model, we tuned r¢ against the ring-width observations. ~ positive effect (Fig. 5 and Table 2). The observed partial rela-
The best match with the observations was obtained with a tionship between mean annual temperature and tree growth is

negative. The Changbai Mountains are at the southern end of
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Figure 5. Tree-growth response to climate and tree age: partial residual plots based on the GLM analysis (Table 2), obtained using the visreg

package in R, are shown.
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Figure 6. CO, effect on tree growth. Two runs, one with a fixed
360 ppm [CO;] (blue line), the other with observed monthly [CO;]
(red line), are compared to show the simulated effect of [CO3] on
tree growth during the period 1958-2006.

the distribution of Pinus koraiensis in China, which makes it
plausible that tree growth would be inhibited during warmer
years.

The model reproduces these observed relationships be-
tween climate factors and tree growth. The slope of the ob-
served positive relationship with « is statistically indistin-
guishable from the modelled slope, but the observed positive
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relationship with PAR( is weaker, and the negative correla-
tion with mean annual temperature is stronger in the obser-
vations than in the simulations. These differences between
observations and simulations could reflect the influence of
an additional climate control, related to both PARg and tem-
perature (e.g. cloud cover). The difference between observed
and simulated effects of temperature may also be because,
although simulated growth is inhibited by low temperatures
(through the computation of PAR), the current model does
not include any mechanism for inhibition due to heat stress
at high air and leaf temperatures.

The GLM analysis also showed that age, as represented
by the three age cohorts, has an impact on ring width: young
trees have greater ring widths than mature trees, while old
trees have somewhat greater ring widths than mature trees.
This pattern is seen in both the observations and simulations,
although the differences between the young and mature co-
horts are slightly greater in the observations.

The overall similarity in the observed and simulated re-
lationships between growth rates and environmental factors
confirms that the T model performs realistically. The ob-
served relationships are considerably noisier than the sim-
ulated relationships (Fig. 5, Table 2), reflecting the fact that
growth rates are affected by small-scale variability in envi-
ronmental conditions, as well as time-varying competition
for light.

Biogeosciences, 11, 6711-6724, 2014



Evaluating Past Climate Variability and Modelling Its Impact on Tree Growth

6720

34 Simulated CO; effect on tree growth

Elevated levels of CO; are expected to have a positive impact
on tree growth (Hyvonen et al., 2007; Donohue et al., 2013;
Hickler et al., 2008; Boucher et al., 2014). This positive re-
sponse to [CO3] is seen in the comparison of the fixed [CO;]
and real [CO;] simulations (Fig. 6). In the first part of the
simulation, prior to 1980, the actual [CO;] is lower than the
level of 360 ppm used in the fixed [CO;] experiment. This re-
sults in lower growth rates. The 50 ppm difference between
the two experiments at the beginning of the simulation results
in a difference in ring width of 0.242 mm. After 1980, when
the actual [CO»] was higher than 360 ppm, the tree growth in
the simulation with realistic [CO,] is enhanced. The 30 ppm
difference at the end of the simulation results in a difference
in ring width of 0.101 mm. Overall, the change in [CO,] be-
tween 1958 and 2006 results in a positive enhancement of
tree growth of ca. 0.343 mm yr—!. However, this difference is
very small compared to the impact of ageing (> 1 mm from
observations) or to the differences resulting from the interan-
nual variability of climate (1.212 mm) on tree growth.

4 Discussion

We have shown that radial growth (ring width) can be re-
alistically simulated by coupling a simple generic model of
GPP with a model of carbon allocation and functional geo-
metric tree growth with species-specific values. The model is
responsive to changes in climate variables, and can account
for the impact of changing CO, and ontogeny on tree growth.
Although several models draw on basic physiological and/or
geometric constraints in order to simulate tree-ring indices
(Fritts, 2012; Vaganov et al., 2006; Rathgeber et al., 2005;
Misson, 2004), and indeed the two approaches have been
combined to simulate between-site differences in ecosystem
productivity and tree growth (Hérkonen et al., 2010, 2013),
this is the first time, to our knowledge, that the two ap-
proaches have been combined to yield an explicit treatment
of individual tree-growth processes, tested against an exten-
sive ring-width data set.

Our simulations suggest that, after a brief but rapid in-
crease for young plants, there is a general and continuous
decrease in radial growth with age (Fig. 4). This pattern is
apparent in individual tree-ring series, and is evident in the
decreasing trend in ring widths shown when the series are
grouped into age cohorts (Fig. 3). It is a necessary conse-
quence of the geometric relationship between the stem di-
ameter increment and cross-sectional area; more biomass is
required to produce the same increase in diameter in thicker,
taller trees than thinner, shorter ones. However, we find that
ring widths in old trees in our study region are consistently
wider than those in mature trees, and this property is repro-
duced in the simulations (Fig. 5). This situation arises be-
cause the old trees are, on average, smaller than the mature
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trees at the start of the simulation (in 1958). Thus, while the
difference between average ring widths in the mature and old
cohorts conforms to the geometric relationship between stem
diameter increment and cross-sectional area, it is a response
that also reflects differences in the history of tree growth
at this site, which determined the initial size of the trees in
1958. Lack of climate data prior to 1958 or detailed informa-
tion about stand dynamics precludes diagnosis of the cause of
the growth history differences between mature and old trees.

Studies attempting to isolate the impact of climate vari-
ability on tree growth, including attempts to reconstruct
historical climate changes using tree-ring series, often de-
scribe the impact of ageing as a negative exponential curve
(Fritts, 2012). However, our analyses suggest that this is not
a good representation of the actual effect of ageing on tree
growth, and would result in the masking of the impact of
climate-induced variability in mature and old trees. The sim-
ulated NPP of individual trees always increases with size (or
age). This is consistent with the observation that carbon se-
questration increases continuously with individual tree size
(Stephenson et al., 2014).

We have shown that total PAR during the growing season
is positively correlated with tree growth at this site. This is
not surprising given that PAR is the primary driver of photo-
synthetic carbon fixation. However, none of the empirical or
semi-empirical models of tree growth uses PAR directly as
a predictor variable; most use some measure of seasonal or
annual temperature as a surrogate. PAR is determined by lat-
itude and cloudiness. Although temperature varies with lati-
tude and cloudiness, it is also influenced by other factors, in-
cluding heat advection. Temperature changes can impact the
length of the growing season, and hence have an impact on
total growing-season PAR, but this is a trivial effect over re-
cent decades. In fact, we show that mean annual temperature
is negatively correlated with tree growth at this site. Given
this decoupling, and the potential that longer-term changes
in cloudiness will not necessarily be correlated with changes
in temperature (Charman et al., 2013), we strongly advocate
the use of growing-season PAR for empirical modelling, as
well as in process-based modelling.

We found no age-related sensitivity to interannual vari-
ability in climate; the interannual variability in ring width is
virtually identical between age cohorts. The strength of the
relationship with individual climate variables is also similar
between the three age cohorts. It is generally assumed that
juvenile and old trees are at greater risk of mortality from
environmental stress than mature trees are (e.g. Lines et al.,
2010; McDowell et al., 2008). This may be true in the case
of extreme events, such as wildfires, windthrow, or pest at-
tacks. Our results suggest that, although climate variability
has an important effect on tree growth, it is not an important
influence on mortality.

We have assumed that the period contributing to growth
(i.e. the effective growing season) in any year includes car-
bon stores generated during the second half of the previous
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year. The total foliage area determines the radial area of
the stem, and, once this is achieved, NPP is allocated either
to fine-root production or stored as carbohydrate for use in
stem growth in the early part of the subsequent year. This
is consistent with observations that radial growth begins be-
fore leaf-out (Michelot et al., 2012) and that maximum leaf
area is generally achieved by mid-summer (Rautiainen et al.,
2012). The MAIDEN model also allows tree growth to be
influenced by a fixed contribution from the previous year’s
growth (Misson, 2004). Defining the effective growing sea-
son as being only the current growth year had no impact on
the influence of climate on ring widths, or the shape of the
ageing curve. It did, however, produce a considerably lower
correlation between simulated and observed interannual vari-
ability in growth. Since tree-ring width reflects the integrated
climate over the “effective growing season”, reconstructions
of climate variables reflect conditions during that season, not
only during the current calendar year.

The high degree of autocorrelation present in tree-ring se-
ries is often seen as a problem requiring pretreatment of the
series in order to derive realistic reconstructions of climate
variables (e.g. Cook et al., 2012; Anchukaitis et al., 2013;
Wiles et al., 2014). However, spatial or temporal autocorrela-
tion is a reflection of the causal mechanism underpinning the
observed patterning. Here, we postulate that the mechanism
that gives rise to the temporal autocorrelation in tree-ring se-
ries is the existence of carbon reserves that are created in one
year and fuel early growth in the next. If a large reserve of
carbon is created in the second half of the growing season,
because of favourable conditions, this will offset poor con-
ditions in the following year. However, large reserves may
not be necessary if conditions during the subsequent grow-
ing year are very favourable. The fact that the relative in-
fluence of one year on the next can vary explains why the
measured autocorrelation strength in a given tree-ring series
varies through time.

The T model is sensitive to the values adopted for
some parameters, specifically the initial slope of the height—
diameter relationship (a), the initial ratio of crown area to
stem cross-sectional area (c¢), maximum tree height (Hp,),
sapwood density (ps), sapwood-specific respiration rate (r),
leaf area index within the crown (L), ratio of fine-root mass
to foliage area (¢), and fine-root turnover time (7). Several
of these parameters are easily derived from observations (e.g.
a,c, Hn, ps, and L) and, provided that sufficient site-based
observations are available, they should not pose a problem
for applications of the model. However, the model is also
sensitive to less easily measured parameters, including sap-
wood respiration, root respiration, and the ratio of fine roots
to leaves. Estimates of values for root respiration and root
mass to foliage area in the literature do not show substantial
differences, and we therefore used an average value to pa-
rameterise our model. This approach could be used for other
applications. We parameterised fine-root turnover rates based
on observations on Pinus koraiensis from Changbai. While
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this obviated the need for tuning in the current application,
lack of data on fine-root turnover rates in other regions (or
for other species) could pose problems for future applica-
tions of the model. The model is also highly sensitive to the
parameter value used for sapwood respiration, and the range
of reported values is large (Table 1). Because of this, we de-
rived a value for sapwood respiration by tuning the model to
obtain a good representation of average ring width. This is
the only parameter that requires tuning in the current version
of the T model. Although sapwood respiration is difficult to
measure, it would certainly be better if more measurements
of sapwood respiration were available, as this would remove
the need for model tuning.

Our modelling approach integrates the influence of cli-
mate, [CO;], and ontogeny on individual tree growth. Such a
model is useful to explore the response of tree growth to po-
tential future changes in climate, and the impact of changes
in tree growth on carbon sequestration. We also envisage that
it could also be used to investigate the impact of past cli-
mate changes on tree growth. Reconstructions of tempera-
ture changes beyond the recent observational period, used as
a baseline for the detection of anthropogenic influences on
the climate system, are largely derived from statistical re-
constructions based on tree-ring series (Jones et al., 1998;
Esper et al., 2002; Hegerl et al., 2006; Mann et al., 2008;
Ahmed et al., 2013). However, as we show here, tempera-
ture is neither the only nor the most important influence on
tree growth. This may help to explain why correlations be-
tween ring widths and climate at individual sites appear to
have broken down in recent decades (the so-called “diver-
gence problem”; D’ Arrigo et al., 2008). The availability of a
robust model to investigate tree growth could help to provide
better reconstructions of past climate changes (see Boucher
et al., 2014, for example), as well as more plausible projec-
tions of the response of tree growth to continuing climate
change in the future.
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Abstract

The absence of a signal of increasing [CO2] has been noted in many tree-ring
records, despite the enhancement of photosynthetic rates and water-use efficiency
resulting from increasing [CO;]. Detection of a [CO;] effect should be easiest in semi-
arid climates. To examine this issue, we used a light-use efficiency model of
photosynthesis coupled with a dynamic carbon allocation and tree-growth model to
simulate annual growth of the gymnosperm Callitris columellaris in the semi-arid
Great Western Woodlands, Western Australia, over the past 100 years. Parameter
values were derived from independent observations except for sapwood specific
respiration rate, fine-root turnover time, fine-root specific respiration rate and the ratio
of fine-root mass to foliage area, which were estimated by Bayesian optimization.
The model reproduced the general pattern of interannual variability in radial growth
(tree-ring width), including the response to the shift in precipitation regimes that
occurred in the 1960s. Both simulated and observed responses to climate show a

significant positive response of tree-ring width to total photosynthetically active
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radiation received and to the ratio of modeled actual to equilibrium
evapotranspiration, and a significant negative response to vapour pressure deficit.
However, the simulations showed an enhancement of radial growth in response to
increasing atmospheric CO, concentration (ppm) ([CO2]) during recent decades that
is not present in the observations. The discrepancy disappeared when the model was
recalibrated on successive 30-year windows. Then the ratio of fine-root mass to
foliage area increases by 14% (from 0.127 to 0.144 kg C m®) as [CO;] increased
while the other three estimated parameters remained constant. Our simulations
suggest that the absence of increased radial growth could be explained as a

consequence of a shift towards below-ground carbon allocation.

Introduction

The Great Western Woodlands (GWW) in southwestern Western Australia, with an
area of about 160,000 km?, is the largest remaining area of intact Mediterranean
woodland on Earth (Watson, 2008; Lee et al.,, 2013). The GWW region is unique
because of the diversity of large trees that grow there, despite the dry climate and

nutrient-poor sandy soils (Watson, 2008; Prober et al., 2012).

The southwest region of Western Australia has experienced a multidecadal drought
since the mid-1970s (Ansell et al., 2000; Cai and Cowan, 2006; Hope et al., 2006;
Cullen and Grierson, 2009; Van Ommen and Morgan, 2010), characterized by a
substantial reduction in winter rainfall. This change is consistent with a poleward shift
in the mid-latitude storm track (Smith et al., 2000; Frederiksen and Frederiksen,
2007) and a reduction in the frequency of synoptic events and the associated amount
of winter precipitation, coupled with an increase in the intensity of individual rainfall
events (Hope et al., 2006). These changes are projected to continue under global
warming (Yin, 2005; Hope, 2006). They have been variously linked to changes in the
Indian Ocean dipole (Smith et al., 2000; England et al., 2006), in Antarctic climate
(van Ommen and Morgan, 2010) and ultimately to changes in the Southern Annular
Mode (Cai and Cowan, 2006; Hendon et al., 2007; Meneghini et al., 2007; Feng et
al., 2010).
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Although the drought is more marked in the coastal regions of Western Australia than
inland (Van Ommen and Morgan, 2010), the regional changes in climate are also
reflected in the GWW. Analysis of the CRU TS v3.22 climate data (Harris et al.,
2014) for the location of the GWW Supersite at Credo (30.1°S, 120.7°E;

http://www.tern-supersites.net.au/supersites/gwwl) shows that mean annual

temperature has increased significantly in the last 100 years (0.139 %= 0.015
°C/decade, p < 0.001). There has been no trend in annual precipitation, but the
number of rain days has decreased significantly since the middle of last century,
especially after 1960 (-6.16 day/decade, p < 0.001); and the mean precipitation on
rain days (i.e. precipitation intensity) has increased (0.38 mm/decade, p < 0.001).
The interannual variability of annual precipitation has also increased (72.8 mm and
81.7 mm for the standard deviation of annual precipitation before and after 1960
respectively). These changes were expected to have had a significant impact on tree
growth in the GWW.

The changes in climate in southwestern Western Australia cannot be unambiguously
attributed to anthropogenic increases in [CO;] (Pitman et al., 2004; Cai and Cowan,
2006). However, the observed increase in [CO;] has direct impacts on
photosynthesis and the water-use efficiency of trees (Drake et al., 1997). Model
studies of the growth of the temperate trees Quercus petraea (France) and Pinus
koraiensis (China) have suggested that the impact of [CO;] on radial stem growth is
limited (Boucher et al., 2014; Li et al., 2014) and this is supported by tree-ring
measurements of trees from both temperate and tropical regions (Kienast and
Luxmoore, 1988; Gedalof and Berg, 2010; van der Sleen et al., 2015). However,
none of these studies were conducted in regions where tree growth is limited by
moisture availability or its seasonal distribution. A stronger response to enhanced
[CO2] might be expected a priori in water-limited regions (Field et al., 1983; Hyvdnen
et al., 2007), such as the GWW, because stomatal conductance is reduced when
[CO] is higher and thus the water loss per unit of carbon assimilation can be less
(Wright et al., 2003; Prentice et al., 2014).

In this study, we demonstrate that the radial growth of the gymnosperm Callitris

columellaris in the GWW can be simulated using a light-use efficiency model of
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photosynthesis coupled with a dynamic allocation and tree-growth model. We then
use this model to explore the impact of changes in climate and [CO;] on tree growth
under water-limited conditions, and specifically to test whether we can detect an

impact of [CO;] on ring width under these conditions.

2 Methods

2.1 The study area

The vegetation of the GWW is dominated by open eucalypt woodlands, with patches
of heathland, mallee and grassland. The climate is characterized by winter rainfall
and summer drought, although storms associated with the monsoonal penetration
into the continental interior can also bring occasional rains in summer (Sturman et al.,
1996). The sampling site (GWW Super Site, Credo, 30.1°S, 120.7°E, 400m a.s.l.) lies
in the northernmost and driest part of the GWW (Fig. 2), with a mean annual rainfall
of ca 270 mm. This area is dominated by naturally regenerating eucalypts
(Eucalyptus salmonophloia and E. salubris), associated with Acacia and the multi-
stemmed gymnosperm Callitris columellaris, with Atriplex in the understorey. Human

impact on the landscape is minimal.

2.2 Tree ring data

The genus Callitris has been shown to provide a good record of annual tree growth in
a wide variety of climates across Australia (Ash, 1983; Cullen and Grierson, 2007;
Baker et al., 2008; Cullen et al., 2008; Cullen and Grierson, 2009). Tree-ring cores
were obtained from ten multi-stemmed Callitris columellaris trees (Fig. 1) from a 500
x 500 m plot at the Credo Super Site in August 2013. The selected trees were
canopy trees, with a mean height of 4.2 meters, and not overshadowed by other
individuals. The sampling plot was considered relatively undisturbed. Other
environmental conditions (e.g. soil type, soil depth) showed no obvious variation
between the sampled trees. Multiple cores were obtained from each tree, taking care
to sample each of the individual stems of each tree. A total of 32 tree ring cores were

obtained.
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Measurements of annual growth were made on each core. The cores were cross-
dated visually, based on pointing-year identification and ring-width pattern matching,
and the final measuring accuracy was checked with the cross-dating software
COFECHA (Holmes, 1983). The basic tree ring-width statistics are summarized in
Table 1. The measurements of tree growth on individual stems were aggregated to
produce an estimate of the total radial growth of each tree for comparison with model
outputs. The “effective” single-stemmed basal diameter (D) and “effective” single-
stemmed diameter increment (dD/dt) were obtained from observed multi-stemmed

basal diameter (;) and individual-stem diameter increments (d(;)/dt) by:

D= / n, 62, and dD/dt = =¥, (5; - d5;/dt)

The effective annual growth measured at the study site is shown in Figure 3. Note
that, in contrast with traditional tree-ring studies, the ring-width series were not
detrended to account for aging effects because these are explicitly simulated by the
model. Furthermore, we simulate each of the 10 sampled trees individually rather

than creating a composite series.

Tree-ring series from the Southern Hemisphere are conventionally presented with
annual increments attributed to the calendar year in which tree growth was initiated
(Schulman, 1956). Although the longest tree-ring record obtained dates from 1870
(Fig. 3), only three trees have pre-1920 records. Some of the changes in the early
part of the record, such as the step-like decrease and increase before 1920, are
likely to be artefacts because of the low number of tree records. For this reason, and
because the climate data are also less reliable in the early part of the century, we

focus on the interval post-1920 for anlyses.

2.3 The tree growth model

We used a light-use efficiency model (the P model: Wang et al., 2014) to simulate
gross primary production (GPP), which is then used as input to a species-based
carbon allocation and functional geometric tree-growth model (the T model: Li et al.,
2014) to simulate tree growth. The P model simulates GPP per unit of absorbed PAR
using data on latitude, elevation, [CO;] and monthly temperature, precipitation, and

fractional cloud cover (Wang et al.,, 2014). The P model has been shown to
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reproduce observed geographic patterning in the magnitudes of observed GPP

reasonably well (Wang et al., 2014).

The potential GPP per unit of absorbed PAR as predicted by the P model depends
on the PAR incident on the vegetation canopy during the growing season
(temperature above 0°C), the intrinsic quantum efficiency of photosynthesis (taken as
0.085: Collatz et al., 1998; Wang et al., 2014), and the effects of photorespiration and
substrate limitation at subsaturating [CO;] represented as a function of the leaf-
internal [CO;] and the photorespiratory compensation point. Leaf-internal [CO;] is
estimated from ambient [CO,] via the least-cost hypothesis (Wright et al., 2003;
Prentice et al.,, 2014) as a function of atmospheric aridity (expressed as AE, the
climatic moisture deficit: difference between annual (estimated) actual
evapotranspiration (Ea) and equilibrium evapotranspiration (Eg)), air temperature and

V4 (ais the

elevation. In the version used here, GPP is further modified by a factor a
ratio of modelled actual to potential evapotranspiration (Cramer and Prentice, 1988))
to account for the reduction in GPP at very low soil moisture content, which has been

observed in flux measurements in arid regions.

In the T model, the fraction of incident PAR absorbed by the canopy (fAPAR) is
estimated from the leaf area index within the canopy and used to convert potential to
actual GPP with the help of Beer's law (Jarvis and Leverenz, 1983). Annual net
primary production (NPP) is derived from annual GPP, corrected for foliage
respiration, by deducting growth respiration (assumed to be proportional to NPP) and
the maintenance respiration of sapwood and fine roots. NPP is allocated to stem,
foliage and fine-root increments, foliage turnover and fine-root turnover. Carbon is
allocated to different tissues within the constraint of the basic functional or geometric
relationships between different dimensions of the tree, including asymptotic height-
diameter trajectories (Thomas, 1996; Ishii et al., 2000; Falster and Westoby, 2005).

A full description of the coupled model is given in Li et al. (2014). The model has
previously been used to simulate the growth of Pinus koraiensis in a temperate and
relatively moist site in the Changbai Mountains, China. Tree growth in the Changbai
Mountains is primarily constrained by growing-season PAR, which in turn is strongly

influenced by cloud cover. When driven by local climate data and changing
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atmospheric [CO;], the model produced a good representation of interannual

variability in Pinus koraiensis growth over the past 50 years.

2.4 Derivation of model parameter values

The P model is generic for all C3 plants and has no free parameters. The T model
requires 15 parameters to be specified. Most of these could be obtained from
measurements made at the sampling site, or from the literature (Table 2). Stem basal
diameter, tree height and crown area were measured on 150 trees at the sampling
site. The measurements were made on all Callitris trees within a 1 km? plot.
Parameter values for the initial slope of the height—diameter relationship (a: 41.35),
the initial ratio of crown area to stem cross-sectional area (c¢: 626.92), and maximum
tree height (Hn: 9.58 m) were estimated using non-linear regression applied to the

effective basal diameter (D), tree height (H), and crown area (Ac) measurements on
these trees. Values for sapwood density (0s) and specific leaf area (o) were derived

from five measurements made at the sampling site (Table 2).

We used generic values for the quantum efficiency of photosynthesis (g¢), PAR
extinction coefficient (k) and yield factor (y), from the literature (Table 2). We used
estimates of leaf area index within the crown (L) and foliage turnover time (17)
measured on Callitris species in other regions of Australia. Previous analyses show

that the T model is relatively insensitive to these five parameters (Li et al., 2014).

There are no estimates of fine-root turnover time (7r), fine-root specific respiration
rate (rr), sapwood-specific respiration rate (rs), and ratio of fine-root mass to foliage
area ({) for Callitris in the literature and these parameters were not measured in the
field. However, these parameters have been shown to have a substantial impact on
simulated radial growth and the shape of the ontogenetic ageing curve (Li et al.,
2014). We used neural-network Bayesian parameter optimization (Jaakkola and
Jordan, 2000; Pelikan, 2005) to derive mutually consistent values of these four
parameters. In Bayesian data analysis and estimation methods, the uncertain

quantities are modelled in terms of their joint probability distribution in order to obtain
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a joint posterior distribution of the parameters. This can be done using a single
variable target or involve multiple targets (Gelman et al., 2003; Rougier and
Goldstein, 2014). The method has been widely applied to calibrate climate and
carbon-cycle model parameters (Knutti et al., 2002; Murphy et al., 2004; Stainforth et
al., 2005; Ricciuto et al., 2008; Smith et al., 2009; Klocke et al., 2011; Kaminski et al.,
2013). In the case of the carbon-cycle calibration, multiple plant physiological
parameters were estimated from time-varying CO, concentration (Kaminski et al.,
2013). In a similar fashion, Bayesian parameter calibration using tree-ring series as a
target has also been used to optimise a tree growth model (Tolwinski-Ward et al.,
2013). In the present study, the calibration target is mean ring-width during the period
1950-2012, and the posterior is constructed based on sampling the joint parameter
distribution 100,000 times and retaining the values of the 100 samples that most

closely match the calibration target (van der Vaart et al., 2015).

We examined the correlation between the posterior parameter values, using both
Pearson correlation coefficients and principal components analysis. These analyses
show that there is no correlation between estimates of fine-root turnover time (7r),
fine-root specific respiration rate (r), and sapwood-specific respiration rate (rs). The
ratio of fine-root mass to foliage area ({) is only weakly correlated with fine root
turnover time (0.25) and fine root respiration rate (-0.35). The calibration procedure
produces a shift in in the median value and a reduction in the uncertainty for all four
parameters (Fig. 4). However, the largest reduction in uncertainty is found for . The
final optimized parameter values for all four variables lie within the range of

measurements that have been made on other gymnosperms (Table 2).

2.5 Climate inputs

The P model requires daily temperature, precipitation, and fractional cloud cover as
an input, which are generally obtained from linear interpolation of monthly values of
these variables (Wang et al., 2014). Although three meteorological stations (Credo,
Kalgoorlie, Ora Banda, Menzies; Fig. 2) are near to the GWW site, none has records
for all three variables covering the whole interval sampled by the tree-ring series (i.e.
1920-2013). We therefore used monthly temperature, precipitation, and cloud cover

fraction for the interval 1920 onwards from the CRU TS v3.22 data set (Harris et al.,
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2014), using values of these variables for the single grid cell (30.25°S, 120.75°E)
from CRU TS v3.22 in which the sampling site lies (Fig. 5). We examined the
reliability of this approach by comparing the gridded climate values with observed
values from the three meteorological stations for all overlapping intervals for each
variable; in the case of solar radiation/cloud cover this was very short (post-1990
only). There is generally good agreement between the gridded monthly (and annual)
temperature and precipitation data and meteorological station data with respect to
long-term means, interannual variability and trends. The correlation between the
gridded and observed values of interannual variability in temperature at Kalgoorlie
post 1911 is 0.907 (p < 0.001). Similarly, the correlation between the gridded and
observed values of interannual variability in precipitation at Menzies between 1901
and 2008 is 0.905 (p < 0.001).

2.6 Definition of the effective growing season

The GWW is characterized by strong precipitation seasonality, while temperature
variations are relatively modest. In climates with cold winters there is always a
distinct growing season even for evergreen trees. Carbon that is assimilated after
maximum leaf-out in any year is normally stored and contributes to tree growth in the
subsequent growing season (Michelot et al., 2012). Thus the effective growing
season for tree growth in seasonally cold climates can be defined as from mid-
summer in one year until mid-summer in the subsequent year (Li et al., 2014). It is
less obvious how to define the effective growing season in moisture-limited regions.
However, several studies have indicated that radial growth in Callitris is affected not
only by seasonal precipitation during the year when tree-ring growth is initialized but
also by precipitation during the wet season in previous years (Baker et al., 2008;
Cullen and Grierson, 2009), suggesting that it is necessary to consider an effective

growing season for carbon accumulation that is longer than the current growth year.

We investigated the optimal interval influencing carbon accumulation and tree growth
using ordinary least-squares multiple linear regression. We used total annual
photosynthetically active radiation (PAR;), mean annual temperature (MAT), and the

ratio of actual to potential evapotranspiration (a) as independent variables in the
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regression and mean tree-ring width during the period from 1950-2013 as the
dependent variable. (PARy is globally defined as total incident PAR during periods
with temperatures > 0°C, but note that for GWW this is the same as the total incident
PAR; we use the notation PAR, for consistency with other work using the P and T
models.) The post-1950 interval was used for this analysis in order to use all ten tree-
ring records to derive the target mean tree-ring width. We defined the effective
growing season as the period from January to December in the current growth year,
and then extended the interval by six-month steps for a period up to three years. In
these latter analyses, each six-month period contributes equally to the carbon
available for growth. The goodness-of-fit of each model was judged based on the
significance of the slope coefficient of each independent variable (p value) and the R?

of the overall model.

The results from the ordinary least-squares multiple linear regression analysis (Table
3) show that the best overall prediction of tree-ring width (R?> = 0.308) was obtained
using an effective growing season of two years (from January in the previous year to
December in the year of the tree-ring formation). This interval also produced
significant p values for each of the predictor variables (Table 3). The overall
relationship, and the significance of each climate variable, deteriorated when the
effective growing season was defined as any longer than two years. Thus, in the
subsequent application of the model, we used a carbon-accumulation period of two
years to simulate growth rates. This is consistent with the general observation that
radial growth of Callitris is also influenced by precipitation in the previous rainy
season (Baker et al., 2008; Cullen and Grierson, 2009).

2.7 Application of the Model

Each tree was initialized with its actual effective single-stemmed basal diameter in
the first year of growth, except that trees that started growing before 1901 were
initialised using the actual effective single-stemmed basal diameter in 1901. The
availability of climate data determined the earliest start date of the simulations
(1901). The initial basal diameter was calculated from the measured diameter in
August 2013 (which varied between 11.9 and 28.2 cm) and measured radial growth

between the starting date and sampling date.
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The model was initially run with a fixed [CO;] of 360 ppm. To examine the impact of
changing [CO;] on tree growth, we made a second simulation with the same
parameter values but using the observed annual [CO;] between 1901 and 2013
(296-389 ppm: Fig. 5). The CO, observations are based on merging ice-core records
for the interval from 1901 to 1957 (Etheridge et al., 1996; MacFarling Meure et al.,
2006) and the yearly average of direct atmospheric measurements from Mauna Loa
and the South Pole stations from 1958 to 2013

(http://scrippsco2.ucsd.edu/data/merged_ice_core/merged_ice_core_yearly.csv).

3 Results

3.1 Simulated ring width versus observations

The T model captured the amplitude and interannual variability of Callitris tree growth
in the GWW realistically (Fig. 6). The mean simulated ring width for the period 1950-
2012 was 0.722 mm, compared to an observed value of 0.718 mm. There was a
highly significant positive correlation (r = 0.37, p < 0.01) between the simulated and
observed mean tree-ring time series. The model underestimated the standard
deviation (SD) of the mean ring width series (0.122 mm) compared to the observed
SD (0.190 mm). This difference probably reflects the impact of local variability in
environmental conditions on individual tree growth, which is not accounted for in our

modelling approach.

Regression analysis (Fig. 7, Table 4) showed that observed tree growth has a
strongly positive, independent response to both PARy and soil moisture availability
(as measured by a) and a negative response to VPD (p <0.1). There is no response
to MAT. These relationships can also be shown in the simulations. Although there is
more scatter in the observations, the slopes of the observed and simulated response
to PARy, a and VPD are similar in the model and the observation. The positive
relationship with PAR, reflects the universal control of photosynthesis by light
availability, and the positive relationship with a is consistent with observations that
the growth of Callitris is determined by precipitation variability (Ash, 1983; Cullen and

Grierson, 2009). VPD affects stomatal conductance such that increasing VPD leads
117



Evaluating Past Climate Variability and Modelling Its Impact on Tree Growth

to stomatal closure, with a correspondingly negative impact on photosynthesis and

hence carbon assimilation.

3.2 Simulations with varying [CO-]

Comparison of the fixed and varying [CO;] simulations (Fig. 8) shows a positive
response of tree ring width to [CO,]: simulated ring widths were smaller in the varying
[CO2] simulation then in the fixed [CO;] simulation prior to ca 1990 (i.e. when the
actual [CO] was less than 360 ppm) and larger thereafter. The average difference in
simulated ring width in the last decade of the simulation is 0.228 mm. But the positive
impact of enhanced [CO;] is not apparent in the observations. Regression analysis
(Fig. 9, Table 4) shows that there is no relationship between [CO,] and observed tree
ring width (slope = =0.001 + 0.001 mm ppm™", p = 0.687). As a result, the simulations
using realistic time-varying [CO>] did not satisfactorily reproduce the observed pattern

of variability in ring widths.

While enhanced [CO;] is expected to have a positive effect on tree growth (Huang et
al., 2007; Hyvonen et al., 2007; Donohue et al., 2013) the absence of a response in
tree radial growth to elevated [CO,] has been noted previously (Kienast and
Luxmoore, 1988; Gedalof and Berg, 2010). Possible explanations for this are that
either the additional carbon is consumed through enhanced respiration or allocated
to other parts of the tree — effects that are not taken into account when fixed
parameter values are used for respiration and allocation between different pools. As
a test of whether parameter values might plausibly have changed in response to
varying [CO;], we re-ran the Bayesian parameter optimization of fine-root turnover
time (7r), fine-root specific respiration rate (rr), sapwood specific respiration rate (rs)
and ratio of fine-root mass to foliage area (¢) for 30-year moving windows since 1920
using appropriate [CO;] and climate for each window. This resulted in no change in
the estimated values for fine-root turnover time, fine-root specific respiration rate, and
sapwood-specific respiration rate (Fig. 10). However, the estimated value of the ratio
of fine-root mass to foliage area ({) increased by about 14% from 1950 to the end of
the period. Variance partitioning (Chevan and Sutherland, 1991; analyses made

using the hier.part package in r) shows that ca 80% of the variability in { can be
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explained as a consequence of changes in CO; and ca 20% as a consequence of

changes in soil moisture availability, as indexed by a.

A simulation with observed [CO;] and time-varying values of ¢ produced a better
agreement (r = 0.27) with the tree-ring observations (Fig. 11). In particular, this
simulation does not produce the large systematic overestimation of ring widths in
recent years compared to observations that is seen in the simulation with observed
[CO.] and fixed ¢. The regression analysis shows that the impact of the CO, effect on
simulated tree growth is very much weakened (Fig. 12) compared to simulations in

which {is not allowed to vary (Fig. 9).

4 Discussion and Conclusions

We have shown that the radial growth (ring width) of the gymnosperm Callitris
columellaris over the last century in the seasonally dry environment of the GWW can
be realistically simulated by coupling a generic model of GPP with a model of carbon
allocation and functional geometric tree growth using species-specific parameter
values. Model performance was not adversely affected by the reduction in winter
precipitation and the shift towards more variable precipitation that occurred in the
mid-1970s, indicating that it successfully captured the climate controls on tree growth
during the whole period considered. This conclusion was borne out by regression
analyses, which show that the simulated and observed responses to key climate

variables were similar.

The radial growth of Callitris columellaris in the GWW is positively correlated with
PARy, and a, and negatively correlated VPD. These relationships are seen in
observations and reproduced by the model. The response to VPD can be explained
as a consequence of the atmospheric control on stomatal conductance and hence
photosynthesis. Thus, both atmospheric and soil moisture deficits (the former
represented by VPD, the latter by a) apparently exert independent controls on radial
stem growth. Previous studies have shown that the growth of Callitris in
southwestern Australia is controlled by precipitation (Sgherza et al., 2010), but that

there is only a weak correlation between stable carbon isotope measurements and
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precipitation of the current year because Callitris has a strong water-conservation
strategy (Sgherza et al.,, 2010). These findings are consistent with the observed
response to VPD and also support the use of a 2-year period contributing to carbon

accumulation and growth in our model.

We have shown that the radial growth of Callitris columellaris in the GWW has not
responded to increasing [CO.] in recent decades. The lack of a response to [CO.]
has been a feature of several other tree-ring studies (Kienast and Luxmoore, 1988;
Archer et al., 1995; Gedalof and Berg, 2010; van der Sleen et al., 2015). Our model
experiments suggest that the lack of response in radial growth could be because of
changes in allocation to different components of the tree, specifically increased
allocation to fine roots. This is consistent with analyses of stable carbon isotopes and
growth rings of tropical trees (van der Sleen et al., 2015), which found an increase in
water-use efficiency but no stimulation of radial growth from CO, fertilisation during

the recent 150 years.

Results from free-air carbon enrichment (FACE) experiments are equivocal about the
impact of enhanced [CO;] on tree growth and the allocation to fine roots. However,
the majority of sites (Oak Ridge FACE: Norby et al., 2004; DUKE-FACE: DelLucia et
al., 1999; Pritchard et al., 2008; Rhinelander ASPEN-FACE: King et al., 2001,
EUROFACE: Calfapietra et al., 2003; Lukac et al., 2003; Bangor FACE: Smith et al.,
2013) have shown increased allocation to fine roots as a consequence of enhanced
[CO,]. The Swiss Canopy Crane site is the outlier, with decreased below-ground
allocation (Bader et al., 2009). We might expect a priori that trees at sites
experiencing strong nutrient limitation would show this kind of response because of
the need to increase root mass to extract more nutrients to support increased above-
ground production, whereas trees at sites experiencing strong water limitation might
show the opposite response due to enhanced water use efficiency at high [CO2] such
that the plants have less need to increase root mass to ensure an adequate supply of
water to maintain increased above-ground production. Our results do not support this
reasoning, suggesting instead that the trees are allocating more below ground as
[CO,] increases even in the strongly water limited environment of the GWW. It is

possible that this belowground allocation could in part represent increased carbon
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export to mycorrhiza or the rhizosphere (Godbold et al., 2015), in order to maximize

nutrient uptake.

Appropriately analyzed, tree-ring records worldwide should vyield consistent
information about the diverse responses of tree growth and allocation to
environmental change. A noteworthy feature of our study is that a relatively slight
change in the allocation of carbon to fine roots versus leaves provides a
quantitatively consistent explanation of the apparent absence of a growth response
to [COy,]. If this explanation is correct, it does not support the interpretation that tree
NPP is not responsive to [CO;] (whether through nutrient limitation, sink limitation or
any other reason). It does however support the idea that above-ground NPP and
radial growth are sensitive to environmental effects on the allocation of assimilates to

different plant compartments.
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